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We address several possible implications of the triplet-Majoron (TM) model for supernova phys-

ics, such as cooling and rapid deleptonization. We find that recent observations of the neutrinos

from SN1987A are consistent with the TM model even if the v,v,-Majoron coupling constant is

8ee ~0.7%1073

suggested by a recent S8-decay experiment. We find specifically that deleptoniza-

tion via v,v, —X?°, followed by conversion to X , is unlikely to be important for this value of g..;
however, if g, ~g,,~g,,, neutrino species equilibration via v,v,—v,v, and v,v,—v,v, is likely

to occur on a time scale of ~10~*

sec. Rapid equilibration, followed by decay in flight via

v (v,) =7, +X° can dramatically enhance the chance of observing neutronization neutrinos, even
for g,z,e and g2, ~10~ '8, This last effect might be detected in nearby supernovas.

I. INTRODUCTION

The recent observations'? of neutrino pulses from the
supernova SN1987A are, in general, in qualitative agree-
ment with the expectation from a standard type-II col-
lapse.>~> This allows us to exclude some features of v
physics which could drastically affect the intensity, ener-
gy, and time structure of the pulses [such as decaying®
or fairly massive v,’s (Refs. 5 and 7-9)]. The triplet-
Majoron (TM) model'®!! is, in many ways, the most rad-
ical approach to new v physics. While some of its possi-
ble implications for supernovas have been discussed al-
ready, 13 it is worthwhile to reexamine the issue now.

In this model the neutrinos obtain small Majorana
masses from a tiny vacuum expectation value (VEV) of a
new Higgs triplet X°X X~ ~ each member carrying two
units of lepton number:

(X°)=v0 . (1)

This VEV spontaneously breaks the global lepton-
number symmetry yielding a massless Goldstone pseu-
doscalar, ImY°=M?, the “Majoron,” and a very light

scalar partner, Re)(0 % M° and p° are Yukawa
coupled to neutrmos via the terms
gee)(vve,...,g")(vv,,gw)(vv,... va,and

» &
also couple very weakly [~(vmp/u?) &FF ] to non-
neutrino fermions—quarks and leptons [u =250 GeV is
the Glashow-Weinberg-Salam (GWS) doublet Higgs
VEV]. The potentially rich phenomenology generated
by these interactions allowed restricting the parameters
of the model'*!* as follows:

v <10-100 keV, g, <1073,
g.,<1071-100 .

8 <3x107?

(2)

Recently an anomalous behavior of the electron-
energy spectrum of the Pacific Northwest
Laboratories/University of South Carolina (PNL/ USC)
Ge double-B-decay experiment has been reported.'> If

37

interpreted in terms of the decay '°Ge— '%Se+e”
+e~ +X° then

e =0.7X 1072 . 3)

Taken with the bound'® (m, ) 2 eV on the Majorana
e
v, mass, this value implies via

mMai —yg )
the bound
vS3keV. (5)

There are several ways in which the triplet-Majoron
model, if correct, could affect the neutrino pulses from
supernovas. In particular one might anticipate (i) quick
excessive cooling of the collapsing core via Majoron
emission, (i) quick deleptonization of the core, (iii) inter-
species decays

MO
°
effecting the intensity and energy of the observed v,(¥,)
signal, and in some cases also its time structure, and (iv)
if there are massive relic neutrinos, the neutrinos from
the supernova may scatter sufficiently strongly on them
so as to disperse the observed signal and degrade its en-
ergy. Points (i) and (ii) have to do with new effects in-
side the collapsing core and, hence, are dependent on the
astrophysics of the collapse, whereas points (iii) and (iv)
have to do with new effects in vacuum which are easier
to ascertain. We consider here all these points and the
limits implied by them on parameters of the model. We
find that none can exclude the value g,, ~0.7 X 1073,

vi—v;+

II. COOLING BY MAJORON EMISSION

We consider first the possibility that emission of Majo-
rons (M%p°%) can lead to quick excessive cooling of the
collapsing core. The hot core could generate and emit
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particles X of mass my up to kT ~10 MeV. This emis-
sion is an important factor for dissipating the energy
stored in the core during a time ¢, if (a) the production
of X should be strong enough so that during a time ¢ the
total number of X’s produced will be comparable to N,,,,
the total number of nucleons or electrons in the core,
and (b) the mean free path of X should exceed R, the ra-
dius of the core, so that once it is produced the X will
escape unscattered.

