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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
0.5x10 2 eV to 6x 103 eV, consistent with previous resul{$0556-282(197)00916-4

PACS numbsgs): 14.80.Mz, 21.65tf, 95.30.Cq, 97.60.Bw

[. INTRODUCTION Michigan-Brookhaven(IMB) [12] water-Cherenkov detec-
tors. According to the standard model of type Il supernovae,
Peccei-Quinn(PQ symmetry[1] continues to be an at- namely, the core collapse of a massive star, these neutrinos
tractive solution to the stron@ P problem. However, theory were emitted during the early cooling phase of the nascent
and laboratory experiment give little guidance on the PQneutron star associated with the appearance of SN 1987A.
symmetry-breaking scalé, and, therefore, on the mass of |ndeed, the observed neutrino flux and energy spectrum are
the pseudo Goldstone boson associated with PQ symmetryonsistent with this pictur¢13]. The emission of axions
the axion[2]: would have hastened the cooling process, leading to fewer
events over a shorter time. The axion’s couplings to ordinary
m,=0.62 eWx 10’ GeV/f,. (1)  matter are proportional to the axion mass, so consistency
with the detected neutrino burst leads to an upper limit to the
Astrophysical and cosmological arguments have been vergxion mass, which is estimated to be around86V.
powerful in excluding values of the axion mass, allowing A number of questions have been raised about the mass
only the mass range from about 10eV to about 10° eV limit based upon SN 1987A. They include the possible sup-
[3]. pression of axion emission by many-body effects which are
Axions in this mass range would have been produced codikely to be important in the deep interior of a neutron star
mologically by a coherent, nonthermal mechanighh Be- [14-16, enhancement of axion emission due to the possible
cause of this, axions in this mass range would be cosmologpresence of kaons and thermal pions at the centers of neutron
cally significant, have small velocities, and behave as coldtars[17], and the implications of recent measurements of
dark matter(CDM) in spite of their small mass. Depending the strengths of axial-current couplings to nucleons, which
upon cosmological and particle physics parameters, axionsmay lead to a significant suppression of the axion-neutron
could contribute to the closure mass density today forcoupling relative to estimates based on the naive quark
m,=10"°% eV to 10 4 eV [5]. We recall also that the CDM model (NQM) [16].
scenario for structure formation is at present the most prom- The purpose of this paper is to address these issues; its
ising[6], with axions and neutralinos being the leading CDM outline is as follows. Section Il is devoted to a discussion of
candidates. If axions provide the bulk of the dark matterthe axion-nucleon couplings and a description of the input
they must comprise a significant fraction of the dark halo ofmicrophysics of the numerical protoneutron star models. The
our own galaxy{7], and a large-scale experiment is under-axion emission rates are reviewed in Sec. lll, including
way to detect halo axions of mass f0eV to 10 ° eV [8]. many-body effects, with particular attention to the possible
The most stringent astrophysical bound on the axion masgdamping effects of nucleon spin fluctuations. Section IV dis-
is that derived from observations of neutrinos from SNcusses cooling models and the impact of axion emission on
1987A, excluding masses greater than about’1®v [9,10.  the theoretical predictions for the neutrino bursts detected by
It is based upon the detection of 19 neutrinos from SNKII and IMB. We finish with a summary of our results in
1987A by the Kamiokande II(KIl) [11] and Irvine- Sec. V.
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II. INPUT PHYSICS 0

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- < B 7
ion’s coupling to nucleons. The relevant part of the interac- \E/
tion Lagrangian is \% L _
=11}
L=y ysthita @ oL .
int 2m, iYuYs¥i ) $
where the index denotes a neutron or proton, and we can -05 — —
write the axion-nucleon couplings,; in the form
1 | 1 | 1
gaiECimi/(fPQlN)ECimi/fa- (3) -1 1 2 3
X = Ean/8ep

N is the color anomaly of the PQ symmetry. The dimension-

less coupling<; of Eq. (3) are of order unity, and related by FiG. 1. Scatter plot of the axion-proton coupling and the ratio of
generalized Goldberger-Treiman relations to nucleon axialthe axion-neutron to axion-proton coupling for different axion mod-

vector current matrix elements via the PQ chamgesf the  els allowing for the uncertainties itg; from the bottom left to the

light quarksq=u,d,s: top right, 3=0, B=27°, KSVZ, 3=54°, andB=81°. Note that the
axion-neutron coupling is much smaller than the axion-proton cou-
Cp=[xy—U(1+z+w)]JAu+[x4—2z/(1+2z+w)]Ad pling for the KSVZ axion and for the DFSZ axion whgh-45°,

+[X—wW/(1+z+w)]AsS, . . . .
[xs ( )] where the first error is a statistical error, and the second is an

Cr=[x,— U(1+z+wW)]Ad+[xg—2/(1+z+w)]Au e_stimated systematic error. Th_e values in EB)..are quite
different from those estimated in the NQM, which does not
+[Xs—W/(1+2z+w)]As, 4 estimate axial-current matrix elements reliably. As can be
seen in Eq.(4), the measurements of E¢B) and the PQ
where we use for the light-quark mass ratios charges of the light quarks determine the axion-nucleon cou-
Z=m, /my=0.565, w=m,/m.~0.029, ©) Elllgngi Values for the KSVZ and DFSZ axions are shown in

The PQ charges of the quarks are model dependent: thex It its) perhalps Wofrtr;wwaaning ghe reagie_r atdtpis poi?t that
vanish for the Kim-Shifman-Vainshtein-Zakhar@iXSVvZz) the above values of thaq have been obtained for nucleons

axion [19], X,=x4=x,=0, whilst for the Dine-Fischler- that are free, or are in light nuclei. It is possible that the
Srednicki-,Zhiktjnitskii(DSFSZ) axion[18] they can be written axial-vector current couplings may be different for nucleons

1 trms of an ang which s related 0 ratlo of Higos 1,2 0% medu, However, lrge efects on tese cou
vacuum expectation values: piing pny '

believe that other many-body effects on the axion emission
X,=SiMPBI3, Xy=Xs=Cosp/3. (6)  rate are dominant, as we discuss in Sec. Il C.

