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ABSTRACT

Supernova 1987A in the large Magellanic Cloud is the brightest supernova to be
observed since Kepler's supernova in 1604. In this thesis the first three years of theoretical
and observational rescarch on SN 1987A are reviewed with particular emphasis on those
aspects of supernovae which were previously unresolved. The detection of the neutrinos
produced at core collapse has not only confirmed the basic ideas of Type II supernova
causality and energetics (without being able to distinguish prompt from delayed shock
ejection), but also heralded the birth of extra-solar neutrino astronomy. The unusual early
light curve has turned out to be a natural consequence of core collapse when the star was
compact and blue, after passing through a red supergiant phase. Synthesis of 0.075 Mo of
56Ni (previously suspected in type II supernovae with exponentially tailed light curves) has
been revealed by a similar light curve and by the gamma-rays accompanying the decay of
56Ni to 56Co to 56Fe. A number of puzzles remain. These include the presupernova
evolution of the progenitor and the asymmetry of the envelope, though the most intriguing

puzzle is the nature of the remnant left by the collapse of the central core.
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I. INTRODUCTION

Supernovae have Seen objects of great mystery and reverence since Ancient times.
The annals of the Benedictine monastery of St. Gallen in Switzerland record the following
entry! for the year 1006. "A new star of unusual size appeared, glittering in aspect, and
dazzling the eyes, causing alarm... It was seen likewise for three months in the inmost
limits of the South, beyond all the constellations which are seen in the sky".

The supernova of 1006 was the brightest in recorded history, one of very few
explosions to have occurred close enough to our Sun to be visible to the naked eye. Fewer
than a half-dozen naked eye supernovae have been recorded since that time, and recent
research in the field has largely had to make do with an examinadon of ancient records,
along with analyses of the faint light from supernova explosions in galaxies beyond our
Milky Way. Until 1987 not one nearby supernova had been caught in extremis by the tools
of 20th century astrophysics.

Contrast SN 1987A with its counterpart nearly a thousand years earlier. In 1006,
the supernova was a blaze in the sky, a portent, a sign from the heavens. In 1987 the
supernov=, considerably farther away, was bright only to astronomers; to the untrained eye
it appeared as just one of the many featureless specks in the dark night sky. Yet in its own
fashion, SN 1987A was as much a public event as the supernova in 1006. It was accorded
the front cover of Time2 magazine.

From the light curves and spectra supcrnovae must be classified into at least two
different types. Those that show strong hydrogen emission are called type II supernovae
and those where hydrogen is absent are classified as type I. The standard interpretation is
that the progenitors of type I events are low mass stars with no or very little hydrogen,
presumably white dwarf or helium stars. Type II supernovae, on the other hand, are

believed to arise from massive stars (M>8Mo ) with extended hydrogen envelopes.



If this interpretation is correct then type II supernovae should ultimately get their
energy from the increase in gravitational binding of a collapsing stellar core, and they
should be related to the formation of compact objects such as neutron stars or, possibly,
black holes. Moreover, if the progenitors are indeed quite massive, type II supernovae will
eject large amounts of matter that has undergone nuclear processing and is enriched in
heavy elements. This had led to the suggesiion that supernovae are the main sites of galactic
nucleosynthesis. The expanding shock waves created in supernova explosions are thought
to be the place where cosmic rays are accelerated, they may induce star formation in dense
interstellar clouds and supernovae may even be used as cosmic distance indicators. Given
these far reaching implications a thorough understanding of type II supemovae is vital to
astrophysics.

On 231d February, 1987, a supemnova explosion was observed in the Large
Magellanic Cloud, a satellite of our Galaxy at a distance of 5017 kpc 3. Its position
coincided with that of a blue supergiant, Sanduleak (Sk) -69° 202 4. Despite the approach
to disaster, the progenitor had showed no sign of variation on the 579 plates taken since
1879 when it was first observedS.

The next chapter will concentrate on how Sk -69° 202 evolved to become a
supernova. Study of the pmgenit;:r star has been a double-edged sword. It has confirmed
that massive stars do become unstable and explode. However, it is the first occasion upon
which astronomers have seen the explosion of a blue supergiant star. This quandary will be
given detailed consideration.

Chapter III (or §I1I) is devoted to an investigation of the explosive mechanism.
Although SN 1987A provided astronomers with verification of the energy released by a
supernova explosion, it has only fuelled further questions as to the exact quantitative details
of the explosion. To date there is no definitive solution.

SN 1987A was the first object other than our Sun from which astronomers have

detected neutrinos. The detection of neutrinos allowed astronomers the chance to view the



core of Sk -69° 202. Chapter IV probes the implications of the 30 neutrinos detected
around the time of outburst of the supernova. These neutrinos promise to open up a new
window on the stars.

In the 3 years since its detection, the 'light' of SN 1987A has been detected by
instruments on the ground, below the ground, in space and from balloons, airplanes, and
rockets. It has been observed from all continents. In chapter V, I give a chronological
investigation of the diverse information that astronomers have gained from these
observations of the ashes of Sk -69° 202.

In the concluding chapter, I shall consider what can be expected from SN 1987A
over the coming years.

Where possibie I have tried to give both a chronological and physical interpretation
of observations whilst emphasizing the main event: the test of stellar evolution represented
by the observations. The author is privileged to have studied the first naked-eye supernova
since SN 1604 was recorded by Johannes Kepler.



II. THE PROGENITOR

Because of detailed stellar surveys, the appearance of SN 1987A in the Large
Magellanic Cloud could be identified with its progenitor star. So for the first time
astronomers have observatiéns of a star as it proceeded from its final nuclear burning
phases, through detonation, to its new status, that of an evolving supernova remnant.

Identification of the progenitor was initially confused by the presence of two close
companion stars appearing as a composite image. As the supernova dimmed, it was soon
determined, to within® 0.05 arc sec, that Sk -69° 202 was the precursor of SN 1987A.

From the nature of its progenitor, light curve (§V), and presence of hydrogen lines
in its spectrum (§V), SN 1987A can be classified as a type II supernova. Its precursor’s
spectral classification (B3) and luminosity class (Ia) indicated? that its main sequence mass
was in the range 16-22 Mg . That it was a massive star came as no surprise. It is believed
from both observation and theory that only stars more massive than 12 Mo can give rise to
type II supernovae8. Less massive stars cannot attain the core temperatures necessary to
initiate the more advanced stages of nuclear burning required to produce an unstable iron
core. Iron correspoads to the peak in the nuclear binding energy curve beyond which point
nuclear fusion reactions are endothermic. The star thus loses the source of radiation
pressure necessary to support the star against gravity. The subsequent core implosion and
rebound produces a supernova explosion.

A large body of theory describing the evolution of massive stars and the production
of supernovae was in place prior to SN 1987A. 1 shall give the prevailing scenario for the
evolution (§ILI) and then discuss why Sk -69° 202 was so unusual (§11.2).



1.1 THE EVOLUTION OF Sk -69° 202

Sk -69° 2G2 was one of a few dozen OB stars in NGC 2044°% born around ten
million years ago. It was formed with close to 20 Mo and for 90% of its life was a blue
dwarf star powered by the fusion of hydrogen to form helium.

IL1(i) The last million yearsl0

As hydrogen finishes fusing into helium in the innermost 30% of the star, the
central regions begin a gradual contraction. Over about 5x104 years, the core is
compressed, from a density (pc) of about 5 g/cm3 to 1.1x103 g/cm3 and so heats up from
approximately 4x107 K to 1.92108 K. The higher core temperature (T.) and pressure
ignites helium fusion. At the same time the outer lz/ers of the star respond to the additional
radiation from the core by expanding from a radius of about 6 Ro to 500 Ro !1. The star is
now a red supergiant.

Helium burning lasts approximately one million years and synthesizes a carbon-
oxygen core of about 4 Mo . As the helium at fusion temperature becomes exhausted, the
process of core contraction begins anew. A slight decrease in the luminosity of the core
leaves the star unable to support its red giant envelope. The resultant contraction makes it
once again blue. This transition, which will be discussed in section 2 of this chapter, is a
source of great controversy.

Once this contraction increases T to about 7x108 K (pc=1.5x103 g/cm3), carbon
synthesis is initiated. This creates neon, magnesium and sodium, and provides the power
source for about a thousand years. From this time on, the evolution «f the star becomes
very rapid:

(a) The fusion of heavy clements with increasingly large electrical charges
(and correspondingly large Coulomb repulsion barriers) requires increasingly extreme

temperatures. At the same time, the specific energy per gram available from



nucleosynthesis decreases with heavier fuels. The lifetimes of advanced nuclear burning
stages are consequently very short.
(b) At temperatures above 5x108 K weak interactions become increasingly

efficient. Copious high energy photons in the plasma produce neutrino-antineutrino pairs
(vo),

Yy<—>et+e<—>v+0, (IL.1)
which above 7x108 K radiate more efficiently than photons. The neutrino emission rate is
very temperature sensitive, and thus the burning of heavier fuels powers the star for an ever
decreasing period.

Beyond carbon ignition, the evolution of the inner few solar masses proceeds so
rapidly that there is no time for the outer envelope to adjust (the radiative equilibrium
timescale governing the envelope is 2x104 years!2). The star remains a blue supergiant of
about 50 Ro and it is this configuration which explodes!3. However the core continues to
evolve. After carbon fusion, it shrinks, heats up, and undergoes a brief period of nuclear
readjustment, in which neon converts to (more) oxygen and magnesium. Following this,
oxygen fuses, chiefly generating silicon and sulphur. It lasts about a year at a temperature
of 2.1x10% K (1.6x107 g/cm3). By this phase, the vO pair losses are prodigious -
amounting to 103 times the photon luminosity!4.

The most abundant nuclei in the centre are now isotopes of silicon and sulphur,
chiefly 28Si, 30Si, 32§ and 34S. Instead of direct fusion, nuclear processes are initiated
when photons strip protons, neutrons and alpha-particles from the nuclei present - known
as photodisintegration. So the nucleons rearrange themselves to nuclei with the highest
binding energy, namely the iron group. Since 28Si is the most resistant of these nuclei to
disintegration, the duration (1-3 days!¢) of the quasi-equilibrium process 2(28si)-->%Ni is
set by the temperature and rate of disintegration of the 2851 in the core's.

When this ‘silicon burning’, at T~3.5x109 K (p¢ =5x107 g/em3), is completed in
the inner core (~1.4 Mo ), the configuration of Sk -69° 202 is as shown in Fig. 1 16. No



more energy can be derived from nuclear rearrangements and so the iron group core

becomes dynamically unstable. The 10 million year war against gravity has come to the

final battle. In order to support itself, the core again shrinks, and heats up.
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Pigure 1. Schematic cross section

of Sk-69° 202 at the onset of

collapse. T and p are mperatures

and densites in K and glem3

respectvely.

1.6x108

IL.1(ii) The onset of core collapse

Two processes accelerate the contraction!”:

(a) Electron capture,
e +p <-->n + Ve.

¢~ +A(ZN) <--> A(Z-1,N+1) + V. (11.2)
The rates for electron captures on free protons can be computed exactly but electron
captures on nuclei are more problematic. Fortunately, various equations of state (EOS)

predict a sufficiently high proton concentration that captures on nuciei may be neglected.



(b) Photodisintegration of iron group nuclei, typically,
56Fe <—> 13 4He; + 4n. (I1.3)
This process, which begins during the silicon burning stage, proceeds with increasing
efficiency as the temperature increases. It is staged on iron group nuclei and demands a
great deal of energy (E= -124 MzV)18,

The outcome of the collapse is determined by the pressure. Pressure is governed by
two factors: the number of particles in the system and their average energy. There are
several competing processes.

In the core both nuclei and electrons contribute to the pressure but the electron
component is much higher. Consequently, a high rate of electron capture (a), drastically
reduces pressure. On the other hand, photodisintegration (b), increases the number of
nuclear particles, thereby raising their pressure contribution; however, this dissociation
reduces the average energy of the system. The energy for this process comes from the
electrons and further decreases their pressure. This loss in electron pressure is more
important than the gain in nuclear pressure!®. As a result, the core now collapses very
rapidly.

It has been shownS that stars in the mass range from 8-12 Mo terminste their
nuclear burning with an oxygen-neon or neon-silicon core. This stable core is supported by
degenerate electron pressure. However, more massive stars such as Sk -69° 102 form an
iron group core of mass range 1.3-2.2 Mo . The exact value depends :yon the main
sequence parameters, e.g. main sequence mass, metallicity, etc.

Chandrasekhar showed that there is a limit to the amouni of gixvitational pressure
that can be resisted by degenerate electron pressure20, Equilibriui::. and thus a stable core,
is only possible if the core mass is less than a critical value. ihis is denoted by the
Chandrasekharumss,Mcﬂ.Ifﬂlemassofmccaeawotempammisgwmnhan

Mcy =5.76Y2 Mo , (I 4)



where the electron concentration is given by Ye=ne/pNA, where ng is the average number
of electrons per nucieon and N is Avogadro's constant, then the core must collapse. The
composition of Sk -69° 202's pre-supernova core has been investigated in
detail21,19.22.2324.25.26_ In these calculations Y, varies from 0.32 to 0.45, at the onset of
collapse. Temperature dependent profiles from such stellar model computations give the
progenitor's My to be in the range 0.7-09 Mo .

Further discussion of the sequence of events following the destabilisation of the
Chandrasekhar mass core is given in §IL For now I wish to investigate why Sk -69° 202

was So unusual.
IL2 WHY WAS Sk -69° 292 BLUE?

Theory developed to explzin the light curves of hundreds of distant supernovae
indicates that type II's originate from massive red supergiant ancestors. Although Sk -69°
202 was massive, the surprise came from its colour. It was blue not red.

There is general agreement that Sk -69° 202 became a blue supergiant only just
prior to exploding. The evidence is as follows.

Observations with the International Ultraviolet Explorer (TUE) have, from 24 May
1987 onwards, shown multiply ionised narrow lines of C, N, and O; since December
1987, these results have been verified by a number of ground based optical telescopes. The
detections indicate the presence of highly processed material in a dense, low velocity
circumstellar shell.
(a) Spectroscopic analyses27-28 indicate electron densities of 1-3x104 cm-3.
Although this is greater than expected for the wind shed by the precursor star, in either its
blue supergiant or preceding red supergiant phase??, the density can be attributed to the
shock region where the blue and red supergiant winds interact.



(b) A nebular analysis?6 of the line strengths reveals a large nitrogen
overabundance: N/C=37%16 and N/O=1216, relative to solar values30. Such a strong
nitrogen enhancement is consistent with CNO-processed material being mixed into
outermost regions which are subsequently lost to the stellar wind. This is consistent with
the large scale mixing expected during a convective red supergiant phase.

(c) The frequently observed OIII and NII emission lines yield velocities of
10-20 km/s which is indicative of a red supergiant wind (10-30 km/s)3! rather than blue
supergiant wind (500-700 km/s)32.

(d) The extent of the emitting region has been determined by a number of
observers33.3! to be an oval nebula approximately centred on the supernova with radii of
1.320.5 arcsec E-W and 0.940.5 arcsec N-S, at a fiducial distance of 50 kpc this
corresponds to radii of about 0.7-1.0 light years.

Taken all together, these data imply the narrow emission lines arise from the inner
part of the red supergiant wind that has been swept up by the fast wind of the blue
supergiant phase. Since the shock inteiface between the red and blue supergiant winds is
expected to expand at about 50 knys, the time elapsed since Sk -69° 202 was a red
supergiant can be estimated as less than 7000 years. So, the blue supergiant phase must
have been the consequence of changes in the stellar interior that accompanied the
termination of helium burning: helium buming takes {of order) 6x105-1x100 years and all
subsequent phases take less than about 103 years.

Evidence for the blue nature of the progenitor also comes from the rapid rise of the
light curve following the detection of neutrinos (§V.1); from the subsequent light curve to
maximum luminosity (§V.2); and from the early spectra [§V.1()].

Careful scrutiny has revealed that other type II progenitors were also blue, e.g., SN
1984E34 and SN 1990H35, but the question still remains: why was SN 1987A's progenitor
blue?

10



Theoretical models of Sk -699 202's evolution until it exploded have been

derived!2- 3637, All models are initially blue, then proceed through a red phase, before

finally reverting back to the blue in time to explode (e.g. Fig. 2). Model calculations

depend very sensitively on composition, mass loss, choice of criteria for convection,

handling of discontinuities, etc. Which path is followed by a particular real star will be a

delic .te function of its properties: composition, magnetic field structure and so forth. So the

simultaneous presence of coeval Wolf-Rayet stars, red, and blue supergiants in the 30

Doradus region of the LMC where SN 1987A exploded is not surprising.
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Figure 2. Evolutionary

track of a 20 Mo which
completes its evolution with
a temperature and luminosity
very similar to that of Sk -
69° 202 (shown as the four
pointed star). The modell2
becomes a blue supergiant
20,000 yr before explosion,
has a metal abundance one-
quarter solar, and convection
according to the ELedoux
criteria,

Computer simulations of Sk -69° 202 have yielded similar case histories!2-6:37,

until the evolution to red supergiant. At this point the models diverge. There appear to be

two basic processes which in some combination allow the evolution of the star to the blue

cupergiant stage.

ing it more compact and shifting it into the blue phase.

{i) The star lost mass [§A.1], decreasing its gravitational potential, thereby

11



(ii) The lower metallicity compared to our own Galaxy changed the

evolution to allow it to explode with a smaller radius than one might expect.

I1.2(i) Mass loss

Well before SN1987A, it was noticed that a massive star which had lost most of its
hydrogen envelope during helium burning, would evolve back toward the blue on the
Hertzsprung-Russell diagram, exploding as a blue supergiant or, in the extreme limit of
~c mpleie hydrogen loss, a Wolf-Rayet star38. A star with no hydrogen envelope is more
compact; so too, is one with a little hydrogen. The last few solar masses of envelope
contain a high helium abundance and hence have an average atomic weight much greater
than -.1aterial in the outer envelope (primarily hydrogen). Such stars assume a smaller
rz- Hus. So perhaps mass loss might have allowed Sk -69° 202 to become a blue supergiant

LA,

However, there are problems with using a large mass loss as the sole explanation
for the compact nature of the progenitor. Firstly, 20 Mo is rather light for a star to lose
nearly all af its envelope: there is evidence that the bulk of the Wolf-Rayet stars in the LMC
originate from progenitors heavier than 40 Mo 3. Secondly, the radius and luminosity of
Sk -699 202 were such that the most recent numerical models allow only two (very distinct)
scenarios?0.41 - either it underwent little mass loss (a few solar masses at most), or it lost
almost its entire hydrogen envelope. Intermediate values of envelope mass yield red
supergiant progenitors. Neither of these arguments is convincing. The strong evidence
against a large amount of mass loss has appeared as the supernova has evolved.

A number of observations have convinced astronomers that Sk -69° 202 exploded
with a substantial hydrogen envelope in place. These include the slow rise of the optical
light curve to maximum (85 days, see §V.2), the lack of early gamma-rays and X-rays
from radioactive decay [150 days, see §V.6(ii)], and the late appearance of the slowest
moving hydrogen (25-40 days, see §V.2). Had the hydrogen envelope been a few soiar

12



masses or less, the early light curve would have quickiy evolved to a brighter supernova;
X-rays and gamma-rays would have appeared much sooner and peaked at least a factor 10
greater*? ; and the slowest moving hydrogen (indicating the base of the hydrogen envelope)
would have been uncovered after less than a week with a substantially higher velocity.
Integrations of the density and velocity from the spectra are consistent with that of a 10
Mg rather than a few Mo hydrogen envelope. Although Sk -69° 202 did undergo at least
one episode of mass loss*? (§11.2), a substantial (certainly more than 7 Mo 3, probably 9-
11 Mo %) envelope mass remained at the time of explosion and so other causes for making

the progenitor a blue star need to be investigated.
I1.2(ii) Metallicity

Evolutionary models of massive stars have been well studied for solar metallicities,
but the value for the Large Magellanic Cloud (LMC) is smaller by a factor 2-4 (e.g.4%).
Recent models all indicate that a reduced metallicity leads to a decreased radius in pre-
supernova stars. This is not as straightforward as simply altering the opacity4S - thus
making an envelope containing metallic elements more prone to extension (energy is
radiated away more slowly because of the opaque nature of the envelope). In addition,
decreased metallicity reduces the rate at which nuclear energy is released at a given
temperature during hydrogen burning by the CNO cycle#?. This leads to a more centrally
concentrated core with a greater gravitational potential at its boundary, producing a smaller,
bluer star.