Once (a) and (b) are satisfied, then the X’s will carry
an appreciable part of the energy stored in the core. If ¢,
the time scale for the X emission, is shorter than 1-10
sec, the expected (and measured) time scale for radiating
the trapped v’s, then the X’s may dominate the energy
loss from the core. This would shorten and reduce the
observed v,(V,) signal and hence is ruled out by the ex-
periment. However, while condition (a) is satisfied for
the X =X°~M?9p° production in the TM model, condi-
tion (b) is definitely violated. The reason is that M° and
p° are members of SU(2), triplet, rather than a singlet, as
is the case for the singlet-Majoron model of Chikashige,
Mohapatra, and Peccei,'’” and hence have strong
neutral-current interactions with the nucleons. The
quantum numbers of X%(X°) xp’+tiM® are those of
vw(¥¥), respectively, so that the Z° coupling to Majo-
rons is twice that of the coupling to neutrinos and the
cross section for coherent Majoron scattering off nuclei
or neutron clusters in the core is four times that of neu-
trinos.

There is also a large cross section for forming Majo-
rons:

o[(e e~ )—virtual Z°—M4p°]
=20[(e*e ™ )—virtual ZO_’(VuVu)]
and
al(v,v,)—virtual Z°—M°4+p°]
=20[v,V, —>virtual Z°—(v,¥,)],

corresponding to the fact that the Majorons contribute
to the Z° width as two neutrino species.!! Thus, we ex-
pect, regardless of the strength of g, g,,, etc., that a
plasma of Majorons, neutrinos, electrons, positrons, and
photons will form and that the Majorons will also stay
trapped in the core for 1-10 sec, as will the neutrinos.

At each radius r SR, and for any time ¢ S¢,,,,~1-10
sec, we have a local temperature 7T (r,t), and a corre-
sponding Fermi-Dirac distribution of v’s of each species
and a Bose-Einstein distribution for the Majorons.
From the point of view of statistical mechanics, M and
p° count as 2 degrees of freedom, each v species contrib-
utes twice 7, e Ye = contributes four times Z, and ¥ con-
tributes 2 degrees of freedom. Adding the Majorons
changes the number of degrees of freedom from =11 to
=~ 13, a small and not very important change ( <20%).
Only the neutrinos and Majorons can leak out of the
core. Within this subset, the 40% change of the number
of degrees of freedom from 5.25 to 7.25 is still within the
error of the estimated v,v, fluxes.

The effect of Majoron emission is most likely even

smaller than 40%. First,
a(X°N)~4a(v,N) ; 6)

hence, the layer from which the Majorons are effectively
emitted, the “Majoron sphere,” is thinner than the cor-
responding “v, Vv, ¥, sphere,” and the Majorons are
emitted from a cooler region further from the core and
carry less energy. Similar calculations®'® made for
Yy ¥, Vs vV, emission suggest that we are likely to
have only a 20% -30 % increase in the total energy out-
put.

There is also another mechanism for rechanneling Ma-
jorons into v,V,, namely, the decay p°—v,¥, which
dominates when

2m,,,2m,, 2mp022m,e . (7

Since the M° does not decay, and since the average ener-
gy of the ¥, and hence the cross section for their detec-
tion, is slightly reduced, this effectively rechannels
~20-40 % back into the observed energy of the ¥,’s.
The net effect may then even be a slight enhancement of
the detected signal.

The above conclusion will not be strongly affected if
the p°—v,¥, decay is fast and often occurs inside the
core. It will then be mainly part of the thermal equilib-
rium processes. However, whenever the decay occurs
within one optical depth of the Majoron, that is while it
is “on the way out of the core,” the v, decay products
having comparable optical depths are likely to escape as
well.

