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We consider the effect of free-streaming axion emission on numerical models for the cooling of
the newly born neutron star associated with SN 1987A. We find that for an axion mass of greater
than —10 eV, axion emission shortens the duration of the expected neutrino burst so significantly
that it would be inconsistent with the neutrino observations made by the Kamiokande II and
Irvine-Michigan-Brookhaven detectors. However, we have not investigated the possibility that ax-
ion trapping (which should occur for masses 0.02 eV) su%ciently reduces axion emission so that
axion masses greater than -2 eV would be consistent with the neutrino observations.

I. INTRODUCTION

SN 1987A confirmed astrophysicists' most cherished
beliefs about the nature of type-II supernovae: that they
are associated with the formation of neutron stars and
that in the process they release their binding energy in
thermal neutrinos. In addition, it has also provided a
wealth of information about the properties of neutrinos
and other hypothetical, weakly interacting particles. In
particular, the detection of 11 neutrino events over —12
sec by the Kamiokande II (KII) detector and 8 neutrino
events over -6 sec by the Irvine-Michigan-Brookhaven
(IMB) detector indicates that thermal neutrinos with
temperature -4 MeV indeed carried away the bulk of
the -(2—4) X 10 ergs of binding energy from the explo-
sion. ' In turn, these observations have led to constraints
to the mass, charge, unknown interactions, magnetic mo-
ment, speed of propagation, and lifetime of the electron
antineutrino, on the possible existence of right-handed
neutrinos and their coupling strength, and on the possible
existence and mass of the axion. It is the last of these
issues which we will address in this paper.

The axion was proposed in 1977 to solve the strong CI'
problem of quantum chromodynamics (QCD). To date,
it is still the most attractive solution to this solitary blem-
ish on QCD. The axion necessarily couples to nucleons,
with a strength proportional to its mass, and may also
couple to electrons (though it need not). Astrophysical
arguments (red giant emission) preclude an axion of mass
greater than -0.01 eV [Dine-Fischler-Srednicki- (DFS-)
type axion' ] or -2—30 eV (hadronic-type axion), "
while the cosmological production of axions precludes an
axion of mass less than a few X 10 eV (Ref. 12). Thus,
there exists a window of allowed axion masses:
few X 10 eV to 2—30 eV (hadronic-type axion) or

few X 10 eV to 10 eV (DFS-type axion).
For axion masses in this window, axion emission by

nucleon-nucleon axion bremsstrahlung from the newly
born neutron star associated with SN 1987A should have
been a significant cooling mechanism. If the axion exists,
such a heat sink would have accelerated the cooling and
thereby shortened the duration of the neutrino signal that
was detected by the KII and IMB detectors. With neu-
trino cooling alone, theoretical protoneutron star models
predicted that the neutrino burst would last for on the or-
der of several to many seconds' —not inconsistent with
the observations. Several groups of authors have ar-
gued that an axion with mass in the range ( 10 —2.0) eV
is ruled out, as, for such a mass, axion emission would be
so important that it would drastically reduce the duration
of the neutrino burst. (For axion masses less than -0.02
eV, axions freely stream out of the core; for masses
greater than -0.02 eV, axions become trapped and are
radiated from the "axion sphere;" and for axion masses
greater than -2 eV, trapping apparently renders axion
emission insignificant. )

The purpose of this paper is to address in a very quan-
titative way the axion mass limit in the free-streaming re-
gime (m, ~ 0.02 eV); in a later work we plan to address
the trapped regime (m, ~0.02 eV). In particular, while
previous authors have used axion emission rates that are
valid in either the strongly degenerate regime or the non-
degenerate regime, here we use rates which are valid for
arbitrary nucleon degeneracy. Not all previous work
has incorporated the back reaction of axion cooling on
the model of the cooling neutron star (an effect which is
expected to be important ), and in none of the previous
work has the efFect of axion emission on the observed
neutrino bursts been quantitatively addressed. In this
work we fully and self-consistently incorporate axion
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emission into the model for the cooling of the young neu-
tron star, and calculate the expected response of the KII
and IMB detectors to the resulting neutrino fiux (number
of events, burst duration, and "visible" neutrino energy).
To derive a limit to the axion mass we use the expected
duration of the detected neutrino burst in the KII and
IMB detectors. Because of uncertainties in both the
equation of state at supranuclear densities and the actual
baryon mass of the remnant, we explore a variety of nu-
merical models' to test the sensitivity of our limit to the
theoretical models of the nascent neutron star employed
(and find that this sensitivity is rather insignificant).

As alluded to above and as expected, the observable
most sensitive to axion cooling is the duration of the neu-
trino burst. For the wide range of models we have ex-
plored, axion emission has virtually no effect on the burst
duration if the axion mass is less than or equal to 10
eV. However, if the axion mass is greater than or equal
to 10 eV, the duration of the neutrino bursts in both
detectors for all models considered is less than 1 sec.
Such a short time is clearly in conflict with the observa-
tions. For all the models we considered, the neutrino
burst duration dropped precipitously at an axion mass of
10 eV, strongly suggesting that the upper limit to the
axion mass (in the free-streaming regime) is 10 eV (to
within approximately a factor of 2).

