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We show that axion emission from neutron stars is the dominant energy-loss mechanism
for a range of values of the Peccei-Quinn symmetry-breaking scale (F) not excluded by pre-
vious constraints. This gives the possibility of obtaining a better bound on F from measure-

ments of surface temperature of neutron stars.
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The axion, a pseudo-Goldstone boson associated
with the Peccei-Quinn symmetry,! was introduced
as a natural solution to the strong CP problem.?
The symmetry-breaking scale F, however, is left
undetermined in the theory.®> The present astro-
physical* and cosmological considerations® have
placed bounds on the parameter, and are consistent
with 108 GeV < F < 10% GeV. Since axions couple
very weakly to matter in this parameter range, they
qualify as a candidate for dark matter in the
universe required in the missing-mass problem. In
addition, they could play an important role in galaxy
formation,® with the axionic domain walls being the
seeds for density perturbations in the early
universe.” With these attractive features of axions,
a better determination of the parameter F is needed.
At present, unfortunately, the constraint on F from
laboratory experiments is far less restrictive than
the astrophysical bound, and future experiments for
detecting axions by means of axion haloscope,
helioscope,® and measuring the macroscopic forces
which they mediate’ have been proposed.

In this Letter we consider the effects of axion
emission from neutron stars. We first calculate the
axion emission rates from neutron-star matter. We
point out that for neutron stars the conventional
neutrino cooling scenario must be completely modi-
fied if the value of F lies close to 102 GeV. In such
a case, we show that neutron stars would cool
predominantly as a result of axion emission rather
than neutrino emission. The motivation for consid-
ering neutron stars as a source of axions is as fol-
lows. Neutrinos couple to matter via vector and
pseudovector vertices, while the axion’s coupling is
pseudoscalar. Neutrino emission either is accom-
panied by a charged lepton (e ™, &,...) or occurs as
a pair (vv) as a result of lepton number conserva-
tion, while a single axion may be emitted. Now,
each degenerate fermion (n,p,e”,...) contributes a
factor of T/Tg (which is typically ~1073-10"%)
from phase space because of the high degeneracy of
neutron-star matter, where 7 is the temperature

and T an appropriate Fermi temperature. Each re-
lativistic thermal particle, on the other hand, intro-
duces T3 from phase space. Therefore, the differ-
ences in the energy dependence of the vertices as
well as in the numbers of degenerate fermions and
thermal relativistic particles result in quite a dif-
ferent energy-loss rate for axion emission compared
with neutrino emission.

Let us start by looking at the axion emission
processes in neutron-star matter. Among the proc-
esses examined, we find the following two
processes to be the most important: axion
bremsstrahlung from neutron-neutron collision,

n+n—n+n+A, (1)

as illustrated in Fig. 1(a), and axion bremsstrahlung
by the electrons in the crust,

e +(ZA)— e +(Z,A4)+A4, 2)

as shown in Fig. 1(b). We first outline the calcula-
tion of the energy-loss rate from (1). The axion-
nucleon interaction Lagrangian density is given by?
Ly =igannUnYs¥nba, Where guvy = Cymy/F with
C, (=1.25) the axial-vector renormalization con-
stant and my the nucleon mass. For neutron-
neutron collisions, we use the one-pion-exchange
potential derived from the p-wave pion-nucleon
pseudovector coupling (with strength f=1.00) in
the Born approximation.!® We assign (E,, P;) and

n n A /A
n ™ n x(Z,A)
(a) (b) (c)
FIG. 1. Axion emission processes: (a) neutron

bremsstrahlung, (b) electron bremsstrahlung (Comp-
ton-type process), and (c) the Primakoff process.
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(E;, P3) for the initial and final four-momenta of a neutron, (£, p,) and (E4, P4) for another neutron, and

(Es, Ps) for the axion. Then, the squared matrix element summed over the initial and final neutron spins

isll
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where m,, is the pion mass, m, is the neutron effective mass, k= P1—P3 and T= P1— P4 The energy-loss
rate (power per unit volume) due to (1) is

