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We consider the role of Majoron emission in supernova cooling and its implications for the neu-
trino mass and lifetime in generic singlet Majoron models. It is found that, for v, with mass m, if
the lifetime for the decay v,—Majoron+v, , is shorter than 1077 (m/MeV) sec, then Majorons are
so strongly trapped by the inverse process that the resulting Majoron luminosity is small enough not
to destabilize the observed v, pulse from SN 1987A. For v, with a longer lifetime, the Majoron
luminosity can be large enough to destroy or significantly shorten the duration of the neutrino
pulse. We then find the range of parameters, e.g., the v, mass m and the (B — L)-breaking scale v,
that is excluded by giving such a large Majoron luminosity. Our results imply that, for v between 1
GeV and 1 TeV, a wide range of m allowed by terrestrial experiments can be excluded in view of the

observed v, pulse from SN 1987A.

I. INTRODUCTION

The supernova 1987A! in the Large Magelanic Cloud
has provided a lot of information on the properties of
neutrinos, e.g., masses, number of generations,2 magnetic
moments,” and exotic interactions.*™® One clear obser-
vation associated with SN 1987A is the thermal neutrino
pulse (more precisely v, pulse) which is considered to car-
ry off most of the gravitational binding energy of the re-
sulting neutron star. As a result, any exotic interaction
of neutrinos must be tuned not to destabilize this neutri-
no pulse.

In Majoron models,’ !> where neutrinos have nonzero
Majorana masses due to spontaneous B —L violation,
there exist exotic interactions of neutrinos with the Higgs
fields, in particular with the massless Majoron com-
ponent ¢, that trigger spontaneous B — L violation. The
implications of these additional interactions for the dy-
namics of supernova neutrinos have already been con-
sidered by many authors. The energy release by Majoron
emission may significantly shorten the duration of the
neutrino pulse from supernovae.®*’ Too much neutrino-
Majoron scattering inside the supernova core would de-
lay neutrino emission.® Also the scattering between su-
pernova neutrinos and cosmic background Majorons will
lead to an energy loss for the neutrinos and thus
effectively stop them from being detected.* Among these
implications, in this paper, we will concentrate on the
role of Majoron emission in the cooling of the hot nascent
neutron star associated with SN 1987A.

In Ref. 6 the emission of Majorons from supernovae
through the process vv—¢¢ has been considered with
the assumption that only the coupling of the form
h¢viysv is responsible for the Majoron production pro-
cess, viz., all other Majoron couplings were assumed to
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be weak enough. Then it was found that for a Majoron-
neutrino Yukawa coupling A4 in the range
~107°5h $107% the Majoron luminosity dominates
over the neutrino luminosity, which seems to be incon-
sistent with the observed neutrino pulse from SN 1987A.
However as we will see in Appendix C, the assumption
made in Ref. 6 is valid only for a special range of parame-
ters as is the corresponding conclusion about hA. The
matter-induced decay v—v¢ was discussed in Ref. 7 as
another process that produces Majorons inside the super-
nova core, however only for neutrinos with m <<GrY,
(Y, =number density of nucleons inside the supernova).

Furthermore none of the above-mentioned papers pro-
vided a complete analysis of the possible trapping of Ma-
jorons. Although the authors of Ref. 6 took into account
the process ¢v— ¢v and the matter-induced Majoron ab-
sorption ¢v—v was considered in Ref. 7, there always
exists a possibility that Majorons are strongly trapped by
other processes. Then in order to find the forbidden re-
gion of the parameter space where the Majoron luminosi-
ty is large enough to destabilize the neutrino pulse from
SN 1987A, one should take into account all the processes
that may trigger the trapping of Majorons. Note that if
Majorons are strongly trapped by anyone of the processes
under consideration, the resulting majoron luminosity
will be small and will not affect the neutrino pulse regard-
less of the strength of the other processes. It is, there-
fore, tempting to analyze supernova cooling via Majoron
emission in a fully general context, particularly to ana-
lyze the effects of all the possible Majoron interactions on
the trapping of Majorons inside the supernova core. The
purpose of this paper is to provide such an analysis.

For Majoron models in which the massless Majoron
belongs mainly to an electroweak nonsinglet Higgs
field,'> 13 e.g., the triplet model of Gelmini and Roncadel-
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li, Majorons are strongly trapped by the weak neutral-
current interactions with background nucleons. Further-
more in such models, the global U(1); _; symmetry is
probably restored inside the supernova core since the as-
trophysical bound on the Majoron-electron coupling'* !
[see Eq. (2)] gives a severe constraint on the (B —L)-
breaking scale v, viz., v $10 keV << T (T=core tempera-
ture of the supernova). Thus, throughout this paper, we
consider only models in which the Majoron belongs
mainly to an electroweak singlet Higgs field.” '! Some
details of the stellar collapse and the spectrum of emitted
neutrinos within the triplet Majoron model was con-
sidered in Ref. 16. Note that the triplet Majoron model
has already been excluded by the measurement of the Z
width at CERN LEP and the SLAC Linear Collider
(SLC).

Majoron emission from hot stars must be constrained
in view of the long-burning time scale. Among the vari-
ous Majoron couplings that induce Majoron production,
the role of the Majoron electron coupling of the form

%g(i)eemev Iau¢5y#7 s€ (1)

has been studied well (together with the axion coupling of
the same form) and leads to the upper bound'* !

g gee| S1.4X107 12, )

Although this bound strongly constrains the scale v in
gauge nonsinglet Majoron models by v <10 keV, it says
little about singlet Majoron models since it is easily
satisfied for the natural values of parameters in the
theory.

One unique property of the Majoron is that it can have
relatively strong interactions with the neutrino while
keeping the couplings to ordinary matter, e.g., electrons
or nucleons, weak enough to satisfy the astrophysical
bound of Eq. (2). Furthermore, the coupling of the Majo-
ron to neutrinos is simply determined by the neutrino
mass m and the (B —L)-breaking scale v, and thus any
information about it can be translated into a constraint
on either m or v. It would, therefore, be very interesting
to have an astrophysical constraint on the Majoron in-
teractions with neutrinos. Then supernovae provide a
unique way to get astrophysical information about the
Majoron-neutrino coupling, because of the presence of
the thermal neutrino sphere!’ that contains a high densi-
ty of neutrinos for a relatively long time scale of 5-10 sec.

