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We calculate the rate for the radiative neutrino decay in a thermal background of electrons and photons,
taking into account the effect of the stimulated emission of photons in the thermal bath. We show that the rate
is enhanced by a large factor relative to the rate for the corresponding process in the vacuum.
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PACS number~s!: 13.35.Hb, 11.10.Wx

The notion that the presence of an ambient medium modi-
fies the properties of elementary particles is now well
known. Sometimes the effects are dramatic, as is the case of
the Mikheyev-Smirnov-Wolfenstein~MSW! mechanism,
which has been invoked to explain the solar neutrino puzzle
@1#. There, under favorable conditions, the conversion of one
neutrino flavor into another is greatly enhanced by the pres-
ence of the background. Some time ago it was observed@2#
that the electromagnetic properties of neutrinos are also dras-
tically modified within a medium when compared to the
properties in vacuum. This fact can lead to such interesting
phenomena as the Cherenkov radiation by massless neutrinos
@3# and the possible explanation of pulsar velocities by neu-
trino oscillations biased by a magnetic field@4#.

It has also been shown previously@5,6# that the rate for
the radiative decay of a massive neutrino that propagates
through a background of particles,

n~k!→n8~k8!1g~q!, ~1!

can be much larger than the rate for the corresponding pro-
cess in the vacuum. In the calculation of Ref.@5# the back-
ground was taken to be a thermal bath of electrons, nucleons,
and photons, as is the case of a plasma made of ordinary
matter, as well as possibly their antiparticles. Because the
medium contains electrons but not muons or tauons, the
Glashow-Iliopoulos-Maiani~GIM! mechanism that inhibits
the radiative neutrino decay in a vacuum is not operative
anymore, and as a result the rate can increase by a consider-
able amount. It was also noted there that the rate increases
even further due to the stimulated emission of photons in the
thermal background. However, in those preliminary calcula-
tions the effect just mentioned was neglected.

We have calculated the radiative decay rate including the
effect of the stimulated emission of photons. In this paper we
present the results of that calculation, and we show that,
under the appropriate conditions, the inclusion of this effect
enhances the rate further by many orders of magnitude.

We follow the notation and conventions of Ref.@5#. The
initial neutrino was assumed to have a massm and to be
traveling with a speedV in the medium, while the final neu-
trino n8 was assumed to be massless. For all the three par-

ticles involved, we disregarded the modification of the dis-
persion relations due to the presence of the matter
background. As a consequence of this, only the transverse
modes of the photon contribute. Then, retaining only the
background-induced contribution to the decay process, the
square of the transition matrix element was found to be

uMu25m2uUen* Uen8TTu
2F ~k1k8!•v

V
2

m2

2V2G , ~2!

wherevm is the velocity four-vector of the background me-
dium, V5q•v, the elements of the matrixU denote the
mixing of the neutrinos with the electron, and

TT52A2 eGFE d3p

~2p!3E
$ f2~p!1 f1~p!%. ~3!

Here f6 stand for the positron and electron distribution func-
tions which, in terms of the temperatureT51/b and chemi-
cal potentialm, are given by

f6~p!5
1

exp@b~p•v7m!#11
, ~4!

with

pm[~E,pW !, E5ApW 21me
2. ~5!

The differential decay rate can be written as

dG85
1

2k0
~2p!4d4~k2k82q!uMu2

d3k8

~2p!32k08

d3q

~2p!32q0

3@11 f ~V!#, ~6!

where

f ~V!5
1

ebV21
~7!

is the Planck distribution. As already mentioned in Ref.@5#,
the effect of the stimulated emission is taken into account
precisely by the factor 11 f (V). In the earlier calculations it
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was set equal to unity, thus disregarding the effect of stimu-
lated emission. In that case, integrating Eq.~6! in the rest
frame of the medium, wherevm5(1,0W ) andV5q0, we ob-
tained

G85
m

16p
uUen* Uen8TTu

2F~V!, ~8!

where

F~V!5A12V2F2V lnS 11V
12VD23G . ~9!

The result of including the effect of stimulated emission can
be represented by replacingF(V) in Eq. ~8! by the new func-
tion

FT~V,bm![F~V!1Fs~V,bm!, ~10!

whereFs can be expressed as

Fs~V,bm!5S 12V2

2V D E
x1

x2
dx f~V!H 4

xA12V2
2

2

x2
21J .

~11!

The variablex is related to the photon energy by

x[
2V

m
, ~12!

and the limits of integration are

x15
1

x2
5A12V

11V . ~13!

The functionF(V) is given by a formula similar to Eq.
~11!, but with the factorf (V) replaced by 1, which yields
the result quoted in Eq.~9!. For arbitrary values of the tem-
perature and incident neutrino energyFs can be evaluated
only numerically. Analytical expressions, which show the
general features of the numerical results, can be obtained in
some limiting situations as we now discuss.

