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Abstract

We propose Dynamic Space (DS) as a regime-based conceptual and mathematical frame-
work in which familiar physical laws emerge as effective descriptions of a deeper field sub-
strate characterized by amplitude, phase geometry, and energy-density-dependent response.
The central organizing idea is that a complex field ¥ = Re’® can be interpreted such that R?
measures local mode intensity or energy density, while ¢ encodes geometric phase structure.
In this language, linear quantum and electromagnetic wave equations arise as low-density or
weak-response limits, whereas nonlinear self-structuring regimes may become relevant near
strong localization, self-field concentration, or threshold-like collapse phenomena.

The manuscript has three goals. First, it develops a conservative phase-geometric spine
connecting amplitude—phase decomposition, the momentum operator, canonical commuta-
tion structure, uncertainty relations, and mode quantization. Second, it outlines a regime
map in which standard sectors—including Schrédinger dynamics, Maxwell-like propaga-
tion, gauge-phase interpretation, and heuristic routes toward interaction differentiation and
vacuum regularization—are discussed as effective or emergent descriptions rather than as
separately postulated primitives. Third, it explores how the same substrate language may
illuminate atomic binding, orbital self-field stability, shell organization, and correlated trans-
port ideas relevant to quantum Hall and topological conduction concepts.

We emphasize that the present work is not claimed as a complete derivation of the Stan-
dard Model, a replacement for quantum electrodynamics, or a finished ultraviolet comple-
tion. Rather, it is presented as a structured unification program and interpretive framework
whose value lies in organizing known results, clarifying longstanding conceptual tensions,
and suggesting testable directions for future theoretical and experimental work. Specific
statements in the paper are explicitly classified as derived, interpretive, or conjectural to
distinguish firm mathematical reductions from heuristic extrapolation.
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Abstract

We propose Dynamic Space (DS) as a regime-based conceptual and mathematical frame-
work in which familiar physical laws emerge as effective descriptions of a deeper field sub-
strate characterized by amplitude, phase geometry, and energy-density-dependent response.
The central organizing idea is that a complex field ¥ = Re*® can be interpreted such that R?
measures local mode intensity or energy density, while ¢ encodes geometric phase structure.
In this language, linear quantum and electromagnetic wave equations arise as low-density or
weak-response limits, whereas nonlinear self-structuring regimes may become relevant near
strong localization, self-field concentration, or threshold-like collapse phenomena.

The manuscript has three goals. First, it develops a conservative phase-geometric spine
connecting amplitude—phase decomposition, the momentum operator, canonical commuta-
tion structure, uncertainty relations, and mode quantization. Second, it outlines a regime
map in which standard sectors—including Schrodinger dynamics, Maxwell-like propaga-
tion, gauge-phase interpretation, and heuristic routes toward interaction differentiation and
vacuum regularization—are discussed as effective or emergent descriptions rather than as
separately postulated primitives. Third, it explores how the same substrate language may
illuminate atomic binding, orbital self-field stability, shell organization, and correlated trans-
port ideas relevant to quantum Hall and topological conduction concepts.

We emphasize that the present work is not claimed as a complete derivation of the Stan-
dard Model, a replacement for quantum electrodynamics, or a finished ultraviolet comple-
tion. Rather, it is presented as a structured unification program and interpretive framework
whose value lies in organizing known results, clarifying longstanding conceptual tensions
(including self-interaction and vacuum-divergence intuitions), and suggesting testable direc-
tions for future theoretical and experimental work. Specific statements in the paper are
explicitly classified as derived, interpretive, or conjectural to distinguish firm mathematical
reductions from heuristic extrapolation.

Dynamic Space quantum foundations phase geometry self-field vacuum regularization atomic
orbitals emergent interactions correlated transport

1 Introduction

Modern theoretical physics is extraordinarily successful at the level of predictive formalism,
yet several foundational tensions remain conceptually unresolved. Among them are the onto-
logical status of the wavefunction, the relation between phase and observable momentum, the
coexistence of linear wave equations with nonlinear gravitational dynamics, the interpretation
of self-field and vacuum divergences, and the question of whether multiple apparently distinct
sectors of physics may be understood as regime-dependent expressions of a deeper common
substrate.

The standard framework does not fail because of these tensions; rather, it works despite
leaving many of them distributed across distinct mathematical languages. Quantum mechan-
ics, electromagnetism, quantum field theory, general relativity, and condensed-matter effective
descriptions each achieve remarkable internal coherence within their own domains. Yet the tran-
sition from one description to another is often accompanied by a change in ontology, a change in
mathematical primitive, or a shift in what is taken as fundamental. This motivates the search
for a framework in which different equations are not denied, but are instead reinterpreted as
different limits of one deeper response medium.

The present manuscript proposes such a framework under the name Dynamic Space (DS).
The DS program begins from a deliberately modest premise: that a complex field

U = Re'® (1)
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may be interpreted as more than a formal decomposition. In particular, the amplitude R is
taken to encode local field intensity (or, in appropriate limits, local energy-density content),
while the phase ¢ is treated as a genuine geometric structure rather than a merely auxiliary
parameter. This perspective naturally reproduces familiar relations such as

p=VS,  S=h (2)

and invites a re-reading of canonical quantum operators, uncertainty, and quantization as con-
sequences of phase geometry and mode closure rather than as isolated postulates.

The broader ambition of DS is not to discard established physics, but to organize it into a
regime hierarchy. In low-intensity or weak-response domains, one expects linear wave propa-
gation and the familiar Schrodinger/Maxwell structure. In strongly localized or high self-field
domains, one may expect nonlinear feedback, effective metric deformation, threshold phenom-
ena, or breakdown of naive linear superposition. This motivates a schematic master equation
of the form

9B (R*) 040p7 = 0, (3)

where the effective response tensor g4 depends on local field intensity. This equation is not
presented as a final or unique fundamental law. Rather, it serves as a compact representation of
the core DS hypothesis: the medium’s response depends on the field’s own local intensity, and
familiar equations arise as regime reductions.

A central motivation for this paper is that several longstanding conceptual puzzles may
become more coherent when phrased in this language. For example:

(i) Why do stationary atomic orbitals not continuously radiate or self-destabilize?

(ii) Why should a single-electron orbital not be interpreted as a classical self-repelling charge
cloud?

(iii) Why do quantized modes arise so naturally in atoms, cavities, and periodic solids?

(iv) Why do vacuum divergences and self-energy singularities suggest the inadequacy of a
literal point-source ontology?

(v) Why do strongly constrained many-body systems sometimes exhibit more coherence,
rather than less, under strong interaction?

These questions are usually treated in separate literatures. DS seeks a common interpretive
vocabulary for them.

1.1 Scientific posture of the present work

The present manuscript is intentionally framed as a programmatic framework paper, not as a
declaration of completed unification. We do not claim in the present work:

a full derivation of the Standard Model,

(a
(b

a replacement for the renormalized predictive machinery of quantum electrodynamics,

(
d

)
)
c¢) a complete derivation of Einstein gravity from first principles,
) a mathematically closed ultraviolet completion,

)

(e) or a finalized device theory for correlated transport engineering.
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Instead, the purpose is to present a logically structured substrate-oriented framework that:
recovers several known mathematical relations in a common phase-geometric language,

(a
(

)
b) clarifies conceptual tensions around self-field, measurement, and vacuum intuition,
(c) proposes a consistent regime-based interpretation of linear and nonlinear sectors,
(d) and motivates future derivations and experimental discriminants.

This distinction is essential. The value of the present paper lies not in claiming that all
formal details are already complete, but in showing that a coherent, technically informed, and
potentially falsifiable substrate language can be built without denying the empirical success of
existing theories.

1.2 Claim taxonomy: derived, interpretive, and conjectural

To reduce ambiguity and improve scientific clarity, all major statements in this paper should be
read as belonging to one of three categories:

(1) Derived claims. These are claims for which explicit mathematical reduction or direct
standard-form recovery is shown in the text. Examples include:

(a) amplitude—phase decomposition of wave equations,
(b
(c
(d
(e
(f

recovery of momentum as a phase gradient,

operator correspondence p = —ihV,

canonical commutator structure from translation/phase logic,
continuity-equation and Hamilton—Jacobi-type reductions,

)
)
)
)
)
)

standard stationary-state mode structure.

(2) Interpretive claims. These are claims that do not change standard predictions, but
provide a different conceptual reading of known mathematics. Examples include:

(a) viewing quantization as mode selection or phase closure,
(b) interpreting the vector potential as a geometric or flow-like phase structure,

(¢) understanding stationary atomic orbitals as coherent dressed modes rather than classical
charge clouds,

(d) viewing self-field stability as an eigenmode consistency condition rather than an absence
of field.
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(3) Conjectural claims. These are heuristic extensions, proposals, or research directions
that are not yet fully derived. Examples include:

interaction-sector differentiation from DS response regimes,

(a
(

)
b) finite nonlinear core regularization of point-like self-energy singularities,
(c) threshold-triggered collapse-like reconfiguration,

)

(d) DS-guided routes toward correlated transport and topological switching concepts.

This taxonomy is maintained throughout the manuscript. Whenever a section moves from
firm reduction into heuristic extension, we explicitly state that transition.

1.3 Boundary of the present claim

Sections dealing with interaction differentiation, vacuum regularization, correlated transport, or
device-oriented extrapolation should be read as regime maps and programmatic hypotheses, not
as finished derivations. In particular, later discussions of gauge sectors, gravity-like nonlinear
response, and topological transport do not claim that the DS formalism has already reproduced
the full Standard Model, general relativity, or a complete many-body transport theory in closed
form. Rather, these sections are included to show how a single substrate language may organize
multiple domains under one interpretive umbrella, identify where the strongest mathematical
reductions already exist, and mark where further work is required.

This boundary statement is not a disclaimer of weakness; it is a statement of scientific
discipline. A framework paper should distinguish what is already shown from what is being
proposed as a research program.

1.4 Roadmap of the manuscript

The manuscript is organized as follows.

e Sections 2-3: establish the DS postulates, amplitude—phase decomposition, and the phase-
geometric origin of momentum and operator structure.

o Sections 4-6: develop the commutator/uncertainty backbone and the relation between
Schrodinger-like and Maxwell-like wave descriptions.

e Sections 7-8: discuss gauge structure, vector potential interpretation, and a regime-based
map of interaction sectors.

e Sections 9-10: address vacuum intuition, self-energy, threshold behavior, and measurement-
like reconfiguration.

e Sections 11-12: apply the DS language to atomic binding, shell organization, and orbital
self-field stability.

e Sections 13-15: discuss correlated transport outlooks and summarize possible discrimi-
nating predictions.

e The appendices collect technical derivations, supporting identities, and programmatic
extensions.
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1.5 Philosophical scope and methodological caution

The DS framework is motivated by a methodological conviction: if multiple successful equations
appear to govern the same physical world, then one should ask whether they are truly indepen-
dent primitives or whether they are context-dependent expressions of a deeper substrate. This
is not an argument against effective theory; on the contrary, it is an attempt to understand why
effective theories succeed where they do, why they fail where they do, and how their apparent
conceptual discontinuities may be reconciled.

At the same time, caution is essential. A unification framework can become scientifically
unproductive if it merely renames known equations without adding structure, clarity, or testable
consequence. The DS program is therefore only valuable to the extent that it:

(i) reproduces known mathematics cleanly where it claims reduction,
(ii) clarifies genuine conceptual tensions,

)
)
(iii) proposes concrete discriminants,
(iv) and remains honest about the boundary between derivation and conjecture.

This paper is written under that standard.

2 Core Postulates of Dynamic Space

The Dynamic Space (DS) framework is introduced here in its weakest useful form. We de-
liberately separate minimal postulates from stronger conjectural extensions, since the central
purpose of this manuscript is not to declare a completed fundamental theory, but to construct
a logically disciplined substrate-oriented framework.

2.1 Minimal postulates

We adopt the following minimal postulates.

Postulate 1: Complex field representation. Physical propagation in the regimes consid-
ered can be represented, at least effectively, by a complex field

U(z) = R(x)e' ™), (4)

where = denotes the relevant spacetime coordinates (or an effective reduced configuration when
appropriate). This is mathematically standard and by itself introduces no novelty.

Postulate 2: Amplitude as local intensity or energy-density proxy. The squared
amplitude R? is interpreted as a local measure of mode intensity and, in appropriate limits,
as a proxy for local energy density or local excitation concentration. This is an interpretive
postulate rather than a universally exact identity. Its purpose is to motivate why the field’s
own magnitude may influence the response of the underlying medium.

Postulate 3: Phase as geometric structure. The phase ¢ is not treated as a purely
auxiliary complex angle, but as a physically meaningful geometric quantity. In the simplest
semiclassical reading,

S = ho, (5)
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so that phase gradients encode momentum-like structure,
p=VS="nV¢. (6)

This relation is standard in WKB/Madelung analyses; DS elevates it to an organizing principle.

Postulate 4: Regime-dependent response. The effective propagation law of the field may
depend on the field’s own local intensity. This motivates a schematic master form

g*B(R?) 9,40p7 =0, (7)

where g4 is an effective response tensor or metric-like object. Equation (7) is not asserted
as a final fundamental law. It is a compact representation of the DS hypothesis that different
familiar equations may arise as limiting forms of one substrate response.

Postulate 5: Physical laws as regime reductions. The Schrédinger equation, Maxwell
equations in wave form, and other familiar effective equations are understood as valid reductions
in appropriate limits of the broader response structure. This postulate is methodological: DS
is not introduced to deny known equations, but to reinterpret their domain of validity.

2.2 Weak and strong forms of the DS hypothesis

It is useful to distinguish two levels of commitment.

Weak DS hypothesis. The weak form asserts only that:
(i) amplitude-phase decomposition is physically informative,
(ii) phase gradients organize momentum and transport structure,
(iii) several standard wave equations can be read as regime-specific reductions,
)

(iv) and self-field or measurement puzzles may be clarified by treating states as coherent modes
of a common substrate.

Much of the present paper is already meaningful at this level.

Strong DS hypothesis. The strong form additionally conjectures that:
(i) there exists a genuine underlying medium or substrate,

ii) the response tensor g% (R?) is fundamental rather than merely effective,
p g Yy

)
)
(iii) strong-field or high-density regions trigger nonlinear self-structuring,
(iv) point singularities are replaced by finite nonlinear core modes,

)

(v) and multiple interaction sectors can ultimately be derived as different response regimes.

This stronger form is not fully established in the present work and is treated as programmatic.
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2.3 A generic DS action

To make the discussion concrete, it is useful to write a generic DS-style action functional. A
broad class of models can be represented schematically as

A[\IJ,\I/*]:/dDm %GAB(R%aA\IJ*aB\If—U(Rz) , (8)

where:
e D is the relevant dimensionality,
o GAB(R?) is an effective kinetic tensor,
« U(R?) is a local intensity-dependent potential or self-response term.

The Euler-Lagrange equation is then

04 (GAB(RQ) (?B\IJ) — % + nonlinear terms from dp2G4E = 0. (9)

In the weak-response limit, if GAP approaches a constant tensor and U is approximately
quadratic, one recovers ordinary linear wave equations. Thus the DS formalism naturally ac-
commodates the standard practice of using linear equations where self-backreaction is negligible.

2.4 Linear regime as the default approximation

A central practical principle of the DS framework is that the familiar linear equations are not to
be discarded, but rather understood as the default approximation when the medium response
is sufficiently weak or homogeneous. Symbolically, if

GY(R) =GP, U(RY) ~ R, (10)
then Eq. (9) reduces to a linear wave equation of the form
G5B, 0p0 + 12T = 0. (11)

Depending on signature, dimensional reduction, and slowly varying envelope approximations,
this encompasses Klein—Gordon-like, Helmholtz-like, Schrodinger-like, and Maxwell-like propa-
gation laws.

2.5 Why a regime-based framework is scientifically useful

The usefulness of a regime-based framework is not that it immediately yields a unique final
theory, but that it can organize multiple known domains under a common logic:

(i) Linear wave regimes explain ordinary propagation and stationary mode formation.

(ii) Weakly nonlinear regimes explain perturbative self-action, dressing, and small radia-
tive shifts.

(iii) Strongly nonlinear regimes may regulate singularities or produce threshold-like tran-
sitions.

(iv) Constrained many-body regimes may stabilize collective order rather than destroy
coherence.
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These categories recur throughout atomic, field-theoretic, and condensed-matter physics. DS
proposes that this recurrence is not accidental.

3 Amplitude—Phase Decomposition and Phase Geometry

The amplitude—phase decomposition of a complex field is mathematically elementary, yet it
contains much of the structural information that later appears in operator form, semiclassical
transport, and quantization conditions. In the DS framework, this decomposition is not treated
as a mere algebraic convenience but as the primary analytic lens through which propagation
and localization are interpreted.

3.1 Polar decomposition of the field

Let
U(z) = R(a:)ei‘z’(x), (12)

with R(z) > 0. If one prefers the action notation,
U(z) = R(x)e"@/M, (13)

where
S(z) = ho(x). (14)

This form is familiar from WKB theory, Bohm—Madelung analysis, and semiclassical asymp-
totics. Its significance lies in the fact that the real and imaginary parts of the governing equation
separate into:

(i) a conservation or continuity equation,
(ii) a Hamilton—Jacobi-type equation,

(iii) and additional curvature terms associated with amplitude variation.

3.2 Phase gradients and momentum

In the short-wavelength or locally plane-wave limit, consider

U(r,t) ~ A(r,t) en®r=ED, (15)
Then 59

This identifies the phase function S with Hamilton’s principal function in the appropriate limit.
The DS interpretation is that momentum is not an externally attached property of a particle-like
object; rather, it is the local geometric slope of the phase field.

This motivates the compact statement:

Momentum is phase geometry in motion.

While this statement is interpretive, the equation p = V.S is standard and exact in the semi-
classical setting.
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3.3 Action, phase, and transport velocity
The phase gradient also determines a natural velocity field. If

VS
—_ ~ 1
Ve (17)

then v plays the role of the local hydrodynamic or transport velocity in the Madelung repre-
sentation. This relation does not imply that every quantum state corresponds to a classical
trajectory. Rather, it shows that where a local phase is well-defined, there is a corresponding
transport direction.

This is particularly important for DS because it connects:

(i) phase gradients,
(ii) current density,
(iii) flux transport,
)

(iv) and later, gauge coupling and vector potential shifts.

3.4 Phase closure and mode quantization
One of the most natural routes to quantization is through phase closure. Suppose a mode is
constrained on a closed path C. Single-valuedness requires

7{ V¢ -dl =2mn, n € Z. (18)
C

Equivalently,
fvs -dl = nh. (19)
C

This is the familiar Bohr—-Sommerfeld condition in its geometric form.
From the DS perspective, quantization is therefore not primarily mysterious. It is the natural
outcome of:

(i) finite geometry,

i)
(ii) boundary conditions,
(iii) phase continuity,

(iv) and allowed standing-wave closure.

This interpretation is conservative and fully compatible with standard wave mechanics.

3.5 Amplitude curvature as localization cost

While phase controls transport and closure, amplitude controls localization. If R varies sharply
in space, gradients such as VR and V2R become large. In later sections these appear in the
quantum potential term. Even before writing that explicitly, one can already note the structural
principle:

Sharp localization carries a curvature cost.
This principle is one of the deepest reasons why wave-like objects do not behave as arbitrarily

localized classical points without paying an energetic price.
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3.6 A DS reading of the amplitude—phase split

The DS interpretation of the amplitude—phase split may be summarized as follows:

« R2: local mode intensity, occupation weight, or effective energy-density proxy:

¢: local phase geometry;

V¢: transport/momentum structure;
e phase closure: quantization condition;
e amplitude curvature: localization penalty and mode shaping.

This dictionary will be used repeatedly, but it is important to emphasize that the underlying
mathematics is standard. The novelty lies in the systematic interpretive role assigned to these
quantities across multiple physical sectors.

4 Commutator Structure, Translation Symmetry, and Uncer-
tainty

The operator form of quantum mechanics often appears axiomatic when first introduced. How-
ever, a substantial portion of its structure can be understood as the natural consequence of
phase translation, Fourier duality, and the action of infinitesimal symmetry generators. This
section reviews that logic and explains why DS treats it as part of the phase-geometric backbone
rather than as an isolated formal layer.

4.1 Momentum operator from phase translation

For a plane wave
U(r) = ek, (20)

we have

VT = ikU. (21)

Using the de Broglie relation p = hk, it follows that
—ihVV¥ = pV¥. (22)
This motivates the operator correspondence
p = —ihV. (23)

In standard quantum mechanics this is an operator postulate; in the DS reading it is a direct
formalization of the statement that momentum is encoded in phase gradient.

4.2 Translation symmetry and the generator viewpoint

A spatial translation by a small displacement € in one dimension acts as

(T()Y)(x) = p(x + €). (24)
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Expanding for small e,

0
U(z + €) = (x) +ea—f + O(€%). (25)
Hence
T(e) =1+ €0y + O(€%). (26)
To make T'(¢) unitary, one writes
T(e) = e~ P/h, (27)
from which one identifies
p = —ih0,. (28)

This is the generator-of-translations derivation. It is fully standard, but within DS it acquires
a geometric interpretation: translations shift phase, and the generator of that shift is precisely
the momentum operator.

4.3 Canonical commutator

Let & act by multiplication:

(@) (z) = z¢(x) (29)
Then
[Z,plp = #(—ih0xy) — (—ihdy)(zy)
= —thx0 + ih (Y + x0,1)
= ih. (30)
Therefore
[Z,p] = ih. (31)

This is the canonical commutator.

In the DS interpretation, this relation expresses the incompatibility of exact localization
in coordinate space with exact localization in phase-gradient (momentum) space. It is not a
statement that nature is irrationally noisy; it is a structural fact about dual representations of
one coherent mode.

4.4 Uncertainty from Fourier duality

The uncertainty relation follows from the noncommutativity above or, equivalently, from Fourier
duality. If a wavepacket is highly localized in x, then its Fourier transform must be broad in k,
and therefore broad in p = hk. The standard result is

Ax Ap >

Do S

(32)
Again, DS interprets this geometrically:

Localization in amplitude space necessarily broadens localization in phase-gradient
space.

This statement is mathematically equivalent to the standard uncertainty relation, but it empha-
sizes that the tradeoff is a property of wave-mode structure rather than an arbitrary epistemic
prohibition.
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4.5 Energy-time caution

It is worth noting that the familiar relation
AFE At ~ h (33)

does not arise in exactly the same operator sense as Ax Ap, because time is not ordinarily
an operator in nonrelativistic quantum mechanics. In the present framework we therefore use
the energy—time relation cautiously: as a scale relation associated with finite-duration modes,
spectral linewidth, or transient evolution, rather than as a direct canonical commutator.

4.6 Why this matters for DS

This section matters because it shows that much of quantum kinematics can be read directly
from the amplitude—phase structure:

(i) phase gradients generate momentum,

)
(ii) translations imply differential generators,
(iii) generators imply commutators,

(iv) Fourier duality implies uncertainty.

Thus the operator layer of quantum mechanics need not be treated as conceptually disconnected
from the wave layer. For DS, this continuity is crucial.

5 Schrodinger Dynamics, Hamilton—Jacobi Reduction, and the
Quantum Potential

The Schrodinger equation occupies a central role in the DS framework because it makes the

amplitude—phase decomposition operationally precise. When written in polar form, it separates

into a continuity equation and a modified Hamilton—Jacobi equation, thereby displaying both
transport structure and a distinctively quantum curvature term.

5.1 The Schrodinger equation

For a particle of mass m in a scalar potential V(r,t), the nonrelativistic Schrodinger equation
is

O n_,
e = - v 4
ih ( =V +V> (34)
Write
U(r,t) = R(r,t)e 0/, (35)
Then ow OR i 08
o%¥ _ is/n (O 1 00
ot ¢ (6t +hR8t>’ (36)
and .
VU = ¢iS/h (VR + ;RVS> . (37)
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A standard but straightforward calculation gives

‘ 0; . 1
ViU = /0 [VQR + %VR VS + %RVQS - ﬁR(VS)Q . (38)
5.2 Continuity equation
Separating the imaginary part of Eq. (34) yields
OR? VS
— (R*=—=) =0. 39
ot v ( m ) (39)
If we define vs
p= R27 V=, (40)
m
then Eq. (39) becomes
dp
i . =0. 41
L4V () =0 (41)

This is the usual continuity equation.
In the DS reading:

e p = R? is the local mode intensity or effective occupation density,
o Vv is the phase-gradient transport field.

Thus the imaginary part of the Schrédinger equation directly encodes conservation of mode
flow.

5.3 Quantum Hamilton—Jacobi equation

Separating the real part gives

2 2 2
05 (VS . V'R _

b — =0. 42
ot * 2m 2m R 0 (42)
Define the quantum potential
n? V2R
_ VR 4
Q=-5-7% (43)
Then Eq. (42) becomes
9S  (VS)?
— 14 =0. 44
ot + 2m Ve (44)

This is the quantum Hamilton—Jacobi equation.
The formal similarity to classical Hamilton—Jacobi theory is immediate. The difference is
the extra term @, which depends on amplitude curvature.

5.4 DS interpretation of the quantum potential

In the DS framework, the quantum potential is not treated as a mysterious extra force field.
Instead, it is interpreted as the mode-shaping curvature term associated with the fact that
coherent localization requires spatial amplitude structure. Where R bends strongly, V2R/R is
large, and the system pays a geometric or curvature cost.

This supports the following interpretation:
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The quantum potential is the energetic signature of maintaining a coherent structured
mode rather than a classical point trajectory.

This is an interpretive claim, but it is strongly grounded in the exact form of Eq. (43).

5.5 Stationary states

For a stationary state,

U(r,t) = (r)e PN, (45)
one may write
S(r,t) =W(r)— Et (46)
Then 95
X _F 47
L =E, (47)
and the quantum Hamilton—Jacobi equation becomes
V)2
( ) +V+Q=FE. (48)
2m

For real bound s-states, VIW = 0, so
V+Q=E. (49)

This is a particularly transparent expression of DS logic: the bound state is stabilized not by a
classical orbit, but by a balance between external potential and intrinsic mode curvature.

5.6 Classical limit

When the amplitude varies slowly over the relevant scale,

o3|
the quantum potential becomes negligible:
Q — 0. (51)
Then Eq. (44) reduces to the classical Hamilton-Jacobi equation,
%j (Ziy +V =0 (52)

Thus classical mechanics appears as the regime in which amplitude curvature is unimportant.
This is one of the cleanest examples of DS’s regime-based logic.

6 The Schrodinger—-Maxwell Bridge and the Logic of Linear
Wave Regimes

One of the recurring themes of this manuscript is that quantum and electromagnetic wave

descriptions share a deeper structural similarity than is often emphasized in introductory pre-

sentations. This does mot mean that the Schrodinger equation and Maxwell equations are
identical, nor that electrons are literally classical electromagnetic waves. Rather, the claim is
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that both are instances of coherent mode equations in linear propagation regimes, and that
many conceptual features of atomic quantization become less mysterious when viewed through
this common wave-mode lens.

6.1 Maxwell wave equations in vacuum

In vacuum, Maxwell’s equations imply

VZE—Clgéj;:S—O, sz—;a;?_o. (53)
Assuming monochromatic time dependence,
E(r,t) = Eg(r)e ™", (54)
one obtains the Helmholtz equation
V2E, + k?Eg =0, k= % (55)

Thus electromagnetic modes in cavities, waveguides, and bounded media are eigenmodes deter-
mined by geometry and boundary conditions.

6.2 Stationary Schrodinger equation as an eigenmode problem

For a time-independent potential, writing

(r, 1) = p(r)e (56)
in the Schrédinger equation gives
m?
- = Ev.
VR + V(e = By (57)
Rearranging,
9 2m

This is formally a Helmholtz-type equation with an effective local wavenumber
9 2m
kest (1) = 25 (B = V(r)). (59)
This observation is standard, but its conceptual implications are often underemphasized.

6.3 Bound states as guided or cavity modes

Equation (58) shows that bound states are naturally understood as eigenmodes in an effective
refractive landscape determined by the potential V (r). In classically allowed regions (E > V),
k,fff > 0, so the solution oscillates. In classically forbidden regions (E < V), kgﬁ < 0, so the
solution decays exponentially.

This is precisely analogous to wave guiding:

e propagating regions support oscillatory modes,

o evanescent regions suppress leakage,
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e boundary conditions quantize the allowed patterns.
The DS interpretation is therefore:
Atomic bound states are not mysterious particle orbits but resonant guided modes of
a structured field landscape.
6.4 Why stationary orbitals do not radiate

This bridge also helps clarify a classic conceptual question: why do stationary orbitals not
radiate continuously? In the old Bohr picture, the answer was postulated. In wave mechanics,
the answer is natural: a stationary state is a single-frequency eigenmode. Its density

W (r, 1) = [(r) (60)

is time independent. There is no oscillating dipole moment associated with a pure stationary
eigenstate, and hence no ordinary dipole radiation.

The DS framework takes this one step further: the same eigenmode logic that prevents
continuous radiation also explains why internal delayed self-coupling need not destabilize the
orbital. Stable states are those for which the full phase structure is self-consistent.

6.5 Limits of the analogy
It is important not to overstate the Schréodinger—Maxwell analogy. The Schrédinger equation:
(i) is first order in time,
(ii) carries a complex scalar amplitude (or spinor in more complete treatments),
(iii) is nonrelativistic in its simplest form,
(iv) and encodes probability amplitude rather than a directly classical electromagnetic field.
Maxwell’s equations:
(i) are relativistic,
(ii) are vectorial,
(iii) are constrained by gauge structure,
)

(iv) and describe physical electric and magnetic fields.

Thus the bridge is structural, not identificatory. DS does not claim that electrons are simply
classical EM waves. It claims that both sectors reveal the logic of coherent modes in linear
response regimes.

6.6 A common lesson: quantization from mode structure

The most important common lesson is that quantization emerges naturally when wave propa-
gation is constrained by geometry, boundary conditions, or effective potential structure. This
is true for:

o electromagnetic cavities,
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o optical fibers,

e acoustic resonators,
e atomic bound states,
e and periodic solids.

The DS program generalizes this observation: many apparently separate quantization phenom-
ena may be different expressions of one underlying principle of phase closure and allowed mode
selection.

6.7 Foreshadowing later sections

The Schrodinger—-Maxwell bridge prepares several later developments:
(i) gauge structure can be re-read as phase transport structure,
(ii) vector potentials naturally enter as phase-shift generators,

(iii) atomic binding becomes a resonant mode problem rather than a miniature planetary
model,

(iv) self-field stability can be treated as an eigenmode consistency condition,

(v) and constrained many-body systems can be understood as collective mode-selection prob-
lems.

For these reasons, the bridge is not merely pedagogical; it is structural to the DS framework.

7 Gauge Structure, Phase Transport, and the Vector Potential

The relation between phase and transport becomes especially important once gauge structure is
introduced. In standard quantum mechanics and quantum field theory, gauge potentials enter
through minimal coupling. Within the DS framework, this same formal structure is interpreted
as evidence that transport is shaped not only by local amplitudes but also by connection-like
phase geometry. The aim of this section is not to re-derive gauge theory from first principles,
but to show why gauge coupling fits naturally into a phase-geometric substrate language.

7.1 Local phase transformations

Consider a complex field ¥(z). A global phase transformation,
U(z) = e (z), (61)

with constant «, leaves ordinary bilinear densities invariant. If the phase is promoted to a local
function,
U(x) = 1@ (z), (62)

then the ordinary derivative transforms as
9,0 s €99 (9, +igd,a) V. (63)
Thus 0, ¥ does not transform covariantly under local phase rotations.
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To restore covariance, one introduces the gauge-covariant derivative

D, = 8, +iqA,, (64)
provided the gauge field transforms as
A, Ay — B0 (65)
Then
D, — e4@ D, (66)

This construction is standard. Its importance for DS is interpretive: it shows that local transport
is governed by a connection-like structure that shifts phase gradients.
7.2 Phase gradients in the presence of gauge coupling

Write
U = R/, (67)

Then the ordinary phase gradient V.S is replaced by the gauge-covariant combination
VS — ghA, (68)
or, in the more standard units convention,
Pkin = V.S — ¢A, (69)

when S is written with the conventional dimensions of action. Likewise the temporal component
shifts the energy relation through

E — —8,8 — ¢, (70)

where A* = (P, A).

Thus, once gauge structure is present, momentum is no longer simply the raw phase gradient.
It is the covariant phase gradient that determines local transport. The DS interpretation is
therefore:

Gauge potentials act as transport-connection fields that reshape the effective phase
geometry through which coherent modes propagate.
7.3 Field strength as curvature of the connection

The gauge field strength is
F,, =0,A, —0,A,. (71)

This may be viewed geometrically as the curvature associated with the gauge connection A,,.
In the Abelian case, the magnetic field is

B=VxA, (72)

and the electric field is 9A
E=-Vd-—- —. 73
v T (73)
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Thus the gauge potentials are not physically empty; they encode the connection from which
measurable curvature arises.

Within DS, this suggests that the electromagnetic sector is the cleanest known example of
a transport-connection structure on a physical substrate. This is a conservative claim, because
it does not require reinterpreting electromagnetism as anything other than what it already is
mathematically. The DS addition is the proposal that this connection language may reflect a
more general organizing principle of phase transport.

7.4 Relation to the Aharonov—Bohm logic

The Aharonov—Bohm effect is often cited as evidence that the vector potential has genuine
physical significance beyond local electric and magnetic fields. In a region where E =B =0, a
nontrivial loop integral

7( A-dl (74)

can still produce a measurable phase shift. In standard language this reflects the gauge connec-
tion structure of the wavefunction. In the DS reading, it reinforces the idea that phase transport,
not merely local force, is fundamental in determining the behavior of coherent modes.

This does not imply that gauge theory has already been derived from the DS postulates.
It means only that gauge theory fits naturally into a DS ontology in which phase geometry is
physically primary.

7.5 What is and is not claimed

The present section supports the following limited claims:

(i) the standard gauge-covariant derivative formalism is naturally compatible with a DS
phase-geometric interpretation;

(ii) vector potentials may be read as transport-relevant connection fields;

(iii) electromagnetic dynamics is the most transparent known example of a coherent long-range
connection sector.

We do not claim here:
(i) a first-principles DS derivation of gauge symmetry,
(ii) a derivation of non-Abelian gauge structure from a microscopic DS action,
(iii) or a complete reconstruction of quantum electrodynamics from the present framework.

The scientific role of this section is interpretive and architectural rather than final.

8 Interaction Differentiation as a Regime Map

One of the main motivations for the DS program is the question of how apparently distinct sec-
tors of interaction may coexist in one physical world without requiring a separate ontology for
each. This section proposes a deliberately conservative answer: the known interactions may be
understood, at least programmatically, as different effective response sectors of a common sub-
strate. The present discussion is explicitly heuristic and does not claim a completed derivation

of the Standard Model.
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8.1 Why a regime map is useful

Physics already contains many examples in which one medium supports multiple qualitatively
different regimes. Condensed matter provides the clearest cases: one and the same electronic
material can exhibit insulating, metallic, superconducting, topological, or magnetically ordered
phases depending on density, geometry, temperature, and interaction strength. This motivates
the DS question:

Might the apparent plurality of fundamental interaction sectors reflect distinct re-
sponse regimes of one substrate rather than four entirely disconnected ontological
substances?

This question does not prejudge the answer, but it provides a useful organizing principle.

8.2 A conservative regime classification

Within the present manuscript, the following regime map is proposed.

Electromagnetic sector. The electromagnetic sector is interpreted as the most nearly linear,
long-range, coherent transport sector of the substrate. It is characterized by:

(i) connection-like gauge structure,

(ii) long-range propagation,
(iii) weak self-backreaction in ordinary regimes,
(iv) and high coherence.

This is the least speculative part of the regime map.

Gravitational sector. Gravity is interpreted programmatically as geometric backreaction of
the substrate under sufficiently strong integrated energy density, stress, or collective deforma-
tion. In this language:

(i) weak fields correspond to small effective metric deformation,
(ii) strong integrated energy density corresponds to stronger constitutive backreaction,
(iii) geometry becomes response rather than passive background.

This is a conceptual alignment with general relativity, not yet a derivation of Einstein equations.

Weak sector. The weak interaction is tentatively viewed as a short-range internal recon-
figuration sector of the substrate. The intended idea is that not all response channels need
correspond to long-range transport; some may correspond to local change of internal organiza-
tion, flavor, or orientation structure. This remains conjectural.

Strong sector. The strong interaction is tentatively viewed as a confined or topologically
constrained internal sector, in which the substrate supports strongly localized or nonpertur-
batively bound response structures. The conceptual motivation here is that confinement-like
behavior may correspond to an internal sector that does not admit free long-range propagation
in the same way as the electromagnetic sector. This too remains conjectural.
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8.3 Why this is not yet a derivation of the Standard Model

To avoid misunderstanding, it is essential to state explicitly what the present regime map does
not provide. It does not yet derive:

(i) the exact gauge group SU(3) x SU(2) x U(1),
(ii) chiral matter structure,
(iii) anomaly cancellation,

(v

(vi

)
)
)
(iv) electroweak symmetry breaking,
) asymptotic freedom,
) color confinement from a microscopic action,
(vii) or the particle spectrum of the Standard Model.
Therefore the present section should be read as a classification proposal, not a completed

particle-physics theory.

8.4 Why the classification may still be scientifically meaningful
Even without a full derivation, the regime map may still be useful in three ways.
(i) It provides a common conceptual vocabulary for discussing apparently disparate sectors.

(ii) It organizes future mathematical work by identifying what kind of response structure
would need to be derived.

(iii) It creates a test for the DS program: if no constrained mathematics can ever produce such
sector differentiation, the strong version of DS is weakened.

A framework can be scientifically valuable even before it is complete, provided it clarifies targets
and failure modes.
8.5 Geometric economy as a motivation

The attraction of the DS regime map is a kind of geometric economy. Instead of postulating
from the outset that every interaction must arise from a wholly separate primitive, one asks
whether:

different symmetry, range, and confinement properties (75)

might emerge from
different response sectors of one structured medium. (76)

This is not yet a theorem. But it is a precise enough programmatic question to guide future
work.
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9 Vacuum Intuition, Zero-Point Structure, and Self-Energy Ten-
sions

Vacuum energy and self-energy divergences are among the strongest motivations for seeking a
regime-based substrate perspective. In standard field theory, renormalization is mathematically
powerful and empirically indispensable. The present section does not challenge that success.
Instead, it asks whether the intuitton behind ultraviolet divergence may indicate that naive
independent-mode counting has been extended beyond the physical response range of the un-
derlying system.

9.1 Zero-point mode counting and divergence
For a free bosonic field, the formal vacuum energy density is often written as
; B3k 1
naive _ Zhw 77
Pvac / (27’(‘)3 9 ks ( )

which diverges in the ultraviolet. This divergence is familiar and does not by itself invalidate
the theory, since only certain renormalized combinations are physically observable in standard
practice. However, it raises a conceptual question:

Should one interpret the vacuum as an unlimited sum of independent linear oscilla-
tors at arbitrarily high wavenumber, or might that picture itself be an extrapolation
beyond the response range of the physical substrate?

9.2 A DS reinterpretation of ultraviolet excess

The DS proposal is that ultraviolet divergence may signal a breakdown of the independent
linear-mode picture at sufficiently high effective intensity, curvature, or wavenumber. Instead
of assuming

phaive o / d*k wy, (78)
one may imagine a response-weighted counting,
05~ [ K L s (79
Pvac (27)3 2 k JDS(K),

where fpg(k) is an effective response function satisfying
fos(k) =1 (k< ky), fps(k) — 0 or saturates (k> k). (80)

The purpose of writing fpg(k) is not to claim a unique law, but to express the possibility that
the medium ceases to support arbitrarily many independent linear modes at arbitrarily short
scales.

9.3 Why this is not yet a solution of the cosmological constant problem

This point must be stated very clearly. The DS reinterpretation of vacuum divergence does not
yet solve the cosmological constant problem. In particular, the present paper does not provide:

(i) a unique microscopic derivation of fpg(k),
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(ii) a completed coupling to gravity,
(iii) or a quantitative explanation of the observed vacuum energy scale.

The claim is narrower: the ultraviolet excess in naive vacuum counting may be interpreted
as a symptom of regime extrapolation failure rather than as proof that an actual physical
substrate supports infinitely many independent high-k oscillators with unrestricted additive
baseline energy.

9.4 Self-energy and the point-source idealization

A similar lesson appears in classical self-energy. For a charge distribution of characteristic size
a, the electrostatic self-energy scales roughly as

e2

Uself ~ (8 1)

8mepa’

which diverges as a — 0. This suggests that the strict point-source idealization may be physi-
cally incomplete, even if it is operationally useful in effective theories.

The DS interpretation is that singular self-energy may be signaling the need for a finite
nonlinear core structure. That is:

Point singularities may be ideal asymptotic descriptions of objects whose true short-
distance structure is requlated by nonlinear substrate response.

This is conjectural, but it aligns naturally with the regime-based philosophy already introduced.

9.5 A sample response-law viewpoint

To make the discussion concrete without overcommitting, consider a schematic response law

such as 1
ky=—"—— 2
Jos(k) 15 (6/k)™ n >0, (82)
or alternatively
fos(k) = exp[—(k/k:)™],  m>0. (83)

These are illustrative only. They are not proposed here as unique. Their sole purpose is to show
how a finite-response substrate would naturally suppress naive ultraviolet overcounting.
9.6 Why this reinterpretation still matters

The reason this reinterpretation matters is conceptual as much as technical. It reframes vacuum
as:
the self-consistent baseline state of a physical medium (84)

rather than
an unlimited sum of independently countable linear oscillators. (85)

Even if the final theory differs from the simple DS picture, the physical intuition that infinite
linear counting may fail beyond the substrate’s response range is worth taking seriously.
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10 Threshold Behavior, Decoherence, and Measurement-Like
Reconfiguration

Measurement remains one of the most conceptually delicate topics in quantum theory. The

present section does not claim a complete solution of the measurement problem, nor a derivation

of the Born rule. Its aim is narrower: to show how the DS regime-based framework naturally

suggests a threshold picture in which coherent evolution, decoherence, and effective outcome
stabilization correspond to different response regimes of the same substrate.

10.1 Why measurement motivates a regime picture

In ordinary quantum theory, three descriptions appear side by side:
(i) smooth unitary evolution,
(ii) decoherence through entanglement with an environment,
(iii) and effective outcome selection in measurement contexts.

These are mathematically compatible in standard theory, but conceptually heterogeneous. The
DS framework asks whether this tripartite structure may reflect different dynamical regimes
rather than fundamentally disconnected ontological rules.

10.2 A three-regime DS picture

A minimal DS measurement picture may be formulated as follows.

Regime I: coherent linear evolution. When coupling to the environment is weak and no
structural threshold is exceeded, the system evolves approximately linearly. Superposition is
stable and phase coherence is preserved.

Regime II: decohering amplification. When the system becomes entangled with many un-
controlled degrees of freedom, phase relations among different branches become delocalized into
the environment. Interference becomes effectively inaccessible, even though the total evolution
may remain unitary in a larger Hilbert-space description.

Regime III: thresholded stabilization of a macroscopic record. If the coupling drives
the substrate into a structurally amplified regime, one branch may become dynamically stable
as a robust record-like sector while alternatives lose practical recoverability. In DS language,
the medium crosses from reversible coherent branching into nonlinear or effectively irreversible
pattern stabilization.

This picture is intended as a qualitative regime classification, not a finished collapse equation.

10.3 A schematic threshold model

To express the idea mathematically, one may imagine that the effective response of the medium
depends on a collective intensity parameter p. For p < p., the evolution is approximately linear:

g*P(R) =g, R*<pe (86)
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For p 2 p., nonlinear terms become important:
AB AB
g (R2) ~ gnl (R2)> R2 Z Pc- (87)
The speculative idea is that macroscopic measurement contexts may drive the system across such
a threshold, thereby favoring dynamically stable record sectors over delocalized superpositions.
10.4 Relation to decoherence

The DS threshold picture is not intended to replace decoherence theory. On the contrary, deco-
herence provides the natural dynamical route by which distributed phase information becomes
inaccessible at the subsystem level. The DS contribution is to suggest that decoherence may
not be the end of the story: once environmental amplification becomes sufficiently strong, the
substrate may enter a regime in which one branch is not merely decohered but dynamically
stabilized.

Thus:

¢ decoherence explains the suppression of interference,
o threshold stabilization is proposed as a possible account of effective record formation.

This is still conjectural, but it is a more disciplined statement than a generic appeal to “collapse.”

10.5 Why this does not yet derive the Born rule

A major limitation must be stated plainly: the present framework does not derive the Born
rule. It does not show from first principles why outcome frequencies should be exactly weighted
by |¥|?. At most, it suggests that the same quantity that measures branch intensity in the
DS language may also be the natural quantity governing thresholded stabilization probabilities.
But this remains a conjectural direction, not a completed result.

10.6 Why the threshold idea is nevertheless worth exploring

The threshold idea is worth exploring for three reasons.

(i) It gives a unified language for coherent evolution, decoherence, and macroscopic irre-
versibility.

(ii) It links measurement intuitions to the same nonlinear-response logic already invoked in
self-field and singularity discussions.

(iii) It generates a possible research program: identify whether any experimentally accessible
regime exhibits thresholded stabilization beyond ordinary linear decoherence.

Even if the final answer turns out not to be exactly DS, the search for a regime-based account
of measurement remains scientifically worthwhile.

10.7 Boundary of the present proposal

The claims of this section are therefore deliberately limited. We claim only that:

(i) the DS framework naturally motivates a three-regime picture of coherent evolution, deco-
hering amplification, and thresholded stabilization;
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(ii) such a picture is conceptually compatible with known decoherence theory;

(iii) and it offers a coherent programmatic route toward discussing measurement-like irre-
versibility.

We do not claim:
(i) a unique collapse dynamics,
(ii) a derivation of the Born rule,
(iii) or an experimentally confirmed nonlinear measurement law.

This boundary is essential if the framework is to remain scientifically honest and falsifiable.

11 Atomic Binding as Multi-Mode Resonant Organization in
Dynamic Space

One of the most natural testing grounds for the DS framework is the atomic bound state. Atomic
physics sits at the intersection of several themes emphasized throughout this manuscript:

(i)
i)

(ii) phase gradients as transport structure,

quantization as mode selection,

(iii) external potentials as wave-guiding landscapes,
(iv) and self-consistent stabilization of coherent modes.

The aim of this section is not to replace the successful standard formalism of atomic quantum
mechanics, but to reinterpret its most stable features in a unified phase-geometric language.

11.1 Electron—proton attraction as phase-guided localization

For a hydrogenic system, the stationary Schréodinger equation is

h? 9 e?
- — = E1.
2mv v 47r507“¢ v (88)
Rewriting,
2m e?
2
— | E =0.
Vit h2 < * 47r507“> y=0 (89)

This makes explicit that the Coulomb potential acts as an effective spatial structure that shapes
the allowed mode.

In standard quantum mechanics, this is a bound-state eigenvalue problem. In the DS inter-
pretation, the same mathematics is read as follows:

The proton creates an attractive phase-guiding landscape in which only certain glob-
ally self-consistent electron modes can remain stable.

This statement is interpretive, not a new derivation. But it captures the physical logic in a way
that aligns atomic binding with other resonant systems.
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11.2 Atomic capture as resonant mode conversion

When a free electron is captured into a bound state, the standard picture is that it must
shed excess energy and angular momentum, typically through photon emission or through a
collision-assisted process. The DS reading does not alter this requirement. Instead, it reframes
the process:

Atomic capture is the conversion of a propagating or weakly bound mode into a
lower-action resonant cavity mode of the combined electron—nucleus system.

In this language:
(i) the incoming electron is not a classical bead approaching a proton,
(ii) it is a propagating coherent excitation,
(iii) the Coulomb landscape reshapes the allowed local phase structure,
(iv) and emission occurs when the system reconfigures into a lower-energy self-consistent mode.

This is fully compatible with standard transition physics, but conceptually unifies capture with
mode selection.

11.3 Why bound states are discrete

The discreteness of atomic spectra is often introduced historically through Bohr quantization,
but in wave mechanics it follows naturally from boundary and normalizability conditions. Only
those solutions of Eq. (88) that:

(i) remain finite at the origin,
(ii) are normalizable at infinity,
(iii) and satisfy the angular regularity conditions,

are physically allowed. This yields the familiar discrete energies
4

o ——
" 2(4meg)2h2 n?’

n=1,23,... (90)
for the idealized hydrogen problem.
The DS interpretation is straightforward:

Discrete atomic energies are the spectrum of allowed phase-closed resonant modes
in a Coulomb-shaped cavity.

This aligns atomic quantization with the broader DS principle that quantization is mode selec-
tion under geometric and boundary constraints.

11.4 Multi-electron atoms: coexistence despite Coulomb repulsion

A deeper conceptual challenge arises in many-electron systems. Electrons repel one another
through Coulomb interaction, so why can multiple electrons coexist stably around one nucleus?

In standard quantum mechanics, the answer is well known: stability follows from the com-
petition among
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(i
(ii

electron—nucleus attraction,

electron—electron repulsion,

exchange antisymmetry,

)
)
(iii) kinetic or gradient energy,
(iv)
)

(v

The total energy is minimized by a self-consistent arrangement, not by complete collapse and

and many-body correlation.

not by infinite separation.
The DS interpretation sharpens this into a geometric statement:

Electron—electron Coulomb repulsion is a local mode-separation pressure, not an ab-
solute prohibition on coezistence. Stable many-electron atoms are self-consistent
multi-mode resonant configurations in which electrons occupy partially separated,
orthogonal, symmetry-constrained standing-wave sectors of one common cavity.

11.5 Shell structure as geometric organization

In the standard description, shell structure arises from the orbital solutions of the central
potential plus antisymmetry and screening. In the DS language, the same phenomenon can be
read more visually:

(i
(ii

) the nucleus defines the primary attractive cavity,
)
(iii) angular and radial nodes enforce orthogonality,
)
)

electron repulsion redistributes allowed occupancy,

(iv) antisymmetry forbids identical full-state occupation,

(v

Thus shell structure is not merely a bookkeeping scheme; it is the geometry of stable many-mode

and the final configuration is a multi-mode packing of the common field environment.

organization.
This motivates the compact interpretive statement:

Coulomb repulsion helps shape shell structure by acting as a shell-splitting pressure
within the multi-electron dynamic-space cavity.
11.6 Pauli exclusion as a phase-topological occupancy rule

In standard quantum mechanics, Pauli exclusion arises from the antisymmetry of fermionic
states. DS does not replace this formal result. Instead, it proposes a complementary reading:

Two fermionic excitations cannot occupy the same full phase-topological state of the
substrate.

This is not a derivation of spin-statistics from first principles. It is an interpretive translation
of the exclusion rule into the DS language. The benefit of this translation is that it makes Pauli
exclusion conceptually continuous with the other phase-geometric structures already discussed.
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11.7 Helium as a minimal example

The helium atom provides a simple illustration. Two electrons occupy the 1s-dominated ground
configuration with opposite spin. They do repel each other, but the net bound state remains
energetically favorable because:

(i) both electrons gain substantial nuclear binding,
(ii) the wavefunctions reorganize self-consistently,
(iii) screening modifies the effective potential,

(iv) and the total state remains antisymmetric.

In the DS reading:

The first electron reshapes the cavity, and the second occupies the lowest compatible
resonant sector of the modified cavity.

This is conceptually powerful because it preserves the exact formal logic while expressing it in

the common substrate language of the manuscript.

11.8 Bridge to solids and collective systems

The atomic picture extends naturally to solids. In crystals, electrons occupy Bloch states rather
than isolated atomic orbitals. But the same structural ideas remain:

(i) periodic geometry imposes phase closure modulo lattice translation,
(ii) orthogonality and antisymmetry organize occupancy,
(iii) interactions reshape the effective landscape,
(iv) and collective states emerge as allowed many-body mode structures.

This continuity is one reason the DS framework may be useful beyond isolated atoms.

12 Self-Field, Retardation, and Orbital Stability in Dynamic
Space

A recurring conceptual objection to wave-like interpretations of the electron concerns the elec-
tron’s own electromagnetic self-field. If an orbital electron is spatially extended, why does its
own charge distribution not Coulomb-repel itself into instability? If electromagnetic influence
propagates at finite speed, why does retarded self-interaction not destabilize the orbital through
internal delay or self-torque? This section argues that the difficulty arises primarily from a mis-
leading classical picture. In both exact one-electron quantum theory and the DS framework,
a stationary orbital should not be interpreted as a literal classical cloud of mutually repelling
charge fragments.
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12.1 The classical extended-charge problem
For a classical charge distribution p(r), the electrostatic self-energy is formally
1 p(r)o(r)
Vi = & [ [t ) o
self 2 r r 47780’1' _ r,‘ ( )
For a charge concentrated within a characteristic radius a, one generically finds

e2

Usolf ~ (92)

8mepa’
up to profile-dependent factors. As a — 0, the self-energy diverges. Moreover, if the charge
distribution accelerates or changes in time, classical radiation reaction introduces additional
pathologies.

Thus, if one imagines an orbital electron as a literal classical charged blob, one immediately
encounters:

(i) self-repulsion,
(ii) retardation-induced internal delay,
(iii) radiation reaction,

)

(iv) and potential instability.

Historically, these are precisely the difficulties that showed the inadequacy of a naive classical
electron model.

12.2 Why exact one-electron quantum theory avoids naive self-interaction

For a one-electron bound state,
p(r) = —elip(r)[? (93)

is the expectation value of the charge density operator. But this density is not interpreted in
exact theory as a collection of independent charge fragments that pairwise repel each other. It
is the density associated with a single quantum degree of freedom.

A naive Hartree-like self-Coulomb term,

Unlo) = 5 [ aor [ @b 45235@1,', (94)

would incorrectly make the electron interact with itself as though it were a classical cloud. This
is not part of the exact one-electron Schrédinger problem.

Benchmark against standard electronic-structure theory. This point is not merely
interpretive. It corresponds to a known technical fact in approximate many-electron methods.
For a true one-electron system, a naive Hartree self-Coulomb term is unphysical and must be
removed. In Hartree—Fock theory, the one-electron Hartree self-term is exactly canceled by
exchange, while in approximate density-functional methods incomplete cancellation produces
the well-known self-interaction error. This provides a concrete formal benchmark for the present
DS claim that a single orbital should not be interpreted as a classical charge cloud undergoing
literal internal Coulomb self-repulsion.
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12.3 Stationary states and the absence of ordinary radiative instability

For a stationary state,
U(r,t) = y(r)e H0, (95)

the density is
[0 (r, 1) = [o(r) (96)

which is time independent. For a pure stationary eigenstate there is no oscillating dipole moment
in the ordinary sense, and therefore no continuous dipole radiation. This already shows that
the orbital is not behaving like a tiny classical charge orbiting a nucleus in the planetary sense.

The same observation weakens the naive self-retardation objection. If the state is globally
phase-locked and stationary, one should not imagine one part of a classical cloud chasing another
through time. Instead, one has a self-consistent coherent mode.

12.4 DS reinterpretation: the orbital as a coherent dressed eigenmode

The central DS claim of this section is:

A bound electron in an atomic orbital is a single coherent dressed eigenmode of the
combined electron—nucleus—substrate system, not a collection of mutually repelling
charge fragments.

This statement does not deny the existence of electromagnetic self-field. Rather, it changes how
that self-field is counted.

Within DS, the orbital’s internal electromagnetic and geometric self-structure is regarded
as already encoded in:

(i) the mode equation,

(ii) the renormalized local response of the substrate,
(iii) the phase-closure condition,
(iv) and small residual radiative corrections.

It is not re-applied as an additional pairwise force among fictitious subparts of the same mode.

12.5 Retardation as phase closure

The user’s intuition about retarded self-field is especially important. The DS response is not
that retardation disappears. Rather:

Retardation is already absorbed into the global phase-closure condition of the sta-
tionary mode.

A stable orbital is precisely a configuration for which internally delayed propagation remains
globally phase-consistent. Configurations whose internal feedback is phase-incompatible do not
survive as stationary states; they fail the eigenmode condition.

This is closely analogous to a cavity mode. Finite propagation speed is essential to the
cavity’s behavior, yet one does not compute an additional destabilizing force of one crest on
another crest. The mode exists because the full delayed propagation is already incorporated
into the resonant solution.
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12.6 Residual self-field effects as dressing

To reject naive self-repulsion is not to claim that self-field effects are absent. In standard QED,
self-energy corrections survive as:

(i) mass renormalization,
(ii) charge renormalization,
(iii) Lamb-shift-like level corrections,

(iv) anomalous magnetic moment corrections.

In the DS language, these are naturally interpreted as residual dressing effects of the substrate
rather than as evidence for catastrophic internal instability of the orbital.
Thus the physically meaningful self-field is not:

internal Coulomb explosion of the orbital, (97)

but rather:
renormalized local dressing + small radiative corrections. (98)

12.7 Finite nonlinear core as a programmatic hypothesis

The self-field problem strongly motivates a deeper hypothesis already foreshadowed in earlier
sections: the physical electron may be a finite nonlinear core mode rather than a literal singular
point. If the substrate response becomes nonlinear above some critical intensity or curvature
scale, then the short-distance structure of the electron may enter a self-regularizing regime. In
that case:

(i) the long-distance field may remain effectively Coulombic,

(ii) while the short-distance core departs from the naive singular extrapolation.

This remains conjectural in the present paper, but it is one of the most promising DS directions
for future mathematical development.

12.8 Summary of the self-field interpretation

The self-field interpretation of DS may therefore be summarized in a single sentence:

An orbital electron is a coherent dressed eigenmode whose internal electromagnetic
and geometric self-structure is already included in the self-consistent mode solution;
retardation is not absent but absorbed into phase closure, and residual self-field effects
appear as renormalized dressing rather than literal self-repulsion of a classical charge
cloud.

13 Correlated Transport Outlook: Topological Constraint, Col-
lective Order, and Quantum Hall Intuition

The DS framework is motivated primarily by foundational questions, but one of its most in-
triguing possible extensions lies in strongly constrained many-body transport. This section is
deliberately presented as an outlook, not as a completed device theory. Its purpose is to indi-
cate why the same regime-based substrate language may be relevant to systems in which strong
interaction, geometric constraint, and topology generate unexpectedly coherent collective order.
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13.1 Why strong interaction need not destroy coherence

A common intuition is that stronger interaction necessarily implies stronger disorder or stronger
scattering. Yet several important physical systems suggest the opposite: under the right geo-
metric and spectral constraints, strong interaction can help stabilize highly organized collective
states. Examples include:

(i) superconducting condensates,

(ii) integer and fractional quantum Hall states,

(iii) topological edge transport,

(iv) and certain flat-band or strongly correlated phases.

This motivates a general DS principle:

Interaction under constraint can select collective low-action order rather than merely
produce incoherent scattering.

13.2 Quantum Hall intuition

The quantum Hall family is especially suggestive. Under strong magnetic field and reduced
dimensionality:

(i) kinetic freedom is strongly constrained into Landau levels,

(ii) the density of states reorganizes,
(iii) the bulk may become effectively incompressible in plateau regimes,
(iv) and transport is carried by robust edge channels.

From a DS perspective, this can be read as a particularly clear example of:
strong constraint + phase structure + interaction — stable collective transport order. (99)

This is not a replacement for the standard topological explanation; it is an interpretive comple-
ment.
13.3 Repulsion as an organizer under constraint

In ordinary intuition, electron—electron repulsion is destabilizing. But in the fractional quantum
Hall regime, strong interaction is central to the formation of the collective state. This motivates
one of the most important outlook statements of the DS program:

Repulsion under strong geometric and spectral constraint can act as an organizer of
collective order rather than as a simple destroyer of coherence.

This statement is conceptually continuous with the atomic-shell discussion of Section 11, where
Coulomb repulsion was interpreted as a mode-separation pressure shaping shell structure.
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13.4 Topological robustness as phase organization

Topological transport is often described in terms of Berry curvature, Chern numbers, edge-bulk
correspondence, and protected channels. The DS framework does not attempt to replace this

mathematics. Instead, it suggests a substrate-oriented reading;:

Topological robustness is a global phase-organization property of the allowed collective
mode sector.

This is especially natural in a framework that already treats phase geometry as physically
primary.
13.5 Why this matters for future device concepts

The reason this section is included, even in a FoP-focused paper, is that foundational frameworks
gain scientific value when they suggest nontrivial experimental directions. If DS is meaningful,
then it should not only reinterpret known phenomena; it should guide the search for:

(i) constrained transport regimes with unusually steep switching,

(iii

)

(ii) field-induced collective channels,

iii) robust low-dissipation topological pathways,
(iv)

or novel mode-selection architectures.

The present manuscript does not claim such a device has been derived or demonstrated. It
claims only that the DS regime logic makes these directions natural to investigate.

13.6 Boundary of the present outlook

We therefore state the boundary explicitly. This section does not provide:

(i) a microscopic derivation of integer or fractional quantum Hall states,
(ii) a replacement for topological band theory,
(iii) a complete compact model for a DS-based transistor,

)

(iv) or an experimentally validated room-temperature correlated transport device.

It provides only a structured outlook: that strong constraint, phase geometry, and collective
interaction may be a particularly promising arena in which to test the deeper relevance of the
DS language.

13.7 Why the Hydrogen 1s State Overlaps the Proton: A Dynamic-Space
Interpretation

One of the most striking departures of quantum mechanics from the classical planetary picture
is that the hydrogen 1s state does not describe an electron orbiting around a forbidden central
region. Rather, the exact bound-state solution has nonzero amplitude at the proton position.
In the present dynamic-space (DS) interpretation, this fact is not anomalous but expected: the
electron is treated as a coherent distributed field excitation, and the 1s state is understood as
the fundamental resonant mode of the proton-induced confining geometry.
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Exact 1s wavefunction and finite central amplitude. For the hydrogen atom, the nor-

malized 1s eigenfunction is
1

P14(r) = —— e 7/, (100)
na}
where ag is the Bohr radius,
Amegh?
= . 101
agp me€2 ( )
At the proton position r = 0, one immediately finds
1 9 1
15(0) = ——=#0,  [¢15(0)]" = —5 #0. (102)
\/mad Tag

Thus the local probability density is finite at the nucleus. In the conventional Copenhagen
reading this means that a position measurement can, with nonzero probability, detect the
electron arbitrarily close to the proton. In the DS interpretation, the more ontological statement
is that the bound electron mode itself extends through the center of the proton-generated field
well.

Why this is natural in a wave-mode picture. In a classical orbit picture, one imagines
a point electron circling the proton at some radius. Such an image implicitly suggests a central
void. By contrast, in the wave-mechanical description the electron is not a point corpuscle
following a Keplerian trajectory; it is a distributed standing mode. The 1s state is spherically
symmetric and has no angular nodes. As the lowest-energy regular mode of the Coulomb well,
it is therefore expected to have its strongest amplitude near the attractive center, just as the
fundamental mode of a resonator often has no internal nodal structure.

This observation is especially natural in the DS framework. If the proton is interpreted
as generating a central deformation or refractive modulation of the underlying field geometry,
then the hydrogen atom behaves as a central resonator. The 1s state is then the fundamental
cavity-like mode of that geometry. Its finite central amplitude is not a paradox but a direct
consequence of being the lowest regular mode of an attractive, centrally symmetric confining
structure.

Local density versus radial probability: resolving the apparent paradox. A common
source of confusion is the distinction between the local probability density |¢(r)|> and the
probability of finding the electron in a spherical shell of radius r and thickness dr.

For the 1s state,

1
|wls(7‘)|2 — 36—27‘/(10’ (103)
which is maximal at
r=0. (104)

Thus the local density is largest at the nucleus.
However, the probability of finding the electron in a shell between r and r + dr is

4 2
P(r)dr = 4mr?|pys(r) |2 dr = %6727"/‘10 dr. (105)
ap
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Because the shell volume element carries the factor 472, one has
P(0) =0, (106)

even though the local density is finite at 7 = 0. Maximizing Eq. (105) gives

d%’ (726_2’”/“0) =0 = r=ao. (107)
Hence the most probable radius is the Bohr radius, even though the local density is maximal
at the center.

This is a powerful bridge between the Bohr and Schrédinger pictures: Bohr’s radius survives
not as a literal circular orbit, but as the radius at which the radial shell probability is maximal.
In DS language, the fundamental resonant mode is centrally peaked in local amplitude, yet the
largest available spherical volume occurs at finite radius, so the most probable detection shell
emerges at r ~ ag.

Why s-states can overlap the nucleus but higher-/ states do not. The radial Schrédinger
equation for a central potential contains the effective angular momentum barrier,

B2+ 1)
‘/eﬁ”(r) = V(T‘) + W. (108)
Near the origin, regular radial solutions behave as
Ru(r) oc rt (r —0). (109)

Therefore:
o for [ = 0 (s-states), the radial function can remain finite at r = 0;
o for [ =1 (p-states), the wavefunction vanishes linearly at the origin;
o for [ = 2 (d-states), it vanishes quadratically, and so on.

This is why only s-states have appreciable nuclear overlap. In the DS interpretation, the
absence of an angular-momentum-induced phase circulation barrier in the [ = 0 mode permits
a smooth central penetration of the field mode, whereas higher-I modes necessarily develop
central suppression due to their rotational phase structure.

Why the electron does not collapse into the proton. If the Coulomb attraction favors
localization near the proton, why does the electron not collapse to arbitrarily small radius? In
standard quantum mechanics, the answer is that localization increases the kinetic-energy (or
curvature) cost. The stationary Schrédinger equation,

o, e?

2me dmeor

Y = Ev, (110)

contains a competition between:

1. the attractive Coulomb term, which lowers energy by concentrating amplitude near the
center, and

2. the Laplacian term, which penalizes excessive spatial curvature.
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If one squeezes the mode too tightly, the gradient scale grows, V21 becomes large, and the
kinetic-energy contribution rises sharply. The ground state is therefore a compromise between
central attraction and curvature pressure.

In the DS language, this can be restated more geometrically: the proton deepens the local
confining geometry, but overly sharp localization forces excessive dynamic-space curvature or
phase-gradient energy. The stable 1s orbital is the minimum-energy self-consistent mode bal-
ancing attractive central deformation against gradient-induced stiffness. This is precisely the
type of balance expected for a coherent resonant structure rather than a classical point particle.

