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U S A 

The impact of SN1987a on theoretical studies of the specific mechanism generating Type II 
supernovae is examined. The explosion energy extracted from analysis of the light curve for 
SN1987a is on the edge of distinguishing between a prompt explosion from a hydrodynamic 
shock and a delayed, neutrino-induced, explosion. The detection of neutrinos from 1987a 
is also reanalysed. 

Introduction 

The observation of Supernova (Shelton) 1987a [1,2] on February 23 of this year in the Large 

Magellanic Cloud, has provided astrophysicists and neutrino-physicists with a magnificent oppor

tunity to test out their equipment and theories. Some surprise was clearly created, especially for 

the presupernova evolvers who had not seriously expected blue giants to explode; on the other 

hand, the neutrino observations might be said to be just what one might expect for a gravitational 

collapse, Type II supernova (SNII). It is the collapse and explosion phase for such a supernova that 

concerns me here. I wish to report on new calculations [3] by my colleagues and myself, and to 

remind you of our earlier description [4] of the prompt mechanism for Type lis. I will also present 

results [5] from the analysis of the neutrinos seen by Kamiokande (KII) [6] and by 1MB [7]. 

There is a long history [8-11] of the difficulties inherent in producing a prompt explosion in an 

SNII progenitor, first thought to be red supergiants and now clearly also blue giants. It appeared 

early on that the analysis of the SNl987a light curve would help to distinguish between possible 

mechanisms. This may still prove to be correct. For the moment, however, both Nomoto and 

coworkers [12], as well as Woosley and coworkers [13], and others [14], have analysed the light 

curve and have arrived at explosion energies which may conceivably be generated by either a 

prompt or a delayed shock mechanism. The energies suggested, at this Symposium, from total 

luminosities, are 1.0 to 1.5 XlO51 ergs [12] and 0.5 to 1.5 XlO51 ergs [13], whose lower limits are 

perhaps too low to rule out delayed explosions. There remain problems, however. Nomoto and 

co-workers [12] finds an energy of as much as 2.5 x 10s1 ergs may be demanded by consistency 

with the colour temperature, while their description of the later time light curve analysis (from 
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75 days to 125 days) is probably improved by increasing the ejected mass ( M E ) and thus also the 

explosion energy (Eexpi). There is always a degree of ambiguity associated with ME and Eexpi, for 

example the initial velocities and initial propagation time for the shock to reach the photosphere 

are given by [12] 

tprop a Ro ( J ^ . (1) 

Increasing the mass at the same time as mixing the radioactive sources throughout the star will 

both keep the peak in the light curve near the observed 90 day point after explosion, and broaden 

the curve. Both of the features would improve the fit in Ref. 12 to the observed light curve. 

There are two presently extant mechanisms for producing explosions in the collapsing core of 

SNII progenitors. In a prompt explosion the hydrodynamic shock produced just after bounce is 

sufficiently energetic to expel the stellar mantle and envelope. In a so-called delayed explosion a 

stalled, accretion shock is resuscitated by neutrino emission from a hot interior. Wilson, Mayle and 

Bethe [15] have discussed the neutrino-induced mechanism and in general produce low explosion 

energies £ 1.0 x 1021 ergs for progenitor main sequence masses initially below 25M©. Baron, 

Cooperstein and Kahana were the first to generate successful prompt explosions for Woosley, 

Weaver [16,17] models and can obtain explosion energies up to 2.5 or 3.0 xlO51 ergs. These 

energies include corrections from nuclear burning in the mantle and from the gravitational binding 

of the mantle and envelope. 

Perhaps the most novel aspect of SN1987a is the detection [6,7] of neutrinos from the production 

and cooling of a compact remnant. One hopes this is only the beginning of a new field of astronomy. 

The analysis I present here [5], parallel to the analysis of many other authors [23-28], finds remnant 

binding energy ~ 2.0 ± 0.5 x 1053 ergs and remnant mass 1.2 to 1.7 M© consistent with what one 

expects for neutron star generation. An upper limit of 10-15 eV may also be inferred for the 

electron neutrino mass. 