The paper is organized as follows. In Sec. II we de-
scribe the numerical models we use to simulate neutron-
star cooling and to compute the expected neutrino signals
in the KII and IMB detectors; in Sec. III we discuss the
axion and the axion emission rates we use; in Sec. IV we
describe the effect of axion emission on the cooling of the
nascent neutron star associated with SN 1987A and on
the expected neutrino signals; we end with a discussion
and a summary in Sec. V, where, among other things, we
address the uncertainties associated with our limit.

II. DESCRIPTION OF THE
NUMERICAL CODE AND MODELS

For the purposes of this study, the protoneutron star
evolution code of Burrows and Lattimer' and Burrows'
was modified to include the axion energy-loss rates re-
cently derived by Brinkmann and Turner and described
below in Sec. III. The code uses standard relaxation
techniques to solve the general-relativistic equations of
stellar structure. It incorporates all relevant red-shift
factors, follows all six neutrino species (three two-
component neutrino and antineutrino species), employs a
"realistic" nuclear equation of states' ' (EOS), and has a
sophisticated neutrino opacity algorithm. The neutrinos
are assumed to be thermalized with the local matter tem-
perature and to be emitted with a Fermi-Dirac energy
distribution.

The core of a massive star becomes unstable upon
reaching the Chandrasekhar mass ( —1.4M~) and im-

plodes. Core collapse proceeds through 5 orders of mag-
nitude in central density and 2 orders of magnitude in ra-
dius, and is halted only when the matter stiffens upon
reaching nuclear densities. The inner core rebounds into
the outer core, a shock wave is formed, and the inner

structure, the protoneutron star, rapidly achieves hydro-
static equilibrium. It is during the quasihydrostatic neu-
tronization and cooling phase (time scale —seconds) of
the protoneutron star, not during the dynamical phase of
collapse and shock-wave formation (time scale —mil-
liseconds) that the prodigious neutron-star gravitational
binding energy (-2—4X10 ergs) is released. In the
standard model, the energy is radiated as neutrinos (and
antineutrinos) of all species. These protoneutron star
neutrinos constitute the signature of "core collapse" (cf.,
Ref. 14) that was apparently detected by the KII and
IMB detectors. At the high densities and temperatures
typical of a nascent neutron star, even neutrino mean-
free-paths (A,,) are small compared to the size of the core.
Therefore, neutrino cooling proceeds on a long
"diffusion" time scale (seconds) and not on the short pro-
duction or light-travel time scales ( « second). Hence,
the neutrino signal is spread over many seconds. The
neutrino signal can be separated into two phases. The
first is an outer mantle cooling phase, powered in part by
residual accretion and quasistatic mantle collapse during
the first 1 —2 sec. The second phase is a later, longer ()2
sec) phase of inner core cooling during which the neutri-
no luminosity is powered by neutrino transport of energy
from the core, characterized by the longer neutrino
diffusion time scale (several sec). During both phases, the
neutrinos escape from the periphery at the "neutrino-
sphere" where A, -R (radius of the neutron star —10
km). Because the capture process (v, +p ~n +e+ ) has a
much larger cross section than the various scattering pro-
cesses (v;+e ~v;+e ), the neutrino signal is dominat-
ed in H2O detectors by its V, component. In H20
Cherenkov detectors, the secondary positron (or electron
for a scattering process) is detected by its Cherenkov
light. As has been pointed out by many analyses now, '

the IMB and KII detections are consistent with an
effective V, temperature (T ) of -4.0 MeV, a charac-

teristic cooling time of -4 sec, and a total binding energy
(6 XE ) of —2 —3 X 10 ergs, all consistent with the

e

standard model of a type-II supernova. However, if the
axion exists and has a large mass (m, ), and therefore a
large coupling, the resulting axion energy losses would be
at the expense of neutrino emission, and the signal in neu-
trino detectors would be altered. In this paper we investi-
gate the implications of axion emission for the predicted
signals in IMB and KII. In most of the previous work,
authors have used the results of standard numerical mod-
els (ioithout axion emission), i.e. , temperature and density
profiles, to compute axion emission. However, to proper-
ly take account of the feedback on the temperature-
dependent axion emission of the axion-cooling induced
temperature decreases, a detailed evolutionary calcula-
tion, which incorporates axion emission ab initio is re-
quired. By doing so, one can then sensibly address the
question: For what range of axion masses could we not
fit the SN 1987A neutrino data?

