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We reexamine the very stringent limit on the axion mass based on the strength and duration of the neutrino
signal from SN 1987A, in the light of new measurements of the axial-vector coupling strength of nucleons,
possible suppression of axion emission due to many-body effects, and additional emission processes involving
pions. The suppression of axion emission due to nucleon spin fluctuations induced by many-body effects
degrades previous limits by a factor of about 2. Emission processes involving thermal pions can strengthen the
limits by a factor of 3–4 within a perturbative treatment that neglects saturation of nucleon spin fluctuations.
Inclusion of saturation effects, however, tends to make the limits less dependent on pion abundances. The
resulting upper limit to the axion mass also depends on the precise couplings of the axion and ranges from
0.531023 eV to 631023 eV, consistent with previous results.@S0556-2821~97!00916-8#

PACS number~s!: 14.80.Mz, 21.65.1f, 95.30.Cq, 97.60.Bw

I. INTRODUCTION

Peccei-Quinn~PQ! symmetry@1# continues to be an at-
tractive solution to the strongCP problem. However, theory
and laboratory experiment give little guidance on the PQ
symmetry-breaking scalef a and, therefore, on the mass of
the pseudo Goldstone boson associated with PQ symmetry,
the axion@2#:

ma.0.62 eV3107 GeV/f a . ~1!

Astrophysical and cosmological arguments have been very
powerful in excluding values of the axion mass, allowing
only the mass range from about 1026 eV to about 1023 eV
@3#.

Axions in this mass range would have been produced cos-
mologically by a coherent, nonthermal mechanism@4#. Be-
cause of this, axions in this mass range would be cosmologi-
cally significant, have small velocities, and behave as cold
dark matter~CDM! in spite of their small mass. Depending
upon cosmological and particle physics parameters, axions
could contribute to the closure mass density today for
ma.1026 eV to 1024 eV @5#. We recall also that the CDM
scenario for structure formation is at present the most prom-
ising @6#, with axions and neutralinos being the leading CDM
candidates. If axions provide the bulk of the dark matter,
they must comprise a significant fraction of the dark halo of
our own galaxy@7#, and a large-scale experiment is under-
way to detect halo axions of mass 1026 eV to 1025 eV @8#.

The most stringent astrophysical bound on the axion mass
is that derived from observations of neutrinos from SN
1987A, excluding masses greater than about 1023 eV @9,10#.
It is based upon the detection of 19 neutrinos from SN
1987A by the Kamiokande II~KII ! @11# and Irvine-

Michigan-Brookhaven~IMB ! @12# water-Cherenkov detec-
tors. According to the standard model of type II supernovae,
namely, the core collapse of a massive star, these neutrinos
were emitted during the early cooling phase of the nascent
neutron star associated with the appearance of SN 1987A.
Indeed, the observed neutrino flux and energy spectrum are
consistent with this picture@13#. The emission of axions
would have hastened the cooling process, leading to fewer
events over a shorter time. The axion’s couplings to ordinary
matter are proportional to the axion mass, so consistency
with the detected neutrino burst leads to an upper limit to the
axion mass, which is estimated to be around 1023 eV.

A number of questions have been raised about the mass
limit based upon SN 1987A. They include the possible sup-
pression of axion emission by many-body effects which are
likely to be important in the deep interior of a neutron star
@14–16#, enhancement of axion emission due to the possible
presence of kaons and thermal pions at the centers of neutron
stars@17#, and the implications of recent measurements of
the strengths of axial-current couplings to nucleons, which
may lead to a significant suppression of the axion-neutron
coupling relative to estimates based on the naive quark
model ~NQM! @16#.

The purpose of this paper is to address these issues; its
outline is as follows. Section II is devoted to a discussion of
the axion-nucleon couplings and a description of the input
microphysics of the numerical protoneutron star models. The
axion emission rates are reviewed in Sec. III, including
many-body effects, with particular attention to the possible
damping effects of nucleon spin fluctuations. Section IV dis-
cusses cooling models and the impact of axion emission on
the theoretical predictions for the neutrino bursts detected by
KII and IMB. We finish with a summary of our results in
Sec. V.

PHYSICAL REVIEW D 15 AUGUST 1997VOLUME 56, NUMBER 4

560556-2821/97/56~4!/2419~14!/$10.00 2419 © 1997 The American Physical Society



II. INPUT PHYSICS

A. Axion couplings

The most important axion-emission process in a hot,
young neutron star is axion bremsstrahlung when two nucle-
ons collide. The rate for this process depends upon the ax-
ion’s coupling to nucleons. The relevant part of the interac-
tion Lagrangian is

Lint5
gai

2mi
c̄ igmg5c i]

ma, ~2!

where the indexi denotes a neutron or proton, and we can
write the axion-nucleon couplingsgai in the form

gai[Cimi /~ f PQ/N![Cimi / f a . ~3!

N is the color anomaly of the PQ symmetry. The dimension-
less couplingsCi of Eq. ~3! are of order unity, and related by
generalized Goldberger-Treiman relations to nucleon axial-
vector current matrix elements via the PQ chargesxq of the
light quarksq5u,d,s:

Cp5@xu21/~11z1w!#Du1@xd2z/~11z1w!#Dd

1@xs2w/~11z1w!#Ds,

Cn5@xu21/~11z1w!#Dd1@xd2z/~11z1w!#Du

1@xs2w/~11z1w!#Ds, ~4!

where we use for the light-quark mass ratios

z[mu /md.0.565, w[mu /ms.0.029. ~5!

The PQ charges of the quarks are model dependent: they
vanish for the Kim-Shifman-Vainshtein-Zakharov~KSVZ!
axion @19#, xu5xd5xs50, whilst for the Dine-Fischler-
Srednicki-Zhitnitskii~DFSZ! axion @18# they can be written
in terms of an angleb which is related to a ratio of Higgs
vacuum expectation values:

xu5sin2b/3, xd5xs5cos2b/3. ~6!

TheDq in Eq. ~4! quantify the axial-vector current couplings
to the proton:

DqSm[^pu q̄gmg5qup&, ~7!

whereSm is the proton spin. Similar expressions hold for the
neutron, with matrix elements related by an isospin reflec-
tion: Dun5Dd, Ddn5Du.

TheDq are nonperturbative quantities whose values must
be taken from experiment. Neutronb decay and isospin in-
variance constrainDu2Dd[gA.1.25, whilst hyperonb
decays and flavor SU~3! symmetry for the baryon octet yield
Du1Dd22Ds.0.682. The best determinations of the third
combination of theDq are obtained from spin-dependent
deep-inelastic electron and muon scattering off nucleons. Re-
cent analyses give@20#

Du50.8060.0460.04, Dd520.4660.0460.04,

Ds520.1260.0460.04, ~8!

where the first error is a statistical error, and the second is an
estimated systematic error. The values in Eq.~8! are quite
different from those estimated in the NQM, which does not
estimate axial-current matrix elements reliably. As can be
seen in Eq.~4!, the measurements of Eq.~8! and the PQ
charges of the light quarks determine the axion-nucleon cou-
plings. Values for the KSVZ and DFSZ axions are shown in
Fig. 1.

