VOLUME 65, NUMBER 8

PHYSICAL REVIEW LETTERS

20 AUGUST 1990

Emission and Detectability of Hadronic Axions from SN 1987A
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We show that axions emitted by SN 1987A, with coupling strengths to nucleons in the range
9%x10 " "SganS1x10 73, would have produced an unacceptably large signal at the Kamiokande
proton-decay experiment. Axions with 10 "'*Sg,v <1.4x10 "¢ would have altered the neutrino flux
from that observed, so using results from SN 1987A alone, one may nominally rule out the entire range
10 "'°<Sg,n <1073, Uncertainties in our estimates prevent us from categorically excluding a small win-
dow around g,v==10 "%, which could have interesting consequences for supernova theory and cosmology.

PACS numbers: 97.60.Bw, 14.80.Pb

The potential importance of axions to particle physics,
astrophysics, and cosmology has led to their continued
study. Severe constraints are placed on axion properties
by arguments concerning their potential emission from
stars at various stages of evolution, and particularly from
type-1II supernova (see Ref. 1, for a review). Soon after
the detection of neutrinos®® from SN 1987A it was real-
ized that the ~10-sec neutrino pulse ruled out the ex-
istence of “exotic” particles that would have carried off a
significant portion of the supernova energy. If axions ex-
ist, the SN 1987A neutrino data require axion-nucleon
couplings to be*~® either (a) gov S107'° or (b) gav 2 (a
number thought to be ~10~7-10 "%). The upper limit
(a) represents the strength at which axions produced in
the hot core would contribute significantly to its energy
losses. The restriction breaks down at a stronger value
of the coupling, limit (b), because strongly coupled ax-
ions produced in the core of a supernova are reabsorbed
before they escape the hot proto-neutron star. Under
such conditions, the spectrum of escaping axions is near-
ly that associated with bosons radiated from a blackbody
sphere of radius r, and temperature T, =T(r,). The ra-
dius of the axionsphere, r,, is determined by setting the
absorption probability 7,=[7[/,(r)]1 "'dr to %. The
mean free path for axions, /,, depends upon their cou-
pling to nucleons as /, ~ l/g,,ZN, and thus the radius of the
axion sphere is implicitly a function of g,y. If the lumi-
nosity of axions, L,, dominates that of neutrinos, L,,
then the corresponding value of g,y is still excluded. As
gav is increased, however, r, also increases (since less
material overburden is required for the same absorption
probability) and the luminosity L,~r2T; decreases.
Eventually, L, <L,, and the implied g,v is acceptable.

Turner® has used this argument to conclude that
axion-nucleon couplings g,vX (a few x1077) are al-
lowed, provided the axion is ‘“hadronic,” i.e., its cou-
plings to nonhadronic particles are all small. The proviso
allows one to avoid the stellar-evolution restrictions re-
viewed in Ref. 1. Specific models of hadronic axions,

e.g., the Kim-Shifman-Vainshtein-Zakharov axion,’

have in fact been constructed.

In this paper we show that even hadronic axions with
large g,nv are problematic because the flux of supernova
axions would have been detected at the Kamiokande II
proton-decay experiment (KII). Axions can induce nu-
clear excitations in oxygen via the reaction a '®°O
— 'O*. The nuclear deexcitation often includes y rays
with energies of 5-10 MeV, which trigger the KII detec-
tor with an efficiency similar to that for electrons in the
same energy range. To substantiate these statements we
have reexamined the strong-coupling cooling argument,
calculated the axion absorption cross section on '®O, and
estimated the efficiency with which absorption events
trigger the KII detector. Together, these ingredients re-
sult in an expected signal of KII that, while depending
on the parameters in the axion-nucleon Lagrangian and
our treatment of SN 1987A, almost always exceeds what
was actually seen.

We use the conventions adopted by Raffelt! to specify
our axion model. The axion-nucleon interaction is given
by

Lovv==—¥nr*v (cotcit3)ynd,a, (1)

1
2fa
where co= 7 (c,+¢,) and ¢; =% (¢, —c,) are isoscalar
and isovector coefficients. Axion-nucleon couplings are
given by go, =c,m,/f, and gu, =c,m,/f,. We define the
quantity gov=(1/v2)(g2,+g2)"? as a convenient mea-
sure of the total coupling.