Three protoneutron star models from the more
comprehensive work of Burrows' were evolved at six
different axion masses between 0.0 eV and 10 eV for 20
"physical" sec after bounce. In addition, it was assumed
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that axions once produced freely stream out —a valid as-
sumption for m, ~0.02 eV (Ref. 4). Using the published
detector fiducial masses, efficiencies and energy thresh-
olds, the appropriate neutrino interaction cross sections,
and a supernova distance of 50 kpc, the predicted neutri-
no signals in both KII and IMB from SN 1987A were
calculated. The effect on this signal of axion emission
will be described in Sec. IV. The models ( A, B, and C)
were chosen to represent a range of possibilities, since the
precise neutron star EOS and the ultimate baryon mass
(M~ ) of the residue are not accurately known. The initial
entropy and lepton profiles employed were similar to
those found in the collapse literature. ' Model 3 is mod-
el 57 from Ref. 14, which starts at M~ =1.3 Mo and ac-
cretes to a large 1.8 Mo by means of an accretion rate
that is taken to decay exponentially with a time constant
of 0.5 sec. The EOS employed in model A is stiff, as de-
scribed in Ref. 14. Similarly, model B is the stiff model
55 of Ref. 14, in which an initial core of mass 1.3 Mo ac-
cretes to a mass of 1.5 Mo with a similar accretion time
constant. Model C is the soft model 62 from Ref. 14 that
in all ways, save stiffness, is the same as model B. A soft
calculation with baryon mass parameters similar to those
of model 3 is not included in the set because the max-
imum baryon mass for the soft EOS is so small (1.6 M~ )

that a black hole would form early on (& 1 sec), truncat-
ing the neutrino emission. With models 3, B, and C, we
represent a range of realistic behavior and binding ener-
gies of the protoneutron star.

III. THE AXION AND AXION EMISSION RATES

The axion is the hypothetical pseudo-Nambu-
Goldstone boson associated with the spontaneous break-
down of the Peccei-Quinn quasisymmetry. Peccei-
Quinn (PQ) symmetry was proposed in 1977 to solve the
"strong CP problem, " that is, the violation of CP symme-
try in QCD by nonperturbative, instanton effects. The
mass of the axion is determined by the PQ symmetry-
breaking scale f, :

m, = (0.62 eV) [10 GeV /( f, /N) ],
where N is the color anomaly of the PQ symmetry. '

Generically, there are two types of axions: axions that
couple to both quarks and leptons, with strength -m If,
(m =quark or lepton mass), the so-called DFS-type ax-
ion, ' and axions that couple only to quarks, and perhaps
not even to the ordinary light quarks, but only to heavy,
exotic quarks, the so-called hadronic-type axion. ' Both
types of axions couple to photons, gluons, and nucleons
through electromagnetic and color anomalies.

The relevant couplings of both types of axions to elec-
trons, photons, and nucleons are summarized in Ref. 4,
and discussed in detail in Ref. 16. For the purposes at
hand we are only interested in the axion-nucleon cou-
plings, as by far the dominant axion emission process
from SN 1987A is nucleon-nucleon, axion bremsstrah-
lung. Those couplings, as computed in the naive quark
model, are

g,„=[(Xd /N —X„' /4N) —0.20]m I(f, /N )

1.5X10 '[(X„'/N —X„'/4N)
—0.20]( m, /eV ),

g, =[(X„'IN—Xd/4N) —0.55]m/(f, /N)

= 1.5 X 10 [ (X„' /N —Xd /4N)
—0.55](m, /eV),
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FIG. 1. Feyn man diagrams for nucleon-nucleon, axion
bremsstrahlung.

where Xd and X„' are the PQ changes of the up and down
quarks, m is the nucleon mass, and the interaction La-
grangian (with nucleons) is

. +(g,„/2m)(n y„y~n)B"a

+(g, /2m)(py„y~)B"a . (3)

The axion-nucleon coupling arises in roughly equal
amounts from two sources: the direct coupling of the ax-
ion to up and down quarks (reflected in X„' and Xd ) and
axion-pion mixing. For this reason, the axion-nucleon
coupling is of the order or m/( f, IN), whether the axion
is of the hadronic or of the DFS type. For comparison,
the hadronic axion-electron coupling, which arises due
only to radiative corrections, is some 4 orders of magni-
tude smaller than that of a DFS axion.

In the one-pion-exchange (OPE) approximation, there
are eight (four direct and four exchange) Feynman dia-
grams for nucleon-nucleon axion bremsstrahlung, which
are shown in Fig. 1. The matrix element squared for this
process has been computed by Brinkmann and Turner,
by Kang, ' and in the degenerate limit for the process
nn ~nn +a by Iwamoto. In the nonrelativistic limit
(i.e., to lowest order in T/m -few X0.01), the matrix ele-
ment squared is constant and is given by
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3m4 2

for the process nn ~nn +a, by
2 4 2

spin

for the process pp~pp+a, and by
T

256& m

spin 2

2

(2 —4P/3 )

(5)

(6)

for the process n/2 ~np +a. Here f=1.05 is the neutral
pion-neutron dimensionless coupling, and /3=3((k. l) )
is the phase-space weighted average of the spatial dot
product between the direction of the three-momentum
transfer in the direct and exchange diagrams: in the de-
generate limit (pF/2m ~ 3T, or T & 20 MeV) /3~0, while
in the nondegenerate limit, P~1.0845. For complete de-
tails of the calculation of the matrix element squared, see
Ref. 5.

