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Radiative Neutrino Decay in a Medium
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We calculate the rate of decay of a heavy neutrino into a lighter neutrino and a photon in a back-
ground that contain electrons but no p's or r's. Unlike the same decay in the vacuum, the rate of this
process is not suppressed by the Glashow-Iliopoulos-Maiani mechanism. Some physical implications of
the process are discussed.

PACS numbers: 13.35.+s, 13.40.Hq, 14.60.Gh, 98.80.Cq

The subject of unusual properties of neutrinos in ma-
terial media has attracted a lot of attention recently.
Wolfenstein' showed that the masses and mixings of
neutrinos may be significantly aff'ected by the presence of
a medium. Mikheyev and Smirnov realized that this
fact could provide a solution to the solar-neutrino prob-
lem. More recently, it has been demonstrated that the
electromagnetic properties of neutrinos can even be qual-
itatively different within a medium compared to the
properties in the vacuum. For example, a Majorana
neutrino may have electric and magnetic dipole moments
in a medium, whereas in the vacuum these quantities
must vanish. As discussed in Ref. 3, the reason behind
this qualitative difference lies in the transformation prop-
erties of the medium under the discrete symmetries C, P,
T, and combinations thereof. In particular, the medium
can introduce CP and CPT asymmetries in the effective
particle interaction, which would be absent in the vacu-
um that is supposed to be CPT symmetric. As a comple-
ment to this analysis, the matter-induced electromagnet-
ic form factors have been calculated in a recent paper by
the present authors.

In this Letter, we want to discuss the eff'ects that a
background medium inflicts on another interesting pro-
cess involving neutrinos, viz. , the radiative decay of a
heavier neutrino to a lighter one:

v(k) —v'(k') + y(q),

~here in parentheses we have written the four-momenta
of the particles. Our motivation is the following. On the
one hand, this process has been studied for the possibility
of detecting the cosmic neutrino background by observ-
ing the photons coming out of the process. Recently,
Fukugita has raised the possibility that a suitable life-
time for the process in Eq. (1) might be crucial in ex-
plaining the deviation of the cosmic micro~ave spec-
trum from a pure blackbody distribution. On the other

hand, it is known that in the vacuum the rate for this
process is suppressed by the Glashow-Iliopoulos-Maiani
(GIM) mechanism. However, a medium that contains
electrons but not muons or taons is not flavor symmetric.
Therefore, in such a medium, the background-dependent
part of this amplitude is not GIM suppressed. As a re-
sult, the decay rate could be much larger than that in the
vacuum. In light of these questions, we calculate below
the lifetime of the process in a thermal medium, which is
essential for discussing the evolution of neutrinos in the
early Universe. Besides, the present calculation will also
provide insight into neutrino processes in stellar objects.

We begin the calculation by assuming that the disper-
sion relations of the particles are not significantly
affected by the medium, so that we can use the relations
valid in the vacuum. In order to be self-consistent, we
should then take the wave-function renormalization fac-
tors associated with all external lines to equal unity. In
eff'ect, these assumptions imply that we consider only the
transverse polarization states of the photon. In addition,
we assume that the mass of v' vanishes, or at least is so
small compared to m, the mass of v, that it can be
neglected.

The matrix element of the process in Eq. (1) can now
be written as

i%'= —iu(k')r.'u(k)e'*(q), (2)

where u(k) denotes the Dirac spinor with momentum k
and e denotes the polarization vector of the photon. We
have used the primes on Af and I, to denote that we will
consider the background-dependent part only. Following
the notation used in Ref. 4, I ' can be written as

I,'=U,*,U„T~py L, (3)

~here U is the lepton mixing matrix and L is the projec-
tion operator for left-handed fermions. We assume that
the background contains electrons but not muons or
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taons, nor any 8 bosons for that matter. As discussed in

Ref. 4, the matrix T,p satisfies the relations

q'Y.p-o-q~V. p, (4)

7'ap 7'reap+ TLQap+7'ePap

where

(5)

where the first equality follows from gauge invariance
and the second one, although not valid in general, is nev-

ertheless obeyed by the expression obtained for 7,p to
the lowest order in I/M~. In addition, to this order, T,p
is a function of q k —k' only, and not of k and k' sepa-
rately. Hence, the most general form of 7',

p is given by

2

~(E„) eGF T

342
(i2)

in the extreme relativistic (ER) case, when the tempera-
ture T&)m, so that both electrons and positrons are
present. Using the polarization sum

transverse modes
e.' (qX)ep(ql) - —R.p,

Using g /SMw GF/J2, we thus obtain

7 P" = —JieGFn /m

in the case of a nonrelativistic (NR) background of elec-
trons, and

+ap gap qaqp/q Qap &

Q&&p V&&Vp/V

P,p (i/6) e,p„sq "v

we then obtain

!a'I'-m'! U,*,U, !'!7 !'
0

m

20
Here v' is the four-velocity of the center of mass of the
background medium, v' (g'P —q'qP/q )vp, and 6 is

the Lorentz-invariant quantity defined by

6~(Q —
q )', Q~q V.