For densities and temperatures appropriate to super-
nova, the dominant axion-emission mechanism is
nucleon-nucleon bremsstrahlung NN — NNa. Similarly,
the main absorption process is NNa— NN. We calcu-
late the rate for this process in the nonrelativistic one-
pion-exchange approximation. The thermal averaged
absorption rate is

1 _ 25 aiasph
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where a,=gvn/4r=15 my =0.939 GeV, a,=1/4nf2,
and py is the nucleon number density. F is a factor of
order unity that depends upon the structure of the super-
nova and details of the axion couplings to nucleons. It
may be written as a sum of terms involving pp, nn, and
pn scattering,

F=c2x}F,+cix Fa+ax,x,[c§Fo+ (cd+cPIF,l,  (3)

where x, and x, are the local proton and neutron frac-
tions in the supernova. The individual F’s are thermal
averages over linear combinations of the expressions
2/ (k2+mD1% 1/ P+mDI? K (kP +mf)?
+m2), and (k-1)¥/(k*+m2)(*+m}), where k and [
are the three-momentum transfers in the direct- and
exchange-scattering diagrams. We refer the reader to
Ref. 8 for the exact expressions for the matrix elements
but note that we have numerically evaluated the thermal
averages, including the effects of a finite pion mass m,
=138 MeV.

Having determined /, as a function of T,, we obtain
the radius of the axion sphere by scaling to the neutrino
mean free path and to the neutrino-sphere radius r,.
Specifically, we set the absorption probability at the ax-
ion sphere 7,=[7"l; 'dr=f7Gpndr=t;. The effec-
tive thermal-averaged cross section that determines the
neutrino mean free path is 6=x,{(occ)+{onc). The
neutral-current scattering cross section onc is ~§— of
the charged-current absorption cross section occ. By
scaling to the v, flux from a numerical supernova model
that provides a reasonable fit to the KII and IMB data
(model 56 of Burrows®) we hope to eliminate most of the
uncertainty intrinsic in our particular choice of superno-
va parameters.

The integrals defining 7z, and 7; require the density
and temperature profiles of the supernova. Following
Turner,> we choose particularly simple expressions py
=pn(r)(r/r)?, Tn =T )pn/pn(r,)1"?. The radius
ra is then fixed by the relation

s 6/(11p—6)

Ta _ 2732 ar pn(r) p—1 a
r ¢3) TVPmr & 2p—1°

F

(4)

which we solve iteratively to handle the temperature
dependence in F. We use supernova parameters p =35,
T;,=3.87 MeV, pn(r;)=2.1x10"" gcm >, and x,
=0.3, which yield a neutrino luminosity L; =7x10°'
ergs/sec. This corresponds to L; at 1 sec in Burrows’s
model 56. Since about half the events occur in the first
second, it seems reasonable to take these values as time
averages over the full supernova.

Once r,/r, is determined, T,/T, and the ratio R=L,/
LVzL,,/6L;’ follow. We obtain the axion flux ¢, by
scaling to the neutrino flux, which we take to be ¢; =5.2

x10% cm ~2 for SN 1987A. The axion flux is then

d¢a — 2 ¢‘7e razTaz )12
dE, 3((3) 1+R P27} &¥—1"°

(5)

where y =E,/T, and the factor 1/(1+R) ensures that
the energy budget of the supernova model is respected.

Having determined the axion flux, we define a “cool-
ing limit” by imposing the restriction L,/L; <6. This
allows an axion flux on the order of the total flux from
three neutrino flavors. For the case co=c;, this con-
straint results in the limit gov=1.4%x10 ~%. This value
exceeds Turner’s” for several reasons: The evaluation of
Fin Eq. (3) reduces the absorption rate, our scaling pro-
cedure requires a factor of 2 lower luminosity, and the
nuclear density is a factor of ~3 smaller in our superno-
va model.

