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1 Topics

• Relativistic plasma

– Pauli blocking effects on pair creation in strong electric field

• Strong fields in astrophysics

– Pair production in hot electrospheres of compact astrophysical ob-
jects

• Charged particle motion near black holes

– Electromagnetic field of a charge asymptotically approaching a
spherically symmetric black hole
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3 Brief description

Astroparticle physics is a new field of research emerging at the intersection
of particle physics, astrophysics and cosmology. Theoretical development in
these fields is mainly triggered by the growing amount of experimental data
of unprecedented accuracy, coming both from the ground based laboratories
and from the dedicated space missions.

3.1 Relativistic plasma

Electron-positron plasma is of interest in many fields of physics and astro-
physics, e.g. in the early universe, active galactic nuclei, the center of our
Galaxy, compact astrophysical objects such as hypothetical quark stars, neu-
tron stars and gamma-ray bursts sources. It is also relevant for the physics
of ultraintense lasers and thermonuclear reactions. We study physical prop-
erties of dense and hot electron-positron plasmas. In particular, we are in-
terested in the issues of its creation and relaxation, its kinetic properties and
hydrodynamic description, baryon loading and radiation from such plasmas.

Two different states exist for electron-positron plasma: optically thin and
optically thick. Optically thin pair plasma may exist in active galactic nuclei
and in X-ray binaries. The theory of relativistic optically thin nonmagnetic
plasma and especially its equilibrium configurations was established in the
80s by Svensson, Lightman, Gould, Haug and others. It was shown that re-
laxation of the plasma to some equilibrium state is determined by a dominant
reaction, e.g. Compton scattering or bremsstrahlung.

Developments in the theory of gamma ray bursts from one side, and ob-
servational data from the other side, unambiguously point out on existence
of optically thick pair dominated non-steady phase in the beginning of for-
mation of GRBs. The spectrum of radiation from optically thick plasma is
usually assumed to be thermal.

Experiments with high intensity laser beams interacting with each other
as well as with solid targets aim at creation of relativistic plasmas and their
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3 Brief description

study in laboratory conditions. The goal of such experiments is reproduction
of astrophysical plasmas in controlled environment.

In a series of publications we consider kinetic, electrodynamic, hydrody-
namic and observational properties of relativistic plasma. In 2024 we focused
on electrodynamic part and pair creation, accounting for quantum statistics
of particles.

3.2 Strong fields in astrophysics

Despite strong efforts the Schwinger process is not yet reachable in laboratory
conditions. However, one may look for this process in some extreme astro-
physical environments, for reviews see Ruffini et al. (2010); Vereshchagin and
Prakapenia (2022). Various kinetic effects in strong electromagnetic fields are
discussed in Vereshchagin and Aksenov (2017). We focus on physical pro-
cesses in strong electric field such as pair production and their evolution in
external fields, which may be probed by astrophysical observations.

3.2.1 Pair production in hot electrospheres of compact
astrophysical objects

In this work we revisited pair production in compact astrophysical objects
endowed with strong electric field on their surface. The region with overcrit-
ical E > Ec electric field in these objects is called electrosphere. Electrospheres
are predicted for such hypothetical objects as superheavy nuclei Migdal et al.
(1976) and quark nuggets Forbes et al. (2010). The magnitude of electric
field in electrosphere depends on the sharpness of the boundary of positively
charged component Mishustin et al. (2010). Usov in his seminal paper Usov
(1998) proposed that hot quark stars may be a source of pair winds, poten-
tially observable at cosmological distances. The main parameter determining
the wind is the temperature on the quark star surface TS. Based on this work
detailed study of particle interactions was performed by Aksenov et al. Ak-
senov et al. (2004, 2005) predicting observed properties of hot quark stars.
Usov’s rate is used in many publications since then.

