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Two processes of neutrino pair production in stars are examined, those occurring during re-
combination of ionized atoms and those due to B-interaction of electrons and positrons with
nuclei. The reaction cross sections and neutrino energy losses are calculated. Energy emis-
sion from stars by neutrino pairs produced as a result of atom recombination is significant
in white stars if their central temperature reaches 5—10 keV. pB-interaction of electrons and
positrons with nuclei (electron and positron capture of nuclei, S-decay) is accompanied by
enormous losses of energy carried off by the neutrinos (up to ~ 10!% erg/g-sec) at tempera-
tures sufficient for electron-positron pair production. The process may be of interest for
studying stars in their last stage of evolution and supernova bursts.

M ANY neutrino-antineutrino pair production
processes have been considered recently [1-5]
from the point of view of astrophysics. The main
hypothesis underlying the neutrino pair production
reactions is the possibility of direct interaction be-
tween electrons and neutrinos 8],

In the present article we consider two new neu-
trino pair production processes, by recombination
of ionized atoms and by B interaction of electrons
and positrons with nuclei. We calculate the cross
sections of the processes and the neutrino energy
losses, and indicate the possible role of the proc-
esses in astrophysics.

1. NEUTRINO PAIR PRODUCTION BY RECOMBI-
NATION OF ATOMS

The matter inside the stars is in a partially or
completely ionized state. Under these conditions,
if a weak neutrino-electron interaction exists, the
_ electrons can go from the free to the bound state
with emission of a neutrino pair vv (the analog of
the inverse photoeffect in electrodynamics):

€free—> bound T vV + v.

At high temperatures the electron has a short
lifetime: the photoeffect returns the bound electron
to the continuous-spectrum state. Since matter and
radiation in a star are in thermodynamic equilib-
rium, and the rate of recombination of the atoms
with vv pair emission is many orders of magni-
tude smaller than the rate of the electromagnetic
processes, the number of free electrons states of
the atom remains constant.

In calculating the cross section of the process
we confine ourselves to the case of recombination

on the K shell of the atom, which makes the main
contribution (as in the photoeffect). Calculations
pertaining to the conditions in stars are carried
out in the nonrelativistic approximation.

The density of the neutrino-electron interaction
Lagrangian is taken in the form

L=—2"Glyr, (1+rv)¥,] Wy, L+ 199,
Assuming that the kinetic energy of the electron is
much larger than the ionization potential of the K
electron

E.> I = a2Z2mc?/2,

we take the electron wave function in the initial

state in the form of a plane wave elPXy(p), p

= (p, E), neglecting the influence of the Coulomb

field (the assumption that Ee¢ > I coincides with

the condition that the Born approximation be valid).
The wave function of the K electron for light

nuclei, when @Z/2 <« 1, can be written accurate

to @Z/2 in the form("]

Y = n'haexp (— r/a) uy, a = k*me*Z,

u, — constant bispinor with components

1 0

0 1
uo‘" = - 0 ! uo"n =~ - U

0 0

In calculating the matrix elements it is conven-
ient to use the Fierz transformation. The trans-
formed matrix element has the form

G
M = QﬂVTT_gé (B --i—(l)v +(,0; -—E)

x \tagr, (U 19w @)1 1w () 7, (1 4 79) e (&)
x exp [—nr 4 ir (p — k, —k;)1 dV,
n=1la=YV2ml,

e~ me? — 1,
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wy, wp, ky, ki —energy and momentum of the
neutrino and antineutrino; € —energy of K-elec-
tron.

The square of the matrix element is averaged
over the initial polarizations of the electron and
is summed over the final polarizations of the elec-
tron and the emitted neutrino and antineutrino. In
the nonrelativistic approximation, assuming that
|p| «m,p~ 7E, q=p-k,—-kp, we get

2IMp=

E

2
256 (2m) (n“r 42)4

—0,0;0 (0, + 0> — E; — I).