Let us digress a little to motivate the mass relations
(7). In the TM model, the v, and p° masses are given by

m v, = UEee (8)
and

m o=v (A )", 9)

p

where A 4 is the quartic coupling of the X triplet. There
are two such invariant couplings,'®!! but we disregard
this finer detail in this analysis. The mass of the charged
member X~ is given in terms of the standard model
VEV (u =250 GeV) and the triplet-doubled quartic cou-

pling
my-=u(h22)'?, (10)
in analogy with

the mass relation for the standard Higgs doublet. None
of the dimensionless A couplings is known at present, ex-
cept for the requirement A; S1. In addition it seems
reasonable to assume that

AR Aghye (12)

Such a relation could be motivated if the Higgs descrip-
tion is just an effective description, and the A’s represent
the XX'>xx',¢¢'>xx and ¢¢'—¢¢’ amplitudes.
From theoretical considerations, m " S1 TeV, while
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m, %20 GeV is the lower bound placed on charged

scalars by ete™ experiments at DESY with PETRA.
Strictly speaking, such a bound applies to stable charged
scalars. The X~ would decay via g,.X " v,e™ into v,e
with a rate T, —ve z(geze/Sﬂ)mX_. Thus ete~
—X1X~ would yield an e e ~v¥ signal which may be
less striking than that of stable X*,X~, and the bound
may, in fact, be weaker. We find from (10)—(12) the
reasonable lower bound

Ap>0.5x107% or (VA>0.7x1077). (13)

From the ratio of Egs. (9) and (8) we have then, using
(13) and (3),

m,/m, =A2/g.>1. (14)

Thus m,>2m,, is quite plausible and the weaker

bounds on g,,,,8,, certainly allow 2m, ,2m, >m,.
T H

In passing we note that in the singlet Majoron mod-

els,!” the Majoron coupling, and hence their production

rates, are so weak that they play no role in supernovas.

III. DELEPTONIZATION

We next address the issue of deleptonization, namely,
that processes inherent to the TM model quickly deplete
the initial large excess lepton number of the core,
N; =N, =total number of electrons. This could lead to
a quicker collapse with higher entropy.'®

In discussing deleptonization, two distinct issues
should be clarified. The TM model, in its simplest origi-
nal form,'®!" does not separately conserve all the lepton
flavors. The electronic lepton number L, =N,, which is
the initial number of electrons, can therefore spread over
all v species. If the rates are fast enough, L, can also be
hidden in the bosonic sector via processes of the type
vw—X° The second issue has to do with genuine delep-
tonization, namely, the violation of overall lepton num-
ber L, +L,,e +LV” +LvT+Lx-

The Lagrangian of the model, i.e., all the basic quartic
and Yukawa interactions, preserves overall L conserva-
tion {with the assignments L [v; (¥;)]=1 (—1) and L[X°
(X°)]=2 (—2)}. The only L violations are spontaneous-
ly induced by (X°)=v-£0 via mvi;&O and via the mass
splitting mo—m,.o=
nary components of X°. Imperfect cancellations between
the p® and M° exchanges generate the AL =4 process
vv—¥¥ with an amplitude (m,/E)* smaller than the al-
lowed vv—vv processes. The rates of such AL =4 pro-
cesses are of order (m P/E )*. With E =~1-10 MeV, these
rates are completely negligible.

We could, however, have AL =2 processes vv—X°
with the X° loosing its lepton number by propagating far
enough to become an incoherent mixture of p° and M°.
In the following we show that (a) under the condition
pertaining to the supernova, the vv— X° processes of or-
der g¥, leading to a “leakage” of lepton number from the
fermionic to bosonic sectors, are too slow to generate
any appreciable effect, even for g, =0.7X 1073, “and,

m , between the real and imagi-

furthermore, (b) even if the X’s were copiously produced,
the X,— X, flip is quenched by interactions.

(a) The triplet-Majoron model allows for quick
(second-order) species interconvection reactions such as
(see Fig. 1)

109
VeVe = X7 > vy, (vov))

with large cross sections,

2.2
geegii
327E?

o(v,v,—>vv;)=
This cross section exceeds (107%-1073%) cm?, even for
8. ~8i~0.7x1072 and E =10 MeV. The mean free
path for neutrino densities N, > 10** ¢cm~3 is then small-
er than 10° cm, guaranteeing practically instantaneous
interconversions. The equilibration of the lepton num-
ber between all the species Nve=Nvu=Nvf:L /3 will

reduce the Fermi pressure of the neutrinos and ac-
celerate the collapse.