The axion emission rate (energy per volume per time) is
given by a 15-dimensional phase-space integral:

ha= Idly, dl12d&3d&4d&a(2~) S g I~I'&"'(pi+p2 P3 P4 Pa)Eafif2(1 —f3)(1—&4»
spin

(7)

where dII, =d /2;/(2') 2E; is the Lorentz-invariant phase-space element, the labels i =1—4 denote the incoming (1,2)
and outgoing (3,4) nucleons, the label i =a denotes the axion, and S is the usual symmetry factor for identical particles
in the initial and final states (S =1 for np ~np+a; S =

—,
' X —,

' =
—,
' for nn ~nn +a, or pp —+pp +a). The nucleon phase-

space distribution functions f; are given by f; =[exp(E;/T —p;/T)+1] . Under the assumption that the matrix ele-
ment squared is constant (which is accurate to about 10—20%), Brinkmann and Turner have evaluated this 15-
dimensional integral numerically. Summing over all three bremsstrahlung process, they find

2 2

6, =64(m ' T ' /m )f (1—/3/3)g, bI(yi, yi)+(1 —p/3)g. 'pl(y2, y2)+
T 2

4(6 —4P) gab+ gap'

where the first term accounts for nn —+nn +a, the second
term pp —+pp +a, and the third and fourth for
np ~np +a. The quantities y, =p„ /T and y2 =/4p /T,
where p„and pz are the chemical potentials of the neu-
tron and proton. The quantity I(y „y2) is a three-
dimensional integral that must and has been evaluated
numerically. A convenient analytical expression (accu-
rate to better than 25%) and a "look-up table" (accurate
to better than S%%uo) are given in Ref. 5.

To compute 6, one must specify g,„,g,„,and P. The
axion-nucleon couplings g,„and g, are obviously model
dependent, and P depends upon the degree of degeneracy.
For definiteness, as well as simplicity, we will take

g,„=gp = ' =7 6X 10 (m /eV)
0.5m

(9)

and P= —,'. Given the other uncertainties inherent to this
problem, and the fact that any axion mass limits derived
scale only as @a'~, these simplifications seem well
justified. In any case, a more specific treatment is always
possible. We should also emphasize that although we
will state our results in terms of an axion mass limit, what
we are actually placing limits on are g,„,g, : m, ~ 10
eV corresponds to g,„=g, 8 X 10

IV. THE EFFECT OF AXION COOLING
ON THE SN 1987A NEUTRINO SIGNAL

The results from the 18 model calculations of this
study ((models 2, B, and C) X [m, (eV) =0.0, 10

3X1() 4, 10 3, 3X10 3, 10 ]) are summarized in Figs.
2 —6 and Table I. Figure 2 depicts the dependence of
both the total energy lost to all species of neutrinos (E )

and the total axion energy loss (E, ) as a function of m,
for models A, B, and C. (Note: "total energy" here
denotes the energy carried off in the first 20 sec', by 20
sec, the total energy has essentially converged. ) Al-
though the calculations were performed for only six
values of m„continuous curves based upon interpolation
are presented. As Fig. 2 demonstrates, for low values of
m„E falls in the range of reasonable neutron-star bind-
ing energies and only gradually decreases with increasing
m, . For all models, E and E, begin to respond to in-
creasing m, near -3X10 eV, but only very gradually.
Even for m, =10 eV, E, is only 45%, 56%, and 69%
of E at m, =0.0 eV for models A, B, and C, respective-
ly. This sluggish dependence of E, on m, is a conse-
quence of the feedback of axion cooling on the axion
losses themselves. The axion emission rate varies as
p T (nondegenerate limit) or p'~ T (degenerate limit);
and because of this temperature/density dependence, ax-
ion emission is most significant deep in the core, which,
as mentioned earlier, holds only about —,

' the heat released
in the formation of the neutron star. Because of the stifF
temperature dependence, axion emission is self-
quenching, and, further, because the core only contains
——,

' the heat, the total axion losses amount to only ——,
'

the total binding energy. As a result, a factor-of-10 in-
crease in m, from 10 eV to 10 eV, which without
feedback would imply a factor-of-100 increase in axion
energy losses ( cc m, ), actually results in increase factors
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TABLE I. Summary of collapse models with axion emission.

m. (eV) KII

Number of events
expected

IMB Axions

Emitted energy
(10 ' ergs)

Neutrinos

At(90%)
(sec)

IMB

Duration of
calculations

(sec)