It is perhaps worth warning the reader at this point that
the above values of theDq have been obtained for nucleons
that are free, or are in light nuclei. It is possible that the
axial-vector current couplings may be different for nucleons
in a dense medium. However, large effects on these cou-
plings are not seen in conventional nuclear physics, and we
believe that other many-body effects on the axion emission
rate are dominant, as we discuss in Sec. III C.

B. Protoneutron star physics

In order to obtain limits on axion production in SN 1987A
and thus on the axion mass, we performed numerical simu-
lations of the evolution of newly formed neutron stars. The
simulations started a few milliseconds after core bounce and
supernova shock formation and followed the Kelvin-
Helmholtz cooling by neutrino emission until the lepton-rich
and hot protoneutron star had evolved to the final cold and
neutronized state 20 to 30 s later. Cooling sequences were
computed with and without axion emission included, and the
corresponding neutrino luminosities and spectra were used to
derive predictions for the associated KII and IMB detector
signals.

The initial models of the protoneutron star were con-
structed with profiles of the electron concentration
Ye5ne /nb (ne is the electron number density,nb the baryon
number density!, and of the temperatureT that were very
close to those obtained in detailed hydrodynamical calcula-
tions of stellar core collapse@21#. The collapsed stellar core

FIG. 1. Scatter plot of the axion-proton coupling and the ratio of
the axion-neutron to axion-proton coupling for different axion mod-
els allowing for the uncertainties inDq; from the bottom left to the
top right,b50, b527°, KSVZ,b554°, andb581°. Note that the
axion-neutron coupling is much smaller than the axion-proton cou-
pling for the KSVZ axion and for the DFSZ axion whenb;45°.
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right after core bounce is only weakly gravitationally bound.
This is expressed by the fact that the ratio of the gravitational
mass at the beginning of the simulationMNS,g

i to the baryonic
massMNS,b is only slightly less than unity. We scaled the
temperature profiles from given numerical models of post-
collapse cores such thatMNS,g

i /MNS,b50.97 in all of our ini-
tial setups. The baryonic mass of the neutron star depends on
the mass of the progenitor star of the supernova. Simulations
with varied protoneutron star mass@22,25# showed that the
neutrino signal from SN 1987A can be best reproduced by
models with a mass ofMNS,b.1.521.6M ( . The reference
model of the simulations presented here was, therefore, cho-
sen to haveMNS, b51.53M ( and an initial gravitational mass
of MNS,g

i 51.49M ( . The electron number fraction had a
maximum at the center of the star whereYe,c

i .0.29. The
central temperature and density at the beginning of the simu-
lations were Tc

i 524 MeV and rc
i 5m30.485 fm23

>831014 g cm23.3.25rnuc, respectively, withrnuc being
the nuclear matter density andm the common nucleon mass.

The computations were done with a general relativistic
stellar evolution code@22# employing equations of state de-
veloped for the caseT50 by Glendenning@23# and extended
to finite temperatures by including thermal corrections to the
energy density and pressure of both stellar plasma and neu-
trinos @22#. Two different equations of state were employed.
As the standard case, we used a hyperon equation of state
@case 2 in@23#; equation of state~EOS! B in @22#! which
takes into accountn, p, e6, andm2 in the nuclear medium,
and hyperons (L, S, . . . ) andD resonances as additional
hadronic states at densities above about 2rnuc. Due to the
formation of these additional baryonic degrees of freedom,
the hyperon equation of state is ‘‘softer’’ at very high den-
sities than a nonhyperonic equation of state involving only
n, p, e6, andm2. An equation of state of the latter category
~case 5 in@23#; EOS A in @22#! was used for comparative
computations in the work presented here.

The equations of state employed here do not predict the
occurrence of pions or pion condensates in the supernova
core. The possible importance of pionic excitations was
pointed out in a paper by Mayle, Tavani, and Wilson@24#.
The presence of a significant number of negative thermal
pions influences the axion emission from forming neutron
stars by producing axions via pion-axion conversion pro-
cessesp21p→n1a ~Sec. III B and@17#!. In order to esti-
mate the impact of the latter on the protoneutron star cooling,
we computed a number of models using the rather crude
assumption that onep2 per nucleon is present at densities
beyond about two times nuclear matter density. The local
abundance Yp25np2 /nb was simply prescribed by
Yp25YN•$11tanh@2(r2rnuc)/rnuc#%/2 with rnuc5m30.15
fm23. This prescription isad hocand effects of pions on the
nuclear equation of state were not taken into account at all.
Also, we ignored the temperature dependence of the abun-
dance of thermal pions. Our choice ofYp2 of order unity
was motivated by the results of Ref.@24#, where an abun-
dance of Yp2&0.6 ~and a total pion abundance of
Yp&0.8) was obtained for the conditions of temperature and
density in a neutron star model at 3 s after core bounce. The
possibility of a pion condensate, however, was excluded for
the supernova conditions and the pion dispersion relation

assumed in Ref.@24#. Since our whole treatment of the pion
case was very approximate only, we also did not make any
attempt to include the contributions of pions to the neutrino
scattering opacity of the nuclear medium~see also@24#!.

Because pions were not taken into account in our supra-
nuclear equation of state self-consistently, statements about
the changes of the protoneutron star properties in response to
the creation of thermal pions must rest on the discussions in
Refs. @17,24# and on our expectation that analogies to the
case of hyperon formation~included in detail in our EOS B!
should exist. Although the creation of thermal pions con-
sumes energy and increases the heat capacity of the medium,
the temperatures in a star with pions becomehigher than that
in the pion less situation. This can be seen in Figs. 2 and 4 of
Ref. @24# and in Fig. 1 of Mayleet al. @17#. The reason is
twofold. On the one hand, the high electron chemical poten-
tial encountered in the central regions of the core of a pro-
toneutron star without pions is greatly reduced by the pres-
ence of negative pions, and a part of the degeneracy energy
released increases the temperature considerably. On the other
hand, the creation of pions ‘‘softens’’ the supranuclear equa-
tion of state and the neutron star becomes more compact
~i.e., its density increases! compared to the case without
pions. Compressional heating leads to another increase of the
internal temperature. Similar effects were observed when hy-
peronization sets in at densities above two times nuclear mat-
ter density@22#. Both the presence of a large number of
pions in the dense core~described in our models in an ap-
proximate way! and the higher internal temperature of a neu-
tron star with pions~not considered in our simulations!
should lead to an enhanced production of axions via reac-
tions p21p→n1a @17#, at least if a probable saturation of
the pion-axion conversion rate due to many-body interac-
tions does not play an important role~see Sec. III B!.

