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Abstract

Neuronal circuits generate most measurable electrophysiological currents, but slower
physiological variables governing their excitability and spatial coordination need not be
neuronal. The Syncytial Mesh Model (SMM) proposes that local astroglial coupling forms a
distinct control geometry alongside neuronal connectivity. We formalize this architecture and
examine a potassium-mediated realization (SMM-K)). Under stated conditions its passive two-
compartment ionic subsystem is dissipative. Coupled bidirectionally to neuronal populations,
glial transport modifies responses to patterned perturbations. In a reproducible seven-domain
linearized model, enabling reference transport reduces the central excitatory response by 24%,
increases the adjacent response by 68%, and changes the adjacent-to-central ratio from 0.116 to
0.256 after 20 s of normalized focal glial input; homogeneous uniform forcing is transport-
insensitive. The effect persists for focal neuron-derived potassium input with lateral neuronal
coupling, but becomes small relative to neuronal propagation under direct neuronal excitation. A
spatial-mode transfer function isolates the frequency-dependent transport sensitivity. The EEG
predictor used in the frozen human comparison, however, retained only a local two-pole ionic
filter and omitted spatial glial transport, making its predicted spectra exactly independent of the
defining transport parameter. A separately documented post-open amended analysis of 535
participants favored a flexible generic two-state comparator over this local predictor (mean held-
out difference -0.00918; 95% bootstrap interval [-0.01016, -0.00823]); the untouched primary
remained not evaluable. SMM-K therefore yields a conditional spatial-intervention prediction,
while the adverse EEG comparison constrains a narrower local projection rather than directly

testing syncytial transport.
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1 Introduction

Macroscopic electrophysiological recordings primarily reflect neuronal transmembrane currents,
but the physiological variables regulating neuronal excitability and spatial coordination need not
themselves be neuronal. Oscillations, traveling waves, state transitions and intermittent
coherence depend on local circuit dynamics, long-range structural connectivity and slower
physiological processes. Astrocytes participate in extracellular ionic regulation, metabolic
exchange, neuromodulatory responses and cortical state changes. Experimental manipulations
show that astrocyte activity can influence transitions toward slow-oscillation states, while
connexin-mediated astroglial networks contribute to sleep—wake regulation (Clasadonte et al.
2017; Poskanzer and Yuste 2016). Neuron—ion—glia models (Cressman et al. 2009; Halnes et al.
2013; Seetra et al. 2021; Setra et al. 2023; Ullah et al. 2009) and coupled neuronal—astrocytic
network models (Ali et al. 2025; Amiri et al. 2012; Gong et al. 2024; Lenk et al. 2020) establish
the relevant biological and computational precedents.

Spatial potassium buffering is an established astroglial process. The recordings of Orkand,
Nicholls and Kuffler (1966) and the synthesis by Kofuji and Newman (2004) established its
physiological background. Connexin-deficient hippocampal preparations show that astrocytic
gap-junction coupling contributes to potassium clearance and redistribution (Wallraff et al.
2006), while broader astroglial network manipulations affect extracellular potassium and
glutamate handling, extracellular-space volume and synaptic physiology (Pannasch et al. 2011).
These studies provide mechanistic precedents and experimentally accessible, though not

perfectly selective, manipulations. The question addressed here is how the geometry of glial



transport changes neuronal responses, how stimulus pattern and frequency condition its
visibility, and whether those dependencies survive an EEG observation reduction.

A distinct question is whether the spatial organization of glial networks changes neuronal
responses in ways that cannot be captured by local glial feedback alone. The Syncytial Mesh
Model (SMM) formalizes this possibility by separating neuronal current-generating states, long-
range neuronal connectivity and locally coupled glial physiological states. This architecture is
motivated by the three-layer and glial-control-field proposals of Ballis (2024) and Ballus
Santacana (2026). The analysis here specifies a potassium-mediated realization, establishes
properties of its passive ionic subsystem, derives stimulus-dependent spatial sensitivities, and
examines how these dependencies are represented in an EEG predictor.

The distinction between neuronal and glial spatial operators has testable consequences. With
neuronal connectivity and local parameters held fixed, changes in glial transport can redistribute
a response to a spatially patterned input. A spatially local observation model may discard that
transport dependence even when it is present in the underlying dynamics. Consequently,
mechanistic inference requires explicit specification of the intervention, dynamical system and
observation map; a good spectral fit or a failed local fit cannot independently determine the
existence of spatial glial transport.

This is an important issue for electrophysiology. Neural-mass models and dynamic causal
models fitted to power spectra or cross-spectral densities have an extensive history (Moran et al.
2007; Moran et al. 2009), as do spatial neural-field accounts of spectral modes (Robinson et al.
2001). Flexible periodic—aperiodic decompositions supply additional descriptive baselines
(Donoghue et al. 2020). An EEG spectral fit is consequently not direct evidence that the latent

timescale in the fitted model has a uniquely glial origin. Biological identification requires either



restrictions that preserve distinctive physiological commitments or observations that measure
them independently.

The study addresses three questions. First, what causal architecture distinguishes glial-local
transport from neuronal connectivity in a measurable dynamical model? Second, does a
parameterized potassium realization predict a spatial neuronal response that depends on glial
transport and stimulus geometry? Third, what does the human EEG comparison constrain when
the implemented observation model retains local ionic feedback but omits spatial glial transport?
The results combine analytical and numerical modeling with a non-confirmatory analysis of

publicly available EEG; no new human intervention is reported.

2 Results

2.1 SMM is a coupled causal architecture, not an additional EEG source

The three-layer arrangement is shown in Fig. 1. Neuronal populations generate local electrical
currents. Neuronal connections coordinate these currents across anatomical regions. The
syncytial layer consists of physiological states distributed across a different, predominantly local
glial transport or coupling geometry. This third layer is not an alternative connectome or an
assertion that astrocyte calcium waves directly emit scalp EEG; it changes the excitability,
effective gain, synaptic integration or stability of the neuronal system. If those changes persist
long enough, they can alter the observable organization of low-frequency neuronal activity

(Ballus Santacana 2026).
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Fig. 1 The SMM control architecture and the distinct observation paths

A class representative is

X = FN(X, WN’ 9N + C(Z)) + BNuN + fN'
Mgz = f;(2,B(x);6,) — Dy(Ly)z + Byuy + &g,

Here x denotes neuronal state variables, Wy anatomical neuronal coupling, z glial/extracellular
physiological control variables, and L, a glial-local spatial operator. Hy records neuronal rather
than assumed direct glial electrical sources. A specific realization must specify the identities of z
and C, the glial-to-neuronal and neuronal-to-glial feedback pathways, a regime in which the
effective glial dynamics are slow, and an experiment for which L, matters to neuronal response
while Wy remains fixed. Spatial sensitivity is a causal requirement, not a requirement that every
non-invasive recording detect it.

