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A study is made of the influence of the matter density and electromagnetic fields on neutrino
propagation in a medium. It is shown that in a dispersive medium the neutrino acquires

new characteristics, namely, an induced electric charge and an induced magnetic moment,
which depend on the parameters of the medium and the frequency spectrum and
polarization of the electromagnetic field. In the low-energy region in which the neutrino de

Broglie wavelength A, =p~! is greater than or equal to the mean separation ny

173

between particles the contribution of electromagnetic processes with neutrino participation
can exceed the contribution due to ordinary weak interactions, i.e., the electromagnetic
contribution in the medium cannot be regarded as a small contribution like the case of radiative
corrections in vacuum. Many-particle equations of motion of the neutrinos and electrons—
relativistic kinetic equations—are derived. By means of the solutions of these

equations for the neutrino spin in random magnetic fields record upper limits on the magnetic
moments of Dirac neutrinos are obtained from the constraints provided by primordial
nucleosynthesis in the early universe on additional neutrino species.

INTRODUCTION

With this review we present to the reader an introduc-
tion to the macroscopic theory of neutrinos in dispersive
media such as the plasma in metals and stars and ferro-
magnets, the lepton plasma of the early universe, etc.

When he conjectured the existence of the neutrino,
Pauli imposed very stringent bounds on its parameters,
including the exclusion principle and electrical neutrality,
explaining in this way the fact that this hypothetical par-
ticle escaped experimental detection. A remarkable aspect
of physics is that practically any hypothesis can ultimately
be tested experimentally. It was no different with Pauli’s
hypothesis.

Subsequent experimental discoveries of decays of ele-
mentary particles, parity nonconservation in y decays of
nuclei, etc., stimulated the further development of the the-
ory of weak interactions and neutrino physics.

The theoretical problems of neutrino physics are inti-
mately related to experimental possibilities.

Neutrinos are currently detected in experiments with
different sources of neutrino fluxes and in different energy
ranges. Particular problems (the search for mass, a mag-
netic moment of the neutrino, a difference of the squares of
the masses Am?, and the vacuum mixing angle ®,, in flavor
oscillations) are solved both by means of laboratory
sources of neutrino-radioactive isotopes, reactors, and ac-
celerators as well as indirectly by studying information ob-
tained using ground-based detectors to study natural astro-
physical sources—the sun and supernovas.

In the latter cases, using laboratory data on neutrino
properties, we can obtain unique information about the
internal structure of stars (density, magnetic field). These
aims very largely determine the program of future investi-
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gations in neutrino physics and astrophysics. The difficul-
ties of neutrino detection are still great, but definite
progress has been made in recent years in connection with
the commissioning of new experimental facilities.

The physics of the free neutrino, especially in connec-
tion with the discovery of the renormalizable theory of the
electroweak interactions, competes in its completeness
with quantum electrodynamics (QED) and Maxwell-
Lorentz theory. A natural extension of the physics of the
free neutrino is the physics of neutrinos in a medium.

Interest in this subject increased significantly after the
discovery by Mikheev and Smirnov' of the possibility of
resonant enhancement of v«>v, neutrino oscillations in an
inhomogeneous medium, which had been described earlier
for the case of a medium with uniform density by
Wolfenstein.2

The MSW effect'? makes it possible to explain the
strong suppression of the observed flux of electron neutri-
nos from the sun (Davis paradox) even in the case of small
mixing angles in vacuum, ®,<1, when the probability of
vacuum neutrino oscillations® is small.

In all the four on-going experiments with solar neutri-
nos, which differ in the methods of measurement and the
detection thresholds, a deficit of the electron-neutrino flux
is currently confirmed and can be explained in the MSW
model.!?

Another effect observed in Davis’s facility
(Brookhaven), the anticorrelation of the neutrino flux
with the solar activity,** can be explained by assuming an
anomalous magnetic moment of the neutrino that interacts
with the solar magnetic field, which varies during the cycle
of solar activity.® The resulting transformation of an active
(left-handed) Dirac neutrino into a sterile (right-handed)
neutrino, Ve, = Veg (Ref. 6), or, with allowance for a non-
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diagonal magnetic moment of the neutrino, transformation
of the left-handed electron neutrino into a right-handed
muon neutrino (active for Majorana particles),” explains
both the neutrino-flux deficit (the Davis paradox) and the
variations in time of the experimentally detected neutrino
fluxes.

However, in the Kamiokande-II (Ref. 8) and
GALLEX (Ref. 9) experiments such variations in time
have not been observed, and this has generated a certain
skepticism with regard to theories that use large neutrino
magnetic moments (u,~107""-10"'2u ;). The situation
with regard to both the Davis paradox and the time vari-
ations of the neutrino fluxes could be clarified in the future
by accumulation of statistics at the existing facilities (in-
crease of the neutrino flux at the next minimum of the solar
activity?) and also by the commissioning of new and even
larger facilities (Super Kamiokande in Japan and in the
neutrino observatory at Sudbury in Canada), which have
significantly higher event counting rates.

Note that the change in the helicity of the Dirac neu-
trino (vf«»vg ), which has a small vacuum magnetic mo-
ment, may be insignificant in the relatively weak magnetic
field of a normal star (the sun), but nevertheless significant
under a extreme astrophysical or cosmological conditions
with strong magnetic fields (see Sec. 4).

An important application of neutrino physics in cos-
mology is the hot component of the dark matter responsi-
ble for the formation of the large-scale structures in the
universe in accordance with the recent COBE satellite
observations.'® Any stable light neutrino with a mass of the
order of a few electron-volts is a suitable potential candi-
date for this component. If these ideas are to be compatible
with the interpretation (by neutrino oscillations) of the
flux deficits of: a) solar electron neutrinos (with small
mass-square difference Am?>~10"° €V?) and b) atmo-
spheric muon neutrinos'! produced by primordial cosmic
rays through decays of pions and muons in the earth’s
atmosphere (mass-square difference 5M*~10"2-10"3
eV?), it is necessary to go beyond the framework of the
standard model and introduce a fourth neutrino species—
the sterile v,.!? Such a neutrino does not affect the unob-
servable part of the ' width of the Z boson in laboratory
experiments but can affect primordial nucleosynthesis with
allowance for MSW resonance in oscillations with ordinary
active neutrinos in the hot plasma of the early universe.'

The effect of a medium on neutrino oscillations,! neu-
trino spin oscillations in a magnetic field,® and spin-flavor
oscillations"’ is very varied and sometimes like MSW
resonance' depending on the parameters of the stellar me-
dium and the vacuum properties of the neutrino. This
question is discussed in detail in Sec. 1.

We emphasize that in the approach of Refs. 1, 6, and 7
the inhomogeneity scale L~k~' of the medium is large
and greatly exceeds the neutrino de Broglie wavelength
A~E™!, and this makes it possible to use the WKB con-
dition k<p replaced in geometrical optics by zero-angle
scattering [k=2E sin(6/2) =0, E is the neutrino energy].

We draw the attention of the readers to a completely
new aspect of neutrino physics in a medium associated
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with incoherent scattering of neutrinos by charged parti-
cles through nonzero angle (momentum transfer k=-0),
excitation in the medium of collective degrees of freedom
(neutrino Cherenkov radiation, i.e., radiation involving a
change of the neutrino energy), etc.

Polarization of the medium by weak forces (by a mov-
ing neutrino) at “short” distances k~! ~r, where 7, the
Debye radius of the plasma, is appreciably less than the
inhomogeneity scale of the neutral equilibrium matter,
rp< L, is the main physical process that leads to the
change of the electromagnetic structure of the neutrino in
a dispersive medium and, as a consequence, to an addi-
tional electromagnetic interaction of neutrinos with matter
(effective long-range interaction at distance r~rp appre-
ciably greater than the range of the weak forces, which is
~M73}, where My, is the mass of the W boson).

The induced electric charge'* and induced magnetic
moment'> of the neutrino that arise as a result can lead to
interesting effects in dense media such as stars collapsing
prior to a supernova explosion and the early universe. Un-
der the ordinary conditions of an isotropic medium the
other low induced multipole moments of the neutrino
(electric dipole and anapole) make no contribution in the
standard model.'® In the standard model an induced neu-
trino anapole moment exceeding the vacuum moment (by
a factor of approximately a~'=137) appears only in a
ferromagnet.!”

In extended models with complex coupling constants,
an electric dipole moment d,, automatically arises in the
single-loop approximation of the neutrino interaction with
the vacuum of the leptons and vector and Higgs fields,
including in an isotropic medium in interaction with real
leptons.'® In the extended models constructed in the liter-
ature, these coupling constants are assumed to be real, and
therefore the replacement of the vacuum magnetic moment
Wy — (2 + d2)V? proposed in Ref. 19 is not used in the
present paper.

Thus to construct the electrodynamics of neutrinos in
a medium it is necessary in the first place to consider the
interaction in the medium of the (anomalous) magnetic
moment of the neutrino with external magnetic fields
(static and varying either regularly or randomly) and the
interaction of the induced charge and induced magnetic
moment of the neutrino with the self-consistent electro-
magnetic field (in a plasma).

We give a brief outline of this review. After a discus-
sion of the criteria for statistical averaging of the wave
equation for a test neutrino in a medium in Sec. 1, we
briefly consider the known effects of neutrino propagation
in a nondispersive medium.

Our main attention is devoted to the effect of a medium
with slowly varying density on neutrino oscillations,"? spin
precession,® and spin—flavor precession of neutrinos’ in a
magnetic field. The section concludes with a generalization
of the potential of the neutrino—matter interaction to the
case of a homogeneous medium containing antiparticles,
including a neutrino component (plasma of the early uni-
verse).

Section 2 begins with an exposition of the most general
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aspects of plasma physics. We then review the calculations
that have been made in the single-loop approximation of
the electromagnetic neutrino vertex in various dispersive
media in the framework of the standard model and the
simplest extended models of electroweak interactions. We
give definitions of the induced electric charge and induced
magnetic moment in a dispersive medium.

In Sec. 3 we consider as applications the renormaliza-
tion of the MSW potential of neutrino interaction with a
dispersive medium, screening of neutrino scattering by nu-
clei and electrons in a plasma, radiative decay of a heavy
neutrino in an electron gas, the change of the helicity of a
massive neutrino, vg—v;7, in a degenerate electron gas;
the energy loss of neutrinos in ve scattering and annihila-
tion of neutrino—antineutrino pairs (vw—ete™) in an iso-
tropic dispersive medium, polarization radiation of neutri-
nos in a plasma, and also the change of the helicity of the
Dirac neutrino in a plasma with neglect of the vacuum
magnetic moment and mass.

In Sec. 4 we consider a relativistic kinetic equation of
neutrinos in a dispersive medium with allowance for the
contribution of a self-consistent field. In particular we con-
sider such an equation for the neutrino spin in an electro-
magnetic field; this enables us to take into account not only
neutrino collisions with matter but also interaction of the
vacuum magnetic moment with random magnetic fields.
As application we consider the spin flip of Dirac neutrinos
in giant random magnetic fields generated in the elec-
troweak phase transition in the early universe. From the
constraint provided by primordial nucleosynthesis we ob-
tain upper limits on the magnetic moment and mass of the
neutrino in the standard model, these depending on the
“seed” magnetic fields in the dynamical mechanism of en-
hancement of the galactic magnetic field.

At the end we give a summary and discuss some pros-
pects for the development of neutrino electrodynamics in a
medium.

1. NEUTRINO PROPAGATION IN A NONDISPERSIVE
CONTINUUM

Before we discuss electromagnetic phenomena for neu-
trinos moving in a dispersive medium, we must establish
criteria of statistical averaging for the interaction of neu-
trinos with matter (an ensemble of particles) and compare
these criteria with the ones already known in the literature
and used in problems of neutrino oscillations in a
medium"®’ (see Sec. 1.1).

Such a comparison will make clear the origin of the
qualitative differences of the dependences on the matter
density, for example, in the case of the change of the he-
licity of neutrinos propagating in a dispersive medium or in
a medium with a smoothly varying (almost uniform) den-
sity.

1.1. Criteria of statistical averaging
and inhomogeneity scales

We shall give here criteria of macroscopic averaging in
the wave equation for a test neutrino moving in a medium.
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If we consider a medium with self-consistent electro-
magnetic field (plasma), then irrespective of the species of
the test particle and the nature of its interaction with the
matter the averaging scale Ly must satisfy the inequalities

A,> Lo»ng ', (1)

where 4, is the wavelength of the electromagnetic wave in
the matter, and n is the particle number density. The in-
equalities (1) mean that the number of particles in the
averaging volume is large, n,L3> 1, but the macroscopic
electromagnetic fields E(x,?) and B(x,#) are local quanti-
ties that vary weakly over the averaging scale, i.e., the
averaging volume L3 can be replaced by a point x.

In problems of resonant neutrino oscillations in a
medium' or in a study of the effect of a medium on spin
precession in a magnetic field,® the authors are interested in
the changes in the state of the neutrino (the wave func-
tion) at very large distances after multiple scattering in
matter (through angle 6=0 in each two-particle collision
event).?) Therefore in these problems inhomogeneities at
the level of the plasma scales, i.e., of the order of and
greater than the Debye radius 7, are unimportant and are
smoothed. In particular the characteristic density inhomo-
geneity scales on the sun that are taken into account in
calculations of neutrino oscillations are of order
L ~10°-10* km whereas the scales that are important for
plasma electrodynamics are of order r,~10~7 cm (under
the same conditions of the solar plasma).

The influence of a medium on an elementary event of
two-particle interaction of a neutrino with an electrically
charged particle is determined by the polarization of the
medium induced by the weak forces.

As a consequence, a neutrino in a plasma cannot in-
teract with one charged particle without influencing the
nearest neighbors that are coupled to the recoil particle (in
ve scattering) by Coulomb forces (on a scale k' ~rp).

If the momentum transfers are large, k>r3' (or even
k> n(l,/ 3, where n()l}D}» 1), i.e., close collisions are realized,
then these collective effects disappear, being smaller in
magnitude than the ordinary Born contribution of the two-
particle interaction (through short-range weak forces),
which is always taken into account additively in the total
differential cross section for neutrino scattering in matter.
We note that for momentum transfers as large as this the
very procedure of macroscopic description of the proper-
ties of the medium with respect to a test particle becomes
invalid. In other words, we must always require, as in the
inequalities (1), restrictions on the allowed scale of inho-
mogeneity in the wave equation of the test particle:

k~'s Ly>ng '3,
However, in contrast to the semiclassical approximation,
k <p, used in the problems of Refs. 1, 6, and 7, in which the

inhomogeneity scale is much greater than the neutrino de
Broglie wavelength, i.e.,

k~'s>max(p~', L), (2)
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in the problems solved below not only the neutrino energy
but also the scattering angle 0 is arbitrary, i.e., the quan-
tum case k~p is also allowed.

To preserve the condition of influence of medium inh-
omogeneity on the interaction of neutrinos with matter, we
introduce in this case a restriction on the neutrino energy:

k_1>P—l>Lo>n61/3, p~E<n!’, 3)

We emphasize the incoherence of the scattering in the sit-
uation with strong inhomogeneity, k‘1>p‘1, with scatter-
ing angle 6540. This means that there is a significant influ-
ence of the inhomogeneity of the medium in the
neighborhood of the neutrino on the scattering cross sec-
tion with simultaneous requirement of the presence of a
large number of particles in a volume with radius equal to
the de Broglie wavelength: n(yl3> 1, A=p~ L.

