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Axial-vector interactions of neutrinos and axions with a medium are based on structure functions
which cannot be calculated in simple perturbative terms for nuclear densities. We use the SN 1987A
neutrino signal duration to estimate the range of allowed neutrino opacities of a supernova (SN) core.
We perform numerical simulations of the evolution from the hot, lepton-rich post-collapse stage to
the cold, deleptonized neutron star and compare the predicted neutrino signal characteristics with
the SN 1987A data. In addition to the neutrino opacities we vary the mass, temperature profile,
and equation of state of the initial model. Within plausible limits of these quantities the neutrino
opacity cannot be much smaller than its "standard" value. This limits the width of the spin-density
structure function to much smaller values than indicated by a perturbative calculation, implying
that bremsstrahlung processes such as axion emission probably saturate at around 10% nuclear
density. A substantial suppression at yet larger densities that might have been expected does not
seem to occur.

PACS number(s): 14.60.Lm, 14.80.Mz, 95.30.Cq, 97.60.Bw

I. INTR.(3DU CTI(3N

Aside &om gravitational waves neutrinos provide the
only known possibility to obtain direct information about
the physical processes in matter at the extreme condi-
tions of density and temperature that occur at the cen-
ter of type-II supernova (SN) explosions, in colliding or
coalescing binary neutron stars, or in collapsing white
dwarfs. A type-II SN explosion marks the violent final
stage in the life of a massive star with a main sequence
mass 8Mo & M & 30MO. It is associated with the dis-
ruption of the star and an outburst of light with a total
energy of about 10 erg. Most of the stellar mantle and
envelope is ejected with a kinetic energy of the order of
10 erg, forming the ultimately difFuse SN remnant. The
progenitor star's core with a mass of 1—2M~ is thought
to form a compact object, i.e. , a neutron star or possibly
a black hole.

Core collapse events and merging binary neutron stars
are powerful sources of neutrinos which are far more ef-
Gcient at carrying away energy from the dense inner re-
gions than photons for which the opacity is about 20 or-
ders of magnitude larger. 99% of the gravitational bind-
ing energy (a few 10 erg) of the neutron star forming
in a SN are emitted in neutrinos and antineutrinos of all
flavors. They carry away lepton number and energy, thus
driving the evolution from the hot, lepton-rich collapsed
stellar core to the cold, neutronized remnant. In addi-
tion, recent progress in our understanding of SN physics
indicates that neutrinos play an active and. crucial role
for difFerent processes during type-II SN explosions. Neu-
trino energy deposition in the layers between the newly
formed neutron star and the SN shock front is thought to
yield the energy for ejecting the stellar mantle and enve-

lope [1]. This energy deposition creates a "hot bubble"
outside of the protoneutron star which has comparatively
low density, but quite high temperatures [2]. Also, the
transfer of energy from neutrinos to the material near
the surface of the protoneutron star causes a continuous
flow of matter into the hot-bubble region. This neutrino-
driven wind may well be the long-sought site for the r-
process nucleosynthesis [3].

The measured SN 1987A neutrino signal at the
Kamiokande II and IMB water Cherenkov detectors [4]
crudely confirms theoretical expectations. Notably, the
duration of the signal of several seconds precludes efB-
cient cooling via 'invisible channels" such as the emission
of right-handed neutrinos or axions. Therefore, the SN
1987A signal has been used to set a large number of con-
straints on a variety of novel particle physics models and
phenomena [5]. Using SN 1987A and perhaps a future
galactic SN as a "particle physics laboratory" along these
lines, as well as a proper understanding of the SN explo-
sion mechanism and r-process nucleosynthesis all require
a reliable calculation of the "neutrino light curve" from
a core collapse SN.

To this end the transport of neutrinos through the stel-
lar medium has to be simulated in numerical models of
SN explosions and of the protoneutron star evolution,
ideally by solving the Boltzmann transport equation. In
practice, an approximate treatment based on the corre-
sponding moment equations is usually employed. A nec-
essary input are the dynamical structure functions of the
stellar medium which account for the interactions with
the neutrinos. For instance, the neutral-current scatter-
ing v(kz) ~ v(k2) is completely described by a func-
tion W(kq, k2) which gives the probability for a tran-
sition from a neutrino with four-momentum kq to one
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with k2. For most practical applications this function
was calculated on the basis of a simple cross section for
the scattering process v(ki) +N ~ K+ v(A:2) on free nu-
cleons ¹ In the nonrelativistic limit nucleon recoils can
be neglected; the scattering cross section is then found. to
be a = (G2&/47r)(C& + 3C&)si with the Fermi constant
G~, the vector and axial-vector coupling constants C~
and C~, and the initial neutrino energy ei. The scat-
tering cross section and the neutrino opacities are thus
found to be dominated by axial-vector (spin-dependent)
interactions. The same holds true for charged-current re-
actions of the form v, +n++ p+e and v +p++ n+e+.

In a recent paper Raffelt and Seckel [6] have questioned
the validity of this approach for the conditions of a SN
core. Simply put, they argued that the collisions among
nucleons which interact by a spin-dependent force cause
the nucleon spins to fluctuate fast relative to other rel-
evant time scales. For neutrino scattering such a time
scale is the inverse of the energy transfer Lr = r2 —ei.
Neutrinos cannot "resolve" processes which happen at a
faster rate and so, if the spin of a given nucleon fIips sev-
eral times during the period (AE) the neutrino will see
an approximately vanishing nucleon spin. For the vec-
tor current, a similar efFect does not exist because in the
nonrelativistic limit there are only small nucleon veloc-
ity fIuctuations. This difFerence between the vector and
axial-vector interactions is also illustrated by the absence
of neutrino pair bremsstrahlung N +N ~ N + N + v + v
&om the vector current, while there is a large contribu-
tion &om the axial vector. In this case neutrino pairs are
emitted by the fIuctuating nucleon spins which act as a
time-varying source for the neutrino axial-vector current.