As for the neutrino transport, equilibrium diffusion was
assumed for all types of neutrinos (ne , n̄ e ,nm , n̄ m ,nt , n̄ t)
which is a good approximation, because the hot matter of the
protoneutron star is very opaque to neutrinos because of
neutral-current neutrino-nucleon scatterings,n1N→n1N,
and charged-currentb reactions, ne1n→e21p and
n̄ e1p→e11n. For details of the technical implementation
and the ‘‘standard’’ description of neutrino-matter interac-
tions, see@22#. A possible reduction of the neutrino opacity
by many-body correlation effects, e.g., a suppression of the
nN scattering cross section by rapid spin fluctuations due to
frequent nucleon-nucleon collisions~@14–16,25,26# and
Sec. III C!, was included only in a comparative model run to
reveal the change of the axion mass limit. We want to em-
phasize here that the central density of our reference neutron
star model with MNS, b51.53M ( is always less than
8.831014 g cm23. Only in a relatively small, central part
with a mass&0.5M ( does the density become higher than
about 2rnuc and hyperonization sets in. But even at the center
of the star the hyperon abundanceYhyp5nhyp/nb never rises
aboveYhyp.0.25~see Fig. 7 in@23#!. Therefore, we consider
the neglect of modifications of the neutrino opacity due to
the presence of hyperons@27# as acceptable for the models
discussed in this work, and the assumption that the neutrino
opacity is produced mainly by interactions of neutrinos with
n andp should yield a sufficiently accurate description.
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In order to evaluate our protoneutron star cooling models
for the prediced neutrino signals in the KII and IMB detec-
tors, we folded the computed spectraln̄ e number flux with
the detector efficiency functions and the cross section for
n̄ e absorption on protons. A distance to SN 1987A of
D550 kpc was assumed. For details of the evaluation pro-
cedure, see Appendix C of@22#.

III. AXION EMISSION RATES

A. Nucleon-nucleon axion bremsstrahlung

As long as the widths of the nucleon states are small
compared to the temperature, one can evaluate the matrix
elements for nucleon-pair bremsstrahlung of axions by using
free nucleon states. A one-pion exchange~OPE! potential is
likely to be an adequate starting point for describing the
two-nucleon interaction. As a function of the four-
momentum transfer between the nucleons,k5(k0 ,k), it can
be written as@28#

VOPE~k,s1 ,s2!52S f

mp
D 2~s1•k!~s2•k!

k21mp
2 ~t1•t2!. ~9!

Here, f .1 is the pion-nucleon coupling constant,mp is the
pion mass, ands j andt j are spin and isospin operators for
the two nucleons, respectively (j 51,2). The resulting matrix
elementM was first calculated in Ref.@29# for degenerate

nucleons and later in@30# for arbitrary nucleon degeneracy.
The lowest-order energy-loss rate per unit volume due to
axion emissionQa

(1) is then given by the phase-space integral

Qa
~1!5E d3ka

2v~2p!3 )
j 51

4
d3pj

2Ej~2p!3
v f 1f 2~12 f 3!~12 f 4!

3S(
spins

uMu2~2p!4d4~p11p22p32p42ka!, ~10!

wherepj5(Ej ,pj ) are the four-momenta of the initial-state
( j 51,2) and final-state (j 53,4) nucleons, andka5(v,ka) is
the axion four-momentum. Furthermore,f j is the nucleon
occupation number in statepj ( j 51, . . . ,4), andS is the
usual symmetry factor.

In Ref. @30# the 15-dimensional integration in Eq.~10!
was performed exploiting the fact thatuMu2 varies only
slightly in the range where the integrand contributes most.
Neglecting this variation induces an error of less than a fac-
tor 2. Introducing the thermal average

j[3K F ~p22p4!•~p22p3!

up22p4uup22p3u G2L , ~11!

which can be shown to take the values 0 and 1.0845 in the
limits of degenerate and nondegenerate nucleons, respec-
tively, the result can be written as

Qa
~1!564S f

mp
D 4

m2.5T6.5F ~12j/3!gan
2 I ~yn ,yn!1~12j/3!gap

2 I ~yp ,yp!1
4~1522j!

9 S gan
2 1gap

2

2 D I ~yn ,yp!

1
4~624j!

9 S gan1gap

2 D 2

I ~yn ,yp!G . ~12!

Here, yi is the dimensionless nonrelativistic version of the
nucleon chemical potentialm i : yi5(m i2mi)/T, and the di-
mensionless functionI (y1 ,y2) can be fitted to within 25%
accuracy by the analytic expression@30#

I ~y1 ,y2!.@2.393105~e2y12y210.25e2y110.25e2y2!

11.733104~11uyū!21/216.923104~11uyū!23/2

11.733104~11uyū!25/2#21, ~13!

with ȳ 5(y11y2)/2.

B. Pion-axion conversion

If pions or kaons are present in a supernova core, addi-
tional processes such asp21p→n1a can contribute to ax-
ion emission. Since it is uncertain whether a pion condensate
can form in the hot protoneutron star@24#, we consider only
thermal pions here. The corresponding lowest-order pertur-
bative energy emission rate per unit volume was found to be
@17#

Qa
p2

5
30f 2 ḡ aN

2 T3

pm2mp
2

np2np , ~14!

where ḡ aN is a combination of axion-proton and axion-
neutron couplings,

ḡ aN
2 5 1

2 ~gap
2 1gan

2 !2 1
3 gapgan , ~15!

andnp2 andnp are the number densities ofp2 and protons.
If the pion abundance is comparable to the nucleon abun-
dance, energy loss by pion-axion conversion will dominate
over nucleon-pair bremsstrahlung of axions by more than a
factor of 10 @17# in the perturbative approximation, i.e.,
when saturation due to many-body effects in the dense me-
dium ~see Sec. III C! is ignored. We have considered the
axion mass bounds resulting from the lowest-order pion-
axion emission rate as well. Due to the clear dominance of
the axion emission from pion conversion processes in the
perturbative approximation, we neglected the production of
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axions by nucleon-nucleon bremsstrahlung whenp2 were
assumed to be present in the cooling neutron star.

C. Many-body effects

As can be seen from Eq.~2!, in the limit of nonrelativistic
nucleons, axions couple exclusively to the nucleon spin den-
sity whose fluctuations act as the radiation source for axions.
During their emission, axions ‘‘see’’ a nucleon spin density
which is averaged over a volume given by their typical
wavelength and a time scale of order of their inverse energy.
At T.30 MeV, r.531014 g cm23, values typical of the
hot central region of the protoneutron star, the wavelength of
a thermal axion is.10 fm and thus significantly larger than
the average internucleon distance.1 fm. Correlations
among different nucleon spins can, therefore, influence axion
emission rates. In addition, the spin-dependent two-nucleon
interaction force may cause the nucleon spins to fluctuate so
fast that its average during the time it takes to emit an axion
can be substantially reduced. As a consequence, near nuclear
densities these many-body effects might suppress signifi-
cantly the actual energy-loss rate in axions compared to the
lowest-order result, Eq.~12!. This possibility has been dis-
cussed recently in a series of papers@14–16,26#. A suppres-
sion is likely to occur also for the rate of Eq.~14!.

In order to discuss this issue and to compare different
approaches, it is convenient to reformulate the loss rate in
terms of the formalism of the dynamical spin-density struc-
ture function ~SSF! adopted in these references. Since the
momenta of the relativistic axions are significantly smaller
than the nonrelativistic nucleon momenta, we will adopt the
limit of small momentum transfersk. In this limit the SSF is
defined as

Ss~v!5 lim
k→0

4

3nb
E

2`

1`

dteivt^s~ t,k!•s~0,2k!&. ~16!

Here,s(t,k)5V21*d3re2 ik•rs(t,r ) ~with V the normaliza-
tion volume! is the Fourier transform of the local nucleon
spin-density operators(t,r ), nb is the baryon density, andv
is the energy transfer to the medium. The expectation value
given in angular brackets in Eq.~16! is taken over a thermal
ensemble and the states involved are normalized toV. For a
single species of nucleons whose coupling to axions is given
by Ci @see Eqs.~2!–~4!#, Qa can then be written as@16,26#

Qa5
Ci

2nb

~4p!2f a
2E

0

`

dv v4e2v/TSs~v!. ~17!

