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ABSTRACT. The formation of the stellar
magnetosphere during the gravitational collapse is
discussed. Primary protons and electrons accelerate in the
star’s magnetosphere during its gravitational collapse. In
what follows, the flux of particles, photons and neutrinos
generated in the magnetosphere is multiplied in a cascade
process initiated by the self-interaction of particles and
their interaction with magnetic fields. These processes are
especially effective for the formation of magnetospheres
in collapsing stars.
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1. Introduction

In this paper we will discuss the generation of particles,
neutrino and photons in the magnetosphere of a magnetized
star with the initial dipolar fields during its gravitational
collapse. Gravitational collapse occurs at the final stage of
stellar evolution. Gravitational collapse starts when the
mass of a stellar core exceeds the Chandrasekhar limit and a
star becomes dynamically unstable. After that, the star can
evolve in several ways. Depending on the mass and
chemical composition, a star can evolve into either of three
relativistic objects, such as a white dwarf, neutron star or
black hole (Zeldovich & Novikov, 1977; Shapiro &
Teukolsky, 1985; Arnett, 1979). The progenitors of the
relativistic massive objects could be red and blue giants,
Wolf-Rayet (WR) stars, as well as supermassive stars
(Cherepashchuk, 2003; Eldridge & Tout, 2004; Wooslej] &
Heger, 2006). WR stars can originate from the helium cores
of massive stars which lost their hydrogen shells or they can
be formed as a result of either mass exchange in close
binary systems or intense mass-loss of single stars due to
strong stellar winds. The masses of CO-cores of WR stars
are continuously distributed within the range from 5 M, to
55 M, (Cherepashchuk, 2003). WR stars are stars at
advanced stages of stellar evolution. They are resulted from
the collapse of carbon-hydrogen (SB) stellar cores and can
be reckoned as the immediate progenitors of relativistic
objects. The core collapse may be followed by the
explosion and formation of type Ib or Ic supernovae.
Moreover, relativistic objects can also be a result of the
evolution of massive red and blue supergiants with normal
chemical composition. For example, supergiant V3I was the
progenitor of Supernova 1987A in LMC (Chevalier, 1995).
O and B stars with masses M > 10 M_ are early-type
massive stars. They generate powerful stellar winds and
emit intense infrared radiation. Some of them are radio-

frequency sources. The stellar wind velocities of O stars
reach 3000 km/s, and the mass loss is 10° M_ per year.

The observational measurements of magnetic fields of
different stars show the presence of strong magnetic fields in
the upper atmospheres of WR and massive stars. For
example, the p Cep (B2V) magnetic field is 360 Gs (Donati
et al., 2001), the 610riC (0O4-6V) field is about 1100 Gs
(Donati et al., 2002), and that one of { Sas (B2IV) is 335 Gs
(Neiner et al., 2003). Far more intense magnetic fields are
observed in very young massive stars W601 (NGC 6611) -
up to 1400 Gs and OI 201 (NGC 2244) - up to 550 Gs
(Alecian et al., 2008). The magnetic fields observed on the
surface of the supergiant 09.7 {OrionisA were about 100 Gs
(Bouret et al., 2008). 521 WDs with fields in the range from 1
to 733 MG were found in the Sloan Digital Sky Survey Data
Release 7 (Kepler et al., 2013). The magnetic fields of these
stars are of dipolar type (Kepler et al., 2013; Jordan, 2009).
67 new measurements of magnetic fields for 30 massive stars
in the range from 10 G to 380 G made with FORS 2 at the
VLT are given in the catalogue by Hubrig (Hubrig et al.,
2013). The magnetic fields in about 65 from 550 stars were
observed in the MiMeS project (Wade et al., 2013). The
magnetic fields observed have important dipole components
with polar strengths from several hundred G up to 20 kG.

We will examine gravitational collapse of a magnetized
star with the initial dipolar magnetic fields and initial
heterogeneous distribution of protons and electrons
according to a power law (p), relativistic Maxwell (M) and
Boltzmann (B) distributions.

The external electromagnetic field of a collapsing star
changes according to the following law (Ginzburg &
Ozernoi, 1964):

B, = 2r~3u(t) cos 9,
By =717 3u(t)siné,

B, =0, (M
1, Ou
Ep =—clr? Esm@,
E =& =0.

Where B,, By B, and &, &, &, are the components of
magnetic and electric fields, respectively; w(t) = (1/2)F,R(t)
is the magnetic momentum of the star with radius R(?) that
changes with time; F, = 4m R3 B2 is the initial magnetic
flux of the star; R is the initial radius of star; € and ¢ are the
polar and azimuth angles, respectively.