Spectral analyses2 of Sk -69° 202 and the early spectra from SN 1987A [§v.23)]
give strong evidence for a metallicity lower than solar by a factor 3-4. Several different
stellar modelling groups have extended evolutionary calculations to include metallicity. The
models of Saio et al36: change from the blue to the red during helium burning and spend
less than one tenth of their helium-burning lifetimes as a red supergiants (RSG's).

Although these models are in accordance with the number ratios between blue and red
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supergiants in the local region - in the 30 Dor region of the LMC there are ~200 BSG's and
12 RSG's?78 - they do not comply with observations of circum-supernova material
(§11.2). On the other hand, the models of Woosley and collaborators!237 spend almost
their entire helium burning phase as red supergiants, evolving back to blue in the last 4x104
years. Although the latter is in better accord with observation, it must be noted that such
models use artificial tuning for convection parameters and take no account of rotation
[811.2(iii)].

The ways in which metallicity influences the evolution are complex and not fully
researched. But it should be noted that the low frequency of bright type II supernovae in
irregular (low metallicity) galaxies*, suggests the low metallicity of Sk -69° 202 is vital in

obtaining a blue supergiant progenitor.
11.2(iii) Other factors

The strength of the circumstellar nitrogen lines (8$11.2) and many subsequent
observations of the ejecta (§V.4) suggest that heavily processed material was ejected from a
previous red supergiant phase. They indicate that the star had a convective envelope that
mixed-up matter formed in the core of the star. In attempting to model convection a number
of mixing criteria can be used, e.g. Ledoux, Schwarzschild, etc.30. However, only by
employing shallow composition gradients in the envelope that arise from restricted
convection in the semi-convective layers, are models able to result in blue to red to blue
evolution5!. However, this limited mixing of the stellar material gives ratios of N/C and
N/O at least a factor of three smaller than those inferred from observation29. This suggests
that a full evolutionary model for Sk -69° 202 will have to incorporate convective

overshooting>! - not as yet incorporated in models.

Rotation also plays a role in stellar evolution and is expected to decrease post main

sequence luminosity, acrease rates of mass loss (§A.1), and promote mixing (§A.2).
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Indeed observations of the envelope of SN 1987A indicate an asymmetric shape [§V.4(1)].
In addition to altering the evolution of the progenitor, rotation will lead to a non-
axisymmetric collapse. Such a collapse could in principle be distinguished by its effect on
the flux of neutrinos and gravity waves from SN 1987A. However, the inconsistencies of
these detections are insufficient to constrain the infant theoretical models for evolution of

differentially rotating stars32.

Understanding the issue of t"e blue progenitor is of great importance in determining
the frequency of SN 1987A-like events. Statistical samples are strongly biased against faint
supernovae. At maximum luminosity, SN1987A had My=-16.2, corresponding to a factor
~13 fainter? than a ‘typical' type II supernova. Thus, if supernovae such as SN1987A
were as frequent as typical supernovae per unit cosmic volume, they would be detected
only 13-3/2 ~ 0.02 times as often in a magnitude limited sample. If metallicity is indeed
important then this factor will be further reduced since within the local group (to the Milky
Way) the population of metal-poor galaxies is low54. The answer to this can come only
from a better understanding of what makes the presupernova choose between blue and red
solutions.

In conclusion it seems that a combination of factors caused the presupernova star to

be blue, with low metallicity playing an important, but only partial role.
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III. THE EXPLOSION

On the night of February 23 1987, the outcome of the rapid collapse of the central
regions of Sk -69° 202 was visible for all those viewing the 30 Doradus region of the
LMC. However, the processes which allowed the progenitor to transmute from an unstable
blue supergiant to a supernova explosion are less clear. I shall elucidate general collapse
characteristics until nuclear densities and then argue how Sk -69° 202 may have become

SN 1987A: how did rapid implosion become rapid explosion?

III.1 GENERAL COLLAPSE FEATURES

The explosion of Sk -69° 202 is understood to arise from the collapse of the central
iron core to nuclear densities. The subsequent core bounce produces a shock wave of
sufficient energy to eject the outer layers of the star and cause it to become a supernova.

The salient feature allowing the core to collapse to very high densities is the low
entropy involved. Sk -69° 202 is subject to the convective stability criterion: entropy must
be either constant or increase radially outward from the core. Throughout its evolution the
core of Sk -69° 202 can be pictured as digging itself into an 'entropy hole'.

The entropy, S, is given by S = In W, where W is the available number of states.
By the start of carbon burning, the radiation of photons reduces the entropy, measured in
units of k (Boltzmann's constant), to approximately 3 (from an initial value at stellar
coalescence of 15)!1 . However, from this time on, the entropy evolution is determined by
the far more bountiful neutrino losses. Following silicon burning, these are 105 times the
losses from photons!!.

By the onset of core infall, nucleon entropy is less than 1.5 per particle. Given this
low entropy, nucleons remain bound in nuclei: drip-neutrons carry an entropy of 5t0 10

per particlei9, Electrons, the major source of core pressure, are already highly degenerate
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(S~1). Altogether, there is an astoundingly high order in the system. This order persists
throughout the collapse. Thus, the partial disintegration of nuclei into alpha particles (I1.2)
before the onset of collapse is reversed at higher densities as the alpha particles go back into
nuclei.

For 100 years before collapse, the progenitor's entropy losses are dominated by
neutrino emission. However, once collapse densities reach 1011 g/cm3 (see §B.2), matter
becomes opaque to neutrinos: the diffusion time for neutrinos (of all types) is of the order
of 0.1-10 s and thus much longer than collapse times, about 10-3 s. Consequently
neutrinos are trapped.

By the time trapping density is reached, the efficacy of neutrino-electron scattering
(the dominant neutrino interaction) equilibrates the neutrino energy distribution. In
addition, weak interaction rates are sufficiently fast that matter is essentially in equilibrium
and thus little entropy is generated (Fig. 5). As a result, the nature of the implosion is, to a
good approximation, adiabatic.

Computations indicate that, for collapse densities 1011-1014 g/cm3, nucleons
associate in large globules, see Fig. 3. The formation of such very heavy excited nuclear

states, having large heat capacities, led to a 'relatively' cool (1010 K) imploding core.

Figure 3. Free energy
of a Wigner-Seitz cell
versus mass number for
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Klapdoi, H.Y., OSpriger Yeisg, Beilin stable one 35,
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Calculations imply that the thermal pressure of hot nucleons is small and,
consequently, the collapse pressure is dominated by contributions from degencrate
relativistic electrons. At initial collapse densities, 1010-101! g/cm3, the equation of state can
be taken as that of non-interacting Boltzmann particles. However, this approximation
breaks down at higher densities when nucleon-nucleon and nucleon-nucleus interactions
become imporsant. Nuclei can no longer be treated as point particles. Thus, the Boltzmann
gas equation has to be replaced by a microscopic model accounting for the Fermi pressure
of degenerate nucleons.

Contemporary calculations utilize a series of hydrodynamic codes to simulate the
high density equation of state. Nuclear interactions are modelled in a variety of ways: the
temperature dependent Hartree-Fock (e.g.56); the Fermi gas model (c.g.26); and the liquid-
drop heavy-nucleus with neutron-drip description (e.2.23). These simulations give

.snerally concurrent results. However, nucleon-nucleon forces are only weakly
constrained by experimental data (£50%, see review2?). Thus, models lose reliability with
increasing density. As will be seen later (Fig. 9), the outcomes of numerical simulations of

collapse are very sensitive to the properties of the equation of state above nuclear densities.

IIL.2 COLLAPSE TO SUBNUCLEAR DENSITIES

Once the Chandrasekhar mass core is destabilised by electron capture and
photodisintegration [§I1.1()], it collapses until the density of the star exceeds that of an
atomic nucleus. In 1 second, the configuration, about the size of the Moon, collapses to
one with a radius of about 20 km. The velocity during the collapse reaches about 70,000
km/s in the outer portion of the iron core42. However, because of the weaker gravity
experienced by the layers further out and because the information that the core had
collapsed propagates outward as a sound wave of finite speed, the neon, carbon and helium

shells (as well as the hydrogen envelope) do not participate in the coliapse.

18



The demarcation point for these outer layers is the radius at which the infall velocity
is equal to the speed of sound - known as the sonic point, see Fig. 4. At this location in the
co-ordinate system of the infalling matter, sound waves remain stationary: they have the
same velocity as that of the infalling material. Thus, & disturbance inside the homologous

core has no influence beyond the sonic point.

o
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Figure 4. 57 For r<4x106 cm, the
infall velocity is approximately
proportional to distance r from the
centre; this is the homologous core. The
0% = matter in the core beyond the sonic
point (shown as a dotted line) is
infalling faster than the local sound
] speed. Outside the silicon shell the
: infall is once again subsonic .

e |nfall VeloCily
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The infall continues adiabatically until nuclear densities are reached; nuclei then
dissolve into a homogeneous fluid of free protons and neutrons. The most striking feature
of simulatiohs is the rapid increase of pressure with density as degenerate nucleon
interactions in a Fermi fluid become dominant. Above 1.5 pg, where p,, is the nuclear
density (2.3x1014 g/em3), nucleon pressure exceeds clectron pressure. The nucleon
pressure at such densities, is commonly derived using the compressibility, K, of nuclear
matter (as extrapolated from the energy of the 'breathing mode’ of heavy nuclei!9). For an
adiabatic collapse the total pressure, P is given by,

p=a®T, (IIL1)
Po

where constant, A«K at nuclear densities, and I' is the polytropic index.
For densities up to that of nuclear matter, the pressure is determined almost

completely by relativistic, degencrate electrons, and so infalling material has a polytropic
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index, I, slightly less than the 4/3 expected for degenerate electrons (the decrease coming
chiefly from electron capture’8 prior to neutrino trapping).
In order to gain a simple physical picture for the reversal of the collapse, I shall

employ the hydrodynamic equation of motion for a non-magnetic spherically symmetric

system:
dr 1dP m(r
S -_Sﬁrz : (I11.2)

where d2r/dt2 is the deceleration upon the mass element in question; G is the gravitational
constant; and m(r) is the mass interior to radius, r. For the motion of an individual element
of infalling material, whose density will satisfy, p = Pi(ri/r)3, where Pj and r; correspond
to values at the onset of collapse, the acceleration on any mass element within the
homologously collapsing core, is given by,
@ _mos [ ] an

Until nuclear densities are reached, I'=I";, and the acceleration is of the order G
m(r)/r2. However once nuclei are converted to nucleons (at supranuclear densities), I
rapidly increases (see Fig. 5), and the exponent changes sign: the second term becomes
large and the acceleration oppositely directed. The effect of this massive core deceleration is
almost as if the infalling matter were striking a 'brick wall".

so-
- Figure 8. Adiabatic
.45 indices as a function of
density (at lhe appropriate
entropy) . The graph
145 shows the mpld increase
r of I" above 1014 g cma”3,
1.35
1.30
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IT1.3 SHOCK FORMATION

At the core in the heart of the star infalling matter is stopped. Titg. howa'o., 8 PR
instantaneous owing to the compressibility cf nuclear matter. Thuas momentum <.cxies the
central core to a maximum 'scrunch’ density, pg=3-4p¢ 1961, After maximum 'scrunch’,
the core of nuclear matter rebounds. Further oscillations of the core are critically damped by
the radiation of pressure waves into the surrounding materigi?€.

As these pressure waves propagate outward, they sk s, partdy because the local
speed of sound, v, decreases (Goldreich-Weber theoryS2 gives, v = Tpl/ 6, where Cis a
constant); and partly because they move upstream against a flow of infalling matter that gets
steadily faster (Fig. 4). Meanwhile more material falls onto the hard central sphere, so
generating further pressure waves which collect at the sonic point building up pressure.
This fluctuation in pressure slows the material flowing through the sonic point and creates a
discontinuity in velocity. Such a discontinuity is known as a shock wave. Thus shock
formation occurs near the sonic point (20-25 km), that is, near the edge of the homologous
core (Fig. 4), rather than at the centre of the star.

Unlike the prescure waves that generate it, the shock wave is not pinned to the
sonic point by infalling matter, rather its progress is dependent upon its energy. So initially
it is a stationary accretion shock. It only begins propagating outward (in spatial co-
ordinates) when 0.1-0.2 Mo 25, has fallen through onto the core, adding kinetic energy
and thereby raising the shock velocity above that of the infall.

From energy conservation, the energy put into the shock can be estimatedS! as,

E,hock ~ Minock(Emax = Emin) - AEv ; (11.4)
where M, is the mass enclosed by the shock when it first forms; where E .z Mgnock
and E,;, Mypock are the total energy of the mass, at maximum core compression and

maximum core rarefaction; and where AEy is the neutrino energy radiated out of Mgnock
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between compression and rarefaction [small due to trapping of neutrinos (§B.2)].
Simulations give the initial shock energy as
Eghock™ 4-7x10°1 ergs, (111.5)

the exact value being dependent upon the 'softness’ of the nuclear equation of state25: the
higher the density that the core achieves before bounce, the greater the initial shock
energy53.

Until the outward propagation of the shock wave the main characteristics of the Sk -
690 202 explosion are agreed upon, but the synopsis from this stage on is highly

controversial.

II1.4 THE PROMPT SHOCK WAVE

In the simplest scenario, the shock wave continues outwards through the star.
Beyond a certain radius, the bifurcation point, all the stellar material is blown off; the matter
interior to this point condenses to form a neutron star. This is known as the prompt
hydrodynamic explosion. However, in most models of the explosion, energy losses cause
the shock to stall before it leaves the iron core and is thus insufficient to remove the stellar
envelope (see Fig. 6)54.

The problem is one of energy dissipation by disintegration, E gisinognica- This is a
measure of how much energy the shock must expend to disintegrate iron-like nuclei to free
neutrons and protons as it propagates through the outer core. This is given by,

Mcore  Mshock
Es =17 - x1051 ergs, (I11.6)
disintegretion ( - ) g

where it has been assumed that the average binding energy of nucleons to nuclei is 8.7
MeV per nucleon (disintegration takes place primarily on iron group nuclei). The actual
amount of energy that the shock expends in disintegrating nuclei is less than this because

nuclei are not completely dissociated either at the outer edge of Mick, Where the shock
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wave has not yet acquired its maximum energy, or at the outer edge of the core Mcore,

where the post-shock temperatures fall too low to disintegrate nuclei.
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Pigure 6.

Schematic cross section
of Sk -69°202 when the
shock wave stalls aftexr
core bounce.

Since models of the shock wave always start in the same region (0.1-0.2 Mo
outside the homologous inner core), its success or failure is contingent upon the mass
between the onset of the shock wave, and the bifurcation point. From observed supernova
remnants, this point is the edge of the iron core: the mass of the neutron star remnant in the
centre is taken to correspond to the theoretical rearranged mass of the iron core which was
in place before implosion. Taking typical values of the mass of the homologous core, 0.7-
0.9 Mo [$I1.1(ii)], conservation of shock wave energy [using (TIL.5) and (II1.6)] requires
model iron cores not larger than about 1.3 Mo . This piciure is incomplete, however,
because once the shock wave has passed the neutrinosphere, neutrinos which previously

support the shock wave, remove further energy [2-3x105! ergs ($111.6)] from the shock.



The most recent calculationt® gives a maximum iron core mass (Mcore) of 1.1 Mo for a
successful prompt shock.

It is generally agreed that such an iron core mass is too small; the reasons are
twofold. If the neutrinos detected from SN 1987A are taken to herald the birth of a neutron
star, then iron core masses of about 1.4 Mo [$§IV.4(ii)] are required. Moreover, models of
stellar evolution indicate iron core masses of 1.1 Mo to correspond to main sequence
progenitors of masses between 13 and 15 Mo 6. This is at variance with observations of
Sk -69° 202 ($1D).

If the prompt explosion fails, does Sk -69° 202 disappear inside its event horizon
and form a black hole? This raight be an exciting event, but it would most likely be dim
and not a supernova. To refute this catastrophe, the evolution of the central energy rich core
must be considered. In particular, it contains a large fraction of electrons.

After core bounce, the temperature of the core is high enough [40-50 MeV (§B.3)]
that electrons are captured by nuclei and protons [neutronisation (I1.2)]. The resulting
neutrinos diffuse out (§B.4). As electrons are captured, the pressure in the inner core
decreases and the inner core contracts; the outer core, between 0.8 Mo and the
neutrinosphere follow. Neutronisation releases about 2-4x105! ergs as neutrinos until
about 300 ms after core bounce: the time for the proto-neutron star to reach hydrostatic
equilibrium. This is followed by a release of 1-5x1053 ergs in thermal neutrinos 0.1-10 s
after core bounce (§B.4). For several decades, it has beea realised that the coupling of even
a small fraction of this flux to the comparatively loosely bound mantle (~1051 ergs) would

produce a vigorous explosion.

II1.5 THE DELAYED EXPLOSION MECHANISM

When the outgoing shock wave stalls (as it does in most calculations), it lies

external to the neutrinosphere - even so, some escaping neutrinos deposit energy as they
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are scattered by electrons and captured by neutrons and protons. Here I shall describe the
ways in which a stalled shock may be revived by neutrino heating.

The disintegration of nuclei, so costly to the prompt shock, actually contributes to
the shock wave in another way: the process produces free protons which in turn capture
electrons. Although the neutrinos emitted in this process and those emitted by the cooling
core are only trapped until the shock front expands beyond the neutrinosphere (2-6 ms)57,
the coupling of a small percentage of this neutrino flux is sufficient to revitalisc the shock.
Because of its longer time scale, this mechanism has come to be known as the "delayed
explosion mechanism”

Momentum deposition by outgoing neutrinos can only be effective in driving the
shock wave if the luminosity exceeds the critical "Eddington neutrino luminosity"”, the
value at which the outward force due to neutrino momentum deposition equals the inward

force of gravity. Assuming spherical symmetry, the force of neutrino pressure, F,p, of the

emitted radiation which acts on the material is

c
Fop =2, (IL7)
where the flux is f =L/4nR2, and Gy, the neutrino scattering cross-section. The attractive
gravitational force is,

F=GMA(:§+'1‘Q~G¥QEE, (IIL3)

assuming that the opacity in the overlying mantle is dominated by coherent scattering of

heavy nuclei with an average atomic mass, A (meg is the mass of an electron, and my the
proton mass). Equating (1I.7) and (111.8), a critical value for the luminosity of the source
is obtained; this is known as the Eddington neutrino luminosity,

Ly = SMdrcAmy (IIL9)

Gy

For coherent scattering,
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1 Ey \2 .
Ty =g o (ﬁ) A? [1'% +(4sin2 By-1) ZA- ]2 ’ (111.10)

where 6,=3.5x1044 cm?/MeV, where Z is the mass number, and 8y, is the Weinberg angle
with a measured value$8 of 0.230+0.019°. For Z~26, A~56, then

X
Ly~ —-_—E——_—Z ergs/s. (If.11)
10 MeV

To consider the effectiveness of such a mechanism the timescale for neutrino release
must be considered. The flux comprises two distinct phases of high neutrino luminosity:
there is a burst of neutrinos as the shock breaks out (2-6 ms) of the neutrinosphereS?; this
is followed by the flux of neutrinos diffusing from the proto-neutron star [(0.1-10 s
(§B.4)]. I shall first consider the effect of the initial phase of neutrino emission.

