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Thermionic Analogy of Gamma-Ray Burst Emission from Core-Collapse Supernovae
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ABSTRACT

Gamma-ray bursts (GRBs) associated with core-collapse supernovae are among
the most energetic events in the universe, yet their emission mechanisms remain
incompletely understood. This study introduces a thermionic emission analogy by
adapting the Richardson-Dushman equation to an astrophysical context. Using
observational GRB data and estimated stellar core temperatures, the emission rate
was reformulated and linearized to relate In (Rggrp/T?) to 1/T. Linear regression
yields an effective energy barrier of 1.245 x 10713 J and an emission constant of
1.164. The results indicate that GRB emission is a temperature-dependent, barrier-
limited process, offering a physical explanation for their rarity and variability.
This analytical framework complements existing models and provides a simplified
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Analogy.

approach to understanding high-energy processes in stellar collapse.

INTRODUCTION

Gamma-ray bursts (GRBs) are among the most energetic
events in the universe and are closely associated with the
core-collapse of massive stars and relativistic jet
formation (Zhang et al., 2021; Jerkstrand et al., 2025).
Previous studies have shown that jet propagation, angular
momentum, magnetic fields, and stellar structure
strongly influence whether a collapsing star produces a
GRB (Janiuk ez al., 2023; Kumar & Zhang, 2021). Recent
investigations further emphasize the importance of jet
breakout, energy dissipation, and fallback accretion in
determining GRB observability and variability (Gottlieb
etal.,2022; Bromberg et al., 2021; Metzger, 2020; Siegel
et al, 2022). Multi-wavelength observations and
simulations also reveal significant diversity in GRB
energetics and environments (Margutti et al., 2021;
Laskar et al., 2022).

Analytical studies, such as that of Obioha, Chineke and
Okoro (2023), have likewise demonstrated the
importance of simplified approaches in understanding
GRB behaviour.

Despite these advances, most GRB models rely heavily
on complex numerical simulations and often lack simple
analytical expressions for emission rates. In condensed
matter physics, the Richardson-Dushman equation
describes thermionic emission as a temperature-
dependent, barrier-limited process. Similar threshold
behaviour has been proposed in GRB physics, where
relativistic jets must overcome gravitational and
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magnetic confinement before observable gamma-ray
emission occurs (Beniamini et al., 2020; Lazzati et al.,
2021). Motivated by the need for simplified theoretical
frameworks (Levan ef al., 2023; Pe’er, 2025), this study
develops a thermionic emission analogy for GRB
production by adapting the Richardson-Dushman model
to core-collapse supernovae in order to explain the rarity
and variability of GRB emission within a unified
thermodynamic framework.

MATERIALS AND METHODS

Study Design

This study adopts a quantitative, analytical, and semi-
empirical research design aimed at investigating the
emission rate of gamma-ray bursts (GRBs) from core-
collapse supernovae using a thermionic emission
analogy. The approach integrates observational
astrophysical data with theoretical modeling, specifically
adapting the Richardson—-Dushman framework to
describe GRB emission processes.

Materials

The materials used in this research consist of:

GRB observational data given by Rui-Jing ef al. (2012)
to carry out some estimations.

Published stellar evolution (Rui-Jing et al., 2012) and
core-collapse models used to estimate stellar core
temperatures during collapse. Thus, relating the isotropic
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energy E,, to the internal radiation energy through an
efficiency factor, 1.

Computational software (Origin) for data processing,
visualization, and regression analysis.

Data Collection Methods

GRB data were collected from publicly available
astronomical databases (Rui-Jing et al., 2012), focusing
on GRB luminosity or photon flux (used as a proxy for
emission rate R;gp).

Stellar core temperatures, T were estimated using
established theoretical models of massive star collapse,
drawing from recent literature on supernova simulations
and progenitor structure. Where direct measurements
were unavailable, temperature values were inferred from
energy scales and collapse dynamics reported in the
literature.

Model Formulation

The GRB emission rate was modeled using an adapted
form of the Richardson-Dushman equation (Modinos,
2020):

Rgrp = AT?e~Fo/kT (1)

where:

Rggp 1s the GRB emission rate, T is the stellar core
temperature, Ej, is the effective jet escape energy, A is the
emission constant and k is Boltzmann constant.

To facilitate analysis, the equation was linearized:

i (f22) 1w a5 B

Data Analysis Procedure

The GRB emission rate was approximated by the
isotropic luminosity, defined as the ratio of isotropic
energy to burst duration, R;pp = % (Kumar & Zhang,

2021; Piran, 2021).
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Following the radiation energy density relation E =
aT*V (Rybicki & Lightman, 2004), and introducing an
efficiency factor to account for partial conversion of
internal energy into gamma-ray emission (Beniamini &
Piran, 2020), the isotropic energy (E;,) became:

Eiso = r1aT4V (3)

where:

Efficiency factor, n = 0.1 (commonly used for high
efficiency).