Such a condition is important for the introduction of
the very concept of a neutrino wave function in a coordi-
nate space with high degree of inhomogeneity in view of
the uncertainty principle for an ultrarelativistic particle:
Ax~p~L.

As above in (1), on the replacement of the averaging
volume by a point x in the coordinate space the error
Ax~p~! in the coordinate dependence of the wave func-
tion must be much greater than the scale of the macro-
scopic averaging, p~'> L,, in accordance with (3).

The conditions (3) are necessary if we are to write
down a Dirac equation for neutrinos in a medium valid
outside the framework of the semiclassical approximation.
In the WKB approximation®’ for a homogeneous (or
almost homogeneous) space (k—0), the error Ax is unim-
portant in the phase of the semiclassical wave function.

We shall use below the more general conditions (2),
which include the criterion (1) without restriction on the
neutrino energy.

However, it must be emphasized that the collective
effects in the neutrino—matter interaction discussed here
begin to compete with the known contributions of the stan-
dard model for the case of soft neutrinos (or high density
of the medium): p_3n0> 1, i.e., when the conditions (3)
hold.

1.2. Influence of a homogeneous medium

and a medium with slowly varying density (large-
scale inhomogeneities) on neutrino oscillations
and spin precession in a magnetic field

Whereas the induced electromagnetic characteristics of
the neutrino (induced electric charge, etc.), which influ-
ence the processes of scattering or decay of neutrinos in a
dispersive medium, are proportional to the density of the
medium and vanish in vacuum, all the well-known effects
described briefly in this section are realized already at the
vacuum level.

This applies both to neutrino flavor oscillations® and to
neutrino spin precession’’> or neutrino spin—flavor
precession® in an external magnetic field.

Nevertheless the addition of a medium considerably
modifies the probabilities of these processes. For example
in the case of passage of neutrinos through a medium with
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uniform density, the probability of transition of an electron
neutrino into a neutrino of a different species (for example,
v“) can be expressed in the same form as in the case of
oscillations in vacuum,”

P(v,—v,) =1—sin?20,, sin*(mx/1,,), 4)

with the difference that the mixing angle in vacuum 6, is
replaced by the mixing angle 6,, in the medium:

sin 26,
[(cos 20,—1,/1,)*+sin? 20,]1/%’

and the oscillation length /, in vacuum is replaced by the
oscillation length in the medium:

I,
Im=T{cos 260,—1/1)+sin? 26,172

In Wolfenstein’s expressions (4)—(6) (Ref. 2), the
vacuum oscillation length 4mp/Am? (Ref. 3) is augmented
by the refraction length I,=27/VMSY, which depends on
the MSW potential of the neutrino-matter interaction:

VMSW — G \2n,, (7

where G is the Fermi constant, and n, is the electron
number density. In vacuum (/y— o ) the probability (4) is
equal to the vacuum value.’

The potential (7) is renormalized with allowance for
the single-loop corrections in the dispersive medium;?! it is
determined by the contribution of the charged currents®
and is equal to the difference between the potentials of the
interaction of the electron neutrino

sin 20,,= (5)

(6)

v_SF 2 8
_VE( n,—n,) (8)

and the muon neutrino

y L
_E (_nn)

with ordinary matter in the absence of antiparticles and
background neutrinos [see the generalization (14) below
for the plasma of the early universe]. If the density n,(r) is
variable and decreases toward the surface of the star
(n,—0,lp— ), then for any neutrino energy E~p and
difference Am?=m3—m? of the squares of the masses there
always exists on the “trajectory” of a neutrino emitted by

the star a point that corresponds to MSW resonance:!
cos 20,=1,/1,, 9)

At which the depth of the oscillations 4 =sin® 20, is max-
imal (equal to unity) and the oscillation length increases
(1,,=1,/sin 20,).

The expressions (4)-(6) are valid under adiabatic
conditions, /,, < L. Here L is the thickness of the resonance
layer, in which the refraction length /, varies weakly, i.e.,
the inhomogeneity of the density, which decreases
smoothly toward the surface of the star, is small and the
inhomogeneity scale (L) large. As a result the resonance
condition (9) is realized everywhere over the length L, and
the electron neutrinos can be effectively transformed (con-
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verted) into muon neutrinos. Outside the resonance layer
the conversion probability P(v,—v,) (including the in-
verse v,—v,) decreases sharply, and on escape from the
star can, if we ignore the low density of the stellar wind, be
described already by a vacuum expression of the type (4)
with small oscillation depth A=sin® 20, <]1.

Therefore in all cases of resonance oscillations or res-
onance neutrino spin precession and spin—flavor precession
in an external magnetic field we are dealing with resonant
and therefore appreciable conversion of the neutrino state
without reverse transformation of the flavors (or chirality
vgr—v) outside the resonance layer, since for each value
of the neutrino energy the resonance region is traversed by
the emitted neutrino once, i.e., the neutrino state is “fro-
zen” after it has passed through the resonance layer.

We now consider neutrino spin precession and spin—
flavor precession in a medium with regular external mag-
netic fields. Although recently the applications of these
effects in solar-neutrino physics have been questioned in
connection with the recent Kamiokande-II (Ref. 8) and
GALLEX (Ref. 9) experiments, the electromagnetic inter-
action of neutrinos with an external magnetic field may be
important in the strong magnetic fields of evolved stars,
namely, neutron supernova remnants, white dwarfs, or in
giant primordial magnetic fields in the early universe (see
Sec. 4).

For neutrino spin precession in a homogeneous and
static magnetic field B, the probability of conversion of
active left-handed Dirac neutrinos into sterile right-handed
neutrinos:®

P(veL—»veR)

(2.u"VBJ. )2 ) 2 211/2 r
=L L Sin?[ V24 (2, B, )]V =

(10)

decreases with increasing density of the medium (~ V~2)
where the potential V is proportional to the matter density
[see Eq. (8)], u,, is the neutrino magnetic moment, and B,

is the component of the magnetic field perpendicular to the
direction of motion of the neutrino.

In the standard model the anomalous magnetic mo-
ment of the neutrino, u,=3.1-10"" ypm /eV, is small in
view of the experimental bounds on the neutrino mass m,,.
Here p1 p=e/2m, is the Bohr magneton,”’ e is the charge of
the electron, and m, is its mass. As a consequence the
bound m, < 10eV from tritium decay?” leads to the im-

possibility of interpreting the observed solar neutrinos by
means of neutrino spin precession described by the proba-
bility (10) for an acceptable extrapolation of the magnetic
field strengths into the interior of the sum (to ~10° G at
the bottom of the convective zone).

However weak laboratory bounds on the same mag-
netic moment (u,<1.08-10~° up from ve scattering of
reactor antineutrions®’) make it possible to use extended
models of the electroweak interactions in which for a small
mass the neutrino magnetic moment is large [a value
(107"'-10"'?)u ; would be sufficient to explain by neu-
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trino spin precession not only the observed deficit of the
flux of electron neutrinos but also for manifestation of vari-
ations of it in time].

The arbitrariness in the choice of the corresponding
parameters of the extended models can be strongly re-
stricted by means of several astrophysical observations or
the observed helium abundance converted to the time of
the primordial nucleosynthesis in the early universe. For
example from the observation of the rate of cooling of
white dwarfs one can deduce the inequality p,,
< 107" pp (Ref. 24), while from the luminosity of red
giants it follows that p, < 2- 10~ pp (Ref. 25). In Ref.

26 the similar bound By, <3 10712 u 5 was deduced from

the abundance of primordial helium.

The most stringent limits on the diagonal and transi-
tion (u;,) magnetic moments of Dirac neutrinos would
follow from the same cosmological restriction associated
with primordial nucleosynthesis if one used the additional
hypothesis of a fossil origin of the seed magnetic field B,y
in the dynamo mechanism of enhancement of the galactic
magnetic field. In particular from the inequality obtained
in Ref. 27,

10-%up

Ky < Bog

e

’

after substitution of the astrophysical limit on the seed field
obtained in the modern nonlinear magnetic dynamo the-
ory, Beq> 10~ G (Ref. 28), there would follow a record
bound on the intrinsic (diagonal) moment of the electron
neutrino,

ﬂ‘VL, <10™ 19#1? ’

or on its mass in the standard model: m, < 0.3 eV. The

generation of the corresponding giant random magnetic
fields in the electroweak phase transition at temperature
T ~Tgw~10° MeV (Ref. 29) would not contradict the
observed isotropy of the universe. The upper limits on the
magnetic moment obtained in Refs. 27 and 30 rule out an
explanation of the data on solar neutrinos by spin preces-
sion or spin—flavor precession of Dirac neutrinos.

We note that the bound p, < 10~'? up from the ob-
servations of the neutrinos from the supernova SN1987A
(Ref. 31) may be uncritical if one takes into account in the
expression (8) the change of the signs of the potential V
within dense matter with a large number of neutrons 7,
(Ref. 32) or a more correct position of the “resonance”
layer V=0 with inclusion of vv scattering™? in the stage of
a neutrino opaque star.

The absence of resonance and the suppression of the
v — Vg conversion probability (10) in a medium in which
the potential ¥ is nonzero are changed into the opposite
properties when the static homogeneous (one-
dimensional) field B, =const is replaced by a two-
dimensional magnetic field B=B, ¢*” rotating in the
plane perpendicular to the neutrino momentum with non-
vanishing geometric phase velocity @540, more precisely,
& >0 (Refs. 34).
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In this case the probability of conversion of left-handed
neutrinos into right-handed neutrinos®® can have a reso-
nant and therefore irreversible nature only when allowance
is made for the matter density,>* and in the probability

P(’VL—>VR)

(21,8, ) -
= ) 28111
(V—®)2+ (2u,B, )

X ( J(V—&)*+ (2u,B, )zg) (11)

resonance V=4 is realized both for transitions of Majo-
rana neutrinos, Ve, = ’VZR, when there is a shift of the res-

onance of neutrino spin—flavor precession
[V=V2Gr(n,—n,) —Am*/2E=0] when Am*=m3—m?
#0, as well as for Dirac neutrinos, when m, = m,,
= m,, i, Am*=0. Note that the case of neutrino spin
precession with an electron Dirac neutrino (veL - veR) is of
most interest in the problem of Ref. 34, but if the Dirac
neutrino has a nondiagonal magnetic moment, u,,5%0,
there can also be a neutrino spin—flavor precession transi-
tion v, — v, to the sterile muon neutrino with
V=v2Gp(n,—n,/2) —Am*/2E.

In the absence of matter (n,=n,=0) in a static and
homogeneous magnetic field (®=®=0), neutrino spin—
flavor precession is suppressed compared with ordinary
precession?’ because of the relatively large level splitting
AE=Am?*/2E (Ref. 6). However, in a medium, as can be
seen from the expression (11) in the case <1>#0, resonant
enhancement of the precession is possible.

The potential ¥ in this formula can be expressed in the
foml7,36

V=c;—cgr—Am?/2E,

where Am*=m%—m3>0 and ¢;=Gr(2n,—n,)/v2 is the
potential of the electron (left-handed) neutrinos, cg=0 for

the right-handed muon Dirac neutrinos v, , and
c¢g=Gpn,/v2 in the Majorana case with active v;R.

Physically neutrino spin-flavor precession is, as it
were, a combined effect of neutrino oscillations (i.e., it also
depends on the neutrino energy) and neutrino spin preces-
sion in an external magnetic field but with the possibility of
using all the advantages of the flavor-nondiagonal mag-
netic moment, 1,50, in contrast to the intrinsic (diago-
nal) magnetic moment of the Dirac neutrino.

In particular Majorana neutrinos, which possess only a
nondiagonal (transition) magnetic moment, are not sub-
ject to the criterion that restricts their magnetic moment as
a result of the appearance in cosmology of additional de-
grees of freedom (through the electromagnetic channel in
ve scattering,?%*’ through neutrino spin—flavor precession
in random magnetic fields,*° and through the production of
an unobserved excess helium abundance in the early uni-
verse). Right-handed Majorana antineutrinos as truly neu-
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tral particles are the same left-handed active neutrinos, and
the total number of degrees of freedom for the three flavors
is not increased (3-2=6).

Thus the dependence of the state of the neutrinos on
the matter density in the process of propagation through a
medium with large inhomogeneity scale can take very dif-
ferent forms. The medium can suppress neutrino spin pre-
cession of Dirac neutrinos in a static magnetic field® and
can enhance resonantly neutrino oscillations' or neutrino
spin—flavor precession in the same magnetic field.” It is
characteristic that in vacuum all the effects persist and are
only changed quantitatively.

We note that for Dirac antineutrinos in the lowest or-
der in the constant G the sign of the potential ¥ in the
medium is changed (V- —V) and accordingly so is the
sign of the diffraction length l[y=2#/V: ly— —I;. Therefore
in the case of antineutrinos for the same sign of the differ-
ence Am*=m}—m?>0 there do not exist the resonant
neutrino oscillations (5) or neutrino spin—flavor precession
in a magnetic field; instead, the medium suppresses these
effects for antineutrinos.

To conclude this section, in which we have made a
brief review of the literature on neutrino propagation in a
nondispersive medium, we give more general expressions
for the potential ¥ that follow from calculation of the neu-
trino self-energy in a thermal reservoir of background
particles®® and lead to subtle effects in the early
universe.'>

The main contribution to the potential ¥ is determined
by the shift of the neutrino energy in the medium, which
can be obtained by statistical averaging of locally point (in
the employed low-energy approximation) microscopic in-
teraction Lagrangian of the standard model:

Li=Gr2 2 [¥ 7,8 (1—7s) +8§’ (1+75))¥)]
J

X [¥. v|s (12)

(1—7vs) -

2
where g(L’;,)Q are known constants for the fermions of the
medium (j=e, v, u, d), including the quarks that consti-
tute the nucleons.* In particular, for electrons with allow-
ance for the contribution of the charged currents the con-
stants are

g =4y, e0=6 E-sin®0y.
In accordance with the criterion (discussed above) for ho-
mogeneous equilibrium media, the statistical averaging of
the current of the background particles in (12) corre-
sponds to the forward-scattering amplitude or the self-
energy diagram (Fig. 1c) for a test neutrino immersed in a
thermal reservoir.*

Use of the local Lagrangian (12) in the Dirac equa-
tions leads to the spectra of massive Dirac neutrinos and
antineutrinos:

E=p+V(1—r)/2 for v,

(13)
E=p—V(1+r)/2 for v.
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In Egs. (13), = + 1 is the neutrino helicity, which is con-
served in a homogeneous medium. It is readily seen from
(13) that the right-handed Dirac neutrinos (r=+1) and
left-handed Dirac antineutrinos (r= —1) are sterile.

Further, following the authors of Refs. 13 and 38, we
restrict our attention to low energies E <100 MeV of the
neutrinos and to the corresponding temperatures in an
equilibrium medium, when, on the one hand, we can ignore
the presence of muons in the medium and, on the other,
sum the contributions of the quarks in the interaction of
the neutrinos with the nucleons.