0.0
10-4

3 X10-4
10

3X10
10

15.28
15.09
14.89
13.00
11.30
9.59

6.74
6.67
6.63
6.10
5.51
4.62

Model A (1.3—+1.8Mo, stiff)
0.0 328.1

0.1 324.8
14.7 319.3
77.0 277.0

121.6 238.3
147.2 215.5

9.0
9.0
8.0
4.0
1.6
1.0

4.0
4.0
3.5
1.6
1.0
0.5

20
20
20
20
20
14

0.0
10-4

3 X10-'
10

3 X10-'
10

11.16
11.11
10.95
9.65
7.73
6.17

5.45
5.37
5.37
4.97
4.35
3.96

Model 8 (1.3~1.5Mo, stiff)
0.0 228.4
2.6 226.8
7.6 224.0

45.3 195.2
94.9 150.5

127.6 118.5

9.5
9.5
9.2
6.0
2.4
1.0

4.5
4.3
4.1

2.6
1.2
0.6

20
20
20
20
20
18

0.0
10-4

3 X10-'
10

3 X10-'
10

11.63
11.62
11.03
9.13
7.53
6.40

5.84
5.84
5.64
5.02
4.44
3.82

Model C (1.3~1.5MO, soft)
0.0 229.8
7.2 229.2

36.8 217.0
99.6 176.3

139.6 141.5
159.1 122.2

11.0
11.0
9.1

4.3
1.8
1.0

5.'7

5.7
4.8
2.0
1.0
0.5

20
20
20
20
20
10

of 1.9, 2.8, and 1.6 for models A, 8, and C, respectively.
The lethargy of (E„E ) vs m, is also refiected in Fig. 3,
which shows the slow decrease of Nz and XI, the expect-
ed v, event total in KII and IMB, respectively, for all
three models. By m, =10 eV, the predicted event to-
tals (N, 's) have decreased less than 50%%uo. Based upon E
or the number of neutrino events, one would be hard
pressed to rule out an axion as massive as 10 eV.

However, as Fig. 4 indicates, the neutrino signal dura-
tions in the IMB and KII detectors are sensitively de-
creasing functions of m, beyond -3X10 eV. In Fig.
4, b t(90%), the time it takes the accumulated number of
events to reach 90% of the fina total number of events, is
plotted as a function of m, (90% of the final total is an
arbitrary choice; similar behavior would follow for the
choice of 60%%uo or 70%). By m, —10 eV, b, t(90%) has
plummeted to values inconsistent with the long duration
of the KII and IMB detections, and for m, =10 eV,
the pulse duration for both detectors of all models is less
than 1 sec. The cause of this can be traced as follows.
The early phase of neutrino emission results from the ini-
tial heat in the outer mantle and accretion, and has a
short time scale ( —1 sec) because both neutrino diffusion
in the low density, outer mantle, and residual accretion
are rapid (& 1 sec). The residual heat of the inner core is
transported by neutrino diffusion to the outer core and
the neutrinosphere on a time scale of several seconds, and
thereby powers the late time neutrino Aux. If the inner
core heat source did not compensate for the quicker

Model A

—---- Model 8
--------- Model C

EA

L
CD

bJ

0
0 10

rn, (eVI

FIG. 2. , The total neutrino energy (E ) and the total axion
energy (E, ) lost (after 20 sec) vs axion mass m, for models 2
{solid), B (dashed), and C (dotted). The energies are in units of
10' ergs and m, is in eV.
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outer core losses, the temperature of the neutrinosphere
(e.g., T for v, 's) and the neutrino luminosities would

dive after —1 sec and the neutrino flux would shut off.
For I,=0.0 eV, the early, short phase smoothly merges
into the later, long phase that accounts for ——,

' of the sig-
nal. ' However, the major effect of axion emission is the
cooling of this high-density inner core crucial to power-
ing the second phase. As m, approaches 10 eV, the
core is rapidly depleted of heat and cannot supply the en-
ergy for the second phase. To illustrate this effect, the
time evolution of the matter temperature profiles [T(M)]
for model A for m, =0.0 eV and m, =10 eV are de-
picted in Figs. 5 and 6, respectively. Each curve
represents a snapshot in time. The lowest curve is the in-
itial profile. As the shock-puffed outer core settles from
R =10 km to R =10 km, the resulting compression
raises the temperature of the outer core dramatically.
Subsequent accretion further compresses the protoneu-
tron star, and temperatures near -50 MeV are achieved.
Such high temperatures are of course not manifested
directly in the neutrino signals, since the neutrinosphere
is located on the periphery where T-3-—5 MeV. In both
Figs. 5 and 6, the snapshots are every 100 rnsec for the
first 2.0 sec and then every 2.0 sec until the end (t =20.0
sec). The large temperature spike in Fig. 5 drives a neu-
trino flux into the center, thereby raising its temperature
and storing heat for phase two. In Fig. 6 it is plain to see
that efficient axion cooling has refrigerated the inner core
completely and depleted the heat reservoir for phase two.

The behavior of ht(90%) in Fig. 4 echoes the above-

25

12—

Model A
———Model 8
--------- Model C

0 I

1
0-4

I

)0 3 )0 2

described phenomenon. For instance, at m, =10 eV in
model A, T, instead of being -4.0 MeV at t = 1.0 sec,

~e

is a tepid -2.5 MeV. In model A, at m, =10 eV,
b, t(90%) for IMB is only 40% of its m, =O.O-eV value
and at m, =10 eV, it is only —13% of that value.
Since the m, =0.0-eV models fit the IMB and KII detec-

m, (eVj

FIG. 4. The time required to accumulate 90%%uo of the total
number of expected v, capture events, Et{90%), in sec, vs the
axion mass m, in eV for the IMB and the KII detectors for
models A (solid), B (dashed), and C (dotted). Note the precipi-
tous drop in b t(90%) at m, —10 eV.