The energy lost in this burst of electron neutrinos is 1.2 x105! ergs. But since the
burst duration is a few milliseconds, the peak luminosity is enormous, Ly, ~ 5x1053 ergs/s
70, Although its short duration means that it will be insufficien. .o support the Eddington
neutrino luminosity (I.11) (and hence the shock wave) for long, a fraction of this erergy
preheats the iron nuclei in front of the shock front. If sufficient energy is deposited by the
neutrinos, then the material ahead of the shock will ‘pre-dissociate’ before the shock
arrives. Thus 'prompt’ preheating by neutrinos would be a net energy saver for the shock.

The importance of this mechanism is difficult to establish due to its sensitive energy
dependence [see (III.11)]. Detailed calculations$? show that, if Eyy=15 Me?', then the

disintegration energy, Ep~1.4 x105! ergs, whereas if Eyy=10 MeV then Ep~0 ergs.
Analysis of the neutrino burst spectrum indicates E $=3-5 MeV [8IV.4(ii)]7!. Although
not enough to overcome the losses due to photodisintegration incurred by the prompt
shock, its effects must be considered.

In the second phase the binding energy of the proto-neutron star is released [some
2-9x1053 ergs (§B.3 & Fig. 9). Although this represents an energy release ~100 times that
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of the earlier phase, its long timescale [0.1-10 s (§B.4)] means that the Eddington neutrino
luminosity (II1.11) is not provided.

For both phases of neutrino emission, such heating is insufficient to drive an
explosion, but it can have supported the shock. It must be noted that when the prompt
shock wave stalls, it is in radius, not in the mass coordinate: outer core layers continue to
fall through the shock. So, material behind the shock may become dominated by radiation
pressure, if its temperature is maintained by the neutrino flux. When the specific internal

energy of this material exceeds the gravitational energy,

al*_ GM
3 R’

expansion occurs2. So accretion through the shock can reverse into a neutrino driven

(II1.12)

wind, the supernova.

In one recent calculation? a hot bubble of material, formed at between 5x108cm
and 2x108 cm, with T=0.5 MeV, and p=105 g/cm3 is sufficient to maintain the pressure
behind the shock and thus to remove the envelope. Other computations indicate that this
pressure gradient is sufficienttolead toa micro-convective?? instability with the convective
regions encompassing the neutrinosphere. This increases the flux by mixing dense
clectron-rich matter into less dense regions from which the neutrinos freely stream. It
seems that the temperature of the neutrinosphere, upon which the long term mechanism
strongly depends, is increased by up to 50% by this convectior™, To date only one full
hydrodynamic calculation has managed to provide a successful delayed explosion.
Unfortunately the uniqueness of the model?? is not known: as the calculation is very
involved™. The checking of this computation by other groupy, is of the utmost importance.

The effects of rotation on the explosion must be considered [see also §V.4(ii)}. For
instance a combination of rotation and nuclear burning in the mantle could provide the
energy requirements for a successful detonation. ¥ so, supernova remnants displaying a

pronounced anisotropy, ¢.g. N132D in the Large Magellanic Cloud’s, might occur.
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Unfortunately, the initial angular momentum distribution and its coupling to stellar material
is very poorly understood. Preliminary calculations agree 7677 that rotation leads to a lower
density at core bounce and so to a less energetic shock wave, but this is partially
compensated by higher temperatures (from enhanced convection) which lead to more

material undergoing explosive nucleosynthesis.

Despite using similar input physics, many computer simulations of the explosion
have given widely conflicting results. On closer inspection this is hardly surprising, when
one appreciates the apparent fine tuning of the event. From observations we know that
nearly all the binding energy of the newly born neutron star was radiated as neutrinos
(>1093 ergs). The kinetic energy of the ejecta (~1051 ergs) and the energy in the
electromagnetic radiation (~1049 ergs) were merely small fractions of the energy inventory.
In replicating the explosion, it is the consistent modelling of these small corrections from
which we derive our understanding.

Delayed explosions are certainly favoured if the iron core mass exceeds 1.3 Mo -
the neutrino signal indicates about 1.4 Mo [§IV.4(ii)]. Though the simulations of delayed
explosions tend to result in less kinetic energy (< 1051 ergs) than prompt ones (>105l
ergs). Current estimates (¢.g.78:44) of the explosion energy, based upon light curve and
velocity, are in the range 0.6-1.5x10°1 ergs, for an envelope mass of 9-11 Mo . The
debate is not resolved. Models are, however, far from complete. They have yet to properly

incorporate the effects of general relativity, rotation, and departures from spherical

symmetry.

It was hoped that SN 1987A would resolve the controversy over the explosive
mechanism of massive stars. Unfortunately, most of the observable properties of SN
1987A, e.g., velocity, spectra and light curve, are not sufficiently sensitive to suggest how
the star explodes, but register only the fact that about 1051 ergs is somehow deposited in

28



the central regions of the star. This must be kept in mind when the neutrino events from SN

1987A are interpreted.
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IV. THE NEUTRINO BURST

SN 1987A continues to reveal interesting phenomena and will be scrutinized for
many years throughout the electromagnetic spectrum. However, the most exciting and
unique aspect of the explosion will remain the detection of neutrinos. This signalled not
only the collapse of the supernova's iron core, but also heralded the birth of neutrino
astronomy.

Neutrino bursts were recorded in four detectors in the Northern Hemisphere. These
pulses arrived on February 23.12(UT) and February 23.32(UT). Photographs taken at
February 23.44(UT)79, show an object in the position of Sk -69° 202 in the Large
Magellanic Cloud (LMC) to have brightened since the previous night by at least 8 mag to
mag 6.4 (naked-eye brightness). The probability that a strong burst of neutrinos would
have arrived coincidentally - within 4:5 hours - with the electromagnetic signal which had a
travel time of 1.4x10% hours (1.6x105 years) is vanishingly small. The neutrinos must have
been emitted from the exploding star.

Neutrino signals were detected at Baskan (Soviet Union)89, Irvine-Michigan-
Brookhaven=IMB (USA)8!, Kamiokande (Japan)®2, and MontBlanc (Italy)$3. The latter
two detectors were originally constructed to search for proton decay, but were also well
instrumented for detecting neutrinos. The former detectors were constructed for detecting
neutrinos from the centre of our Galaxy.

Also in operation on February 23, 1987, was the well known 37Cl experiment at
Homestake mine (U.S.A.). It saw one count for the period February 15th to March 18t -
consistent with its normal background counting rate34. The experimenters thus find that
there is no evidence for a positive effect due to neutrinos from SN 1987A. However, its
lack of observation yields interesting null constraints for the interpretation of the events

seen in the other detectors [§ IV.4(i)].
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Table 1. Detector propertiesS>
DETECTOR JACTIVE DETECTION | BACKGROUND ERROR | EFFICIENCY
MASS |THRESHOLD]PULSE IN see §B.5
TIMING
(tons) jMeV e s £
IMB 6800 20 3.5X10°6 +0.05 0.1-0.7
Kamiokande 2140 8.3 0.022 60 0.15-0.9
Baskan 200 10 0.033 +54 0.6
Mont Blanc 90 53 0.01 +0.002 0.5-1.0

IV.1 NEUTRINO DETECTION

The various experiments differ in their volume of detector fluid, threshold energies,
efficiencies, and in their method of neutrino detection - see Table 1. However, all the
detectors utilized the relatively large cross section [~('-='M—:’\—§)210'43 cm?2]86 for electron
antineutrino( ¥¢) capture on free protons,

Ve +p-->n+et (Iv.1)
n+p->2Hy +y. (Iv.2)

With a smaller interaction cross section (<%10'44 cm?2)86 neutrinos of all types, i,
scatter on the electrons of the water molecules:

V;+e -->€ + 0 (Iv.3)
wherei=e, 1, 0r 1.

The positrons (IV.1) and clectrons (IV.3) created by these processes acquire a
significant fraction of the energy of the neutrinos, and are thus highly relativistic. In water,
howiever, light itself travels at 3/4 ¢ (water’s refractive index is 4/3). The positrons and
electrons thus propagate faster than light, create 'shocks', and radiate so-called Cerenkov
radiation. It was this Cerenkov radiation that was detected by photomultipliers surrounding
the tanks of water in the neutrino observatories and which, in conjunction with analyses of

the probability (that what was seen was a chance event or not), coastituted the evidence that
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neutrinos from the LMC supernova had been detected. The intensity of each pulse of
Cerenkov radiation measured the energy of the positron (IV.1) / electron (IV.3), and thus
the neutrino producing the interaction.

In reaction (IV.1), the protons form neutrons (mass, myp) and positrons (mass,

-1?833&9). So the release of positrons has an isotropic angular distribution. This means that

capture of electron antineutrinos by free protons in the scintillator, results in the
simultaneous emission of isotropic Cerenkov radiation, with an isotropic angular
distribution, from positrons. The subsequent reaction (IV.2) also produces photons
(delayed coincidence - within 170 us), these have an energy of 2.2 MeV and were
detectable only in the Mont Blanc apparatus®.

On the other hand, the Cerenkov radiation from electron scattering (IV.3) is not
isotropic. Because electrons are light and loosely bound in a molecule, the exit angle of
scattered electrons is smaller87 than [18.3°(l‘lhg—°v-)]1’2. Thus, cones of photons which are
directed away from the LMC, subtending less than about 400, might have been the

signature of electron scattering. As noted, such events may arise from any kind of neutrino.
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Table 2. The events ascertained to be from SN 1987A88,

EXPERIMENT! TIME! (UT) ENERG?"I ANGLE WITH RESPECT
(23rd February) (MeV) TO THE LMC (q%
Mont Blanc 2h52m36s.79 6.2+0.9 -
40s.65 5.8£0.9 -
415.01 7.8%1.2 -
425.70 7.0£1.1 -
43s.80 6.811.0 -
Baskan 2h52m34s.57 10.0+£4.0 -
7h36m11s.82 12.0£2.4 -
12s.52 18.0£3.6 -
13s.53 23.3+4.7 -
19s.51 17.0£3.4 -
20s.92 20.1+4.0 -
Kamiokande 2h52md0s 11.412.8 1521
7h35m35s.00 20.0£2.9 18418
35s.11 13.54£3.2 40127
35s5.30 7.5+£2.0 108132
35s.32 9.2+2.7 70+30
35s.51 12.8+2.9 135423
36s.54 35.418.0 32416
36s.73 21.04.2 30+18
365.92 19.8+3.2 38122
44s.22 8.612.7 122430
45543 13.0+2.6 49426
47544 8.9+1.9 91439
IMB 7Th35m41s.37 4117 80x10
41s.79 377 44115
42s.02 2846 56120
425.52 3917 65120
42594 3619 33%15
443.06 3616 52410
46s.38 1945 42420
46596 2245 104120

iErrors are 10, except the Mont Blanc which are 20.

JEror in time is given in Table 1.

KAssumes all events due to Ve +p-->n+et.

¥The Mont Blanc89 and IMBSevents have been revised since the original reports.
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IV.2 ANALYSIS OF THE NEUTRINO DATA

The majority of published opinion accepts the Japanese and American results,
distrusts the Italian results and ignores the Soviet results. In order to test the validity of
such claims, I wish to first discuss the events (see Table 2) recorded at each detector.

If the events are caused by neutrino radiation, then several necessary but by no
means sufficient conditions must be satisfied: (a) the interaction points should lie inside the
detector and be uniformly distributed throughout the target mass; (b) the angular
distribution of ionizing particles should be isotropic when measuring the inverse B decay
(IV.1); (c) when measuring elastic neutrino scattering by electrons, the angular distribution
of the ionization particles should be anisotropic, with a strong peak along the incident
direction of the neutrino. If the events recorded by several detectors are caused by the same
neutrino burst, the following additional constraints come in to play: (d) the events should
be simultaneous within the limit of pulses in a group; (e) the signal should be proportional
to both the detector mass and the detection efficiency of the appropriate neutrino interaction;
(f) the energy spectra of the pulses should be identical when normalized with respect to the
detector efficiency; (g) the angular distribution of the pulses should be similar among
detectors that register the same type of interaction.

Do the recorded events satisfy the criteria a-c? The data from all four detectors
satisfy or at least do not contradict conditions a-c - within the limits of detector
capability38.90.91.61, Only the obviously anisotropic angular distribution in the IMB
detections, [which are simultaneously too broad for reaction (IV.3)], are problematic
[§IV.2(i1)].

I shall now proceed to analyse the response of the set of detectors to the two
observed bursts (conditions d-f). Although only one set of neutrinos was expected from the

coilapse of a massive star (§IV.3), it should be noted that in principal a two-stage collapse
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emitting two bursts is possible (§IV.5). So, I shall treat the events at 2:52 UT and 7:36 UT

as arising from two se>arate times of neutrino emission.
IV.2(i) Neutrinos around 2:52 UT?

First, I shall consider the events near 2:52 UT. The only strong detection was
apparent in the Mont Blanc apparatus. A burst of 5 neutrinos was found. For a particular
background pulse rate, m (Table 1), the probability of finding a given number of events, k,

within in a given time interval, t, is 8
(mt)"
NK(m,p) = Z m e (Iv.4)

Then the background rate, for the experiment to find 5 positrons in a 10 s interval, is once
every 11 months. So, one might have expected strong signals in the other detectors.

Kamiokande had a mass of 2140 tons, compared to the 90 tons of the Mont Blanc
detector; however, all of the Mont Blanc events were below the detection threshold (8.3
MeV) of the larger instrument. To check their results, the experimenters at Mont Blanc
recalibrated their apparatus and found that the recorded energies were in error by less than
15% (20). This allows only ihe 7.8 MeV detection to be relevant to Kamiokande. Soitis
not surprising that Kamiokande recorded only one neutrino above background (0.022s°1)
during this period.

Because of the low energy of the detections no events would be expected in the
Baskan and IMB detectors. No events were found in the IMB detector - its threshold
energy of ~20 MeV (Table 1) is well above the average energy, 7.5 MeV, apparent from
the Kamiokande and Mont Blanc measurements at this epoch. The single event found in the
Baskan detector [mass=200 tons, threshold energy 10 MeV (Table 1)] is only nontrivial in
conjunction with the other detections: it has a background of 0.033 s-1. The Mont Blanc
and Baskan data lack angular resolution so altogether, the events at 2:52 UT do not

contradict any of the conditions d-f.
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IV.2(ii) Gravity waves?

According to current understanding, any asymmetry in the collapse of 2 massive
star must be accompanied by gravitational radiation. When the data’2 from the gravitational
wave detector in Rome were juxtaposed with events recorded by the Mont Blanc detector,
the analysis revealed an approximately sixfold increase, with respect to the background
noise, at 2h52m33s.440.5 UT. This preceded by 1.4+0.5 s the first of the Mont Blanc
events. The background imitation frequency of such events is once every 2 hours.
However, no such effect was noted at this time by a similar sensitivity detector at Maryland
(U.S.A)%3. In addition, the magnitude of this effect implies more than 1053 ergs (a binding
energy equivalent of 100 Mo ) to have been emitted in gravitational waves from the LMC.,
Furthermore , it must be noted that collapse models allow gravitational radiation to remove
less than 1% of the binding energy for reasonable theoretical core collapses. I shall

ignore this event.
IV.Z(iii) Neutrinos around 7:36 UT?

This time, two of the detections were significant: in Kamiokande, 11 pulses were
found over 13 s; and in IMB, 8 pulses were found over 6s. However, in order for the
events to be coincident, it is necessary to shift the timing of the Kamiokande detector
forward by 6.4s. The £ 1 min uncertainty in its timing makes this possible. According to
the equation (IV 4), the rate at which pulses akin to those observed in Kamiokande can
arise from statistical fluctuations is of order one every 7x107 years. The statistical
significance of the IMB detection is even higher. However, these figures are rather
optimistic since the working-span of the detectors was only 2 and 4 years, respectively.

In addition to the pulses in the larger detectors, the Baskan apparatus registered 5
events. These data must be shifted by 25.2 s for temporal coherence - this is possible

within the uncertainty in timing. However, the coincidence with IMB and Kamiokande is
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usually taken to be trivial: such an event has an imitation frequency of once every 42
minutes [by (IV.4)]. The Mont Blanc apparatus also found events near this time, but only
two. The chance of such a replication due to background was once every 8.3 minutes [by
(IV.4)]. Furthermore, these events did not comply with the timing of the pulse from the
highly significant IMB detection; it is therefore regarded as background. I thus find that the
events do not contradict condition (d) - within the scope of the discussed caveats.

On the basis of Kamiokande’s higher sensitivity (Table 1), and higher count rate, I
shall consider how many events, k would have been expected in the other detectors:

11
% Mixi(Ep
k= ng ka; Ok av.5)

where My and x are the mass and efficency of the Kamiokande detector; E; is the encrgy

(in MeV) of the eleven events in the Kamiokande detector; i=2,3,4 refer to the Baskan,
IMB, and Mont Blanc detectors respectively (the efficiencies of the detectors are given in
§B.S. The results are 0.6, 2.3, and 0.65 respectively for Baskan, IMB, and Mont Blanc -
the probabilities8 of recording the observed pulses are 0.001, 0.01, and 0.3. The
experimental data thus seem inconsistent with the magnitude of the Kamiokande effect, and
condition (e).

In order to test the energy spectra [condition ()] for the Kamiokande and IMB
events, it is necessary to know something about the source: to describe the expected
spectrum of the electron antineutrinos. The shape is dictated by the physics of the
explosion, and so is affected by the radiative aspects of the production and transport of the
neutrinos (discussed §IV.3). Regardless of which energy spectrum, the Kamiokande or the
IMB, is taken as the starting point, several studies have shown that their spectra only
overlap on their 95% confidence levels {Table 4 [§TV.4(i1)]}. Accordingly, condition (f) is
poorly satisfied.
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Even now, there remains debate as to the angular distribution of the Kamiokande
and IMB events. As discussed (§IV.1), kinematics dictates that the captures on free protons
should produce an isotropic distribution, as opposed to the highly peaked Cherenkov ring
recorded from scattering events. One school of thought has even postulated a new particle
to explain the structure of the signals: neutral XO particles, having masses <20 MeV. These
scatter off nuclei to produce the observed photon distribution. But the evidence for, or

against, such exotica is scanty93.

Figure 7. Angular Deflection of Neutrinos
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Many authors (e.g. %) interpret the forward peaked angles and high energies of the
first two Kamiokande events as being due to scattering’. However, there is no strong
statistical basis for this assumption (see Fig. 7). Furthermore, this would imply that
observations do not fit within known neutrino interactions: there is an ~100 times (§1V.1)
greater chance of detecting electron antineutrino absorption (IV.1) than any scattering
reaction (IV.3). Unfortunately, whether any of these events is a scattering event, cannot be

definitively determined from the sparse data.
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The IMB data are clearly not fit by an isotropic distribution. This, however, cannot
be due te scattering: the events subtend too great an angle to the LMC; and, at the high
energies observed in this detector the cross section for scattering reactions (IV.3) is about
250 times (§IV.1) smaller than that for absorption reactions (IV.1). Recently, it has been
recognised that for neutrino absorption (i), this detector yields an ~140.2cosO distribution,
not isotropic?8. The observed distribution is then ~8% probable, so it is not too (<20)
unlikely. However, the alternative of some new physics cannot be trivially excluded. In

conclusion, condition (g) is barely satisfied.

Regardless of any assumptions about the neutrino source, the following
conclusions can be made:

(o) The events near 2:52 UT do not contradict the detection of neutrinos.

(B) Taken separately, the effects near 7:36 UT in the Baskan, Kamiokande,
and IMB detectors do not contradict the registration of a neutrino
source, but the consistency of these effects is poor.

It must be emphasized that these conclusions are subject to the uncertainties of small
number statistics.

In order to discuss how these neutrino events fit into the current understanding of
the core collapse of massive stars, it is first necessary deive into the theoretical prejudices

of this standard model.