Iy f-2

i=1 (277)3
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is the transition probability, V¥ is the normalization volume, and » (P;) is the Fermi function. The factor % is
introduced to avoid double counting of the states of identical particles. The factors in the form 1—n (P;)
take into account the Pauli blocking due to neutron degeneracy. Unlike photons, or neutrinos in the initial
stages of stellar collapse, for F in the currently allowed range axions interact so weakly with matter that their
mean free path is always much larger than the size of the star. The calculation of (4) is straightforward and
one obtains'?
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where

F(x)=1-3xarctan(1/x) +x¥2(1+x?),

4 *2
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with x =m_c/2pg(n), pp(n) is the neutron Fermi momentum, and we have neglected the axion mass,
which is very small: m, ~ 107 °[F/(10'2 GeV)] eV.}?

The temperature dependence in (5) may be understood as follows. The axions are emitted thermally, so
that they have a characteristic energy ~ kg7. The matrix element has no temperature (energy) dependence
since a factor 77! from the nonrelativistic neutron propagator cancels one power of T from the pseudoscalar
coupling vertex. The phase-space integrals over momenta may be converted into energy integrals. Since the
neutrons are degenerate, each phase-space integral is restricted to near the neutron Fermi sphere of thick-
ness ~ kT giving a factor of T* from four neutron states. The axion, being relativistic, gives a factor T°
from its phase-space integral. There are one power of T from axion energy, a factor 7! from the energy-
conserving delta function, and another factor of 7~ ! from the normalization of the axion field operator.
Thus, the axion emission rate from (1) is proportional to 7°.

The second process we consider occurs in the crust of the neutron star, which is composed of a lattice of
ions and degenerate relativistic electrons. There, an electron collides with an ion of charge Z |e| and mass
number 4 and emits an axion [process (2)]. We find the Compton-type process [Fig. 1(b)] to be more im-
portant than the Primakoff process [Fig. 1(c)]. The interaction Lagrangian density is %, = igpetWe ¥ sted 4,
where g4, = m,/F with m, the electron mass.’> The squared matrix element summed over the initial and final
spins of the electron is

IMP2= 3 |MP|*= 2Z%gje, | 1+Bcoshy 1+Bcosh; [ 287(cosdyscosdy; — coshy,)
ooy fi (lk|1?+q3) | 1—Bcosd;; 1—pBcoshy; (1—pBcosb3) (1—Bcoshy3) |

(6)

where the indices /i=1,2,3 denote the initial and final electrons and the axion, respectively,
B=I[1+ (m./|7:1)217 "2 and cosé,3;=7,P3/|P:!|P;l, etc. The factor Z|e|/(|k|2+g2r) comes from the
screened static Coulomb field of the ion with the Thomas-Fermi wave number gpr= (4a/7)"*pr(e), where
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a=e?/4r = 1. The energy-loss rate (power) is

f—IVf d311i
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with k =(0,k). Performing the phase-space in-
tegrals in (7), one finds the energy-loss rate (power
per unit volume) to be

€4 = €1ep/ A
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120 4 Fc )‘i[ch(e)]2

[2In(2y) —1],
(8)

where vy is the Lorentz factor of the electron with
Fermi momentum pg(e). Again, the temperature
dependence of (8) may be explained easily. The
matrix element (6) is temperature (energy) in-
dependent since a factor of 77! from the electron
propagator cancels one power of T from the pseu-
doscalar coupling vertex. The initial and final rela-
tivistic degenerate electrons give one power of T
from each phase-space integral, respectively. The
axion gives T° from its phase-space integral, one
power of T comes from axion energy, a factor of
T-' from the energy-conserving delta function,
and another factor of 7~ ! from the boson normali-
zation. Altogether, the axion emission rate from
(2) is proportional to T*.

These two processes are to be compared with the
following neutrino emission processes: the modi-
fied URCA process!?

n+n—n+p+e +v,,

n+pt+e —n+n+tv, ©)

and the neutrino bremsstrahlung by the electrons in
the crust!'4

e " +(ZA)— e +(Z,4)+v+v. (10)

The processes (9) and (10) have temperature
dependences « 7% and « T° respectively. From
Egs. (5) and (8) we find that the axion emission
rates in fact have temperature dependences dif-
ferent from the neutrino case. Axion emission
tends to dominate over neutrino emission at lower
temperatures, as a result of its milder temperature
dependence.