TheAq in Eq. (4) quantify the axial-vector current couplings

B. Protoneutron star physics
to the proton:

In order to obtain limits on axion production in SN 1987A
Aqsﬂz<p|q_yﬂ75q|p>, (77 and thus on the axion mass, we performed numerical simu-
lations of the evolution of newly formed neutron stars. The
whereS, is the proton spin. Similar expressions hold for thesimulations started a few milliseconds after core bounce and
neutron, with matrix elements related by an isospin reflecsupernova shock formation and followed the Kelvin-
tion: Au,=Ad, Ad,=Au. Helmholtz cooling by neutrino emission until the lepton-rich
The Aq are nonperturbative quantities whose values mus@nd hot protoneutron star had evolved to the final cold and
be taken from experiment. Neutrgh decay and isospin in- Neutronized state 20 to 30 s later. Cooling sequences were
variance constrailu—Ad=g,=1.25, whilst hyperong  computed with and without axion emission included, and the
decays and flavor SB8) symmetry for the baryon octet yield corresponding neutrino luminosities and spectra were used to
Au-+Ad—2As=0.682. The best determinations of the third derive predictions for the associated Kll and IMB detector
combination of theAq are obtained from spin-dependent Signals.
deep-inelastic electron and muon scattering off nucleons. Re- The initial models of the protoneutron star were con-

cent analyses give20] structed with profiles of the electron concentration
Y.=he/N, (Ne is the electron number density, the baryon
Au=0.80+0.04+0.04, Ad=—0.46=0.04+0.04, number density and of the temperaturé that were very

close to those obtained in detailed hydrodynamical calcula-
As=—0.12+0.04+0.04, (8)  tions of stellar core collapg@1]. The collapsed stellar core
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right after core bounce is only weakly gravitationally bound.assumed in Ref.24]. Since our whole treatment of the pion
This is expressed by the fact that the ratio of the gravitationatase was very approximate only, we also did not make any
mass at the beginning of the simulatiksims’gto the baryonic  attempt to include the contributions of pions to the neutrino
massM s, is only slightly less than unity. We scaled the scattering opacity of the nuclear mediusee alsd?24]).
temperature profiles from given numerical models of post- Because pions were not taken into account in our supra-
collapse cores such thMiNS,g(MNs,b: 0.97 in all of our ini-  huclear equation of state self-consistently, statements about
tial setups. The baryonic mass of the neutron star depends dfe changes of the protoneutron star properties in response to
the mass of the progenitor star of the supernova. Simulationi&e creation of thermal pions must rest on the discussions in
with varied protoneutron star maf&2,25 showed that the Refs.[17,24 and on our expectation that analogies to the
neutrino signal from SN 1987A can be best reproduced byase of hyperon formatiofincluded in detail in our EOS B
models with a mass d¥lys,=1.5-1.6M¢,. The reference should exist. Although the creation of thermal pions con-
model of the simulations presented here was, therefore, chgUmes energy and increases the heat capacity of the medium,
sen to havéM g ,=1.53 ¢ and an initial gravitational mass the temperatures in a star with pions becdrgherthan that

of Mys~1.4M¢. The electron number fraction had a " the pion Ies§ situation. This can be seen in Figs. 2 anc_j 4 of
maximum at the center of the star wheré ~0.29. The Re€f.[24] and in Fig. 1 of Mayleet al. [17]. The reason is
central temperature and density at the beginning of the simdvofold. On the one hand, the high electron chemical poten-
lations were T.=24 MeV and p.=mx0.485 fm 3 tial encountered in the central regions of the core of a pro-
=8x 104 gcm 9=3.25. ., respectively, withp,,. being toneutron star without pions is greatly reduced by the pres-

the nuclear matter density amgdthe common nucleon mass. ence of negative pions, and a part of the degeneracy energy

The computations were done with a general relatiVisticreleased increases the temperature considerably. On the other

stellar evolution cod¢22] employing equations of state de- hand, the creation of pions “softens” the supranuclear equa-
veloped for the cas€=0 by Glendenning23] and extended tion of state and the neutron star becomes more compact
to finite temperatures by including thermal corrections to the(':e" its density _mcreas}as_:ompared to the case without
: Rions. Compressional heating leads to another increase of the
Internal temperature. Similar effects were observed when hy-
gronization sets in at densities above two times nuclear mat-
er density[22]. Both the presence of a large number of
pions in the dense cor@escribed 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 7w~ +p—n+a[17], at least if a probable saturation of
he pion-axion conversion rate due to many-body interac-

trinos[22]. Two different equations of state were employed.
As the standard case, we used a hyperon equation of st
[case 2 in[23]; equation of statdEOS B in [22]) which
takes into account, p, e*, andux~ in the nuclear medium,
and hyperons A, 2, ...) andA resonances as additional
hadronic states at densities above abopi,2 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, e, andu . An equation of state of the latter category lons does not play_ an important m('s‘?‘? S_ec. ”! B .

(case 5 in[23]; EOS A in[22]) was used for comparative S for the neutrino transport, equilibrium diffusion was
computations in the work presented here. assumed for all types of neutrino®e( ve,v,, v, vy, V)

The equations of state employed here do not predict th@hich is a good approximation, because the_hot matter of the
occurrence of pions or pion condensates in the supernovfotoneutron star is very opaque to neutrinos because of
core. The possible importance of pionic excitations wag'eutral-current neutrino-nucleon scatterings; N—»+N,
pointed out in a paper by Mayle, Tavani, and Wil§@4]. and charged-currentg reactions, ve+n—e” +p and
The presence of a significant number of negative thermab +p—e" +n. For details of the technical implementation
pions influences the axion emission from forming neutronand the “standard” description of neutrino-matter interac-
stars by producing axions via pion-axion conversion pro-ions, seg22]. A possible reduction of the neutrino opacity
cessest +p—n+a (Sec. lll B and[17]). In order to esti- by many-body correlation effects, e.g., a suppression of the
mate the impact of the latter on the protoneutron star coolingyN scattering cross section by rapid spin fluctuations due to
we computed a number of models using the rather crudérequent nucleon-nucleon collisiong14—16,25,26 and
assumption that oner™ per nucleon is present at densities Sec. Il O, was included only in a comparative model run to
beyond about two times nuclear matter density. The locateveal the change of the axion mass limit. We want to em-
abundance Y,.-=n_-/n, was simply prescribed by phasize here that the central density of our reference neutron
Y=Yy {1+tanH2(o—pnud/pnud 2 with p,,=mx0.15 star model with Mys =153V is always less than
fm~3. This prescription isid hocand effects of pions on the 8.8x10' gcm™3. Only in a relatively small, central part
nuclear equation of state were not taken into account at allvith a mass<0.5M does the density become higher than
Also, we ignored the temperature dependence of the abu@bout %,,,.and hyperonization sets in. But even at the center
dance of thermal pions. Our choice ¥f - of order unity  of the star the hyperon abundan¢g,= ny,,/n, never rises
was motivated by the results of R¢R4], where an abun- aboveY,=0.25(see Fig. 7 irf23]). Therefore, we consider
dance of Y_,-<0.6 (and a total pion abundance of the neglect of modifications of the neutrino opacity due to
Y ,.=0.8) was obtained for the conditions of temperature andhe presence of hyperoi27] as acceptable for the models
density in a neutron star model & s after core bounce. The discussed in this work, and the assumption that the neutrino
possibility of a pion condensate, however, was excluded foppacity is produced mainly by interactions of neutrinos with
the supernova conditions and the pion dispersion relatiom andp should yield a sufficiently accurate description.
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In order to evaluate our protoneutron star cooling modelsiwucleons and later if30] for arbitrary nucleon degeneracy.
for the prediced neutrino signals in the Kll and IMB detec- The lowest-order energy-loss rate per unit volume due to
tors, we folded the computed spectigl number flux with ~ axion emissiorQ4" is then given by the phase-space integral
the detector efficiency functions and the cross section for .
v_e absorption on protons. A distance to SN 1987A of (1)_f d*ka dspi _ _

a . ; Q= Il wffa(1-13)(1=1y)
D =50 kpc was assumed. For details of the evaluation pro- 2w(2m)% j=1 2Ej(27'r)3
cedure, see Appendix C §22].

