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Axion emission processes in degenerate neutron-star matter in the presence of a condensate
of neutral or charged pions or kaons are studied. It is found that the presence of a neutral-pion
condensate enhances axion emission over ordinary neutron-star matter as drastically as it enhances
neutrino emission. Owing to a quartic temperature dependence, the energy loss due to axion emission
in the interior could significantly accelerate the star’s thermal evolution for the values of axion
parameters that are currently allowed under astrophysical considerations. In addition, it could
compete with surface photon radiation for the major part of the star’s cooling phase, which may
result in a reduced temperature difference between the interior and the surface.

PACS number(s): 97.60.Jd, 14.80.Mz, 21.65.4+f

I. INTRODUCTION

The study of elementary processes that contribute to
the energy loss of neutron stars is of importance for theo-
retical understanding of their thermal evolution. A com-
parison between the theoretical predictions and observa-
tions with x-ray satellites in turn gives valuable infor-
mation about basic particle interactions and the state of
matter at high densities and temperatures [1].

The surface temperature of a neutron star (or its up-
per limit) may be deduced from the measured unpulsed
component of the x-ray photon flux by assuming a black-
body spectrum. When the x-ray spectrum can be mea-
sured with spectrometers, the surface temperature may
also be deduced by fitting the spectrum to a blackbody.
The upper limits of the surface temperatures of four
sources—3C58 [2], PSR 0531421 (Crab) [3], RCW 103
[4], and PSR 1929+10 [5}—are consistent with the stan-
dard neutrino cooling of ordinary neutron-star matter.
The surface temperature of one source, PSR 0656414
(6], is roughly consistent with or (slightly) lower than
the standard cooling scenario, depending on the equation
of state. On the other hand, the surface temperatures
of two sources, PSR 0833—45 (Vela) [7] and the v-ray
pulsar Geminga [8], are appreciably lower, while that of
PSR 1055—52 [9] is (slightly) higher than those predicted
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by the standard cooling scenario [1,10,11]. One is thus
compelled to invoke nonstandard cooling mechanisms at
least for PSR 0833—45 and Geminga, and (possibly) for
PSR 0656+14, either with the emission of exotic parti-
cles, such as axions [12-15], or with exotic matter, such as
pion [16-19] or kaon [20-22] condensates, quark matter
[23,24], or neutron-star matter with a sufficiently large
concentration of protons [25,26] or hyperons [27]. Com-
pared with neutrino emission, thermal emission of exotic
particles can enhance the energy loss significantly due to
their different couplings to ordinary neutron-star mat-
ter, which may result in an increased magnitude and/or
different temperature dependence of the energy-loss rate.
The presence of exotic matter can modify the kinematical
conditions in such a way that the simple B-decay reac-
tions of baryons or quarks may be allowed, thereby en-
hancing the energy-loss rate significantly compared with
the “higher-order” processes, such as the modified Urca
process [28] that occurs in ordinary neutron-star matter.

The purpose of the present paper is to look for new
energy-loss mechanisms.. We do so by combining exotic
particles with exotic matter. In particular, we study ax-
ion emission processes in meson condensates. We con-
sider axion bremsstrahlung processes involving neutrons,
protons, and hyperons in the presence of a condensate of
neutral or charged pions or kaons. We find the neutron
bremsstrahlung process in the neutral-pion condensate
to be of most importance, which, with a quartic tem-
perature dependence (o< T'%), could compete with pho-
ton cooling from the surface. In the next section, we
calculate the neutron bremsstrahlung rate in a neutral-
pion condensate. In Sec. III, we qualitatively discuss
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other bremsstrahlung processes including other meson
condensates, i.e., proton bremsstrahlung in a neutral-
pion condensate, nucleon and hyperon bremsstrahlung
in a charged-pion condensate, and neutral- and charged-
kaon condensates. In Sec. IV a discussion is given. We
compare the axion emission rate with the neutrino emis-
sion rate when a neutral-pion condensate is present or ab-
sent. We then discuss the implications of axion emission
from a neutral-pion condensate in the context of neutron-
star cooling. We also comment on the axion emission
process involving free pions, which has been considered
by other authors. In the Appendix, we note that the
momentum supply from the classical pion field arises dif-
ferently in the matrix elements by examining how the
charged and neutral hadronic currents transform under
chiral rotation in the different condensate phases. We
use the units in which A = ¢ = kg = 1 except in some of
the final expressions.

