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Neutrino lasing in the Sun
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Applying the phenomenon of neutrino lasing in the solar interior we show how the rate for the
generic neutrino decay process v — fermion + boson can in principle be enhanced by many orders
of magnitude over its normal decay rate. Such a large enhancement could be of import to neutrino-
decay models invoked in response to the apparent deficit of electron neutrinos observed from the
Sun. The significance of this result to such models depends on the specific form of the neutrino
decay, and the particle model within which it is embedded.

PACS number(s): 96.60.Kx, 13.35.Hb, 14.60.Lm

The solar neutrino problem (SNP) is well established.
Neutrino fluxes predicted by standard solar models [1] are
in disagreement with the fluxes observed by current ex-
periments. In terms of the ratio of observed-to-predicted
neutrino fluxes 7, the Cl-Ar experiment 2] reports nc; =
0.28 + 0.03, whereas the Kamiokande Collaboration [3]
reports g = 0.51 £ 0.07. These two experiments are
mostly sensitive to the high-energy 8B neutrinos. In
order to measure the lower-energy pp neutrinos, two
Ga-Ge experiments have been attempted. The SAGE
Collaboration [4] reports nsage = 0.53 £+ 0.19, whereas
the GALLEX Collaboration [5] reports ngarLr = 0.62 &
0.15. The errors are the 1o statistical and systematic
errors reported by the different groups added in quadra-
ture; theoretical uncertainties from the standard solar
model are not included.

Neutrino decay is often invoked as a possible remedy
to the above discrepancies [6,7]. Although v, decay as a
solution to the SNP would appear to be in contradiction
with the observed v, pulse from SN 1987A, a viable solu-
tion remains where the mass eigenstates vy, v; are a sub-
stantial mixture of the weak eigenstates ve, v, (z = u,7)
[8]. Matter-induced effects can also require some addi-
tional interpretation of the supernova limits [9]. The
generic neutrino decay can be described as vy — vy + B,
where B is some unknown boson. The most favored iden-
tification of the boson is with some type of Majoron par-
ticle ¢. For example, the two decay modes vy — v + ¢
and vy — Uy + ¢, have been previously analyzed in detail,
and regions of the lifetime and mixing-angle phase space
consistent with current observations determined [7]. Fast
Majoron decay into sterile neutrino states has also been
discussed with regard to the SNP [10].

The main purpose of this report is to point out that
the phenomenon of neutrino lasing may be of import with
regard to the generic neutrino-decay paradigm. Specifi-
cally, we will find that the bosons emitted in relativistic
neutrino decays can stimulate the decay to proceed or-
ders of magnitude faster than that described by the nor-
mal decay rate. Regions in the allowed parameter space
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consistent with the observed neutrino fluxes are therefore
subject to revision.

The phenomenon of neutrino lasing in the context of
the early Universe and the dark-matter problem has pre-
viously been discussed [11]. Neutrino lasing can best be
described as a process in which the decay of a relativis-
tic neutrino proceeds by stimulated emission of bosons,
thereby dramatically increasing its decay rate. We wish
to see how solar neutrinos can have their decay rates af-
fected by this phenomenon. Considering the generic de-
cay (and its inverse) of a heavy neutrino H into a lighter
neutrino F' and a boson B, it can be shown that [11] the
evolution of the occupation number distributions fp is
described by the Boltzmann equation

, 21 [Eh(Es)
fo(Be) = o0 [ " aBalfa(1~ fe)(1 + fa)
MoLBPB JEL(EB)

~fefr(1 - fu)l, (1)
where pp is the boson three-momentum, I’y is the free de-

cay rate for a H at rest, and mg/2 is the three-momentum
of the decay products in the H rest frame. Here we have

assumed isotropic decay in the H rest frame. In the
massless boson limit we have
2
m
moy = mg — —F (2)
myg

The integration is over the energy-conserving plane Epy =
Er + Ep, with limiting values

2F 1
Ef =, E*-momH( B+ ), 3a
H H 2 m2 ' 2Eg (3a)
and
Ef . =" (Eg+pH). 3b
B,F 2mH( H pH) ( )

Considering first only the initial growth of fg, our
Boltzmann equation becomes
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. E2
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where we have taken the growth rate to be maximized at
Eg5 (= m%/Eg). We can approximate

ny
/dEfH ~ —ETEH . (5)
H
Therefore,
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For significant decay of particles we require p%fg ~
p3; fu; that is, we need

fs~ <-ESH—:V) . (7)

Therefore from Egs. (6) and (7) we find that the time
required for the number of bosons to equal the number
of neutrinos at some point in the Sun is given by

E3 (my 8 E3n
-1 & (MH H™W
e[ =)l @

which typically is much less than the age of the Sun.