For two nucleon species one can absorb the constantCi
2

into the definition ofSs by multiplying s(t,k) in Eq. ~16! by
@11t3(t,k)#Cp/21@12t3(t,k)#Cn/2. Here,t3(t,k) is the
third component of the isospin operatort(t,k) which is de-
fined analogously tos(t,k). For the qualitative discussion in
the rest of this section, it is sufficient to focus on the case of
a single nucleon species if not stated otherwise.

It is obvious from Eq.~16! that only interactions which do
not conserve the total nucleon spin can lead to nonvanishing
values ofSs(v) at vÞ0. As can be seen easily, the OPE

potential, Eq.~9!, has this property. For the following, it is
convenient to introduce the lowest-order effective spin fluc-
tuation rate,

Gs
~1![

1

3pS f

mp
D 4

m2nb^v&.32 MeV r14T10
1/2 , ~18!

where ^v& is the average relative velocity between two
nucleons,r14 is the mass density in units of 1014 g cm23,
andT105T/10 MeV. In the limit of nondegenerate nucleons,
the lowest-order contribution to the SSF takes the form@15#

Ss
~1!~v!5

KGs
~1!

v2
s0~v/T!, ~19!

where K512p21/2(T/m)1/2/^v&.2.7.1 The dimensionless
bounded functions0(v/T) has been given in Ref.@15#.
Adopting Eq.~19! in Eq. ~17! leads to a rateQa which, for
the case of two nucleon species, coincides with Eq.~12! in
the nondegenerate limit,yn ,yp!21. Note that, according to
Eq. ~13!, I (y1 ,y2)}ey11y2}n1n2T23 in this limit, whereni
is the number density of speciesi .

However, Eq.~19! is unphysical in the limit of both small
and large energy transfers, which can be seen as follows.
First, one can derive the sum rule

E
2`

1`dv

2p
Ss~v!511

4

3nbVK (
iÞ j

si•sj L , ~20!

where the sum over all nucleon pairs accounts for possible
spin correlations among different nucleons. In the following
we will neglect this second term and comment on the role of
spatial spin correlations at the end of this section. In any
case, the finiteness of the integral in Eq.~20! clearly shows
that the infrared singularity in Eq.~19! is unphysical. In fact,
higher-order effects are expected to regularize this singular-
ity at low-energy transfers. As a first qualitative guess, it was
suggested@15# to substitutev22 by (v21a2Gs

2)21, wherea
is a dimensionless number of order unity which can be cho-
sen to satisfy the sum rule equation~20!.

Second, one of us@26# recently derived the analogue of
what is usually called thef -sum rule:

E
2`

1`dv

2p
vSs~v!52

4

nbV
^HT&[

2Gs

p
, ~21!

where HT5 1
2 ( iÞ jVi j

T is the ‘‘tensor component’’ of the
nucleon interaction Hamiltonian, defined as the tensor com-
ponent Vi j

T of the two-nucleon interaction potential@31#,
summed over all pairs. It is this component which violates
local nucleon spin conservation and, according to Eq.~21!,
determines the width of the SSF via the effective spin fluc-
tuation rate

Gs[
22p^HT&

nbV
. ~22!

1The relation between ourGs
(1) defined in Eq.~18! and the quan-

tity GA used in Ref.@15# is GA5KGs
(1) .
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Gs
(1) defined in Eq.~18! can be shown to be the first-order

approximation toGs in a dilute medium. It turns out that in
the case of two nucleon species thef sum, Eq.~21!, diverges
when Eq.~19! is substituted for the SSF@26#. This can be
traced back to the unphysical behavior of the dipolelike OPE
potential, Eq.~9!, at small distances where it contains terms
that are proportional tor 23. Although perturbative matrix
elements involving free angular momentum eigenstates are
still finite, these terms lead to bound states whose energies
are unbounded from below and thus the Born approximation
is not applicable@32#. This is cured by more realistic poten-
tials that account for hard-core repulsion and, consequently,
lead to a falloff ofSs at high v that is stronger thanv22,
thus assuringf -sum integrability.

A plausible modification of the SSF is given by

Ss~v!5
KGs

v21a2Gs
2 s~v/T!, ~23!

where the continuous and bounded functions(v/T) is even
and satisfiess(0)51. This expression has the right limiting
behavior in the classical regime which obtains forv!T
@33#. For v&Gs , multiple collisions become important and
lead to a suppression ofSs(v) compared to the lowest-order
approximation, Eq.~19!, which is known as the Landau-
Pomeranchuk-Migdal effect@34,35# and ensures integrability
of the sum rule Eq.~20!. In the classical bremsstrahlung limit
of hard collisions one would haves(x[v/T)[1. Quantum
corrections require thats(x)→0 for x→` sufficiently fast,
as can be seen from thef -sum rule, Eq.~21!. The exact
shape ofs(x) depends on the nucleon interaction potential
@36#. In particular, the highx behavior is governed by the
small-distance regime which is usually dominated by a hard-
core repulsion.

Modifications ofs(v/T) at v*T do not have a big influ-
ence on the loss rate Eq.~17!, because of the exponential
factor. The finite-width modification is also unimportant as
long asGs&T, i.e., in the dilute medium. In this regime, we
haveGs.Gs

(1) andQa.Qa
(1)}nbGs

(1)T3 @see Eq.~12!#. For
Gs@T, in contrast,Qa /(nbT4) would start to decrease with
increasingGs @26#. This would be the case ifGs.Gs

(1) up to
the highest densities@see Eq.~18!#. However, in Ref.@26# it
was argued thatGs is likely to saturate at some maximum
valueGs

max&150 MeV. This also implies that neutrino opaci-
ties are suppressed by less than.50% compared to the
lowest-order opacities, ensuring consistency of the observed
and simulated cooling time scales for SN 1987A@25#. For
Gs&150 MeV, Qa.Qa

(1) is a good approximation. For a
first improvement to account for saturation ofGs , we, there-
fore, set

Qa5Qa
~1! minF1,

Gs
max

Gs
~1! G with Gs

max[2pW ~24!

in the numerical simulations, withQa
(1) taken from Eq.~12!.

The maximum value of the spin fluctuation rateGs
max is de-

scribed in terms of the average interaction energyW of a
nucleon in the nuclear medium. This definition is motivated
by Eq. ~22! and implies the relationW52^HT&/(nbV).

The normalization of the SSF is given by Eq.~20! and
depends on the spatial correlation of the nucleon spins. This
comes as no surprise since we adopted the limit of small
axion momenta in which correlations can lead to a coherent
enhancement or suppression of emission rates, independently
of the temporal fluctuations of a single-nucleon spin with
which we were mostly concerned in this section. It is not
completely clear how important spatial nucleon spin correla-
tions can be in the environment of a hot protoneutron star.
However, at least in the limit of high temperatures and/or
low densities the interaction energy associated with the spin
correlations should be small compared to the thermal energy
and it should be a reasonable approximation to neglect spin
correlations.

We have made no systematic attempt to include the ef-
fects of a saturation of nucleon spin fluctuations due to
many-body interactions in case of the pion-axion conversion
process. However, irrespective of whether the process in-
volves real pions or virtual pions from a bystander nucleon,
axions are emitted by the fluctuating nucleon spin whose
fluctuation rateGs is expected to saturate according toGs

max

of Eq. ~24!. Inclusion of saturation effects is, therefore, likely
to leave axion bounds considerably less sensitive to the
abundance of pions than that suggested by the lowest-order
energy-loss rate of Eq.~14!.

