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Summary. A Monte Carlo transport code was used to compute
spectra of neutrinos of all flavors for two stages after the collapse
of the iron core of a 20 M, star. It is demonstrated that the
neutrinos emitted during the mass accretion phase of the hot
shocked core are not thermalized with the matter around the
‘neutrino sphere’ and that their energy distributions are more
narrow than blackbody Fermi-Dirac distributions. Parametriz-
ations for a thermal description are given and attempts to fit the
non-thermal behavior are tested. Implications of these results for
the interpretation of neutrino observations, e.g. those associated
with Supernova 1987A, are discussed.
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1. Introduction

The detection of 19 neutrino events about 3 hours before the first
photographic record of Supernova 1987A in the Large Magel-
lanic Cloud (Hirata et al., 1987; Bionta et al., 1987) is commonly
considered as being the beginning of extragalactic neutrino as-
tronomy. For the first time were we able to achieve experimental
evidence for stellar core collapse, associated with a release of
several 10°3 ergs of energy in form of neutrinos. The small
number of events, however, did only allow to confirm our basic
picture of the astrophysical scenario preceding a supernova
outburst and leading to the formation of a neutron star, but it
was not possible to obtain detailed information about the
physical processes causing the explosion. Nevertheless, the
Kamiokande II and IMB data emphasized the importance of
neutrinos and the chance to use them as a direct probe of the
physics going on deep inside the core of an evolved massive star.
But it also became evident that in order to interpret neutrino
observations — especially those of a future galactic supernova
event — with respect to their astrophysical meaning (e.g. the
equation of state at supranuclear densities, neutron star proper-
ties, the supernova explosion mechanism, nucleosynthesis) as
well as with respect to particle properties (e.g. neutrino mass,
number of neutrino families, neutrino magnetic moment) precise
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temporal and spectral information about the neutrino emission
will be necessary.

Up to now only a few groups have made attempts to compute
neutrino spectra from ‘realistic’ hydrodynamical models of stellar
core collapse and neutron star formation. Mayle (1985) and
Mayle et al. (1987) employed a multigroup diffusion scheme.
However, the use of a flux-limiter — although calibrated to the
special situation of a hydrostatic stellar background ~ and ap-
proximations of the neutrino-electron scattering rate and of the
blocking effects in the interaction kernels impose uncertainties on
their results. The same is true for calculations by Myra et al.
(1987) and Bruenn (1987). The former concentrated on the core
collapse phase and the very early post bounce evolution, the
latter computed spectra for a period up to about 1 second after
core bounce. Burrows and Lattimer (1986) and Burrows (1988)
investigated the mass accretion and Kelvin-Helmholtz cooling
phase of newly formed protoneutron stars, but they treated
neutrino transport with a simple flux-limited equilibrium diffu-
sion scheme. A Monte Carlo approach by Giovanoni et al. (1989)
restricts itself to the early shock propagation phase and suffers
mainly from the crude description of neutrino-electron scattering
processes.

In our Monte Carlo (‘MC’) treatment of the neutrino trans-
port on a given spherically symmetrical stellar background we
avoid these uncertainties (see Janka and Hillebrandt, 1989,
‘Paper I’). Spectra of all neutrino kinds were computed for two
different stages 12 milliseconds (‘model I’) and 315 milliseconds
(‘model IT) after the bounce of a 1.36 M, iron core, which was
followed through collapse in a simulation by Hillebrandt (1987).
Details of the stellar model, a description of the employed Monte
Carlo method, and a discussion of the results can be found in
Paper L. As a common feature of our transport simulations we
find a spectral narrowing around the peak energy: Compared to
blackbody distributions (u, = 0) the low energy phase space is
less populated, because particles of low energies are produced in
smaller amounts only (note that the charged current emission
rates increase approximately as ¢}) and, moreover, disentangle
from the stellar matter deeper within the star and stream off
faster. In the high energy tail of the spectra significant damping
appears due to much larger opacities (oc £2), which give rise to a
suppression of these contributions to the neutrino fluxes (see
Paper I).

In this article we will concentrate on the analysis of the
spectral distributions of the neutrinos streaming off from the hot
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protoneutron star. Section 2 contains a quantitative description
of the deviations from blackbody spectra, Sect. 3 deals with the
implications for neutrino detection, and in Sect. 4 we conclude
with a summary and discussion.