Finite central density does not imply large probability inside the proton. Although
the 1s density is finite at the origin, the proton itself is extremely small compared to the atomic
scale. The proton charge radius is approximately

rp ~ 0.84 fm ~ 0.84 x 1071 m, (111)
whereas
ap ~ 5.29 x 107 m. (112)
Thus
Tp -5
2 ~10 113
a0 ; (113)

and the proton volume is tiny compared to the characteristic atomic volume. Therefore, while
the density is finite at the origin, the integrated probability of finding the electron within the
actual proton volume remains small. This is fully consistent with the 1s mode extending through
the center while still being predominantly distributed on atomic scales.

Dynamic-space interpretation. Within the DS program, the hydrogen atom may be in-
terpreted as a proton-centered resonant structure of the underlying field medium. The electron
is not a point mass circling the proton but a coherent, spacetime-distributed excitation of the
field, described in amplitude—phase form as

U(z") = R(zH)e' "), (114)
In a stationary bound state,
W(r,t) = thy(r)e Ent/h, (115)
so the density
U (r,t)[* = [¢n(r)]” (116)

is time-independent, while the phase evolves coherently. The 1s orbital is therefore best viewed
as the fundamental nucleus-centered standing mode of the proton-induced dynamic-space well.
Its overlap with the nucleus is not an oddity to be explained away; it is exactly what one expects
from the lowest regular resonant mode of an attractive central geometry.

Conceptual consequence. The finite overlap of the hydrogen 1s state with the proton
strongly favors a field-mode interpretation over the classical planetary model. Rather than
asking why a point electron “enters” the nucleus, one should recognize that the electron in its
ground state is never a point orbit to begin with. It is a coherent distributed bound mode, and
the proton sits at the center of that mode. In this sense, the hydrogen ground state is not a
miniature solar system but a nucleus-centered resonant field configuration.
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Summary statement. The exact hydrogen 1s solution shows that the electron density is
finite at the proton position, while the most probable radial shell remains at the Bohr radius.
This is naturally understood once the electron is reinterpreted as a coherent distributed mode
rather than a classical point particle. In the DS framework, the 1s state is the fundamental
resonant eigenmode of the proton-induced field geometry, stabilized by the balance between
central attraction and gradient-curvature cost. The apparent paradox of nuclear overlap thus
becomes a direct signature of the wave-based nature of matter.

13.8 Why Stationary Bound States Do Not Radiate: A Dynamic-Space No-
Leakage Condition

A classical orbiting charge radiates. This fact, when naively applied to the Rutherford-Bohr
picture of the atom, leads immediately to instability: an accelerating electron in a Coulomb orbit
should continuously emit electromagnetic radiation, lose energy, and spiral into the nucleus.
The empirical stability of atoms therefore demands a fundamentally different description. In
standard quantum mechanics, this is resolved by replacing classical trajectories with stationary
eigenstates. In the present dynamic-space (DS) interpretation, the same fact is elevated to a
deeper ontological principle: a stationary atomic state is a self-consistent resonant field mode of
the proton-induced geometry, and such a mode exhibits no net radiative leakage in the absence
of inter-mode beating or external perturbation.

The classical instability problem. In classical electrodynamics, an accelerating point charge
emits radiation. For nonrelativistic motion, the radiated power is given by the Larmor formula,

q2a2

PLarmor = (117)

6megcd’
where ¢ is the charge and a its acceleration. A classical electron in a Coulomb orbit undergoes
centripetal acceleration and therefore should radiate continuously. Since the emitted energy
must come from the orbital energy, the orbit should decay rapidly. This contradicts the observed
existence of stable atoms.

Historically, this contradiction signaled that the atomic electron cannot be understood as a
point charge moving on a classical Keplerian path. In the DS framework, the same contradiction
strongly supports the view that the electron in a bound state is not a localized orbiting corpuscle
but a coherent standing excitation of the underlying field medium.

Stationary states are not classical trajectories. In quantum mechanics, a stationary
bound state has the form
W(r,t) = by (r)e Ent/h, (118)

The corresponding probability density is
W, ) = U (0, DU(r, 1) = [i(r) 2 (119)

which is explicitly time-independent. Thus, although the full wavefunction carries a global phase
oscillation at angular frequency E,, /A, the observable spatial density does not slosh, rotate, or
oscillate in time. There is therefore no classical analogue of a point charge sweeping around the
nucleus.

In the DS interpretation, Eq. (118) describes a spacetime-coherent mode whose amplitude
profile is fixed and whose phase evolves uniformly. The electron in a stationary state is therefore
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better represented as a standing 4D resonant pattern than as a moving point source.

No time-varying charge density, no oscillating dipole. If one interprets the electron’s
effective charge distribution in a bound state as

pe(r7t) =—q ‘\I/(I',t)|2 =—q W}n(r)‘Q? (120)

then p, is static for an energy eigenstate. Since radiation in classical electrodynamics is sourced
by time-varying multipole moments, a static charge distribution does not radiate.
The electric dipole moment of a state is

d(t) = /rpe(r,t) & = —q/r b ()2 &P (121)
For a stationary state, d(¢) is constant in time. Therefore,
d(t)=0, d(t)=0, (122)

and there is no dipole radiation. More generally, all multipole moments are time-independent
in a single stationary eigenstate, so there is no periodic source term that would launch outgoing
radiation.

This is the standard quantum resolution of the atomic stability paradox. In the DS interpre-
tation, it becomes more intuitive: a stationary orbital is not a charge racing around the nucleus,
but a self-consistent standing field configuration with no net time-dependent asymmetry to drive
radiative escape.

Why transitions radiate but stationary states do not. Radiation appears when the
atomic state is not a single energy eigenstate but a superposition. Consider

U(r,t) = cpion (r)e Fnt/h 4 cpapy () e HEmt/h (123)
Then the density becomes

‘\11‘2 = ‘Cn|2wjn|2 + |Cm’2|wm’2
t enChpthntipe” BN 4 e e T BT, (124)

The cross terms oscillate at the Bohr frequency

En - Em
W = =" (125)

As a result, the charge density and dipole moment can oscillate in time. The dipole expectation
value becomes

(r)(£) = / W (r, ) U (r, t) dr, (126)
and contains terms of the form
(r)(t) D cpemdnm e Wnmt 4 CrCn A, etiwnmt (127)
where

d,m = /wa(r)rwm(r) d3r. (128)
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If dyy;y # 0, the atom can radiate at frequency wp,,. Thus radiation is associated not with a
stationary state itself, but with inter-state coherence or transition dynamics.

In the DS language, this means that a single resonant mode is non-leaky, but superpositions
of distinct modes generate inter-mode beating, which creates a time-dependent asymmetry in
the field geometry and permits energy to couple out into propagating electromagnetic modes.

The “no-leakage” condition as a resonant closure principle. The essential physical
point can be stated very simply: a perfectly stationary bound mode is a self-consistent solution
of the governing field equations with no net outgoing power flux. In a resonator, cavity, or
waveguide, a standing eigenmode does not continuously lose energy simply because it possesses
oscillatory internal structure. What matters is whether the mode is phase-matched to an out-
going radiative channel. If the mode is self-contained and symmetry-compatible, it can remain
confined.

This intuition is especially natural in the DS framework. The hydrogen orbital is viewed as
a resonant mode of the proton-induced field geometry. Such a mode is:

1. single-frequency (up to a global phase),

[\)

. spatially self-consistent,
3. symmetry-locked to the confining structure,

4. devoid of internal mode beating.

Therefore it satisfies a no-leakage condition: there is no net mismatch or oscillatory multipole
source capable of feeding an outgoing electromagnetic mode. Radiation occurs only when this
closure is broken, e.g., by perturbation, state superposition, collision, or measurement-induced
reconfiguration.

Relation to the continuity equation and conserved flow. For the Schrédinger equation,
the probability density p = |¥|? and current j satisfy

0
— -j=20 129
5 TV =0, (129)
with 5
j= — Im(¥*VU). 130
= - In(¥° V) (130)
For a stationary state, dp/dt = 0, so
V.j=0. (131)

Thus the flow is divergence-free: there is no net accumulation or depletion of probability any-
where in the bound mode. In the DS interpretation, this suggests a dynamically self-consistent
circulating or standing phase geometry that conserves the mode internally without emitting
away its structure.

In the amplitude—phase decomposition

U = Re', (132)

the current becomes B
j= —RVo. (133)

e

Hence:
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e R? encodes the local density weighting,
e V¢ encodes the local phase-flow structure.

A stationary state can therefore possess nontrivial internal phase geometry without requiring
any net radiative escape. This is exactly the kind of hidden phase structure that is invisible in
textbook [1/|? orbital images but central to the DS ontology.

Why the 1s state is especially stable. The hydrogen 1s state is the lowest-energy bound
state and has:

e spherical symmetry,

e no angular nodes,

e no internal dipole asymmetry,
« a static density profile.

It is therefore the most natural example of a non-radiating bound mode. In the DS picture, it
is the fundamental nucleus-centered resonant state of the proton-induced dynamic-space well.
Its stability is not mysterious once one abandons the classical orbit intuition: it is simply the
lowest closed resonant configuration with no open radiative mismatch.

Measurement and perturbation as radiative or nonlinear opening channels. Within
the broader DS program, measurement and strong perturbation may be viewed as threshold-
triggered openings of previously closed mode structure. In the linear regime, a stationary
orbital behaves as a coherent, nearly lossless bound eigenmode. When the atom is perturbed
strongly enough—by external fields, collisions, or detector coupling—the self-consistent closure
can be broken. The system then enters a transient regime where inter-mode beating, continuum
coupling, or nonlinear threshold dynamics permit radiation, ionization, or state collapse.

Thus, the non-radiation of stationary states and the radiation of transitions are not contra-
dictory phenomena but two limits of the same underlying principle:

closed coherent eigenmode = no leakage, broken or mixed mode structure = radiative coupling.
(134)

Conceptual consequence. The absence of radiation from stationary bound states is one of
the clearest signs that the electron in an atom is not a classical orbiting charge. The correct
physical picture is that of a coherent bound field mode. In standard quantum mechanics this
appears as an energy eigenstate with time-independent density; in the DS interpretation it
is understood more physically as a self-consistent spacetime resonator satisfying a no-leakage
condition. Radiation is therefore not the default behavior of a bound charge distribution, but
the signature of broken stationarity, inter-mode beating, or coupling to open channels.

Summary statement. A stationary atomic eigenstate does not radiate because it is not a
classical accelerating point charge. Its density and multipole moments are time-independent,
so there is no oscillating source to launch electromagnetic waves. In the DS framework, this
is naturally reinterpreted as a resonant closure principle: a bound orbital is a self-consistent,
phase-coherent field mode with no net outgoing leakage. Radiation occurs only when distinct
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modes beat, when symmetry is broken, or when perturbations open a coupling channel to
propagating electromagnetic states.

The visual resemblance between Chladni figures and atomic orbitals is not merely aesthetic.
Both arise as manifestations of constrained eigenmode structure in wave-bearing systems. In
a vibrating plate, fine grains accumulate along nodal lines and reveal the hidden geometry
of standing mechanical modes. In an atom, repeated position measurements of the electron
accumulate into a spatial distribution governed by the bound-state wavefunction. Although the
physical mechanisms differ, both phenomena express the same deeper principle: quantization as
mode selection in a constrained field medium. In the present dynamic-space (DS) interpretation,
this analogy becomes especially natural, because atomic orbitals are treated not as mysterious
probability abstractions but as real resonant field configurations of the underlying spacetime
medium.

Chladni figures as visible eigenmodes. A Chladni figure is produced when a thin plate
or membrane is driven at one of its normal-mode frequencies. Let u(r,t) denote the transverse
displacement field. For a time-harmonic mode one writes

u(r,t) = U(r)e ™!, (135)

so that the spatial mode function U(r) satisfies a Helmholtz-type eigenvalue equation of the
form

V2U 4+ k*U =0, (136)

supplemented by geometry- and boundary-dependent conditions. Only discrete values of w (or
equivalently k) are allowed, and each allowed mode has a characteristic nodal pattern.

When fine grains (sand, powder, or salt) are sprinkled on the vibrating plate, they are shaken
away from regions of large oscillatory displacement and gradually migrate toward nodal lines
where the displacement amplitude is minimal. The observed Chladni pattern therefore reveals
not the full oscillatory field itself, but the nodal skeleton of the underlying eigenmode.

Hydrogenic orbitals as quantum eigenmodes. The stationary Schrédinger equation for
a bound electron in a central potential is

2
V) + V()U(r) = BY(r) (137)
Rearranging, o
V2i)(r) + h; (E—V(r)y(r) =0. (138)

(E—V(r)), (139)

one obtains

V2(r) + k2(r)ih(r) =0, (140)

which is an inhomogeneous or spatially varying Helmholtz-type equation.

This formal similarity is profound. Just as Chladni patterns arise from allowed standing
modes of a constrained classical wave system, atomic orbitals arise from allowed standing modes
of a quantum bound field in a confining potential. The potential V(r) plays the role of a
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geometry-dependent refractive structure, selecting a discrete family of self-consistent modes. In
the DS interpretation, this is elevated from analogy to ontology: the atom is a real resonator of
the underlying field medium, and the orbital is one of its stable resonant patterns.

The crucial distinction: Chladni sand marks nodes, orbital images usually show
antinodes. Despite the deep structural analogy, an important caution is required. Chladni
figures and textbook orbital images do not display exactly the same quantity.

In a Chladni experiment:

o the vibrating field is the mechanical displacement u(r,t),

e the grains migrate away from strong oscillation,

o the visible pattern marks nodes (or low-amplitude regions).
In atomic orbital visualizations:

o the wavefunction is ¥(r,t) or its stationary spatial part ¥ (r),

e the standard measured distribution is governed by
p(r) = [p(r)P, (141)

e the common textbook image shows high-probability regions, i.e. antinode-like regions of
the mode amplitude.

Thus:

Chladni grains — node-revealing pattern, orbital density plots — antinodal intensity pattern.
(142)

This distinction is essential. The resemblance is real and mathematically meaningful, but one

must not confuse a nodal tracer map with a probability-density map.

Atomic orbitals as “statistical Chladni figures.” The analogy becomes sharper if one
compares Chladni grains not to the instantaneous quantum wavefunction, but to repeated
quantum detection events. In a double-slit experiment or atomic orbital measurement, a single
electron detection yields one localized event. Repeating the experiment many times builds up
a spatial pattern. This accumulated pattern is governed by ||

In this sense, one may say:

orbital image =~ statistical accumulation of localized probes of a standing mode. (143)

This is strongly reminiscent of how fine grains gradually reveal the geometry of a hidden standing
wave.
Accordingly, a useful conceptual phrase is:

An atomic orbital may be viewed as a statistical Chladni figure of the electron field.

This statement should not be interpreted literally—the orbital image is not a nodal sand pat-
tern in the mechanical sense—but it captures the deeper structural truth that repeated local
interactions reveal the geometry of an underlying quantized mode.
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Distributed tracers and the “tiny sand” intuition. A particularly illuminating thought
experiment is to imagine hypothetical microscopic tracer particles coupled weakly to the elec-
tron’s underlying field. Suppose the electron in a bound state is a real standing mode of the
DS medium, described in amplitude—phase form by

U(r,t) = R(r,t)e®). (144)
Then a tracer could, in principle, respond to different aspects of the mode:
« to the local intensity R?,
« to gradients of intensity V(R?),
e to phase gradients V¢,
e to time-averaged oscillatory or ponderomotive-like effects.

If the tracer were repelled by strong local oscillation (as Chladni grains are), it would tend
to accumulate near nodal regions:

Fiode ¢ —V (oscillation strength). (145)
If instead it were attracted to high local density, it would accumulate near antinodes:
Fanti < +V(R?). (146)

Thus the observed tracer pattern would depend on the coupling law. This provides a use-
ful interpretive bridge: the same underlying mode could produce either a node-revealing or
antinode-revealing pattern, depending on how the probe interacts with the field.

In standard quantum mechanics, detectors effectively produce an antinode-weighted sta-
tistical map through the Born rule. In the DS interpretation, one can imagine more general
couplings that might reveal not only amplitude but also hidden phase-flow geometry.

Why the analogy supports quantization as mode selection. The Chladni—orbital anal-
ogy strongly supports a central thesis of the DS program:

quantization = selection of stable resonant modes under geometric and energetic constraints.
(147)
This is already implicit in standard quantum mechanics, but the DS framework gives it a more
physical interpretation. The atom is not merely a probability rule; it is a resonator of the
field medium. The proton (or more generally the nucleus) shapes the local geometry, and the
electron occupies one of the allowed standing modes of that geometry.
This viewpoint naturally explains:

o discrete energy levels,

e mnodal surfaces,

o symmetry labels (s,p,d,...),

 finite overlap of s-states with the nucleus,

e non-radiation of stationary states,
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« mode transitions as radiative events.

All of these are familiar in standard quantum mechanics, but in the DS picture they become
manifestations of a single organizing principle: field resonance in a structured medium.

Why the analogy is strong but not exact. The Chladni analogy is scientifically mean-
ingful, but it must be used carefully. The two systems are not identical:

e Chladni modes involve a real mechanical displacement field on a material plate.

e Atomic orbitals involve a generally complex quantum field amplitude in a central potential.
e Chladni patterns typically reveal nodes directly.

« Orbital images usually display [|? or an isosurface thereof.

Therefore, one should not claim that orbitals are Chladni figures in a literal sense. The correct
statement is more precise:

Atomic orbitals and Chladni figures are mathematically analogous manifestations of
constrained eigenmode structure, revealed by different measurement couplings.

This wording preserves the power of the analogy without overstating it.

Dynamic-space interpretation. Within the DS program, the Chladni analogy becomes
especially compelling because it supports a realist interpretation of atomic modes. If the wave-
function is written as

() = R(zH)e' "), (148)
then:
« R? encodes the local excitation density or interaction weight,
e ¢ encodes the local phase geometry and momentum flow,
o the observed orbital image typically reveals only the amplitude structure,
e the deeper phase structure remains largely hidden in standard textbook visualizations.

Thus, ordinary orbital diagrams are only partial projections of a richer field configuration.
They show the visible “cloud” of the mode, but not necessarily its full phase topology, internal
circulation, or geometric coherence. This is directly aligned with the DS claim that standard
quantum pictures capture the amplitude skeleton of matter waves while leaving their deeper
phase-geometric ontology implicit.

Conceptual consequence. The Chladni-orbital analogy provides a powerful pedagogical
and conceptual bridge between classical wave intuition and quantum bound states. It demystifies
quantization by showing that discrete orbital structures need not be regarded as arbitrary or
purely formal. Instead, they can be understood as the natural outcome of resonance, symmetry,
and confinement in an underlying wave-supporting medium.

In the DS framework, this insight is elevated from analogy to principle: an atomic orbital is
a real resonant configuration of dynamic space, and the familiar orbital image is a measurement-
dependent map of that mode. The electron is therefore not a point particle hiding somewhere
inside the cloud; it is the coherent field mode whose geometry the cloud only partially reveals.
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Summary statement. The resemblance between Chladni figures and atomic orbitals is not
accidental. Both arise from eigenvalue problems that select discrete standing modes under
constraint. Chladni grains reveal nodal lines of a mechanical standing wave, while repeated
quantum detections reveal the statistical intensity pattern of a bound electron mode. In the DS
interpretation, this supports a unified physical picture: quantization is the emergence of stable
resonant field structure, and atomic orbitals are best understood as real, measurement-revealed
modes of the underlying dynamic-space medium.

13.9 Why Atomic Orbitals Can Be Pictured Despite the Complex Nature
of the Wave Function

A common source of conceptual confusion in quantum mechanics is the apparent mismatch
between the mathematical form of the wavefunction and the visual form of textbook orbital
diagrams. The wavefunction is, in general, a complex-valued object,

U(r,t) = ReV(r,t) + i Im ¥(r,?), (149)
or equivalently, in amplitude—phase form,
U(r,t) = R(r,t)eh), (150)

Yet atomic orbitals are routinely drawn as simple real shapes: spheres, dumbbells, clover-leaf
lobes, and related geometric forms. The natural question is therefore: if the wavefunction is
complex, what exactly is being pictured?

The answer is that textbook orbital images do not directly depict the full complex wavefunc-
tion. Instead, they display real-valued quantities derived from it, most commonly the probability
density |¥|2, real-valued combinations of complex eigenfunctions, or sign-coded projections of
the spatial amplitude. In the present dynamic-space (DS) interpretation, this distinction is
especially important: ordinary orbital pictures reveal mainly the amplitude structure of the
mode, while much of the phase geometry remains hidden.

The wavefunction is complex, not “imaginary only.” It is imprecise to say that the
wavefunction is “imaginary.” In general, it is compler, meaning it has both real and imaginary

components:
VUV =ReV +¢ImV. (151)
Equivalently, one may write
U = Re'?, (152)
where
R=||>0, o= arg(¥). (153)

Thus the wavefunction contains at least four kinds of information:
1. the real part Re ¥,
2. the imaginary part Im U,
3. the magnitude |¥| = R,

4. the phase ¢.
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A single static 2D or 3D picture cannot display all of these simultaneously in a simple way.
Therefore, orbital diagrams necessarily choose one projection or one derived quantity of the full
complex object.

What is usually shown: the probability density. The most common quantity shown in
atomic orbital images is the probability density,

p(r,t) = |U(r,t)[* = T (r,t)U(r,t). (154)
For a stationary state,
U(r,t) = (r)e PN, (155)
one has
(e, )7 = [p(x)]* e PP = o), (156)
since
e~ iBLR2 — 1, (157)

Therefore the probability density is time-independent for a stationary state, even though the
full wavefunction carries a time-dependent phase.

This is why a static orbital picture is possible: the most commonly displayed quantity is
not the oscillating complex wavefunction itself, but the time-independent density [t/ (r)|?.

Clouds, isosurfaces, and contour plots. There are several standard ways to visualize
orbitals:
1. Probability clouds: brightness or opacity is proportional to | (r)|?.

2. Isosurfaces: one plots the surface where

[Y()* = po, (158)

for some chosen constant threshold pg.
3. Cross-sectional contours: one plots slices of [1|? in a plane.

4. Signed amplitude plots: one plots the real-valued spatial function ¢ (r) (or a real
combination thereof), with different colors or shading indicating positive and negative

regions.

The familiar “dumbbell” shape of a p orbital, for example, is usually an isosurface of constant
density or a sign-coded plot of a real-valued spatial orbital. It is not the literal geometric
boundary of the electron.

Why the spatial part can often be chosen real. For a stationary bound state in a central

potential,
anlm<r7 t) = wnlm(r)e_ZEnt/h7 (159)

with
wnlm(r) = Rnl(r)}/}m(67 90) (160)

The radial function R,;(r) can be chosen real. The angular part ¥, (0, ¢) is, in general, complex:
Y™(6, ) o . (161)
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Thus for definite magnetic quantum number m # 0, the spatial eigenfunction is generally
complex.

However, because states with +m and —m are degenerate in the hydrogen atom (ignoring
fine structure, Zeeman splitting, etc.), one may take real linear combinations:

Yreal X \2 (djl,—i-m + ¢l,—m) ) (162)
or 1
Preal X Voi (Y1 4m — Y1,—m) - (163)

These combinations replace the azimuthal factor ™% by cos(mg) or sin(m), producing real-
valued spatial orbitals.
This is exactly how the familiar chemistry orbitals arise:

* Dz, Dy, P- are real combinations of [ = 1 states,

e the standard d-orbitals are real combinations of [ = 2 states.

Therefore many textbook orbital shapes are not pictures of the complex ;™ eigenstates them-
selves, but of real-valued linear combinations chosen for geometric clarity and chemical useful-
ness.

Example: why p, and p, can be drawn as real dumbbells. The! = 1, m = %1 spherical
harmonics contain factors e**. By taking appropriate linear combinations, one obtains

Py X sin 6 cos p, (164)
Py o sinfsin g, (165)

while
Pz X cosf (166)

already corresponds to the m = 0 state and is real. These are all real-valued angular func-
tions. Their familiar two-lobed shapes arise naturally as sign-changing real amplitudes or as
the corresponding density isosurfaces.

Thus the standard orbital diagrams seen in chemistry are often real-orbital visualizations,
not direct depictions of the most general complex angular-momentum eigenstates.

What positive and negative lobes mean. When orbital diagrams show one lobe shaded
dark and another light (or one red and one blue), the two colors do not mean positive and
negative electric charge. Nor do they directly indicate larger or smaller probability density.
Rather, they usually indicate the sign (or phase sign) of the real-valued orbital amplitude:

P(r) >0 versus (r) <O0. (167)

This sign is physically important in bonding and interference, because constructive or destruc-
tive overlap between orbitals depends on relative phase. But the sign-coded picture is still only
a partial representation of the full complex structure.

The hidden part of the orbital picture: phase geometry. In the amplitude—phase
decomposition,

U = Re'?, (168)
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standard orbital images typically show only:
R or R2 (169)

They usually do not show the full phase field ¢(r,t).
This omission is not merely cosmetic. The phase can encode:

e momentum flow,
e circulation or vorticity,
e angular-momentum structure,
« interference relations,
e topological winding.
Indeed, in the Madelung/Bohmian decomposition one has

v(r,t) = - Ve(r. 1), (170)

Me

and the probability current is

h
j=pv=—RVé. (171)

e
Thus the phase field determines the local flow structure of the quantum mode.
In the DS interpretation, this point is elevated to central importance. The usual orbital
image reveals the amplitude skeleton of the mode, but the deeper dynamical and geometric in-
formation is carried by the phase field, which is largely invisible in standard textbook diagrams.

Why this matters for the DS ontology. Within the DS framework, the wavefunction is
interpreted as a real field configuration,

U(z") = R(aM)e'®@"), (172)
where:

« R? is interpreted as local excitation density, local interaction weight, or local field-energy
weighting,

o ¢ is interpreted as the phase geometry of the field, governing local momentum/current
structure and possibly deeper topological information.

This means that standard orbital pictures are incomplete projections of a richer object. They
show where the mode is strong, but not fully how it flows, winds, or organizes itself in phase.
This is particularly important for:

e angular-momentum eigenstates,
e magnetic sublevels,
e current-carrying states,

 interference between degenerate orbitals,
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e DS interpretations of hidden internal structure.

Hence a core DS claim is:

standard orbital images ~ amplitude maps of a deeper amplitude—phase field mode. (173)

Static pictures of a dynamically evolving object. Even when the density is time-
independent, the full wavefunction still evolves in phase:

W(r,t) = p(r)e FN, (174)

Thus the orbital picture is not a picture of a truly static object in every sense. Rather, it is a
picture of a stationary intensity profile embedded in a coherently evolving phase field. In the
DS interpretation, this means that a stationary orbital is a stable spacetime resonant mode:
spatially fixed in amplitude, but temporally coherent in phase.

This resolves another common misunderstanding. A static orbital picture does not mean
“nothing is happening.” It means only that the measurable intensity profile is time-independent.
The deeper phase structure can still evolve continuously and may encode conserved internal flow
or resonance structure.

Conceptual consequence. The fact that orbitals can be pictured despite the complex nature
of the wavefunction does not imply that the wavefunction is simple or purely geometric in the
everyday sense. It means only that one can visualize carefully chosen real-valued aspects of it.
Most textbook images display either ||, a real-valued linear combination of degenerate states,
or a sign-coded projection of a real spatial function.

In the DS interpretation, this becomes conceptually significant: the familiar orbital picture
is not the full electron. It is only the visible amplitude aspect of a deeper coherent field config-
uration. The hidden phase geometry may be just as physically important as the visible cloud,
especially when discussing momentum, angular momentum, self-consistency, and measurement-
induced reconfiguration.

Summary statement. Atomic orbitals can be pictured because textbook diagrams do not
directly depict the full complex wavefunction. Instead, they show real-valued derived quantities
such as the probability density 1|2, isosurfaces of constant density, or real linear combinations of
complex angular-momentum eigenstates. In the DS framework, this distinction is foundational:
standard orbital images reveal primarily the amplitude structure of a bound field mode, while
the deeper phase geometry—which carries flow, topology, and dynamical information—remains
largely hidden.

13.10 Electron as a Spacetime-Distributed Excitation (World-Tube) in Dy-
namic Space

A major conceptual limitation of both the classical particle picture and many intuitive readings
of nonrelativistic quantum mechanics is the implicit assumption that the electron exists as a
point-like object at each instant of time. Even when one allows a spatially distributed wavefunc-
tion on a given time slice, one often still imagines a sequence of instantaneous 3D configurations
evolving frame-by-frame. In the present dynamic-space (DS) interpretation, this is regarded as
an incomplete picture. The more natural ontological object is not a point moving through time,
nor merely a spatial cloud at each instant, but a coherent excitation distributed over a finite
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region of spacetime. In this view, the electron is better represented as a world-tube or spacetime
mode rather than a point worldline.

From worldline to world-tube. In classical relativity, a point particle is represented by
a worldline z#(7) in spacetime. This is the natural extension of the Newtonian idea of a
particle with a definite position at each time. However, once wave behavior, interference, and
delocalization become fundamental, a one-dimensional worldline becomes conceptually strained.
A quantum electron exhibits:

» spatial spread,

e interference,

e nontrivial phase structure,

e state superposition,

¢ localization only upon interaction.

These properties suggest that the relevant object is not an infinitesimal line but a finite-thickness
spacetime structure.
Accordingly, in the DS framework, the electron is interpreted as a coherent spacetime-

distributed excitation:
U(z") = U(r, t) = R(a™)e' "), (175)

where z# = (ct,r). The physically meaningful entity is the full 4D pattern described by
Eq. (175), not merely one of its instantaneous 3D slices.

Why a purely spatial picture is still too Newtonian. In nonrelativistic quantum me-
chanics one often writes

Y(r, ), (176)

and interprets |1 (r,t)|? as the probability density on a fixed-time hypersurface. This is mathe-
matically useful, but ontologically it still encourages a slice-by-slice view: the electron is thought
of as a cloud at time ¢, another cloud at time ¢ + ¢, and so on.

The DS interpretation instead emphasizes that the physically real object is the full spacetime
coherence pattern. The electron is not merely “somewhere in space at each time”; it is a
structured 4D excitation whose temporal coherence is as essential as its spatial extent. This
shift is especially natural in relativistic and field-theoretic contexts, where the primary object
is already a field over spacetime rather than a particle carrying a trajectory.

Amplitude—phase structure in spacetime. Writing
() = R(zH)e!®"), (177)
the DS interpretation assigns:
R?(z") as a local spacetime excitation density / interaction weight, (178)
and

o(x") as a spacetime phase geometry governing local momentum-current structure. (179)
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This is a direct 4D generalization of the familiar amplitude—phase decomposition used in the
Madelung and Bohmian formulations, but in the DS program it is interpreted more ontologically:
the electron is the mode itself, not a point hidden underneath it.

A particularly useful covariant quantity is the conserved 4-current:

Ouj* = 0. (180)
In a simplified DS-inspired picture one may write heuristically
gt~ put, p=R?, (181)

where u* is an effective local flow field. The exact expression depends on the underlying field
equation (Dirac, Klein—Gordon, or effective nonrelativistic limit), but the key point remains:
the electron is naturally described by a conserved spacetime current associated with an extended
4D mode, not by a point source at each instant.

The world-tube picture and finite support. The phrase “world-tube” is used here in a
conceptual, not strictly compact-support, sense. The electron need not have a hard boundary
in spacetime. Rather, it occupies a region of significant amplitude or effective support:

R(z") % 0 over a finite spacetime neighborhood. (182)

This region may be narrow (classical limit) or broad (strongly quantum regime). The classical
particle picture then appears as a singular limit:

classical limit = world-tube — thin worldline. (183)

In the DS program, classical mechanics is therefore not fundamental but emergent: it arises
when the coherent spacetime mode becomes sufficiently narrow and phase-stationary that it
may be approximated by a trajectory.

Why this resolves the self-field-over-time confusion. A recurring conceptual problem
in particle-based thinking is the temptation to treat the electron at different times as if they
were distinct little charges interacting with one another via retarded self-fields. This leads to
misleading questions such as: does the “earlier electron” repel the “later electron”? Should one
imagine the electron pushing on its own future or past copies?

In the DS interpretation, such language is fundamentally misguided. Different times do
not correspond to different independent particles. They correspond to different hypersurface
slices of one and the same coherent spacetime excitation. The electron is not a sequence of
disconnected 3D charge clouds; it is a single 4D object constrained by global phase coherence
and field self-consistency.

Therefore:

self-interaction in time # pairwise Coulomb force between temporal copies. (184)

Instead, self-interaction must be understood as a global consistency condition on the full space-
time mode. This reframes the problem in a way much more compatible with both field theory
and the DS ontology.
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Relation to path integrals: from many paths to one spacetime interference struc-
ture. The path-integral propagator is

K(B,A) = /D[x(t)] eStal/h, (185)

In the conventional reading, one often says that the particle “takes all paths” In the DS
interpretation, this language is replaced by a more geometric statement: the physically real
object is not a hidden point selecting one trajectory, but the full spacetime phase structure
whose self-consistent interference defines the observed propagation.

Thus the path integral is not interpreted as a bookkeeping trick over unrealized point his-
tories, but as a representation of the extended spacetime coherence of the mode itself. In this
view:

e the quantum regime corresponds to a broad spacetime support with nontrivial interference;
e the classical limit corresponds to stationary-phase narrowing;

e a classical trajectory emerges when the spacetime mode becomes concentrated around an
extremal-action tube.

This yields the intuitive correspondence

stationary phase = dominant narrow world-tube = effective classical path. (186)

Bound states as 4D resonant structures. For a stationary bound state,
U(r,t) = by (r)e Ent/h (187)

the spatial profile is fixed while the phase evolves coherently in time. This should not be
interpreted as a static cloud with a trivial time label. Rather, it is a spacetime standing mode:

o spatially structured,

o temporally phase-coherent,

o globally self-consistent,

o resonantly locked to the confining geometry.

In the DS framework, the hydrogen atom is therefore not merely a 3D orbital at each time slice,
but a 4D resonant world-tube centered on the proton-induced field well. The 1s state is the
fundamental spacetime mode of this structure; higher orbitals correspond to excited spacetime
resonances.

This picture naturally supports earlier conclusions:

e the 1s state overlaps the proton because it is the lowest regular mode,
e stationary states do not radiate because they satisfy a no-leakage closure condition,

e orbital images show only the amplitude profile of a deeper spacetime mode.
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Measurement as localized interaction on an extended spacetime mode. In a point-
particle picture, measurement is often imagined as revealing a preexisting hidden position. In
the DS world-tube picture, measurement is reinterpreted as a local interaction with an extended
spacetime excitation. A detector couples only within its own spacetime neighborhood. When
the coupling exceeds a threshold or opens an allowed channel, a localized event is produced.
Thus:
localized detection # proof of a preexisting point worldline, (188)

but rather:
localized detection = localized interaction with an extended coherent spacetime mode. (189)

This interpretation fits naturally with the DS threshold concept: the linear extended mode
persists until a sufficiently strong or geometry-compatible interaction triggers nonlinear recon-
figuration, collapse, or mode transfer.

Why this remains causal. One must be careful not to misstate the world-tube idea as im-

plying that the electron is “simultaneously present at all times” in a naive or acausal sense. The

correct statement is subtler: the electron is represented by a field configuration over spacetime,

but physical interactions remain local and causal. The support of the mode may extend over

both space and time in the sense of field description, yet coupling to detectors, external fields,

and boundary conditions still respects the causal structure of the underlying equations.
Therefore, the DS world-tube picture should be understood as:

o ontologically extended in spacetime,
e locally interacting in spacetime,
e causally constrained by the field dynamics.

This is fully compatible with the field-theoretic intuition that the primary object is a spacetime
field, not a superluminally communicating particle fragment.

Comparison with the standard field-theoretic viewpoint. In relativistic quantum field
theory, the electron is fundamentally associated with a field operator rather than a classical
particle trajectory. The DS world-tube interpretation is consistent with the spirit of this shift,
but it emphasizes a more geometrically intuitive ontology: instead of beginning with particle
creation/annihilation events and operator algebra alone, it highlights the electron as a coherent
spacetime excitation of an underlying field medium.

Thus the DS viewpoint is not a rejection of field theory, but a refinement of its intuition:

particle & stable, localized, or quasi-localized excitation of a spacetime field, (190)

with the additional DS emphasis that the amplitude and phase geometry of the excitation may
encode deeper physical structure than is ordinarily visualized.

Conceptual consequence. The transition from worldline to world-tube is not a cosmetic
change in language. It reshapes several foundational questions:

e Self-field problem: no longer phrased as a charge interacting with temporal copies of
itself.
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e Measurement problem: no longer framed as discovering a hidden point location.

¢ Classical limit: understood as the narrowing of a spacetime mode to an effective trajec-
tory.

e Bound states: understood as 4D resonant closures, not 3D snapshots.

e Path integrals: reinterpreted as descriptions of extended spacetime interference rather
than literal sums over hidden point paths.

These are precisely the kinds of conceptual shifts that the DS framework aims to systematize.

Summary statement. In the dynamic-space interpretation, the electron is not fundamen-
tally a point moving through time, but a coherent excitation distributed over a finite region of
spacetime. Its wavefunction is therefore understood as the description of a 4D mode or world-
tube rather than merely a sequence of instantaneous spatial clouds. This perspective naturally
resolves misleading intuitions about self-interaction across time, clarifies the emergence of clas-
sical trajectories as a narrowing limit, reinterprets path integrals as spacetime interference
structure, and frames measurement as a localized interaction with an extended mode. Bound
states then appear as spacetime resonances of the confining geometry, while classical particles
emerge only as the thin-tube approximation of a deeper field-based ontology.

13.11 Self-Field Consistency and Why a Distributed Electron Does Not Re-
pel Itself Classically

If the electron is interpreted as a spatially distributed excitation rather than a point particle,
a natural question arises: why does such a distributed charge not repel itself through its own
Coulomb field? At first glance, one might imagine the electron as a cloud of charge elements,
each repelling the others according to classical electrostatics. Such a picture would predict an
immediate explosive expansion of the electron distribution. The fact that this does not occur
indicates that the naive classical interpretation is incorrect.

In the present dynamic-space (DS) interpretation, the electron is not a collection of indepen-
dently acting charge fragments but a single coherent field excitation whose amplitude and phase
are globally constrained. The apparent paradox of self-repulsion therefore disappears once one
recognizes that the distributed structure represents a single mode of the underlying field rather
than a superposition of independent classical charges.

The classical self-repulsion intuition. In classical electrostatics, if a continuous charge
distribution p(r) is present, it generates a Coulomb potential

_ 1 p(r') s,
d(r) = 47T60/|r_r/|d3r. (191)

Each charge element interacts with the field generated by the others. The total electrostatic
energy of the configuration is

U— % / p(r)®(r) dBr. (192)

For a classical charge cloud, this energy is positive and tends to drive the distribution apart.
Thus a classical electron modeled as a static charge sphere would be unstable without additional
stabilizing forces.
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However, this reasoning assumes that the charge distribution is composed of independent
pieces that interact pairwise. A quantum wavefunction does not represent such a decomposition.

The electron as a coherent mode rather than a charge ensemble. In quantum me-
chanics, the electron is described by a wavefunction

U(r,t) = R(r,t)e ), (193)

The quantity
p(r,t) = [ (r,1)]? (194)

is not a collection of independent charge packets but a measure of the spatial weighting of a
single coherent state.
The Schrédinger equation,
ov  n?

th—

o 2
5= e VYV, (195)

does not contain a term describing Coulomb interaction between different parts of the same
wavefunction. Instead, the entire configuration evolves as a unified field mode.

From the DS perspective, this is precisely what one expects: the electron is a resonant exci-
tation of the field medium, and its spatial distribution is determined by global self-consistency
conditions rather than by pairwise electrostatic forces between internal components.

Gradient energy and localization pressure. The stability of the electron distribution
arises from the competition between potential energy and spatial curvature of the wavefunction.
The kinetic-energy operator in Eq. (195) can be written as

h2
B 2me

T = V2. (196)

In the amplitude—phase representation,
U = Re', (197)

the kinetic energy contains a contribution proportional to the gradient of the amplitude:

K |VR|?

. R (198)

Egrad ~
Strong localization of the wavefunction increases spatial gradients and therefore raises the kinetic
energy. This produces an effective “curvature pressure” opposing excessive compression.
Consequently, the electron configuration that minimizes the total energy is neither infinitely
spread nor infinitely localized. Instead, a stable spatial profile emerges from the balance between
attractive potentials and gradient energy. In hydrogen, this balance produces the familiar atomic
scale characterized by the Bohr radius.

Spacetime coherence and the absence of temporal self-repulsion. The DS interpre-
tation further clarifies the role of time. The electron is not a sequence of independent charge
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clouds appearing at successive instants. Rather, it is a coherent spacetime excitation
() = R(zH)e' ), (199)

Different time slices therefore correspond to different cross-sections of the same four-dimensional
structure. It is incorrect to treat them as distinct charges interacting with one another through
retarded electromagnetic fields.

In other words,

temporal slices of the electron # independent charged particles. (200)

The apparent question of whether “earlier” parts of the electron repel “later” parts simply does
not arise once the electron is understood as a single coherent world-tube.

Relation to field theory. In relativistic quantum field theory, the electron is not described
as a classical charge distribution but as an excitation of the electron field. Self-interaction effects
appear only through specific interaction terms and loop corrections, not through naive Coulomb
repulsion within a single-particle wavefunction. The DS interpretation is consistent with this
field-theoretic viewpoint but provides an intuitive geometric picture: the electron’s spatial extent
reflects the structure of a field mode rather than the positions of multiple interacting charges.

Conceptual consequence. The absence of classical self-repulsion therefore follows from the
coherent nature of the electron state. The distributed structure does not represent a collection of
charges but a single field configuration whose internal consistency is governed by the governing
wave equation. Stability arises from the interplay of gradient energy, external potentials, and
global phase coherence rather than from electrostatic balance between independent components.

Summary statement. Although the electron may be spatially distributed in a bound or
wave-packet state, this distribution does not correspond to a classical charge cloud whose ele-
ments repel one another. Instead, it represents a coherent field excitation whose spatial profile
is determined by the dynamics of the governing wave equation. In the dynamic-space interpre-
tation, the electron is a self-consistent spacetime mode, and the classical intuition of mutual
Coulomb repulsion between internal fragments does not apply.

13.12 Born Rule as Localized Detection of a Distributed Spacetime Mode

If the electron is interpreted as a real, distributed spacetime excitation rather than a point par-
ticle, an immediate question arises: why do measurements nevertheless yield sharply localized
events? In cloud chambers, photographic plates, semiconductor detectors, and atomic ioniza-
tion experiments, one observes discrete clicks, dots, or ionization tracks rather than diffuse
partial deposits of charge. Standard quantum mechanics codifies this fact through the Born
rule, according to which the probability density for a position measurement is

P(r,t) = |¥(r, )2 (201)

The challenge for any realist or field-based interpretation is therefore not merely to reproduce
the wave equation, but also to explain why a distributed wave-like object produces localized
outcomes, and why the statistics of those outcomes are weighted precisely by |¥|2.
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In the present dynamic-space (DS) interpretation, the key idea is that the electron is a
coherent spacetime mode, while a measurement is a localized, threshold-sensitive interaction
that couples only within a finite spacetime neighborhood. A single detection event is thus
understood not as the revelation of a preexisting hidden point, but as a localized transfer or
reconfiguration event triggered by the overlap of the distributed mode with a localized detector
channel. Repetition of this process over many identically prepared trials yields the statistical
pattern governed by the local intensity of the mode.

Localized outcomes do not imply point-particle ontology. A localized detector click is
often taken, implicitly or explicitly, as evidence that the electron must have been a point particle
all along. This inference is not logically necessary. A localized event can arise whenever an
extended field interacts with a localized absorber or threshold element. For example, a spatially
extended classical electromagnetic wave can deposit its energy in a localized atom, molecule,
or grain, provided the interaction is sufficiently nonlinear or quantized. The localization of the
response need not imply localization of the incident field.

The same logic applies in the DS interpretation of quantum matter. The electron is a
distributed spacetime mode, but the detector consists of localized microscopic degrees of freedom
(atoms, lattice sites, ionization centers, metastable channels, etc.). A detection event occurs
where the mode couples strongly enough to one such local channel to trigger a discrete transition.
Thus:

localized click # proof of a preexisting point particle, (202)

but rather

localized click = localized detector transition induced by an extended mode. (203)

Distributed mode and local coupling. Let the electron be described by
U(z") = R(zM)e' "), (204)

with
p(at) = [ () * = R (a"). (205)
In the DS interpretation, p is not merely an abstract probability density but the local interaction
weight or excitation density of the mode. That is, it measures how strongly the distributed mode
can couple, in a statistical sense, to a localized detector element placed at spacetime point z*.
Suppose a detector contains many microscopic channels labeled by a, each localized in a
small spacetime region €),. The rate or propensity for channel a to fire is assumed to depend
on the overlap of the mode with that channel:

T, & /Q ()2 W () da, (206)

where W, (z#) represents the local coupling sensitivity or detector response kernel.
If the detector channels are sufficiently small and approximately uniform, then

o oc [ (zh)[?, (207)
to leading order. This provides the core DS rationale for the Born weighting: local detection

propensity is proportional to local mode intensity.
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Threshold-triggered localization. A detector does not ordinarily respond linearly to an
arbitrarily weak partial interaction. Instead, many realistic detectors contain metastable or
nonlinear microscopic channels. Examples include:

¢ ionization thresholds in gases,

e avalanche multiplication in semiconductors,

e latent image formation in photographic grains,

e bubble formation in superheated liquids,

e excitations of discrete atomic or molecular states.

In all such cases, a sufficiently strong or appropriately structured local coupling can trigger a
macroscopically visible discrete event.
The DS interpretation therefore models measurement as a threshold-opening process:

i . local threshold coupli . :
distributed linear mode —=2 IO COUPIE 1 alized nonlinear detector event. (208)

This is conceptually aligned with the broader DS principle that linear, extended field evolution
persists until a localized interaction exceeds a threshold and induces a nonlinear reconfiguration,
collapse, or channel transfer.

Why only one click in a single-particle measurement? A further question arises: if
the electron is distributed, why does one not observe many simultaneous clicks from different
detector elements? In standard quantum mechanics, this is encoded by the projection postulate
or by more elaborate decoherence-plus-branching accounts. In the DS framework, the same fact
is interpreted as the indivisible transfer of a single coherent excitation.

The key point is that the electron mode corresponds to one quantum of excitation of the
relevant field sector. Although spatially extended, it is not a divisible classical fluid. The
detection process therefore couples the distributed mode to a single available absorbing channel
in a given run, after which the original coherent mode is no longer available in the same form.
In schematic form:

one distributed excitation = one realized detector channel per trial. (209)

This is analogous in spirit to the absorption of a single photon by one atom among many possible
absorbers: the field may be extended, but the quantum event is singular.

In the DS language, once one channel reaches threshold and captures the excitation, the
global coherence pattern is reconfigured, suppressing alternative channels in that trial. Thus
the single-click character of measurement is not evidence for an underlying point trajectory, but
for the indivisible channel transfer of a single coherent mode.

From local interaction weight to the Born rule. Consider an ensemble of identically
prepared experiments in which the same initial mode ¥ is incident on a position-sensitive
detector. Let the detector partition space into small cells AV;. If the local response in each cell
is approximately uniform, the probability that cell ¢ fires in a given trial is proportional to the
local mode weight:

P, x / W (x, )[2 dPr- (210)
AV;
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Normalizing over all mutually exclusive detector cells yields

P = / | (r,t) > dr, (211)
AV,
provided the state is normalized:
/|\Il(r,t)|2 PBr—1. (212)
In the continuum limit,
P(r,t)d®r = |U(r,t)]> d>r. (213)

Thus the Born rule emerges naturally if:
1. the mode is real and distributed,
2. the detector responds locally,
3. the local propensity is proportional to mode intensity,
4. a single excitation is captured by a single channel per trial.

This does not by itself constitute a full derivation in the formal axiomatic sense, but it provides
a physically transparent DS rationale for why the Born rule is the natural statistical law of
localized detections of an extended coherent mode.

Relation to probability current and flux. In many measurement situations, especially
arrival-time or scattering geometries, the relevant quantity is not merely the static density but
the local probability current:

h
j=— Im(¥*VU). 214
j= s (YY) (214)
In amplitude—phase form,
h
j=—R*Vo¢. (215)
Me

The DS interpretation therefore distinguishes:
« density weighting R?, which governs local occupancy or coupling weight,
e phase-gradient structure V¢, which governs directional flow and arrival flux.

A detector sensitive to static position sampling naturally reproduces |¥|?, while a detector
sensitive to incoming flux may be more directly related to j- . This refinement is fully consis-
tent with standard quantum measurement theory and emphasizes that the phase field remains
physically significant even when the Born rule is written only in terms of amplitude.

Repeated detections as a statistical map of a hidden mode. A single detection event is
localized and does not reveal the full structure of the underlying mode. However, repeating the
same experiment many times reconstructs the spatial statistics of the mode. This is precisely
why double-slit interference fringes and orbital density maps appear only after many trials.

In this sense:

single trial = one localized event, many trials = statistical image of the distributed mode.
(216)
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This observation strongly supports the DS view that the localized event is a measurement
response, whereas the ensemble pattern reveals the underlying extended structure.

This is conceptually analogous to earlier discussions of Chladni-like patterns: a single grain
or single impact does not display the full mode, but repeated localized interactions reveal the
hidden resonant geometry.

Measurement as reconfiguration rather than revelation. Within the DS framework,
measurement is not best described as uncovering a preexisting point location. Instead, it is
a local reconfiguration of the spacetime mode induced by detector coupling. The extended
linear mode persists until one local channel captures the excitation, at which point the original
distributed coherence is altered or destroyed in that run. This suggests the following conceptual
replacement:

measurement # revelation of hidden point position, (217)

but
measurement = localized channel selection and reconfiguration of a distributed mode. (218)

This interpretation preserves the empirical success of the Born rule while providing a more
physical picture of why localized events arise from extended quantum states.

Relation to decoherence and collapse. The DS account is compatible with the standard
observation that detector coupling entangles the measured system with many environmental
degrees of freedom. Decoherence explains why alternative detector outcomes cease to interfere.
The DS contribution is to add a physically intuitive threshold picture: the environment does
not merely entangle abstract branches, but provides a dense set of localized channels capable
of capturing the excitation once local coupling becomes sufficient.

Thus, in a pragmatic DS reading:

o decoherence suppresses coherent interference between alternatives,
e threshold channel capture selects one realized localized event,
e the Born rule weights the relative frequency of such selections.

This does not require rejecting standard formalism; it reinterprets its measurement structure
in terms of local interaction geometry.

Conceptual consequence. The Born rule need not be viewed as an inexplicable add-on to a
fundamentally point-particle ontology. In the DS interpretation, it is the natural statistical law
governing localized interactions between an extended coherent mode and a detector composed
of localized threshold channels. The quantity |¥|? is then understood as the local interaction
weight of the mode, not merely as an abstract probability density detached from physical
structure.

This perspective unifies several facts:

o wave-like propagation and interference,
e localized detection events,

e omne click per one-particle trial,
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e ensemble reconstruction of the mode,

e the central empirical role of the Born rule.

Summary statement. In the dynamic-space interpretation, the electron is a real distributed
spacetime mode, while a measurement is a localized threshold-sensitive interaction with detector
channels embedded in spacetime. A single trial produces one localized detector event because
one coherent excitation is captured by one available channel, but the relative likelihood of
different channels is weighted by the local mode intensity. Under local, approximately uniform
detector response, this naturally yields the Born rule:

P(r,t) = |¥(r, 1) (219)

Thus the Born rule is reinterpreted not as evidence that the electron was secretly a point all
along, but as the statistical law by which localized detectors sample an extended coherent
quantum mode.

13.13 From a Dynamic-Space Wave Equation to the Schrodinger Equation
in the Linear Regime

A central requirement for any proposed underlying field ontology is that it must recover the
empirically successful equations of ordinary quantum mechanics in the appropriate limit. In the
present dynamic-space (DS) program, this means that the nonrelativistic Schrodinger equation
should emerge as an effective linear-regime envelope equation for a deeper spacetime wave
dynamics. In this subsection we show, in a controlled and standard asymptotic sense, how a
Schrédinger-type equation arises from a relativistic scalar wave equation with weak background
structure. The derivation is deliberately formulated in a conservative manner: the aim is not
to claim that the full electron is literally a scalar field, but rather to demonstrate the essential
mechanism by which a complex first-order-in-time quantum equation can emerge from a second-
order spacetime wave equation in the weak, slowly varying, nonrelativistic regime.

A generic linear-regime DS wave equation. In the DS framework, the full theory is
envisioned as a spacetime field equation for a complex mode

U(z') = U(r,t) = R(zH)e "), (220)

with dynamics that may depend on local excitation density, geometry, or effective constitutive
response. In the weak-excitation, approximately linear regime, the DS dynamics should reduce
to a linear wave equation on an effective background. A minimal representative form is

2.2

m-c
U+ U =0, (221)

1
— OfU — V20 +
c
where:
e the first two terms represent the usual relativistic wave operator in flat spacetime,

e the mass term sets the carrier frequency scale,

o U(r) represents a weak background modification induced by external fields, effective re-
fractive structure, or low-energy DS geometry.
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Equation (221) is structurally analogous to a Klein—Gordon-type equation with an additional
weak spatially varying term. It is introduced here as the minimal linear DS surrogate needed
to demonstrate the emergence of Schrodinger dynamics.

A more general DS master equation may be written schematically as

g*B(R?) 5,405V = 0, (222)

where the effective metric or constitutive tensor g4” depends on the local excitation density.
In the linear regime, however, one expands around a weakly varying background:

g'B(R?) = g"B + 648,  169"P| < |57, (223)

and Eq. (222) reduces, to leading order, to an equation of the general form (221). The precise
microscopic origin of U(r) may vary from model to model, but the nonrelativistic reduction
mechanism is robust.

Fast carrier phase and slow envelope. The key step is to separate the rapid rest-energy
oscillation from the slowly varying envelope. Introduce

U(r,t) = e Mty (r 1), (224)

where 9(r,t) is assumed to vary slowly compared with the Compton frequency mc?/h. This
is the standard nonrelativistic ansatz: the large rest-energy phase is factored out, leaving a
lower-frequency envelope that describes ordinary laboratory-scale dynamics.

Differentiating Eq. (224) gives

A 2
Bl = e—imet/h (zw - z”?fgb) , (225)
and
2 mc? me?\’
atQ\IJ = e_zmc t/h 8?1/) — 2178751/} — <h> ’l/] . (226)
Since the carrier phase depends only on time,
V2P = e~ imet/hy2y, (227)
Substituting Eqgs. (226) and (227) into Eq. (221), and dividing through by the common
factor e~ime’t/ h we obtain
1 mc? mc? 2 m?c?
The large carrier term cancels exactly:
_1(me 2¢+m202w70 (229)
2\ h Rz
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Thus Eq. (228) reduces to
L o .M 2
S0 —2i-00) = V2 + U(x)d = 0. (230)

Slow-envelope (nonrelativistic) approximation. The nonrelativistic regime is character-
ized by envelope energies and frequencies much smaller than the rest-energy scale:

h|opb| < mc?|ap|. (231)

More strongly, the second time derivative of the envelope is small compared with the first-order
term:

1
62351/;‘ < ‘228,51/;‘. (232)

Dropping the subleading term (1/¢2)921, Eq. (230) becomes

—zi%atw — V2 + U(r)eh ~ 0. (233)
Multiplying by —h?/(2m) yields
ihdpp = —h—Qv% - h—QU(r)w. (234)
2m 2m
Defining the effective nonrelativistic potential
72
V(r) = %U(r), (235)
we recover the Schrédinger equation:
72
ihdpp = —%v% + V(r)ih. (236)

Interpretation of the effective potential. Equation (235) shows that the nonrelativistic
potential V(r) is the envelope-level manifestation of the weak background term U(r) in the
underlying spacetime wave equation. In the DS interpretation, this term need not be regarded
as fundamental in the same sense as in textbook quantum mechanics. Rather, it can be under-
stood as an effective description of how the local spacetime medium, external sources, or weak
constitutive deformations modify the propagation of the underlying mode.

For example:

e a Coulomb field may appear as an effective radial refractive or geometric profile,
o lattice potentials may appear as periodic background modulation,
« confinement potentials may arise as boundary-induced or medium-induced DS structures.

Thus the standard quantum potential in the Schrédinger equation is reinterpreted as a low-
energy envelope-level encoding of deeper spacetime wave guidance.

Why the Schrédinger equation is first order in time. A common conceptual puzzle is

why the Schrodinger equation is first order in time while relativistic wave equations are typically
second order (or, in the Dirac case, first order but matrix-valued and explicitly relativistic). The
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derivation above shows that the first-order time structure is not necessarily fundamental. It
can emerge from:

1. a second-order spacetime wave equation,
S . . —— —ime2
2. factorization of the rapid carrier oscillation e~"m¢"t/h,

3. neglect of the small second derivative of the slow envelope.

Thus the first-order temporal character of Schrédinger dynamics is naturally understood as a
nonrelativistic envelope approximation rather than an ultimate microscopic principle.

This observation is especially congenial to the DS program, whose broader aim is to treat
ordinary quantum mechanics as an effective linear regime of a deeper spacetime field dynamics.

Connection to amplitude—phase form. Writing the recovered envelope as
p(r,t) = R(r, t)e ™D, (237)

the Schrodinger equation separates into a continuity equation and a Hamilton—Jacobi-like equa-
tion with a quantum correction. Specifically, one obtains

W(R*) +V - (RQh v¢) =0, (238)
and 2 12 o2
V2R
2
_ —0. 2
o+ 5 |V +V = 5 == =0 (239)

In the DS interpretation:
« R? is the local excitation density or local interaction weight,
e V¢ governs the local flow geometry,

e the quantum term

- Y (240)
encodes the energetic cost of curvature of the mode amplitude.

This is precisely the structure emphasized in earlier DS discussions: the wavefunction is not
merely a probability bookkeeping device but an amplitude—phase field whose spatial curvature
and phase gradients have direct dynamical significance.

Relation to the DS master equation. The derivation above used the representative linear-
regime equation (221) rather than the full nonlinear DS master equation. The intended logic is
therefore:

AP (R*)940Y =0 = weak linearization around background == effective Klein-Gordon-type wax
(241)

This should be understood as a reduction pathway, not yet as a unique derivation from a fully

specified microscopic DS Lagrangian. Nevertheless, it establishes an important consistency

result: a DS-style spacetime wave ontology can naturally reproduce the standard nonrelativistic

quantum equation in the appropriate limit.
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Scope and limitations. Several caveats are important:

1. The derivation uses a scalar carrier equation. A full electron theory ultimately requires
spin, and thus a Dirac-level treatment.

2. The term U(r) is introduced phenomenologically as a weak background modification.
A complete DS theory should derive it from source coupling or geometric constitutive
structure.

3. The reduction is asymptotic and low-energy; it does not by itself determine the full non-
linear or high-density DS regime.

These limitations are not defects of the reduction itself; they simply mark the difference between
a consistency demonstration and a completed fundamental theory.

Conceptual consequence. The derivation shows that the Schrodinger equation need not be
regarded as a standalone primitive law. It can emerge as the slow-envelope limit of a deeper
spacetime wave dynamics once the large rest-energy oscillation is factored out and the residual
mode varies slowly compared with the Compton scale. This strongly supports the DS program’s
central claim that ordinary quantum mechanics is the linear, weak-excitation regime of a more
general field ontology.

Summary statement. In the dynamic-space framework, the nonrelativistic Schrodinger
equation can be recovered as an effective envelope equation of a deeper second-order space-
time wave dynamics. Starting from a linearized DS wave equation of Klein—Gordon type with
weak background structure, factoring out the rapid rest-energy phase, and applying the slowly
varying envelope approximation yields

hQ

ihOpp = —— V2 + V(). (242)

2m
This establishes that the familiar first-order quantum dynamics of nonrelativistic matter may
be interpreted as the low-energy linear-regime manifestation of a deeper spacetime amplitude—
phase field, consistent with the broader DS ontology developed in this work.

13.14 From the Dirac Equation to the Pauli and Schriodinger Limits, and a
Dynamic-Space View of Spin

The previous subsection showed how a Schrédinger-type envelope equation may arise from a
deeper second-order spacetime wave dynamics in the weak, slowly varying regime. However,
the physical electron is not a scalar particle: it possesses intrinsic spin-1/2, a magnetic moment,
and a relativistic dynamics governed—at the single-particle level—by the Dirac equation. Any
deeper ontology that seeks to underlie ordinary quantum mechanics must therefore also account
for the emergence of spin structure in the appropriate limit.

In this subsection we briefly review the standard reduction from the Dirac equation to the
Pauli equation and then to the Schrodinger equation. We then explain how this hierarchy
fits naturally into the dynamic-space (DS) program. The aim is not to claim that the DS
interpretation has already derived spin from a complete microscopic theory, but rather to show
that the standard spin-bearing formalism can be coherently embedded within the DS viewpoint,
where spin is interpreted as an internal phase-geometric structure of the underlying spacetime
mode.
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Dirac equation with electromagnetic coupling. The relativistic dynamics of a spin-1/2
electron in an electromagnetic field is described by the Dirac equation

ov
ih 8tD = {ca (P — qA) + Bmc® + q@} Up, (243)
where:
p = —ihV, (244)
q = —e for the electron, ® and A are the scalar and vector potentials, and o and 3 are the
usual Dirac matrices satisfying
{Ozi, aj} = 25@'[, {OJ,‘,,B} = 0, ,32 =1. (245)

In the standard Dirac representation, one writes the four-component spinor as

. (¢> 7 (246)

X

where ¢ and x are two-component spinors. The upper components ¢ dominate in the positive-
energy nonrelativistic regime, while the lower components y are smaller by order v/c.

Factoring out the rest-energy phase. As in the scalar reduction, the nonrelativistic limit
is exposed by removing the fast rest-energy oscillation:

Up(r,t) = e met/h (ig 2) : (247)

Substituting this into Eq. (243) yields the coupled equations

ihaaf: Pp+co-my, (248)
iha—x = (q<I> - 2m02) xX+co-mwo (249)
ot ’
where
T=Pp—qA, (250)

and o are the Pauli matrices.

Nonrelativistic approximation and elimination of the small component. In the non-
relativistic regime, the lower component y is small, and its time variation is subleading compared
with the large rest-energy term:

ihdix| < 2mc®|x|,  1q® x| < 2me®|x|. (251)

Thus, to leading order, Eq. (249) gives

X~ —0 - mo. (252)
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Substituting this into Eq. (248) yields

L0p 1 )
zha =qd¢p+ % (o -m)° ¢. (253)
Now use the Pauli matrix identity
(c-a)(oc-b)=a-b+ioc-(axb), (254)

together with the noncommutativity of the components of 7 in a magnetic field:

(73, ;] = ihq €5, By, (255)
One then finds the standard result
(o -7)*=n%—q¢ho-B. (256)
Hence Eq. (253) becomes
00  [(p—qA)’ qh

This is the Pauli equation.

Interpretation of the Pauli equation. Equation (257) is the nonrelativistic wave equation
for a spin-1/2 particle interacting with electromagnetic fields. The first term represents kinetic
energy with minimal coupling, the second the electrostatic potential energy, and the third the
magnetic interaction of spin with the magnetic field. The magnetic moment associated with spin
emerges automatically from the Dirac reduction, with the correct leading-order g = 2 structure.

Thus the Pauli equation is not an ad hoc spin-modified Schrodinger equation; it is the
natural nonrelativistic limit of the relativistic Dirac theory.

Recovery of the Schrodinger equation. If one neglects spin-dependent magnetic effects,
or considers a situation with vanishing magnetic field,

B =0, (258)
and if one further suppresses vector potential effects for simplicity,
A =0, (259)

then Eq. (257) reduces to
00 W o
h—=|—-——V P 260
o l om . T4 ]gb, (260)

which is precisely the Schrédinger equation with potential
V(r) = q®(r). (261)
Thus the standard hierarchy is:

Dirac = Pauli = Schrédinger. (262)
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Why this matters for the DS program. The importance of the above hierarchy for the DS
framework is conceptual as well as formal. The previous subsection showed how a Schrodinger-
like equation can arise as a slow-envelope limit of a deeper spacetime wave equation. The Dirac-
to-Pauli-to-Schrédinger chain now shows that the electron’s spin structure also fits naturally
into a nested hierarchy of effective descriptions.

This suggests the following DS interpretation strategy:

1. At the deepest level, matter is represented by a spacetime mode of the underlying dynamic-
space medium.

2. In a relativistic linearized regime, the correct effective description for the electron must
carry spinor structure and therefore reduce to Dirac-type dynamics.

3. In the weak, slowly varying, low-velocity regime, the Dirac dynamics reduce to Pauli and
then Schrédinger dynamics.

Thus the DS program is not committed to a scalar ontology for the electron. Rather, the
scalar-envelope derivation is understood as a pedagogical and partial reduction, while the full
spin-bearing electron requires a spinorial effective description at the relativistic level.

A cautious DS view of spin. What, then, is spin in the DS interpretation? At minimum,
one should avoid the misleading classical image of a tiny rigid charged sphere literally spinning
about its axis. Such a picture is inconsistent with relativistic constraints and does not reproduce
the actual mathematical structure of spin-1/2.

A more promising DS reading is that spin reflects an internal phase-geometric structure of
the spacetime mode. Several standard facts point in this direction:

o spin-1/2 states transform under the two-valued representation of spatial rotations,
e a 27 rotation changes the sign of the spinor,
e only a 47 rotation returns the spinor to itself,

o spin couples naturally to magnetic fields and to angular momentum algebra through SU(2)
structure.

These features suggest that spin is not ordinary mechanical rotation in 3D space, but a deeper
internal geometric property of the mode.
Accordingly, in the DS framework one may interpret spin, cautiously, as:

an intrinsic two-valued phase-topological or internal geometric degree of freedom
of the spacetime excitation, whose effective low-energy representation is the spinor
structure of the Dirac and Pauli equations.

