
that a 4 GeV electron machine was 
scientifically inappropriate. To ex
plore the furthest frontiers of nu
clear science, a continuous acceler
ator, going beyond CEBAF ener
gies, attaining 10-15 GeV, would 
be a better bet. 

Although catalysed in France, 
the group envisaged the new pro
ject as an essentially European ex

ercise, wi th contributions in exper
tise and material from other inter
ested nations, much along the lines 
of the HERA electron-proton collid
er now nearing completion at the 
German DESY Laboratory in Ham
burg. 

To provide a platform for major 
European nuclear physics projects, 
the group recommended the estab

lishment of a body analogous to 
ECFA, the European Committee for 
Future Accelerators, established in 
the early 60s as an independent 
'mini-parliament' of particle physi
cists and which has played a major 
role in the emergence of all Eu
rope's subsequent major particle 
physics projects. 

Supernova neutrinos 

In the first part of his in-depth 
article on the 1987 supernova 
(SN 1987A - April issue, 
page 1), David Schramm of 
the University of Chicago and 
the NASA/Fermilab Astro
physics Centre reviewed the 
background to supernovae, 
the composition of massive 
stars and the optical history 
ofSN 1987A and speculated 
on what the 1987 remnant 
might be. 

In such a Type II super
nova, gravitational pressure 
crushes the atoms of the 
star's interior producing neu
tron matter, or even a black 
hole, and releasing an intense 
burst of neutrinos. 1987 was 
the first time that physicists 
were equipped (but not en
tirely ready!) to intercept 
these particles, and in the se
cond part of his article, David 
Schramm covers the remarka
ble new insights from the 
science of supernova neutrino 
astronomy, born on 23 Fe
bruary 1987. 

For more than twenty years, physi
cists have anticipated that the 
gravitational collapse of Type II su
pernovae, forming neutron stars or 
black holes, are also copious 
sources of neutrinos. 

As explained in the first part of 
this article, massive stars evolve to 
about 1.4 solar mass iron cores 
surrounded by layers of silicon, ox
ygen, neon, carbon, helium and hy
drogen. The core of such an object 
will inevitably collapse, but the de
tails of how this collapse produces 
a neutron star or a black hole and 
how the outer material is spewed 
out in a supernova outburst are still 
matters of much debate. 

The t w o most popular scenarios 
are either a prompt direct shock 
caused by the bounce of the col
lapsing iron core when it hits in
compressible nuclear matter densi
ties, or a delayed shock resulting 
from neutrinos emitted by material 
subsequently falling on the baby 
neutron star and driving off the 
outer mantle. 

Regardless of these details, 
compressing about 1.4 solar 
masses of neutrons into a dense 
star releases about 1 0 5 3 ergs, 
while the total light and kinetic en
ergy of a supernova outburst is 

'only' about one per cent of this 
enormous figure. The difference 
must come out in some invisible 
fo rm, either neutrinos or gravita
tional waves. Numerous arguments 
have shown that gravitational radi
ation can only carry about one per 
cent of this, so that the bulk of the 
energy is released as neutrinos. 

It is also well established that for 
densities greater than about 2 x 
1 0 1 1 g per cc, the collapsing core 
is no longer transparent to neutri
nos. For electron neutrinos, the 
'neutrinosphere' source tempera
ture corresponds to an average 
particle energy around 10 MeV. 
Because of the significant masses 
of the muon and the tau lepton, 
muon- and tau-type neutrinos and 
their antiparticles only interact at 
these temperatures via neutral rath
er than charged current weak inter
actions, so their neutrinosphere is 
deeper inside the core, and their 
spectra are correspondingly hotter 
than those of the electron neutrino. 

The electron antineutrino opacity 
will initially be governed by charged 
current scattering off protons, but 
as the protons disappear, neutral 
current effects come into their 
own . Thus the temperature of elec
tron-type antineutrinos changes 
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f rom that of electron neutrinos to 
that of muon- and tau-neutrinos. 
The peak energies of the emitted 
neutrinos are very insensitive to 
model parameters - electron neu
trino temperature and energy 
around 3 and 10 MeV respectively, 
and temperature and energy of the 
other neutrino types around 6 and 
20 MeV. Starting out wi th charged 
current interactions and ending 
wi th only neutral currents, the t ime-
averaged electron antineutrino tem
perature is about 4.5 MeV wi th an 
energy of about 15 MeV. 

A collapsing core has some 1 0 5 7 

protons that are converted to neu
trons wi th release of electron neu
trinos to form a neutron star. Each 
of these neutrinos carries away on 
the average 10 MeV, supplying in 
total about 1.3 x 1 0 5 2 ergs, not 
more than about ten per cent of the 
energy release. The remaining neu
trinos (of all types) come from ther
mal processes such as electron-po
sitron annihilation into neutrino-an-
tineutrino pairs, muon- and tau-
type neutrino production occurring 
only via neutral currents. The reali
zation in the 1970s that the signifi
cant neutrino energy release comes 
via neutral currents was an import
ant advance in understanding. 