We measure the angles from the direction of the
initial electron momentum p. The angle between
the antineutrino momenta kj and the electron will
be denoted by 6, the angle between the neutrino
momenta k, and the electron by «#, and the angle
between the planes in which the vectors p, k, and
p, ky lie will by ¢.

After simple calculations we obtain for the dif-
ferential cross section of the process the expres-
sion
128 Gns
2n)® v

do =

02 (E, + I — ,)? do, d (cos 0) d (cos 9) do
(M2 + p* + &2 4 kf_ — 2pk cos 6 — 2pk, cos & + 2k k- cos x)* ’

v —velocity of the initial electron and y — angle
between the momenta of the neutrino and antineu-
trino. In the nonrelativistic approximation the max-
imum of do is reached when 8 =4 =0, i.e., when
the neutrino and antineutrino are emitted in the di-
rection of the initial electron momentum.

For the sake of simplicity, small quantities in
the denominator can be neglected in the calcula-
tion of the total cross section. From the energy
conservation law Ee +I=w, + wj and I=7n%/2m
we have

P+ n* =2m (o, + o5);
lpl<<m, |k|<Ipl |k;[<IpI

Therefore the term 2k, kj; cos x can be omitted,
and the remaining expression can be expanded in
a series with only the first term retained.
Integration yields for the total cross section

of the recombination of one electron on the K
shell

64 Gp (E, +1)°

T 15t v [

If we recognize that n =v 2ml = aZmc, then

6V 2G*m? 5/
B VEEME S [ (E, + I)= 00285 (Ec+ 1),
S =—“—a ¢t — 0,76 . 1075 cm?,

15n? Rt
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Ee and I are in mc? units. The total cross sec-
tion for recombination on the K shell depends
essentially on the atomic number: ¢ ~ Z® (as in
the photoeffect).

The energy transferred to the neutrino pair
consists of the kinetic energy of the initial elec-
tron and the binding energy released when the
electron goes from the free to the bound state:

(.ov—l-(l);_——Eg-l—I.

The total energy radiated from a unit volume of
matter per unit time is given by

g = So (E.) (E. + I) uN dn,

where N — number of free states on the K shell
of the atom, and dn — energy distribution of the
free electrons. For a Maxwellian electron dis-
tribution the number of free states on the K shell

is
{1~L1+exp( L0
2 () v

N=2%p0—p=2%

exp (— ) =

where N, — Avogadro’s number, p —density of
matter, T —temperature, yu — chemical poten-
tial, and A — atomic weight.

As a result we obtain after integration with a
Maxwellian electron distribution

g =" N5 2ot (e (1 — D)[1 A ()]

Since kT > I, the last two terms in the square
brackets can be neglected. Substituting the values
of the constants in the formula and expressing the
temperature in keV, we obtain ultimately for the
neutrino energy losses

q = 1.54-1072842%2T* (1 — f)erg/cm3 sec
f= 11432 AT"/ Zp]™.

For a degenerate electron gas we consider the
case when Ef >» kT. The number of free states
on the K shell is

N
N = 27° p(l —

f)~2 pexp( f;), p=~Epg.

The neutrino energy losses are
Py

0=\

0

GoZ No

pidp F
SVEeN “ai5 = Timamraa PPp ©XP (_ EF) ’

nZﬁS

pf — limiting Fermi momentum, ps
= (372%NyZp/A)V3. Expressing the temperature
in keV, we obtain

g~ 1.45 107132 (Z/A)"* p"» exp (— Er/T) erg/cm3 sec
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In matter of high density, when the distance be-
tween the nuclei becomes of the order of the Bohr
radius ry, collective interaction effects cause the
K shell to ‘“smear out’’ and the energy level to
broaden. Therefore the formulas given above for
the neutrino energy losses are valid so long as
rpuc > ra (rnye — characteristic distance between
the nuclei).

