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ABSTRACT
We review the constraints on the properties of neutrinos, axions, majorons, light
supersymmetric particles, and other constraints on fundamental physics that have
been derived on the basis of the neutrino observations of SN 1987A.

t Based on a talk given at the DPF90 conference, Houston, Texas, January 1990.



I. INTRODUCTION

About three years after the neutrino pulse from the celebrated supernova 1987A
was observed in the IMB! and Kamiokande II? water Cerenkov detectors, extracting
information relevant for particle physics from these measurements is still an ongoing
effort. Nevertheless, it seems to be a good time to review what has been learned from
these measurements. While the number of papers written on this subject is large,
the actual number of different arguments used to derive particle physics constraints
is quite limited so that it is most economical to proceed in terms of these arguments,
reviewing the applications on specific cases for each method.

The first and simplest set of arguments is based on the fact the ¥, pulse and
perhaps the de-leptonization pulse were observed, constraining various mechanisms
that could have removed neutrinos from the pulse such as decays. Equally, the non-
observation of a 4-ray burst in coincidence with the neutrino burst constrains radiative
decays. More intricate argumentsinvolve signal dispersion, either between the photon-
and neutrino-observations, between the 7, and the (questionable) v, observations, or
the intrinsic dispersion of the T, burst, constraining various effects that could cause
signal dispersion such as a non-zero neutrino mass. Finally, the inferred cooling time
scale of the newborn neutron star precludes effective cooling by other agents and thus
yields constraints on the emission of new particles from the supernova core such as
axions. We now review these arguments in order.

II. ABSENCE OF NON-STANDARD SIGNATURES

a) Observation of the U,-Pulse

The neutrino burst from a supernova is expected to consist of two major phases: the
initial de-leptonization burst which contains a large fraction of ve, and the cooling
phase where (anti-)neutrinos of all flavors are about equally emitted. The water
Cerenkov detectors would register the de-leptonization burst by virtue of the reaction
Ve + €~ — v, + e~ where the scattered electron is strongly forward peaked, while the
cooling signal is registered by 7. + p — n + et with an essentially isotropic positron
signal. Most if not all of the detected neutrinos must have been 7.’s, in agreement
with theoretical expectations, while the first event in Kamiokande II is consistent with
being due to a ve.

The observation of the 7,’s precludes that these particles have decayed on their
way from the supernova to us, yielding a constraint on their lifetime of®

Ty /My, 2 6x10°s/6V . (1)



However, even this simple result must be interpreted with care. In the presence of
neutrino mixing, and neutrino flavors are expected to mix if neutinos have masses,
only the heavy v, admixtures would decay and could well violate this bound®.

Also, the 7,’s were not removed from the burst by excessive scattering on cosmic
background neutrinos, majorons, dark matter particles, etc., leading to constraints
on “secret interactions” of neutrinos®. Specifically, g < 10~3 is a constraint on the
neutrino-majoron Yukawa coupling.

The number of detected events and their energies correspond well to what is
expected theoretically so that no significant number of ¥,’s can have been added to
the pulse. There are several mechanisms that could contribute to the pulse apart
from the direct emission at the source. Other neutrino flavors (7, ;) could decay in
flight, producing 7. as decay products®. Equally, resonant oscillations in the super-
nova mantle could transform other flavors into detectable 7, (¢). More interestingly, -
neutrinos with anomalous magnetic or electric dipole or transition moments would
suffer helicity flips in the SN core because of their interactions with charged particles.
If the flipped states are non-interacting, implying that neutrinos are of Dirac type,
they would freely escape from the core as opposed to the left-handed states which
are trapped and are thus radiated from the neutrino sphere. The right-handed states
could oscillate back into interacting, left-handed neutrinos in the galactic magnetic
field and would contribute to the detected signal. Because the energies of these events
would be characteristic of the core temperature rather than the temperature at the
neutrino sphere, the absence of such high energy 7.’s allows one to derive a bound on
the electromagnetic moment of"'8

py S 1072 pup, ()

where upg = ¢/2m, is the Bohr-magneton. This results relies on the assumption that
neutrinos are Dirac particles, and that the Earth is not coincidentally at a node of
the neutrino magnetic oscillation pattern.

Other particles besides neutrinos which could have been emitted from the SN
could also contribute to the signal. This fact, for example, yields constraints on axion
properties®.