Using 'y = (Eg/mu)Te, where I'g is the decay rate
in the solar frame, Eq. (6) allows us to define a new
effective decay rate in the presence of lasing as

4
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As an example of the effect, consider the decay of the

pp neutrinos as they pass through the point R = 0.1R.
From the pp neutrino density at 0.1Rg, we find %5 ~

10725, and, therefore, for Eg/mpy 2 107, the decay rate
is enhanced. For example, if the mass of the electron
neutrino is my ~ 0.01 eV, the lasing rate is a factor
~ 10° larger than I'g. Clearly, for even smaller values of
the neutrino mass the effect on the decay rate will become
more significant. This would be the case as long as Eg 2
1/R, since if this bound is not satisfied the above analysis
would break down as the wavelength of the emitted boson
would be larger than the size of the region producing it.
For practical purposes, we can impose the limit myg >
10~!% ¢V as the mass above which our analysis would be
valid. Another limitation of our analysis is that we have
neglected transport terms in the Boltzmann equation.
This is a good approximation as long as I'aee > 1/R,
since then f, will be able to grow. Finally, note from the
f terms of Eq. (1) that the lasing effect “switches off”
when the abundance of decaying neutrinos equals that of
the decay-product neutrinos.

As mentioned earlier, we have assumed in the above
analysis that decays in the rest frame of the decaying
neutrino are isotropic. What form does Eq. (9) take if
we drop this assumption? In the more general case, the
Boltzmann equation Eq. (1) takes the form [12]

Flase ~

3 Ef(Es)
_ ﬂH_Fo_/ dEu(fu(l - fr)(1 + fB)

"~ moEBpB JE; (Es)

1 Ef + Eg —2E
~fBfr(1 - fu)] [——— +a=B 2B Z78 )
myg PHM,
(10)
where «a is defined through the probability distribution
P(6) given by

P(0) = 3(1 — acosb), (11)

and where 6 is the angle in the rest frame between the
decay-product velocity and the parent velocity in the so-
lar frame. The isotropic case discussed previously corre-
sponds to a = 0, and is valid (up to factors of ~ 2) for
all @ > —1. For a ~ —1, the emission of low-momentum
bosons is suppressed. Utilizing Eq. (10), and applying
similar arguments as those used in the isotropic case, we
find the equivalent equation to Eq. (9) is

n EH 2
Tase ~ = { — | To- 12
e~ 75 (72 To (12
From comparison of Eq. (9) with (12) it can be seen that
a = —1 results in a suppression factor (mg/Eg)?, rela-

tive to the case of isotropic decays.

Let us consider the pp neutrinos produced by the Sun,
and focus on the decay of these neutrinos into a 7 or
muon neutrino (Ve — vy + B). In order to accurately
assess the importance of neutrino lasing we must average
the effect over the varying matter and neutrino densities
in the Sun. Let us assume that matter effects dominate
the neutrino masses. In this case we can replace my in
Egs. (8) and (12) with v/2EV, where E is the v, energy
and the effective potential V is given by

V = V2Gppm;'Y. . (13)

Here, G is the Fermi constant, p is the matter density,
m, is the nucleon mass, and Y, is the number of electrons
per nucleon.

In the solar frame, the decay rate for some process
described by some dimensionless coupling constant g can
be written

- . 14
To = T67E = 16n (14)

Neglecting lasing effects, in terms of the electron-neutrino
flux ®2 at some origin, the flux ®.(r) at distance r from
the origin is given by [13]

1
. (r) = ®%exp l:-—ﬁ Zg2deff] ’ (15)

where the effective matter width d°® for the decay is given
by " T
" = / p(r)Ye(r)dr, (16)
0

and where the refraction width dy is given by do =
ﬁﬂG}lmn.

The reduction in the neutrino flux when lasing effects
are included can be approximated by
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and where
Ty
x(r) = V) (19)

We apply Eq. (17) to a solar model [14], and determine
the ratio ®.(r)/®c(r)!®**. Our calculations show that,
for a decay such as v. — v, + B where the chirality
of the neutrinos remains unchanged, ®.(r)/®.(r)"*¢ can
be > 1 for both pp and B neutrinos. This means that
any such decay applied to the solar neutrinos must take
into account this effect. For processes where a = —1,
for example chirality-flipping decay with spin-zero boson
emission, Eq. (19) becomes

ny
X(T‘) - E2V(7') ’ (20)
and there is a negligible effect due to the spin suppression
effects discussed earlier.

