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In the hot and dense medium of a supernova (SN) core, the nucleon spins fluctuate so fast that
axial-vector neutrino opacity and the axion emissivity are expected to be significantly modified. Axio
with ma & 1022 eV are not excluded by SN 1987A. A substantial transfer of energy in neutrino
nucleonsnNd collisions is enabled which may alter the spectra of SN neutrinos relative to calculation
where energy-conservingnN collisions had been assumed near the neutrinosphere.

PACS numbers: 97.60.Bw, 13.15.+g, 14,80.Mz, 95.30.Cq
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Nucleons interact with each other by a spin-depend
force which causes their spins to flip in a typical nucleo
nucleonsNNd collision. In the hot nuclear medium of
supernova (SN) core, wherer  1014 1015 g cm23 and
T  10 60 MeV , the spin-fluctuation rateGs is esti-
mated to be at least of orderT . Fluctuating spins act as
source for radiation such as neutrino pairs or axions wh
couple to the nucleon spin. Also, particles which sca
on nucleons by a spin-dependent force such as neut
or other nucleons can gain or lose energy if the target
fluctuates. Further, fast spin fluctuations cause an a
aging of the local spin density which reduces the eff
tive nN or NN scattering cross section. To lowest ord
the physical essence of these processes is described b
Feynman graphs of Fig. 1. [Fig. 1(b) does not provid
complete lowest-order description of “inelasticnN scat-
tering” because one needs to include wave function
vertex renormalization terms [1]. However, our use o
sum rule obviates the need to include these terms expli
[2].] In a series of papers [3–5] we have called attent
to some of these phenomena and their consequence
the SN emission of neutrinos and axions. In the pres
Letter we provide a consistent account of this research
summarize its implications.

The spin-density structure function.—We focus on
an isotropic, nonrelativistic, nondegenerate medium
baryon densitynB, temperatureT , and a single specie
of nucleons. The axial-vector neutrino interaction w
this medium is governed by the dynamical spin-den
structure function (e.g., Refs. [4,6])

Sssv, kd 
4

3nB

Z 1`

2`
dt eivtksst, kd ? s s0, 2kdl ,

(1)
0031-9007y96y76(15)y2621(4)$10.00
t
-

h
r
os
in
r-
-

the

d

ly

for
t
d

f

wheresst, kd is the spatial Fourier transform at timet of
the nucleon spin-density operators sxd ; 1

2 cysxdtcsxd.
Herecsxd is the nucleon field (a Pauli two-spinor) andt
is a vector of Pauli matrices. The expectation valuek· · ·l
is taken over a thermal ensemble so that detailed bal
Sssv, kd  Sss2v, 2kd evyT is satisfied.

The axial-current transition rate for a neutrino
four momentums´1, k1d to s´2, k2d is then found to
be 1

4 C2
AG2

FnBs3 2 cosud Sssv, kd with u the scattering
angle, sv, kd  s´1 2 ´2, k1 2 k2d, and GF the Fermi
constant [4]. The axial neutral-current couplingCA to free
p’s and n’s should differ somewhat from the charge
current value 1.26 because of the polarization of stra
quarks in nucleons. Further, a suppression byø20% of
all axial couplings is likely in a bulk nuclear medium [4

We further neglect the momentum transfer from neu
nos to nonrelativistic nucleons (long-wavelength appr
imation) so that onlySssvd  limk!0 Sssv, kd is used
[4]. After an angular integration the axial-current scatt
ing cross section is

dsA

d´2


3C2
AG2

F

4p

´
2
2 Sss´1 2 ´2d

2p
. (2)

FIG. 1. (a) Bremsstrahlung emission of neutrino pairs inNN
collisions. Instead of a neutrino pair, an axion can be emit
(b) Inelastic nN scattering in the presence of a bystand
nucleon.
© 1996 The American Physical Society 2621
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This result is based on the interaction Hamilton
sCAGFy2

p
2dc̄N gmg5cN c̄ngms1 2 g5dcn . Axions a

couple to nucleons bysCNy2fad c̄N gmg5cN ≠ma, where
CN is a model-dependent factor andfa the Peccei-Quinn
scale [7]. The axionic energy-loss rate per nucleon is

Qa

nB


C2
N

s4pd2f2
a

Z `

0
dv v4 Sss2vd . (3)

Within our approximations,Qa and sA depend on the
same functionSssvd. For a mixture ofn and p the
nuclear response is characterized by a linear combina
of a small number of functions to allow for the isosp
dependence of different processes.