If processes leading to a net v,v,—X° were fast
enough, then lepton number can ‘“hide away” in the bo-
sonic sector. The X° production processes are, however,
of higher order in g, , as shown Figs. 2—4. The extra
factor of geze ~0.5X% 10_6,‘ and the kinematics of three-
body versus two-body phase space, suppress these g
processes by factors of '~ 1078 relative to the g* process
of Fig. 1.

Alternative production processes involve the A 4 cou-
pling, as shown in Fig. 5. If we take seriously the lower
bound VA >0.7x 1073, then V'A >g and the last process
may be dominant. The actual cross section is

252 292
15367 E; E;
For simplicity we take the g° cross sections shown in
Figs. 2—4 also as
o=g%/E*1073-107%) . (15)

A more detailed estimate corroborating this is described
in the Appendix. The mean free path for X’ —wvv con-
version is then

1

mfp — NV(T .

/

The neutrino energy is essentially its Fermi energy,
which controls the density

Pr Ve

p2 De

FIG. 1. Diagram of a process leading to equilibration of
neutrino species (p; and g; refer to incoming and outgoing mo-
menta, respectively).
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FIG. 2. Diagram of a process converting electron neutrinos
partially to electron antineutrinos.

47E?
T
The corresponding mean free path is
Iy =(E,g%) ™' X 27X (10°-10°)
~(102-10")/(E,/MeV) cm .

Accordingly, /¢, is much larger than 0.1c ~3X 10° cm,
the distance relevant for 0.1-sec deleptonization, to allow
significant X° production. This conclusion will be
modified if “‘x“)l/ 2 is larger than its minimal
(0.7x1073~g,,) by factors of between 10 and 100, or if
8 18 larger than g, by similar factors.

The important point that we wish to emphasize is that
a value g,,~0.7Xx 1073 per se does not lead even to
effective leakage of lepton number into the bosonic X°
component. Since such a leakage is the required first
step for genuine deleptonization (via X°—X °), the latter
will certainly not happen. In particular, we show next
that even when a X° is produced, it cannot precess into
X ° during the 0.1-sec standard deleptonization time.

(b) A X° “precesses,” while propagating in a vacuum,
into X° with frequency w=m)/E. In the
X°= | 1t)="spin up,” X°=|l)="spin down” basis,
this is analogous to the effect of a Hamiltonian:
H=0-B=0,(m}/E). For E~1-10 MeV, and m, in
the range eV -keV, the oscillation length 27E /m,z, varies
between 10~* and 10° cm, and we have practically in-
stantaneous flipping X,—X,. The above result is
modified, however, by the different interactions of X 0 and
X ° with the dense background of neutronization neutri-
nos (N, 2 10’*/cm?). In the conditions prevailing in the

supernova, the vX° scattering is stronger'>!® than v or X°
scattering via Z° exchange, and the latter process will be

Ve g 0
pp>—--------- > ql

T)e v Xo
¢-----------~ >

V.18

p2 N iR - -»> q2

1) (o]

e g X

FIG. 3. Diagram of a process converting electron neutrinos
to X° and X °.

1363

P,

FIG. 4. Diagram of a process partially converting electron
neutrinos to antineutrinos and X°.

neglected (except for its important role in confining the
X%s). B

The Born diagram of order g, /E contributes to X °
but not to X° scattering on v,. This generates, via the
optical theorem, an index of refraction difference

27 f(0)— f(0)IN,

EZ
between X ° and X°, with N, the number density of neu-
trinos. This, in turn, induces a difference between the

diagonal components of the ‘“Hamiltonian” describing
the evolution of the two-component state vector

A m,z,/E
mf,/E — A

8nrefE (16)

m2

p
=—0,+A4o,,

H= 5

an

with
A=E8,=2n[f,(0)—f(0)]N E~'=2mg N E~*.
The evolution corresponds to precession around a resul-

tant “B” tilted by an angle a (we will verify subsequently
that a is small):

m§/2E _ m,z,E
A g*N,

1

a=tan~ (18)

relative to the z axis (see Fig. 6).
The maximal buildup of a X ° probability admixed into
the pure initial X° state during the precession is given by

m?E?
R
g N 4m)?