Majoron emission from SN 1987A!8 can also be con-
strained by the observed neutrino pulse. It is generally
believed that the remnant of SN 1987A was a neutron
star whose gravitational binding energy has an upper lim-
it of 6X 10°* erg. The relatively long time scale (1=5-10
sec) of the neutrino flux with total energy
EY,=(1-4)X10% erg then severly constrains Majoron
emission. If the Majoron luminosity L, was greater than
10° erg/sec, the neutrino pulse would be affected
significantly, perhaps enough to be inconsistent with the
observed neutrinos. In this paper, as a conservative
bound, we will take 3 X 10°* erg/sec as the maximum al-
lowed Majoron luminosity, viz.,

L,<3X10% erg/sec, (3)

and try to find the parameter region excluded by Eq. (3).
This simple approach has turned out to be a good ap-
proximation to a more careful analysis including the
effects of Majoron emission on the detailed models for su-
pernova dynamics. '

If Majorons interact with background particles so
weakly that the Majoron mean free path /; is greater
than the radius 7, of the inner core, then Majorons will
freely stream out from the supernova. In this case, the
Majoron luminosity L, is proportional to the Majoron
creation rate times the volume of the hot-core region
(volume emission). The total creation rate for freely es-
caping Majorons is a simple sum of the partial creation
rates for each of the relevant processes. Then in consid-
ering the parameter range that gives L,>3X10%
erg/sec, one can consider only a particular set of interest-
ing processes without worrying about the role of the oth-
er processes. The corresponding range of parameters
must be ruled out regardless of the ignored processes.
For relatively strong Majoron couplings that give
l, <<ry, Majorons are trapped inside the supernova core
and form a thermal sphere of radius R 4 at which the Ma-
joron optical depth is of order unity. Then L, can be ap-
proximated by blackbody emission from this Majoron
sphere (blackbody surface emission). A crucial point in
the case of surface emission is that one must take into ac-
count all of the processes that are potentially relevant to
Majoron trapping in order to find the parameter region
excluded by giving L, >3 X 10 erg/sec.

The organization and summary of this paper are as fol-
lows. First in Sec. I we present an effective Lagrangian
describing Majoron interactions with neutrinos, elec-
trons, and nucleons that are copious inside supernovae.
Since we are interested only in singlet Majoron models,
we adopt the singlet Majoron model of Chikashige,
Mohapatra, and Peccei’ (CMP) as a guideline in deriving
our effective Lagrangian. However the final form will be
general enough so that it can be applied to a wide class of
Majoron models. In Sec. III, Majoron luminosities for
both volume emission and blackbody surface emission
will be computed in terms of our effective Lagrangian.
For volume emission, as processes producing Majorons
inside the supernova core, we consider only those associ-
ated with the Majoron couplings to neutrinos, viz.,
w—od, v—v'¢, and v—v¢é. Here v denotes the heavi-
est neutrino (presumed as v, in what follows) while v’ is a
lighter neutrino (either v, or v, ). The last process is due
to the effect of background matter. As processes that
contribute to Majoron trapping, we consider all the po-
tentially relevant ones including those associated with
Majoron-nucleon couplings, e.g., dv—dv, bd—vv,
od—dd, dn —on, $v'—v, and ¢v—v. Again here the
last process is the result of matter effects. We also argue
that for the class of singlet Majoron models under con-
sideration, the effects of the processes ¢nn-—>nn and
én —¢dn to Majoron trapping is negligible.

The present experimental upper bound on the mass of
the v_is 35 MeV and the constraint on its lifetime, com-
ing from cosmological arguments, is very mild.?° Our re-
sults provide information on the phenomenologically al-
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lowed range of the mass m and lifetime 7, of v_in Majo-
ron models that is extremely hard to obtain in terrestrial
experiments. In particular if 7,> 10~%m/MeV) sec and v
is ~1 GeV to ~1 TeV, a wide range of m gives a Majo-
ron luminosity greater than 3X10% erg/sec and thus
must be ruled out. This excluded range of m depends on
v and is depicted in Fig. 5.

Recently some singlet Majoron models with v at the
Fermi scale have been suggested for the purpose of realiz-
ing neutrino masses not far below the present experimen-
tal limit?! or of avoiding potential hierarchy problems.'!
Furthermore, more recently Carlson and Hall*? con-
sidered the possibility of having neutrinos as dark
matter?> in the context of the CMP model with v~1
GeV. Our analysis can be relevant to these models.

After our conclusion and summary in Sec. IV, Appen-
dix A provides explicit formulas for various scattering
cross sections. In Appendix B we discuss the effects of
background matter on neutrino propagation inside super-
novae, and in Appendix C we consider the region of the
parameter space where the result of Ref. 6 is valid.

II. EFFECTIVE LAGRANGIAN FOR MAJORON
INTERACTIONS

As was explained, we are interested in Majoron dynam-
ics inside the supernova core. Then the characteristic en-
ergy of Majorons is ~10-100 MeV and the relevant par-
ticles are neutrinos, electrons, and nucleons. In this sec-
tion we consider the effective Lagrangian that describes
Majoron interactions with those particles that are copi-
ous inside supernovae in the context of the CMP model.
For the later discussion of the matter-induced neutrino
decay, we will include terms which are the results of the
coherent neutrino scattering off background nucleons.
Although obtained within the CMP model, the final form
of our effective Lagrangian is valid for other Majoron
models.

The CMP model contains a gauge-singlet complex sca-
lar field o with B —L=2 and also three flavors of singlet
right-handed neutrinos N with B —L = —1 (in a three-
family model) in addition to those of the minimal stan-
dard model. At the Lagrangian level, U(1)p_; is an ex-
act symmetry and the part of the Lagrangian that in-
volves these additional fields is

|

%a,,p)2+* 1+p/v)*(3,4) —

9,08c* — -‘/—%JU*NRM,(NR )

+—2 HN.M,L'+H.c.

—V(o,H),
V0, (o,H)

4)

where L' (i=1,2=weak isospin index) denotes the lep-
tonic doublet and H; is the standard Higgs doublet. Here
(Ng)=CN T is the charge-conjugated spinor. We are
using four-component notation for all spinors, and their
flavor indices are suppressed. In what follows, we shall
assume that both M, and M, are real matrices and thus
ignore CP-violating effects.
The Higgs potential V takes the form
b2 2 2

ot ) v’
—_—— H R —
H 2 'H 2

oo*——

A |H 5

+A,

2
ao*—v—] . (5)

with A; and A; positive. Then for 4AA;> A3, we have
(H;)=v,8!/V2 and (o )=v/V2. The massless Majo-
ron field ¢ belongs to o and can be identified as

_ 1 ~
o= \/_2(1) +plexpli¢ /v) , (6)

where p denotes a massive scalar partner of the Majoron
with mass squared m  =2A5v°.