In a noninteracting medium the nucleon spins
not evolve, and so in Eq. (1)s std  ss0d. Then the
time integration yieldsSssvd  2p dsvd. Indeed, if one
ignores recoil effects, the neutrino cannot gain or lo
energy in anN collision. Also, Qa  0 in agreement
with the fact that free nucleons do not emit radiation.

Nucleon-nucleon collisions with a spin-dependent fo
cause a nontrivial evolutionsstd. Still, in

R1`

2` dv Sssvd
theeivt factor gives us2pdstd. Therefore, one finds tha
the “sum”

R1`
2` dv Sssvd  s4y3nBd 2pkss0d ? s s0dl is

independent of the time evolution ofs std. Therefore, un-
less theNN interaction establishes spin-spin correlatio
which are absent in a noninteracting medium, one fi
the sum rule

R1`

2` dv Sssvd  2p.
In Ref. [8] the static spin-density structure functio

Ssskd 
R1`

2` Sssv, kd dvy2p , and notably its long-
wavelength limitk ! 0, has been used to study corr
lation effects for SN neutrino opacities. We believe th
it is crucial to keep the dynamical structure because
v dependence is not essentiallydsvd. Still, the results
of [8] indicate a significant reduction ofSsskd due toNN
interactions so that the partial pairing of spins may redR1`

2` dv Sssvd below its free value2p.
Ansatz for Sssvd.—Motivated by a classica

bremsstrahlung calculation, we assume a functio
form Sssvd  Gsv22ssvyTd bsvyT d, whereGs is the
spin-fluctuation rate,ssxd a dimensionless even functio
normalized such thatss0d  1, and bsxd  1 for x . 0
and ex for x , 0 to satisfy detailed balance. If on
models theNN interaction by a one-pion exchange (OP
potential, one finds for a single species of nucleons [4,

Gs,OPE  4
p

p a2
p

nBT1y2

m
5y2
N

 s8.6 MeV d r13 T
1y2
10 ,

(4)

where ap ; sf2mN ymp d2y4p ø 15 with f ø 1.0 is
the pion fine structure constant,r13 ; ry1013 g cm23,
T10 ; Ty10 MeV , and the vacuum valuemN 
940 MeV has been used. In the following we sh
use the classical resultssxd  1. The detailed large-x
behavior depends on the assumed short-range behav
the NN interaction potential, but the OPE potential is t
singular at short distances to yield a useful answer.
2622
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For v & Gs the behavior ofSssvd is dominated by
multiple-scattering effects. A proper calculation in th
regime does not exist, but two of us (G. R. and D. S.) ha
previously argued that a plausible representation is [3,

Sssvd !
Gs

v2 1 G2y4
ssvyTd bsvyTd , (5)

with G ø Gs. Taking ssxd  1, the sum rule is satis
fied if one choosesG  Gs for Gs ø T , andG  Gsy2
for Gs ¿ T . Assuming this form forSssvd allows us
to compute the variation of the thermally averaged ax
current scattering cross sectionksAl, and ofQaynB, with
Gs (Fig. 2). In a dilute mediumsGs ø Td, ksAl is inde-
pendent of density. The axion emission rate per nucl
QaynB is proportional tonB and thus toGs. Such condi-
tions may be relevant near the “neutrinosphere,” wh
r13 ø 0.1. However, for the conditions in a SN cor
Eq. (4) yieldsGs,OPEyT  20 50 [5]. While we will ar-
gue that this perturbative result likely is an overestim
of the trueGs, it still indicates that multiple-scattering
effects may be expected to suppress bothksAl and
QaynB.

“Calibration” of Gs at high density.—In the ansatz
Eq. (5) forSs it was implicitly assumed thatGs increases
linearly with density, as forGs,OPE. It is unlikely that this
is correct—a similar “averaging effect” which reduc
the nN cross section also affectsNN collisions. For
Gs,OPE * T , one should consider the trueGs to be a
slowly increasing, but unknown, function of the density

The neutrino signal of SN 1987A offers a uniqu
possibility to test for the actual behavior ofGs. The
neutrino signal of a SN depends sensitively on
neutrino opacity at high density, which is dominat
by sA. Since sA drops precipitously ifGs * T , we,
in principle, have an experimental probe ofGssr, T d.
To this end, three of us (W. K., H.-T. J., and G. R
have performed detailed numerical calculations of