In an extreme scenario, the axial-vector cross section
could be almost entirely suppressed at high densities,
leaving only the vector-current interaction as an opacity
source. At first sight this picture appears ruled out by the
good agreement between the SN 1987A neutrino observa-
tions with standard predictions. In a preliminary study
[7] it was found, however, that this agreement might be
deceiving in the sense that a modified neutrino spectrum
and a modified emission period could conspire such as to
leave the observed event numbers and signal durations
relatively unchanged. Presently we formalize this study
in order to understand the impact of modified (reduced)
neutrino opacities as predicted by Raffelt and Seckel [6].
We perform numerical simulations of the neutrino cool-
ing of nascent neutron stars for modified neutrino opac-
ities and compute the expected neutrino signals in the
Kamiokande II and IMB detectors. Asking for consis-
tency between these signals and the observed ones we

In vacuum, the values are C& ———1, C~~ ——1 —4 sin O~ =
0.07, C& —1.15, and C& 1.37. The previously used
values C& ———C~ ——1.26 had to be modified because some of
the nucleon spin appears to be carried by strange quarks. (For
references see [6].) In a bulk nuclear medium these coeKcients
are likely suppressed, in analogy to the suppression of the
charged current where C~ is suppressed from its vacuum value
of 1.26 to about 1.0 in a nuclear medium.

attempt to infer limits on the possible amount by which
the efFective neutrino cross sections could be reduced in
the stellar plasma.

The paper is organized as follows. In Sec. II, we sum-
marize the considerations in favor of a possible suppres-
sion of the axial-vector weak currents at SN conditions.
We motivate a simple formula for the suppression efFect
as a function of density and temperature. A parametric
ansatz allows us to switch continuously between full sup-
pression and no suppression of axial-vector currents in
our numerical s mulations of the neutrino-driven cooling
of protoneutron stars (Sec. III A). Aside from modified
neutrino opacities for neutral-current and/or charged-
current processes, we consider models with difFerent neu-
tron star masses, with difFerent versions of the equation
of state (EOS) of matter around and above nuclear den-
sity, and with difFerent initial temperature profiles. Sec-
tion III 8 contains a comparison of expected and observed
neutrino signals, and Sec. IV closes the paper with a dis-
cussion and interpretation of our results.

II. NEUTRINO SCATTERING RATE

A. The dynamical spin-structure function

We are mostly concerned with the neutral-current
axial-vector scattering rate of neutrinos on the nuclear
medium. As a simple model we consider a medium con-
sisting of only one species of nucleons with a number den-
sity equivalent to the baryon density n~. The difFeren-
tial scattering cross section per nucleon for the transition
v(si) + v(s2) can then be expressed in the form

3C~Gzs2 S~(s2 —si)
4m 2m

where G~ is the Fermi constant and C~ the neutral-
current axial-vector coupling constant with the values for
protons and neutrons discussed in the Introduction.

In the limit of nonrelativistic nucleons, and ignoring
nucleon recoils as well as collective spin motions, one
finds that S (As) is the spin-density dynamical struc-
ture function in the long-wavelength limit (e.g. , [6,8])

+OO

S ((u) = lim dte' (s(t, k) s(0, —k)). (2)3~~ k—+0

Here, s, = @"a;v/j (i = 1, 2, 3, Pauli matrix a;,I nucleon
Pauli spinor @) is the spin-density operator. A calcu-
lation of this correlator (and more complicated ones in
a mixed medium of several types of constituents) is the
main problem at treating neutrino transport correctly.

For a medium of nucleons which do not interact with
each other, i.e., in the limit of a very dilute medium one
easily finds

(3)

This form refIects that neutrinos do not change their en-
ergy in collisions with isolated "heavy" nucleons (no re-
coil). The total axial-vector scattering cross section is
then a~ = 3C~2G2~s2i/4~.
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In the long-wavelength limit the structure function S
governs all processes which rely on a coupling to the nu-
cleon spin such as the axial-vector vv emission or ab-
sorption or the emission or absorption of axions. Ax-
ions are hypothetical pseudoscalar particles which cou-
ple to nucleons by virtue of the axial-vector interac-
tion Lagrangian (C/2 f )vgp„ps@0"a where C is a model-
dependent dimensionless number of order unity and f is
the axion decay constant or Peccei-Quinn scale, a quan-
tity with the dimension of an energy. If axions can escape
freely &om a neutron star so that one may ignore re-
absorption and Bose-stimulation efFects, the energy-loss
rate per unit volume is given by

d~(u S ((u).
f Cl nay

(2 j 4vr o
(4)

(5)

where T is the temperature and I' represents something
like a nucleon spin rate of change due to collisions. It is
found to be [6]

I' 4~era n~ p f10 MeVI
Ti/2m ~ po ( T ) (6)

In the dilute limit where S (w) ~ 2mb(u) the axion emis-
sion rate vanishes.

%'hen nucleon-nucleon interactions are not ignored,
the lowest-order contribution to axion emission is
bremsstrahlung N + N —+ N + N + a. An explicit cal-
culation was performed by Brinkmann and Turner [9]
in what corresponds to the long-wavelength limit. They
modeled the nucleon-nucleon interaction by a one-pion-
exchange potential with massless pions. Their result can
be brought into the form

structure function. Raffelt and Seckel [6] proposed to
modify this divergence by a Lorentzian cutofF ~
(w + I' /4) with a suitable energy scale I'. Its magni-
tude is dictated by the normalization requirement

which can be shown to follow &om the definition of S
if there are no correlations between the spins of difFer-
ent nucleons in the medium. For I' « T one finds
I' = I'; i.e., the structure function S (~) is essentially
a Lorentzian of width I which for small I" approaches
the b function already found for a gas of noninteracting
nucleons.

The normalization condition illuminates the intuitive
fact that the total neutrino scattering rate on nucleons is
not increased just because the nucleons interact with each
other before and after the interaction with the neutrino.
However, these "upstream" or "downstream" collisions
do allow for the transfer of energy between nucleons and
neutrinos that would not be possible otherwise because of
the smallness of nucleon recoils. It is also clear that one
cannot conceptually separate the elastic single-nucleon
scattering process v+ N ~ N+ v from the inelastic pro-
cess v+ N+ N ~ N+ N+ v because any nucleon with
which a neutrino can interact is known with certainty
to have emerged &om a previous NN collision, and with
certainty will interact again. Therefore, the emerging pic-
ture is that S (~) is a narrow b-like function in a dilute
medium, and that it develops "wings" as the medium be-
comes denser. The "wings" are probably well determined
by the lowest-order bremsstrahlung calculation while the
region around u = 0 is dominated by multiple-scattering
efFects.

where n = (f2m~/m ) /47r = 17 with f = 1.05 is the
"pion-nucleon fine-structure constant" and pp = 3 x 10
gcm is the nuclear density. The factor ~ is easily
shown to represent the nonrelativistic propagator of the
intermediate nucleon in the bremsstrahlung graph [6]. It
can also be shown to follow &om a classical treatment of
the bremsstrahlung process [10].