Even though the (B — L)-breaking scale v in the CMP
model was usually considered as higher than the elec-
troweak scale v,, it has recently been argued?!?? that the
model with v less than or close to v, can have various
kinds of interesting phenomenology. Furthermore, for
other types of singlet Majoron models,!! there is no
theoretical or phenomenological argument that con-
strains v to be above v,. We, therefore, keep our analysis
general so that it can be applied to models of relatively
low (B — L)-breaking scale. In particular we will include
p explicitly in our later discussions of the Majoron
effective Lagrangian. Note that m, can be even
significantly less than v for models with small quartic
couplings.

Let us first consider the interaction Lagrangian involv-
ing the Majoron ¢,p and neutrinos only. Then we have

4u2p2+4vp3+p )—[NgM,N; +1(1+p/v)Ng M (Ng)+H.c.]

1 = = —
+E;a'u¢(NR'}/#NR +NL'}/"LNL)_7;2_GFY"U#NL7/#NL N (7)

[

where N, are the neutrinos in the weak lepton doublets
and Y,, is the number density of background nucleons
with collective four-velocity u,. The last term in Eq. (7)
denotes the effect of coherent neutrino forward scatter-
ing?* off background nucleons via the standard weak in-
teractions. It can be obtained by replacing the nucleon

current J¥(n) by Y,u" in the effective four-fermion in-
teraction term GpJ*(n)N, YulNL /V'2 which is induced by
the standard weak interactions. Note that, for v, and v,
the coherent neutrino scattering arises mainly from the
neutral-current interactions with nucleons. We have re-
placed the Higgs doublet by its vacuum expectation value
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(VEV) and performed the Majoron-dependent transfor-
mation of the neutrino fields

Ng —Ngexp(—i¢/2v), N, —Nexp(—i¢/2v) (8)

in arriving at the above form of the effective Lagrangian.
Let us now adopt the usual assumption for the seesaw
mechanism:

M >M, . )

Then the diagonalization of the whole mass matrix leads
to three heavy Majorana neutrinos, denoted by vy in
what follows, and three light ones. The heavy neutrinos
vy are mostly gauge singlets and have a mass ~M,, and
the light neutrinos are mostly doublets and their mass is
given by ~—MIM 'M,. The heavy neutrinos vy may
also have interesting effects on supernova dynamics; how-
ever, we will not consider this aspect here and simply
omit vy with the assumption that their masses are large
compared to the supernova temperature.

To proceed, let v and v’ denote the heaviest component
(presumably v,) and the lighter one (either v, or v, ) with
masses m and m’, respectively, among the light neutrinos
that are mostly weak doublet. Then, omitting vy, the
Majoron interactions with p, v, and v’ which are relevant
to our discussion of Majoron emission from supernovae
and the operators composed of neutrino fields which
represent the background-matter effects can be written as

%(amb)z+%by(V7”75v+V’V“st'—XW“VSV’>
- ip[m?v-%m’v’v’—X(m +m’ ']

— Zlgapd:(x_/y"ysv—%v "yhy v —2Xvytyv') ,  (10)

where the first term denotes the Majoron coupling to p
with mf, =27k3uz_ and the terms with the coefficient
b,=GpY,u #/\/2 are due to background-matter effects.
In deriving this expression we kept only the dominant
term (in an expansion in M, /M) for each type of cou-
pling. The value of X depends on the detailed form of the
matrices M and M, but for M, << M we will have

X<«1. (11

The value of X is particularly interesting in connection
with the v lifetime in the vacuum. In fact, with a plausi-
ble ansatz for the structure of M,M 7 in the CMP model,
Glashow?! estimated that, for the coupling 3,6V, ¥ Y sv,
with the mixing parameter a <0.1 (see Ref. 21 for the
definition of a),

’

m
MeV

m
keV

X<8.1X107° ) (12)

The easiest way to find the relevant couplings involving
matter fermions ¥ =(e,p,n) would be to start with the CP
and (B —L)-invariant effective vertices of the following
form, induced by weak-gauge-boson or Higgs-boson ex-
change:

iGp(03,0* —0*3,0 ) IyH(V + Ay sl

+Gp ISMyp . (13)

* vz
oo ——
2

Here M, is the mass matrix of ¥ =(e,p,n), G is the Fer-
mi constant, and V, A, and S denote dimensionless
effective coupling constants that are calculable in terms
of the fundamental parameters of the theory. Note that
B and L symmetries imply that the matter fermions ¢ can
couple to o only through nonrenormalizable terms.
Then again with the parametrization of Eq. (6) we obtain

Grvd,(1+p /0> UyH(V + Ay )y
+1Gp(20p+p? WM Sy . (14)

In the CMP model, the coupling of the Majoron to the
bilinear current of i is induced in Fig. 1, where the four-
fermion vertex is due to weak-gauge-boson exchange.
The resulting values of the effective coupling constants V
and A4 can be easily read off from Ref. 9. The coupling of
p to the scalar density of ¢ is the result of the mass mix-
ing between p and the physical Higgs boson in H;, which
is induced by the term in the Higgs potential of Eq. (5)
having the coefficient A,. In the case of v <<v,, Fig. 2
representing the effective coupling of p to electrons or
quarks eventually gives rise to an effective coupling con-
stant S=diag(Se,Sp,S,, ), with

A,
m}, Gr

S,=S,

e H]

(15)

_ Ay 2m

2mympi Gy | m, +my

s

o,yt2my—ms—mz |,

where my denotes the mass of the Higgs doublet, m,,
my, and m; are the current quark masses, my, ms, and
m < are the baryon masses, and o .y =50 MeV is the pion
nucleon ¢ term. In the opposite limit of v >>v, which is
usually considered to be the case for the CMP model, the
corresponding values of S are suppressed by the factor
(v, /v)? compared to those in Eq. (15).

If the (B — L)-breaking scale is above the electroweak
scale,viz., v >v,, then p may be heavy enough so that, in-
side the supernova core, the effects of the processes in-

FIG. 1. Feynman diagram for the effective coupling of ¢ to
the bilinear current of ¥. The internal fermion loop denotes
neutrinos and the four-fermion vertex is due to the standard
weak interactions.
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¥

FIG. 2. Feynman diagram for the effective coupling of p to
the bilinear scalar density of ¥. The double-dashed line denotes
the physical Higgs boson in the weak doublet H; whose mixing
with p is induced by the A, quartic coupling in the Higgs poten-
tial.

volving real or virtual p’s are strongly suppressed. In this
case one can simplify the analysis by putting p=0 in our
effective Lagrangian. One should note that this simple
way to realize the decoupling of a heavy p is allowed only
with the exponential parametrization of o in Eq. (6) (see
Appendix C).