IV.3 THE STANDARD MODEL

In order to understand whether the neutrino observations fit into the emission
expected from a type II core collapse supernova, it is necessary to discuss the standard
model. This scenario is based upon detailed numerical models and analytical arguments

constructed over the last two decades (§III). Here, I wish to address specifically the
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expected neutrino signature (Table 3). It may be broken up phenomenologically, into three

distinct stages.

Table 3. Sketch of neutrino's timetable for emission

EVENTS E(1051 elgf) At(s) | SPECIES
Collapse 0.5-1.5 0.01-0.1 Ve
(infall)

Prompt burst 2-4 0.002-0.3 Vo

*Couling and
neutronisation 200-400 0.1-10 all

*Inside. degenerate 30-80 MeV ve (§B.3) ----> Qutside, ~10-30 MeV (All species)
< E"M > ~20-30 MeV
<Eype > ~10-15 MeV

(a) As discussed [$II.1(ii)], the core of a massive star is destabilized primarily by
electron capture. The rate of electron capture, and thus the release of electron neutrinos
increases rapidly from 108 g/cm3 to 10!! g/cm3, when neutrinos become trapped (§B.2).
Because the star is ‘transparent’ to neutrinos until such densities are reached, some of these
neutrinos escape as the core implodes. The energy released is some 0.5-1.5 x105! ergs -
dependent upon the detils of the pre-supernova model!8, This flux represents at most 1%
of the total ¢nergy 3o be released in neutrinos by the supenova. However, because it
consists solely of eleriron neutrinos it should have a distinct signature. In fact, there has
been speculation!8 thas ine or two of the first 2 events recorded by Kamiokande were infall
electron neutrinos.

(b) As far as the neutrino luminosity was concerned, the next important stage was
shock breakout: the point at which the shock wave burst through the neutrinosphere. This
happens at a radius of 30-100 km and a ter. .perature 3-7 MeV. The neutrinos are released

copiously for two reasons. The first is that they are carried with the material in the shock



wave as it expands to below trapping densities (at which point they are released). The
second is that the shock wave dissociates the matter into free neutrons and protons; thus
electron capture rates are boosted and nentrino emission is rapid (IIL6).

Over a period of ~300 ms, 2-4 x1051 ergs, comprising primarily electron neutrinos,
is released [though mostly at shock breakout (§101.5)]. At around 200 ms, pair neutrinos
from electron-positron annihilations,

etee> D, (V.6)
make their first appearance. These neutrinos are produced in the high temperature ambience
of the post-shock material.

(c) The remaining neutrino emission, after the early shock wave, is from the
cooling processes of the nascent neutron star. The energy released is governed by the
binding energy of the neutron star; and thus depends on its mass and the equation of state
for neutron star material. Observation of existing neutron stars (Fig. 9) suggests the release
of 1.5-3.5x1033 ergs.

The protoneutron star is very hot [30-80 MeV (§B.3)], so neutrino pairs of all
flavours are created (B.12). Thus, the binding energy of the neutron star is carried away by
neutrinos of all species - not just electron neutrinos from neutronisation. During this phase,
the proto-neutron star is opaque to neutrinos: there are ~10# mean free paths from the centre
to the neutrinosphere. So, neutrinos diffuse slowly from the vore (~0.1-10 s) to the
neutrinosphere (§B.4). The shape of the energy spectrum may be represented
approximately by a cooling black body with an average effective temperature.

For electron neutrinos the neutrinosphere energy is 10-15 MeV. However, since
mu and tau neutrinos only interact at these temperatures via the neutral rather than by the
charged current interaction (§B.3), their neutrinospheres are deeper in the core.
Consequently their average encrgies (20-30 MeV)%, are greater than those of the electren
neutrino pairs. It should also be noted that since neutrino interaction cross sections are

proportional to the square of the energy, the lower energy ones of a given type can escape
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from deeper in the star (§B.4). Thus, the mu and tau neutrinos have a higher average
energy, but since they are not synthesized in electron capture processes, their flux is
reduced. Detailed models for the emission (e.g.56) indeed find that there is an

approximately equal amount of energy carried away by the different neutrino species.

IV.4 HOW WELL DO OBSERVATIONS FIT THE
STANDARD MODEL?

I shall now give a detailed discussion of the pulse characteristics of each burst, and
consider its compliance with the standard model. Because of the small numbers of events
detected, I accord the greatest weight to integral characteristics: the total number of events;
the dependence of the total number of detected pulses on time; and the stellar ensergy carried

off in neutrinos.
IV.4(i) Events around 2:52 UT

From the experimental point of view, it has been shown that the detections
comprising the initial neutrino burst at around 2:52 UT are not contradictory. But can they
be interpreted within the standard model for a cooling proto-neutron star?

Depending upon the choice of nuclear equation of state (EOS), the expected total
neutrino energy is (Fig. 9),

Eiotal = 1-9 x1053 ergs. av.mn

The total thermal energy emitted in neutrinos by SN 1987A can be written as,

v)  JLydi=NyF4nD2r. (IV.8)

The number of free protons in the Mont Blanc experiment®3was 8.4x10%; if all the
neutrinos were due to neutrino absorption (IV.1), for which the cross section is 9.3x10-44
(E 9/MeV)2 cm?, then the integrated flux, Ft, was 6£3x1012(E Ho/MeV)2 ergs cm2, Fora
distance, D, to the LMC of 507 kpc 3, an average ewergy of 6.710.7 MeV, and an
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ar yroximate equipartition of energy between species of neutrino [Naj=6 (§IV.6(v)], the
total energy is Eqomal = 2.4£1.5 x1055 ergs. This implies an energy release comparable to
the entire rest mass of the Sanduleak star. To check the possibility of a large low energy
flux, the Kamiokande experimenters searched!?? for a large signal below the originally
determined threshold (8.3 MeV). When it was decreased to 5.6 MeV, the number of
candidate events observed over a 17 minute period around the Mont Blanc time was
13812, compared with an expected 127 background counts.

There is a further problem with such a large flux: the Homestake mine 37¢C1
2xperiment, having a threshold flux (F) of 2x1011 cm-2 85, would expect several 10's of
counts. The 37Cl neutrino detector in Homestake mine found no evidence for a positive
effect®,

In addition to its non compliance within the standard model, there exists a very
strong observational constraint upon the initial neutrino events: the early light curve is
consistent with calculations for a shock wave starting at the centre of a blue supergiant at

the time of the second neutrino burst - but not at the Mont Blanc time (§ V.1)
1V.4(ii) Events around 7:36 Ut

At around 7:36 UT neutrino events were recorded in all four detectors. However,
the Baskan and Mont Blanc detections do not synchronise with the statistically far more
significant Kamiokande and iMB events. So, as previously argued [§IV.2(iD)], only the
Kamiokande and IMB pulses are considered.

It is curious that after a 7.3 s gap in the Kamiokande data, neutrinos of rather high
energy are observed. Monte Carlo simulations of the neutrino signal have been performed
(e.g.101); they find that the situation of having a g=p of seven seconds duration, with at
least three neutrinos following the gap, occurs about 5% of the time. Some authors
(e.g.1%2) consider this gap to be physical and they argue that for rapid rotation the core

collapse can leave two protoneutron stars which coalesce. This scenario yields two bursts
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of neutrino radiation several seconds apart. However, it must be noted that the late ™MB
events partially fill this gap, see Fig. 8. When the statistical significance of the combined

data is tested, the agreement between the detectors becomes significant (0.93)102,

Figure 8. Neutrinos from Kamiokande and IMB
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Is it possible to gain any information about the neutrino source from the combined
IMB and Kamiokande energy spectra? It certainly seems as if the neutrino source is
cooling: almost all the events are concentrated in the first few seconds; and the late-time
events are all lower in energy. In addition, the shorter duration of the IMB signal (5.58 5)
with respect to the Kamiokande signal (12.44 s) also suggests that the source is cooling
since, for a given decay in temperature, an even more rapid decay in the high energy tail of
a thermal spectrum (or near thermal spectrum) is expected. The low energy threshold of the
Kamiokande detector [8.3 MeV (Table 1)] makes it much more sensitive to this tail than the
IMB detector with its higher threshold [20 MeV (Table 1)]). Hence, the IMB signal would
be expected to turn ~{f sooner, as it did.

Schematically, this cooling scenario is in accordance with the standard model: a

decaying flux and temperature as the proto-neutron star shrinks from an initial radius of



~100 km to one of ~20 km [IV.3(a)-(b)] followed by a longer cooling flux [IV.3(c)].
Unfortunately, there is no conclusive evidence for even one scattering reaction. So, the
validity of the standard model fluxes, IV.3(a) and (b) cannot be proven.

In accordance with IV.3(c), the neutrino events can be fitto a black body spectrum,
though the distribution of the electron antineutrino energies are more narrowly concentrated
around the peak energy than for a blackbody spectrum. This weak consistency of the
experiments, has been confirmed many times (see Table 4). Because of the complexities of
neutrino production and transport, full hydrodynamical calculations of the spectral and
temporal evolution of the neutrino flux from a cooling proto-neutron star remain to be
done.

Table 4. Comparison of the temperatures and energies
thought to represent the neutrino burst from SN 1987A.

e
MODELS
REFERENCE 101 103 104 ™ 152 105
_——L
TEMPERAT URE | Kamiokande " o
in MeV 2.8:0.4 12.9t39 [2.7:0.1 |2.8+5¢ [2.740.7 |2.80£0.4
IMB "
4.241.0 14.5£0.7 |4.2:0.3 |4.5¢]3 ]4.5:0.7 ]4.1:1.1
ENERGY Kamiokande
x10%2 ergs 6.3+42 Y6.3:8) l7.3s3.0] 65250 [7.5¢ 00 6.9+39
IMB
45624 134508 Lase2.0 |54 3.2l [ase™d

An average of the literature models (Table 4) yields that the effective temperature of
the neutrinos was,
T MB = 4.3%5 MeV
THK =284 MeV. (Iv.9)
Combining these gives,

THe = 3.5%33 MeV. ' (IV.10)

And the energy released in electron neutrinos was,
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Epwetal IMB = 3 9+718 1052 ergs

E@.oulK = 6,845 x1052 ergs. (IvV.11)
Thus, the total energy liberated bv SN 1987A in electron antineutrinos was,

Edeot = 5.4+$3x1052 ergs. (IV.12)
If this energy was divided equally between six species of neutrinos, then the total neutrino
energy liberated by SN 1987A was,

Eqytot =3.2%75 x1053 ergs. (IV.13)
Such a torrent of neutrino energy corresponds to the binding energy of a 1.4 Mo

neutron star, see Fig. 9.

Figure 9. Cold neutron star
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Best fits for such neutron star models give, 1.4-1.6 Mo (best fit stiff EOS), or
1.3-1.5 Mo (best fit soft EOS), depending upon the choice of the equation of state(EOS)
for neutron star materialé!. Masses have been determined for several pulsars!®? which are
in binary systems. The best known values are for the system PSR 1913+16, thought to
consist of two neutron stars, one a pulsar, with masses 1.444 Mo and 1.384 Mo . There
is no observational evidence for any pulsar possessing a mass greater than 1.5 Mo 197,

Furthermore, the electron antineutrino luminosity:

L%, = (Tn/4)0T 4R B2 , (1v.14)
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where Op is the Stefan-Boltzmann constant and 7/4 corrects for spin and Fermi siatistics32,
can be used [from (IV.12) in ~13 5)] and gives the radius of the cooling neutrinosphere for

electron antineutrinos as, R9, = 192% km. This radius is near those quoted for neutron

stars, and near nothing else.

So, it seems as if the neutrinos intercepted by the Kamiokande and IMB detectors
had just the properties expected from a standard model core collapse. They have
triumphantly confirmed the schematic picture of core collapse, though the data are not
sufficient to discriminate between various EOS (Fig. 9) or to validate specific detailed

models (§IV.3).

IV.5 BIZARRE POSSIBILITIES

Offsetting the apparent triumph of the neutrinos detected by Kamiokande and IMB,
the puzzle of the events recorded at the Mont Blanc detector remains. The signals from
Kamiokande and IMB were so significant that there is no doubt they saw the supernova.
Could there have been 2 signals?

Many theorists have attempted to find a way of answering this in the affirmative.
There are 2 principle difficulties.

(a) The early light curve is consistent with a shock wave starting at the centre of a
blue supergiant at the time of the second neutrino burst, but not at the Mont Blanc time
(§V.1). So what was the star doing 4.7 hours before it collapsed? Stellar models indicate
that it was burning silicon. Its neutrino luminosity would have been immense by
conventional standards, about 5x1045 ergs/s (for comparison, Lyo ~ 8x1031 ergs/s)!08 but
far less than the 1054 ergs/s implied by the Mont Blanc detection.

(b) From the experimental point of view, it has been shown [§IV.2(i)] that the Mont
Blanc and Kamiokande events around 2:52 UT are not contradictory. However, these

measurements signify an energy release of around 1055 ergs [8IV.4(i)]: they cannot be
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explained in terms of the binding energy released from a proto-neutron star, < 9x1053 ergs

(Fig. 9).

A number of somewhat speculative scenarios have been developed in order to
explain the 4.7 hour delay in the neutrino pulses.

(i) A phase transition to a super-dense statel®.

(i) Fragmentation of the progenitor on collapse!19,

(iii) The oscillation of a newly formed black hole!!".

1V.5(i) Phase Transition

In the first of these, the initial neutrino burst arises from the collapse of the
precursor to a neutron star. The problem of the va: . i:zergy implied by the initial burst is
avoided by assuming the stellar core to be rapidly rotating in which case, the
neutrinosphere would become anisotropic. If viewed pole-on the observed neutrino flux
might be many times that observed for a spherically symmetric neutrinosphere, see
[§V.4(i)(c)]. The subsequent neutrino event was then caused by the transition of a neutron
star into a super-dense state: a pion-condensed star!12:199, a quark star!12,109, or a black
hole!10,

It is argued that, during neutrino cooling of the proto-neutron star, a certain critical
temperature is reached at which the matter undergoes a drastic rearrangement and new
microscopic degrees of freedom are excited. If this phase transition is strong enough, the
neutron star becomes unstable and collapses to an ultradense state (pion condensate and/or
quark matter). The stability of this newly formed ultradense state is uncertain, and collapse
to a black hole may ensue. In all cases, in excess of 105! ergs are released. The present

uncertainties in the equation of state for strongly interacting matter leave these possibilities

open.
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IV.5(ii) Fragmentation on collapse

The second collapse scenaric ::ggests that at the onset of infall, the rotation of the
prozenitor caused fragmentation into two pieces; one ligh~ 71-3 Mo ) and the other heavy
(~18 Mg ). The massive comnonent then collapses to form a bi 1le giving fise to the
first burst. Although this would occur on a Jynamical scale (10 ms), the cToss -2 tor fou
neutrino interactions is proportional to the square of the energy; hence the large deasity due
to infalling matter makes the escape of high energy neutrinos very difficult. This might
concur with the low energy spectrum observed in the isnaal pulse.

The second burst occurs when, eventually, the lighter fragment coalesces onto the
black hole. The time delay results from the gravitational braking as the light component
falls onto the black hole with the accompanying emission of gravitational waves

[8IV.2(i)).

IV.5(iii) Black hole

The third scheme for the detonation postulates a failed explosion and invokes the
accretion of matter onto the central remnant to lead to the formation of a black hole. Recent
papers 113 have shown that if the collapsed mass is higher than the limiting neutron star
mass, then static solutions do not exist - the only viable solution is a dynamical oscillatory
solution. Figuratively, a black hole turns into a white hole in going through a physical
singularity (compression is replaced by expansion). Therefore, any gravitational self-
closing, the occurrence of a gravitational grave for matter and energy, does not occur.

Quantum theory implies that such a body oscillates, emitting gravity waves as well
as particles and radiation. The release of energy into the high density environment is
invoked to cause not only the explosion of the envelope of Sk -69° 202, 4.7 hours after
initial collapse, but also the neutrinos recorded in all four detectors. If sufficient mass is

ejected, the oscillating black hole may transform into a neutron starl1l,
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Apart from the lack of existence of precise quantitative models for any of these
hypotheses, there are four other major problems:

(a) The standard model predictions, for elemental abundances produced in
explosive nucleosynthesis as the early shock wave passes through the ejecta, have been
fitted by observation(§V.5).

(b) A preliminary model”” suggests that a rotating core collapse only reaches
densities of ~4x1013 g/cm3. In order to produce a shock wave strong enough to eject the
stellar envelope it is necessary for the core to collapse to above nuclear densities (>3x10!4
g/cm3 - §11.2)

(c) The large energy release implied by the Mont Blanc pulse is not overcome.

(d) Black hole formation is a dynamical event (~10 ms) - a burst of neutrinos over
ten seconds would be unlikely. More likely would be the quick truncation of the emission

within (at most) a few seconds!14.

The whole story will have its epilogue when the supernova shell becomes
transparent and further obsarvations of the pulsar are possible. In conclusion, it seems
possible, though not straightforward, to invent an astrophysical scenario to explain the 2
neutrino bursts. It is also obvious, however, that the easiest explanation is to dismiss the
first pulse as unfortunate background events, and assume that the second pulse signalled

the formation of the neutron star.
1IV.6 NEUTRINO PROPERTIES

SN 1987A has proved to be an amazing neutrino laboratory. In addition to the
lessons in supernova physics, it has placed many limits on the neutrino that are more
restrictive than current laboratory limits. Table 5 compares the properties of neutrinos that
were obtained from a standard model SN 1987A withi those from other observations. Many

authors have drawn far reaching conclusions based on the angular distribution and time
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dependence of the neutrino events. However, 1 give the greatest weight to integral
characteristics: the total number of events; and the dependence of the total number of

detected pulses on time.

Table 5. Neutrino properties

PROPERTY OTHER EXPERIMENTS [SN 1987A
LUIFETIME
T, in sec Solar neutrinos
where = Ev/Mu > 5x102 (115) > 2x10'8
MASS model dependent
in eV/c? Tritium B decay expts < 16
<18 (116) < 33 (limit)
ELECTRIC CHARGE
ql/e 10-13 (115) < 10°15
MAGNETIC MOMENT
M us White dwarf cooling rates | model dependent
< 1oM (115) < 10°13 . 1015
< 1011 (limit!15)
NUMBEROF
NEUTRINO FLAVORS | LEP Collider <7

I1V.6.(i) Neutrino Mass

Relativity implies the photon rest mass to be zero, but no equivalent restrictions
cxist for the mass of neutrinos. If they have a finite mass, then ihe most energetic ones will
z-rive first. But, because the neutrinos diffused (t=0.1-10 s (§B.4)] from the core, they
~were not emitted at the same time. So, the duration of the burst must be used to estimate the

upper bound rest mass. The %, rest mass, m %, can be found simply from,

2cAt 0.
0% =Ede(C0) av.15)



where At is the timescale over which the neutrinos were emitted; D is the distance to SN
1987A; the average energy is given by E%,; and c represents the speed of light.
Simplistically, if the entire 13 second spread of the Kamiokande events were due to this
effect, then, m ¥ <30eV. Alternatively, comprehensive statistical treatments based upon
Monte Carlo simulations have been made. These models!16.118 account for the detectors'
efficiency at different energies, the uncertainties in the measured energies, and the neutrino
interaction cross sections for hot dense matter. By maximizing the joint likelihood function
for all the Kamiokande and IMB events, they conclude that the upper limit on the mass of
the 9. is,

mue<16 eV (20). (IV.16)

Neither of these limits ascribes to neutrinos sufficient mass to close the Universe?2.

IV.6(ii) Neutrino lifetime

The notion of an unstable neutrino was proposed in 1972 as a solution to the solar
neutrino problem!19, Because the %.'s from SN 1987A made it over 50 kpc, they must

have a lifetime T ¥ such that,

YT > 1.6 X109 yr, av.a7n
where ¥ is the relativistic fector (Y =E 9¢/M ¥e). To decay requires that m$¢>0. Since ¥ for
neutrinos from the Sun is ~0.1 of y's from SN1987A (assuming m¥.=mve), neutrino
decay caniiot be a solution to the solar neutrieo problem.