The same causal architecture can accommodate other physiological channels, including
synaptic-gain and metaplastic, metabolic—neurovascular, and neuromodulatory processes (Ballus

Santacana 2026). Those alternatives are not numerically validated by the potassium calculations
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below. An effective damped-field equation represents a different dynamical assumption from
passive potassium clearance: a dissipative ionic block cannot itself sustain delta/theta oscillations
without neuronal feedback or additional active or restorative dynamics. The possible wave-field
realization and its limits are treated in Online Resource 5.

Neuronal phase reductions, damped glial fields and glia-dependent distributed plasticity are
possible extensions of the causal model class. A second-order damped-wave field requires a
restoring or active regenerative process that is not supplied by passive potassium clearance,
while a glial plasticity law requires explicitly specified and identifiable coupling terms. The
corresponding equations, dimensional restrictions and evidence boundaries are provided in
Online Resource 5. The quantitative spatial prediction analyzed in this paper concerns the
potassium-mediated SMM-K realization alone.

2.2 A potassium realization has a stable spatially coupled ionic component
The explicit SMM-K realization uses extracellular potassium deviation k and an effective
astroglial potassium-load deviation a, with compartment fractions ¢,, ¢, > 0. With Jy(x) a

firing-related ionic source and L., L, symmetric nonnegative spatial Laplacians,

()bek =]N(x) - (Ke + KN)k + Kq@ — DeLek'
Paa = Kk —Kqga — DgLga.

The coupling k — Ex — ny — x closes the physiological loop through the potassium reversal
potential and neuronal excitability, while the source Jy supplies the reverse path. The neuronal
realization follows an eight-state local construction formed by a six-dimensional excitatory—
inhibitory QIF-derived linear block and the two ionic states; its numerical transcription is
preserved and executable in the supporting code. QIF population reductions provide a principled
mathematical point of entry (Montbrio et al. 2015), not a proof that the present parameters

uniquely describe human cortex.



The source-free ionic subsystem obeys a strict quadratic energy inequality. For positive

exchange and clearance coefficients,

V=1/2¢eke | k 17+ 1/2 gy Il a II?,
V= =l K.k — Kqa 1% — Keky Il k 12— KeDekTLek - KaDgaTLga <0

for nonzero state, under the stated conditions. The result does not require L, and L, to commute.
It proves exponential stability of the passive ionic linear system and excludes its intrinsic
oscillatory eigenmodes in that regime. It does not establish stability of every fully coupled
nonlinear circuit. Oscillatory neuronal—glial interactions, and the field-level resonome described
by SMM, require the relevant dynamical coupling and operating conditions to be specified rather
than assigned to a passive diffusion operator.

The eight-state local Jacobian used in the calculations has slow ionic-dominated closed-loop
eigenvalues near —0.11293 and —12.31164 s~ 1. The computed spectral crossings occur near a
neuronal drive of 8.132639 without the tested feedback and 8.133056—8.133972 for three
prescribed feedback densities. The crossing shifts are small (approximately 0.005-0.016% of the
reference threshold). They show that this particular local near-equilibrium feedback barely
displaces the specified spectral threshold; they do not establish a universal bound on astroglial
influences under spatial perturbations or different operating points. They are spectral crossings,
not full nonlinear Hopf nondegeneracy certificates.

2.3 A focal intervention reveals what spatial glial transport adds

The theory’s most direct positive prediction concerns where neuronal excitability changes after a
spatially structured glial input. The seven-patch linear model contains eight local states per
domain (56 states), 150 um interpatch spacing, extracellular diffusion D, = 9.55343 X

107'% m?s™* and astroglial diffusion D, = 3.71479 x 107'° m*s™*. The same neuronal

matrices, extracellular diffusion, source intensity and observation were used when comparing
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D, = 0 and Dy > 0; only the glial transport parameter was changed. The fixed input was applied
to the central astroglial equation. Responses are linear perturbations in arbitrary input
normalization, not experimentally estimated human firing rates.

At 20 s, the central excitatory response was 0.0270742 in the no-transport condition and
0.0205800 with glial transport, whereas the neighboring response increased from 0.0031480 to
0.0052739. Thus the central response fell by 24.0%, the adjacent response rose by 67.5%, and
the adjacent/central ratio increased from 0.1163 to 0.2563 (a factor of 2.20). A numerical sweep

at 0, 0.25, 0.5, 1 and 2 times the reference Dy yielded ratios 0.1163, 0.1590, 0.1959, 0.2563 and

0.3423, respectively. This directional monotonicity is specific to the simulated regime, not a

general law of astrocytes. All tested linearizations remained stable.
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Fig. 2 Neuronal spatial response and transport-dose discrimination in the seven-patch SMM-K
realization

Under exactly uniform glial forcing in the homogeneous seven-patch model, the simulated
difference between conditions was below 5.5 X 10715 at 20 s. This is the expected Laplacian
result L, 1 = 0: a uniform glial input does not populate a transport-sensitive spatial mode. A
purely uniform observation thus fails to test a parameter that changes a focal response. The

biologically informative quantity is not an arbitrary change in global EEG power but the



interaction between the spatial pattern of a perturbation and neuronal response geometry. Figure
2 captures this result without asserting that a selective astroglial manipulation of equivalent
strength has already been achieved experimentally.

2.4 The focal prediction survives neuron-derived input and lateral neuronal coupling
Direct astroglial-state perturbation is an idealized input. Two further forcing routes were
evaluated with the same local eight-state Jacobian: a focal potassium-release source in the
extracellular potassium equation and a focal excitatory-voltage drive that recruits the model’s
neuronal-rate-to-potassium feedback. For neuron-derived K* source input, the 20-s
adjacent/central excitatory response ratio changed from 0.1180 at Dy = 0 to 0.2287 at the
reference Dgy; the center decreased from 0.027276 to 0.021733 while its adjacent patch increased
from 0.003219 to 0.004970. Direct neuronal excitation also produced a nonzero but smaller
transport-specific spatial response: its adjacent/central ratio changed from 0.000567 to 0.000876
in the uncoupled-patch calculation. The source-normalized drives are not calibrated to equal
physiological doses, so only transport-on versus transport-off comparisons within the same input
route are interpretable; the amplitudes are not absolute neuronal firing rates or empirical effect
sizes.