2. Neutrino spectra

The solid lines in Fig. 1la-d and Fig. 2a—c depict the spectral
dispersions of the neutrino flows in the free stream region as
computed with our Monte Carlo transport code. The discussions
in Paper I already made clear that one must be careful in
describing the spectral shape as being thermal. In order to
demonstrate whether and how this may be done and to compare
with other work, we tested two approaches. First, we determined
the two parameters #, and 7, of the usual Fermi distribution
function

so that the MC data for the local neutrino number densities and
energy densities were reproduced. The two relations

4n 4n
nv = — —_
(he)? (he)?
where F,(1,) = [ dxx" f; (x; n,) are the Fermi integrals in the
extreme relativistic limit, lead to the expression

“T{-Fy(n,) and €, = Tt Fy(n), (2a,b)
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We can immediately see that #, (and therefore T}, too) exhibits
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Fig. 1a—d. Thermal fits (i.e. fits based on Fermi-Dirac distribution functions) to the Monte Carlo results for the neutrino energy distributions that
belong to the outermost radial positions depicted in Table 1 (solid lines). Neutrino ‘temperature’ 7; and ‘degeneracy parameter’ 7, for the dashed
curves are computed such that the local neutrino number density and energy density are reproduced correctly. The corresponding spectra are close to
blackbody (n = 0) distributions with temperature 7; . The dotted curves represent the approach where an additional parameter A, is used in order to
generate the first three moments (n,, €,, €{?) of the neutrino energy distribution. a-d: v,, model I; v, model II; v,, model II; v,, model IL. For
numerical values of the fit parameters see Table 1
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Fig. 2a—c. Non-thermal fit-functions (represented by dots) to the neutrino energy distributions obtained in the Monte Carlo simulations at the
outermost radial positions of Table 1 (solid lines). a—c: v, model II; ¥, model II; v,, model II. No fit was possible in case of the v -spectrum of model I.
The corresponding numbers for the parameters 75, 5, A5 can be found in Table 2
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of the spectral parameters #, and T; even in a region where no
spectral change happens (ie. (&,) = const), but where n, is
subject to geometrical thinning. In order to avoid this undesir-
able effect we choose a second attempt, which moreover allows to
approximate the MC spectra with higher accuracy. By making
use of the distribution function

filesng, Ty, Ay) = [A; + exp(e/Th —n5)]7 !
1
= +exp(e/T, — 1)1 ! &)
2

we have three free parameters, which are sufficient for repro-
ducing particle number density, mean energy and mean square
energy characterizing the MC spectra. In other words: we are
able to fulfil the three moment conditions

4 1 T3F,(n,)
nyo=——
(he)® 4, 2 a2
4 1 T4-Fy(n,)
€ = L. T4,
" (hey? 4, 2 I'3\M2
4 1
(2) — .___.TS5.F . 6a, b, c
€y (he)® 4, 2 Fa(ny) ( )
Thus, we arrive at the identity
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for calculating #,; T, obeys the equation
e, F,(n Fy(n3)
1, = &0l T, ®)
n, F3(n,) Fy(n2)
and for 4, we get
Tg'Fz(ﬂz)/nw ©)

% ey

Clearly, geometrical effects are absorbed in the single quantity
A,, and the parameters 7, and 7, are solely determined by the
spectral shape, ie. its mean and width. 7, will certainly be
influenced by specific characteristics of the employed stellar
model (e.g. its density and temperature stratification), manifesting
themselves in the values for (¢, ». Equation 7, however, suggests
that 1, and so the ratios F5(1,)/F,(n,) and F,(n,)/F,(n,), too,
will depend on such features much less, but will reflect general
qualities of the integral interaction between neutrino gas and the
matter background. This is confirmed by the data listed in
Table 1. With r growing, the ratios F;(1,)/F,(n,) evolve steadily
towards their limiting values and outside the neutrino ‘sphere’
only minor changes occur, mainly caused by the spectral narrow-
ing as a result of the high energy ‘filter effect’ (see model 11, where
v.’s are strongly absorbed in the neutron-rich matter). However,
there is a clear dependence on the stellar evolution stage and the
overall lepton degeneracy in the medium. To recognize that,
compare neutrino transport in models I and II. Moreover, as the
equilibrium state of all kinds of neutrinos is nondegenerate in the
late model, the ratios F5(#,)/F,(n,) are of similar magnitude for
all of them here, at least far out in the star. Different temperatures
result from the different coupling of the various neutrino kinds to
the matter.