The angular distribution of the 7, signal is consistent with isotropy only at a
confidence level of a few percent. An alternate interpretation in terms of hypothetical
X° particles which would produce a forward biased signal!® probably runs afoul of a
constraint based on the helium burning lifetime of globular cluster stars!l.



b) Possible Observation of the v.-Pulse

The high energy and forward direction of the first Kamiokande II event is consistent
with it being due to the de-leptonization v.-pulse, although this interpretation cannot
be made statistically significant. Nevertheless, it is interesting to discuss what could
be learned if this interpretation were correct because a future galactic SN observa-
tion may well provide a significant signal. Many authors have shown that the large
range of length scales and density conditions in the SN mantle allows resonant neu-
trino oscillations to occur for a large range of neutrino mass differences and mixing
angles®12-23, Specifically, if the v,’s survive in the SN, there is very little if any pa-
rameter space where the MSW effect could solve the solar neutrino puzzle. Moreover,
if u or T neutrinos were the dark matter of the universe, they would have a mass of
about (50 — 100) eV. The observation of the ve-pulse would then require the ve-v, or
Ve-vr mixing angle to be constrained by sin? 20 < 1077, i.e., this observation would
practically rule out neutrino dark matter'4.

The unambiguous identification of the de-leptonization pulse would also allow
one to determine whether a SN consists of matter or anti-matter®.

¢) Non-Observation of a v-Ray Burst

During the time of the neutrino observations, the solar maximum mission (SMM)
satellite was operational and registered a normal background flux of 4-rays?®. The
absence of a 4 burst in association with the neutrino burst allows one to constrain

radiative neutrino decays?~29,

Ty /My, 2 2x10 s/eV, (3)

where 7 is the radiative lifetime only. A similar bound pertains to y and 7 neutrinos if
they are lighter than about 20 eV while for larger masses the bound is less restrictive
because the photon spectrum would be spread out in time. A general bound, valid
for all families, is?®
2x101% (m,/1eV) if m, < 206V,
1:% > { 3x101 if 206V < m, S 1006V, (4)
8x1017 (1eV/m,) if 100eV S m, S 1MeV.

More interestingly, these results can be expressed in terms of an electric or mag-

netic transition moment, u,. Because the radiative decay width is given by 7,7 1 =



u2 m3 /8, assuming the final-state neutrino is much lighter than the initial state, we

find

By < {1x10-8 (1eV/my)? if m, <206V, 5)

B~ 5x10719(1eV/m,) if m, 2 1006V,

where ug = e/2m, is the Bohr magneton.

III. DISPERSION EFFECTS

a) Photons vs. Anti-Neutrinos

The optical sighting of SN 1987A followed the detection of the ¥, burst by only a few
hours, a delay which is expected on the basis of the simple reasoning that some time
must pass before the mantle of a supernova “notices” the collapse of the inner core.
Hence the two signals must have propagated through space with an almost identical
velocity, i.e., the speed of light and that of neutrinos are equal to within3%3!

&%) < 2x107°, (6)

Cy

assuming an uncertainty of £3h in the relative duration of the transit times from
the Large Magellanic Cloud to us. This was interpreted as the most stringent test of
special relativity to date in the sense that it proves with high precision the universality
of a relativistic limiting velocity.

Moreover, this result can also be interpreted as testing the weak equivalence
principle of general relativity32. In the post Newtonian approximation one predicts
that a gravitational potential, U(r), delays a light signal by an amount

At =—2 j; Ui dt, (7)

where the integral is taken along the trajectory r(t) of the beam between the points
of emission (E) and absorption (A). This delay is the same for neutrinos and photons

to within

lAt., — Aty
At,
where the uncertainty reflects the uncertain modelling of the gravitational potential

between Earth and SN 1987A. This result has been used to constrain the parameters
3

< (0.7—4)x 1073 (8)

of a specific model of C and P violating gravitational forces?3, and to constrain the

parameters of a class of non-metric theories of gravity34.



b) Neutrinos vs. Anti-Neutrinos

Assuming that the de-leptonization pulse was observed one may also constrain the
difference in transit time between v, and ¥, and thus confirm the equivalence principle
between matter and anti-matter3®. However, such results cannot be made statistically
significant on the basis of the SN 1987A observations.