A nearest-neighbor neuronal rate-coupling term was introduced —yy L1g to the same seven-
patch system and varied y, between 0 and 30 s, always holding neuronal coupling constant
between Dy, = 0 and Dy > 0. With the focal neuronal K* source and yy = 10 s7/, the
adjacent/central ratio increased from 0.1333 to 0.2434 as glial transport was switched on. At
yn = 30 s7! the corresponding ratios were 0.1612 and 0.2700. For focal neuron-derived K* input,
the adjacent response increased by 54.4%, 45.9% and 34.8% at yy = 0, 10 and 30 s,

respectively, when glial transport was enabled; hence the transport effect remained substantial
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throughout the tested stable lateral-coupling range. Direct focal excitatory drive behaved
differently: with y5 = 10 s™' its adjacent/central ratio changed only from 0.016153 to 0.016442,
and at yy = 30 s™' from 0.044657 to 0.044913 (about 1.8% and 0.57% relative changes). At the
latter coupling, glial transport changed the neighboring excitatory response by 1.32 X 1074,
approximately 0.49% of the no-transport neighboring response. This small incremental effect
was not erased mathematically, but neuronal spread dominated the ratio; detectability in
biological tissue is unestablished. A second sensitivity check coupling neighboring excitatory
rates into the excitatory-voltage equation retained the sign of the transport effect in the finite
stable cases tested, not a similarly large effect size. Uniform-input D sensitivity remained zero
to numerical precision in all homogeneous variants. Full equations, sweep tables and a plotted
comparison are given in Online Resource 6 and Online Resource 7; these retrospective
sensitivity calculations were performed after the EEG outcome and neither constitute additional
human tests nor exclude a suitably flexible neuronal-only spatial model.

2.5 Spatial-mode analysis gives an explicit frequency-resolved discriminator

The same prediction follows analytically for any spatial mode common to the two transport

operators. With mode eigenvalues y,, g = 0, introduce

_Ke + Ky + Dolhe g = Kq + Dglig = KgKe
g be ' g ba PePa

The linear transfer from neuronal potassium-source drive to extracellular potassium in that mode

a

1S

s+ B,
be ((S + aﬂ)(s + ﬁu) - X).

It follows, with neuronal and extracellular operators fixed, that

Hi(S; He, g, Dy) =
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OHx HgX
.
Po pega((s+a)(s+8)-2)

For u, = 0, the sensitivity is exactly zero. For a nonuniform glial mode with ug, > 0, positive

bidirectional exchange gives a nonzero transfer sensitivity away from poles. Thus, in a matched
family with a single spatial-mode-independent local filter and otherwise fixed
neuronal/extracellular operators, one cannot generally reproduce both the uniform and
nonuniform transfer functions generated by changing D,. The statement is explicitly conditional:
sufficiently flexible models with alternative spatial couplings, neuronal propagation or additional
latent states can mimic some observed effects. A compelling biological test must control or
separately constrain those alternatives.

For the path geometry examined here, the relative difference |H K (Dg) — Hk(0) | /|Hg(0)] in

the highest sampled nonuniform mode is about 0.35 at 0.018 Hz, 0.15 at 0.1 Hz, 0.0033 at 1 Hz
and 1.2 X 1077 at 40 Hz. These are transfer-function sensitivities for the ionic subsystem, not
estimates of human scalp EEG signal differences. Their frequency dependence follows from the
actual coefficients. The analytical derivative was verified by numerical differentiation in the
supplied script. The result motivates infraslow and local perturbation measurements but does not

imply that every infraslow signal is glial.
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Source-to-K+ transfer sensitivity to glial transport
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Fig. 3 Frequency-selective transport dependence of nonuniform potassium modes; the frozen
EEG analysis band is shaded

2.6 Local EEG reduction removes the parameter that differentiates SMM-K

The whole-brain EEG program used in the frozen comparison did not implement Eq (2) over the
glial spatial graph. It retained the uniform-mode two-state K transfer but used delayed neuronal
regional connectivity Wy and a template leadfield for long-range propagation and sensing. The
model therefore contained no Dy, Ly or glia-to-glia interpatch transport parameter. Its spectral

predictions satisfy the exact program-level identity

0Sgec,m3(f)

aD,

when the fitted effective local constants are held fixed. This is structural absence, not an

=0 for all implemented frequencies f,

uncertain estimate. The frozen M3 was a local potassium-mediated projection of SMM-K, not its
full spatial realization. The absence of glial transport arose at model construction, before test-
score inspection; the subsequent equation-to-code analysis did not retrospectively alter the frozen

predictor.
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The implemented local filter has two isolated real poles, approximately —12.32001 and
—0.113735 571, and hence decomposes into two stable first-order filters. Its slow time constant
is about 8.792 s and its corresponding corner frequency approximately 0.0181 Hz; the relevant
closed-loop slow eigenvalue has a distinct 8.855 s time constant. The comparator M2 was
constructed as a generic flexible two-state controller, and an explicit parameter embedding
reproduces the M3 local transfer within numerical precision. This is a model-specific nesting
certificate, not a claim that unrestricted neuronal latent-state models encompass every spatial
SMM realization. The scored frequencies were 1-40 Hz, outside the most sensitive frequency
regime of the isolated slow 1onic pole. Consequently, neither the glial spatial geometry nor its
most characteristic infraslow contribution was directly probed by this EEG comparison.

This yields a substantive modeling conclusion: there is no logical route from the failure of a
local transfer constraint under one observation operator to the absence of a distinct spatial
physiological controller. Equally, the failure cannot be renamed a success. The experiment tested
what its executable represented, which was narrower than the defining class-level mechanism.
2.7 Human resting EEG: the local constrained predictor generalized worse
The EEG study reused the openly shared Dortmund Vital Study resting-state recordings
(OpenNeuro ds005385, version 1.0.3) (Getzmann et al. 2024). The prespecified design assigned
565 subjects to the held-out comparison. Prespecified quality control excluded 27 participants,
and a separately documented structural eligibility assessment excluded three more, leaving 535
included participants. A two-direction within-record split fitted each model on one chronological
half and scored on the other, then reversed halves. Empirical cross-spectral matrices in the 1-40

Hz range were projected through the same fixed 20-dimensional observation basis and scored
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using the same multivariate spectral likelihood. The comparator was M2, a generic two-state

filter with the local M3 transfer family as an executable special case.