This wording is intentionally conservative. It does not claim that a full microscopic DS deriva-
tion of spin has already been completed, but it identifies the correct conceptual target: spin
should emerge from internal structure of the mode, not from naive classical spinning matter.
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Amplitude—phase structure versus spinor structure. In earlier sections the wavefunc-
tion was often written in scalar amplitude—phase form,

U = Re™. (263)

For a spin-1/2 particle, however, the appropriate object is a two-component Pauli spinor or
a four-component Dirac spinor. The DS analogue of amplitude-phase decomposition must
therefore be generalized. Schematically, one may write a spinor field in the form

Up(z") = R(a™) B(zH) "), (264)
where:
o R(z*) is a real amplitude,
o ¢(z") is an overall phase,
o Z(z#) is a normalized internal spinor orientation carrying the local spin structure.

In this decomposition, the internal spinor degree of freedom = plays a role beyond the scalar
amplitude—phase structure. It encodes the local two-level internal geometry of the mode. This
is a useful DS-inspired way to think about spin without reducing it to classical rotation.

Magnetic moment as evidence of internal structure. The Pauli term

qh
9 7" B (265)
shows that spin couples directly to magnetic field. In standard quantum theory, this is one
manifestation of the intrinsic magnetic moment of the electron. In the DS interpretation, such
coupling strongly suggests that the internal mode structure is not merely abstract but physi-
cally operative: the spacetime excitation possesses an internal orientation or phase-geometric
structure that responds to external field geometry.
This provides a natural bridge between the DS ontology and familiar experiments such as:

o Stern—Gerlach splitting,
e Zeeman energy shifts,

e spin precession,

e magnetic resonance.

In all of these cases, what is observed is not classical spinning matter, but the dynamical
response of an intrinsic two-valued internal mode structure.

Relation to the world-tube picture. Earlier sections argued that the electron is better
represented as a spacetime-distributed world-tube rather than a point worldline. The present
section refines that claim: the world-tube is not only extended in spacetime, but internally
structured. The spinor degree of freedom supplies a local internal orientation on that tube,
somewhat analogous—at the level of abstract geometry, not literal mechanics—to a moving
frame or internal fiber attached to the mode.
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This suggests the following DS picture:
electron & spacetime world-tube + internal spinor geometry. (266)

Such a picture is much closer in spirit to modern gauge and fiber-bundle ideas than to old
particle mechanics.

Scope and limitations. Several important caveats should be stated explicitly:

1. The derivation given here is the standard Dirac-to-Pauli reduction, not yet a derivation
of the Dirac equation from a fully specified DS microscopic theory.

2. The DS interpretation of spin as internal phase-geometric structure is presently heuristic
and programmatic, not final.

3. A complete DS account would need to clarify how spinor structure, SU(2) behavior, and
relativistic covariance arise from the underlying dynamic-space framework.

These caveats do not weaken the present subsection; rather, they define the open research path
clearly and honestly.

Conceptual consequence. The key conceptual point is that spin is not an obstacle to the
DS ontology. On the contrary, the standard reduction hierarchy shows that the familiar nonrel-
ativistic quantum equations are already nested effective limits of a deeper spinor theory. The
DS framework can therefore adopt the Dirac equation as the correct relativistic effective de-
scription of the electron while interpreting its spinor structure as evidence for internal geometric
complexity of the spacetime mode.

Summary statement. The Dirac equation provides the correct relativistic single-particle
description of the electron, including intrinsic spin. In the nonrelativistic limit, factoring out
the rest-energy phase and eliminating the small components yields the Pauli equation,

¢ _ | (p—qA)’ gh

th— = |——+q® - — o0 B]| ¢, 267
ot 2m 1 2m ¢ (267)
which further reduces to the Schrédinger equation when spin-dependent magnetic effects are
neglected. Within the dynamic-space interpretation, this hierarchy supports the view that the
electron is a spacetime-distributed mode with internal spinor geometry. Spin is then interpreted
not as literal classical rotation, but as an intrinsic two-valued phase-geometric structure whose

low-energy manifestation is the standard Pauli and Dirac formalism.

13.15 Hydrogen Bound States from the Pauli/Schrédinger Equation as Res-
onant Modes of Dynamic Space

Having established the reduction chain
Dirac = Pauli = Schrodinger, (268)

we now return to the hydrogen atom and show how its bound states arise as discrete eigenmodes
of the proton-generated Coulomb structure. In standard quantum mechanics, these states are
solutions of the Schrédinger or Pauli equation in a central potential. In the dynamic-space
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(DS) interpretation, the same solutions are re-read as stable resonant modes of the underlying
field medium, shaped by the proton-induced geometry. Quantization then appears not as an
arbitrary postulate, but as the natural selection of self-consistent standing modes in a central
resonator.

Hydrogen Hamiltonian in the nonrelativistic limit. Neglecting spin-dependent split-
tings for the moment, the hydrogen electron is described by the Schrédinger equation

., 0Y(r,t) o, e?
h = |- — t 269
BT 2mev 4reqr Y(r.t), (269)
where
¢ 270
vir) = _471'607“ (270)
is the attractive Coulomb potential of the proton.
For stationary states one writes
b(r, 1) = P(r)e P, (271)
which yields the time-independent Schrodinger equation
R, e?
— — =F . 272
S V() = T th(r) = Bib(r) (272)

In the DS interpretation, Eq. (272) describes the allowed stationary field modes of an
electron-like excitation in the proton-shaped confining geometry. The Coulomb potential is
not merely an external force term but the low-energy effective imprint of the proton’s modifi-
cation of the surrounding dynamic-space medium.

Central symmetry and separation of variables. Because the potential depends only on
the radial coordinate r, the problem has spherical symmetry. One therefore separates variables
in spherical coordinates:

w(r) = T/J(Ta 0, ()0) = Rnl(r) }/Zm(ev ()0)7 (273)
where:

o Ry, (r) is the radial wavefunction,
e Y/™(0, ) is a spherical harmonic,

e n,l,m are the principal, orbital, and magnetic quantum numbers.

The spherical harmonics satisfy
LAY = RA(I+1)Y™, LY =hhmY™, (274)

so the angular part of the wavefunction is quantized by symmetry alone. In the DS view, this
is the angular mode structure of the central resonator: the proton-generated field geometry
admits only specific angular standing-wave patterns.

Radial equation and effective potential. Substituting Eq. (273) into Eq. (272) gives the
radial equation. Defining

unl('r) =T Rnl('r)a (275)
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one obtains
R% d?uy e? R21(1+ 1)
2m. dr? Amepr 2mer?

Uni (1) = E upy(r). (276)

The bracketed term defines the effective radial potential:

2 RAI+1)

Ver(r) = —
eir(7) Amegr 2mer?

(277)

The first term is the Coulomb attraction; the second is the centrifugal barrier. The bal-
ance between these terms determines the radial mode structure. In the DS interpretation, the
centrifugal term reflects the cost of supporting angular phase structure in the mode, while the
Coulomb term reflects the proton’s central confining deformation of the dynamic-space medium.

Discrete energy levels as resonant eigenvalues. Normalizable bound-state solutions exist
only for discrete negative energies:
meet 1 13.6 eV

E - —— =
" 2(4mep)2h% n? n? ’

n=12,3,... (278)

This is the familiar Balmer/Bohr spectrum.

In standard quantum mechanics, the discreteness arises from the requirement that the radial
solution be finite at the origin and normalizable at infinity. In the DS interpretation, the same
condition is read as a resonance condition:

only self-consistent globally regular modes survive. (279)

That is, the hydrogen atom supports only those electron field configurations that close on
themselves coherently in the proton-induced geometry. Quantization is thus the mode-selection
rule of the atomic resonator.

Bohr radius and the characteristic mode scale. The natural length scale of hydrogen is
the Bohr radius

Amegh?
ag =

: 280
o~ (280)

This length emerges from balancing Coulomb attraction against quantum curvature/kinetic
cost. In the DS language, ag is the characteristic radius at which the central confinement and
the mode-curvature stiffness reach their lowest-energy balance.

For the ground state,
1
Prs(r) = e/, (281)

/ 3

and the radial shell probability
P(r) dr = 472 [14(r)|? dr (282)

is maximal at

r = ag. (283)

Thus Bohr’s radius survives not as a literal orbit radius, but as the most probable shell of the
fundamental bound mode.
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Quantum numbers as mode labels. The three quantum numbers n, [, m have a natural
interpretation as mode labels:

e n labels the overall radial excitation level,
e [ labels the angular complexity or orbital mode order,

o m labels the azimuthal phase orientation within a given [ sector.

This is directly analogous to how cavity or waveguide modes are labeled by longitudinal, radial,
and angular indices.
In the DS interpretation:

(n,l,m) are not mysterious quantum tags, but resonance labels of a central spacetime mode.

(284)
This viewpoint demystifies quantization by framing it as a constrained eigenmode problem in
a structured medium.

Nodal structure and orbital families. The orbital families s,p,d,... correspond to in-
creasing angular structure:

e s-states: [ = 0, no angular node,
e p-states: [ = 1, one angular nodal structure,
o d-states: [ = 2, richer clover-like angular structure,

e higher [: progressively finer angular phase organization.

The radial quantum number also determines the number of radial nodes:
Nradial nodes =1 — 1 — 1. (285)

Thus the full orbital pattern is determined by the combined radial and angular node structure.

In the DS language, nodes are not arbitrary zeros of a probability formula; they are the
natural interference skeleton of the standing spacetime mode. The visible orbital families there-
fore correspond to increasingly structured resonant patterns of the electron excitation in the
proton-centered dynamic-space cavity.

The special role of the 1s mode. The 1s state, with
n=1, =0, m = 0, (286)
is the unique fundamental mode of hydrogen. It has:
e mno angular nodes,
e no radial nodes,
e spherical symmetry,

 finite amplitude at the nucleus.

This is precisely what one expects for the fundamental mode of a central resonator.

In the DS interpretation, the 1s state is the lowest-energy, globally regular, no-leakage
standing mode of the proton-induced dynamic-space well. It is therefore the natural ground
configuration of the electron field, not a special exception.
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Higher orbitals as excited resonant modes. The excited states 2s, 2p, 3s, 3p, 3d, etc.,
are naturally interpreted as excited resonances of the same central structure. For example:

e 2s: one radial excitation, still no angular node,
e 2p: first angular excitation with dipole-like lobes,
o 3d: higher angular complexity with quadrupolar/clover-type structure.

These distinctions correspond directly to different interference and phase-closure conditions of
the mode.
This viewpoint unifies the orbital table with the Chladni-like picture developed earlier:

atomic orbital ~ allowed resonant pattern of a central bound wave system. (287)

Relation to the Pauli equation and spin. The Schrédinger treatment captures the pri-
mary spatial mode structure of hydrogen. The Pauli equation refines this by including spin
coupling to magnetic fields, and the Dirac equation further refines it by including full relativis-
tic structure, spin-orbit effects, and fine-structure corrections. Thus:

Schrodinger — gross orbital structure, Pauli/Dirac — spin and relativistic refinements.

(288)
In the DS interpretation, this means that the basic resonator picture is already present at the
Schrodinger level, while spinor and relativistic effects refine the internal geometry of the mode
rather than overturning its resonant nature.

Hydrogen as a waveguide or cavity of dynamic space. The mathematical structure of
Eq. (272) is closely analogous to a wave equation in a medium with spatially varying refractive
structure. Indeed, rewriting it as

2me
K2

V3 + (E-V(r)y =0, (289)

one sees the inhomogeneous Helmholtz form, with local wavenumber

2m
2
k“(r) = h—;(E —V(r)). (290)
This strongly supports the DS intuition that the hydrogen atom behaves like a bound waveguide
or cavity in which only certain globally consistent field patterns are permitted.
The proton therefore acts not merely as a point charge pulling on a particle, but as the source

of a central field geometry that shapes the allowed standing modes of the electron excitation.

Conceptual consequence. The hydrogen spectrum is often presented as a set of rules to be
accepted after solving a differential equation. In the DS framework, its meaning becomes much
more physical. The atom is a resonator; the electron is a bound spacetime mode; the quantum
numbers are mode labels; the energy spectrum is the resonance spectrum; and the orbital shapes
are the geometric signatures of standing-wave closure in the proton-defined medium.

This viewpoint does not alter the successful mathematics of ordinary quantum mechanics.
Rather, it reinterprets that mathematics as the low-energy spectral theory of a deeper field
ontology.
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Summary statement. Hydrogen bound states arise as normalizable eigenfunctions of the
Schrodinger or Pauli equation in the Coulomb potential. Their discrete energies, radial struc-
tures, angular patterns, and nodal geometries are exactly those expected of a constrained
standing-wave system with spherical symmetry. In the dynamic-space interpretation, these
states are re-read as stable resonant modes of the proton-shaped field geometry. Quantization
then appears as the selection of globally self-consistent spacetime modes, with the 1s, 2p, 3d,
and higher orbitals representing the natural resonance families of the hydrogenic dynamic-space
cavity.

13.16 Selection Rules and Radiative Transitions as Inter-Mode Coupling in
Dynamic Space

Once hydrogen bound states are understood as discrete resonant modes of a proton-shaped
field geometry, the next question is how transitions occur between these modes. In standard
quantum mechanics, radiative transitions are governed by matrix elements of the interaction
Hamiltonian and are subject to selection rules imposed by symmetry. In the dynamic-space (DS)
interpretation, the same mathematics admits a physically intuitive reading: photon emission
and absorption are inter-mode coupling processes, and the familiar selection rules express the
geometric compatibility conditions for mode conversion between bound atomic resonances and
the electromagnetic field.
This viewpoint unifies three observations:

1. stationary bound states do not radiate,
2. transitions between states can radiate discrete quanta,
3. only certain transitions are symmetry-allowed at leading order.

In the DS picture, these are not separate mysteries but aspects of a single principle: radiation
occurs only when the combined matter-field system admits a nonvanishing symmetry-compatible
coupling channel between initial and final modes.

Stationary states as non-radiating resonances. For a stationary state
U, t) = Pu(r)e 0N, (291)
the probability density is time-independent:
[ (r, )7 = (1), (292)

Likewise, the expectation value of the electric dipole moment

d(t) = —qlr) = —q [ e Tl dr (293)

is constant in time for a nondegenerate stationary eigenstate. A constant dipole does not
produce dipole radiation. Thus a stationary bound mode is a no-leakage resonance: it stores
energy coherently without generating a time-varying multipole source.

This is fully consistent with the DS interpretation developed earlier: a single stationary
atomic orbital is a self-consistent standing spacetime mode, not a time-varying dipole antenna.
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Superpositions and time-dependent multipoles. Radiation becomes possible when the
electronic state is a superposition of two energy eigenstates:

U(r,t) = cipi(r)e FH0 4 cppy(r)e Frth, (294)
Then the expectation value of the dipole operator contains cross terms:
(r)(t) = leilX(ilr]d) + |erP{flelf) + cfepe™ 0 e | f) + cheie™ 5t (flri), (295)

where E 5
wpi = f% (296)

If the matrix element
(flrli) # 0, (297)

then the dipole moment oscillates at frequency |wy;|, and the system can couple to electromag-
netic radiation of energy
hw = |E; — Ef|. (298)

In the DS picture, this means that a coherent beat pattern between two atomic modes creates
a symmetry-matched leakage channel into the electromagnetic field. Radiation is therefore not
caused by an electron “orbiting like a planet,” but by time-dependent inter-mode interference
that creates an oscillating multipolar source.

Interaction Hamiltonian and electric-dipole approximation. The leading-order light-
matter coupling in the long-wavelength limit is the electric dipole interaction,

A A

Hy=-d-E=gqr-E, (299)

where d = —qr for the electron.
Transition amplitudes are therefore proportional to the dipole matrix element

Myi o (flrli). (300)

If this matrix element vanishes by symmetry, the transition is forbidden at electric-dipole (E1)
order. If it is nonzero, the transition is allowed at leading order.
In the DS interpretation, My; measures the geometric overlap between:

e the initial bound mode,
e the final bound mode,
e the spatial symmetry of the emitted or absorbed electromagnetic mode.

Thus the dipole matrix element is the mode-conversion overlap integral.

Parity selection rule. The electric dipole operator r is odd under spatial inversion:
r — —r. (301)
Hydrogen eigenstates have parity

II=(-1). (302)
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Therefore the dipole matrix element
(nglpme|r|nglim;) (303)

can be nonzero only if the overall integrand is even under parity. Since r is odd, the initial and
final states must have opposite parity:

(=D - (=1) - (=) = +1. (304)

This implies
ly —l; = £1. (305)

This is the familiar electric-dipole orbital selection rule:
Al = +1. (306)

In the DS interpretation, this means that a dipolar electromagnetic mode can couple only
orbital patterns whose angular parity differs by one unit. The emitted photon carries the
symmetry needed to convert one angular resonance family into the neighboring one.

Magnetic quantum number selection rule. The three Cartesian components of the dipole
operator can be reorganized into spherical tensor components of rank 1. By angular momen-
tum algebra (or equivalently the Wigner—Eckart theorem), the dipole operator carries angular
momentum one unit. Therefore:

Al =0,%+1 (general vector rule), (307)
but parity excludes Al = 0 for electric dipole transitions, leaving
Al = +1. (308)
For the magnetic quantum number, one obtains
Am =0, +1. (309)

These three possibilities correspond to the three polarization components of the electromag-
netic dipole field:

e Am = 0 corresponds to the ¢ = 0 spherical component,
e Am =41 and Am = —1 correspond to the circularly polarized ¢ = +1 components.

In the DS language, this means that the angular phase structure of the emitted photon must
match the change in azimuthal phase winding of the bound mode. The photon is not merely
“carrying away energy,” but also the required angular phase and angular momentum content.

Principal quantum number and radial overlap. There is no simple strict electric-dipole

rule for the principal quantum number n. Instead, transitions are allowed or suppressed accord-
ing to the radial overlap integral

/0 R 1, (r) 1 R, (r) 1% dr. (310)
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If this radial integral is nonzero and the angular selection rules are satisfied, the transition is
generally allowed.

In the DS interpretation, n labels radial resonance order, so transitions with different An
correspond to conversion between different radial standing-wave families. The strength of the
transition depends on how efficiently the initial and final radial patterns can be bridged by the
dipole coupling profile.

Selection rules as symmetry-compatible mode conversion. Combining the radial and
angular structure, the full dipole matrix element factorizes schematically into

My; ~ (radial overlap) x (angular coupling coefficient). (311)

The angular part enforces the symmetry selection rules; the radial part determines the transition
strength. Therefore:

o allowed transition = symmetry-compatible + nonzero overlap,

o forbidden transition = symmetry mismatch or vanishing overlap at that multipole
order.

This is precisely how the DS framework reinterprets selection rules:

selection rule & geometric compatibility condition for inter-mode coupling. (312)

Spontaneous emission as mode leakage into the electromagnetic continuum. In
standard quantum electrodynamics, spontaneous emission is understood as coupling of the
excited atomic state to vacuum electromagnetic modes. The transition rate is given, at leading
order, by Fermi’s golden rule:

2
‘ p(w), (313)

2 N .
Liy= s ‘<f;7|Hint|Z;0>

where p(w) is the density of final photon states.
In the DS interpretation, this can be read as follows:

e the excited bound mode is not perfectly closed,

e the matter-field system admits an open channel into the electromagnetic continuum,
e vacuum fluctuations or ambient field background seed the allowed coupling,

e the mode leaks into a lower atomic resonance plus a propagating EM mode.

Thus spontaneous emission is naturally viewed as resonant mode leakage from a discrete bound
family into the combined matter+field continuum.
This language is particularly compatible with the earlier DS emphasis on:

e stationary states as no-leakage closures,
o transitions as opening of allowed coupling channels,

e emitted photons as released propagating modes carrying energy, momentum, and angular
phase.
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Why forbidden transitions can still occur weakly. A transition that is forbidden at
electric-dipole order is not necessarily impossible. Higher-order multipole couplings may still
contribute:

» magnetic dipole (M1),
o electric quadrupole (E2),
e higher multipoles.

These are typically much weaker because they involve smaller overlap factors or higher powers
of the wavelength-to-atomic-size ratio.

In the DS framework, this means that the dominant inter-mode coupling channel is closed,
but weaker higher-symmetry channels remain available. A “forbidden” transition is therefore
better understood as:

forbidden at leading symmetry channel # absolutely impossible. (314)

Connection to the no-radiation argument for stationary states. This subsection now
clarifies the earlier claim that stationary atomic states do not radiate. A single stationary
eigenmode is a closed resonance with no oscillating dipole component. Radiation requires:

1. a superposition or perturbation producing time-dependent multipoles,

2. a nonzero symmetry-allowed coupling matrix element,

3. an available electromagnetic channel at the transition frequency.
Thus there is no contradiction between:

o “a stationary orbital does not radiate,” and

e “an excited atom can emit a photon when it transitions.”

The former refers to a single closed mode; the latter refers to inter-mode conversion.

DS interpretation of emitted photons. When a transition occurs, the emitted photon
should not be pictured as a tiny pellet launched from a miniature orbit. Rather, it is the newly
opened propagating mode of the electromagnetic sector that carries away:

e energy hw = E; — Ey,

e momentum,

o angular momentum / polarization content,

e phase coherence consistent with the transition.

Thus the transition is best viewed as:
bound matter mode — lower bound matter mode + propagating EM mode. (315)

This is entirely consistent with both standard QED and the DS ontology.
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Conceptual consequence. The standard selection rules of atomic spectroscopy are often
memorized as formal angular-momentum constraints. In the DS framework, they acquire a
more intuitive physical meaning. They are the symmetry conditions under which one resonant
atomic mode can convert into another while simultaneously launching an electromagnetic mode
with the correct angular and parity structure. In this sense, spectroscopy becomes a direct
probe of the geometry of inter-mode coupling in the dynamic-space medium.

Summary statement. Radiative transitions in hydrogen arise when the atomic state contains
or develops time-dependent multipole structure that can couple to the electromagnetic field. At
leading order, the relevant coupling is electric dipole, so transition amplitudes are governed by
the matrix element (f|r|i). The familiar selection rules,

Al=+1,  Am=0,+l, (316)

express the angular and parity compatibility conditions for this coupling. In the dynamic-space
interpretation, these rules are re-read as geometric mode-conversion constraints: radiation oc-
curs only when the initial and final bound resonances can couple to a propagating electromag-
netic mode of the appropriate symmetry. Stationary states remain non-radiating closed modes,
while spontaneous or stimulated transitions are understood as the opening of allowed leakage
channels into the matter+field continuum.

13.17 Selection Rules and Radiative Transitions as Inter-Mode Coupling in
Dynamic Space

Once hydrogen bound states are understood as discrete resonant modes of a proton-shaped
field geometry, the next question is how transitions occur between these modes. In standard
quantum mechanics, radiative transitions are governed by matrix elements of the interaction
Hamiltonian and are subject to selection rules imposed by symmetry. In the dynamic-space (DS)
interpretation, the same mathematics admits a physically intuitive reading: photon emission
and absorption are inter-mode coupling processes, and the familiar selection rules express the
geometric compatibility conditions for mode conversion between bound atomic resonances and
the electromagnetic field.
This viewpoint unifies three observations:

1. stationary bound states do not radiate,
2. transitions between states can radiate discrete quanta,
3. only certain transitions are symmetry-allowed at leading order.

In the DS picture, these are not separate mysteries but aspects of a single principle: radiation
occurs only when the combined matter-field system admits a nonvanishing symmetry-compatible
coupling channel between initial and final modes.

Stationary states as non-radiating resonances. For a stationary state
Yn(r,t) = @bn(r)e_iEnt/ﬁa (317)
the probability density is time-independent:
[ (r, )7 = [t (r) . (318)
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Likewise, the expectation value of the electric dipole moment

d(t) = —qlr) = ~q [ w0 Tl ) dr (319)

is constant in time for a nondegenerate stationary eigenstate. A constant dipole does not
produce dipole radiation. Thus a stationary bound mode is a no-leakage resonance: it stores
energy coherently without generating a time-varying multipole source.

This is fully consistent with the DS interpretation developed earlier: a single stationary
atomic orbital is a self-consistent standing spacetime mode, not a time-varying dipole antenna.

Superpositions and time-dependent multipoles. Radiation becomes possible when the
electronic state is a superposition of two energy eigenstates:

U(r,t) = i (r)e Bit/h 4 waf(r)efiEft/h. (320)
Then the expectation value of the dipole operator contains cross terms:
() (t) = [es*(ileli) + |esP(fIe[f) + ciepe 0t el ) + ceie ™ 1t (flr]i), (321)

where . g
wpi = % (322)

If the matrix element
(flrlé) # 0, (323)

then the dipole moment oscillates at frequency |wy;|, and the system can couple to electromag-
netic radiation of energy
hw = |E; — Ef|. (324)

In the DS picture, this means that a coherent beat pattern between two atomic modes creates
a symmetry-matched leakage channel into the electromagnetic field. Radiation is therefore not
caused by an electron “orbiting like a planet,” but by time-dependent inter-mode interference
that creates an oscillating multipolar source.

Interaction Hamiltonian and electric-dipole approximation. The leading-order light-
matter coupling in the long-wavelength limit is the electric dipole interaction,

A A

Hiyy=—-d-E=gqgr-E, (325)

where d = —qr for the electron.
Transition amplitudes are therefore proportional to the dipole matrix element

My o< (f|r|i). (326)

If this matrix element vanishes by symmetry, the transition is forbidden at electric-dipole (E1)
order. If it is nonzero, the transition is allowed at leading order.
In the DS interpretation, My; measures the geometric overlap between:

e the initial bound mode,

e the final bound mode,

91



e the spatial symmetry of the emitted or absorbed electromagnetic mode.

Thus the dipole matrix element is the mode-conversion overlap integral.

Parity selection rule. The electric dipole operator r is odd under spatial inversion:

r— —r. (327)
Hydrogen eigenstates have parity
= (—1). (328)
Therefore the dipole matrix element
<nflfmf|r|nilimi> (329)

can be nonzero only if the overall integrand is even under parity. Since r is odd, the initial and
final states must have opposite parity:

(1) (=1) - (1) = +1. (330)

This implies
ly —1; = £1. (331)

This is the familiar electric-dipole orbital selection rule:
Al = £1. (332)

In the DS interpretation, this means that a dipolar electromagnetic mode can couple only
orbital patterns whose angular parity differs by one unit. The emitted photon carries the
symmetry needed to convert one angular resonance family into the neighboring one.

Magnetic quantum number selection rule. The three Cartesian components of the dipole
operator can be reorganized into spherical tensor components of rank 1. By angular momen-
tum algebra (or equivalently the Wigner—Eckart theorem), the dipole operator carries angular
momentum one unit. Therefore:

Al =0,£1 (general vector rule), (333)
but parity excludes Al = 0 for electric dipole transitions, leaving
Al = +1. (334)
For the magnetic quantum number, one obtains
Am =0, +1. (335)

These three possibilities correspond to the three polarization components of the electromag-
netic dipole field:

e Am = 0 corresponds to the ¢ = 0 spherical component,

e Am = +1 and Am = —1 correspond to the circularly polarized ¢ = &1 components.
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In the DS language, this means that the angular phase structure of the emitted photon must
match the change in azimuthal phase winding of the bound mode. The photon is not merely
“carrying away energy,” but also the required angular phase and angular momentum content.

Principal quantum number and radial overlap. There is no simple strict electric-dipole
rule for the principal quantum number n. Instead, transitions are allowed or suppressed accord-
ing to the radial overlap integral

/0 Ry, (r) ¥ R, (r) 72 dir. (336)

If this radial integral is nonzero and the angular selection rules are satisfied, the transition is
generally allowed.

In the DS interpretation, n labels radial resonance order, so transitions with different An
correspond to conversion between different radial standing-wave families. The strength of the
transition depends on how efficiently the initial and final radial patterns can be bridged by the
dipole coupling profile.

Selection rules as symmetry-compatible mode conversion. Combining the radial and
angular structure, the full dipole matrix element factorizes schematically into

My; ~ (radial overlap) x (angular coupling coefficient). (337)

The angular part enforces the symmetry selection rules; the radial part determines the transition
strength. Therefore:

o allowed transition = symmetry-compatible 4+ nonzero overlap,

o forbidden transition = symmetry mismatch or vanishing overlap at that multipole
order.

This is precisely how the DS framework reinterprets selection rules:

selection rule &~ geometric compatibility condition for inter-mode coupling. (338)

Spontaneous emission as mode leakage into the electromagnetic continuum. In
standard quantum electrodynamics, spontaneous emission is understood as coupling of the
excited atomic state to vacuum electromagnetic modes. The transition rate is given, at leading
order, by Fermi’s golden rule:

2
‘ p(w), (339)

2 N .
Lir= s ‘<f;'7|Hint|7';0>

where p(w) is the density of final photon states.
In the DS interpretation, this can be read as follows:

e the excited bound mode is not perfectly closed,
e the matter-field system admits an open channel into the electromagnetic continuum,
e vacuum fluctuations or ambient field background seed the allowed coupling,

o the mode leaks into a lower atomic resonance plus a propagating EM mode.
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Thus spontaneous emission is naturally viewed as resonant mode leakage from a discrete bound
family into the combined matter+field continuum.
This language is particularly compatible with the earlier DS emphasis on:

o stationary states as no-leakage closures,
 transitions as opening of allowed coupling channels,

e emitted photons as released propagating modes carrying energy, momentum, and angular
phase.

Why forbidden transitions can still occur weakly. A transition that is forbidden at
electric-dipole order is not necessarily impossible. Higher-order multipole couplings may still
contribute:

» magnetic dipole (M1),
o electric quadrupole (E2),
e higher multipoles.

These are typically much weaker because they involve smaller overlap factors or higher powers
of the wavelength-to-atomic-size ratio.

In the DS framework, this means that the dominant inter-mode coupling channel is closed,
but weaker higher-symmetry channels remain available. A “forbidden” transition is therefore
better understood as:

forbidden at leading symmetry channel # absolutely impossible. (340)

Connection to the no-radiation argument for stationary states. This subsection now
clarifies the earlier claim that stationary atomic states do not radiate. A single stationary
eigenmode is a closed resonance with no oscillating dipole component. Radiation requires:

1. a superposition or perturbation producing time-dependent multipoles,

2. a nonzero symmetry-allowed coupling matrix element,

3. an available electromagnetic channel at the transition frequency.
Thus there is no contradiction between:

e “a stationary orbital does not radiate,” and

e “an excited atom can emit a photon when it transitions.”

The former refers to a single closed mode; the latter refers to inter-mode conversion.

DS interpretation of emitted photons. When a transition occurs, the emitted photon
should not be pictured as a tiny pellet launched from a miniature orbit. Rather, it is the newly
opened propagating mode of the electromagnetic sector that carries away:

o energy hw = E; — Ey,

e momentum,
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o angular momentum / polarization content,
e phase coherence consistent with the transition.

Thus the transition is best viewed as:
bound matter mode — lower bound matter mode + propagating EM mode. (341)

This is entirely consistent with both standard QED and the DS ontology.

Conceptual consequence. The standard selection rules of atomic spectroscopy are often
memorized as formal angular-momentum constraints. In the DS framework, they acquire a
more intuitive physical meaning. They are the symmetry conditions under which one resonant
atomic mode can convert into another while simultaneously launching an electromagnetic mode
with the correct angular and parity structure. In this sense, spectroscopy becomes a direct
probe of the geometry of inter-mode coupling in the dynamic-space medium.

Summary statement. Radiative transitions in hydrogen arise when the atomic state contains
or develops time-dependent multipole structure that can couple to the electromagnetic field. At
leading order, the relevant coupling is electric dipole, so transition amplitudes are governed by
the matrix element (f|r|:). The familiar selection rules,

Al=+1, Am=0,=%l, (342)

express the angular and parity compatibility conditions for this coupling. In the dynamic-space
interpretation, these rules are re-read as geometric mode-conversion constraints: radiation oc-
curs only when the initial and final bound resonances can couple to a propagating electromag-
netic mode of the appropriate symmetry. Stationary states remain non-radiating closed modes,
while spontaneous or stimulated transitions are understood as the opening of allowed leakage
channels into the matter+field continuum.

13.18 EPR-Bell Correlations as Measurement of a Shared Nonfactorizable
Dynamic-Space Mode

Among the strongest challenges to any realist spacetime ontology is the existence of Bell-
inequality-violating correlations in entangled systems. In the standard formalism, two sub-
systems may be prepared in a joint state that does not factorize into independent states of
the parts. Measurements performed at spacelike separation then exhibit correlations that can-
not be reproduced by any local hidden-variable model satisfying Bell’s assumptions. In the
dynamic-space (DS) interpretation developed here, the appropriate response is not to deny the
Bell theorem, but to reinterpret what the entangled state represents: the correlated pair is
not fundamentally two independent point-objects carrying preassigned local properties, but a
single shared nonfactorizable field mode whose measurement outcomes are locally registered yet
globally constrained by the structure of the joint state.

This viewpoint preserves all experimentally verified Bell correlations while offering a more
intuitive ontology:

entangled pair #Z two independent particles with hidden local tags, (343)
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but rather
entangled pair = one joint distributed mode in a larger state space. (344)

The apparent nonlocality then reflects the nonfactorizable structure of the shared mode, not
necessarily a superluminal signal sent at measurement time.

The Bell challenge in standard form. Consider two spin-1/2 subsystems prepared in the

singlet state .
) = 7 (IH)zl=)z = [=):l+)z) - (345)

This state is rotationally invariant and cannot be factorized as

[U7) # [va) @ [¥B). (346)

If the two spins are measured along directions a and b, standard quantum mechanics predicts
the correlation
E(a,b)= (¥ |(oc-a)® (o0 -b)|¥")=—-a-b. (347)

For suitable choices of settings, this violates the CHSH Bell inequality,
|S] <2 (local hidden-variable bound), (348)
with quantum theory predicting up to
S max = 2V2. (349)

Experiments robustly confirm the quantum result.
Therefore, any viable DS interpretation must respect the empirical fact:

Bell violations are real and must be reproduced. (350)

What Bell excludes and what it does not. Bell’s theorem excludes a specific class of
models: local hidden-variable theories in which each subsystem carries independent preexist-
ing values for all relevant measurements, and in which outcomes at one wing are statistically
independent of the remote setting once conditioned on a common hidden variable. It does not
exclude:

e the standard quantum formalism,

o nonfactorizable joint states,

o global constraints encoded in a shared wavefunction,

¢ local measurement outcomes drawn from a joint nonseparable state,
e mno-signaling nonlocal correlations.

Thus the DS program need not resist Bell; rather, it should reject the tacit classical assumption
that the pair consists of two independently real local objects prior to measurement.
In short:

Bell rules out local hidden tags, not shared nonfactorizable field structure. (351)
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The DS reinterpretation of entanglement. Within the DS framework, the wavefunc-
tion is interpreted not merely as bookkeeping but as the state of an underlying field-like
spacetime/configuration-space structure. For a bipartite system, the joint state is a function on
the combined degrees of freedom:

U =U(rg,rp;sa,ss;t), (352)

or, more abstractly, on the tensor-product Hilbert space of the two subsystems. When the state
is entangled, it cannot be decomposed into independent local factors.

In the DS reading, this means the pair is described by one shared mode of the underlying
dynamical structure. The two measurement stations probe different local projections of the
same globally constrained mode. The resulting correlations are therefore not surprising: they
reflect the geometry of the joint state already established at preparation.

This may be summarized as

two local detections C one global mode. (353)

Local outcomes, global constraints. Suppose detectors A and B choose settings a and
b. Each detector locally couples to its own subsystem and registers an outcome +1. In the
standard formalism, the joint probabilities are

P(a, Bla, b) = (VI (a) @ 17 (b)| 1), (354)

where a, 8 € {+1,—1} and II are the corresponding projection operators.

In the DS interpretation, each detector still acts locally. No detector needs direct access to
the remote apparatus. However, the available local branch structure at each wing is constrained
by the shared nonfactorizable state. The measurement outcomes are therefore locally realized
but jointly distributed according to a global mode geometry.

This is the core DS claim:

local interaction+global state constraint = Bell-type correlation without superluminal signaling.
(355)

Singlet anticorrelation as a geometric constraint. For the singlet state, if both detectors
measure along the same axis, the outcomes are perfectly anticorrelated:

E(a,a) = —1. (356)

This is often described as if one particle “knows” what happened to the other. But in the DS
view, no such dynamical update need be imagined at the level of ontology. Instead, the pair
was never two independent spin arrows to begin with. The singlet is a total-spin-zero shared
mode:

(Sa+Sp)4¥) =0. (357)

Thus when one local branch is selected at A, the compatible branch structure at B is already
constrained by the same total-spin-zero geometry of the joint state.

One should be careful: this is an interpretive statement, not an alternative dynamical law.
The standard quantum formalism still computes the observed probabilities. The DS point
is ontological: the correlation is best understood as sampling a single shared mode, not as
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synchronizing two independent objects.

Configuration-space realism versus ordinary 3D pictures. A recurring source of con-
fusion in entanglement is the attempt to visualize the joint state as two separate waves living
independently in ordinary three-dimensional space. But the entangled state is naturally defined
on a larger space:

U(ra,rp) lives on a joint configuration space, not on two disconnected 3D blobs.  (358)

This does not mean ordinary space is unreal; rather, it means the fundamental mode struc-
ture relevant for correlated measurements is not fully captured by assigning independent local
wavefunctions to the parts.

The DS framework is especially compatible with this lesson. Since the theory already treats
the wavefunction as a structured field-like entity with global constraints, entanglement naturally
appears as a nonfactorizable extension of that same idea. The pair is one larger mode, not two
merely juxtaposed smaller modes.

No-signaling is preserved. A crucial empirical fact is that Bell-type correlations do not
permit faster-than-light communication. The marginal statistics at detector A do not depend
on the choice of setting at detector B, and vice versa:

P(ala,b) = ZP(@,B[a,b) = P(aa). (359)
B

Similarly,
P(pla,b) = P(5|b). (360)

Any DS interpretation must preserve this.

The shared-mode picture does so naturally: the global state constrains the joint statistics,
but local detectors cannot control which branch is realized on a given trial. Therefore, al-
though correlations appear only after comparing records, no controllable signal is transmitted
superluminally.

Thus:

global nonfactorizability # usable faster-than-light signaling. (361)

Collapse language and branch language. Standard discussions often say that measuring
at A causes the state to collapse, instantly updating the remote description at B. This language
is operationally useful but ontologically slippery. In the DS framework, one may instead say:

1. the pair is prepared in a shared nonfactorizable mode,
2. local measurement at A couples to one branch of that mode,
3. the joint post-measurement description is updated accordingly,

4. the remote outcome distribution conditioned on the result at A reflects the same preex-
isting joint constraint.

This language avoids reifying “instantaneous influence” as a literal signal in spacetime, while
preserving the correct conditional probabilities.
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A concise DS summary is:
measurement updates which branch of a shared mode is relevant, (362)
rather than

a local point particle sends a superluminal message to another point particle. (363)

Relation to the earlier world-tube picture. Earlier sections described a single particle
as a spacetime-distributed world-tube or mode with localized detection events. Entanglement
generalizes this idea. For a pair of particles, the appropriate ontology is not two independent
world-tubes with hidden labels, but a joint extended mode with correlated branch structure.
Each detector samples one local branch, but the branches are not independent because they
arise from a single nonfactorizable state.

Schematically:
one-particle case: one mode — local click, (364)
two-particle entangled case: one shared mode — two local clicks with constrained correlation.
(365)

This is conceptually continuous with the DS measurement picture already developed.

Bell correlations as evidence against naive separability. From the DS standpoint, Bell
experiments strongly suggest that the classical separability assumption is too restrictive. If one
insists that the world fundamentally consists of independently real local point-objects carrying
complete local properties, Bell violations become paradoxical. But if one allows the primary
ontology to include shared nonfactorizable field modes, then Bell-type correlations become less
mysterious: the measurements are local, but the state being sampled is not a Cartesian product
of independent local realities.
Thus the experimental lesson may be stated as:

Bell favors nonseparable ontology over naive local object ontology. (366)

This is exactly the direction the DS program already points toward.

Scope and caution. Several cautions are essential:

1. The DS interpretation presented here does not by itself derive the quantum correlation
law —a-b from a new microscopic mechanism; it reinterprets the standard entangled state
as a shared mode.

2. It does not evade Bell by reintroducing local hidden variables under a different name.
3. It does not claim experimentally accessible superluminal signaling.
4. It remains consistent with the standard Hilbert-space and projection-operator formalism.

Accordingly, the DS value here is ontological and geometric: it provides a coherent picture of
what an entangled state s, rather than replacing the successful predictive machinery.
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Conceptual consequence. EPR-Bell experiments are often described as forcing a choice
between locality and realism. A more careful reading is that they force rejection of naive
separable local realism. In the DS framework, realism is retained at the level of the shared state,
while naive separability is abandoned. The fundamental entity is the joint nonfactorizable mode;
localized outcomes are detector events sampling that mode under different local measurement
contexts.

This makes entanglement conceptually continuous with the rest of the DS program:

o wavefunctions are real structured modes,
e measurement is localized branch selection,
e probabilities follow branch weights,

o correlations reflect global mode constraints.

Summary statement. Bell-inequality-violating correlations exclude local hidden-variable
models built from independent subsystems carrying preassigned local outcomes. They do not
exclude a realist interpretation in which the entangled pair is represented by a single shared
nonfactorizable state. In the dynamic-space interpretation, the pair is therefore understood as
one globally constrained distributed mode, while the two detectors perform local measurements
on different parts of that mode. The observed correlations arise from the nonseparable struc-
ture of the joint state, not necessarily from superluminal signaling at measurement time. In
this way, EPR-Bell phenomena become evidence against naive separability rather than against
the possibility of an underlying field-like ontology.

13.19 From Maxwell to Schrodinger: Hydrogen as an Effective Electromag-
netic Waveguide in Dynamic Space

One of the central interpretive claims of the dynamic-space (DS) program is that the Schrédinger
description of bound matter should not be viewed as conceptually disconnected from the wave
physics of electromagnetism. Rather, in the linear regime, both are manifestations of the same
broader field logic: a structured medium supports constrained wave modes, and quantization
arises from the selection of globally self-consistent resonances. The hydrogen atom is therefore
not merely a “particle in a Coulomb potential,” but can be reinterpreted as an effective waveg-
uide or resonant cavity of the underlying field medium. In this picture, the proton defines a
central refractive or geometric profile, and the electron bound states are the allowed guided
modes of that profile.

This section does not claim that the nonrelativistic electron is literally a classical electro-
magnetic wave in the ordinary Maxwell sense. Rather, it identifies a strong mathematical and
physical analogy between:

o Maxwell/Helmholtz eigenmodes in structured media,
e Schrodinger eigenmodes in the Coulomb potential,
o the DS idea that both arise from linearized propagation in a field-shaped geometry.

The value of the analogy is explanatory: it renders atomic quantization more physically intuitive
and clarifies why stationary states can be spatially extended yet non-radiating.
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Maxwell modes in structured media. In source-free linear electromagnetism, monochro-
matic fields in a homogeneous medium satisfy Helmholtz-type equations. For example, in a
simple scalar reduction one may write

V20 + k2P =0, (367)
where k is the local wavenumber. In a spatially varying medium, one instead has
V20 + k*(r)® = 0, (368)

with k(r) determined by the refractive profile. Waveguides, optical fibers, microwave cavities,
and resonators all support discrete or quasi-discrete mode families because only certain field
patterns satisfy the global boundary and regularity conditions.

The essential physical lesson is:

inhomogeneous medium = mode shaping and spectral selection. (369)

The DS interpretation proposes that hydrogen should be read in the same spirit.

Schrédinger equation in Helmholtz form. For a stationary hydrogenic state,

¥(r,t) = P(r)e B, (370)

the time-independent Schrédinger equation is

2
o VR(r) + V() = BV ). (371)
Rearranging gives o
V2(r) + h; (E—V(r)y(r) =0. (372)

This has the form of an inhomogeneous Helmholtz equation with an effective local wavenumber

_ 2me

Fea(r) = =57 (B = V(r)). (373)
For hydrogen, ,
e
Vir)=— pr—t (374)
SO )
keg(r) = 2,% (E + 4;60T> : (375)

This is mathematically the same type of structure that appears in guided-wave problems: a
spatially varying background determines where oscillatory propagation is allowed and where
evanescent decay occurs.

The proton as an effective refractive/geometric center. In the standard language, the
proton contributes a Coulomb potential. In the DS reinterpretation, the same term is read more
geometrically: the proton creates a central deformation of the local propagation conditions of
the underlying field medium. That is, the proton is not merely exerting a force on a point
electron; it is shaping the local mode geometry in which the electron excitation propagates.
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This motivates the heuristic identification
V(r) < effective refractive/geometric profile of dynamic space. (376)

The electron bound states are then the guided or trapped modes of this central profile.
This language is especially natural within the DS program because the low-energy linear
regime is already interpreted as wave propagation on a field-shaped background.

Turning points, oscillatory regions, and evanescent tails. In ordinary waveguide physics,
a mode is oscillatory in regions where the local wavenumber is real and evanescent where it is
imaginary. The same is true here. From Eq. (373),

k2¢(r) >0 = locally oscillatory behavior, (377)

while
k2¢(r) <0 = local exponential decay. (378)

For a bound state with £ < 0, the wavefunction typically has:

e an inner region where the effective local wavenumber supports oscillatory or structured
behavior,

e an outer forbidden region where the mode decays exponentially.

This is directly analogous to a guided mode confined by a refractive index profile or potential
well.

Thus the exponential tail of an atomic orbital is not mysterious. It is the evanescent leakage
profile of a bound mode beyond its effective turning region.

Hydrogen as a central waveguide / cavity. The hydrogen atom therefore resembles a
spherically symmetric guided-wave structure. Its mode labels (n, [, m) are directly analogous to
the indices used for cavity or waveguide modes:

e n: radial resonance order,
e [: angular mode order,
e m: azimuthal phase orientation.

The orbital families s,p,d, ... then appear as the natural mode families of a central resonator.
In this language:

1s & fundamental spherically symmetric guided mode, (379)
2p =~ first dipolar angular mode, (380)
3d = higher-order quadrupolar/clover-like mode family. (381)

This is precisely why orbital plots so strongly resemble Chladni figures, cavity eigenmodes,
or structured standing-wave patterns: mathematically, they are all spectral problems of con-
strained wave systems.
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Why stationary states do not radiate in the waveguide picture. The waveguide anal-
ogy also clarifies a central puzzle discussed earlier: why a bound electron in a stationary orbital
does not radiate continuously.

A single stationary eigenstate has the form

U (r,t) = Py (r)e Ent/h, (382)

Its density
[n(r, )% = Jihn(x)]? (383)

is time-independent, and its low multipole moments are likewise static unless symmetry or
superposition changes this. In the waveguide analogy, such a state is a closed guided mode:

stationary atomic state =~ no-leakage guided resonance. (384)

A cavity mode or waveguide mode does not radiate merely because it exists; radiation occurs
only when there is coupling to an open channel. Likewise, an atomic eigenstate does not radiate
merely because the electron is spatially extended. Radiation requires inter-mode coupling or a
time-dependent multipole source, as discussed in the previous section.

This is one of the strongest explanatory gains of the DS waveguide picture.

Transitions as mode conversion. When an atom emits or absorbs a photon, the process
can be reinterpreted as coupling between:

e an initial bound matter mode,
e a final bound matter mode,
e a propagating electromagnetic mode.

Schematically,
bound guided mode — lower bound guided mode + radiative EM mode. (385)

This is entirely analogous to mode conversion or leakage in waveguide/cavity theory, where a
bound resonance couples to an open continuum under the right symmetry and overlap condi-
tions.

Thus the earlier dipole selection rules may be re-read as the geometric compatibility condi-
tions for converting one atomic guided mode into another while launching an electromagnetic
mode of appropriate symmetry.

Why the analogy is powerful but not literal. It is important to state clearly what is and
is not being claimed.
What is being claimed:

o The stationary Schrodinger equation has the mathematical structure of an inhomogeneous
Helmholtz problem.

e Hydrogen orbitals are naturally interpreted as bound eigenmodes of a central profile.
e This viewpoint clarifies quantization, nodal structure, non-radiation of stationary states,

and radiative transitions.
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o Within DS, the proton may be interpreted as shaping the effective local propagation
geometry of the field medium.

What is not being claimed:
o The nonrelativistic electron is literally an ordinary classical Maxwell field in vacuum.

o All details of spin, fine structure, Lamb shift, and relativistic QED corrections are captured
by a naive optical analogy.

e The Coulomb potential is simply an ordinary refractive index in a conventional material
medium.

Thus the waveguide language is not a replacement for quantum mechanics or QED; it is a
deeper physical interpretation of why the spectral mathematics looks the way it does and how
it may emerge from the DS linear regime.

Relation to the DS linear regime. A major theme of this paper is that Maxwell and
Schrodinger belong to the linear sector of the broader DS dynamics. In that regime, one
expects:

e superposition,

e eigenmode decomposition,

o spectral quantization by boundary/regularity conditions,

e guided or confined wave behavior in structured backgrounds.

The hydrogen atom fits this pattern perfectly. Its orbital spectrum is therefore not an isolated
quantum miracle but a canonical example of linear mode selection in a structured field geometry.
This motivates the DS summary:

Maxwell modes in structured media ~ Schrédinger bound states in structured potential C linear DS mode

(386)
Connection to the earlier amplitude—phase picture. If one writes
Y = Re'?, (387)
then the local momentum field is
p = Vo, (388)

while the amplitude R determines the spatial weighting of the mode. In the DS interpretation,
the phase describes local propagation geometry and the amplitude encodes local mode intensity
or energy-density weighting. The proton-shaped profile modifies both the allowed phase closure
and the amplitude distribution. Bound states then appear as globally consistent amplitude—
phase configurations.

This reinforces the core DS intuition that the wavefunction is not merely symbolic, but a
structured mode of the underlying medium.
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Conceptual consequence. The standard textbook phrase “an electron in a Coulomb poten-
tial” is mathematically correct but physically austere. The waveguide reinterpretation provides
a much richer and more intuitive picture. Hydrogen becomes a central resonator of the field
medium. The proton shapes the effective propagation geometry. The electron bound states are
guided modes. Their quantized energies are resonance eigenvalues. Their orbital shapes are
standing-wave patterns. Their exponential tails are evanescent decay. Their radiative transi-
tions are inter-mode conversion into the electromagnetic continuum.

This language does not alter the successful predictive machinery of quantum mechanics.
Rather, it explains why that machinery looks so much like the spectral theory of waves in
structured media.

Summary statement. The stationary Schréodinger equation for hydrogen can be rewritten
in an inhomogeneous Helmholtz form, with the Coulomb potential determining an effective
local wavenumber profile. This strongly suggests an interpretation of hydrogen as a central
guided-wave or resonant system: the proton creates a structured propagation geometry, and
the electron bound states are the allowed guided modes of that geometry. In the dynamic-
space framework, this is not merely an analogy but a manifestation of a broader principle:
both Maxwell and Schrédinger belong to the linear regime of a deeper field dynamics, in which
quantization arises from the selection of globally self-consistent resonances in a shaped medium.
The hydrogen atom is therefore naturally re-read as an effective waveguide or cavity of dynamic
space.

13.20 Why the 1s State Has Finite Amplitude at the Proton Yet Does Not
Collapse into the Nucleus

One of the most conceptually revealing features of the hydrogen atom is that the ground-
state wavefunction is finite at the proton position, yet the electron does not collapse into the
nucleus. At first sight, these two statements seem difficult to reconcile. If the proton attracts
the electron and the 1s state has nonzero amplitude at » = 0, then why does the electron not
continue concentrating indefinitely at the center? In standard quantum mechanics, the answer
is that extreme localization raises the kinetic-energy cost through wavefunction curvature. In
the dynamic-space (DS) interpretation, the same phenomenon is re-read more physically: the
proton deepens the local confining geometry, but excessive compression of the electron mode
incurs a steep curvature or phase-gradient cost in the underlying field medium. The stable 1s
state is therefore the minimum-energy balance between central attraction and mode-compression
stiffness.

Finite central amplitude is not collapse. The hydrogen ground state is

1
Pis(r) = e~"/o, (389)
na}
so at the origin one has
1s(0) = #0,  |1s(0)]" = —5 #0. (390)
nad T

Thus the local density is finite at the proton. But “finite at the origin” is not the same thing

b

as “collapsed into the origin.” The 1s wavefunction is not a delta function at r = 0; it is an
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extended, normalizable mode with characteristic scale ag.
This distinction is essential:

PO)£0 A e(r) o s (r). (391)

The ground state overlaps the nucleus, but it remains spatially extended.

Local density versus radial-shell probability. A common source of confusion is the dif-
ference between local density and shell probability. For the 1s state,

1
|Yh1s(r)? = rageﬂr/aoa (392)
which is maximal at
r=0. (393)

However, the probability of finding the electron in a spherical shell between r and r + dr is

4 2
P(r)dr = 47r?[)p14(r) |2 dr = %6_27"/“0 dr. (394)
g
Because of the factor 4712, one has
P(0) =0, (395)
and the shell probability is maximal at
r = a. (396)

So although the local density is largest at the center, the most probable radius is finite. This
already shows that the ground state is not a point collapse.

In the DS interpretation, this means that the fundamental mode is centrally weighted but
not singular. Its global resonance structure still occupies a finite radial extent.

The energy balance: attraction versus curvature cost. The time-independent Schrédinger

equation for hydrogen is
h? 9 e?
V2 —
2me ¥ 4megr

= E. (397)
This equation contains a competition between two tendencies:

1. the attractive Coulomb term,

e
Vir) = — 398
) =~ (398)

which favors concentration near small r;
2. the kinetic or curvature term,
h?

T=-—V? 399
2me (399)

which penalizes strong spatial compression.

If the wavefunction is forced into too small a region, its gradients become large. That is,
strong localization implies large curvature:

|V| large = large kinetic-energy cost. (400)
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Thus the electron cannot gain unlimited Coulomb energy by collapsing inward, because doing
so would require an increasingly severe curvature penalty.

Variational estimate of the balance. This balance can be seen very transparently by a
simple variational estimate. Consider a normalized trial wavefunction characterized by a size
parameter a. Dimensional analysis gives:

72
T(a) ~ el (401)
while the Coulomb potential energy scales like
o2
Via) ~ — pro— (402)
Hence the total energy behaves roughly as
2 2
Ela) ~ 2?’:6(12 B 47r660a‘ (403)
As a — 0, the first term diverges faster:
1 1
5> (a>0), (404)

so the total energy rises sharply rather than decreasing without bound. Minimizing Eq. (403)
with respect to a gives
a ~ ap, (405)

the Bohr scale.

This is one of the clearest ways to see why hydrogen has a finite characteristic size. In the
DS reading, it says that the proton’s central field geometry attracts the mode inward, but the
medium resists arbitrarily sharp spatial curvature.

Uncertainty-principle form of the same argument. The same result may be expressed
in the uncertainty language. If the electron is confined within a region of size Ar, then its
momentum uncertainty is at least

h
Ap ~ —. 406
P~ (406)
Thus its kinetic energy is roughly
(Ap)? h?
T ~ 407
2me  2me(Ar)? (407)
Meanwhile the Coulomb attraction is roughly
v ¢ (408)
AmegAr’

Again one finds a competition between 1/(Ar)? and 1/Ar, leading to a finite optimum size.
Thus the uncertainty principle is not a separate mechanism but another way of expressing the
same curvature-energy balance already encoded in the wave equation.
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Radial equation and regularity at the origin. The radial equation makes the same point
more precisely. Writing

u(r) =rR(r), (409)
the radial Schrodinger equation is
n? d*u e? R2I(1+ 1)
— — - = Fu. 41
2m, dr? Ameqr 2m 12 b b (410)

For the 1s state, I = 0, so the centrifugal term vanishes. The regular solution remains finite
at the origin, which is why the 1s amplitude does not go to zero there. But regularity and
normalizability still prevent pathological collapse: the physically allowed solution is smooth
and square-integrable, not singular.

Thus the 1s state is the lowest regular central mode, not an instability.

Finite nuclear size does not rescue collapse because collapse is absent already. One
might wonder whether finite proton size is what prevents collapse. The answer is no: even if one
idealizes the proton as a point Coulomb source, the nonrelativistic hydrogen problem already
has a well-defined finite ground state. Nuclear size effects are important for small corrections
(hyperfine structure, finite-size shifts, etc.), but they are not what stabilizes the atom at leading
order.

In other words,

hydrogen stability # a short-distance nuclear hard core effect, (411)
but rather

hydrogen stability = balance between attraction and wave-curvature cost. (412)

DS reinterpretation: mode-compression stiffness. The DS framework provides a par-
ticularly natural physical reading of this balance. Earlier sections emphasized that the wave-
function should be regarded as a real amplitude—phase mode of the underlying field medium:

U = Re™. (413)
In this language:
« R? measures local excitation density or interaction weight,
e ¢ determines local phase-flow geometry,
o strong localization forces rapid amplitude curvature and/or steep phase gradients.

The medium therefore resists excessive compression of the mode. One may summarize this by
saying that dynamic space has an effective mode-compression stiffness or curvature cost in the
linear quantum regime.

Thus the proton deepens the central confining geometry, but the electron mode cannot
simply pile up at the center without paying an increasingly severe curvature penalty. The
stable 1s orbital is the lowest-energy compromise between:

central attraction and DS curvature/gradient stiffness. (414)
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Connection to the quantum potential. This same idea appears in the amplitude—phase
form of the Schrédinger equation through the quantum potential,

B V°R

@= 2me R

(415)

Although interpretations differ, one robust mathematical fact is that strong curvature of the am-
plitude contributes strongly to the effective dynamics. In the DS reading, @) is not a mysterious
extra force but the field-theoretic signature of mode-curvature energy. It is therefore precisely
the type of term one expects to prevent uncontrolled collapse of a distributed excitation into
an infinitesimal region.

Why overlap with the proton is actually natural. The coexistence of finite overlap and
finite size is therefore not paradoxical. It is exactly what one expects for the fundamental mode
of an attractive central resonator:

e the mode should be largest near the center,

e the mode should not be singular,

e the mode should have a finite characteristic scale,

e the balance should define a unique ground-state radius.

This is precisely what the 1s state exhibits.

In the DS waveguide language of the previous subsection, the proton acts as the central
guiding structure, and the 1s orbital is the fundamental non-singular guided mode. Its central
overlap is a sign of confinement, while its finite extent is a sign of mode-compression balance.

Relation to the no-radiation property. This also connects naturally to the earlier claim
that stationary states do not radiate. A mode that has reached its self-consistent minimum-
energy spatial structure is not trying to continue collapsing or expanding. It is a closed reso-
nance. Thus:

finite central overlap+finite radial extent+stationary phase coherence = stable non-radiating bound mode.
(416)
In this sense, non-collapse and non-radiation are two aspects of the same global self-consistency.

Conceptual consequence. The hydrogen ground state therefore teaches a deeper lesson than
is often emphasized. Matter bound to an attractive center does not behave like a tiny classical
particle falling inward until stopped by contact. Instead, it behaves like a coherent field mode
seeking a global minimum of a wave-energy functional. The central attraction wants to pull
the mode inward, but the mode cannot be compressed arbitrarily because the underlying field
dynamics penalize excessive curvature. Stability is therefore not an accident but the natural
outcome of resonance and field stiffness.
This is exactly the kind of physical picture the DS program aims to promote.

Summary statement. The hydrogen 1s state has finite amplitude at the proton because it
is the lowest regular central mode of the Coulomb geometry. Yet it does not collapse into the
nucleus because stronger localization would produce an even larger kinetic/curvature cost, scal-
ing roughly as 1/a?, which overwhelms the Coulomb gain scaling as 1/a. The resulting energy
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minimum occurs at finite radius of order the Bohr scale. In the dynamic-space interpretation,
this reflects a balance between proton-induced central confinement and the intrinsic curvature
or compression stiffness of the underlying field mode. The ground state is therefore a finite,
stable, nucleus-overlapping resonance rather than a point-like collapse.

13.21 Why Electron—Electron Repulsion Does Not Destroy Multi-Electron
Atomic Shell Structure

The hydrogen atom demonstrates that a single electron can form a stable, spatially extended
bound mode around a proton without collapsing into the nucleus. Real atoms, however, contain
many electrons, each carrying negative charge and therefore repelling the others. This raises
a deeper question: if electrons are spatially distributed field-like excitations rather than point
particles, why does electron—electron Coulomb repulsion not destabilize the entire atomic struc-
ture? Why can many electrons coexist in nested shells and subshells rather than simply forcing
one another out of the atom? In standard quantum mechanics, the answer involves a balance
among nuclear attraction, electron—electron repulsion, antisymmetry of the many-electron wave-
function, orbital orthogonality, exchange structure, and screening. In the dynamic-space (DS)
interpretation, the same facts admit a unified reading: atoms are not bags of mutually repelling
point charges, but multi-mode self-consistent resonant structures of a shared field medium.
Coulomb repulsion matters, but it is only one term in a global constrained mode problem.
The key conceptual shift is:

many-electron atom Z many little classical charges orbiting and colliding, (417)
but rather
many-electron atom = a self-consistent multi-mode fermionic bound state. (418)

Once this shift is made, shell structure becomes natural rather than paradoxical.

The many-electron Hamiltonian. For an atom with nuclear charge +Ze and N electrons,
the nonrelativistic Hamiltonian (in the fixed-nucleus approximation) is

2

F[:Z[— g Z€2]+ze (419)

= dmegr; oy dmep|r; — 1yl

The first sum contains:
o the kinetic/curvature cost of each electron mode,
e the attractive electron—nucleus Coulomb interaction.

The second sum is the electron—electron repulsion.
The repulsion term is real and important. But it is not the whole story. Stability arises
from minimizing the total energy subject to the fermionic structure of the many-electron state.

Why the naive classical picture fails. If one imagines N classical electrons as little point
charges orbiting the nucleus, several pathologies appear:

e they accelerate and should radiate,
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e they can collide,
e repulsion seems to suggest instability,

e there is no natural shell structure.
The actual atom exhibits none of these pathologies. Instead:

e stationary states do not radiate,
e electrons occupy discrete shells and subshells,
« shell filling follows highly structured rules,

o stable periodic trends emerge.

This is already strong evidence that the correct ontology is not a classical swarm of orbiting
charges.

In the DS framework, this is expected: the atom is a global resonant structure, and the
electrons are not independent miniature planets but constrained fermionic modes of the total
bound field configuration.

The many-electron wavefunction is not a product of independent particles. The
exact many-electron state is a function of all electron coordinates and spins:

U = W(ry,s1;r2,52;... 5N, SN). (420)

For identical fermions, this wavefunction must be antisymmetric under exchange of any two
electrons:

Uiy gy ) ==U( G i), (421)

This requirement is not optional; it is a defining structural property of the electron field.

Thus the electrons cannot be treated as distinguishable charge clouds whose interactions are
simply summed classically. The allowed states already satisfy a strong global constraint before
any detailed energy minimization occurs.

In the DS interpretation, this means that the multi-electron atomic mode is not built
by stacking arbitrary overlapping excitations. It must be assembled from an antisymmetric
fermionic mode structure.

Pauli exclusion as mode occupancy constraint. A direct consequence of antisymmetry
is the Pauli exclusion principle: no two electrons can occupy the same one-electron spin-orbital.
If one attempted to place two electrons in the exact same spin-orbital ¢(r, s), the Slater deter-
minant would vanish:

U

o) o(2)|
o(1) <z><2>“0' (422)

Thus identical occupancy is forbidden.
In the DS language, this is extremely suggestive:

fermions do not pile into one mode; they must occupy distinct branches of the allowed mode spectrum.
(423)

This immediately explains why electron—electron repulsion does not lead to unlimited central

crowding. Even before Coulomb repulsion is considered, the fermionic structure itself forces

electrons to distribute across distinct spin-orbitals.
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Orbital orthogonality reduces destructive overlap. In mean-field descriptions such as
Hartree—Fock, one approximates the many-electron state by an antisymmetrized product of

orthonormal spin-orbitals:
1

det[gi(z,)]- (424)

The orbitals satisfy orthonormality:
(9ilj) = dij- (425)

Orthogonality does not eliminate Coulomb repulsion, but it strongly structures how the electrons
can coexist. The modes are distinct, spatially and phase-wise organized patterns rather than
arbitrary overlapping blobs.

In the DS picture, this is a direct extension of the hydrogenic resonator idea:

multi-electron atom =~ a packed spectrum of mutually constrained orthogonal fermionic modes.
(426)
The atom is a multi-mode cavity, not a charge soup.

Direct Coulomb repulsion and exchange structure. In Hartree-Fock theory, the energy
contains both direct and exchange contributions. For orbitals ¢; and ¢;, the direct Coulomb
integral is

e? N
By = [ 610800 03 0,(2) 1.2 (427)

where 719 = |r; — ra|. This is the ordinary electrostatic repulsion between the charge densities
of the two orbitals.
But for same-spin electrons there is also an exchange integral,

e? .
K;j = // ¢f(1)¢j(l)m¢j(2)¢i(2) dl d2. (428)

The exchange contribution has no classical analog; it arises purely from antisymmetry.
This matters conceptually because:

electron—electron interaction in atoms # purely classical Coulomb repulsion. (429)

The actual multi-electron structure is shaped by fermionic field geometry, not just charge re-
pulsion.

Exchange hole and effective avoidance. For same-spin electrons, antisymmetry suppresses
the probability of finding them at the same location. This is often described as an exchange
hole or Fermi hole. In effect, the many-electron probability density is reduced when same-spin
electrons come too close.

In the DS interpretation, one may say:

the shared fermionic mode geometry enforces mutual avoidance in configuration space. (430)

This is not because the electrons are tiny billiard balls dodging one another, but because the
allowed global field mode already excludes certain overlapping configurations.

”

Thus part of what appears as “repulsion management” is actually built into the antisym-

metric mode structure itself.
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Screening reduces the full nuclear pull on outer electrons. In multi-electron atoms,
inner electrons partially shield the nuclear charge seen by outer electrons. As a result, outer
electrons feel an effective nuclear attraction smaller than Ze:

Zeff(T)€2
. N - 431
Vet (7) dmegr (431)
with
Zep(r) < Z (432)

for most outer regions.
This screening is crucial:

¢ inner shells remain tightly bound,
o outer shells are less tightly bound,
e shell energies reorder,

e periodic trends emerge.

In the DS language, the inner occupied modes reshape the effective central geometry experienced
by outer modes. The atom is therefore a self-consistent resonator: already-occupied modes
modify the propagation environment for subsequently occupied modes.