The remaining dimensionless function s(x) of the di-
mensionless energy transfer x:—u/T represents the nu-
cleon phase-space volume in NN collisions. For positive-
energy transfers (energy given to the neutrino in a colli-
sion) it is found to be

It has the asymptotic behavior s(0) = 1 and s(x )) 1) =
e (xvr/4)i~2. For negative-energy transfers one finds
that the factor e must be replaced by 1. Then

S (~) = S (—(u)e

as required by detailed balance.
The total cross section based on Eq. (1) together with

Eq. (5) diverges because of the w behavior of the

B. S (w) at high density

As long as I' « T the picture of neutrino scattering
on quasi&ee nucleons and the bremsstrahlung version of
S (~) can be reconciled with each other without much
problems by the above Lorentzian ansatz for the low-u
behavior. This "dilute limit" corresponds physically to
the picture that a nucleon spin Hips only rarely relative
to the time scale set by inverse thermal frequencies of the
system. In a SN core, however, one is confronted with the
opposite limit I' )) T, i.e., nominally the nucleon spin
Hips many times within one oscillation period of, say, a
thermal neutrino.

In order to remind the reader of the typical physical
conditions present in a young SN core we show in Fig. 1
the profiles of various relevant parameters for our refer-
ence case, model S2BH 0 (see Sec. III), about ls after the
numerical simulation of the neutrino cooling was started.
This stage of the evolution corresponds to the situation
in a protoneutron star 1—2 s after its formation. The
degeneracy parameter of neutrons is typically between 2
and 4, i.e. , neutrons are mildly degenerate. However, for
most purposes a value g = 3 marks the borderline be-
tween degenerate and nondegenerate conditions whence
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FIG. 1. Physical parameters of our ref-
erence model S2BH 0 after about 1 s of
neutrino cooling and deleptonization, corre-
sponding to the situation in a protoneutron
star about 1—2 s after stellar core collapse.
The plots in the left column show profiles
of density p (top), temperature T (middle),
and the number fractions of electron neu-
trinos, Y„, electrons, Y, and leptons (elec-
trons plus electron neutrinos), Yi, (bottom)
as functions of the enclosed baryonic mass
M&. The right column of figures displays the
Fermi momenta of neutrons, protons, elec-
trons, and neutrinos (top), the corresponding
degeneracy parameters of n and p as ratios of
the Fermi energies to the temperature (mid-
dle), and the parameter p = I' /T of Eq. (6)
(bottom).
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Here, S (x) is the dimensionless function TS (Tx). For
&) 1 the normalization integral is dominated by neg-

ative energy transfers whence P = (7r/27)s~2ps. This
example illustrates the implications of the normalization
condition in conjunction with the perturbative calcula-
tions which Gx the high-~ asymptotic form.

The impact of this high-density behavior of S (tu) on
the neutral-current neutrino opacity is crudely estimated

we think it is justified to use the nondegenerate limit
for our exploratory study in this paper. The parameter
I' /T is found to be typically of order 30, i.e. ,

I' &) T.
It is not at all obvious what S (cu) will look like for

such conditions. Besides the detailed-balance condition
Eq. (8) which must apply on fundamental grounds one
may assume that the normalization condition Eq. (9) re-
mains valid (absence of spin-spin correlations), and one
may assume that for ~ &) I' the bremsstrahlung result
Eqs. (5) and (6) remains valid. Together, these three
conditions imply that S (w) is a broad and shallow func-
tion as opposed to a b function in the dilute limit. As
a generic example for the shape of S (~) in the high-
density limit we require the asymptotic high-w behav-
ior S (u) = T (vr/4) ~ p x ~ e, where x = w/T.
Moreover, we speculate that for u & I' the structure
function is essentially a constant. Then, an ansatz for its
shape is

by the inverse mean &ee path, averaged over a thermal
energy spectrum of the initial neutrino. Moreover, all ex-
pressions become much simpler if one replaces the Fermi-
Dirac occupation numbers with the Maxwell-Boltzmann
expression e "/; the resulting error is small for nonde-
generate neutrinos. The relevant quantity is then

dxi dx2x', x,'e *'S (x, —x, ),
0

where Ao
——(3C&G+n~/4vr)24T . One energy integra-

tion can be done explicitly, leaving one with an integral
over the energy transfer alone (x = u/T):

1E-
127r

dx(12+ 6*+*')S.(x).

This expression is unity for elastic scattering, i.e., when
S (x) = 2vrb(x) or at least a narrow, normalized function.

For p &) 1 one finds with Eq. (10) I"
(135~3/27r2) p 12' . Therefore, the total neutrino
scattering rate drops precipitously for p larger than a
few. En order to interpolate to the low-density regime
where I' = 1 one may use I" = (1 + p /12), where

= I' /T was given in Eq. (6). With p —20 in the
SN core, the axial-vector neutral-current scattering rate
would be entirely suppressed.

While this radical conclusion follows from our three as-
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sumptions concerning S, one or more of them may not
apply. We are Inost suspicious of the assumption that the
width of S (w) is indeed given by I' of Eq. (6) as this
quantity essentially represents the spin rate of change
due to nucleon-nucleon collisions. As colliding nucleons
themselves are subject to other collisions, their spins fluc-
tuate as well, leading to an averaging effect which may
well reduce I' below its perturbative value. It does not
seem plausible that the spins will fluctuate much faster
than thermal &equencies given by the energy levels of the
system. Thus, one may speculate that S does not grow
much broader once its width is of order T. This sort of
behavior would imply, for example, that the axion emis-
sion rate reaches some maximum level at which it satu-
rates without dropping at yet higher densities. The axial-
vector neutrino scattering rate would be suppressed, but
perhaps not entirely.