FIG. 2. Schematic dependence of the average axial-vectornN
scattering cross sectionksAl and of the axion emission rate pe
nucleon QaynB on Gs . The broken lines correspond to th
naive results which are characterized byG  0 in Eq. (5) for
QaynB and bySssvd  2pdsvd for ksAl.
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cooling of newborn neutron stars with modified axia
vector neutrino opacities [5]. The result of this stu
is that reduced neutrino opacities shorten the neut
pulse dramatically and increase the number of eve
and the event energies in the Kamiokande II and IM
detectors. The best fit to the data is achieved if o
ignores opacity suppression effects entirely. An ove
reduction by more than 50% seems to be excluded. T
is still compatible with the expected reduction ofCA in a
bulk nuclear medium which entails an opacity suppress
by s30 40d% [4], but would be incompatible with any
significant reduction due to either “pairing” of nucleo
spins by theNN interaction or broadening ofSssvd.
Similar conclusions follow from Ref. [10], where th
opacity was indirectly lowered by increasing the numb
of neutrino species.

Of course, the SN 1987A observations encomp
very few events. Probably the most reliable measure
the opacities in the deep interior is the neutrino pu
duration, as the number of events and their energ
are largely determined by the spectral features of
neutrino flux and thus by the conditions near the neut
star surface. It is worrying that a long signal, and th
large opacities, are mostly supported by the three
Kamiokande events which are separated from the
eight by a7 s break. If the late events had some oth
cause besides the Kelvin-Helmholtz cooling such as la
time accretion, possibly triggered by a reverse shock [1
then reduced opacities might become more tolerable.

Barring this possibility, we infer thatGs cannot grow
linearly with density but reaches a value of, at most, a f
times T in a SN core. Values forGs to the right of the
hatched band in Fig. 2 seem to be excluded. If correct,
result implies that the OPE value forGs is an overestimate

Axion bounds.—Previous axion bounds from SN
1987A had been based on the “naive emission ra
(dashed line in Fig. 2), and had employed a perturba
estimate ofGs. During the first few seconds after co
lapseGs,OPEyT  20 50 throughout the SN core. Thi
would take one somewhat to the right of the maximum
the solid line in Fig. 2. If our calibration ofGs is correct,
one is somewhat to the left of the maximum. Either wa
Qa is near its theoretical maximum so that the “naiv
Qa is suppressed by about a factor of 10. BecauseQa

is proportional to the square of the axion mass, previ
limits on ma are relaxed by about a factor of 3.

The often-quoted limitma & 1023 eV was based on
CN  0.5 for N  p and n [12]. In popular axion
models these couplings are much smaller, for exa
ple, Cn ø 0 in the so-called Kim-Shifman-Vainshtein
Zakharov (KSVZ) model. Therefore, in a detailed revie
[7] it was shown that translating the SN 1987A bou
on the aN coupling into a bound onma really yields
ma & 3 3 1023 eV in the KSVZ and other typical mod
els. Together with the above suppression effect we c
clude thatma & 1022 eV is not excluded.
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Energy transfer innN collisions.—In previous SN
studies of neutrino transport,nN collisions have been
taken to be energy conserving [13,14] becauseSsvd ~

dsvd for scattering ofn’s from single, “heavy” nucleons.
The nm (and n̄m, nt , and n̄t) spectra are formed at th
radius wherene scattering andnmn̄m $ e2e1 become
inefficient for transferring energy between the neutrin
and the medium. However, thenm’s must diffuse through
a considerable overburden of nuclear material before t
escape. In general, this material will have a temperaturT
that is lower than the temperatureTn that characterizes the
nm spectrum. Thus the averagenm energies are usually
found to be a factor of1.3 1.8 larger than those of̄ne ’s,
which react viab processes and decouple at lower dens
and temperature.

A broadSssvd such as in Eq. (5) would allow for en
ergy transfer between the neutrinos and the medium. F
ther, even fornN processes thed function is only an
approximation that neglects recoil corrections. Their
clusion would modify the expectednm, n̄m, nt , and n̄t

spectra. In turn, energy conservation and a reduced
ergy flux in these flavors would imply increasedne and
n̄e energy and number fluxes. This is important in pla
ning for detection of SN neutrinos at Superkamiokan
or SNO, for understanding the explosion mechani
of type II supernovae [15,16], and for the conjectu
that r-process nucleosynthesis occurs in the high-entro
medium that surrounds the protoneutron star [17].