¢) Intrinsic Dispersion of the U.-Pulse

The previous arguments constrained differences in the transit time of different particle
species where the transit time was assumed to be energy independent, an assumption
which is valid for massless particles if general relativity is correct. However, the
most likely effect of signal propagation over large distances is dispersion due to an
energy-dependent speed of propagation. The most widely discussed effect of this
sort is that of a non-zero mass for the electron neutrino®—*8. The main problem in
extracting information about the dispersion of the signal is the unknown behavior of
the source which must be modelled according to some theoretical assumptions. The
most complete discussion is probably that of Loredo and Lamb*® who employed a
consistent statistical methodology, included the background of the detectors in their
analysis, and tested a variety of emission models. They favor an exponential cooling
model with a fixed radius of the neutrino sphere and a temperature which decreases
as T,_sphere = Toe /47 so that 7 is a time scale for the decrease of the neutrino
luminosity. Moreover, they used the parameter & = (Rops/10km)(50kpc/D)¢/?,
where D is the distance to SN 1987A and g is a weight factor which is unity if only left-
handed, massless neutrinos of any given flavor are being emitted (three flavors were
assumed to exist). They took the mass of the electron neutrino as a free parameter in
order to allow for signal dispersion, and they introduced two separate offset times for
the IMB and Kamiokande II detectors between the arrival of the first neutrinos and
the first detected event. Hence they allowed the following six parameters to vary in
order to achieve a maximum likelihood result: Ty, 7, o, m,,, tog(IMB), and t,g(KII).
The best-fit values are given in Table 1, first column, where we also show the inferred
values for the neutron star proper radius, R, the total amount of binding energy, E},
and the number of expected neutrino detections, Nye, in each detector. The neutrino
mass is found to be limited by

my, <236V (95% C.L.), (9)

and taking this value as a fixed choice, the best-fit values for the remaining 5 param-
eters are given in Table 1, second column.



The absence of any anomalous dispersion of the neutrino pulse can be used
to constrain other neutrino properties. A small electric charge, e,, would bend the
neutrino path in the galactic magnetic field, leading to an energy dependent time

delay, ‘
At — _8_;’ (‘B‘deoh)2 (10)
t 6E? ’
where B is the transverse magnetic field and d.,} its coherence length. This leads
to a constraint of?®
& < 3x107V (—I“G) (lkpc) (11)
e ” B, deoh ‘

Speculating further one may consider some sort of “fifth force charge”, g,, for
neutrinos. If electrons, protons, or dark matter particles also carry such a charge,
gepz, the bending of the neutrino trajectory in the fifth force field of the galaxy
would lead to an energy-dependent time delay, yielding a constraint30:51

ge,p,z 3] S 3x10740. (12)

IV. DURATION OF NEUTRINO EMISSION

a) The General Argument

The most intricate way to constrain particle properties arises from the observed dura-
tion of the neutrino pulse. While the first burst of neutrinos is emitted when the shock
front passes through the outer core, dissociating heavy nuclei and thereby unlocking
neutrinos which where trapped by coherent interactions, the long tail of the neutrino
signal is associated with cooling, i.e., emission from the neutrino sphere which is
powered by thermal energy stored in the inner core. The existence of a direct cooling
channel of this inner region, such as the emission of axions or right-handed neutrinos,
would deprive the late cooling phase of energy and thus would shorten the observed
neutrino pulse.

This general argument is best illustrated considering axion emission. Axions are
pseudoscalar particles which, for the purpose of this argument, are taken to interact
with neutrons and protons with a common Yukawa coupling strength, g, which is
the only free parameter of the problem. For very small values of g,, axions will
play no role, but with increasing coupling strength their emission from the inner
core by bremsstrahlung processes, N + N — N + N + a, will begin to compete with
neutrino cooling. Of course, once g, exceeds some critical value, axions will be trapped
and emitted from an “axio-sphere”, the radius of which increases with increasing g,.



Eventually, axions will be trapped so effectively that, again, their contribution to
the cooling of the SN core is negligible and the neutrino signal assumes its standard

duration. This general behavior?—56

, 18 shown in Figure 1 on the basis of detailed
57,58 :

numerical investigations

From Figure 1 it is quite apparent that a large range of g, values can be ex-
cluded on the basis of the observed duration of the neutrino signal which agrees well
with theoretical expectations. It must be stressed that here we are considering the
time scale of neutrino emission at the source, while the detectors register a pulse
which conceivably could have been lengthened by dispersion effects. In this regard
it is remarkable that even assuming m,, as large as 23 €V, i.e., its 95% C.L. upper
limit, does not substantially reduce the inferred duration of neutrino emission at the
source—see Table 1. Hence we can be reasonably sure that neutrinos were indeed
emitted over several seconds.