Elements in the Success of a P r o m p t Explosion 

A. Core characteristics 

Theoretical modelling of the brief period from fuel exhaustion to collapse, bounce and shock 

formation in SNIIs is one of the more difficult problems in astrophysics. Early hydrodynamic 

simulations [8] at the beginning of this decade found that neutrino and dissociation losses stalled 

the shock inside the "iron" core, and that eventually accretion of mantle material would drive the 

core towards a black hole. An important factor in this demise of the hydrodynamic shock was the 

excessive core mass, Mcort ~ 1-50 M© to 1.55 M©, predicted in presupernova modelling of massive 

stars. The Chandrasahkar limit Men ~ 5.7ye
2 pretty well determines the core mass at collapse, but 

details of the presupernova calculations have led to an evolution of Mcore from the early Woosley, 

Weaver, Zimmerman [16] value 1.51 M© to later Woosley, Weaver [17] level of MC0Tt ~ 1.36 M© for 

a star with the main sequence masses Mma ~ 12, 15 M©, and more recently to Mcore ss 1.18 M© 

for a Nomoto-Hashimoto [18] model with main sequence mass 13 M®. Should initial core masses 

at collapse stay as low as those in these recent calculations, prompt explosions will be hard to 

avoid and may obtain for progenitors in mass up to perhaps 20 M®, i.e., for helium cores in the 

neighborhood of 6 M®. 

The core characteristics do not change appreciably in these diverse models with central densities 

near 1010 g/cm3, a central electron fraction Ye
c « 0.42, and temperature Tc « 0.5 MeV. The central 

entropy per baryon rises and falls with the core mass, with high values inimical to healthy shocks. 
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B. Background to Calculations: Input Physics To understand the delicacy of the collapse simu
lation, one should recall the virial theorem for the non-relativistic core matter supported by a 
relativistic electron gas, for which 

Egravitational + Einternal « 0 for P ~ /> ' . (2) 

The adiabatic collapse preserves this relation but drives the total gravitational energy to above 1053 

ergs. Thus, the shock energy for a viable prompt explosion, ~ 2 X 1051 ergs, is small in comparison 

to the internal or gravitational energy. Simulation must be accurate both in computation and in 

the input physics. 

A second important feature to keep in mind is the small radius of the homologously collapsing 

core at maximum density, RCOre « 15 fm, in comparison to the Schwarzschild radius R, « 2 km 

for the 0.7 or so solar masses inside this core. The sensitivity in physical effects determining the 

final shock energy extends also to the treatment of gravitation. General relativity seems necessary, 

both helps and hurts the prompt mechanism, but in the end is crucial to producing explosions. 

The elements of physics input that are marked out for careful treatment, then, include: 

1. /^-capture, neutrino transport: effect on Ye. 

2. Hadronic equation of state at high density, p = po to 4po, Po » 2.4 x 1024 g/cm3 the saturation 

density for the asymmetric nuclear matter found in the collapsing core. A moderate softening of 

nuclear matter under these conditions allows the core to collapse further into the gravitational 

well and thus increases the shock energy at formation. 

3. General relativity magnifies this effect, but at the same time reduces the mass of the homologous 

core at bounce and forces the shock to unfavourably traverse more stellar material on its way 

out of the core. The equation of state used in our astrophysical simulations has the simple 

form [19] 

p„w-K°lz/it
nm] 

( * ) 
(3) 

for the cold, hadronic pressure. The incompressibility KQ (and density po) are, of course, 

functions of the charge to mass ratio Z/A, the latter reduced by /^-capture from 0.42 to nearer 

0.32 in the collapse environment. A good measure of the softening so helpful to the prompt 

mechanism then follows from the behaviour of the incompressibility in asymmetric matter 

{N = 2Z) [19,4] 

K0{Z/A) = K'0
ymm 1 - 2 6-1)1 • , 

The combination of a softer equation of state with relativistic gravitation is the key to the 

prompt mechanism. 

Laboratory constraints on the hadronic equation of state do exist and must be respected. 

a. The incompressibility at normal nuclear density po is reasonably well extracted from the 

energy of the breathing mode in heavy nuclei to be [20] 

K'0
ymm = 210 ± 30 MeV, at Z/A = 1/2 . (5) 

b. In contrast, early analysis of relativistic heavy ion experiments at LBL [21] pointed to a 
considerably stiffer nuclear matter at high density. This is still an open question, but further 
investigations [22] suggest the neglect in the analysis of heavy ion collisions of the velocity (and 
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hence density) dependence of nuclear forces as the culprit in the discrepancy between heavy 

ion collisions and breathing mode equations of state. 

