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The Hartman effect—where quantum tunneling time remains invariant to barrier thick-
ness—presents a fundamental paradox that challenges both classical physics and special
relativity. Here, we introduce a theoretical framework that resolves this paradox by proposing
a radiation-mediated energy transport mechanism coupled with the electron’s Zitterbewegung
oscillation occurring at four percent of light speed. Our model introduces a dual-kernel architecture
where an electron’s thermal potential energy simultaneously occupies two distinct spatial locations,
providing a deterministic interpretation of quantum superposition and tunneling phenomena. During
barrier traversal, we demonstrate that electrons undergo a particle-to-radiation transformation while
kernel dissolution occurs over a duration corresponding to the time it takes to traverse the Compton
wavelength at four percent of the speed of light, with radiation propagating at light speed over
the Compton wavelength. Since the kernel dissolution period is long compared to the radiation
propagation time, the overall tunneling duration remains effectively independent of barrier thickness.
This theoretical framework accounts for both the Hartman effect and the experimentally verified
absence of electrons within potential barriers, while maintaining consistency with both quantum
mechanics and special relativity. Our findings recast quantum tunneling as a deterministic energy
redistribution process, offering new insights into the fundamental nature of quantum phenomena

while maintaining consistency with established physical principles.

I. INTRODUCTION

Quantum tunneling is a fundamental phenomenon of
quantum mechanics, describing the ability of particles
to overcome potential barriers despite lacking sufficient
classical energy [I, 2]. Among its most enigmatic
manifestations is the Hartman effect, where tunneling
time remains nearly constant regardless of barrier
thickness [3]. This behavior defies classical expectations
and raises fundamental questions about its compatibility
with special relativity [4, 5]. While various approaches
to redefining tunneling time have been proposed [0,

], challenges remain in developing a comprehensive
theoretical framework.

This phenomenon manifests its fundamental impor-
tance across diverse applications, from facilitating nuclear
fusion at reduced temperatures to enabling atomic-scale
visualization through scanning tunneling microscopy [8, 9].
However, the fundamental question of tunneling time—the
duration required for particle traversal through a potential
barrier—remains a important question that challenges our
deepest understanding of quantum mechanics. Although
seminal investigations [10, 11] illuminated the paradoxical
nature of this process, contemporary experimental
evidence continues to reveal fundamental limitations in
the existing theoretical framework.

The Hartman effect, discovered in 1962 [3], reveals that
beyond a certain barrier width, tunneling time becomes
independent of the barrier’s thickness. This counter-
intuitive observation has sparked significant debate, as
it appears to imply superluminal velocities, creating a
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conflict with the principles of special relativity [4, 5].
Although various theoretical frameworks have attempted
to address this paradox through alternative definitions of
tunneling time [0, 7], none have provided a comprehensive
resolution that aligns fully with experimental observations
and fundamental physics.

In this study, we introduce an approach based on the
0-Sphere model [12], which offers a fresh perspective on
electron structure and dynamics. A proposed approach in
our framework is the concept of thermal potential energy
(TPE), which represents a fundamental departure from
the classical notion of rest mass. In the 0-Sphere model,
an electron’s rest mass energy is not a static property but
can transform into radiation energy during transport and
reconstitute at a different location. This dynamic property
of rest mass exists simultaneously at two distinct spatial
locations in our dual-kernel structure. The cornerstone of
our framework is this dual-kernel architecture, which not
only challenges the conventional view of rest mass as a
permanent, localized property but also provides a concrete
physical basis for quantum superposition and tunneling
phenomena. This interpretation not only provides a
concrete physical basis for quantum superposition but also
predicts a precise one-way transfer time of 2.00 x 1079 s
between the kernels, offering a theoretically derived
timescale for quantum tunneling phenomena.

In contrast to previous methodologies based on wave
packet analysis or perturbative techniques [6, 13], which
frequently yield ambiguous interpretations of tunneling
time, our approach employs closed algebraic equations
centered on single-electron dynamics. The phenomena
traditionally interpreted as quantum fluctuations within
conventional quantum mechanics emerge in our framework
as precise oscillations in thermal potential energy between
the dual kernels, governed by explicit equations [l4,
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]. This deterministic approach not only maintains
consistency with the core principles of quantum mechanics
but also provides a concrete, physically intuitive
mechanism for tunneling phenomena.