In our paper Prakapenia and Vereshchagin (2024) we reconsider Usov’s
mechanism of pair creation in electrosphere of compact objects. First, we
show that the reasoning under Usov’s results contain some flaws. Then,
we provide new arguments how pair creation can operate, and derive the
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3.2 Strong fields in astrophysics

rate of pair creation together with pair luminosity for electrosphere of a com-
pact astrophysical object. Finally we perform self-consistent simulations for
electron-positron pair creation and electric field evolution in electrosphere us-
ing Vlasov-Boltrzmann equations, describing distribution functions of elec-
trons and positrons, and Maxwell equations describing time and space evo-
lution of electric field. Our results indicate that hot electrosphere indeed is a
source of strong pair wind.

In particular, our kinetic simulation reveals two physical effects in hot elec-
trosphere, which were ignored in previous analyses. The first effect is the
inflation of electrosphere due thermal evaporation of electrons, leading to
its spatial extension to distances much larger than the electrostatic solution
implies. The second effect is enhancement of the rate of pair creation due
to pair simultaneous acceleration by the electric field, first established in
Benedetti et al. (2011). The latter effect can operate at electric fields values
up to E ≲ 127Ec. Both effects are crucial for estimation of pair creation rate,
especially at low temperatures with strongly degenerate electrons, where an-
alytical formulas fail to reproduce numerical rates, see Fig. 3.1.

Numerical simulations show that, as expected, the Schwinger process op-
erates for nonzero temperature TS. Positrons are accelerated in the Coulomb
barrier and move outward. The total outward flux is approximately neutral
due ability of electrons to overcome the Coulomb barrier. The distribution of
the electric field and electron density is quasi static, and pair creation does
not back react on the electrosphere. As a result electrons do not occupy all
empty states and the process operates continuously.

Our results are summarized in Fig. 3.1. Usov’s original prediction is
shown by dashed curve. The rate obtained from the high field approxima-
tion E ≫ Ec to the Schwinger formula neglecting Pauli blocking factors is
shown by dotted curve. The rate obtained from the Schwinger formula with
Pauli blocking factors is shown by solid curve. Dots represent numerical re-
sults from solution of the Vlasov-Maxwell equations.

Initial conditions are chosen from electrostatic solution to the Maxwell-
Vlasov system, neglecting pair creation. We recall that electrostatic solution
of the the full Maxwell equations exists only in the case TS = 0, that is for
fully degenerate electrons. Only in this case the chemical potential µ = eφ
equals Fermi energy, which means that there are no electrons with energies
exceeding the Coulomb barrier. However, when the surface temperature is
non-zero TS > 0 there is a small part of electrons with energies larger than
the Coulomb barrier. These electrons move outward the surface increasing
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3 Brief description

Figure 3.1: Pair creation rate in the electrosphere Ṅ± according to Usov
(dashed curve), ignoring Pauli blocking (dotted curve) and taking into ac-
count Pauli blocking but neglecting pair acceleration (solid curve). Dots rep-
resent numerical results.

2 4 6 8 10
1052

1053

1054

1055

1056

1057

kBTS/mec
2

N
±

the electric field outside the surface of the compact object, leading to electro-
sphere inflation.

The main conclusion is that the rate of pair creation in electrosphere is
largely underestimated in the literature. Moreover, the luminosity in pairs
is determined not only by the temperature, but by the acceleration provided
by the electric field. We find that the luminosity in pairs can be as large as

L± ≃ 1.3 × 1052 erg/s
(

E
5 × 1017V/cm

)3

.

In this estimate the typical value of electric field E = 30Ec obtained from
electrostatic configurations is used.

This work is supported within the joint BRFFR-ICRANet-2023 funding
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3.2 Strong fields in astrophysics

programme within the Grant No. F23ICR-001. The results are presented in
several meetings and published in the Astrophysical Journal, 2024.

3.2.2 Radial electromagnetic perturbation of a compact
astrophysical object

We also considered another mechanism of energy deposition on the surface
of a compact object with electrosphere: the deformation of the surface, e.g.
radial displacement with respect to the electrostatic solution. Electrons and
quarks respond differently to such a deformation (due to different fundamen-
tal interactions involved). Then such mechanical deformation will result in
electrodynamical perturbation. We model such a perturbation as electric cur-
rent. This is an alternative mechanism to heating, which, as we show, may
also result in pair creation in the perturbed electrosphere.