Post-open amended: subject-level predictive differences (n=535)
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Fig. 4 Participant-level held-out contrast for the amended EEG comparison

The frozen primary execution, run 37752719639, had integrity/execution failures and was
NOT EVALUABLE. It was not converted to a valid confirmatory result. A separately logged
repair and assembly produced a POST_OPEN_AMENDED, same-cohort descriptive and

inferential completion on 8—11 October 2026, with final assembly run 38134531967. The mean

participant-level contrast was 4 = ELPD(M3) — ELPD(M2) = —0.00917841 in the frozen
normalized scoring convention, with median -0.00651430 and across-participant SD
0.01135554. A 10,000-resample participant bootstrap gave a 95% percentile interval [-
0.01015793, -0.00823401]. M3 performed better than M2 in 24/535 participants (4.49%). The
one-sided 100,000-sign-flip test of M3 superiority yielded p = 1.0. The direction of the result is
unfavorable to the local ionic predictor and to the prespecified M3 predictive-superiority

hypothesis.
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Amended contrast: below zero throughout
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Fig. 5 Bootstrap distribution of the same amended M3-minus-M2 mean, not an untouched
confirmatory result

For numerical context, the participant-level mean M2 held-out score is 540.7356 with
between-participant SD 12.0507, compared with a mean paired M3-minus-M2 difference of -
0.0091784. The mean difference is small in these normalized score units even though its sign
favors M2 in 511/535 participants. Expressing that difference as a percentage of the positive
absolute M2 score would be misleading: the absolute log-score origin depends on additive
likelihood constants and normalization, unlike the paired model difference. The sample size
makes the mean signed contrast precise within the declared resampling procedure; its magnitude
does not measure a physiological potassium effect, nor establish practical predictive equivalence.
MO (neuron-only) and M1 (generic one-state control) were specified in the prespecified model
hierarchy, but the available 535-person amended subject-level result artifact reports only M2 and
M3. M0/M1 comparative scores cannot be inferred from that file; their absence limits the
interpretation of which generic slow mechanisms the data favor. The model-specific conclusion
is that constraining the tested local two-state feedback to the proposed potassium parameters
gave worse held-out within-record spectral prediction than allowing M2 the corresponding

generic flexibility. It does not specify which of physiological mismatch, unmodeled non-glial
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slow processes, template forward-model limitations or other estimation effects caused the

difference. It also contains no test of Dy because that parameter was absent from the executable.

2.8 Microscopic model checks and the limits of calibration

The biophysical reference construction includes membrane-current bookkeeping, extracellular—
astroglial electrochemical reductions, a six-ion zero-flow reference system and microscopic
impulse-response calculations. Reproducibility checks address resting-state flux relations and
reduced linear pulse responses. A finite-volume implementation of the nonlinear six-ion R1 zero-
flow equations produced 31-cell central extracellular potassium peaks of 0.13705955 and
0.27776327 mM for the two specified inputs. The latter rounds to 0.278 rather than the reported
three-decimal reference of 0.277 mM; discretization differences across tested grids are of order
one percent. These computations do not reproduce the full six-ion FEniCS electro-chemo-
mechanical or R2 fluid-flow solver and do not independently calibrate the potassium parameters
used in EEG-M3. The numerical evidence therefore establishes bounded checks of the reduction,
not comprehensive physiological calibration (Online Resource 4).

The microscopic calculations constrain the derivation and numerical behavior of the ionic
reduction, but do not identify a unique parameter set from extracellular recordings. A held-out
reduced-mode check exceeded its nominal 10% normalized root-mean-square error limit,
returning 10.47%. That failed threshold is reported in the source audit and cannot be counted as a

successful validation of the local model.

3 Discussion

3.1 The decisive object is a stimulus-dependent response geometry

Astroglial spatial buffering is established physiology (Kofuji and Newman 2004; Orkand et al.

1966), and connexin manipulations show that glial network coupling can influence potassium
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handling (Pannasch et al. 2011; Wallraff et al. 2006). The contribution of this model is the
explicit dependence of neuronal response geometry on transport and stimulus mode, the
persistence of that dependence under tested neuronal input routes and lateral coupling, and its
exact absence from the local EEG observation model used for the reported comparison. These
results identify a model-specific transport sensitivity rather than a newly discovered
physiological buffering process.

The SMM architecture treats slow glial control as a physiological influence on neuronal
dynamics, not as an additional direct electromagnetic source of scalp EEG (Ballus 2024; Ballus
Santacana 2026). In the ionic realization, glial transport redistributes neuronal responses to focal
forcing while leaving an exactly uniform mode insensitive in the homogeneous linear model.
Neuronal connectivity and glial transport therefore specify distinct geometries, and the spatial
structure of the perturbation is essential to identifying their effects. No claim about particular
calcium-wave speeds or intrinsic ionic delta/theta oscillations follows from this result.

The positive spatial result is mathematically modest but conceptually important. It provides a
quantitative link from a separately specified glial spatial operator through a local physiological
state and into neuronal firing variables. It does not demonstrate that the brain uses that value of
D, or produces the simulated response magnitude. Its prospective predictive content is the
stimulus-pattern-by-glial-coupling interaction defined in Eq (7): under suitable stable operating
regimes, a coupling manipulation should differentially alter neuronal response geometry after
spatially patterned versus near-uniform forcing, once neuronal connectivity and alternative
physiological pathways are constrained. The source-normalized 20-s adjacent/central ratio in Fig.
2 illustrates the model response geometrys; it is neither the primary proposed experimental

estimand nor an empirical effect-size commitment for all preparations.
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The associated modal result separates two propositions often conflated in multiscale models.
A local glial feedback pathway can exist and have a slow pole without expressing a dependence
on glial connectivity. Conversely, a spatially extended coupling term can alter the local neuronal
state while a chosen observation operator is insensitive to it. These are statements about different
maps: physical parameters to local causal dynamics, and physical parameters to measured
distributions. A model may be adequate under the first and uninformative under the second.
SMM must therefore be tested through mechanisms that survive the planned observation and
perturbation, rather than via biological labels assigned to latent spectral filters.
3.2 The negative EEG comparison is adverse evidence, not a refutation by proxy
The held-out EEG results provide adverse evidence for the tested constrained local potassium
predictor: the amended participant-level comparison favored the generic two-state controller.
The model difference should not be described as predictive equivalence. However, this inference
is restricted by the implemented observation model: its likelihood depends on local ionic filtering
but not on glial spatial transport or on a focal-versus-uniform response contrast. Equations (5)
and (6) distinguish the spatial transport sensitivity from the spectral projection actually tested.
The adverse result therefore constrains the local predictor without directly estimating the glial
transport parameter.

Two independent limitations further narrow the biological interpretation. The recorded 1-40
Hz band did not contain the isolated approximately 0.018-Hz ionic corner; moreover, the EEG
forward model used a generic template leadfield and a fixed low-dimensional sensor projection.
Neither limitation proves that real infraslow recordings would detect astroglia. But both establish

that the reported failure does not answer the strongest biologically specific question the SMM
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model poses. An independent infraslow or perturbational experiment must be designed without
retuning the held-out cohort, and its success rule must be locked before testing.