Full dipole magnetic field in the magnetosphere of a
collapsing star is defined by the following equation
(Kryvdyk, 2010):
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1
B(r,6,R) = (B? + B% + B2)? = %(1 + 3 cos? §)1/2
()

Egs. (1) describes the external electromagnetic field of a
collapsing star with the Newtonian potential. Due to a large
mass-to charge ratio of a particle, Newton’s method will be
always suitable for description of the field in the
magnetosphere of a collapsing star, excluding the area near
the Schwarzschild radius. The stellar magnetosphere is
compressed during a collapse as a result of the magnetic
field strength increase. This variable magnetic field will
generate the vortex electric field, which will accelerate the
charged particles to relativistic energies. In the course of a
core-collapse the magnetic field of a star changes according
to the law (1) increasing up to 10'G at the final stages of
the collapse. The energy of particles changes because of
betatronic acceleration, produced by the electric field £, as
well as energy losses due to magnetic braking.

During a collapse primary charged particles accelerate
to relativistic energies (Kryvdyk, 1999; 2001; 2003; 2004;
2010). The energy of particles changes as per (Kryvdyk,
2010):

E/E; = (Ry/R)™1®, 3)

Where
A (0) = zkl (3 cos* 0 + 1.2 cos?8 — 1)(1 + cos? )2

with k; =2 for non-relativistic particles, and k; =/ for
relativistic particles; and E, is primary particle energy.

Figure 1 shows the distribution of particle energy in the
magnetosphere according to a power law as a function
R, = Ry/R and E, = E/E, (Kryvdyk, 2010).

Figure 1: The change in particle energy distributed
according to a power law during a collapse in the
magnetosphere of a star with R, = Ry/R, and E, = E/E,.

At the final stage of the collapse, electrons accelerate
to energies < 10'*eV while protons — to E < 2 - 10*eV
(Kryvdyk, 2010).

The initial magnetosphere of a collapsing star consists of
protons and electrons distributed according to a power law
(p), relativistic Maxwell (M), and Boltzmann (B) particle
distributions; and the magnetosphere’s density changes as
773, In the study by Kryvdyk (2010), the evolution of the
particle energy spectrum for such distributions was
determined for two extreme cases: (i) when energy losses
due to magnetic braking do not affect the spectrum, and (ii)
when they determine the spectrum evolution.

Figure 2 presents the particle number density N, =
N/N, in the magnetosphere near the star’s surface as a
function R, = Ry /R and polar angle 6 for the power-law
distribution of particles (Kryvdyk, 2010).

Figure 2: The particle number density in the magnetosphere
near the star’s surface at the final stage of the collapse
with R, = R,/R and N, = N/N,.

Interacting among themselves and with the
magnetosphere’s magnetic fields, accelerated charged
particles will lose their energy due to ionization and
radiation. At the same time, secondary charged particles
(electrons, positrons, protons, and mesons), as well as
neutrons, neutrino and photons are generated in the
magnetospheres of collapsing stars. These secondary
charged particles will also accelerate in the increasing
magnetic fields during collapses. In the course of multiple
cascade interaction, secondary particles will also generate
other particles and photons. Therefore, the collapsing star
magnetosphere consists of charged particles, neutrons,
neutrinos and photons.

2. Generation of high-energy neutrinos, particles and
photons in the collapsing star magnetosphere

In this section, we will consider in detail the generation
of charged particles, neutrons, photons and neutrinos in
the magnetosphere of collapsing stars.

The generation of these particles is shown in Table 1.
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Table 1: The generation of particles in the magnetosphere

of a collapsing star

Acceleration of the initial protons and

electrons
l
Generation and | Generation and | ....Multiple
acceleration  of | acceleration generation  and
secondary of tertiary | acceleration  of
particles) — particle—-- particles

Protons (p)
Neutrons (n)
Electrons (¢)
Positrons (e)
Mesons (7, p)
Neutrino (v)
Antineutrino(v’)
Photons (y)

Protons (p)
Neutrons (n)
Electrons (e)
Positrons (e”)
Mesons (7, p)
Neutrino (v)
Antineutrino(v)
Photons ()

Protons (p)
Neutrons n)
Electrons (e)
Positrons (e*)
Mesons (7, p)
Neutrino (v)
Antineutrino(v)
Photons ()

Especially important are cascade showers of charged
particles, neutrons, neutrinos and photons generated in the
magnetosphere. These processes are very effective for the
formation of magnetosphere of a collapsing star.