Shells and subshells as multi-mode resonance families. The hydrogenic labels n,l, m
survive approximately in many-electron atoms, though distorted by screening and electron cor-
relation. The familiar shell structure

1s, 2s, 2p, 3s, 3p, 3d, ... (433)

is therefore best understood not as a sequence of classical orbits but as a structured spectrum
of available bound modes in the self-consistent atomic potential.
In the DS interpretation:

shell structure ~ hierarchy of allowed multi-electron resonant mode families. (434)

Electrons fill these modes subject to:
e nuclear attraction,
e Coulomb repulsion,
e antisymmetry,
e exchange,
o self-consistent screening,
e energetic minimization.

This is why the shell pattern is robust rather than fragile.

113



Why repulsion does not simply eject all but one electron. One may ask: if electrons
repel, why not keep only one electron and let the others escape? The answer is energetic. An
additional electron will remain bound if placing it into an available orbital lowers the total
energy relative to ionization. Even though electron—electron repulsion raises the energy, the
nucleus may still provide enough attraction to keep the total energy negative.

Symbolically,

AFE,4q = (nuclear binding gain) — (repulsion + orbital cost). (435)

If
AFyqq < 0, (436)

the electron remains bound.

Thus the existence of many-electron atoms simply means that, for the relevant sequence
of occupied modes, the net energetic balance remains favorable until a certain occupancy is
reached.

In the DS framework, this means the resonator can support multiple occupied fermionic
modes as long as the total self-consistent field configuration remains energetically closed.

The role of correlation beyond Hartree—Fock. Hartree—Fock captures much of the shell
logic, but the exact atomic state includes electron correlation beyond a single Slater determinant.
Correlation further refines how electrons avoid one another dynamically and spatially. This
improves energies, screening, and local structure.

From the DS perspective, this is important because it emphasizes again:

real atoms are not independent-orbital cartoons; they are globally correlated multi-mode states.
(437)

The orbital picture is a powerful approximation, but the deeper object is the full shared many-

electron mode.

Why two electrons can share the same spatial orbital. A subtle but important point
is that two electrons can occupy the same spatial orbital if their spins are opposite, as in the
152 helium-like configuration:

p15(r)a(s), d15(r)B(s). (438)

This does not violate Pauli because the full spin-orbital states are distinct.
In the DS language, this means the same spatial resonant profile may support two occupancy
channels because the internal spinor structure provides two orthogonal internal branches:

one spatial mode x two spin channels = maximum occupancy 2. (439)

This is a beautifully compact example of how internal spin structure and spatial resonance
combine to generate shell capacity.

Helium as the simplest nontrivial example. Helium provides the cleanest illustration.
Both electrons prefer the 1s spatial mode because it is the lowest single-particle-like orbital.
But unlike hydrogen:

o each electron feels the nucleus,
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e cach electron also repels the other,
o the effective binding is reduced by screening,
o the exact state is correlated, not a simple product.

Yet helium is stable because the net total energy of the correlated 1s? singlet remains below
the ionization threshold.

In the DS picture, helium is not “two particles crammed into one orbit.” It is the simplest
stable two-fermion resonant bound state of the central atomic geometry, with two spin channels
occupying the fundamental spatial family and the full mode adjusted self-consistently by mutual
interaction.

Periodic table as repeated self-consistent mode filling. The periodic table then becomes
conceptually transparent:

periodic trends ~ repeated filling of a self-consistent fermionic mode spectrum. (440)

As Z increases:
e the central confining geometry deepens,
e inner modes contract,
e screening patterns change,
o subshell energies reorder,
o exchange and correlation shift the detailed filling order.

But the underlying logic remains the same: atoms are organized by structured occupation of a
constrained multi-mode spectrum, not by classical repelling particles trying to avoid one another
in arbitrary ways.

DS summary: repulsion is real, but resonance and fermionic structure dominate
organization. The central message is not that Coulomb repulsion is unimportant. It is cru-
cial. But it does not act in isolation. The atom is governed by a global energy functional and
a strict antisymmetric mode structure. The result is:

nuclear attraction+mode curvature cost+fermionic antisymmetry-+exchange/correlation+self-consistent scree
(441)
This is exactly why the atom is stable despite electron—electron repulsion.
In the DS interpretation, one may state this compactly:

electron repulsion does not destroy the atom because the atom is a globally self-organized fermionic resonaton
(442)

Conceptual consequence. The many-electron atom is often taught as a list of rules: or-
bitals, Pauli, Hund, screening, exchange, correlation. The DS program suggests that these are
not disconnected rules but manifestations of one underlying principle: multiple fermionic field
excitations can coexist stably around a nucleus because they occupy distinct, antisymmetrically
constrained, self-consistent resonant modes of a shared field medium. The nucleus provides
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the confining geometry, Coulomb repulsion reshapes the spectrum, and fermionic antisymmetry
organizes the occupancy. Stability is therefore not a delicate accident but the natural outcome
of a constrained multi-mode field structure.

Summary statement. Electron—electron Coulomb repulsion is a real and essential part of
atomic structure, but it does not by itself determine the fate of multi-electron atoms. The
full many-electron system is governed by a global Hamiltonian, an antisymmetric fermionic
wavefunction, orbital orthogonality, exchange effects, screening, and correlation. These features
prevent electrons from behaving like a classical cloud of mutually repelling point charges and
instead organize them into a structured shell spectrum. In the dynamic-space interpretation,
a many-electron atom is therefore best understood as a self-consistent multi-mode fermionic
resonator: electrons remain bound not because repulsion is absent, but because the total field
configuration supports multiple distinct occupied modes whose combined energy remains stable
and whose structure is globally constrained by the fermionic geometry of the shared state.

13.22 Chemical Bonding as Inter-Atomic Mode Hybridization in Dynamic
Space

Once atoms are understood as self-consistent multi-mode fermionic resonators, the next natural
question is how such resonators combine to form molecules. In standard quantum chemistry,
chemical bonding arises when atomic orbitals overlap and hybridize into molecular orbitals
whose occupation lowers the total energy of the multi-electron system. In the dynamic-space
(DS) interpretation, the same phenomenon acquires a particularly natural physical meaning: a
chemical bond is the formation of a new shared resonant mode structure spanning more than one
nucleus. Two or more atomic field geometries partially merge, and the electronic modes reorga-
nize into inter-atomic hybrid states. A stable bond appears when this reorganization produces
a lower-energy globally self-consistent fermionic configuration than the separated atoms.
This perspective immediately clarifies a central point:

chemical bond # tiny particles glued together by a mysterious force, (443)
but rather
chemical bond = formation of a lower-energy shared multi-center mode. (444)

In this sense, chemistry is the spectral theory of coupled atomic resonators.

The molecular Hamiltonian. For a molecule with nuclei at positions {R 4} and electrons
at {r;}, the nonrelativistic Born-Oppenheimer electronic Hamiltonian is
h2

~ ZA62 62
H, = -2y — 445
cl zz: 2me ! %:47T60’I‘Z'—RA‘ +§47‘(’60’I‘Z‘—I‘j ( )

with an additional nucleus—nucleus repulsion term

ZAZB(32

Vn = .
fé;g 4meg|Ra — Rp|

(446)
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A molecule is stable when the total energy

Eiot({Ra}) = Ea({Ra}) + Vn (447)

has a minimum at finite nuclear separation.
This immediately shows that bonding is a balance problem:

bonding stabilization = electronic delocalization / hybridization gain — repulsive costs. (448)

Why bonding is not obvious classically. Classically, two neutral atoms might be expected
either:

e not to interact strongly at all, or
« to repel once electron clouds overlap because of Coulomb repulsion.

Yet real molecules often form robustly, with specific bond lengths, angles, and directional prefer-
ences. This already signals that bonding is not a simple classical electrostatic sticking problem.

In the DS framework, this is expected. Once two atomic resonators come near enough, their
field geometries overlap, and new multi-center modes become possible. The relevant question
is no longer “Do the charges repel?” but:

Can the combined system support a lower-energy shared fermionic mode spectrum?  (449)

If yes, a bond forms.

The simplest example: H; The hydrogen molecular ion H;, with two protons and one
electron, is the cleanest illustration. Let the two nuclei be separated by distance R. A simple
linear-combination-of-atomic-orbitals (LCAQO) ansatz uses the two 1s orbitals:

pa(r),  op(r). (450)
One then forms the symmetric and antisymmetric combinations:
1
Yy = W(@x +¢B), (451)
1
Yo = m(@l — ¢B), (452)
where
S = (pal¢n) (453)

is the overlap integral.
The symmetric combination ¥4 is the bonding orbital; the antisymmetric combination _
is the antibonding orbital. Typically,

EL < Fatomic < E_. (454)

Thus occupying the bonding combination lowers the energy relative to separated atoms.
In the DS interpretation, this is the simplest possible chemical bond:

two atomic resonators — one lower-energy shared two-center mode. (455)
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Why the bonding combination lowers energy. The symmetric combination has enhanced
amplitude in the internuclear region:

14 |? is increased between the nuclei. (456)

This increases electron density in the region where the electron can attract both nuclei simul-
taneously. As a result:

e electron—nucleus attraction is strengthened,
e the electron can delocalize over both centers,
e the total energy decreases.

By contrast, the antibonding combination has a node between the nuclei:
_ =0 (approximately in the internuclear region), (457)

which suppresses density where it would most effectively bind the two nuclei.
In the DS language:

e bonding mode = constructive inter-center phase matching,
« antibonding mode = destructive inter-center phase mismatch.
This is one of the clearest examples of chemistry as mode hybridization.

H> and the role of spin. For neutral Hs, there are two electrons. Both can occupy the
bonding spatial orbital if their spins are opposite:

¢bond (r)a(s), wbond (I‘),B(S) (458)

This forms the familiar spin-singlet ground state. Because the two electrons fill the lower
bonding orbital and the antibonding orbital remains empty, the net effect is stabilizing.
In the DS interpretation, Hy is the simplest stable two-electron inter-atomic shared mode:

two nuclei 4 two electrons — one occupied bonding spatial family with two spin channels.
(459)
This is the molecular analog of the earlier atomic statement that one spatial mode can support
two opposite-spin electrons.

Bonding versus antibonding as mode splitting. When two nearly degenerate atomic
orbitals are brought together, they split into:

e a lower-energy bonding combination,
e a higher-energy antibonding combination.

This is entirely analogous to coupled oscillators or coupled resonators in classical wave physics:
degenerate single-center modes — split symmetric/antisymmetric pair. (460)

The same phenomenon appears in optics, acoustics, microwave cavities, and mechanical oscil-
lators.
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This analogy is especially important for the DS program because it reinforces a central
claim:

molecular orbitals are not mysterious abstractions; they are the natural eigenmodes of coupled atomic reson

(461)

Why electron—electron repulsion does not forbid bonding. A common intuition is
that if electron clouds overlap, repulsion should dominate and prevent bonding. But this is
incomplete. When atoms approach:

e electron—electron repulsion increases,
e nucleus—nucleus repulsion increases,

e but electron delocalization and electron—nucleus attraction may increase even more favor-
ably.

The bond forms only if the total balance is favorable:

AFEpond = (delocalization + enhanced binding)—(e—e repulsion + N-N repulsion + Pauli cost) < 0.
(462)
Thus repulsion is real but not decisive by itself.
In the DS picture, the question is not whether overlap occurs, but whether the overlap
produces a lower-energy global mode topology.

Pauli repulsion and short-range exclusion. As atoms approach too closely, the occupied
orbitals begin to violate fermionic packing constraints. Strong overlap between already occupied
same-spin components forces orthogonalization and increases kinetic/curvature energy. This is
often called Pauli repulsion or exchange repulsion.

In the DS interpretation, this is highly intuitive:

over-compression of occupied fermionic modes = steep orthogonality / curvature cost.
(463)
This is why molecules do not collapse to zero internuclear separation. The bond length is the
finite separation at which:

¢ bonding hybridization is maximally favorable,
o but Pauli/repulsive costs have not yet become dominant.

Thus the equilibrium bond length is another example of a finite-radius resonance balance,
analogous in spirit to the Bohr radius in hydrogen.

Directional bonding and orbital symmetry. Chemical bonds are not always isotropic. s
orbitals are spherically symmetric, but p, d, and hybrid orbitals have directional lobes and nodal
structures. Therefore the effectiveness of inter-atomic overlap depends strongly on geometry:

bond strength oc symmetry-compatible orbital overlap. (464)
This explains:

e directional covalent bonds,
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e bond angles,
« hybridization (sp, sp?, sp?),
e o and 7 bonding.

In the DS framework, this is exactly what one expects if bonds are shared modes:

molecular geometry ~ the spatial symmetry of the best-supported inter-center hybrid modes.
(465)
Bond angles are then not arbitrary empirical rules but the geometry of optimal mode coupling.

o and 7 bonds as distinct hybridization channels. A ¢ bond arises from head-on overlap
along the internuclear axis, while a m bond arises from side-by-side overlap of lobed orbitals. In
molecular orbital language:

e o0 bonding: constructive overlap with cylindrical symmetry about the bond axis,
e 7 bonding: constructive overlap with a nodal plane containing the bond axis.

Both are examples of symmetry-allowed inter-atomic mode formation.
In the DS interpretation:

o,m,0,... are simply different symmetry channels of inter-center mode hybridization. (466)

This gives a unifying physical meaning to the standard chemical bond taxonomy.

Hybridization as local basis adaptation. Valence-bond and molecular-orbital pictures
often introduce hybrid orbitals such as sp? to explain tetrahedral bonding. Formally, these are
linear combinations of atomic s and p orbitals adapted to the local bonding environment.

In the DS language, hybridization is especially transparent:

hybridization ~ local basis rotation that better matches the symmetry of the surrounding shared modes.
(467)

That is, the atom re-expresses its local mode basis in the form that couples most efficiently

to neighboring centers. This is not a mysterious reconfiguration of little balls, but a natural

reorganization of the local resonant basis under multi-center coupling.

Bond order as net occupation of bonding versus antibonding modes. In molecular
orbital theory, the bond order is often written as

Nbonding - Nantibonding

5 (468)

bond order =

This formula has a beautifully simple DS interpretation:

bond order =~ net occupancy of stabilizing shared modes over destabilizing mismatched modes.

(469)
A larger positive bond order means the coupled-resonator system is more strongly stabilized by
constructive shared-mode occupation.
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Chemical bonding as an extension of the atomic waveguide picture. Earlier sections
interpreted hydrogen as a central guided-wave structure of dynamic space. Molecular bonding
generalizes this immediately:

atom = single-center resonator, molecule &~ coupled multi-center resonator.  (470)

The same core principles persist:
e mode quantization,
 constructive/destructive interference,
e evanescent tails and overlap,
e symmetry selection,
o finite equilibrium separation from attraction/repulsion balance.

This continuity is one of the strongest conceptual virtues of the DS framework. It unifies atomic
and molecular structure under one wave-resonance logic.

Toward chemistry, materials, and life. Once bonding is understood as inter-atomic mode
hybridization, the path to larger systems becomes conceptually straightforward:

e molecules are networks of coupled atomic resonators,

e solids are periodic or aperiodic extended resonator arrays,

e bands arise from large-scale mode splitting and delocalization,

e chemistry is the controlled reorganization of shared fermionic modes,

e biological function may be viewed as structured, dynamically reconfigurable mode net-
works operating in complex environments.

This is exactly the broader programmatic direction of the DS framework: physics, chemistry,
life, and ultimately computation may all be interpreted as increasingly complex forms of self-
organized resonant field structure.

Conceptual consequence. The chemical bond is often introduced either as an empirical rule
or as a formal consequence of solving the electronic Schrédinger equation. The DS framework
offers a more physical reading. A bond forms when the combined nuclear geometry supports new
shared electronic modes whose occupation lowers the total energy relative to separated atoms.
Bonding orbitals are constructive inter-center resonances; antibonding orbitals are destructive
phase-mismatched channels; Pauli repulsion limits over-compression; equilibrium bond lengths
emerge from the balance between hybridization gain and repulsive costs. Chemistry is therefore
not an add-on to atomic physics, but the next natural level of the same mode-organization

principle.
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Summary statement. In standard quantum chemistry, chemical bonding arises when atomic
orbitals overlap and hybridize into molecular orbitals whose occupation lowers the total energy.
In the dynamic-space interpretation, this is re-read as inter-atomic mode hybridization: two
or more atomic resonators form new shared multi-center fermionic modes. Bonding orbitals
correspond to constructive phase-matched hybrid modes with enhanced internuclear density
and lower energy, while antibonding orbitals correspond to destructive mismatched modes with
nodes and higher energy. Stable molecules form when the gain from delocalized shared-mode
occupation outweighs electron—electron, nucleus—nucleus, and Pauli-repulsive costs. Chemical
bonding is therefore naturally understood as the spectral theory of coupled atomic resonators
in dynamic space.

13.23 From Molecular Orbitals to Energy Bands: Solids as Large-Scale Res-
onator Arrays in Dynamic Space

Once chemical bonding is understood as inter-atomic mode hybridization, the next concep-
tual step is immediate: a solid is a large ensemble of coupled atomic resonators. In standard
condensed-matter physics, this leads from discrete molecular orbitals to extended Bloch states
and energy bands. In the dynamic-space (DS) interpretation, the same phenomenon is read
as a large-scale spectral reorganization of shared fermionic modes across a periodic or quasi-
periodic field geometry. A crystal is therefore not merely a collection of atoms placed next to
one another, but a structured resonator array whose collective mode spectrum is qualitatively
different from that of isolated atoms or small molecules.
This perspective unifies the progression

atomic orbital — molecular orbital — Bloch band state, (471)

as a single hierarchy of mode hybridization over increasing spatial scale. The essential principle
remains unchanged:

larger coupled resonator system = broader and denser mode spectrum. (472)

From two-center splitting to many-center bands. In the previous subsection, two over-
lapping atomic orbitals were shown to split into bonding and antibonding combinations. This
is the basic coupled-resonator phenomenon:

b, OB — Yy, (473)

If one now considers not two atoms but a chain or lattice of many similar atoms, then each
atomic orbital hybridizes with many neighbors. Instead of just two split levels, one obtains a
large set of closely spaced levels. In the thermodynamic limit, these become a quasi-continuous
band:

one atomic level — N split levels — energy band. (474)

This is the molecular-orbital idea taken to macroscopic scale. In the DS language, the crystal
is a large resonator array, and the band is the collective mode family arising from coherent inter-
site coupling.

Periodic structure and Bloch’s theorem. For a periodic lattice potential satisfying

V(ir+R)=V(r), (475)
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for every lattice vector R, the electronic eigenstates satisfy Bloch’s theorem:

wnk(r) = 6ik.runk(r)v (476)

where

Unk(r + R) = upi(r). (477)
Here:
e 1 is the band index,
e k is the crystal quasi-momentum,
e upk carries the periodic internal structure of the mode.

In the DS interpretation, Bloch’s theorem is not a purely formal algebraic statement. It
expresses the fact that the global mode in a periodic resonator array must be compatible with
the translational symmetry of the underlying geometry. The factor

ek (478)

encodes the long-range phase progression of the collective mode from cell to cell, while
describes the repeated local resonant pattern inside each unit cell.

Band dispersion as collective mode dispersion. In free space, a particle has energy
dispersion
h2k?
E=—. 479
o (479)

In a crystal, the periodic potential modifies this into a band structure
E, (k). (480)

This is the dispersion relation of the crystal’s allowed collective fermionic modes.
In the DS picture, one should think of E, (k) exactly as one thinks of the dispersion of waves
in a structured medium:

o the lattice geometry shapes the phase-closure condition,
 inter-site coupling broadens the spectrum,
e symmetry opens allowed and forbidden frequency-energy windows.

Thus the band structure is simply the spectral fingerprint of the crystal as a periodic resonator
array.

Allowed bands and forbidden gaps. A hallmark of crystalline solids is the existence of

energy gaps between allowed bands. These gaps arise because the periodic structure supports

only certain global phase-consistent modes. At Brillouin-zone boundaries, Bragg reflection mixes

waves with wavevectors differing by reciprocal lattice vectors, opening gaps in the spectrum.
In one-dimensional language, if the periodicity is a, then at

s
k=+— 481
i3 (481)
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standing-wave combinations form and their energies split. This creates an energy gap:
AFEga, > 0. (482)
In the DS interpretation, a band gap is not mysterious. It means:
there is no globally self-consistent propagating mode in that energy interval. (483)

This is exactly analogous to a forbidden frequency window in a photonic crystal or a stop band
in waveguide theory. A semiconductor or insulator is therefore a material whose resonator array
does not support low-energy fermionic propagation modes across a certain interval.

Valence bands, conduction bands, and occupancy. The Pauli principle remains essential
in solids. The allowed band states are filled by electrons according to fermionic occupancy
constraints. At zero temperature:

e lower-energy bands fill first,
e cach Bloch state can host a limited number of electrons according to spin degeneracy,
o the Fermi energy separates occupied from unoccupied states.

The highest filled band is the valence band, and the next available band is the conduction band.
In the DS language:

valence band = occupied collective shared modes, conduction band = nearby accessible propagating mc
(484)

Electrical transport is then controlled by whether low-energy reconfiguration into nearby ex-

tended modes is available.

Metals, semiconductors, and insulators. This yields the standard classification:

e Metal: partially filled band or overlapping bands, so low-energy motion in mode space
is available.

e Semiconductor: filled valence band and empty conduction band separated by a moder-
ate gap.

e Insulator: filled valence band and empty conduction band separated by a large gap.

In the DS interpretation, these distinctions are spectral properties of the resonator array:
metal <= accessible nearby extended mode manifold, (485)

semiconductor / insulator <= gap in the accessible collective mode spectrum. (486)

Thus the difference between a conductor and an insulator is not fundamentally about whether
electrons are present, but about whether the lattice supports low-energy delocalized fermionic
modes at the relevant occupancy.
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Effective mass as band-curvature response. Near a band extremum, one may expand

h2 .
lMMz%+§EXm)U%—%M@—Mﬁ (487)

ij

defining an effective mass tensor. In isotropic cases this reduces to

1 1 d’E
— = = —. 488
m*  h? dk? (488)
Thus effective mass measures the curvature of the band.
In the DS interpretation, this has a clean meaning:
m* ~ the inertial response of a collective mode shaped by the lattice geometry. (489)

The electron in a solid is not moving as a bare vacuum particle. Rather, it propagates as a
lattice-dressed collective excitation of the coupled resonator array. The altered inertia reflects
the modified phase-dispersion structure of the medium.

Tight-binding interpretation: solids as coupled atomic modes. The tight-binding
model makes the resonator-array interpretation especially transparent. One writes the crystal
state as a superposition of localized orbitals:

) =Y e Rlgr), (490)
R

where |¢r) is an orbital centered at lattice site R. For nearest-neighbor coupling in a one-
dimensional chain, the energy dispersion becomes

E(k) = Ey — 2t cos(ka), (491)

where t is the hopping matrix element.

In standard language, ¢t measures orbital overlap or hopping. In the DS language, it mea-
sures the inter-site mode-coupling strength of the resonator array. Larger ¢ means stronger
hybridization and broader bands:

stronger inter-site coupling == broader collective mode band. (492)

This is exactly analogous to band widening in arrays of coupled optical or mechanical resonators.

Nearly-free-electron interpretation: weak modulation of extended modes. At the
other extreme, the nearly-free-electron picture starts from extended modes weakly perturbed
by lattice periodicity. The periodic potential mixes states differing by reciprocal lattice vectors:

k< k+G. (493)

At zone boundaries this produces standing-wave splitting and gaps. The two standard models—
tight-binding and nearly free electron—therefore represent two complementary limits:

e strong local atomic identity with weak-to-moderate inter-site coupling,

e extended mode propagation weakly modulated by periodic geometry.
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The DS framework naturally accommodates both because both are just different parameter
regimes of mode organization in a structured medium.

Semiconductor bandgaps and local bonding logic. In covalent semiconductors such as
Si or Ge, the valence bands can be traced back to bonding combinations of local orbitals, while
the conduction bands reflect antibonding or higher-energy combinations. Thus the band picture
is the large-scale continuation of the molecular-bonding picture:

bonding/antibonding molecular splitting — valence/conduction band separation.  (494)

This is one of the deepest conceptual bridges from chemistry to solid-state physics.

In the DS interpretation, a semiconductor is a periodic network of hybridized shared modes
whose lower constructive families are filled and whose next accessible families are separated by
a finite spectral gap.

Doping as spectral engineering of available modes. When a semiconductor is doped,
impurity atoms modify the local mode structure and introduce new states near the band edges.
Donor dopants create levels near the conduction band; acceptors create levels near the valence
band. This makes transport easier by changing occupancy and activation conditions.

In the DS language, doping is a form of local spectral engineering;:

dopant = localized modification of the resonator array that inserts or shifts available mode channels.
(495)

This is highly relevant to the broader DS device program: engineering computation is, at a deep

level, engineering the accessibility, coupling, and switching of collective mode families.

Holes as collective vacancy excitations. When an electron is removed from a filled valence
band, the resulting vacancy behaves as a positively charged carrier, the hole. Standard solid-
state physics treats the hole as a useful quasiparticle. In the DS picture, this is straightforward:

hole ~ collective vacancy mode in an otherwise filled fermionic band manifold. (496)

Transport by holes is therefore not motion of a literal positive particle inserted into matter, but
reconfiguration of occupancy within the shared mode spectrum.

Solids as self-consistent many-body resonator networks. Real solids are not just one-
electron band structures; they are many-body systems with Coulomb interactions, phonons,
spin coupling, disorder, and sometimes topology or strong correlation. Nonetheless, the band
picture remains one of the most successful approximations because it captures the first-order
organization of the mode spectrum imposed by periodicity and fermionic filling.

In the DS interpretation, one should therefore say:

band theory = the first large-scale spectral approximation of a self-consistent many-body resonator network.
(497)

Correlations, magnetism, topology, superconductivity, and fractionalized states then represent

further refinements or reorganizations of this shared mode structure.
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Why this matters for the DS program. This subsection is a crucial bridge because it
shows that the DS framework is not limited to hydrogenic intuition. The same resonator logic
extends naturally to:

e molecules,

e crystals,

e semiconductors,

e metals,

o collective many-body states.

This is precisely the path needed to connect foundational wave ontology to actual materials and
devices.
In particular, the DS picture suggests a natural progression:

atomic mode control — molecular hybridization control — band-structure engineering — device-level
(498)
This is strongly aligned with the broader long-term goals of the DS research program.

Conceptual consequence. A solid should not be thought of merely as many electrons
trapped among many ions. It is a structured, large-scale, fermionic resonator array whose
allowed collective modes are organized by symmetry, coupling, and occupancy. Energy bands
are simply the dense spectral families of these extended modes. Conductivity, insulation, semi-
conducting behavior, and effective mass all follow from the geometry of this spectrum.

Thus the DS summary is:

solid-state physics = the spectral theory of large-scale coupled atomic resonators in dynamic space.
(499)

Summary statement. When many atoms are coupled in a periodic structure, their atomic
and molecular modes hybridize into extended Bloch states and energy bands. In the dynamic-
space interpretation, a crystal is therefore a large-scale resonator array whose collective fermionic
mode spectrum is shaped by translational symmetry, inter-site coupling, and Pauli occupancy.
Metals, semiconductors, and insulators differ according to the accessibility of low-energy ex-
tended modes and the presence or absence of spectral gaps. Effective mass reflects band curva-
ture, holes are vacancy excitations of filled mode manifolds, and doping is local spectral engineer-
ing of the resonator network. In this way, energy-band theory becomes the natural many-center
continuation of the same mode-hybridization logic that governs atoms and molecules.

13.24 Bandgaps, Carrier Transport, and Why Semiconductors Switch

Once a crystalline solid is understood as a large-scale resonator array whose collective fermionic
modes organize into energy bands, the next crucial question is why some materials can be
switched and used as semiconducting devices. In standard solid-state physics, the answer in-
volves the existence of a bandgap, thermally activated carriers, drift and diffusion, electrostatic
gating, and barrier modulation. In the dynamic-space (DS) interpretation, these same ideas can
be unified under a single principle: a semiconductor is a material in which low-energy transport
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depends on whether a nearby extended mode family is spectrally accessible, and switching is
the controlled opening or closing of such access.
This motivates the compact DS statement:

semiconductor switching &~ controlled spectral gating of accessible collective transport modes.

(500)
This interpretation is especially important because it connects foundational quantum wave
structure directly to the physics of transistors and therefore to the broader program of device
engineering.

Bandgaps as forbidden transport windows. In a semiconductor, the valence band is filled
and the conduction band is empty at low temperature. The two are separated by a finite energy
gap:

E,=FE.—E, >0, (501)

where FE, is the valence-band maximum and E. is the conduction-band minimum.
In standard language, this means that low-energy electronic states are unavailable in the
gap. In the DS interpretation, the meaning is especially transparent:

bandgap = an energy interval in which the crystal supports no extended fermionic propagation mode.
(502)
Thus a semiconductor is not simply a material “with electrons that are hard to move.” Rather,
it is a material whose collective mode spectrum contains a forbidden window between occupied
and transport-capable extended states.
This is directly analogous to:

e a stop band in a periodic waveguide,
 a forbidden frequency window in a photonic crystal,

e a resonator array that cannot sustain propagation at certain frequencies.

Why a bandgap is essential for switching. A metal has low-energy states available im-
mediately at the Fermi level. Therefore, even a very small perturbation can move carriers
and produce current. This is excellent for conduction but poor for strong on/off control. By
contrast, a semiconductor has:

occupied states below | By | empty extended states above. (503)

This separation makes it possible to strongly suppress current in the off state.
Thus the essential reason semiconductors switch well is:

OFF state <= no easily accessible transport mode near the operating energy, (504)

ON state <= electrostatics or injection opens access to a nearby transport-capable mode family.
(505)
This is the central DS reinterpretation of transistor action.

Intrinsic carrier density and thermal activation. Even in an undoped semiconductor,
thermal excitation can promote electrons from the valence band into the conduction band,
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creating electron—hole pairs. The intrinsic carrier density scales approximately as

E
n; ocexp(—2kBgT> . (506)
More explicitly,
E
n; = v/ NN, exp<— J > , (507)
2kp

where N, and N, are the effective density of states factors near the band edges.
In the DS language, this means:

thermal fluctuations occasionally lift occupancy across the forbidden spectral interval. (508)

The larger the gap, the less likely such activation becomes. This immediately explains why:

o larger-gap materials leak less thermally,
o smaller-gap materials are easier to turn on but harder to fully turn off,
e temperature strongly influences leakage and subthreshold behavior.
Electrons and holes as complementary transport channels. An electron promoted to

the conduction band leaves behind a vacancy in the valence band, called a hole. Standard
solid-state physics treats both as carriers. In the DS framework:

electron in conduction band =~ occupied extended mode above the gap, (509)

hole in valence band & vacancy excitation within an otherwise filled lower mode manifold.
(510)
Transport can therefore proceed by:

e motion of occupancy in the upper accessible mode family,

e or motion of vacancies in the lower filled mode family.

This is why semiconductor transport naturally has dual carrier channels.

Drift as field-biased phase propagation. When an electric field E is applied, carriers
acquire a net drift velocity. In semiclassical band theory:

dk
= _ _gE 11
o = B (511)
and the group velocity is
1
7= ﬁVkEn(k). (512)

Thus the field moves the carrier through k-space, and the band dispersion determines the real-
space propagation speed.

In the DS interpretation, drift is not the motion of a little ball sliding through a static
background. Rather:

drift ~ field-biased phase evolution of an occupied collective mode along the band manifold.

(513)
The applied field tilts the spectral landscape and biases the reconfiguration of occupancy and
phase propagation across the accessible mode family.
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Diffusion as occupancy-gradient relaxation. If the carrier density is nonuniform, carriers
diffuse from high concentration to low concentration. Standard transport writes

Jn = qnu,E+ qD,Vn, (514)

Jp = apupE — DV, (515)

where p is mobility and D is diffusivity.
In the DS framework, diffusion has a very natural reading;:

diffusion = relaxation of a nonuniform mode-occupancy distribution toward a more entropically probable co:
(516)

It is the redistribution of filled and unfilled states across the accessible spectral manifold, con-

strained by scattering and local gradients.

Einstein relation and the thermal-voltage scale. For nondegenerate semiconductors, the
Finstein relation links mobility and diffusivity:

D kT
== (517)
K q
At room temperature,
kT
% ~ 25.9 mV. (518)

This number is one of the most important in semiconductor physics.
For your device vision, Dr. Park, this is especially central. It is the standard thermal scale
underlying the conventional subthreshold limit. In DS language, it represents:

the characteristic ambient thermal spectral broadening scale for carrier occupancy.  (519)

Any room-temperature switching mechanism relying purely on Boltzmann tail control will in-
evitably be constrained by this scale.

Doping as engineered spectral access. Donor and acceptor dopants introduce states near
the band edges and shift the Fermi level. Donors create shallow levels near E.; acceptors create
shallow levels near F,. This changes equilibrium carrier populations:

n~ Np (n-type, fully ionized limit), p~ Ny (p-type, fully ionized limit). (520)
In the DS interpretation:

doping ~ deliberate insertion of auxiliary local mode channels that make the transport manifold more easily
(521)

This is a powerful viewpoint because it casts all semiconductor engineering as spectral engi-

neering rather than merely charge bookkeeping.

Electrostatic gating as band-edge modulation. In a field-effect transistor, the gate volt-
age modifies the electrostatic potential in the channel, shifting the local band edges relative to
the source and drain Fermi levels. In a simple picture:

Ec(x) — Ec(x) - Q¢(m)7 (522)
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where ¢(x) is the electrostatic potential.
If the conduction-band edge is lowered sufficiently near the source, carriers can be injected
into channel states and current flows. If it remains too high, current is exponentially suppressed.
In the DS framework, this is the essence of switching:

gate voltage = external reshaping of the local spectral landscape that raises or lowers access to a transport-c
(523)

This is much more general than MOSFETs and already hints at how alternative non-Boltzmann

switches may be conceived.

Barrier control and source injection. In a conventional MOSFET, the subthreshold
regime is governed by thermally assisted source injection over a barrier. If the barrier height is
®p, then the current scales roughly as

>
I exp<—kBT> . (524)
B

Because the gate lowers ®p, the current changes exponentially with gate voltage. This is the
origin of subthreshold switching.
In the DS language:

subthreshold conduction ~~ thermally assisted occupation leakage into a transport manifold across a gate-coi
(525)

This wording is useful because it immediately generalizes beyond the classical barrier picture

to any system in which transport depends on access to an available mode family.

Subthreshold slope and the Boltzmann limit. The subthreshold slope S is defined as

dVg

S=—"—. 526
d(logio Ip) (526)
For a conventional MOSFET,
kT
S =(In 10)% m, (527)
where o
dep
=14+ — 528
m + Cov ( )
is the body factor. At room temperature, the ideal limit is
Smin ~ 60 mV /dec. (529)

This is one of the most important constraints in modern transistor scaling. In the DS
interpretation:

60 mV/dec # a universal law of nature, (530)
but rather
60 mV /dec = the thermal occupancy-tail limit of a Boltzmann-governed spectral barrier switch at room tem
(531)

This distinction is foundational for your broader program. It means that if switching can be
achieved by changing the mode topology, state availability, or collective phase accessibility rather
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than merely lowering a thermal barrier, then sub-60 mV /dec behavior is conceptually possible.

Why low voltage is difficult in conventional semiconductors. If a switch requires
changing current by many decades, and the mechanism is Boltzmann barrier modulation, then
the required gate swing is fundamentally tied to the thermal scale. For example, to change
current by NV decades ideally:

AVg 2 N x 60 mV  (room temperature, ideal MOSFET). (532)

Thus strong switching at very low supply voltage becomes increasingly difficult.
This is directly relevant to the DS device program:

conventional thermal barrier switching = intrinsic low-voltage scaling tension. (533)

This is precisely why radically different switching principles are so important.

Mobility as coherence versus scattering balance. In ordinary transport,

n="L (534)

m*’

where 7 is the momentum-relaxation time and m* is the effective mass. Mobility is therefore
high when:

o the band curvature is favorable (small m*),
o scattering is weak (large 7).

In the DS interpretation:

high mobility ~ the ability of an occupied collective mode to propagate with minimal phase randomization t
(535)

This language naturally connects to later discussions of ballistic transport, topological channels,

and superconducting-like collective conduction.

Recombination and generation as inter-manifold transitions. Electron—hole genera-
tion and recombination correspond to transitions between the conduction and valence mani-
folds. Radiative recombination emits a photon; nonradiative recombination transfers energy to
phonons or defects.

In the DS language:

generation / recombination =& transfer of occupancy between separated mode families, with the energy mism
(536)
This is again a mode-centric rather than particle-centric description.

The transistor as a controlled spectral valve. Putting these ideas together, the field-
effect transistor can be summarized as follows:

source — injectable channel mode manifold — drain. (537)
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The gate determines whether the channel manifold is energetically and spatially accessible from
the source. Thus:

transistor &~ a controlled spectral valve for collective fermionic mode injection and propagation.

(538)
This is a very powerful DS reinterpretation because it does not depend on the details of silicon
MOS electrostatics. It applies, in principle, to any switch based on controllable access to a
transport mode family.

Why this matters for beyond-CMOS thinking. The standard MOSFET is one imple-
mentation of spectral gating, but not the only one. If the transport manifold can instead be
controlled by:

e abrupt topological connectivity changes,

e resonant tunneling alignment,

o correlated phase transitions,

o ferroelectric negative capacitance,

¢ collective Landau-level or edge-state activation,

e superconducting or near-superconducting channel formation,

then the switching law need not be governed solely by the classical Boltzmann tail.
This is exactly where the DS program becomes strategically powerful. It suggests a more
general design target:

Do not merely lower a barrier; change the availability or topology of the transport mode itself.
(539)
That is the conceptual route toward steep-slope and ultra-low-voltage switching.

Conceptual consequence. The bandgap is the spectral reason a semiconductor can turn off.
Drift and diffusion are the field-biased and gradient-driven reorganization of occupancy across
accessible mode families. Doping and gating reshape spectral accessibility. The transistor works
because the gate controls whether the source can inject into a channel manifold. The conven-
tional subthreshold limit is not a universal metaphysical boundary but the specific consequence
of thermally assisted occupancy across a gate-controlled barrier in a Boltzmann regime.

In this sense, semiconductor physics can be summarized in one DS sentence:

a semiconductor switch is a device that uses electrostatics to control access to a nearby collective transport n
(540)

Summary statement. In standard semiconductor physics, switching arises because a bandgap
suppresses low-energy transport while electrostatics, doping, and injection can make nearby
conduction states accessible. In the dynamic-space interpretation, the bandgap is a forbidden
transport window in the collective fermionic mode spectrum, and transistor action is controlled
spectral gating of access to an extended transport manifold. Drift is field-biased phase propaga-
tion along a band, diffusion is occupancy-gradient relaxation, doping inserts auxiliary local mode
channels, and gating reshapes the local spectral landscape. The conventional room-temperature
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subthreshold limit of approximately 60 mV /dec is therefore understood not as a universal law
but as the thermal occupancy-tail limit of Boltzmann barrier modulation. This reinterpretation
opens a natural conceptual path toward beyond-CMOS devices in which switching is achieved
by changing mode topology, resonance, or collective accessibility rather than merely lowering a
thermal barrier.

13.25 Beyond Boltzmann Switching: Resonant Tunneling, Topological Chan-
nels, and Collective-Mode Steep-Slope Devices in Dynamic Space

The preceding subsection argued that conventional semiconductor switching is governed by con-
trolled access to a transport-capable mode family across a forbidden spectral window, and that
the familiar room-temperature subthreshold limit of approximately 60 mV /dec is the charac-
teristic signature of thermally assisted Boltzmann barrier modulation. This immediately raises
the decisive engineering question: can one switch by a different principle, so that the current
changes sharply not because a thermal tail is gradually moved over a barrier, but because the
relevant transport mode itself appears, disappears, reconnects, aligns resonantly, or undergoes
a collective transition? In the dynamic-space (DS) interpretation, this is precisely the correct
question. The central design goal is not merely to lower a barrier, but to control the topology,
accessibility, and coherence of the underlying transport manifold.
This motivates the key DS device principle:

steep-slope switching = abrupt reconfiguration of available transport modes rather than gradual Boltzmann
(541)

From this viewpoint, resonant tunneling devices, tunnel field-effect transistors, negative-capacitance

concepts, topological channels, Landau-level-enabled transport, and superconducting-like col-

lective states are not disconnected exotica. They are all attempts to switch by changing the

structure of the accessible mode manifold itself.

Why the Boltzmann limit is not universal. In a conventional MOSFET operated in the
subthreshold regime,

d
Ip x exp(—&) , (542)

so the current depends on the thermal occupation tail above a gate-controlled barrier. This
immediately yields the familiar ideal room-temperature limit

kpT
Smin = (In 10)% ~ 60mV /dec. (543)

However, Eq. (543) depends on a specific switching mechanism:
1. carriers remain approximately thermalized,
2. the gate mainly modulates a barrier height,
3. the current is controlled by the tail of a Boltzmann-like energy distribution.

If any of these assumptions are bypassed, the limit need not apply in its conventional form.
Thus:
60 mV /dec is not a universal law of switching, (544)
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but rather
60 mV /dec is the natural signature of thermal barrier-tail switching. (545)

This distinction is foundational for the DS device program.

General DS view of steep-slope switching. In the DS framework, the channel current
is determined by whether a coherent or quasi-coherent transport manifold connects source and
drain. A switch can therefore become steep if the gate controls any of the following;:

o the energetic existence of the relevant mode family,

e the alignment of source states with a narrow resonant channel,

e the topological connectivity of extended modes,

o the collective phase state of the carrier medium,

e the density of available states at the transport energy,

e the coherence length or phase-locking condition of the conducting channel.

This leads to the DS summary:

a non-Boltzmann switch is a device in which gate control acts on mode structure more directly than on thern
(546)

Resonant tunneling as spectral alignment switching. Resonant tunneling devices pro-
vide one of the clearest examples. Suppose a narrow quantum well supports a discrete quasi-
bound state of energy E,.. If the source Fermi window aligns with F,., current can flow strongly;
if not, the current is strongly suppressed. In idealized form, the transmission may be sharply

peaked:
NN

(E— E)*+(I/2)*

where I';, and I'g are the coupling widths to the source and drain, and I' =T';, + I'g.

T(E) ~ (547)

In the DS interpretation:
resonant tunneling &~ switching by narrow spectral alignment of a transport mode. (548)

The gate does not merely lower a broad barrier. It brings a discrete or narrow channel mode
into or out of energetic alignment with the injector manifold. This can yield very sharp current
changes if the resonance is narrow and the background leakage is low.

Tunnel FETs as inter-manifold edge matching. Tunnel field-effect transistors (TFETS)
operate by band-to-band tunneling rather than thermionic emission over a barrier. Ideally, the
gate modulates whether the valence-band edge of the source overlaps the conduction-band edge
of the channel. When the overlap opens, inter-band tunneling becomes allowed; when it closes,
the tunneling path vanishes.

In the DS picture, this is highly natural:

TFET switching &~ gate-controlled opening or closing of overlap between two otherwise disconnected spectra

(549)
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This is different in spirit from conventional subthreshold conduction. Instead of broad thermal
activation into a nearby mode family, one is controlling whether a tunneling bridge exists at
all between two mode continua. In principle, this permits steeper switching than Boltzmann
thermionic injection, though practical imperfections often limit performance.

Negative capacitance as electrostatic amplification of spectral control. Negative-
capacitance concepts aim to amplify the internal surface potential response to an applied gate
voltage, often through a ferroelectric layer. In simplified form, if the internal channel potential
responds more strongly than the applied gate swing,

s,
>1 950
T (550)

then the apparent subthreshold slope may drop below the conventional thermal limit.
In the DS language:

negative capacitance =& electrostatic gain applied to spectral-landscape modulation. (551)

The channel still switches by spectral access, but the gate acquires leverage over the internal
mode configuration. This is not as radical a departure as a topological or resonant switch, yet it
fits naturally into the broader DS view that what matters is how sharply the relevant transport
manifold can be reconfigured.

Topological channels as connectivity-protected transport manifolds. Topological ma-
terials introduce a qualitatively different switching paradigm. In such systems, transport may
be carried by edge or surface channels protected by topology, chirality, or symmetry. These
channels can remain robust against disorder and backscattering under the right conditions.

In the DS interpretation:

topological transport =~ propagation along globally protected phase-geometric channels of the resonator netv
(552)
A topological switch would then operate not primarily by changing barrier height, but by
changing whether a topologically protected channel exists, is connected, or is symmetry-allowed.
Such switching can, in principle, be extremely sharp because the relevant change is structural
or topological rather than merely thermal.
This is deeply aligned with the DS emphasis on phase geometry. If the transport channel
is encoded in a global phase-topological structure, then switching can be viewed as topological
mode engineering.

Quantum Hall and edge-channel switching logic. Quantum Hall and related topological
states offer an especially suggestive example. In an integer or fractional quantum Hall regime,
the bulk is gapped while current is carried along edge channels. This means:

bulk ~ spectrally closed, edge ~ spectrally open transport channel. (553)

From the DS viewpoint, this is a near-ideal realization of a transport mode topology argument:
conduction occurs only in special geometrically protected channels while the bulk acts as an
exclusion region.

A device concept based on gate-controlled creation, annihilation, or reconnection of such
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channels would represent a switch driven by mode-topology control rather than conventional
thermal injection. This is one of the main reasons why your long-standing interest in quantum
Hall, fractional quantum Hall effect (FQHE), and edge conduction fits so naturally into the DS
program.

Landau quantization and abrupt density-of-states restructuring. In a magnetic field,
electronic motion may quantize into Landau levels:

1
By = hu <n + 2) , (554)
with cyclotron frequency
_4B
We =" (555)

The density of states is then dramatically restructured into narrow manifolds.
In the DS interpretation:

Landau quantization =~ magnetic-field-driven condensation of transport accessibility into sharply defined spe
(556)

If a device could gate or field-control whether a relevant Landau-derived mode is aligned, occu-

pied, or percolating, then switching could become much steeper than ordinary thermal barrier

switching. This is particularly relevant to your vision of electrically and magnetically assisted

switching channels.

Collective-mode switching and phase transitions. A particularly powerful way to exceed
Boltzmann-style behavior is to switch a collective state rather than individual carrier occupancy.
Examples include:

o metal-insulator transitions,

e ferroelectric transitions,

e charge-density-wave depinning,

o magnetic order transitions,

e superconducting or near-superconducting phase onset,
e excitonic or correlated insulating states.

In such systems, a small control perturbation may reorganize the available mode spectrum of
the entire medium. This can produce very abrupt conductivity changes.
In the DS framework:

collective switching ~ a gate- or field-induced reorganization of the global mode phase of the channel mediu
(557)

This is conceptually much closer to your broader device ambitions than ordinary MOS barrier

lowering, because it acts on the channel state as a collective field entity rather than as a gas of

quasi-independent thermally activated carriers.
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Toward superconducting-like or dissipation-suppressed channels. One of your long-
term themes has been that ideal switching should not merely move carriers over a barrier more
efficiently, but should alter the nature of conduction itself—for example, by creating a collective
channel with greatly reduced scattering or effectively coherent transport. In standard language
this includes superconducting, ballistic, topological, or protected channels. In the DS language:

ultimate steep low-voltage switch &~ a device that turns on a low-dissipation coherent transport manifold rat

(558)
This is strategically important. If the on-state channel is itself far less dissipative, then low-
voltage operation is helped twice:

1. the turn-on mechanism can be steeper,

2. the conducting state can dissipate less once turned on.

Design logic for steep-slope devices in DS terms. From the DS viewpoint, the main
design directions for beyond-CMOS switching are:

1. Resonant alignment control: make transport depend on narrow mode alignment.

2. Inter-manifold tunneling control: switch by opening or closing overlap between dis-
tinct spectral families.

3. Topological connectivity control: switch protected channels on or off.
4. Landau or quantized-state control: use discrete field-induced mode restructuring.

5. Collective phase-state control: switch the entire channel medium into a new transport
regime.

6. Electrostatic amplification: use ferroelectric or related effects to sharpen internal spec-
tral modulation.

These are not separate philosophies. They are all realizations of a single principle:

steep switching requires controlling the structure of the transport manifold more directly than
(559)

Connection to the 0.1 V aspiration. Your device vision of operation near 0.1 V at advanced
scales is fundamentally difficult within conventional thermal MOS logic because the available
voltage swing becomes comparable to only a few times the thermal voltage:

kT
Vp =52 ~259mV  at room temperature. (560)
q

To switch many decades of current with ordinary Boltzmann behavior, such a low supply is
highly constraining. Therefore:

0.1 V logic strongly motivates a non-Boltzmann or collective-mode switching principle. (561)

This is exactly why DS-style mode engineering is not just interpretive philosophy, but an engi-
neering necessity if one seeks radically lower-power steep-slope devices.
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Why abrupt mode availability can outperform gradual barrier lowering. The essen-
tial engineering lesson may be expressed compactly:

barrier lowering — gradual exponential change tied to thermal tails, (562)
whereas

mode appearance / reconnection / resonance alignment / collective transition — potentially much sharper
(563)
This is the deepest DS reason to search for new switch physics.

Scope and caution. It is important to state clearly that not every proposed steep-slope
concept succeeds in practice. Real devices are limited by:

e contact resistance,

e disorder,

o parasitic leakage,

« finite resonance width,
e phonon coupling,

e hysteresis,

e nonideal electrostatics,
o fabrication variability.

Thus the DS framework does not imply that any exotic mode concept automatically yields a
practical transistor. Rather, it provides a unifying criterion for evaluating proposals:

Does the device truly change the transport mode structure itself, or only imitate steepness while remaining d
(564)
This is the right question for serious beyond-CMOS research.

Conceptual consequence. Conventional semiconductor switching is one special case of a
more general problem: how to control access to a transport manifold. The MOSFET solves this
by modulating a thermal barrier. But resonant tunneling devices, TFETs, topological channels,
Landau-quantized systems, and collective phase-transition channels suggest more direct ways of
changing mode accessibility. The DS interpretation therefore offers a unified design philosophy:
steep-slope switching becomes possible when the gate or external control field changes not just
carrier energy, but the existence, connectivity, or coherence of the conducting mode itself.

Summary statement. The conventional room-temperature subthreshold limit of approxi-
mately 60 mV /dec is the characteristic limit of Boltzmann-governed thermal barrier switching,
not a universal law of all switching physics. In the dynamic-space interpretation, steep-slope
devices are those that control the transport manifold more directly: resonant tunneling switches
by narrow spectral alignment, TFETs by inter-band edge overlap, negative-capacitance devices
by electrostatic amplification of spectral control, topological devices by channel connectivity,
Landau-quantized systems by abrupt density-of-states restructuring, and collective devices by
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phase-state reorganization of the entire channel medium. These diverse ideas are unified by a
single DS principle: the most promising low-voltage switches are those that operate by changing
the topology, accessibility, or coherence of the underlying transport mode structure rather than
merely lowering a thermal barrier.

13.26 Fractional Quantum Hall and Topological Edge Transport as a Proto-
type for Dissipation-Suppressed Switching in Dynamic Space

The preceding subsection argued that the most promising path beyond conventional Boltzmann-
limited switching is to control the structure of the transport manifold itself rather than merely
lowering a thermal barrier. Among the known physical platforms, quantum Hall systems—and
especially the fractional quantum Hall effect (FQHE)—provide one of the clearest realizations
of this principle. In such systems, the bulk may be spectrally closed (gapped or effectively
insulating) while current is carried through sharply defined edge channels that are robust,
geometrically constrained, and in many cases topologically protected. This combination is
extraordinarily suggestive for the dynamic-space (DS) program, because it embodies the exact
kind of transport logic the previous sections motivate: suppress dissipation in the bulk, confine
transport to special coherent channels, and use geometry or topology rather than ordinary
thermal activation as the primary organizing principle.
This motivates the central DS device insight:

ideal steep low-power transport = bulk exclusion of unwanted modes + controlled activation of robust edge
(565)

Quantum Hall and FQHE systems are therefore not merely interesting condensed-matter phe-

nomena; they are prototypes of a more general switching philosophy.

The integer quantum Hall effect as bulk-gap plus edge-channel transport. In a
strong perpendicular magnetic field, a two-dimensional electron gas forms Landau levels:

_ 4B

m*’

1
E, = hw, (n + ) , We (566)

2

When disorder broadens these levels, plateaus appear in the Hall conductance at integer filling

factors: )

ﬁ?
Meanwhile, the longitudinal conductivity becomes strongly suppressed on the plateaus:

veL. (567)

Opy =V

Ozz ~ 0. (568)
This already realizes a striking transport geometry:
bulk: nearly closed to dissipative transport, edge: open, chiral transport channels. (569)
In the DS interpretation, this is an almost ideal example of a structured transport manifold:

the medium does not conduct everywhere; it conducts only where the global phase-geometric constraints pe
(570)
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Why the edge matters physically. A finite Hall sample is not translationally invariant
to infinity. The confining potential at the sample boundary bends the Landau levels upward
in energy. Where these bent levels cross the Fermi energy, propagating edge states appear.
Because of the magnetic field and the resulting chirality, these channels carry current in one
preferred direction on each edge.

In the DS language:

edge channel ~ a boundary-supported propagating mode created where the bulk spectral exclusion meets th
(571)

This is deeply aligned with the broader DS viewpoint: transport is not a property of isolated

particles wandering through space, but of the globally allowed mode structure of the medium

plus boundary conditions.

From IQHE to FQHE: correlation reorganizes the transport manifold. The frac-
tional quantum Hall effect goes beyond one-electron Landau quantization. At certain fractional
filling factors, electron—electron interactions reorganize the many-body state into incompressible
correlated fluids. The Hall conductance then becomes fractionally quantized:

2

T (572)

Opy =V

(S IR\
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for appropriate fractions (with more general hierarchies possible). The bulk again becomes
effectively gapped, while edge excitations carry current.
In the DS interpretation, the FQHE is especially profound:

the transport manifold is not merely single-particle quantized; it is collectively restructured by many-body 1
(573)

This is precisely the kind of phenomenon that the DS program identifies as strategically impor-

tant for beyond-CMOS switching: the channel physics is defined by a collective field state, not

just by ordinary thermally activated quasi-independent carriers.

Bulk incompressibility as a transport exclusion principle. A central property of quan-
tum Hall plateaus, especially in the FQHE, is incompressibility of the bulk state. In practical
terms, this means the system resists low-energy local rearrangement of charge density in the
bulk. There is an energy cost to creating low-energy excitations there.

In the DS language:

bulk incompressibility & a strong exclusion of low-energy bulk transport modes. (574)
This is exactly the type of property one would want in a steep-slope low-leakage switch:

e suppress unwanted bulk leakage,

e suppress random dissipative percolation,

e restrict conduction to special controlled channels.

Thus the Hall plateau geometry provides a powerful design archetype.
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Edge transport as boundary-confined current. Because the bulk is effectively closed,

current flows along the edges. In the simplest picture, each edge supports one or more propa-

gating modes whose number and structure are determined by the topological order and filling

factor. In many cases, these channels are chiral, meaning backscattering is strongly constrained.
In the DS framework:

edge transport =~ boundary-confined propagation in a globally constrained phase-topological channel.
(575)

This is conceptually important because it suggests a design principle fundamentally different

from ordinary FETs:

do not let the whole bulk conduct; engineer the bulk to exclude transport and let only a small, robust chani
(576)

Why this is suggestive for dissipation suppression. In ordinary diffusive semiconduc-
tors, carriers scatter throughout the bulk and the channel. In quantum Hall edge transport,
the current path can be much more geometrically constrained and, in ideal regimes, much less
susceptible to ordinary backscattering. This does not mean zero dissipation in every practical
device, but it does mean:

the conduction path is more selective, more constrained, and often more protected than ordinary bulk conduc
(577)

For the DS program, this is exactly the right direction: transport should occur through carefully

engineered special channels, not through a broad thermally agitated continuum.

Topological protection as phase-geometric robustness. A standard way to describe
edge-state robustness is topological protection. While the exact protection depends on symme-
try class, disorder, interactions, and geometry, the broad idea is that certain transport channels
are not easily removed by smooth local perturbations as long as the relevant global structure
remains intact.

In the DS interpretation:

topological protection = robustness of a transport mode due to a global phase-geometric constraint rather tl
(578)

This is particularly resonant with the DS emphasis on phase geometry, because it suggests that

conduction can be stabilized not by constant energetic pumping but by the global organization

of the allowed mode manifold.

Fractionalization and emergent quasiparticles. The FQHE also introduces fractionally
charged quasiparticles and, in some states, anyonic statistics. Whether one emphasizes the
composite-fermion picture, Laughlin states, or more general topological field descriptions, the
core fact remains: the low-energy excitations are emergent and collective.

In the DS framework, this is a powerful conceptual lesson:

the effective carriers of a strongly organized medium need not resemble the bare microscopic electrons.
(579)

This is highly relevant to device thinking. A practical steep-slope or dissipation-suppressed

switch may not be best understood as moving bare electrons through a classical channel. It
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may instead operate by turning on a collective edge or correlated mode whose effective transport
entities are emergent excitations of the organized medium.

Why FQHE is more suggestive than ordinary IQHE for new devices. The IQHE
already demonstrates bulk exclusion and edge transport, but the FQHE adds something cru-
cial: strong many-body reorganization. This means the transport manifold itself is interaction-
generated. In DS terms:

IQHE ~ field-quantized single-particle-like edge structure, (580)

whereas
FQHE = collectively self-organized topological transport manifold. (581)

For your long-term program, this distinction is extremely important. If one seeks room-
temperature or technologically useful steep-slope switching, purely single-particle quantization
may be too fragile or require too extreme a field. A correlated collective mode, if it can be
stabilized by confinement, materials engineering, or effective field enhancement, is conceptually
closer to the type of robust switch one would want.

A prototype switching logic from Hall physics. The DS device lesson from Hall systems
can be summarized in a simple idealized switching logic:

1. Maintain a bulk state with strongly suppressed dissipative transport.
2. Create or destroy a boundary or interface channel that supports robust conduction.

3. Use an external control (electric field, magnetic field, geometry, density, phase boundary,
or correlated-state trigger) to toggle the existence or connectivity of that channel.

In symbolic form:
OFF <= bulk closed and no percolating edge/interface channel, (582)

ON <= bulk remains mostly closed but a robust boundary channel is activated or connected.

(583)
This is profoundly different from the MOSFET paradigm, where the bulk-like channel itself is
progressively opened by barrier lowering.

DS interpretation of edge activation as topology-gated transport. A natural DS
summary is therefore:

Hall-inspired switching ~ topology-gated transport: current flows only when a geometrically protected chan:
(584)

This is one of the cleanest possible formulations of your broader idea that switching should

act on the structure of the transport manifold, not merely on the Boltzmann population of a

conventional one.

Relevance to electrically and magnetically assisted switching. A recurring theme in

your broader device vision is that electric and magnetic fields may jointly shape the relevant
channel physics. Hall systems provide a concrete demonstration that:
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¢ electric fields shape confinement and edge profile,

e magnetic fields quantize motion and reorganize the density of states,
 interactions can stabilize correlated transport manifolds,

e boundaries determine where current actually flows.

In the DS interpretation, this becomes:

electric field — local spectral shaping and confinement, magnetic field — phase-topological restructurin
(585)

This is exactly the kind of combined control logic that makes Hall-inspired transistor concepts

conceptually compelling.

Important practical caution. It must be emphasized that conventional quantum Hall and
FQHE phenomena typically require:

e low temperature,

o high magnetic fields,

e high mobility 2D systems,
« careful disorder control.

Thus no immediate claim should be made that standard laboratory FQHE devices are directly
ready for room-temperature digital logic. That would be too strong. The correct claim is more
subtle and more defensible:

Hall and FQHE systems provide a prototype transport principle, not yet necessarily a practical room-temper:
(586)
This is the scientifically careful way to present the idea.

Why the prototype matters even if direct implementation is difficult. A proto-
type principle can still be enormously valuable. The Hall/FQHE lesson is that nature already
demonstrates:

 bulk-insulating / edge-conducting architectures,

e robust transport confined to special channels,

e strong suppression of ordinary dissipative bulk flow,

e collective many-body restructuring of the channel manifold.

These are exactly the ingredients one would like in an ultra-low-power steep-slope switch. There-
fore the DS program may reasonably propose:

seek materials or engineered nanosystems that emulate the Hall/FQHE transport logic under more practical
(587)

This is a strong and defensible research direction.
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Connection to a broader DS transistor vision. The broader DS interpretation is there-
fore:

the most attractive future transistor may not be a better barrier transistor; it may be a controlled channel-1
(588)
Such a device would aim to:

o keep the bulk effectively spectrally closed,

e suppress diffuse thermally activated leakage,

o turn on only a narrow robust edge/interface channel,

« exploit collective or topological organization for steepness and low dissipation.

This is highly aligned with your long-standing interest in FQHE-like transport as a prototype
for new switching physics.

Conceptual consequence. The quantum Hall and fractional quantum Hall effects show that
transport need not be a bulk property of a material in the ordinary sense. Instead, the con-
ducting manifold can be a highly constrained, boundary-localized, topologically or collectively
organized set of channels, while the bulk remains effectively closed. In the DS framework, this
is one of the clearest demonstrations that switching and transport should be rethought in terms
of mode topology, boundary conditions, and many-body phase organization rather than only in
terms of thermally activated carriers crossing local barriers.

Summary statement. Quantum Hall and especially fractional quantum Hall systems pro-
vide a powerful prototype for dissipation-suppressed switching because they realize a transport
geometry in which the bulk is effectively closed to low-energy dissipative motion while cur-
rent flows through sharply defined edge channels. In the dynamic-space interpretation, these
edge channels are boundary-supported, phase-geometrically organized transport modes created
where bulk spectral exclusion meets finite geometry. The FQHE is especially suggestive because
the transport manifold is not merely single-particle quantized but collectively restructured by
strong correlations, producing a self-organized topological channel system. Although conven-
tional FQHE devices are not yet directly practical for room-temperature logic, they demonstrate
a crucial principle: the most promising future low-voltage switches may operate not by progres-
sively lowering a thermal barrier, but by controlling the existence, connectivity, and robustness
of narrow transport channels while keeping the bulk spectrally closed.

13.27 Toward an FQHE-Inspired Field-Effect Transistor: Electric-Magnetic
Co-Engineering, Effective Landau Quantization, and Dynamic-Space
Device Principles

The preceding subsection argued that quantum Hall and fractional quantum Hall (FQHE) sys-
tems provide a prototype transport principle of potentially great relevance for ultra-low-power
switching: the bulk can be made spectrally closed to ordinary dissipative transport while current
is carried by narrow, geometrically constrained, and often robust edge or boundary channels.
The immediate engineering question is whether this logic can be abstracted into a field-effect
transistor concept. The purpose of the present subsection is not to claim that a practical room-
temperature FQHE transistor already exists. Rather, it is to formulate a disciplined device
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principle inspired by Hall/FQHE transport: combine electrostatic control, magnetic or effective
magnetic quantization, nanoscale confinement, and boundary-mode engineering so that switch-
ing is governed by the creation, alignment, reconnection, or suppression of a narrow transport
manifold while the bulk remains largely closed.

This motivates the central proposal:

FQHE-inspired field-effect transistor ~ a device in which the gate controls the accessibility or connectivity o
(589)
This is not merely a variant of the MOSFET paradigm. It is a different switching philosophy.

From barrier transistor to channel-topology transistor. A conventional MOSFET
turns on by lowering a source-to-channel barrier so that thermally occupied carriers can en-
ter an extended channel manifold. By contrast, the Hall/FQHE prototype suggests a different
logic:

OFF <= bulk spectrally closed and no source-drain-connected edge/interface mode, (590)

ON <= bulk remains mostly closed but a narrow, robust boundary or interface transport channel becomes
(591)
In this sense, the proposed device is better described as a

channel-topology transistor (592)

than as a better barrier transistor.
In the dynamic-space (DS) interpretation, the gate does not merely modulate carrier pop-
ulation over a barrier. It reconfigures the allowed transport manifold itself.

A generic device architecture. A minimal FQHE-inspired transistor concept would contain
the following ingredients:

1. A thin conducting channel or quasi-two-dimensional carrier system.
2. Strong lateral and vertical confinement to sharpen mode structure.
3. An electrostatic gate that can reshape the local potential and carrier density.

4. A magnetic field, magnetic texture, or effective magnetic field mechanism that reorganizes
the density of states into narrow manifolds.

5. Engineered boundaries or interfaces where edge-like or boundary-localized transport can
appear.

6. Source and drain contacts coupled preferentially to the desired channel manifold.

This may be represented abstractly as

{2D confinement } +{electrostatic gating}+{real or effective B-field}+{boundary engineering} = {switchab
(593)
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Electric field as spectral and density control. The electric field (or gate voltage) has at
least three distinct roles:

1. Band-edge control: shift local spectral alignment relative to the source/drain Fermi
levels.

2. Carrier-density control: tune filling factor or occupancy of the relevant mode mani-
folds.

3. Boundary-profile control: reshape the confinement potential at edges and interfaces,
thereby changing where and how edge channels form.

In the DS language:

gate field ~ local control of spectral landscape, occupancy, and boundary-mode geometry.
(594)
This is already more powerful than conventional MOS electrostatics because the gate can act
not only on barrier height but also on the very geometry of the conducting manifold.

Magnetic field as mode quantizer and topological organizer. A real perpendicular
magnetic field reorganizes the 2D density of states into Landau levels:

1
E, = hw, (n + 2> ) We = —. (595)

The degeneracy per unit area is
g5 =22 (5%)
This produces a sharply structured spectral manifold, especially when disorder is low and mo-
bility is high.
In the DS interpretation:

magnetic field &~ phase-topological quantizer that compresses transport accessibility into discrete or narrow
(597)

This is strategically important because a narrow mode family can, in principle, be switched

more abruptly than a broad thermal continuum.

Filling factor as a controllable occupancy parameter. In Hall physics, the filling factor
is b
s
V=— 998
e (598)
where ng is the 2D carrier density. Because the gate can modulate ng, it can in principle tune
the system across regimes with qualitatively different transport structure.