The spectra of neutrinos leaving the star correspond
closely to the energy distributions for the outermost radial
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positions depicted in Table 1 (minor corrections — of the order
of 2-3% — due to gravitational redshift may be superposed). The
values we receive for n, are near to zero or slightly below, i.e. the
associated functions resemble blackbody distributions with
F5(n,)/F,(ny) = 3.0 ... 3.15. The temperatures 7, deviate not
too much from the matter temperature at a neutrino ‘sphere’,
where the particles disentangle energetically from the matter
(actually, a definite surface does not exist). This is quite common
a guess when spectral information about the neutrino flux is
needed (compare e.g. Mayle and Wilson, 1987; Sato and Suzuki,
1987; Suzuki and Sato, 1987; De Rijula, 1987). However, from
Table 1 and Fig. 1 we conclude that the actual distributions are
indeed more narrow, caused by the high energy ‘filter effect’
analysed in Paper I. Splitting off the r-dependence we are able to
account for this (see Fig. 1) and arrive at the following results for
the parameters n, and T, : , is about 5.4 for electron neutrinos in
the case of the (moderately) degenerate lepton population
(7.~ 2...7) and a proton fraction higher than 0.2-0.3 outside
the ‘neutrino sphere’ in model I. Given a nondegenerate equilib-
rium state for neutrinos (and a proton fraction around 0.1
everywhere) (model II) we get 7, &~ 3.5; the number for v’s is a
little bit lower: #, , =~ 2.5. In order to compute the average
neutrino energies the corresponding temperatures 7, must be
multiplied by the ratios.[ F;(n,)/F,(n,)],, = 5.2 in model I and
by [F5(n,)/F2(n2)1,. 5, ~ 4.2, [Fa(ﬂz)/Fz(’?z)]vu ~3.8 in the
later model II. Certainly, {¢, ) and T, will differ for various stages
of neutron star formation as well as for different equations of
state. Nevertheless, 7, and the ratio F5(n,)/F,(n,) should not be
subject to these influences as much, but should reflect principle
characteristics of neutrino-matter interactions. They therefore
clearly state the non-blackbody shape of the neutrino spectra.
Note that regarding a probable temporal evolution of the spectra
and neutrino fluxes weakens this statement only slightly: If we
take a constant 7, of 3.5 and assume a time evolution of the
spectral temperature and of the luminosity similar to that de-
scribed in Mayle et al. (1987), we end up with a temporal average
of the ‘effective degeneracy’ of about 3.

Actually, the energy distributions are even nonthermal as the
(minor) deviations between the MC results and our three para-
meter approach demonstrate (see Fig. 1). Various authors have
tried to picture the non-thermal nature of the energy spectra by
modifying a thermal Fermi-behavior for n; = 0 with an expo-
nential damping factor due to neutrino-absorption:

1 e B (&/T3)?

58 B8, Ts, A3) = A—

—_— 10
3 1+ €T (10)

B is expected to adopt values in the range 0.01 to 0.1 (compare e.g.
Aglietta et al, 1987, De Rujula, 1987). This ansatz may be
suggested by the fact that the transport opacity varies roughly as
the square of the neutrino energy and the finite optical depth
outside the neutrino sphere leads to minor spectral modifications
(see Paper I). The three parameter function f; also allows to fulfil
three moment conditions, and we arrive at expressions for com-
puting f, T5 and A, identical with Egs. 7, 8 and 9; F,(#,) has to
be replaced by G,(B) = [ 5 dxx"-e™#**-(1 + ¢*)~ 1. Table 2 lists
the fit-parameters and Fig. 2 displays the corresponding fit-
curves. Although this approach seems to work well, we found it
to have some grave disadvantages. On the one hand, the quantity
B is enormously sensitive to small variations of the r.h.s. in Eq. 7
(e.g. already to those, which are introduced by statistical
fluctuations of our MC results, especially for the low v -flow of
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Table 1. Parameters for thermal fits of the computed neutrino energy distributions at various radial positions outside the
‘neutrino spheres’. For comparison the neutrino degeneracy parameter at chemical equilibrium (#$5?) and the matter temperature