The 0-Sphere model describes electron tunneling as an
interconversion process between thermal potential energy
(TPE) and kinetic energy. The TPE, which represents the
electron’s rest mass, transforms into thermal radiation
and is treated as a kernel in this paper. This kernel
rapidly converts to kinetic energy within approximately
2.00 x 10719s. We shall refer to this as Kernel A.

Upon conversion of TPE to kinetic energy, this energy
traverses the tunnel barrier through radiation transport.
The radiation energy, after crossing the tunnel barrier,
recondenses into TPE at a specific position, which we
shall designate as Kernel B.

It is important to note that the positions of Kernel A
and Kernel B are discrete. However, the kinetic energy
transported via radiation from Kernel A to Kernel B
exhibits wave-like properties and maintains continuity
throughout the transport process.

This mechanism explains the Hartman effect and aligns
with experimental findings that electrons are not observed
within potential barriers [13], supporting the notion
of radiation-mediated energy transfer. By maintaining
consistency with both quantum mechanics and special
relativity, this framework resolves the apparent paradox
of superluminal tunneling velocities.

A distinctive feature of our approach is its divergence
from traditional interpretations, as it formulates a
geometrically precise quantum theory characterized by
deterministic equations. By emphasizing the electron’s
intrinsic oscillatory motion (Zitterbewegung) [14, 16] and
its role in tunneling dynamics, we bridge the conceptual
gap between quantum mechanics and classical intuition,
offering a coherent explanation of the Hartman effect.

Our prior studies [12] have demonstrated that Zit-
terbewegung, occurring at approximately four percent
of the speed of light, explains the trembling motion
of electrons. Historically dismissed as a mathematical
artifact, this oscillatory behavior has gained experimental
support [17, 18]. The 0-Sphere model and the Dirac
equation both describe this motion using first-order
sine functions, revealing a mathematical correspondence
between these distinct theoretical approaches.

II. THEORETICAL FOUNDATION: THE ROLE
OF REST ENERGY IN TUNNELING

To illustrate the theoretical framework, Fig. 1 presents a
comparative visualization. The conventional understand-
ing of quantum tunneling, shown in Fig. 1a, depicts an
evanescent wave decaying through a potential barrier.
In contrast, the 0-Sphere model (Fig. 1b) introduces
a fundamentally different mechanism: two spatially
separated kernels (A in green and B in blue) connected
through radiation pressure. The solid sinusoidal curve
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Fig. 1. Comparison between conventional quantum
tunneling and the proposed radiation-mediated transport
mechanism. (a) Traditional representation showing an
incident wave encountering a potential barrier and
resulting in an evanescent wave. (b) The dual-kernel
model showing kernels A (green) and B (blue) separated
by a potential barrier. The solid sinusoidal curve
represents successful radiation-mediated transport where
the electron has sufficient radiation energy to overcome
the barrier, while the dashed curve shows the case of
insufficient energy for barrier traversal, both analogous
to a mechanical Slinky toy system. The yellow arrow
represents the geodesic path of radiation energy transfer
between kernels, driven by radiation pressure—this
geodesic trajectory, in the sense of general relativity,
represents the actual path taken by the radiation energy.
This mechanism transforms the abstract concept of
quantum tunneling into a deterministic energy transport
process between fixed kernel positions. The key point is
that the kinetic energy of a single electron varies with its
temporal phase. This result, derived from the 0-Sphere
model, determines the probability of transmission or
reflection depending on the temporal phase at which the
electron collides with the tunnel barrier.

represents successful radiation-mediated transport where
the electron has sufficient radiation energy to overcome
the barrier, while the dashed curve shows the case of
insufficient energy, both behaviors being analogous to a
Slinky toy system’s mechanical oscillations. The yellow
arrow indicates the geodesic path of radiation energy
transfer from kernel A to kernel B, demonstrating how
thermal potential energy is converted to radiation energy
for barrier traversal. This mechanism provides a concrete
physical interpretation for what has traditionally been
described by evanescent waves in quantum mechanics.