2 4 _ _ _
IIl. AXION EMISSION RATES XS%JM' (2m) 3% (P1+P2=Pa~Pa~ka), (10

A. Nucleon-nucleon axion bremsstrahlung wherep;=(E;,p;) are the four-momenta of the initial-state
As long as the widths of the nucleon states are smal(j=1,2) and final-statej& 3,4) nucleons, ankl,=(w,k,) is

compared to the temperature, one can evaluate the matrtke axion four-momentum. Furthermorg, is the nucleon

elements for nucleon-pair bremsstrahlung of axions by usingccupation number in statg; (j=1,...,4), andS is the

free nucleon states. A one-pion exchat@®E potential is  usual symmetry factor.

likely to be an adequate starting point for describing the In Ref. [30] the 15-dimensional integration in E¢LO)

two-nucleon interaction. As a function of the four- was performed exploiting the fact th&tv|? varies only

momentum transfer between the nucledos,(kg,k), it can  slightly in the range where the integrand contributes most.

be written aq28] Neglecting this variation induces an error of less than a fac-

tor 2. Introducing the thermal average
f )Z(Ul'k)(ﬂ'z'k)

VOPE(k""l,U'z):—<— I (71-72). (9) (P2—Pa) - (P2—P3)
=3

|p2—PallP2—P3l

m, o

2

>, 1y
Here,f=1 is the pion-nucleon coupling constant,. is the

pion mass, andr; and 7; are spin and isospin operators for which can be shown to take the values 0 and 1.0845 in the
the two nucleons, respectively=£€1,2). The resulting matrix limits of degenerate and nondegenerate nucleons, respec-
elementM was first calculated in Ref29] for degenerate tively, the result can be written as

f 4(15-2¢)( g2, 04
Q21)=64(m—w) m2-5'r6-5[(1—§/3>g§nl<yn,yn>+<1—§/3>g§pl<yp,yp>+ ( 5 §< 5|1 (Yn.Yp)

4(6—48)( Gant Gap|*
i ( Tt 1Y) |- (12
|
Here,y; is the dimensionless nonrelativistic version of the - 30](252 3
nucleon chemical potential; : y;=(u;—m;)/T, and the di- QI = —ZaNZ Np, (14)
mensionless functiom(y,,y,) can be fitted to within 25% Tm-mz

accuracy by the analytic expressi0]

where E‘N is a combination of axion-proton and axion-

1(y1.,y2)=[2.39x10°(e Y1 7Y2+0.28 1+ 0.25 Y2 neutron couplings

+1.73¢ 1041 +|y]) Y2+ 6.92< 1041+ |y[) 2

+1.73X 104(l+|W75/2]71, (13) EN:%(ggp—i_ gezm)_%gapgana (15)
with y = (y1+Y,)/2. andn_- andn, are the number densities af" 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
If pions or kaons are present in a supernova core, addiactor of 10[17] in the perturbative approximation, i.e.,
tional processes such as +p—n+a can contribute to ax- when saturation due to many-body effects in the dense me-
ion emission. Since it is uncertain whether a pion condensatéium (see Sec. Il ¢ is ignored. We have considered the
can form in the hot protoneutron stg4], we consider only axion mass bounds resulting from the lowest-order pion-
thermal pions here. The corresponding lowest-order perturaxion emission rate as well. Due to the clear dominance of
bative energy emission rate per unit volume was found to béhe axion emission from pion conversion processes in the
[17] perturbative approximation, we neglected the production of

B. Pion-axion conversion
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axions by nucleon-nucleon bremsstrahlung when were  potential, Eq.(9), has this property. For the following, it is
assumed to be present in the cooling neutron star. convenient to introduce the lowest-order effective spin fluc-
tuation rate,

4

(1) m?ny(v)=32 MeV p T2 (18

As can be seen from ER), in the limit of nonrelativistic I'y'= 37
nucleons, axions couple exclusively to the nucleon spin den-
sity whose fluctuations act as the radiation source for axionavhere (v) is the average relative velocity between two
During their emission, axions “see” a nucleon spin densitynucleons,p,, is the mass density in units of ¥0g cm™3,
which is averaged over a volume given by their typicalandT,o=T/10 MeV. In the limit of nondegenerate nucleons,
wavelength and a time scale of order of their inverse energythe lowest-order contribution to the SSF takes the fpi5]
At T=30 MeV, p=5x10" g cm™3, values typical of the
hot central region of the protoneutron star, the wavelength of KT
a thermal axion is=10 fm and thus significantly larger than S (w)= —5—So(wIT), (19
the average internucleon distancel fm. Correlations @
among different nucleon spins can, therefore, influence axiO(M1ere K =127"Y2(T/m) 1/2/<v>22_7_1 The dimensionless
emission rates. In addition, the spin-dependent tWO'nUdeoBounded functionsy(w/T) has been given in Ref[15]
interaction force may cause the nucleon spins to fluctuate SRdopting Eq.(19) ino Eq. (17) leads to a rate which' fo'r
fast that its average during the time it takes to emit an aXiOQhe case of t-WO nucleo.n species, coincides a\l/vith (Eé) in
can be substantially reduced. As a consequence, near nucl AL nondegenerate limig,, .y <_1' Note that, according to
densities these many-body effects might suppress signiflEq (13), 1(y1,y )ocey1+ygo,cnpn .I._'3 in this Iin,wit wheren
cantly the actual energy-loss rate in axions compared to the - nhmbé’r éen sity of spcle c?é.s ' '
lowest-order resylt, Ec(.1'2). This possibility has been dis- However, Eq(19) is unphysical in the limit of both small
c_uss_ed _recently in a series of papeté-16,24. A suppres- and large energy transfers, which can be seen as follows.
sion is likely to occur also for the rate of E(L4). irst one can derive the sum rule

In order to discuss this issue and to compare differenl: ’

approaches, it is convenient to reformulate the loss rate in Fwd <

C. Many-body effects 1 ( f

m7T

terms of the formalism of the dynamical spin-density struc- 2—w S,(w)=1+
ture function(SSH adopted in these references. Since the —e £

momenta of the relativistic axions are significantly smaller here the sum over all nucleon pairs accounts for possible
than the nonrelativistic nucleon momenta, we will adopt theV um ov u pal u POSSi

limit of small momentum transfets. In this limit the SSF is spin (;orrelations among different nucleons. In the following
defined as we will neglect this second term and comment on the role of

spatial spin correlations at the end of this section. In any
4 (+» case, the finiteness of the integral in EBO) clearly shows
Se(w)=lim == dte“o(t,k)- 0(0,—k)). (16) that the infrared singularity in Eq19) is unphysical. In fact,
k=0 27b —e higher-order effects are expected to regularize this singular-
ity at low-energy transfers. As a first qualitative guess, it was
Here, o(t,k) =V~ [ d3re *Ta(t,r) (with V the normaliza- Suggested15] to substituten 2 by (w?+a’l';) ~*, wherea
tion volume is the Fourier transform of the local nucleon is a dimensionless number of order unity which can be cho-
spin-density operataw(t,r), n, is the baryon density, and  Sen to satisfy the sum rule equati(0).
is the energy transfer to the medium. The expectation value Second, one of up26] recently derived the analogue of
given in angular brackets in E¢L6) is taken over a thermal What is usually called thé-sum rule:
ensemble and the states involved are normalizéd. tbor a
single species of nucleons whose coupling to axions is given f”d_‘”ws ()= i(H )=
by C; [see Eqgs(2)—(4)], Q, can then be written 846,26 " npv ' |