In order to see the effects of lasing let us assume
a chirality-conserving interaction and apply the cur-
rent laboratory bounds on the chirality-conserving de-
cay Ve = Uy + ¢, namely, g as defined in Eq. (14) is
< 7.0 x 1073 [15]. Remembering that the lasing switches
off when f,, = f,,, we find that half the pp neutrinos
could in fact undergo decay in the solar interior. This
conclusion remains valid for ¢ 2 1078, Decays of v,
to a left-handed antineutrino through Majoron emission
give a similar result (though a slight modification to the
potential V is required in this case). Decay into a right-
handed antineutrino would require that the chirality be
flipped, and thus is unimportant due to spin suppression
effects.

A question remains as to whether there is a well-
defined model which couples neutrinos to a boson in
such a way that we will see lasing. As stated above, the
most obvious candidate to consider is the singlet Majoron
model [16]. Consider a scalar potential of the form

V[®] = A(®? — v?)2. (21)

Clearly the vacuum corresponds to |[(®)| = v, but we
have a number of ways of describing excitations. If we
consider the linear realization of the symmetry breaking,
then we write

®=v+p+id (22)
and find that p is a massive scalar field, and that ¢ is a
massless Goldstone boson—the Majoron. Including mat-
ter effects, we can determine that part of the Lagrangian
which involves the neutrinos and the linear Majoron cou-
pling:

L= —[NRMDNL + %NRMR(NR)C + H.C.]
1

V2

where Ny gy are the weak-lepton-doublet (singlet) neu-

7 _ _
+§;¢NRMR(NR)C — —=CNpY*Nyp, , (23)
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trinos, (, = Gppm;Ianu (where v, is the collective
nucleon four-velocity), and the mass matrices Mp and
MpPp, are assumed real. Considering only two generations
and assuming Mg > Mp, diagonalization of the mass
matrix determines the physical fields v 2. The coupling
of these neutrino fields to ¢ in this case is direct, and has
the form

1gdUrysVy (24)
meaning that the local operator for the transition v, —
vy + ¢ necessarily involves a chirality flip. As seen ear-
lier, the spin suppression associated with this chirality
flip renders lasing in the Sun unimportant. Only within
environments where the neutrino density is much larger
than solar neutrino densities (e.g., supernova explosions),
would the coupling of Eq. (24) be important.

It is possible to have chirality-conserving decays from
other processes. In the linear expansion this occurs when
mass insertions are added to the external neutrino lines.
However, in the most simple models each mass inser-
tion introduces a suppression factor of order (m/FE)2. If
the exponential expansion ® = (v + p) exp(i¢/v) is used,
the chirality-conserving decays naively involve derivative
couplings which suppress the emission of low-momentum
bosons, and hence the lasing rate also. The actual re-
sult must be independent of which expansion is utilized,
but only after all relevant diagrams at each order are in-
cluded would the exact suppression factor be determined.
Such suppression would clearly be model dependent. In-
deed, we note that it is possible to construct more com-
plicated Majoron models which exhibit no suppression of
the chirality-conserving decays [17].

Another hopeful possibility is that the neutrino de-
cays through a new spin-1 field. The coupling would be
between neutrinos of the same chirality state, and the
rate would not be suppressed by any chirality or momen-
tum effects. Massive vector fields were speculated on as
possible sources of lepton number violation through local
symmetry breaking [18], but were superseded by Majoron
models and global symmetry breaking, which seemed to
arise more naturally in grand unified theories (GUT’s).

In summary, we have seen how neutrino lasing may
play a role in neutrino-decay processes occurring in the
solar interior. We have highlighted how the spin nature
of the particles involved in the decay process plays an
important role. In particular, we noted that within the
context of the simplest singlet Majoron models, no sig-
nificant neutrino lasing in the Sun would proceed. More
complicated extensions to the standard model need to
be invoked if lasing is to be viable in the solar interior.
Since the energy spectrum of the decaying electron neu-
trinos is not degraded by the lasing phenomenon, future
detectors should be able to distinguish between the pro-
cess described here and that anticipated from the usual
decay paradigm.

A similar analysis of neutrino lasing applied to super-
nova explosions may provide some additional constraints.
We note again, however, that since bosons are preferen-
tially produced at low momentum the energetics of such
explosions should not be significantly altered by excess
energy losses, unless the decay-product neutrino is ster-
ile.
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Neutrino lasing has the potential to be an important
phenomenon. In addition to its impact on the dark-
matter problem, it may also have interesting implications
for Majoron models of baryogenesis due to enhanced de-
cays of sterile neutrinos. Any experimental information

on the viability of neutrino lasing would therefore be very
valuable.
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