In the next section we will consider Majoron emission
from supernovae with the effective Lagrangian con-
sidered above. Even though it is derived within the CMP
model, one can always obtain a similar form of the
effective Lagrangian for other Majoron models, and thus
any result based on it can be applied to a wide class of
models. In this respect, we will use the estimate of the
effective coupling constants, e.g., 4, S, X, etc., obtained
within the CMP model as a guideline and not as a con-
straint.

III. ENERGY RELEASE BY MAJORON EMISSION

In this section we consider supernova cooling via Ma-
joron emission in the context of the effective Lagrangian
derived in the previous section. We first consider the
Majoron mean free path inside the supernova core and
then the Majoron luminosity in the cases of volume emis-
sion and blackbody surface emission will be computed to-
gether with the resulting constraints.

For simplicity we also make the following assumptions
about the parameters in our effective Lagrangian: (i)
m>>m'; (i) A=V; (i) 4,~4,~4, and §,=S5,=S,.
In view of the large hierarchy in the mass spectrum of
charged leptons, the first assumption is quite plausible
and the second and third assumptions hold true for a
wide class of models including the CMP model.

At the time period of thermal neutrino emission'’ that
concerns us here, it is believed that the electron number
density (equal to the proton number density) is about +—+
of the neutron number density. Furthermore for the
inner-core temperature Tj=~50 MeV and the inner-core
mass density D,~4X10'* g/cm?, the thermal number
density of relativistic particles, say, neutrinos or posi-
trons, is negligible compared to the neutron number den-
sity. Therefore, among the Majoron interactions with
¥=/(e,p,n), the one with neutrons will play the most im-
portant role due to the huge neutron density inside the
supernova core. Also Majoron couplings to neutrinos
readily indicate that the processes involving the heaviest

neutrino flavor v dominate over those without v.

For the effects of the matter-induced terms in Eq. (10)
we ignore those of the flavor off-diagonal term
(X /2)b,vy*ysv'. The flavor-diagonal term b, vy*ysv in-
duces a polarization-dependent modification of both the
dispersion relation and the wave function of v. We will
take into account this modification only for the processes
that come purely as a result of matter effects,” viz.,
v<svd. The validity of these simplifications will be dis-
cussed in Appendix B.

The actual computation of the Majoron luminosity and
mean free path involves the temperature and density
profile of the supernova core. Throughout this section,
we will adopt the following simple model of the superno-
va core.?’ In the inner core of radius rO:IO(’ cm, the
temperature T and the mass density D are considered as
being roughly constant:

T(r)=T,, D(r)=D,, (16)

where T~ 50 MeV and D,~4X10'* g/cm>. Outside the
inner core, i.e., r = ry= 10® cm, we assume

T(r)=Ty(ry/r¥, D(r)=Dy(ry/r)*, 17

where p =~ 2.

Based on the simple model of the supernova core de-
scribed above, one can obtain the surface temperature T,
and the luminosity L, of the neutrino sphere in a
straightforward way. At the surface of the neutrino
sphere, the optical depth of the neutrinos is of order uni-
ty. Taking into account only the neutral-current interac-
tion with background nucleons that is the main source of
neutrino trapping for v, or v, we find T, ~6.2 MeV and
L,~10% erg/sec for each neutrino flavor. These values
are close to what one has obtained using more detailed
models for supernova neutrino emission,!’ and thus im-
ply that our simple model provides a reasonable descrip-
tion of the core region of SN 1987A.

Throughout this paper we will consider models in
which the (B —L)-breaking scale v is higher than the
inner-core temperature T,

v=>T, (18)

in order to avoid any difficulty associated with the sym-
metry restoration of U(1)gz _;. Then the upper bound on
the Majoron-electron coupling g4, =2Gr Avm, of Eq. (2)
leads to

A<1.7x107° GeV
v

(19)

Note that the above bound is easily satisfied in generic
singlet Majoron models and does not give any severe con-
straint.

In addition to the restriction of Eq. (18), throughout
the main body of this paper, we consider only the case
that

m, 26T, . (20

This additional restriction on m, will significantly simpli-
fy the computation of the Majoron mean free path or
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luminosity. Note that since we are mainly interested in
models with v > Ty, it does not significantly spoil the gen-
erality of our analysis. The case of m,<<T, will be
briefly discussed in Appendix C.

A. Majoron mean free path

For Majoron interactions described by the effective La-
grangian considered in Sec. II, the following process of
Majoron scattering or absorption (see Fig. 3 for the Feyn-
man diagrams for each process) give the potentially dom-
inant contributions to the inverse mean free path of Ma-
jorons:

(la) gv—ov,
(1d) ¢v' —v,

(1b) ¢pp—¢¢, (lc) ¢n—on ,

(le) pv—v, (If) ¢pp—vv .

The process (le) is allowed as a result of background-
matter effects’ (for details, see Appendix B). There can
be a resonant real p production for the processes (1b) and
(1f) in the case that the total four-momentum of initial
two Majorons is on p-mass shell. Note that for majorons
with a thermal distribution, unless m p > T,, there exists
a significant probability of satisfying this on-shell condi-
tion.

The effects of other processes are negligible or at best
are of the same order of magnitude as the processes con-
sidered above. In particular, as we will show explicitly,
the processes that are associated with the Majoron cou-
pling to the axial-vector (or vector) current of matter fer-
mions, e.g., Majoron capture via the inverse Majoron-
neutron bremsstrahlung process ¢nn — nn, or the process
én —¢dodn (see Fig. 3), do not affect Majoron propagation
at all because of the upper bound of Eq. (19) on the cou-
pling constant 4.

The inverse mean free path of a Majoron can be ex-
pressed as the sum of the contributions from each of the
processes (1a)-(1f):

f
;0= 3 1;(1k), b3))
k=a
where la,_lis given by
_ 1
1, l(lk)—ﬁfdﬂ,dﬂff,(p, )(27)*84 (P, — P;)

X|M|* (k=a,b,...,f). (22)

Here E corresponds to the energy of the incoming Majo-
ron, d11,=d3p, /(2m)>2E, is the phase-space density of
the target particle t =v,v',n,¢ with energy momentum
(E,,p,) and with the phase-space distribution function f,.
Similarly dMl,=[],d’p,/(27)2E, with the product
over particles in the final state with energy momentum
(Es,py). P; and P, denote the total four-momentum of
the initial and final state, respectively, and finally |M, |? is
the amplitude squared for the process (1k) summed over
initial and final spins [except for the matter-induced pro-
cess (le) in which the initial and final neutrinos have op-
posite polarization] and includes the appropriate symme-
try factor for identical particles in the final state. Inside
the neutrino sphere, the neutrino phase-space distribu-

tion function f, takes the form of the Fermi-Dirac distri-
bution. For f,, we will use the conventional Bose distri-
bution regardless of whether Majorons are in thermal
equilibrium or not (e.g., freely escaping). This would re-
sult in a conservative estimate (overestimate) of the mean
free path for freely escaping Majorons. Because of the
nonrelativistic nature of nucleons inside the supernova,
the Majoron mean free path is insensitive to the detailed
form of f,.