In order of magnitude we have rpye ~ (A/Nyo)Y3
and rg = 0.53 x 1078z-!ecm. From the requirement
rnuc > ra follows a condition for the applicability of
the formulas for the neutrino energy losses: pmax
< 10AZ3. When p = ppax the expressions for g
give the order of magnitude of the result.

The neutrino energy losses in recombination de-
pend essentially on the atomic number (q ~ Z*%), so
that the energy losses in a star increase sharply

with increasing concentration of the heavy elements.

A comparison of the recombination process with
other neutrino production processes shows (8] that
recombination gives rise to the main energy loss
of the star at temperatures up to 20—30 keV and at
densities up to 10° g/cm3. Bremsstrahlung of the
neutrino pairs turns out to be comparable with re-
combination only for the reaction on hydrogen:

Grec/dpy =~ 562°T %" (T inkeV).

A calculation of the neutrino luminosity of a
star due to recombination, analogous to that car-
ried out in [2], shows that in stars with tempera-
ture 5—10 keV in the center, Z = 12, and average
density 103—10% g/cm?® the radiation of energy from
the star in the form of neutrino pairs exceeds the
optical radiation. Densities of this magnitude are
found in white dwarfs. If the temperature in the
center of the star reaches 5—10 keV (a value ob-
tained by calculation for some models ), then the
white dwarfs may be the objects in which neutrino
radiation due to recombination plays a major role
and determines the main energy loss.

Of course, this still leaves the main question of
the existence of direct interaction between the neu-
trino and the electron.

2. NEUTRINO PAIR PRODUCTION IN 8 INTER-
ACTION BETWEEN NUCLEI AND ELECTRONS
OR POSITRONS

Gamow and Schoenberg (9] first called attention
to the role of B interaction in energy radiation
from the stars. They considered two opposite re-
actions: the decay of B-active nuclei and the for-
mation of such nuclei upon collision between fast
electrons with stable nuclei.
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The cross section for electron capture of a
stable nucleus increases with temperature, and
the rate of B8 decay of unstable nuclei remains
constant. As a result, B-active nuclei accumulate
and the number of stable nuclei decreases: at a
temperature kT = Q (Q —decay energy) the num-
ber of stable pairs n(Z) — 0, while the number of
B-active nuclei n(Z —1) tends to the initial con-
centration of the stable nuclei ny(Z). At tempera-
tures kT ~ Q this leads to ‘‘saturation’’ of the en-
ergy carried away by the neutrino: q ~ Qny(Z)A,
where A is the p-decay constant. By virtue of
this, the Gamow-Schoenberg process is less effec-
tive at high temperatures than the processes re-
sulting from electron-neutrino interaction (e™ + vy
— e +v+y, et+te — v +7).

The situation changes radically if account is
taken of the fact that at high temperatures, when
kT becomes comparable with the electron rest
energy mc?, production of electron-positron pairs
sets in (191, The presence of positrons opens up
a new channel for the reaction: positron capture
of an unstable nucleus. The competition between
the B decay and positron capture of the unstable
nucleus causes the latter to predominate because
its rate increases with the temperature. Since at
the temperatures kT ~ Q the cross sections for
electron capture of a stable nucleus and for posi-
tron capture of an unstable nucleus are approxi-
mately equal, and their rates exceed that of the g8
decay of the unstable nucleus, the number of stable
and unstable nuclei is approximately evenly dis-
tributed, and amounts to ~ ny(Z)/2.

The rate of electron and positron capture is pro-
portional to ~ (kT )? exp(—Q/kT), while the num-
ber of electrons and positrons is proportional to
~ (kT)3 exp(-mc?/kT), so that the energy trans-
ferred to the neutrino pairs depends on a high power
of the temperature ~ (kT )®exp{ - (Q+mc?)/kT }
and there is no ‘‘saturation’’ of energy.

In the presence of positrons, the process in-
cludes one direct and two inverse reactions:

N 4 e — 2N v, (1)

(2)
@)

If the nucleus ZNA is stable while the nucleus
Z+1NA is B*-active, then analogous reactions oc-
cur, except that the electron and positron change
places.