IV. AXIONS AND PROTONEUTRON STAR COOLING

A. Models

In this section we discuss our protoneutron star cooling
calculations which were performed with a systematic varia-
tion of the axion-nucleon couplings and with different input
physics in the neutron star modeling. The considered axion-
nucleon coupling constantsgai are of the order of 10210 and
thus axion opacity plays no role@37#.

In our first sequence of cooling models, the loss of energy
by nucleon-pair axion bremsstrahlung@Eqs. ~12! and ~13!#
was investigated in dependence of the two parametersgap
and x[gan /gap which were chosen from the intervals
0<gap/10210<10 and23<x<3, respectively. Suppression
or saturation of the axion emission rates was not taken into
account. The nucleon degeneracy parameterj of Eq. ~11!
was set to 0.5, but comparative calculations withj51.0845
~nondegenerate nucleons! andj50 ~very degenerate nucle-
ons! revealed only a very weak dependence of the results on
the particular value ofj.

In a second sequence of models we repeated these cooling
calculations with many-body effects taken into account ac-
cording to Eq.~24! whereQa

(1) is from Eq.~12! andGs
(1) is

defined in Eq. ~18!. The average interaction energy per
nucleonW was chosen to beW510 MeV, corresponding to
Gs

max.60 MeV. A finite value ofW leads to a saturation of
the axion emission rate for large values ofGs

(1) , i.e., at high
densities and/or high temperatures. Our ‘‘standard’’ case
without saturation is formally recovered forGs

max}W→`.
We also performed comparative computations for the values
W55 MeV andW520 MeV.

In a third set of models we considered the effects of the
presence of a large number of negative pions in the nuclear
medium. Pions were included in anad hocmanner as de-
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scribed in Sec. II B by assuming 0.5,Yp2,1 for the num-
ber of p2 per nucleon at densities abovernuc. The rate of
energy loss via the pion-axion conversion reaction is given
by Eq. ~14!. Because of the 10–50 times larger rate com-
pared to nucleon-nucleon axion bremsstrahlung, a range of

coupling parameters 0< ḡ aN/10210<2 was explored.
In addition to these three sets of models and the variations

of j andW mentioned above, we replaced the hyperon equa-
tion of state~EOS B! by an ordinaryn-p equation of state
~EOS A! in order to reveal the differences for the axion
production during the Kelvin-Helmholtz cooling of the pro-
toneutron star when hyperons andD resonances are not
present at densities beyond 2rnuc. Furthermore, the influence
of a reduction of the neutrino opacity at high densities due to
rapid nucleon spin fluctuations@14–16,26# was explored. A
suppression factor of 50% was assumed, which is the maxi-
mum reduction still allowed by consistency between the SN
1987A neutrino detections and the calculated neutrino sig-
nals for axionless cooling models@25#. Finally, the sensitiv-
ity of the derived axion mass limits on the mass of the cool-
ing neutron star was tested by performing cooling
calculations not only for our standard protoneutron star
model withMNS, b51.53M ( , but also for models with bary-
onic massesMNS, b51.30M ( , 1.40M ( , 1.65M ( , and
1.75M ( . Like most of the other comparative computations,
the simulations with different neutron star masses were done
with the reference valuesgap51.5310210 andx50.

B. Protoneutron star evolution without and with axion emission

For sufficiently large axion-nucleon coupling the cooling
of protoneutron stars is significantly affected by the produc-
tion of freely escaping axions. We compare here the results
for cooling calculations of the 1.53M ( neutron star, once
without axions (gap5gan50) and another time with the rep-
resentative choice for the axion coupling constants of
gap51.5310210 and x5gan /gap50. The energy-loss rate
due to axion emission was prescribed according to Eq.~12!,
i.e., suppression or saturation of the axion emission at high
densities and temperatures was not taken into account. The
temperature evolution for the axionless case is shown in Fig.
2, the corresponding information for the case with axions is
given in Fig. 3.

The initial temperature profile (t50) corresponds to the
situation 10 to 30 ms after core bounce. The temperature
shows a flat hump between the~baryonic! mass coordinates
of M (r )[Nb(r )m;0.3M ( and;0.9M ( @Nb(r ) is the total
baryon number inside radiusr #. The temperature in these
intermediate layers of the protoneutron star is higher than
that near the center because of the heating caused by the
forming supernova shock. Moreover, as the deleptonization
of the protoneutron star progresses, electron degeneracy en-
ergy which is released in the processe21p→n1ne is not
completely radiated away from the surface of the star by the
emission of all kinds of neutrinos. Instead, due to downscat-
tering and multiple absorption and reemission of diffusing
neutrinos, a part of this energy stays in the star and leads to
heating of the gas. Therefore, the temperature in the interior
of the star rises during the first;7 s of the evolution~Fig. 2!
and the temperature peak advances inward to the center of
the star, following the motion of the layer where most of the
lepton~electron! loss occurs. At the time when the tempera-

FIG. 2. Temperature evolution of a 1.53M ( protoneutron star
without axion emission. The temperature profiles are plotted against
the enclosed baryonic rest massM (r )5Nb(r )m ~in solar masses;
m is the common nucleon mass! for different times from the start of
the computation shortly after the formation of the protoneutron star.
For timet50 the curve is labeled, the other times are listed accord-
ing to the order of the corresponding curves~from top to bottom at
M51M (). The interior of the star heats up first due to the conver-
sion of lepton degeneracy energy into thermal energy, but finally
cools.

FIG. 3. Temperature profiles of a 1.53M ( protoneutron star vs
enclosed baryonic mass for different times. Axion production via
nucleon-pair bremsstrahlung is included with axion coupling con-
stantsgap51.5310210 and x5gan /gap50. The star cools much
faster than in Fig. 2.
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ture maximum has reached the center of the star~after;7 s!,
the chemical potentialmne

5me1mp2mn of electron neutri-

nos has dropped to its final equilibrium valuemne
50 that

corresponds to deleptonized, neutronized conditions. Now
the star begins to cool down essentially coherently by the
continuing energy loss due to the emission of neutrino-
antineutrino pairs created by thermal processes. After about
38 s the temperatures are below;3 MeV in the whole star.

If axions are produced by nucleon-nucleon bremsstrah-
lung in significant amounts, two consequences follow for the
cooling. On the one hand, the maximum temperature in the
star reaches only about 35 MeV at the mass coordinate
M (r );0.7M ( ~Fig. 3!. This has to be compared to the peak
temperature of;48 MeV realized at the center of the star for
the case without axion emission~Fig. 2!. On the other hand,
the temperature starts to drop right from the beginning and
already after 18 s the whole star has cooled down to a tem-
perature of less than 3 MeV everywhere. Obviously, axions
are very efficient in transporting away the heat produced af-
ter the conversion of degenerate electrons into neutrinos.