II. AXION EMISSION
FROM A NEUTRAL-PION CONDENSATE:
NEUTRON BREMSSTRAHLUNG

A. The neutral-pion condensed phase within a
chiral-symmetry approach

In this subsection, we first summarize the properties
of the neutral-pion (7°) condensed phase. Within the

[2(p,0 = £3)) = |n(p,0 = £3))
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SU(2)xSU(2) chiral-symmetry model, the neutral-pion
condensed phase |7°) is constructed by a chiral rotation
of the ground state |0):

%) = U(x%¢)[0) (2.1)

with

U(n° ¢) = exp (z / dr A ) , (2.2)

where A} is the axial-vector current. A classical pion field
¢ is chosen to be of the form ¢ = A sin kgz, where A and
ko are the amplitude and the momentum of the conden-
sate, respectively. In this model, the neutral-pion con-
densate forms a standing wave in one dimension, which
is chosen to be in the z direction. The condensate is ac-
companied by the localization of baryons with a specific
spin-isospin order along the z direction, and the baryonic
system constitutes the layered structure called the alter-
nating layer spin structure in the well-developed ground
state [29,30]. Hereafter, we consider the weakly con-
densed case, where the Fermi surface is little modified
from the normal spherical one, and a perturbative treat-
ment with respect to the amplitude A is justified. In this
case, the wave functions for neutron quasiparticle states
are given by [31]

|n(p —ko,0 = ﬁ:%))

2

@(In(p+ko,a = +1)
en (P + ko) — en(P)

) +0(4% , (2.3)

en(p — ko) — en(p)

where o is the third component of the spin. The proton states are similar. In Eq. (2.3), en is the single-particle
energy for the nucleon, ko = ffrFokoZ, represents the modified pseudovector vertex with Zo = 1/(1 + ¢g'F2II,) and

Iy = 2[Un(ko, pr(p)) + Un(ko, pr(n))]

+3(fana/fxnn)?[Ua(ko, pr(p)) + Ua(ko,pr(n))] -

Here, f = fxnn /m is the p-wave pion-nucleon (r NN)
coupling constant divided by the pion mass, fr = 93
MeV is the pion decay constant, and k¢ comes from the
wNN pseudovector coupling. In addition, Fo = (A% —
m2) /(A% + k2) represents the form factor at the pion-
nucleon vertex with the cutoff parameter A = 1.2 GeV,
Un and Up are the Lindhard functions for the nucleon-
nucleon particle-hole and A-nucleon particle-hole, re-
spectively [32], and frna (= 4/72/25fxnnN in the quark
model) is the T NA coupling constant. The medium cor-
rections are taken into account through the factor Zj:
(1) excitations of the isobar A(1232), and (2) the short-
range correlation in the pion channel, which is simulated
by the Landau-Migdal parameter ¢’ within the ring ap-
proximation.

It is to be noted that there should be an additional
term stemming from A excitations in the intermediate
states in the wave function (2.3). This term contains
propagators of the form 1/[ea(p £ ko) — en(p)], where
ea(p % ko) is the single-particle energy of A. Approx-

(2.4)

imately, these propagators are of order 1/6Man with
dMan (=293 MeV) the A-N mass difference. As a re-
sult, the corresponding phase-space factor BY4 in the
matrix element for the relevant axion emission processes
is smaller than that without the isobars [see (2.15) and
(2.16) in Sec. II B] by a typical factor of O(E,/6Man) ~
10%-10"%, where E, [= O(kgT)] is the axion energy.
Therefore, one may ignore the contributions from the
processes involving A excitations.