Secondary charged particles, neutrons, neutrinos and
photons can be generated in the magnetosphere of a
collapsing star, namely:

2.1. m-mesons, p-mesons, electrons, positrons
neutrinos produced in nuclear interactions;

2.2. electron-positron pairs resulted from annihilation of
gamma quanta in a nuclear field;

2.3. electron-positron pairs resulted from the collision of
charged particles;

2.4. electron-positron pairs resulted from photon-photon
collisions;

2.5. u-meson pairs produced by passing of gamma quanta
in a nuclear field;

2.6. recoil electrons resulted from the collision of
charged particles;

2.7. electron-positron pairs
curvilinear magnetic field.

and

produced in a strong

2.1. Generation of m-mesons, u-mesons, electrons,
positrons and neutrinos by nuclear interactions in the
magnetosphere of a collapsing star

In earlier studies of the author (Kryvdyk, 1999; 2001;
2003; 2004; 2010) it was reported that primary protons and
electrons accelerate in the magnetosphere of a collapsing
star to relativistic energies. The accelerated protons will
interact with other protons in the magnetosphere, generating
mesons in the following nuclear interactions (Leng, 1974;
Hajakawa, 1978a; 1978b):

p+p-op+p+n (mt+n7)+n,n°
p+p-op+n+nattn; (@t +n7) +n,nd,
p+p-on+n+2nt+ng (nt + 1) + ngn®,
p+p—->D+nt+n, (mt + 1) + ngn®,

“4)

where p — protons; n — neutrons: D — deuterons; n;-n; —
positive integers.

The secondary electrons, positrons, photons and
neutrinos will generate in the later on by decay of mesons:

- pt +v,/v,
> y+y
pt = e+ v /v, + v, /v,

)

For relativistic protons with energy from 290 MeV to 1 GeV’
only one with next reaction can be possible (Leng, 1974):
p+p-op+n+nt,orp+p+nlorD+nwt. (6)
The minimum proton energy E,,;, for the generation of m-
mesons is
Y2m2c* 5
Emin = W + ZYTI'LT[C = Y(280 + 10Y)[MeB],

where m,c? and m,,,c2 the rest energy of a m-meson and a

proton, respectively.

II-mesons can be generated only by protons with energy
higher than 290 MeV. These protons can accelerate in the
variable magnetic fields in the magnetosphere of a
collapsing star (Kryvdyk, 1999; 2001; 2003; 2004; 2010).
Neutral neutrons are also generated by reactions (4) - (6).
Neutrons do not interact with the magnetic fields; and
therefore, they freely go out of the magnetosphere, forming
the neutron wind around the collapsing star. When there are
sufficient amount of free neutrons and protons, neutrinos
can be resulted from Urca processes in which neutrons and
protons capture electrons or positrons, causing radiation of
energy in the form of neutrinos in the following reactions
(Chiu & Salpeter, 1964):

pte —-n+vy,
n+et->p+v,
n-op+e +V,

(7

Intense magnetic fields will influence the rate of Urca-
reactions. In very strong magnetic fields (H > 4-10" Gs)
urca- processes can arise in hundred time (Canuto V., et
al. 1970, Fassio—Canuto 1969).

Quasi-free pions will be also generated in the
magnetosphere of a collapsing star resulting from
reactions (4) and (6). Therefore, the following Urca-
reactions in which neutrinos, electrons and pions are
generated, are possible in the magnetosphere:

nT+n-on+e +v,
n+e  >n+u +v,
T +n-on+u +v,

(®)
n+yu ->n+n+ v,

2.2. Generation of electron-positron pairs as results of
annihilation of gamma quanta in a nuclear field

The electron-positron pairs will be generated during
passing of gamma-photons with energy hv > 2m,c? =
1.022 MeV in the nuclear Coulomb field with charge eZ,
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where m, ¢’ = 0.511 MeV is the electron rest energy. For
photons with energy Av >» m,c? the cross-section of
electron-positron pair generation is as follows (Leng, 1974):

o(hv) = 4aZ?13 [1n(22) 22 for hv « 22 (9)
o(hv) = 4aZ?r¢ [gln(zlf/g ] for hv >» — 1/3,

where 1, = e?/m.c? ~ 2.8-10"3 cm is the classical
electron radius; a =~ 1/137 is the fine-structure constant.
The value 4arg ~ 2.3 - 10727 cm?.