We turn now to the signal at Kamiokande. The num-
ber of expected axion events is

N=N, [deXE) S s 58 - EDe, ©
dE 7
where S; is the strength for absorbing an axion of energy
E; during a transition to nuclear state |i(J7,T;)), € is
the efficiency with which the decay of this state is detect-
ed, and N, is the number of water molecules in the
detector. To obtain the absorption strength we start
from Eq. (1) and, following, e.g., Ref. 10, arrive at the
expression
2

S, = 4’}2E G UE T M3 (ED+ L (ED] |0+, T=0)]2,

a

@)

where My (E) and L7y (E) are the usual Coulomb and
longitudinal multipole projections of the nuclear axial-
vector current. As a consequence of the derivative cou-
pling in Eq. (1) and the small axion mass, only nuclear
eigenstates of unnatural parity can be excited in Eq. (7).

We obtain our eigenstates from an SU(3)-based
shell-model calculation that includes components with up
to Shw of excitation energy. These wave functions have
been shown to reproduce a number of sensitive observ-
ables and are described in detail in Ref. 11. The predict-
ed giant dipole strength distribution—a quantity of par-
ticular relevance to us because of the similarity between
photon and axion absorption—is quite accurate. In
evaluating Eq. (7) we multiply all J*T' =1%0 matrix ele-
ments by a factor 1/1.25 to incorporate the phenomeno-
logical quenching of Gamow-Teller strength and scale
the T=1 piece of M3-(E) by 1.7 to approximate the
effects of meson exchange'’ on the isovector ‘“axial
charge.”

To evaluate the detection efficiency ¢;, we first esti-
mate the number and energies of photons produced in
the decay of each state |i). A few of the excited states
lie below nucleon-emission threshold (12.13 MeV). The
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most important of these, the 10.96-MeV J"T =070
state, decays exclusively by two-photon emission. The
more highly excited states, however, will emit either a
proton or a neutron, leaving a residual '*N or 'O nu-
cleus, which may be left in an excited state and subse-
quently decay via photon emission. Because the
negative-parity (mostly J*=0" or 2 ) states in '°O are
similar in character to the 1~ states produced in photo-
absorption, we take branching ratios to states in 5N and
50 directly from measured photodisintegration cross
sections.'3 The positive-parity states of 'O pose a
greater problem; we distribute their decays somewhat ar-
bitrarily among the low-lying positive-parity states in
SN and "0, which introduces an uncertainty of perhaps
20% in the final event rate.

The emitted photons will trigger a detection event with
an efficiency «,(E) that rises with energy beginning at
about 5 MeV. The KII Collaboration has not published
x,(E), but it has provided efficiencies for the detection
of energetic electrons. Both electrons and photons pro-
duce electromagnetic cascades, but since only electrons
emit Cerenkov light, they will be detected with some-
what higher efficiency. Here we set x,(E)=«,.(BE),
with =0.85 at all energies E. For comparison, when
calibrating their detector with a y-ray source
—average energy (E,)=8.4 MeV—the KII Collabora-
tion'* found a value $=0.96. The Sudbury group'® ex-
amined the same issue using Monte Carlo techniques for
6-MeV 7’s and found g=0.73.

We are now in a position to apply Eq. (6). Figure 1
shows the number of KII events as a function of g,y for
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FIG. 1. Expected number of observed events at Kamio-