ForV50 the photons emitted in the decay have an energy
V5m/2, which is independent of the direction in which the
photon is emitted. The stimulated emission factor then be-
comes

f ~V!5
1

ebm/221
~14!

and, therefore, it is simply a constant factor in the integration
in Eq. ~11!. Thus, for slowly moving incident neutrinos, but
any arbitrary value of the temperature,

Fs~V,bm!'Fs~0,bm!5
1

ebm/221
~15!

'
2

bm
~for bm!1!, ~16!

where we have given, in Eq.~16!, the limiting value for high
temperaures, as indicated.

However, the effect of stimulated emission is important
for temperatures that are much larger than the typical energy
of the photons emitted in the decay process, which is of the
order of the incident neutrino energy

k•v5
m

A12V2
. ~17!

In this regime (bk•v!1), we can use the approximation

f ~V!'
1

bV
, ~18!

in which case the expression forFs can be evaluated analyti-
cally for arbitrary values of the incident neutrino energy.
Introducing the functionf s(V,bm) by writing

Fs~V,bm![
2

bm
f s~V,bm!, ~19!

the result of the integration for smallbm is

f s~V,0!522
12V2

2V lnS 11V
12VD . ~20!

Notice, in particular, that Eq.~20! reproduces the result of
Eq. ~16!, Fs(0,bm)52/bm, as it should.

In Fig. 1 we have plottedf s(V,0), from which we see that
it is a very slowly increasing function that varies between 1
at V50 to 2 atV51. While F(V) also is a slowly varying
function for most values ofV, it drops sharply@6# near
V51. However,f s(V,bm) does not drop below the value it
has atV50, for any value of the temperature within the
entire range of allowed values forV. Moreover, it will have
to be remembered that, in the decay rate,f s is multiplied by
2/bm, which is a large number for temperatures much higher
than the mass of the decaying neutrino. It then follows that,
for high temperatures, the factorF1Fs is dominated by the
leading term ofFs given by Eqs.~19! and~20!, and the rate
is given approximately by

FIG. 1. Velocity dependence of the functionf s(V,bm), defined
in Eq. ~19! of the text, forbm50 andbm51. Also shown is the
velocity dependence ofF(V) defined in Eq.~9!.
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2f s~V,0! for bm!1.

~21!

Comparing this with Eq.~8!, it follows that there can be a
considerable enhancement of the rate when the temperature
of the ambient photon gas is large compared to the mass of
the decaying neutrino.

The formula in Eq.~21! has another peculiar character.
Notice that, although it has a dependence on the mass matrix
of the neutrinos through the elements of the mixing matrix,
the decay rate does not directly depend on the mass of the
decaying neutrino. Thus, irrespective of the mass, any neu-
trino will have the same decay rate apart from the difference
coming from the mixing angles. To estimate this rate, we
recall @5# that if the background medium consists of nonrel-
ativistic electrons,

T T~NR!52A2eGFne /me , ~22!

wherene is the number density of the electrons. On the other
hand, for a background of extremely relativistic electrons
and positrons, assuming that the electron and photon tem-
peratures are equal and the chemical potential is zero, one
obtains

T T~ER!52
eGF

3A2b2 . ~23!

Inserting these expressions into Eq.~21!, we obtain the decay
rate

G8~NR!'aGF
2 uUen* Uen8u

2f s~V,0!
ne
2

me
2b

5~431018 s!21uUen* Uen8u
2f s~V,0!S T

1 MeVD
3S ne

1024 cm23D 2 ~24!

for a background of nonrelativistic electrons, and

G8~ER!'aGF
2 uUen* Uen8u

2f s~V,0!
1

36b5

5~2.53104 s!21uUen* Uen8u
2f s~V,0!S T

1 MeVD 5
~25!

for an extremely relativistic electron gas at zero chemical
potential.

The quantitative study of the electromagnetic properties
of neutrinos in a background of particles can lead to inter-
esting physical phenomena and important applications. As
already mentioned, the phenomenon of neutrino conversion
in magnetized media has opened new possibilities for ex-
plaining the peculiar velocity of pulsars@4#. The results that
have been presented in the present work can also have rel-
evance in cosmological and astrophysical contexts such as
the early Universe and the supernova, as well as in labora-
tory experiments related to rare processes and the coherent
phenomena in crystals, where possible applications to the
observation of induced radiative neutrino transitions have
been mentioned@7#.

It is important to stress that the results of the calculations
presented here do not depend on any microscopic physics
beyond the standard model, except for the assumption that
neutrinos have a nonzero mass. Nevertheless, the physical
implications of these results in any particular context depend
not only on the macroscopic physics of the environment un-
der consideration, but also on more specific and model-
dependent assumptions such as, for example, those concern-
ing the origin of the neutrino masses and the possibility of
interactions beyond the standard model. These are typically
necessary in order to assess the importance of possible com-
peting processes in the particular situation at hand. A de-
tailed analysis of such effects will be presented separately.
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