T,, are listed, too

T R T, m Ty  F3/Fy(m) Fs/F2(m) m T, Ay F3/Fy(n3) Fy/F3(n2)
[km)] [MeV] [MeV) [MeV]
Ve, mod. 1 95 2430 2.427 1.286 3.322 3.394 14.564 5.733 2.076  3.638 5.431 33.534
106  2.207 2.366 0.758 3.181 3.273 13.739 5.193 2.036 4.737 5.115 29.992
118 2.738 1.939 0407 3.113 3.210 13.318 5.312 1.927 6.160 5.184 30.744
129 3.430 1.804 0.151 3.051 3.171 13.067 5.303 1.868 7.461 5.178 30.686
140 4.458 1.557 -0.143 3.028 3.134 12.831 5.410 1.811 9.548 5.241 31.376
ve,mod. II 100 -1.446 3.954 -1.253 3.909 3.050 12.303 0.214 3.749  3.496 3.180 13.125
112 -1.065 3.111 -1.375 3.413 3.045 12.270 1.382 3.040 8.508 3.419 14.742
124 -0.519 2466 -1.474 3.061 3.041 12.245 2.280 2.513 14.468 3.704 16.853
136 -0.782 2.136 -1.616 2.795 3.035 12.214 2.830 2.164 20.317 3.920 18.579
148 -0.050 1.888 -1.838 2.691 3.029 12.173 3.504 1.930 30.653 4.222 21.165
De,mod. II 100 1.446 3.954 -1.059 6.079 3.060 12.363 3.117 4.600 13.288 4.044 19.612
112 1.065 3.111 -1.356 5.566 3.045 12.274 3.385 4.069 18.866 4.166 20.668
124 0.519 2466 -1.670 5.203 3.034 12.203 3.556 3.717 26.498 4.247 21.385
136 0.782 2.136 -1.917 4.961 3.027 12.160 3.476 3.568 32.836 4.209 21.047
148 0.050 1.888 -2.136 4.753 3.022 12.130 3.443 3.426 40.159 4.193 20.906
vy, mod. II 88 0.000 4.829 -2.752 6.858 3.012 12.071 3.163 5.082 67.619 4.064 19.788
100 0.000 3.954 -3.079 6.579 3.009 12.051 2.801 5.016 85.611 3.946 18.789
112 0.000 3.111 -3.420 6.418 3.006 12.037 2.854 4910 118.53 3.930 18.659
124 0.000 2.466 -3.681 6.139 3.005 12.028 2.728 4.757 147.02 3.878 18.232
136 0.000 2.136 -3.876 5.732 3.004 12.023 2.419 4.585 159.05 3.756 17.256

Table 2. Parameters for non-thermal fits of the computed neutrino energy distributions at the outermost
positions of Table 1. The corresponding numbers at two different times ¢.,, during the Monte Carlo
transport simulations are listed. Note the sensitivity of § to even the small variations caused by statistical
fluctuations in the MC spectra. In the degenerate lepton environment of model I no solution for § could

be found (compare Fig. 3)

teal (€2)/{e,)? Jij Ts Az G3/Gz(B)  G4/G2(B)
[s] [MeV]
Ve, mod. I 8.186-10~4 1.142 — — — — —
Ve, mod. II  8.640-10~4 1.205 0.3754 5.745 9.653 1.420 2.429
8.812-10~4 1.187 2.6543  12.769  11.803 0.638 0.484
e, mod. I 1.390-1073 1.194 0.9653  14.537  14.483 0.989 1.167
1.450-10°3 1.189 1.8678  19.244  15.308 0.746 0.662
vy, mod. I 3.328-1073 1.226 0.1236 8.588 58.985 2.001 4.909
3.394.1073 1.223 0.1377 8.855 60.023 1.945 4.626