20—

CP)
CD

L
CD

E

hC

10-

Model A

—---- Model EI

- -Model C

KO

}|MB 0 0.5 1.0
Mass (Mo)

2.0

0
0

m, (eVj

10 2

FIG. 3. The total expected number of v, capture events (after
20 sec) in the IMB detector (Xl ) and the KII {N&) vs the axion
mass, in eV. Models A, B, and C are the solid, dashed, and dot-
ted curves, respectively.

FIG. 5. Shapshots of the matter temperature (T) in MeV vs
enclosed baryon mass {M) in solar masses for model A without
axion emission. The initial model (t =0) is the bottom curve.
The snapshots are every 100 msec for the first 2 sec and then
every 2 sec until the end (20 sec). The compression spike can be
seen to first grow, then diffuse into the center, and Anally begin
to decay after most of this energy has diffused to the neutrino-
sphere and is radiated away.
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tions, Fig. 4 strongly suggests an upper limit to m, of
10 eV based on signal duration alone.

V. DISCUSSION AND SUMMARY

80

60-

~ 40-
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FIG. 6. Same as Fig. 5, but for m =10 eV. Note that ax-
ion cooling is so effective that the inner core never heats up, and
thus the energy reservoir which should power the late-time neu-
trino emission does not exist.

We have fully incorporated axion emission (in the
free-streaming limit) into numerical models of the initial
cooling of the newly born neutron star associated with
SN 1987A. The dominant process for axion emission is
nucleon-nucleon, axion bremsstrahlung, and our rates for
this process are taken from Ref. 5, where the matrix ele-
ment for this process has been calculated exactly (in the
OPE approximation) and the phase-space integrals have
been evaluated numerically. Based upon the predicted
neutrino Aux from our models and the published detector
response parameters for the KII and IMB detectors, we
have calculated the expected characteristics of the neutri-
no pulses which would have been detected for axion
masses of 0, 10 eV, 3X10 eV, 10 eV, 3X10 eV,
and 10 eV. By comparing the expected characteristics
of the neutrino pulses with the neutrino pulses that were
actually detected, we have quantitatively addressed the
question of which axion masses are consistent (or incon-
sistent) with the experimental data.

Of all the characteristics of the predicted neutrino
pulses, which included total number of events, effective
neutrino temperature, total energy carried off in neutri-
nos and pulse duration, pulse duration was most sensi-
tively dependent upon the axion mass. In particular, for
the range of cooling models considered, and an assumed
axion mass of 10 eV, the predicted pulse duration in
the KII detector was less than 1 sec and in the IMB
detector was less than —,

' sec—both clearly in variance
with the observations. On the other hand, for this axion
mass, the energy carried off in neutrinos is still -50% or
more of the total binding energy and the expected num-
ber of events were -7—10 for KII and -5 for IMB—
numbers that are not obviously inconsistent with the ac-
tual observations. The reason for this is simple. The ex-
tended duration of the neutrino burst is connected to the

long time required for neutrino diffusion to carry the heat
trapped in the core of the neutron star to the neutrino-
sphere; with the addition of axion cooling, free-streaming
axions from the core can rapidly carry off this heat and
thereby truncate the late-time part of the neutrino pulse.

While an axion mass of 10 eV is most certainly ruled
out, models that incorporate an axion mass of 10 eV
are virtually indistinguishable from those without axion
cooling. From Fig. 4, where b, t(90%) is plotted vs axion
mass, we see that for all cooling models the duration of
the neutrino pulses has diminished dramatically for an
axion mass of about 10 eV, to less than -6 sec in the
KII detector and to less than -2.6 sec in the IMB detec-
tor. Moreover, for an axion mass of 3 X 10 eV, the pre-
dicted pulse durations are less than -2.4 sec (KII) and
—1.2 (IMB). To summarize then, the neutrino detec-
tions made by the IMB and KII detectors most emphati-
cally rule out an axion mass of 10 eV, most likely pre-
clude an axion mass as large as 10 eV, and in no way
preclude an axion mass as small as 10 eV, in agreement
with the conclusions reached in Refs. 4—6 (also see Ref.
21).

We should mention the uncertainties associated with
our analysis. First, we have relied upon purely theoreti-
cal models of the birth and initial cooling of the newly
born neutron star associated with SN 1987A. Since the
postcollapse densities are supranuclear, there is great un-
certainty as to equation of state. In addition, there is the
question of the eSciency of the shock at ejecting the
outer Inantle: how much material eventually rains back
in on the neutron star? By considering a range of possi-
ble postcollapse models, we have tried to account for our
ignorance, and, as Figs. 2 —4 demonstrate, our con-
clusions are very robust and insensitive to the detailed
collapse model. For all the models considered, the neu-
trino burst duration decreases dramatically around 10
eV (Ref. 22).