B. Emissivity from neutron bremsstrahlung

We consider the following axion emission processes
involving nucleons in the weak neutral-pion condensed
phase:

7i(p) = 7(p') + a(pa) (2.52)

and
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B(p) = B(p) + a(pa) - (2.5b)
We denote the four-momenta of the initial and final nu-
cleons and the axion by p, p’, and p., respectively. For
the axion-nucleon coupling we take the interaction La-
grangian density of a pseudovector form [15,33,34]

Lint = J,‘:B,,a (26)

with the hadronic current

JE= [cp/(fa/N)1BY* 5P + [cn/(fa/N) ]y ysm

= (g1/mN)P* + (g2/mn)As (2.7)

where ¢; (¢ = p,n) is the axion-nucleon coupling, fo/N
the axion decay constant divided by the number of quark
flavors, g, = %(gapp + gann)y g2 = %(gapp - gann) with
gaii = cimp/(fa/2N) the pseudoscalar coupling con-
stant [i.e., the interaction Lagrangian density of the pseu-
doscalar form is L = 'Lgappp'y5pa + igannfivsna] and
mpy the nucleon mass. P* = —N’y“’ysN and A =
3N~#~573N are the isospin singlet and triplet axial vec-
tor currents, respectively, with N the nucleon isodoublet
spinor.

For the rest of this section we consider neutron
bremsstrahlung (2.5a). @ We shall consider proton
bremsstrahlung (2.5b) in the next section. The emis-
sivity from process (2.5a) is given by

€an(7°) = (21/V)[V?3/(27)°]
x / d3p / d3p' / d*paE.S6(Es — E;)|M,,|%,
(2.8)
where S = n(p)[1 — n(p')] is the statistical factor, with
n(p) the Fermi function and |M,,|? the squared matrix
element summed over the initial and final nucleon spin

states:
J
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[Monl= 3| [ (7). a(p) Hiel(5)
spins
2
—Z / B, o) T i 0))0ua] ,  (29)
with Hype = U(n®) 'HinU(n°) = Him and J =

U(x®)~1JLU(x°) = J¥. Since the hadronic current J&
as well as the Ha.mlltoman density Hjy is invariant un-
der the transformation with respect to U (m©), there is
no commautator contribution [16,31], and the momen-
tum of the condensed neutral-pion field k¢ is supplied
only through the phase factors e***o* coming from the
spatial part of the neutron-quasiparticle wave function

(2.3). With the use of a plane wave for the axion
a(z) = (1/+/2E,V)e*P=*, one obtains

|Man|? = (Pa)u(Pa) M** [2E,V . (2.10)

m,v
In Eq. (2.10),
M** =Y "|Bgi,|*HEY, | (2.11)

where

B, = / &1 0 (£) bop(r)ePer (2.12)

is the phase space factor with ¢,,(r) the spatial part of
the wave function (2.3) and

(xR Ixa Mxah I g’ )

is the hadronic tensor. In (2.13), x for ¢ = +1 is the
spin part of the wave function. For B, _ one obtams

HYY = (2.13)

1

B, = & [63(ﬁ)+ ( :

en (P’ — ko) — en(p’)

g e en(p))“°53“’ ko)

Ao
2 \en(p’ + ko) — en(p’)

with 8 = p — p' — pa- The second and the third
terms in the square brackets in Eq.(2.14) correspond to
the pole contributions, which are shown with the di-
agrams in Fig. 1 [16,31]. The denominators in each
term can be simplified with the help of energy conserva-
tion en(p) = en(p’) + E, and momentum conservation
B £ ko = 0 by neglecting the axion momentum, since
|Pa| ~ kBT /c. The result is

en(p' — ko) — en(p’) ~ E,

en(p+ko) —en(p) ~ —Eq (2.15a)
and
en(p’ + ko) —en(p’) ~ Ea ,
en(p — ko) —en(p) ~ —E, (2.15b)

en(P — ko) — en(p)