model II). Figure 3 shows that f covers a range between (almost)
Zero and infinity for the relevant ratios
(e2>/<e,»?; in the case of spectra with appreciable ‘effective
degeneracy’ 11, (v, in model I) the ansatz of Eq. 10 even does not
allow to find a solution for . Moreover, the corresponding
‘temperatures’ T; are beyond a reasonable physical explanation,
i.e. in general they cannot be interpreted as those of a neutrino
sphere. In some sense an exception are muon neutrinos. These
have a uniform chemical equilibrium potential of zero and their
(average) coupling to the matter in semi-transparent regions is
much weaker than that of v.’s or v.’s. After disentanglement from

kinetic balance with the medium at higher densities their flow
endures some energy loss by nonconservative lepton scatterings,
annihilation processes with their antiparticles, and the ‘filter
effect’. This is much closer to the physical picture combined with
ansatz (10) than the more complicated neutrino-matter inter-
action of electron-type neutrinos.

3. Implications for neutrino detection and for SN 1987A

Having recognized the non-blackbody nature of the spectra one
may ask, whether the appearance of an ‘effective degeneracy’
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Fig. 3. The ratio {(&2)/{e)? as a function of the spectral fit-parameters
n, and B. A slow decrease with 7, from an upper limit of £ for , - — c©
to a lower limit of £ for #, — + oo (dashed curve) can be distinguished
from a rapid drop with growing f (solid line), bounded by a lower limit of
3n/8 for B — oo (dotted line). For ratios (&2 »/{¢, >? below this value no
appropriate f§ can be found

parameter 7, bears any consequences for neutrino detection. We
will discuss this question with reference to the IMB and
Kamiokande 2 experiments using the detector efficiency function
given in Mayle and Wilson (1987) for the K2-detector and a
revised efficiency curve for the IMB-detector stated in Burrows
(1988). Figures 4a and b show how the expected number of
neutrino events N, their average detected energy e, )4, and
the width of the detected energy dispersion oy, =

\/(83 Yaet — ({&Daer)? as functions of the average neutrino
energy at emission, <¢, )., = T, F5(n,)/F,(n,), change, when a
parameter #, > 0 is introduced in order to reproduce the differ-
ences of the neutrino spectrum from a blackbody one. Ny, is
given by multiplying the neutrino flow through the detector
volume with the reaction probability for a single particle and the
detector efficiency function &(¢,) and integrating over the
energies:

Noe(n,, T,, EV') = —ﬂl—'gf—l'lz(m, T,), (11)
T Fy(n,) 4nr?

where

Ln, T,) = [ de, 6 (e,) a(&,) €} f(ey;my, T,). (12)

The momets (&} )4, are given by the ratios

et = In+2(ny, T,)/ L1 (n,, T,). (13)

N7 means the number of target particles, E'* is the total energy
emitted in a certain neutrino kind, and r the distance to the
source; o(e,) describes the reaction cross section, and
f(ey;n,, T,) is the Fermi distribution function. For computing
Fig. 4 we assumed electron antineutrino absorption on protons
in the water tanks of the IMB (6800 metric tons) and K2 (2140
metric tons) experiments, thus:

302+ 1¢
() e - Q)

e

6(8") = (sv - Q)2 - mg

(14)
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Fig. 4a. Numbers of expected neutrino events in the Kamiokande and
IMB experiments as functions of the average energy {e,).m of the
neutrinos emitted from the star. The efficiency curves of the K2 and IMB
detectors were constructed from the data presented by Koshiba (1988)
and Secco (1988), respectively. The energy transported through an area of
1 cm? on earth by electron antineutrinos was set equal to 1.67 10° ergs,
corresponding to a total energy of E¥' = 5.0 10°2 ergs and a distance of
50 kpc from the source. The dashed lines were computed for neutrinos
distributed according to a blackbody spectrum (7, = 0), while the solid
lines represent the case n, = 3.5

20.0 30.0 40.0 $0.0

detected energies (MeV)
10.0

0.0
1

10.0 15.0
energy,em (MeV)

20.0 25.0

Fig. 4b. The upper curves show the average energy of detected neutrinos
{&, Dqet VS- the mean particle energy at emission (¢, ). The short-dashed
lines correspond to n, = 0, the solid ones to #, = 3.5. The lower set of
curves represents the spectral widths o4, = \/ (&2 ge — (&3 Of the
detected neutrinos as functions of (¢, ).,. Here the dotted curves belong
to #, = 0, the long dashed ones to n, = 3.5. The o¢-values for the K2
detector are slightly higher than those for the IMB experiment