The main nuclei in the magnetosphere are protons
(Z=1); therefore, the cross-sections of electron-positron
pair generation due to the interaction of gamma-photons
with protons are:

Tpnp (V) = 2.3 10727 [gl (2) 109] for hv < 70 MeV,
Opnp(hv) = 2.3-107%7 [Zinon)-4 | for hv >> 70 MeV.
(10)

The numerical values of nuclear cross-section in this case
are:

Opnp(hv) = 4.2 - 10728 cm? for hv < 70 MeV,
Opnp(hv) = 9.4 - 10727 cm? for hv > 70 MeV .

(11

2.3. Generation of electron-positron pairs by the
interaction of charged particles

The electron-positron pairs will be resulted from the
interaction of electrons with protons. The cross-section for
the electron interactions is as follows (Leng, 1974):

E
Oep (V) = —0( 2r2In(1/a) [3 ln( ee ) ln(191m 2 +
In2 (191)], (12)
where E, is electron energy.
For the numerical values o = 1/137 and 1, = 2.8 -

1073 cm, m, c
cross-sections:

~ 0.511 MeV we obtain the following

0ep (V) ~ 6.8-1072°[3In(2 E,) In(1072E,) + 27.6].
(13)

Their numerical values is

Oep (V) = 6.3 - 107*cm? (14)
2.4. Generation of electron-positron pairs in photon-
photon collisions

Electron-positron pairs can be also generated in the
magnetosphere as a result of collisions of two photons with
energies E; and E; (given that E,E, > (m, & )2. The cross-section
for this interaction is as follows (Leng, 1974; Heitel, 1954):

Gapn(Er, E2) = "2 (1 - ) [2p (87 - 1) +

@+49 In (“‘*)] (15)

_ (mec®)?]'/?

Where f = [1 i E

the center-of-mass system.
Value g, (Ey, E;) change in range

, Be is the electron velocity in

52 - 10_26 S azph(El, Ez) S 29 : 10_25 Cm2
for 0.85 < £ < 0.999.

(16)

2.5. Generation of u-meson pairs by annihilation of
gamma quanta in nuclear field

If the energy of a gamma photon exceeds the threshold
energy Zm#cz ~ 211 MeV, then a p” pair is to be produced
in the interaction of this photon with the nuclear Coulomb
field. The cross-section of this interaction can be obtained
from equation (9) just by replacing the electron mass me
with the meson mass m,. The value m¢/m, ~ (1207)* ~
1.37-107%; thus, for p-meson pairs

Opy(hv) = 1.29 - 10732 cm? (17)

2.6. Generation of recoil electrons in collisions of

charged particles

Recoil electrons will be generated in collisions of
charged particles with other particles. The magnetosphere
of a collapsing star consists substantially of electrons and
protons. The cross-section of the generation of recoil
electrons with energy FE. in collisions with relativistic
protons with energy £, and charge eZ is as follows (Leng,
1974; Hajakawa, 1978a; 1978b):

2 meC

0,(E, E, )dE, ~ 2mr§ 5263

dE,, (18)

2 1/2 .
where B, = [1 - (m, c?)"/E, E,,] , B,c is the proton
velocity in the center-of-mass system.

The numerical value this cross-section is

1
ppwé

dw,.

o,(E, W, )dW, ~ 2.55- 10725 (19)

The upper limit of energy for this process is E, = pc,
where p is impulse of the incident particle.

As follows from section 2, the initial electrons and
protons in the magnetosphere of collapsing star will
accelerate to relativistic energy. The relativistic electron
will lose their energy in the magnetic fields significant fast
from proton, and therefore the electron lifetime is
significant less from the proton lifetime. In the
magnetosphere will generate also the second electrons by
the mutual collisions protons with electrons.

2.7. Generation of electron-positron pairs in a strong
magnetic field

If the magnetic fields arise to critical value

B, = m2c®/eh = 4,4- 103G, (20)
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where m and e are the electron mass and charge,
respectively; & is Planck's constant; then the electron-
positron plasma will be produced via direct vacuum decay.

In the system with a sufficiently strong curvilinear
magnetic field the decay can occur in a much weaker
magnetic field. This mechanism is effective for the
formation of magnetospheres in pulsars with strong surface
magnetic fields (Goldreich and Julian 1969; Sturrock, 1971;
Ruderman and Sutherland, 1975). By rotating neutron stars
with radius R and the magnetic fields B near surface will
generate the parallel electric fields

E, = QRB/c, (21)
where Q is the rotational velocity, and ¢ is the speed of
light.