The initial neutronization burst of 
electron neutrinos is much earlier 
(after less than a hundredth of a se
cond), wi th the bulk of the flux sub
sequently being emitted during 
several seconds of diffusion. More 
than half of the thermal neutrinos 
are released in the first one or t w o 
seconds, the remainder coming out 
over the next few tens of seconds 
as the hot newborn neutron star 
cools down to become a standard 
cold neutron star. Detailed models 
suggest that because of neutral 
currents the thermal processes do 
not favour any particular neutrino 
species. 

Simple arguments give estimates 
for the counting rates expected for 
large shielded detectors such as 
the 6000 tons of water of the Ir-
vine/Michigan/Brookhaven team 
and the 2 2 0 0 tons of water in the 
Japanese Kamiokande detector. 
Such underground detectors are 
mainly sensitive to the reaction 
where an incoming electron anti-
neutrino converts a proton into a 
neutron, releasing a positron. 

Prior to SN 1987A, estimates 
were made for a supernova in the 
centre of our galaxy at about 10 ki-
loparsecs (30,000 light years). 
These can be reduced by the 
square of the increased distance 

Energy and timing of the supernova neutrino 
counts from the Japanese Kamioka and the 
Irvine/Michigan/Brookhav en (1MB) detectors. 

(some 50 kps) to the Large Magel
lanic Cloud where SN 1987A was 
born to yield about 11 counts for 
the Kamioka detector, and for the 
Mont Blanc detector with its 0.09 
kilotons (of hydrocarbon scintillator 
rather than water) about 0.6 
counts. 1MB is a little more difficult 
because its threshold is not below 
the peak electron antineutrino 
counting rate, however a reasona
ble estimate, using efficiencies, 
thresholds, etc. gives some seven 
counts. 
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Supernova energy release and temperature 
implied by the 1MB (higher temperature 
curves) and Kamioka experiments. The 
dashed lines are 68 % confidence and the 
solid lines 95 % (Tom Loredo, University of 
Chicago). 

T 0 (MeV) 

Neutrino observations 

The neutrinos seen on 23 February 
1987 near 7h 35m UT marked the 
debut of extra solar system neutri
no astronomy. An additional report 
f rom the Mont Blanc group of five 
events at - 2 : 5 2 was not substan
tiated by the other detectors. (Sev
en months later, this group saw a 
background burst of five counts in 
about ten seconds - it has been 
pointed out that in order to be f rom 
the Large Magellanic Cloud and still 
avoid coincidence in other detec
tors, the early Mont Blanc signal 
would have required more than 
1 0 5 5 ergs emitted as low energy 
neutrinos - more than the rest 
mass of the entire Sanduleak star! 
W e prefer to quote astronomer Sir 
Arthur Eddington: 'Observations 
should not be believed until con
firmed by theory! ') . 

Ignoring the marginal signals 
f rom Mont Blanc and the Soviet 
Baksan detector, the well estab

lished Kamioka/IMB burst spans 
just the first few seconds, as ex
pected in stellar collapse. The num
ber of counts and mean energies 
can be used to determine the im
plied temperature of the detected 
neutrinos and energy released by 
the supernova, the latter being as
sumed to be six times the energy 
radiated as electron antineutrinos. 

While 1MB might be expected to 
measure a slightly higher tempera
ture due to its higher threshold 
sampling only the high temperature 
tail of the distribution, there is 
nevertheless a region of overlap 
where both 1MB and Kamioka yield 
the same temperature and energy. 
It is particularly satisfying that this 
overlap falls exactly where a stan
dard gravitational collapse is ex
pected, wi th an energy release of 2 
x 1 0 5 3 ergs and a temperature of 
4.5 MeV. Using the luminosity-
temperature relationship gives the 
radius of the neutrinosphere as a 
few tens of kilometres, in reasona
ble agreement with neutron star 

equations of state. 
The IMB/Kamioka results show 

that neutrino emission lasted for 
about ten seconds. This duration 
varies in different models of col
lapse, and until we have a collapse 
in our galaxy wi th a more detailed 
time evolution, it will be hard to 
make detailed*statements. 

Constraints on neutrino 
physics 

Independent of detailed collapse 
models, the SN 1987A neutrino 
signals (about 1 0 1 0 neutrinos 
passed through every square centi
metre of the earth in the first se
cond) are a powerful constraint of 
neutrino properties - lifetime, 
mass, number of possible types, 
charge and magnetic moment. 