However, each time a ‘“‘relevant” collision, such as a
large-angle elastic scattering X ‘v, — “¥,”

0
ax .
2 =sin‘a~

P =sin (19)

v,” —Xyv, occurs,

pl Ve y xo ql
x° A4

g AN
P, 70, h X%

FIG. 5. Diagram of the process converting electron neutri-
nos to X% and X ° via A coupling.
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FIG. 6. Precession of the state of the Majoron about the
vector B due to the interactions of X° and X ° with the dense
background of neutronization neutrinos.

the X ° component is scattered out of the beam and the

precession and leakage starts all over again. The initial

X° probability is reduced after N, collisions by
2N, —N.a?

(1—a”) ‘=e

N.a*2 1.

The cross section for the elastic scattering is

and deleptonization happens when

4

£ . (20)
327E
The time scale relevant for deleptonization is
t~10"2-10""! sec. This is the time for collapse from
p~10"? gm/cm® to just subnuclear densities p~10"
gm/cm?®, or the time for emitting most of the lepton ex-
cess.>!'®1°  During this time, X° travels [=ct
=3x10"-3x10° cm and suffers N,=IoN, collisions.
Deleptonization will occur within this interval only if

4 4p2 4
Noale g§°N, mjE“l _ m ]
¢ 327E* N%g*2n)? N, 1287
For 102<p<10" g/cm® and 1072<Y,S1, we have

N,=(10%-10**) cm~3, and using 1 keVcm=0.5x10®
we have then

Nooie 110
¢ 4% 10%(10*-10°**)16

0 (XgVe =X v, ) =

R1. 21

(m, /keV)*

=(107°-10*)[m ,(keV)]* . (22)

Thus, it simply suffices to take m, 0.1 keV to com-

pletely quench the quick genuine deleptonization. Note
that

2 10%m , /keV)(E /MeV)
a= 1038_1034

~(1072-10"°) X (m, /keV)*(E /meV)

is, in fact, very small justifying the small-a approxima-
tions made above. Deleptonization could be avoided by
symmetry restoration!? when core temperatures exceed
vo=100 keV. Since this is a subtle issue we prefer the
direct argument presented above.

IV. DELEPTONIZATION AND THE OBSERVED
NEUTRINO SIGNAL

We have not discussed so far the question of how
deleptonization, or equilibration of lepton number be-
tween the different v species, affects the collapse and the
final observed v, pulse. This largely astrophysical issue
has been analyzed recently’® and here we confine our-
selves to only a few remarks. It is generally believed
that the bulk of the energy flux is emitted via the
thermalized ¥,v, - - - ¥,v, neutrinos and not via the early
neutronization (conventionally v,) neutrinos. Also, the
detected signal is mainly due to the late thermal ¥,’s.
This signal depends on very general global properties of
the system, the total gravitational energy accumulating
in the collapsing core, the size of the core, and on the
number of equilibrating bosonic and fermionic degrees of
freedom. These parameters fix the surface area and tem-
perature of the radiating system and, hence, the luminos-
ity, time duration, and energy spectrum of the observed
v, signal. The variation of temperature for different
species, i.e., the lower temperature of ¥, which, because
of its shorter mean free path, is emitted from the cooler
outer region, is an important correction of this pic-
ture 31819

The preceding arguments suggest that it is not likely
that the Majoron model drastically changes these basic
parameters. The quick equipartition of species via
V;iv; —>X0—>vjvj reduces the Fermi pressure, causing a
quicker collapse. It also equalizes the optical depths,
spectra, and time structures of all emitted v; species.
The effective combination “v.g”=~ (v, +v,+v,) suffers
less absorption than the neutronization v,’s which con-
ventionally prevail at the very early stages. The
enhanced emission of neutronization neutrinos may de-
plete the remaining energy available during thermal
emission by more than the canonical 5-10 %. However,
in the later thermal stage, ¥,,v,,¥, will be all emitted
with the same temperature, which is higher than the
temperature for separate emission of the more strongly
absorbed v,. This, and the quicker collapse, causing
more complete energy trapping, offsets the effect of
enhanced energy loss via neutronization neutrinos. The
net result is likely to be a mild change. Finally we
should emphasize that even if the consequences of the
species equilibration were truly disastrous, they still need
not conflict directly with g,, ~0.7x10~3 suggested by
experiment. We could have, for example, an extended
variant of the TM model with separate X° coupling to
v,’s with a vanishing cross section for v,v, —v;v;.