> ‘Ti'0'j>a (20)

1#]

2

r,
@

—o0 2

% where HT=%E#J-V£ is the “tensor component” of the
f do o*e TS, (w). (17 nucleon interaction Hamiltonian, defined as the tensor com-
0 ponent VE of the two-nucleon interaction potenti§B1],
summed over all pairs. It is this component which violates
For two nucleon species one can absorb the con€ant local nucleon spin conservation and, according to &4),
into the definition ofS, by multiplying o(t,k) in Eq.(16) by ~ determines the width of the SSF via the effective spin fluc-
[1+ 75(t,K) JCp/2+[1— 75(t,K) ]C,/2. Here, 75(t,K) is the tuation rate
third component of the isospin operatgt,k) which is de-
fined analogously ter(t,k). For the qualitative discussion in r=_ 2m(Hr) 22
the rest of this section, it is sufficient to focus on the case of 7 nyv
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'The relation between our{? defined in Eq(18) and the quan-
values ofS,(w) at w#0. As can be seen easily, the OPE tity I' used in Ref[15] is T ,=KI'{}.

2
Cing

BT



2424 KEIL, JANKA, SCHRAMM, SIGL, TURNER, AND ELLIS 56

') defined in Eq.(18) can be shown to be the first-order ~ The normalization of the SSF is given by EQ0) and
approximation ta,, in a dilute medium. It turns out that in depends on the spatial correlation of the nucleon spins. This
the case of two nucleon species theum, Eq.(21), diverges COMES as no surprise since we adopted the limit of small
when Eq.(19) is substituted for the SSE26]. This can be axion momenta in which correlations can lead to a coherent
traced back to the unphysical behavior of the dipolelike OPEENhancement or suppression of emission rates, independently
potential, Eq.(9), at small distances where it contains termsOf the temporal fluctuations of a single-nucleon spin with
that are proportional to ~3. Although perturbative matrix which we were mostly concerned in this section. It is not
elements involving free angular momentum eigenstates argoMpletely clear how important spatial nucleon spin correla-
still finite, these terms lead to bound states whose energidiPnS can be in the environment of a hot protoneutron star.
are unbounded from below and thus the Born approximatioffiowever, at least in the limit of high temperatures and/or
is not applicabld32]. This is cured by more realistic poten- low den_smes the interaction energy associated with the spin
tials that account for hard-core repulsion and, consequentlyorrelations should be small compared to the thermal energy
lead to a falloff ofS, at high w that is stronger tham 2 and it should be a reasonable approximation to neglect spin

thus assuring-sum integrability. correlations. _ ,
A plausible modification of the SSF is given by 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
Z—ZZS(w/T), (23 process. However, irrespective of whether the process in-
o™ +a’l; volves real pions or virtual pions from a bystander nucleon,
] ] ) axions are emitted by the fluctuating nucleon spin whose
where the continuous and bounded funct&/T) is even  qycyation ratel”,, is expected to saturate accordingIti®
and satisfies(0)=1. This expression has the right limiting ¢ 4 (24). Inclusion of saturation effects is, therefore, likely
behavior in the classical regime which obtains WKT 4 |eave axion bounds considerably less sensitive to the

[33]. Forw=T',, multiple collisions become important and 5yndance of pions than that suggested by the lowest-order
lead to a suppression &;(w) compared to the lowest-order gnergy-loss rate of Eq14).

approximation, Eq.19), which is known as the Landau-

Pomeranchuk-Migdal effe¢84,35 and ensures integrability

of the sum rule Eq(20). In the classical bremsstrahlung limit v, AXIONS AND PROTONEUTRON STAR COOLING

of hard collisions one would hav&x=w/T)=1. Quantum

corrections require thad(x) —0 for x—oo sufficiently fast,

as can be seen from thesum rule, Eq.(21). The exact In this section we discuss our protoneutron star cooling

shape ofs(x) depends on the nucleon interaction potentialcalculations which were performed with a systematic varia-

[36]. In particular, the highx behavior is governed by the tion of the axion-nucleon couplings and with different input

small-distance regime which is usually dominated by a hardphysics in the neutron star modeling. The considered axion-

core repulsion. nucleon coupling constantg, are of the order of 10'° and

Modifications ofs(w/T) at w=T do not have a big influ- thus axion opacity plays no ro[&7].

ence on the loss rate EqL7), because of the exponential In our first sequence of cooling models, the loss of energy

factor. The finite-width modification is also unimportant asby nucleon-pair axion bremsstrahlufifgs. (12) and (13)]

long asl',=<T, i.e., in the dilute medium. In this regime, we was investigated in dependence of the two parameggys

havel' ,=I'"Y and Q,=Q{Mx=n, I VT3 [see Eq(12)]. For  and X=ga,/ga, Which were chosen from the intervals

I',>T, in contrastQ,/(n,T#) would start to decrease with Osgapllo‘los 10 and— 3=<x=<3, respectively. Suppression

increasing”,, [26]. This would be the case I[f ,~I'") upto  or saturation of the axion emission rates was not taken into

the highest densitigsee Eq(18)]. However, in Ref[26] it ~ account. The nucleon degeneracy paramétef Eq. (11)

was argued thafo_ is |||(e|y to saturate at some maximum Wwas set to 0.5, but comparative calculations V‘ﬁﬁq10845

valuel' "< 150 MeV. This also implies that neutrino opaci- (nondegenerate nuclegrasnd £=0 (very degenerate nucle-

ties are suppressed by less tha50% compared to the ons revgaled only a very weak dependence of the results on

lowest-order opacities, ensuring consistency of the observel€ particular value of. .

and simulated cooling time scales for SN 198[/25]. For In a second sequence of models we repeated these cooling

I',=150 MeV, Q,=Q® is a good approximation. For a calculations with many-body effects taken into account ac-

s aoe : . cording to Eq.(24) whereQW is from Eq.(12) andT'® is

first improvement to account for saturationlof, we, there ding 1o Eq a 1 EQ. (12 v

fore, set defined in Eq.(18). The average interaction energy per
nucleonW was chosen to b&/=10 MeV, corresponding to
I'"*~60 MeV. A finite value ofW leads to a saturation of

with TT®<=27W (24) the axion emission rate for large valuesIdf’, i.e., at high
densities and/or high temperatures. Our “standard” case
without saturation is formally recovered fat) >*ocW—co.

in the numerical simulations, witQ{" taken from Eq(12.  We also performed comparative computations for the values

The maximum value of the spin fluctuation rdt€®is de- W=5 MeV andW=20 MeV.

scribed in terms of the average interaction enevgyof a In a third set of models we considered the effects of the

nucleon in the nuclear medium. This definition is motivatedpresence of a large number of negative pions in the nuclear

by Eqg.(22) and implies the relatioV= —(H)/(nyV). medium. Pions were included in ad hocmanner as de-

Sy(w)=

A. Models

max

12

—_ N ;
Qa_Qa min !1_,(1)
T
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FIG. 2. Temperature evolution of a 1193, protoneutron star FIG. 3. Temperature profiles of a 1193, protoneutron star vs

without axion emission. The temperature profiles are plotted againgnclosed baryonic mass for different times. Axion production via
the enclosed baryonic rest masr)=N,(r)m (in solar masses; nucleon-pair bremsstrahlung is included with axion coupling con-
m is the common nucleon madser different times from the start of ~ stantsg,,=1.5X 10 %0 and x= Gan/9ap=0. The star cools much
the computation shortly after the formation of the protoneutron starfaster than in Fig. 2.