This suggests a powerful transistor control variable:
Vo = ns(Vg) = v(Vg) = transport-manifold reorganization. (599)

In the DS framework, this is a direct example of switching by occupancy-driven reconfiguration
of a collective mode structure rather than by gradual barrier lowering.
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Effective magnetic fields and the practical challenge. A major practical obstacle is
obvious: ordinary quantum Hall and FQHE phenomena generally require large magnetic fields
and low temperatures. Therefore, a realistic device proposal must consider not only literal ex-
ternal B fields but also the possibility of effective magnetic fields or equivalent mode-structuring
mechanisms. Scientifically cautious possibilities include:

e strong Berry-curvature engineering in topological bands,

e moiré minibands with narrow bandwidth and interaction enhancement,
e magnetic proximity or patterned magnetic textures,

e orbital quantization from nanoscale confinement,

o pseudo-magnetic fields in strained or geometrically structured systems,

e spin—orbit-coupled edge-state engineering,

artificial lattice or superlattice miniband design.

The correct claim is not that these are identical to conventional FQHE. Rather:

the goal is to reproduce the transport logic of Hall/FQHE systems—bulk suppression plus narrow robust char
(600)
This formulation is strong yet scientifically disciplined.

Effective Landau-like quantization as a design objective. The deeper DS engineering
target can therefore be stated as:

create a channel whose density of states is sharply restructured into narrow, controllable manifolds with supp
(601)
Whether this restructuring comes from:

e true Landau quantization,

e moiré flat-band minibands,

o magnetic miniband formation,

e topological edge-state spectra,

e or other collective confinement effects,

the functional role is similar. In the DS language, this is

effective Landau-like quantization = engineered spectral condensation into sharply defined transport channe]
(602)
This is the practical abstraction of the Hall/FQHE lesson.

Boundary engineering and source—drain coupling. Even if a useful edge or interface
mode exists, it is not enough for the channel merely to possess it. The source and drain must
couple efficiently to it. Therefore a realistic device must be designed so that:

e the source preferentially injects into the intended boundary or interface manifold,
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e the drain preferentially extracts from it,
o unwanted bulk or parasitic side channels remain suppressed.

In the DS interpretation:

contact engineering &~ matching the source/drain injection spectrum to the desired narrow transport manifo
(603)
This is analogous to resonant mode matching in waveguide and cavity systems.

A conceptual ON/OFF mechanism. A generic ON/OFF cycle may be described as fol-
lows:

1. In the OFF state, the bulk is spectrally closed, and the boundary or interface channel is
absent, disconnected, or energetically inaccessible from the source.

2. As the gate changes the local density, confinement, or boundary potential, the desired
channel approaches an alignment or topological threshold.

3. At a critical control point, a narrow edge/interface mode becomes connected from source
to drain.

4. Current turns on sharply because transport now proceeds through a qualitatively new
channel, not merely because a broad thermal tail grows gradually.

Symbolically,
OFF Y% channel threshold / reconnection e, ON. (604)

This is the core DS device logic.

Potential for steep slope. If the turn-on is governed by:
e resonant alignment of a narrow manifold,
e percolation of a topological edge channel,
e abrupt filling-factor transition,
e collective phase onset,
e or strong density-of-states restructuring,

then the effective subthreshold behavior may be much steeper than ordinary Boltzmann thermionic
injection. The key point is:

the current change is tied to the appearance or connectivity of a special transport manifold, not merely to a s
(605)
This is the central theoretical reason the concept is attractive for ultra-low-voltage operation.
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Potential for low dissipation. A second attractive feature is that the ON state need not be
an ordinary diffusive bulk channel. If transport is confined to a narrow boundary or interface
mode with reduced backscattering or reduced participation of lossy bulk states, then:

the ON state itself may dissipate less than a conventional broad-channel diffusive conductor.
(606)
In the DS language:

good switching should optimize both the turn-on law and the transport manifold quality.
(607)
This is crucial for the broader 0.1V vision, because steep slope alone is not enough if the ON
state remains highly dissipative.

A disciplined statement of the room-temperature challenge. It is essential to be sci-
entifically precise. Standard FQHE physics generally does not yet provide a straightforward
room-temperature transistor platform. Therefore the claim should not be:

“room-temperature FQHE transistor is already achieved.” (608)
Instead, the correct and defensible statement is:

Hall/FQHE systems reveal a transport archetype whose logic may inspire practical room-temperature analog;
(609)
This is the right way to present the idea in a serious foundational manuscript.

DS interpretation of the broader engineering program. Within the DS framework, the
FQHE-inspired transistor is part of a more general design philosophy:

(i) suppress broad bulk conduction + (ii) create narrow robust transport manifolds + (iii) let the gate cont
(610)
This philosophy is broader than Hall systems alone. It may encompass:

e topological insulator edge channels,

e quantum anomalous Hall-like channels,

e moiré miniband edge or domain-wall transport,

e strongly confined resonant channels,

o correlated interfacial phases,

e excitonic or superconducting-like interface transport,
e hybrid electric-magnetic nanosystems.

Thus the present proposal should be understood as a family of principles, not a single narrowly
defined materials recipe.

Relation to the 0.1V aspiration. For ultra-low-voltage operation, the attraction of this
device logic is immediate:
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1. If the ON/OFF transition is set by channel appearance or reconnection, the effective
turn-on can be steeper than thermal barrier control.

2. If the ON state uses a narrow robust channel rather than a diffusive bulk continuum,
dynamic and static dissipation can both be reduced.

3. If confinement and engineered mode structure compress the relevant transport manifold,
the required control swing may become smaller.

This may be summarized as

0.1V feasibility improves when both switching steepness and ON-state transport quality are improved simult:
(611)
This is exactly why a Hall/FQHE-inspired device concept is strategically attractive.

What this subsection does and does not claim. To avoid misunderstanding, the present
subsection makes the following claims:

e Claim 1: Hall and FQHE systems provide a real physical example of bulk-suppressed,
boundary-dominated transport.

e Claim 2: This transport logic is highly attractive for steep-slope, low-leakage switching.

e Claim 3: A field-effect transistor can be conceptually reimagined around the gate control
of narrow transport-manifold existence or connectivity rather than simple barrier lowering.

o Claim 4: Practical realization likely requires engineered analogs of Hall/FQHE transport
logic rather than direct transplantation of conventional low-temperature laboratory FQHE
Systems.

The subsection does not claim that a specific room-temperature implementation has already
been experimentally demonstrated.

Conceptual consequence. The field-effect transistor need not be regarded as a device whose
essence is thermionic barrier modulation. More generally, it can be viewed as a device that
controls whether a source and drain are connected by a suitable transport manifold. Hall and
FQHE systems reveal a particularly powerful instance of this broader truth: the most desirable
channel may be narrow, boundary-localized, robust, and embedded in a medium whose bulk
is largely closed. In the DS interpretation, this is a natural and compelling direction because
it shifts the engineering target from moving carriers over barriers to engineering the phase-
topological geometry of the conducting channel itself.

Summary statement. An FQHE-inspired field-effect transistor is proposed here not as a
literal claim of an already-realized room-temperature FQHE logic device, but as a disciplined
device principle: use electrostatic gating, magnetic or effective magnetic quantization, nanoscale
confinement, and boundary engineering to create a channel in which ordinary bulk transport
is suppressed while a narrow, robust boundary or interface manifold can be switched on or off.
In the dynamic-space interpretation, such a device is a channel-topology transistor rather than
a mere barrier transistor. The gate controls the existence, accessibility, or connectivity of a
structured transport manifold, potentially enabling steeper turn-on and lower dissipation than
conventional thermally limited MOS switching. The central practical challenge is to reproduce
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the transport logic of Hall/FQHE systems—bulk exclusion plus special-channel conduction—
under technologically useful conditions through materials and structural engineering.

13.28 Dynamic-Space Design Criteria for a 0.1 V, 3nm, 100 GHz Transistor:
Steep-Slope, Low-Dissipation, and Channel-Reconfiguration Metrics

The preceding subsections developed a general device philosophy in which ultra-low-power
switching should be achieved not primarily by gradually lowering a thermal barrier, but by
sharply controlling the existence, accessibility, or connectivity of a narrow transport manifold
while suppressing unwanted bulk conduction. If that philosophy is to become technologically
meaningful, however, it must be translated into explicit engineering criteria. The purpose of
the present subsection is therefore to formulate a disciplined set of quantitative design targets
for a hypothetical next-generation transistor operating near 0.1V, at characteristic dimensions
of order 3nm, and with switching speeds approaching 100 GHz. The goal is not to claim that
all such targets are already simultaneously achievable. Rather, it is to identify the conditions
under which a dynamic-space (DS)-inspired device concept could plausibly become relevant.
This subsection thus asks:

What must be true, quantitatively, for a 0.1V, 3nm, 100 GHz transistor to be physically meaningful?
(612)

The central engineering tension. A conventional room-temperature MOSFET faces a well-
known scaling tension:

e low supply voltage reduces dynamic energy,
e but low supply also reduces gate overdrive,
o while the thermal subthreshold scale remains near kg7'/q ~ 25.9mV,

 and the ideal subthreshold limit remains near 60 mV /dec.

Thus, if one wants both:
Vpp ~ 0.1V (613)

and
large ON/OFF current ratio, (614)

then conventional thermal barrier switching becomes severely strained.
This motivates the DS design thesis:

at 0.1V, steepness and low dissipation must both improve relative to conventional thermionic MOS operati

(615)

Criterion 1: subthreshold slope must significantly beat the Boltzmann regime.
Suppose one desires an ON/OFF ratio of R = Ion/Iorr. If the subthreshold slope is S in
mV /dec, then the gate swing needed for N = log,y R decades is approximately

AV~ NS. (616)
At room temperature, a conventional ideal MOSFET has

SMOS,ideal = 60 mV /dec. (617)
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Then:
o for R =10 (N = 3 decades), one needs ~ 180 mV,
o for R =10* (N = 4 decades), one needs ~ 240 mV,
o for R=10° (N =5 decades), one needs ~ 300 mV.

These are already incompatible with a strict 0.1V logic budget unless the usable swing is highly
asymmetric or the required ON/OFF ratio is relaxed.
Therefore, a 0.1V logic transistor with meaningful ON/OFF separation strongly suggests:

S <« 60mV/dec (effective room-temperature switching slope). (618)
A plausible aspirational target range would be:
Starget ~ 10-20 InV/dec, (619)

with
Sstretch ~ 3-10mV /dec (620)

for highly ambitious concepts.
In the DS language:

the switch must be governed by transport-manifold reconfiguration rather than by ordinary thermal-tail barri
(621)

Criterion 2: the OFF state must suppress broad leakage channels. Steep slope alone
is not sufficient. A device can appear steep over a narrow range but still be unusable if parasitic
leakage dominates. For a practical low-voltage transistor, the OFF state should ideally satisfy:

Iorr < IoN, (622)
and more specifically:

all broad parasitic bulk or side-channel continua must remain spectrally closed or poorly coupled in the OFF
(623)

This is especially central in the DS framework. The OFF state is not merely a high barrier. It

is a state in which:

the intended transport manifold is absent, disconnected, or inaccessible, and no broad replacement manifold ]
(624)
This criterion is critical for any Hall-inspired, resonant, topological, or collective device concept.

Criterion 3: the ON state must provide a high-quality transport manifold. A steep
switch is not useful if the ON state is too resistive or noisy. Thus the ON state must not only
exist; it must conduct well. In a simplified form:

Tox ~ 2w (625)

Tsw

where Qs is the switched charge (or effective transported charge per switching event) and gy
is the switching timescale.
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For a DS-inspired device, the ON state should satisfy:

the activated transport manifold should be narrow but strongly coupled, low-scattering, and minimally conta;

(626)
This suggests a central qualitative metric:
useful conductance of intended channel manifold
Qchannel = . . B —. (627)
parasitic conductance + scattering-induced degradation
A high-performance DS device requires
Qchannel > 1. (628)

Criterion 4: dynamic energy must scale favorably at 0.1 V. The conventional dynamic
switching energy is approximately

1
Edyn ~ iceHV5D~ (629)
At
Vpp = 0.1V, (630)
this becomes
Eayn = 0.005Cer  (J if Cegr is in F). (631)

For example:
o if Cop = 1{F, then Egyy ~ 5 x 10718 ],
o if Cof = 100aF, then Egqyn ~ 5 x 10719 ],
o if Cop = 10aF, then Eqyn ~ 5 x 10720 J.

Thus ultra-low-voltage logic only delivers major system benefit if the effective switched capaci-
tance is also very small.
In the DS context, this implies:

switch only a small, spectrally targeted channel region rather than a large diffuse bulk charge volume.
(632)

This strongly favors narrow edge/interface or localized reconfiguration channels over broad

charge-sheet inversion layers.

Criterion 5: RC and transport delay must be compatible with 100 GHz operation.
A 100 GHz switching rate corresponds to a characteristic timescale

1
= =10ps (633)

To be meaningful as a logic device, the intrinsic switching and interconnect-related delay should
be comfortably below this scale. A rough first-order requirement is:

Tdevice 5 1-3ps (634)

for the active device itself, leaving margin for fan-out and interconnect overhead.
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If the device is RC-limited,
TRC = RonCefr. (635)

Then, for example:
o if Cop = 100aF and 7rc = 1ps, then Ryy ~ 10k€2,
o if Cop = 10aF and 7re = 1ps, then Ry, ~ 100 kSD.

These are not impossible values for nanoscale or quasi-ballistic channels, but they show imme-
diately that:

contact resistance and parasitic capacitance become absolutely central at 100 GHz.  (636)

Criterion 6: channel transit time must be short enough at 3 nm scale. At a charac-
teristic channel length
L ~ 3nm, (637)

the ballistic or quasi-ballistic transit time is roughly

L

Veff

(638)

Ter

For representative effective velocities:
e if veg = 10°m/s, then 7, ~ 30fs,
o if veg = 10°m/s, then 7, ~ 3fs.

Thus at the intrinsic channel scale, raw transit time need not be the primary bottleneck. Instead:

the real bottlenecks are often injection, contact coupling, parasitic capacitance, and channel reconfiguration t
(639)

This is an important engineering clarification.

Criterion 7: channel reconfiguration time must be intrinsically fast. For a DS-
inspired device, switching is not necessarily simple barrier lowering. It may involve:

e resonant alignment,

e edge-channel appearance,

e topological reconnection,

¢ collective occupancy thresholding,
e phase-state reorganization.

This suggests a distinct and important timescale:

Treconf = time required for the relevant transport manifold to become available, connected, or phase-stable aft

(640)
This is arguably the most characteristic DS device metric.
A meaningful 100 GHz-class device requires:
Treconf S 1-3 ps, (641)
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and preferably
Treconf K 1 ps (642)

for comfortable margin.
This leads to a new DS engineering principle:

the channel must not merely exist in equilibrium; it must be reconfigurable on sub-picosecond to few-picose
(643)

Criterion 8: the switching mechanism should minimize large-scale thermalization.
If the switching event requires extensive thermal equilibration of a broad carrier distribution,
then the device risks falling back into Boltzmann-like limits and slow dissipation. Therefore a
DS-inspired steep-slope device should ideally satisfy:

switching should involve localized or narrow-manifold reconfiguration rather than full-channel thermal repopt
(644)
This favors mechanisms such as:

e resonant mode alignment,

o edge/interface channel reconnection,

e abrupt density-of-states restructuring,
e rapid collective threshold crossing,

e coherence-assisted occupancy transfer.

In short:

avoid broad thermal redistribution; prefer targeted manifold switching. (645)

Criterion 9: contact selectivity is as important as channel design. At extreme scaling,
a narrow or topological channel is only useful if the source and drain can inject into it efficiently
and selectively. Therefore:

desired channel coupling

(646)

M =
comtact = arasitic bulk / side-mode coupling

should be maximized, ideally with
Mcontact > 1. (647)

This is particularly important for Hall-inspired or edge-channel devices, where a nominally
excellent channel can be ruined by poor contact spectral matching.
In the DS language:

contact engineering is part of the transport-manifold design, not an afterthought. (648)
Criterion 10: the ON-state current target must be realistic at 0.1 V. A practical
device must deliver enough current to charge downstream capacitance quickly. If one uses

AV
I ~ Cloaqg—, 4
Cload Ar (649)

then for representative cases:
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e Cload = 100aF, AV =0.1V, At = 1ps gives

I ~ 10 pA, (650)

e Cloaqa = 11F, AV =0.1V, At = 1ps gives

I ~ 100 piA. (651)

Thus the required current depends strongly on actual fan-out and parasitics. For deeply scaled,
very local switching, tens of microamps per device may already be meaningful. For heavier
loads, the demand rises quickly.

The DS implication is:

a narrow transport manifold can be acceptable if the switched capacitance is proportionally tiny and the cont
(652)

Criterion 11: thermal robustness and spectral separation. At room temperature,

kT =~ 25.9meV. (653)

If the relevant channel-selection or manifold-reconfiguration mechanism relies on an energy
splitting AF, then a useful rule of thumb is:

AFE 2 (3-5) kT (654)
for robust suppression of thermal smearing, and preferably
AE > kgT (655)
for strong sharpness. Numerically, this suggests:
AFiarget ~ 80-150 meV (656)

as a useful order-of-magnitude target for room-temperature-selective channel control, though
the exact requirement depends on the mechanism and line broadening.

This is very important for your broader program. If one seeks effective Landau-like, topo-
logical, or correlated switching at room temperature, then the relevant channel-separation scale
must not be tiny compared with kT

Criterion 12: a DS “channel reconfiguration merit factor.” To organize the above
ideas, it is useful to introduce a conceptual merit factor for DS-style devices:

I 1 1
<ION > <S) <7_ ) QchannelMcontact
FDS = OFF re}onf , (657)
loss

where:
o Ion/Iorr captures usable switching contrast,

o 1/S rewards steep turn-on,
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1/Trecont Tewards fast channel formation,

Qchannel Tewards high-quality low-loss transport,

M eontact Tewards selective source/drain coupling,

Poss penalizes static and dynamic dissipation.

This is not a standardized industry metric, but it is a useful conceptual organizing tool for
DS-inspired device evaluation:

a good DS transistor is one that rapidly creates a high-quality transport manifold with steep turn-on, strong
(658)

A disciplined target window. Putting the above together, a disciplined aspirational target
window for a DS-inspired 0.1 V-class transistor might be:

Vpp ~ 0.1V, (659)

S ~ 10-20mV/dec (or better), (660)
Iox/Iorr = 10% to 10°  (application dependent), (661)
Treconf 5 1-3 DS, (662)
Cet ~ 10-100aF  (strongly desirable), (663)

(664)

AFEgect ~ 80-150meV  (order-of-magnitude room-temperature target).

These numbers are intentionally demanding. That is appropriate. A 0.1V, 100 GHz transistor
is an extremely ambitious target and should be treated as such.

What this implies for the broader DS device strategy. The criteria above strongly
favor a device architecture with the following features:

o very small switched capacitance,

o very selective source/drain coupling,

e narrow and robust transport manifolds,

e minimal broad bulk leakage,

e abrupt channel appearance or reconnection,
 intrinsically fast reconfiguration dynamics,

e strong room-temperature spectral selectivity.

This is exactly why Hall-inspired, topological, resonant, or collective-mode concepts are strate-
gically attractive in the DS framework. They are among the few known directions that could,
at least in principle, attack multiple criteria at once.
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Important scientific caution. It must be emphasized that these criteria are not evidence
that a complete 0.1V, 3nm, 100 GHz device has already been demonstrated. Rather, they are
a disciplined design framework:

the value of the DS program here is not to claim immediate realization, but to identify what must be true for
(665)
This is the correct tone for a foundational paper that also seeks technological relevance.

Conceptual consequence. A future transistor at the extreme low-voltage frontier cannot
be judged solely by whether it exhibits a steep local slope or an exotic transport signature. It
must satisfy a multi-constraint engineering problem involving steepness, leakage suppression,
ON-state transport quality, contact selectivity, reconfiguration speed, thermal robustness, and
parasitic minimization. The DS framework contributes a unifying perspective by treating all
of these as aspects of one central task: engineer a channel whose transport manifold can be
rapidly and selectively reconfigured while the rest of the system remains spectrally closed.

Summary statement. A credible 0.1V, 3nm, 100 GHz transistor requires much more than
a small physical size or a steep local transfer curve. It requires a switching mechanism that sig-
nificantly outperforms Boltzmann-limited thermal barrier control, suppresses broad OFF-state
leakage channels, activates a high-quality low-loss ON-state transport manifold, minimizes effec-
tive switched capacitance, maintains sub-picosecond to few-picosecond channel reconfiguration
times, and preserves sufficient spectral selectivity against room-temperature broadening. In the
dynamic-space interpretation, these requirements can be unified by a single engineering princi-
ple: the device must rapidly create, connect, or align a narrow robust transport manifold while
keeping parasitic bulk transport spectrally excluded. This is the central quantitative criterion
for any serious DS-inspired path toward a 0.1V, 3nm, 100 GHz transistor.

13.29 Dynamic-Space Design Criteria for a 0.1V, 3nm, 100 GHz Transistor:
Steep-Slope, Low-Dissipation, and Channel-Reconfiguration Metrics

The preceding subsections developed a general device philosophy in which ultra-low-power
switching should be achieved not primarily by gradually lowering a thermal barrier, but by
sharply controlling the existence, accessibility, or connectivity of a narrow transport manifold
while suppressing unwanted bulk conduction. If that philosophy is to become technologically
meaningful, however, it must be translated into explicit engineering criteria. The purpose of
the present subsection is therefore to formulate a disciplined set of quantitative design targets
for a hypothetical next-generation transistor operating near 0.1V, at characteristic dimensions
of order 3nm, and with switching speeds approaching 100 GHz. The goal is not to claim that
all such targets are already simultaneously achievable. Rather, it is to identify the conditions
under which a dynamic-space (DS)-inspired device concept could plausibly become relevant.
This subsection thus asks:

What must be true, quantitatively, for a 0.1V, 3nm, 100 GHz transistor to be physically meaningful?
(666)

The central engineering tension. A conventional room-temperature MOSFET faces a well-
known scaling tension:

e low supply voltage reduces dynamic energy,
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e but low supply also reduces gate overdrive,
o while the thermal subthreshold scale remains near kgT'/q ~ 25.9mV,
o and the ideal subthreshold limit remains near 60 mV /dec.

Thus, if one wants both:
Vbop ~ 0.1V (667)

and
large ON/OFF current ratio, (668)

then conventional thermal barrier switching becomes severely strained.
This motivates the DS design thesis:

at 0.1V, steepness and low dissipation must both improve relative to conventional thermionic MOS operati

(669)

Criterion 1: subthreshold slope must significantly beat the Boltzmann regime.
Suppose one desires an ON/OFF ratio of R = Ion/Iopr. If the subthreshold slope is S in
mV /dec, then the gate swing needed for N = log;, R decades is approximately

AVg ~ NS. (670)
At room temperature, a conventional ideal MOSFET has
SMOS,ideal = 60mV /dec. (671)
Then:
o for R =10 (N = 3 decades), one needs ~ 180mV,
o for R =10* (N = 4 decades), one needs ~ 240 mV,
o for R =10% (N =5 decades), one needs ~ 300 mV.

These are already incompatible with a strict 0.1 V logic budget unless the usable swing is highly
asymmetric or the required ON/OFF ratio is relaxed.
Therefore, a 0.1V logic transistor with meaningful ON/OFF separation strongly suggests:

S <« 60mV/dec (effective room-temperature switching slope). (672)
A plausible aspirational target range would be:
Starget ~ 10-20 mV/dec, (673)

with
Sstretch ~ 3-10mV /dec (674)

for highly ambitious concepts.
In the DS language:

the switch must be governed by transport-manifold reconfiguration rather than by ordinary thermal-tail barri

(675)
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Criterion 2: the OFF state must suppress broad leakage channels. Steep slope alone
is not sufficient. A device can appear steep over a narrow range but still be unusable if parasitic
leakage dominates. For a practical low-voltage transistor, the OFF state should ideally satisfy:

Torr < IoN, (676)
and more specifically:

all broad parasitic bulk or side-channel continua must remain spectrally closed or poorly coupled in the OFF
(677)

This is especially central in the DS framework. The OFF state is not merely a high barrier. It

is a state in which:

the intended transport manifold is absent, disconnected, or inaccessible, and no broad replacement manifold 1
(678)
This criterion is critical for any Hall-inspired, resonant, topological, or collective device concept.

Criterion 3: the ON state must provide a high-quality transport manifold. A steep
switch is not useful if the ON state is too resistive or noisy. Thus the ON state must not only
exist; it must conduct well. In a simplified form:

Tsw

where Qs is the switched charge (or effective transported charge per switching event) and gy
is the switching timescale.
For a DS-inspired device, the ON state should satisfy:

the activated transport manifold should be narrow but strongly coupled, low-scattering, and minimally conta:

(680)
This suggests a central qualitative metric:
useful conductance of intended channel manifold
Qchannel = . ; ; " . (681)
parasitic conductance + scattering-induced degradation
A high-performance DS device requires
Qchannel > 1. (682)

Criterion 4: dynamic energy must scale favorably at 0.1 V. The conventional dynamic
switching energy is approximately

1
Eayn ~ 5(16&‘/5 D (683)
At
Vop=0.1V, (684)
this becomes
Eayn = 0.005Cegr  (J if Cegr is in F). (685)

For example:
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o if Cof = 11F, then Eqyn ~ 5 x 10718 ],
o if Cop = 100aF, then Egy, &~ 5 x 10719,
o if Ceg = 10aF, then Egyy ~ 5 x 10720].

Thus ultra-low-voltage logic only delivers major system benefit if the effective switched capaci-
tance is also very small.
In the DS context, this implies:

switch only a small, spectrally targeted channel region rather than a large diffuse bulk charge volume.
(686)

This strongly favors narrow edge/interface or localized reconfiguration channels over broad

charge-sheet inversion layers.

Criterion 5: RC and transport delay must be compatible with 100 GHz operation.
A 100 GHz switching rate corresponds to a characteristic timescale

1
T= 7 = 10ps. (687)

To be meaningful as a logic device, the intrinsic switching and interconnect-related delay should
be comfortably below this scale. A rough first-order requirement is:

Tdevice ,S 1-3ps (688)

for the active device itself, leaving margin for fan-out and interconnect overhead.
If the device is RC-limited,
TrRC = RonCefr (689)

Then, for example:
o if Cop = 100aF and 7pc = 1ps, then Ry, ~ 10k€2,
o if Cop = 10aF and mre = 1ps, then Ryn ~ 100 k).

These are not impossible values for nanoscale or quasi-ballistic channels, but they show imme-
diately that:

contact resistance and parasitic capacitance become absolutely central at 100 GHz.  (690)

Criterion 6: channel transit time must be short enough at 3 nm scale. At a charac-
teristic channel length
L ~ 3nm, (691)

the ballistic or quasi-ballistic transit time is roughly
Tor ~ —. (692)

For representative effective velocities:
o if veg = 10°m/s, then 7, ~ 30 fs,

o if v = 10°m/s, then 7, ~ 3fs.
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Thus at the intrinsic channel scale, raw transit time need not be the primary bottleneck. Instead:

the real bottlenecks are often injection, contact coupling, parasitic capacitance, and channel reconfiguration t
(693)

This is an important engineering clarification.

Criterion 7: channel reconfiguration time must be intrinsically fast. For a DS-
inspired device, switching is not necessarily simple barrier lowering. It may involve:

e resonant alignment,

o edge-channel appearance,

e topological reconnection,

e collective occupancy thresholding,
o phase-state reorganization.

This suggests a distinct and important timescale:

Treconf = time required for the relevant transport manifold to become available, connected, or phase-stable aft

(694)
This is arguably the most characteristic DS device metric.
A meaningful 100 GHz-class device requires:
Treconf S 1-3 s, (695)
and preferably
Treconf < 1 DS (696)

for comfortable margin.
This leads to a new DS engineering principle:

the channel must not merely exist in equilibrium; it must be reconfigurable on sub-picosecond to few-picose:
(697)

Criterion 8: the switching mechanism should minimize large-scale thermalization.
If the switching event requires extensive thermal equilibration of a broad carrier distribution,
then the device risks falling back into Boltzmann-like limits and slow dissipation. Therefore a
DS-inspired steep-slope device should ideally satisfy:

switching should involve localized or narrow-manifold reconfiguration rather than full-channel thermal repopt
(698)
This favors mechanisms such as:

e resonant mode alignment,
o edge/interface channel reconnection,
e abrupt density-of-states restructuring,

e rapid collective threshold crossing,
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e coherence-assisted occupancy transfer.

In short:

avoid broad thermal redistribution; prefer targeted manifold switching. (699)

Criterion 9: contact selectivity is as important as channel design. At extreme scaling,
a narrow or topological channel is only useful if the source and drain can inject into it efficiently
and selectively. Therefore:

desired channel coupling

(700)

M =
contact = parasitic bulk / side-mode coupling

should be maximized, ideally with
Mcontact > 1. (701)

This is particularly important for Hall-inspired or edge-channel devices, where a nominally
excellent channel can be ruined by poor contact spectral matching.
In the DS language:

contact engineering is part of the transport-manifold design, not an afterthought. (702)

Criterion 10: the ON-state current target must be realistic at 0.1 V. A practical
device must deliver enough current to charge downstream capacitance quickly. If one uses

AV
I = Cloadfta (703)

then for representative cases:

e Cload = 100aF, AV =0.1V, At = 1ps gives

I ~ 10 pA, (704)

¢ Cload = 1fF, AV =0.1V, At = 1ps gives

I ~ 100 pA. (705)

Thus the required current depends strongly on actual fan-out and parasitics. For deeply scaled,
very local switching, tens of microamps per device may already be meaningful. For heavier
loads, the demand rises quickly.

The DS implication is:

a narrow transport manifold can be acceptable if the switched capacitance is proportionally tiny and the cont

(706)

Criterion 11: thermal robustness and spectral separation. At room temperature,

kpT ~ 25.9meéV. (707)
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If the relevant channel-selection or manifold-reconfiguration mechanism relies on an energy
splitting AF, then a useful rule of thumb is:

AFE 2 (3-5) kT (708)
for robust suppression of thermal smearing, and preferably
AE > kgT (709)
for strong sharpness. Numerically, this suggests:
AFiarget ~ 80-150 meV (710)

as a useful order-of-magnitude target for room-temperature-selective channel control, though
the exact requirement depends on the mechanism and line broadening.

This is very important for your broader program. If one seeks effective Landau-like, topo-
logical, or correlated switching at room temperature, then the relevant channel-separation scale
must not be tiny compared with kgT.

Criterion 12: a DS “channel reconfiguration merit factor.” To organize the above
ideas, it is useful to introduce a conceptual merit factor for DS-style devices:

I 1 1
<ION > <S) (7_ > QchannelMcontact
-FDS = OFF re]cjonf , (711)
loss

where:
o Ion/Iorr captures usable switching contrast,
o 1/S rewards steep turn-on,
o 1/Trecont rewards fast channel formation,
¢ OQchannel rewards high-quality low-loss transport,
o M ontact rewards selective source/drain coupling,
e P penalizes static and dynamic dissipation.

This is not a standardized industry metric, but it is a useful conceptual organizing tool for
DS-inspired device evaluation:

a good DS transistor is one that rapidly creates a high-quality transport manifold with steep turn-on, strong
(712)
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A disciplined target window. Putting the above together, a disciplined aspirational target
window for a DS-inspired 0.1 V-class transistor might be:

Vpp ~ 0.1V, (713)

S ~10-20mV /dec (or better), (714)
Iox/Iorr = 10% to 10°  (application dependent), (715)
Treconf S 1-3 P, (716)
Cet ~ 10-100aF (strongly desirable), (717)

(718)

AFEgect ~ 80-150meV  (order-of-magnitude room-temperature target).

These numbers are intentionally demanding. That is appropriate. A 0.1V, 100 GHz transistor
is an extremely ambitious target and should be treated as such.

What this implies for the broader DS device strategy. The criteria above strongly
favor a device architecture with the following features:

o very small switched capacitance,

o very selective source/drain coupling,

e narrow and robust transport manifolds,

o minimal broad bulk leakage,

e abrupt channel appearance or reconnection,
e intrinsically fast reconfiguration dynamics,

o strong room-temperature spectral selectivity.

This is exactly why Hall-inspired, topological, resonant, or collective-mode concepts are strate-
gically attractive in the DS framework. They are among the few known directions that could,
at least in principle, attack multiple criteria at once.

Important scientific caution. It must be emphasized that these criteria are not evidence
that a complete 0.1V, 3nm, 100 GHz device has already been demonstrated. Rather, they are
a disciplined design framework:

the value of the DS program here is not to claim immediate realization, but to identify what must be true for
(719)
This is the correct tone for a foundational paper that also seeks technological relevance.

Conceptual consequence. A future transistor at the extreme low-voltage frontier cannot
be judged solely by whether it exhibits a steep local slope or an exotic transport signature. It
must satisfy a multi-constraint engineering problem involving steepness, leakage suppression,
ON-state transport quality, contact selectivity, reconfiguration speed, thermal robustness, and
parasitic minimization. The DS framework contributes a unifying perspective by treating all
of these as aspects of one central task: engineer a channel whose transport manifold can be
rapidly and selectively reconfigured while the rest of the system remains spectrally closed.
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Summary statement. A credible 0.1V, 3nm, 100 GHz transistor requires much more than
a small physical size or a steep local transfer curve. It requires a switching mechanism that sig-
nificantly outperforms Boltzmann-limited thermal barrier control, suppresses broad OFF-state
leakage channels, activates a high-quality low-loss ON-state transport manifold, minimizes effec-
tive switched capacitance, maintains sub-picosecond to few-picosecond channel reconfiguration
times, and preserves sufficient spectral selectivity against room-temperature broadening. In the
dynamic-space interpretation, these requirements can be unified by a single engineering princi-
ple: the device must rapidly create, connect, or align a narrow robust transport manifold while
keeping parasitic bulk transport spectrally excluded. This is the central quantitative criterion
for any serious DS-inspired path toward a 0.1V, 3nm, 100 GHz transistor.

13.30 A Minimal Dynamic-Space Compact Model: OFF-State Exclusion,
Channel-Reconnection Threshold, and ON-State Conductance

To make the dynamic-space (DS) transistor concept operational, a compact modeling language
is needed. The goal of such a model is not to reproduce all microscopic transport details from
first principles, but to capture the essential switching logic in a form that can be analyzed,
compared, and eventually translated into circuit-level or TCAD-level approximations. The
central DS device idea developed in the previous subsections is that switching occurs when a
narrow transport manifold becomes available, connected, and sufficiently well coupled between
source and drain, while broad parasitic bulk transport remains suppressed. A minimal compact
model should therefore contain three physically distinct pieces:

1. an OFF-state exclusion factor describing suppression of broad leakage pathways,

2. a channel-reconnection factor describing the appearance or connectivity of the desired
transport manifold,

3. an ON-state conductance law describing the current carried once that manifold is active.
This leads to the following generic DS current ansatz:
Ipn(Ve,Vp) = heak(Va, V) + R(Ve, Vo) Ieh (Ve, V), (720)
where:
o Ijeak is the residual leakage current through undesired channels,
e R is a reconnection or manifold-availability factor satisfying 0 <R <1,
e I, is the current that would flow through the intended manifold if fully active.

This is the minimal mathematical embodiment of the DS switching philosophy.

Interpretation of the reconnection factor. The key new quantity is R. In a conventional
MOSFET compact model, the gate largely modulates a barrier height. In the present DS
compact model, the gate instead modulates the availability or connectivity of a special transport
manifold. Thus:

R =0 = desired manifold absent or disconnected, (721)

R =1 = desired manifold fully available and connected. (722)
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Intermediate values may represent partial connectivity, finite overlap, nonideal contact match-
ing, or incomplete spectral alignment.

In the DS interpretation, R is not merely a fitting function. It is the compact-model rep-
resentation of a real physical event: edge-channel appearance, resonant alignment, topological
reconnection, filling-factor thresholding, or some other transport-manifold transition.

A minimal threshold variable. To organize the switching law, introduce an effective control

variable
=Ve,Vp,...) (723)

that measures how close the device is to manifold activation. The ellipsis may include density,
magnetic field, confinement potential, auxiliary-layer state, source alignment, or other control
parameters. The simplest threshold criterion is

Z =0 at the manifold-connection threshold. (724)
Then:

Z<0 = OFF-side manifold exclusion, (725)

E>0 = ON-side manifold availability. (726)

A generic first-order form is
E=ac(Ve—V7)+apVp + apBeg + anAn + acACeont + - - (727)
where:
o V} is an effective manifold threshold voltage,
e Bg is a real or effective magnetic structuring variable,
e An is a density deviation from a target operating point,
e ACons denotes change in confinement or boundary geometry,

e the a coeflicients convert these controls into a single manifold-threshold coordinate.

This form is intentionally generic and can later be specialized for a given implementation.

Choice of reconnection law. A useful smooth reconnection law is a sigmoid:

1

RE) =17 exp(—Z/Az)’

(728)

where A= measures the sharpness of the transition in control-variable space. Smaller Az means
a sharper manifold threshold.
An alternative threshold-like form is

R(E) = % {1 + tanh(fa)} . (729)

For a strongly collective or topological transition, one may even consider sharper empirical
forms or piecewise models. But Eqs. (728) and (729) are already sufficient to capture the key
DS logic:

the gate controls a manifold-availability factor, not just a barrier height. (730)
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A minimal OFF-state leakage law. The OFF-state current should represent all undesired
channels that remain when the intended manifold is absent. A minimal form is

Deax = Ip exp (—W> ) (731)
sm
where:
e Iy is a leakage prefactor,
e O is an effective OFF-state exclusion barrier,
e FEgn is an effective smearing energy scale.
For ordinary thermally dominated leakage,
Eam = kpT. (732)

For nonthermal broadening, disorder, contact broadening, or correlated transitions, Eg, may
be an effective broader or narrower scale.
A useful DS interpretation is:

FEsn ~ the energy scale over which forbidden manifold exclusion becomes blurred by thermal, disorder, or sp
(733)
This is more general than a strict Boltzmann barrier picture.

A minimal ON-state channel current law. Once the intended manifold is active, the
simplest conductance form is

Ich = Gon(VG’ VD) VD: (734)

where G, is the ON-state conductance of the activated manifold. In a more refined form one
may include saturation:

o GonVD
1+ Vp/Viy

is an effective saturation scale for the channel manifold.

Iy (735)

*

where Vi,

The conductance may itself be decomposed as
Gon = GQ Mg Mt Net (736)

where:
» G is a characteristic quantum or reference conductance scale,
e Mg is the effective number of active transport channels,
o ¢ measures transport quality (scattering, coherence, backscattering suppression),
o 1)t measures source/drain contact selectivity and coupling efficiency.

This decomposition is particularly useful for DS-inspired devices because it separates:

channel existence (R) from channel quality (Gop). (737)
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Full minimal transfer expression. Combining the above ingredients, one obtains the com-

pact form
Per(Va, V) Gon(Va, VD) Vb

R(=E
Eym ) ( ) 1+ VD/Vs;t

This is the minimal DS compact model. It already captures:

ID(Vg,VD) = [0 exp(— (738)

e OFF-state exclusion,

¢ threshold-like manifold activation,

e ON-state conduction through a special transport family,
e possible output saturation.

Equation (738) is simple enough for analytic reasoning yet physically richer than a pure barrier
model.

Effective subthreshold slope in the DS model. In the OFF-to-ON transition regime,
the effective slope is determined not only by ®.g(V) but also by how sharply R changes with
V. If the reconnection factor dominates the transition, the slope can be much steeper than
ordinary Boltzmann barrier switching.

Differentiating Eq. (728), one finds

R 1

d= Az

R(1—TR). (739)

The maximum slope occurs near R = 1/2:

dR 1
ey = A (740)
Thus sharper transitions correspond to smaller A=.
The effective gate slope near threshold is then governed by
d=
e (741)
so that:
steep-slope operation <= small Az and large control leverage d=/dV¢. (742)

This is a very useful DS design rule.

A DS channel-reconfiguration metric. The previous subsection introduced a physical re-
configuration timescale Tyecont- In compact-model terms, one may represent the channel manifold
state by a dynamic internal variable z(t) satisfying

dx
7—reconfa = xOO(VGa Vb, .. ) - T, (743)

where x, is the equilibrium manifold state imposed by the controls. One may then define

R =TR(z), (744)
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rather than directly R(Vg). This is the simplest dynamic compact-model representation of
channel reconfiguration.
In the DS interpretation, £ may represent:

e edge-channel connectivity,

e resonant alignment quality,

o filling-factor proximity,

e topological channel occupancy,

¢ collective phase fraction,

o or an effective order parameter for manifold activation.

This formulation is extremely useful because it converts the conceptual DS device physics into
a standard compact-model state-variable framework.

Output conductance and manifold robustness. In ordinary transistors, the output char-
acteristic is shaped by channel-length modulation, velocity saturation, and drain-induced barrier
lowering. In a DS-inspired device, the output conductance may instead be dominated by:

o manifold robustness against drain bias,

e contact mismatch,

o loss of edge/interface confinement,

e resonance detuning,

e or broadening of the intended channel under bias.

A useful compact-model parameter is therefore
Aps = drain sensitivity of the active manifold. (745)
A small \pg is desirable:
Aps € 1 = stiff manifold, low output conductance, good current saturation.  (746)

This provides a natural analog of output-resistance quality in the DS transistor language.

Compact-model interpretation of contact selectivity. The source/drain contacts can
be represented by coupling efficiencies ng and 7p, so that

Gon X NSND- (747)

If the contacts inject significantly into parasitic bulk channels, the effective leakage prefactor
Iy grows and the effective manifold quality 7. drops. Thus contact selectivity enters both the
OFF and ON terms:

bad contacts = larger [iga and smaller Gop. (748)

This is an important practical insight of the DS compact-model viewpoint.
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A useful idealized limiting case. An especially transparent limiting case is:

C7Ymax‘/D 1
1+ Vp/Vge 1+ exp[—(Ve —Vy)/AVps]’

Ip ~ Ipe™ ®ett/Bsm |

(749)

where AVpg is the effective gate-width of the manifold transition. This makes the interpretation

immediate:
e the first term is residual OFF leakage,
e the second term is a gate-activated special channel.

If
AVpg < 60 mV

at room temperature, then the model realizes an effective sub-Boltzmann switch.

Connection to measurable figures of merit. From Eq. (738), one can extract:

o+ ON/OFTF ratio:
Ton

b
Iorr

¢ subthreshold slope:
dVg

d(logy ID)’

e transconductance:
- Olp
9m = QVG’

e output conductance:
e intrinsic delay estimate:

e energy-delay product:

e~ (Seuvy) (Cator).
2 Ion

Thus the DS compact model is already suitable for preliminary figure-of-merit analysis.

(750)

(751)

(752)

(753)

(754)

(755)

(756)

What the model does and does not claim. This minimal model is intentionally phe-

nomenological. It does not claim:
e a microscopic derivation of R for a specific material stack,
e a universal transport law for all DS-inspired devices,

e or direct predictive accuracy without calibration.
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What it does provide is:

a compact mathematical language for devices whose switching is governed by manifold activation rather than
(757)
That is precisely the right level of abstraction for a foundations-to-device bridge paper.

Conceptual consequence. The compact-model shift introduced here is important. A con-
ventional transistor model usually asks: what is the effective barrier, charge density, and chan-
nel conductance? The DS-inspired compact model asks a more general question: is the desired
transport manifold present, how sharply does it appear, how good is it once present, and how
much unwanted transport remains when it is absent? This is a broader and potentially more
powerful language for evaluating non-Boltzmann, resonant, topological, or collective-mode tran-
sistor concepts.

Summary statement. A minimal dynamic-space compact model may be written as the sum
of an OFF-state leakage current and a gate-activated special-channel current weighted by a
reconnection factor:

Ip = leak + R Ieh. (758)

Here [e represents residual broad-channel exclusion failure, R represents the availability or
connectivity of the intended narrow transport manifold, and I, represents the current carried
once that manifold is active. Introducing a threshold variable = and a sharp reconnection law
R(Z) provides a compact description of DS-style switching, while a dynamic internal variable
x(t) captures finite channel-reconfiguration time. This model does not yet replace microscopic
transport theory, but it provides the correct compact-language framework for analyzing de-
vices whose essence lies in transport-manifold creation, reconnection, or activation rather than
conventional thermal barrier modulation.

13.31 A First SPICE-Style Parameter Set and Example Transfer Character-
istics for the Minimal DS Compact Model

The previous subsection introduced a minimal dynamic-space (DS) compact model in which the
drain current is the sum of residual OFF-state leakage and a gate-activated transport-manifold
current:

Ip(Va,Vp) = heax(Va, Vp) + R(Va, Vb) I (Va, V). (759)

To make this framework useful for engineering discussion, one needs a first parameterization
analogous in spirit to a compact-model or SPICE-level abstraction. The purpose of the present
subsection is therefore to define a small set of interpretable DS parameters, show how they
control transfer characteristics, and identify the approximate parameter window in which the
model becomes relevant for low-voltage steep-slope logic.

The goal here is not to claim a finalized industry-ready model card. Rather, it is to produce
a disciplined first model layer from which later SPICE, TCAD, or experimental fitting work
can proceed.

A minimal analytic current law for plotting and fitting. A convenient working form is

Qg — Ve — UDVD) . 1 - GmaxVp
o Ve =Vi] 1+ Vp/Viy'
AVps

Ip(Va,Vp) = Ipo exp (— (760)

14 exp {—
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This contains two physically distinct terms:

1. the leakage term

Teax = Ioo exp (— o= nG;J/G — WDVD) ; (761)
which represents residual OFF-state transport through unwanted broad channels;
2. the intended manifold current
T = R(Ve) - T (762)
with 1
R(Ve) = e Vo=V (763)
P {_AVDS

which models the appearance or reconnection of the special transport manifold.

This form is intentionally simple. It is sufficient to illustrate the fundamental DS distinction:

a DS switch can be made steep either by reducing leakage, sharpening reconnection, improving channel qualit

(764)

Meaning of the compact parameters. The parameters in Eq. (760) have the following
physical interpretation:

o Iyo: leakage prefactor, representing parasitic source—drain coupling in the absence of the
intended manifold;

o O: effective OFF-state exclusion energy at zero bias;

o FEgy: spectral-smearing scale, incorporating thermal broadening and possibly disorder/contact
broadening;;

e ng: gate leverage over the leakage barrier;

e 7p: drain leverage over leakage, analogous to drain-induced barrier reduction in spirit;
o Vi effective manifold-reconnection threshold voltage;

e AVpg: gate-width of the manifold transition, i.e. the sharpness of channel activation;

¢ Ghax: maximum conductance of the intended manifold in the ON state;

it effective channel saturation scale.

This is already close in spirit to a compact-model card:

{-[007(p()vEsmunG)T/DaVifaAVD87GmaX7‘/SZt}' (765)
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A useful extension: contact quality and manifold quality factors. For later refinement,
it is useful to split the ON-state conductance into:

Gmax = GQ Mg 1tr Met s (766)

where:
« G is a reference conductance scale,
o M.g is the effective number of active transport channels,
e 1) is transport quality,
o 1)t is contact selectivity/coupling quality.

Then the model can cleanly distinguish:
channel existence (R) from channel quality (Gpax)- (767)

This is particularly important for Hall-inspired or edge-channel concepts, where a channel may
nominally exist but still be poorly contacted or too lossy to be useful.

A first example parameter set: MOS-like baseline. As a baseline comparison, consider
a MOS-like regime in which the device is still largely controlled by a thermally broadened
transition. A representative toy parameter set at Vp = 0.1V is:

Too =10"10A, (768)
dy = 0.18¢V, (769)
Egp, = 25.9meV, (770)
ne = 0.9¢, (771)
np = 0.1¢, (772)
Vi =45mV, (773)
AVpg = 28mV, (774)
Gmax = 0.5m8, (775)
cat = 80mV. (776)

This produces a transfer curve with:
e a broad transition region,
e a slope not dramatically better than ordinary thermal switching,
e moderate ON-state conductance.

In the DS language, this is the case where a special manifold exists in principle, but the recon-
nection transition is too broad to deliver a decisive low-voltage advantage.
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A first example parameter set: promising DS steep-slope regime. Now consider a
more favorable DS regime:

Ioo = 10712 A, (777)
Dy = 0.226V, (778)
Fgm = 20meV, (779)
ng = 1.1q, (780)
np = 0.05q, (781)
Vi =38mV, (782)
AVpg = 8mV, (783)
Gmax = 1.5mS, (784)
Vi, =60mV. (785)

This parameter set represents:
e lower parasitic leakage,
e sharper manifold reconnection,
« stronger ON-state conduction,
o weaker drain sensitivity of OFF-state exclusion.

In this regime, one can obtain:
a much sharper effective turn-on within a gate swing compatible with 0.1 V-class logic. (786)

This is the type of regime the DS program is attempting to identify physically.

A poor-contact DS case: sharp manifold, weak utility. An important caution is that
a very sharp reconnection factor alone is not enough. Consider:

Ioo = 10712 A, (787)
g = 0.22eV, (788)
Eg, = 20meV, (789)
Vi =38mV, (790)
AVps = 6mV, (791)
Gmax = 0.05mS, (792)
Vi, =50mV. (793)

This case may show an apparently excellent slope, yet the available ON current is too small for
serious logic unless load capacitance is extremely low. This is exactly why the earlier criterion

steepness + channel quality + contact selectivity (794)

must be satisfied simultaneously.
In DS terms:

it is not enough to create a manifold; one must also inject into it efficiently. (795)

176



A parasitic-leakage DS case: sharp manifold, weak OFF state. Conversely, suppose
the manifold is sharp and conductive, but OFF-state exclusion is poor:

Too = 1078 A, (796)
Oy =0.12¢V, (797)
Egm = 25.9meV, (798)
Vit = 40mV, (799)
AVpg = 8mV, (800)
Gmax = 1.0mS, (801)
+i = 60mV. (802)

sat —

This device can turn on sharply, yet the ON/OFF ratio is degraded because broad parasitic
channels are insufficiently suppressed. This is especially relevant to edge- or interface-dominated
devices, where the special channel may be excellent while the ordinary bulk path still leaks
excessively.

Thus:

the DS concept succeeds only if narrow-manifold activation is accompanied by strong broad-manifold exclusic

(803)

Transfer-curve interpretation. Equation (760) naturally gives a family of transfer curves
Ip versus Vg

o Region I: deep OFF. The manifold is absent (R =~ 0), so the current is leakage domi-
nated:
ID ~ Ileak- (804)

e Region II: manifold reconnection threshold. The current rises sharply as R changes
from near 0 to near 1:

Ip =~ Lieax + RGmax V- (805)
This is the most characteristic DS transition region.

» Region III: manifold-dominated ON state. The desired channel is active (R ~ 1),
and current is limited mainly by manifold conductance and saturation:

ID . Gmax VD

D 806
14+ V[V (306)

This transfer-curve decomposition is useful because it shows that the DS switch is funda-
mentally a two-mechanism device: OFF-state suppression and ON-state manifold activation are
both essential and can be optimized separately.

Approximate subthreshold slope of the manifold transition. If the reconnection term
dominates near threshold and leakage is sufficiently suppressed, then

1
14+ eXp[—(VG — Vf«()/AVDs] '

Ip x R(Vg) = (807)
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Near the steepest region, the effective slope in mV /dec is of order
Sef ~ (In10) AVps. (808)
Thus:
o if AVpg =26mV, then Seg is MOS-like in scale,
e if AVpg =10mV, then Seg can be very steep,
e if AVpg = 5mV, then the transfer can be extremely sharp.

The precise extracted slope depends on the leakage floor and the interaction of both terms, but
Eq. (808) is a very useful first design heuristic.

A practical parameter window for 0.1 V logic. Combining the previous section with the
present model, a first practical DS target window can be summarized as follows:

AVpg < 5-10mV, (
Too S 1071110712 A (representative low-leakage target), (
By > 0.18-0.25 6V, (

Gmax 2 0.5-1.5mS for strong local drive, (

(

Qo
—_
—_
—_— — ~— — ~—

Vae ~ 50-100 mV.

sat

These are not universal numbers, but they indicate the scale of the challenge. The DS concept
becomes technologically interesting only when the manifold turns on sharply, carries meaningful
current, and does so without broad leakage overwhelm.

A first dynamic extension for transient simulation. To make the model useful for
transient studies, introduce a state variable x(t) representing manifold activation:

dzr
Treconfa = moo(VGH VD) -, (814)
with
! (815)
Too = » )
1+ eXp[—(VG — VT)/AVDs]
Then let
R =x. (816)
The current becomes
GmaxVD
ID(t) = Ileak(VG’y VD) + x(t) (817)

1+ Vp/Viy
This is the simplest SPICE-like dynamic DS model. It explicitly separates:

o static transfer characteristic,
« finite channel reconfiguration time,
e dynamic current response.

It is therefore immediately useful for preliminary delay and energy estimates.
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Delay and energy from the compact model. If a load capacitance C}, is driven by the
device, then a first delay estimate is

CrVpp
Tload "~ Vi , (818)
ON
while the internal manifold formation contributes
CrLVpp
Ttot ~ Treconf + T . (819)
ON
The switching energy remains approximately
1 2

Esw ~ §CLVDD + Eint,IOSSa (820)

where Fiyg 10ss captures internal dissipation due to imperfect channel reconfiguration or leakage.
This makes it possible to compare candidate DS parameter sets directly against the 0.1V /
100 GHz criteria discussed earlier.

How this model should be used. The present compact model is most useful in four ways:

1. as a qualitative transfer-curve language for DS-style devices,
2. as a parameter-extraction target for numerical or experimental data,
3. as a bridge to transient and circuit-level reasoning,
4. as a filter for unrealistic proposals.
A proposed device concept that cannot simultaneously achieve:
e low Iy,
e small AVpg,
» sufficiently large Gax,

o and acceptable Tyecont

is unlikely to satisfy the DS design criteria for 0.1 V-class operation.

What this subsection does and does not claim. This subsection does not claim that
the parameter values above are already demonstrated in a specific FQHE-inspired transistor.
It does claim that:

a DS-inspired device concept can and should be judged by a small number of compact-model parameters that
(821)
This is precisely the right level of abstraction for a foundations-to-device bridge manuscript.

Conceptual consequence. The step taken here is significant. It converts the DS transistor
idea from a qualitative metaphor into a compact-model structure with tunable physical parame-
ters. This means the concept can now be tested, falsified, compared, and refined. In particular,
it becomes possible to say not merely “the switch should be steep,” but rather:

the switch requires a sufficiently small AVpg, sufficiently low Iyg, sufficiently high Giax, and sufficiently sme
(822)
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That is the language needed for serious device development.

Summary statement. A first SPICE-style dynamic-space compact model may be constructed
from a leakage term and a gate-activated manifold-current term:

ID = Ileak + RICha (823>

with R represented by a sharp sigmoid transition centered at an effective threshold V; and
characterized by a transition width AVpg. A practical parameter set is then defined by the
tuple

{00, o, Esm, a1, V1 AVbs, Grmax, Viats Trecont }+ (824)

which directly encodes OFF-state exclusion, manifold sharpness, ON-state channel quality, bias
sensitivity, and dynamic response. Example parameter regimes show that the DS concept
becomes technologically interesting only when sharp manifold activation, strong conductance,
and low parasitic leakage are achieved simultaneously. This compact-model framework therefore
provides the correct first quantitative language for evaluating dynamic-space-inspired steep-
slope transistor concepts.

13.32 A Worked Numerical Example: 0.1V Operation, 100 aF Load, and
the Delay /Energy Window of the Minimal DS Device

The previous subsection introduced a minimal compact-model language for dynamic-space (DS)-
inspired switching and identified the core parameter tuple

{-[007 (I)Ov Esma NG, Mp, Vifa AVrDSv Gmaxv ‘/;;ta 7—reconf}- (825)

To evaluate whether such a device could be relevant for ultra-low-voltage logic, it is useful to
work through a concrete numerical example. The purpose of the present subsection is therefore
not to claim a demonstrated device, but to estimate what current, delay, and energy figures
follow from a plausible toy parameter set. This provides a first quantitative sanity check on the
DS transistor concept.

We consider a deliberately simple scenario:

Vop=0.1V, Cr =100aF, (826)
with the compact current law
D9 — naVa — npVi 1 Gmax V]
In(Va, V) :I()oexp(— 0—neVe —np D) n G D* (s27)
Egm 1 { Ve — VT 1+ VD/ sat
+exp|———+

Reference target and evaluation logic. The purpose of this exercise is to estimate whether
a DS-style device could plausibly satisfy all three of the following simultaneously:

1. meaningful ON/OFF contrast at 0.1V,
2. intrinsic load-driving delay in the picosecond to sub-10-ps regime,

3. switching energy in the attojoule to few-attojoule range.

The analysis is intentionally simple and should be read as a first-order device-screening frame-
work rather than as a substitute for full transport simulation.
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Chosen toy parameter set. As a representative promising DS regime, take

Too = 10712 A, (828)
Dy = 0.22¢V, (829)
Eym = 20meV, (830)
ng = 1.1q, (831)
np = 0.05q, (832)
Vi = 38mV, (833)
AVpg = 8mV, (834)
Gimax = 1.5mS, (835)
VE, =60mV, (836)
Trecont = 1 PS. (837)

This set is intentionally optimistic but not absurd as a toy design target. It represents:
o low leakage prefactor,
o moderately strong OFF-state exclusion,
e sharp manifold reconnection,
o useful ON-state manifold conductance,

o and picosecond-scale internal reconfiguration.
Estimated OFF-state current. Take the OFF state to correspond approximately to
Vo =0, Vp=0.1V. (838)

Then the logistic reconnection factor is essentially negligible because

Vo — Vi 0—0.038
= ~ —4.75 839
AVbs 0.008 ’ (839)

SO
1 -3
Rorr ~ {75 ~ 8.6 x 107 (840)

If the intended manifold is truly absent or practically disconnected in the OFF state, the
compact model should be interpreted as the leakage term dominating. Thus:

by —naVa —npV;
IOFF ~ IDO exp <— 0 nGEG "D D) . (841)
sm
Using npVp ~ 0.05 x 0.1eV = 0.005€eV, one gets an effective exclusion energy
@ orF ~ 0.22 — 0.005 = 0.215€V. (842)
Hence 0.215
Iopr ~ 1072 exp (0'020) A=10"12e"10T A~ 21 x 10717 A. (843)

This is an extremely low OFF-state current in the toy model, indicating that the chosen pa-
rameter set strongly suppresses broad parasitic leakage.
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Estimated ON-state current. Take the ON state approximately as

Ve=01V, Vp=0.1V. (844)
hen Ve—-Vy 0.1-0.038
a— Vg .1 —-0.
= =7.75 845
AVpg 0.008 ’ (845)
SO

Thus the manifold is essentially fully active. The ON-state channel current is then

GmaxVD
Ion ® ——————. 847
ON N Ty v (847)
Substituting
Gmax = 1.5mS,  Vp =01V, V&, =0.06V, (848)
gives
1.5x 1073 x 0.1 1.5 x 1074
Ion = = A=5.6x107°A. 849
ON ™ 1 10.1/0.06 2.667 . (849)
So the toy ON current is approximately
Ton ~ 56 uA. (850)
Estimated ON/OFF ratio. Using Eqs. (843) and (850),
I 6x107°
oN o 56X 10y 7 k102, (851)

Topr 21 x 1017

This number is clearly far larger than would typically survive in a real technology once vari-
ability, noise, interface leakage, defect channels, and contact nonidealities are included. The
correct interpretation is therefore not that such a ratio is already realistic, but rather:

the toy parameter set demonstrates that, in principle, the compact model can yield enormous switching conti
(852)

In practice, the meaningful question is how much parasitic degradation can be tolerated before

the ratio falls into a technologically useful range such as 103-10°.

Load-limited switching delay. A first-order load-limited delay estimate is

Noad ~ ZEVDD (853)
Ion
With
Cp=100aF =107F,  Vpp =01V, Ion=56x10"A, (854)
one obtains 6
107° x 0.1 _13

This is extremely fast. It indicates that, under the assumed toy parameters, the external 100
aF load is not the bottleneck.
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Total switching delay including manifold reconfiguration. The more relevant DS delay
estimate includes the intrinsic reconfiguration time:

Ttot ~ Treconf + Tload- (856)

Using
Treconf = 1S, Tload ~ 0.18 ps, (857)

gives
Tiot ~ 1.18 ps. (858)

This corresponds to an intrinsic frequency scale of order

~ 0.85 THz. (859)

fint ~
Ttot

Of course, this should not be interpreted as immediate system-level logic speed. Interconnects,
fan-out, clocking, thermal effects, and parasitics would reduce the usable rate substantially. But
it does suggest that:

if a DS device can truly realize the assumed manifold conductance and picosecond reconfiguration, then 100 (

(860)
Dynamic switching energy. The usual capacitive switching energy is
1 2
With
Cr =100akF, Vop=0.1V, (862)
one gets
1
Eayn = 5 X 10716 % (0.1)2 =5 x 10719 J. (863)
Thus:
Eqyn =~ 0.5aJ. (864)

This is an exceptionally low dynamic energy and is precisely why low-voltage, low-capacitance
switching is so attractive.

A first energy-delay product estimate. Combining Egs. (863) and (858), the energy-delay
product is
EBr~5x1071Y %118 x 1072 ~ 5.9 x 10731 J - s, (865)

Again, this is only a toy intrinsic estimate, but it provides a useful first target scale.

What happens if the ON-state conductance is worse? The above results are highly
sensitive to Gmax. Suppose the active manifold exists but is poorly contacted or strongly
scattered, reducing

Gmax = 0.15mS, (866)

i.e. ten times smaller than before. Then the ON current scales approximately down by a factor
of ten:

Ion ~ 5.6 pA. (867)
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The load-limited delay becomes

10716 x 0.1
Then
Teot = 1ps + 1.8 ps = 2.8 ps. (869)

This is still compatible with 100 GHz-class operation in principle, but the design margin narrows
sharply. The lesson is immediate:

contact-limited or scattering-limited manifolds can destroy the advantage even if the switching slope remains
(870)

What happens if parasitic leakage is worse? Now keep the original ON current, but
increase the leakage prefactor to

I = 1072A (871)
and reduce the exclusion energy to
®y=0.15€V. (872)
Then, with the same OFF-state bias,
(beﬁ"OFF ~ 0.145 eV, (873)
and 0.145
Topr ~ 1077 ) &~ 7.1 x 107 PA. 4
OFF 0 exp( 0‘020> 7.1 x 10 (87 )
Then

Ion _ 5.6x107°
Iopp ~ 7.1x 10713

Even this is still very large, but the trend is the important point: the OFF-state contrast can

~ 7.9 %107 (875)

degrade dramatically without significantly affecting the nominal ON current. This is why:

bulk exclusion quality must be treated as a co-equal design axis with manifold steepness and ON conductanc
(876)

What happens if the reconnection width is broader? Now keep the original ON/OFF
endpoints, but broaden the manifold transition to

AVpg = 25mV. (877)
Then the effective slope becomes much more MOS-like. Using the rule-of-thumb

Sef ~ (In10) AVpg, (878)

gives
Sef ~ 2.303 x 25mV ~ 58 mV /dec. (879)

This almost completely removes the low-voltage advantage, even though the device might still
nominally possess a special transport manifold. Therefore:

the manifold must not only exist; its activation must be sharp in gate space. (880)
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A compact summary of success and failure modes. The worked example shows that a
DS-style device can fail in at least three distinct ways:

1. Poor OFF-state exclusion: leakage dominates and ON/OFF ratio collapses.
2. Weak ON-state manifold conductance: delay becomes too large despite good slope.

3. Broad manifold transition: low-voltage advantage disappears even if a special channel
exists.

Conversely, a promising DS regime requires all three of the following:
low Teak, small AVpg, large Gax- (881)

This is perhaps the most useful practical lesson of the compact model.

A first numerical interpretation of 100 GHz plausibility. At

f =100 GHz, (882)
the clock period is
T = 10ps. (883)
The worked example yields
Ttot ~ 1.18 ps, (884)

which is comfortably below 10 ps on the intrinsic device scale. Even the degraded ON-conductance

case gave
Ttot ~ 2.8 ps, (885)

which still leaves some margin.
Thus the compact model suggests the following disciplined conclusion:

100 GHz-class local device operation is not ruled out by the toy DS model, provided the transport manifold is
(886)
This is exactly the right level of claim for a foundational device-bridge paper.

What this implies for experiments and simulation. The worked example naturally
suggests the next research tasks:

1. extract approximate Iy, ®g, and Egy, from OFF-state transport data,
2. extract V; and AVpg from transfer curves,

3. extract Gmax and V;

t+ from ON-state output curves,

4. extract Tyecont from transient or pulsed measurements,
5. compare candidate material stacks against the same compact parameter set.

This means the DS compact model is already experimentally actionable at the phenomenological
level.

185



Conceptual consequence. The key conceptual value of this worked example is that it turns
the DS transistor idea into a falsifiable engineering proposition. One can now say, quantitatively,
that a low-voltage DS-style device is plausible only if it achieves a sufficiently sharp manifold
activation width, sufficiently low broad-channel leakage, sufficiently high ON-state manifold
conductance, and sufficiently fast internal reconfiguration. That is a real engineering standard,
not a metaphor.

Summary statement. A worked numerical example of the minimal dynamic-space compact
model with Vpp = 0.1V and Cf, = 100 aF shows that, in an optimistic but disciplined parame-
ter regime, one can obtain very low OFF-state leakage, tens of microamps of ON-state current,
sub-picosecond load-limited delay, and a total intrinsic switching time in the picosecond range
when manifold reconfiguration is also fast. The same example also shows how the concept fails if
parasitic leakage is too large, if manifold conductance is too weak, or if the manifold transition
is too broad. The practical lesson is clear: a DS-inspired transistor becomes technologically
relevant only when OFF-state exclusion, manifold sharpness, ON-state conductance, and re-
configuration speed are all simultaneously favorable. This worked example therefore provides a
first quantitative window into what a 0.1 V-class DS device would actually require.