However, there is a loophoi in this argument. If, the 9. is a combination of two
mass eigenstates, then the heavier state might decay and the lighter state could be stable.
The non-detection12, of coincident ‘Y rays, from decays in the Earth’s atmosphere, ¥ --> x
+ v, implies that fewer than 1 in 1010 of the supernova’s %, could have decayed producing
a ‘Y ray. This is widely perceived to rule out!2! neutrino decay as an explanation of the solar

neutrino problem.
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1V.6(iii) Magnetic moment

An anomalous magnetic moment (>10-10 up) has been suggested as an explanation
for the suppressed count rate in the solar neutrino experiment!22, If the SN 1987A
neutrinos had a non-zero magnetic moment, then their interactions with the electric and
magnetic fields present in the coliapse could have influenced the observed pulse structure.
Several refined but model-dependent arguments have been developed which restrict the
magnetic moment to <10713 t010-15 pp (e.g.123). However, there is a general consensus
that the observed neutrino signai would have been very different if the magnetic moment
were >10-11 1. In future neutrino detections from stellar collapses, a finite magnetic
moment, might be a very good diagnostic of collapse characteristics - e.g., electron

density, electric, énd magnetic fields.
IV.6(iv) Neutrino charge

If the value of neutrino charge is non zero, then different neutrinos of different
energies will have different paths in the galactic and intergalactic magnetic fields. Higher
energy ¥.'s will move along a straighter path and therefore arrive at Earth before lower
energy %.'s - even for massless %.’s. The absolute value of any charge (independent of
mass) mus: e $10-15¢, where e is the electron charge, otherwise the burst would have
been sprzad sy more then 13 s on its 160,000 yr flight to the Earth!24, This limit is

substaztially smaller than the limit, q9e210-13 ¢ obtained from solar neutrinos!2S.
IV.6(v) Neutrino flavours

In principle, the total energy carried off by all the species of neutrinos cannot
exceed the binding energy of the neutron star remnant. Thus, the number of neutrino

flavours may be derived using the luminosity ¢f the detected electron antineutrinos. This
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argument relies on the appropriate partition126 of energy between all flavours of neutrino:

the more flavours, the smaller the yield per flavour. So from equation (iv),

Nfjavour < ——max binding _9x10% (IV.18)

Emin observed(De) 54X 105%

is obtained; where Nfiavour, is the number of neutrino flavours. Substituting 5.4x1052 ergs
(IV.12) and 9x1033 ergs (Fig. 9) in (IV.18) gives Nfiavour <12. The accepted limit127,
using 3.5x1053 ergs as an upper limit to the binding energy, is Ny < 7. This is less
restrictive than limits obtained from Big Bang nucleosynthesis and from laboratory

measurements.
1V.6(vi) Special relativity

Special relativity requires that the limiting velocity for all forms of radiation is the
same: independent of the source velocity. With a generous estimate of 10 hr for the
uncertainty of the coincidence in arrival times between the first photons and the first burst
of neutrinos; the speed of photons and of neutrinos cannot differ by more than 1 part in 108
- the speed of light itself128 is known to 1 part in 1010,

However, if the source velocity is considered then a much stronger constraint may
be obtained. From the inferred 4. :cmperature, ~3.5 MeV (IV.10), the core nucleons must
have had a thermal velocity of about 0.1c. In order that the neutrino pulse was sufficiently
independent of its source to arrive within the observed 13 s, special relativity is found!? to
be correct to better than 1 part in 1011, This is, by a factor of 100, the most precise test of

special relativity to date.
IV.6(vii) The weak equivalence principle

The gravitational field of our Galaxy causes about a 5 month time delay!30 in the
transit time of photons from SN 1987A. The observation of a neutrino burst within a few

hours of the associated photon burst from SN 1987A demonstrates that both radiations
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follow the same trajectories in the gravitational field of our Galaxy. A range of paths of
different gravitational potentials has been found from the galactic rotation curve!3!. These
indicate that photons and neutrinos move along the same trajectories to an accuracy of better
than 0.2% 132, The accuracy of this test, unfortunately, depends on the poorly known
mass distribution in the outer parts of the Galaxy. In spite of this, the test is the first

verification of the weak equivalence principle for relativistic particles.
IV.6(viii) Other interactions

If the Kamiokande and IMB detections at 7:56 UT are taken to represent the
neutrinos from a proto-neutron star, then the neutrinos travelled ~50 kpc without apparent
attenuation. This means that any unknown reactions they might have undergone can be

constrained!?7,

Ounknown <10°23. (Iv.18).

Majorons and axions, proposed light particles, might have carried off the bulk of the
supernova's binding energy - they did not. This limits any interactions neutrinos may have
outside the standard Weinberg-Salam model. In particular, an axion mass of 10302 eV is
excluded(e.g.133). SN 1987A has also tightly constrained many other hypothesised

particles encumbent in weak!34, and supersymmetry!33 interactions.

1V.7 CONCLUSION

There are many lessons from the history of science which tell us that a lack of
theoretical understanding can lead to a misjudgment of observational data. With this in
mind, the observed Kamiokande and IMB neutrinos do seem to suggest that the basic ideas
are essentially correct: massive stars do collapse, emitting most of their gravitational
binding energy in the form of thermal neutrinos. The data thus verify the basic tenets of
stellar core collapse theory developed over the last 20 years.
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SN 1987A has allowed model-independent estimates of upper limits on the 'clccm:é
antineutrino rest mass, which are equivalent to the best limits from terrestrial experiments.
Similarly, good upper limits on the neutrino charge and magnetic dipole moment have been
derived. Furthermore, the properties and existence of a zoo of hypothetical particles,
inaccessibie to laboratory experiments, can be constrained. SN 1987A has provided the
best test to date of special relativity and the weak principle of equivalence. However, a
collapse not fifty but five kiloparsecs away in our own Galaxy, promises to incite a
revolution in the physics of both supernovae and neutrinos. A factor of ten decrease in
distance leads to a factor of one hundred increase in the integrated signal. What could not

be learned about supernova physics and fundamental physics with one thousand events?

IV.8 THE FUTURE?

Neutrino detectors now hold the possibility for use as early warning devices for
astronomers observing in the electromagnetic spectrum. The scientific community has been
educated by SN 1987A in the simple steps: upgrade phototubes, expand data buffers,
reduce dead times, maintain accurate clocks, coordinate and link the international detectors
to ensure that at least one is on-line at all times. For example, at IMB the analysis of a
thousand neutrino events now iakes only a few minutes. Global transmission of such
information would allow an international, multi-pronged approach to measurements of the

transition from collapsing star to supernova.

Table 6. Sample future detector event totals [from the Galactic centre (8.5 kpc)]136

DETECTOR TOTAL# | INFALL V,s |PROMPT Vgg | Vm's
Super Kamiokande 4770 4 4 210
Kamiokande 318 0.4 0.4 14
Homestake 5.7 0.15 0.15 -
ICARUS 169 3.6 3.6 2.5
Sudbury Neutrino 1179 4.1 4.1 500
Observatory
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The future looks good for supernova neutrino detection. Arornd the world, many
large mass detectors are being built or planned. Table 6 depicts the predicted number of
events from a collapse at the galactic centre in proposed or extant neutrino telescopes. Since
these detectors are designed for multipurpose use, it can also be expected that solar
neutrinos, ultra-high energy neutrinos, WIMPS, monopoles, massive neutrinos, photinos,
etc, will (if they exist) be observable. It is expected that neutrino detectors will play a
crucial role in the development of astrophysics and cosmology.

The thousands of events expected should not only revolutionise our ideas about
neutrinos and core collapse, but also give us the direction of the event. For example, Super
Kamiokande would give some 200 elastic scattering (direction indicating §IV.1) events -
this is enough to point direction with a 20 accuracy!37. For a supernova in our galactic
centre, the direction will be vital: the event will probably be invisible to other detectors. The
rate of stellar collapse in the galactic core is once every 12 to 20 years!38. Do we have the

patience to wait?
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V. THE AFTERMATH

In this chapter, I will discuss the sequence of events from SN 1987A with a higher
time resolution. When, on February 24.23 UT Ian Shelton, University of Toronto, Las
Campanas station, communicated to the astronomical community the possibility of a new
supernova in the Large Magellanic Cloud, astronomers in the Southern Hemisphere
immediately began to search for recent photographs of the region - to determine exactly
when Sk -699 202 had started to brighten. Serendipitously, on February 23.44 UT, Ron
McNaught, of Siding Spring observatory had photographed™ the supernova at a visual
magnitude,V of 6.4; only 3.4 hours earlier it had been observed” by Shelton at a visual
magnitude greater than 12.1. It transpired that McNaught's photograph was taken only 3.2
hours after the detection of the neutrino burst by Kamiokande, IMB, and Baskan (§IV). A
second crucial observation!3® was made. Alan Jones (Nelson, New Zealand), who easily
discovered the supernova visually on Feb 24.37 UT with a finder telescope, did no: notice
the object with the same instrument on Feb 23.39 UT suggesting that the supernova was
fainter than V=7.5 at this time. These early data points have proved invaluable in
constraining models of the early evolution of SN 1987A. The chronology of the early

events is given in table 7.

Table 7. The carly chronology of SN 1987A

DATE UT 1987 [REF EVENT
January 24 140 Opgervations of the field of Sk -69° 202 were identical o V=14.5
February 22 140 Opgervations of the field of Sk -69° 202 were identical to V=14.5

Febmary 23.101 140 M> 121
23.124 (8TV) Mont Blanc and Kamiokande neutrino events
23316 (8IV) Kamiokande, IMB, and Baskan neutrino events
23390 |13%9M>75
23444 |79 v=63610.1
23621 |79 v=6.1110.1
24122 79 v= 5.0%0.1 (Shelton's discovery photograph)
24313 79 v=477:01
44 IAUC. announcing the discovery of the Supemova
248 Major instruments became trained upon SN 1987A, eg. IUE
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V.l EARLY CONSTRAINTS

The first day of SN 1987A was thus characterized by a rapid rise in its optical
brightness, although the optical detection of a typical type II supernovae was not expected
until several days after the neutrino detection.

The increass in lwnirosity is expected to occur when the shock wave produced by

the core bounce (§1I1.4) reaches the outermost regions of the star, that is, when,

t~2o, (v.1)

Vo

: . . 2Eg \0-3 e
where v, is the envelope expansion velocity, vo~ (Menv) . So, the rise time 1s,

R

(Menv

Sk -69° 202 was a B3Ia supergiant and therefore had a radius, Ro of some 3x1012 cm

vV.2)

(§1I). For a shock wave energy, Eo~1051 ergs (§I1.5), and Menv~10 Mo (8IIL.5), an
outbreak time of 2.6 hours is obtained - this concurs with McNaught's detection 3.2 hours
(and Jones's son-deteciion 30 inutes) after the fiducial neutrino time. The reason for SN
1987A's unusually fast rise in luminosity was its compactness: the shock wave had to
travel ~40-50 Ro (§1I) as compared to the ~1000 Ro typical for type II supernovae of 20
Mo .

The early obscryations may also be used to constrain the neutrino detections. A full
hydrodynamical simulation!4! finds the time of shock outbreak to be, Feb 23.1610.024;
this excludes the Mont Blanc time of Feb 23.124 though, if Jones' non-detection is
ignored, then the small variation in the early data points is insufficient to eliminate the Mont
Blanc time. However, if the Baskan time is taken to be real, the emcrgent shock wave
would be expected to give velocities and effective temperatures 273 those observed from SN

1987A.
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Further evidence for the compact rature of Sk -69° 202 came from observations
made in South Africal42 and Chile!43 on February 25 which showed broad absorption
features of the Balmer series extending up to 3x104 km/s (0.1 c). The presence of
hydrogen made SN 1987A a Type II supernova, but the very high velocity (typically
1.5x10% kn/s for Type II) indicated that it was distinct from most members of its class.
The easiest explanation for such velocities is that the progenitor of SN 1987A was more
compact than those of previously observed Type II supernovae.

At the same time another effect of the compact progenitor star became apparent.
Since the velocity of the ejecta was twice that of normal supernovae, much of the ejecta's
energy was consumed in expansion - rather than released as radiation as it wouid be in a

more typical red supergiant explosion. The early luminosity can be approximated by,

L ~ Etheral (V.3)
Tdiffusion
If the envelope expands adiabatically then,
_EoRo

Ethermal(t) 2R() (V.4)

The diffusion time scale (Thompson) can be written as,
3k
Tdiffusion ~ ——— Mﬁﬂ! ' (v.3)

4rc
The opacity, k, is dominated by electron scattering (from the hydrogen envelope ionised by

the shock wave) and is thus 0.4 cm? g-1. Combining (V.4), (V.5), and (V.3) gives,

_ 2rcEgRo
3xMeny

This gives a somewhat lower (3x1040 ergs/s) than the observed value [(6x104! ergs/s (Fig.

L (V.6)

10)] because it neglects the steep density profile in the outer envelope which leads to the

outermost layers becoming highly relativisticl44.



The early luminosity was less than a tenth that of other type II supernovae at a
similar age. This is not wholly unexpected: for a red supergiant explosion, all the
parameters in equation (V.6) would be the same, except the initial radias, Ro, which would

be about 20 times that inferred for Sk -690 202.
V.1(i) The ultraviolet flash

The electromagnetic display commenced when the shock wave from the <ollapse of
the iron core broke through the hydrogen envelope. If, the supernova is approximated as an
homologously expanding sphere of uniform density with internal encrgy uniformly

distributed throughout, then the velocity of the gas is given by

163 ~ e Vor v.7)
the radius of the outer surface is R(t)~vot, and t is the time elapsed since the explosion. The
radiation temperature immediately after the passage of the shock wave can be obtained if an
equipartition between the radiant and kinetic energy is assumed42: (4/3)nRo3aTo%~Eo,

where a is the radiation constant, then rearranging gives

0.25
To~ (—2E2-) ™~ ~3x108K. :
o~ Grm? \Z)

Although this was not directly observed, the ionisation stages seen by IUE in the
circumstellar envelope constrain the temperature!4S at shock break out to be 4-8x105 K.
This is in good agreement with hydrodynamical models which yield 2-8x10°K (e.g.1?).
Continuing this approximation for opaque regions of the supernova, the interior
temperature varies ac T(t)e<R(t)"], then,

RoTo(‘—‘,_f;‘,’”)0'5 |

T(t) ~ .

(vV.9)

So even without any consideration of the energy that has been radiated away, the interior of

the supernova should become relatively cool within a few months.
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The first accurate photometric measurements!46 taken 35 hours after core collapse
showed the temperature to have already dropped to 1.5x10* K. This dramatic decrease
continued as the long diffusion time scale of the envelope meant that most of the internal
energy was used in expansion. So the nearly adiabatic expansion of SN 1987A led to a fast
decrease in the effective temperature and a fast increase in the radius. The rapid decrease in
the effective temperature and the photospheric velocity led to extremely rapid spectral
evolution.

A prompt radio burst also accompanied the epoch of shock break out.This emission
reached a maximum (0.12 Jy) in only a few days before it faded with a similar timescale to
become undetectable after 50 days. The rise time (months to years) and the luminosity were
very much less (~103) than for other well-studied type II supernovae, such as SN 1979C
(950 days at 1.4 GHz) or SN 1980K(190 days at 1.4 GHz)¥. Polarization measuyrements
indicated that the physical process of the radio emission in SN 1987A and in these other
much brighter radio supernovae appears to be the same: synchrotron radiation from the

interaction of the ejecta with the surrounding circumstellar medium!47.

V.1(ii) The distance to SN 1987A

This can be found by using a distance dependent spectroscopic angular radius (the

Baade method):

g5 = rRe, (V.10)

where v is the velocity of matter at the photosphere, t is the time since explosion, and D is
the distance. Ordinarily, the time of explosicn is not known, but is derived simultaneously
with the distance by considering several observation times. For SN 1987A, however, the
explosion time is known with considerable accuracy from the neutrino observations. Since
the carly photometric observations of SN 1987A can be fitted to blackbody curves

extremely welll48, the spectroscopic angular size3 can be derived. This can then be
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compared with the size deduced from measurements of the velocity of the photosphere
(using early line profiles) and a distance to SN 1987A derived. The method yields 55+5
kpc; the accepicd value of the distance to the Large Magellanic cloud is 50+7 kpc 3
Extending this model, several groups have developed model atmospheres for SN
1987A. These have given 496 kpc 149, 4314 kpc 10, and 48+4 kpe 151, Combining such
estimates may in future provide a distance to supernovac that is independent of the many

steps on the extragalactic distance ladder.

V.2 TO THE PEAK
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As the evolution proceeded, one of the major tasks for astronomers, was the
measurement of the bolomsetric light curve. This is the energy radiated at infrared, optical,
and ultraviolet wavelengths (M to U wavelength bands) as a function of time. The early
light curve (Fig. 10) was produced by the release of the radiation field established in the
outer layers of the star by the shock wave. Once the temperature had fallen to about 7000
K, the hydroger in the envelope ionised by the initial shock wave began to slowly
recombine in an inward propagating wave. This process liberated energy. However, the

dramatic upturn in the light curve resulted from a change in the opacity of the envelope.
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Previously domirated by scattering from free electrons, the recombination of these
electrons togeth=: with the decreasing density (from the rapid expansion) led to a large
increase in the envzlope's optical depth.

Assuming adialiis cooling the observed recombination time may be illustrated by
rearranging equation (*/.%':

0.5
RoTo("E™)
- (V.11)

For typical values, e.g., To~5x105 K, T(t)~7000 K. This gives a time of 11 days in
reasonable agreement with the observed 7-9 days (Fig. 10).

This hydrogen recombination lasted until the wave encountered the helium mantle.
In principle, this epoch could be deduced from the spectroscopic history: when was the
slowest moving hydrogen observed? In practice this cannot be easily resolved since
different hydrogen lines originated from different photospheres. Most observers (e.g%9)
cite the Brackett hydrogen lines at 2.1x103 km/s as suggestive of the cessation of hydrogen
recombination, some 25 to 40 days after the explosion.

The energy released as a result of recombination of the envelope can be estimated.
For an envelope with an helium mass fraction, Y (typically 0.3)’8 and hydrogen mass
fraction, X=1-Y, this is,

Erec = 1.60x10-12 [13.6(1-Y)NA-24.58Y(N a/4)] ergs/g, (V.12)
= 5.4x1012 ergs/g,

where Ny is Avogadro's number, and the ionization energies for hydrogen and helium!53
have been used. For an hydrogen envelope of 10 Mo , then 1x1047 ergs will be released.

The average brightness due to volume recombination will be

7
l%.%f—y;gé ~ 6x1040 ergs/s, (V.13)

so the actual energy release due to recombination had only a small effect on the light curve.



As the wave continued propagating into the star, heavier elements were able to
recombine and so the opacity of the envelope continued to decline rapidly. Were there no
other source of energy besides the initial shock wave, the bolometric luminosity of SN
1987A should now have begun to decline: the energy release from recom nation and the
resultant decrease in the opacity of the helium mantle would be insufficie- - to sustain the
light curve. But it increased steadily and smoothly io0 reach maximum lur  osity 85 days
after core collapse. What powered this emission? There were two possibilities for the

energy source.

(2) Radioactivity from the decay of 36Ni produced in explosive
nucleosynthesis (suspected as the power source for the light curves of

previously observed type II supernovae).

(b) Energy from a central remnant, €.g. 2 pulsar.