For neutrinos with a blackbody spectrum the avera
recoil energy transfer innN collisions with nondegenerate
nucleons iskD´lnN ø 30 TnsT 2 TndymN [14,18], and
the average energy exchangekD´lnNN in inelastic nNN
scatterings isR`

0 d´1´
2
1e2´1yTn

R`

0 d´2´
2
2s´2 2 ´1dSss´1 2 ´2dR`

0 d´1´
2
1e2´1yTn

R`

0 d´2´
2
2Sss´1 2 ´2d

.

(6)

With Eq. (5), the sum rule forSssvd, and ssxd  1 we
find numerically kD´lnNN  z

1
4 Gs sT 2 TndsTnTd21y2,

wherez 21 ø 1 1 log10s1 1 GsyT d within 15% for 1 ,

TnyT , 2 and 0.1 , GsyT , 10. For conditions near
the neutrinosphere, both thenN and nNN processes can
therefore transfer several MeV of energy to the mediu
Even though the energy exchange per interaction may
small, a typical neutrino experiences10 100 interactions
during the diffusion process through the protoneutron s
surface layers. The net effect may lead to substanti
lower average energies of thenm’s and n̄m’s. Thus, both
nN recoil and the inelasticnNN modes of energy transfe
are potentially important near the neutrinosphere wh
the spectra are formed.

The same conclusion is reached by comparing the re
energy transfer rates between neutrinos and a med
of nucleons, and between neutrinos and a medium
2623



VOLUME 76, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 8 APRIL 1996

re

n
th
ts

of
ing
on

rg
ies

el

n
tat
te
.
na
o

els
].
uc

n
A
fe

nd

a
er
[1

at
le
ed
n
g

p-
G
hi
s,

X-
haft
E

I-

v.

ting
ee,
-

s.

o-
tt.
n.

ity,
es

.
p.

o-

.
eil
degenerate electrons [14],
QnN

Qne
ø 0.8

1 1 5C2
A

2Ce
r

21y3
13

µ
Tn

10 MeV

∂2µ Ye

0.1

∂24y3

.

(7)

Here, the effective weak interaction constantCe for ne
scattering is 0.33snm,td, and 0.26sn̄m,td. In the neutron
star surface layersr ø 1012 1013 gycm3, andYe drops
to 0.05–0.1 within about a second after stellar co
collapse [19]. The energy transfer fromnm to the medium
is apparently dominated by direct transfer to the nucleo
by an order of magnitude or greater even though
calculation behind Eq. (7) does not include the full effec
of electron phase-space blocking.

In summary, for axial-vector current interactions
neutrinos and axions in a SN core, multiple-scatter
effects must not be ignored. Notably, the spin-fluctuati
rate cannot be simultaneously very smallsGs ø Td, as had
been assumed for the neutrino opacities, and very la
sGs ¿ T d, as had been assumed for the axion emissivit
Our study suggests that it is in the middle, i.e., of orderT ,
a range where the impact on neutrino opacities is relativ
mild while the axion emissivity is near its maximum
allowed by multiple-scattering effects (but still less tha
previous calculations had indicated). At the present s
of the art, the neutrino opacities cannot be calcula
from first principles within controlled approximations
Therefore, the SN neutrino signal duration and other sig
characteristics can be predicted only with the accuracy
a dimensional analysis, implying uncertainties for mod
of then-driven mechanism of type II SN explosions [15
Even near the neutrinosphere, non-negligible effects s
as the nonconservation of energy innN collisions are
important where both the recoil and the bremsstrahlu
mode of nN energy transfer need to be included.
quantitative understanding of the impact of energy trans
in nN collisions on the expected neutrino fluxes a
spectra will require detailed numerical simulations.

Note added.—After this paper had been submitted,
perturbative calculation of the reduction of weak scatt
ing rates by nucleon (iso)spin fluctuation has appeared
In essence, this is a calculation of the slope of ourksAl
curve in Fig. 2 at the pointGsyT  0. In linear-response
theory, this slope is independent of our Lorentzian ans
and agrees with the perturbative result—for a detai
comparison see Ref. [2]. Further, Sigl [20] has deriv
a f-sum rule forSssvd which allows one to estimate a
upper limit on Gs, providing a theoretical underpinnin
for our SN 1987A bound onGsyT .
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