(0o =170510"**cm?, o~ 1254, Q= 129335MeV, m, =
0.511 MeV, 6, & — 0.00325(s, — Q/2) MeV ™! is the weak-
magnetism correction) (Burrows, 1988). The distance to the
source was set equal to r = 50 kpc (which corresponds to the
distance to the Large Magellanic Cloud), and the total energy
output of the source was fixed to EY' = 5102 ergs. Figure 4
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demonstrates that given the same value of (¢, )., a blackbody
spectrum leads to higher results for all of the detected quantities
Nyets & Dder» Oger- This can be explained by the more rapid
decrease of the high energy tail of the spectra when 7, > 0,
causing a clearly reduced detection probability (especially in the
IMB experiment due to its high threshold energy of about
20 MeV). Or, changing the point of view: A number of Ny,
neutrino events with an average energy (e, )4, and a spectral
width g, is compatible with a higher mean energy at emission.
Note that holding (¢, )., fixed and increasing E'* together with
n, may also account for a measured value Ny, (see Eq. 11).
However, doing so would produce discrepancies with the re-
vealed spectral quantities (compare Fig. 4b). v
The question arises, whether the neutrino detections associ-
ated with SN 1987A (Hirata et al., 1987; Bionta et al., 1987, for
revised neutrino data see e.g. Haines, 1988) yield any information
about the parameters describing the energetic distribution of the
emitted particles. Since the small number of events (11 in the
Kamiokande 2 detector and 8 in the IMB water tank) does not
allow to draw any conclusions on the spectrum in a more direct
way, we constructed a maximum likelihood test function in the
n,-T,-E%'-space (for general aspects see Abbott et al., 1987):
2
£, T, ES") = —1——'exp|: _ 1(%1%) ]
2n Nexp 2 \/ N exp

Nexp

x 1 9(&; n,, T,).

i=1

(15)

Ny, is the number of neutrinos caught in the experiment; we
assume that all reactions were absorptions of electron antineu-
trinos on protons (see e.g. Bahcall et al.,, 1987; Mayle and Wilson,
1987). Making a statistical test of this kind means to ask for the
‘best’ (i.e. the a posteriori most likely) choice of parameters in the
theoretical probability function so that an empirical result (e.g. a
certain number of detected particles with a defined average
energy) can be explained. The exponential factor in Eq.15
accounts for statistical fluctuations in the number of registrations
(a Gaussian distribution instead of a discrete Poisson distri-
bution was taken), while each factor

oo

g(gi; Mys Tv) = f davév(sv)a(sv)a‘%f(sv; /' Tv)

0

1 Lie,—e V], _,
X exp| — = 1;'(n,, T,)
2no; 2 0;

describes the a posteriori probability for finding a neutrino of
energy g with an error g; of the single measurement, if the
infalling particles are distributed according to a Fermi function
with parameters #, and 7,. Actually, &% does not simply
depend on variations of the total energy output of the source,
E¥' ~ ¢ x E, but on changes of the energy hitting a unit of area
in the detector, &, = E¥'/4nr?. However, we assume the dis-
tance to the LMC as well known and equal to 50 kpc.