The electrons and positrons will accelerate to relativistic
energies in this electric field. Moving along the curvilinear
magnetic field, they will emit the so-called curvature
photons whose energy is sufficient to produce electron-
positron pairs in the magnetic field. These pairs also
accelerate to high energies in parallel electric fields (2)
where they can produce pairs themselves, emitting
curvature photons. This is the main mechanism of
generation of multiple electrons, positrons and y photons.
The multiplication coefficient will increase as the particles
produced in a high Landau level in the magnetic field emit
synchrotron radiation, i.e. synchrophotons, which can also
produce pairs.

At the collapse’s final stage, magnetic fields near the
star’s surface can increase to value B ~ 10> Gs; thus, the
generation of multiple electrons, positrons and y photons
in the curvilinear magnetic field can be the effective
mechanism of formation of electron-positron pairs in
magnetosphere of collapsing stars.

3. Neutrino generation in the magnetosphere of a
collapsing star

Secondary neutrons, protons, electrons, positrons and
photons are generated in the magnetosphere of a
collapsing star as results of different processes. These
particles will produce neutrinos by interactions with
particles and fields in the magnetosphere. In the neutral
non-degenerate plasma the main processes of neutrino
generation are the following (Leng, 1974; Fassio-Canuto,
1969; Braaten & Segel, 1993; Bruenn, 1985; Dicus, 1972;
Itoh et al., 1989; Koers & Wijers, 2005; Lattimer et al.,
1991; Munakata et al., 1985; Qian & Woosley, 1996;
Ratkovic et al., 2003; Reynoso et al., 2006):

3.1. Bremsstrahlung by electron-atom collision
e +(ZA->CZ-1L,A)+v, + Vv,

3.2. Neutrino emission in Urca processes
magnetosphere;

3.3. Bremsstrahlung of the charged particles in strong
magnetic fields;

3.4. Photoneutrino reactions et +y — e +v, +V,;

3.5. Plasmons decay I' — v, + V,;

3.6. Annihilation of electron-positron pairs
et+e v, +v,;

3.7. Generation of neutrinos in meson decay.

in the

We will consider these processes in detail in next
subsection.

3.1. Neutrino emission by electron-atom collision

Neutrino can be emitted due to -electron-atom
bremsstrahlung, when a free electron collides with a
nucleus (Z, A). As a result a pair of neutrino-antineutrino
will be produced (Leng, 1974; Pontekorvo, 1959):

e +ZA)-> CZ-1L,A)+v, +v,. (22)
For this process the neutrino luminosity is as follows

(Koers & Wijers, 2005; Qian & Woosley, 1996; Reynoso
et al., 2006):

Erg

Qupr =1.5-10%7 T35 py (23)

cm3-sec’

where the temperature is T,,=1/10"' K, the baryon density
is po=p/10" g/cm’. From now on the unit of neutrino
Erg
cm3- sec’
By replacing temperature 7 with energy E (eV) from
the relation

luminosity Q,, is

T[K] = E/k = 1,16 - 10* E[eV], (24)

we obtain

Qo = 3.5 10° E5F ply, (25)
where the unit energy E is eV.

The energy of particles in the magnetosphere during
gravitational collapse increase as E/E, = (Ry/R) ™41 (®
(see Eq. 3).

Therefore, the neutrino Iluminosity in
magnetosphere due to electron-atom bremsstrahlung is

the

-41 (07155

_ 49 EO(%) 2
Quor =34-10" |—"5—| pio = (20)

During collapse the electron energy accelerate to E,
~10" eV, and the energy of protons increases to E, =] 0
eV (Kryvdyk, 2010); the proton density increases to p,
=10" proton/cm’ = 1.710"? g/ecm’. For such energy and
density, at the final stage of collapse (RyR=10°) the
neutrino luminosity due to electron-proton collisions in
the equatorial regions of the magnetosphere (6=r/2) can
reach the extreme value

Erg

Q,pr ~ 3.3-10'8 27)

cm3-sec
3.2. Neutrino radiation by Urca processes in the
magnetosphere

For the magnetosphere of a collapsing star which consists
of electrons, positrons, protons and neutrons, the particular
interest is focused on the effects of the electron capture on
protons, as well as that one of the positron capture by the
neutron reaction — the so-called Urca-process:
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e +p-on+ v
et+n-p +v,.

(28)

The last Urca-processes are the main processes in the
environment with nuclei of small density. The neutrino
luminosity for Urca-processes is the following (Qian &
Woosley, 1996):

Qvurca = 9.0- 103" T, pg, (29)
where temperature T;; = T/10*K, pg = p/108 g/cm3 is
the baryon density in the magnetosphere.

If energy E is measured in eV, we obtain

Qv urca = 2.2~ 10%¢ E161 Ps »

where E;; = E/10eV.