The main goal of our present study is to find out if
the neutrino signal of SN 1987A allows us to distinguish
between such speculations, and notably, if it allows us to
exclude the most radical scenario of a complete suppres-
sion of the axial-vector scattering rate.

Keeping in line with these exploratory goals of our
study we implement modified neutrino opacities by the
prescription C& —+ EC& with

aP=(l —a)+ 1+ b'

where

1 (I' l ( p l (10 MeVI
T) (3x10 gcm — j i, T

(14)

Here, a = 1 corresponds to the full suppression efI'ect
while a = 0 to no suppression at all. For completeness
we also consider a ( 0, implying enhanced cross sections.

While the discussion of RaB'elt and Seckel [6] focussed
on neutral-current processes one may speculate that sim-
ilar reduction efI'ects would pertain to charged. -current
processes. Therefore, we will also investigate the case
where the same axial-vector reduction factor applies to
both types of reactions.

III. NEUTRINO COOLINC
OF PROTONEUTRON STARS

During the first seconds of its life the newly formed
neutron star evolves from a hot, lepton-rich state to a
cold, neutronized object, a process driven by the loss of
lepton number and energy via the emission of several
10 neutrinos and antineutrinos of all flavors [11,12]. In
the present work we are interested in simple characteris-
tics of the neutrino "light curve" during this quasistatic
"Kelvin-Helnlholtz cooling phase" such as the total en-
ergy emitted in neutrinos, their average energies, and the
expected number of events and their time distribution at
the Kamiokande II and IMB detectors. In particular,
we focus on the variation of these characteristics when

the axial-vector neutral-current scattering rates of neu-
trinos are assumed to be suppressed to a certain degree.
As a matter of comparison we also vary other aspects
of uncertain input physics such as the equation of state
(EOS) and the baryonic mass and temperature profile of
the initial protoneutron star model.

A. Numerical simulations of protoneutron star
evolution

The set of initial models used as an input into our evo-
lution simulations was obtained by scaling parameters
such as mass and temperature of a protoneutron star
model from a core collapse calculation [13] at a stage
about half a second after the formation of the SN shock.
The EOS of matter around and above nuclear density pp
is a finite-temperature extension of a zero-temperature
EOS developed by Glendenning [14,15], which option-
ally allows us to choose a gas of neutrons, protons, elec-
trons, and muons ("EOS A") or to include additional
baryonic states like hyperons and L resonances at densi-
ties above 2po ("EOS B").For more details about this
EOS and the structure of Wilson's post-collapse model,
for information about the numerical procedure and the
implementation of EOS and neutrino physics, and for a
description of the typical evolution of a cooling and. neu-
tronizing protoneutron star, see [12].

The nomenclature of our models was adapted from
the paper of Keil and Janka [12]. For example, the letters
"SBH" ("small-EOS B-hot") mean a protoneutron star
model with a mass smaller than the maximum, stable
neutron star mass for EOS B and with an initial cen-
tral temperature which yields a gravitational mass only
little below the baryonic mass, thus ensuring that the
model reproduces the marginally bound state of a stellar
core shortly after collapse. Correspondingly, "SAH" d.e-
notes a model for EOS A. Systematic extensions to these
names indicate variations of model properties made in
the present work. The sample of investigated models can
be grouped in the following way.

(1) Models evolved with different neutrino opacities:
The degree of the suppression of axial-vector neutral and
charged currents is measured by the free parameter a in
Eq. (13). The chosen values a = 2:.yz with 0.00 & x.yz &
1.00 are indicated by the extensions " xyz" in the model
names. a = 0, i.e. , the standard case of the neutrino
cross sections, is simply marked by " 0," negative values
—1 & a & 0 (corresponding to enhanced cross sections)
are marked by the sufFix "m" behind the numbers. The
specification " xyzr" means models where the critical
density in Eq. (14) was changed &om 3 x 10 g/cm to
10 g/cms. When only the neutral currents for neutrino-
nucleon interactions are modified, we add an "n" at the
end. of the names.

(2) Models with difFerent masses, initial temperatures,
and EOS's: Prom low to high baryonic mass the models
are labeled sequentially as "SOB.. .,

" "S1B.. .," "S2B.. .,"
etc. The models of the sequence S No. BH 0 were con-
structed such that the ratio of the initial gravitating mass
MG. p to the baryonlc mass Mgy is constant. Models with



WOLFGANG KEIL, H.-THOMAS JANKA, AND GEORG RAFFELT

Q
cd

05

0
V ~- 8

M

M g}
Q

p
C5

~ 9p

0
V

M

0
V

~ ~ 0 K

M
M

8
0
V

0

Q

a5
M

0

g 40
4 V

0
M M

M
Q Q

V g4

~ W +
Q

0

cj]

M
0
8

Q)c5

8
0
Q

0 Q
V

~ 8

~ IH

0

o

Q

~ ~
~ ~ M

Q

4
0 M

a3

M

0 M

Et .0
.0 ~9
'2~a
0
C4 ~

rR
M

03
o

M

0
Q

M

M

QC~e

a5 Q

(p

4
V

M

M
~ ~ (g

M

8
Q tu

M~ ~ ~
M

0 4 0

0

0
Q

Q ~o V

Q
Cb

M

V

R
0

~ M ~ Q

Q)

Q08~"
05

M

0

g3

g) M

Q

0

Q

bD

0

0
gO
O
Cb

~ IK

8
~ M

CQ

M Yg
~ ~

C4

0
V

lg

~ ~ M

M

M"0
M

8

0
bO ~
(U V

00 00 00 'ct 00 M cO OO

cO M cQ

CO t Cb Cb Cb

OOC0t mt
OO m t' m t' m

CO CQ ~ OO

, e
lg

4)

O W O ~ M ~ CO

Cb Cb

t M ~ ~ ~ oo

t
'