Results of Prompt Mechanism Simulat ions 

The parameters of explosions resulting from our hydrodynamic simulations have been exten

sively reported. Confirmation of these results are seen in the recent work of Bruenn [23], some of 

which is as yet unpublished. A key component of any such calculations is the i/-transport scheme 

which in our calculations has only recently been carried out in complete detail to the level found 

in Bruenn [23] or Wilson and Mayle [15]. 

It suffices to quote some results (Table I) for the 12, 15 M© initial models of Woosley-Weaver 

and for the 13 M© model of Nomoto-Hashimoto. The much lower core masses found by the latter 

group for even 20 M© (MH 6 « 6.0 M©) progenitors presage viable explosions in these cases as 

well. A vital factor in our introduction of full transport is once again the strong role played by 

symmetry effects. A high symmetry energy suppresses free proton number (and hence ^-capture) 

in the collapse environment and thus sustains a high Ye throughout the collapsing core. This in 

turn leads to shock formation at a favourably large radius. 

Prom Table I one can conclude that within reasonable ranges for KQ {Z/A) and the adiabatic 

index T, prompt explosion energies can describe SN 1987a or perhaps even more energetic super-

novae. A close examination of the work of Shigeyama, Nomoto and Hashimoto [12] leads me to 

suspect they may have underestimated the energy in 1987a. 

Neutrino Detection 
The 'sightings' of simultaneous, bunches of neutrinos in the KII [6] and 1MB [7] detectors some 

three or four hours before optical observations of SN1987a is surely as good a demonstration of 

the existence of gravitational collapse supernovae as we can desire. The very short time between 

neutrinos and optical visibility is a surprise, speaking to the small size and unusual nature of the 

progenitor. We have performed [5] one of the many parallel analyses of these neutrinos [23-28]. 

At the heart of our analysis are the equations 

^ = L = (0.011) f - ^ - 1 f—?—1 x 1051 ergs/sec. (6) 

T = T0 e " ' / r (7) 

describing the compact remnant emission as black body from a sharp neutrinosphere and with 

Newtonian cooling of the remnant. The analysis must take account of the neutrino cross sections 

and detector efficiencies [5]. 

The observed mean energy more or less determines the initial cooling temperature 7b; the 

total number of neutrinos in the detectors then determine the binding energy B and compact 

remnant mass Mnt. The chronology of detected events, divorced from their energy distribution, 

yields a cooling time r. We find an acceptable range for To between 4.5 and 5.5 MeV and then 

extract B = 2.0 ± 0.5 MeV and Mn, = 1.2 to 1.6 M©. Further, there is a complete consistency 

in the numbers extracted separately from KII and 1MB data within the stated range of initial 

temperature. 

Finally, I turn to the question of limits on neutrino masses. One can obtain a good limit on 

mpe by examination of Table II, constructed by mapping the Kamiokande data back to its source 

at the supernova, after imposition of a finite mass. The KII data itself corresponds to mPe = 0; I 
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Table I Explosion Energies from the Prompt Mechanism, for Various Collapse Models taken from 
Refs. 3 and 4. Equation of state parameters KQVmm, T are the equivalent incompressibility at 
saturation for symmetric matter Z/A = 1/2, and the adiabatic index, as given in equations (3) 
and (4). All calculations take full account of general relativity except for model #38*, which, 
is Newtonian. The maximum central density reached in the calculation p^ax ' s m u n ^ s of the 
saturation density appropriate to the asymmetric matter Z = 1/3 relevant to bounce, which is 
Po (1/3) = 2.4 x 1014 g/cm3. The precollapse models for #48-45 are the main sequence M = 
12, 15 M© models of Ref. 17, while #61-63 are from the 13 M© model of Ref. 18. The explosion 
energy Eexpi was obtained from the estimated shock energy by correcting for oxygen burning in 
the mantle and gravitational binding of mantle and envelope. Models are further distinguishable 
by the symmetry energy W, which we believe is experimentally closer to the higher values in the 
table and by a trapping density which is set at 0.4 x 1012 g/cm3 in the first six models in the table, 
and at the more realistic 1 x 1012 g/cm3 for #62, 63. 