In general, the form factors are functions of Q and 6.
However, in the present case, further simplification is ob-
tained since we are interested in the case q 0, i.e.,

Q -6.
In Ref. 4, the expressions for the form factors TT L p

have been derived. From that, it is easily seen that
TL p vanish when q -0. Therefore, the only relevant
form factor in the present case is

(14)

The differential decay rate in any frame is given by

d I ' (2n) b (k —k' —
q ) !A'!

2kp

d'k' d'q
X

(2n) 2kp (2z) 2qp
(IS)

where we present the background-induced rate only. We
integrate it in the rest frame of the medium where
v' (1,0). In this frame, the magnitude of the three-
velocity of the decaying neutrino is denoted by V. Then
we obtain

where

2M " (2n) E
( )+,( )i (s) I'-,

f U,',U„f'!7 r f'F(V),

where the velocity dependence is given by

and

p"—= (E,p) with E (p +m, )'
F(v) -(i —v') '"

V 1 —V
3

f+(p)- 1

exp[P(p v -t p)]+ I
(10) Using Eq. (11),we then get that for a NR electron back

! ground,

2I'"'=-' GF'! U,*,U„!'F(V),' =(SxiO" s) '!U,*,U,„!'F(V)
me eV 10 cm

whereas for an ER background, use of Eq. (12) gives

4
I'&' '= —,

' aGF'! U,'.U,„!'F(v) =(5X 10's) '!U,*„U,„!'F(V)
36 1 MeV 1 MeV

4

(is)

To appreciate how diff'erent these rates are compared to the rate in the vacuum, we recall that in the vacuum'
'2 2 2

I =—aGF
2

m ~ 2 UI, UI,
3 5 mi

2 32Ã I e,p, r Mff
(2o)

n the sum, the factor proportional to the charged-lepton mass squared is the GIM suppression factor. Assuming that
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I

0.5 1.0

the contribution of the r dominates in the sum, we obtain

I- {ER)

=1.3x10' rF(V)
10 cm

4

=1.5x10 rF(V) T
m

'2'
1 eV

4

(21)

FIG. 1. The velocity dependence of the decay rate. The
function F(V) is defined in Eq. (17) of text.

neutrinos. So a complete analysis of the effect should
take into account the stimulated emission of photons, the
Pauli blocking of neutrinos, and the inverse process as
well. However, our calculations indicate that the rate
can be large.

The calculation presented in this paper provides an il-
lustration of how a medium can aA'ect the properties of
elementary particles, particularly neutrinos. Specifically,
the GIM suppression is not operative in a medium that
consists of ordinary matter. Although the importance of
these effects in concrete situations needs further study,
our calculations provide the starting point for such stud-
ies and the effect that we have found should be kept in

mind.
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where

(22)

From Fig. 1, we see that F(V) is a very flat function of
V, taking values between 1 and 1.55, for almost the en-
tire range of V. Thus, if r is not very small, then Eq.
(21) shows that I '/I could be very large for interesting
values of the background temperature and density.

This enormous increase in the rate can be quite impor-
tant when one considers the fate of a neutrino emitted in

the stellar core. In fact, since the stellar material con-
tains photons in equilibrium with the electrons, the
stimulated emission factor must be taken into account.
This will increase the rate of the process further.

The issue is particularly interesting for a heavy neutri-
no decaying at the cosmological era when the tempera-
ture is comparable to its mass. The factor T/m in Eq.
(21) is then of order unity, and the matter-induced de-

cay rates are very large. For the radiative decay modes
to be an acceptable mechanism for the cosmological de-
pletion of neutrinos, one needs the lifetime to be small-
er than about 10 s (Ref. 11) so that the photons get
enough time to be thermalized. The photonic decay
rates calculated in the vacuum are too slow for this pur-
pose. However, from Eq. (19), one sees that unless the
mixing is too small, neutrinos with masses larger than 1

MeV can always radiatively decay with the aid of the
background electrons. Of course in this case the cosmo-
logical background contains thermalized photons and
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