Cb eq W Cn M t LQ OO

C0 O
CO O M O

00m cot t
eq ~ 0O OO

CQ

OO O M M M OO 00
OO R O R R N A C) O

Cb t

~~OW~~~~~
CO O

Q O O Q O O O O OO Q O O O O O O Q
Q O O Q O O O O Q

a
CO CI

O H N ~ t Cb Cb
OO 0O O

O CO
O O O O + t

OO t m m Ce
CO CO

Q O O O O O O

CD CD t t

O O
~ ~ ~ ~ ~ ~ ~

CeMmmmCQart

0 4

O CD O
I I

X % CQ

Q O O O O O
I I I I I

ca e ca e e &

bO

q) Q ~ M M M ~ 'rV CO
CO M ~ 00 ~ O k M CO

O

OO
O

OO

O
CD

I

CO

O

Q
CD

O

O

I

Pl

00 00 W ~ Cb
Cb

O OO

Cb

O t QD

CO M M t %CO

co oo

CV N n t O

CD M Cb COO

QD
LQ LQ

Ooocbm
Cb hQ

OO Cb CO 00
O N OO O

O t N A & O
t ~ cQ

O O O O O O

O O O CD O O
Cb Cb Cb Cb Cb

O O O O O O

Cb Cb M Cb Cb Cb

~ ~ o ~ ~ e

O O O
O O O

I I I

R % CQ

CG M M

O
O O

I

O OOOOO CO M t Cb Cb
O O O O O O

oo
O

O

OO

I

O
Cb

O

8O
CD

I

CQ

O

O

O

Cb

CD

8O
O

I

O

OO

O

Q

O
O

O

O
Cb

O

O
I

CQ

O

Cb
O

O

O
O

O
kQ

O

O
O

I

Cb
O

O
Cb

O
OO

O
Cb

O

Q
Cb

O

O

I

CQ



51 REDUCED NEUTRINO OPACITIES AND THE SN 1987A SIGNAL

a higher initial temperature, i.e., bigger initial gravita-
tional mass, have an asterisk at the end of their names,
even higher temperatures are marked by two asterisks.
When EOS A instead of EOS B was used, "B" in the
model specification is replaced by an "A."

In Table I, we present an overview over our sample of
models. We list the characteristic parameter combina-
tion of each model, i.e. , the baryonic mass M~, the ini-
tial gravitational mass MG. p, the initial baryon number
density n p at the center of the star, the initial central
temperature T, p, and the value of a. In addition, the
symbols used in the figures are indicated.

Results of the simulation runs are also collected in Ta-
ble I. The deleptonization time scale tg~ measures the
time until the protoneutron star has reached the delep-
tonized state, in which the electron lepton number adopts
its lowest possible value, corresponding to a chemical po-
tential p = 0 for electron neutrinos. t, ~ is the duration
of the cooling process by neutrino emission and is de-
fined as the time it takes until the temperatures have
dropped below 3 MeV in the entire star. Eq q denotes
the total energy (redshifted for an observer at infinity)
that is radiated away during time t,j, while tgp gives the
time interval after which 90% of this energy have left
the star. The energy emitted in v„which may be ab-
sorbed on protons in the water Cherenkov detectors of
the IMB and Kamiokande II experiments and which are
responsible for most of the signals there, is listed in the
column "E- ." We characterize the major differences in
the overall behavior and the evolution of different mod-
els by these simple parameters. For a description of the
typical cooling history of a nascent neutron star we refer
the reader to the paper by Keil and Janka [121.

Modified neutron star parameters

From the data listed in Table I and plotted in Fig. 2
we learn that the time scales tg~, t,~, and tgp as well as
the energies Eq q and E- increase with growing neutron
star mass. The increase of the time scales is moderate
and essentially linear for masses 1.3Mo & M & 1.6Mo,
but becomes dramatic for larger masses. The cooling
time scale and the time tgp vary by more than a factor
of 3; t,~ changes from about 28 s for a small star with
M~ = 1.30MO to nearly 100 s for the 1.75Mo model,
which is very close to the mass limit of stable neutron
stars for EOS B, M& —1.77MC). The occurrence of
hyperons in a large part of the star has a strong influ-
ence on the cooling evolution [12I. A more massive pro-
toneutron star loses more gravitational binding energy,
the total-energy release being roughly proportional to the
increase in baryonic mass with a rate of change of about
0.4 x 10 erg per 0.1Mo. This dependence becomes less
steep towards the high-mass end of our model sample
where the production of hyperons consumes a consider-
able amount of energy and general-relativistic redshift
effects gain more importance.

The effects of redshift and of hyperon production at
the high densities in massive protoneutron stars can
clearly be seen from a comparison of model S4BH 0 with
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FIG. 2. Cooling time scale t,~, deleptonization time scale
td~, time interval tgp of 90'Fo of the energy loss by neutrino
emission, and time intervals tKiq and tqMB of 90'Fp of the pre-
dicted neutrino counts in the Kamiokande II and IMB de-
tectors, respectively, as functions of the baryonic mass of the
protoneutron star. Different plot symbols correspond to the
different models listed in Table I.

2. Modified neutrino opacities

Model S2BH 0 with a baryonic mass of 1.53Mo is
used as a reference star for varying the neutrino opacities.
Changing the "suppression parameter" a (Sec. II 8) from
—1 to 1, we find a monotonic decrease of the time scales
t,j, tg~, and Cgp. The cooling and deleptonization of the
protoneutron star become very fast as a —+ 1. t, j shrinks
from a value of 108 s for a = —1 (model S2BH 100m)
to 41 s for the case of standard opacities, a = 0, and
drops by another factor of 9 to only 4.5 s for nearly com-

S4AH 0 which have the same baryonic and the same ini-
tial gravitational mass. In model S4AH 0, however, hy-
perons are absent (EOS A); it releases a larger amount of
energy because general-relativistic effects are stronger by
about 30% in model S4BH 0, where hyperonization af-
fects as much as the inner 1.2Mo. Also, deleptonization
and cooling proceed significantly more slowly in model
S4BH 0 because the occurrence of hyperons in the cen-
tral region leads to a more compact core with higher
densities and higher temperatures and correspondingly
higher neutrino opacities. The peak temperatures in
model S4BH 0 reach 65 MeV, in model S4AH 0 they
climb up to only 55 MeV. The cold, deleptonized star
S4BH 0 has a central baryon density of 1.037 fm and
a radius of 10.7 km, whereas the final density of S4AH 0
is n = 0.519 fm and the radius 12.2 km.