Figure 5a—c shows the likelihood regions in the 7,-E}-plane,
in the T,-n,-plane and in the #,-E¥*-plane. The cuts are placed at
the most likely values of , or EY* or T, belonging to the events in
the K2 and in the IMB detectors, respectively. Measurement
errors are not included here, since essentially they just enlarge the
likelihood regions, ie. in Eq. 16 we replaced the normalized
Gaussian factor by a Dirac delta function d(¢, — ¢;). Although
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Fig. Sa—c. Maximum likelihood regions in the #,-T,-E3'-space for the
neutrino events found in the K2 and IMB experiments in connection with
SN 1987A. The cut planes are located at the best fit values of 5, E% and
T,, respectively, for both detections. The lines mark 68%, 95% and 99%
likelihood volumes. Errors in the single neutrino’s energy measurement
were not included in constructing the likelihood function. The plots
reveal extended volumes for possible values of #,, which become even
larger when measurement errors are regarded
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the maxima of the likelihood functions — nIME =0 (... 4.4),
TIMBE = 4519 MeV,EXHIMB = 34%11610%? ergsand ¥ =0
(...27), T¥2=29*39MeV, EV"¥2 =64%5110°% ergs (the
conservative uncertainty bounds correspond to the 95% con-
fidence volumes) — do not yield direct evidence for a non-
blackbody shape of the spectrum, both detections are far from
definitely prefering 5, = 0. Only regions for probable choices of
(T,, n,)-pairs can be localized, which do not exclude positive
degeneracy parameters. The shape of the contours may be ex-
plained from the dependence of the likelihood function on T, and
#,. Shifting n, from zero to negative values (‘nondegeneracy’)
does not influence the maximum likelihood values of E¥' and T,
significantly and all ,’s are ‘equally probable’ there. For #,’s
above 2, however, T, drops as 7, increases ( EY kept fixed), which
is clear from their coupling in the spectral Fermi distributions.
On the other hand, a higher value of 5, (T, fixed now!) allows for
a lower E¥*, since a greater fraction of the neutrino flux exceeds
the threshold energies of the detectors (about 20 MeV for IBM
and 7.5MeV for K2) and is able to produce the number of
counted events. So prescribing a lower bound to the total emitted
energy leads to an upper limit for #,. In principle that can be
done by postulating the Kamiokande and IMB detections to be
most consistent with each other. Unfortunately, this also reveals
only quite extended parameter volumes as being allowed by the
experimental data (measurement errors included now): n, =0
(...25), T, =345 MeV, EX = 53%3:210°2 ergs. It must be
noted that both detections overlap only on their 95% confidence
levels in the T,-E*-plane. This weak consistency is also reflected
in our spectral analysis, where the high energy events of IMB
yield a clearer tendency towards nonvanishing values of 7, than
the K2 data do. Actually, one may ask, whether the experiments
should be expected to be consistent with each other. Since the
IMB experiment has an energy threshold of about 18 MeV for
positrons, but a more than twice as big tank volume, it is the
better detector in the high energy region. Kamiokande 2 on the
other hand is able to ‘see’ low energy neutrinos, too. It may
therefore very well be that both of them were sensitive to different
time intervals of the neutrino emission from SN 1987A, associ-
ated with different temperatures and energy outputs. This possi-
bility is left open by the 2 minutes uncertainty in the K2 time
measurement and could account for the lower total flux sugges-
ted by the IMB detection.

Any investigation aiming on spectral features of the neutrino
emission from SN 1987A of course suffers from the sparse data
and the necessity to evaluate the time integrated signals, which
are the superposition of the energy distributions during the whole
period of protoneutron star cooling. A maximum likelihood test
is suitable to yield satisfying information about the most prob-
able regions for 7, and EY'. However, it cannot give strong
constraints on #,, because the detected quantities Ny, and
{&, Y4 €xhibit a weak sensitivity to different combinations of #,
and 7, in the reasonable range for n, (see Figs. 6a and b).
Therefore the very flat maximum of the maximum likelihood
function can provide us with only rough estimates of those values
for n,, which are consistent with the experimental data. Never-
theless, we made clear that our Monte Carlo result of an ‘effective
spectral degeneracy’ is not excluded by the K2 and IMB detec-
tions. Thus we conclude that the mean neutrino energy <{e, Yem
from SN 1987A may have been considerably higher and the total
energy output somewhat smaller than has been estimated pre-
viously: Replacing 5, = 0 by the reasonable ‘effective degeneracy’
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Fig. 6a. Curves of constant Ny, in the 7,-n,-plane for the Kamiokande
(solid lines) and for the IMB detector (dashed lines). The antineutrino
energy flow through earth was again set equal to 1.67 10° ergscm ™ 2.
From bottom to top the lines correspond to the following expected
numbers of neutrino events: Ny, = 4, 8, 12, 16, 20, 24, 28, 32, 36, 40

T (MeV)