The neutrino luminosity for Urca-processes greatly
depends on the energy of particles. The energy of particles
grows very quickly during collapse; thus, Urca-processes
will play a significant role in the neutrino generation in the
magnetosphere. The neutrino luminosity in the
magnetosphere for Urca-process changes during collapse as

(30)

6

ps. (31

E RO)_Al (©)

Qyurca = 2.2-10%¢ [70(7

1011

At the final stages of the collapse (Ry/R=10°) in the
equatorial regions of the magnetosphere (0=n/2) the
protons can accelerate to energies £, </ 0'" eV, and the
magnetosphere density grows up to p, = 102 proton/
cm® =10"*2g/cm3. If in the magneto-sphere the
electrons capture on protons with energy £, </ 0'* eV, then
neutrino will be produced with the speed

Erg

Qv urca < 2.2-10%° (32)

cm3-sec

This is a very powerful flow of neutrinos, which will be
rapidly frozen in the magnetosphere during gravitational
collapse.

3.3. Neutrino generation due to of electron braking
radiation in a strong magnetic field

Neutrinos can be also produced due to synchrotron
radiation by electrons accelerated in the strong magnetic
field. The neutrino luminance for this process for a
relativistic degenerate electron is as follows (Canuto et al.,
1970, Fassio-Canuto, 1969; Landstreet, 1967):

2
3:107** B§ T,p*,for Bg p3 <8 - 10°T,,
veB = 2 19, 2
4-1077 B3T? ps, for By ps = 8 - 10°T,,
(33)

where Bg = B/108.

For magnetosphere of collapsing stars at the final stage
of gravitational collapse the magnetic fields are B =

10'"*G, electron energy is E, < 10"’eV, the electron
density is

pe = 1012 electron/cm® = 9-107°g /cm3.

2
For such magnetosphere the values Bgp3 ~ 107°;
8 -10°T, ~ 6-10'® . As follows from this the

2
estimation, Bg p3 « 8 - 10°T,. Therefore, the extreme
neutrino luminance for electron braking radiation

Erg

Qyes =3-107* BE T,p* ~ 3.3-10771 (34)

cm3-sec

This value is very small; hence, it does not enable us to
examine the neutrino radiation due to the electron braking
in the magnetosphere.

3.4. Generation of neutrinos due to photoneutrino
processes

Neutrinos will be also produced in the collisions of
photons with electrons and positrons in photoneutrino
reactions (Ritus, 1961; Chiu & Stabler, 1961; Petrosian et
al., 1967):

ef+y-set+v,+7,.
The neutrino luminosity for the photoneutrino processes

in hot plasma with is determined as follows (Dutta et al.,
2004; Koers & Wijers, 2005; Reynoso et al., 2006)

Qv photo = 1.1-103'T7;, (35)
where T;; = T/101'K.
If the energy E is measured in eV, then
Qv photo = 4.2+ 10%7 E7; . (36)
For magnetospheres of collapsing stars
Quphoro = 421057 [£, (2) ™ j101p. 37)

At the final stage of gravitational collapse (Ro/R=6) the
electrons can accelerate to the energy E, < 10%eV. The
extreme neutrino luminosity for photoneutrino processes
for such hot plasma in the equatorial regions the
magnetosphere (0=7/2) is

Erg
<4,2-10%7 ———
Qv photo = % cm3-sec’

(38)

This value is very big, so we can make conclusions
about strong cooling magnetosphere due to neutrino
emission due to photoneutrino  processes in
magnetosphere during collapse.

3.5. Generation of neutrino-antineutrino pairs by
plasmon decay

When a photon moves through ionized gas, a virtual
electron-hole pair (plasmon) will appear. This plasmon
decays into neutrino-antineutrino pairs
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I'—v, +v,. (39)
The neutrino luminosity for such process is the following
(Ratcovich et al., 2003; Koers and Wijers, 2005; Reynoso
et al., 2006):

Qy plasma = 7.1- 1026Tlgl- (40)
Replacing the temperature 7' (K) on energy E(elV), we
obtain

Qy plasma = 2.7-10% Efl- 41)
For magnetospheres of collapsing stars
R\ —41 (0)
Qv ptasma = 27-10% [E, (22) 7 /101 (42)

The electrons can accelerate in magnetosphere to the
energy E, < 10'1eV.