We study relaxation of such perturbations in a microscopic scale for differ-
ent parameters, characterizing the problem. With this goal relativistic kinetic
equations with both source term describing the Schwinger pair production
and collisional term describing relaxation accounted for are solved numeri-
cally together with the Maxwell equations.

Our results are shown in Fig. 3.2, where energy density evolution in all
components (electrons, positrons and electric field) are shown for a pertur-
bation extended on a spatial scale much larger than the mean free path for
Coulumb collisions. At the time moment t = 1tc electrons move outside the
surface in accordance with its initial velocity, but energy excess is not dis-
solved yet. The perturbation in fact is a form of electric current which acts
to increase the electric field within the surface of the compact object, leading
to electron-positron creation in that region. The integral energy in different
components is shown in Fig. 3.2. One can see that the increase of the electric
energy occurs simultaneously with the decrease of the energy of electrons.
Then at the time moment t = 15tc after a few oscillations, which are visible
in Fig. 3.2, electric field decreases down to its electrostatic values, and a flux
of electron-positron pairs forms outside the surface of the star. At this point
pairs are created in the electrosphere with nearly a constant rate, as can be
seen also from Fig. 3.2, where the energy of positrons grows monotonically.
This pair creation process is caused by thermalization of perturbed electrons.
Finally, at the time moment t = 30tc there is a steady approximately electri-
cally neutral pair flux outside the surface.
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Figure 3.2: Integrated energy density ρ̄ for electric field and pairs as a function
of time. The case of ∆2 with δ = 50. Blue: electrons. Orange: positrons. Red:
electric field.
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3.3 Charged particle motion near black holes

Our simulations imply that the necessary condition for steady pair creation
to occur is that the spatial scale of perturbation exceeds the mean free path, so
that the electromagnetic perturbation is not dissipated, but its energy is con-
verted into thermal energy, which in turn leads to opening up of the phase
space for electrons and the corresponding possibility for prolific pair creation
due to the Schwinger process. When this condition is not satisfied, pairs are
created only in a short burst due to plasma oscillations, which quickly dissi-
pate due to collisions. The mechanism of pair creation in this case is different
from the thermal one: it is due to plasma oscillations, and not due to heating.

This work is supported within the joint BRFFR-ICRANet-2023 funding
programme within the Grant No. F23ICR-001. The results are presented in
several meetings and submitted for publication to Physical Review D, 2024.

3.3 Charged particle motion near black holes

This year we continued the project dedicated to the motion of charged parti-
cles near black holes, supported by the joint ICRANet-BRFFR program. The
purpose of the work is determination of electromagnetic field of a test charge
moving in the vicinity of a black hole, as well as determination of its obser-
vational characteristics and application of obtained results to astrophysical
problems of radiation in the vicinity of black holes. It is proposed to use the
general covariant approach to calculate the retarded potentials of the electro-
magnetic field of a particle moving in the vicinity of a black hole.

3.3.1 Electromagnetic field of a charge asymptotically
approaching a spherically symmetric black hole

The dynamics of electromagnetic fields and electromagnetic radiation of
charged particles moving in the vicinity of a black hole are relevant in many
astrophysical problems, and they are involved in the description of active
galactic nuclei, X-ray binaries, and microquasars. Recently, the interest in
this subject has been revived due to the realization that magnetized black
holes may accelerate particles and thus produce strong electromagnetic sig-
nals. This is an important subject for models of energy extraction from black
holes.

We prepared an extensive review of the main works dedicated to this topic,
published last year Komarov and Vereshchagin (2025).
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3 Brief description

Given the fact that the problem under consideration is quite involved, the
solution is approached in steps. The first step is the determination of the
electromagnetic field of a static charge outside the black hole. Then, the dy-
namical problem is addressed with the motion of a charge without radiation.
Next, the problem of a charge (mass) emitting electromagnetic (gravitational)
radiation is considered. Finally, the radiation reaction on the motion of the
charge is taken into account. We prepared a review of the historic develop-
ments and recent results obtained in the study of this problem. Our main goal
was to highlight the basic assumptions and limitations of various techniques
and point out the main conclusions of these studies.

