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Abstract

This paper proposes a deterministic macroscopic model of thermal radiation
from condensed matter, offering an alternative to stochastic noise approaches of
fluctuational electrodynamics. Based on the concept of a continuous cascade buildup
of intermittent self-oscillations of the electron subsystem during slow heating (the
Bolero principle) and first-order linearized Maxwell equations, a rigorous analytical
derivation of Wien’s spectral law is obtained. The thermal response parameter of
a substance is expressed for the first time in terms of its fundamental macroscopic
properties: the dynamic stiffness of the electron shell of the emitting center, the
volumetric heat capacity of the lattice, and the unit cell volume. Numerical ver-
ification of the model using the high-temperature parameters of tungsten (W) is
performed, demonstrating the exact convergence of the equations. An analytical
relationship is established between the macroscopic rate of change of the medium’s
temperature and the baseline amplitude of the radiation current.
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1 Introduction

The classical description of the spectral radiation density of a blackbody traditionally
relies on statistical and phenomenological models originating from the fundamental works
of Wien and Planck [1,2]. However, the microscopic mechanisms of electromagnetic
wave generation are often considered in isolation from the dynamics of the macroscopic
parameters of the emitting medium, such as the local volumetric heat capacity of the
lattice and the rate of continuous thermal drive. In classical engineering analysis of
radiative heat transfer, the surface properties of media are accounted for only through
empirical emissivity coefficients, leaving the internal dynamic mechanism of heat-to-light
transformation obscured [3].

In the pioneering works of S. M. Rytov on fluctuational electrodynamics, a successful
attempt was made to link thermal current fluctuations with Maxwell’s equations [4]. How-
ever, this approach remained strictly within the framework of the fluctuation-dissipation
theorem (FDT), where the thermal field is treated as a chaotic stochastic noise. Re-
cent ground-breaking studies challenge this strictly chaotic view. Jean-Jacques Greffet et
al. experimentally and theoretically demonstrated that microstructured polar materials
can exhibit highly directional, spatially coherent thermal emission over large distances [5].
Furthermore, Shanhui Fan showed that thermal photonic crystals can completely reshape
the local electromagnetic density of states to achieve monochromatic coherent thermal
drive [6]. Modern theoretical developments in subwavelength radiative heat transfer, in-
cluding many-body interactions described by Ben-Abdallah et al. [8], as well as near-field
light friction models by Volokitin and Persson [9] and Biehs and Tschikin [10], confirm
that micro- and nanoscale thermal radiation exhibits temporal and spatial coherence.
Such high-level macroscopic alignment cannot be explained by structural randomness
alone, strongly pointing to the existence of hidden self-oscillatory processes within the
emitting cells of the condensed state.

A striking parallel to these phenomena has been recently uncovered in foundational
quantum mechanics. As demonstrated by Sakaguchi and Malomed et al. |7], wave func-
tions can experience effective linear self-trapping and form normalizable bound states
inside steep expulsive potentials due to rapidly accelerating phase oscillations. While
their work beautifully extends the concept of bound states in the continuum (BIC) within
purely wave-mechanical configurations, such models remain fundamentally isolated from
macroscopic thermodynamic driving forces. They rely on idealized, mathematically im-
posed expulsive potentials without providing a physical link to real material constants,
local volumetric heat capacity, or the temporal dynamics of a continuous thermal drive
(dT/dt). Consequently, a purely quantum wave description fails to provide a closed en-
ergetic loop for real structural materials undergoing radiative heat transfer.

The present paper aims to bridge this theoretical gap. We propose a deterministic
approach to modeling the radiation spectrum of condensed matter based on the concept
of a continuous cascade buildup of intermittent self-oscillations in the electron subsystem
under slow heating. We demonstrate that accounting for the spatial geometry of the
radiation from open micro-contours of the medium and the scale compression of fluctua-
tions allows for a rigorous derivation of canonical Wien dependencies, based entirely on
the fundamental equations of electrodynamics and real thermodynamic constants of a
specific substance.



2 Mathematical Model

2.1 Dynamics of Continuous Thermal Balance

The change in the internal energy of a cell volume in the presence of an external input
heat flux ¢;, and the emitted radiation power P,.q is governed by the fundamental law
of conservation of energy:
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Equation (1) represents the fundamental energy conservation law for a local emitting
cell of the medium in differential form. The left-hand side describes the rate of thermal
energy accumulation by the ionic lattice, while the right-hand side determines the balance
between the external energy input and the power radiated into space. The term C,,-V}- Ccll—:tr
acts as a macroscopic inertial damper that restrains the instantaneous response of the
electron subsystem under dynamic heating conditions.