The fundamental of our analysis lies in understanding
how an electron’s rest energy (Ep) contributes to its
tunneling behavior through periodic energy oscillations.
A key concept in our framework is thermal potential
energy (TPE), which represents the portion of rest
energy that can be converted into radiation during
the tunneling process. Unlike conventional potential
energy, TPE characterizes the electron’s capacity to
exchange energy between its dual-kernel structure through
thermal-radiative processes.
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Fig. 2. Energy distribution in the 0-Sphere model
showing perfect energy conservation. The graph shows
how energy oscillates between thermal and kinetic forms:
thermal potential energy terms cos*(¢/2) at kernel A
and sin®(¢/2) at kernel B (complementary oscillations),
and kinetic energy term (1/2)sin?(¢) of the photon
sphere (double-frequency oscillation). Their sum remains
constant at 1 throughout the complete cycle of 4,
demonstrating exact energy conservation as the system
transitions between thermal potential and kinetic energy
states.

Ey = E, (cos4 (wt) + sin® (wt) + 1sin2(wt)) .
2 2 2
(I1.1)

This equation reveals the fundamental nature of
electron behavior: a continuous interchange between
thermal potential energy (TPE) and kinetic energy. The
third term, %sinz(wt), holds particular significance as
it represents the oscillating component of the electron’s
kinetic energy, with a maximum amplitude of %EO.

The radiation gradient in our electron model emerges
from a precise mathematical relationship between two
thermal potential energies (TPE). To understand its
origin, let us examine how the TPE oscillates between
two kernels:

TPEL) : Toy = Epcos* wt , 1.2
2

(TPEg) : Tep = Epsin® (“;t) : (11.3)

Figure 2 illustrates the perfect energy conservation
in our electron model through the complementary
oscillations of thermal and kinetic energies. When
we examine the electron’s motion between two kernels,
we find that the TPE gradient drives a systematic
energy conversion process. At point A, the electron
possesses maximum thermal potential energy (cos*(¢/2)
term peaks). As it moves toward point B, this TPE

gradually converts into kinetic energy (represented by the
(1/2) sin?(¢) term), driving the motion of the surrounding
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Fig. 3. Time evolution of thermal potential energy
(TPE) and its temporal derivative at kernel A. The solid
line shows the TPE distribution (cos*(wt/2)), while the
dashed line represents its temporal derivative
(—2cos?(wt/2) sin(wt/2)), which corresponds to the
radiation pressure driving the photon sphere. At
temporal phase ¢ = wt = 7, (cos*(wt/2)) becomes zero,
indicating that TPE at kernel A completely vanishes. At
this phase, all energy has been transferred to kernel B
(sin*(wt/2) = 1), and the kinetic energy term

(1/2) sin?(wt) is also zero, signifying the completion of
electron tunneling. The temporal derivative reveals how
the radiation pressure changes over time, providing the
mechanism for photon sphere propulsion between the
kernels.

photon sphere. Upon reaching point B, the energy
reconverts to TPE (sin?(¢/2) term peaks), and the
process reverses. This oscillation maintains perfect energy
conservation while enabling a unique form of periodic
motion, as evidenced by the constant sum of all energy
terms.

As shown in Fig. 3, the solid line represents how TPE
at kernel A varies with its temporal phase, while the
dashed line shows its temporal derivative. The negative
values of the temporal derivative up to wt = 7 clearly
indicate that kernel A releases its TPE during this phase.
This TPE gradient between points A and B provides the
fundamental driving force for electron oscillation [12]:

grad(Tee — To1) = Ep sin(wt). (I1.4)

The resulting force emerges from the TPE difference
between the two kernels. At kernel A, thermal
energy is emitted through radiation, while at kernel B,
this radiation is absorbed—creating a dynamic energy
imbalance that propels the electron’s motion. When
the TPE is equal between the kernels, the photon
sphere achieves its maximum velocity as all available
thermal energy has been converted to kinetic energy.
The sinusoidal form of the radiation gradient in Eq. 11.4
behaves analogously to a spring-mass system: when the
gradient reaches its maximum magnitude, it represents
the state where the spring is either fully extended or fully
compressed, exerting maximum force but yielding zero
velocity of the attached mass. Similarly, when the TPE
difference between kernels becomes zero ((Tea —Te1) = 0),
the radiation gradient vanishes, corresponding to the
moment when the photon sphere achieves its maximum



velocity, just as a mass on a spring reaches peak velocity
at the equilibrium point.