Higher initial temperatures and thus, larger initial
gravitating masses (models S2BH 0*, S2BH 0*', and
SBBH 0*) lead to an additional energy release of roughly
0.23 x 10 erg per 0.01Mo. In all cases, the energy radi-
ated away as v, 's is about 0.160—0.162 (slightly less than
1/6) of the total energy loss.
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piete suppression of axial-vector weak currents in model
S2BH 095 with a = 0.95 (Table I, also Figs. 4 and 5). In-
terestingly, the relative amount of energy leaving the star
as electron antineutrinos decreases monotonically when
the stellar matter is assumed to be more transparent to
neutrinos.

If the charged-current interactions are left unchanged,
the modification of the neutral-current reactions has a
somewhat lesser impact than before, in particular the
variation of the deleptonization time scale is damped.
The overall picture, however, remains unchanged. Re-
placing the "critical density" in the denominator of
Eq. (14) by the value 10i4 g/cm has some influence,
too, but again the general trends prevail. These re-
sults indicate that neutral-current neutrino-nucleon scat-
tering reactions play the dominant role as an opacity
source. This is understood because all types of neutri-
nos (v„v„v„, v„, v, and v ) are affected, and be-
cause electron neutrino and antineutrino absorptions are
strongly blocked due to fermion degeneracy. Moreover,
most of the matter of the nascent neutron stars is at den-
sities above 10i4 g/cms, the surface layers yield only a
minor contribution to the optical depth.

v, IMB

(D

20

v, K II

g 10

N KII~R
4"

N CI

8 IMB . ~. .——- —- —- ——.-R

S.—'

1.5 1.6
M [M]

FIG. 3. Predicted numbers of neutrino counts NKqq and
%&MB in the Kamiokande II and IMB detectors, respectively,
and the corresponding average energies (sp, )Kgr and (so. )IMB
of captured electron antineutrinos vs the baryonic mass of the
protoneutron star. DifI'erent plot symbols correspond to the
difTerent models listed in Table I.

B. Comparison vrith SN 198VA neutrino signal

In order to judge the degree of parameter variations
which is compatible with the SN 1987A neutrino signal,
we computed the expected neutrino signals of our mod-
els, in particular the signal durations tKyy and tyMB, the
expected event numbers %Kacy and NUMB, and the average
energies (s„- )Kn and (s„-, )GAMB of electron antineutrinos
absorbed in the Kamiokande II and IMB experiments, re-
spectively. The corresponding data are listed in Table I.
%Kacy and %yMB represent the total numbers of counts
predicted for each model, tK~I and tyMB give the time in-
tervals in which 90gp of them occur. The source was as-
sumed at a distance of 50 kpc, the approximate distance
of the large Magellanic cloud. Details of the procedure
to evaluate our models to obtain these data can be found
in the appendix of the work by Keil and Janka [12j.

Modified neutron star parameters

The average energies of the neutrinos measured in both
detectors reveal an amazing stability against difFerences
of the masses of our models (see Table I and Fig. 3). This
indicates some form of self-regulation of the position of
the neutrino sphere, which is the layer below the sur-
face of the star where neutrinos decouple from the stellar
background. Because of the higher core temperatures
of more massive stars the neutrinos are more energetic.
However, the neutrino opacity of the stellar matter also
increases because the interaction rates of neutrinos de-
pend on the particle energies and thus on the temper-
ature. As a result the position of the neutrino sphere
moves further out into the cooler regions closer to the
surface of the star.

The number of events and signal duration are increas-
ing functions of the neutron star mass (Table I, Figs. 2
and 3). Deviations from the essentially linear dependence
become visible again for our most massive model S4BH 0
with M~ ——1.75Mo. The signal duration tKyI reflects the
steep growth of the deleptonization and cooling times for
the heavy stars (Fig. 2). In contrast, tiMn tends to de-
crease (Fig. 2), and NKii alld NiMn are nearly inert to
the larger energy loss of model S4BH 0 compared with
model S3BH 0 (Mti = 1.65M&), see Fig. 3 and Table I.
This behavior is caused by the strong gravitational red-
shift of the massive model S4BH 0 which is very com-
pact because hyperonization softens the EOS in a large
part of the star. In particular, the IMB experiment with
its high threshold energy (about 20 MeV) is sensitive
to the corresponding suppression of the high energies in
the neutrino spectrum. A comparison between models
S4BH 0 and S4AH 0 con6rms this interpretation and
again demonstrates the considerable efFects that result
&om disregarding hyperons in the much stifFer EQS A.

Our initial models were constructed "by hand" rather
than obtained from a self-consistent collapse calcula-
tion. This entails an uncertainty which may be estimated
&om the changes of the calculated detector responses for
models with modified initial temperatures (gravitating
masses), i.e. , models S2BH 0, S2BH 0', and S2BH 0",
and models S3BH 0 and S3BH 0*. The signal durations
are completely unafFected while the number of counts
scatters by 2—4 units in the investigated cases.

Provided "standard" neutrino opacities and EOS B
yield a reasonable description of the physics at the ex-
treme conditions in SN cores, our sample of cooling sim-
ulations with modified neutron star masses allows for the
conclusion that the SN 1987A neutrino pulse most likely
indicates a protoneutron star with a baryonic mass be-
tween 1.5 and 1.6MO. We caution, however, that in the
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present study we did not intend to find the best-fitting
model for the neutrino source in SN 1987A.

I I

8 0

2. Modified

neutrino

opacities

Reduced or enhanced neutrino opacities cause clear
changes of the neutrino signature in the Kamiokande II
and IMB experiments. The predicted signal durations
follow the trends of tg~, t,~, and Ego. For the very opaque
case (a = —1, model S2BH 100m) Kamiokande II and
IMB measure events over periods of 37 and 19 s, respec-
tively (Table I and Fig. 4), while for a nearly complete
suppression of the axial-vector contributions to neutrino-
nucleon interactions (a = 0.95, model S2BH 095) the
signal durations drop to about 2 s in both detectors
(Fig. 5).