3.3 Competing explanations and what would distinguish them

Existing glia—neuron and neural-field models provide biologically credible alternative
explanations for slow neuronal dynamics (Ali et al. 2025; Amiri et al. 2012; Cressman et al.
2009; Gong et al. 2024; Halnes et al. 2013; Lenk et al. 2020; Moran et al. 2007; Moran et al.
2009; Olenin et al. 2023; Robinson et al. 2001; Stasenko et al. 2025; Setra et al. 2021; Saetra et
al. 2023; Ullah et al. 2009). A generic local neuronal controller can emulate the zero-mode
potassium transfer; a spatial neuronal network can generate interpatch propagation; and vascular
or neuromodulatory processes can generate slow excitability changes without a distinct glial
transport pathway. Accordingly, empirical discrimination cannot rely solely on nonlocal
response patterns or on assigning a glial label to an unobserved latent state. Competing models
must be compared under independently constrained physiological and spatial operators.

The proposed discriminating design requires a matched comparison across two stimulation
patterns (focal and approximately uniform) and two independently characterized glial-coupling
conditions. It should combine electrophysiology with extracellular potassium and astroglial-state
measurements, while constraining changes to neuronal connectivity, extracellular diffusion,
baseline excitability and nonspecific interventions. Define the primary site-resolved experimental

interaction as

Gi(t;u) =Y(tlu,gy) —Yi(tlu,gp),
J;(8) = C;(t; up) — G (& uy).

where C; is the within-stimulus glial-coupling contrast and Y; is the baseline-corrected neuronal
response at recording site j, ur and uy are focal and independently verified approximately

uniform perturbations, and gy and g; denote measured high- and low-glial-coupling conditions.
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Input dose, baseline potassium and response gain must be measured or matched; the two
stimulus routes cannot simply be assumed to deliver identical physiological doses. In the
homogeneous computational counterfactual gy and g,, correspond to the reference Dy and Dy =
0; the uniform-input bracket is exactly zero because Ly1 = 0. Thus the modeled interaction
equals the within-route focal transport contrast, not an independent simulated test. In
biological preparations, the second bracket need not be zero, and a connexin manipulation does

not uniquely set the scalar Dy.

The adjacent/central response ratio R(t) = drg(adjacent, t) /drg(center, t) remains a useful
illustration of geometry, but it is secondary to J;(t): neuronal lateral propagation can raise both
baseline responses and sharply dilute the ratio’s relative sensitivity without eliminating the
absolute transport-dependent increment. Under the focal neuron-derived potassium source in the
present linear model, the adjacent-site interaction at 20 s is 0.001751, 0.001625 and 0.001414
source-normalized units for yy = 0, 10 and 30 s™*. Under direct neuronal-voltage drive the
corresponding values are 0.000204, 0.000176 and 0.000132, but the latter is only about 0.49%
of its no-transport adjacent response. Magnitudes across different drive types are not dose-
calibrated and must not be compared as equivalent biological effect sizes (Online Resource 6).

A concrete preparation is a hippocampal slice comparison of focal K* iontophoresis (or
physiologically evoked focal neuronal potassium release) with approximately homogeneous bath
K" elevation, accompanied by potassium-selective electrodes at several distances, multi-site
neuronal recordings and a direct measure of astrocytic coupling. Comparisons could use
conditional astrocytic Cx43 deletion combined with Cx30 deficiency and matched controls,
following precedents in Wallraff et al. (Wallraff et al. 2006) and Pannasch et al. (Pannasch et al.

2011). These studies support feasibility, not selectivity: connexin changes can also alter
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glutamate clearance, extracellular-space volume, baseline synaptic drive and network
excitability. Bath application approximates a uniform mode only if its spatial concentration
profile is verified. A matched neuronal-only or alternative-physiology model must predict both
spatial input conditions with common, independently constrained parameters. The falsifiable
target is an out-of-sample spatial interaction attributable to a specified glial transport pathway
after relevant competing changes have been measured, not the observation of nonlocal neuronal
spread alone.

The broader class must also be stated in a falsifiable bounded form. If coupling strengths can
approach zero, an arbitrarily small glial effect cannot be excluded by any finite noisy experiment
with useful power. Genuine empirical competition requires a parameter region justified by
independent physiology, a perturbation range, a measured response operator, a minimum
biologically meaningful effect size and a prospective decision rule. The analytic mode sensitivity
provides the object to bound; the existing EEG outcome cannot retroactively determine its
threshold.

3.4 Relation to prior physiological models and alternative field mechanisms

A damped glial-field equation describes an alternative dynamical mechanism to the passive
SMM-K potassium block. The real negative ionic poles of the latter do not yield sustained
traveling delta/theta oscillations. An underdamped field instead requires restoring or regenerative
dynamics with independently specified physiological coupling, propagation scales and boundary
conditions. Phenomenological phase-gradient and spectral fits reported in the SMM preprint
(Ballus 2024) do not by themselves identify an astroglial propagation speed or establish that such

wave modes generate measured human rhythms. The associated numerical and dimensional
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constraints are documented in Online Resources 2 and 5; they are not treated as independent
confirmation of the potassium-based spatial prediction.

A published conceptual account of glial syncytial control fields and their possible role in
low-frequency neuronal organization supplies part of the physiological motivation (Ballus
Santacana 2026). The results established here are distinct: an operational coupled-model class, an
explicit potassium-mediated dynamical realization, spatial perturbation and mode sensitivities,
and the bounded interpretation of a held-out EEG comparison. The prior article is credited as
conceptual work rather than counted as independent quantitative validation. Publication overlap
and the evidential status of preprint simulations are specified in Online Resource 2.

The causal hypothesis is therefore conditional and empirically testable: with neuronal
connectivity and local physiology constrained, a change in glial transport should interact with the
spatial pattern of input to alter neuronal response geometry. In contrast, the local EEG predictor
retains no parameter representing this spatial transport, so its negative comparison addresses a
different, narrower statistical model. A prospective test requires physiological estimates of
coupling, spatially resolved interventions and an independently specified comparison model.