Radiation constant, a = 7.56 X 107%/m=3K~* and
lerg = 1077].

Volume of emission region, V = gnR3 (for stellar core,
R ~ 10"m).
=2

Thatis: V = 3
Thus:

T _ 4 (@) _ 4 ( Eiso ) _ 4\/Eiso
- nav/ 0.1x(7.56X10~16)x(4.19x1021)/) ~ (23.724)
4)

GRB

For each GRB dataset, the quantity: In (RT) was

X 3.142 x (107)% = 4.19 x 1021m3

computed using the estimated temperature values. To
transform the independent variable, reciprocal of

1
temperature was calculated: o

RGRB
TZ

For graphical analysis, a plot of In ( ) against % was
generated to examine the linear relationship predicted by
the model.

Linear regression was applied to the plotted data to

determine:
Slope = — % and Intercept = In A.

From the slope and intercept, the effective energy barrier
E, was calculated and the emission constant A was
determined.

RESULTS AND DISCUSSION
Table 1: Estimates of the GRB emission rate, R;gp and Stellar core temperature T using GRBs observational
data

E;, t(s) Repp = 2 _ VEe T? I (RGRB) 1

44 At - 19 T2 T
(X 10 ) (X 1038) (23.724) (X 10 ) T? T
1)) d/s) (K) (K?) (Js 1K~2) (x 10719)
(K1)

8.25 2592000  3.183 7143738881.05 5.103 43.277 1.4

272 224640 1211 17118050791.4 29.30 47471 0.6

67.2 336960 199.4 12068530793.7 14.56 46.367 0.8

1945 216000 9005 27992519283.3 78.36 48.493 0.4

182 110592 1646 15482102258.9 23.97 45.676 0.6

298 103680 2874 17513225942.8 30.67 48.289 0.6

655 138240 4738 21324183429 45.47 48.395 0.5

57.7 673920 85.62 11617322293.2 13.50 45.596 0.9

95.3 2592000  36.77 13169985893.9 17.34 44.501 0.8

200 164160 1218 15851471476.5 25.13 47.630 0.6

1383 89856 15390 25705001270.4 66.07 49.200 0.4
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Figure 1: Plot of In ( (T;’;B) against .
From the plot in figure 1, the equation of a straight line
becomes:

RGRB _ Ep (1 .
In (%282) = 1n 4= 2(7) (5D
In (R;“;’B) = 48.506 — (9.021 x 10%) (%) (5ii)
To get the effective energy barrier E;, we say:

2 = 9.021 % 10° (6)
E, = k x (9.021 x 10%)

E, = (1.38 x 10723) x (9.021 x 107)

o Ep=1.245%x 10713

To get the emission constant A, we say:

InA = 48.506 @)
v A= 6‘48'506 = 1.164

Discussion
The results of this study indicate that gamma-ray burst
(GRB) emission from core-collapse supernovae can be

NJP VOLUME 35(3)

described as a temperature-dependent, barrier-limited
process within a thermionic emission framework. The
linear relationship obtained from the plot of In (Rgrp/
T?) against 1/T supports the adapted Richardson-
Dushman model and suggests that observable GRB
emission occurs only when the collapsing stellar system
overcomes a critical energy threshold.

The derived effective energy barrier, Ep ~ 1.245 X
10713], is consistent with the extreme energetic
conditions associated with relativistic jet breakout during
stellar collapse. This interpretation agrees with the
findings of Gottlieb, Nakar and Piran (2022), who
showed that successful jet propagation through the stellar
envelope is essential for GRB production. Similarly,
Bromberg, Nakar and Piran (2021) emphasized that jet
breakout conditions strongly determine GRB
observability.
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The emission constant, A =~ 1.164, reflects the efficiency
of converting internal stellar energy into gamma-ray
radiation. This is consistent with the work of Beniamini
and Piran (2020), who demonstrated that GRB emission
efficiency depends strongly on energy dissipation and jet
dynamics. The strong sensitivity of the emission rate to
temperature observed in this study also supports
magnetar-driven and accretion-powered GRB models
proposed by Metzger (2020).

Although the present approach simplifies the detailed
hydrodynamic processes involved in stellar collapse, it
provides a useful analytical framework that complements
existing numerical simulations. Overall, the agreement
between the present findings and previous theoretical
studies suggests that the thermionic analogy captures an
important aspect of GRB emission physics and offers a
simplified explanation for the rarity and variability of
GRBs.

CONCLUSION

This study demonstrates that gamma-ray burst emission
from core-collapse supernovae can be described using a
thermionic emission analogy. The results show that GRB
production is a temperature-dependent, barrier-limited
process, with the derived energy barrier and emission
constant providing insight into the conditions required
for emission. This framework offers a simple analytical
approach that complements existing models and helps
explain the rarity and variability of GRBs.
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