PHYSICAL REVIEW D VOLUME 56, NUMBER 1 1 JULY 1997

Radiative neutrino decay in hot media
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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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The notion that the presence of an ambient medium moditicles involved, we disregarded the modification of the dis-
fies the properties of elementary particles is now wellpersion relations due to the presence of the matter
known. Sometimes the effects are dramatic, as is the case background. As a consequence of this, only the transverse
the Mikheyev-Smirnov-Wolfenstein(MSW) mechanism, modes of the photon contribute. Then, retaining only the
which has been invoked to explain the solar neutrino puzzldackground-induced contribution to the decay process, the
[1]. There, under favorable conditions, the conversion of onequare of the transition matrix element was found to be
neutrino flavor into another is greatly enhanced by the pres-
ence of the background. Some time ago it was obsef2ed
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 interestingvherev* is the velocity four-vector of the background me-
phenomena as the Cherenkov radiation by massless neutrindgim, 0=q-v, the elements of the matrix) denote the
[3] and the possible explanation of pulsar velocities by neumixing of the neutrinos with the electron, and
trino oscillations biased by a magnetic figi. dp

It has also been shown previously,6] that the rate for _
the radiative decay of a massive neutrino that propagates h= V2 eGFJ (2#)3E{f’(p)+f+(p)}' 3
through a background of particles,

(k+k’)-v  m?
Q 207

|M|2:m2|U;VUEV'Tr|2 ’ (2)

Heref.. stand for the positron and electron distribution func-
v(K)—v' (K") + ¥(q), (1) tions which, in terms of the temperatufe= 1/8 and chemi-
cal potentialw, are given by

can be much larger than the rate for the corresponding pro-
cess in the vacuum. In the calculation of Ré] the back- f.(p)= - '
ground was taken to be a thermal bath of electrons, nucleons, exgB(p-vFu)]+l
and photons, as is the case of a plasma made of ordinar ith
matter, as well as possibly their antiparticles. Because th '
medium contains electrons but not muons or tauons, the
Glashow-lliopoulos-MaianiGIM) 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 1 d3k’ d3q
even further due to the stimulated emission of photons in the dI'’ =i(2w)45“(k—k’ —-q)|M|? LK (232
thermal background. However, in those preliminary calcula- 0 (2m)"2kg (27)°200
tions the effect just mentioned was neglected. X[1+f(Q)], (6)

We have calculated the radiative decay rate including the
effect of the stimulated emission of photons. In this paper wavhere
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. f(Q)= ef_ 1 @)

We follow the notation and conventions of RES]. The
initial neutrino was assumed to have a massand to be is the Planck distribution. As already mentioned in R6l,
traveling with a speed in the medium, while the final neu- the effect of the stimulated emission is taken into account
trino »’ was assumed to be massless. For all the three paprecisely by the factor  f({2). In the earlier calculations it

4

p*=(E,p), E=p?+mZ. (5)

The differential decay rate can be written as
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was set equal to unity, thus disregarding the effect of stimu-

lated emission. In that case, integrating KE@). in the rest

frame of the medium, where*=(1,0) and Q =g, we ob-
tained

r'= m U* U,, 77|?F 8
_E| ev-ev’ T| (V), ( )
where
2 (1
FOV) =12 )—/In(%) —3}. )
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The result of including the effect of stimulated emission can

be represented by replacifkdV) in Eq.(8) by the new func-
tion

Fr(V,Bm)=F(V)+FV,8m), (10
whereF4 can be expressed as
F(V,Bm) (1_V2)fx2d Q)] — 1
,BM) = —— X —_— 1.
S B 2y “ X ,—1—V2 X2
11
The variablex is related to the photon energy by
20 12
=—, (12
and the limits of integration are
1 1=y 13
== Nivy: 13

The functionF()) is given by a formula similar to Eq.
(11), but with the factorf(Q) replaced by 1, which yields
the result quoted in E(9). For arbitrary values of the tem-
perature and incident neutrino enerfy can be evaluated

only numerically. Analytical expressions, which show the

FIG. 1. Velocity dependence of the functidg(), Bm), defined
in Eq. (19) of the text, forBm=0 andBm=1. Also shown is the
velocity dependence df()) defined in Eq(9).