Then by a straightforward calculation with m, 26T,
for incoming Majorons with energy E, we find the Majo-
ron inverse mean free path (for each process) which is
valid inside the neutrino sphere as

N ’ AN L et s e
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AN 4 N ’
4 AN s
\ ’ \ ’
\\ ’ N/
4 N v 14 v v v
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FIG. 3. Feynman diagrams for the processes contributing to
the Majoron inverse mean free path. The dashed line denotes ¢
while the double line is for p.
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where T and D denote the temperature and mass density
in the region of supernova under consideration, Ty~ 50
MeV is the inner-core temperature while Dy~4X10"
g/cm’ is the inner-core mass density, E,~3T, corre-
sponds to the average energy of relativistic particles in-
side the inner core, and Z is given by

z =%{[1+4.4x 10%(m /MeV)X Eo /E) Dy /D))" —1].

Here all parameters correspond to those that appear in
Egs. (10) and (14).

For the evaluation of the inverse mean free path associ-
ated with the scattering processes, we have used the fol-
lowing approximations for the functions defining cross
sections (for notation and details, see Appendix A):

where x =s/mf,, z :s(l——m,,z/s)z/2m§, and y is the to-
tal decay width of p divided by m,. For m, <<T,<<m,,
being the case of our interest, the p decay into Majorons
gives a dominant contribution to the total width since the
width for p—vv is suppressed by a factor Zm%,/mf, com-
pared to the one for p—>¢d. Then we have
y=m}/32mv?.

The § function in F,(G) denotes the production of a
real p which decays into two Majorons (two neutrinos) in
the process (1b) [(1f)]. Since the dominant decay mode is
the one into two Majorons, the § function in G is ignored
in the computation of the inverse mean free path while
the one in F, gives the Boltzmann-suppressed part in

1;'(¢¢—¢d). Note that x =s /mg and thus the & func-
tion is the p-mass shell condition that is required for reso-
nant real p production.

Throughout the above computation of the inverse
mean free path, we have ignored any background-matter
effects on neutrino propagation except for the process
(le). This process is induced purely by matter effects and
also gives the most important contribution to the inverse
majoron mean free path among matter-induced processes
(see Appendix B).

For the processes involving neutrinos, it is assumed
that neutrinos are in the relativistic regime. For nonrela-
tivistic neutrinos, say, neutrinos around the surface of the
neutrino sphere with 7', <<m <35 MeV, there will be an
exponential suppression from the Boltzmann factor.
Thus for nonrelativistic background neutrinos, naive use
of the expressions in Eq. (23) corresponds to an overesti-
mate of the Majoron inverse mean free path. Also in
evaluating l;l(cﬁv—»v), we have discarded a term that
gives a minor but negative contribution and thus the re-
sult in Eq. (23) is again a slightly overestimated one.

Our main purpose in this paper is to find a range of pa-
rameters which gives rise to the Majoron luminosity
greater than 3X10°® erg/sec. Then in any case, overes-
timating the inverse mean free path results in a conserva-
tive range of parameters and thus does not affect the va-
lidity of our final result. In the next two subsections we
will consider the Majoron luminosity in both the cases of
volume emission and blackbody surface emission using
the mean free path derived here.

Finally, for completeness, let us consider the role of the
Majoron coupling to the vector or axial-vector current of
¥, the only coupling whose effects are not included in the
mean free path of Eq. (23). The relevant processes associ-
ated with this coupling (see Fig. 3) are (1g) ¢nn —nn and
(1h) ¢n —d¢n. Then
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E, 0.5 .
X ? cm o,
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1, (¢n—dpn)=8.4x10710 42 —D—] GeV
D, v
X GeV 4 £ ch_l
m, E,

These results, together with the astrophysical bound on
A of Eq. (19), clearly indicate that the processes (1g) and
(1h) give a negligible contribution to the inverse mean
free path.

B. Volume emission

With the Majoron mean free path computed in the pre-
vious subsection, one can easily find the region of param-
eter space for which Majorons freely escape from the su-
pernova core. As an illustration, let us consider the case
that m =210 keV. Then Majorons would freely stream
out from the supernova core, i.e., I, 2 r, inside the core,
if all of the following conditions are satisfied:

2
m GeV _
— | <3.2X107¢%,
MeV v
2
s|8V 1 <oxi07y, | SV || SV | <3x103
m, v m,
2 (26)
m GeV | . 3
— | Z1.1X s
MeV 10
m GeV 15m _
- <7.1Xx107°%.
MeV v MeV 7.1X10

Here we will compute the Majoron luminosity for freely
escaping Majorons without further discussion of the cor-
responding conditions.

For freely escaping Majorons, the total Majoron lumi-
nosity is a simple sum of subluminosities that are due to
the various production processes. Here we consider Ma-
joron production inside the inner core by the following
three processes (see Fig. 4 for the corresponding Feyn-
man diagrams) that are associated with the Majoron cou-
plings to neutrinos:

J

v v v
——-—T ----- N L7 -
\\ , \_///
l X
N
o0 /_q\‘
u____} _____ v 4 N v S
a)
7/ e
7’ e
e 7
d 4
4 4
7 Y
v s v v i v
b> [{=]

FIG. 4. Feynman diagrams for the processes producing Ma-
jorons inside the inner core of supernovae.

(2a) vw—¢¢, (2b) v—>v'd, (2¢) v—ové .

Again the process (2¢) is induced as a result of a
background-matter effects (see Appendix B) and gives the
most important contribution to the Majoron luminosity
among matter-induced processes. Note that, as long as
Majorons freely escape, one can safely isolate the effects
of the above three processes from those of other process-
es.