0.0 1.0 2.0 3.0 4.0 S.0 6.0 7.0 8.0 9.0
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Fig. 6b. Lines of constant average detected energy (¢, D4, in the T,-1,-
plane for the K2 (solid lines) and for the IMB experiment (dashed lines).
The energy transported through earth by electron antineutrinos was
assumed to be 1.6710%ergscm™ 2. From bottom to top the curves
correspond to values {¢, 4., = 10, 12, 14,16, 17.25, 18, 20, 22, 24, 26 MeV
in case of Kamiokande 2 and to {¢, 4., = 26, 28, 30, 32, 33, 34, 35, 36, 38,
40 MeV in case of IMB. Note that T, does not depend on #, as sensitively
as in Fig. 6a. This accounts for the fact that an effective degeneracy , > 0
is consistent with a (slightly) lower value of 7, and a lower value of EY,
when a certain neutrino detection is to be explained

of n, = 3.5 shifts the most likely values of (¢, X2 = 9.0 MeV and
EY“%2 = 6.410°? ergs in case of Kamiokande 2 to the numbers
<&, >&2 =109 MeV and EY"¥? =5310%2 ergs. For the IMB
events the best fitting values (¢, >IM® = 14.2 MeV and EY" M8
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=3.410%%ergs are corrected to (¢, >!MB = 18.6 MeV and
EX-IMB — 231052 ergs.

5. Summary and conclusions

We performed Monte Carlo simulations of neutrino transport
during the cooling phase of the hot, extended shocked mantle of
a collapsed 1.36 M, iron core. The results of these computations
for two snapshots 12 milliseconds and 315 milliseconds after core
bounce were described and discussed in a previous publication
(Paper I). Here we concentrated on the analysis of the shape of
the calculated neutrino spectra, investigated the consequences for
neutrino detections and searched for possible evidence on the
energetic distribution of the electron antineutrino emission from
SN 1987A in the Kamiokande 2 and IMB data.

Our results clearly indicate a non-thermal character of the
neutrino energy distributions, which are more narrowly concen-
trated around the peak energy than blackbody spectra. However,
they may be reproduced with high accuracy by using a Fermi-
Dirac function with an ‘effective chemical potential’ instead of
u, = 0, the usual blackbody assumption. The numbers for the
corresponding ‘degeneracy parameters’ range from 7 ~ 5.4 in
the case of a (moderately) degenerate lepton background in the
star to 7" & n¢f ~ 3.5 when the lepton degeneracy is low in the
region where neutrinos disentangle from matter. For the other
neutrino kinds we find ¢ ~ 2.4, a little bit smaller a value, since
their coupling to the matter differs from that of electron-type
neutrinos. These numbers should only decrease insignificantly for
the time integrated energy spectra. Surely, the absolute size of the
luminosities as well as details of the particle transport depend on
the special properties of the stellar background models employed
in the transport simulations. E.g. the hard equation of state used
in the supernova calculation underlying this work has effects on
the stellar structure and thus also on the time evolution of the
particle flows and mean escape energies of all neutrino kinds.
Nevertheless, we feel that our spectral shapes reflect more general
and integral features of neutrino-matter interactions.

The attempt to extract some information about the energy
distribution of electron antineutrinos emitted from SN 1987A
clearly suffers from the small number of events. Both detections
do not contradict our Monte Carlo result of the spectra being
non-blackbody but are not able to yield convincing evidence for
an ‘effective degeneracy’. However, taking this as a premise the
interpretation of the experimental data leads to the conclusion
that the neutrinos must have been emitted with average energies
higher by about 20—-30% and that the total energy flow through
the detector might have been lower by the same fraction com-
pared to the case of blackbody emission. The weak consistency of
both experiments is confirmed by our analysis, too.

Naturally, the non-blackbody nature of the spectra will also
have consequences for the numbers of neutrino-electron
scatterings and neutrino reactions with *¢O-nuclei relative to the
number of electron antineutrino captures on the proton targets,
which can be expected from a future galactic supernova in a
water detector. However, in order to investigate this question we
need reliable and quantitatively meaningful calculations of the
spectral and temporal evolution of the neutrino fluxes leaking
out a collapsed stellar core during the whole period of proto-
neutron star cooling. A full hydrodynamical calculation in con-
nection with an elaborate neutrino transport would certainly be
the appropriate handling of this problem, but is out of reach for

the moment. Nevertheless, when spectral information is asked
for, the approach chosen here in taking a computed background
model and overlaying a detailed transport should not yield
results too far off, as long as the dynamical time scales are much
larger than any time scale associated with the neutrino transport
itself.
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