We now make a more quantitative comparison of
axion and neutrino emission. For this purpose, we
must specify the equation of state of neutron-star
matter. We allow for the theoretical uncertainties
in nuclear physics by choosing two types of equa-
tions of state: a medium-soft equation of state by

1200

Bethe and Johnson (BJ)!® and a stiff equation of
state by Pandharipande and Smith (PS).!® Soyeur
and Brown!” have calculated the neutrino luminosi-.
ty in detail by using these two equations of state.
They find that, without nucleon superfluidity, the
modified URCA process!! is the most important
energy-loss mechanism at temperatures down to
~2x10 K (=T,); below that the photon radia-
tion from the surface takes over. Comparing (5)
and the modified URCA rate,!’ one finds that axion
emission will dominate neutrino emission un-
less'® 1 g N <2.1x107°[T/(10° K)]. Taking T
=T, one obtains the condition for the axions not
to interfere with the neutrino cooling, gy < 4
X107 or F > 3x10° GeV.

In the presence of nucleon superfluidity,!*?° the
condition becomes less restrictive. Proton super-
fluidity is expected to set in first at 7, ~4.6x10°
K.!"° Then, all the processes involving protons are
suppressed as a result of the energy gap, estimated
to be A, ~ 0.7 MeV.!® Next, the neutrons become
superfluid at 7, ~7x 10® K.2° For this reason, the
rates of neutrino emission by nucleons drop sharply
below ~10° K (BJ) or 4x10° K (PS) (=T),),
where the neutrino bremsstrahlung by the electrons
in the crust (10) becomes the major energy-loss
mechanism.!” We compare the neutrino rate from
(10) at the crust density n, =0.51, with (5) at cen-
tral densities and obtain g,y < 4%x107 % (BJ) and
6x10719 (PS) or F > 3x10° GeV (BJ) and 2x10°
GeV (PS) in order for the axions not to dominate
the neutrino rate at 7 < 7,. The photon radiation
eventually takes over at temperatures below
~3x10% K (BJ) or 2x10% K (PS) (=T;). At
T = T; we can compare the rate (8) with the neutri-
no bremsstrahlung rate (10), and obtain the condi-
tion for the axions not to dominate photon cooling
at T < T3 guee < 9%10713 (BJ) and 6x 10~ 13 (PS)
or F > 6x10% GeV (BJ) and 9x 10 GeV (PS). We
note that in spite of the uncertainties in the equa-
tion of state, axion emission could be the dominant
cooling mechanism if 108 < F < 3x10° GeV. This
parameter range of F has not been ruled out from
any previous considerations.*?

Finally, we discuss the implications of our
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analysis in the light of observations. The Einstein
Observatory found three x-ray emitting point
sources in the centers of supernova remnants
(Crab, Vela, and RCW 103).2! The cooling calcula-
tions based on the standard neutrino scenario are
found to be consistent with the observed x-ray flux
from these objects within the theoretical uncertain-
ties.?2 If one tentatively concludes that there
should not be any extra cooling mechanisms other
than neutrino emission, one may obtain a bound on
the axion parameters. In order to do so one must
keep the following in mind. The observation of the
x-ray spectra is needed to assure that these x rays
are in fact thermal. In addition, one must make
sure that there are no heating mechanisms at work
inside neutron stars. With these provisions, we
stress the potential importance of the x-ray observa-
tions of neutron-star surface temperatures as a
means to obtain a better bound on F.

In summary, the standard scenario of neutron-
star cooling due to neutrino emission must be
modified unless the Peccei-Quinn symmetry-
breaking scale for axions F > 6x103-3x 10 GeV.
The uncertainty comes from our lack of knowledge
of the neutron-star matter equation of state. The
region 103 < F < 3x10° GeV has not been ruled
out from the previous considerations. We have also
pointed out the potential importance of the data of
x-ray flux from the neutron stars in placing a better
bound on F.
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