Once the bolometric light curve had climbed to maximum, SN 1987A was no
longer under-luminous in comparison with other type II supernovae, €.8.SN 1967L4.
This seems to verify the expected similarity between its energy release upon core implosion
and that released by other type II supernovae. The key to SN 1987A's reduced early
luminosity was the compactness of its progenitor: a blue rather than a red supergiant.
Subsequently other supernovae have been discovered!54/re-cvaluated!S - to check if they
had not been missed because of selection effects. However, it does appear that these dim
events are uncommon relative to the more flamboyant red supergiant explosions: only a
small fraction of all presently evolving massive stars occur in galaxies where the metallicity
is sufficiently low to produce subluminous type II supernovae!36, So everything that is
learnt from the evolution of SN 1987A with regard to the products of nucleosynthesis and
the central remnant must be tempered by its unusual progenitor.
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V.2(i) Early Spectra

The spectrum from SN 1987A evolved very rapidly in the first few months, see
Fig. 12. The wavelength of the blueshifted Ha absorption line, which on Feb 25th
corresponded to a Doppler velocity v~1.7x10% kmys, shifted to the red and by April 17'h
corresponded to v~6x103 km/s. The fact that the velocity decreased does not imply that the
supernova was decelerating; rather, it implies that the Hot absorption line was formed in
progressively deeper, more slowly expanding layers of the envelope as the transparency of

the envelope increased.

Figure 11, Spectra of SN 1987A
during the first few months3
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As the recombination wave propagated inward, absorption lines of neutral Na and
singly ionized Ca, Fe, Ti, Sc, Br and Sr began to appear and strengthen (e.g. Fig. 12).
However, models of stellar evolution allow Ba and Sr to be mixed out only as far as the
helium layer in the atmospheres of most stars and indeed, (because of the opaque nature of

such a deep region) they normally show up only very weakly in the spectrum. These



elements are produced by the 's-process": iron nuclei are converted to heavier elements
through the slow addition of neutrons. Since the iron core is formed only in the last days of
stellar evolution, such an overabundance of these heavy elements suggests that there was

considerable mixing (§V.6) - either in the progenitor, or else in the supernova fireball itself.

Figure 12. The spectral evolution at optical
, wavelengths during the first month of SN 1987A 49.
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V.3 OVER THE HILL

After about day 85, SN 1987A released insufficient energy to maintain its
prodigious light curve. By day 125 a steady decline in the bolometric luminosity set in,
allowing astronomers to resolve the problem of the central energy source. The bolometric
light curve followed an exponential decline having a characteristic decay raie very close to
the laboratory value for the radioactive isotope 56Co (Fig. 13). Detailed models (e.g.!2)
find that this radioactive energy had actually been powering the light curve since about day
20. The early luminosity had increased until, at maximum, the escape and generation of

energy became the same. The timing of this 'bump' in the light curve was dictated by a



combination of the rate of release of radioactive energy and the increase in transparency of

the envelope due to recombination.
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From July 1987, the :.. .. - ase had a half life of 71-80 days, in good accord
with the 78.76 day labore ¢~ 7 Uk S6Ni decay by electron capture to 56Fe:
56Ni,g +€° > 56Coy+ Y+
B ey 27+ Y+ e
56Coqy +e > 56Feq. + 7 + Ve, V.14
21+ s s €y + Y + Ve (V.14)

The gamma-rays released by the decay of 56Co have energies 847 keV (100%), 1038 keV
(14%), 1238 keV (68%), 1772 keV (16%), and 2599 keV (17%)138,
The rate of energy released corresponds to the rate of decay, N with the decay Q

value. Since the rate of decay is

-N(®) = ANg exp(-At), (V.15)

the rate of energy release can be written as,

E(t) = QN(t) = QAN exp(-At), (V.16)
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where A=1r(2/1,p) is the decay rate of the nucleus. For 56Coyy the Q value is 3.695 MeV
(ignoring the contribution of neutrinos)!5%. The initial mass of radioactive nuclei, M can be
calculated: M=NoAmy, where N is the initial number of nuclei, mp the proton mass, and A
the atomic mass. If the contribution of 56Ni to the light curve is ignored (since Typ=7
days), then the total mass of 56Co, and hence the total mass of S56Ni, can be calculated by

rearranging equation (V.15) and substituting No=M/Amp:

AmgE()
M~ . V.17
Qcorcole¥co) V-1

From Figure 13., I calculate (§C) the original mass of 56Ni to be 0.076 Mo , in good

agreemen: with the accepted value of 0.075 Mo (¢.g.7).

How did such disjoint mechanisms as the release of trapped energy by a
recombination front, and the diffus:on of radioaciive energy, dovetail to produce such a
smooth evolution to maximum light? For this radioactive decay energy to affect the light
curve, the nickel, freshly synthesized by the shock wave at the base of the ejecta (§V.5),
must have somehow distributed itself throughout the envelope; or perhaps some portions of
the envelope became optically thin very quickly, allowing the effective photosphere to
include some material from deep regivz: =€ k2 supernova. These possibilities will be

addressed in §V 4.
V.3(i) Spectral Evolution

Invoking 0.075 Mo of 36N;i to explain the light curve led immediately to the
prediction that gamma-rays [from radioactive decay (V.13)] should become visible as the
optical depth of the expanding ejecta decreased. The expectation from preliminary models
was that gamma ray lines should turn up sometime in early 1988 with a 3 month waming
signal: a hard X-ray continuum of nuclear decay photons degraded by multiple scatterings.

However, in early August 1987 X-rays were recorded by the Mirl80 and Gingal6!

69



satellites. The very hard spectrum observed in both cases, peaking around 20 keV, was
consistent with scattered gamma-rays from 36Co decay. Prior to SN 1987A, only one
other young supernova, SN 1980K, had been discovered in X-rays; however, this
supernova gave little spectral information.

Under these circumstances gamma-rays should also have been detected earlier than
predicted. Once again observations overtook predictions. The Solar Maximum Mission!62
registered a small flux of gamma-rays in late August 1987. By the beginning of September
1987, a series of experiments, satellite and balloon borne, began to detect the characteristic
847 and 1238 keV lines tiiat accompany 36Co decay to 56Fe. These hard line emissions

have persisted to this day [§V.6(i1)].

As SN 1987A continued to expand, the spectrum evolved from that of a star
(continuum) to a nebula (discrete emission lines). This was demonstrated by the Kuiper
airborne telescope observations (e.g. see Fig. 14) in the infrared (where the optical depth
was greatest). During the fall of 1987 and the spring of 1988 these revealed a veritable zoo
of ions: Fel, Fell, Coll, N, Nil, Nill, Arll, CII, OII, Nell, Mgll, UIL KII, Call, Al
CO, SiO and a host of long wavelength hydrogen lines!63. The strengths of these lines
(except carbon and oxygen lines) kave been such that production by the progenitor can be
excluded. Such abundances must have arisen during explosive nucleosynthezis deep inside

the star (§V.5).

Figure 14. The infrared
spectrum taken in mid-April
(day 410), 1988 from the Kuiper
‘ Airborne Observatory 164,
Figuie 14 had been seinowid beoawde of the
unayvadabiity of eopyght.
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In addition, line profiles, particularly those of Ni, Co, Fe, and Ar showed velocities
of ~3000 kmy/s: twice as fast as could be expected without mixing. This is an indication that
macroscopic mixing has occurred (§V.4). Furthermore, the cobalt feature was particularly
interesting because the observed line strength agreed> with the abundance of radioactive
56Co ions expected to be present based upon the initial creation of 0.075 Mo of 56Ni that is

required to explain the light curve.

V.4 MIXING

Well-observed supernovae remnants, €.8. Cas A, show a clumpy, chemicaily
inhomogeneous structure throughout their ejecta. While there did exist theoretical
indications that this was due to instabilities of the propagating shock wave, such
observations were commonly taken to be a result of the ejecta’s expansion into an
inhomogeneous circumstellar medium. Models of supernova envelopes that were
constructed before SN 1987A, employed a separation of elements into concentric shells;
they comprised an outermost hydrogen envelope surrounding distinct layers composed
mainly of He, C, O, Si, and Fe, respectively (that is, an expanded version of Fig. 1). So
moedels upon which predictions of electromagnetic fluxes were based, relied on an isotropic
stratification of the internal composition in velocity space. However, there is much
evidence that suggests this has not been maintained and that large scale mixing has taken
place in the envelope of SN 1987A. This evidence includes the following:

(a) the smoothness of the bolometric light curve [§V.3()];

(b) the early appearance of x and gamma-rays [§V.30)k

(c) and the strengths of the spectral lines produced by heavy elements
observed at infrared and gamma ray wavelengths [§V.3(1)).

All of the above observational features appear to stem from the unexpected

distribution of the radioactive energy in the envelope of SN 1987A. This begs the question,

71



how did the radioactive elements synthesized (§V.5) deep in the star find their way out so
quickly? The mixing can be attributed to 3 processes: (i) the ejecta are asymmetric; (ii)
Rayleigh-Taylor nﬁxing occurred as the helium core moved into the low density hydrogen
envelope; and (iii) the formation of Nickel bubbles mixed the envelope. I shall consider

these mechanisms in turn.

V.4(i) Asymmetry
The spherical symmetry of the progenitor may have been broken in a number of ways:

/s> rotation of the progenitor may have mixed the helium core and mantle,
thus altering the density profile of the envelope with respect to a concentric
shell model;

(b) the progenitor's rotation may have led to enhanced oxygen burning
during the propagation of the early shock wave through the envelope
(§811.6);

(c) an asymmetry in the core collapse and bounce may have produced an

explosive asymmetry that was able to propagate to the eavelope.

That the ejecta are asvmmetric is certain. During the first fow mnnths several groups
measured the polsrisation in hoth continuum and line emissions of the envelope. From this
data several raodels (see’) found a ratio between the minor and major axes of the etivelope
of 1.140.1. By December 1989 this had increased to 1.410.1 inclined along an E-W axis
(Fig. 27).

Are the mechanisms (a) to {c) capable of producing the large scale asymmetry
observed? The propagation of the initial shock wave through an already mixed envelope
certainly enhances mixing. However, the magnitude of (a) is highly model dependent: fora

2% perturbation in the initial density composition of the ejecta, calculations find a 15-20%
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Mechanism (b) would increase the temperature of the mass outside the original iron core
(§11.6). This is expected to allow more explosive nucleosynthesis than for a non-rotating
explosion. The prediction from such a model is that less oxygen should be observed in the
supernova ejecta (for which there is some evidence)?’ but, unfortunately, abundance
determinations from line strengths are not as yet sufficiently accurate to prove or disprove
this scenario. In regard to mechanism (c), pulsars are known to have typical space
velacities of the order of 200 km/s. Since their progenitor population does not have such a
large velocity, the velocity would appear to be associated with the formation of a neutron
star!67. So it is plausible that the pulsars receive their velocities as a result of an asymmetry
in the initial explosion mechanism. At present, it is not possible to eliminate any of
scenarios (2)-(c).

Limits on the influence of rotation can be inferred frnm the neutrino burst (§IV).
For rapid rotation, the neutrinosphere of the proto-ne.1tron star is expected to suffer
considerable flattening; an observer will detect as much as a threefold!168 increase in the
neutrino flux if the neutron star is seen pole-on (because a greater surface area is viewed) -
as compared to an equatorial observation. Because of the reasonable agreement between the
observed and expected neutrino fluxes [$IV.4(ii)), the case of extreme differential rotation
seems unlikely though it is not possible to make quantitative statements within the confines
of the present neutrine models and the small number of events detected. The evidence
certainly indicates rotation has played a significant, though not dominant, role in the

cvolution of the ejecta.

V.4(ii) Clumping

As the shock wave propagated outward it encountered a number of different density
regions in the eavelope - in particular the increment in density between the hydrogen and

helium burning layers. Shock propagation through a sharp density gradient necessitates
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partial reflection (known as the reverse shock wave), which in turn leads to a density
inversion. Since March 1988, Cobalt line profiles have appeared as double peaks, this is
qualitatively consistent with the line splitting expected from the radioactive decay of atoms
which have been given different velocities by the shock wave!6%. Three-dimensional
models for simple polytropes 170,165,171 have shown that the development of a density
‘nversion in the <jecta leads to Rayleigh-Taylor instabilities which enable the formation of a
fragmented structure, see Fig. 15. Furthermors, the associated mixing between the core

and envelope materials produces a non-spherical distribution of elements.

Figure 15. Cross section of a
modell72 for the expanding
supernova ejecta. The Figure
shows density contours (5%
spacing) at 9814 s after the
explosion. The "mushroom head”
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So, if the heavy elements become localized in clumps, then a large fraction of the
high energy flux from their radioactive decay is able to escape through the hydrogen and
he{ium regions of the envelope without substantial absorption. This effectively reduces the
opacity. In addition, it should aid the 'bubble' mixing process [§V .4(iii)], by providing
paths of lower resistance for the expansion of the hot radioactive bubble that is modelled to

develop during the first fev: months of the explosion.
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Moreover, as the outer ejecta sweep up the circumstellar medium surrounding SN
1987A, this too will become Rayleigh-Taylor unstable and so fragmentation is likely in all
regions of the supernova envelope. The 'ragged' appearance of known supernova remnants
indicates that clumping is a common phenomenon, €.g., Cas A. It is thought that the time

dependence of gamma ray line profiles will provide the most explicit tust for clumping.
V.4(iii) Blowing bubbles

After the passage of the reverse shock [§V.4(ii)], the elements heavier than helium
are modelled!? to be moving at 1000-2000 km/s. Such a velocity corresponds to a kinetic
energy density of about 2x1016 ergs/g. However, this is less than the energy released by
the decay of 36Ni (3.0x1016 ergs/g) and of 56Co (6.4x1016 ergs/g). If all this radioactive
decay energy were deposited in an homologously expanding sphere and radiation transport
were neglected, then the edge of the expanding sphere would be moving at ~4500 km/s.
Taking the total energy available from the decay of 0.075 Mo of 56Ni to 36Fe and
subtracting the fraction that came out in the bolometric light curve after day 40 (when the
light no longer came from shock deposited energy), it has been estimated!? that 45% of
the radioactive energy did work expanding the core and thus did not appear in the light
curve. This argument leads to an upper bound to the velocity of the heavy clements of
3000-4000 kmy/s.

Since the velocity gradient in the region where radioactive isotopes form is only a
few hundred km/s, the decay of 55Ni and 56Co has dynamic consequences. The energy
released causes the coastituents of this region to reduce their density {expansion) faster than
ary of the surrounding layers. A density inversion then develops. This region of low
density is known as the nickel bubble and pushes material ahead in a dense shell.
Hydrodynamical calculations! 4165 show this situation to be Rayleigh-Taylor unstable and
indicate that 1::>bles of nickel-cobalt rich material penetrate the overlying layers and lead to

extensive mixing.
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The turn-on of gamma-rays and X-rays appears to mark the epoch when the first
nickel bubbles reached moderate optica! depth. Existing fragmentation [§V.4(ii)] provided
paths of lower resistance for the passage of bubbles, thereby enhancing existing clumps
and allowing the earlier escape of radioactive decay energy. From late August 1987 gamma
ray lines of 1238 keV and 847 keV [characteristic of 56Co decay (V.13)] were observed
[§V.3(i)]. These indicated velocities of up to 3000 km/s, sufficient for the material to have
overtaken the slower moving material at the base of the hydrogen envelope [~ 2100 km/s
(§V.2)]. It is unlikely that appreciable cobalt could be mixed so quickly into the envelope in

the star without the aid of a mechanism such as the nickel bubbles.

In order to satisfy the conditions described in [§V.4(i)-(ii)], significant mixing is
required in the envelope. Compare Figure 16, which shows a model of SN 1987A
neglecting mixing, with Figure 17 which is a recent mixed model. Indeed, mixed models
wave been used to provide clear corzelatii:ns with most aspects of SN 1987A. They can

therefore be used as a guide to suggest the future evolution of the remnant.

Figure 16. A modell73 of the ejecta with no mixing. Figure 17. A model” where mixing has
been added in order to agree with the light
curve andl easly appearence of X-rays and
Gamma-rays.
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From the numerous and diverse observations of the ejecta, each of the proposed
mixing scenarios appears to contribute o the ejecta's departure from a cohesive spherical
shell. It is important that all 3 instability mechanisms ultimately be included in one

sequential series of calculations.

v.5 EXPLOSIVE NUCLEOSYNTHESIS

As the shock wave generated by core bounce (§II1.4) propagated through the
silicon and oxyger rich layers, explosive nucleosynthesis took place. The peak temperature
behind the shock exceeded 5x10% K and so materials originally composed of Si, S, and Ca
burned to form iron group elements. The silicon layer prodiced raostly radioactive S6Ni
and lesser amounts of other radioactive species, €.g., 5TNi and #*Ti. In the oxygen rich
layer the products were mostly Si, S, Ca and S6Ni. Without expic+i+¢ nucleosynthesis in
the silicon and oxygen layers of Sk -69° 202, only a trace of thi - served 0.075 Mo of
56Ni would have been produced in the explosion of Sk -69° 202, see Fig. 19.
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The synthesis of radioactive nuclides has been very important to the cvolution of
SN 1987A. In particular, models for the production of 56Ni during explosive
nucleosynthesis can be directly compared with the observation of 0.075 Mo . Assuming an
homogeneous density and temperature distribution behind the shock (this is borne oui in
detailed calculations, e.g.159), the supernova's kinetic energy can be equated to its thermal

energy inside the radius of the shock front:
Esn~3ER3%aT%. (V.18)

For T=5x109K and Egn=1051 ergs, the result is R=3700 km. For evolutionary
models12:159, this radius corresponds to 1.7 Mo (Fig. 19). In order to comply with the
observed abundance of S6Ni and the expected mass fraction of 6Ni produced at this
temperature, a mass cut!?6 at 1.60£0.05 Mo (baryonic mass) is required!?9. This
corresponds to a neutron star mass of 1.4330.05 Mo . Although this conclusion is
dependent on a somewhat uncertain presupernova model, it is in agreement with that
inferred from the neutrino burst [§IV.4(i1)}.

The propagation of the shock wave through the star led to very high temperatures
throughout Sk -69° 202. However, once it reached the carbon layer, its density became too
low to cause further explosive processing. The expected abundances of the silicon,
oxygen, neon and carbon burning have been modelled (Fig. 19). The masses of radioactive
nuclides (other than 56Ni), produced in the silicon layer are expected to be determined from
their contributions to the light curve and their gamma-ray emissions (§VI). However, for
the non-radioactive nuclides direct comparison between the calculated abundance and
observation suffers from complications. Until the ejecta become optically thin at all
wavelengths (this is unlikely for clumpy ejecta [§V.4(ii)], astronomers will not be certain if
the total mass of an element is being viewed. In addition, only certain ionization energies

are observed. However, in order to determine the total mass of a given clement, it is
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necessary to make assumptions about the temperature and density of the ejecta. This is

difficult given the mixed clumpy nature of the envelope (§V.4).

V.6 LATER EVOLUTION

From July 1987 to June 1988, the bolometric light curve declined with a
characteristic decay rate close to the laboratory value for 56Co. This agreement, together
with the close correlation of mixed models (§V.4) has received even stronger support from
the continued detection of gamma-rays characteristic of those from the radioactive decay of
56Co (V.13). However, in June 1988 the bolometric luminosity of SN 1987A fell
consistently below radioactive decay predictions (see Fig. 20). Although X-ray and
gamma-ray luminosities were not included in the bolometric light curve (see Figs. 22&23),

infrared spectra at this time indicated another process - dust formation.
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V.6(i) Dust formation

The formation of dust grains in the gas ejected from supermnovae had been
considered to explain the isotopic abundance anomalies of heavy elements found in

meteorites (carbonaceous chondrites!’8). Observations of previous supernovae were
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insufficient to distinguish whether thermal infrared emissions had been caused by newly
formed grains in the expanding ejecta or by the pre-existing circumstellar grains around the
progenitor.