3.5 Limitations

The spatial prediction arises from a seven-domain linearization of a near-equilibrium SMM-K
parameter set; it is not an in-vivo demonstration of glial causal control. The model uses
symmetric local Laplacians, positive scalar coefficients and homogeneous patches.
Heterogeneous transport, nonlinear pumps, electrodiffusive boundaries and glial calcium
dynamics could alter or eliminate the calculated directional effect. Direct forcing of the astroglial
state is an idealization; additional calculations with neuron-derived potassium input and direct

neuronal excitation test two alternative routes but do not represent calibrated tissue interventions.
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Phenomenological neuronal lateral coupling is not independently fitted connectivity. Under the
strongest tested lateral coupling, the direct-excitation transport effect is less than 1% of the
adjacent no-transport response, and its presence in exact arithmetic does not establish
experimental detectability. A biological effect-size claim requires independently calibrated
inputs, transport conditions and observations.

The EEG comparison uses derived participant-level scores rather than an independently
repeated fit of all 535 raw EEG recordings. Forward and statistical operators and aggregate
calculations were checked, but complete participant-level optimization paths were not rerun. The
post-open amendment limits confirmatory interpretation, while the untouched frozen primary is
not evaluable. Within-participant training and testing used distinct chronological epochs but
shared full-recording preprocessing, not independent raw-signal pipelines. The observation
model retained only a local two-pole potassium transfer, template source projection and a
frequency range poorly matched to the isolated slow ionic corner. The M2—M3 score difference
therefore does not identify a unique physiological cause. The full nonlinear six-ion FEniCS/R2
flow solver was also not independently reproduced. These restrictions limit the biological

interpretation of both the spatial and empirical results.

4 Materials and methods

4.1 Definition of the causal model class

The general system in Eq (1) was formulated to separate a neuronal population generator x and
anatomical neuronal matrix Wy from glial/extracellular physiological states z and a local glial
transport or interaction matrix Ly. SMM membership in this operational formalization requires
(1) a physiologically interpreted glial state, (ii) a glial coupling geometry not reducible by

definition to Wy, (iii) a bidirectional neuronal—glial-neuronal causal path, (iv) a specified
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timescale separation relative to selected neuronal variables, (v) principal neuronal generation of
EEG/MEG and (vi) a possible glial-transport dependence of neuronal states under a spatially
structured intervention. These conditions were formalized after the EEG result; they are not
presented as predeclared experimental constraints. The biological class contains several potential
channels, but the computational study tests only SMM-K.

4.2 Local and spatial potassium model

Equation (2) specifies potassium exchange and clearance in the two-compartment ionic
reduction. Positive parameters used by the frozen EEG implementation were ¢, = 0.2, ¢, =
0.4, k, = 2.01315923, k, = 0.48318016 and k = 0.232, with the time and source
conventions of the fixed executable. The neuronal population portion comprised an excitatory—
inhibitory QIF-derived linearization with three state-pairs and potassium feedback to neuronal
excitability; the exact matrix entries and units are in the source script
audit_frozen eeg m3 local.py. SMM-K is not a parameter-free model; its local coefficients are
inherited from a specific reduction and are not asserted to be independently estimated in the EEG
cohort.

For the Lyapunov statement, J/y = 0 and L, L, are symmetric nonnegative graph Laplacians
in matched exchange coordinates. Differentiating the stated positive-definite V yields Eq (3). The
sum of squares is strictly negative for any nonzero state because ky > 0, k, > 0 and all other
terms are nonnegative. The isolated ionic subsystem is therefore globally exponentially stable.

When L., L, share a mode, the associated two-dimensional ionic matrix has real negative

eigenvalues: its characteristic discriminant is the sum of a square and 4k .k, /(¢.¢p,). General
noncommuting transport does not invalidate the quadratic argument, although it prevents this

simple simultaneous modal decomposition.
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4.3 Spatial input and causal counterfactual

Seven local domains were connected as a path with open endpoints, Laplacian scaled by h=2 and
h = 150 um. The eight-dimensional frozen local Jacobian Ag was placed on each diagonal
block. Extracellular diffusion was added to potassium coordinate 6, and glial transport to
astroglial coordinate 7, producing a stable 56 X 56 matrix A(Dg). A constant source-normalized
input Bu was placed in the center astroglial coordinate. The response of the linear system over
duration t was evaluated exactly up to floating-point error via

q(t) = A(Dy) ™ (eAPo)t — )Bu,
and the excitatory neuronal-rate components were read from coordinates 0, 8, ..., 48. The
matched comparator held all parameters fixed except Dy = 0. Additional trials injected identical
inputs into all seven astroglial coordinates, which preserve the uniform eigenspace. Numerical
stability was checked for both conditions. Values at 0.1, 1, 3, 8 and 20 s and the transport-
coefficient sweep are supplied as a machine-readable JSON and executable script. This
calculation concerns the stated linearized spatial counterfactual and does not reproduce the
nonlinear electrodiffusive system analyzed in Online Resource 4.
4.4 Retrospective sensitivity calculations with neuronal input and lateral coupling
The reference center-patch input acted on astroglial coordinate a; with unit drive 1/¢,. Two
alternate constant focal inputs were introduced separately without changing the local QIF/ion
Jacobian: (i) a neuronal potassium-release proxy with drive 1/¢, into extracellular potassium
coordinate k;, and (ii) an excitatory neuronal voltage input with drive 1/7j into Vg ;. The latter
excites the specified rate-to-potassium pathway through the nonzero Jgg 15 /¢, term already

present in the frozen local model. The source-normalization conventions differ between these
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drives, so magnitudes are not compared as equal delivered biological doses; only within-source
Dy contrasts are meaningful.

For a seven-site path with unscaled graph Laplacian L, a phenomenological neuronal lateral
coupling was introduced as Iy — fy — yyLrg. This is distinct from the glial term —(Dg /
qbahz)La, and from the long-range EEG neuronal matrix Wy. The parameter yy was swept over
0,0.3, 1, 3, 10, 30 s7'; a secondary rate-to-voltage diffusion —(yy/Tg)Lrg was tested at the
dimensionless coefficients 0, 0.001, 0.003, 0.01, and 0.03. For each input, D, was compared at
zero and the reference value, leaving yy, D,, local rate coupling and the observation coordinates
unchanged. All reported linearizations retained negative-real-part eigenvalues. Source-
normalized responses were evaluated at 3, 8 and 20 s through the exact linear step-response
integral; a simultaneous-eigenmode method was cross-checked against the explicit 56-state
matrix exponential, with maximum absolute discrepancy 1.7 X 1013, Uniform-input invariance
was rechecked. These are retrospective robustness tests, not a prospective experiment, and do not
calibrate the neuronal-coupling coefficients. Their full executable methods, JSON output and
plotted comparisons are in Online Resource 6, Online Resource 3, and Online Resource 7.