For timet=0 the curve is labeled, the other times are listed accord-

ing to the order of the corresponding curé®m top to bottom at  B_protoneutron star evolution without and with axion emission
M=1Myg). The interior of the star heats up first due to the conver- L . ) .
sion of lepton degeneracy energy into thermal energy, but finally FOr sufficiently large axion-nucleon coupling the cooling
cools. of protoneutron stars is significantly affected by the produc-

tion of freely escaping axions. We compare here the results

. . . for cooling calculations of the 1.88; neutron star, once
scribed 'P Sec. Il B by assuming 6% ,-<1 for the num- without axions §,,=0ga,=0) and another time with the rep-
ber of 7~ per nucleon at densities abopg,c. The rate of  resentative choice for the axion coupling constants of
energy loss via the pion-axion conversion reaction is givery, =1.5x10 1% and x=gan/gap=0. The energy-loss rate
by Eqg. (14). Because of the 10-50 times larger rate com-que to axion emission was prescribed according to(E),
pared to nucleon-nucleon axion bremsstrahlung, a range k., suppression or saturation of the axion emission at high
coupling parameters€9g,,/101°<2 was explored. densities and temperatures was not taken into account. The

In addition to these three sets of models and the variationtemperature evolution for the axionless case is shown in Fig.
of £ andW mentioned above, we replaced the hyperon equa?, the corresponding information for the case with axions is
tion of state(EOS B by an ordinaryn-p equation of state given in Fig. 3.
(EOS A in order to reveal the differences for the axion _ The initial temperature profilet0) corresponds to the
production during the Kelvin-Helmholtz cooling of the pro- Situation 10 to 30 ms after core bounce. The temperature
toneutron star when hyperons amd resonances are not shows a flat hump between tilearyonig mass coordinates

present at densities beyong 2. Furthermore, the influence ©f M(r)ENbE)r)m~(_)(.jSI\A@§nd~_|(_)H9l\/IO [No(r) is the tor:al
of a reduction of the neutrino opacity at high densities due t(ﬁ;”t‘g?nne(;:{z E&g:' o? trr?e Igf]étoneeu:r(ac)?psetzngehlighter?fﬁan
rapid nucleon spin fluctuatiorld4-16,2§ was explored. A that near the center because of the heating caused by the

. 0 o t
suppression facto.r of 50% was assqmed, which is the max orming supernova shock. Moreover, as the deleptonization
mum reduction still allowed by consistency between the S

) : . " of the protoneutron star progresses, electron degeneracy en-
1987A neutrino detections and the calculated neutrino Sidg b prog g y

. ) . . rgy which is released in the process+p—n+ v, is not
nals for axionless cooling mode]&5]. Finally, the sensitiv- completely radiated away from the surface of the star by the

ity of the derived axion mass limits on the mass of the cool-gmission of all kinds of neutrinos. Instead, due to downscat-
ing neutron star was tested by performing coolingiering and multiple absorption and reemission of diffusing
calculations not only for our standard protoneutron stameutrinos, a part of this energy stays in the star and leads to
model withMys 1=1.53M ¢, but also for models with bary-  heating of the gas. Therefore, the temperature in the interior
onic massesMyg p=1.3Mg, 1.4Mgy, 1.68My, and  of the star rises during the first7 s of the evolutior(Fig. 2)
1.79M . Like most of the other comparative computations,and the temperature peak advances inward to the center of
the simulations with different neutron star masses were donghe star, following the motion of the layer where most of the
with the reference valueg,,=1.5x<10" 10 andx=0. lepton (electron) loss occurs. At the time when the tempera-
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FIG. 4. Local energy production rate per baryon due to nucleon- FIG. 5. Electron-neutrino plus electron-antineutrino luminosity
nucleon bremsstrahlung emission of axipBs. (12)] with coupling (labeled byL Ve), sum of all luminosities of heavy lepton neutrinos
constantsg,,=1.5X 1071° and X=0an/Uap=0. The profiles are (labeled byL, ), total neutrino luminosity,, and axion luminos-
plotted against the baryonic mass coordinate of aNI.53roto- ity L, as functions of time during the cooling of a 1183, proto-
neutron star for different times after the start of the simulafibe neutron star for axion-proton couplirgy,=1.5x 10 19 and axion-
times are listed according to the order of the curves atheutron couplingg,,=0. The luminosities are redshifted as
M=0.5M¢). The energy production per baryon roughly peaksmeasured by an observer at rest at infinity. The axion luminosity
where the produchT** reaches a maximum. drops by an order of magnitude within 5 s, whereas the neutrino

emission decreases less rapidly.

ture maximum has reached the center of the (stfier~7 9), o _ _
the chemical potentigl,, = ue+ pup— iy Of electron neutri-  luminosities ofv,, v,, v,, and v, (labeled by ‘L, "),

nos has dropped to its final equilibrium Va"/l@ezo that and the total luminosity for all neutrinod.(). The axion

corresponds to deleptonized, neutronized conditions. NO\A}JmInOSIty de(_:reases by an order of magnitude within 5's, a
the star begins to cool down essentially coherently by th ime aiter Wh'ChL.V hz_a; drppp_ed by only a factqr of 3—4.

continuing energy loss due to the emission of neutrino- ote_ that the Iummosmes n F'g.' 5.|nclude reductions due to
antineutrino pairs created by thermal processes. After abo rqwt'ayonallredshlft and t'm? dilation for an observer at rest
38 s the temperatures are belovd MeV in the whole star. at infinity. Since neutrinos diffuse out through the star and

; decouple from the stellar matter near the surface of the pro-
If axions are produced by nucleon-nucleon bremsstrah;:

luna in sianificant amounts. two conseauences follow for th toneutron star, their luminosities are corrected for the gravi-
9 g ' q Sational redshift at the stellar surface which is typically 25%

cooling. On the one hand, the maximum temperature in th S . .
.~ [of the energy measured at infinityAxions, instead, leave
star reaches only about 35 MeV at the mass coordinat S .
e star from the deep interior where most of the axion pro-