Interestingly, the expected number of counts and also
the mean energies of neutrinos captured in the detec-
tors show the inverse behavior. When the value of a is
changed from a = —1 to 0.95, %Kacy increases from 9 to
21, and %1MB from 3 to 26. This strong sensitivity can be
understood by the spectral characteristics of the emitted
neutrinos. Neutrinos decouple from the stellar medium
at an optical depth of about unity. For a low neutrino
opacity of the neutron star matter they leave the star
from deeper inside, i.e., from layers of higher densities
and temperatures. Therefore, these neutrinos are more
energetic as is evident from the monotonic rise of (e- ) Ky~

and (e'- )GAMB with higher values of the suppression factor
a (Fig. 6).

Modifying only neutral-current interactions while
keeping the charged currents 6xed (models marked with
an "n" at the end of their names) leads to changes of
the predicted neutrino signals relative to our standard
case S2BH 0 which are only slightly less dramatic. For
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IMB
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0,4 0.8

FIG. 5. Enlargement of the region 0.4& a, & 1 of Fig. 4.

model S2BH 090r with a higher value of the critical den-
sity, we find, in contrast, an even stronger increase of the
mean energies of the captured neutrinos and, correspond-
ingly, of the number of detector counts than for model
S2BH 090 or model S2BH 090n. This is caused by the
stronger heating of the outer regions of the star where
the cooling of the low-opacity inner part is slowed down
by the less transparent surface layer.

The opposite trends of the di8'erent signal parameters
(decreasing cooling and deleptonization time scales, in-
creasing count rates and mean neutrino energies) allow
us to exclude a certain range of a as being highly unlikely.
The extremely short signal durations and the very large
numbers of energetic neutrino events predicted for mod-
els S2BH 090, S2BH 095, S2BH 090n, and. S2BH 090r
seem to rule out a complete or nearly complete suppres-
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FIG. 4. Cooling time scale t ~, deleptonization time scale
tg~, time interval tgp of 90% of the energy loss by neutrino
emission, and time intervals tKiI and tqMB of 90% of the pre-
dicted neutrino counts in the Kamiokande II and IMB detec-
tors, respectively, as functions of the suppression parameter a
of axial-vector neutrino-nucleon interactions. The plot sym-
bols correspond to the models listed in Table I.

FIG. 6. Predicted numbers of neutrino counts NKii and
N&MB in the Kamiokande II and IMB detectors, respectively,
and the corresponding average energies (e„-.)Kqq and (ep. )rMB
of captured electron antineutrinos vs the suppression param-
eter a of axial-vector neutrino-nucleon interactions. The plot
symbols correspond to the models listed in Table I.
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FIG. 7. Impact of the "spectral pinching" on the total
numbers of events in the Kamiokande II and IMB detec-
tors (NKii, LIMB), on the average energies of the observed
positrons from the reaction v + p ~ n + e+, and on the
expected signal durations tKgy and tyMB.

expected neutrino counts, the average e+ energies in the
Kamiokande II and IMB detectors, and the expected sig-
nal durations as functions of g. We stress, again, that
(e- ) was held fixed at a given time, not the spectral
temperature, which was adjusted for a given g to yield
the same (e- ). In Fig. 7, we show the relative change
of ~KII LIMB (~ +)KII (e +)IMB tKII& and tIMB ~ only
NUMB responds sensitively to g. For the standard range
q =2—3 one obtains a reduction between 30 and 50%.

The uncertainty introduced by the unknown amount of
pinching, the possibility that the neutrino spectra may
have been modified by oscillations (e.g. , [17]), and the
small integrated number of events in each detector to-
gether reveal that the total numbers of events, and es-
pecially %~MB, are rather poor measures to learn much
about the properties of the neutrino signal. The most
sensitive observables remain the durations of the signals
registered at the two detectors.

IV. DISCUSSION AND CONCLUSIONS

sion of axial-vector current interactions. Neither statis-
tical fluctuations of the data nor theoretical uncertainties
like the EOS of supranuclear matter or the baryonic and
gravitational mass of the protoneutron star seem to be
able to account for the signal characteristics that obtain
in the limit a -+ 1.

8. Modified neutrino spectra

The total number of events observed in the IMB detec-
tor is rather sensitive to the high-energy tail of the v, flux
because of the relatively high energy threshold of IMB.
In the protoneutron star cooling calculations presented
here, neutrino transport was treated by an equilibrium-
diB'usion method [12], implying that the spectral v, dis-
tribution is essentially a Fermi-Dirac function with a de-
generacy parameter g = 0. A detailed Monte Carlo treat-
ment of neutrino transport [16] reveals, however, that the
v spectrum is probably much better approximated by a
Fermi-Dirac function with g = 2—3. If the average v
energy is kept fixed this implies that both the low- and
high-energy parts of the spectrum are depleted relative
to intermediate energies; i.e., the spectral distribution is
"pinched. " This eÃect would cause a substantial deple-
tion of the observable number of events at IMB.

In order to study the impact of this e8'ect quantita-
tively we took the u, flux and average C energies (e„- )
of our reference case (model S2BH 0) and calculated the

The Kamiokande II signal consists of eight events within
about 2s and another three events between about 9 and 12 s
after the first one. Our conclusions are based on taking the
late-time events as part of the neutrino signal, i.e., the long
time gap of about 7 s at Kamiokande is interpreted as a sta-
tistical fluctuation.

Recently, Raffelt and Seckel [6] conjectured that the
axial-vector part of weak neutral currents, possibly also
of weak charged currents, in neutrino-nucleon interac-
tions should be (partially) suppressed at the high densi-
ties present in SN cores. This eKect would be a conse-
quence of fast fluctuations of the nucleon spins due to &e-
quent collisions. In the present work we investigated the
implications of this possibility in the astrophysical sce-
nario of neutron star formation. For that purpose we per-
formed numerical simulations of the neutrino-driven cool-
ing and deleptonization of newly formed neutron stars
and determined the changes associated with a reduction
of the neutrino cross sections. We computed the expected
neutrino signals for the Kamiokande II and IMB detec-
tors. Consistency between these theoretical predictions
and the SN 1987A neutrino observations can be used to
obtain limits on the acceptable range of neutrino opaci-
ties.