Once the supernova's ejecta cool to below 1800 K, it is expected that dust grains
would start to form in the ejecta. Such condensation occurs first for graphite at 1790 K,
and then for a number!79 of species of oxidic grains at around 1500 K, e.g., Al203,
Mg2Si03, and Fe304. If there were no destruction of dust grains, then the large increase in
the opacity of the envelope leads to absorption of the bulk of the supernova's radiation (and
re-emissios: at much longer wavelengths). However, it is expected that high energy
photons from radioactive decays heat up, and thus destroy, the dust grains. If the ejecta are
broken into ciumps, then dust grains are, to some degree, protected from energetic
radiations.

From about day 530 to day 730, observations!#0 in the optical and infrared revealed
that line peaks shifted bluewards by several tiundred km/s and that the line intensities

decreased (e.g. Fig. 21).

Figure 21. The temporal behaviour of the Si I and Mg I emission lines!81. Note the sudden decrease
around day 530
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This observation, in varying degrees, was apparent in all emission lines in the
wavelength interval 3.7-10 pm. This is thought to be the spectroscopic signature of dust
distributed over a finite region in the ervelope, where the far (receding) side would be more
obscured by the greater path length through dust than the near (approaching) side. Around
day 530 there was also an increase in the apparent decline of the bolometric light curve
(Fig. 20). Although the far infrared flux actually rapidly increased relative to the optical and
near infrared the full effect of this was not established due to difficulties in integrating th=
far infrared flux!82. The simultaneous dimming in the optical, brightening in the far
infrared, and the sudden blue shifting of emission lines, is strongly suggestive that dust has
formed local to the supernova.

Far infrared observations from day 632 distinguished the flat continuum!83
expected from the thermal emission of graphite (with silicates contributing <20%). As of
day 1000 more than 80% of the supernova's energy was emitted as infrared and far

infrared radiation!®4. Results of the spectra from such wavebands are eagerly awaited.
V.6(ii) The evolution of high energy emissions

Past observations of X-rays and gamma-rays in supernovae have been dominated
by the emission, either of a central pulsar, or of fast moving ejecta interacting with
circumstellar material. While this may be so at some level in SN1987A, there are radio
observations [§V.1(i)] that suggest the circumstellar medium around SN 1987A is very
tenuous and so would not be expected to generate substantial high energy radiation. The
dominant source of both X-rays and gamma-rays is something not directly observed before
from supernovae - radioactivity.

The early turn on of gamma-rays, characteristic of the radioactive decay of 36Co
[8V.3(i)), in August 1987 when the envelope was expected to be optically thick, has been
accounted for by allowing some radioactive material produced in the explosion to be mixed

from the inner region of the ejecta into the envelope. These spherically symmetric models,
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have been continously adjusted to fit the bolometric light curve, the X-ray light curve, and
the gamma ray light curve. Until about day 300, these models corresponded well with
observation. However, in order to accord with the still increasing X-ray and gamma-ray
fluxes after this epoch, several models have invoked the effects of a clumpy
structure[§V.4(ii)]. If the heavy elements are in clumps, then a large fraction of X-rays
could be transported through the hydrogen and helium regions without suffering much
absorption; this would effectively alt.: the opacity. Recent calculations show!185 that a
Jecrease by about a factor of 9 in the absorption (modelling clumping) of high energy
emissions will allow predictions to agree with Ginga data until about day 500. However,
after this the continuing steady flux measured in 16-28 keV by Ginga can not be explained
by any realistic radioactive model, see below!86.
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Figare 22. The X-ray light
curve, The models N14 ,
W10, and W10+2 correspond
to highly mixed models of the
ejecta which had been able 10
explain other observations of
the ejectal87. ‘The total
energy released by the decay of
56Co is shown for reference.
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The evolution of the gamma-ray flux has been close to that expected for spherically

symmcu'ic mixed models (Fig. 23). However, the recent observed line profiles have not,’

(Fig. 24). The peak energies of the 847, 1238, and 2599 keV emission lines (V.14) are
considerably lower (4.90) than predicted; and the lin. widths are consistently greater
(2.90) than predicted. The large widths associated with the line profiles imply high
velocities for the 36Co material. Apart from being further evidence for mixing of the ejecta,

this suggests that the ejecta are transparent. However, the line flux measurements on day
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613 are ~50% of those produczd by the 0.075 Mo of 36Co determined from the bolometric
light curve. This paradox may be due to clumping: if the supernova contaiiis dense knots or
filaments which are optically thick it may be possible to see the receding backside of the

supernova.

F:.gurg 233 been removed because of the
dnarallability of copyrght.

Furoin Tueller, J. (axd 6 coauthors), 1990, 47 .7,
351, L41.

Figure 23. The gamma-ray light curve. All of the
measurements are in reasonably good agreement with
the mixed model 10 HMM (Fig. 17). 5L is a model
with no mixing and the dotted line represents the
unattenuated flux from 56Co 188

Figure 74 has been removed becavse of the
wvedlability of copsright.
Figure 24. GRIS datal®® for the
847 keV line from the decey of 56Co FromTueller, J. {and 6 coanthors), 1990, 42 .0,
in SN 1987A are shown for day %13. 351, Ldl.
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V.6(iii) The end of the line
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Figure 25. The bolometric light curve since day 500. The expected contributions of
both a Her X-1 - like and Crab - like pulsar, embedded in SN 1987A are shown!9.

Since about day 900 measurements have deviated from radioactive predictions. This
implies that a hitherto undetected energy source is now contributing significantly to the
energy output. Using the solar ratio of 57Fe/>Fe and the known production of mass 56 in

SN 1987A, the contribution of radicactive 57Co from

5INi  —> 51Co ——-—> S7Fe (V.19)
%2 =36 hours Tp =271 days

is expected to become the most important radioactive nuclide once most of the 56Co has
decayed ’(§V.10). However, if the upturn in the light curve were due to 57Co, then the
original amount would have to be 4-6 times the anticipated!5? 0.0017 Mo . On the other
hand, a thermal echo from external dust seems unlikely since it would coincidentally need
to have a colour temperature (150-180 K) similar to that of the supernova's emission.

Pulsar emission, absorbed and re-radiated, is a possible explanation.
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V.7 THE BEAST WITHIN

In 1932 James Chadwick announced to the scientific world his discovery of the
neutron, and by 1934 Baade and Zwicky had put forward the concept of the neutron star.
This hypothesis was brilliantly confirmed in 1967 when pulsars, promptly identified as
spinning neutron stars left over from supemova explosions, were detected in the Crab and
Vela nebulae. Since then, 437 pulsars (until 1987)1%0 have been identified, and a further 30
examples!! where plerionic radio, or non-thermal X-ray emission, indirectly implies the
presence of an active neutron star.

The neutrino burst from SN 1987A is strong evidence for the birth of a neutron star
[§IV.4(ii)]. Recent observations indicate that SN 1987A is emitting more radiation than
expected; this has appeared in the bolometric light curve (Fig. 253, in the X-ray flux (Fig.
22), and in the gamma-ray flux (Fig. 23). But as yet no pulsed radiation has been found.

Pulses of optical radiation were actually detected!92 in January 1989. However,
they have since been reported!93, February 1990, as instrumental error. Despite the
frustration of calculations carried out upon the basis of this bogus detection, it did focus
detailed attention on all aspects of young pulsars. In §V.7(iv)&(v), I shall briefly discuss

some of the more novel ideas that arose.
V.7(i) Spin Rate

The distribution of pulsars has led to the prediction1%4 that most pulsars are bomn
spinning at around 0.1 s . The few pulsars that have been detected with periods of 1.6 to
10 ms are believed to have been "spun-up" by accretion from companion stars, thoup!:. this
conclusion is uncertain!6?,

How fast is the neutron star in SN 1987A spinning? If Sk -69° 202 was a typical

BO star when it was on the main sequence, then observations (see!® ) suggest a rotation
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period of 2 days. If the star was rotating rigidly and the collapse of the core conserved
angular momentum, then,

MR,2Q ~ MR2q, (V.20)
where R, and R are the respective radii of the core and neutron star, and Q and o are their
respective angular frequencies. Since R/R~200, a rotation period of about 5 sis expected.

However, a neutron star in SN 1987A is also likely to have been spun-up by
accretion. This is expected to occur when the reverse shock [§V.4(ii)] arrives back at the
core and increases the density of the core gases. Because Sk -69° 202 was a blue
supergiant, the time scale for the reverse shock to reach the core is ~100 times shorter than
for a red supergiant!67, This means that the surface of the neutron star is still sufficientily
hot (~1019 K) to radiate accretion energy as neutrinos (though below detection limits). So,
~0.1Mp is allowed to accrete onto the neutron star before radiation pressure causes the gas
to return to uniform expansion (1-2 hours)!67. The amount of "spin-up” provided by this
accretion has yet to be calculated. But it is accepted that a neutron star in SN 1987A will be
rotating faster than one left from a red supergiant whose progenitor had a similar period of

rotation.
V.7(ii) Luminosity of a pulsar

Although now limited by radiation pressure, accretion is expected to continue and
might contribute to the light curve. In order to give a limit to the accretion, the Eddington

luminosity (§II.5) may again be used - this time for photons - then,

MR, (V.21)
OT .

Since the surrounds of the neutron star are fully ionized Compton scattering is the principal

L=

source of opacity and so the Thompson scattering cross-section may be used. For o =
6.65x10-29 m2 and M~1.4 Mg , then, L,5~2x1038 ergs/s. This is well above the current

luminosity, see Fig. 25, so the remnant is not accreting near the Eddington luminosity.

86



It has often been suggested (e.g.12) that the pulsar has not been observed because
the infall pressure of accretion has been larger than the magnetic dipole pressure. This
situation requires a mass accretion ratel67 of M> 3x10-5 Mo yr-l. However, the

luminosity of an accreting neutron star is given by,

- GMM.
- MM, (vV.22)

inserting the above mass accretion rate, M=1.4 Mo , and R=105cm, a luminosity of ~1041
ergs/s is obtained. This is well above the current luminosity and so pulsar activity is not

strangled by the accretion.

In addition to luminosity generated by accretion, neutron stars radiate energy as a
rotating magnetic dipole. This is possible because of their magnetic fields, typically 1012
G. Such high magnetic fields are expected in neutron stars since they involve the collapse
of stellar material which is ionized and thus a good conductor. The magnetic flux through,

say, the radial plane of the star, is conserved so that

B=B, (%)2; (V.23)
where B, and B are the magnetic fields at corresponding points in the star before and after
collapse. When a normal star of core radius, Rc~1011 cm collapses to form a neutron star
of R~106 cm, the star’s magnetic field will increase from typically 160 G to at least 1612 G
- this is borne out by observations of X-ray pulsars193,

A rotating magnetic dipole will radiate if its dipole moment makes an angle @ with
the rotation axis. The luminosity of a rotating dipole!%,

;- B20RSsin28

3 , (V.24)
is in excellent agreement with well-observed pulsars. They appear to have the same radius

[8IV.4(ii)], so luminosities scale as B2w4. Figure 25 shows what the well observed
pulsars Her X-1 and the Crab pulsar would look like if embedded in SN 1987A.
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Although the input from a typical pulsar nebula may now be discemible [§V.6(ii)],
the question still foremost in the minds of astronomers is: when will pulsations from the
remnant become observable? Pulsar beam widths are given by sin"1(@wR/c)0-5 for a rotating
magnetic dipole model!%7 so perhaps we do not live in the path swept out by the rotating
beams of the pulsar. Even if we do live in the beamwidth, the pulsed emission nay be
faint. If the Crab is taken as a guide, less than 109 of the total spin-down energy is likely
to be emitted as pulsed emission198. Because SN 1987A is young, the inner regions of its
ejecta are still 'hot' (both in the radioactive and thermal sense), such pulsed emission would
be most likely at X-ray wavelengths. Unfortunately, the detection limit of current
satellites'%? , such as Ginga and Mir-Kvant, is 3x1036 ergs/s. However, balloon flights200
using CCD X-ray imaging spectrometers are currently able to detect 1x1036 ergs/s; and
similar devices on the recently launched ROSAT and BBXT telescopes should within the
next year be able to detect around 1034 ergs/s.

V.7(iii) Black hole?

The neutrino data did not eliminate the possibility of black hole formation (BIV.5).
Furthermore, if ~0.1Mp is accreted onto a neutron star within a few hours of the
explosion [§V.7(i)], this may be sufficient to cause a neutron star to collapse to a black
hole. The argument that the ejection of substantial 56N implies little mass fallback is not
full proof for the accretion after the reverse shock since the 56Ni is expected to mix with
outer core layers. If a black hole is present in SN 1987A, then its rate of accretion will be
very sensitive to the unknown angular momentum of the progenitor (far more so than for a
magnetic rotating neutron s.ar201), It should be noted that the observed luminosity of
Cygnus X-1 is ~7x1037 ergs/s - though this would have to be scaled to SN 1987A. With
so little known, it is difficult to eliminate the possibility of a black hole.
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V.7(iv) Neutron star vibration

Historically, neutron star vibrations were rejected as ar explanation of pulsars
because their vibrational periods are much shorter than the vast majority of measured pulsar
periods. In addition, observed pulsars appear to endure for thousands to millions of years.
Such persistence is natural for neutron star rotation -at difficult for vibrational oscillations -
they are expected to be damped within a few hundred years. However, this need not pose a
problem for a newborn pulsar because radial modes excited at the time of formation may
not have been damped out.

The period of the fundamental mode of vibration, P is comparable to the free fall

time, tgg, therefore,

P~ = (=)™, (V.25)
Gp

where P is the average density. For neutronic material p = 2.5x 1014 g/cm3, so the period
associated with this fundamental mode is of the order 10-4 s. If exotic [e.g. §V.7(V)]
material is not important in the neutron star, then a damping time of about 100 years is
expected?02, Pechaps neutron star vibrations will be detected from SN 1987A; more likely,
astronomers will have to wait for neutron star formation in an object with a smaller

obscuring envelope surrounding it.
V.7(v) Strange star?

Another possibility given serious consideration following the bogus detection of a
pulsar in SN 1987A was the formation of a 'strange star'. The proto-neutron star reaches
densities for which it is conceivahi= that a high-strangeness quark-gluon plasma could
appear. QCD calculations suggest that three flavour quark matter, or strange matter, is
absolutely stable (e.g.293) - the ground state of hadrons. There is 2 variety of routes for
nascent neutron stars to convert to strange matter, for example204: via formation of 2

flavour matter; clustering of Lambda particles; kaon condensates; burning of neutron
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matter; and sparking by cosmic rays. Once a 'strangelet’ has formed, strange matter will
swallow nuclear matter in the surroundings if, as it seems, it is a lower energy state. This
conversion is thought to be explosive.

Advocates of strange stars compute (e.2.2%) not only that the 2 stages of collapse
to strange matter would overcome the energy problems in envelope ejection commonly
precluding more conventional models (§IIL4&5), but also explain the hiatus in the neutrino
detections from Kamiokande between 3 s and 10 s [§IV.4(ii)]. Strange stars may also offer
an explanation205 for ultra energetic gamma ray bursters and Centauro event primaries.
Though strange matter may explain these mysteries, none of the above can really be
construed as evidence for it.

The structure of these objects has been widely discussed. It has been shown that for
models between 1-2 Mo , the radius and gravitational red shift are a’nost indistinguishable
from those expected for a neutron star. However, the cooling of strange stars is far more
efficient than for neutron stars: the surface temperature after 3 years are anticipated to be,
Twange ~10% K 206, whereas Treutron ~4x106 K 199, New X-ray satellites (§V.10), should
eventuaily be able to distinguish this.

The appearance of strange matter might close the global evolution of massive stars:
from birth 1o death these undzrgo a series of quantum mechanical tunnellings ending with
matter at the absolute minimurn energy. There is a price to pay. If the strange matter theory
is correct then all supernova explosions produce strange #of neutron stars. The bizarre
possibility exists that there may be no neutron stars in the universe and that all the pulsars

may be identified as spinning strange stars.

One way or another the beast should eventually come out of its lair.
And when it does, we will be waiting.
Ready to learn.



V.8 CIRCUMSTELLAR MATERIAL

Stellar evolution studies (§II) suggest that Sk -69° 202, the progenitor of SN
1987 A, began its main sequence lifetime as a massive (~20 Mg ) O type star. Such a
massive star is likely to have a strong stellar wind - especially once it evolves off the main
sequence and becomes first Llue, *hen red, and then blue again during its supergians
phases. The shocks formed by the interaction of these winds with the interstellar medium
produce an 'interstellar bubble' consisting of a relatively warm, low density cavity created
by the wind from the red supergiant phase; this surrounds a relatively dense shell of
material where the stellar winds from the red and blue supergiant phases have interacted;
inside this is a low density region remaining from the blue supergiant phase. In §11.2(i), I
discussed the evidence for this structure with regards to ultraviolet and optical observations;
in §V.8(ii), I wish to discuss the expec:ad structure with regards to the light echoes from
SN 1987A. But first I shall address a less certain observation of the circumstellar

surroundings: the so-called ‘'mystery spot’, or sometimes 'son of supernova'.
V.8(i) The mystery spot

Speckle interferometric observations by AAO and CTIO 207 from March 25t until
April 14th 1987 reported the presence of a companion object close to the supemnova. Pre-
outburst photos showed clearly that the progenitor had been the brightest star in the field.
However, this mystery spot was only a factor 12 fainter than the supemnova, making it an
astounding 150 times brighter than Sk -69° 202 had been prior to explosion. The spot, a
mere 0".06 (19 light ~days)2°8 away, at an angle of 194429, was clearly associated with the
supernova. Perhaps the spot arose from the interaction of the ejecta with circumstellar
material? Since the cutermost ejecta had a velocity of less than 0.Z ¢ and the spot was

recorded after only 30 days, ejection from the supernova seems unlikely. It seemed equally
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unlikely that it was a cloud of gas or dust illuminated by the ultraviolet flash [§V.1(1)]:
since the radius of the spot was less than 0".02, it did not cover enough solid angle
(AQ/4%<0.02) to account for its brightness (~0.1 times that of the supernova). A model of
fluorescence by circumstellar material has also been considered, this model?® can reach the
required luminosity if the cloud is moving at ~0.1 ¢ towards the supernova. This seems
highl> =~tikely - the only plausible mechanism for material to reach such velocites is in
anr - nernoval

4 different scenario relies on the ejection of a jet of material from the collapse of a
rapidly rotating Sk -69° 202. Core collapse simuiations can be manipulated?!0 (using
rotation) to give a bounce which ejects some 0.007 Mo along the poles at a velocity of 0.6
c. The emission is then produced by synchrotron emission in the vicinity of the bow shock.
Although 2 biobs of material are expected from such a model, the luminosity ratio between
them is large because of relativistic effects - and only one is seen. However, if the spot
resulted from a jet, then it would be difficult to understand the lack of radio, gamma-ray
and X-ray emissions that should be very intense if material were cjected directly from the
core. Moreover, in addition to the energy problems encountered when medelling rotating
collapses (§1I1.5), this scenario must be sufficiently contrived to allow recoil of the other jet
of material near the line of sight to the supemova.

The properties of the mystery spot certainly appear very bizarre; this has led to
examination of the detection itself. At the time of detection SN 1987A was essentially a
point source. The reported intensity of the mystery spot is almost identical to that of the
first Airy ring (neither of the reports shows the first autocorrelation function in their data).
So, perhaps the spot appeared from careless use of the autocorrelation functions in the
deconvolution process. The novelty of speckle methods leads some astronomers (e.g21?)
to doubt the reality of the detection.

Although it has not re-appeared in quite the initial style, the spot has enjoyed partial

confirmation. Since its appearance, :everal knots of optical emission have been
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observed?12, Although these have been more numerous on the opposite side of the
supernova, they have been consistent with the axis of symmetry of the spot - though not
that of the supernova (E-W). In particular, one confirmed optical knot would be consistent
with the position of the spot, were it moving radially from the supernova with a velocity
about one third that of the speed of light from the time of the explosion2!321¢, Perhaps this
is yet another coincidence, perhaps not. The possible reappearance of 'son cf spot' must be
treated with caution. For now at least, the nature of the mystery spot remains just that, a

mystery.
V.8(ii) Echoes

The initial ultraviolet flash is the source of many ionization featutes, known as
echoes. These appear in two forms; either by the 'light echczs’ zom the gas and dust
illuminated by the supernova radiation, or by radiation from shocks that occur when the
supernova's ejecta strike the circumstellar matter.