M(r)~0.7"M (Fig. 3. This has to be compared to the peakd : ) : ; e
. uction takes placésee Fig. 4 and their typical redshift is
temperature of-48 MeV realized at the center of the star for 40-50%. Time dilatior(i.e.. redshift of the inverse time in-

the case without axion emissidhig. 2. On the other hand, erval or frequencyis accounted for by the same factors.

g?fe;%mg?tr::ulrg ;tﬁ\résv\t,ﬁo(?;ost;gr?;;rggno|tehde dboevg:]n?(;ng tin _herefore, the amount of energy transported away from the
y tar by axions relative to the energy emitted in neutrinos is

perature of _Ie_ss than 3 Mev .everywhere. Obviously, aX'onﬁarger than that suggested by the integration of the luminosi-
are very efficient in transporting away the heat produced af;

ter the conversion of degenerate electrons into neutrinos. ties depicted in Fig. 5.
In Fig. 4 the local energy emission rate due to nucleon-
nucleon axion bremsstrahlung is plotted against the enclosed
baryonic rest mash! (r) for different times. The axion emis- Increasing the axion-proton and axion-neutron couplings
sion rate per baryon peaks wher€>® has a local maximum Jap andg,,, respectively, leads to a decrease of the energy
and is largest during the first few seconds of the evolutionradiated in neutrinos. Figure 6 displays the total energies lost
At later times the temperatures in the star have dropped afpy the 1.53/ protoneutron star in axion€f) and in neu-
preciably and the energy loss in axions is greatly reducedyinos (E9) as functions of the coupling parametgy,. The
This is underlined by Fig. 5 which shows the axion luminos-nycleon-pair axion bremsstrahlung is again described by Eq.
ity as a function of time in comparison with the combined (12). The symbols mark computed models and are connected
luminosities ofve and v, (denoted by L., "), the combined by cubic spline interpolation. The different lines correspond

C. Parameter studies
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FIG. 6. Energy loss of a 1.88, protoneutron star in neutrinos
(EB) and in axions Eg) for different combinations of values of the det
axion-proton couplingg,, and axion-neutron couplingay in Eq. proton couplingg,,. The symbols correspond to computed models

(12). The energies are given as measured by a locally inertial obg-de the different curves represent different valuessfg, /g,
server at the surface of the neutron star. The symbols mark con1~See Fig. 6 P

puted models, the interpolation is done by cubic splines. The curves

through the asterisks correspond to the CBS®an/gap=0, the  {yeen the IMB and Kl neutrino data: For the, emission
circles to the cases= 0.5, and the squares to==1.0. Filled -, o teristicgspectrum and luminositydeduced from the
symbols mark positive, open symbols negative values. of KIl measurement, one would expect a much smaller number

) of IMB events, or, inverselyy, emission that has caused the
to the valuex=g,n/gap="0,=0.5 = 1.0. The axion energy gjght events in IMB should have produced a much larger
is larger for larger absolute values »fand a slight differ-  signal in the Kl detectofsee, e.g.[38]).
ence between the results for positive and negatigeith the If axion emission is absent, the expected event numbers
values ofE2 being a bit larger for positive) reflects the Nk andN,yg as well as the detection timég, andt,yg are
asymmetry of the last term in E¢L2) against changes of the
sign of g,n. In Fig. 6, bothES and EC 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 of, absorption events pre-
dicted for the KlI detectoNy, and Fig. 8 the time interval 10 =
tyy 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 L
carried away by axiongFig. 6), all quantities displayed in 5
Figs. 7-10 exhibit a rapid reduction with increasigg, .
This reduction is stronger for largéx|. For an axion-proton

FIG. 7. Prediced number ofz_e absorption events in the Kil
ector for a 1.581; protoneutron star as a function of the axion-

15

without saturation

. - x

coupling constant betweenxi10~ 1% and 2x10™1°, the ex- value at g = 50 — .«
T o . ]
pected numbers of detector events and the detection times value at g = 10.0 =
are reduced to about one-half of the values for the axionless | ° |. |
case. While the calculated 11 neutrino events withib5 s 0 5
for the 1.58 protoneutron star are in reasonable agree- g [10-10]
ap

ment with the KIl measurement of SN 1987A neutrir{@4

neutrinos in 12.5 ) the ~6 predicted IMB events within FIG. 8. Time intervald,, where 90% of the predicted, cap-

~9 s are clearly on the low side of the detection rate of SNwre events in the Kl detector happen for a protoneutron star with a
1987A neutrinos in IMB(eight neutrinos in 5.6)sThis trend  baryonic mass of 1.98, and for different combinations of values
of our results is also present for supernova models of othesf g,, andx=g,,/da,. The meaning of the symbols is the same as
groups and reflects the marginal consistency observed bér Fig. 6.
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FIG. 9. Same as Fig. 7, but for the IMB detector. FIG. 11. Numbers of predicted, absorption events in the KII

and IMB detectorNy, andNg , respectively, and corresponding
slowly increasing with the mass of the protoneutron statime intervalsty, andt,s where 90% of these events happen. Five

[25]. BetweenMysp=1.30Mq and Mys,=1.78M¢, N protoneutron star models with different baryonic masses,
andN,yg roughly double, while,, increases by a factor of Mysy=1.3Mg, 1.4AMg, 1.5Mg, 1.6Mg, and 1.781 were
2.5 andt,g by about 60%, as can be seen in Table 25 evolved with axion emission by nucleon-nucleon bremsstrahlung

When axions are produced in the stars by nucleon-paifEd- (12)] for ga,=1.5x10"*® andx=gan/gap="0. The expected
bremsstrahlung[Eq. (12)], with axion-proton coupling measurements fqr event numbers and detection times vary ex-
Gap=1.5x1071% and axion-neutron coupling,,=0 (i.e.,,  temely weakly withMys.
x=0), the results for different neutron star masses are ob-
tained as shown in Fig. 11. All four quantities reveal a veryhavior is also observed for the average energies of the elec-
weak dependence on the baryonic mass of the neutron stdfon antineutrinos captured in the two detectors:
For the used values of the axion-nucleon coupling constanté€xi)=23.7 MeV and( e;yg)=34.5 MeV. In more massive
we find Ny =5, Njyg=3, txy=6 s, andt,ygs=3.8 s in all  protoneutron stars the temperature and density become
cases. Independent of the protoneutron star mass, these fégher; this causes enhanced emission of axions so that a
sults are about one-half of the values found for the case o¥maller fraction of the released gravitational binding energy
the 1.53/, star without axion emission. The same inert be-€nds up in neutrinos. The weak variation of the expected
neutrino signals suggests that the additional gravitational en-
10 —— N R ergy release associated with a larger neutron star mass is
L _ essentially completely carried away by axions.
. Our study with parameterg,, and x, based on the
T 1.53M protoneutron star model, was repeated for the case
that the axion emission rate saturates at high densities and
temperatures(see Sec. Il ¢ Employing Eg. (24) with
QL from Eq.(12) (with £=0.5) andl''") from Eq.(18), the
_ axion emission rate reaches its saturation level when
. p14T}’0222W(10 MeV)~L. For an average interaction en-
. ergy per nucleon oiNV=10 MeV we found that the corre-
sponding reduction of the axion production increases the pre-
dicted number of neutrino eventg,, andNyg by roughly
40% compared to the number of expected events for the
i “naive” (unsaturatedcase for which formallyW— . This
+* - trend turned out to be even somewhat stronger for the detec-
- / +1 tion timesty, andt,g where the increase was about 60%.
- Vai“e at &y = 9.0 = For W=20 MeV the increase was 20% in the event num-
[ lva uea gj‘PT L bers and~30% in the detection times, and fov=5 MeV
00 1 o the event numbers and detection times rose by 60% and
g,, [1071°] 80%, respectively.
Taking into account the possible existence of a large num-
FIG. 10. Same as Fig. 8, but for the IMB detector. ber of negative pions at high densities in the simple way