Based on these dynamics, periodic variations arise in
the electron’s kinetic energy, determining its ability to
penetrate the barrier. The process begins at point A,
where the electron possesses maximum thermal potential
energy. As it moves toward the barrier, TPE converts
to kinetic energy. The success of barrier penetration
depends on whether the radiation energy reaches the
threshold necessary to overcome the potential barrier.
After penetration, kinetic energy reconverts to TPE at
point B.

Through the gradient mechanism, periodic variations
emerge in the electron’s kinetic energy via light speed
energy transfer between kernels. When encountering a
potential barrier, the electron initially exists as a massive
particle with maximum thermal potential energy at point
A. As it reaches the barrier interface, this thermal
potential energy converts to radiation energy. During
barrier traversal, the energy propagates at light speed via
the photon sphere, driven by radiation pressure gradients
between the kernels. Upon emerging from the barrier, the
radiation energy reconverts to thermal potential energy
at point B, completing the tunneling process.

III. DISCUSSION

A. Quantum Tunneling and Anomalous Magnetic
Moment: A Unified Description

The Hartman effect—which suggests that tunneling
time remains invariant to barrier thickness—has been
experimentally indicated. Through our theoretical frame-
work that connects the electron’s anomalous magnetic
moment to its Zitterbewegung oscillation frequency, we
can provide a quantitative explanation for this phe-
nomenon. The quantum tunneling effect, as traditionally
described by the Schréodinger equation, connects incident
and transmitted waves through exponentially decaying
functions within the potential barrier [2].A fundamental
connection between this conventional description and the
0-Sphere model lies in the nature of energy transmission
through the barrier.

Experimentally, electrons cannot exist within the
potential barrier itself—a fact that aligns with our model’s
fundamental premise that kernels A and B must be
located outside the barrier region. In the 0-Sphere model,
the transmitted wave corresponds to the kinetic energy of
the photon sphere driven by radiation gradients generated
between kernels A and B. This correspondence provides
an intuitive physical interpretation of the mathematical
connection that the Schrodinger equation establishes
between wavefunctions on either side of the barrier
through exponential decay functions. To illustrate
our model’s mechanism of energy propagation through
barriers (see Fig. 1b), a helpful analogy can be drawn
from a familiar mechanical system.

-a

Fig. 4. Spatial and temporal evolution of thermal
gradients between two kernels. The blue and green
curves show the individual thermal gradients (grad Tel
and grad Te2) at each kernel, while the orange line
represents their difference (grad (Te2 — Tel)), which
generates the radiation pressure driving the photon
sphere. These gradients oscillate between points —a and
+a with phase 6, demonstrating how the radiation
mechanism emerges from the coordinated behavior of
both kernels.

Consider a Slinky toy moving along the z-axis between
points z = —a and x = +a, analogous to the sinusoidal
trajectories shown in the figure. When we place a vertical
barrier at * = 0, the Slinky’s ability to traverse this
barrier depends on its instantaneous dynamic state. This
analog system helps illuminate how energy can propagate
through a barrier via wave-like motion, similar to our
model’s radiation transport mechanism depicted by the
solid and dashed curves in Fig. 1b.

The spatial and temporal evolution of the thermal
gradients between kernels, visualized in Fig. 4, demon-
strates how this radiation transport mechanism emerges
from the coordinated behavior of both kernels. The
gradient oscillations drive the photon sphere’s motion,
enabling energy to propagate through the barrier at light
speed while maintaining total energy conservation. The
radiation transport at light speed through the barrier leads
to the apparent instantaneous tunneling characterized by
the Hartman effect.