Under these conditions, the spectrum of the electron
neutrinos (13) is determined by the potential

V=Ggn,\2Ly, (14)

which depends on the asymmetry L, or the differences of
the number densities of the particles and antiparticles, nor-
malized by the photon number density 7, in the early uni-
verse:

L,

Ly= Le—7+2L,,e+ L,,M+ L,, (15)
where L;=(n;—n;)/n,.

Note the absence in (15) of a contribution of the pro-
tons (respectively, antiprotons), which is exactly canceled
by the contribution of the neutral current of the electrons
(positrons) [see (12) and Ref. 39].

From the expressions (14) and (15), in the absence of
a contribution of antiparticles and with neglect of the con-
tribution of the neutrino background, we obtain the poten-
tial ¥=G»22(n,—n,/2) (8) used above in (4) and (10)
for resonant neutrino oscillations' and neutrino spin
precession.® If for degenerate dense matter of a collapsing
star, in the absence of antiparticles and on their equilib-
rium conditions of the neutrino opacity, we retain the first
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FIG. 1. Self-energy diagrams for a test neutrino in a medium. The double
lines denote the electron—positron propagators in the medium.

three terms of the sum (15), then the potential (14) be-
comes identical to the expression (1) of Ref. 33.

As we already noted above, for the Dirac antineutrino
the potential (14) changes sign.

However, if in the same single-loop approximation in
the diagram of Fig. 1b we calculate the corrections due to
the finite mass of the gauge bosons [going beyond the ap-
proximation of the point Lagrangian (12)], then the po-
tential of the interaction of the electron neutrinos with the
thermal reservoir,®

V= \2Gm(T)[Ly—AT/M%,], A~55, (16)
will depend on an additional correction (7 <My,) that
does not change sign on the transition from a test neutrino
to a test antineutrino.

As is well known, baryon asymmetry persists in the
process of evolution of the wuniverse at the level
(np—np)/n,~ 10~°. With allowance for the conservation
in the standard model of the difference B— L of the baryon
and lepton numbers, the lepton asymmetry must be at the
same level Ly~ 10~°. This means that for the temperatures
T'> m, considered here the correction in the potential (16)
is important.

The difference between the absolute values of the po-
tential (16) for neutrinos and antineutrinos leads to differ-
ent depths of neutrino spin precession in the primordial
magnetic field of the early universe (10) or to different
refractive indices.

As a consequence of the difference between such left—
right transitions (v;—vg,Vg—v.), there may be an unac-
ceptably large neutrinoassymetry L, = (n, — n,)/n,atthe
onset of nucleosynthesis of the light elements. From the
bounds on their abundances it is possible to obtain cosmo-
logical upper limits on the product u, B, .
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In the absence of a magnetic field, the same arguments
applied to the analysis of resonant neutrino oscillations
(veo>v,) with the participation of a sterile, v,5v,, neu-
trino in a thermal reservoir with the potential (16) lead to
bounds on the mixing angle of active and sterile
neutrinos. '

The calculation of bounds on the fundamental param-
eters Am?, 6,, m,,, ., that follow from consideration of all
neutrino propagation effects in a medium goes beyond the
scope of the present review (see, for example, Ref. 40).

In the above we have restricted ourselves to an analysis
of the studies of other authors with a single aim—to show
the difference of our approach to the problem of neutrino
electrodynamics in a medium, above all in a dispersive one.

2. NEUTRINO ELECTRODYNAMICS IN A DISPERSIVE
MEDIUM

2.1. Normal modes in an isotropic plasma

We begin by giving some general results from plasma
physics, the knowledge of which will be sufficient for the
reader, a specialist in high-energy physics, to understand
this section of the review.

The choice of a plasma as medium simplifies the illus-
tration of the general properties of all dispersive media.
For example in an anisotropic substance such as a ferro-
magnet we have in place of the emission of plasmons by
moving neutrinos (photons in a medium) the emission of
magnons,*! etc.

A characteristic property of all dispersive media is the
presence in them of a self-consistent electromagnetic field
84,,(x,t), which is described by Maxwell’s equations with
an induced (by the field itself) current. In a plasma, the
induced current has in the Fourier representation the form

8ju(@,k) =11, (0,k) 84" (0,k), (17)

where in the isotropic case the polarization tensor
I,,(w,k) is determined by two linear-response
functions—the longitudinal, ¢,(w,k), and transverse,
&, (®,k), permittivities. Note that when allowance is made
for the spin of the electrons of the medium the average
vector current §j,(w,k) =e6(‘i’e‘yu\l’e) (17) contains not
only a conduction current but also a magnetization current
8j=curl M, which depends on the magnetic permeability
[~(u~'(w,k)—1)]. In accordance with the Bohr-Van
Leeuwen (see, for example, Ref. 42), this third linear-
response function is in the classical limit (#—0) a charac-
teristic of the medium that depends on ¢, and is not im-
portant for a plasma (u~1). However for a ferromagnet
(u>1) the magnetization current is important in the cal-
culation of the anapole moment of the neutrino.'”

Nontrivial solutions of Maxwell’s equations (64 ”;&O)
exist for waves that satisfy the well-known dispersion rela-
tions

g/aw,k) =0, (18)
£y (w,k) —k*/?=0, (19)
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FIG. 2. Spectra of longitudinal, ®;(k), and transverse, o, (k), plasmons
in an isotropic plasma.

which have solutions (plasmon spectra) that are different
from the spectra of vacuum photons (w=k, see Fig. 2).

For example transverse plasmons in a cold plasma,
= (wf,+k2) 172 bossess a nonvanishing mass m, 70 equal
to the frequency of the Langmuir plasmon:

W2, a=é

In vacuum, after they have left the plasma (ny—0), such
plasmons are transformed into ordinary photons (g>=0),
but in the medium the gauge invariance of the second kind
for the “photons” determined by the dispersion relations
(18) and (19) is broken, i.e., g°540.

This lifts the kinematic prohibition on the emission of
such plasmons by a free charge moving in the medium.
However, in an isotropic plasma there exists only polariza-
tion radiation of longitudinal waves, for which there can be
Cherenkov resonance of the phase velocity of the wave
(v=wyk) and the velocity of the radiating charge (see
Fig. 2, where w/k <1 below the bisector o =k).

For transverse waves, for which the phase velocity
o, /k is always greater than the speed of light, o,/k>1,
such radiation (in the isotropic case) is impossible; it is
only in a magnetoactive plasma that the spectra of the
transverse waves admit refractive indices n=k/w, > 1, i.e.,
Cherenkov emission of transverse waves becomes possible.

The normal modes described by Eqs. (18) and (19)
are weakly damped in an equilibrium medium, i.e., follow-
ing emission by moving neutrinos, such waves propagate
for a long distance, involving many particles of the medium
in the interaction. Moreover, for longitudinal waves there
can be both weak collisionless damping (Landau damping,
or the inverse Cherenkov effect of absorption by electrons
of the medium) and collisional damping (virtual plasmon
in electromagnetic v/ scattering).

In an isotropic plasma, transverse plasmons are
damped only collisionally, this being again because of the
absence of Cherenkov resonance (w,/k> 1) with radiating
(absorbing) particles having velocities v<1.

Knowledge of these results from plasma physics will
facilitate understanding of the specific features of the elec-
tromagnetic interaction of neutrinos in dispersive media.

We give below a list of results of single-loop calcula-
tions of the neutrino electromagnetic vertex in various me-
dia and in various electroweak models. The details of the

m,=w,= (4rany/m,
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calculations can be found in the cited references. All the
different electromagnetic vertices were calculated by two
different methods that gave identical results: the diagram
method using thermodynamic Green’s functions and the
method using the quantum relativistic equation for neutri-
nos.

2.2. Neutrino electromagnetic vertex in a medium

We give the results of exact calculations of the neu-
trino electromagnetic vertex made in the single-loop ap-
proximation for different media and electroweak models.

In the simplest case of an isotropic plasma, the neu-
trino electromagnetic vertex was calculated for the first
time by Adams, Ruderman, and Woo* already in 1963 in
the framework of the old ¥—A4 model with charged cur-
rents.

They calculated the energy losses or the rate of cooling
of a dense star in the process of the decay of plasmons
Y1 into a pair consisting of an active neutrino and an
active antineutrino, y;,, — vv, this making, in particular,
the decisive contribution to the cooling rate of the degen-
erate electron gas of white dwarfs. Of course, they used the
value of the QED polarization tensor of the plasma known
at that time* and showed that the contribution of the
mean axial current to the y—vv decay probability is much
less than the polarization contribution of the mean vector
current.

Some numerical errors of Ref. 43 were taken into ac-
count in several subsequent studies that used the V'—4
model; for example, the correct result was obtained by
Zaidi in Ref. 45.

The probabilities of the various electroweak processes
that are important in the evolution of stars were deter-
mined more accurately in numerous studies after the dis-
covery of the standard model.*® For the same ¥—¥ pro-
cess we mention here one of the investigations of Dicus.*’

However an axial electromagnetic form factor was not
introduced in the standard model before the publication of
Ref. 15, apparently because of the existence of a single
(until the publication of our papers) example of a collec-
tive process in a plasma with the participation of neutrinos.
This was the plasmon decay ¥ — v¥, in which the contribu-
tion of the axial current is indeed unimportant.*?

Standard model

In an isotropic dispersive medium, the electromagnetic
vertex of the Dirac neutrino in the rest frame of the me-
dium, Q, = 8”0, has the form*®

T2 (0k) =a[G/L,,(0,k)7"

+i€yy00d (0,k)g"V°1 L, (20)

where A(w,k) is the magnetic axial form factor,'®> which
arises from the mean axial current of the particles of the
medium and is proportional to the weak constant Gy and
the constant c,=gr—g; (c,=+0.5 for the electron neu-
trino and ¢,= —0.5 for v, ;); L= (1—v5)/2 is the projec-
tion operator for the left-handed neutrino® (see Fig. 3).
For a QED plasma, the polarization tensor II,,, which
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FIG. 3. Electromagnetic vertex I, of a neutrino in a medium. The double
lines denote the electron—positron propagators in the medium; the double
wavy line represents a photon in the medium (plasmon) with momentum
4 = p,, — p, and polarization e, . In the employed low-energy approxima-
tion, |¢%| €M%, the contribution of the self-interaction of the Yang-Mills
fields is omitted.

does not depend on G, was calculated earlier in Ref. 50 in
an arbitrary frame Qﬁﬁb‘“o. As in Ref. 51, the tensor

I1,, can be written down in the point approximation:
Gyl (o.k)/a=F(w,k)éé, +F(w,k)8,5,;
X (Sij_lglkA i)

where Gy=2Grcy; i, j=1, 2, 3; F;,, are the longitudinal
and transverse neutrino electromagnetic form factors,
which in an isotropic plasma (in the limit of temperatures
T <My,) has the form'6*®

Fi(w,k)=Gp2cp(efw,k) —1)g%/a, (21)

Fo(0,k) =Gp\2ep(e(0,k) — 1) 0/a. (22)
Here the vector constant is cy=2€+1/2 for the electron
neutrino and cy=2£—1/2 for the neutrinos v, ,. We ig-
nore the contribution of the heavy hadrons of the medium
to the electromagnetic vertex (20), assuming for simplicity
that the background is fixed.

In a somewhat different form, identical to (20) after
renotation of the variables,'® the electromagnetic vertex of
the Dirac neutrino in an isotropic electron gas (plasma
with fixed ions) was also obtained by D’Olivo et al. in Ref.

52 [Eq. (3.1)].

Oraevskil et al. 137



In an external electromagnetic field A;"‘, a plasma be-
comes anisotropic, and the number of linear-response func-
tions is increased.

If the total field 4, is decomposed into a sum
A, =A"+ 564, with weak (6A <A;") self-consistent elec-
tromagnetlc ﬁeld the functlons of the linear (in 64 ) re-
sponse depend nonlinearly on A""“ If exact solutions of the
Dirac equations for the clectrons in the external field 45"
are known, the density matrix of the electrons in the me-
dium can be calculated using these solutions for an arbi-
trarily strong field 4.

In the semiclassical approximation, for example, in a
relatively weak homogeneous and static field
B,<m?/e~4- 10" G, the problem is simplified by the pos-
sibility of taking into account only the classical Lamor
gyration of the electrons of the medium.

The electromagnetic vertex of the Dirac neutrino in a
magnetic plasma (anisotropic dispersive medium) was cal-
culated using such a WKB condition in Ref. 53 and found

to be
Gr2cy
a

T2 (0k,By) = M, (ok,By) 7"

+ iB”,Gp \/EeiklkiAz(wsks BO)‘yv L

(23)

The spatial components of the classical polarization tensor

I (w,k, BO) are known from the literature on plasma
physxcs, and the time and mixed components are deter-
mined from the conservation of the induced electromag-
netic current: Hoo=ﬂ,-jk,-kj/a)2, My=Ip=11;;k;/0

The additional dispersion characteristic 4;(®,k,By) in
the expression (23) arises in the standard electroweak
model from the averaging of the axial current of the elec-

trons and is>

a [-<}
fg ) > Jib)

p n=—ow

k(kao)—f 9P v

nQQ,
x ((o—kzvz— ))_1], (24)
Y

where the tensor a}(p) has components ag(p)=pk/me,
ay="8y+ppi/(m,(e,+m,)) and corresponds to the po-
larization 4-vector @¥ = a;§; in the density matrix
(p+m,)(1—3ays) of the electron, which in the rest frame
has polarization (££;<1)"2 The expression (24) also con-
tains f5(g,), the equilibrium Fermi distribution function of
the electrons, and J,(b,), a Bessel function with argument
b=k, v, y/Q,, where Q,=eBy/m, is the cyclotron fre-
quency in the magnetic field B, directed along the z axis,
and y=¢,/m,.

Finally, we mention one further result for the standard
model. This is the neutrino electromagnetic vertex in a
ferromagnet, and it can be used to calculate the induced
magnetic*! and anapole!” moments of the neutrino in this
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medium. To calculate these moments, it is sufficient to
know the interaction of the neutrino with a static trans-
verse field. In this case the vertex I', has 3-vector part!7#!

GF\/_ cy

rgD)(O’k) ’VIetmpekInk kl(.u'kp (0,k) — 6kp)
Gr2 \ﬁme
+FT CaY Eniphp(tiix' (0K)
—6x) |L (25)

where p;(@,k) is the tensor of the magnetic permittivity.

We emphasize that the expressions (20), (23), and
(25) describe the neutrino electromagnetic vertex in the
same standard model of the electroweak interactions but in
different media. A common term in these vertices would be
the omitted and here unimportant (see the beginning of
this section) vacuum part I“Vfc(qz), in which the anoma-
lous magnetic moment disappears altogether in the limit of
zero neutrino mass (m,—0).

Extended models

We recall that it is necessary to go beyond the frame-
work of the standard model if one is to reconcile all the
currently known experiments with natural sources of neu-
trino fluxes, in particular to explain the deficits in the fluxes
of solar (electron) and atmospheric (muon) neutrinos,
and also the hot component of the dark matter (HDM) in
the interpretation of the data of the COBE experiment.