The neutrinos were clearly dura
ble enough to make it over 
160,000 light years. The absence 
of gamma rays in coincidence with 
the neutrino counts means that no 
neutrino radiative decays happened 
on the way. The fact that the (fer-
mionic) neutrinos reached the earth 
within a few hours of the (bosonic) 
photons f rom the initial light burst 
provides a good test of the equival
ence principle of general relativity -
all uncharged bodies moving 
through free space fol low the same 
trajectories. 

The narrow timespread of neutri
no bursts, despite the energies be
ing spread out over a range of 
about a factor of t w o , means that 
the electron neutrino cannot be 
very heavy. The key here is to de
cide how to treat the counts to get 
the time and energy spread, and to 
estimate the intrinsic spread in the 
neutrino burst, and these assump
tions have yielded more neutrino 
mass preprints than neutrino ev
ents observed! The current limit 
using maximum likelihood tech-
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Result of combining the 1MB and Kamioka 
data, showing good agreement with stan
dard supernova expectations (Tom Loredo, 
University of Chicago). 

niques and allowing for background 
variations is less than 25 electron-
volts, in good agreement wi th labo
ratory findings. 

The more neutrino types (fla
vours) there are, the smaller is the 
yield per flavour. Detection of elec
tron antineutrinos, one flavour, 
says immediately that dilution by 
flavour did not make this luminosity 
undetectable. This implies less than 
seven neutrino flavours, not as 
strong as LEP or SLC nor the cos-
mological prediction, but at least 
consistent. 

This argument can be used to 
limit any hypothetical particle that 
might be emitted by the supernova 
and dilute the neutrino energy 
share. Particles such as axions or 
majorons could escape f rom the 
higher temperature central core 
even though neutrinos cannot, pro
viding further restrictions on axion 
and majoron couplings. 

Any neutrino electric charge 
would spread the neutrino burst, 
and the results limit any such 
charge to less than 1 0 - 1 7 of that of 
the electron. Several authors argue 
that if the neutrino had a magnetic 
moment of more than 10 1 1 of that 
of the electron, it would yield 
unobserved effects such as more 
rapid proto-neutron star cooling 
and large numbers of more ener
getic neutrino events. These limits 
may be useful for the solar neutrino 
problem, where one solution pro
poses neutrinos flipping in the 
sun's magnetic field. 

Collapse rates 

Over the last thousand years there 
have been only five visual super-
novae in our Milky Way galaxy, 
implying at first glance a rate of 
one every 200 years. (They were 
the 'Chinese' observation in AD 

1006, the Crab Nebula in 1054, 
one in 1 1 8 1 , and the events wi t 
nessed by Tycho Brahe in 1 5 7 1 , 
and by Kepler in 1604.) However if 
we look at other galaxies, like our 
own , supernovae show up every 
15-100 years. Our galaxy's low 
rate is probably due to most of it 
being obscured by dust in the disc. 
In fact the five historic supernovae 
were all in our sector of the galaxy, 
implying an enhancement factor of 
about five. 

Now that we can detect col
lapses by neutrinos alone, we 
don' t need to worry about obscu
ration of our disc, so the rates in 
galaxies sampled across their entire 
disc might be more relevant. How
ever direct counting of supernovae 
is fraught wi th uncertainties. For 
example SN 1987A, neutrinos 
apart, would probably have been 
missed in other galaxies because it 
was not very bright. 

Pulsar formation rates, massive 
star formation rates, and super
nova remnant statistics do not help 
much since they have so many 
possible systematic errors. A re
cent idea is to use nucleosynthesis 
yields f rom gravitational collapse 
objects to estimate average rates. 
If the two per cent heavy element 
content of our galaxy came from 
such collapses and if one or two 
solar masses of such material are 
ejected per collapse, then the 1 0 1 1 

solar mass disc requires some 2 x 
1 0 9 ejections over the 15 x 1 0 9 

year history of the galaxy, giving an 
average collapse rate of about one 
every ten years. 

From the constancy of such ra
dioactive nucleochronometers it 
can be argued that the current best 
galactic evolution models seem to 
have roughly constant nucleosyn
thesis rates, so that the average 
may not be a bad estimate of the 
current rate. If it is higher than the 
rates observed in similar galaxies, it 
probably means that many col
lapses, like SN 1987A, were not 
that bright and were missed. 

The supernova in the Large Ma
gellanic Cloud has supplied some 
of the most exciting astrophysics 
of the century and has taught us a 
lot about supernovae. Now we 
know that blue as well as red stars 
collapse, but are less bright. The 
cobalt-56 gamma ray lines supplied 
direct evidence of nucleosynthesis 
at work. Supernova neutrinos were 
seen for the first time and showed 
that our understanding of gravita
tional collapse is in good shape 
provided all the neutral current ef
fects are included. Now that we 
know what such a neutrino burst 
looks like, we should be able to 
pick up and recognize any col
lapses in our galaxy, regardless of 
their optical visibility. 
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