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

m

e

In this regime Bk-v<1), we can use the approximation

k-v=

(17)

1
f(Q)~——

0 (18

in which case the expression fBg can be evaluated analyti-
cally for arbitrary values of the incident neutrino energy.
Introducing the functiorf4(V, 8m) by writing

2
Fs(V,pm)=——f(V,m),

general features of the numerical results, can be obtained in

some limiting situations as we now discuss.

For V=0 the photons emitted in the decay have an energy

Q=m/2, which is independent of the direction in which the
photon is emitted. The stimulated emission factor then be-

comes

f(Q)=eﬁwq (14

Am (19

the result of the integration for smaim is
vo=2- 2 1+V) 20
{V,0)= ~ >y N1/ (20

Notice, in particular, that Eq20) reproduces the result of
Eq. (16), F4(0,8m)=2/Bm, as it should.
In Fig. 1 we have plottedis(V,0), from which we see that

and, therefore, it is simply a constant factor in the integratiorit is a very slowly increasing function that varies between 1
in Eq. (11). Thus, for slowly moving incident neutrinos, but at V=0 to 2 atV=1. While F(V) also is a slowly varying

any arbitrary value of the temperature,

1
Fs(V,pm)~F4(0,6m)= P2 (15
~—— (for Bm<1), (16

Bm

where we have given, in EQL6), the limiting value for high
temperaures, as indicated.

function for most values of), it drops sharply[6] near
V=1. However,f¢{(V,Bm) does not drop below the value it
has atV=0, for any value of the temperature within the
entire range of allowed values fot. Moreover, it will have

to be remembered that, in the decay rditeis multiplied by
2/pm, which is a large number for temperatures much higher
than the mass of the decaying neutrino. It then follows that,
for high temperatures, the factbr+ F is dominated by the
leading term ofF given by Eqs(19) and(20), and the rate

is given approximately by
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1 for a background of nonrelativistic electrons, and
F’%FSE%N’G‘VUQV,TTF]‘S(V,O) for pm<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. (25)
The formula in Eq.(21) has another peculiar character.
Notice that, although it has a dependence on the mass matrigr an extremely relativistic electron gas at zero chemical
of the neutrinos through the elements of the mixing matrix,potential.
the decay rate does not directly depend on the mass of the The quantitative study of the electromagnetic properties
decaying neutrino. Thus, irrespective of the mass, any newf neutrinos in a background of particles can lead to inter-
trino will have the same decay rate apart from the differencesting physical phenomena and important applications. As
coming from the mixing angles. To estimate this rate, wealready mentioned, the phenomenon of neutrino conversion
recall[5] that if the background medium consists of nonrel-in magnetized media has opened new possibilities for ex-
ativistic electrons, plaining the peculiar velocity of pulsafg]. 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-
wheren, Is the number density of the electrons_,. Qn the Othertory experiments related to rare processes and the coherent
hand, for a background of extremely relativistic electrons henomena in crystals, where possible applications to the

and positrons, assuming that the (_electron ar!d F’h"to” NYhservation of induced radiative neutrino transitions have
peratures are equal and the chemical potential is zero, ONSeen mentionef7]

F,(ER)~aG'2:|UgVUeV,|2fs(V,0)W/35

=(2.5x10% s)—1|ugvuey,|2fs(v,0)(

1 MeV

TMR=—\2eGene/me, (22)

obtains It is important to stress that the results of the calculations
eG presented here do not depend on any microscopic physics
TER>: - —F2 (23 beyond the standard model, except for the assumption that
3\/23 neutrinos have a nonzero mass. Nevertheless, the physical
Inserting these expressions into E2(1), we obtain the decay implications of these result_s in any particular context depend
rate not only on the macroscopic physics of the environment un-

der consideration, but also on more specific and model-
n2 dependent assumptions such as, for example, those concern-
'R~ 0 GZ|U% U, | 2fo(V,0)—7 ing the origin of the neutrino masses and the possibility of
mef3 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-

~(@x10%9 ULU, 21020
tailed analysis of such effects will be presented separately.
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