Our primary focus has been the Hartman effect,
where tunneling time appears independent of barrier
thickness. Let us synthesize our theoretical framework
to address this phenomenon. In the 0-Sphere electron
model, Zitterbewegung is not a mathematical artifact but
rather an intrinsic oscillation of single electrons. This
micro-oscillation should be experimentally verifiable, with
an average velocity of approximately four percent of the
speed of light. Given this constant average velocity, energy
transfer between kernels A and B occurs through radiation
transport, regardless of their separation distance. The
transfer time corresponds to the period during which
kernel A’s energy decreases from 100% to 0%, represented
by the variation of cos*(¢/2) from 1 to 0 at four percent of
light speed. This relationship determines the fundamental
frequency of ¢.



An essential consideration is whether this average
velocity is truly constant across all electrons. This is
because the anomalous magnetic moment does not take
on a different value for each electron. If this velocity
varied between electrons, tunneling times would correlate
with barrier thickness, or quantum mechanically speaking,
might vary probabilistically between individual electrons.
However, experimental observations consistently indicate
a uniform velocity. Our research provides a deductive
explanation for this constancy based on our previous
findings. Zitterbewegung would be connected to the
electron’s anomalous magnetic moment through closed
algebraic equations without relying on perturbation
theory [12]. The key equation relating the electron’s
micro-oscillation velocity to its anomalous magnetic
moment is:

2 L 1
R — (IL.1)
C LO 1 + ﬁae

where v represents the average velocity due to Zitterbewe-
gung, ¢ is the speed of light, and the ratio L/L represents
the Lorentz contraction factor. Here, Ly represents
the length measured by an external observer when
viewing the electron from outside (where the anomalous
magnetic moment is observable), while L is the contracted
length that would be measured from a reference frame
moving with the electron’s Zitterbewegung motion. This
distinction is crucial because, as our thought experiment
suggests, an observer hypothetically located inside the
electron would measure exactly g = 2, as predicted by
the Dirac equation. Notably, this equation serves as
the theoretical foundation for our prediction that the
electron’s Zitterbewegung velocity is approximately four
percent of the speed of light—a value that emerges directly
from substituting the experimental value of the anomalous
magnetic moment into Eq. III.1. The experimental
value of the anomalous magnetic moment is precisely
known [19]:

a®P = 0.001 159 652 180 59 (13). (IT1.2)

Substituting the experimental value of the electron’s
anomalous magnetic moment given in Eq. II1.2 into
Eq. II1.1, we obtain:

v2 1
2 1+ %(0.001 159652 180 59)
~ 0.999179
Therefore,
02
1 — — ~0.998359
c
02

— ~0.001641

% ~ 0.040 506

Thus, we obtain a value of v that is approximately four
percent of the speed of light.

Equation III.1 establishes a fundamental relationship
between electron micro-oscillation velocity and the
anomalous magnetic moment. It implies that if
the anomalous magnetic moment is constant, the
micro-oscillation velocity must also be constant. The
period during which cos*(¢/2) varies from 1 to 0
corresponds to ¢ = w, as cos(¢/2) becomes zero at
¢/2 = mw/2. Given that this variation occurs at four
percent of light speed and involves a distance of one
Compton wavelength \. = h/(mc) = 2.43 x 1072 m, we
can calculate the corresponding time period:

Ac 2.43 x 10712

T = = ~ 2.00 x 107 9.
0.0405¢ 0.0405 - 3.00 x 108 00> 107

(I11.3)
From this period, the angular frequency is derived as:

21
w=—=
T

3.14 x 10*%rad/s. (I11.4)

Consequently, the corresponding frequency becomes:

w

=5 ~5.00x 10'%Hz. (I1L.5)
™

These precise numerical predictions—particularly the
characteristic frequency of 5.00 x 10'® Hz—emerge
naturally from our theoretical framework. While direct
experimental verification of this high-frequency oscillation
remains a significant challenge for current measurement
techniques, the internal comnsistency of our analysis
provides a clear resolution to the Hartman -effect:
the constancy of tunneling time arises from electrons
traversing potential barriers through micro-oscillations,
whose velocity remains uniform across all electrons due
to the universality of the anomalous magnetic moment.