13.33 From the Minimal DS Compact Model to a TCAD/NEGF Roadmap:
What Must Be Simulated First

The previous subsections developed a dynamic-space (DS) switching philosophy, a prototype
device stack, a minimal compact model, and a worked numerical example. The next necessary
step is to translate these ideas into a disciplined simulation roadmap. The key challenge is that
the proposed device class lies in an intermediate regime: it is too structured and too quantum-
sensitive to be captured adequately by purely classical drift—diffusion alone, yet too exploratory
at the present stage to justify immediate commitment to a single full-scale atomistic simulation
stack without prior filtering. What is needed first is a hierarchical simulation program that
begins with the simplest models capable of testing the core DS hypothesis and then increases
in realism only as needed.
The central question is:

What is the minimal simulation program that can falsify or support the claim that a DS-inspired device can |
(887)
This subsection proposes such a program.

Simulation philosophy: hierarchy before maximal realism. A common failure mode
in exploratory device research is to attempt fully realistic simulation too early, with too many
unknown materials and interfacial parameters. This often produces neither physical insight nor
trustworthy prediction. The DS program instead requires a staged approach:

compact model — reduced quantum transport model — self-consistent electrostatic transport model —
(888)
Each stage should answer a specific question:

e Does the switching principle work in idealized form?
e Does it survive self-consistent electrostatics?

e Does it survive realistic contacts and disorder?
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e Does it remain attractive when mapped onto a plausible material stack?

This staged logic is especially important for DS-inspired devices because the switching physics is
meant to come from transport-manifold structure, not merely from standard barrier modulation.
The simulations must therefore be explicitly designed to test manifold creation, reconnection,
and quality.

Stage 1: compact-model exploration and parameter sensitivity. The first stage is the
compact model already introduced:

ID = Ileak + R.[ch- (889)
At this stage, the goals are:
1. identify what values of AVpg, Gmax, 100, and Tyecont are needed;

2. map the ON/OFF, delay, and energy contours in parameter space;

3. determine which parameter combinations can meet a target such as 0.1V, 100 GHz, and
a useful ON/OFF ratio.

This stage is not enough for publication-quality predictive device physics, but it is indispensable
for preventing wasted effort. If the compact model already demands absurd parameter values,
the concept should be revised before more detailed simulation.

In practical terms, Stage 1 should produce:

o transfer curves Ip(Vg),

o output curves Ip(Vp),

o ON/OFF maps,

o delay-energy tradeoff maps,

e sensitivity to leakage, contact quality, and transition sharpness.

Stage 2: reduced quantum transport model. The next stage should introduce explicit
transport-manifold physics. The simplest route is a reduced-dimensional Hamiltonian model,
such as:

e a tight-binding chain or ribbon,

e a two-dimensional lattice model,

e a quantum point contact or split-gate constriction model,
e a topological edge-state toy model,

e a Landau-level-inspired strip model,

e or a narrow-manifold resonant transport model.
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Transport can then be calculated using a Landauer or nonequilibrium Green’s function (NEGF)
framework. The core quantity is the transmission function

T(E; Ve, Vb, ...), (890)
from which the current follows:
2
1= [1(E) [fs(B) - f(B)] dF, (391)

or an appropriate generalized form depending on degeneracy and channel structure.
In the DS interpretation, Stage 2 is the first place where the manifold language becomes
explicit:

the desired question is whether T'(E) changes sharply because a narrow transport manifold appears or reconn
(892)
This is the correct reduced quantum-transport test of the DS switching principle.

Why NEGF is particularly appropriate. NEGF is especially attractive at this stage
because it naturally handles:

e quantum transmission,

e contact self-energies,

e coherent channel transport,

e resonant states,

o finite bias,

e and, in extensions, inelastic scattering.

For a channel Hamiltonian H and contact self-energies ¥g, Y p, the retarded Green’s function
is

-1
GR(E) = |[BI - H -x§ -»f - sf] (893)
and the transmission is
T(B) = Tr [[sG TG, (894)
with
Tsp=i(28p-34p). (895)

This is precisely the formalism needed to test whether source and drain truly couple to a narrow
intended manifold rather than to broad parasitic continua.

Stage 2 observables that matter most. The reduced quantum transport stage should not
attempt to compute everything. It should focus on the observables most diagnostic of the DS
idea:

1. the transmission map T(E, V),
2. the appearance or reconnection of narrow transmission channels,

3. spectral separation between intended and parasitic channels,
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4. contact selectivity into edge/interface states,
5. bias dependence of the intended manifold,

6. robustness against moderate disorder or contact mismatch.
In particular, the following question is decisive:
Does the gate create a sharp change in integrated transmission because a narrow manifold appears, or does it
(896)

That is the core distinction between a genuine DS-style switch and a disguised conventional
switch.

Stage 3: self-consistent Poisson—quantum transport. Once the reduced transport model
shows promise, the next stage is self-consistent electrostatics. This is crucial because many
elegant transport ideas fail once the channel potential, screening, and contact electrostatics are
solved self-consistently. A minimum self-consistent loop is:

Poisson <« quantum transport / charge density. (897)

That is, one solves:

V- (Vo) = —p(r), (898)

together with a transport model that yields the carrier density:

p(r) = plé(r), Ve, Vp, .. . (899)
This may be done with:
o effective-mass Schrédinger—Poisson,
e NEGF-Poisson,
o tight-binding NEGF-Poisson,
e or other reduced models depending on the device concept.

In the DS picture, Stage 3 tests whether the intended manifold survives realistic gate cou-
pling and whether the OFF state remains broadly excluded once the electrostatics reshape the
actual potential self-consistently.

Stage 3 questions that are decisive. Self-consistent simulation should answer at least the
following:

1. Does the gate actually modulate the intended edge/interface/narrow manifold strongly
enough?

2. Is the OFF state undermined by unintended electrostatic percolation paths?
3. Does the source inject mainly into the intended manifold or into bulk states?
4. Is the transition still sharp once charge redistribution and screening are included?

5. Are drain-induced manifold distortions manageable?

If the answer to these questions is negative, then the device concept likely does not survive
realistic electrostatics.
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Stage 4: materials-specific implementation screening. Only after the transport prin-
ciple survives the previous stages should one move to materials-specific modeling. This stage
would insert plausible values or models for:

e effective mass or band structure,

e spin—orbit coupling,

e magnetic exchange or topological band structure,
¢ dielectric constants,

e contact work functions,

e disorder broadening,

e phonon coupling,

e moiré or superlattice parameters,

e correlated-state phenomenology where relevant.

The key point is that the materials-specific stage is not the beginning of the program. It is a
later filtering stage. This is scientifically and strategically important.
In the DS framework, Stage 4 asks:

Can any plausible material platform actually realize the transport archetype already shown to be attractive i
(900)

A minimum viable NEGF simulation target. For an FQHE-inspired or channel-topology
transistor, the first reduced transport simulation does not need to include the full microscopic
many-body FQHE from day one. A minimum viable first target could be:

e a narrow 2D or ribbon channel,

e one or two gate-defined constrictions,

 a toy Hamiltonian with a narrow edge/interface manifold,
 source/drain contacts,

e a gate-tunable control parameter that changes manifold connectivity,
e disorder and contact mismatch as perturbations.

The first success criterion is then:

sharp gate-induced creation or reconnection of a source—drain transmission channel with suppressed broad Ol
(901)
This is the minimal quantum-transport analogue of the DS compact-model reconnection factor.
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A practical sequence of simulation outputs. The simulation program should ideally
generate outputs in the following order:

1. T(E, V) heat maps,

2. local density of states (LDOS) maps,

3. current density maps to see whether transport is bulk-like or edge/interface-like,
4. transfer curves Ip(Vg) at fixed Vp,

5. output curves Ip(Vp) at fixed Vg,

6. extracted compact-model parameters AVps, Gmax, loo, V7,

7. transient estimates of Tyecont if & dynamic internal variable is modeled.

This sequence is important because it directly connects the microscopic transport picture to
the phenomenological compact-model language already developed.

A DS extraction workflow. A useful workflow is:

simulation — T'(F,Vy), LDOS, current maps — Ip(Vig, Vp) — {loo, Vi, AVps, Gmax, Vet } — delay/ener
(902)

This makes the DS device proposal falsifiable at every step. If the simulated transmission cannot

be fit by a sharp reconnection law with acceptable leakage and conductance, then the concept

should be revised rather than rhetorically defended.

What to simulate first, concretely. A disciplined first simulation campaign should prob-
ably proceed in the following order:

1. Toy manifold-reconnection model: A 2D lattice or ribbon with gate-defined constric-
tion, simulated coherently to see if a narrow transmission channel can be sharply turned
on.

2. Contact selectivity study: Vary source/drain coupling geometry and spectral width
to see how easily a nominally excellent channel is ruined by poor contacts.

3. Disorder robustness study: Introduce edge roughness, onsite disorder, or contact
broadening to determine whether the OFF-state exclusion and manifold sharpness survive.

4. Self-consistent electrostatics: Add Poisson coupling to see if the gate still moves the
intended manifold effectively.

5. Parameter extraction into the DS compact model: Fit I (Vg, Vp) curves to extract
the compact parameters and compare against the 0.1V / 100 GHz design criteria.

6. Only then: materials-specific refinement.

This sequence is likely the fastest and most scientifically disciplined way to determine
whether the DS proposal has device merit.
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Which simulation failures are most informative. Negative results are especially valuable
if interpreted correctly. The most informative failure modes are:

e the intended manifold appears but broad parasitic channels dominate anyway,

the channel is sharp in the ideal model but disappears under self-consistent electrostatics,

contact broadening destroys selectivity,

o disorder converts an edge/interface concept back into diffuse bulk leakage,
o the gate cannot move the channel enough within a 0.1V bias window,

o the ON-state manifold is too weakly conducting for realistic loads.

Fach of these failures corresponds directly to a DS compact parameter degrading beyond use-
fulness.

How the roadmap connects to TCAD. Traditional TCAD is often built around drift—
diffusion, hydrodynamic, and electrostatic barrier concepts. A DS-inspired channel-topology
transistor may not fit naturally into that language from the start. Therefore the roadmap
should not begin with conventional full TCAD as the first tool. Instead:

TCAD should enter after a reduced quantum transport model has already shown that a meaningful transport
(903)

At that stage, TCAD-like electrostatics, variability, parasitics, and process sensitivity become

valuable. But if the transport archetype has not first been established, conventional TCAD

may merely bury the concept under assumptions that already presuppose MOS-like physics.

A DS simulation principle. The simulation roadmap may be summarized by one principle:
simulate the transport manifold first, and the full device second. (904)

This is the correct inversion of the usual order for a device whose essence is manifold activation
rather than barrier lowering.

Conceptual consequence. This roadmap is important because it converts the DS program
from an interpretive narrative into a testable research agenda. It specifies not only what the
device should do, but how one should computationally determine whether it can do it. In
that sense, the roadmap is already part of the scientific contribution: it defines the falsifiable
intermediate questions whose answers must be known before any strong claim about a DS-
inspired steep-slope transistor can be made.

Summary statement. The correct simulation path for a dynamic-space-inspired transistor
is hierarchical. One should begin with compact-model exploration to identify the required pa-
rameter window, proceed to reduced quantum transport models that explicitly test manifold ap-
pearance or reconnection through transmission functions and current maps, add self-consistent
Poisson electrostatics to test gate leverage and parasitic path suppression, and only then move to
materials-specific device simulation. Nonequilibrium Green’s function methods are particularly
well suited because they can explicitly test whether a sharp source—drain transport manifold ap-
pears while broad leakage remains excluded. The key observables are not generic charge density
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alone, but transmission maps, local density of states, current localization, compact-parameter
extraction, and the survival of sharp switching under electrostatic, contact, and disorder pertur-
bations. This staged roadmap is therefore the correct computational bridge from the minimal
DS compact model to a serious device research program.

13.34 Experimental Validation Roadmap: What Measurements Would Dis-
tinguish a DS Manifold-Switch from a Conventional Barrier Transis-
tor?

The preceding subsections developed a dynamic-space (DS) switching picture, a minimal com-
pact model, a numerical operating window, and a simulation roadmap. The next indispensable
step is experimental discrimination. A new device concept becomes scientifically meaningful
only when one can state in advance what measurements would support it, what measurements
would falsify it, and how its signatures differ from those of an ordinary field-effect transistor.
The central issue is not merely whether a device can be switched, but whether the switching
occurs by the proposed mechanism.
The DS claim is specific:

the device should switch primarily by creation, reconnection, or selective activation of a narrow transport ma
(905)

This implies that the correct experiments are not only standard transfer-curve measurements,

but also measurements that can discriminate manifold activation from conventional barrier

lowering.

A guiding experimental principle. The key experimental principle is:

one must measure not only whether current changes, but how the current path changes.
(906)
In a conventional MOS-like transistor, the gate primarily changes the barrier and carrier density
of a broad conduction path. In a DS-inspired manifold switch, the gate is hypothesized to alter
the existence, connectivity, spectral accessibility, or quality of a comparatively narrow transport
path. The experiments must therefore be designed to expose this distinction.

Measurement class I: DC transfer and output characteristics. The first and most
basic measurements are still the standard electrical characteristics:

o transfer curves Ip(Vg) at fixed Vp,
o output curves Ip(Vp) at fixed Vg,

o transconductance g,, = Ip/dVg,
 output conductance g5 = 0Ip/OVp.

These are necessary but not sufficient.
The initial DS compact parameters can be extracted phenomenologically from these curves:

{1007 V’])):a AVvDS? Gmax, ‘/Szt} (907)

In particular:
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o a small AVpg indicates sharp switching,

e a low Iy indicates good OFF-state exclusion,

e a large Gnax indicates a strong ON-state manifold,

« weak drain sensitivity in the OFF state suggests resistance to ordinary barrier collapse.

However, a steep transfer curve alone does not prove DS manifold switching. It only motivates
deeper tests.

Measurement class II: temperature dependence as a discriminator. One of the
strongest discriminators between conventional thermal switching and DS-style manifold acti-
vation is temperature dependence. A conventional barrier transistor often shows subthreshold
behavior strongly constrained by thermal broadening:

kT
S~ 2110 (or a related thermal scale). (908)
q

By contrast, a genuine manifold-switch mechanism should show:

a transfer sharpness set primarily by manifold connectivity or spectral selectivity, not solely by kpT.
(909)
Thus the key experiment is:

Ip(Vi) measured over a broad temperature range. (910)

The critical questions are:
1. Does the extracted AVpg scale approximately with temperature?
2. Does the apparent steepness collapse toward a thermal limit as temperature rises?

3. Does the ON-state manifold remain spectrally narrow or merely thermally broaden into
ordinary transport?

If the device’s “special” behavior disappears in a way entirely consistent with standard thermal
barrier control, the DS interpretation is weakened substantially.

Measurement class III: magnetic-field dependence. For any DS-inspired architecture
with Hall-like, edge-like, topological, or Landau-structured transport, magnetic-field dependence
is an especially powerful test. The question is not simply whether the device works better in
field, but whether the switching mechanism tracks field in a way consistent with a narrow
manifold.

Relevant measurements include:

o Ip(Vg) at different magnetic fields B,
o Ip(Vp) at different B,
o differential conductance maps versus (Vg, Vp, B),

o Hall resistance or nonlocal resistance where appropriate.
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A DS-consistent signature would be:

the threshold, steepness, or ON-state conductance changes in a manner tied to the emergence or stabilization
(911)
For example, if a gate-tuned edge channel or Landau-like manifold is central, then one expects:

 systematic movement of the effective threshold V3 with B,
e possible sharpening or weakening of AVpg with B,
e a characteristic field scale associated with manifold onset,

e and possibly current localization signatures that strengthen with B.

Measurement class I'V: contact dependence and injection selectivity. A true manifold-
switch can fail or succeed primarily at the contacts. A nominally excellent internal channel may
be useless if source and drain couple mainly to broad parasitic states rather than to the intended
manifold. Therefore contact engineering and contact dependence are not secondary details but
core discriminators.

The relevant experiments are:

e varying contact geometry,

e varying contact material or work function,

o varying overlap with the presumed edge/interface channel,
o asymmetric source/drain contact designs,

e local gating near the contacts.

If the switching is truly manifold-based, then:

small changes in contact selectivity can dramatically change ON-state current without necessarily destroying
(912)

This is a very characteristic signature. In contrast, a conventional broad-channel transistor is

often less exquisitely sensitive to fine contact selectivity into a narrow state manifold.

Measurement class V: current-path imaging and localization. Perhaps the most deci-
sive class of experiments is direct or indirect current-path imaging. Since the DS claim is about
where and how current flows, measurements that localize the conduction path are of exceptional
value.

Potential techniques include:

e scanning gate microscopy,

e microwave impedance microscopy,

e scanning SQUID or magnetic imaging of current paths,
e NV-center magnetometry,

¢ photocurrent mapping,

¢ local potentiometry,
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e nonlocal transport geometries,
o spatially resolved electrostatic or thermoelectric probes.

The crucial question is:

when the device turns ON, does current appear in a narrow edge/interface/manifold region, or does conducti
(913)
A DS-supportive signature would be:

a gate-triggered transition from broad suppression to a spatially narrow and identifiable conduction path.
(914)
This would be much stronger evidence than a steep Ip(Vg) curve alone.

Measurement class VI: spectroscopy and differential conductance maps. If the in-
tended manifold is spectrally narrow or resonant in character, then differential conductance
measurements can be highly revealing:

i @1

7(V0,VD) or VG,VD>. (915)

These can expose:
e narrow transmission windows,
e resonant or quasi-resonant channel activation,
e threshold lines that shift with gate,
o discrete or semi-discrete manifold structure,
e broadening due to disorder or contacts.

The desired signature is not necessarily a single perfect resonance, but rather:

evidence that ON-state conduction is tied to the appearance or connection of a comparatively narrow spectra
(916)

Measurement class VII: pulsed response and transient reconfiguration. The DS
compact model introduced an internal reconfiguration time Tyeconf- This suggests a natural
experimental test: pulsed gate excitation and transient current measurement.

Relevant measurements include:

e step response to gate pulses,
e pulse-width dependence,

o rise/fall asymmetry,

o frequency response,

e pump-probe or RF conductance measurements where feasible.
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If the device truly involves a rapid manifold reconnection rather than slow trap filling or ionic
motion, then one expects:

fast, repeatable, low-hysteresis transitions with a characteristic intrinsic time scale distinct from slow defect o
(917)

This is crucial because many apparently steep switches are actually governed by traps, ferro-

electric transients, or ionic motion. A DS manifold-switch must be distinguished from those.

Measurement class VIII: hysteresis and memory diagnostics. A very important cau-
tion is that many steep transfer curves arise from metastability, trapping, or internal polarization
rather than from a clean transport-manifold transition. Therefore hysteresis must be treated
as a major diagnostic.

One should explicitly measure:

o forward and reverse gate sweeps,
o sweep-rate dependence,

e hold-time dependence,

e pulse-train repeatability,

e drift under constant bias.

A DS-consistent manifold-switch, at least in its cleanest intended form, should ideally exhibit:

minimal hysteresis, modest sweep-rate sensitivity, and reproducible threshold behavior under fast pulsing.
(918)

If steep switching appears only under slow sweeps or exhibits strong memory effects, the device

may be operating by trapping or internal rearrangement rather than by the intended manifold

physics.

Measurement class IX: noise as a mechanism probe. Noise is often underused but can
be highly diagnostic. Relevant measurements include:

o low-frequency 1/f noise,
o random telegraph signal (RTS) noise,
o shot-noise or excess-noise signatures where feasible,

e gate-bias dependence of noise spectra.

A DS manifold-switch should ideally show:

noise behavior consistent with coherent or quasi-coherent channel selection, not dominant trap-mediated hop;
(919)
For example:

e strong RTS near threshold may indicate a small number of traps dominating the transition,
o strong 1/f enhancement may indicate broad defect participation,
e nontrivial shot-noise suppression may support narrow-channel transport.

Noise cannot prove the DS picture by itself, but it can strongly eliminate misleading alternatives.
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Measurement class X: nonlocal transport and topology-sensitive tests. If the in-

tended manifold is edge-like or topological in spirit, nonlocal transport can be especially pow-

erful.

For example:

four-terminal nonlocal resistance,

current injection and remote voltage detection,
edge-selective geometries,

split-gate routing experiments.

The central question is:

does the ON-state support current propagation along a geometrically narrow or topologically constrained pat

(920)

Such tests are especially important for Hall-like or interface-dominated DS proposals.

A minimal discriminating experiment set. Not every group can perform every measure-

ment. A realistic minimum discriminating set would be:

1.

2.

3.

4.

5.

transfer curves Ip(Vi) and output curves Ip(Vp),
temperature dependence of transfer sharpness,
contact-geometry dependence,

pulsed response / hysteresis diagnostics,

at least one form of current-path localization or nonlocal transport test.

This five-part set already provides a much stronger mechanism test than ordinary transistor

characterization alone.

A practical DS decision tree. A useful experimental decision tree is:

1.

2.

Steep transfer observed? If no, the concept is not yet competitive.

Temperature scaling strongly thermal? If yes, the device may simply be an ordinary

barrier switch.

Strong hysteresis or sweep-rate dependence? If yes, traps or internal memory may
dominate.

Contact dependence unusually strong and selective? If yes, a narrow transport
manifold becomes more plausible.

Current-path localization or nonlocal signatures present? If yes, the manifold
interpretation is significantly strengthened.

Magnetic or topology-sensitive signatures track the ON state? If yes, a Hall-
/edge-/topology-linked DS interpretation becomes much stronger.

This kind of decision tree is valuable because it turns the DS proposal into a falsifiable mecha-

nism program rather than a post hoc narrative.
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What would falsify the DS manifold interpretation? The following outcomes would

strongly weaken the DS claim:

transfer steepness scales entirely like ordinary thermal barrier control,

strong switching requires slow sweep or shows large hysteresis consistent with trapping,
ON-state conduction appears broadly distributed rather than localized,

contact geometry has only ordinary influence and no strong selectivity effect,

magnetic dependence is generic magnetoresistance rather than manifold-sensitive behav-
ior,

the observed transport can be fit equally well by a conventional barrier model without
invoking a special channel.

A scientifically strong DS paper should state such falsifiers explicitly.

What would most strongly support the DS manifold interpretation? The most per-

suasive evidence would be a combination of signatures:

1.

2.

D.

6.

sharp low-voltage transfer characteristics,

weakly thermal or nontrivially nonthermal steepness scaling,

. low hysteresis under fast pulsing,

. strong dependence on contact selectivity,

spatial or nonlocal evidence for narrow path conduction,

and, where relevant, magnetic/topological signatures tracking the switching.

No single measurement is likely to be decisive. But together, these would form a compelling

mechanism case.

Connection to the compact model. The experimental program also connects naturally to

the DS compact parameters:

DC curves extract Iog, Vi, AVps, Gmax, Vaat;

pulsed response extracts Tyeconf;

temperature dependence constrains whether Fgy, is primarily thermal or manifold-limited;
contact studies constrain the effective G2 and selectivity factors;

current-path imaging constrains whether the compact model should indeed be interpreted
as manifold activation.

Thus the experimental roadmap is not separate from the compact model; it is the physical route

by which the compact parameters become meaningful.
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Conceptual consequence. The most important conceptual point is that a DS-inspired tran-
sistor must be evaluated as a mechanism claim, not merely as a curve-fitting claim. A steep
transfer characteristic is not enough. The device must show evidence that current turns on
because a specific transport manifold appears or reconnects, not merely because a conventional
broad channel becomes more accessible. The experimental roadmap above is therefore not an
optional add-on; it is the necessary falsification structure of the entire device proposal.

Summary statement. A dynamic-space manifold-switch can be experimentally distinguished
from a conventional barrier transistor only by combining ordinary DC characterization with
mechanism-sensitive measurements. Standard transfer and output curves are necessary for ex-
tracting compact-model parameters, but they are not sufficient to establish the switching prin-
ciple. The decisive discriminators are temperature scaling of the transition sharpness, magnetic-
field dependence where relevant, strong dependence on contact selectivity, pulsed-response and
hysteresis diagnostics that rule out trap-dominated behavior, and direct or indirect evidence
that ON-state current localizes to a narrow edge/interface/manifold path rather than simply
spreading through a broad channel. The most persuasive case for a DS-inspired device would
therefore require a convergent set of electrical, spatial, spectral, and transient signatures show-
ing that switching occurs by transport-manifold activation rather than ordinary thermal barrier
modulation.

13.35 Candidate Physical Platforms for a DS Manifold-Switch: From Quan-
tum Hall Analogues to Room-Temperature Interface Channels

The previous subsections established the dynamic-space (DS) switching principle, a minimal
compact model, a numerical operating window, a simulation roadmap, and an experimental
discrimination strategy. The next essential question is physical implementation. A new switch-
ing principle is scientifically meaningful only if one can identify plausible material and device
platforms in which the required transport archetype might actually be realized. The purpose of
the present subsection is therefore not to claim that a single existing material already satisfies
all DS requirements, but rather to identify and organize the most relevant candidate platform
classes.

The central DS requirement is not merely “high mobility” or “strong gating.” Rather, it is:

a gate-tunable transition between broad OFF-state exclusion and the activation or reconnection of a compara
(921)

This requirement can, in principle, be met by several distinct physical mechanisms. The cor-

rect way to classify candidate platforms is therefore by transport archetype rather than by

fashionable material name.

A transport-archetype classification. For the purposes of the DS program, candidate
platforms can be grouped into five broad classes:

1. Geometric constriction and waveguide platforms: gate-defined quantum point con-
tacts, narrow channels, split-gate structures, and guided-mode transport;

2. Edge or topology-dominated platforms: quantum Hall, quantum anomalous Hall,
topological edge/interface states, and related narrow protected channels;

3. Interface and accumulation-layer platforms: 2DEGs, oxide interfaces, inversion lay-
ers, and buried interfacial conduction paths;

200



4. Correlated-state and phase-transition platforms: materials in which the gate changes
a collective conduction manifold, not merely carrier density;

5. Hybrid field-structured platforms: systems in which electric, magnetic, geometric,
and possibly photonic structuring are combined to engineer a narrow intended manifold

while suppressing broad transport.

This classification is especially useful because it matches the DS compact-model logic: the
device should be judged by leakage exclusion, manifold sharpness, manifold conductance, and
reconfiguration speed, regardless of the underlying material family.

Platform class I: gate-defined quantum point contacts and waveguide constrictions.
The simplest and most conceptually transparent DS analogue is a gate-defined constriction, such
as a quantum point contact (QPC) or narrow waveguide channel. In such systems, the gate
does not merely lower a broad barrier; it can change the number and connectivity of allowed
transverse modes.

The DS appeal of this class is immediate:

the switching variable is close to “mode availability” rather than purely “carrier abundance.”
(922)
A QPC-like platform therefore naturally embodies:

e a narrow transport manifold,

e strong geometric selectivity,

¢ direct connection to mode quantization,
e and a clear waveguide analogy.

This is highly aligned with your recurring Chladni/waveguide interpretation of bound states
and channel selection.
However, the limitations are also clear:

e many canonical QPC demonstrations require low temperature,
e conductance quantization may be fragile at room temperature,

e and the resulting ON currents may be too small unless many channels or parallelization
are used.

Thus QPC-like devices are ideal as proof-of-principle physics platforms, even if not yet ideal as
standalone room-temperature logic transistors.

Platform class II: quantum Hall and quantum anomalous Hall analogues. Quantum
Hall (QH) and quantum anomalous Hall (QAHE) systems are among the most compelling DS
archetypes because they explicitly realize:

bulk suppression with edge-dominated transport. (923)
This maps extremely naturally onto the DS switching idea:

e the bulk acts as a broadly excluded manifold,
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e the edge acts as a narrow intended manifold,
e transport can be sharply altered by geometric or electrostatic connectivity,
o and contact selectivity becomes central.

In your language, this is very close to:

a super-insulating bulk plus a super-conducting-like edge path, though not literally a superconductor in the s
(924)
This is precisely why QH-like and QAHE-like systems have repeatedly appeared in your DS/FQHE
device vision.
The limitations are also obvious:

e conventional QH requires strong magnetic fields and often low temperature,
e QAHE remains difficult and often temperature-limited,
e and many-body or topological conditions may be fragile under aggressive scaling.

Therefore, QH/QAHE platforms are likely best viewed as:

the clearest physical archetypes of DS manifold switching, even if not yet the final room-temperature technolc
(925)

Platform class III: topological insulator and topological-interface channels. Topo-
logical insulators, magnetic topological films, and related interface states are particularly at-
tractive because they may support narrow edge or surface transport channels without requiring
the full extreme conditions of conventional QH systems.

From the DS perspective, the attraction is straightforward:

e narrow surface or edge manifolds can exist within a broader excluded bulk,
e gate control may tune access to these channels,

e spin—momentum locking or related structure may reduce backscattering,

e and contact engineering can be used to favor selective injection.

These platforms therefore satisfy the DS archetype more directly than ordinary semiconductors:

a narrow, structured, possibly protected transport path embedded in a broader, more weakly conducting bacl
(926)
Potential examples include:

e topological insulator thin films,

e magnetic topological insulators,

e proximitized topological interfaces,

o topological crystalline or higher-order edge/corner channels where relevant.
The main challenge is not conceptual but practical:

e room-temperature robustness,
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e interface disorder,
e contact selectivity,
o and whether the gate can sharply modulate the intended channel within a 0.1 V window.

Nevertheless, this class remains one of the most credible medium-term DS implementation

candidates.

Platform class I'V: semiconductor and oxide 2DEG interfaces. Two-dimensional elec-
tron gases (2DEGs), buried interfaces, and oxide heterointerfaces are also natural DS candidates
because they can create spatially narrow conduction manifolds distinct from the surrounding
bulk. The classic examples include:

e semiconductor heterostructure 2DEGs,

e inversion layers,

e modulation-doped quantum wells,

o oxide interfaces such as buried conductive sheets,

strongly confined accumulation layers.

The DS advantage here is that:

the transport path is already geometrically and electrostatically separated from the bulk.
(927)
This makes it easier to think in terms of manifold engineering rather than bulk conduction.
In addition, 2DEG-like platforms can naturally support:

e split-gate constrictions,
o waveguide-like channel shaping,

e quasi-1D mode control,

local electrostatic routing,
e and integration with magnetic or topological perturbations.

These systems are therefore highly suitable as:

the first reduced-complexity platforms in which the DS compact model and NEGF roadmap can be tested se
(928)
Their main weakness is that many conventional 2DEG systems still behave too much like
ordinary semiconductor channels at room temperature unless special confinement or topology
is introduced. Thus:

2DEGs are often ideal as experimental laboratories, but not automatically sufficient as final ultra-low-voltage
(929)
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Platform class V: moiré, superlattice, and miniband-engineered 2D heterostruc-
tures. A particularly promising modern class is moiré or superlattice-engineered 2D het-
erostructures. The DS relevance is strong because these systems naturally offer:

e narrow minibands,

e tunable band flattening,

e strongly structured density of states,

o gate-sensitive interlayer or interface coupling,
e and potentially narrow transport windows.

In DS language:

the device may be able to switch by tuning access to a structured spectral manifold rather than by moving a
(930)
This is conceptually very attractive because it aligns closely with the DS notion of transport-
manifold activation.
Potential advantages include:

o strong spectral selectivity,

e rich gate tunability,

e compatibility with interface engineering,

e and the possibility of combining electrostatic, magnetic, and geometric control.
Potential disadvantages include:

o variability,

o fabrication complexity,

e strong sensitivity to twist, strain, and disorder,

e and uncertain high-current room-temperature robustness.

Still, this class is highly interesting because it may offer a route to narrow-manifold physics
without requiring extreme external magnetic fields.

Platform class VI: correlated oxides and gate-tuned phase-selective channels. Cor-
related oxides and related complex materials may support a qualitatively different DS mecha-
nism: the gate may not merely change carrier density, but rather switch access to a collective
conduction manifold. This is especially attractive from the DS perspective because it resonates
with your repeated emphasis that the relevant object may be a field-organized transport state
rather than independent-particle conduction.

Examples include:

e metal-insulator-transition oxides,
 interface-driven correlated conduction layers,

¢ electronically phase-separated systems,
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e magnetically reconstructed conduction channels,

o materials with gate-sensitive orbital or spin texture.

In such systems, the desired DS signature would be:

a sharp change in transport because a collective or reconstructed conduction path appears, not merely becaus
(931)

This is highly aligned with the deeper DS vision, but also more dangerous experimentally,

because:

e hysteresis can be strong,
e slow internal relaxation can dominate,
e trap-like or ionic effects can masquerade as steep switching,

e and interpretation can become ambiguous.

Thus correlated oxides may be powerful DS-rich platforms, but they require especially strict
transient, hysteresis, and mechanism diagnostics.

Platform class VII: magnetic metals, antiferromagnets, and unusual metallic films.
Given your interest in unconventional metallic and magnetic materials (including discussions
of unusual metallic films and antiferromagnetic systems), it is worth emphasizing that some
metallic systems may still be relevant if they support:

e narrow interface channels,

e strong spin-selective conduction,

o gate-tunable spin-texture reconstruction,

e anisotropic or symmetry-protected current paths,

e or nontrivial Berry-curvature-related transport structure.

The conventional objection is that ordinary metals are too broad-band and too screening-
dominated for useful gate control. That objection is valid for simple bulk metals. But it is
less decisive if the relevant transport is:

not through the full bulk metal, but through a thin, symmetry-selected, interface-localized, or magnetically re
(932)

This class is speculative but potentially important for room-temperature ambitions, especially

if one seeks robust high-conductance channels rather than fragile low-temperature quantization.

Platform class VIII: superconducting-proximitized or superfluid-analogue channels.
Although literal room-temperature superconducting logic remains unproven, superconducting
or superconducting-proximitized channels remain conceptually important because they provide
the cleanest example of:

a narrow, low-dissipation collective transport manifold that is qualitatively distinct from ordinary single-parts
(933)

From the DS perspective, these systems are less interesting as immediate practical 0.1 V room-

temperature solutions and more interesting as:
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e conceptual archetypes of collective manifold transport,
e testbeds for channel selectivity and contact coupling,
e and inspiration for what a low-loss manifold should look like.
This class is therefore important scientifically, but probably not the first practical path unless

a truly unconventional high-temperature collective channel can be engineered.

Platform class IX: photonic / polaritonic / excitonic analogues. A broader DS view
suggests that not all useful switching manifolds need be purely electronic in the ordinary sense.
In principle, one might consider:

e excitonic transport channels,

e polaritonic or hybrid light—matter manifolds,

¢ guided optical or plasmonic analogues,

e biologically inspired low-loss excitation transport motifs.

This is particularly resonant with your repeated interest in:

waveguide-like transport, Fourier mode selection, and low-loss energy flow inspired by optical confinement an
(934)
These platforms are unlikely to yield a straightforward CMOS replacement directly, but they

may inspire:
e new channel geometries,
e hybrid gating concepts,
e or nonstandard low-loss transport architectures.
They therefore belong more naturally in the DS long-range research program than in the first

practical transistor campaign.

Platform class X: hybrid E-B structured FQHE-inspired DS platforms. The most
distinctive platform in your own program is the hybrid electric-magnetic field structured device
inspired by fractional quantum Hall effect (FQHE) logic, narrow manifold formation, and strong
confinement. This class is central to your DS vision because it attempts to combine:

« strong electrostatic confinement,

e engineered magnetic structuring,

e narrow Landau-like or edge-like manifolds,
o selective source/drain coupling,

o and potentially collective low-loss transport.

In your terms, the ambition is:

to create a gate-tunable, highly selective conduction manifold whose activation energy and geometry are set t
(935)
This is arguably the purest DS device concept because it explicitly seeks:
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e broad OFF-state exclusion,

o narrow ON-state transport,

e channel selectivity,

e and a steep threshold determined by field-structured manifold formation.
Its strengths are:

e close alignment with the DS theoretical language,

e a direct route to edge-like or Landau-structured transport,

e and a natural explanation for why the compact model should involve manifold reconnec-
tion.

Its risks are equally clear:
e whether the required effective field scales are realistic,
¢ whether room-temperature robustness is possible,
o whether strong gating is compatible with stable narrow manifolds,
e whether contact selectivity can be engineered,
e and whether the resulting current is large enough for logic.

Therefore, the correct scientific framing is not that this platform is already established, but
that:

it is the most direct embodiment of the DS switching principle and therefore the most important long-range f
(936)

A practical ranking: proof-of-principle vs flagship vs long-range. For clarity, the
candidate classes can be ranked in a pragmatic DS program as follows:

1. Best proof-of-principle platforms (near-term physics):

o QPC / split-gate waveguide structures,
e 2DEG interface channels,

« simplified topological-edge or edge-like transport platforms.
2. Best medium-term serious device candidates:

o topological/interface channels,
e magnetic topological thin films,
e engineered 2D heterostructures and moiré miniband systems,

o selected interface-dominated oxide or hybrid channels.
3. Best long-range flagship DS platform:

o hybrid electric-magnetic field structured FQHE-inspired manifold devices.
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4. Best conceptual archetypes (mechanism inspiration):

o QH/QAHE systems,
e superconducting or collective low-loss channels,

 photonic/excitonic guided transport analogues.

This ranking is important because it avoids a common mistake: trying to begin directly
with the hardest flagship platform before establishing the switching principle in simpler proxy
systems.

The most important DS screening question for any platform. Regardless of material
class, the same screening question should be asked:

Can the platform support a gate-tunable transition from broad OFF-state exclusion to a narrow, high-quality
(937)

If the answer is no, the platform is not a serious DS candidate, regardless of how fashionable or

exotic it may be.

Conceptual consequence. The most important conceptual lesson is that the DS transistor
program should not be organized around a single material identity, but around a transport
archetype. The physical platform matters only insofar as it realizes the required combination
of OFF-state exclusion, narrow-manifold activation, ON-state conductance, and fast reconfigu-
ration. This is a more disciplined and more transferable way to build a research program.

Summary statement. The most credible physical implementations of a dynamic-space manifold-
switch are not defined by a single material family but by a common transport structure: a gate-
tunable transition from broad OFF-state suppression to narrow, high-quality ON-state conduc-
tion. The clearest proof-of-principle platforms are gate-defined waveguide or QPC-like systems,
2DEG interface channels, and simplified edge-dominated structures, because they make manifold
creation and reconnection conceptually transparent. Quantum Hall and quantum anomalous
Hall systems provide the clearest archetypes of the desired bulk-excluded / edge-active logic,
even if they are not yet ideal room-temperature technologies. Topological interfaces, mag-
netic topological films, moiré miniband systems, and selected interface-dominated oxides are
among the most plausible medium-term candidates. The most distinctive long-range flagship
platform is the hybrid electric-magnetic field structured FQHE-inspired device, which most
directly embodies the DS vision of field-engineered narrow transport-manifold activation. The
correct scientific strategy is therefore to validate the DS switching principle first in simpler
proxy platforms and only then pursue the most ambitious flagship implementations.

13.36 A Research Program for the DS Flagship Device: Hybrid E-B Struc-
tured FQHE-Inspired Transistor Toward 0.1V / 100 GHz

The previous subsections argued that the most distinctive long-range platform in the dynamic-
space (DS) device program is a hybrid electric-magnetic field structured transistor inspired by
the transport logic of quantum Hall and fractional quantum Hall effect (FQHE) systems. The
purpose of the present subsection is to elevate that idea from a general device intuition into a
disciplined research program. The aim is not to claim that a room-temperature, manufacturable
FQHE transistor already exists. Rather, it is to specify a flagship direction in which the DS
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principles of transport-manifold engineering, bulk-state exclusion, narrow-channel activation,
and low-dissipation conduction are combined into a coherent target architecture.
The central flagship thesis is:

the most promising path to a 0.1 V-class ultra-fast DS transistor is not a better thermal barrier device, but a
(938)

The long-range target. The intended flagship performance regime may be summarized as:
Vpop ~ 0.1V, L ~ 3nm, f ~ 100 GHz, (939)
together with:

steep effective turn-on, low OFF-state leakage, and a low-dissipation ON-state manifold.
(940)
As emphasized earlier, this is an extremely demanding target and should be treated as a strategic
aspiration, not as an already solved engineering problem.
Within the DS program, the logic of this target is clear:

if Vpp is forced toward 0.1V, then both switching steepness and transport quality must improve beyond ord:
(941)
This is exactly why an FQHE-inspired hybrid field-structured approach is attractive.

Why electric field alone is unlikely to be sufficient. A purely electrostatic steep-slope
device may still face several difficulties:

o thermal broadening,
e broad parasitic DOS tails,
o contact-induced leakage,
o gradual barrier modulation,
o and the persistence of diffusive ON-state conduction.
By contrast, a hybrid electric-magnetic design offers the possibility of using:
e the electric field for occupancy, confinement, and local geometry control,

e the magnetic or effective magnetic field for spectral compression, phase-topological orga-
nization, and narrow manifold formation.

In the DS interpretation:
the electric field shapes the local spectral landscape, while the magnetic or effective magnetic field restructure

(942)
This division of labor is one of the deepest reasons the flagship device concept is compelling.
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The flagship device principle. The proposed flagship principle may be stated in one sen-
tence:

use gate control to move the system across a threshold at which a narrow edge-like, interface-like, or Landau-
(943)
This is the transistor analog of the Hall/FQHE lesson:

OFF :  bulk closed, no connected special channel, (944)

ON : Dbulk still mostly closed, but a narrow structured channel connects source to drain.
(945)
Crucially, the turn-on is intended to occur because a transport manifold appears or recon-
nects, not because a broad thermal continuum is gradually fed over a conventional barrier.

Three flagship operating mechanisms. A hybrid E-B structured DS transistor could, in
principle, operate through one or more of the following three mechanisms:

1. Field-induced manifold emergence: The combined electric and magnetic environment
creates a narrow transport manifold that does not exist, or is not accessible, in the OFF
state.

2. Field-induced manifold reconnection: A narrow edge/interface manifold exists in
pieces or locally, but the gate reconnects it into a continuous source—drain path.

3. Field-induced manifold quality transition: The manifold exists in both states, but
its coupling, chirality, robustness, or backscattering suppression changes sharply across
threshold, producing a large conductance contrast.

In the DS compact-model language, these correspond respectively to strong gate control of:
R, Gmaxs or both. (946)
A flagship prototype geometry. A generic flagship geometry may be envisioned as follows:

e a quasi-2D or ultra-thin active channel,

e bottom gate for coarse density positioning,

top/split gate for local constriction and manifold routing,

e magnetic or effective-magnetic mode-structuring layer,

o edge-aware source/drain contacts,

e and a short active region in which channel reconnection occurs.

The device should be designed so that:
the reconnection hotspot is spatially small, (947)

because small active volume helps:

e reduce switched capacitance,
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e reduce reconfiguration time,
e improve gate leverage,
e and limit parasitic broad-channel participation.

This is fully consistent with the earlier DS design criteria.

A flagship spectral objective. The spectral goal of the flagship device is not merely to
create a gap, but to create the right kind of spectral structure:

(i) strong OFF-state exclusion over a broad background + (ii) a narrow ON-state manifold with stror
(948)
This is more selective than ordinary semiconducting operation. The ideal spectral picture is:

e broad forbidden or weakly coupled background,

e narrow target manifold,

e gate-tunable threshold of manifold accessibility,

e minimal intermediate DOS that would create a broad leakage tail.

In the DS language, this is:

spectral condensation of useful transport into a narrow controllable channel while keeping the rest of the spec
(949)

The meaning of “effective magnetic field” in the flagship program. A scientifically
disciplined flagship program should treat “magnetic field” broadly. The role required is not nec-
essarily a literal macroscopic external field in all implementations, but any physical mechanism
that can produce:

e sharp density-of-states restructuring,

« phase-topological organization,

» narrow edge/interface transport families,

e or Landau-like spectral compression.
Thus acceptable realizations of the magnetic role may include:

o external magnetic field,

e magnetic proximity,

e patterned magnetic textures,

o Berry-curvature engineering,

e moiré-induced miniband topology,

o pseudo-magnetic fields,

e or other effective field mechanisms.
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The correct DS viewpoint is therefore:

the flagship device needs a magnetic or effective-magnetic function, not necessarily only one literal implement

(950)

Why the flagship device is FQHE-inspired rather than narrowly FQHE-dependent.
The flagship program is best described as FQHE-inspired, not as a claim that full conventional
low-temperature FQHE physics must be directly transplanted into digital logic. This distinction
is crucial.

What is borrowed from the FQHE transport logic is:

e bulk exclusion,

e narrow special-channel transport,

e many-body or structured-manifold selectivity,

e robustness from phase-topological organization,

o and the possibility that the useful carriers are emergent manifold excitations rather than
ordinary diffusive electrons.

Thus:

the flagship device should reproduce the logic of FQHE transport even if the final room-temperature impleme
(951)
This is the correct way to present the program without overclaiming.

A staged flagship research plan. The DS flagship program should proceed in stages:

1. Archetype validation stage: Demonstrate manifold reconnection in simplified proxy
platforms such as split-gate 2DEGs, waveguide constrictions, or narrow topological /interface
channels.

2. Hybrid field-structuring stage: Introduce a magnetic or effective-magnetic mode-
structuring element and show that the intended manifold sharpens, narrows, or becomes
more robust.

3. Compact-model extraction stage: Fit measured or simulated transfer curves to the
DS compact parameters and determine whether AVpg, Iog, Gmax, and Treconf Move in the
desired direction.

4. Room-temperature analog stage: Search for material stacks in which the same man-
ifold logic survives under realistic operating conditions.

5. Flagship scaling stage: Attempt aggressive reduction of active length, capacitance, and
reconfiguration volume while preserving manifold sharpness and ON-state quality.

This staged program is important because it avoids the mistake of demanding full 0.1V /
100 GHz achievement at the very first experimental step.
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Immediate simulation milestones for the flagship program. A serious flagship program
should first demonstrate, in simulation, the following milestones:

1. A narrow source—drain transmission channel appears or reconnects sharply with gate
control.

2. OFF-state leakage through broad parasitic pathways remains small.

3. The ON-state manifold is strong enough to support meaningful current at Vp ~ 0.1 V.
4. The channel remains identifiable under self-consistent electrostatics.

5. Contact selectivity can be maintained.

6. The transition remains sharp under moderate disorder and broadening.
In compact-model language, the first serious milestone is:

AVps < 60mV, Iyo small, Gmax large enough for useful local drive. (952)

Immediate experimental milestones for the flagship program. Likewise, the flagship
program should define realistic experimental milestones:

1. evidence of narrow-manifold activation rather than ordinary broad-channel gating,

2. evidence that contact geometry strongly affects ON-state current in a manner consistent
with manifold selectivity,

3. evidence of spatially localized or nonlocal current flow,
4. evidence that transfer steepness is not purely Boltzmann-limited,
5. evidence that transient behavior is fast and not dominated by traps or hysteresis.

These are not yet product-level goals; they are mechanism-validation goals.

The flagship compact-model success condition. Using the compact-model language al-
ready introduced, the flagship program may be summarized by the following criterion:

small AVpg,
small I()o,
successful flagship prototype <= < large Guax, (953)

small Treconf s

high contact/manifold selectivity.

This is important because it prevents the flagship program from becoming vague. A platform
that does not improve this parameter set is not moving toward the flagship DS goal, attractive
it may appear qualitatively.
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Why the flagship program is plausible enough to pursue. The flagship device program
is ambitious, but it is not arbitrary. It is motivated by a coherent chain of physical logic:

hydrogenic mode selection — molecular hybridization — band-structure engineering — narrow transport 1
(954)

This continuity is one of the strongest features of the DS framework. The flagship device is not

an unrelated engineering add-on; it is the natural terminal point of the same mode-theoretic

logic developed from foundational quantum structure.

Why the flagship program remains risky. At the same time, the risks should be stated
honestly:

e the required effective field scales may be difficult to realize,

e room-temperature manifold sharpness may be degraded by thermal broadening,
e contacts may destroy the selectivity advantage,

e disorder may restore broad diffusive transport,

e and the ON-state current may remain too small for realistic fan-out unless many channels
are used or strong coupling is achieved.

These are not reasons to abandon the program; they are the reasons it must be pursued as a
staged research program rather than as an immediate performance claim.

A natural connection to parallelism and architecture. One further strategic point is
worth noting. Even if the flagship manifold switch initially provides only modest absolute
current per channel, the architecture may still be valuable if it supports:

e dense parallel arrays,

o extremely low switched capacitance,
o very short active lengths,

o and low-dissipation local transport.

This is highly relevant to your broader 100 GHz x many-device scaling vision. In the DS
framework:

a narrow manifold device need not emulate a large broad MOS channel if system throughput is achieved thro
(955)
This is an important architectural point for the long-range program.

Conceptual consequence. The DS flagship device program is therefore best understood as
a research agenda with a clear internal logic:

e replace broad thermal barrier control with narrow manifold control,
« use electric field for density and geometry,

o use magnetic or effective-magnetic structuring for spectral compression and channel orga-
nization,
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o validate the principle first in proxy systems,
¢ then pursue room-temperature analogs,
« and evaluate all candidates with the same compact-model and transport-manifold criteria.

This is a scientifically strong program because it is both ambitious and falsifiable.

Summary statement. The flagship dynamic-space device is proposed as a hybrid electric—
magnetic field structured transistor inspired by the transport logic of Hall and fractional quan-
tum Hall systems. Its defining feature is not better thermal barrier control, but gate-driven
activation or reconnection of a narrow, high-quality transport manifold while broad bulk conduc-
tion remains largely excluded. Electric fields provide density and boundary control, magnetic
or effective-magnetic mechanisms provide spectral compression and phase-topological organi-
zation, and the intended ON state is a source—drain-connected boundary or interface channel
rather than a broad diffusive inversion layer. The correct research strategy is staged: vali-
date manifold reconnection in simpler proxy platforms, add hybrid field structuring, extract
compact-model parameters, and only then pursue room-temperature flagship implementations.
This makes the DS flagship transistor not a speculative slogan, but a disciplined long-range
program toward a 0.1V / 100 GHz-class channel-topology device.

13.37 Limits, Objections, and Falsifiable Predictions of the DS Device Pro-
gram

Any serious proposal that attempts to connect foundational field ontology to future transistor
design must confront two distinct risks. The first is conceptual overreach: one may be tempted
to mistake an appealing interpretive framework for an established device principle. The second
is engineering overreach: one may infer practical feasibility from qualitative analogy without
demanding sufficient quantitative evidence. The purpose of the present subsection is therefore
to state clearly the limits of the dynamic-space (DS) device program, identify the strongest
objections it is likely to encounter, and formulate concrete falsifiable predictions. This is not an
appendix of caveats added merely for rhetorical balance. It is a necessary part of the scientific
structure of the proposal.
The central thesis of the DS device program is ambitious but narrow:

future ultra-low-voltage switching may become possible if transport is controlled by activation, reconnection,
(956)
The present subsection clarifies what this does and does not imply.

What the DS device program does claim. At the strongest justifiable level, the program
makes the following claims:

1. Claim A: Conventional room-temperature steep-slope limitations are strongly tied to
thermal barrier-tail switching rather than to a universal law of all possible switching
mechanisms.

2. Claim B: A transistor can be conceptualized more generally as a device that controls
access to a transport manifold, not merely as a device that lowers a broad barrier.
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3.

Claim C: Quantum Hall-, edge-, resonant-, topological-, or collective-mode systems pro-
vide physically real examples in which transport is governed by sharply structured mani-
folds rather than by broad diffusive continua.

. Claim D: A compact-model, simulation, and experimental roadmap can be defined to

test whether a specific device candidate switches by transport-manifold activation rather
than by conventional barrier modulation.

Claim E: A hybrid electric-magnetic or effective-field structured transistor is a disciplined
long-range research target for exploring such physics at technologically relevant scales.

These are substantial claims, but they are still narrower than claiming immediate practical

realization.

What the DS device program does not claim. It is equally important to state what is

not being claimed:

1.

No claim of existing room-temperature FQHE logic. The program does not claim
that textbook low-temperature fractional quantum Hall physics has already been trans-
lated into a manufacturable room-temperature transistor.

. No claim that every steep switch is a DS manifold-switch. Many devices can

show steep apparent transfer curves because of traps, hysteresis, negative capacitance,
ionic motion, or transient effects. The DS program does not identify all steep switching
with manifold activation.

. No claim that interpretive ontology alone proves device feasibility. Even if the

DS mode language is conceptually illuminating, actual devices must still satisfy quantita-
tive constraints on leakage, conductance, delay, parasitics, and thermal robustness.

. No claim that the compact model is a microscopic derivation. The DS compact

model is a phenomenological device-language framework, not a first-principles proof of a
specific material implementation.

. No claim that all magnetic, topological, or correlated systems are automati-

cally useful. A platform may be physically interesting and still fail the required device
criteria.

These non-claims are essential because they define the scope of the proposal honestly.

Objection 1: “This is just a metaphorical re-labeling of known device physics.” A

likely objection is that the DS language of “manifold activation” or “channel reconnection” is

merely poetic renaming of barrier modulation, tunneling, or subband occupation. This objection

must be taken seriously. The correct response is that the DS proposal becomes nontrivial only if

it predicts or organizes different diagnostics from those of a conventional broad-barrier device.

That is why the earlier sections emphasized:

e temperature scaling,

e contact selectivity,

e current-path localization,
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e nonlocal or edge-sensitive transport,
o manifold-sensitive spectroscopy,
o and reconfiguration dynamics.

If no such distinguishing signatures appear, then the objection is correct and the DS label adds
little. Thus:

the DS program is meaningful only insofar as it yields experimentally distinguishable mechanism signatures.

(957)

Objection 2: “Even if a narrow manifold exists, contacts and disorder will destroy
it.” This is perhaps the strongest engineering objection, and it is legitimate. Many beautiful
narrow-channel or topological concepts fail because:

e contacts inject into broad parasitic states,
 interface roughness destroys selectivity,

e disorder broadens the intended manifold,

e or the narrow channel cannot carry enough current.

The DS response is not to deny this, but to make it central:

contact selectivity and manifold robustness are part of the primary success criteria, not afterthoughts.
(958)

If a candidate platform cannot preserve a useful Qchannel and Meontact, it fails the DS program

by its own rules.

Objection 3: “Any apparent steepness may just be hysteresis, memory, or traps.”
This objection is also serious. Device history contains many examples of impressive-looking
transfer curves later explained by charge trapping, slow defect motion, ferroelectric transients,
or ionic rearrangement. The DS program therefore explicitly requires:

e pulsed measurements,

e sweep-rate tests,

e hysteresis diagnostics,

e transient reproducibility,

o and preferably current localization evidence.

Thus the relevant standard is:

if the steepness is inseparable from slow memory or trap dynamics, the device is not a clean DS manifold-swi
(959)
This is one of the key falsification pathways.
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Objection 4: “Room-temperature broadening will wash out the entire effect.” Any
narrow-manifold concept intended for room-temperature operation must confront the scale

kT =~ 25.9 meV (960)

at room temperature. If the relevant spectral separation or manifold selectivity scale is not
sufficiently larger than this, then thermal broadening can wash out the effect.
The DS program has already addressed this by requiring a characteristic selectivity scale on
the order of
AFgelect ~ 80-150 meV (961)

as a rough aspirational room-temperature target. This is demanding, but that is precisely the
point: the program is only plausible if it can eventually produce a manifold whose activation
remains sharp against thermal smearing.

Therefore:

if every proposed platform loses its manifold selectivity when realistic thermal broadening is included, the fla
(962)

Objection 5: “The ON current will be too small for logic even if the switch is
steep.” This is another central engineering objection. A narrow manifold may be elegant but
practically useless if it cannot deliver adequate ON-state current to charge even a small load
quickly. The DS program explicitly accepts this objection as decisive if the data support it.
The compact-model language already encodes this through

CrVpp
Ion

Gmax, Ion, Tload ~ (963)

Thus:

a DS switch that is very sharp but too weakly conducting is not a successful transistor, only a mechanism cus
(964)
This is an essential discipline rule for the program.

Objection 6: “The proposal mixes foundational language with device engineering
too freely”” Some referees may object that the manuscript moves too quickly from wave
ontology to transistor design. The appropriate response is not to insist that the entire chain is
already proven, but to state its logical structure clearly:

foundational DS language motivates a transport-manifold viewpoint; the device program is an engineering h
(965)

The value of the paper is not that the device proposal follows deductively from ontology alone,

but that the same mode-theoretic framework yields a coherent research agenda spanning inter-

pretation, transport, and architecture.

Objection 7: “Why not just use existing steep-slope device frameworks without
DS?” This is a fair question. Tunnel FETs, negative-capacitance FETs, spintronic devices,
topological devices, and correlated switches are already studied without invoking DS language.
The correct answer is not that DS replaces those literatures, but that it offers:
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1. a unifying conceptual language based on transport manifolds rather than isolated mech-
anism labels,

2. a clearer distinction between broad-channel barrier control and narrow-manifold activa-
tion,

3. a way to connect foundational wave-structure reasoning to device principles,

4. and a disciplined architecture and compact-model program that treats contact selectivity,
OFF-state exclusion, and ON-state manifold quality as co-equal criteria.

If the DS language fails to organize or sharpen those tasks, then it has little added value. If it
succeeds, it becomes useful precisely because it is not merely a synonym for existing jargon.

What would count as near-term support for the DS device program? A full 0.1V
/ 100 GHz flagship demonstration is not the right near-term validation standard. The correct
near-term support would be a convergent set of smaller demonstrations, such as:

1. a proxy platform in which a gate clearly activates or reconnects a narrow transport path;

2. transfer characteristics whose sharpness is not purely governed by conventional thermal
barrier scaling;

3. strong sensitivity to contact selectivity consistent with manifold injection;

4. current-path localization or nonlocal transport consistent with edge/interface conduction;
5. a compact-model fit that yields a genuinely small AVpg and acceptable leakage;

6. transient evidence of fast reconfiguration not dominated by slow traps or hysteresis.

These do not prove the flagship device, but they would strongly support the DS mechanism
program.

What would count as strong falsification? The DS device program would be seriously
weakened, or at least forced into major revision, if repeated study across multiple candidate
platforms showed the following pattern:

1. all steep transfer curves reduce to ordinary thermal or trap-mediated explanations;

2. no candidate shows clear evidence of a gate-controlled narrow current path distinct from
a broad channel;

3. contact selectivity never plays the strong role expected of a narrow-manifold device;
4. realistic electrostatics and disorder always wash out the intended manifold;

5. ON-state conductance remains too small whenever the manifold is sharp;

6. manifold-reconfiguration times are too slow for high-speed logic.

In short:

if sharp manifold activation cannot coexist with low leakage, strong ON conduction, and fast dynamics in an;
(966)
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Falsifiable prediction 1: non-MOS temperature scaling of the switching transition.
A direct DS prediction is that the most successful manifold-switch candidates should exhibit
transfer sharpness that is not simply reducible to the ordinary thermal barrier law over the full
relevant range. This does not mean temperature independence in every case. It means:

the extracted transition width should track manifold selectivity and reconnection physics, not only the ordins
(967)

If every candidate exhibits nothing more than conventional thermal scaling, the DS interpreta-

tion loses force.

Falsifiable prediction 2: unusually strong dependence on contact geometry and
spectral selectivity. Because the DS switch depends on a narrow intended manifold, contact
configuration should matter unusually strongly. Specifically:

small changes in source/drain coupling geometry or spectral matching should strongly affect Gax without ne
(968)

If contact changes only produce ordinary series-resistance effects with no evidence of selective

manifold injection, then the intended DS mechanism is less likely.

Falsifiable prediction 3: spatially localized ON-state current path. A genuine DS
manifold-switch should produce an ON-state current path that is narrower, more structured, or
more interface/edge localized than that of a conventional broad inversion channel. Therefore:

current-path imaging or nonlocal transport should reveal a preferential conduction path rather than merely a
(969)

Failure to observe such localization would not automatically kill the program, but it would

significantly weaken the most distinctive DS claims.

Falsifiable prediction 4: compact-model parameter clustering. Across candidate plat-
forms, the DS program predicts that the most promising devices will not simply have one ex-
traordinary property. They should cluster simultaneously in a favorable compact-parameter
regime:

small AVpg, small Iy, large Gmax, small Trecont- (970)

If the best available candidates always improve one parameter only by making another unac-
ceptable, the DS program may still be scientifically interesting but not technologically viable.

Falsifiable prediction 5: proxy platforms will outperform direct flagship attempts
at first. A subtler but important DS prediction about the research program itself is that
the first clean evidence of manifold-switching physics is more likely to appear in simplified
proxy systems—split-gate channels, interface-limited transport, narrow waveguide analogues,
or topological/interface test structures—than in a fully integrated flagship device. In equation
form:

proof-of-principle manifold physics < full flagship realization. (971)

If the program tries to skip this hierarchy and fails repeatedly, the problem may be strategic
rather than physical. This prediction is useful because it makes the research path itself testable.
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A disciplined interpretation rule. One of the most important rules for the DS program is
interpretive discipline:

no single steep transfer curve should ever be taken as proof of manifold switching.  (972)

Only a convergent set of electrical, spatial, spectral, and transient diagnostics should be allowed
to support the DS interpretation. This rule is essential if the program is to remain scientifically
credible.

The practical meaning of success. Success for the DS device program should therefore be
defined in tiers:

e Tier 1: Mechanism success Demonstration of gate-controlled narrow-manifold activa-
tion distinct from ordinary barrier switching.

o Tier 2: Device success The manifold-switch also shows useful ON/OFF, conductance,
and speed.

e Tier 3: Technology success The device remains robust under realistic temperature,
variability, integration, and fan-out conditions.

This tiered view prevents premature overclaiming while still allowing real scientific progress to
be recognized.

Conceptual consequence. The deepest consequence of this subsection is that the DS device
program becomes genuinely scientific only when it states its own failure conditions. Once that
is done, the program is no longer a loose speculative narrative. It becomes a structured hy-
pothesis: future low-voltage switching may depend on transport-manifold control, but that idea
survives only if it produces distinct signatures, survives compact-model and simulation tests,
and withstands direct experimental discrimination against conventional barrier-based explana-
tions.

Summary statement. The dynamic-space device program is ambitious but testable. It
claims that steep low-voltage switching may become possible when transport is controlled by
the activation or reconnection of a narrow manifold rather than by broad thermal barrier mod-
ulation, but it does not claim that such a device has already been achieved. The strongest
objections concern contact destruction of narrow channels, trap- or hysteresis-induced false
steepness, room-temperature broadening, insufficient ON-state current, and the possibility that
DS language adds no real predictive value beyond existing device frameworks. These objections
are legitimate and are built into the program as falsification pathways. The program is sup-
ported only if candidate platforms show nontrivial temperature scaling, strong contact-selective
behavior, narrow current-path activation, favorable compact-model parameter clustering, and
fast low-hysteresis dynamics. It is weakened or falsified if all apparent gains collapse into
conventional barrier physics, parasitics, or slow memory effects. In this sense, the DS device
program stands or falls not by rhetoric but by a clear set of discriminating predictions and
failure conditions.
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14 Conclusion and Outlook: From Dynamic-Space Foundations
to a Channel-Topology Transistor Program

The present work has argued for a unified perspective in which the same underlying dynamic-
space (DS) mode logic can be followed continuously across scales: from bound-state structure in
atoms, to hybridization and molecular selectivity, to band-structure engineering in solids, and
finally to the design of switching devices whose essential operation is not broad thermal barrier
lowering but the controlled activation, reconnection, or restructuring of a narrow transport
manifold. The purpose of this concluding section is to summarize that argument, clarify its
scientific scope, and state the most important implications for future research.

A unified chain from quantum structure to device principle. The central conceptual
thread of the paper is that many apparently distinct physical phenomena can be reinterpreted
within a common transport-and-mode framework. In the DS language, a stationary bound state
is not merely an abstract probability assignment but a stable field-organized mode of the coupled
particle—environment system. Molecular bonding then becomes selective mode hybridization.
Band formation becomes the periodic extension and collective reorganization of such modes in
a crystalline environment. From this viewpoint, a transistor is naturally generalized from a
barrier-lowering element into a device that controls access to a transport manifold.
This yields the core continuity emphasized throughout the manuscript:

atomic mode selection — molecular hybridization — band-structure engineering — transport-manifold cor
(973)

This chain is not presented as a strict theorem. Rather, it is a unifying physical logic that

motivates a new class of device hypotheses and organizes them within a single framework.

The key device redefinition. A central contribution of the present work is a shift in how
one thinks about the switching element itself. In conventional semiconductor language, the
transistor is typically treated as a device that modulates a broad conduction barrier or carrier
population. By contrast, the DS framework suggests the following broader definition:

a transistor is a device that controls whether a useful transport manifold is source—drain connected under acc
(974)

This redefinition is important because it accommodates not only conventional MOS inversion

channels, but also:

e resonant and waveguide-like channels,

e edge or interface channels,

e topological transport manifolds,

e narrow miniband pathways,

o and collective or phase-organized conduction routes.

The result is a more general language in which future switching technologies can be compared
on common physical grounds.
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Why the conventional thermal limit need not be universal. One of the practical
motivations of the DS device program is the widely recognized difficulty of continuing voltage
scaling in conventional thermal barrier-based logic. If switching remains tied to broad thermal
tail control, then lowering Vpp toward the 0.1V class becomes increasingly difficult without
severe leakage or degraded ON current. The DS perspective does not claim that thermal
limitations can be ignored. Instead, it argues that:

the familiar thermal steep-slope limitation is specific to a broad class of barrier-tail switching mechanisms, nc
(975)

If a device can switch by activating or reconnecting a narrow transport manifold rather than

by gradually populating a broad thermal continuum, then the relevant design problem changes.

The central challenge becomes manifold selectivity, contact coupling, OFF-state exclusion, and

reconfiguration speed rather than only barrier slope.

The DS compact-model and diagnostic contribution. A second important contribution
of the work is methodological. Rather than presenting the DS device idea only as a qualitative
analogy, the manuscript introduced a compact-model language and a corresponding simulation
and experimental roadmap. In this framework, a candidate device is judged by parameters such
as:

A‘/D57 IOD: Gmax; Treconf s Qchannelv Mcontact . (976)

These parameters are intended to capture the essence of the DS switching principle:
e the sharpness of the manifold activation,
e the residual OFF-state background,
o the strength of the ON-state manifold,
e the speed of reconfiguration,
e the quality of the transport path,
o and the ability of the contacts to inject into the intended channel.

This is scientifically important because it makes the proposal falsifiable. The DS device program
is not advanced here as a slogan; it is advanced as a structured hypothesis that can be simulated,
measured, and potentially rejected.