Model number 

38* 
40 
41 
43 
45 

61 
62 
63 

Mass 

M© 

12 
12 
12 
15 
15 

13 
13 
13 

Tftymm 

MeV 

180 
180 
180 
180 
90 

180 
180 
180 

r 

2 
2 
3 
2.5 
3 

2.5 
2.5 
2.5 

w. 
meV 

29.3 
29.3 
29.3 
29.3 
29.3 

29.3 
36.0 
34.0 

ôfe 

2.3 
12.0 
3.1 
4.1 
4.0 

4.1 
4.1 
4.1 

Eexpl 

1051 ergs 

0.1 
3.2 
0.8 
1.7 
0.8 

2.4 
2.6 
1.9 

have also included the mapping for mpe = 10 and mpe = 15 eV. It is my opinion that the first eight 

KII events in 1.92 sec. constitute the 'real' cooling pulse. The width in time of this pulse starts at 

1.92 sec. and is stretched to 5.4 sec. for a 10 eV mass, to 10.8 sec. for a 15 eV mass. Moreover, the 

spectrum itself becomes very hard for either of these masses, with neutrinos of low energies being 

emitted well before those of high energies as the neutron star cools. To select a mass of 30 eV and 

claim this is a more conservative [28] limit for the neutrino mass seems unreasonable; one is then 

dealing with almost unconnected events at the supernova. The energy versus time sequencing and 

pulse width become unacceptable near mpe = 15 eV, especially since the source pulse width is then 

~ 10 sec. somewhat larger than the cooling time r /4 ;S 4 sec. we find from the data itself. 

The above limit is comparable to or slightly better than that obtainable from the presently 

best laboratory experiments [29]. How does one evaluate this estimate statistically? The weakest 

link in the argument is I think the dependence of the mapped pulse width on the time of arrival 

of the lowest energy event # 3 . The probability that both # 3 and # 6 (rejected as background) 

are background events determines the level of confidence in our conclusions. This probability is 

roughly 5%. Otherwise, one would rely on event # 4 (9.5 MeV electron energy) and extract a limit 

closer to 20 eV for the mass upper bound. 

The late time KII events, after 10 seconds, are potentially quite interesting. It would seem 

the probability of all three of these events #10, 11, 12 being background is slight [6]. They could 

represent some reheating of the compact remnant due to, say, material falling back into the core 

or, more speculatively, a phase change in the core. However, the falling back of matter not ejected 

in the explosion should not take as long as 10 seconds. 
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Table II Limit on the neutrino mass. The KII event sequence is mapped back in time to the source 
as a function of neutrino mass. The pulse width for the first eight events becomes increasingly long 
as the neutrino mass mp, increases, and the spectrum becomes increasingly hardened. Knowledge 
of the supernova and neutron star cooling strongly suggest a mass of 15 eV as an upper limit. 

Event Number 

1 
2 
3 
4 
5 

6 
(rejected) 

7 
8 
9 

10 
11 
12 

Pulse width 
at source 

(first 8 events) 

'detection (sees) 

0.0 
0.107 
0.303 
0.324 
0.507 

0.686 

1.541 
1.728 
1.915 

9.2 
10.4 
12.4 

1.92 

Energy (MeV) 

20 
13.5 

7.5 
9.2 

12.8 

6.5 

35.4 
21.0 
19.8 

8.6 
13.0 
8.9 

[t — <i) source 

mPe = 10 eV 
0 

-0.63 
-3.50 
-2.00 
-0.38 

1.97 
1.80 
1.92 

6.45 
9.55 
9.87 

5.42 

(t — ti) source (sees) 

mpt = 15 eV 
0 

-1.55 
-8.27 
-4.90 
-1.49 

2.51 
1.89 
1.89 

7.39 
8.49 
6.71 

10.8 

There are a number of other interesting limits to be drawn on neutrino properties by somewhat 
more sophisticated use of the supernova dynamics. Putting another neutrino-antineutrino pair [30], 
i.e., another two species, into any calculation of the neutron star cooling would probably accelerate 
this process unacceptably. Further, one can place an upper limit [5] of 45 eV on the mass of any 
species mixing with the electron neutrino, else no supernova mechanism would succeed, delayed or 
prompt. 
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