without saturation

tus [5]
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described in Sec. Il B and using the energy-loss rate due to " L T ]
pion-axion conversion as given in E@L4), a reduction of L i

the predicted detector responsely(, Nus, tky, and 3 /
tvg) to 75% of the values for the axionless case occurred for L with

gan=0.15x1071% A reduction by 50% was seen when - saturation

. S v
9.n=(0.30-0.40% 101, and only 25% of the neutrino (W= 10 MeV)
events were measured in roughly four times shorter time i

when g,y was between 0.7610 1 and 1.0<10 1% Of o
course, the neutrino emission characteristics of the simulated=,
protoneutron stars vary with time. Therefore, the detection =
rates in Kll and IMB are not constant, and, correspondingly, *

the values of the axion-pion coupling,y Which lead to a

certain reduction are somewhat different for the two experi- | i
ments and also for the event numbers and detection times. | |
Our results exhibit an extremely weak dependence on the L7 i

choice of the nucleon degeneracy paramétaf Eq. (11).
Changing¢ from 0 (degenerate nucleonto 1.0845(nonde-
generate nucleondeads to an increase dfik;, by ~0.5 —
events and to a detection ting, that is~0.5 s longer. For
the IMB detector the corresponding numbers ar®.25

events and~0.25 s, respectively. A larger value férre- FIG. 12. SN 1987A limit to the axion proton coupling as a
duces the energy-loss rate by axion emis$iB. (12)], but  fynction of the ratio of the axion-neutron to axion-proton couplings,
the particular choice of is irrelevant at the level of accuracy ith and without saturation due to many-body effects. Saturation
implied by the sparseness of the neutrino data of SN 1987Aior an average interaction energy per nucleonVé10 MeV)

Replacing the hyperonic EOS B by thep EOS Ain our  degrades the limit by a factor of about 1.9 independent of the ratio
1.53M protoneutron star model leads to essentially noof the axion-neutron to axion-proton couplings. The combinations
change in the predicted neutrino signals. Hyperonizatiorf coupling parameter values above the bell-shaped curves are ex-
plays an important role only in stars with baryonic massesluded. For reference, the one-dimensional exclusion plot of Bur-
=1.70M where the density in a larger part of the star isrows, Turner, and Brinkmanfi0] corresponds to the line segment
high enough to favor the production of hadronic states othe@ap=(0.75< 10" '%%) with g,,=0a,, Which precisely coincides
thann and p (see[22] and compare also models S4BH_0 with the results shown here for the case without saturation.
and S4AH_0 of Table 1 if25]).

A suppression of the neutrino opacities relative to theirrino signal and the signal predicted in case of strong axion
“standard” values, e.g., by the many-body effects discusse@mission.
in Sec. lll C, can have an important impact on the predicted
neutrino signa[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 The cooling sequences of the 1M3 protoneutron star
neutral- and charged-current processes by about 6@%  Mmodel for varied axion-nucleon coupling parametgys and
we chosea=0.5, seg25]) in the case of the 1.38, proto-  X=Jan/Jap are used to construct exclusion curves in the
neutron star with axion emission prescribed according to Eqdap SPace. The sensitivity against changes of the axion cou-
(12) and g,,=1.5% 10719 and x=0. The characteristics of Plings was found to be somewhat different for predicted
the detector signals change in the same way as found for tHvent numbers and detection time scales. Nevertheless, it is
axionless case ifi25]. A 50% reduction of the neutrino Safe to claim that consistency between the theoretical neu-
opacities leads to an increase of the predicted numbers ¢fino signal and the SN 1987A neutrino data requires that
neutrino eventsNy; and Nyyg by ~2.2, but the detection Ny e = 3Ny s @nd ti, me = 3tk me When Niy, e
timesty; andt,ys drop by about 25%. The mean energies ofandtg, 5 are the expected signal parameters for the axion-
v, registered by the detectors rise by roughly 2 MeV. Sincdess “standard” 1.581 protoneutron star model. Accord-
these changes are not dramatic, it is clear that even a 50%g to this criterion, the bell-shaped curves in Fig. 12 sepa-
reduction of the neutrino opacity in the protoneutron star willrate allowed from forbidden regions. The lower curve
not completely alter conclusions on the axion productioncorresponds to the case where the energy loss in axions is
drawn from a comparison of theoretical neutrino signals withdescribed by Eq(12), the upper curve represents the case
the SN 1987A neutrino data. Although the increase of thevhere saturation of axion emission is includgsg. (24)]
number of detector events in case of a lower neutrino opacityith an average interaction energy per nucleonVé# 10
can somehow compensate for the effects of axion emissioeV. The values of the upper curve can be obtained from
the detection times shrirthoth by a reduction of the neutrino those of the lower curve by scaling with a factor of about
cross sectionandby the additional axion cooling of the star. 1.9.
Therefore, we conclude that a value of the neutrino opacity On the hatched sides above the curves the axion-nucleon
that is lower than the “standard” one can hardly lead to acouplings are so large that more than about one-half of the
restoration of the compatibility between the SN 1987A neu-gravitational binding energy of the neutron star is emitted in

I without saturation E

Zon/ Cap

D. Excluded axion couplings and axion mass limits
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axions and only less than one-half in neutriicempare Fig. 10 — I
6). There is only a slight asymmetry between positive and
negative values of which is caused by the minor asymme- 7= B
try of the third term ofQ{" in Eq. (12) against changes of
the sign ofg,,,. Obviously, the contribution of the asymmet-
ric term «g,n0a, is rather small. For this reason, the lower
curve of Fig. 12 can be pretty well fitted by the relation
92pt295,=(1.5x10 19 ? which means that the excluded
values of the axion-nucleon coupling constants lie outside of
an ellipse with semiaxes 16107 ° and (1.5(2)x 10" 1%in

the ga5-gan plane.