Direct experimental verification of this high-frequency
oscillation remains a significant challenge for current
measurement techniques. However, our analysis provides
a clear resolution to the Hartman effect: the constancy
of tunneling time arises from electrons traversing
potential barriers through micro-oscillations, whose
velocity remains uniform across all electrons due to the
universality of the anomalous magnetic moment.

This cyclic transformation provides a physical mech-
anism for quantum fluctuations described in traditional
quantum theory. When an electron encounters a potential
barrier, the thermal potential energy converts to radiation
energy, allowing the electron to traverse the barrier region
as pure energy rather than as a massive particle. This
mechanism explains both the tunneling process and the
experimental observation that electrons are never detected
within potential barriers.

The present theoretical framework requires further
development to address quantum tunneling effects in
the critical energy range of approximately 1-100 eV,
where these phenomena predominantly occur. A
comprehensive analysis must examine how applied



voltage in this range influences both the electron’s
dual-kernel structure and the energy transfer mechanisms
between kernels. Understanding these interactions would
validate the theoretical framework while advancing our
capacity to predict and control quantum tunneling in
practical applications. Future investigations should
focus on incorporating voltage-dependent behaviors
and their effects on the energy redistribution process,
thereby strengthening the connection between theoretical
predictions and experimental observations.

IV. CONCLUSION

This study introduces a theoretical framework that
could provide a clue about quantum tunneling through
a radiation-mediated transport mechanism between
two spatially separated kernels. By establishing
a direct connection between electron Zitterbewegung
and the anomalous magnetic moment, our proposed
model offers a possible explanation for the Hartman
effect—the phenomenon where tunneling time remains
constant regardless of barrier thickness. This connection
demonstrates that the constancy of tunneling time is
a natural consequence of the universal value of the
electron’s anomalous magnetic moment. In conventional
quantum theory, electrons are treated as wave packets,
leading to problematic discussions of group velocity and
potential superluminal transmission. Instead, we adopt a
deterministic approach based on our previous prediction
that electron Zitterbewegung occurs at approximately four
percent of light speed, providing a natural explanation
for the velocity independence of tunneling.

The proposed approach lies in the dual-kernel structure,
where an electron’s thermal potential energy simulta-
neously exists at two distinct locations, connected by
a radiation field that enables energy transfer with a
precisely calculated transfer time of s ~ 2.00 x 107'?s
(Eq. II1.3). This characteristic time approximately
corresponds to the duration required for traversing

the electron’s Compton wavelength at four percent of
light speed, providing a fundamental physical basis for
our model. The mathematical formalism developed
here applies our previous prediction of Zitterbewegung
frequency f = 5.00 x 108 Hz (Eq. IIL.5) to quantum
tunneling phenomena, with this characteristic frequency
emerging naturally from the fundamental equations of
our model.

The disappearance of kernels is not instantaneous
but occurs over a finite period of s ~ 2.00 x 10719,
corresponding to the time it takes to traverse the
Compton wavelength at four percent of the speed of
light. During this period, radiation transport of rest
mass continues between the kernels. This transfer time,
as given by Eq. II1.3, characterizes the period of sustained
radiation exchange between the kernels. This dual
process, where kernel dissolution occurs while maintaining
continuous radiation transport, suggests not only an
internal structure of electrons but also their finite spatial
extent, while the radiation traverses the tunnel barrier
at light speed. Since this kernel dissolution period is
approximately 25 times longer than (calculated as 1/0.04)
the light-speed transmission time through the barrier,
this mechanism explains the experimental observation
that tunneling time remains constant regardless of barrier
thickness.

This model could contribute to understanding in
physics. For instance, the Schrodinger equation operates
in absolute time, whereas the 0-Sphere model assigns
individual angular velocities to each electron. This
enables the application of proper time concepts from
general relativity to individual electrons. Furthermore,
if electron transport fundamentally occurs through
radiation transmission of rest mass, Snell’s law becomes
applicable. This could serve as an initial step in bridging
quantum mechanics and general relativity. While our
theoretical framework presents a mathematical framework,
further experimental investigations are needed to validate
these predictions, particularly regarding the precise
measurement of radiation-mediated energy transfer during
tunneling events.
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