The subluminosity from the inner core of radius r is
given by (for each of the above processes)

Ly2)= [dV dILdIl,f,(p;)(2m)*8*(P,— P, )E,
X|M;|* (j=a,b,c), 27)

where dV denotes the infinitesimal volume inside the
inner core, dI1,= [[, d’p;/(27)’2E; (with the product
over particles in the initial state) and dI1,= [[,d’p,/
(277)32Ef (with the product over particles in the final
state), f; is the phase-space distribution function for the
initial state, and P; and P, are the total four-momentum
of the initial and final states, respectively. Here E corre-
sponds to the total energy of Majorons in the final state
and |M j|2 is the amplitude squared for the process (2j)
that includes the summation over initial and final spins
and also symmetry factor for identical particles. Again
for the matter-induced decay process v—v¢, initial and
final neutrinos are oppositely polarized and thus no spin
summation.

Then using the effective Lagrangian of Eq. (10), a
straightforward calculation leads to the following result
for the luminosity from the inner core of radius r:

2 2 5.5
GeV 2.4X107% |m m
L, (vw—dd)~5.5x10% [ 1+ —£ "
s(vv—dd . . , T, exp T, ,
4 GV 2
L, (v—v'd)~T7.5%x1051x2 | 2— c ,
s(v—oV'P) MeV » (28)
Mev | [Gev |?
Ly(v—vg)=4x10% Te : (for m >95 keV)
2
m

~4.8X10% (for m <95 keV) ,
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where all the results are expressed in units of erg/sec.

In deriving the luminosity for the process vv— ¢4¢,
with the assumption m, 26T, we have used an approxi-
mation for the function G (for its definition, see Appendix
A)

G:1+$5(x—1). (29)

The 6 function in G represents the production of real p
whose decay into two Majorons eventually contributes to
the energy loss via Majoron emission. Note that it gives
the Boltzmann-suppressed part in L(vv—¢@). As in
the computation of the Majoron mean free path, we take
into account the background-matter effects only for the
process v—vd.

The above subluminosities of freely escaping Majorons
imply that the parameter range satisfying both the condi-
tions of free escape and any one of the following condi-
tions gives a total luminosity greater than 3X10°
erg/sec:

vw—d¢:
m16eV 15, 3%107¢, (30a)
1 v
v—v'd:
TV
MeV 153 3%10°3, (30b)
Se€C
v—v:
M 1>7.9%1077 for m <95keV
, (30¢)
MeV | 1GeV |58 7%107! for m >95 keV |
m v

where the v lifetime 7, (for the decay v—+v'¢d as the main
decay mode of v) in the vacuum (in the rest frame of v) is
given by 7, '=X2m?3/64mv? In the next subsection, we
will consider the Majoron luminosity when Majorons are
trapped and thermalized.

C. Blackbody surface emission

If I, <<r, inside the inner core, then Majorons are
trapped and form a thermal sphere. Here, using the
mean free path derived in Sec. III A we will determine
the necessary conditions for the luminosity from the
thermal Majoron sphere to be larger than 3X10%
erg/sec.

The Majoron luminosity in this case can be approxi-
mated by the simple formula of blackbody surface emis-
sion

L =l3R2T4 (31)
¢ 30 [ ’

where R, denotes the radius of the Majoron sphere for
which the Majoron optical depth is of order unity, viz.,

@ -
fR¢l,,, dr=1, (32)

and T is the corresponding surface temperature.

The Majoron mean free path that appears in the opti-
cal depth of Eq. (32) is that for a Majoron emitted from a
sphere of radius R,, therefore with an average energy
E ~3T,, interacting with target particles outside R .
Then in the computation we should take into account the
fact that the number density of target particles, particu-
larly neutrinos or Majorons, does not follow a thermal
distribution outside the region of thermal equilibrium.
However a straightforward use of thermal distributions
[with the temperature profile given in Eq. (17)] over an
arbitrarily large value of r corresponds to overestimating
the inverse mean free path and thus leads to a more con-
servative result for the parameter region forbidden by the
requirement L, <3 X 10% erg/sec.

The blackbody surface luminosity of Eq. (31), together
with the temperature profile of Eq. (17), implies that if

T,29.7 MeV , (33)

then L,=>3X 10°® erg/sec. The parameter region for
which Majorons with average energy 3T, =29 MeV have
optical depth of order unity can easily be derived from
the mean free path in Eq. (23). Then among the processes
that contribute to the Majoron inverse mean free path,
Majoron capture by the inverse decay process ¢v'—v is
special in the sense that the corresponding optical depth
is an increasing function of R, inside the thermal sphere
of v/, while those for the other processes are decreasing
functions.

Let us first consider the case in which Majorons are
trapped only by the process ¢v'—v. This would be possi-
ble if the contributions from the other processes to the in-
verse mean free path are negligible. Then it is easy to see
that, for v with 7, =< 10~ 7(m/MeV) sec, Majorons are so
strongly trapped that the resulting luminosity does not
exceed 3X10° erg/sec. For the general case in which
the other processes make significant contributions to the
Majoron inverse mean free path, the Majoron sphere has
a surface temperature larger than 9.7 MeV if all of the
following conditions are satisfied:

(pv—v)+(dpdp—vv):
2
m GeV _
—_— < 3
oV <3.3%x1073, (34a)
on—on:
2
s|8V | <94, (34b)
m
P
dd—d¢:
GeV | 1GeV | < gx101, (34c)
v m
P
V' —v
.
v || MeV T 0-s, (34d)
secC m
ov—v:
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‘% <1.7X107* for m <1 keV ,
m keV 12 —m _ B4
!T “m | P Takev | S0

for m > 1 keV .

IV. SUMMARY AND CONCLUSION

In Sec. III, the range of parameters that is excluded by
giving the Majoron luminosity larger than 3X10%
erg/sec has been found in the context of the effective La-
grangian in Sec. II. The results can be simply summa-
rized as follows. The region of the parameter space
where any one of the conditions in Eq. (30) and all of the
conditions in Eq. (34) are satisfied should be ruled out in
view of the v, pulse from SN 1987A since there
L,>3X10% erg/sec.

We are interested in constraints on the mass m, the
lifetime 7, of v_ (i.e., v in our notation), and the VEV v.
Our analysis leads to the following results for m and 7,
that are valid for generic Majoron models with
vZT;=>=50 MeV, and m, = 67,.