V. NEUTRINO MIXINGS AND DECAYS

We next address possible novel effects involving the
propagation of the neutrinos from the supernova to
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Earth. The observed signal reflects effects happening
both in the core and during propagation (in the ‘“‘thin”
progenitor and/or vacuum). The standard interflavor
mixing [vacuum and/or Mikheyev-Smirnov-Wolfenstein
(MSW) type] could a priori be quite strong in the TM
model. It does not, however, strongly affect an already
maximally mixed system of all flavors. v;—¥; oscilla-
tions are also possible via the Majorana mass, though
with negligible m, /E amplitude.’!

In certain extensions of the minimal TM model, where
the neutrino masses are not generated exclusively via
(X°)s£0, diagonalizing the mass matrix by going to the
physical basis of neutrinos propagating in vacuum, does
not necessarily entail diagonalization of the X° couplings,
and decays of the type v, —¥; +X° could happen for
m;>m;. Even if we do not have v, —v,, v,, with al-
most a complete loss of the v, and ¥, signals,® the
vu(v) >, +X° decays could have some dramatic conse-
quences for the early (¢ 0.1 sec) portion of the signal.
Instead of having only neutronization neutrinos v, (or
v,v, as well in the TM case) which can be detected only
via the fairly low cross-section ve —e’v’ reactions, we
would have ¥,’s which are detected via the higher cross-
section reaction v,p—e *n and a significantly enhanced
early signal. This feature is not inconsistent with the ob-
servations if the first two detected v’s are interpreted as
v, rather than v,. We should emphasize that only very
weak couplings g,, 2 107'% are required for m, >1 eV

in order to ensure that (i) the deca; path
I, =c87E, /g*m? is shorter than the distance to the su-
pernova (1.5%10% cm), and that (i) the extra delay in
arrival time of the ¥,, due to the early phase of propaga-
tion as the heavier species,

m? 4
2=,
2E? g’E
is shorter than 0.1 sec.

A similar value of At results in the case when the v, is
emitted at angle 6 with respect to the Earth-supernova
axis and then the v, is redirected to Earth during the
v,—V, +X° decay (see Fig. 7). The decay angle, B> 6, is
kinematically restricted by m /E. The extra path length
is Al =(1—cos8)lp, =(6?/2)l, <+(m /E)*}, and the cor-
responding time delay is, again,

At1:

At S Hm/EVty, =2

In the triplet-Majoron model, interactions of the neu-
trinos with the 3-K Majoron background may disperse
the signal and degrade its energy.'*?> The cross section
for scattering a supernova neutrino of energy E on the
background Majoron of energy =temperature=7T is

o=g*/320ET =g*/(32r X 10 MeV X 1073 eV)
~g*x1071% cm? .

The number of collisions suffered in transit from the su-
pernova is nal =5x10'%* where a cosmological densi-
ty, n = 103/cm?, was used. The requirements of no sig-
nal dispersal due to such collisions implies g2=2Xx 1073,

1365

SN1987A

)\dCOSe

1.5x1023 cm

EARTH

FIG. 7. Geometry of neutrino decay in flight by Majoron
emission, resulting in an antineutrino reaching Earth.

which is inferior to the lower bounds from the double-
beta-decay experiments. In the minimal TM model, the
primordial neutrinos annihilate into massless Majo-
rons'""!? and cannot contribute to the dark matter. This
can be avoided in models where the Majorons are mas-
sive due to an explicit lepton symmetry breaking.'?