While it is clear that a large range of g, values can be excluded, no statistical
analysis has been performed that would allow one to state a confidence level for
a certain range of excluded parameters. Hence, the ultimately stated bounds are
somewhat arbitrary.

Another caveat applies to the “trapping regime” of the new particles. In this
case one may expect that the new particles may play an important role during the
infall phase and shock formation of a SN collapse, an issue that was addressed only
by a small number of authors in the context of majoron bounds®® and bounds on
neutrino dipole moments’. Hence it is not obvious that parameters allowed by the
cooling argument on the trapping side would remain allowed if one took account of
these effects. Conversely, one may speculate that some sort of new particle physics
may actually help to couple the observed SN explosions to the gravitational collapse,
an issue which is notoriously difficult to resolve using standard physics.

We may now go through a list of several cases to which variations of this general
cooling argument have been applied. Except for the axion case, however, were detailed
numerical investigations are available, all other results are based on simple analytic
criteria such as demanding that the luminosity in new particles should not exceed a
certain plausible value, typically 2x10%3 erg/s at typcial conditions in the SN core.
It is impossible to assess, in general, how such criteria compare with the requirement
that the neutrino pulse was not shortened by more than a certain factor.

b) Azions

We have already used axions as an example to illustrate the general argument above—
they were the first case to which this reasoning was applied®~%8, On the basis of



Figure 1, and requiring that the neutrino pulse was not shortened by more than a
factor of two, one finds an excluded regime of

10719 < g, S 1078, (13)

This result, however, is afflicted with rather large uncertainties because of the un-
certain calculation of the emission rates in a dense nuclear medium, but a detailed
discussion of these uncertainties is beyond the scope of this brief review. While they
are difficult to quantify, they probably do not exceed a factor of a few on either side
of the excluded range.

The axion Yukawa couplings to protons and neutrons are, in general,

Ca MN CyMN
Jan = = ’ Jap = £ ’ (14)
fa fa

where my is nucleon mass, f, the axion decay constant, and ¢, and ¢, are model-
dependent numbers of order unity. The axion mass is given by

ma _ 0.60x107 GeV
1eV fa '

(15)

Hence one may express the bounds on the axion couplings as a bound on the axion
mass if one specifies an axion model and thus the numbers ¢, and ¢,. For hadronic
axions, the excluded regime is approximately

3x1073eV S m, S 0.36V. (16)

It should be noted that the upper end of this excluded regime, based on preliminary
results of a numerical investigation®3, is substantially lower than the initially published
value®® which was based on a simple analytic approximation. We conclude that results
in the trapping regime of other cases where numerical results are not available should
be handled with care.

The axion bounds as well as other cases are afflicted with substantial uncertain-
ties in the calculation of the emission rates which are largely due to the difficulties
in dealing with many-body effects in a dense nuclear medium. One such effect is the
possibility of a phase transition to a quark-gluon plasma so that quarks and gluons
rather than nucleons and mesons would have to be considered the fundamental ex-
citations of the medium. The axion emission rates from a quark-gluon plasma are

currently being investigated by two groups of authors®%:6,



¢) Right-Handed Neutrinos

Another class of particles that could drain the SN core of energy are right-handed
(RH) neutrinos, i.e., non-interacting states. These particles could be an entire new
class of sterile neutrinos, particularly if the known neutrinos are of Majorana type.
If the known neutrinos are Dirac particles, they could simply be the helicity-flipped
states.

The simplest way to produce RH neutrinos is by the same processes which pro-
duce LH states, assuming there exist RH weak interactions on some level. Assuming
further that these RH interactions have the same structure as the LH interactions,
one may easily derive bounds on a RH Fermi-constant, Gry. On the basis of the
modified urca processes,n +n - n+p+e” + Vg ande” +n+p — n+n+ veR,
which involve charged currents, one finds in the free streaming regime3?