kande, as a function of the axion-nucleon coupling gan. We
show the total signal (solid curve) as well as separate contribu-
tions (dotted curves) from different decay processes of the ex-
cited oxygen nuclei. We estimate that to the left of the heavy
vertical line axion energy losses dominate the cooling of the su-
pernova. A small window around g,y ~10 "% may not be ex-
cluded by either direct detection or rapid cooling.
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the axion-nucleon couplings c¢o=c, and the supernova
parameters derived from Burrows’s model 56. We recall
that, for this model, the cooling constraint L, < L, ruled
out g,y <1.4x107% At this value we predict 11.1
events at KII, and the number grows as g,y increases. If
we assume that the KII data imply fewer than 5 axion
detections,'® then we may conclude from the figure that
all values of g, in the range 9% 10 7" Sg,y S1.0x10 73
are ruled out. Since this range overlaps that from the
supernova cooling argument, it follows that the various
constraints from SN 1987A preclude all axion models
between those tested in accelerator experiments to the
edge of those allowed by cosmological considerations
— irrespective of the coupling to electrons or photons.
The reliability of these conclusions depends on their
sensitivity to the model parameters. We note first that
the two parameters co and c; in Eq. (1) do not contrib-
ute equally to the detection cross sections—even though
they have comparable effects in the supernova. The
10.96-MeV J*T =0 ~0 state of '°O is detected with high
efficiency (~65%, as opposed to ~7% for the particle-
emission states), and this magnifies the importance of
the isoscalar coupling cg, particularly for large values of
gaN. 7 To illustrate this, the figure shows detector events
due to '*0* — 'O+ y and those involving particle emis-
sion separately. The particle-emission curve sums over
many states and is insensitive to co or c¢; separately.
These events dominate the signal for small g,v (large
fa) where the temperature of the axion flux is high
enough to excite the 20-25-MeV states without signi-
ficant thermal suppression. At lower temperatures
detection is dominated by the strength below the
particle-emission threshold, i.e., by the 10.96-MeV state.
Thus, if the isoscalar coupling is made small, the upper
bound on g,y from detection moves to around 10 -3,
There is also a question of how appropriate it is to use
a single set of parameters to describe a dynamic situa-
tion. Even if this is acceptable, we might have chosen a
slightly different set of parameters. For example, keep-
ing the density gradient fixed, we see from Eq. (4) that
we maintain the value of R=L,/L, by keeping the quan-
tity pn(r;)a,F/G constant. Different choices for the
density or temperature at the neutrinosphere require cor-
responding changes in a, (or, equivalently, in g2v) and
hence in the detection rate. Allowing p/v(r\—.c) to be a
factor of 3 larger than our fiducial case lowered the
number of events at KII to ~4, at the new cooling limit.
A more severe problem is our use of a supernova mod-
el that does not explicitly include energy losses and
transport by axions. As long as L, <L,, our scaling pro-
cedure should be adequate; however, when L,~L, the
use of an “unperturbed” supernova model is suspect. As
a result, we cannot exclude a small region of g,y right at
the cooling limit. A detailed numerical model of axion
transport in the supernova core seems necessary (but
may not be sufficient) to settle this issue.'®
If a small window really does exist between the cooling
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and detection limits, then the results presented above
may have further consequences for supernova theory and
cosmology. The cross sections for axion absorption are
larger by a factor of 10-100 than those expected from
neutral-current interactions of neutrinos.'® This leads us
to speculate that axionic energy absorbed in front of the
shock wave could help in creating successful supernova
explosions. It also suggests that axion absorption could
play an important role in nucleosynthesis, in analogy to
the ‘v process” explored in Ref. 20.

Another possibility arises if we push parameters so
that f, =3x10° GeV is still allowed. For example, tak-
ing $=0.73 as a low value for photon detection efficiency
at KII, T; =35 MeV, pn(r,)=4x10"" gem ™, co
=0.35, and ¢, =0.17, we predict two 10.96-MeV absorp-
tion events. This value of f, yields an axion mass m,
=20 eV, corresponding to an 8.6-sec delay time for
10.96-MeV axions absorbed into the 0~ state. Thus, it
becomes possible to attribute the ~8-sec gap at KII to a
real delay instead of a moderately unlikely statistical
aberration. We note that thermally produced 20-eV ax-
ions would also be contribute significantly to the closure
density of the Universe, although limits on the UV back-
ground?' at 10 eV require an axion lifetime 7,2 102
sec, or, equivalently, an anomalously small axion-photon
coupling Cayy=gayrfa S107°C.

All such speculation aside, our main point is that “ha-
dronic” axions are directly detectable in water Cerenkov
detectors and that the SN 1987A observations at
Kamiokande place severe constraints on such models.
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