A Majoron model with a massive neutrino back-
ground was recently considered by Raffelt and Silk.?
The interactions of the neutrinos prevent free streaming,
making them much better dark-matter candidates. In
this case the local density of the massive neutrinos vy or
the massive Majorons in the halos of the Large Magel-
lanic Cloud (LMC) galaxy as well as our own, is roughly
10° times larger than the cosmological density
n =10%/cm?, used in the previous estimate for the Majo-
ron background. The requirements of no signal disper-
sal in this case allows only 10~% times lower cross sec-
tions. This implies g..gny (or g2) <2X10~% where
8. 8yn are the Majoron couplings to v, and v, respec-
tively.

VI. DISCUSSION AND CONCLUSIONS

We have considered a broad spectrum of possible im-
plications of the triplet-Majoron model for supernovas
and the neutrino signals emerging from stellar collapse.
We conclude that the Majoron model is consistent with
the recent observations of neutrino bursts from
SN1987A. It is quite remarkable that even the fairly
weak g, couplings suggested by one of the S8 experi-
ments could have non-negligible consequences. A par-
ticularly amusing scenario involving first a quick equili-
bration of all neutrino flavors, followed by decays in
flight (v,,,v,—-»Ve-i—Xo), could render the neutronization
pulse observable in future detections of neutrinos from
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supernovas in our own Galaxy.

One final comment should be addressed to the strong
vv interactions mediated by Majoron exchanges an issue
discussed in Refs. 12 and 24. Such interactions cannot
self-trap the neutrinos. Had it not been for the confining
effect of the nucleons, the v’s would leave the core in-
stantaneously with the sound velocity c /3, just as a pres-
surized gas once the enclosing container is removed.
The strong vv scattering cross sections suggest that the
motion of the neutrinos will be much more coherent
with the neutrinos having at each point a well-defined
velocity field v(r,?).

Thus the neutrinos may behave as a viscous fluid rath-
er than a gas. An amusing speculative possibility is that
this could modify the neutrino convection. During the
early stage of stellar collapse, with only neutrinos
present, this may affect the momentum transferred to
the nuclei of the envelope. We can envision then not
only coherent scattering of neutrinos on nucleons in a
nucleus, or some arbitrary cluster, but also doubly
coherent processes involving the simultaneous scattering
of several neutrinos, enhancing the cross section further.
It is conceivable that these effects could eventually help
explain the “blow off” of the stellar mantle in a type-II
supernova.

APPENDIX
The cross section for the process of Fig. 2 is
a(v.(p)+v.(py)—7,(qX(kWv,(q,))
=[2QEPQ2n)’]"! [ d¢,|M |2,
where

1
M 2= 6_1
M | =g,

_a)l

- 2
W2, |17ED

where 2E =W is the c.m. energy and (w,) w, are the

c.m. energies of the final (antineutrino) neutrino. The
angular part of the three-body phase-space element, d ¢5,
separates yielding

o(w—vwX0) = {g8/[2"(73E?)*]}

w/2 pw/2 W —2w,
x[7° dodao,

The dw, integral has a logarithmic divergence due to the
w,~ W /2 region, i.e., the collinear configuration with k
parallel to q,. In this case, the lightlike four-momenta k
and ¢, add up to a lightlike £ +¢,, yielding the on-shell
pole (¢, +k)~2. The wave packets of the final ¥ and X°
move collinearly with exactly the same speed v =c, and
never separate to form a genuine three-body state. The
singularity is avoided by introducing a finite v, mass so
that o becomes

6
g InE/m, ) .

— 0 _
glvww—vwvX’)= S, 32

Even if we take m, as small as 1073* eV (corresponding

to a v, Compton wavelength=Hubble radius),
0 <1073g%/E%  The expression for |MJ 2 of the
v.v, —X°X%X°® process of Fig. 3 is |M |*=1q,-q,/
(Py-q,)(P,-q,). The integral f d ¢, no longer separates
into the integration over the Euler angles describing the
orientation of the final q,,q,,(q3=—q;—q,) plane and
the dodw, integration. The double collinear
configuration with q; parallel to p, (and |q,]
<|pi|=W/2) and q, parallel to p,[q,| <|[p,]|
=W /2 will not occur in the physical region. Since p,
and p, are antiparallel, so will p,—q, and p,—q, and
hence p; —¢q, and p, —g, could not add to a null vector
q;. Thus we have a single In(E /mve) factor, and the

above estimate holds yielding again o <g®1073/E2
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