The extreme neutrino luminosity for plasmon decay in
the equatorial regions of the magnetosphere (#=7/2) at the
final stage of gravitational collapse (Ry/R=6) is

Erg

Qy plasma <2.7-10% 43)

cm3-sec’

3.6. Formation of neutrino-antineutrino pairs in
annihilation of electron-positron pairs

As follows from section 3, large number of electron-
positron pairs will be generated in the magnetosphere of a
collapsing star. During the annihilation of these pairs
neutrino pairs can be formed (Chiu and Stabler, 1961;
Chiu, 1961; Chiu and Morrison, 1960):

et +e >v, + 7V,

The neutrino luminosity for this process as follows (Itoh et
al., 1989; Koers & Wijers, 2005; Reynoso et al., 2006)
Qy pair = 3.6 1033 T, (44)

By replacing the temperature on energy E(eV), we obtain

Qv pair = 1.37 - 107°E7;. (45)
For magnetospheres of collapsing stars we obtain
—A1(6)
Qupair = 137107 [E, (2) 77 /101, (46)

The extreme neutrino luminosity for plasmon decay in the
equatorial regions of the magnetosphere (§=r/2) at the
final stage of gravitational collapse (RyR=6) due to
annihilation of electrons and positrons with the energy
E,+ =10"eVis

Erg

Qv pair = 1.37-107° 47
p

cm3-sec’

3.7. Generation of neutrino by mesons decay

If the plasma temperature exceeds 6:10"'K (E = 50
MeV), in the thermal radiation field of stars, neutrinos can
be generated due to meson decay in the magnetosphere
(Arnett, 1967):

nt - pt +v, /v,
pt - et + v, /v, + v, /7,

(48)

The neutrino luminosity for p-meson decay is the
following (Hansen, 1968):

Quy = 4.32-1038 T3, for 50< T, < 500. (49)
If energy E is in eV, then
Qyu =~ 674-10°° £} (50)
For magnetospheres of collapsing stars
-4, (6)
Quphoto = 674105 [y (32) 777 /108 (1)

The formation of m-mesons is possible only for very high-
energy protons (over 290 MeV). These protons will
accelerate in a variable magnetic field of the
magnetosphere of a collapsing star.

At the final stage of collapse the proton energy E can
accelerate to 10" eV; therefore, the neutrino luminosity
for p-meson decay in magnetosphere can increase to the
value

Erg

Qvu =~ 6.74-10% (52)

cm3- sec

4. Neutrino absorption and

magnetosphere during collapse

scattering in

Neutrino are absorbed and scattered due to the
following processes:

1. ¢*-neutrino scattering: v; + e* — v; + et ;
2. Absorption neutrino by neutron: v, + n - p+ e~ ;
3. Absorption antineutrino by proton: v, + p > n +e*.

Here we assume that all the particles are non-degenerate.

4.1. Electron and positron scattering

The cross-section neutrino scattering of electrons in a
plasma is the following (Tubbs & Schramm, 1975):

_ 3GEh3c?
R

1
ve (v + ) +3 (e — c)?| (RDIE,. (53)
Where
Cy = 1/2 + 25in2 ew,
¢y = 1/2; sin® 6 = 0.22.
G2h?c? =53 -107* cm?MeV 2.
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The average thermal neutrino distribution {E,)> = 3.15

kT. It applies to the electron-neutrinos, which interact with
electrons through both the charged and neutral current.

The neutrino mean free path due to combined electron-
positron scattering as follows from (Koers, 2005)

A1 (v, et) = o(v;, et)n,-.

Because the electron and positron density scales as T°,
the pass length is proportional to 77 .

For magnetospheres of collapsing stars with the
electron energy E, < 10" eV and electron density p, =
1012 electron/cm3® = 9-107%%g/cm3®  the neutrino
mean free path due to combined electron-positron
scattering is

A (v, et) < 10Mcem. (54)

4.2. Neutron and proton absorption

Electron-neutrinos and antineutrinos can be absorbed
by neutrons and protons through the charged interaction.
The cross-section is (Tubbs & Schramm, 1975)

G2h?c? S
Oyp = (1 +3a*)Ezg(E,).
where
2 _ (+m2)]"?
g(E,) = <1ig) 1422, L - Gme)
E, E, E?

where a = -1.26 is the nuclear axial coupling coefficient
and O = 1.3 MeV is the neutron-proton mass difference.
The positive sign applies to neutrino capture on neutrons,
the negative sign to antineutrino capture on protons.

The pass length for neutrino-proton scattering is

A7t (v, p) = a(v;,p)(0.5n,,)
This value is proportional to T 2,

For magnetospheres of collapsing stars with proton
energy E < 10" eV and proton density
pe = 10'2 proton/cm?® the neutrino mean free path due
to combined electron-positron scattering is

A (v, p) < 10%cm. (55)
As follows from Egs. (54) and (55), A (v;,e®) » A (v;, p).