Generalizations of the simplest vacuum models, the
symmetric SU(2);®SU(2)gz® U(1) model®>¢ and the
model with charged scalar SU(2) L singlet,57 to the case of
an isotropic medium were considered in Refs. 18 and 58,
and generalization of the model with additional horizontal
SU(2) i symmetry’>® was considered in Ref. 61. A com-
mon property of these models is the appearance already at
the tree level of additional Lorentz structures in the inter-
action of the neutrinos with the charged leptons: S
(scalar)ls'sg'61 and T (tensor),“"61 which lead to changes
of the neutrino helicity.

These helicity changes are not due to the existence of a
neutrino rest mass or vacuum magnetic moment. The cor-
responding additional tree diagrams (with exchange of ad-
ditional Higgs particles) lead to an increase of the total
cross section for neutrino scattering by charged leptons,
v I~ —>wvgl™, by five orders of magnitude compared with
the contribution of the electromagnetic scattering channel
through the vacuum magnetic moment in the same
model. 262

The generalization of the above vacuum extended
models to the case of an isotropic medium automatically
leads to the appearance of an effective Lorentz-invariant
neutrino mass, which is proportional to the matter
density.8:61:63

In the framework of neutrino electrodynamics, it is
interesting to consider the contribution of the above addi-
tional structures S and T to the electromagnetic vertex
calculated in the same single-loop approximation as in the
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standard model and resulting from the polarization of the
dispersive medium by the moving neutrino.

One of the consequences of the modified electromag-
netic vertex can be a screening of the vacuum magnetic
moment in a dense medium due to the sign change of the
total magnetic moment and vanishing of u{*" at a certain
critical density. %!

For the example of the simplest minimal symmetric
model, we consider below in Sec. 3 a different electromag-
netic effect in a dispersive medium, which is the change in
the helicity of the Dirac neutrino in a plasma with neglect
of the vacuum magnetic moment.

Minimal symmetric model SU(2), @ SU(2)z e U(1)
(Refs. 55 and 56)

The appearance in this model of a second (heavy) Z
boson does not lead to a qualitative change of the electro-
magnetic interaction of the neutrino with matter, since the
additional diagram in the model*® will be analogous to Fig.
3a, i.e., will not lead to a change of the helicity, and is a
small correction for m zy > Mz, In contrast, the correc-
tions from the heavy right-handed W boson will, despite
their relative smallness due to the bounds on the mixing
angle { for the W, bosons,’*®* lead to a qualitative
effect—the neutrino helicity change v; —vg.

In the electromagnetic vertex (20) of the Dirac neu-
trino for an isotropic dispersive medium, there appears in
the model of Ref. 56 an additional term from the contri-
bution of the charged right-handed currents (from the
mixing of the W bosons):5

G 0
F2(0k) =2 {2 — sin 24m A (k) [Qu—% :
(26)

where 4(w,k) is the same magnetic form factor' that was
introduced in the standard model for the vertex (20), and
1, is the 4-velocity of the medium.

As regards its origin, the vertex (26) is an obvious
result of averaging in the dispersive medium the vacuum
product of scalars (W¥,¥,), which automatically arises
when one uses Fierz’s rule for an interaction Lagrangian®®
that includes charged right-handed currents. Besides the
appearance of the vertex (26), the use of the Lagrangian of
Ref. 56 leads to the appearance of a finite neutrino mass in
a homogeneous medium.®*

In the same vacuum model the use of Fierz’s rule leads
to the appearance of one further additional contribution; it
is proportional to the pseudoscalar W,ys¥, and is not im-
portant for the isotropic case, i.e., (¥,ys¥,) =0.

However in a ferromagnet such a term leads in the
vertex (25) to an additional contribution, which is also
proportional to the mixing parameter sin 2§, if one takes
into account the connection between the expectation value
of the pseudoscalar and the magnetization M(x,?):'®

(W,ys¥,) =div M(x,t)/e.
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2.3. Induced neutrino electric charge and magnetic
moment

The expression “electric charge” must be used with
some care. First, in contrast to the electron charge, this
characteristic is not universal, the neutrino charge being
dependent on the density and temperature of the medium.
Second the neutrino has different “electric charges” for the
same temperature and density of the medium depending on
the space—time characteristics of the external electromag-
netic fields that act on the neutrino or on the modes of the
electromagnetic self-radiation of the moving neutrino.

Thus the induced electric charge'*

(27)

should be called a quasistatic charge. Through this charge

the neutrino can interact with an appropriate electric field.
The neutrino interaction with a high-frequency elec-

tromagnetic field (o> k(v)) is described by the charge66

eind=_|e|GFcV(‘): (28)
Y 27ra ,[2 ’

which depends on a further characteristic of the medium—

the Langmuir (plasma) frequency (w,=(v)/rp).

For antineutrinos, the attraction of electrons is re-
placed by repulsion, and the induced electric charge (27)-
(28) changes sign.

Of course, when a test neutrino is introduced into a
dispersive medium, the global gauge invariance (of the first
kind) remains unbroken, i.e., for a system that overall
(with allowance for the fixed background of heavy ions) is
electrically neutral the total electric charge is zero.

The collective interaction of the neutrinos v, and v,
with matter was first considered in Refs. 67, 68, and 69, in
which a restriction was made to the contribution of the
neutral currents. We mention that in Ref. 67 the polariza-
tion losses of neutrinos in a plasma were calculated classi-
cally from the Poynting flux. In the case of a small neu-
trino charge, it is valid to use the Bethe approximation
(ei;'de/ﬁc < 1, cf. the relation Ze?/#iv <1 in Bethe’s case),
and the necessary quantum calculation was made in Ref.
70.

The electromagnetic vertex and induced electric
charge of neutrinos in a medium were also obtained in a
somewhat different way by Altherr and Kainulainen.”' For
a degenerate electron gas the induced charge calculated in
Ref. 71 differs from (28) only by a factor 4/3.

It is easy to see that the induced charge (27) is
small—of order ~ 10~ '% in a metal or ~ 10~ % under the
conditions of a collapsing star with density p~10'? g/cm’.

However, despite this small value, the neutrino in-
duced electric charge has important consequences:
polarization” and Cherenkov'* emission of left-handed
neutrinos in a dispersive medium, v; —v¥, or to screening
of elastic scattering of neutrinos by nuclei in the dense
plasma of a collapsing star,”? which has a significant influ-
ence on the collapse dynamics73 (see Sec. 4).
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The correct determination of the charges (27) and
(28) in an anisotropic dispersive medium follows directly
from the normalization of the longitudinal and transverse
electromagnetic form factors (21) and (22), which deter-
mine the vector part of the neutrino electromagnetic vertex
(20) in the standard model. For example the static charge
(27) follows from the normalization of the form factor
(21), ie., €™/ |e| =limy_ oF;(0,k).

It is important to emphasize that the observable
quantities—the cross sections and neutrino energy losses in
the dispersive medium—contain, of course, form factors.
Exactly as for the electron, all the neutrino multipole elec-
tromagnetic moments are obtained only for a static situa-
tion with a massive neutrino (m,-0) at rest in the disper-
sive medium.!® The nonuniformity of the electron
concentration produced by the polarization of the disper-
sive medium by the weak forces in the originally homoge-
neous (before the introduction of the test neutrino) me-
dium is precisely the induced charge of the neutrino.

A good illustration of the analogy with an ordinary
charge is the part of the cross section for elastic scattering
of a neutrino by a fixed Coulomb center that would corre-
spond to the modification of the diagram of Fig. 3c with
replacement of the free plasmon by a virtual plasmon.
When the neutral currents are ignored, this is the only
diagram in vA scattering and corresponds to the cross
section’?

do  Z2a*(e™/e)?[1—1? sin® 6/2—m2/2E?)
aQ~ 20%p?[sin’ 6/2+ (2prp) ~2]? ’

(29)

where the neutrino charge is equal to (27), and m,, is the
neutrino rest mass, which may be equal to zero (v=1).

The result (29) differs from the case of electron scat-
tering by the same screened potential’* by the unimportant
term m2/2E? in the numerator of (29), which is a conse-
quence of the presence of the ys matrix in the neutrino
electromagnetic vertex, and by the important factor
(ei",'d/e)z, which is determined by the expression (27).

Whereas in the case of electron scattering by a Cou-
lomb center in vacuum (75— o) we obtain from (29)
without allowance for the factor (¢/e)? the standard
Mott-Rutherford cross section, in the neutrino case we
find that in the limit 7 ,— co (vacuum) the charge e itself
vanishes [see (27)].

It is therefore worth comparing neutrino Coulomb
scattering with electron scattering in the same dispersive
medium. Note that in the medium the total cross section
o(E) will not have a dependence ~E~2 in either case
(electron or neutrino) because of the Debye screening of
the potential, which eliminates the Coulomb divergence.

The analogous cross section for scattering of the Ma-
jorana neutrino by a Coulomb center differs from (29) by
the replacement in the numerator of the factor in the
square brackets by [1—v? sin? 0/2—m3/E2], which van-
ishes for a stopped neutrino (v=0), and this means that
the Majorana neutrino has no induced electric charge, in
contrast to the Dirac neutrino.'®

However, in contrast to the vacuum, a moving Majo-
rana neutrino radiates in a dispersive medium electromag-
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netic waves, like the Dirac neutrino (v—vy), including a
massless neutrino, for which the electromagnetic charac-
teristics (form factors in the medium) are the same for
both neutrinos (Dirac and Majorana).

The induced neutrino magnetic moment M
= 1/2J d°r{rJ],, which is determined by the neutrino elec-
tromagnetic current J,=ev (p")[,v,(p) with vertex T,
(20), does not lead to helicity change, i.e., in this sense it
resembles the normal magnetic moment of a charged Dirac
particle

ind_

eGr ..
T m-aF2 Ll_%A(O,k)
in the case of interaction with a static magnetic field or

9= 205 lim A(k)

in the case of interaction of a neutrino with a high-
frequency transverse electromagnetic field. Using the ex-
plicit expression'” for the magnetic form factor 4 (w,k), we
can readily verify that (30) yields the result

ind

ey

(30)

(31)

ind
and exactly the same expression for the moment (31) with
replacement of the induced charge e?,‘d (27) by (28). For
the parameter £=0.25 (cpy=1) of the standard model, the
magnetic moment (32) has the canonical form except that
in the denominator we have in place of the neutrino mass
the mass m, of the real electrons of the medium attracted
to the neutrino.

~ Despite the large value of the magnetic moment (32)
(y“','d ~ 10~y g for a density p~ 10'? g/cm?® of an isotropic
dispersive medium ), the contribution of the axial form fac-
tor in, for example, the y—+¥ plasmon decay process is
small because the mean axial current is proportional to the
small ratio k/p <1, where k is the momentum transfer, and
p~E is the energy of an ultrarelativistic neutrino [cf. the
first and second terms of the vertex (20)].

3. PROPAGATION OF NEUTRINOS IN DISPERSIVE
MEDIA

This section is devoted to the description of the various
effects of interaction of neutrinos with a dispersive medium
that results from the electromagnetic vertex (20) in the
standard model and the vertex (26) in the simplest ex-
tended model of the electroweak interactions. For com-
pleteness of the exposition, we include in this section the
results of some foreign authors that confirm our concept of
the important role of the collective electromagnetic inter-
action of neutrinos with matter.

The vertex (20) is calculated in the single-loop ap-
proximation and, at the first glance, its contribution to the
cross section for neutrino scattering by the charges in the
dispersive medium can be expected to be as small as the
contribution from the vacuum radiative corrections in the
same low-energy approximation. However because the dis-
persive medium has a high polarizability (|&™% —1|>1)
compared with vacuum (|£{**) —1| ~0), the partial con-
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tribution of the electromagnetic amplitudes with the vertex
(20) to the cross sections of the elementary neutrino pro-
cesses (~G%) competes with the contribution of the tree
diagrams of the standard model (see below). Moreover, we
are justified in expecting that already in the first order in
the weak constant (~Gp) the amplitude of forward neu-
trino scattering with allowance for the electromagnetic
channel of the reactions through the vertex (20) will differ
strongly from the standard value, leading to a modification
of the MSW potential (7).

3.1. Renormalization of the MSW potential
in an electron gas

It was shown in Ref. 21 for the example of a plasma
with fixed uniformly distributed ions (electron gas) that by
virtue of the conservation of the electric charge the single-
loop corrections to the forward scattering amplitude, de-
scribed by means of the electromagnetic vertex (20), do
not, despite their large value, change the conclusions in
MSW theory.

We recall the connection between the potential V of
the interaction of a left-handed neutrino with matter and
the amplitude f,,(0) = —{(pp,|M|pp,)/87E, for for-
ward scattering by particles of species a having density #,:

V=3 fulOn,, (33)
P .

where p is the neutrino momentum. The single-loop cor-

rections to neutrino scattering in matter in the employed

4-fermion point approximation are described by the matrix

elements

PPy | ME™ | pp(ey) =¥(p’) (+ieT,)v(p) D*

X (—ie)a(p)vu(p.)  (34)

for ve scattering by electrons and
@'pii |ME,§"') |pp(iy) =¥(p) (ieT',)v(p) D**(+iZe)

X (Pl +Puy)v (35)

for neutrino scattering by massless nuclei with charge
+ Ze(e = |e| =

For fixed ions we substitute (p(;y + p(y)y = 2MS.4.
Here the electromagnetic vertex I, is given by (20); the

propagator D,,(w,k) of the photons in the medium has
the form
88, 8,8,,(8,—kk)
Dyuv(ak) g i(w,k) + w0’y (0,k) —K* ° (36)

where &, are the longitudinal and transverse permittivi-
ties, and e = (k wk)/ (q2 )V 2 is a unit polarization vector
(P=a?—I, E=—1).

For the forward scattering amplitude we substitute in
(34)-(35) the static limit 0 = E, — E, y = 0, k-0,
which leads to the single-loop corrections

GrE,\2cy
0
T

fem0)= (37)
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for ve scattering and

GFEp \/EZC 174

(em)
F5m0)=——2>

(38)

for scattering by ions; these are comparable in magnitude
with the Born contributions of the tree approximation used
in the derivation of the MSW potential (7):

GrE +2c
fif’(0)=—FT”;/——V (39)
and
GrE,
20 )=—ﬁ§ [Z(1—4§)—N]. (40)

We recall that substitution of the Born amplitudes (39)
and (40) in the definition of the neutrino interaction po-
tential (33) with subsequent subtraction of yMSW va
- V"u determines the MSW potential (7) in terms of the
contribution of the charged currents with allowance for the
different values c,=2£+0.5 of the vector constant for v,

and v,.

If we now use the condition of electrical neutrality of
the medium, ~

Zn,~= ne,

then we can readily show [using Eq. (33)] that the large.
single-loop contributions (37) and (38) exactly cancel (by
virtue of the conservation of electric charge) and do not
change the value of the MSW potential (7).

3.2. Screening of elastic scattering of neutrinos
by nuclei and electrons in a plasma

One of the consequences of the presence of the induced
electric charge (26) is screening of the cross section for
elastic scattering of the electron neutrino by nuclei in the
dense plasma of a collapsing star.’?

It is here necessary to distinguish two situations cor-
responding to the value of the nonideality parameter
I';=(U)/T; of the medium. This is equal to the ratio of the
mean interaction energy of the particles to the temperature
T; of the nondegenerate ions.