4.5 Mode-level transfer and sensitivity

When the two Laplacians commute (as in the seven-site shared path), the K balance can be
restricted to a common spatial eigenmode. Algebraic inversion of its 2 X 2 frequency-domain
matrix gives Eq (4). Differentiating the rational function yields Eq (5). Analytic derivatives were
compared against centered finite differences in the provided script at f =
0,0.01,0.018,0.05,0.1,1,8,40 Hz for the uniform and selected nonuniform modes. The script
includes stability, homogeneity and derivative checks. The assertion is not that any frequency

dependence uniquely establishes glial identity; it is that this specified physiological mechanism
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creates a transport-sensitive mode transfer that disappears if one retains only the zero spatial
mode.

4.6 Frozen EEG observation model and comparator

The EEG executable used 68 DK cortical regions and a normalized anatomical neuronal matrix
with delays approximated from Euclidean region-centroid distances. A template regional
leadfield L € R%**®8 and 20-component orthonormal projection U,, provided the common

observation operator. Model spectra had the form

Sym(f) = a® (pe(LaoHg) (LaoHp)™ + (1 — pg) (L2oHp) (Lo HDT) + 0412,
Lyo = UzToL-
The M3 local filter is Eq (4) at u, = gy = 0; no spatial glial operator is an input to the frozen

program. M2 was the flexible two-state filter comparator, M1 a distinct generic one-state
controller, and MO the neuron-only baseline. The available held-out participant-level comparison
is M3 versus M2, as specified in the frozen protocol; it does not report M3 versus M1 or M3
versus the neuron-only M0 baseline. An exact pair of partial fractions embeds the M3 uniform
filter in M2 within its tested bounds. The full chain through neuronal network, leadfield and
spectral score was replayed at frozen frequencies by the source code audit; the reproduction
package records exact code identifiers and tolerances.

4.7 EEG cohort, scoring and inferential provenance

Raw source: OpenNeuro ds005385 v1.0.3, Dortmund Vital Study, resting eyes-closed pre-task
session (Getzmann et al. 2024), with publicly documented de-identified data. A common
processing sequence used MNE, PREP and ICLabel software (Bigdely-Shamlo et al. 2015;
Gramfort et al. 2014; Pion-Tonachini et al. 2019; Thomson 1982), full-recording artifact QC,
resampling to 250 Hz, 0.5-45 Hz analysis filtering, four-second epochs, and at least 30 retained

epochs per participant. The fixed data split compared successive chronological halves A and B in
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both fit/score directions. Multivariate CSDs at 1-40 Hz used DPSS multitapers (time-bandwidth
NW=3, Kmax=5) (Thomson 1982) and a shared 20-component projection. The normalized
complex Whittle-style score was, up to constants common to both models,

= — z Ve (IOgdetSm(f) + tr{Sm(f)_lsA(f)}); A; = Lyz; — Lyz,-

f
Each L,, ; averaged the held-out score for A-fitted/B-scored and B-fitted/A-scored predictions.

The frozen success condition required both a positive lower bound for the participant-bootstrap
confidence interval of the mean 4 and a one-sided sign-flip p < 0.05 favoring M3. The frozen
primary run 37752719639 was NOT EVALUABLE owing to execution/provenance faults; it
was never converted into a confirmatory outcome. The explicitly POST_OPEN_AMENDED
run record restored subject 075 after a channel-provenance repair, separated structural
ineligibility of subjects 206, 230 and 425, and assembled final artifacts without changing model
definitions, cohort membership rules or endpoints. The recorded amended fit and final assembly
provenance comprises runs 37787000597, 37968393249 and 38134531967. Aggregate and
participant-resampling computations were independently rerun from archived CSV/JSON. Their
agreement does not replace a full independent refitting of all raw EEG recordings.

4.8 Microscopic numerical checks and the scope of evidence

The biophysical reference calculations comprise zero-flow six-ion balance, nonlinear and linear
spatial discretizations, and ionic pulse responses. Numerical checks verified resting flux
bookkeeping and selected linear ionic responses. A finite-volume R1 implementation supplies a
bounded numerical comparison across grid resolutions, but the high-fidelity FEniCS six-ion
system, R2 advective flow computations and source-level cellular calibration were not
independently reproduced. The reported outcomes are not used to assert quantitative validation

against physiological tissue measurements. The code archive contains executable checks,
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parameter records and run-provenance logs, while Online Resources 2, 4 and 5 distinguish the
empirical status of the conceptual, ionic and alternative field realizations.
4.9 Generative Al assistance

Generative Al assistance. OpenAl ChatGPT (GPT-5.6 and GPT-6) was used to assist with
language and structural editing, literature searches, code development, and computational
checks. Al-assisted material was reviewed and revised by the author, who takes full

responsibility for the content, accuracy, and conclusions of the manuscript.

5 Conclusion

The Syncytial Mesh Model specifies a physiological control geometry that interacts with
neuronal dynamics without treating astrocytes as the principal electrical source of EEG. In its
potassium realization, neuronal responses to a focal perturbation depend on glial transport,
whereas the exactly uniform mode of the homogeneous linearized system is transport-insensitive.
The resulting stimulus-pattern dependence has an explicit transfer-function representation and
defines a candidate spatial intervention contrast. The available human EEG comparison instead
tested a local ionic transfer without the glial spatial operator and, in a post-open amended
analysis, favored a generic two-state controller; the frozen primary was not evaluable. The EEG
result therefore constrains the local predictor but does not test transport sensitivity.
Distinguishing the proposed biological pathway from neuronal propagation and other slow-
control mechanisms requires independently calibrated, spatially resolved interventions and

prospective model comparisons.

Statements and Declarations

Data and code availability. Original EEG recordings are publicly available from OpenNeuro

ds005385 v1.0.3, DOI: 10.18112/openneuro.ds005385.v1.0.3. The subject-level amended scores,
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spatial-model output, exact parameters, reproducibility scripts and source numerical audit
accompany this article as machine-readable Online Resource 3 (ESM_3 Data and Code.zip).
The SMM code repository is publicly accessible at https://github.com/ipsissima/SMM and is
MIT-licensed (https://github.com/ipsissima/SMM/blob/main/LICENSE). The frozen EEG
implementation is pinned to scientific base commit
20fab272edf33d2513470c60ac9398754535cach. The independent reference solver source is at
https://github.com/martejulie/fluid-flow-in-astrocyte-networks, commit
99bfe1671d9¢5735333fa24c2406aa32bde010fc. The manuscript-specific code/data archive is
supplied with this submission; no separate permanent public accession or reuse licence for that
archive is claimed.