First, if 7,510 '(m/MeV)sec, then L, does not
exceed the critical value 3X 10> erg/sec regardless of the
values of m and other parameters since Majorons are
strongly trapped by the process ¢v'—v. Therefore for
this relatively short-lived v, consideration of the energy
release from SN 1987A in the form of Majorons does not

give any constraint on the neutrino mass.
For the relatively long-lived v_, in particular when

T,>210"¢ sec , (35)

MeV

a relatively wide range of m depending on v can be ruled
out. If the parameters A3, S, and v satisfy

s |2
— | 2/

3

v 2 max :0.23 GeV , (36)

then considering Majoron production by the process
vv— @@ together with Majoron trapping by ¢v— ¢v and
¢d—vv leads to the following forbidden range of (v,m)
that gives L, > 3X 10** erg/sec [see (30a) and (34a)):

2

_m_ <3.3X107%. (37)

MeV

GeV
v

2.3X107°<

Note that the restriction on v of Eq. (36) corresponds to
(34b) and (34c) with mf, =2A;v? and is required to avoid
strong Majoron trapping by ¢n —¢n or ¢ —d¢. In ad-
dition to the one of Eq. (37), the matter-induced decay
process v— v¢ provides the following forbidden range of
(v,m) [see (30c)]:

7.9%107 %4 | =2
GeV
S m
MeV
GV 1/2 2
<min] |[=Y | 2.3%x1075 |-~ 38
_mm[ ,2. GeV (38)

The region of the v-m plane of Egs. (37) and (38) will be
ruled out for 7,> 10~ %(m/MeV) sec, if A3, S, and v satisfy
Eq. (36). In fact, Eq. (36) is not so restrictive as long as
vR1GeV.

The forbidden region of the v-m plane given by Egs.
(36), (37), and (38) is depicted in Fig. 5 for two different
values of A;, 1, and 1072, with the natural value S ~1.
For convenience, we also provide numerical results for
the forbidden range of m for several values of v in Table
I. These results are valid for generic Majoron models in

TABLE I. Excluded range of the neutrino mass m for a given
value of (B — L)-breaking scale v.

log, O[ m(KeV) ]

FIG. 5. The region (inside the curve) of the v-m plane exclud-
ed by giving L4 >3X 10> erg/sec. The result is valid for gener-
ic singlet Majoron models in which 7,>107%m/MeV). The
line AI comes from the Majoron trapping by év—¢v and
#¢—vv, BC and EH come from the volume emission via
vv— ¢¢, while CDE is for the matter-induced v—v¢, and final-
ly FG (HI) comes from the possibility of Majoron trapping by
dd—¢dd when A;~1072 (A,~1).

v (GeV) m (keV)
8 1.5-210
10 2.3-330
20 9.2-1300
30 21-3000
50 40-8300
80 63-120 and 150-21000
100 79-110 and 230-33 000
200 920-35 000
300 2100-35000
500 5800-35 000




which v_ is long lived enough to satisfy 7,> 10" %m/
MeV) sec.

Finally we note that, for the cosmologically stable v_,
the region of the v-m plane that is ruled out by the obser-
vation of the v, pulse from SN 1987A can be excluded
also from the consideration of the cosmological neutrino
mass density. However it should be stressed that our re-
sult is valid also for the cosmologically unstable heavy v_
that escapes all the existing phenomenological constraints
including those from the cosmological and astrophysical
considerations. In this regard, the analysis of the energy
release from the supernova 1987A by Majoron emission
provides a new constraint on the property of v_in generic
singlet Majoron models.
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APPENDIX A: CROSS SECTIONS

In this appendix we provide cross sections for the
scattering processes that are relevant to our discussion of
Majoron emission from supernovae. A straightforward
calculation leads us to the expressions

1 m?
o(dgv—¢v) Tor | 0% F,(x,y),
(pp—dd)= ! __mf, Fp(x)
o ¢¢ ¢¢ - 327 U4 b\ X,

1
a(dm—»dm):ESzG,%mch(z) ,

__1 |m?
og(vww—¢d)= 4r | o G(x,y),
0(¢¢—>vv)=—l m? (1—4y)G (x,y)
167 u4 ’ ’

where x =s/m_,y =m?’/s,and z =s(1—m}/5)*/2m .
The functions in the above cross sections are given by
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F_ln[H-x(l—y)Z]_ 1
a 201 )2 2
x“(1—y) x[1+x(1—yp)°]
5y, »? 2y
+_ A
2 + 2 +x(1—y)
n 4y _ y[x(1—y)—1]lny
1+x(1—yp)} (A=—p)x(1—p)+1]

2y [142x(1—p)PIn[1+x (1—y)?]
x2(1—=p)P[1+x(1—yp)]

’

6x2—4x —x3+4(1—x)In(1+x)

F:
b (1—x)2492
22x +3) | 4(x2—3In(1+x)
+x —4+ ,
x x(x+1) x2x +2)
201+z) 1
=" " In(1+
F. 1422 zln(l 2z),
__Vi—4y | yGx—Dx+D)
(1—x)+792 1—4y
x| 2y [1EYIZy
Vi1—4y 1-V1—4y

—4

’

where y =T /m,~m] /32mv®. Here I is the total decay
width of the p which, in our case of mv/mp << 1, is dom-
inated by the decay into two Majorons. Here the nonre-
lativistic limit is taken for target neutrons in the process
¢n —¢n. The dependence on y in F, and G represents
the effect of the production of a real p which eventually
decays into the corresponding final states, two Majorons
or two neutrinos.

The Majoron inverse mean free path and volume lumi-
nosity considered in Sec. III involve the thermal average
of the above functions. There we have adopted the ap-
proximations

F,~0.5, Fy~—"38(x —1)+%x°,
1

3

F.~%z2 GzH—%&(x—l).

The 6 functions in these approximations denotes the pro-
duction of a real p and are embedded in the full expres-
sions of F; (i=a,b,c) and G through the relation
1/(0?+€*)~7d(w)/€ (€e<<1). The remaining terms cor-
respond to the values in the limit of x << 1 and z <<1.

In order to justify the limit of x << 1 and z <<1, let us
consider the average values of the variables x, y, and z in-
side supernovae. For relativistic neutrinos, these aver-
ages can be estimated as
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(x)_ 21 )
m, m,
2 2
My _|_m_
WY =y=la2r |
(2)= (s(—mi/s?) [aar ]|
me, m,

Then for m, 26T, which has been assumed throughout
the main body of this paper, we have (x) <0.5 and
(z) <0.5 and therefore the expressions obtained in the
limit of x <<1 and z <<1 can be considered as a reason-
able approximation. Note that the § functions of the real
p production which give a nonzero contribution only
when x=1 are also included because of their potential
importance due to the large phase space.

APPENDIX B: MATTER-INDUCED NEUTRINO
DECAY

The effective Lagrangian of Eq. (10) expressed in terms
of the mass eigenstates in the vacuum includes terms that
represent the effects of the coherent neutrino scattering
off nucleons inside supernovae:

b, (Y sv+ 3 Ry v — Xvyky V')

Then neutrinos propagating inside supernovae corre-
spond to the energy eigenstates of the effective Hamil-
tonian including the above matter-induced terms.