The cross section for the capture of an electron
(positron) by a nucleus can be readily obtained by

2N et = N 4o,
Z_.INA——>2NA + e + '\7
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using the experimental values of the relative half-
life tf of the unstable nucleus[11-12].

_2m2In2 B (E Q)

T mdd v
E —electron (positron) energy in mc*® units and
v —relative electron velocity. The ‘‘plus’’ sign
pertains to the cross section for the capture of the
unstable nucleus, while the ‘‘minus’’ sign pertains
to the capture of the stable nucleus (in the latter
case 0 =0 when E =Q).

The rate of the reactions (1)—(3) and the energy
transferred to the neutrino pairs in a medium with
temperature T depend on the concentration of the
stable and B-active nuclei. The equilibrium con-
centration of either nucleus is determined from
the condition that the number of the direct and in-
verse reactions be equal:

n(Z)So(l)vdn =n (Z;tl)[x 4_80(2) vdn],

n(Z) +n(Z+1)=n,(2),
dn — equilibrium distribution of the electron
(positron) energy.
The energy carried away by the neutrino per
unit volume of the medium and per unit time is
determined by

¢={WE-Qrn@+0@E+ Qn @+1)
x vdn 4+ ahQn (Z £+ 1),
a:% for kT <€ mc?, a = —

2

2

for kT > mc?.

For the case when kT >» Ef

_ 2In2
=5

o0
I, = \ (x
(mc’-'-lQ)/kT
[ee]

i (x + Q —;ani’\:; xVa— (mc:/leT)2 dx )
14 ¢

Q-+ me*\3x V X2 —(mc® ] kT dx
kT ) 14 e* ’

12:

mc?;kT
Simple formulas for neutrino energy losses are
obtained in two limiting cases:
1) when kT < me?, kT < Q

_12In2 2 (Q 4 mc\2 (kT \a Q-+ me?

g == no(Zyme ( kT“) (nT) ex (' )
4108 Q- met\2 (KT \a Q4 me*
= (o) () oxp (= erg/omisec,

2) when kT > mc?, kT > Q

4
zz'olflngno(Z) mc2(

KT \6 _ 0.8-10% (kT \o 3
%5) =5 P (W, erg/cm’sec.

The neutrino energy losses are significant for
nuclei with low energy threshold Q and relative

mc? (f;l—cz)“ Un () = In (Z + 1] + aAQn (Z + 1),
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half-life tf. Processes with formation of g™ -active
nuclei (electron capture of a stable nucleus) are
most effective in the nuclei H!, Li®, and Fe® while
those with production of B*-active nuclei in Bll,
N F19 Na2 ete.

Owing to the high capture energy threshold, the
nuclei of helium and helium reaction products have
low effectiveness.

At temperatures 100—1000 keV the neutrino en-
ergy losses constitute in this process ~ 1081018
erg/g-sec (i.e., 103—10° erg/sec for the mass of
the sun). In this temperature region the main
process is formation of neutrino pairs upon an-
nihilation: e*+ e”— v + ¥. The energy losses in
this case are equal to[13] g ~ 3.6 x 1022 (kT/mc?)?,
kKT > mc?. Comparing this process with annihila-
tion, we obtain

G/qerse- ~ 1050 A7 (mc?/ET)®  (tf ~ 3-109),

i.e., at densities 10'—10% g/cm3 and at ~ 1000 keV,
the neutrino energy losses of both processes coin-
cide in order of magnitude (at such densities Ef
~ KT, so that the estimate is crude).

The high temperatures and densities considered
above can occur in stars differing in their last
stage of evolution, during the stage of gravitational
compression, and in supernova bursts. Under such
conditions, the B interaction of the electrons and
positrons with the nuclei can be just as important
as the annihilation e* + e”— v + » [13] and in the
absence of the latter it can play the major role.
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