The deduced limits for allowed values of the coupling
constantsy,, andx=g,,/g,p Might be sensitive to the pro-
toneutron star mass. This was tested by varying the baryonic | L L
mass of the protoneutron star fay,,=1.5x10 % and 1
x=0. In case of the 1.98 model this pair of valuesx X = g/
Jap) lies on the lower exclusion curve of Fig. 12. The results ans Sep
of such a study are displayed in Fig. 11. The observed inertia F|G. 13. SN 1987A limit to the axion mass as a function of the
of the perICtEd. n_eUtrII’IO signal against changes O.f the masatio of axion-neutron to axion-proton couplings for different axion
of the axion-emitting star suggests that the exclusion curvesodels, without pion processes; from bottom left to top right,
should not depend strongly on tiienknowr) exact mass of g=0, 8=27°, KSVZ, 3=54°, andB=81°. Note that saturation
the neutron star born in SN 1987A. due to many-body effects has not been includédiegrades the

Taking into account the possible existence of a large numlimit by a factor of about 1.9
ber of negative thermal pions in the protoneutron star in the
simple way described in Sec. Il B, we find that the rapida possible suppression of axion emission by the many-body
energy loss by axions emitted in pion-axion conversion pro€ffects of nucleon spin fluctuations and additional emission
cesses [Eq. (14)] excludes couplings of roughly processes involving pions, taking into account the latest de-
gan=(0.30-0.40)< 10" 1% This assumes a perturbative erminations of axial-vector current couplings to nucleons.
treatment of the emission processes and neglects possibl§1€ Suppression of axion emission due to many-body effects
saturation effects. Since for typical conditions in the superdegrades previous limits by a factor of about 2. Emission
nova core the perturbative energy emission rate by pionProcesses involving thermal pions can strengthen the limits
axion conversion is approximately 1020 times larger tharPy & factor of 3—4, if saturation effects on the nucleon spin
the lowest-order energy-loss rate for the nucleon-nucleon axluctuations are neglected, whereas inclusion of such effects
ion bremsstrahlung, the bound on the coupling constanf€nds to make the limits less sensitive to pion abundances.
@N would be 3-5 times more stringent than the limit on The resultln_g axion mass l"PS't depends up_03n Its precise cou-

; : plings, ranging from 0.5 10"~ eV to 6X10™° eV. Our re-
Jap in the perturbative case. . . ) e
. . . . sults are consistent with previous limit$0], though more
With these limits on the axion coupling parametggs, : ; . o
. N . precisely statedsee Fig. 12 Figure 12 shows our limit on
Oan (or, equivalently,g,, andx), upper limits on the axion ; g . )
) P . the axion-proton coupling as a function of the ratio of the
mass can be derived from Eg8) and (15 when use is ; . X .
. . . axion-neutron to axion-proton couplings, and Fig. 13 shows
made of the experimental values for the dimensionless cous o : . .
. . he mass limit as a function of this same ratio.
plingsC,, andC,, (see Sec. Il A and Eq.(1) is employed to

. . For axion masses greater th@§3x 10”2 eV) axions in-
relate the PQ scaléor axion decay constant, with the - “ ”
axion massm, . From Eqs.(3) and (1) one finds teract sufficiently strongly to become “trapped” and are

emitted from an “axionsphere.” The trapped regime is much

Axion Mass (10™° eV)

m 0.669™%(x) more difficult to treat[37], and we have not considered it
a = Yap ) (25)  here. However, we do not expect the effects considered here
10%ev Cp 10°% to degrade the mass limit in the trapped regime. As the axion

mass is increased the axionsphere moves outward and the
Here,gg“gx(x) is the maximum value of the axion couplings temperature and axion luminosity decrease. For a mass of
allowed by the SN 1987A neutrino detections shown as th@round 3 eV the axionsphere is close to the neutrinosphere,
(lowern exclusion curve in Fig. 12. The upper bounds to theand the effect of axion emission on the cooling of the nascent
axion mass deduced for the points of Fig. 1 are plotted imeutron star is not significant; this mass defines the upper
Fig. 13 which shows the results for the “standard” caseboundary of the excluded region. Saturation effects should
without pions and without saturation effects. The presence ofiot affect the upper mass boundary because the density near
pions can strengthen the bound by about a factor of 4, whil¢he axionsphere is only 10 g cm™3. The fact that the new
saturation effects weaken the bound by about a factor of 2measurements 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

We have reexamined the stringent limit on the axion massichieve the same axionsphere temperature.

inferred from neutrino emission by SN 1987A, in the light of ~ To test the stability of the deduced axion mass limits

V. DISCUSSION
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against uncertainties of the stellar models and of the descrimway a larger fraction of the gravitational binding energy
tion of the input physics, we performed a large number ofthat is released during the cooling of the star. Therefore, the
comparative computations. It turned out that neither a changeredicted neutrino signals in the Kil and IMB detectors and
of the nucleon degeneracy parameeof Eq. (11) nor a thus the axion mass limits deduced from the SN 1987A neu-
reduction of the neutrino opacity to 50% of its standard valudino data should be rather insensitive to the exact mass of
lead to major changes of our conclusions. There are differthe protoneutron star formed in SN 1987A. Including accre-
ences of our work compared to previous work by Burrows fion as in Burrows, Turner, and Brinkmarii0] raises the
Turner, and Brinkmanr{10] concerning the protoneutron total neutrino luminosity above the contribution from the

star modeling, namely, we used different equations of statgore and leads to additional events in the detectors which are

and did not take into account accretion of matter onto th&Essentially unaffected by the emission of axions. Therefore,
nascent neutron star. the event numbersly;, andNyz in R_ef. [10] were f_ound to
Two different equations of state were used in the pre_drop ;omewhat less s_trongly with increasing axion-nucleon
sented models, an-p equation of state and an equation of coupling than they do in case of our models.
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 We thank Donald Q. Lamb and G. Raffelt for many valu-
=1.70M¢ hyperons are abundant only in a relatively smallable discussions and comments. Useful remarks by M.
central core region of the forming neutron star and, thereforeRuffert are also acknowledged. W.K. and H.T.J. are very
do not dramatically change the cooling and neutrino emisgrateful to N. K. Glendenning for providing them with the
sion of the star. Similarly, the axion emission was found totables of his equations of state. They also want to thank J. R.
be affected only at a minor level by the presence of hyperWilson for the data of the protoneutron star from one of his
ons. supernova simulations, which was used to construct some of
The amount of material possibly accreted onto the protothe initial models for the investigations. This work was sup-
neutron star during the first moments of the supernova exported by the DOEat Chicago and Fermilapby the NASA
plosion and the corresponding accretion rate as a function gat Fermilab by Grant No. NAG 5-2788 and by the
time are rather uncertain and must depend on the structure 66onderforschungsbereich  375-95 “rfu Astro-Teilchen-
the progenitor star and on the details of the still incompletelyphysik” of the Deutsche ForschungsgemeinsciatftGarch-
understood explosion mechanism of type Il supernovae. Ining). For a part of the work done during a stay at the Uni-
stead of introducing new free parameters to model accretiorersity of Chicago, H.T.J. acknowledges support by the NSF
we tried to account for the unknown amount of accretedGrant No. AST 92-17969, by the NASA Grant No. NAG
matter by performing cooling simulations for protoneutron5-2081, and by the Max-Planck Society. G.S. acknowledges
star models with baryonic masses betweenMl;3 and  support by the Alexander von Humboldt Foundation. The
1.79M . Interestingly, the higher temperatures in morecomputations were performed on the CRAY-YMP 4/64 and
massive stars lead to enhanced axion emission that carri€ray-EL98 4/256 of the Rechenzentrum Garching.
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