In Fig. 4 the local energy emission rate due to nucleon-
nucleon axion bremsstrahlung is plotted against the enclosed
baryonic rest massM (r ) for different times. The axion emis-
sion rate per baryon peaks whererT3.5 has a local maximum
and is largest during the first few seconds of the evolution.
At later times the temperatures in the star have dropped ap-
preciably and the energy loss in axions is greatly reduced.
This is underlined by Fig. 5 which shows the axion luminos-
ity as a function of time in comparison with the combined
luminosities ofne and n̄ e ~denoted by ‘‘Lne

’’ !, the combined

luminosities ofnm , n̄ m , nt , and n̄ t ~labeled by ‘‘Lnm
’’ !,

and the total luminosity for all neutrinos (Ln). The axion
luminosity decreases by an order of magnitude within 5 s, a
time after whichLn has dropped by only a factor of 3–4.
Note that the luminosities in Fig. 5 include reductions due to
gravitational redshift and time dilation for an observer at rest
at infinity. Since neutrinos diffuse out through the star and
decouple from the stellar matter near the surface of the pro-
toneutron star, their luminosities are corrected for the gravi-
tational redshift at the stellar surface which is typically 25%
~of the energy measured at infinity!. Axions, instead, leave
the star from the deep interior where most of the axion pro-
duction takes place~see Fig. 4! and their typical redshift is
40–50%. Time dilation~i.e., redshift of the inverse time in-
terval or frequency! is accounted for by the same factors.
Therefore, the amount of energy transported away from the
star by axions relative to the energy emitted in neutrinos is
larger than that suggested by the integration of the luminosi-
ties depicted in Fig. 5.

C. Parameter studies

Increasing the axion-proton and axion-neutron couplings
gap andgan , respectively, leads to a decrease of the energy
radiated in neutrinos. Figure 6 displays the total energies lost
by the 1.53M ( protoneutron star in axions (Ea

0) and in neu-
trinos (En

0) as functions of the coupling parametergap . The
nucleon-pair axion bremsstrahlung is again described by Eq.
~12!. The symbols mark computed models and are connected
by cubic spline interpolation. The different lines correspond

FIG. 4. Local energy production rate per baryon due to nucleon-
nucleon bremsstrahlung emission of axions@Eq. ~12!# with coupling
constantsgap51.5310210 and x5gan /gap50. The profiles are
plotted against the baryonic mass coordinate of a 1.53M ( proto-
neutron star for different times after the start of the simulation~the
times are listed according to the order of the curves at
M50.5M (). The energy production per baryon roughly peaks
where the productrT3.5 reaches a maximum.

FIG. 5. Electron-neutrino plus electron-antineutrino luminosity
~labeled byLne

), sum of all luminosities of heavy lepton neutrinos
~labeled byLnm

), total neutrino luminosityLn , and axion luminos-
ity La as functions of time during the cooling of a 1.53M ( proto-
neutron star for axion-proton couplinggap51.5310210 and axion-
neutron coupling gan50. The luminosities are redshifted as
measured by an observer at rest at infinity. The axion luminosity
drops by an order of magnitude within 5 s, whereas the neutrino
emission decreases less rapidly.
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to the valuesx5gan /gap50 ,60.5 ,61.0. The axion energy
is larger for larger absolute values ofx and a slight differ-
ence between the results for positive and negativex ~with the
values ofEa

0 being a bit larger for positivex) reflects the
asymmetry of the last term in Eq.~12! against changes of the
sign of gan . In Fig. 6, bothEa

0 and En
0 are the energies as

measured by a locally inertial observer at rest at the surface
of the protoneutron star. The axion energy is, therefore, cor-
rected for the gravitational redshift between the layers of the
axion production and the neutron star surface.

Figure 7 shows the number ofn̄ e absorption events pre-
dicted for the KII detectorNKII and Fig. 8 the time interval
tKII within which 90% of these events are registered. Figures
9 and 10 give the corresponding information for the IMB
detector. Because the fraction of the gravitational binding
energy emitted in neutrinos decreases when more energy is
carried away by axions~Fig. 6!, all quantities displayed in
Figs. 7–10 exhibit a rapid reduction with increasinggap .
This reduction is stronger for largeruxu. For an axion-proton
coupling constant between 1310210 and 2310210, the ex-
pected numbers of detector events and the detection times
are reduced to about one-half of the values for the axionless
case. While the calculated 11 neutrino events within;15 s
for the 1.53M ( protoneutron star are in reasonable agree-
ment with the KII measurement of SN 1987A neutrinos~11
neutrinos in 12.5 s!, the ;6 predicted IMB events within
;9 s are clearly on the low side of the detection rate of SN
1987A neutrinos in IMB~eight neutrinos in 5.6 s!. This trend
of our results is also present for supernova models of other
groups and reflects the marginal consistency observed be-

tween the IMB and KII neutrino data: For then̄ e emission
characteristics~spectrum and luminosity! deduced from the
KII measurement, one would expect a much smaller number
of IMB events, or, inversely,n̄ e emission that has caused the
eight events in IMB should have produced a much larger
signal in the KII detector~see, e.g.,@38#!.

If axion emission is absent, the expected event numbers
NKII andNIMB as well as the detection timestKII andt IMB are

FIG. 6. Energy loss of a 1.53M ( protoneutron star in neutrinos
(En

0) and in axions (Ea
0) for different combinations of values of the

axion-proton couplinggap and axion-neutron couplinggan in Eq.
~12!. The energies are given as measured by a locally inertial ob-
server at the surface of the neutron star. The symbols mark com-
puted models, the interpolation is done by cubic splines. The curves
through the asterisks correspond to the casex5gan /gap50, the
circles to the casesx560.5, and the squares tox561.0. Filled
symbols mark positive, open symbols negative values ofx.

FIG. 7. Prediced number ofn̄ e absorption events in the KII
detector for a 1.53M ( protoneutron star as a function of the axion-
proton couplinggap . The symbols correspond to computed models
and the different curves represent different values ofx5gan /gap

~see Fig. 6!.

FIG. 8. Time intervalstKII where 90% of the predictedn̄ e cap-
ture events in the KII detector happen for a protoneutron star with a
baryonic mass of 1.53M ( and for different combinations of values
of gap andx5gan /gap . The meaning of the symbols is the same as
in Fig. 6.
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slowly increasing with the mass of the protoneutron star
@25#. BetweenMNS,b51.30M ( and MNS,b51.75M ( , NKII
andNIMB roughly double, whiletKII increases by a factor of
2.5 andt IMB by about 60%, as can be seen in Table 1 of@25#.
When axions are produced in the stars by nucleon-pair
bremsstrahlung@Eq. ~12!#, with axion-proton coupling
gap51.5310210 and axion-neutron couplinggan50 ~i.e.,
x50), the results for different neutron star masses are ob-
tained as shown in Fig. 11. All four quantities reveal a very
weak dependence on the baryonic mass of the neutron star.
For the used values of the axion-nucleon coupling constants,
we find NKII .5, NIMB.3, tKII .6 s, andt IMB.3.8 s in all
cases. Independent of the protoneutron star mass, these re-
sults are about one-half of the values found for the case of
the 1.53M ( star without axion emission. The same inert be-

havior is also observed for the average energies of the elec-
tron antineutrinos captured in the two detectors:
^eKII &.23.7 MeV and̂ e IMB&.34.5 MeV. In more massive
protoneutron stars the temperature and density become
higher; this causes enhanced emission of axions so that a
smaller fraction of the released gravitational binding energy
ends up in neutrinos. The weak variation of the expected
neutrino signals suggests that the additional gravitational en-
ergy release associated with a larger neutron star mass is
essentially completely carried away by axions.