! )noas(p - ko)] +0(47), (2.14)

vd
nl a nT
L7 MAAAAA
7o e
/\n n/\ // a
), V. VV.VN L7
o A y
n Fn

(@) (b)

FIG. 1. The lowest-order diagrams for # — 7 + a. Both
diagrams correspond to the pole contribution. The diagrams
for p — p + a are obtained by replacing the neutron lines by
proton lines.
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By the use of Egs. (2.15) one obtains

B = B ((0) 4 221520 1 )+ 5%06 - o)
+0(A2) . (2.16a)

Other components of the phase-space factor can be ob-
tained in a similar way:

B, = (2") (53(5) A"°[63(B+ko)+63(ﬁ ko)l)
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B,y =B__= (2—”)353([3) +0(43%) (2.16¢)
v : .

Next we calculate the hadronic tensor (2.13). In the non-
relativistic limit, P# and A% in (2.7) reduce to

P - %ajéj“ , A‘; — -;-gAT;;O’J‘(Sj# (217)

for j = 1,2, 3, respectively, where g4 is the axial vector
coupling strength. With the use of (2.17), one obtains

(Az) ) (2.16b) the nonzero components of the hadronic tensor
J
HY =HgY =H? = H? =HP =H% = (91— §ag:)*/(2mn)?,
(2.18)
HY? = _-H_+ =—-H?* = H__,, = —i(g1 — §ag2)?/(2mn)?

Here g4 is the axial vector coupling strength with the
medium correction renormalized, i.e., 4 = Zoga [31].

From (2.16) and (2.18), the squared matrix element
(2.10) is obtained as

2m)3 -
M = C7E (g, — Gago)?
Az"tz) 3 3 2
x——_—ﬁm%E [6°(B + ko) + 6°(B — ko)] + O(4?) .

(2.19)

In (2.19), we have averaged the components of the axion
momentum as (p%)? = E2/3 (i = 1,2,3). There is no
contribution to the emissivity from the terms that are
proportional to 63(8) in (2.16), since no momentum is
supplied from the neutral-pion condensate. After per-
forming the phase-space integration in (2.8), one obtains
the final expression for the axion emissivity via neutron
bremsstrahlung:

€an(7°) = (7/180)(g1 — Gag2)?

x (k2A%/ko)(m?k /m,)?(ksT)* , (2.20)
where m, is the effective mass of the neutron. To be
specific, let us now employ the numerical values for the
physical parameters that have been obtained from the
ground-state properties of the neutral-pion condensed
phase in neutron-star matter within a chiral-symmetry
approach [31]. Near the critical density p. ~ 2.1po, with
po (=0.17 fm~3) the nuclear matter density, one finds
ko ~ 2.1 fm™!, the proton fraction Y, ~ 4%, pr(n) = 2.1
fm~1, pr(p) = 0.75 fm™?, so that ko = 0.53 fm~?, and
Zo = 0.43. Thus, one obtains

€an (%) ~ 8.0 x 10%%(g; — ag,)*A?
3_.—-1

x(mpk/my,)?Ty ergcm™3s™ 1 | (2.21)

where Ty is the temperature in units of 10° K.
The quartic temperature dependence of the energy-