Ethics approval and consent. No new human participants were recruited or contacted. The
human analysis reuses public, de-identified Dortmund Vital Study EEG recordings. Original
ethics and consent statements are those of the dataset investigators (Getzmann et al. 2024); this
analysis does not assert a new, undocumented approval or consent exemption.

Related publications and preprints. The three-layer SMM proposal and alternative field
formulations appeared in the Brain-Mesh / Syncytial Mesh preprints (Ballus 2024;
arXiv:2412.12106; bioRxi1v:2024.11.22.624908). The published conceptual account of glial
syncytial control fields (Balluis Santacana 2026) is separately credited. Neither publication is
presented as independent numerical or empirical validation of the potassium realization; the

precise relationship of the results is documented in Online Resource 2.
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Supplementary Information: Online Resources

Online Resource 1 (ESM_1_Analytical Proofs.pdf). Mathematical proofs, causal model
conditions, modal transfer discrimination, and exact limits of the observation operator.
Online Resource 2 (ESM_2 Preprint_Lineage.pdf). Prior technical preprints, attribution to

the published conceptual article, superseded simulation claims and publication overlap.
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Online Resource 3 (ESM_3 Data and Code.zip). Reproducibility scripts, exact model
constants, spatial response tables, numerical-check output, amended participant-level derived
contrasts, and the prior audited verification bundle; includes full provenance notices.

Online Resource 4 (ESM_4 Microscopic_Reproducibility.pdf). Six-ion reference
calculations, numerical reproducibility checks, limitations of the R1/R2 solver comparisons and
the held-out reduced-mode threshold.

Online Resource 5 (ESM_5_Alternative Realizations.pdf). Alternative neuronal,
connectomic, damped-field and plasticity models, together with their physiological assumptions,
parameter scales and evidence boundaries relative to SMM-K.

Online Resource 6 (ESM_6 Neuronal Input Robustness.pdf). Retrospective sensitivity
calculations performed after the EEG outcome using neuron-derived potassium sources, direct
neuronal excitation and lateral neuronal coupling; complete numerical output and computational
conditions.

Online Resource 7 (ESM_7 Supplementary Figure.pdf). Transport-dependent focal neuronal
responses under neuron-derived potassium and direct neuronal-voltage inputs; the neighboring
response interaction is shown alongside the descriptive ratio, using exact conditional model

outputs at 20 s rather than experimentally calibrated activity.
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       x . =   F  N ​  ( x ,   W  N ;   𝜃  N + 𝒞  ( z ) ) +   B  N   u  N +   𝜉  N ,     M  g   z . =   f  g ​  ( z , ℬ  ( x ) ;   𝜃  g ) −   𝒟  g  (   L  g ) z +   B  g   u  g +   𝜉  g ,   y =   H  N  ( x ) + 𝜈 .
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    𝜅  a > 0


    L  e ,   L  g


  4   𝜅  e   𝜅  a /  (   𝜙  e   𝜙  a )


   h  − 2


  h = 150   𝜇 m
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  56 × 56


  A  (   D  g )


  B u


  t


  q  ( t ) = A    (   D  g )  − 1  (   e  A  (   D  g ) t − I ) B u ,


    D  g = 0


    a  i


  1 /   𝜙  a


  1 /   𝜙  e


    k  i


  a


  1 /   𝜏  E


    V  E , i


    J  R E     r  E /   𝜙  e


    D  g


  L


      𝐫 .  E ↦     𝐫 .  E −   𝛾  N L   𝐫  E


  −  (   D  g /   𝜙  a  h 2 ) L 𝐚


    W  N


    𝛾  N


  −  (   𝛾  N /   𝜏  E ) L   𝐫  E


    𝜙  e ,   𝜙  a > 0


    D  g


    𝛾  N


    D  e


  1 . 7 ×  10  − 13


  K


  2 × 2


  f = 0 , 0 . 01 , 0 . 018 , 0 . 05 , 0 . 1 , 1 , 8 , 40


  L ∈  ℝ  64 × 68


    U 20


       S  y , m  ( f ) =   a 2  (   p  E  (   L 20   H  E )    (   L 20   H  E ) † +  ( 1 −   p  E )  (   L 20   H  I )    (   L 20   H  I ) † ) +   𝜎 0   I 20 ,     L 20 =   U 20  𝖳 L .


    J  N  ( x )


    𝜇  e =   𝜇  g = 0


   ℓ  m = −   ∑  f ​    𝜈  f  ( logdet   S  m  ( f ) + tr {   S  m    ( f )  − 1   S ^  ( f ) } ) ,       𝛥  i =   L  M 3 , i −   L  M 2 , i .


    L  m , i


  𝛥


  p < 0 . 05


    L  e ,   L  g


       𝜙  e   k . =   J  N  ( x ) −  (   𝜅  e +   𝜅  N ) k +   𝜅  a a −   D  e   L  e k ,     𝜙  a   a . =   𝜅  e k −   𝜅  a a −   D  g   L  g a .


  k →   E  K →   𝜂  N → x


    J  N


  V =  1 2   𝜙  e   𝜅  e ∥ k  ∥ 2 +  1 2   𝜙  a   𝜅  a ∥ a  ∥ 2 ,


  x


    V . = − ∥   𝜅  e k −   𝜅  a a  ∥ 2 −   𝜅  e   𝜅  N ∥ k  ∥ 2 −   𝜅  e   D  e   k  𝖳   L  e k −   𝜅  a   D  g   a  𝖳   L  g a < 0


    V . = − ∥   𝜅  e k −   𝜅  a a  ∥ 2 −   𝜅  e   𝜅  N ∥ k  ∥ 2 −   𝜅  e   D  e   k  𝖳   L  e k −   𝜅  a   D  g   a  𝖳   L  g a < 0
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  1 . 32 ×  10  − 4


    D  g


    𝜇  e ,   𝜇  g ≥ 0


    𝛼  𝜇 =     𝜅  e +   𝜅  N +   D  e   𝜇  e    𝜙  e ,       𝛽  𝜇 =     𝜅  a +   D  g   𝜇  g    𝜙  a ,     𝜒 =     𝜅  a   𝜅  e    𝜙  e   𝜙  a .


    H  K  ( s ;   𝜇  e ,   𝜇  g ,   D  g ) =   s +   𝛽  𝜇    𝜙  e  (  ( s +   𝛼  𝜇 )  ( s +   𝛽  𝜇 ) − 𝜒 ) .
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       C  j  ( t ; u ) =   Y  j  ( t ∣ u ,   g  H ) −   Y  j  ( t ∣ u ,   g  L ) ,    ℐ  j  ( t ) =   C  j  ( t ;   u  F ) −   C  j  ( t ;   u  U ) .
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