The significance of channel topology. The phrase channel-topology transistor is used in
this work to emphasize that the critical switching event may be topological or quasi-topological
in the broad engineering sense: the ON state may correspond to the appearance, reconnection,
or stabilization of a specific conduction path whose geometry, phase structure, or interface
character is qualitatively distinct from the OFF state. This need not mean strict topological
protection in the formal condensed-matter sense in every implementation. Rather, it means
that:

the identity and connectivity of the active current path become the primary switching object.

(977)
This concept is useful because it captures a wide family of candidate devices, from split-gate
waveguides to edge-like channels to topological interfaces to field-structured analogues of Hall
transport.
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The flagship long-range vision. The most distinctive long-range device vision developed
in the manuscript is the hybrid electric-magnetic field structured transistor inspired by the
transport logic of quantum Hall and fractional quantum Hall effect (FQHE) systems. Its defining
idea is not simply to improve electrostatic gating, but to combine:

¢ electric fields for occupancy, confinement, and local boundary control,

e magnetic or effective-magnetic structuring for spectral compression and channel organi-
zation,

o and source/drain engineering for selective coupling into a narrow intended transport man-
ifold.

In its most ambitious form, this leads to the long-range target:
Vbop ~ 0.1V, L ~ 3nm, f ~ 100 GHz, (978)

with the explicit understanding that this is a strategic research aspiration rather than a demon-
strated result. The manuscript has emphasized that the correct scientific framing is FQHE-
inspired rather than FQHE already realized in digital logic. What is borrowed is the transport
logic of bulk exclusion and narrow special-channel conduction, not a premature claim of full
room-temperature Hall-state integration.

Why a staged program is essential. A major theme of the paper is that the DS device
program must be pursued in stages. The first goal is not to build the final flagship device
immediately. Rather, the first goal is to validate the underlying switching principle in simplified
proxy platforms:

o split-gate or QPC-like waveguide structures,

e 2DEG or interface-limited channels,

e topological or edge-like transport systems,

o narrow miniband or superlattice platforms,

o and other devices in which manifold activation can be cleanly diagnosed.

Only after the mechanism is validated should more ambitious hybrid field-structured room-
temperature analogues be pursued. This staged logic is captured by:

proof-of-principle manifold physics < device-level usefulness < technology-level scalability.

(979)
This ordering is not a weakness of the program. It is the condition for keeping the program
scientifically disciplined.

Scientific scope and limits. The present work has also emphasized its own limits. It does
not claim that a room-temperature channel-topology transistor has already been built. It does
not claim that every steep transfer curve is evidence of DS manifold switching. It does not claim
that the compact model is a microscopic derivation of a specific material stack. And it does
not claim that a foundational interpretive framework alone is sufficient to establish engineering
feasibility.
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Instead, the manuscript advances a narrower and more defensible proposition:

the DS framework provides a coherent physical language and a falsifiable research program for exploring swit
(980)

This is a substantial claim, but it remains properly conditional on simulation, fabrication, and

discriminating experiment.

What would constitute real progress. Within this framework, real progress should be
defined in tiers:

e Tier 1: Mechanism progress Demonstration that a gate can activate or reconnect a
narrow transport path in a way that is distinguishable from ordinary barrier modulation.

e Tier 2: Device progress Demonstration that such a path can simultaneously provide
useful ON/OFF ratio, acceptable leakage, meaningful conductance, and reasonably fast
dynamics.

e Tier 3: Technology progress Demonstration that the mechanism remains robust under
realistic temperature, disorder, integration, variability, and fan-out conditions.

This tiered definition is important because it prevents both undue skepticism and premature
overclaiming.

Broader implications for physics and engineering. If the DS program proves fruitful,
its importance would extend beyond one proposed transistor type. At the physics level, it
would strengthen the idea that mode structure, boundary conditions, and transport selectivity
provide a deep unifying language across atomic, condensed-matter, and device phenomena. At
the engineering level, it would encourage a shift away from asking only how to improve the
steepness of a thermal barrier device and toward asking:

what transport manifold should be made available, how should it be excluded in the OFF state, and how sho
(981)
That is a more general and potentially more powerful design question.

Outlook and next steps. The immediate next steps suggested by the present work are clear:

1. implement the DS compact-model framework on proxy devices and extract the parameter
set of Eq. (976);

2. perform self-consistent quantum transport simulations to test whether narrow-manifold
activation survives realistic electrostatics, disorder, and contact conditions;

3. identify candidate material stacks in which edge-, interface-, or miniband-dominated trans-
port can be sharply gated within low-voltage windows;

4. carry out discriminating experiments that separate true manifold switching from trap-
driven or purely thermal alternatives;

5. and only then advance toward hybrid electric-magnetic or effective-field structured flag-
ship devices.

This progression is the practical path by which the program can move from conceptual proposal
to experimental science.
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Final perspective. The deepest claim of this work is not that one specific future transistor
has already been discovered. It is that a coherent path may exist from a field-based under-
standing of quantum structure to a new way of thinking about switching itself. In that path,
the transistor ceases to be merely a thermal barrier element and becomes a controlled selector
of transport topology. If this perspective is correct, then future ultra-low-voltage logic may
depend less on squeezing more performance from broad diffusive channels and more on learning
how to create, suppress, and reconnect narrow structured manifolds of motion.

In that sense, the central outlook of the present work may be summarized in one sentence:

the future of deeply scaled switching may lie not in better barriers, but in better channels—more precisely, in
(982)

Summary statement. This work has proposed that the same dynamic-space mode logic
can be followed from bound-state quantum structure to molecular selectivity, band formation,
and ultimately to a new class of switching devices best understood as channel-topology tran-
sistors. The defining idea is that switching need not always be the gradual lowering of a broad
thermal barrier; it may instead be the activation, reconnection, or restructuring of a narrow
transport manifold whose identity and connectivity determine the ON state. On that basis,
the manuscript introduced a compact-model language, a simulation and experimental roadmap,
a classification of candidate platforms, and a long-range flagship vision centered on hybrid
electric-magnetic field structured FQHE-inspired devices. The proposal is intentionally ambi-
tious but explicitly conditional: it becomes meaningful only if it survives discriminating tests
against conventional barrier-based explanations and only if narrow-manifold activation can co-
exist with useful conductance, low leakage, and fast dynamics. If successful, however, the DS
framework may provide not only a new device concept but a broader unifying principle linking
quantum structure, transport selectivity, and the future of ultra-low-voltage computation.

14.1 Why Water is Densest at 4°C and Why Lakes Freeze from the Surface:
A Two-Structure and Dynamic-Space Interpretation

One of the most remarkable anomalies of water is that its density reaches a maximum near
4°C, rather than increasing monotonically as temperature decreases. This anomaly is directly
responsible for the fact that lakes and ponds freeze from the surface downward rather than from
the bottom upward. In the present section, we formulate this phenomenon in a two-structure
language—high-density liquid (HDL) and low-density liquid (LDL) local environments—and
then reinterpret the result in the Dynamic-Space (DS) framework as a competition between two
local geometric modes of the same medium.

1. Macroscopic fact: the density maximum at 4°C

For most liquids, cooling reduces thermal motion, decreases intermolecular spacing, and there-
fore increases density. Water behaves normally from room temperature down to approximately
4°C: its density increases as it cools. However, below 4°C, the trend reverses, and the density
decreases as the temperature approaches 0°C. Thus,

dp dp
— <0, — > 0, 983
dT | 75400 dT [pec<r<a°C (983)
with a density maximum at
Tmax ~ 4°C. (984)
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This means that among liquid water samples of equal volume, the sample at 4°C has the
greatest mass, or equivalently, the greatest density.

2. Why this causes lakes to freeze from the surface

The freezing-from-the-top phenomenon follows directly from the density maximum:
1. As surface water cools from, say, 20°C to 4°C, it becomes denser and sinks.
2. This convective sinking mixes the lake and tends to bring the bulk toward 4°C.
3. Once the surface cools below 4°C, it becomes less dense, not more dense.

4. Therefore, water in the interval 0°C < T < 4°C remains near the surface rather than
sinking.

5. The surface layer reaches 0°C first, nucleates ice, and the ice floats because solid ice is
less dense than liquid water.

Hence the lake freezes from the top downward, while deeper water can remain liquid near
4°C, preserving aquatic life.

3. Microscopic origin: HDL and LDL local structures

The deeper microscopic question is: why does water stop contracting below 4°C?
A powerful structural interpretation is that liquid water is not a uniform liquid with a single
local geometry, but rather a fluctuating mixture of two dominant local motifs:

o High-density liquid (HDL): more compact local packing, with distorted or collapsed
hydrogen-bond networks.

o Low-density liquid (LDL): more open, tetrahedral, ice-like local arrangement, with
larger local volume.

The key inequality is
PHDL > PLDL, Vapr < Vipr. (985)

As temperature decreases, ordinary thermal contraction tends to reduce volume, but the
hydrogen-bond network increasingly favors tetrahedral, open local configurations. Thus the
fraction of LDL-like local environments rises:

zpL(T) 1T as TJ. (986)
If we denote by zypr, and xrpr, the fractional populations, with
zupL + 2zLpL = 1, (987)
then a first-order mixture description gives
p(T) =~ xupL(T) pupL + 2LpL(T') pLDL- (988)

Equivalently, in terms of specific volume,
V(T) = xupr(T) VapL + zpL(T) VibL, VipL > VHDL. (989)
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At sufficiently high temperature, the normal contraction effect dominates. Near and below
4°C, however, the increasing LDL fraction introduces a structural expansion that can outweigh
the ordinary thermal contraction. The density maximum occurs at the temperature where these
two tendencies balance:

(ordinary thermal contraction) = (LDL-induced structural expansion). (990)

Thus, the 4°C anomaly is naturally interpreted as a crossover point between two competing
effects:

1. mormal thermal densification, and

2. open-network structural expansion.

4. LDL is not ice

It is important to emphasize that LDL is not crystalline ice. LDL remains a liquid phase (or
local liquid-like motif), but with stronger tetrahedral character and larger local free volume
than HDL. Conceptually, one may think in terms of the progression

HDL-rich liquid — LDL-rich liquid — ice-like local motifs — crystalline ice, (991)

though in real supercooled water these transitions need not be strictly sequential or sharp
outside specific thermodynamic regions.

5. A minimal phenomenological two-state model

To formalize the competition, one may introduce a structural order parameter n that distin-
guishes the local motif:

n > 0 for LDL-like local structure, n < 0 for HDL-like local structure. (992)
A minimal local free-energy density may be written as
Fpsm; T, P) = a(T, P)n* + by + cn® + ap — po)? + A(p — po), (993)
with ¢ > 0 for stability. The interpretation is as follows:
e The polynomial in n captures the competition between two local structural tendencies.
e The quadratic term in p penalizes deviations from a reference density.

o The coupling An(p — po) links local structure to local density.

For A > 0, positive n (LDL-like character) lowers the free energy when p < po, i.e. when the
local density is reduced. Thus LDL naturally corresponds to a lower-density local environment,
while HDL corresponds to a higher-density local environment.

Minimizing with respect to p yields

of
-~ =2 — + =0 994
9p Oé(P PO) n ) ( )
so that \
p—po=—5 1 (995)



Therefore,
n>0 = p<p (LDL), n<0 = p>p (HDL). (996)

Equation (995) is the minimal mathematical statement of the water anomaly: the structural
order parameter and the density are anticorrelated.
6. Surface preference and ice nucleation

Although the density anomaly is the principal reason for surface freezing, the free surface can
also facilitate the formation of open, ice-like local order:

o Surface molecules have fewer neighbors.
e The hydrogen-bond network is partially unsaturated and more easily reorganized.

e Orientational fluctuations can favor more open local motifs under cooling.

Thus the air—water interface can become a favorable region for enhanced LDL-like local
structure and eventual ice nucleation. However, the dominant macroscopic reason that the
surface freezes first remains the density inversion below 4°C.

7. Dynamic-Space reinterpretation

Within the Dynamic-Space framework, the water anomaly may be reinterpreted not as a peculiar
exception of molecular chemistry alone, but as a general example of a single medium supporting
two competing local geometric modes:

o a compact mode (HDL), and

o an open tetrahedral mode (LDL).

In DS language, water is a single continuous medium whose local configuration can reorganize
between two metastable geometric/topological states. Cooling reduces the effective fluctuation
amplitude and allows the hydrogen-bond network to relax toward a lower-local-strain, lower-
local-energy, but larger-volume configuration. This leads to a competition between:

1. ordinary thermal contraction (a compressive tendency), and

2. geometric network opening (a structural expansion tendency).

The temperature Th.x = 4°C is then interpreted as the crossover or balance point where
these two tendencies exactly cancel:

dp

= 0. 997
T | (997)

=Tmax
In this sense, the 4°C density maximum is a concrete physical example of a broader DS

principle:

A single medium may exhibit anomalous macroscopic behavior when two local struc-
tural modes compete, and the observable response is determined by the balance be-
tween ordinary contraction and threshold-driven geometric reconfiguration.
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8. Summary

The phenomenon that lakes freeze from the surface is not directly caused by ice formation alone,

but by the prior density anomaly of liquid water. That anomaly is naturally explained by a two-

structure picture in which cooling increases the fraction of low-density, tetrahedral, LDL-like

local environments. Below 4°C, the structural opening associated with LDL growth overwhelms

ordinary thermal contraction, causing density to decrease as temperature approaches freezing.
Thus:

cooling below 4°C = more LDL-like local structure = lower density = cold water remains at surface =
(998)
This provides not only a modern structural interpretation of a classical anomaly of water,
but also an instructive prototype of the DS notion that a single medium can host multiple
competing local geometries whose balance determines the macroscopic phase response.

14.2 Why a Very Small de Broglie Wavelength Produces Particle-Like Mo-
tion

A central bridge between wave mechanics and classical mechanics is the short-wavelength limit.
When the de Broglie wavelength of a matter wave is much smaller than the characteristic
geometric scale of the apparatus or potential landscape, the propagation appears particle-like.
In this regime, diffraction and interference are strongly suppressed at the macroscopic scale, and
the motion is governed to leading order by a narrow stationary-phase channel that coincides
with a classical trajectory. This section makes that statement explicit.

14.2.1 The controlling dimensionless ratio

Let b
A= —
p

be the de Broglie wavelength of the electron, and let L denote the characteristic length scale over
which the external geometry, boundaries, or potential vary appreciably. The relevant parameter
is not A alone, but the ratio \
€=
When
€K 1,

the phase of the wave oscillates very rapidly on the scale over which the environment changes.
In this limit, the wave does not cease to exist; rather, its phase structure becomes too fine to
generate large visible diffraction except near caustics, sharp apertures, or specially engineered
interference geometries. The result is an effectively ray-like or particle-like propagation.

14.2.2 de Broglie wavelength for an accelerated electron

For an electron accelerated through a voltage V', the kinetic energy is approximately

so that
p=V2meV.
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Hence the wavelength is
h

VomeV'

As the accelerating voltage increases, the momentum grows and the wavelength shrinks. In

vacuum electronics, electron optics, and cathode-ray transport, A is often far smaller than the
scale of electrodes or beamline geometry, which explains why classical trajectory models work
so well.

14.2.3 'Wave-packet picture

An electron is not fundamentally a point mass following a pre-given curve. Rather, it is described
by a wave packet,

U(r,t) = / a(k) e?kT=wt) g3

whose central momentum is p = hk. If the packet is sufficiently narrow in momentum space
and the external fields vary slowly across the packet width, then the center of the packet follows
a trajectory very close to the classical one. The wave nature remains present, but because the
wavelength is tiny compared with the apparatus scale, the packet propagates as a narrow beam
and the transport looks particle-like.

14.2.4 'WKB derivation from the Schrodinger equation

Consider the time-independent Schrédinger equation

h2
—— V) + V(1) = Eip.
2m
To study the short-wavelength limit, write the wavefunction in amplitude-phase form,
P(r) = A(r)er”®),

where A(r) is a slowly varying amplitude and S(r) is the phase function. Substituting into the
Schrédinger equation gives

i 21 ) 1
V) = en’ [VQA + VA VS + ~AV2S — A(vsﬂ .

h h h?
Therefore,
" [VQA + 294 v+ Laves - 1A(VS)2] +VA=FEA
2m h h h? N ’
Rearranging by powers of A, the leading-order real term is
(VS)?
V(r)=FE.
5 T V()

This is precisely the time-independent Hamilton—Jacobi equation if we identify
p=VS.

Thus the leading phase function S generates classical momentum. In the short-wavelength
regime, the wavefront normals define classical rays.
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The next-order terms yield a transport equation for the amplitude,
2VA- VS + AV?S =0,

or equivalently
V- (A%2VS) =0.

This is a conservation law for probability flux along the rays. Thus the WKB approximation
shows that the quantum wave decomposes into a locally conserved flow guided by classical phase
geometry.

14.2.5 Physical meaning of the WKB result

The WKB derivation shows that when the phase varies much faster than the amplitude,

I

VA
VS| > h‘A

the phase dominates the dynamics. Since the local wavelength is

h

)\(I‘) = Wa

the condition for the classical limit is that A(r) be small compared with the scale over which A
and V vary. Then the wave behaves locally like

with S solving the classical Hamilton—Jacobi equation. This is why the motion appears particle-
like: the crest structure is so fine that only the ray skeleton remains visible on the macroscopic
scale.

14.2.6 Diffraction estimate

The suppression of wave spreading can be estimated from ordinary diffraction. For an aperture
of width a, the characteristic diffraction angle is

A
0~ —.
a
If
AL a,
then
0 <1,

and the beam spreads only very weakly. The propagation therefore resembles a narrow ray. This
simple estimate captures why electrons in many vacuum devices appear to move along particle
trajectories: the relevant apertures, electrode gaps, and beamline dimensions are enormous
compared with the de Broglie wavelength.
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14.2.7 Path-integral derivation: why the classical path survives

The same conclusion follows from Feynman’s path integral. The propagator from A to B is
formally

K(B,A) = / Dl (t)] et 5],

where S[z(t)] is the action of the path z(t). Every path contributes a phase ¢*/". When £ is
effectively small compared with the typical action scale, or equivalently when the wavelength is
very short compared with the apparatus scale, the phase oscillates wildly from one neighboring
path to the next.

Suppose we perturb a path z(t) by a small deviation 7(t):

z(t) = zei(t) + ().

Then 1
S[x] = Swy] + 05 + 5525 e

If z is a stationary path, then
0S5 =0.

For non-stationary paths, 65 # 0, so neighboring contributions acquire rapidly varying phases
and largely cancel by destructive interference. Only near stationary paths do neighboring phases
remain aligned strongly enough to survive the sum. Hence

05 =0

emerges as the condition for dominant propagation. This is the classical principle of least (more
precisely, stationary) action.

Thus the classical path is not inserted by hand. It is the residual spine left behind after
destructive interference removes the non-stationary alternatives.

14.2.8 From stationary action to Newton’s law

For a nonrelativistic particle in a potential V' (z),

Sla] = /t t (;me _ V(x)) dt.

t
P <mac 5 — dvéw) dt.
dx

t1

Varying the path gives

Integrating the first term by parts and using dz(t1) = dx(t2) = 0,

t
ss= [ (—m:ij _ dv) Sz dt.
t1 d

T
For this to vanish for arbitrary dx, we require

_av
dx’

mi =

Thus Newton’s second law appears as the stationary-phase condition of the underlying wave
sum. In the short-wavelength limit, the quantum amplitude is concentrated around precisely
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these stationary paths.

14.2.9 Why the wave is still there

It is important not to overstate the result. Small A does not mean that the electron becomes a
literal classical point in ontology. Rather, it means that the wave character becomes difficult to
observe at the scale of the apparatus. The underlying state is still wave-like, but the measurable
propagation is dominated by a narrow family of paths. If one introduces slits, crystal planes, or
nanostructures comparable to A, the wave nature becomes manifest again through diffraction
and interference.

Thus the correct statement is not

wave — particle
as an ontological conversion, but rather

wave with A < L. — particle-like propagation.

14.2.10 Dynamic-space interpretation

In the dynamic-space picture, the electron is not fundamentally a rigid point object but a
localized excitation of the underlying medium. The phase field determines the local propagation
direction, while the amplitude encodes the local energy-density distribution. When the de
Broglie wavelength is large compared with the surrounding geometry, the excitation can spread,
overlap, diffract, and interfere in visibly wave-like ways. But when

A< L

the phase oscillates so rapidly that destructive interference removes non-stationary propagation
channels, leaving a narrow stable transport spine.

In this language, the classical trajectory is the surviving dynamic-space channel selected
by stationary phase. The “particle path” is therefore not the denial of the wave, but the
macroscopic appearance of a deeply oscillatory guided mode whose lateral interference structure
has averaged out.

One may summarize the logic as

small A = rapid phase oscillation = destructive interference of non-stationary paths =

14.2.11 Vacuum-tube electrons as an example

This framework explains why electrons in vacuum tubes, cathode-ray systems, and beam devices
are so naturally modeled as particles. The accelerating voltage makes the electron wavelength
very small, and the apparatus dimensions are macroscopic compared with that wavelength. The
result is a narrow guided packet or channel that follows a Lorentz-force trajectory to excellent
approximation. Yet if the same beam is sent through sufficiently small apertures or phase-
sensitive structures, the hidden wave nature immediately reappears.

14.2.12 Conclusion

The particle-like motion of an electron in the short-wavelength regime is not a separate fun-
damental law, but the emergent limit of wave propagation when the de Broglie wavelength is
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much smaller than the characteristic scale of the surrounding geometry. In the Schrodinger
description this appears through the WKB reduction to the Hamilton—Jacobi equation; in the
path-integral description it appears through stationary-phase selection of classical paths; and
in the dynamic-space interpretation it appears as the survival of a narrow stable channel spine
after destructive interference removes non-stationary alternatives.

14.3 Why a Linear Electron Wave Still Bends in Electromagnetic Fields

A common conceptual confusion is the following: Maxwell’s equations in vacuum are linear, the
Schrédinger equation is linear in the wavefunction, and free matter waves obey linear superpo-
sition. Why, then, does an electron beam bend in an external electric or magnetic field? The
resolution is that linearity of the wave equation does not imply absence of steering by external
backgrounds. A wave equation may remain linear in the dynamical field while still containing
spatially varying coefficients, potentials, or connection terms that continuously redirect the local
phase flow. In this sense, linearity means superposition for a fixed background, not dynamical
isolation from the background.

14.3.1 Linearity means superposition for a fixed background

Consider the abstract evolution equation

Lo

7 a1 = Hq.

The equation is linear in v if
H(arpy + bpo) = aHypy + bHpy

for constants a,b. This implies that if ¢; and v are solutions for the same fixed Hamiltonian
H , then
ayy + bipy

is also a solution.

However, this does not imply that the wave is unaffected by external structure. The Hamil-
tonian itself may depend on spatially varying external fields. The equation can therefore remain
linear in 1 while the background continuously steers the propagation.

14.3.2 Analogy: linear optics still bends light

The simplest analogy is ordinary linear optics. In a medium with refractive index n(r), a scalar

wave E(r,t) may satisfy

W2r) PE
2 o2 '

This equation is linear in E, yet if n(r) varies spatially, the wavefronts bend. Lenses, graded-

V2E —

index fibers, and waveguides all operate in this regime. Thus linearity of the field equation is
perfectly compatible with curvature of the ray trajectories.

The same logic applies to the electron wave: the wavefunction evolves linearly, but the ex-
ternal electromagnetic potentials define a nonuniform phase landscape and connection structure
that redirect the local probability flow.
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14.3.3 Free Schrodinger equation

For a free nonrelativistic electron, the Schrédinger equation is

oy R

B o
! ot 2m

V2.
This equation is linear, translationally invariant, and its plane-wave solutions are

; hk?
_ i(k-r—wt) _
P(r,t) = Ae , W=

A wave packet formed by superposing nearby k-modes travels in a straight line in the absence
of external fields.

14.3.4 Minimal coupling to electromagnetic fields

When an external electromagnetic field is present, the correct quantum Hamiltonian is obtained
by minimal coupling;:

where ¢(r, t) is the scalar potential and A(r,t) is the vector potential. The Schrodinger equation
9% _
Bt 2m

This equation is still linear in ¢. The key point is that ¢ and A appear as external background

becomes
(—ihV — qA)* + qo| .

fields inside the linear operator. The wave therefore remains superposable, but the operator
itself encodes a nonuniform phase-energy geometry that can bend the propagation.

14.3.5 Electric field as a phase-energy gradient
First consider the simpler case A = 0. Then

81/1 lh?

hea 5 4 qo(r, )1@&

This remains linear, but the potential g¢(r,t) varies in space. Different regions of the wave
therefore accumulate different phase. The wavefront tilts, the local momentum changes, and
the packet center accelerates.

To make this precise, write

U(r,t) = A(r, t)eSTO/,

Substituting into the Schrodinger equation and separating real and imaginary parts yields, at
leading order in the semiclassical limit, the Hamilton—-Jacobi equation

08  (VS)?
5 + o +q¢9 = 0.
Identifying
p=VS§,
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one obtains the classical energy relation. Taking the gradient gives

dp _

Since 9A
E=-V¢— —
v¢ at )
and in the purely electrostatic case E = —V ¢, we recover
dp
— =gqE.
at !

Thus the electric field bends the electron wave not by breaking linearity, but by imposing a
spatial phase-energy slope across the wave.
14.3.6 Vector potential and the magnetic connection

The magnetic field enters through the vector potential:
B=VxA.

With minimal coupling, the Hamiltonian is

1
H=—(p—qA)? .
5 (P = ¢A)" +q¢

This implies a distinction between canonical and mechanical momentum:

Pcan = _ihv7 Pmech = Pcan — qA-

In amplitude-phase form v = Ae*3/" the local canonical momentum is

Pcan = V5,
but the physical (kinetic) momentum carried by the packet is
Pmech = VS — qA'

Hence the local velocity field is .
v=—(VS—-qA).
m

This is the central formula. Even if the phase S itself is smooth, a spatially varying A changes
the mechanical flow direction. Thus the magnetic field acts as a phase-connection field: it twists
the transport direction of the electron wave without necessarily changing its speed.

14.3.7 Probability current and local flow redirection

The gauge-covariant probability current is

5= o [ (iR — gA) ¢ — o AV — gA) 9.

- 2m
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For 1) = Ae™/" this becomes
. A?
j=—(VS—qA).
m
Since the probability density is
p=]* = A2
we have 1
j:pva VZ*(VS—QA)
m

Therefore the electron wave is literally a flowing probability current whose local direction is
determined by the gauge-covariant phase gradient. Spatial variations in ¢ and A redirect this
flow. This is why a linear wave can still bend.

14.3.8 Ehrenfest theorem and the Lorentz force

A rigorous bridge from the quantum equation to the classical trajectory is given by Ehrenfest’s
theorem. For a sufficiently localized wave packet, one finds

2 r
) = a (B0 + T2 B, 0)

to leading order when the external fields do not vary too rapidly across the packet width. Thus
the center of the packet obeys the Lorentz force law:

mv = q¢(E 4+ v x B).

The bending of the beam is therefore not a separate classical rule added on top of quantum
mechanics. It is the semiclassical limit of the underlying linear wave evolution in a nonuniform
electromagnetic background.

14.3.9 Why a pure magnetic field bends direction but not speed

If E =0, then
mv = qv X B.

Taking the dot product with v,

mv-v=gqv-(vxB)=0.

So a pure magnetic field does not change the kinetic energy of the packet; it changes only

Hence

the direction of motion. In the wave language, A rotates the local transport direction of the
probability flow rather than changing the local frequency through a scalar potential. This is
why cyclotron motion is possible without continuous energy gain.

14.3.10 Gauge structure and the physical meaning of A

Under a gauge transformation,

A ALYy, 0 6- 0%y iy,
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the canonical phase S shifts, but the combination
VS —qA
remains invariant. Thus the physical velocity
1
v=—(VS—-qA)
m

is gauge-invariant. This makes the geometric role of A especially clear: it is not merely a
computational convenience, but a genuine connection field that determines how local phase
gradients translate into physical transport.

This point aligns naturally with Aharonov—Bohm physics: even in regions where B = 0,
the topology of A can modify the accumulated phase and therefore alter interference. In that
sense, the vector potential is the phase-geometry field that governs channel steering and phase
holonomy.

14.3.11 Linearity versus nonlinearity: when does feedback appear?

The above discussion concerns an ezternal electromagnetic background. The Schrédinger equa-
tion remains linear because ¢ and A are treated as prescribed functions.

The system becomes effectively nonlinear when the wave generates the field that then feeds
back on the wave. For example, if the charge density

2
p=qly|
sources a self-consistent electrostatic potential through Poisson’s equation,

vip =L,

€0
and this ¢ is then reinserted into the Schrédinger equation, the coupled system is no longer

linear in . This is the origin of Schrédinger—Poisson, Hartree, and mean-field nonlinearities.

This distinction is conceptually important. Linearity of the wave equation is preserved so
long as the background is fixed. Nonlinearity enters when the wave significantly reshapes the
background that guides it. This provides a natural bridge to threshold-based interpretations in
which weak propagation is approximately linear, while strong self-backreaction or high local

energy density drives an effectively nonlinear regime.

14.3.12 Dynamic-space interpretation

In the dynamic-space (DS) interpretation, the electron is not fundamentally a rigid point object
but a localized propagating excitation of the underlying medium. The wavefunction encodes
both amplitude and phase:

Y = AetS/h,

The amplitude A? measures the local excitation density (or transport intensity), while the phase
S determines the local propagation orientation.
Within this picture:

o The scalar potential ¢ acts as a phase-energy slope field: it changes the local phase accu-
mulation rate and therefore accelerates or decelerates the channel flow.
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e The vector potential A acts as a phase-connection field: it changes how phase gradients
map to physical motion, thereby twisting or curving the transport channel.

e The mechanical velocity is the gauge-invariant channel flow,
1
v=—(VS—-¢A).
m

Thus the bending of the electron beam is not a contradiction of linearity. It is the geometrical
steering of a linear matter wave by an inhomogeneous connection structure in the medium.

14.3.13 Vacuum-tube and beam-transport interpretation

This framework explains why electron beams in vacuum tubes, cathode-ray systems, and beam
columns are simultaneously wave-like in principle and particle-like in engineering practice. The
underlying evolution is linear and wave-based, but the external electrode geometry and magnetic
lenses define a structured phase landscape. The beam then propagates as a narrow guided packet
whose center follows the Lorentz-force trajectory. In the short-wavelength limit, this appears
as a classical particle beam. Yet if the same beam is sent through a sufficiently fine aperture or
phase-sensitive interferometer, the hidden wave structure immediately reappears.

14.3.14 Conclusion

The correct conclusion is therefore not that linear waves must travel straight, but that linearity
refers to superposition in the dynamical field, whereas bending arises from spatial structure in
the background operator. For an electron in electromagnetic fields, the Schrodinger equation
remains linear in 1, but the scalar potential ¢ and vector potential A enter as a phase-energy
gradient and a phase-connection field, respectively. The local probability flow

1
j=pv, v=—(VS—-qA),
m

is therefore continuously redirected by the electromagnetic background. In the semiclassical
limit, the center of the wave packet obeys the Lorentz force law, and the observed beam bend-
ing is simply the macroscopic manifestation of a guided linear matter wave propagating in a
nonuniform phase geometry.

14.4 Why a Bound Electron Wave in an Atom Does Not Radiate: Stationary
Modes, No-Kink Current, and Dynamic-Space Channel Closure

A long-standing conceptual puzzle is the following: if the electron in an atom is associated
with motion, why does it not radiate continuously like a classically orbiting charge? In classical
electrodynamics, an accelerating point charge emits radiation. Yet the electron in a stationary
atomic state does not lose energy continuously and spiral into the nucleus. The modern quantum
resolution is that a bound atomic eigenstate is not a classical orbiting point charge but a
stationary matter-wave mode. Its charge density and current distribution are time-independent
(or, more precisely, have no radiative Fourier component at nonzero transition frequency), so
there is no time-varying dipole moment to drive far-field radiation. In the dynamic-space (DS)
interpretation, such a state is a closed, self-consistent guided channel mode with no propagating
kink or leakage mode into the radiation continuum.
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14.4.1 The classical expectation: accelerated charges radiate

In classical electrodynamics, a point charge ¢ with acceleration a radiates. In the nonrelativistic
limit, the Larmor formula gives the radiated power

q2a2

~ 6megcd’

If one imagines the electron in the Bohr picture as a tiny particle moving in a circular orbit,
then it is continuously accelerated toward the nucleus and should radiate continuously. That
would cause the orbit to decay on a very short timescale, in contradiction with the observed
stability of atoms.

This contradiction is one of the historical motivations for quantum mechanics. The resolution
is not that electromagnetism ceases to apply, but that the correct source is not a classical point
on a circular track. The source is a quantum matter-wave whose stationary states have a
fundamentally different temporal structure.

14.4.2 Stationary bound states are not classical orbits

In a time-independent potential V(r), the Schrodinger equation admits separable stationary
states
\I/(I‘7 t) - wn(r)e_iEnt/h7

where

ﬁ% = nwn

The key point is that the global time dependence is a single phase factor. The spatial probability
density is therefore

p(r,t) = [U(r, )] = |y ()%,

which is time-independent.

Thus a stationary state is not a little electron “going around” in time like a classical planet.
It is a standing or stationary mode of the matter field. The charge distribution is static in
time, even though the state may carry nonzero angular momentum and may possess a nonzero
probability current.

14.4.3 Charge density and current in a stationary state

For an electron of charge ¢ = —e, the charge density is

pa(r,t) = q|¥(r,1)]* = qlepn(r)]?,

which is time-independent.
The probability current (in the absence of vector potential) is

h
j(r 1) = 5 - (VYT - V).

For a stationary state,
W(r,t) = by (r)e Ent/h,
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the global phase cancels, so

j(I‘, t) = 5 (@Z}Zv"l}n - ¢nV1/JZ) )

h
2msi
which is also time-independent.

Therefore, even if the state has circulating current (as in states with angular momentum),
the current pattern itself is steady. It is not a time-varying oscillatory source that emits outgoing

radiation at some frequency. This is the central quantum answer.

14.4.4 Why radiation requires time-varying multipole moments

Far-field electromagnetic radiation is sourced by time-varying multipole moments. The leading
term for most atomic transitions is the electric dipole moment

d(t) = /r,oq(r,t) d>r.

Radiation requires a nonzero oscillating component of d(t), or of higher multipoles if dipole
radiation is forbidden.
For a single stationary eigenstate,

Pq(r,t) = qlthn(r)]?,

SO

is constant in time. Hence

and there is no electric dipole radiation.

More generally, the entire charge and current distribution is time-independent up to a global
phase, so there is no radiative Fourier component at nonzero frequency. A stationary bound
state is therefore a non-radiating source configuration.

14.4.5 The “no-kink” condition

A useful intuitive formulation is what one may call the no-kink condition. Radiation is emitted
when the source distribution develops a time-dependent deformation, mismatch, or accelerating
discontinuity that can couple to outgoing electromagnetic modes. A stationary eigenstate has
no such time-dependent kink. Its charge density is static and its current pattern is steady.
The field it sources is a static Coulomb-like near field plus, if relevant, a static magnetostatic
component, not an outgoing wave.

In this sense, the bound state is not “moving around and shaking the field” in the classical
sense. Rather, it is a self-consistent mode whose spatial structure is already adapted to the
potential and whose time dependence is a single global phase. There is nothing in the source
that oscillates at a radiative frequency.

14.4.6 Why a traveling wave packet can radiate but a stationary mode does not

This distinction becomes especially clear when compared with a traveling or accelerating wave
packet. A localized wave packet in an external field can have a time-dependent center-of-
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mass acceleration and can therefore induce time-varying multipole moments. In semiclassical
language, its center obeys
mv = q(E+ v x B),

and if the motion changes in time in a way that produces an oscillating dipole or higher multipole
moment, radiation can occur.

By contrast, a stationary bound eigenstate is not a translating packet. It is a mode with a
fixed spatial pattern. The current may circulate internally, but the pattern does not change in
time. Thus:

traveling/accelerating packet = possible radiation,

whereas

stationary bound eigenmode = no continuous radiation.

14.4.7 Superpositions do radiate at transition frequencies

The above statement applies to a single energy eigenstate. If instead the atom is in a superpo-
sition
U(r,t) = cpihn(r)e Entlh e b (v) e Emt/h,

then the density becomes
|\I"|2 = |Cn|2|¢n|2 + |Cm|2|¢m|2 + Cncawn¢;1€_i(En_Em)t/h + C;Cm¢;wme+i(En_Em)t/h-

Now there are oscillatory cross terms at the Bohr frequency

b, - E,

These terms can generate an oscillating dipole moment,
d(t) ~ dppme ™t +cc.,
with matrix element
dums = 0 [ V() () '

This oscillating source can couple to the radiation field, producing emission or absorption at
discrete frequencies. Thus atomic radiation occurs during transitions between modes, not from
a single stationary mode itself.

This is exactly the physical content of line spectra:

hw = E,, — Ep,.

14.4.8 Hydrogen as a guided-mode problem

The hydrogen atom can be viewed as a waveguide-like bound-mode problem. In the Coulomb

potential

62

Vir)=- dmegr’

the stationary Schrédinger equation

" 4 vy =
“om Y+ V()Y =Ey
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admits discrete bound eigenmodes. These are not classical orbital tracks but standing or quasi-
standing guided modes of the matter field in the central potential. The allowed energies arise
from regularity, normalizability, and boundary conditions, just as guided modes in a cavity or
waveguide arise from mode-matching and boundary constraints.

In this interpretation, the atomic state is stable because it is already a self-consistent mode
of the electron field in the Coulomb channel. There is no mismatch that must be radiated away.

14.4.9 Dynamic-space interpretation: closed channel with no leakage

In the dynamic-space (DS) interpretation, the electron is a localized excitation of the underlying

medium, and the atomic bound state is a closed guided channel mode. The Coulomb environ-

ment and the internal phase geometry of the mode are mutually consistent. The state is not a

point particle endlessly turning a corner; it is a stationary standing structure in the medium.
Within this picture:

« The amplitude A? gives the local excitation density.

e The phase field S determines the local internal flow.

—iBt/h

o A stationary eigenstate has a single temporal Fourier factor e , so the observable

density A? is static.

e The internal current pattern may circulate, but it is phase-locked and time-independent
as a whole.

e Because there is no time-dependent mismatch or kink that couples to propagating elec-
tromagnetic modes, the channel does not leak energy continuously.

This motivates the DS phrase:
stationary atomic state = closed, phase-locked, no-leakage channel mode.
Equivalently, one may say:

no radiating kink <= no time-varying multipole source.

14.4.10 Relation to classical acceleration

A potential source of confusion is that some stationary states with angular momentum have
nonzero current density, which can be heuristically described as “circulation.” One might then
ask whether the electron is not still “accelerating.” The answer is that the classical point-
particle notion of a single charge element following a definite circular trajectory does not apply.
The source of radiation in Maxwell’s equations is the full charge-current distribution, not an
imagined hidden point track. If the charge-current distribution is steady, the electromagnetic
field is static (or stationary) rather than radiative.

Thus the quantum current can be nonzero without implying classical Larmor radiation.
What matters is not whether there is internal flow, but whether the source distribution has a
nontrivial time-dependent multipole content.
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14.4.11 Transitions as mode conversion

When an atom emits a photon, the process is best understood not as a classical orbit shrinking
continuously, but as a mode conversion. The initial bound mode and final bound mode differ
in energy, symmetry, and spatial structure. The transition produces an oscillatory overlap
component at frequency

" E;, - Ey

h

which couples to an outgoing electromagnetic mode. In the DS language, the bound channel
temporarily loses perfect closure, creating a radiative leakage channel that carries away the
discrete energy difference.

This yields a very compact summary:

single stationary mode = no continuous radiation,

superposition / transition between modes = discrete radiation.

14.4.12 Comparison with vacuum-tube transport

This distinction also clarifies the difference between atomic bound states and vacuum-tube
beams. In a vacuum tube, the electron is a propagating packet guided by external fields. Its
center-of-mass trajectory can change, and the source distribution can acquire time-dependent
multipole structure. In an atom, a stationary eigenstate is not a propagating packet through
space but a self-consistent bound mode with a fixed spatial pattern.
Thus:
vacuum beam & open transport channel,

atomic eigenstate ~ closed bound channel.

The former can be bent, accelerated, and coupled to radiation. The latter, if stationary, does
not radiate continuously because it has no time-varying source pattern.

14.4.13 Conclusion

The stability of the atom does not require abandoning electromagnetism; it requires using the
correct source. A stationary bound electron state is not a classically accelerating point charge
but a time-harmonic matter-wave eigenmode whose observable charge density and current dis-
tribution are stationary. Since radiation requires time-varying multipole moments, a single
stationary eigenstate does not radiate continuously. Emission occurs only when the state con-
tains more than one energy component, or during a transition between bound modes, producing
oscillatory source terms at the Bohr frequency.

In the dynamic-space interpretation, the stationary atomic state is a closed, phase-locked
guided channel mode with no radiative kink and no leakage into the electromagnetic continuum.
Continuous radiation is absent because the mode is already self-consistent; discrete radiation
appears only when the mode structure changes and a transient leakage channel opens.

14.5 Pauli Exclusion as Antisymmetric Channel Topology: Why Fermions
Cannot Share a Bound Mode but Bosons Can

A central question in any channel-based interpretation of quantum matter is why two electrons
cannot occupy the same microscopic bound state, while bosons can pile into a single mode. In
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standard quantum mechanics, the answer is exchange symmetry: identical fermions have anti-
symmetric total wavefunctions, whereas identical bosons have symmetric total wavefunctions.
In the dynamic-space (DS) interpretation developed here, this can be reformulated as a state-
ment about channel topology: a fermionic two-particle state cannot form a self-consistent double
occupancy of the same full microscopic channel because exchange antisymmetry forces a node
in the two-particle configuration amplitude at coincidence, thereby removing the same-channel
configuration from the allowed state space. Bosons, by contrast, reinforce under symmetric
exchange and therefore may coherently occupy the same mode.

14.5.1 The standard exchange-symmetry statement

For two identical particles, the total wavefunction depends on both coordinates:
W(ry, 51572, $2),

where r; denotes spatial coordinates and s; denotes spin labels.
Because the particles are identical, exchanging labels 1 <+ 2 must not change any observable.
Quantum mechanically, this implies that the state transforms under exchange as

U(1,2) =+W(2,1).
The plus sign corresponds to bosons:
Up(1,2) =+¥p(2,1),
and the minus sign corresponds to fermions:
Up(l,2) = —Up(2,1).

This is not merely a convention. It is a structural property of identical quantum particles
and, in relativistic quantum field theory, is tied to the spin-statistics connection: integer-spin
quanta are bosons, while half-integer-spin quanta are fermions.

14.5.2 The Pauli exclusion principle from antisymmetry

For two identical fermions, suppose one attempts to place both particles in the same complete
one-particle state p. Then the two-particle state would be

U(1,2) oc p(1)p(2) — p(2)p(1).

But since the one-particle states are identical,

and therefore
W(1,2) = 0.

The state vanishes identically. Thus the “both in the same full state” configuration is not merely
unlikely; it is forbidden because the antisymmetrized amplitude cancels exactly.
This is the cleanest statement of Pauli exclusion:

Two identical fermions cannot occupy the same complete quantum state because the antisymmetrized state i
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14.5.3 Why opposite-spin electrons can share the same orbital

In atoms, one often says that two electrons can occupy the same orbital if their spins are
opposite. This is because the complete state includes both spatial and spin parts.

Let the spatial orbital be ¢(r). If both electrons occupy the same spatial orbital, then the
spatial part is symmetric:

B(r1)9(ra).

To make the total fermionic state antisymmetric, the spin part must be antisymmetric. The
unique antisymmetric two-spin state is the singlet:

1
Xsinglet = ﬁ (| T\L> - | J/T>) .
Hence the allowed total state is
1
U(1,2) = ¢(r1)d(ra) —= (| 14) = [I1)-

V2

This state is antisymmetric overall, so it is allowed.
Thus the correct statement is:

Two electrons may share the same spatial orbital only if their spin state is antisymmetric.
Equivalently,
same orbital + opposite spin is allowed,

but
same orbital + same spin is forbidden.

14.5.4 The coincidence node for fermions

A particularly revealing way to view Pauli exclusion is to examine the amplitude at coincidence.
For a purely spatial antisymmetric two-fermion state,

\I/(I'l, 1‘2) = —\I’(I'Q, rl).

Setting r{ = ro = r, one finds
\Il(r’ I‘) = —\I/(I‘, I'),

which implies
U(r,r) =0.

Therefore the two-particle amplitude vanishes whenever the two fermions attempt to occupy the
same spatial point in the same spin sector. This is sometimes described as an “exchange hole”
or “Fermi hole.” It is not caused by classical Coulomb repulsion; it exists even for noninteracting
identical fermions. It is a purely quantum consequence of antisymmetry.

This is the first precise bridge to a channel picture:

For fermions, the same-point / same-channel coincidence amplitude is forced to zero by exchange antisymme

247



14.5.5 Bosons: symmetric overlap and constructive channel sharing
For identical bosons, the two-particle state is symmetric:
\I/B(L 2) - +\PB(27 1)

If both bosons occupy the same one-particle state ¢, the symmetrized state is

Up(1,2) o< p(1)ep(2) + ¢(2)p(1) = 2¢(1)p(2),

which is nonzero and indeed reinforced.

Thus bosons do not suffer the Pauli cancellation. Instead, same-mode occupancy is allowed
and can even be enhanced by symmetry. This is the mathematical origin of phenomena such
as:

o Bose-Einstein condensation,
o coherent laser modes (for photons),
o superfluid mode occupation,

e macroscopic phase coherence in bosonic systems.

In the channel language:

Bosons can share the same channel because symmetric exchange reinforces rather than cancels the same-chas

14.5.6 Constructive versus destructive overlap: your intuition is exactly right

A useful intuitive summary is that bosons allow constructive overlap, while fermions enforce
destructive overlap in the same full channel. This should be stated carefully:

e For bosons, exchanging particle labels leaves the amplitude with the same sign, so overlap
in the same mode is constructive.

e For fermions, exchanging particle labels flips the sign, so exact same-mode overlap cancels.
Thus your intuition can be expressed as:
bosons = constructive same-channel overlap,

fermions = destructive same-channel overlap.

This is not merely metaphorical. It is precisely what the symmetrized or antisymmetrized
wavefunction does.

14.5.7 Why many electrons can still travel in the same macroscopic beam

A common apparent objection is that many electrons can move through the same vacuum tube
beam or the same wire. Does this violate Pauli exclusion? No, because the beamline or wire is
only a macroscopic transport corridor, not a single microscopic state.

Pauli forbids two identical fermions from occupying the same complete quantum state. In a
beam, electrons may share approximately the same spatial path macroscopically, yet differ in
one or more of:
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e longitudinal momentum,

e transverse mode,

e emission time / wave-packet center,
e phase,

e spin,

e energy.

Therefore the beam is not “one state” but a large family of nearby states. The correct
statement is:

A macroscopic beamline is a transport corridor, not a single microscopic eigen-channel.

This is why vacuum electronics and conduction are perfectly compatible with Pauli exclusion.

14.5.8 Second-quantized form: the algebraic origin

1

In second quantization, the distinction becomes especially transparent. Let a, create a fermion

in mode 7. The fermionic creation operators obey anticommutation relations:
{ag,a}} =0, {a;,a;} =0, {ai,a}} = ;5.

In particular,

This directly encodes Pauli exclusion: one cannot create two identical fermions in the same
mode.
For bosons, the creation operators bz obey commutation relations:

bl ol =0,  [b,b]=0,  [bi,bl] =y,

7] J

and therefore
(B))" # 0
for arbitrary n. Thus arbitrarily many bosons may occupy the same mode.
This algebraic form is extremely powerful because it states the channel rule directly:

fermion mode occupancy € {0, 1}, boson mode occupancy € {0,1,2,...}.

14.5.9 Dynamic-space interpretation: antisymmetric channel topology

The dynamic-space reinterpretation can now be stated sharply. A “channel” must mean the
full microscopic mode, not merely a geometric path. This includes:

spatial mode shape,
o momentum / wavevector content,
e spin structure,

e phase topology,
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o boundary conditions / confinement pattern.
Then:

o For fermions, exchange antisymmetry forces the two-particle amplitude to vanish on the
same full channel. The same-channel configuration is removed from the allowed state
space. One may therefore speak of an antisymmetric channel topology: the topology of
the two-particle state contains a node at exact channel coincidence.

e For bosons, exchange symmetry permits and reinforces same-channel occupancy. One
may therefore speak of a symmetric channel topology: exact overlap is allowed and can
be macroscopically coherent.

This gives a very compact DS formulation:

‘Pauli exclusion = the same full fermionic channel is topologically null because exchange antisymmetry forces

Equivalently:

‘Bosonic condensation = the same full bosonic channel is symmetry-allowed and coherently reinforced.

14.5.10 Relation to spin and the spin-statistics connection

At a deeper relativistic level, the difference between bosons and fermions is tied to spin:

e integer spin = bosonic commutation,

e half-integer spin = fermionic anticommutation.

In relativistic quantum field theory, this connection is required for consistency with locality,
positivity of energy, and causal propagation. In the DS language, one may heuristically say that
the internal rotational /topological character of the excitation determines the exchange topology
of multi-particle channels.

This suggests a useful conceptual bridge:

spin = exchange topology = channel occupancy rule.

While the full spin-statistics theorem is highly nontrivial, this schematic bridge captures the
qualitative DS intuition: the internal phase-rotation structure of the excitation determines
whether overlap is symmetry-allowed or symmetry-forbidden.

14.5.11 Exchange pressure and degeneracy pressure

Even without Coulomb repulsion, Pauli exclusion has dynamical consequences. If many fermions
are confined, they cannot all occupy the lowest mode. They must fill higher and higher mo-
mentum states. This produces:

e Fermi energy,
o degeneracy pressure,

o stability of electron shells,
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o stability of white dwarfs (electron degeneracy),

o stability of neutron stars (neutron degeneracy, with additional interactions).

In the channel language:
fermions cannot pile into one channel = forced filling of higher channels.

This “stacking into higher channels” is the direct physical consequence of antisymmetric channel
topology.

14.5.12 Atomic shells as channel filling

The structure of the periodic table follows naturally from this. In an atom, the Coulomb
potential provides a discrete set of bound orbitals labeled by quantum numbers (n, ¢, m), and
each spatial orbital can hold at most two electrons because:

e the spatial mode can be shared,

e but only with opposite spin in the antisymmetric singlet combination.

Thus:
one spatial orbital = maximum occupancy = 2 electrons.

The shell structure of atoms is therefore a direct manifestation of the fermionic channel occu-
pancy rule.

14.5.13 Bosons and superconducting / collective modes

Your broader program also benefits from the bosonic side of the story. When fermions pair into
effective composite bosons (as in Cooper pairing or other collective paired states), the pair no
longer obeys the same single-fermion exclusion rule. The paired object may then condense into
a coherent collective channel.

This motivates the heuristic chain:

fermion pairing = effective bosonic mode = shared coherent channel.

In your DS transistor program, this is precisely why bosonic or paired-channel transport is so
important: it opens the possibility of macroscopic same-mode coherence and reduced dissipa-
tion.

14.5.14 Conclusion

The Pauli exclusion principle is most fundamentally the statement that the two-particle ampli-
tude for identical fermions must be antisymmetric under exchange. As a result, any attempt to
place two identical fermions in the same complete microscopic mode produces exact cancellation
of the state:

Ur o< p(1)e(2) — (2)e(1) = 0.
Bosons behave oppositely: exchange symmetry preserves and reinforces same-mode overlap, so
arbitrarily many bosons may occupy the same mode.

In the dynamic-space interpretation, this becomes a statement about channel topology. A
fermionic same-channel coincidence is topologically null because antisymmetry forces a node
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at exact overlap, while a bosonic same-channel coincidence is symmetry-allowed and can be
coherently enhanced. Thus:

fermions = antisymmetric channel topology = same-channel exclusion,

bosons = symmetric channel topology = same-channel coherence.

This provides a natural bridge between exchange symmetry, atomic shell filling, beam transport,
degeneracy pressure, and the search for bosonic or paired transport channels in superconducting
and topological device architectures.

14.6 From Fermionic Exclusion to Bosonic Conduction: Pairing, Collective
Modes, and Coherent Shared Channels in Dynamic Space

A central engineering and conceptual question is how transport can escape the strict occupancy
constraints imposed by fermionic statistics. Individual electrons are fermions and therefore
cannot occupy the same complete microscopic mode. Yet superconductivity, superfluidity, exci-
ton transport, and certain topological collective states display transport that appears far more
coherent, shared, and low-dissipation than ordinary single-electron conduction. The standard
resolution is that fermions can form paired or collective composite excitations whose effective
exchange statistics are bosonic, allowing many such excitations to occupy a common coherent
mode. In the dynamic-space (DS) interpretation, this corresponds to a transition from antisym-
metric single-fermion channel exclusion to symmetric collective-channel sharing. This section
develops that bridge and motivates why bosonic or effectively bosonic transport channels are
central to any low-voltage, high-coherence transistor program.

14.6.1 Why single fermions cannot share one microscopic mode

As established in the previous section, identical fermions obey antisymmetric exchange:
Vrp(1,2)=-Vp(2,1).
Hence two identical fermions cannot occupy the same complete one-particle mode:

Vr o p(1)e(2) — (2)¢(1) = 0.

This is the microscopic origin of Pauli exclusion. In ordinary conduction, this implies that
transport is distributed across a Fermi sea of occupied modes rather than concentrated into a
single shared microscopic channel.

This has profound dynamical consequences:

e current is carried by many nearby fermionic states near the Fermi surface,
o scattering redistributes occupation among available states,

o dissipation emerges through momentum relaxation into other fermionic channels and the
lattice,

e coherent same-mode piling is forbidden at the single-electron level.

Thus, if one seeks ultra-low-dissipation transport, it is natural to ask whether the relevant
carriers can be reorganized into collective modes that are no longer subject to the same single-
fermion occupancy rule.
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14.6.2 Composite statistics: two fermions can behave as a boson

A key principle is that a bound pair of fermions can form an effective bosonic composite, provided
the pair behaves as a sufficiently rigid or coherent entity at the scale of interest. Heuristically:

o fermion + fermion = integer total spin (e.g., 0 or 1),

 integer-spin composite = bosonic exchange behavior in the effective description.

This is why the following objects can be treated as bosonic (at least approximately in the
appropriate regime):

e Cooper pairs of electrons in superconductors,

o excitons (electron-hole bound states),

e bipolarons in certain electron-phonon systems,

e composite paired quasiparticles in correlated or topological matter,

e paired superfluid constituents in fermionic condensates.
The key conceptual shift is:
single electron = fermionic occupancy restriction,

but
paired coherent composite = effective bosonic occupancy freedom.

14.6.3 Why pairing does not violate Pauli exclusion

It is important to state this precisely: pairing does not abolish Pauli exclusion at the electron
level. Rather, the two electrons in a pair occupy a properly antisymmetrized two-fermion state.
For example, in the simplest singlet pairing channel, the spin state is antisymmetric:

1
Xsinglet = ﬁ (| T\L> - | \LT>) )

so the spatial or momentum part is symmetric.

Thus the underlying fermionic antisymmetry is fully respected. The bosonic behavior ap-
pears only at the collective composite level: once a pair is formed, the pair as a whole can
occupy a shared coherent mode with other pairs.

This distinction is essential:

Pauli exclusion still holds for the constituent electrons; bosonic sharing emerges for the pair degree of freedo:

14.6.4 Cooper pairing and the superconducting order parameter

In conventional superconductivity, electrons near the Fermi surface form Cooper pairs. A sim-
plified paired state may be represented schematically as

BCS) = T (we + vielye ) 10)-
k
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This is not merely a collection of isolated pairs; it is a coherent many-body state in which pair
occupancy amplitudes are phase-locked across momentum space.
The macroscopic superconducting order parameter is often written as

Ar) = [A(r) e,

where 6(r) is the collective phase of the pair condensate. This collective phase coherence is
what enables dissipationless supercurrent.
In the DS language, this is the emergence of a macroscopic shared channel phase:

’superconductivity = many paired carriers occupying a phase-locked collective channel.

14.6.5 Why coherent shared channels reduce dissipation

Ordinary fermionic conduction is limited by scattering because current is carried by many
individual states near the Fermi surface. Momentum relaxation can occur through phonons,
impurities, defects, and intermode mixing.

In a coherent paired condensate:

e the relevant transport variable is not independent occupancy of many single-electron
modes, but a collective phase field,

e low-energy perturbations cannot easily break or randomize the condensate without paying
the pairing gap or disrupting global phase coherence,

e current corresponds to phase-gradient flow of the order parameter rather than repeated
dissipative hopping between independent single-electron states.

Schematically, the supercurrent is
Js xngVO

(up to gauge-covariant corrections involving A). More precisely, the gauge-invariant phase
gradient is

2e
60— —A.
v h

Thus superconducting transport is a direct example of a coherent bosonic-like channel flow
guided by a collective phase.
This is one of the strongest bridges to your DS picture:

dissipationless transport ~ phase-gradient flow of a shared collective channel.

14.6.6 Dynamic-space interpretation: from exclusion channels to shared conden-
sate channels

The DS reinterpretation can now be stated cleanly:

e A single electron is a fermionic excitation of the medium. Its full microscopic channel
obeys antisymmetric occupancy constraints.

e Two electrons may form a paired two-body channel that remains antisymmetric at the
constituent level but behaves as a coherent composite mode.
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e Many such composites can then lock into a common phase structure, producing a shared
collective transport channel.

Thus:
fermionic single-particle channels = exclusion-limited transport,

paired collective channels = shared coherent transport.

This motivates the DS phrase:

Pairing converts antisymmetric exclusion channels into symmetry-allowed collective channels.

14.6.7 Excitons and neutral coherent transport

The same conceptual structure appears in excitonic systems. An exciton is a bound state of an
electron and a hole. As a composite, it can often be treated as a boson. In suitable regimes,
excitons may exhibit coherent transport, long diffusion lengths, and collective phenomena.

This is especially relevant to biological and photonic analogies. Excitonic transport in
structured media can be:

highly phase-sensitive,

e geometry-guided,

partially protected from certain scattering pathways,

o efficient over surprisingly long distances.

In the DS language, an exciton is a neutral composite guided mode whose coherence may be
sustained by a structured channel landscape. This aligns naturally with your repeated intuition
that photosynthetic or waveguide-like transport may inspire new device principles.

14.6.8 Topological channels: QHE, edge modes, and protected transport

The quantum Hall effect (QHE) and related topological phases provide another route to un-
usually robust transport. In the integer quantum Hall effect, the bulk becomes gapped while
current is carried by chiral edge modes. In the fractional quantum Hall effect (FQHE), interac-
tions reorganize the electronic fluid into strongly correlated collective states with fractionalized
excitations and topological order.

Although the microscopic details differ from ordinary superconductivity, the common engi-
neering theme is similar:

e transport is restricted to special collective channels,
e the bulk is effectively insulating or incompressible,
o scattering pathways are dramatically reduced,

e current is carried by protected or highly constrained modes.
In a heuristic DS phrasing:

ordinary metal = many dissipative fermionic channels,
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QHE/FQHE /topological phase = restricted, protected collective channels.

This is why your long-standing intuition is so compelling:

‘QHE plateau ~ bulk exclusion / isolation 4+ edge coherent transport.

In your language, the bulk can be viewed as “super-insulating-like” while the edge behaves
“superconducting-like” in the limited sense of low-dissipation channel flow. One must be careful
not to equate the mechanisms literally, but as a transport analogy it is powerful and useful.

14.6.9 Fractionalization and collective reorganization

In strongly correlated systems such as the FQHE, the low-energy excitations are not simply

bare electrons. The interacting medium reorganizes into collective degrees of freedom whose

effective charges, statistics, and transport properties differ from the microscopic constituents.
This suggests a broader DS principle:

The transport carrier is not always the bare fermion; it can be a collective channel excitation with different ¢

This is highly relevant for your device vision. If one can engineer confinement, fields, and
interactions so that transport is dominated by collective or paired excitations rather than inde-
pendent electrons, then one may gain access to:

reduced backscattering,

e stronger phase coherence,

e sharper switching thresholds,
o effective energy filtering,

e lower dissipation per transported unit.

14.6.10 Why this matters for ultra-low-voltage transistor design

For a transistor program targeting ultra-low voltage and ultra-high speed, the key challenge is
to reduce dissipative charge rearrangement while preserving strong control over the transport
state. Traditional MOS transport is limited by:

o thermal broadening,
e subthreshold slope constraints,
e scattering and parasitic energy loss,

e many available fermionic channels near the Fermi level.
A collective-channel approach aims instead to:

e restrict transport to a sharply defined mode family,
e exploit pairing or correlated reorganization,

o use geometry and fields to open/close a protected transport channel,
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e separate “allowed coherent channel” from “blocked or localized channel” as the switching

mechanism.

This naturally supports your long-standing engineering intuition:

The best switch is not merely a barrier for independent electrons, but a gate that toggles the existence of a ¢

That is a very strong design philosophy.

14.6.11 Heuristic bridge to an FQHE / field-assisted transistor concept

In your proposed FQHE-inspired or field-assisted transistor architecture, one seeks a regime
where electric field, magnetic field, confinement, and topology reshape the available transport
modes so that:

e ordinary dissipative fermionic channels are suppressed,

a sharply defined collective edge or resonant channel emerges,

e the on-state corresponds to a phase-coherent low-loss path,

e the off-state corresponds to broken coherence, localization, or lack of an allowed collective
channel.

This can be summarized heuristically as:
OFF = no self-consistent collective channel,

ON = phase-locked protected collective channel.

In the DS language, the transistor does not merely lower a scalar barrier. It reconfigures
the topology of the transport medium so that a coherent shared channel either exists or does not

exist.

14.6.12 A caution about “bosonic conduction”

One should state carefully that not all low-dissipation or topological transport is literally bosonic
in the strict particle-statistics sense. For example:

« superconducting Cooper pairs are effectively bosonic composites,
e excitons are composite bosons,
e« QHE edge modes are still fundamentally built from electronic degrees of freedom,

o« FQHE quasiparticles may have anyonic rather than purely bosonic or fermionic statistics.

Therefore the most robust general statement is not simply “good transport = bosons.” A
better statement is:

Good transport often arises when the relevant carriers are collective, phase-coherent, and topologically const

This is a more precise and more publishable formulation.
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14.6.13 Unified DS summary

The conceptual hierarchy may now be written as:
single fermion = antisymmetric occupancy restriction = distributed dissipative transport,

paired / collective excitation = effective bosonic or protected collective mode = shared coherent channe

In the dynamic-space language:

‘Transport quality improves when the medium supports a phase-locked collective channel rather than many c

14.6.14 Conclusion

The path from ordinary fermionic conduction to ultra-coherent low-dissipation transport is not a
violation of Pauli exclusion but a reorganization of the transport degrees of freedom. Individual
electrons remain fermions and obey antisymmetric occupancy constraints. However, through
pairing, binding, or strong collective correlation, the relevant low-energy carriers can become
composite or emergent excitations whose effective transport is governed by a shared phase
field and a restricted channel topology. Superconductors, excitonic systems, and quantum Hall
phases each realize versions of this principle.

In the dynamic-space interpretation, this is the transition from many exclusion-limited mi-
croscopic channels to a self-consistent collective channel whose phase is globally organized and
whose scattering pathways are strongly suppressed. This provides a natural conceptual founda-
tion for field-assisted, topologically guided, or FQHE-inspired transistor architectures in which
the switching variable is not merely barrier height, but the existence or destruction of a coherent
transport channel.

14.7 A Dynamic-Space FQHE Transistor Principle: Switching by Creation
and Destruction of a Coherent Collective Channel

The central engineering ambition of the present program is to move beyond a transistor whose
operation is governed primarily by thermally broadened occupation of many independent fermionic
channels, and toward a device whose operation is governed by the existence or absence of a
sharply defined coherent transport channel. In this section, we formulate a dynamic-space (DS)
transistor principle inspired by quantum Hall, fractional quantum Hall (FQHE), superconduct-
ing, resonant, and topological transport ideas. The key proposal is that the gate should not
merely lower a scalar barrier for ordinary single-electron flow; rather, it should create or destroy
a self-consistent collective transport channel. In such a device, the OFF state corresponds to
the absence, fragmentation, or decoherence of the collective channel, while the ON state corre-
sponds to the formation of a phase-locked, geometrically or topologically constrained transport
path. This shifts the switching variable from simple Boltzmann barrier crossing to channel
topology, resonance, coherence, and collective mode existence.

14.7.1 Why conventional MOS switching is thermally constrained

In a conventional field-effect transistor (FET), the drain current in the subthreshold regime is
dominated by the tail of the carrier distribution and the gate-controlled barrier shape. The
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canonical room-temperature subthreshold slope limit is

dVg
d(logm I D)

for an ideal thermionic MOSFET at T' =~ 300 K, ignoring body-factor degradation.
The important conceptual point is that this limit arises when the gate primarily modulates

kT

S ~ (In 10)7 ~ 60 mV /dec

the occupation probability of carriers crossing an energy barrier under near-equilibrium thermal
statistics. In other words, the switching variable is:

barrier occupancy of independent fermionic carriers.

This is an excellent technology foundation, but it is not the only logically possible switching
principle. If the current is instead controlled by the appearance of a sharply defined transport
mode, a resonance, a topological edge path, a paired condensate channel, or a collective phase-
locked state, then the dominant switching mechanism need not be a simple thermal tail.

14.7.2 The alternative switching variable: channel existence rather than barrier
height

The proposed DS transistor principle can be stated succinctly:

‘OFF: no self-consistent collective channel exists‘

’ON: a phase-locked resonant / edge / collective channel exists‘

This is the conceptual replacement of the ordinary barrier picture. Instead of continuously
increasing the transmission of a broad continuum of independent fermionic states, the gate
biases the system across a qualitative mode transition:

o from disconnected, localized, or strongly scattered transport pathways,

e to a narrow, coherent, topologically or geometrically stabilized transport channel.

In the dynamic-space language, the gate does not merely lower a hill. It reconfigures the
medium so that a self-consistent transport spine either appears or disappears.

14.7.3 A minimal Landauer perspective

A general current formula for coherent transport is the Landauer expression
q
1= [T(B)|5(B) - fo(E) dE,

where T'(E) is the transmission and fs, fp are the source and drain occupation functions.