Our simulations show'ed that the duration of neutrino
emission from the nascent neutron star and the corre-
sponding signal durations at the detectors are drastically
reduced in the limit of a (nearly) complete suppression of
the axial-vector current interactions. Interestingly, due
to the increased transparency of neutron star matter for
neutrinos this is accompanied by a strong rise of the num-
ber of neutrino counts and, in particular, of the average
energies of the absorbed electron antineutrinos. These
diverging trends lead to a clear discrepancy of the char-
acteristics of the theoretical neutrino signals with the ob-
served ones.

Testing the sensitivity of the signal against variations
of unknown properties of the nascent neutron star (mass
of the protoneutron star, initial temperature profile, EOS
at supranuclear densities) we found that the associated
uncertainties cannot compensate the changes from ex-
tremely suppressed neutrino opacities. In particular, it
seems impossible to construct a scenario where both of
the diverging trends are simultaneously compensated.
For example, a decrease of the signal time due to reduced
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neutrino opacities of the protoneutron star could be mod-
erated by a higher mass of the star. However, in that case
the number of events will rise even more. Therefore, our
numerical results demonstrate that a strong suppression
of the axial-vector part of neutrino-nucleon interactions
can be firmly excluded. Being more quantitative, it ap-
pears unlikely that suppression factors of a & 0.5 do oc-
cur.

Concerning some hypothetical mechanism that might
lead to an amplification of neutrino-nucleon interactions
at high densities we are not able to draw equally defi-
nite conclusions. Even though the signal durations be-
come appreciably longer when the parameter a gets neg-
ative, this could be compensated, at least in part, by
the faster cooling of a smaller protoneutron star. The
mean energies of the captured neutrinos do not display
a similar sensitivity for a & 0 and thus cannot serve to
put strong limits on an acceptable enhancement of neu-
trino opacities. Nevertheless, our results indicate that a
slight decrease of (s~ )iMB is already sufBcient to lead to
a considerable decrease of the number of neutrino counts
in the IMB experiment. This adds to the already sup-
pressed number of neutrino events &om a less massive
neutron star. Therefore, an enhancement of the neutrino
opacities by more than 50$p can be considered as quite
improbable and by a factor of 2 or more seems to be
excluded. However, we stress that the count numbers
in the detectors, in particular in the IMB detector, are
rather poor measures of the properties of the neutrino
emitting star. On the one hand they are sensitive to the
uncertain amount of spectral pinching (Sec. IIIB3), and
on the other hand they turned out to change noticeably
with the temperature of the star (Sec. III B 1) or by addi-
tional neutrino emission due to mass accretion onto the
newly formed neutron star [18].

Therefore, the observed neutrino signal indicates that
the neutrino opacities cannot be too difFerent &om what
a naive cross section calculation for v+N ~ N+ v yields
which, in turn, is based on a spin structure function of
the form S (~) = 27rh(~). This does not imply, how-
ever, that a naive perturbative calculation of all micro-
scopic reaction rates involving the axial-vector current
was essentially appropriate. A naive calculation of the
bremsstrahlung process N + N ~ N + N + v + v or
N+ N + N+ N+ a (axion a) entails that S (w) should
be a broad function of width I && T where the "spin
Huctuation rate" I' was defined in Eq. (6). Our findings
indicate that S (w) is a function with a width not larger
than a few T; this conclusion depends on the normaliza-
tion condition of S, i.e. , the assumption of uncorrelated
spin motions. Put another way, our findings appear to
imply that the spin fIuctuation rate in a nuclear medium
is of order T and not as large as given by a naive pertur-
bative estimate.

Even though the neutrino opacity appears to be similar
to what a calculation based on &ee nucleons yields and
what was used in practical applications in the past, the
axial-vector structure function is, no doubt, very broad
rather than a b function. Therefore, in a single colli-
sion the energy of the neutrino typically changes by a
large amount. This is in contrast to the standard picture

where the neutral-current collision on "heavy" nucleons
(small recoil) conserves the neutrino energy. According
to Eq. (6) the width of S (w) is around 3T already at 10%%uo

nuclear density so that the picture of energy-conserving
neutral-current collisions breaks down at relatively low
densities, whether or not the structure function becomes
even broader at higher densities. (Our study suggests
that it does not become much broader. ) We have not
addressed this issue in our present work, even though it
may have an impact on the predicted neutrino spectrum
and notably on the "pinching efFect" found in the Monte
Carlo simulations of Janka and Hillebrandt [16].

The bremsstrahlung emission of neutrino pairs or ax-
ions is given by an integral of the type Eq. (4); it involves
a factor e ~ which is included in S (u) for positive-
energy transfers. For a normalized S (u) this integral is
maximal if S (u) is a broad function with a width of a
few T. As our results seem to indicate that S (ug) does
not grow much broader than a few T one is led to con-
clude that the bremsstrahlung emission rate saturates at
its maximum possible value which is reached at around
10'Fo nuclear density, without dropping at yet larger den-
sities. Granting this, the axion emission rate &om a SN
core is most realistically estimated by its value at the
given temperatures and about 10'%%up nuclear density. For
typical axion models this means that m & 10 eV is
excluded, i.e. , previous SN 1987A axion bounds [5] are
not diminished as much as one would have feared on the
basis of the extreme suppression scenario discussed in
Sec. II.

While the SN 1987A neutrino signal indicates that the
neutrino opacities are not too far &om their "standard"
values, their actual magnitudes have not been computed
on the basis of first principles and so, they essentially re-
main adjustable parameters to account for a SN neutrino
light curve. Because the opacities are dominated by the
axial-vector neutral-current interactions with the nuclear
medium one can estimate a plausible functional form of
the spin-structure function S (u) which, in turn, governs
quantities such as the axion emission rate. Therefore,
even though the axion emission rate cannot be calcu-
lated by simple perturbative means one can estimate its
magnitude &om the "observed" neutrino opacities. As
a result, a SN neutrino signal remains a useful tool to
constrain particle physics phenomena based on the axial-
vector coupling such as the axion-nucleon coupling.
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