Our study with parametersgap and x, based on the
1.53M ( protoneutron star model, was repeated for the case
that the axion emission rate saturates at high densities and
temperatures~see Sec. III C!. Employing Eq. ~24! with
Qa

(1) from Eq.~12! ~with j50.5) andGs
(1) from Eq.~18!, the

axion emission rate reaches its saturation level when
r14T10

1/2*2W(10 MeV)21. For an average interaction en-
ergy per nucleon ofW510 MeV we found that the corre-
sponding reduction of the axion production increases the pre-
dicted number of neutrino eventsNKII andNIMB by roughly
40% compared to the number of expected events for the
‘‘naive’’ ~unsaturated! case for which formallyW→`. This
trend turned out to be even somewhat stronger for the detec-
tion times tKII and t IMB where the increase was about 60%.
For W520 MeV the increase was;20% in the event num-
bers and;30% in the detection times, and forW55 MeV
the event numbers and detection times rose by 60% and
80%, respectively.

Taking into account the possible existence of a large num-
ber of negative pions at high densities in the simple way

FIG. 9. Same as Fig. 7, but for the IMB detector.

FIG. 10. Same as Fig. 8, but for the IMB detector.

FIG. 11. Numbers of predictedn̄ e absorption events in the KII
and IMB detector,NKII andNIMB , respectively, and corresponding
time intervalstKII andt IMB where 90% of these events happen. Five
protoneutron star models with different baryonic masses,
MNS,b51.30M ( , 1.40M ( , 1.53M ( , 1.65M ( , and 1.75M ( were
evolved with axion emission by nucleon-nucleon bremsstrahlung
@Eq. ~12!# for gap51.5310210 and x5gan /gap50. The expected
measurements for event numbers and detection times vary ex-
tremely weakly withMNS,b.
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described in Sec. II B and using the energy-loss rate due to
pion-axion conversion as given in Eq.~14!, a reduction of
the predicted detector response (NKII , NIMB , tKII , and
t IMB) to 75% of the values for the axionless case occurred for
ḡ aN.0.15310210. A reduction by 50% was seen when
ḡ aN5(0.30–0.40)310210, and only 25% of the neutrino
events were measured in roughly four times shorter time
when ḡ aN was between 0.75310210 and 1.0310210. Of
course, the neutrino emission characteristics of the simulated
protoneutron stars vary with time. Therefore, the detection
rates in KII and IMB are not constant, and, correspondingly,
the values of the axion-pion couplingḡ aN which lead to a
certain reduction are somewhat different for the two experi-
ments and also for the event numbers and detection times.

Our results exhibit an extremely weak dependence on the
choice of the nucleon degeneracy parameterj of Eq. ~11!.
Changingj from 0 ~degenerate nucleons! to 1.0845~nonde-
generate nucleons! leads to an increase ofNKII by ;0.5
events and to a detection timetKII that is;0.5 s longer. For
the IMB detector the corresponding numbers are;0.25
events and;0.25 s, respectively. A larger value forj re-
duces the energy-loss rate by axion emission@Eq. ~12!#, but
the particular choice ofj is irrelevant at the level of accuracy
implied by the sparseness of the neutrino data of SN 1987A.

Replacing the hyperonic EOS B by then-p EOS A in our
1.53M ( protoneutron star model leads to essentially no
change in the predicted neutrino signals. Hyperonization
plays an important role only in stars with baryonic masses
*1.70M ( where the density in a larger part of the star is
high enough to favor the production of hadronic states other
than n and p ~see@22# and compare also models S4BH_0
and S4AH_0 of Table 1 in@25#!.

A suppression of the neutrino opacities relative to their
‘‘standard’’ values, e.g., by the many-body effects discussed
in Sec. III C, can have an important impact on the predicted
neutrino signal@25# and thus on the allowed range of axion-
nucleon couplings deduced from the SN 1987A neutrino
data. As a test, we reduced the axial-vector contributions of
neutral- and charged-current processes by about 50%~i.e.,
we chosea50.5, see@25#! in the case of the 1.53M ( proto-
neutron star with axion emission prescribed according to Eq.
~12! and gap51.5310210 and x50. The characteristics of
the detector signals change in the same way as found for the
axionless case in@25#. A 50% reduction of the neutrino
opacities leads to an increase of the predicted numbers of
neutrino eventsNKII and NIMB by ;2.2, but the detection
timestKII andt IMB drop by about 25%. The mean energies of
n̄ e registered by the detectors rise by roughly 2 MeV. Since
these changes are not dramatic, it is clear that even a 50%
reduction of the neutrino opacity in the protoneutron star will
not completely alter conclusions on the axion production
drawn from a comparison of theoretical neutrino signals with
the SN 1987A neutrino data. Although the increase of the
number of detector events in case of a lower neutrino opacity
can somehow compensate for the effects of axion emission,
the detection times shrinkbothby a reduction of the neutrino
cross sectionsandby the additional axion cooling of the star.
Therefore, we conclude that a value of the neutrino opacity
that is lower than the ‘‘standard’’ one can hardly lead to a
restoration of the compatibility between the SN 1987A neu-

trino signal and the signal predicted in case of strong axion
emission.

D. Excluded axion couplings and axion mass limits

The cooling sequences of the 1.53M ( protoneutron star
model for varied axion-nucleon coupling parametersgap and
x5gan /gap are used to construct exclusion curves in thex-
gap space. The sensitivity against changes of the axion cou-
plings was found to be somewhat different for predicted
event numbers and detection time scales. Nevertheless, it is
safe to claim that consistency between the theoretical neu-
trino signal and the SN 1987A neutrino data requires that

NKII, IMB * 1
2 NKII, IMB

s and tKII, IMB * 1
2 tKII, IMB

s when NKII, IMB
s

andtKII, IMB
s are the expected signal parameters for the axion-

less ‘‘standard’’ 1.53M ( protoneutron star model. Accord-
ing to this criterion, the bell-shaped curves in Fig. 12 sepa-
rate allowed from forbidden regions. The lower curve
corresponds to the case where the energy loss in axions is
described by Eq.~12!, the upper curve represents the case
where saturation of axion emission is included@Eq. ~24!#
with an average interaction energy per nucleon ofW510
MeV. The values of the upper curve can be obtained from
those of the lower curve by scaling with a factor of about
1.9.

On the hatched sides above the curves the axion-nucleon
couplings are so large that more than about one-half of the
gravitational binding energy of the neutron star is emitted in

FIG. 12. SN 1987A limit to the axion proton coupling as a
function of the ratio of the axion-neutron to axion-proton couplings,
with and without saturation due to many-body effects. Saturation
~for an average interaction energy per nucleon ofW510 MeV!
degrades the limit by a factor of about 1.9 independent of the ratio
of the axion-neutron to axion-proton couplings. The combinations
of coupling parameter values above the bell-shaped curves are ex-
cluded. For reference, the one-dimensional exclusion plot of Bur-
rows, Turner, and Brinkmann@10# corresponds to the line segment
gap5(0.75310210,`) with gan5gap , which precisely coincides
with the results shown here for the case without saturation.
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axions and only less than one-half in neutrinos~compare Fig.
6!. There is only a slight asymmetry between positive and
negative values ofx which is caused by the minor asymme-
try of the third term ofQa

(1) in Eq. ~12! against changes of
the sign ofgan . Obviously, the contribution of the asymmet-
ric term }gangap is rather small. For this reason, the lower
curve of Fig. 12 can be pretty well fitted by the relation
gap

2 12gan
2 .(1.5310210)2 which means that the excluded

values of the axion-nucleon coupling constants lie outside of
an ellipse with semiaxes 1.5310210 and (1.5/A2)310210 in
the gap-gan plane.