A degenerate electron Fermi gas is denser the more
ideal it is (I',<1), but simultaneously the medium of non-
degenerate ions can be in the liquid or even the solid state
if the corresponding nonideality parameter is large,
T,=2Z%*n!*/T > 1, for sufficiently high densities n;. For
iron nuclei (Z=26) at density p~ 10'2 g/cm3 and ion den-
sity n;~6* 10* cm ™3 (Ref. 73), the parameter I'; is com-
parable with unity (I';—1) at temperature 7;~15 MeV.

We consider below the case of high temperatures T;
when the nonideality parameter is small, I';<1 (ideal gas
of ions), and the structure factor that takes into account
the influence of neighboring ions (nuclei) on the cross
section for scattering of neutrinos by an isolated nucleus
can be set equal to unity (A=1, see Ref. 72).
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Leinson (see, for example, Ref. 75) has also consid-
ered the important opposite case of an ion liquid (I';> 1),
for which the cross section for vA scattering depends
strongly on the structure factor As~1.

Thus, with allowance for interaction of a neutrino with
an ion through the electrons that surround the ion and are
coupled to it by the self-consistent electrostatic field [in a
plasma, the electrons are free, £,= (mg +p2)1/ 2], the cross
section for elastic vA4 scattering of a massless electron neu-
trino by one spinless nucleus,

do G%E*(1+4cos ©) Z(1+46)12
- 16 Z(l‘4§)_N+1_+WD_ ’
(41)

contains not only the well-known contribution of the neu-
tral currents but also an additional term described by an
analog of the diagram of Fig. 3c, in which the real plasmon
is replaced by a virtual plasmon with vertex Ze. This term
vanishes in vacuum (7p— oo ) but makes a significant con-
tribution in a medium for small momentum transfers
k=2E sin(6/2) comparable with the reciprocal Debye ra-
dius: k<rp'.

Naturally, for large momentum transfers k> rl_,l the
neutrino does not interact with the environment of the
nucleus, and at the corresponding short distances from it
(r~k~1) only the contribution of the nucleons of the nu-
cleus is important.

Noting that the contribution of the protons for the
well-known parameter £~0.23 of the standard model is
insignificant, we draw attention in the expression (41) to
the opposite signs of the contributions of the electrons and
neutrons, this corresponding to the screening effect.

Figure 4 gives the dependence of the total cross section
o(E) on the neutrino energy E calculated by means of
(41) and normalized by the Born cross section o5 (by the
standard contribution of the neutral currents). The
straight line 0/0g=1 corresponds to the cross section of
vy, scattering of muon and 7 neutrinos for chosen pa-
rameter £=0.25.

Indeed, it can be seen from the expression (27) that for
the neutrinos v, , (cy=2£—0.5) the induced charge van-
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FIG. 4. Cross section for elastic scattering of a neutrino by spinless
nuclei, v4—v4, in the dense plasma of a collapsing star: a) by a 3¢Fe
nucleus for density p=10'" g/cm’; b) by a ;¢Fe nucleus for density
p=10" g/cm’; c) by a }°0 nucleus for density p=10'* g/cm’.

ishes, ei",'d = 0, i.e., there is no screening effect. Therefore
the diffusion of the neutrinos v, , to the edge of a radiating
neutrino sphere lasts much longer, and if it were possible in
underground experiments to detect neutrino pulses (from a
supernova) separately for the different neutrino flavors,
then the electron neutrinos should be detected first, and
then the neutrinos Vo (at the same energy E, see Fig. 4).%
We note that a neutral-current channel (of inelastic scat-
tering v, , .+ D—v,, .+n+p) is foreseen in future exper-
iments at Sudbury (Canada). This will make it possible to
distinguish the contributions of the different species of neu-
trino with allowance for the remaining channels of the
reactions on deuterium.

In Ref. 73, the screening effect of Ref. 72 was taken
into account in a calculation of the diffusion coefficient of
electron neutrinos in the framework of relativistic kinetic
theory. It was shown that allowance for the additional
electromagnetic interaction’? reduces the diffusion coeffi-
cient by a factor of order ~1.4 at low density (p< 10!
g/cm’) and by a factor ~1.8 at density p< 10'? g/cm’,
and it is argued in Ref. 73 that this must have a strong
effect on the collapse dynamics of the supernova precursor.

Using the vertex (20), we can readily obtain an anal-
ogous screening effect for quasielastic scattering of electron
neutrinos by electrons in a dense equilibrium electron gas.
At higher density, the cross section for v,e scattering is
reduced by 20-30% compared with Born scattering (cal-
culated in the absence of the dispersive medium) for inter-
mediate energies E>10 MeV of the emitted neutrinos.”

Using the relativistic generalization of the random-
phase approximation, Horowitz and Wehrberger’® also
confirmed the result of Ref. 72 for the scattering of electron
neutrinos by ions in a dispersive medium.

3.3. Increase in the probability of radiative decay
of a massive neutrino in an electron gas

The problem of the radiative decay v, — v,y of massive
neutrinos is important for the clarification of the stability
of the known neutrino species, in particular in connection
with searches for monochromatic (nonequilibrium) pho-
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tons from decays of fossil galactic neutrinos in the halo of
the Galaxy (see, for example, the review of Ref. 77) or for
the explanation of possible anomalies in the Wien region of
the spectrum of the microwave background.”®"

In the latter case it is important to require that the
neutrino lifetime 7, for which one is seeking must not ex-
ceed a period ~ 10 sec, corresponding to the time of de-
coupling of matter and radiation in the early universe (af-
ter hydrogen recombination). If this is not the case,
photons from the neutrino decays could not come into
equilibrium with matter.

In the standard model, the mechanism of compensa-
tion of the contributions of the virtual leptons in the vac-
uum probability of v,—v;y decay [the Glashow-—
Iliopoulos—Maiani (GIM) mechanism] leads to a very long
lifetime 7,~2 - 10** (100 eV/m,, )’ sec, which appreciably
exceeds the age of the universe f,~3 - 10!7 sec and corre-
sponds in the limit m, — 0 to a probability I" equal t0308!

aG}mf, m%u}',‘, u |
r 2 I (42)
=514 5)
20w I=eu,t MW

Here the square of the sum is the GIM factor, which is
basically determined by the ratio of the masses of the
lepton and the W boson and the square of the mixing ma-
trix |u¥, u,, |*=sin’ 26,/4.

Attempts to reduce the neutrino lifetime by lifting the
suppression of the GIM mechanism in the lepton sector
were made earlier in various modifications of the standard
model. In particular, introduction of a fourth generation of
fermions or the addition of an isosinglet neutrino®? makes
it possible to increase the probability (42) by a factor of
about (M W/mT)4~4- 10%, but this still leads to an insuf-
ficient reduction of the lifetime to explain the anomalies of
the background radiation or to observe ultraviolet lines
above the background radiation from the halo of the
Galaxy.”’

In the study of Ref. 83 considered here, D’Olivo,
Nieves, and Pal consider in the framework of the standard
model v, — v,y neutrino decay in an electron gas, for which
one can use the neutrino electromagnetic vertex (20), or,
rather, its part’’ corresponding to the diagram of Fig. 3b
(to the contribution of the charged currents) with allow-
ance for the mixing matrix of the leptons Uy, e (mixing of

neutrinos of two species with electrons). A contribution of
muons and 7 leptons is assumed to be absent, i.e., one does
not consider, for example, the stage of the early universe
T>m#’7, when the GIM mechanism will occur both in
vacuum and in a medium.

We shall proceed from the matrix element correspond-
ing to the diagram of Fig. 3b for the vertex (20) when in
it the contribution of the charged currents is separated
[o,= (a)12,+k2)1/ 2~k] and we consider the emission of a
transverse high-frequency (v,—v,7,.) plasmon:

. e[vi(p") T, (@) v, (p) ]

YT [2ep6,(0 (26 + 008,/ 00) ) =, ] 72 (43)
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Here, ¢'=(0,e) is the polarization vector of the transverse
plasmon, and in the normalization of the amplitude, taking
into account the high-frequency limit £, ~1 —(012,/a)2 of the
permittivity, a factor [0(2e; + W& /00)]4=0, = 204
~ 2k is also substituted. As in Ref. 52, we assume that the
neutrino in the final state is massless (£, = p’), and from
(43) we obtain the probability for decay of a massive neu-
trino with emission of a plasmon with frequency
o=o0,~k:

2 4 2. % 2 2
F‘Opmvz| uevzuevl ‘ J‘ d’k Ep+Ep mv2
8(2w) 3asp Ep@ W 207

(44)

The integral in (44) is readily calculated, and in Ref. 52
the final result

x8(ep,+w—£p).

T'=Gropm,, |ut, u., |*F(V)/321°a (45)
is compared with the vacuum probability (42) for two
asymptotic limits of the temperature of the medium:
T €m,, corresponding to the nonrelativistic plasma of
stars with Langmuir plasma frequency
®p= (4man,/m,)'?, and T'>m,, corresponding to the ul-
trarelativistic plasma of a hot universe in the lepton stage
(in the absence of muons and 7 leptons, 7" <m”). In the
expression (45), V=p/e, is the velocity of the massive
neutrino, and F(¥)=(1—F)V[(2/V) In|(1+V)/(1
— V)| —3] is a function of the velocity that in a wide range
of masses m,, and neutrino energies has a value of order
unity.

In the ratios of the probabilities of v, —v;, decay in the
medium and in vacuum®? for the two asymptotic limits,

e n, ev\*
T =13- 1019rF(V)(W) (m_vz) ,
F(ER) T 4 (46)
T =l.5-109rF(V)(m—v2),
the ratio
|l e, |2
P

of the squares of the mixing matrices can be set equal to
unity for the purpose of estimates.

Using the expression (46), we can make some esti-
mates of the possible decays of light (m,, < 2m,)
neutrinos®) in the hot plasma of the early universe. It is
obvious from (42) and (46) that for a mass of an unstable
neutrino (7 neutrino?) of order m,, < 1 MeV and temper-
ature 7>1 MeV the vacuum lifetime 7, ~2 - 10 sec of the
massive neutrino is replaced by 7, ~ 10° sec in the hot elec-
tron plasma, and this value is much less than the time of
decoupling of matter and radiation (~ 10" sec), i.e., the
photons from the neutrino decays have sufficient time to be
thermalized. The question of the possibility of interpreting
the anomaly in the Wien part of the background
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radiation’® by means of the mechanism of neutrino decay
in a medium can be finally resolved by considering the
kinetics of the decays and calculating the spectra of the
photons with allowance for the kinetics of their thermali-
zation process.

This is already obvious from the estimate (46) with
temperature (>1 MeV) corresponding to the lepton stage
of expansion to the time <1 sec and with lifetime 7, ~ 10°
sec corresponding to a later time of the Big Bang with
much lower temperature 7'<m,.

3.4. Change of neutrino chirality in the degenerate
electron gas of a supernova precursor

Before we present the result of Ref. 71 on the change of
neutrino helicity in a dispersive medium (in the standard
model of the electroweak interactions considered here), we
must recall the known mechanisms of helicity change at
the microscopic level.

In vacuum and homogeneous matter, there exist two
such mechanisms.

First, it is well known that a massive Dirac particle has
two helicity states, = + 1, which persist in vacuum or in
homogeneous matter up to the time of collision with an
initial particle of the medium, when the initial helicity
state, for example, left-handed r= — 1, goes over either into
the left-handed state 7= — 1 again or into the right-handed
state »= =+ 1. The last effect is weak in the ultrarelativistic
case, of order O((m/E)?)<1 relative to the transition
without change of helicity.

Note that throughout the review we discuss transition
of states with chirality change ¥ ;<>W, i.e., change of the
eigenvalue of the ys matrix (1=—1<A=+1), which
commutes, as the helicity operator 2 p;, with the Hamil-
tonian of a free (in vacuum and in a homogeneous me-
dium) massless particle. For an ultrarelativistic but mas-
sive particle (m=#0,m<E) only the helicity operator
commutes with the same Hamiltonian, and the change of
its eigenvalues (r= — l<>r=+1) are adequate to describe
the change of the helicity up to corrections that are
o((m/E)*) <1.

One further possibility of changing the helicity is asso-
ciated with the presence for a Dirac particle of an anom-
alous magnetic moment that interacts with an external
macroscopic electromagnetic field or with an electrically
charged particle of the medium.

The last helicity-changing channel, like the spin-flip
result due to the presence of a neutrino mass, has a low
probability because of the large mean free path of neutrinos
with respect to collisions, this being comparable only with
the radius of the core of a supernova.

However even on the sun collisions are a seed mecha-
nism for the appearance of a right-polarized state Wy that
is absent at the time t=0 of neutrino production. For a
massless neutrino, the initial left-handed helicity r=—1
can be changed (with some probability corresponding to a
range 1> Rg)) by the presence of a large anomalous mag-
netic moment p’ in the presence of right-handed currents
in the interaction of the neutrino with the vacuum of vec-
tor bosons and leptons. The helicity is changed more effec-
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tively in a macroscopic magnetic field of a star that has a
component Hl n transverse to the neutrino direction of
motion n=p/p (see above).

We recall that a consequence of the relative equation of
motion of the spin in an external electromagnetic field is a
time dependence of the projection £;,(#) of the polariza-
tion onto the direction of motion n=p/p. It is determined
by the equation®

dn_ 2
a2 = (&) [Ha] )+ (—Ez——ﬂ )(é'l )iEj

where u=e/2m;+p’ is the total magnetic moment of the
spin or particle with charge e, and the total polarization
vector §;=ng;+ (&, ); includes a transverse part (§, );
that is a function of both the right- and left-polarized
states: £ = | W%W, |2. For a neutriono in an external mag-
netic field, as for an electron, the helicity changes only with
allowance for the radiative corrections, i.e., the anomalous
part of the magnetic moment p'.

We must emphasize the semiclassical nature of the
spin equation of motion that is obtained for relatively
slowly varying electromagnetic fields: o, k<p, where o
and k are the frequency and wave vector of the electro-
magnetic field.*®

In dispersive media, we still have the same sources of
helicity change (mass and magnetic moment of the neu-
trino) but now the role of mass or magnetic field in the
extended electroweak models can be played by certain ef-
fective characteristics that, like the neutrino induced elec-
tric charge and magnetic moment, depend on the density
or temperature of the medium and make a much greater
contribution than the corresponding vacuum characteris-
tics (see below). In the standard electroweak model, Al-
therr and Kainulainen’! found in a dispersive medium a
possibility of helicity change in the v, —vg, process of
plasmon emission by taking into account in the electro-
magnetic vertex (20) an additional term that depends on
the neutrino mass m,,:

[(gQ)I3—q*Kp]

2\2Gr(1+4-4€) W"lvﬂ"?’s,

where (), is the 4-velocity of the medium and the integrals
Ig and Kg are

(47)

Ig= fd‘ka(kz—mz)fo(k)/sﬂﬁ,

kQ
2
K= f d*k8 (k2 —m?) fo(k)(—kq)/sﬂ'}.
Here
fo(k) =@ (ko) [exp Blko—pe) +117'+O(—ko)

X [exp B(—ko+pe) +1]17"

is the Fermi distribution function, so that the contribution
(47) vanishes not only for a massless neutrino (m,=0)
but also in vacuum [ f(k)=0)].
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FIG. 5. Diagrams of ¥ annihiliation with exchange of: a) W boson, b)
Z boson, c) plasmon 7.