This work is supported within the joint BRFFR-ICRANet-2023 funding
programme within the Grant No. F23ICR-003.

These results are published in Particles 2025, 8, 1.
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4 Publications

4.1 Refereed papers

1. M. A. Prakapenia and G. V. Vereshchagin, “Pair creation in hot electro-
sphere of compact astrophysical objects”, ApJ 963 (2024) 149.

The mechanism of pair creation in electrosphere of compact astrophysical ob-
jects such as quark stars or neutron stars is revisited, paying attention to evap-
oration of electrons and acceleration of electrons and positrons, previously not
addressed in the literature. We perform a series of numerical simulations using
the Vlasov-Maxwell equations. The rate of pair creation strongly depends on
electric field strength in the electrosphere. Despite Pauli blocking is explicitly
taken into account, we find no exponential suppression of the pair creation rate
at low temperatures. The luminosity in pairs increases with temperature and
it may reach up to $L \pm\sim 10ˆ{52}$ erg/s, much larger than previously
assumed.

2. S. O. Komarov and G. V. Vereshchagin, ”Electromagnetic Field and
Radiation of Charged Particles in the Vicinity of Schwarzschild Black
Hole”, Particles 2025, 8, 1.

We provide a concise review of the problem of calculating the electromagnetic
field and radiation of a charged particle in the vicinity of a black hole. The
interest in this problem has been revived due to recent progress in multimes-
senger observations. Many astrophysical models of energy extraction from a
black hole involve consideration of such motion and radiation. Our main goal
is to highlight the basic assumptions and limitations of various techniques and
point out the main conclusions of these studies.

3. Mikalai Prakapenia and Gregory Vereshchagin, “Pair creation from ra-
dial electromagnetic perturbation of a compact astrophysical object”,
submitted to Phys. Rev. D, 2024.
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4 Publications

Recently Usov’s mechanism of pair creation on the surface of compact astro-
physical objects has been revisited [1] with a conclusion that the pair creation
rate was previously underestimated in the literature by nearly two orders of
magnitude. Here we consider an alternative hypothesis of pair creation due
to a perturbation of the surface of a compact object. Radial perturbation is
induced in hydrodynamic velocity resulting in a microscopic displacement of
the negatively charged component with respect to the positively charged one.
The result depends on the ratio between the spatial scale of the perturbation
λand the mean free path l. When λ ∼ lthe perturbation energy is converted
into a burst of electron-positron pairs which are created in collisionless plasma
oscillations at the surface; after energy excess is dissipated electrosphere re-
turns to its electrostatic configuration. When instead λ ≫ l, the perturbation
is thermalized, its energy is transformed into heat, and pairs are created con-
tinuously by the heated electrosphere. We discuss the relevant astrophysical
scenarios.

4.2 Invited talks at international conferences

• Invited talk by Gregory Vereshchagin “On pair creation in electrosphere
of compact astrophysical objects”, Looking AHEAD to soft gamma-ray
Astrophysics: prospects and challenges, February 14 – 16, 2024, Ferrara,
Italy.

• Talk by Gregory Vereshchagin “Schwinger process in hot electrospheres
of strange stars”, The 17th Marcel Grossmann Meeting, July 9, 2024,
Pescara, Italy.

• Talk by Gregory Vereshchagin “Magnetically dominated outflow in
GRB 080916C?”, The 17th Marcel Grossmann Meeting, July 9, 2024,
Pescara, Italy.

• Talk by Gregory Vereshchagin “Electron-positron pair creation in elec-
trosphere of compact astrophysical objects”, High Energy Astrophysics
and Cosmology in the era of all-sky surveys, Yerevan, Armenia, Octo-
ber 7 – 11, 2024.

• Seminar by Gregory Vereshchagin “Electron-positron pair creation in
electrosphere of compact astrophysical objects” at the Astronomical Ob-
servatory of Belgrade, December 11, 2024, Belgrade, Serbia.
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