Let us, for a moment, neglect the last term that is
flavor-off-diagonal in the basis of mass eigenstates in the
vacuum, and discuss the effect of the flavor-diagonal term
of v. Then in the rest frame of the background matter for
which b, :bﬁg (b =GrY,/V2), the Dirac equation for v
can be written as

(apt+tmyy,+bys)v=E(p)v
and gives rise to the polarization-dependent dispersion
relation

E:=(p+b)*+m?,

where *+ denotes polarization and p =|p|. In the chiral
representation of y matrices, the energy eigenstates v
with the eigenvalues E , are given by

vi=(x,,—mxy./(E,+p+b)),
vi=(—my_/(E_+p—b)x_),

where Y . is the two-component spinor satisfying
poxX:=%tpx:,
ZPXI)(T:Z(EJL +ptb)ptp-o).

As noted in Ref. 7, the above polarization-dependent

modification of the dispersion relation and the resulting
energy splitting between the states ‘of different polariza-
tions make the processes v, <>v_¢, not allowed in the
vacuum, possible inside supernovae. The coupling that is
responsible for the decay is the flavor-diagonal one
9,(¢/v)¥ytysv. The corresponding decay rate can be
easily computed using the dispersion relation and the en-
ergy eigenstates derived above. Although important for
those not allowed in the vacuum, these matter effects can
be ignored for the processes allowed in the vacuum, e.g.,
vw—d¢ or ¢v— v, as long as p >>b.

Let us consider the possible role of the matter-induced
flavor-off-diagonal term (X/2)b,vy*ysv'. Then the
dispersion relation and the energy eigenstates that are de-
rived without taking into account this term will be
modified. For example, the energy eigenstates with this
term correspond to linear combinations of the v state and
v' state with same polarization where the mixing angle
for each polarization is given by

tanZGFzTL*ziY%E— .
N m

However it can be easily checked that any modification
induced by the matter-induced flavor-off-diagonal term is
not important at all for the Majoron production and
trapping inside supernovae and thus we can ignore it
throughout the analysis.

One might think that we do not have to consider the
original flavor-off-diagonal Majoron coupling X (9,¢/
2v)vyHysv' and the associated processes v<>v'¢, since we
already include the similar processes v<>v¢ that are in-
duced by matter effects. However for m2>>bp, it turns
out that the process ¢v'—v can dominate over the
matter-induced ¢v—v and thus must be included sepa-
rately.

APPENDIX C: THE CASE OF A LIGHT p

In Ref. 6 it was argued that for the range of the Majo-
ron Yukawa coupling h =m /v, 107°<h <1074 the en-
ergy loss of supernovae by Majoron emission dominates
over the one by neutrino emission. The processes con-
sidered there were vv—¢¢ and ¢v—¢v. Our result of
the excluded parameter region in Sec. III does not in-
volve this range of h. Here we will argue that the result
of Ref. 6 is valid only for an extremely light p whose mass
is much smaller than T, i.e., valid only for a parameter
region far outside the one, viz., mpZ6T0, considered
throughout the main body of this paper.

The authors of Ref. 6 used the Majoron-neutrino cou-
pling ¢viysv in computing the amplitudes for the pro-
cesses vw—o¢¢ and dv—¢v. Then they made the as-
sumption that the other Majoron couplings are weak
enough to be ignored. As a consequence all diagrams in-
volving p, as a real or virtual particle, were neglected.
Therefore in order to find the parameter region where the
assumption made in Ref. 6 is valid, we should use the y
coupling scheme of the Majoron. Note that throughout
the main body of this paper, we have used the derivative
coupling scheme that is achieved by the exponential pa-
rametrization of o of Eq. (6) and the Majoron-dependent
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phase rotation of neutrinos of Eq. (8). (We will abbrevi-
ate the whole procedure that gives the derivative cou-
pling scheme of the Majoron as EP.)

In fact one can arrive at the y 5 coupling with the more
conventional linear parametrization (LP) of o

N .
o= \/E(U +p+id) .

As is well known, any on-shell amplitude at both the ex-
act and the tree level is independent of the parametriza-
tion of field variables, and thus the effective Lagrangian
of ¢ and p in LP is equivalent to the one in EP even
though different in its explicit form. However in order to
see the equivalence, one must be careful to include all the
relevant Feynman diagrams that contribute to the pro-
cess.

Let us consider the ¢-p and ¢-¢ couplings in the y
coupling scheme of LP. Then it is rather easy to see that
they vanish in the limit A;—0. This implies that the as-
sumption made in Ref. 6 can hold true if A; [or
equivalently (mp/v)2=2k3] is small enough.

A more detailed analysis leads to the following results.
It turns out that one of the conditions for the validity of
the assumption made in Ref. 6 is

2 <
mg;=4mT, ,

where T,~6.2 MeV denotes the surface temperature of
the v_sphere. Then for this light p, the Majoron inverse
mean free path and volume luminosity are given by

15 (pv—ov)

4 2 E
~7%108 mn r =2 In 1TE cm ™!
v T() E m2 ’
1y ' (¢6—p)
4 2
Ey || 3T
~5.6x10° | —2 | |2 | |2 | |3
T, E E
x1 4ET -1
2
P

15 (¢n—¢n)~9.2X107'S? l—g— lcnrl ,

0
L¢(VV—>¢¢)
4
T,
~6.4x107° |2 | |In |2
m
2 2
L 1.5X1072 | my | my

Y m T, ’

where all the notation is the same as that used in Egs. (23)
and (28). For the processes v<>v'¢ and v<>v¢, the results
are independent of m, and thus are same as those in Eq.
(23).

In the case of m2 <4mT,, we have (x)?>(y) " '>>1
(see Appendix A) and then one can make the following
approximations for the functions defining the cross sec-
tions:

F,~y(1—Iny), F[,:%B(x-—l),

F.~1, G~—2y(lny +2)+ %8()( -1).

For v 2 T, the real p production gives a dominant con-
tribution to F, due to its large phase space.

Now one can easily see that if we ignore the potential
trapping due to the processes ¢¢dp—p, dn —dn, ¢v' —v,
and ¢v—v, then the above mean free path /,(¢v—¢v)
and the volume luminosity L ,(vv—¢¢) lead to a con-
clusion about A =m /v that is similar to the one of Ref. 6.
However, unless

Pr <1074, s<10?,
Majorons will be so strongly trapped due to ¢-¢ and ¢-n

scattering that the luminosity is less than 3 X 103 erg/sec
independently of the value of A.

*Permanent address: Departament de Fisica Teorica, Universi-
tat de Valencia and IFIC, Universitat de Valencia-CSIC,
Spain.
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