Naturally, the probability of emission of a plasmon
with energy E in a degenerate ultrarelativistic electron gas
with plasma frequency wy= (4a/37)"?u, (Ref. 71),

a3(4+§—])2 m, 2 e

F(E)z—TlZS ( E) (MW
is small [of order O((m,/E %) «1] compared with the
probability of emission without helicity change in the same
standard model and in the same medium (v —-v;y, see
Sec. 3.6).

On the other hand, the qualitative change, i.e., the
neutrino steralization v; — v in the channel (48), is stron-
ger by two orders of magnitude (in energy losses through
right-handed neutrinos) than as a result of electromagnetic
scattering through interaction of the magnetic moment
(which in the standard model is proportional to the neu-
trin<7)l mass m,) with the electrons in the same degenerate
gas.

Unfortunately, this does not in any way affect the rate
of cooling of the supernova precursor star, which loses
through the radiation of active (left-handed) neutrinos
much more energy (by ~ ten orders of magnitude). It is
only in extended electroweak models that allowance for the
processes with production of right-handed neutrinos signif-
icantly changes the collapse dynamics.

4
) wofo(E),  (48)

3.5. Density effect in neutrino energy losses
and in vw-e—e™* annihilation

In this section we consider the processes of elastic ve
scattering and vw— e~ e* annihilation of neutrino pairs in a
dispersive medium that are described by the diagrams of
Fig. 5. The crossing-symmetric process of ve scattering is
obtained by turning the time axis in Fig. 5 upward and
making the substitutions V—v, et »e™.

Besides the obvious Born diagrams of the standard
model, an important contribution is made by the electro-
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magnetic process corresponding to the pole diagram of Fig.
5c with vertex I‘#(w,k) (20) for neutrinos and with virtual
plasmon described by the Green’s function (36).

In the s channel (q2 <0) there is a pole for emission
(absorption) of a longitudinal plasmon: £,=0 [see (18) in
Fig. 2], and the differential cross section for ve scattering
has resonance form in the neighborhood of momentum
transfers and energies corresponding to the dispersion
curve (see Fig. 2).

Indeed, the part of the cross section for ve scattering
corresponding to the electromagnetic contribution will, in
accordance with (36), be proportional to the Breit—-Wigner
factor:*®

(E—E")*

2
|ei(@,k) | ~1 (E_E')Z_w;]z-Q— (E—E')4(Im 51)2 ’

if we use the high-frequency approximation for the permit-
tivity, Re ¢/(w,k) =1 —wlz,/coZ, where o=E—E' is the en-
ergy transfer (to the moving neutrino). In a transparent
medium (Im g;<€Re g;), the resonance is narrow, and the
integration over the energy transfer leads to a small cor-
rection in the total cross section or in the neutrino energy
losses.®

At low neutrino energies, these last have the order of
the collisional limit:®

®max dO'B(a))
Q0= n J‘O w do da),

(49)

which is determined by the Born contribution of the dia-
grams of the standard model (of the type of Figs. 5a and
5b), where wnm=2E2/ (2E4+m), and m and n are the
mass and concentration of the particles of the medium.
Here E< (mE,)'/?, where Ej, is the characteristic energy of
the particles of the medium; for example, in a metal for
degenerate electrons E,~p3/2m,. For high energies
(E>pr), the collective effects are unimportant, and the
neutrino losses are determined exactly by the limit (49).
The Fermi density effect’” would be important (for the
conditions of nonrelativistic particles of the medium) only
for soft neutrinos, the detection of which in a laboratory
experiment is at present impossible.

Kirzhnits, Losyakov, and Chechin®® showed that the
neutrino energy losses in a medium are determined by the
contraction of the trace of the product of the neutrino
currents (including the axial part) and the correlation
function DZ[,’,

Dy =i () ([I(x),15(0)]),

which in the electroweak model in the low-energy approx-
imation has three components (@, b=V, A) in accordance
with the presence of axial and vector currents 7, of the
particles of the medium.

The pseudotensor D,ff(q ) depends on one character-
istic of the medium, since from the variables qu and Q,,
where ¢=(w,k) is the momentum transfer and Q,, is the
4-velocity of the medium, one can construct®® only the one
pseudovector D)4 (g) =D, (—q) =i€,,,0d"A°Ry/2m
where the linear-response function R; is proportional to
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the form factor 4 (w,k)."> The tensors DVV and D“fﬂ , asin
statistical QED, in which there is a response only to a
vector perturbation (only DVV) each depend on two
linear-response functions.

In the model of electroweak interactions of neutrinos
with matter, the medium can be characterized overall by
five linear-response functions®® instead of the two in statis-
tical QED that correspond to the usual permittivities
€1 (@,k) in the same isotropic dispersive medium.

This in no way contradicts our assertion*® of the exist-
ence of three electromagnetic form factors (F;,F,,4) in
the vertex (20); for in the electromagnetic channel of neu-
trino interaction with the medium there is only vector ex-
citation of the dispersive medium through the electromag-
netic potential 4, or the current j, of the charged particles,
i.e., in this channel we have the participation of the corre-
lation functions DVV and D"f;‘ , which depend on the same
characteristics of the medium.

For the hot plasma of the early universe, the contribu-
tion of the axial currents is altogether insignificant because
of the weak asymmetry of the particle number
[(n,—n;)/n,~107°]. Therefore the total cross section for
the anmhxlatlon of neutrino pairs, vw—e*e™, which is im-
portant for the processes of establishment of equilibrium
and quenching of the neutrinos, depends only on the two
response functions g, of an isotropic dispersive medium
and in the rest frame of the medium as a whole has the
form®

o(vww—oete )

(0—2F;)? —1)?
o -
() [

—1 2 g,—1 50
/a) —ZRe(m)]]()

Here w=E, +E, is the energy of the v¥ pair, and the con-
stants cy, 4, were determined above by the expression (20).
Inclusion of a blocking factor and averaging over the final
state of the ete™ pairs does not make it possible to obtain
an analytic expression for the total cross section (50), al-
though they change little in the qualitative picture of the
resonance contribution of the diagram of Fig. S5c analyzed
here.®

The cross section (50) takes an even simpler form in
the center-of-mass system that coincides with the rest
frame of the medium as a whole, i.e., for k=p,;+p,=0.

In this situation we have the simple expressions
ex=6=1—0Y/0’ and w=47Ta/9, and the contribution
of all three diagrams of Fig. 5 corresponds to the total
cross section

_ . G
Oems(Vv—eTe )=?

2
Cy 2
|£_2+CA .

tr

(51)

In vacuum (7'=0, ¢,=1) the cross section (51) reduces
to the standard form,*® while in a hot plasma, T>m,, in
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which the permittivity has a small imaginary part Im
g=Im e,=aw/12T (Ref. 89), the cross section (51) ac-
quires a narrow peak of a Breit-Wigner resonance:

2x2x3—xo—a 2x%/36
(X2 —x5)2+a’x%/36

le] ~2=1+ =1+F(q%)

with strong enhancement F((oz) ~324/a’r=~2.7-10% but
very small width of order 1Ta2/ 108. In the last expression
we have introduced dimensionless quantities:
x=w/2T= (q2/4T2) 72 and the resonance position

=7a/9~2.5-10"3 corresponding to low pair energies
9~w,=~0.1T.

As for the case of ve scattering, the narrow resonance
in the annihilation has practically no effect after averaging
over the equilibrium states of all the particles, i.e., there is
no influence of the collective mechanisms of neutrino in-
teraction in a dispersive medium in the given application to
a hot universe if one uses averaging over the initial states of
the equilibrium neutrinos.*

However an analysis has recently been made of a dif-
ferent situation, in which the vw—ete™ process is impor-
tant for the dynamics of the outer layer of the neutrino
sphere of a supernova.”® The assertion of a nonequilibrium
neutrino distribution function®® requires additional analy-
sis using (50) in the calculation of the energy release of vv
pairs in a hot plasma.

Besides deviation of the neutrino distribution function
from equilibrium, an important role in increasing the elec-
tromagnetic interaction of neutrinos in a dispersive me-
dium and, as a consequence, in the additional heating of a
supernova shell can be played by broadening of the reso-
nance peak, for example, by Doppler shift of the cyclotron
resonance in an anisotropic dispersive medium such as a
magnetoactive plasma [see the electromagnetic vertex (23)
above]. The possible presence of strong magnetic fields for
supernova remnants is well known, and this question war-
rants further study.

3.6. Polarization and Cherenkov radiation
of neutrinos in a plasma

The fact that an electrically neutral particle can radiate
photons in a medium is not a novelty in physics. In papers
written long ago, Ginzburg®’' and Frank®? studied the
Cherenkov radiation of a magnetic dipole (i.e., a neutron
with an anomalous magnetic moment) in a medium with-
out spatial dispersion.

However, in the standard model of the electroweak
interactions a massless neutrino does not have any dipole
electromagnetic moments (u,=d,=0), and therefore it is
not meaningful to speak of radiation such as that consid-
ered in Refs. 91 and 92. Even if the neutrino does have a
rest mass, the effect will be small.

In the extended electroweak models, the magnetic mo-
ment of the neutrino (including a massless one) can be
large, 1,<10~!" pp, but in a dispersive medium the ex-
tended models lead, as will be shown below, to a much
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larger contribution of the polarization effects associated
with the existence of an effective (induced) magnetic mo-
ment pg of the neutrino.

We consider here the polarization radiation of a mass-
less neutrino in an isotropic dispersive medium (v;—v;y)
in the standard model with the vertex (20) with no change
of helicity or flavor. The probability of this radiation pro-
cess is much greater than in the decay v, — v,y through the
nondiagonal magnetic moment when m,, > m,, .

The matrix element of polarization radiation of longi-
tudinal plasmons by a massless neutrino corresponding to
the diagram shown in Fig. 3¢ has the form”®

) -172

X 8M (p’ +g—p)J e, (52)

dReg

(p'q|S|p)=—i(21T)4(4Ep:Ep "—aw—

Here the conserved neutrino electromagnetic current
J q“ 0) can, with allowance for the definition of the
longltudlnal polarization tensor H(” = —g(glw,k)
— Deye, of statistical QED and the unit polarization
4-vector e,= (k, wk)/ (4%)"2 of the longitudinal plasmon,
be expressed in the form

(1 —'}’5)

Jy=eF(0,k)v(p')y, v(p),
where the form factor F,(w,k) is defined in (21).

The polarization losses of the massless (E,=p) neu-
trino, determined by means of (52), reduce to the integral

dE,(polar.) Gic} fkm w;(k)qjdk
dl “4ra Ko k|6Re51/6w|w=wj

21’?:], (33)

in which the radiation frequencies of the longitudinal plas-
mon [the solution of the dispersion equation &,(w,k)=0
(18)] satisfy an energy conservation law that in the semi-
classical approximation (k<p) reduce to the condition
o ~ke of Cherenkov resonance. For a Langmuir plasmon
(w;=w)), the lower limit in the integral (53) is kmm—colJ
The upper limit for relatively hard neutrmos (p>rph) is
Kpax=~rDp', and for soft neutrinos (p<rp'), i.e., E<1 keV
in a metal or E<a few mega-electron-volts in the shell of a
supernova precursor star, the conservation laws give the
limit kppy=2p—0,.

Of course, the threshold energy of the neutrino exceeds
the plasmon energy (p>w)).

Thus, we can give two asymptotic forms of the result
(53):

dE,(polar.) Gpcyw, |
dl = 2r%art,’ if p>rp,
(54)
dE,(polar.) Gicjolp* _
£ dl =~ 6112:) , if wp<p<rD1.
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Comparing the polarization losses (54) with the collisional
losses in the scattering of soft neutrinos by degenerate elec-
trons in a metal,

dEg,(ve—ve) Giwfp‘
dl T 1277

(3+4£+882),

we see that the collective losses are of the same order as the
collisional losses in the range of low energies but negligibly
small for hard neutrinos, p>r, D , for which the losses are
determined by binary collisions described by the Born di-
agrams of ve scattering in the standard model.

This agrees with the conclusions of the previous sec-
tion and, in particular, with the assertion made by the
group at the P. N. Lebedev Physics Institute,?**® namely,
that there is no significant enhancement of the neutrino
energy losses in a medium compared with the collisional
losses. We note that in the elegant method of calculation
proposed in Ref. 88, the neutrino energy losses include the
polarization losses previously studied in our paper of Ref.
70.

The density effect could be significant in the laboratory
for the low neutrino energies as yet unaccessible to mea-
surement by modern detectors.

On the other hand, plasmon emission by soft neutrinos
in a collapsar (E,<1 MeV) may compete with collisional
losses in ve scattering by degenerate electrons in the dense
shell of a collapsing star when the neutrino mean free path
is less than the diameter of the star. The problem of the
correct calculation of the neutrino energy losses in a rela-
tivistic medium is still apparently unsolved (see some com-
ments about this in Ref. 88).

It appears to us that the neutrino energy losses in an
anisotropic medium may be much greater. For example for
a magnetoactive plasma estimates by means of the first
term in the vertex (23) show!* that in a strong magnetic
field the neutrino losses through Cherenkov radiation of
extraordinary waves can be significantly greater than the
collisional losses.

3.7. Change of neutrino helicity in a plasma with
neglect of the vacuum mass (m}**=0) and vacuum
dipole moments (u,=d,=0)

We considered above helicity-changing scattering pro-
cesses in vacuum and in a homogeneous medium due to the
presence of a neutrino vacuum magnetic moment or vac-
uum rest mass. In a dispersive medium, a moving neutrino
polarizes the medium by the weak forces, and therefore the
additional terms in the interaction Lagrangian due to the
right-handed currents lead to a modification of the mag-
netic vertex I, as a result of separation of electric charges
(polarization), as in the case of the standard model.

Having no interest in the corrections to the terms in I',
of the standard model that do not lead to helicity change,
we concentrate attention on the partial contribution (26)
corresponding to change of the neutrino helicity in the
model of Ref. 56.

Oraevskii et al. 147



vr(p)

Win

vr(p)

FIG. 6. Feynman diagram of neutrino elastic scattering by a Coulomb
center in a medium with change of helicity (left—right). In the ultrarel-
ativistic approximation (m,—0) the notation is the same for the helicity
change (r=—1-r=+1). The double lines denote the propagators of the
electrons and a photon in the medium.

We consider the matrix element of neutrino scattering
by a nucleus in a plasma with helicity change
[vi+(Z,4) »vg+(Z,4)] in the model of Ref. 55 (see Fig.
6).

In the rest frame of the medium as a whole (Q“=8yo)
we can, using the electromagnetic vertex (26), write down
such a matrix element:>®

2\2Gsin 26ZAm,
ST 14 (krp)?

2m6(E—E’)
"V

where 4(w,k) is the neutrino magnetic form factor ob-
tained in Ref. 15 [see the vertex (20)], which is equal in the
static case to

A(0,k)v¢(p")vi(p)

(55)

16ra (=
40K =——— [ parl £ (B

2p+k

_f+ (Ep) ]ll’l 2p—k

) (56)

in which f* (E, ») are the equilibrium distribution functions
of the electrons and positrons in the plasma.