The deduced limits for allowed values of the coupling
constantsgap andx5gan /gap might be sensitive to the pro-
toneutron star mass. This was tested by varying the baryonic
mass of the protoneutron star forgap51.5310210 and
x50. In case of the 1.53M ( model this pair of values (x,
gap) lies on the lower exclusion curve of Fig. 12. The results
of such a study are displayed in Fig. 11. The observed inertia
of the predicted neutrino signal against changes of the mass
of the axion-emitting star suggests that the exclusion curves
should not depend strongly on the~unknown! exact mass of
the neutron star born in SN 1987A.

Taking into account the possible existence of a large num-
ber of negative thermal pions in the protoneutron star in the
simple way described in Sec. II B, we find that the rapid
energy loss by axions emitted in pion-axion conversion pro-
cesses @Eq. ~14!# excludes couplings of roughly
ḡ aN*(0.30–0.40)310210. This assumes a perturbative
treatment of the emission processes and neglects possible
saturation effects. Since for typical conditions in the super-
nova core the perturbative energy emission rate by pion-
axion conversion is approximately 10–20 times larger than
the lowest-order energy-loss rate for the nucleon-nucleon ax-
ion bremsstrahlung, the bound on the coupling constant
ḡ aN would be 3–5 times more stringent than the limit on
gap in the perturbative case.

With these limits on the axion coupling parametersgap ,
gan ~or, equivalently,gap andx), upper limits on the axion
mass can be derived from Eqs.~3! and ~15! when use is
made of the experimental values for the dimensionless cou-
plingsCp andCn ~see Sec. II A!, and Eq.~1! is employed to
relate the PQ scale~or axion decay constant! f a with the
axion massma . From Eqs.~3! and ~1! one finds

ma

1023 eV
&

0.66

Cp

gap
max~x!

10210
. ~25!

Here,gap
max(x) is the maximum value of the axion couplings

allowed by the SN 1987A neutrino detections shown as the
~lower! exclusion curve in Fig. 12. The upper bounds to the
axion mass deduced for the points of Fig. 1 are plotted in
Fig. 13 which shows the results for the ‘‘standard’’ case
without pions and without saturation effects. The presence of
pions can strengthen the bound by about a factor of 4, while
saturation effects weaken the bound by about a factor of 2.

V. DISCUSSION

We have reexamined the stringent limit on the axion mass
inferred from neutrino emission by SN 1987A, in the light of

a possible suppression of axion emission by the many-body
effects of nucleon spin fluctuations and additional emission
processes involving pions, taking into account the latest de-
terminations of axial-vector current couplings to nucleons.
The suppression of axion emission due to many-body effects
degrades previous limits by a factor of about 2. Emission
processes involving thermal pions can strengthen the limits
by a factor of 3–4, if saturation effects on the nucleon spin
fluctuations are neglected, whereas inclusion of such effects
tends to make the limits less sensitive to pion abundances.
The resulting axion mass limit depends upon its precise cou-
plings, ranging from 0.531023 eV to 631023 eV. Our re-
sults are consistent with previous limits@10#, though more
precisely stated~see Fig. 12!. Figure 12 shows our limit on
the axion-proton coupling as a function of the ratio of the
axion-neutron to axion-proton couplings, and Fig. 13 shows
the mass limit as a function of this same ratio.

For axion masses greater thanO(331022 eV! axions in-
teract sufficiently strongly to become ‘‘trapped’’ and are
emitted from an ‘‘axionsphere.’’ The trapped regime is much
more difficult to treat@37#, and we have not considered it
here. However, we do not expect the effects considered here
to degrade the mass limit in the trapped regime. As the axion
mass is increased the axionsphere moves outward and the
temperature and axion luminosity decrease. For a mass of
around 3 eV the axionsphere is close to the neutrinosphere,
and the effect of axion emission on the cooling of the nascent
neutron star is not significant; this mass defines the upper
boundary of the excluded region. Saturation effects should
not affect the upper mass boundary because the density near
the axionsphere is only;1011 g cm23. The fact that the new
measurements of the nucleon’s axial-vector coupling
strength tend to reduce the axion-nucleon coupling for a
given axion mass actually raises the upper boundary of the
excluded mass region: A larger axion mass is required to
achieve the same axionsphere temperature.

To test the stability of the deduced axion mass limits

FIG. 13. SN 1987A limit to the axion mass as a function of the
ratio of axion-neutron to axion-proton couplings for different axion
models, without pion processes; from bottom left to top right,
b50, b527°, KSVZ, b554°, andb581°. Note that saturation
due to many-body effects has not been included~it degrades the
limit by a factor of about 1.9!.
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against uncertainties of the stellar models and of the descrip-
tion of the input physics, we performed a large number of
comparative computations. It turned out that neither a change
of the nucleon degeneracy parameterj of Eq. ~11! nor a
reduction of the neutrino opacity to 50% of its standard value
lead to major changes of our conclusions. There are differ-
ences of our work compared to previous work by Burrows,
Turner, and Brinkmann@10# concerning the protoneutron
star modeling, namely, we used different equations of state
and did not take into account accretion of matter onto the
nascent neutron star.

Two different equations of state were used in the pre-
sented models, ann-p equation of state and an equation of
state where hyperons occur as additional hadronic degrees of
freedom at densities beyond about two times nuclear matter
density @23#. For neutron stars with baryonic masses
&1.70M ( hyperons are abundant only in a relatively small
central core region of the forming neutron star and, therefore,
do not dramatically change the cooling and neutrino emis-
sion of the star. Similarly, the axion emission was found to
be affected only at a minor level by the presence of hyper-
ons.

The amount of material possibly accreted onto the proto-
neutron star during the first moments of the supernova ex-
plosion and the corresponding accretion rate as a function of
time are rather uncertain and must depend on the structure of
the progenitor star and on the details of the still incompletely
understood explosion mechanism of type II supernovae. In-
stead of introducing new free parameters to model accretion,
we tried to account for the unknown amount of accreted
matter by performing cooling simulations for protoneutron
star models with baryonic masses between 1.3M ( and
1.75M ( . Interestingly, the higher temperatures in more
massive stars lead to enhanced axion emission that carries

away a larger fraction of the gravitational binding energy
that is released during the cooling of the star. Therefore, the
predicted neutrino signals in the KII and IMB detectors and
thus the axion mass limits deduced from the SN 1987A neu-
trino data should be rather insensitive to the exact mass of
the protoneutron star formed in SN 1987A. Including accre-
tion as in Burrows, Turner, and Brinkmann@10# raises the
total neutrino luminosity above the contribution from the
core and leads to additional events in the detectors which are
essentially unaffected by the emission of axions. Therefore,
the event numbersNKII andNIMB in Ref. @10# were found to
drop somewhat less strongly with increasing axion-nucleon
coupling than they do in case of our models.
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