Therefore, electron-neutrinos and antineutrinos will be
absorbed in the magnetosphere by neutrons and protons
through the charged interaction.

Neutrinos will be absorbed in the magnetosphere due to
their interaction with matter. The interaction cross-section
for electron neutrino and muon neutrinos with the
substance is very small and is approximately 10™* cm® for
neutrinos with energies 1 MeV. The loss rate of neutrino

due to scattering on electrons, protons or neutrons is
(Lattimer et al., 1991; Koers & Wijers, 2005):

P, ~9.1-1073°N,N,TZ [s~tcm™3],

Py ~ 1.5-107N,N, T [s"em™3], (56)

where

N, = 7.65-10%"T§ 57
is a number of neutrino in the unit of volume, N, is a
number of electrons, and N, is a number of protons or
neutrons.

The main part neutrino will be absorbed in the
magnetosphere on protons and neutrons. By substituting
(57) for (56) and replacing temperature 7(K) on energy
E(eV), we obtain the rate of neutrino scattering on protons
or neutrons

P, = 3.77 - 10°°N,E}, , (58)
where E;; = E/10' eV.
For magnetospheres of collapsing stars
R\ —41 (6)
R, =~ 3,77 - 10°N,, [E, (?0) /1011]8, (59)

5. Numerical evaluation of neutrino luminosity in
the magnetosphere of a collapsing star

As follows from the previous sections, in the
magnetosphere of a collapsing star the neutrino flux will
be generated due to various mechanisms. Neutrinos can go
out of the magnetosphere. As a result, this magnetosphere
loses its energy. The rate of energy loss due to neutrino
luminosity for different mechanisms can be determined by
formulae (14), (16), (20), (22), (24), (26) and (29). The
most neutrino will be generated in the magnetosphere of a
collapsing star due to the pair annihilation. Therefore, the
neutrino luminosity in the magnetosphere of a collapsing
star can be written down as

Qy = Qy pair = 1.37-107°. (60)

The neutrino luminosity from the whole magnetosphere
of a collapsing star can be obtained by integrating the
specific neutrino luminosity for the whole magnetosphere:

L, = va av, (61)
where dV— the volume element of magnetosphere.

As neutrinos do not interact practically with magnetic
fields, their distribution in the magnetosphere is
spherically symmetric. For such case

dV = 4nridr. (62)
Substituting (60) and (62) into (61) and integrating by
volume within R < r < R,, , we obtain the full neutrino
luminosity for the magnetosphere of a collapsing star

L, ~8-107°(R,, — R)3. (63)
Here R is the radius of star; R, is the magnetosphere
radius of (R <R, <7).
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This formula allows to determine the full neutrino
luminosity in the magnetosphere.
For regions near surface of collapsing stars (R,, > R )
L, >8-107° Erg/sec. (64)
As we can see, the magnetospheres of collapsing stars
are the very powerful sources of neutrinos, which are
generated by the nuclear reactions and the annihilation of

electron-positron pairs. These neutrinos will go out of the
magnetosphere thereby cooling it.

5. Conclusion

The primary protons and electrons are accelerated in
the magnetosphere of a collapsing star to relativistic
energies during gravitational collapse. Later on, the
secondary charged particles (electrons, positrons, protons
and mesons), neutrons, neutrinos and gamma photons will
be generated in the magnetosphere of a collapsing star due
to different interaction between the particles and fields.
The charged secondary particles will be also accelerated
in the increasing magnetic field, generating the cascade
charged particles, neutrons, neutrinos and photons. As
results of these processes, the magnetosphere of the
collapsing star will be formed. This magnetosphere
consists of protons (p), electrons (e), positrons (e"),
neutrons (n), mezons (7, W), neutrinos (v), and photons (y).

Being generated in the magnetosphere of a collapsing
star, some part of neutrinos will escape the magnetosphere
thereby cooling magnetosphere with very high rate. For
the subsequent existence of the energy balance in the
magnetosphere, the continuous energy flow from the star
into the magnetosphere is required. This energy flow can
be provided by stellar winds, accelerating in strong
magnetic fields during a stellar collapse.

Some part of particles and neutrinos go out from the
magnetosphere in the interstellar medium. This means that
magnetospheres of stars during their gravitational collapse
are the powerful sources of particles and neutrinos in our
Galaxy and other galaxies. The contribution of these
sources in the general flux of cosmic rays and neutrinos
will be investigated in the further study.
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