We draw attention to an important difference between
the electrodynamic effects in a dispersive medium and the
effects of neutrino oscillations in a medium in which only
the forward scattering amplitude (k=0) is taken into ac-
count. In the given case, the matrix element (55) would
simply vanish for a massless neutrino (m,=0), i.e., it is
the incoherence of the neutrino scattering process in mat-
ter (k40) that is important.

In the special case of a degenerate electron gas, for
example, in the shell of a collapsing star, the form factor
(56) can be readily calculated, and, using the amplitude
(55), we can calculate the cross section of the process
v —vg with helicity change:

0(E)=Z%u*a|In|1+4(Erp)? ——54(Er")2 (57)
Hen® D T144(Erp)?|
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which recalls the Schwinger cross section for the scattering
of the neutron (a particle with anomalous magnetic mo-
ment) by a Coulomb center.

However, in the cross section (57) the role of the ef-
fective magnetic moment p.g is played by>®

Py,
per=8 T 1y, (58)

which is significantly larger than the vacuum moment
pyS, which is determined in the given model by the
expression93

eGpm, sin 2§
="

This is due to the fact that the neutrino energy E is always
less than the energy of the ultrarelativistic electrons (E
< pr,) that produce left-handed neutrinos in the URCA

process of electron capture by nuclei.

We can also use the astrophysical bound pu*°
< 10™'2 up on the neutrino magnetic moment;’! this de-
termines the maximum admissible flux of sterile high-
energy neutrinos that freely escape a supernova and are
transformed in the intergalactic magnetic field (for
SN1987A) into left-handed active neutrinos. The absence
of an additional number of events from such high-energy
neutrinos in detectors with known (lower) detection
threshold is what leads to the bound we have given. We
recall that there are arguments*>* for a lifting of the strin-
gent bound p'* < 10712 yp (with replacement by p}*
< 107" up, see the discussion in Sec. 2), but there still
remains the rather stringent astrophysical bound u;*
< 2:107!2 pp (Ref. 25) discussed in Sec. 2, or the even
more stringent bound p!* < 1071 up (Ref. 27).

Restricting the effective magnetic moment (58) in ac-
cordance with the above limit (u}* < 10~'2u ), we obtain
an astrophysical bound on the mixing parameter of the
left- and right-handed bosons W p in the model of Ref.
58:

E
sin 2£<0.4 —,
p e
which for intermediate neutrino energies (E) ~10 MeV in
the initial stage of neutrino transparency of a star (p>10"
g/cm3, PF, ~ 40 MeV) is comparable with the laboratory
bound sign 2£<0.1 (Ref. 56).

To conclude the section, we note the absence of a sin-
gularity in the cross section (57) in the limit £—O despite
the dependence of the effective magnetic moment (58) on
the energy E(og_ o~ G%E?).

4. RELATIVISTIC KINETIC ENERGY FOR NEUTRINOS
WITH ALLOWANCE FOR A SELF-CONSISTENT

FIELD IN THE STANDARD MODEL OF ELECTROWEAK
INTERACTIONS

Up to now we have considered the single-particle prob-
lem of the propagation of a neutrino through a dispersive
medium. To describe the transport of neutrino fluxes in the
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plasma of stars, in particular collapsing stars, or in the
plasma of the hot early universe, it is necessary to intro-
duce many-particle transport equations—relativistic ki-
netic equations for the neutrinos and particles of the me-
dium.

4.1. Covariant equation for the ve system. Parity
violation. The radiation damping force

In the early studies (see the bibliography in the book of
Ref. 94), a relativistic kinetic equation for neutrinos was
derived by various methods for sufficiently rarefied media
in which a restriction can be made to classical relativistic
distribution functions of the type of Jiittner®® equilibrium
distribution f~exp[(p—p,Q2*)/T], where y and T are the
Lorentz-invariant chemical potential and temperature.

As a result the authors of Ref. 94 obtained on the
right-hand side of the relativistic kinetic equation Boltz-
mann collision integrals that are not valid for degenerate
media described quantum statistically such as a supernova
precursor star or the dense plasma of the early universe, for
which it is already important to take into account the
blocking factor (1— f).

In Ref. 96, one of the present authors obtained a col-
lision integral for arbitrary density of the electrons and
neutrinos, generalizing in this way the result of the Dutch
physicists,94 who also did not take into account the contri-
bution of the self-consistent field (see below). The same

]

af(px,z)

Pu ax,

af® (px,1)
F ) —————
+ e. k“ ( X )Pu apk

ad*(p',x,t) 9 (p,x,t)
—(1-4&)p, ax, %,

d

+GF\/5ch

GF J- d3p' ( ,
+7§ E;, pp

3pr :
SARAGENNF>

result for the ve collision integral as in Ref. 96 was ob-
tained in Ref. 97.

We recall that the relativistic kinetic equation for
spinor particles describes the evolution of single-particle
Wigner distribution functions

6,!,. T;)p
£ (px,t) =@ (p,x,t) 7+S§-“) (p.x,2) 91 :

(59)

Here, f“(p,x,t) is the Lorentz-invariant distribution
function of the number of particles of species a (in the
phase space of the variables x and p, which in general do
not commute), which is related to the concentration by the
equation n‘®(x,t)=[ d®pf @ (px,t); S (p,x,2) is the
spin distribution function.

For the simplest ve system in the standard model,*é ¢ e
relativistic kinetic equation was derived in Ref. 96 from (b2
quantum Lioville equation.

In contrast to Ref. 96, we present here in covariant
form a complete system of kinetic equations, retaining the
terms that arise from the pseudovector weak current of the
electrons. These terms in the kinetic equations reflect ex-
plicitly the parity violation effects that have been actively
investigated in recent years in various macroscopic
phenomena.®® The covariant (in a flat metric) equation for
the distribution function of the number of electrons has in
the statistical electroweak model the form

) (1—4£)2919 (p',x,2) 3 (p,x,2)

Af M (p'sx,t) Af 9 (p,x,t)
) f =J (px,1),
j p;

(60)

where k=1, 2, 3; u=0, 1, 2, 3. We emphasize the conservation of the 4-current Ju(x,t)= f (d3p/£p)p,‘j"(p,x,t),
a j;(x,t)/ax“=0, which follows from the form of the collision integral96 with allowance for the contribution of the
self-consistent field of electroweak origin (~Gy) [see the relativistic kinetic equation (65) below for neutrinos]. The

second covariant equation for the square [S(® (p,:v:,t)]2 of the spin distribution function has the form

s (px,0)]* mGr ( dp’

meay(pyx,t) aa“(p’xrt) _ ( 1 _4§)

af(p’,x,t)

’ gt
T, TR e 4 0%, PR
af(e)(l),x,t) d3P' af(V)(p'ax’t) af(e)(l’:x;t)
XT_meGF\ﬁ f [P (0] —— - %, =Joon(8'9,x,0). (61)
j pl J

We have here introduced the 4-vector a,(p,x,t) of the spin
distribution that is the statistical generalization®® of the
Pauli-Lubanski 4-vector and has the components

pS (p,x,1)
m, ’

p(pS*(p,x,1))
m(e,+m,)

a“(p,x,t) = [ S© (p,x,t)

(62)
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From (62) the Lorentz invariance of the magnitude of the
3-vector of the spin distribution, {S°(p,x,#)]*= —a“a" is
obvious.

We note that in quantum kinetics one usually consid-
ers a simpler equation for the vector S°(p,x,t) (with lower
nonlinearity). The invariant expression (61) is more con-
venient for demonstrating parity violation effects.

The system of self-consistent equations is closed by
Maxwell’s equations for the electric field F,,(x,t) and
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Wigner distribution functions for the neutrinos:

af™ (gx.t)
u ax,
+GFCV &p’ v'a) af e (p'x,1) 3V (q,x,1)
d’q' AfM(q',x,t) 4f M (g,x,2)
Gr+y2 ¢
+ F\/_J- ;‘;'W (¢'9) 5%, 34,
=J8 (g.x,), (63)
asSM(exr) - S (gx1)
ot " ox;,
—Gp\2n,(T) LoeimiS§” (@,%1)
+2u,((nS(g,x,2) ) Ei(x,8) —n(S™
X (g%, E(x,2)) + [S™ (g.x,0) X B(x,0) ];
— (nB(x,1)) [S™ (g,x,¢) Xn],)
I (q,x,2)
N (64)

q

The relativistic kinetic equation (64) represented here in
noncovariant form, describes the rotation of the neutrino
spin in the total electric field (E,B), including the self-
consistent field in the plasma, and it also takes into account
collisions of the neutrinos with the particles of the
medium.” The electromagnetic terms in this equation de-
pend on the anomalous magnetic moment ., of the neu-
trino; n=gq/¢, is the neutrino velocity. The third term on
the left-hand side of (64) is due to neutrino forward scat-
tering on all the particles of the background and depends
on the total asymmetry Ly=3,(n,—nz)/n,(T) of the par-
ticles normalized by the density n,(7T) (15) of the equi-
librium photons.

It is obvious that in the absence of collisions the
Lorentz-invariant magnitude of the total neutrino spin
[S (p,x,2)]? is conserved. [This can be verified by multi-
plying the relativistic kinetic equation by the spin vector
Si(qrx’t)’ cf. (61)']

We consider below applications of Eq. (64) associated
with change of the helicity of a Dirac neutrino, v;—vg, in
an external magnetic field By,

The Lorentz-invariant ve collision integrals on the
right-hand sides of Eqgs. (60), (61), and (63) were ob-
tained in Ref. 96.

In the kinetic equation (60), the third term does not
conserve parity, and in the kinetic equation (61) nor do
the third and fourth terms, which arise from the allowance
for the weak pseudovector current of the electrons in the
matrix elements of ee and ve scattering. Below we shall
omit these terms [and Eq. (61) entirely], being interested
only in the case of unpolarized media.

Retaining in the kinetic equation (60) only the stan-
dard Vlasov part with self-consistent electromagnetic field

150 Phys. Part. Nucl. 25 (2), March-April 1994

F,,(x,t), and in the kinetic equation (63) the first two
terms, we obtain, after eliminating the electron distribution
function 81 (p,x,t) from (63), a relativistic kinetic equa-
tion for the neutrinos in the rest frame of the medium as a
whole in the form® [here the right-hand side
T30 /e,=(af /30 ]

st

af(ex0) 3 (gx0)
& "
—iQx
+e W [Fl(wsk)E“ (Cl),k) +Ftr(w9k)

af™ (gx,1)

af (ve)
(%), -

st

(65)

where F)(w,k) and F(w,k) are the neutrino electromag-
netic form factors defined above in (21) and (22);
0,=(0k); E=E| +E, ; B are the electromagnetic ficlds
in the dispersive medium, and E; =k(kE)/. K2

It is abvious that the third term on the left-hand side of
Eq. (65) is proportional to the force of electromagnetic
origin. Whereas for a point charge e (when the form fac-
tors are equal to unity: F;=F =1) this term is determined
by the Lorentz force, i.e., is equal to the standard expres-
sion e(E(x,t)=[nB(x,¢)])df(q,x,t)/dq, for neutrinos
with electromagnetic structure (20), with allowance for
the constant of the weak coupling to the electric charge,
Gp~e*/M%, the third term in (65) is proportional to the
radiation damping force (~e?).

The polarization origin of such a force becomes obvi-
ous after simple manipulations in (65) using the explicit
expressions (21) and (22) for the form factors F; and F,
in an isotropic dispersive medium, for which the Fourier
integrals can be completely calculated, and the considered
term®®

AfY (g.x,1)

V2Grey (P 3
e (axjaxn+”" atax,-)4"P"("”)

(66)

is proportional to the second derivative of the polarization
vector of the dispersive medium:

47P,(x,t)=D,(x,t) —E,(x,?),

which is equal to the difference between the vectors of the
electric displacement, D,(x,t) [ d*x’e, ;i (x—x't—t")
E;(x’,t), and the electric field intensity E,(x,?).

Note that the expression (66) for the force is also valid
for anistropic media when the permittivity tensor depends,
for example, on an external magnetic field. In vacuum (D
=E), the effect corresponding to plasmon emission by a
moving neutrino disappears, i.e., there is no damping force
in (66).

Finally, in special cases of the excitation in a dispersive
medium of electrostatic waves (o <k{v)) or the propaga-
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tion of a high-frequency transverse wave (w<k(v)), the
term (66) can be represented in the form of the effective
Lorentz force

a0 (ax,1)
ind

e, E” "——aq

or

- af ¥ (qx,t)
d b ]
e, (E, +[nB])——aq—',
which is proportional to the neutrino induced electric
charges (27) and (28), respectively.

4.2. Collision integrals with allowance for dynamical
polarization of the medium

The analogy with plasma electrodynamics becomes
complete if in the collision integral (3 f/at)("e) on the
right-hand side of the relativistic kinetic equation (65) we
retain in the total cross section only the contribution of
electromagnetic scattering of neutrinos by electrons (de-
scribed by the diagram that is crossing symmetric with
respect to the annihilation diagram in Fig. 5c).

Indeed it is necessary to retain in the cross section all
the terms, including the Born contributions, i.e., it is nec-
essary to sum the matrix elements of the diagrams of the
standard model with the amplitude of an electromagnetic
scattering. The importance of the last is obvious from the
case of scattering by nuclei discussed above (Sec. 3.2).
Therefore the approximate result (67) obtained here is
methodological and derived only to elucidate the connec-
tion with the electrodynamics of dispersive media. The col-
lision integral of Refs. 96 and 97 based solely on the Born
diagrams of the same standard model would be just as
incomplete.

Proceeding now from the covariant integral of elastic
collisions of particles with arbitrary interaction law ob-
tained earlier by Chernikov,'® we can write down in the
WKB approximation of small momentum transfers (k<p)
the standard Fokker-Planck representation of the collision
integral:

a ve ( )
(—f) = fd PI;;(p,q) fv 2 )
2 3
X[l—( Z) —f(q@)
g
R IAIRELY) (67)
P j

where f*(p) =/*(p,x,), etc.
The kernel 7;;(p,q), determined by the amplitude of

electromagnetic ve scattering,*® has in the classical approx-
imation the form
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Iq(lMl)—(47Ta) J—ﬂg,——'ﬁl'ﬁ(kn kv)
F(kn,k)
X |z (ki)

[F*vn— (kn)*]F,(knk) |
(kn) e, (kn,k) — k*

(68)

Here, F/(w,k) and F(w,k) are the same form factors
(21) and (22) that determine the force term on the left-
hand side of the relativistic kinetic equation (65). Note
that in the case of a point electron, for which the electro-
magnetic form factors are equal to unity (F,=F,=1), the
expression (68) would be identical to the classical kernel
of a relativistic collision integral of Lenard—Balescu type
that Silin obtained.

In the case of neutrinos, for which the form factors F,
and F, are proportional to the density n, of the medium,
the transition ny—0 to the vacuum limit differs from the
passage to the limit in the relativistic Coulomb collision
integral.!%!

Substitution of the vacuum values of the permittivities,
F,=F,=1 in the integral obtained by Silin'"! leads to the
Belyaev-Budker result,'” whereas in the ve collision inte-
gral (67) the kernel (68) vanishes (for n,=0). In this
case, the remaining ve integral is determined by the matrix
elements of the Born diagrams (cf. Figs. 5a and 5b) and
has already been obtained in Ref. 96.