Perhaps more important are the uncertainties associat-
ed with the axion emission rate itself. Within the as-
sumptions (the one-pion-exchange approximation), the
emission rate has been computed quite accurately to
better than 20%. However, one must question the validi-
ty of the OPE approximation in general: diagrams in-
volving two-pion and other meson exchanges may be im-
portant. In particular, Choi et al. have recently sug-
gested testing the validity of the OPE approximation by
using OPE to compute the cross section for the related
process, pp~ppm, and comparing the result to experi-
mental data (the point being that both the axion and pion
are pseudo-Nambu-Goldstone bosons and, as such, both
couple derivatively). Moreover, they claim that such a
comparison indicates that OPE overestimates the cross
section for this process by factors of 30—40 (Ref. 23).
However, another similar and subsequent analysis indi-
cates that they have overestimated the discrepancy, and
that the OPE calculation for cr(pp~pp~ ) agrees with
the experimental data to better than a factor of 2. In ad-
dition, at supranuclear densities, collective nuclear
effects, pion condensates, or quark matter in the core
might modify the axion emission rate and the EOS. In
this regard, we might recall that collective efFects (plasma
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screening) modified the red giant bound to the mass of a
DFS axion significantly. ' ' It is somewhat reassuring,
however, that the axion emission rate ( 6, ) is proportion-
al to the axion mass squared. This then means that a
factor-of-10 error in calculating 6, translates into only a
factor-of-3 error in any quoted axion mass limit.

In sum, in the free-streaming regime (axion masses
~ 0.02 eV), we have shown that the existence of an axion
more massive than —10 eV (more precisely,
g,„=g, ~8X10 ") would have resulted in neutrino
pulses of unacceptably short duration in both the KII
and IMB detectors. Because the axion-nucleon coupling
is largely insensitive to whether the axion is hadronic or
DFS, this result holds for both types of axions. For the
hadronic axion, this improves the present mass constraint
by about 3 orders of magnitude or more, while for the
DFS axion, the improvement is only —1 order of magni-
tude. Because of axion trapping, an axion more sensitive
than -2 eV is not expected to be precluded by the neutri-

no burst observations; since other astrophysical argu-
ments apparently preclude a DFS axion of this mass,
this is only relevant to the hadronic axion. While trap-
ping only opens a relatively small window for the hadron-
ic axion, it is a significant one, as an axion of that mass
could be detected either by the cosmological decays of
relic axions or by a laboratory experiment. Work to
address the trapped regime (m, ~ 0.02 eV) is in progress.

ACKNOWLEDGMENTS

This work was supported in part by the NSF through
Grant No. AST87-14176, by the DOE (at Chicago and
Fermilab), and by NASA (at Fermilab). M.S.T. thanks
the Aspen Center for Physics for its hospitality during his
stay. A.B. and M.S.T. were also supported by the Alfred
P. Sloan Foundation and R.P.B. was supported by the
German National Program.

The idea that most of the binding energy released in the forma-
tion of a neutron star is radiated as neutrinos was first
developed in the seminal work of S. A. Colgate and R. H.
White, Astrophys. J. 143, 626 (1966). Analyses of the neutri-
no detection by KII and IMB, which indicate that the basic
picture of a type-II supernova is correct, include A. Burrows
and J. Lattimer, Astrophys. J. 318, L63 (1987); J. Bahcall, T.
Piran, W. Press, and D. N. Spergel, Nature (London) 327, 682
(1987); L. L. Krauss, ibid. 329, 689 (1987); S. Bludman and P.
Schinder, Astrophys. J. 326, 265 (1988); D. N. Schramm,
Comments Nucl. Part. Phys. 17, 239 (1987); D. Q. Lamb, F.
Melia, and T. Loredo (unpublished); S. Bruenn, Phys. Rev.
Lett. 59, 938 (1987); S. Kahana, J. Cooperstein, and E. Baron,
Phys. Lett. B 196, 259 (1987); R. Mayle and J. R. Wilson, As-
trophys. J. 334, 909 (1988);K. Sato and H. Suzuki, Phys. Rev.
Lett. 58, 2722 {1987).

Kamiokande II Collaboration, K. Hirata et al. , Phys. Rev.
Lett. 58, 1490 (1987).

IMB Collaboration, R. M. Bionta et al. , Phys. Rev. Lett. 58,
1494 (1987).

4M. S. Turner, Phys. Rev. Lett. 60, 1797 (1988).
5R. P. Brinkmann and M. S. Turner, Phys. Rev. D 38, 2338

(1988).
G. G. Raffelt and D. Seckel, Phys. Rev. Lett. 60, 1793 (1988).

7R. Mayle et al. , Phys. Lett. B 203, 188 (1988).
T. Hatsuda and M. Yoshimura, Phys. Lett. B 203, 469 (1988).

These authors show that contrary to the claims of J. Ellis and
K. Olive, ibid. 193, 525 (1987), the process e +y~a +e is
subdominant by some 5 orders of magnitude.