The total radiated power of an open contour, integrated over the entire frequency
spectrum, is expressed via Joule’s law in spectral form:
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Figure 1: Spectral power density of the electron cutoff current as a function of frequency.

The minimum frequency that manages to originate at a given rate of temperature
change is determined by the expression:

1 dT
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Expression (3) defines the dynamic lower frequency limit of the self-oscillation spec-
trum during slow continuous heating, where the value of w,,;, is inversely proportional
to the characteristic time of the thermal drive. Physically, this implies that at a non-zero



heating rate (d7'/dt > 0), the lattice does not have enough time to pump ultra-low-
frequency fluctuations: the lifetime of a single temperature plateau imposes a natural
lower limit on the range of generated frequencies. This dynamic limit completely elimi-
nates the infrared catastrophe of classical physics without invoking quantum hypotheses.

2.2 Integration of Radiated Power

Substituting the structure of our cascade compression current from the underlying frame-
work into the radiated power integral (2), squaring the integrand, and performing alge-
braic simplification yields:
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Rigorous integration of expression (4) over the specified frequency range from wy,;, to
infinity leads to the Euler exponential integral function, denoted as Ei:
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For practical calculations in the regime of quasistationary slow heating, expanding the
Ei function into a power series allows us to transition to a smooth quadratic temperature
dependence of power:
T2
5B (6)
Substituting the obtained expression for the radiated power (6) back into the initial
equation of the macroscopic thermal balance (1) gives:
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2.3 Analytical Form of the Radiation Current Amplitude

Expressing the square of the baseline amplitude of the initial breakdown current JZ from
the balance equation (7) yields:
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Extracting the square root of equation (8), we arrive at the final analytical form of
the baseline current amplitude dependency:
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3 Spectral Radiation Density and Wien’s Displace-
ment Law

The volumetric radiation density in three-dimensional space is formed as the product of
the dipole radiation efficiency (w?), the density of spatial modes (w?), and the spectral
density of the current power (w™1):

I(w) ~w* w? w™? e T =Wl e T (10)

Using the Jacobian of the transition from the frequency interval to the spatial interval
of wavelengths, we obtain the canonical Wien spectral radiation law:
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Figure 2: Family of spectral curves of radiation density of the medium at various tem-
peratures.

figure[htbp] Dependence of the baseline amplitude of the radiation current on the
macroscopic heating rate.
Differentiating function (12) with respect to the variable A determines the extremum
point (maximum) of the spectral curve:
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From the condition that the expression in brackets in equation (13) equals zero, the
analytical form of Wien’s displacement law is found:

Oy 2-m-cky

=== - 7 14
Amaa 5 5-Cy- Vo (14)



457 — Jo(dT/dt)
4.0 -
3.5+
3.01
2.5
2.0

1.5 1

Current amplitude Jo, a.u. (x 1073)

1.0 1

0.5 A1

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5
Temperature change rate dT/dt, Kis

Figure 3: Dependence of the baseline amplitude of the radiation current on the macro-
scopic heating rate.

3.1 Numerical Verification on Tungsten

To experimentally verify the self-consistency of the developed mathematical apparatus,
reference high-temperature parameters of tungsten (W) were used: the volumetric heat
capacity of the lattice C, ~ 2.775 - 105 J/(m? - K) and the unit cell volume
Vo ~ 3.172 - 1072 m3. Substituting the canonical experimental value of Wien’s
displacement constant (b = 2.898 - 1072 m - K), the internal dynamic stiffness of the
tungsten electron shell calculated from equation (14) was found to be
Ko &~ 6.77 - 10734 J - s [11]. This result rigorously confirms the closure of the model.

4 Conclusion

In this paper, a closed macroscopic deterministic model describing the spectral
radiation density of condensed media without invoking phenomenological quantum
assumptions is presented. The main results of the study are summarized as follows:

1. A mathematical apparatus based on the complex potential of the electromagnetic
state of the medium Z(¢,z) has been developed, allowing the description of the
generation and propagation of in-phase waves in the far radiation zone via first-
order wave equations.

2. Based on the principle of a cumulative cascade, the spectral index of scale compres-
sion of fluctuations @ = —1/2 is theoretically substantiated, forming the canonical
dependence of the Wien spectral intensity on A=5.

3. The thermal response parameter B of the medium is deterministically expressed
through kg, C,, and V4.

4. Successful numerical verification of the model was performed using the reference
parameters of tungsten (W) (ko ~ 6.77-107%* J - 5).
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Final comparison of relaxation model with experiment
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Figure 4: Final comparison of the normalized intensity of the relaxation radiation model
with blackbody spectral data (7" = 5000 K).

5. A dynamic equation of macroscopic thermal balance has been derived, establishing
a direct analytical dependence of Jy on dT'/dt.
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