From the history of the progenitor (§I1.2) astronomers expect to be able to

distinguish three spherical regions in the environment of Sk -69° 202 (Fig. 26).

Figure 26. Expected Circumstellar cavimament

S, =07-10LY

S, =10-160 LY
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(A) A tenuous inner cavity, evacuated of dust by the fast hot wind from the
progenitor in its blue supergiant phase. The radius of this cavity is expected to be given by
a shell (s,) of red supergiant wind swept-up by the blue supergiant wind. This is cstimated
as 0.7-1.0 light years [§I1.2(jii)] and is expected to produce a light echo.

(B) A region of free streaming wind from the red supergiant phase. Its radius will
be given by a shell (s2) of interstellar material and mass loss from the main sequence phases
of Sk -69° 202 swept up by the red supergiant wind. This is expected to have a radius of
10-65 light years - depending upon the length of time that Sk -69° 202 spent as a red
supergiant (6x105-1x105 yr) and the velocity of its red supergiant wind (5-20 kmy/s) - and
is also expected to produce an observable light echo.

(C) A region where the interstellar medium is mixed?!5 with the mass loss from Sk

-69° 202 during its main sequence phases.

When the initial blast wave of fast [~0.1c (§V.1)] moving ejecta gets to shell sy, in
7-10 yr, it is expected to heat the ambient material to ~4x106 K. The cooling time for this
gas is estimated as 20 years, gnd so the X-ray luminosity is expected to increase as the
shock traverses the shell216, Although these fireworks are still some time away, there are
plenty of light echoes pertaining to regions (B) and (C) to investigate.

The light from the supernova can be scattered by dust grains crexing an optical
reflection nebila; it can also be absorbed by the grains and re-emitted as thermal infrared
radiation. There is strong evidence for scattered echoes at both optical and infrared
wavelengths. These appear as rings of emission and as weak diffuse emission - these
structures are shown in Fig. 27217

As the supernova fades, fainter sources of smaller angular-size should become
resolvable. It is hoped that the episodes of mass loss from Sk -69° 202 will become clearly
discernible - these are expected to greatly constrain our rather uncertain knowledge of the

evelution of the progenitor (§IL.2).
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Figure 27 The circumstellar environment of
SN 1987A in December 1989

NB.1"~-0.8 LY

l 1.3" i

The clearest circumstellar features from SN 1987A have been the outermost light
echoes. The evolution of these three circular arcs is shown in table 8. Their circularity
implies that the scattering material is distributed in plane sheets2!8 nearly normai to, and in

front of, the supernova.

Table 8. The evolution of light echoes219

ANGULAR RADID® |
DATE INNER |MIDDLE J OUTER |
16/8/87 32.8
13/2/88 32 52
16/3/88 32.9 $5.7 |
20/3/88 32.8 54
6/10/88 7.94 X x
12/11/88 43.3 72.5 |
15/12/88 8.4 x x
24/1/89 9.5 46 78
5/2/39 8.1 48.4 79-83.4
18710/89 9 x x
x-Data not given for this region

The outer two light echoes arise from region (C) and are not thought to be related to

Sk -69° 202; rather, they are remnants of the interstellar shells (§V.9) created by previous



supernovae in the Large Magellanic Cloud. The inner arc (8".0-9".5) is particularly
interesting. This corresponds to a shell of material ~15 iight years from SN 1987A; it may
have its origin in the deceleration of the pre-supernova red supergiant wind by the
surrounding medium (shell S3 in Fig. 26).

If the spectrum from this echo can be obtained and compared to those of the larger arcs,
then it may be possible to differentiate between the scattering from circumstellar grains and
that from interstellar grains. Such a comparison should be able to distinguish the origin of
this shell. Spectra from the outermost light echo have been obtained. Figure 28 shows the
light echo to have a spectrum very similar to that recorded from SN 1987A in September
1987. It is hoped that similar ultraviolet measurements may uncover the spectrum of the

initial ultraviolet flash - an epoch that went undetected by astronomers.

Figure 28. The spectrum obtained
from the outer light echo in

September 1989 compared to spectra
of the supernova near maximum light

(May 1987)2%0,

Pigue 28 hes been removed because of the
nnasmailability of copynght.

From Cannon, R, Dickets, B, Swthekis, R,
1989, A4 Mewatami; S1,
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V.9 THE INTERSTELLAR MEDIUM TOWARDS SN 1987A

SN 1987A outshone all other sources in the Large Magellanic Cloud (LMC) by
about 5 magnitudes at ultraviolet wavelengths. This meant that uncertainties in measuring
interstellar lines were much smaller than for typical measurements of absorption towards
the Large Magellanic Cloud. An excellent series of high dispersion spectra was obtained.
The principal r..sult was the discovery of line profiles which suggested a wide variety of
ionization conditions.

(a) Clouds with velocity, v~0 km/s were of galactic origin;

(b) Clouds with v=50-150 km/s were located in the galactic halo;

(c) Material at v>150 km/s was associated with the LMC.

(d) A feature with v=294 km/s was consistent [§I1.2(ii)] with a shell of
material in front of Sk -69° 202.

Measurements4? demonstrated some 29 discrete clouds along the line of sight to the
supernova. So, these observations extended the hypothesis from 21 cm radio survey
observations that the LMC gas is contained in 3 overlapping sheets of gas (two of the radio
sheets were confirmed)221.

Although the interstellar absorption spectrum towards SN 1987A appeared similar
to those towards other LMC stars, strong lines of highly ionised species (e.g. AlII, SilV,
and CIV) have been identified222 which, because of their high velocities, can most likely be
attributed to the LMC. There are several possible reasons for this. The original high energy
flash [§V.1(i)] of radiation produced a region of increased ionization around SN 1987A.
Howeve;, the density of this evacuated region [§V.1(i)] is less than that required to satisfy
the ionisation flux inferred from the CIV and SiIV lines222.223, On the other hand, the
supenova may lie deeper in the LMC than other previous stars used for the spectroscopic
analysis of the line of sight to the LMC. But the most popular explanation for the high

jonisation is that the explosion occurred inside a pre-existing bubble of hot gas generated
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by previous supernovae cvents in the region. As the light echoes from more distant gas

clouds are received, it should be possible to map the existence of any such bubble.

Another 'first' for SN 1987A, was the detection224 of forbidden FeX distributed
between 205-370 km/s. This implies a blob of very hot gas ~106 K. Since no significant
variations in its absorption were seen over several months, it seems unlikely that it is
associated with SN 1987A. Rather, it is interpreted as arising from the supergiant HII
region 30 Doradus - where the combined effects of previous supernovae appear to have

produced superbubbles in the interstellar medium?225

SN 1987A has provided the first possibility to directly measure the lithium
abundance of an external galaxy. Lithium 7 is one of the light nuclei produced in the
standard hot big bang model of the universe whose primordial abundance has remained
controversial. Two entirely different values can be obtained by employing different
methods. Very high resolution (S:N~1000) spectrographic measurements226 from SN
1987A have given a value of Li/H < 0.8x10-10 consistent with that derived from
observations of dwarfs in the galactic halo?25, This implies that the abundance Li/H =1x10-
9 found in the galactic interstellar medium is due to the enhancement of Lithium as a result
of stellar activity and cosmic rays in the local region227,

This SN 1987A derived abundance is marginally consistent with standard big bang
nucleosynthesis and places severe constraints on alternative cosmological models. The
resulting baryon to photon ratio is 2-3x10-10 which implies that the nucleons fall short by a
factor 14-160 to close the universe22”. Attempts to improve on these present limits of the
interstellar medium by repeated observations of the supernova have proved ineffective:
since September 1987, the supernova’s spectrum has developed sufficient intrinsic
structure to make the determination of weak interstellar lines progressively more difficult

and subjective.
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VI. THE FUTURE?

During the next few years a roster of radioactivities will remain a salient energy
source for the light curve of SN 1987A, see Figure 29. By day 1200 the burden of energy
generation will have shifted to 37Co [§V.6(iii)] and then after about day 1400 to

4Ti > 8¢ > 44Ca, 228 (V.27)

Qo= 54w Ti2= 26yr
The latter decay ic accompanied not only by gamma-ray emission, but also by the creation
of a positron having an average kinetic energy of 700 keV. Even a small disordered
magnetic field could trap the positrons in the ejecta long enough for them to deposit their
kinetic energy; thus the decay of 44Ti may power the supernova long after it becomes
transparent to gamma-rays. But 44Ti is also interesting because it is synthesized in the
deepest region that is thought to have been ejected by the supernova (Fig.19). Therefore,
its abundance is most sensitive to matter falling back during and after the explosion
[§V.7(i)] - much would be learnt from its detection at any level. If the suggested amount of

44Tj has been ejected (2x104 Mg ), the luminosity of SN 1987A will not decrease below

1036 ergs/s for many years.
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If there is a neutron star in the middle of SN 1987A, and there are compelling
reasons to believe that there is, then within the next few years it should provide a
contribution to the light curve - if it does not at the moment - that will be in excess of that
from radioactive decay. In addition to the radiation from accretion and/or particle
acceleration, models for the thermal cooling of neutron stars indicate that the surface
radiation should remain strong enough 1-3x1035 ergs/s 199 to be detected by BBXT,
ROSAT (~1034 ergs/s), AXAF[~1032 ergs/s (1996)], and other future X-ray satellites
within the next 100 years. However, as of January 1990, this emission will have decreased
(~4x1035 ergs/s) significantly below the detection limit of Ginga (3x1036 ergs/s).
Observation of these X-ray lines, strongly redshifted in the gravitational field of the star,
would place constraints upon the equation of state of neutronic matter. This shift is given
by AA~-GMA/Rc2, where R and M are the respective radius and mass of the neutron

star229,

What will be the future development of the spectrum from SN 1987A? As its
luminosity continues to decrease, the interior will certainly become cooler and more neutral
and several molecular species, such as Ha, OH, and HyO are expected to appear. A time
will come whea the heating from the interior will drop below the saturated high temperature
cooling produced by fine structure lines. When this happens, an "infrared catastrophe” is
expected?30: the interior temperature will drop to T<100 K and much of the luminosity will
appear as infrared emission lines rather than optical radiation. SN 1987A will become
highly unusual - a cold molecular cloud illuminated from within by radioactivity and

probably, by a compact X-ray source.
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With regard to nucleosynthesis, detailed comparisons of synthetic and observed
spectra will, for the first time, allow an accurate determination of the elemental abundances
ejected from a supernova. This will certainly increase the understanding of how galaxies

become enriched with heavy elements.

SN 1987A has given astronomers the chance to add supernovae to the calibration of
the extragalactic distance ladder [§V.1(i)]. Atmospheric models (e.g.}49) for the spectrum
of SN 1987 A may in future be combined with observations of other type II supernovae to
yield distances with errors of less than 10%. This error is small by extragalactic standards.
One of the principal tasks ahead will be to improve the distance estimates to other type II's
for which good observations are available. Since type II supernovae are ~1G000 times
brighter than Cepheids, the method can easily be extended to more distant galaxies.

Supemovae may become a fundamental component of the extragalactic distance scale.

Because of its proximity, observations of SN 1987A will be possible at all
wavelengths for decades to come. Direct measurements of the decay of radioactive
elements, the birth of a pulsar, the circumstellar medium left by Sk -69° 202, and the

dynamic evolution of a young supernova remnant all beckon.
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APPENDIX A - Mass loss and Rotation

A.1 Mass Loss

If helium becomes degenerate during its nuclear burning, as numerical calculations
suggest it may, then a thermal runaway known as a 'helium flash' results. This prodigious
energy release rapidly lifts the electron degeneracy and allows the region to expand. Most
of the increased luminosity appears as envelope expansion. Repeated flashes caused by
thermally unstable helium shell sources set up relaxation oscillations in the envelope. If a
flash is strong enough, some of the envelope will be accelerated to escape velocities.
Furthermore, as the envelope expands, the gas cools and radiative energy losses may lead
to a significant under pressure. If a series of strong flashes occurs, then mass ejection may
accompany them. However, observations [§V.8(ii)] are not sufficiently detailed to restrict

the above scenario.

A.2 Rotation

The effects of rotation upon stellar evolution seem to be fourfold.

(a) The contribution of centrifugal force will lead to a decrease in the internal
pressure of a rotating star, relative to an identical non-rotating star. The reduced
interior temperature will reduce the rate of nuclear burning, giving a subluminous
star.

(b) The equipotentials are closer together along the rotational axis than toward the
equator. This leads to meridional circulation. It has the consequences not only of
signiﬁcant energy transfer by means of circulation currents but also rotational
mixing.

(c) The reduction of effective gravity and increased turbulence leads to enhanced

mass loss.
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(d) Rotation interacts with convection causing the inner core to rotate more rapidly
than the outer envelope. This results from conservation of angular momentum
whereby a falling convective shell will tend to increase its angular velocity, whereas
a rising shell will tend to decrease its velocity. Convection tends to make the
angular momentum per unit mass constant, therel-)y demanding a greater rotational

velocity for the central portion.
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APPENDIX B - Neutrinos

B.1 Core infali

During core infall the principal reactions are electron capture,
€ +p <-->n + V.
e +A(Z,N) <--> A(Z-1,N+1) + vg. (I1.2)

and photodisintegration of iron group nuclei,

S6Fe <--> 130 + 4n. (I1.3)
Hence large numbers of electron neutrinos are produced.
When the central core is destabilised by the above reactions, it has a density of
about 108 g/cm3 and a temperature of about 10° K; this corresponds to a mean free path,

Mg = n;u . (B.1)
(4

Until nuclear densities are reached the opacity for electron neutrinos is dominated by

scattering off neutrons - for which the average cross section is,
oy, ~ N2(22]%1044 cm2 (B.2)
Ve MeV ’ :

where N is the average number of neutrons in each heavy nucleus - typically 30 for the iron

group nuclei predominant at this stage of collapse; and where n is the number density of an

heavy nucleus with mass number, A, that is, n = pNa/A.

The mean free path,

Ao ~ A[MNAp(%%)leoM]'l, (B.3)

is then of the order of 1013 cm and thus much greater than the radius of the star’s central
high density core, ~108 cm. Thus, the neutrinos escape freely from the star. However,

only milliseconds later the neutrinos become trapped by the rapidly increasing densities.
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B.2 Neutrino trapping density

The neutrino trapping density is commonly defined as the density when the timescales for

neutrino diffusion,
Ay.N.
Tdiff ~_\)§c_sc_ag’ (B. 4)
and for collapse?3!
1

Tgav=""" n B.5
B = TGy (B.5)

became the same. Since the number of scatterings, Nscan, experienced by the neutrino prior
to escape will be Ngcau>>1, then for coherent scatiering (expected), the neutrino trajectory
can be described by the random walk relation:

AuNscarr~R2. (B.6)
Substituting Ngcay from (B.6) and (B.3) into (B.4) and equating with the timescale for

collapse (B.5) gives,
RIN?N pprrap( )
l__ . MeV” (B.7)
(n Gp)0-3 Ac
Rearranging, yields the trapping density as,
A 2
Pusp =L < 1™ (B.8)

RIN2NA(2% ) x10-4(xG)03
By this stage A had increased>6to about 100 and N to about 50. For Ey,~ 5 MeV and, R ~
2x107cm 104, this gives,
Pmap ~ 1x1011 g/em3, (B.9)
which is within a factor 2 of the values found by detailed hydrodynamic calculations where
allowance is made for the central concentration, electron capture onto heavy nuclei, and

neutrino downscattering.



B.3 Core collapse

The core continues to collapse until the density (p¢) reaches 3 -4 times that of an atomic
nucleus (2.5x1014 g/cm3). Because the collapse is nearly adiabatic (Fig. 5), the central
temperature (T), can be well approximated by Tc~ Tirap(Pc/Prrap)!/3; where Tirap and Prrap
are about 1.5 MeV and 10!! g/cm3, respectively. Thus,
T = 40-45 MeV. (B.10)
More detailed models? yield from 30 MeV to 80MeV.
The gravitational binding energy, Ep, released as the iron core collapses from a

radius of about 2000 km to 10-20 km is

GM: 2
Ep~ L&m=3x1053(1\:;:°) (wll{‘“). (B.11)

Because neutrinos are initially trapped, the bulk of the liberated gravitational energy must
be converted into other forms of internal energy, i.e., thermal energy, energy of nuclear
excited states, bounce kinetic energy, etc. Rather than being immediately released in
escaping electron neutrinos. The hot (B.10) ambient medium allows neutrinos af all
flavours to be produced and interact through neutral reactions (above 15 MeV), as well as
through charged reactions. Neutrinos are created by the foillowing reactions?32;

(a) et + e -->Vj +9j,

(b) plasmon --> vj +%j,

(©) e+ y-->e + Vi +9;,

(@€ + (ZA) > (ZA) + e +v; +9;. (B.12)
They are scattered and absorped by the following reactions232;

(€) v+ (Z,A) ~> (ZA) + )

® v+ (np)-->®p)+v,

(g v+et-->et+,

(h)Ve+n-->e +p,
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(i) Ve+p->e*t+n,

() vi +9; --> 2Y. (B.13)
B.4 Neutrinos escape

To calculate the diffusion time for electron antineutrinos at nuclear densities, I will again
use (B.4). The main source of opacity for Ve 's is absorption on protons, so the number

density becomes, n = (NA)pYp; where Ypis the fraction of protons. Hence,

R2NapY.
i ~—— A2 (B.14)

From collapse calculations Yp~ 0.2; the cross section for absoption on protons is®,
GPe = 9(%’%]2“0'43 cm?2. Using T®e ~ 40 MeV (B.10), and where R%e ~ 19 km
[§IV.4(ii)] for the protoneutron star;
I obtain tgiff = 4 s.

Because of the plethora of neutrino interactions (i)-(j) and lack of regard for time
evolution, my calculation is highly simplified; though it does give essentially the same
result as calculations employing neutrino transport from a cooling neutron star [0.1-10 s

(e.2.74)]. And of course, the 13 s apparent from the Kamiokande results.

The mu and tau neutrinos only interact via the neutral rather than the charged
reactions, so the only mechanism for energy exchange was through scattering reactions.
Their cross sections for interaction (averaged over different reactions)?*3 were considerably

lower than for the electron neutrinos:

Cu,t's™ 5“&{'5)(10'45 sz, (B.15)
whereas
Tue 312
Oves ~ Ix(5e] %1043 cm?. (B.16)

Detailed models expect Tue's = 3-7 MeV, and Ty, vs = 8-11 MeV.
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B.5S Detector efficiencies

The graphs below represent the probability that Cerenkov radiation of a given energy was

detected as such.

Figure 30. Kamiokande efficiency!04 _ Figure 31. IMB efficiency!04
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APPENDIX C - Radioactivity

C.1 Cobalt 56 decay?
From the bolometric light curve (Fig 25), the slope of thc linear phase may be
inferred from,

t=0days, L =10%20ergs/s;

t=250days, L =10%104¢rgs/s. (C.1)
If the linear phase is given by radioactive decay then,

L(t) = L(0) e, (C.2)
where A = L'?
Rearranging yields,

=dn2)t . (C.3)

1,,(%_)2)
L)

substituting from (C.1),

t = 76.8 days. (C4)

This is in good agreement with the laboratory value for 6Co, that is 78.76 days
159, Spline fits to the early light curve have shown the linear phase to have a half life of 71-
80 days 49

C.2 Mass of Cobalt 56

The initial mass of 36Co is given as,

AmpE()
M~ L 17
Qcocoecicn) V.17

When A=56,

1
iy = LIRS0 o,

Qco = 3.695x1.602x10-5,
substitution into (V.16) gives, |
M =0.076 Mo . (C.5)
The accepted value is 0.075 Mo .
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