Thus, in the complete neutrino collision integral, in-
cluding (68), allowance is made for the dynamic polariza-
tion of the medium, i.e., the influence on the collision event
of the self-consistent electromagnetic field, or, ultimately,
the influence on the frequency of ve collisions of the po-
larization perturbations of the electron density in the
neighborhood of the neutrino “trajectories.”

Unfortunately, the calculation of the total collision in-
tegrals for neutrinos in a dispersive medium is still a prob-
lem that has not been completely solved. In general form,
such a collision integral is presented in Ref. 103.

The importance of including in the neutrino relativistic
kinetic equation the contribution of the self-consistent field
(linear in the coupling constant Gy) was also noted by
Rudzsky,'™ who considered a relativistic kinetic equation
for two flavors of neutrino (with mixing) propagating in a
medium of electrons, nucleons, and nuclei.

Apart from the already considered polarization terms
on the left-hand side of the relativistic equation (65),
which are proportional to the interaction of the inhomo-
geneity of the particles of the medium with the neutrino
flux described by the flavor-diagonal distribution function
(59), Rudzsky104 obtained additional terms linear in the
interaction and, in contrast to (65), not containing deriv-
atives but already in the relativistic kinetic equation for
auxiliary (mixed with respect to the flavor) components of
the distribution function f ("'-"'F)(p,x,t). It is these terms,
determined by the difference between the (forward) scat-
tering amplitudes of muon and electron neutrinos, that
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lead to fluctuations in the densities of the v, , neutrinos in
the MSW effect.'™

The system of relativistic kinetic equations obtained in
Ref. 104, including the collision integrals, completely de-
scribes the neutrino oscillations in a medium for arbitrary
inhomogeneity of the medium and goes beyond the approx-
imation of adiabaticity and coherence of the neutrino scat-
tering by the particles of the medium (constancy of the
energy). .

4.3. Kinetics of neutrino spin in a medium
with variable external magnetic field

If the time required for establishment of thermody-
namic equilibrium for the neutrino component in a me-
dium or the characteristic time of variation of the energy
spectrum of a nonequilibrium neutrino flux is much greater
than the neutrino spin precession period in the external
electromagnetic field, then it is possible to use a factoriza-
tion of the spin distribution function, S (p,t) = f
X (p)S(t), corresponding to allowance for rapid rotation
of the spin S(#) in a uniform flux with neutrino density
n(V)=f d3f(")(p).

As a result, the diagonal components of the total
Wigner distribution function (59), f__=f, and
f++=1/r, corresponding to left- and right-handed neutri-
nos, can be written in the form

(1— S(t))

fL(pyt) f(V)(p) A

14+8,(¢
Fr@D =" (p) L"Tﬁ ,

where the factor Fr=(1+S,(¢))/2 is equal to the proba-
bility of a change of the neutrino helicity:

14+8,(¢
P —( ).

‘VL<—>VR( = 2

(69)

In the collisionless approximation for neutrinos propagat-
ing along the z axis, interaction with time-dependent elec-
tromagnetic fields can be described by means of combina-
tions of the transverse field components

H, e*™D =y (B (1) +E,(1) £i( B,(1) —E,(1)),

a2

B.(D+E,1))’
H, (1) =p,(B(t) + BXD) +EX(1) + Ex(t)
+2[Ey(t)Bx(t) _By(t)Ex(t)])l/29
which occur in the relativistic kinetic equation (64) with
vanishing right-hand side. It was shown in Ref. 105 that
Eq. (64) reduces to a differential equation of third order:
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d’s,(1) 2S,(1)
(a—VH: 5 [aH: +2H1H1 (a— V)]—tf—

+[(a—V) B +4/} (a—V)+aH, H —(H, H,

=~ Sz(t) ~3 =~ .
—Z(H.L dt J.H.L (a"‘V)

—46H" S,(1)=0, (70)

where the potential of the interaction of the neutrinos with
the matter ¥ is determined by the expression (16), and the
initial conditions correspond to the absence of right-
handed neutrinos:'®

Sz(o) I 19

S$,(0) =0, (71)

$,(0) =4H (0).

In the special case of a magnetic field of constant amplitude
(H, =const) that rotates with constant velocity &=const
in the plane perpendicular to the neutrino direction of
propagation, the relativistic kinetic equation (70) reduces
to the simple equation ‘

d’S,(1)  ,dS,(1)

aF T g =0 (72)
in which the angular velocity of rotation of the neutrino
spin is

wo= \(d— V) +4H? . (73)

Solving Eq. (72) with the initial conditions (71), we ob-
tain from the definition (69) the well-known expression for
the probability of spin flip of Dirac neutrinos in a medium
with rotating magnetic field:>*

2
P‘,LH,,R=—;)—(2)1— sin*(wot/2). (74)
The resonance condition @a=V can be readily satisfied, for
example, in the interior of the sun,>* but such resonance
can hardly be related to the anticorrelation of the neutrino
flux with the solar activity in view of the smallness of the
magnetic moment p,,. The kinetic equation (70), obtained
from (64), contains all currently known solutions for the
motion of neutrino spin in an external magnetic field, in-
cluding the cases of a static homogeneous field® [i.e., @=0
in (73) and (74)] or the linearized field of an Alfvén wave
in a plasma.”’

In connection with applications for the cosmological
bound on the neutrino magnetic moment from primordial
nucleosynthesis®’ in the presence of giant random magnetic
fields in the early universe,? it is interesting to consider the
motion of the neutrino spin in random electromagnetic
fields. Such an investigation was made in the recent study
of Ref. 105, in which the method of statistical averaging
(70) was used to obtain the same simple equation (72),
but with different spin precession frequency:

_ [P+ 75)
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which depends on the mean square field
(H} ) =3B xm0

in an isotropic medium and on the scale L of this random
field, defined by the ratio

B [K*(B*),d°k/ (2m)?
- (B2>x=0 )

Here (B%),_o/87 = [ (B%),d’k/(8m(2m)%) is the
mean energy density of the random magnetic field, deter-
mined by the correlation (B(x;)B(x,)) of the fields at
coincident space points x; =x, (Xx=x;—x,=0), this being
a consequence of the locality of the interaction of the neu-
trino spin with the magnetic field in the original relativistic
kinetic equation (64).

The strength of the random field on the scale L,
B(T) = 4(B°), is proportional to the critical field
B,=M?%,/e~10** G for the W bosons that is generated by
the inhomogeneities of the Higgs condensate near the tem-
perature T gy ~M y, of the electroweak phase transition?
and is equal to

-2

clo*G [ T \?
()

=" T

Here N=(L/ Lo)3 is the number of domains for which the
unit cell (domain) has side L, and ¢>1 is the phenome-
nological field enhancement parameter introduced by Ole-
sen to explain the fossil origin of the seed field B4 in the
dynamo mechanism of enhancement of the galactic mag-
netic field. Assuming that the critical process for the sub-
sequent nucleosynthesis is the left-handed-right-handed
conversion v;—vg of neutrinos at the temperature
Tocp~200 MeV, which determines the hadronization of
quarks with subsequent decay of pions and muons into
left-handed neutrinos, we can eliminate the unknown pa-
rameter c in Eq. (76), using the ratio

Byw (Ta0\"?*( Luow \*?
(Tnow) (L(ZOO))
Here Tp,,=~3- 10719 MeV is the temperature of the mi-
crowave background, L, ,~ 100 kpc~3-10% cm is the
mean intergalactic separation, and T, and L(200) are
the temperature and scale of the random field at the time of
the QCD phase transition.
Using the ratio (27), we can replace the bound

4.5-10° g
WS
By/1G
on the neutrino magnetic moment from nucleosynthesis in
the early universe’’ by the inequality
107 pg
< _J1G"
If in addition we use the bound B,..;>10~'G of the mod-
ern magnetic-dynamo theory,?® then from (78) we deduce

a record upper limit for the magnetic moment of the Dirac
neutrino:

B (1)

(78)

1 <107 g,
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or a bound on the mass of the electron neutrino in the
standard model:

m,<0.3 eV.

We must emphasize the presence in the expression (75)
used above of a certain minimum possible domain scale
Li»>V ™" this makes it possible to avoid suppression of
the neutrino spin precession in the random magnetic
field:'%®

MeV\3
) ) (79)

Lo> L= 10-21H(T
where Iy(T) ~ T2 is the horizon scale. For smaller scales,
when the precession length I, ,= (V2+8(H? ))~ 2 be-
comes less than the domain scale L, the neutrino spin can-
not follow the change in the direction of the random field
on transition to a new domain [in the simplest model, we
assume that the field within a domain is uniform and that
the field (76) has the same value for each domain with
L=L].

Thus a topical problem is the construction of relativ-
istic magnetohydrodynamics for random fields with mac-
roscopic scale (79) that develop from microscopic giant
random fields described by the standard model of the elec-
troweak interactions.?*1%

CONCLUSIONS

We draw some conclusions. The resonant enhance-
ment of neutrino oscillations in a medium! predicted in
1985 is apparently confirmed in the on-going underground
experiments with solar neutrinos (see the Introduction and
Sec. 1). This has stimulated a huge number of studies on
the problem of neutrino oscillations in the interior of the
earth, in various astrophysical objects, and in the early
universe. Basically, MSW theory is a completed direction
in the physics of neutrinos in a medium. The continuing
development in breadth and the numerous new studies are
essentially of an applied nature with the aim of obtaining
from the already known solutions of the wave equation of
neutrinos in a medium new additional bounds on the vac-
uum mixing angle or on the difference of the squares of the
neutrino masses.

In contrast to this direction, neutrino electrodynamics
in a medium, the foundations of which were formulated
above, is in a stage of development. The well-studied inter-
action of the neutrino vacuum magnetic moment with a
regular external magnetic field is the basis of the corre-
sponding single-particle wave equation (Sec. 1) or the rel-
ativistic kinetic equations that describe neutrino fluxes in a
medium (Sec. 4). Note that the motion of neutrinos in
homogeneous and weakly inhomogeneous external electro-
magnetic fields was also studied in Refs. 107-109 on the
basis of a calculation of the neutrino single-loop mass op-
erator in a given external field. What is still uninvestigated
is the effect of neutrino collisions in dense matter on pro-
cesses with helicity change in such external fields. Outside
the scope of neutrino physics, but particularly important
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for determining a cosmological bound on the neutrino
magnetic moment from primordial nucleosynthesis, would
be the solution of the problem of the evolution of random
magnetic fields generated in the electroweak phase transi-
tion at temperature Tgw~My . This problem is also fun-
damentally important for the solution of the problem of the
origin of the magnetic fields in galaxies.

A direction that appears promising is investigation of
the interaction of neutrinos with nonequilibrium media
when perturbations of the particle number density or the
particle flux density of the medium increase. This can lead
to enhancement of the interaction (current X current in the
employed low-energy approximation of the weak interac-
tion). In such a study, one can use the known results of the
nonlinear theory of plasmas and other dispersive media, in
particular one can use in the first stage the well-developed
theory of weak turbulence.'!

One can also expect an increase of the cross sections
and the neutrino energy losses in anisotropic media. In
particular, it would be interesting to calculate the cross
sections of the various elementary processes that the
present authors have already made for isotropic dispersive
media (Sec. 3) for a magnetoactive (anisotropic) plasma
with the electromagnetic vertex (23) (Sec. 2).

Calculations of neutrino transport in a dense plasma
with strong regular (in a supernova) or stochastic (in the
early universe) magnetic fields would permit in this case
verification of the possibility of existence of collective
mechanisms of neutrino interaction with matter and their
influence on the collapse dynamics of a supernova precur-
sor star and the cooling of the core remnant and also on the
neutrino quenching temperature (of decoupling from mat-
ter) and primordial nucleosynthesis in the early universe.

Finally, it is in principle important to go beyond the
low-energy approximation, |g*|/M%<1, that we have
used above, i.e., it is important to study the role of collec-
tive effects in a high-density dispersive medium
(n<M3%,,T<Mpy) up to the appearance in the background
either of the effects of Bose condensation of W bosons!!! or
the high-temperature restoration of symmetry.!’> In this
case, it is already necessary to take into account the con-
tribution of the self-interaction of the Yang-Mills fields to
the dispersion characteristics of the medium, and this in
itself is a more complicated problem than the single-loop
calculation of the vacuum radiative corrections in the stan-
dard model and of the linear-response functions of the me-
dium in the low-energy point-interaction approximation.

One of the authors (V. B. S.) is grateful to the Kos-
mion Science Education Center for partial support with
initiative grants.

DSpin—flavor neutrino precession is the established expression for simul-
taneous oscillations of the spin and flavor of the type v, Vg
DWe consider an unbounded medium irrespective of the mean free path
of the test particle, which is determined by the form of the interaction
and the matter density. Addition of the coherent elastic-scattering am-
plitudes with the same final momenta of the neutrinos and target par-
ticles (there is no momentum transfer, k=0) is valid for any neutrino

energy, since for such summation the important thing is not the number
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of particles in a volume corresponding to the neutrino de Broglie wave-
length A=E~' (v~A®) but rather the number of particles that corre-
sponds to volumes with the scales of the collision impact parameter
b~k '~ L- . Under these conditions and with allowance for the
spectrum of massless neutrinos in an electron gas, E=p+ Ggngv2 (see
below), the wave refractive index n=p/E(p,n,) contains the finite mean
density ny=2N/v in the volume v=L*—~ & (N « ). With allowance for
the normalization of the forward scattering amplitude
f(0)=—GxV2E/2m, we obtain by a series expansion the standard ex-
pression for the refractive index of the neutrino wave:
n=142mf(0)ny/p*

$'Here the probability of flavor change is determined by the equation

P(v, - v,) =1—P(v,—v,).

“The oscillation probability (4) does not depend on the contribution of
the neutral currents to the total phase of the wave function
V= (¢'v!¢v”) for the two neutrino species.

S)n all that follows below, we use a system of units with fi=c=1, the
Feynman metric gx=g,x*=wt—kx, p=0, 1, 2, 3, and the standard
representation of the Dirac y matrices with ys=v5 =iy’¥'y*7, so that
the left-handed bispinor is defined as v;(p) =[(1—1v5)/2]v(p).

6 A correction (be a factor 2) of the coefficient of the magnetic (axial)
form factor was made by the authors of Ref. 16, and a correction to the
calculation in Ref. 48 of the ve scattering cross section in a plasma was
taken into account in Ref. 49. The appearance of the factor a~! in the
first term of (20) is due to the definition of the electromagnetic current
ev(p’)T,v(p) and the desire to retain here the standard form of the
QED polarization tensor II,,. In the second term of (20), the factor
! may include the form factor and with allowance for the definition of
A(w,k)," the magnetic form factor will not depend at all on the con-
stant a (like the ratio I1,,/a calculated in the same single-loop approx-
imation).

The authors of Ref. 83 calculated in their previous study®? the electro-
magnetic vertex I‘#, which, after renotation,'® agrees with the result
(20) that we have obtained earlier in Ref. 48.

®Neutrinos with mass m,>2m, decay much more rapidly than in the
channel with probability (42).3
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