In an ordinary thermally limited subthreshold regime, the effective switching often reflects
the thermal broadening of fg — fp combined with a slowly varying transmission window. How-
ever, if the gate induces a sharp change in T(E)—for example, by opening a resonance, an
edge mode, a topological gap crossing, a collective channel, or a percolation threshold in phase
space—then the current can change much more abruptly than a purely thermionic barrier pic-
ture would suggest.
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Thus the crucial design target is:

engineer T'(E, Vi) so that a small AV causes a large structural change in transmission.

This is the cleanest, reviewer-safe way to state the steep-switching ambition.

14.7.4 Why steep switching can emerge from mode formation

Suppose the gate controls a parameter A\(Vg) that determines whether a coherent transport
channel exists. This parameter may represent:

o edge-state alignment,

o Landau-level crossing,

e resonant confinement condition,
e percolation of a protected path,
o collective gap closure/opening,
e pairing threshold,

e topological phase boundary,

e localization-delocalization crossover.
Then the transmission may change schematically from
T(E;Vg) =0

for Vg <V, to
T(E;Vg) = Ton(E)

for Vo > V., where V, is the channel-formation threshold.

If the onset of T'(E) is governed by a narrow resonance or a collective instability rather than
by thermal occupation of a broad continuum, then the apparent subthreshold-like slope can be
much sharper than the canonical thermionic MOS value. The point is not that one has violated
thermodynamics; rather, one has changed the operative transport mechanism.

This leads to the reviewer-safe statement:

Sub-60 mV /dec-like behavior is plausible only if the dominant switching variable is non-thermionic channel f

14.7.5 Dynamic-space interpretation of the switching event

In the DS interpretation, the gate voltage modifies the local phase geometry, confinement land-
scape, and connection structure of the medium. The relevant transport variable is not merely
the scalar barrier height, but the existence of a self-consistent guided mode.

One may summarize the mechanism as:

Vi = change in local phase geometry / confinement / topology

= collective channel either becomes self-consistent or collapses
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— large change in transmission.

This motivates the compact DS statement:

Switching is a channel-topology transition, not merely a barrier-height modulation.

14.7.6 Heuristic inspiration from QHE and FQHE transport

The quantum Hall family of phenomena provides a compelling conceptual template. In both
integer and fractional quantum Hall regimes:

the bulk is gapped or effectively incompressible,

o transport is concentrated in special channels (typically edge modes),
o scattering pathways are highly constrained,

e conduction can change abruptly when the available channel structure changes.

This does not mean that a practical transistor is literally a standard Hall bar under extreme
cryogenic conditions. Rather, it suggests a transport philosophy:

Good switching may come from controlling whether a protected or sharply resonant channel exists at all.

In your language, the useful analogy is:
bulk exclusion / isolation + edge or resonant coherent path

rather than
broad thermionic flow over a barrier.

This is an important distinction for credibility.

14.7.7 A generalized device state diagram

A useful abstract state diagram for the proposed transistor is:

OFF : channel absent, localized, decohered, or topologically disconnected, (999)
Near-threshold :  incipient resonance / partial percolation / weak phase locking, (1000)

ON: fully formed coherent transport channel with constrained scattering.

(1001)

This can be re-expressed in transport language:
OFF: T(F) =~ 0 across the source-drain window, (1002)
Near-threshold :  T'(E) develops a narrow or fragile allowed window, (1003)
ON: T(E) contains a robust allowed path in the active window. (1004)

This formulation is intentionally general so that it can encompass:
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e resonant tunneling transistors,

e negative-capacitance-assisted sharp transitions,

o topological edge-channel switching,

¢ field-induced miniband or Landau-level alignment,
e collective gap-driven transport onset,

e paired-channel conduction,

o strongly confined QHE/FQHE-inspired architectures.

14.7.8 Role of electric field, magnetic field, and confinement

A DS/FQHE-inspired device naturally uses three control ingredients:

1. Electric field E: controls carrier density, local potential, depletion, and phase-energy
slope.

2. Magnetic field B: restructures the available states through cyclotron quantization, or-
bital phase, edge-mode selection, and topological response.

3. Confinement geometry: defines boundaries, edge localization, resonant conditions, and
mode matching.

Heuristically, the switching condition may be viewed as a function
C(E, B, geometry, n, T, disorder) = 0,

where C = 0 marks the emergence of a self-consistent transport channel. The gate then acts to
move the system across this channel-formation boundary.
This is a very important conceptual step:

The gate is a topology / mode selector in a multidimensional phase space, not just a scalar barrier knob.

14.7.9 Landau quantization and sharp spectral reorganization

One physically attractive ingredient is Landau quantization. In a perpendicular magnetic field,
the single-particle spectrum reorganizes into Landau levels with spacing

qB

m*’

hwe = h

When this spacing exceeds relevant disorder or thermal broadening scales, the density of states
can become sharply structured. If gating and confinement are arranged so that transport turns
on only when a specific Landau-derived edge or resonant channel enters the source-drain window,
then the onset can be much sharper than ordinary broad-spectrum conduction.

A generalized sharp-switching condition is therefore:

sharp transport onset is favored when the active density of states is discretized or highly structured and the

This does not require claiming full textbook FQHE operation under all conditions; it only
requires exploiting the same transport logic of spectrum restructuring and channel restriction.
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14.7.10 Collective or paired channels as switching amplifiers

If the ON state is not merely a single-electron resonance but a collective or paired channel, the
switching event may be even sharper. A collective channel can exhibit;:

e threshold-like phase locking,

abrupt percolation of coherence,
e suppression of intermediate partially transmitting states,

e enhanced contrast between incoherent and coherent transport.

This motivates a more ambitious DS principle:

The steepest switch may occur when the gate triggers the onset of a collective phase-coherent channel rather

This is conceptually aligned with your broader program linking superconducting, FQHE,
and topological transport ideas.
14.7.11 A simple phenomenological transmission model

A useful reviewer-safe toy model is to represent the transmission as a gate-controlled sigmoid

T(E:Ve) = To(B) o AHEA=1e ),

or threshold function:

where:

o A(Vg) is a gate-controlled channel-formation parameter,
e A, is the threshold for self-consistent channel existence,

e 0 measures the sharpness of the transition,

o(x) is a steep switching function (e.g., logistic or error-function form).

Then
1(Ve) = & [ T(B;Va) [fs(B) - fo(E)]dE.

If § is set by coherence breakdown, mode mismatch, or topological transition width rather
than by thermal occupation alone, then the effective slope can be significantly steeper than
thermionic subthreshold switching.

This toy model is not a proof of a particular numerical slope, but it cleanly expresses the
design philosophy.

14.7.12 Why one must be careful about “3 mV/dec” claims
For credibility, it is essential to separate:

o a device principle (switch by channel creation/destruction),
o from

« a verified room-temperature numerical claim (e.g., 3 mV/dec).
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A safe and strong statement is:

‘ The DS/FQHE transistor principle motivates the search for sub-thermionic effective switching by non-therm

This is exactly how the section should be written for reviewers. It preserves ambition without
overclaiming.

14.7.13 Implications for energy-delay scaling

If a transistor can switch between OFF and ON by toggling the existence of a narrow coherent
channel, then several favorable scaling consequences may follow in principle:

o lower required gate swing for a target ON/OFF ratio,

e reduced dynamic energy
Egy ~ effV2>

o lower dissipated energy per transported charge if the ON path is low-loss,

« potentially shorter delay if the ON state supports high-velocity or ballistic-like constrained
transport,

e improved energy-delay product if parasitics remain controlled.

This is the engineering basis of your long-standing 0.1 V ambition. The goal is not simply
to shrink geometry, but to change the switching physics.

14.7.14 A DS design philosophy for a future device

The design philosophy can now be summarized as follows:

1. Use geometry, materials, and fields to suppress broad dissipative fermionic transport.

(\V)

. Engineer a narrow set of candidate collective or resonant channels.

3. Use the gate to move the system across a channel-formation threshold.

W

. Make OFF correspond to absence of any self-consistent low-loss path.

5. Make ON correspond to existence of a robust phase-locked transport channel.

In compact form:

The ideal transistor does not merely lower a barrier for independent electrons; it toggles the existence of a cc

14.7.15 Relation to a future FQHE-inspired transistor program

The present section should be read as a device principle, not yet a complete implementation. A
practical FQHE-inspired or DS collective-channel transistor would still require:

« a realistic material platform,

« achievable field scales or effective internal fields,
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e confinement engineering,
e disorder tolerance,

» contact design,

e compact modeling,

o thermal stability analysis,

o verification of ON/OFF ratio and hysteresis behavior,

speed and parasitic extraction.

However, as a guiding architecture principle, the idea is powerful and general:

‘Use the gate to switch the topology and coherence of transport, not merely the barrier height.

14.7.16 Conclusion

The DS/FQHE transistor principle proposed here reframes transistor action as a transition be-
tween the absence and presence of a self-consistent coherent transport channel. In the OFF
state, transport is blocked because no stable collective path exists within the source-drain win-
dow. In the ON state, a phase-locked resonant, edge, or collective channel is formed, producing
a sharp rise in transmission. This changes the dominant switching variable from thermionic
occupation of many independent fermionic states to channel topology, resonance, coherence,
and collective mode existence. Such a device principle naturally motivates the search for sub-
thermionic effective switching, low-voltage operation, and improved energy-delay scaling, while
remaining fully compatible with the need for detailed microscopic modeling and experimental
validation before any specific numerical performance claim is made.

14.8 A Phenomenological Compact Model for a Dynamic-Space Collective-
Channel Transistor

To move from qualitative device principle to engineering analysis, it is useful to formulate a
compact phenomenological model for a dynamic-space (DS) collective-channel transistor. The
purpose of this section is not to claim a complete microscopic derivation of a specific mate-
rial platform, but rather to provide a reviewer-safe reduced model that captures the central
proposed switching mechanism: the gate controls the formation or destruction of a coherent
transport channel. In contrast to conventional thermionic subthreshold transport, where the
dominant switching variable is barrier occupancy of many independent fermionic states, the
present model treats the current as controlled primarily by a gate-dependent channel-formation
order parameter that sharply modulates the transmission function.

14.8.1 Design philosophy of the compact model

The model is built around three ideas:

1. A channel-formation variable A summarizes whether a coherent collective channel exists.

2. The gate voltage Vi controls A through electrostatics, confinement, density, field align-
ment, and possibly magnetic/topological conditions.

265



3. The drain current follows from a Landauer-like transmission picture in which the dominant
gate sensitivity enters through a sharp change in the transmission amplitude when A
crosses a threshold.

Thus the compact model is not a replacement for microscopic theory; it is a structured bridge
between a microscopic DS/QHE /FQHE-inspired device concept and circuit-level exploration.

14.8.2 Channel-formation order parameter

Let A be a dimensionless scalar order parameter that measures the existence and quality of the
coherent transport channel. The meaning of A is intentionally broad. It may encode one or
more of the following:

e degree of phase locking,

o resonant alignment of a confined mode,
e edge-state connectivity,

o Landau-level occupancy alignment,

« topological gap crossing,

e percolation of a low-loss path,

e paired-channel amplitude,

e coherence-to-localization balance.

The channel is considered effectively OFF when A < A., and effectively ON when A > A,
where A. is the threshold for self-consistent channel existence.
A minimal linearized gate dependence is

A(Vg,Vp,T,B,n) = Ao + acg(Va — Vao) + apVp + agB — arT — ayn,
where:
e V is the gate voltage,
e Vp is the drain bias,
e B is an applied or effective magnetic field,
e T is temperature,
o 7 is a disorder / decoherence / mismatch parameter,

e «; are phenomenological sensitivities.

This first-order form is not unique; it is simply the simplest useful representation of a
multidimensional channel-formation boundary.
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14.8.3 Nonlinear channel activation function

The existence of the channel is represented by an activation function C' € [0, 1], defined as

A—Aﬁ
A

C(VvaDaTvBan> = U(

where o(x) is a steep sigmoid, for example:

B 1
Cl4e

o(x)

Here 0,5 controls the sharpness of the transition in the order-parameter space. Small §, means
an abrupt channel-formation threshold.
Thus:
C~0 (OFF), C~1 (ON).

In the DS language, C is the channel-existence factor: it measures whether a self-consistent
collective transport spine is absent, fragile, or fully formed.
14.8.4 Transmission decomposition

The total transmission is decomposed into a background component and a channel-enabled
component:

T(E; Vg) = Tbg(E; Vg) + C(Vg, .. ) Tch(E; Vg).

Here:

o Tj, represents residual leakage, thermionic background, off-resonant tunneling, or para-
sitic conduction,

e T, represents the coherent collective channel when it exists.
This decomposition is extremely useful because it lets one represent both:

o ordinary leakage physics in the OFF state,

e and the sharp emergence of a distinct ON-path when the channel forms.

In the idealized limit,
Tbg < Tcha

so the ON/OFF ratio is dominated by the appearance of the channel rather than gradual
strengthening of the same background mechanism.

14.8.5 A narrow-channel spectral form

A useful representation for the channel contribution is a resonant or narrow-window form:

TsTp
E — Ees(Vi))? + (I'/2)?

T (E;Ve) = Th ( W (E; B, geom),

where:

e Tp is a maximum channel amplitude,
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o E,es(Viz) is a gate-controlled resonant or edge-mode energy,
o I's,I'p are source/drain coupling widths,
e I'=T5+1Ip+TIy includes decoherence broadening I,

o W(E; B, geom) is a weighting factor that captures field-induced or geometry-induced mode
availability (e.g., edge-mode window, Landau-structured DOS, topological selection).

This form is deliberately general enough to encompass:

e resonant tunneling,

e miniband alignment,

¢ edge-channel onset,

e confined collective mode activation,

e Landau-level assisted channel formation.

14.8.6 Landauer current equation

The drain current is modeled by a Landauer-like expression:
In = § [ T(E:Vo) f5(B) ~ fo(E)dE.
Substituting the decomposition:

Ip = %/[Tbg(E; Vo) +C(Vg, ... ) Ta(E; V)] [fs — fpldE.
This can be written as
Ip = Ipg + C ey,

where
Tog = 4 [ Tou(B: V) (fs — fo) dE.

and
Ion= 1 [ Tu(B:Va)(fs — f) dE.

This is the central compact-model equation:

Ip(Vg) = Ibg(VG) +C(Vg,...) In(Ve).

14.8.7 Subthreshold-like slope of the compact model

The effective subthreshold slope is

g _ (dlongD)—l
oft = dVg .

If the OFF current is dominated by the background Iys, but near threshold the current is
dominated by the activation of the channel term, then

Ip =~ ]bg + Clg,.
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Assume near threshold that Iy, varies slowly compared with C'| so the dominant gate sensitivity
is in the activation factor. Then

dp _, dC
Ve T Mave
For logistic activation,
dc 1
Ve on o Tave
At the steepest point (C' =0 = 1/2),
ac| _1an
AVG |max 407 dVg'

Therefore the maximum gate sensitivity becomes

dIp

dp| T dA
dVg

max ~ 45A dVG ‘

This gives the key insight:

Steep switching is favored by a small channel-threshold width d, and a large gate leverage dA/dVj;. ‘

This is the reviewer-safe compact explanation of why sub-thermionic-like behavior can
emerge in a non-thermionic switching mechanism.

14.8.8 Approximate closed-form ON/OFF ratio

If the OFF state is dominated by leakage I, ~ Is and the ON state by a fully activated
channel I, =~ Iy + Iep, then:

Thus large ON/OFF ratio requires:
I, > Ibg~

In practical terms, this means:
e the coherent channel must be strong in the ON state,
e parasitic background conduction must be strongly suppressed in the OFF state,
e contacts must not destroy the channel,

o disorder and dephasing must not smear the threshold excessively.

This is an important engineering constraint: sharp switching alone is not enough; the ON-
path must also be high-conductance and the OFF-path truly quiet.

14.8.9 Temperature dependence and the non-thermionic distinction

In a thermionic MOSFET, the subthreshold slope is fundamentally tied to kT /q. In the
present compact model, temperature still matters, but not necessarily in the same dominant
way. Temperature enters through:

e thermal broadening of fg — fp,
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o dephasing broadening I'y(T"),
o reduced channel order parameter A(T),
o increased incoherent leakage I,z (7).

Hence the effective slope can still degrade with temperature, but it need not be directly
pinned to the thermionic limit if the dominant switching variable is the activation factor C, not
thermal barrier crossing.

A safe statement is therefore:

The model is non-thermionic in its dominant switching mechanism, but not temperature-independent.

This distinction is crucial for credibility.

14.8.10 Magnetic field and effective internal field enhancement

If the device uses magnetic-field-assisted spectral restructuring, the order parameter can depend
strongly on B through Landau quantization:

qB
m*’

hwe = h

In practice, external laboratory fields may be too large for standard CMOS integration, but
effective internal orbital fields or nanoscale magnetic textures may play an analogous role. In
the compact model, one can represent this by allowing

apB
to stand for either:
e a literal external field,
e an exchange field,
e a magnetic texture,
e an effective orbital confinement field,
e a synthetic gauge field,
e or any engineered spectral-splitting mechanism that sharpens the channel condition.

This is the right way to preserve your ambitious intuition without overcommitting to an
unrealistic immediate implementation.

14.8.11 A compact threshold-voltage definition

A useful effective threshold voltage is defined by the channel-formation condition:
A(VT,eH7 VD7 T7 BJ 77) = AC'

Using the linearized order parameter,

A.—Ay—apVp —agB + arT + Qg

Vet = Vo +
ag
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This gives a compact way to capture:

e drain-induced threshold shift,

o magnetic-field-assisted threshold shift,

thermal degradation,

e disorder-induced threshold penalty.

This expression is very useful for SPICE-like intuition and for framing sensitivity tables in
a proposal or device paper.

14.8.12 Small-signal transconductance

The small-signal transconductance is
dlp
9m = m
Using
Ip = Iy + Cly,

we obtain

ATy ac _dl,
- I oL
Im = v Tl T Y ave

Near the channel-formation threshold, the dominant term can be

. dc
gm ~ cthG-

Hence

gm can be strongly enhanced when the gate sharply modulates channel existence rather than only carrier de:

This is another important design insight: the model naturally supports high transconduc-
tance at low gate swing if the channel threshold is sharp.

14.8.13 A simple dynamic model for switching delay

To extend the model toward transient behavior, introduce a channel-formation time constant
T. describing the finite time required for the collective channel to establish or collapse:

dC . Ceq(VGavD7TaB7n) - C

dt Te ’

where

A— A,
Ceq—a< o )

This is the simplest dynamic extension of the model.
Then the total delay can be thought of as containing;:

e eclectrostatic charging delay,
e contact and parasitic RC delay,

e intrinsic channel-formation delay 7,
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o transport time across the ON channel.

This is extremely important for your 100 GHz ambition:

A steep static switch is not enough; the collective channel must also form and collapse on sub-10 ps timescal

That statement will impress serious reviewers because it shows you are not ignoring dynam-

ics.

14.8.14 Compact-model interpretation for SPICE / TCAD placeholders
The present model can be used as a practical placeholder in early simulations:
1. Choose a background leakage model I,s(Vg, Vp) (e.g., thermionic 4 tunneling tail).
2. Choose a resonant or constrained ON-channel model I.,(Vg, Vp).
3. Define A(Vg, Vp, T, B, 7).
4. Fit A., 05, and «; to either experimental data or microscopic calculations.
5. Add the dynamic equation for C(t) if transient simulation is needed.
This is a natural compact-model skeleton for:
o Verilog-A style prototyping,
e SPICE macro-models,

e« TCAD post-processing fits,

architecture-level power-delay studies.

14.8.15 What this compact model does and does not claim

It is important to be explicit about scope.
The model does claim:

« a useful phenomenological representation of switching by channel formation,
e a structured way to think about sub-thermionic-like effective slopes,

o a bridge from microscopic DS/QHE/FQHE ideas to circuit-level metrics.
The model does not claim:

 proof of a specific room-temperature 3 mV /dec implementation,

o proof that a specific material stack already realizes the required channel,

o proof that practical parasitics, disorder, and contact physics are solved.

A strong and safe concluding sentence is:

The compact model is a design framework for channel-topology switching, not yet a complete validated devic
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14.8.16 Conclusion

A phenomenological compact model for the DS collective-channel transistor has been con-
structed by introducing a channel-formation order parameter A, a nonlinear activation factor
C, and a transmission decomposition in which a coherent channel contribution is turned on or
off by the gate. The resulting current expression

ID:Ibg+CICh

captures the central switching philosophy: the gate controls the existence of a coherent transport
path rather than merely the occupancy of a broad continuum of independent states. The model
naturally explains how steep effective switching can arise when the channel-threshold width §, is
small and the gate leverage dA/dVy is large. It also provides compact handles for temperature,
magnetic-field assistance, disorder, and dynamic channel-formation delay. As such, it offers a
practical bridge between the conceptual DS/FQHE transistor principle and future microscopic
modeling, SPICE-style prototyping, and experimental device exploration.

14.9 A SPICE-Oriented Macro-Model and Parameter Set for a 0.1 V Dynamic-
Space Collective-Channel Transistor

To make the dynamic-space (DS) collective-channel transistor useful for circuit exploration, it
is necessary to translate the conceptual switching principle into a SPICE-oriented macro-model.
The purpose of this section is not to claim that a complete microscopic material implementation
has already been realized, but rather to provide a compact engineering representation that
can be used for early architecture studies, parameter sweeps, and sensitivity analysis. The
central premise is that the device current is governed not only by ordinary electrostatic barrier
modulation, but by the gate-controlled formation of a coherent transport channel. The resulting
macro-model therefore extends the usual transistor picture by introducing an internal channel
activation state that sharply modulates the ON-path.

14.9.1 Macro-model structure

The proposed macro-model consists of four coupled pieces:

1. an electrostatic gate-control block,
2. a channel-formation block,
3. a transport-current block,

4. and an optional transient channel-dynamics block.
At the highest level, the drain current is represented as
Ip = heak + Icc,
where:

e [jeai is the residual leakage current present even when the collective channel is absent,

o I is the collective-channel current that appears when the device enters the ON state.
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The collective-channel current is then written as
Iec = C- Ipatha

where C' € [0,1] is the channel activation factor and Ipan is the current that would flow if the
coherent path were fully established.
Thus the compact model becomes

ID = Ileak + CIpath-

This is the SPICE-level embodiment of the DS switching principle:

OFF = C =~ 0, ON=C~1.

14.9.2 Effective gate control variable
Define an internal control variable A, the channel-formation drive:

A=A+ ac(Ve —Veo) + apVp + apBeg — ar(T —Ty) — ay.
Here:

e Vi is the gate voltage,

e Vp is the drain voltage,

e B.g is an applied or effective internal field parameter,
e T is temperature,

» 7 is a disorder/decoherence penalty factor,

e Ag is the baseline channel tendency,

e ag,ap,ap,ar, oy are sensitivity coefficients.

The channel is formed when A exceeds a critical value A.. This defines an effective threshold
condition

A=A
In a circuit-oriented language, A plays the role of a generalized internal state that captures
all physics not easily reducible to a simple surface potential.
14.9.3 Channel activation function

The activation factor C' is modeled as a smooth but steep function of A:

1
C =

A—AC}’

1+exp{— 5
A

where 0, controls the steepness of the channel onset.
This form is SPICE-friendly because it is continuous and differentiable. It also captures the
desired threshold-like behavior:
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C=0 for A<KA,,
C~1 for A>A.
The parameter 6, is one of the most important device figures of merit. It measures how
abruptly the coherent channel appears. Smaller §, implies steeper switching.
14.9.4 Leakage-current model

The leakage component should remain simple enough for circuit work but flexible enough to
capture realistic OFF-state behavior. A practical form is

Vo — V5
Ileak = IO eXp<GnV;M{) (1 - e_VD/VT> + Ituna

where:
o Iy is a leakage prefactor,
e Vrieak is an effective leakage threshold,
e 71 is a subthreshold ideality factor,
o Vp =kpT/q is the thermal voltage,

e Iiyn is an additional bias-dependent tunneling leakage floor.

This allows the model to include conventional parasitic OFF-state current without forcing
the whole device to be interpreted as a thermionic FET.
For compact use, one may also adopt the simpler form

i

Ileak = Ioff70 eﬁGVG (1 - e_BDVD)

if fewer parameters are desired.

14.9.5 Collective-path current model

The current that would flow through a fully formed coherent channel, Ij,,1, should reflect both
saturation and low-voltage operation. A useful compact representation is

Vb

I ath — G'on
path 1 + ’VD|/‘/;at,cc

Fa(Va),
where:

e Gy is the effective ON-channel conductance,
o Viat,cc is a channel-current saturation scale,

o Fu(Vg) is a mild gate modulation of the already formed channel.

A simple choice for Fg is

Fa(Va) =1+v¢(Va — Vi ret),
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or, if one prefers stronger confinement sensitivity,

1
FG(VG) - 1+ exp[—(VG - VG,ref)/(sG] .

The logic is important: the main gate dependence should sit in C, not in I,an, because the
physical claim is that switching is dominated by channel existence, not by gradual strengthening
of the same path.

14.9.6 Combined DC current model

Putting the pieces together, the full DC current becomes

Ip(Va,Vp, T, Begt,n) = Lieak(Va, VD, T) + C(Va, Vb, T, Begt, ) Ipath(Va, V).

This expression is the recommended starting point for SPICE macro-model implementation.
It can be interpreted as follows:

e [icak: what the device does even without a coherent channel,
e (': whether the coherent channel exists,

e Ipatn: how much current that channel can carry once established.
14.9.7 Effective threshold voltage
An effective threshold voltage for channel formation is obtained from
A(VGtnh, VD, T, Begt, n) = Ac.
Solving for Vg tn,

Ae — Ao — apVp —apBeg + ar(T — To) + ayn
ag

Va,mm = Veo +

This is a very useful engineering expression because it makes explicit how the channel thresh-

old shifts with:
e drain bias,
e temperature,
o effective field,
o and disorder.

This can later be fitted to TCAD, experiment, or more microscopic calculations.

14.9.8 Small-signal transconductance

The transconductance is
dlp

Im = ove

Differentiating,

8Ileak oC o1, ath
= I patn + C—222
g 5)%e + Vg P th + 15)%e
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Near the channel-formation threshold, the middle term often dominates:

Lo
Im ~ Ve path-
Since 50 . 9A
(1 -0)=—
oV o o ) ovg’

the maximum occurs near C' = 1/2:
( ocC ) 1 0A
OVG ) max 464 OV

g ~ Tnatn OA
MRS 450 OV

Thus,

This is a compact way to show that large transconductance can emerge from sharp channel
activation.

14.9.9 Effective subthreshold slope

Define the effective slope as

eff = aVG .

If the current near threshold is dominated by the activation of the collective channel, then
ID ~ Ileak + CIpath-

When Iath > Lieak and the dominant dependence is in C, one gets approximately

In10

Seff ~
" (90/ave)/C
Using the logistic activation near threshold yields

S “57/\
ot > 9N/ 0V

The important conclusion is:

The effective switching slope is set by channel-threshold sharpness and gate leverage, not necessarily by pure

This is the correct reviewer-safe interpretation of steep switching in the macro-model.

14.9.10 Dynamic channel formation
To represent transient behavior, introduce a channel-dynamics equation:

dC  Coq—C

dt T.

h
where 1

1+ exp[—(A — Ac) /o]’

Ceq =
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and 7. is the channel formation/collapse time constant.

This is essential for high-speed design because a steep DC transition is not sufficient. The
coherent channel must form and disappear rapidly enough for the target clock rate.

For a 100 GHz switching ambition, the cycle time is about

Tex ~ 10 ps,
so the intrinsic collective-channel response should ideally satisfy
7. < 10 ps,

preferably in the few-picosecond or sub-picosecond regime after parasitics are included.
This gives a strong practical criterion:

Channel formation must be fast, not merely sharp.

14.9.11 Charge and capacitance model

For circuit use, a charge model is needed. A practical first-order form is

Qc = Caer(Va — Ven),

where Cg ¢ is an effective gate capacitance and Vg, is an internal channel potential. One may
let
Ca.eft = Cao + CacC,

so that gate capacitance changes when the channel forms.

This is physically motivated because the appearance of a collective channel may alter the
local density of states, compressibility, or electrostatic response.

The switching energy is then approximated by

1
Eoy = §CG’,effVD2D-

For a 0.1 V target,
ESW X V’%D

is very favorable, provided that the ON-current and speed remain sufficient.

14.9.12 A 0.1 V target operating point
For a first engineering target, consider:
o supply voltage Vpp = 0.1 V,
« ON/OFF ratio target 10* ~ 106,
o intrinsic g,,/Ip enhanced by sharp channel activation,
o effective channel-formation time constant 7. < 3 ps,
e low parasitic capacitance and low contact resistance,

e steep but hysteresis-controlled channel onset.
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A representative target current range might be:
Ion ~ 1074 to 1073 A/pm, Iog ~1071% t0 107® A/pm,

depending on the intended application class.
These are not predictions, but useful exploration targets for compact-model studies.

14.9.13 Recommended parameter table

A useful initial parameter set for SPICE-oriented exploration is given below:

Parameter Meaning Typical exploratory range
Ao baseline channel tendency —2to +2

A, channel threshold 0to2

A channel sharpness 0.01 to 0.2

ag gate leverage 5to 100 V!

ap drain sensitivity 0to20 V™!

ap field sensitivity fit dependent

ar thermal penalty 1073 to 1071 K1
ay disorder penalty 0.1 to 10

Iog 0 baseline leakage 1074 t0 107 A/um
Gon ON-path conductance 107 to 1072 S/pum
Viat,ce channel saturation scale 0.02t0 0.2V

Te channel formation time 0.1 to 10 ps

Cao base gate capacitance geometry dependent
Cae channel-induced capacitance change fit dependent

These values are intentionally broad and should be treated as fitting or exploration ranges,
not as validated device data.

14.9.14 Pseudo-Verilog-A realization

The macro-model can be encoded in Verilog-A using the following logical structure:

Lambda = LambdaO + aGx(Vg-Vg0) + aD*Vd + aBxBeff - aT*(Temp-TO) - aEtaxeta;
Ceq = 1/(1 + exp(-(Lambda-Lambdac)/dLambda)) ;

dCdt = (Ceq - C)/tauC;

Tleak

IoffO*exp(betaG*Vg) * (1-exp(-betaD*Vd)) + Itun;
Gon*Vd/ (1+abs(Vd) /Vsatcc) * FG(Vg);
Id = Ileak + CxIpath;

Ipath

In a dynamic simulation, C' may be treated as an internal analog state. In a simpler DC
model, one may set C' = Cgq.

14.9.15 What the macro-model captures

The macro-model captures the following desired features:
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e sharp onset of conduction through channel activation,

o separation of leakage path and coherent ON-path,

e explicit dependence on temperature, disorder, and effective field,
e transient delay associated with channel formation,

e compatibility with low-voltage energy estimates,

e eagy integration into circuit simulators.

It therefore serves as a practical bridge between the DS conceptual framework and actual
device/circuit exploration.
14.9.16 What the macro-model does not yet capture

For clarity, the model does not yet include a full microscopic treatment of:

e many-body quantum transport,

e detailed contact injection physics,

o self-consistent electrostatics,

e noise and stochastic channel breakdown,

e hysteresis from metastable collective states,
« full magnetic-edge topology,

e device-to-device variability.

These would need to be added progressively as the material platform and transport mecha-
nism become more concrete.

14.9.17 Conclusion

A SPICE-oriented macro-model for a 0.1 V DS collective-channel transistor has been formulated
by combining a leakage branch, a channel activation state, and a collective-path current. The
central current equation

Ip = heax + C Tpatn

implements the proposed switching philosophy that the gate controls the existence of a coherent
transport channel rather than merely the occupancy of a broad thermal carrier continuum. The
model introduces explicit compact parameters for channel-threshold sharpness, gate leverage,
disorder sensitivity, thermal degradation, and finite channel formation time, thereby enabling
early-stage circuit analysis, parameter fitting, and architectural exploration. As such, it provides
a practical engineering scaffold for future microscopic modeling and experimental validation of
low-voltage DS collective-channel transistor concepts.

280



14.10 Illustrative Numerical Example and Sample I-V Characteristics for a
0.1 V Dynamic-Space Collective-Channel Transistor

To make the compact model more useful for circuit-level intuition, it is helpful to provide
an illustrative numerical example. The goal of this section is not to claim experimentally
validated device performance, but to show how the proposed dynamic-space (DS) collective-
channel transistor framework can be instantiated with a plausible exploratory parameter set and
how its current—voltage characteristics differ qualitatively from those of an ordinary thermionic
subthreshold device. In particular, the example emphasizes the central design idea that the
gate controls the appearance of a coherent transport channel, so that the dominant switching
event is tied to channel activation rather than purely to thermal tail modulation.

14.10.1 Example model equations

For the numerical example, we use the compact current model
ID = Ileak + CIpathu

with activation factor 1
C(Va,Vp) =

A—Ac}’

1+exp{— 5
A

and channel-formation drive
A=A+ ag(Ve —Veo) + apVp — ar(T —Tp).

For simplicity in the present example, we set Beg = 0 and n = 0, so that the emphasis
remains on low-voltage gate-driven activation.
The leakage current is taken as

Tieak = Lo exp(BeVa) (1 — e/ )

and the collective-path current as

Vb

I =Gon——————
path o 1 + VD/‘/;at,cc

[1 + ’YG(VG - VG,rcf)] .

Here V7 is used only as a compact drain-bias scale for leakage saturation and should not be
confused with the thermal voltage kgT'/q.

14.10.2 Exploratory parameter set

A representative exploratory parameter set for a nominal Vpp = 0.1 V device is:
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Parameter Value Comment

Vbb 0.10 V target supply voltage

To 300 K reference temperature

Ao —1.20 baseline below channel threshold
A, 0 channel onset threshold

oA 0.050 sharp activation width

ag 25 V1 strong gate leverage

ap 2 v-1 modest drain assistance

ar 0.002 K1 mild thermal penalty

Vo ov reference gate voltage

Iog o 1 x 107" A/um baseline OFF leakage

Ba 12Vt gate sensitivity of leakage

Vi 0.020 V leakage drain scale

Gon 6 x 1073 S/um  formed-channel conductance
Visat,ce 0.040 V collective-path saturation scale
ote; 1.5Vt mild gate enhancement of ON path
VG ret 0.050 V reference gate bias

These values are not extracted from experiment. They are chosen only to illustrate a device
regime with:

e low OFF leakage,
e sharp channel activation around the mid-range of a 0.1 V gate sweep,
o appreciable ON current under a 0.1 V supply,

e and a visible distinction between leakage transport and coherent-path transport.

14.10.3 Threshold estimate from the example parameters
Using

A=Ay +agVg+apVp
at T' = Tp, the channel threshold condition A = A, = 0 gives

—Ag — \%
Viin ~ —foTapVp
ag

At Vp =01V,
1.20 — 0.20

~ T T 0.040 V.
Va in 5% 0.040 V

Thus the example device begins to activate its collective channel around 40 mV, which is
appropriate for a 0.1 V supply concept.

14.10.4 Sample transfer characteristics

Consider a transfer sweep at fixed Vp = 0.1 V. With the above parameters:

e for Vg <« 0.04 V, one has C' =~ 0, so the current is leakage-dominated;

e mnear Vg = 0.04 to 0.06 V, C rises sharply;
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o for Vg 2 0.07 V, the coherent path is largely established and the current approaches the
channel-limited ON value.

Using the chosen values, the fully formed channel current at Vp = 0.1 V is approximately

0.1

Loath ~ Gop——————
path ™= Hon 470 1/0.04

[1+7¢(Vg — 0.05)].
At Vg = 0.1 V, this gives

0.1
Toath ~ 6 x 1072 - 35 (141.5x0.05) ~ 1.8 x 107* A/pum.

Thus the example ON current is roughly
Ion ~ 1.8 x 107 A/pum,
while the OFF current remains of order
Iog ~ 107 t0 10719 A /pm,

depending on the exact gate bias and residual leakage enhancement.
This yields an illustrative ON/OFF ratio of roughly
Ion

om0 10% to 107,
Ioff

Again, this should be interpreted as a compact-model demonstration, not a measured claim.

14.10.5 TIllustrative effective slope
Near the activation threshold, the current increase is governed mainly by

dC 1

At the steepest point C' = 1/2,

A0\ _ae 2B qp5 v
AVa lmax 40 4 x0.05
This large activation sensitivity is the origin of the steep transfer characteristic in the ex-
ample. The effective switching slope inferred from the resulting transfer curve can be much
sharper than that of an ordinary thermionic barrier-controlled current because the dominant
gate dependence arises from channel activation rather than from a broad Boltzmann tail.
A reviewer-safe way to summarize this is:

The illustrative steepness arises from sharp activation of a coherent path, not from a claim that thermal stat

14.10.6 Sample output characteristics

At fixed gate voltage, the output characteristics Ip versus Vp take three qualitatively distinct
forms:
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Low gate bias. For Vi < Vg, C =0, so
Ip =~ Deak-

The output current is small and weakly nonlinear, dominated by OFF-state leakage physics.

Near threshold. For Vi =~ Vg, the activation factor is highly sensitive to both Vi and
Vp. Since A contains the term apVp, the drain bias can assist channel formation. The output
curve in this regime shows a rapid transition from leakage-like to channel-like transport as Vp
increases.

High gate bias. For Vg > Vg, C = 1, so
ID ~ Ileak + Ipath ~ Ipath'

The output current then follows the collective-path saturation law

Vb

Ip~Gopn———F——
Onl + VD/‘/sat,cc

Fo(Va),

which rises linearly at small drain bias and gradually saturates as Vp approaches Viag cc-

For the present example, Vit ce = 0.04 V, so the output characteristic begins to flatten
well within the 0.1 V supply range. This is desirable for low-voltage logic because it allows
appreciable current drive without requiring large drain swing.

14.10.7 Sample numerical values at selected biases

For a simple bias table at Vp = 0.1 V, one obtains the following illustrative values:

Ve (V) C Ip (A/pm)  Interpretation
0.00 <1076 ~ 1071 deep OFF
002 ~45x107° ~ 107110710 OFF
0.04 ~ 0.50 ~9x107°  mid activation
0.06 ~0.99995 ~1.7x1074 strong ON
0.10 ~1 ~1.8x107% fully ON

These numbers are approximate and intended only to visualize the character of the transfer
curve.

14.10.8 Estimated transconductance
Near the activation threshold, the transconductance is approximately

~ 1. ¢
gm ~ patthG-

Using Ipatn ~ 1.5 x 10~* A/pum near threshold and dC/dVg ~ 125 V™1, one gets
gm ~ 1.9 x 1072 S/pm.

This is only an illustrative estimate, but it shows the key point: if the channel turns on
sharply, large transconductance can be achieved even at Vpp = 0.1 V.
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14.10.9 Energy-per-switch estimate

Assume an effective gate capacitance per unit width of
Cager ~ 0.2 fF /pum.
Then the switching energy is approximately

1 1
FEygw ~ icg,eﬁcv,%D =5(0.2% 10719)(0.1)2 =1 x 10718 J/pm.

Thus the example device sits naturally in the attojoule-per-switch-per-micron class, at least
at the compact-model level. Real interconnect and parasitic overheads would of course increase
the total system energy, but the low-voltage scaling remains attractive.

14.10.10 Delay estimate

The switching delay must include both electrostatic charging and channel-formation dynamics.
If the channel formation time is
Tc = 1 ps,

and the RC charging contribution is of comparable scale, then a few-picosecond intrinsic delay
is conceivable within the model.
A simple energy-delay target picture is therefore:

delay ~ 1-5 ps,  FEgy ~ 10710717 J/pum,
provided that:
o contacts do not destroy the coherent path,
e parasitic resistance and capacitance remain small,
e the channel threshold remains sharp at the operating temperature,

e and the collective channel can repeatedly form and collapse without excessive hysteresis.

14.10.11 Suggested figure set

For a paper or proposal, the following four plots are recommended:

Figure 1: Transfer characteristic Ip vs V. Plot Ip on a logarithmic axis from Vg = 0
to 0.1 Vat Vp = 0.1 V. Show:

o the total current,

e the leakage component,

e and the activated channel component.
This clearly visualizes that OFF current is leakage-dominated while ON current is channel-

dominated.

Figure 2: Activation factor C vs V5. Plot the logistic activation curve showing the sharp
rise around Vg ¢ =~ 0.04 V. This figure is extremely important because it makes the switching
philosophy transparent.
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Figure 3: Output characteristic Ip vs Vp. Show curves for several gate biases, for example
Ve = 0.02, 0.04, 0.06, 0.10 V. This reveals the transition from leakage-like output to a
saturating coherent-path current.

Figure 4: Effective slope or transconductance. Plot either

Sert (V)

or

gm(VG)'

This highlights the narrow activation region and the enhancement of gate efficiency.

14.10.12 Suggested figure caption language

A good caption for the transfer plot would be:

Illustrative compact-model transfer characteristics of a 0.1 V dynamic-space collective-
channel transistor. The OFF state is dominated by residual leakage, whereas the
ON state is dominated by the appearance of a coherent transport channel through
the activation factor C'. The sharp turn-on reflects channel formation rather than
ordinary thermionic barrier modulation.

For the output plot:

Ilustrative output characteristics of the compact DS collective-channel transistor at
several gate biases. At low gate bias the current remains leakage-limited, while above
threshold the coherent-path current dominates and exhibits low-voltage saturation
behavior.

14.10.13 What the numerical example shows

The numerical example demonstrates four important points:

1. A 0.1 V device concept can be framed consistently if switching is tied to channel formation
rather than only to thermionic barrier modulation.

2. A sharp activation factor can produce strong current contrast and high transconductance
at very low voltage.

3. The compact model naturally separates leakage physics from coherent-path physics.
4. Circuit-level metrics such as ON/OFF ratio, energy per switch, and delay can be discussed
without prematurely claiming a fully validated microscopic device.
14.10.14 Scope and caution

It is important to emphasize again that the present numerical example is illustrative. It does
not establish that any particular existing material stack already provides the required coherent
channel at room temperature, nor does it prove that all parasitics and variability issues are
solved. Rather, it provides a structured target landscape for:

o TCAD fitting,
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e material screening,
 architecture evaluation,

o and future experimental benchmarking.

14.10.15 Conclusion

An illustrative numerical example of the DS collective-channel transistor compact model has
been presented for a nominal 0.1 V operating regime. Using a sharp activation factor and a
separate coherent-path current branch, the model produces a transfer characteristic with low
OFF leakage, abrupt turn-on near a channel-formation threshold, and appreciable ON current
within a very small supply voltage. The example also yields attractive compact-model estimates
for ON/OFF ratio, transconductance, switching energy, and delay, while remaining explicitly
phenomenological. As such, it provides a useful bridge from the conceptual DS switching
principle to figure-ready device projections and future model-to-data calibration.

14.11 Illustrative Figure Package for a 0.1 V Dynamic-Space Collective-
Channel Transistor

To support proposal, presentation, and manuscript development, it is useful to accompany the
compact model with a set of illustrative figures that visually communicate the central device
principle. The purpose of this section is to provide a reviewer-safe, fully reproducible figure
package for a nominal 0.1 V dynamic-space (DS) collective-channel transistor. The figures are
not intended to represent measured data. Rather, they are conceptual plots generated from
the phenomenological compact model introduced above, and they are designed to illustrate
the distinction between leakage-limited OFF transport and coherent-channel-dominated ON
transport.
The recommended figure set contains four plots:

1. transfer characteristic Ip versus Vi on a logarithmic scale,
2. activation factor C versus Vg,
3. output characteristics Ip versus Vp for several gate biases,

4. transconductance g,, versus Vg.

The figures below are generated using TikZ/PGFPlots so that they remain self-contained
and Overleaf-friendly.

14.11.1 PGFPlots setup

The following packages should be included in the preamble if not already present:
\usepackage{tikz}
\usepackage{pgfplots}

\pgfplotsset{compat=1.18}
\usepackage{siunitx}
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[ width=0.85height=0.48xmin=0, xmax=0.10, ymin=1e-12, ymax=>5e-4, xlabel=V¢ (V),
ylabel=Ip (A/um), legend pos=south east, grid=both, domain=0:0.10, samples=200, thick ]
[ dashed | le-11*exp(12*x)*(1-exp(-0.1/0.02));

[ dotted | (1/(1+exp(-((-1425%x)/0.05)))) * (1.7142857e-4)*(1+1.5%(x-0.05)) ;

[ solid | le-11*exp(12*x)*(1-exp(-0.1/0.02)) + (1/(14exp(-((-14+25*x)/0.05)))) *
(1.7142857e-4)*(1+1.5%(x-0.05));

Ileak» C1Ipatha ID

Figure 1: Ilustrative transfer characteristics of a nominal 0.1 V dynamic-space collective-
channel transistor at Vp = 0.1 V. The dashed curve is the leakage branch, the dotted curve
is the activated coherent-path contribution, and the solid curve is the total drain current. The
sharp turn-on reflects channel activation rather than ordinary thermionic barrier modulation.

[ width=0.85height=0.45xmin=0, xmax=0.10, ymin=0, ymax=1.02, xlabel=Vg (V),
ylabel=C, grid=both, domain=0:0.10, samples=300, thick | [ solid ]
1/(14+exp(-((-1425%x)/0.05)));

Figure 2: Illustrative channel activation factor C' versus gate voltage for the nominal 0.1 V
example. The steep rise near Vg =~ 0.04 V represents the onset of a coherent transport channel.
This plot explicitly visualizes the core switching philosophy: the gate toggles the existence of
a transport path rather than merely modulating the transmission of an already existing broad
continuum.

14.11.2 Figure 1: Transfer characteristic Ip versus Vg

The first figure is the most important because it directly shows the switching philosophy: the
OFF state is leakage-dominated, while the ON state is dominated by the appearance of a
coherent transport channel. The vertical axis is logarithmic so that both OFF and ON regimes
are visible in the same plot.

14.11.3 Figure 2: Activation factor C' versus Vg

The second figure isolates the channel-formation physics. This is especially useful in presenta-
tions because it makes the central claim visually transparent: the gate is not merely modulating
a barrier continuously, but is driving the device through a sharp channel-existence transition.

14.11.4 Figure 3: Output characteristics Ip versus Vp

The output characteristics reveal how the device transitions from leakage-limited behavior at
low gate bias to coherent-path-dominated transport at high gate bias. The family of curves is
useful for both device papers and proposal decks because it demonstrates low-voltage operation
under multiple gate conditions.

14.11.5 Figure 4: Transconductance g,, versus Vg

The transconductance plot highlights the narrow activation region where the gate most effi-
ciently controls the current. This figure is particularly useful for engineering audiences because
it directly connects the channel-activation picture to a conventional device metric.

For simplicity, the plot below uses the analytic approximation

~ 1. ¢
gm ~ patthG7
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[ width=0.85height=0.50xmin=0, xmax=0.10, ymin=0, ymax=2.2e-4, xlabel=Vp (V),
ylabel=Ip (A/um), legend pos=north west, gridl=both, domain=0:0.10, samples=200, thick ]
le-11*exp(12*0.02)*(1-exp(-x/0.02)) + (1/(14exp(-((-1.2+25%0.024+2*x)/0.05)))) *
(6e-3%x/(14x/0.04))* (1-+1.5%(0.02-0.05));
le-11*exp(12*0.04)*(1-exp(-x/0.02)) + (1/(14exp(-((-1.2+25%0.04+2*x)/0.05)))) *
(6e-3%x/(14x/0.04))* (1-+1.5%(0.04-0.05));
le-11*exp(12*0.06)*(1-exp(-x/0.02)) + (1/(14exp(-((-1.2+25%0.064+2*x)/0.05)))) *
(6e-3%x/(14x/0.04))* (1-+1.5%(0.06-0.05));
le-11*exp(12*0.10)*(1-exp(-x/0.02)) + (1/(14exp(-((-1.2+25%0.104+2*x)/0.05)))) *

(6e-3%x/(14x/0.04))* (1-+1.5%(0.10-0.05));
Va=0.02V,Vg=0.04V,Vg=0.06V, V=010V

Figure 3: Illustrative output characteristics of the nominal 0.1 V dynamic-space collective-
channel transistor. At low gate bias the current remains leakage-limited. Near threshold the
drain bias assists channel formation, and at higher gate bias the coherent-path current dominates
and exhibits low-voltage saturation behavior.

[ width=0.85height=0.45xmin=0, xmax=0.10, ymin=0, ymax=0.025, xlabel=Vy (V),
ylabel=g,, (S/pm), grid=both, domain=0:0.10, samples=300, thick | [ solid | (
(1.7142857e-4)*(14+1.5%(x-0.05)) ) * ( (1/(1+exp(-((-14+25*x)/0.05)))) *

(1-1/(1+exp(-((-14+25%x) /0.05)))) * (25/0.05) ) ;

Figure 4: Illustrative transconductance g,, versus gate voltage for the nominal 0.1 V example.
The peak near the channel-formation threshold reflects the strong gate efficiency that arises
when the dominant switching variable is the appearance of a coherent transport path.

which is appropriate near the activation threshold.

14.11.6 Interpretation of the figure package

The four figures above should be interpreted as a unified visual argument:

1. The transfer curve shows that the OFF state is governed by residual leakage, whereas the
ON state is governed by a distinct coherent-path current.

2. The activation-factor plot makes explicit that the gate controls a channel-existence tran-
sition.

3. The output family shows that once the channel is formed, the device can provide useful
low-voltage current with a saturating output characteristic.

4. The transconductance peak shows that large gate efficiency can arise from sharp channel
activation even at very low supply voltage.

Taken together, these figures communicate the central DS transistor message in a compact
and reviewer-safe form:

The gate does not merely lower a barrier; it toggles the existence of a coherent transport channel.

14.11.7 Recommended usage in papers and proposals

The figure package can be used in at least three different contexts:
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(1) Foundations / FoP-style paper. Use Figures 1 and 2 primarily to support the con-
ceptual claim that switching can be framed as a channel-topology transition rather than simple
thermionic barrier modulation.

(2) Device / JSSC / TED-style paper. Use all four figures. In this context, the output
characteristics and transconductance plots are especially important because they translate the
DS language into familiar engineering observables.

(3) MIT / Samsung proposal deck. Use the activation-factor plot and transfer curve on
one slide to explain the principle, and the output/transconductance plots on a second slide to
explain why the principle is relevant to low-voltage high-speed logic.

14.11.8 Important caution for captions and discussion

Whenever these figures are shown, the text should explicitly state that they are dllustrative
compact-model projections rather than measured results. A recommended sentence is:

The curves shown here are generated from a phenomenological compact model in-
tended to illustrate the proposed switching mechanism; they should be interpreted
as design-space projections rather than experimentally validated device data.

This sentence is highly recommended because it preserves ambition while remaining fully
credible.

14.11.9 Conclusion

A self-contained figure package has been provided for a nominal 0.1 V dynamic-space collective-
channel transistor using TikZ/PGFPlots. The figures visually separate leakage-dominated OFF
transport from coherent-path-dominated ON transport, explicitly display the gate-controlled
activation of the channel, and provide output and transconductance characteristics in a form
recognizable to device and circuit audiences. As such, they serve as a practical visual bridge
between the dynamic-space conceptual framework and a concrete low-voltage transistor proposal
suitable for manuscripts, presentations, and exploratory design studies.

15 Predictions, Discriminants, and Falsifiability

A framework paper is scientifically valuable only if it clarifies what could in principle confirm or
disconfirm its distinctive claims. The DS program is partly interpretive, so some of its content is
empirically equivalent to standard formulations. However, the stronger forms of the framework
do imply possible discriminants. This section distinguishes between interpretive equivalence and
potentially testable extension.

15.1 Category I: interpretive equivalence

Several DS statements are best understood as reorganizations of existing physics rather than
new empirical predictions. Examples include:

(i) momentum as phase gradient,
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(ii) quantization as phase closure,

(iii) stationary orbitals as resonant cavity modes,

(iv) self-field stability as an eigenmode consistency condition.
These statements may not yield new numerical predictions by themselves. Their value lies in
explanatory economy and conceptual unification.

15.2 Category II: weakly testable extensions

Other DS ideas suggest weakly testable extensions. These include:

(i) Nonlinear response onset in high-intensity localization regimes. If DS is correct,
then sufficiently strong self-concentration or confinement may produce deviations from
naive linear extrapolation.

(ii) Finite-core signatures in effective short-distance response. If point singularities
are only asymptotic idealizations, then sufficiently sensitive short-distance probes may
reveal departures from pure singular extrapolations.

(iii) Thresholded deviations from purely linear decoherence models. If measurement-
like stabilization involves a nonlinear regime transition, then some mesoscopic systems
might show deviations from a purely linear open-system description under controlled am-
plification.

These are not yet precise predictions, but they define where future mathematical work should

aim.

15.3 Category III: strong-form discriminants

The strongest version of DS would become meaningfully testable if it produced one or more of
the following:

(i) a derived finite-response function fpg(k) that regularizes ultraviolet counting and leads
to calculable deviations in a defined regime;

(ii) a concrete nonlinear core solution for a charged excitation with a falsifiable effective form
factor;

(iii) a threshold law for measurement-like stabilization that differs from standard linear deco-
herence in a measurable mesoscopic domain;

(iv) a constrained transport model predicting a robust collective switching signature not nat-
urally expected from conventional semiclassical transport alone.

These are the kinds of outputs that would elevate DS from a unifying framework to a genuinely
alternative dynamical proposal.
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15.4 Clear failure modes

A scientifically honest framework must also state how it could fail. The strong form of DS
would be weakened if:

(i) every supposed nonlinear regularization can be shown to reduce to an arbitrary cutoff
with no physical derivation,

(ii) no finite-core model can be made compatible with known precision constraints,
(iii) no measurement-threshold law yields any regime distinct from standard decoherence,

(iv) and no constrained transport consequence emerges beyond language already fully captured
by existing topological or many-body theory.

If these failures persist, then the DS program may remain only an interpretive reformulation
rather than a deeper physical theory.
15.5 Why falsifiability matters here

Because parts of DS are interpretive, there is a special danger: a purely verbal unification can
always appear flexible enough to “explain” anything. That is not scientifically acceptable. The
role of this section is therefore to insist that the strongest DS claims must ultimately cash out
in one of three ways:

(i) a concrete derivation,
(ii) a concrete deviation,
(iii) or a concrete no-go result.

Without that, the framework remains philosophically suggestive but physically incomplete.

16 Conclusion

This manuscript has proposed Dynamic Space (DS) as a regime-based framework for reinter-
preting a wide range of physical structures in a common substrate-oriented language. The
central methodological claim has been intentionally modest but nontrivial: many of the most
stable and recurring patterns in modern physics may be more naturally understood when famil-
iar equations are treated not as isolated primitives, but as effective regimes of a deeper response
medium characterized by amplitude, phase geometry, and intensity-dependent self-consistency.

16.1 What has been established

The strongest results of the paper are not claims of completed unification, but rather the
construction of a coherent mathematical and interpretive spine. In particular, we have shown
that:

(i) amplitude-phase decomposition provides a common language linking phase gradients,
momentum, transport, and quantization;

(ii) the operator and commutator structure of basic quantum mechanics can be understood
as continuous with phase translation and Fourier duality;
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(iii) the Schrodinger equation naturally separates into conservation and Hamilton—Jacobi-like
structure, with the quantum potential interpreted as a mode-curvature term;

(iv) atomic bound states admit a unified reading as resonant guided modes in a Coulomb-
shaped cavity;

v) many-electron coexistence can be understood as self-consistent multi-mode organization
y g
rather than as a contradiction with Coulomb repulsion;

(vi) and the self-field objection to orbital stability is substantially clarified by treating the
orbital as a coherent dressed eigenmode rather than a classical self-repelling cloud.

These points are either direct derivations or disciplined reinterpretations of known mathematics.

16.2 What remains programmatic

At the same time, several major parts of the DS program remain open and are presented here

only in a programmatic sense. These include:
(i) a first-principles derivation of interaction-sector differentiation,
(ii) a mathematically explicit nonlinear finite-core model for charged excitations,
(iii) a completed treatment of vacuum regularization compatible with gravitational coupling,
)

(iv) a derivation of measurement statistics and any threshold law beyond standard decoher-

ence,
(v) and a predictive many-body transport model for strongly constrained collective switching.

The present paper does not claim that these tasks are already complete.

16.3 Why the framework may still matter

A framework may still be scientifically valuable even before it becomes a finished theory. Its
value lies in whether it:

(i) organizes known results with greater conceptual economy,
(ii) clarifies longstanding tensions without denying empirical success,

)
)
(iii) identifies concrete targets for future derivation,
(iv) and exposes clear paths to falsification.
The DS program is offered under exactly that standard.

In particular, the framework suggests a unifying lesson that recurs across quantum mechan-
ics, atomic physics, self-field questions, and correlated transport:

Coherent physical structure is often best understood not as the motion of pre-given
particles through passive space, but as the self-consistent organization of allowed
modes in an active response medium.

Whether this lesson ultimately proves fundamental or merely deeply useful remains to be de-
termined. But it is sufficiently structured, sufficiently constrained, and sufficiently connected
to known mathematics to warrant serious exploration.
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16.4 Future directions

The next stage of the DS program should be more technical and more selective. The most
promising immediate directions are:

(i) derive explicit reduced equations from a more concrete DS action rather than relying on
schematic forms;

(ii) construct and test a candidate finite-core charged solution consistent with known precision
bounds;

(iii) formulate a mesoscopic threshold model that can be cleanly compared against standard
decoherence theory;

(iv) identify one sharply defined correlated-transport setting in which DS predicts a distinctive
organizing principle or measurable deviation;

(v) and determine whether the interaction-sector regime map can be sharpened into mathe-
matically constrained symmetry structure rather than remaining a broad heuristic.

16.5 Final statement

The central scientific posture of this paper is therefore straightforward. Dynamic Space is not
offered here as a completed final theory. It is offered as a disciplined unification program:
a regime-based, phase-geometric, substrate-oriented framework designed to connect wave me-
chanics, self-field structure, atomic stability, vacuum intuition, and constrained collective order
under one conceptual architecture. Its strongest immediate contribution is not that it has al-
ready solved all these problems, but that it makes them legible as parts of one common question.

If successful, the ultimate role of Dynamic Space would be to show that the apparent
diversity of physical laws reflects the diversity of stable response regimes of one
underlying structured medium.

That possibility remains open. The present manuscript is intended as a careful step toward
making it mathematically sharper, conceptually clearer, and empirically answerable.
A Supplementary Derivations

This appendix collects technical steps that support the main text while keeping the body of
the paper readable. None of the material here changes the scientific status of the core claims;
rather, it provides compact derivational scaffolding for standard relations that are central to
the DS interpretation.

A.1 Phase gradient and momentum for a local plane wave

Consider a local plane-wave form
U(r,t) = A(r,t) exp[;(p ‘T — Et)] : (1005)
If the amplitude A varies slowly compared with the phase, then

pV, (1006)

i
U~ —
v h
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and )
—~——-FEVU. (1007)

Thus
p=VS, E = —-0,85, (1008)

when the phase is written as S/h. These are the standard Hamilton-Jacobi relations used
throughout the manuscript.

A.2 Momentum operator from infinitesimal translation

Let a translation by € act on a one-dimensional wavefunction as

(T(e)y)(x) = ¢p(z +e). (1009)
Expanding for small e,
U@+ €) = P(x) + eduip(a) + O(2). (1010)
Hence
T(e) =1+ €dy + O(%). (1011)
If T'(e) is unitary, it can be written
T(e) = exp(—%eﬁ) =1- %eﬁ + O(%). (1012)
Comparing the linear terms yields
p = —ih0,. (1013)

The multidimensional result follows immediately:

p = —ihV. (1014)
A.3 Canonical commutator
Let & act by multiplication:
(@Y)(x) = x(x). (1015)
Then
(&, plp = Z(—ih0y1)) — (—ih0,)(x1))
= —ihx0yy + ih(Y + 20,1)
= il (1016)
Therefore
[Z,p] = ih. (1017)

A.4 Uncertainty from Fourier structure

Let the wavefunction ¢ (z) be normalized and let its Fourier transform be

D(k) = \/12? [ O:O W(@)e ke dg. (1018)
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Because narrow localization in z-space requires a broad spread in Fourier components k, one
obtains the standard inequality

1
Ax Ak > 3 (1019)
Multiplying by A gives
Az Ap > g, (1020)

since p = hk. The DS reading is that amplitude localization and phase-gradient localization are
Fourier-dual constraints on one coherent mode.

A.5 Madelung decomposition in detail

Write
U(r,t) = R(r,t)e’ 0/, (1021)
Then ]
U = ¢iS/h (atR + %R 8tS> : (1022)
and .
VU = ¢iS/h (VR + ;RVS> : (1023)
Hence 9 . 1
V20 = /R [V2R + %VR VS + %RVQS - hQR(VS)Q} : (1024)

Substituting into the Schrodinger equation

h2
iU = —— V20U + VI (1025)
2m

and separating real and imaginary parts yields:

o(R*) + V- <R2Zf) =0 (1026)
and (VS)? h? V2R
WS+ 5 =+ V =5 =0. (1027)
Defining

one obtains the quantum Hamilton—Jacobi form

2
ats+(v2i)+v+cg:0. (1029)

A.6 Phase closure on a closed loop

Suppose a coherent mode is defined on a closed path C. Single-valuedness requires

U — ¥ after one loop around C. (1030)

296



Thus the net phase change must be an integer multiple of 27:
f Vo.dl=2mn, nez (1031)
C

Since S = ho,
f VS - dl = nh. (1032)
c

This is the geometric root of Bohr—Sommerfeld-type quantization in the phase-closure language
used throughout the manuscript.
A.7 Stationary states and time-independent density

For a stationary state

W(r,t) = (r)e Fh (1033)

the density is
(e, ) = [y (r)]%, (1034)

which is time independent. Hence no oscillating dipole density arises from the pure stationary
factor alone. This is the core mathematical reason why stationary orbitals do not exhibit
ordinary continuous dipole radiation.

A.8 One-electron self-interaction note

For a single electron, a naive Hartree energy would take the form

Unlp] = % / dr / 3’ 47’:235 (r/il|, (1035)

with
p(r) = —elp(r)[*. (1036)

In exact one-electron theory this is not a physical self-repulsion term. The point is corroborated
formally by Hartree—Fock theory, where the one-electron self-Hartree contribution is exactly
canceled by exchange. This is the technical benchmark behind the argument in Section 12.

B Programmatic Extensions and Open Problems

The main text has distinguished between established reductions, interpretive proposals, and
open conjectures. This appendix gathers the most important open directions into one place so
that the future burden of the DS framework is clearly stated.

B.1 Toward a concrete DS action
A major next step is to replace the schematic master equation
g*B(R*) 040V =0 (1037)

with a more constrained action whose symmetry content, conserved currents, and limiting
sectors can be derived explicitly. Such an action should ideally:

(i) recover ordinary linear wave equations in weak-response regimes,

297



(ii) permit controlled nonlinear self-structuring in high-intensity regimes,
(iii) and specify what is meant by the effective metric or constitutive tensor.

Without this step, DS remains partly architectural rather than fully dynamical.

B.2 Finite nonlinear core problem

The finite-core hypothesis is one of the most physically motivated but also most demanding
parts of the program. A successful core model would need to:

(i) soften or regulate naive short-distance self-energy divergence,

(ii) reproduce the long-distance Coulomb form to high precision,

(iii) remain compatible with known scattering and form-factor constraints,

(iv) and clarify how the dressed excitation relates to the effective point-particle limit.

This is a concrete mathematical problem, not merely a philosophical one.

B.3 Interaction-sector derivation problem

The regime-map interpretation of interaction sectors will remain heuristic unless one can derive:
(i) a clear symmetry structure for long-range coherent transport sectors,
(ii) a principled mechanism for short-range reconfiguration sectors,
(iii) and a mathematically explicit realization of confined or internally topological sectors.

The strongest future test here would be whether a constrained DS action yields even a partial
nontrivial sector structure with less ad hoc input than independent postulation.

B.4 Vacuum response problem

The vacuum reinterpretation in the main text depends on the idea that the substrate ceases
to support arbitrarily many independent linear modes above some scale. The next technical
challenge is therefore to derive, rather than merely posit, an effective response law such as

fos(k). (1038)
A satisfactory derivation would need to explain:
(i) why the response function takes its form,
(ii) how it couples to renormalized field theory,

(iii) and whether it has observable implications beyond conceptual regularization.
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B.5 Measurement-threshold problem

The threshold view of measurement is currently a programmatic suggestion. To become a
substantive theory, it would need:

(i) a precise state variable or collective parameter controlling threshold crossing,
(ii) a dynamical law for the onset of irreversible stabilization,
(iii) a relation to environmental decoherence that avoids double-counting,

)

(iv) and, ideally, a route to probability weights or an experimentally distinguishable mesoscopic
prediction.

This is one of the most difficult open problems in the entire program.

B.6 Correlated transport roadmap

The correlated-transport outlook should be developed in a separate future paper rather than
overloaded into the present framework manuscript. A reasonable staged roadmap would be:

(i) identify one concrete material platform or model Hamiltonian with strong constraint and
collective organization;

(ii) define the relevant DS observables in that setting;

(iii) determine whether the DS language produces a nontrivial organizing principle beyond
standard topological or many-body theory;

(iv) only then propose any device concept or switching architecture.

This sequencing is important if the transport aspect of DS is to remain scientifically credible.

B.7 How the framework could mature

The DS framework would mature significantly if the next generation of work accomplished the
following;:

(i) one mathematically explicit DS action,
(ii) one finite-core or nonlinear localized solution,
(iii) one clearly defined experimental discriminant,

(iv) and one domain in which DS yields either a simpler derivation or a genuinely distinct
prediction.

Without such progress, DS may remain an illuminating organizing language but not yet a deeper
physical theory.
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B.8
The

Final open-question summary
central open questions are therefore:
What is the most constrained viable DS action?
Can a finite nonlinear charged core be derived?

Can interaction sectors emerge from the same substrate with calculable symmetry struc-
ture?

Is there a physically derived vacuum response law?
Can measurement-like threshold stabilization be made precise?

Does DS imply any concrete mesoscopic or transport signature not already captured by
existing theory?

A framework becomes scientifically durable when its open questions are sharp enough that

future work can truly fail. The present appendix is intended to make those questions explicit.
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