Gru S 3x107°Gp. (17)

The trapping regime is of much less interest because it overlaps with a regime excluded
by laboratory data. On the basis of another emission process, e~ + p — n + vg one
finds a similar constraint®2. In the standard left-right symmetric models, this result
can be translated into a bound on the mass of RH gauge bosons, muy, and the
standard Wgr-Wp,-mixing angle, ¢, (52)

[¢% + (mwy /mwg )% < 3x107%, (18)

Similarly, one may constrain RH neutral currents on the basis of bremsstrahlung
processes, N + N — N 4+ N + Dpug, yielding®® Grg < 1074, although a somewhat

62,63 Moreover, in standard left-right

weaker bound was reported by other authors
symmetric models, the RH neutral current has vector structure and thus does not
contribute to nucleon bremsstrahlung®, leaving us with a much less efficient emission
process, ete™ — TDrvp. For E¢ models, where RH neutrinos can be expected to be
naturally small, the neutral-current bremsstrahlung rates are not suppressed, and a
detailed analysis and interpretation of the constraints is available®3:%4, A constraint
on a neutrino charge radius®, we believe, should be discussed in a unified picture with
RH neutral current interactions since in the framework of electroweak gauge theories
a neutrino charge radius is a problematic concept.

In the previous cases one had to assume that the mass of the RH neutrinos
was small enough for them to be thermally emitted from the SN. The following ar-
guments rely on various processes of flipping the helicity of Dirac neutrinos, thereby
transforming an interacting (LH) state into a sterile (RH) state of the same mass.

10



For v, and v, the following constraints are thus valid without restriction, while for vr
with a laboratory limit on its mass of 35MeV most likely there exists a mass range
near this limit where the following bounds can be evaded.

The simplest way to flip the helicity is by a mass term, t.e., the neutrinos
trapped in the SN core will develop RH components if they have a Dirac mass. The
resulting neutrino luminosity will be so large that one can infer a bound>53,66-68

m, S 20keV . (19)

It was claimed that the excluded mass range reaches up to ~ 35MeV, with a sub-
stantial uncertainty, however, so that 7 neutrinos with masses near their laboratory
limit are still allowed by this argument.

If neutrinos had a magnetic or electric dipole moment, interactions with charged
particles in the SN core would also flip the helicity, yielding a bound”8:6%:70 of

py S1072 g, (20)

where pp = e/2m, is the Bohr magneton.

Finally, the helicity flip in the gravitational field of the nascent neutron star
in the context of novel gravitational interactions was also discussed, allowing one to
constrain the parameters of such models’!.

d) Other Particles

In supersymmetric models with light photinos, these particles would be emitted by
nucleon bremsstrahlung processes. The cross section is o ma_4, leading to a constraint

on the squark mass of$37273

m; 2 1TeV. (21)

Many authors®® 7478 have discussed the effect of majorons on supernovae, al-
though most of them concentrated on the triplet majoron model which is now excluded
on the basis of the measured Z° width. The most recent investigation®*, however, is
a detailed account of bounds on the singlet majoron model, excluding a large range
of neutrino masses and vacuum expectation values.

11



V. SUMMARY

We have summarized a large number of constraints on particle physics parameters
that have been derived on the basis of the observed neutrino pulse from SN 1987A.
The most interesting results, in our opinion, are those which address well-motivated
particles or particle properties, and which cannot be evaded easily. In this regard we
favor the axion bounds, and the bounds on neutrino masses, both from dispersion
and cooling arguments. However, apart from such more personal choices it is clear
that SN 1987A has given us a large number of interesting results to be refined by the
neutrino observation from a galactic supernova which we are anxiously awaiting!

12
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my, 0 23 eV

To 4.47MeV 4.84 MeV
T : 4.15sec 2.96 sec
a 2.26 2.06

tor (KII) 0 3.57 sec
tog (IMB) 0 0.85 sec

Fitted parameters above,
Inferred parameters below.

E, 2.86x10%%erg  2.33x10%% erg
R 22.6 km 20.6 km
Nget (KII) 125 11.5
Njet (IMB)  5.51 6.14
Table 1

Maximum likelihood results inferred from the observed neutrino pulse of SN 1987A,
using an exponential cooling model, and including detector background events in
the analysis (after Loredo and Lamb*). If the neutrino mass is taken to be a free
parameter, the best-fit result is m,, = 0, with all other parameters having the best-fit
values shown in the first column. In the second column, we show the results if m,, is
assumed to be 23 €V, a value which is an upper limit at the 95% C.L.
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FIGURE CAPTIONS

Figure 1

Duration of the neutrino pulse from a supernova, taking axion emission into account.
For a very small or very large Yukawa coupling to protons and neutrons, g4, the
duration is normalized to unity, reflecting the standard value where axion cooling is

irrelevant.
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