9R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977);
F. Wilczek, ibid. 40, 279 (1978); S. Weinberg, ibid. 40, 223
(1978).

i D. S. P. Dearborn, D. N. Schramm, and G. Steigman, Phys.
Rev. Lett. 56, 26 (1986); G. G. Raffelt, Phys. Lett. 166B, 402
(1986). This mass limit depends upon the axion-electron cou-
pling which is proportional to cos P (P parametrizes the rela-
tive sizes of the "up" and "down" PQ vacuum expectation
values). For cosf3~0, this limit reverts to that of the hadron-
ic axion, m, ~2 eV. In this case, there may be a small win-

dow around 2 eV for the DFS axion, too.
G. G. Raffelt and D. S. P. Dearborn, Phys. Rev. D 36, 2201
(1987). This mass limit for the hadronic axion depends upon
the axion's anomalous coupling to two photons, which is pro-
portional to (E/N —1.93) (E = electric anomaly of the PQ .

symmetry; N= color anomaly of the PQ symmetry). If the
axion is incorporated into the simplest unified models,
E/N =

—, and the mass limit of -2 eV pertain. However, if
E/N were 2 (see Kaplan, Ref. 16), then the two-photon cou-
pling is significantly smaller and the corresponding mass limit
significantly weaker: m, ~ 30 eV.
J. Preskill, M. Wise, and F. Wilczek, Phys. Lett. 120B, 127
(1983); L. Abbott and P. Sikivie, ibid. 120B, 133 (1983); M.
Dine and W. Fischler, ibid. 120B, 137 (1983). The limit quot-
ed here is from M. S. Turner, Phys. Rev. D 33, 889 (1986); if
the Universe inflated before or during PQ-symmetry break-

ing, the limit depends upon the initial misalignment angle to
the 1.7 power. If the Universe never underwent inflation,
then axion prodution by the decay of axionic strings may also
be a significant source of axions, and may lead to a more
stringent lower bound to m„perhaps as stringent as

m, ~ 10 eV. See, R. L. Davies, Phys. Lett. B 180, 225
(1986);D. Harari and P. Sikivie, ibid. 195, 361 (1987).

' A. Burrows and J. M. Lattimer, Astrophys. J. 307, 178 (1986).
~4A. Burrows, Astrophys. J. 334, 891 {1988).

A. Burrows and J. M. Lattirner, Phys. Rep. 163, 51 (1988).
For a detailed discussion of the axion and its couplings to
quarks, leptons, and photons, see D. Kaplan, Nucl. Phys.
8260, 215 (1985); M. Srednicki„ ibid. B260, 689 (1985); P.
Sikivie, in Cosmology and Particle Physics, edited by E. Al-
varez et al. (World Scientific, Singapore, 1986), p. 144. The
normalization conventions used here are those of Kaplan and
Sikivie, and the notation is that of Srednicki. Note that
(fa &+)srednicki =2(fa ~+)Kapian, sikivie

' M. Dine, W. Fischler, and M. Srednicki, Phys. Lett. 104B, 199
(1981); A. R. Zhitnitsky, Yad. Fiz. 31, 497 (1980) [Sov. J.
Nucl. Phys. 31, 260 (1980)].
J.-E. Kim, Phys. Rev. Lett. 43, 103 (1979); M, Shifman, A.
Vainshtein, and V. Zakharov, Nucl. Phys. B166,493 (1980).



1028 ADAM BURROWS, MICHAEL S. TURNER, AND R. P. BRINKMANN 39

H.-S. Kang, private communication.
~ N. Iwamoto, Phys. Rev. Lett. 53, 1198 (1984).

The authors of Ref. 7 obtained a mass limit of 0.9X 10 eV,
which is inconsistent with this work and Refs. 4—6. Howev-
er, they used Iwamoto's fully degenerate axion emission rates
(Ref. 20); as discussed in Ref. 5, these rates overestimate the
true axion emission rate for the conditions that pertain in the
nascent neutron star, by a factor of 20-100. In addition, they
overestimated the rate for np~np+a by a factor of 2. To-
gether these two factors probably imply that their rates are
too high by a factor of order 30—100. Since any mass limit
scales as @, ' (in the free-streaming regime), their limit
should probably be scaled upward by a factor of 6—10, which
makes it not inconsistent with the present results. In fact,
these authors have recently revised their limit upward by
such a factor; see R. Mayle et al. (in preparation).
One might wonder if a severely shortened neutrino burst
could be reconciled with the KII and IMB data if the neutri-

no burst were lengthened because of the dispersive effect of a
nonzero neutrino mass. Raffelt and Seckel (Ref. 6) considered
this possibly and concluded that it was unlikely because of
the late arrival of neutrinos with high energy. Moreover,
given the fact. that the neutrinos detected by IMB have
sufBciently high energies as to be relatively unaffected by a
neutrino mass of —10-20 eV, we would conclude that the
IMB data preclude this possible loophole.
K. Choi, K. Kang, and J. E. Kim, Brown University Report
No. HET-671, 1988 (unpublished).

~4M. S. Turner, Fermilab Report No. FNAL Pub 88/157A,
1988 (unpublished).

~5G. G. Raffelt, Phys. Rev. D 33, 897 (1986).
M. S. Turner, Phys. Rev. Lett. 59, 2489 (1987); 60, 1101(E)
(1988).
K. van Bibber, P. M. McIntyre, D. E. Morris, and G. G.
Raffelt, Phys. Rev. D (to be published).