[

loss rate may be understood as follows. The squared
matrix element (2.9) consists of three factors: the tran-
sition amplitude squared, the products of the normaliza-
tion factors of the wave functions, and the momentum-
conserving § function. The transition amplitude squared
is temperature independent, since one power of T' from
the pseudoscalar axion-nucleon vertex is canceled by an
inverse power of T' from the propagator for the nonrel-
ativistic nucleon, which is inversely proportional to the
axion energy (of order T'), while each nucleon line gives
rise to no temperature dependence. The normalization of
the pseudoscalar (axion) field operator gives rise to an in-
verse power of . The momentum-conserving § function
is temperature independent. Thus, the squared matrix
element is proportional to an inverse power of 7. In ad-
dition, the phase-space integrals for both the incoming
and outgoing nonrelativistic nucleons yield one power of
T each, while the phase-space integral of the axion, which
is relativistic, contributes a factor 7'3. Furthermore, the
energy-loss rate contains the energy of the axion, which
yields one power of T', and the energy-conserving ¢ func-
tion contributes a factor 7~!. Altogether, the tempera-
ture dependence comes out to be T4.

One may adopt the axion bound from Supernova
1987A to estimate the magnitude of (2.21). From the
requirement that the duration of the neutrino signal be
no shorter than one-half of the observed duration, to-
gether with a simplifying assumption that gann = gapp
(= gann), the upper bound on the axion pseudoscalar
coupling constant is [35]

gann < (0.3 —2.6) x 10710, (2.22)

where the range reflects the theoretical uncertainties.
This gives

7°) < (7.2 x 10%° — 5.4 x 10%2)(A%/0.1)

x(mp/myp) Ty ergecm™3s71 .

€an (

(2.23)

One remark is in order. Although the bound from Super-
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nova 1987A, (2.22), is more restrictive than other astro-
physical and laboratory constraints, the collisional effects
(the Landau-Pomeranchuk effect), which are neglected in
deriving (2.22), are likely to relax this bound to some ex-
tent [36]. This could possibly increase the upper bound
on the emissivity (2.23) by an order of magnitude.

III. OTHER BREMSSTRAHLUNG PROCESSES

In this section, we consider other axion emission pro-
cesses in pion and kaon condensates. Specifically, we
consider axion emission from (1) a neutral-pion conden-
sate involving protons (proton bremsstrahlung), (2) a
charged-pion condensate, (3) neutral-, and (4) charged-
kaon condensates. Using qualitative arguments, we
demonstrate that these processes give axion emissivi-
ties smaller than that of neutron bremsstrahlung from
a neutral-pion condensate.

Let us first consider the axion emission process involv-
ing proton quasiparticles p — p+ a (2.5b). In spite of its
similarity to the neutron quasiparticle process 7 — n+a
(2.5a), one finds that the proton process is kinematically
suppressed for the following reason. Recall first that
the protons are degenerate with the Fermi momentum
pr(p) ~ 0.75 fm™1, while the static, classical, neutral-
pion field can supply the momentum ko ~ 2 fm~!. In

J

€an(77) = (1°/126)(1/kc) (93 + (94/3) (261 + 9493) (ke/1x)?16% (m;, /mn) (¢ /mn) T

under the condition

lpF(C) — ke| < pr(n) < |PP(C) + kel - (3.3)

In (3.2), pr is the chemical potential of the classical
charged-pion field, k. = |k.|, @ is the chiral angle, and
m, and m¢ are the effective masses of the quasiparti-
cles 7 and (, respectively. The mixing angle between
the neutron and proton states ¢., which is implicit in
(3.2), may be approximated as ¢, = (gake/pr)0 + O(6%)
[37]. The first term in the square brackets of (3.2) is
the commutator contribution, while the second term is
the pole contribution. The temperature dependence of
the emissivity (3.2) is 76, which is to be compared with
the T* dependence in the neutral-pion condensate case.
The neutron propagator in process (2.5a) is proportional
to 1/E, ~ 1/kpT, while the corresponding propagator
in the pole contribution in the lowest diagram for (3.1)
is proportional to 1/(E,; — pix) ~ 1/px. In addition, the
commutator contribution to (3.1) is the same order as the
pole contribution, since they are of the same magnitude
because of their same temperature dependence. That is,
the ratio of the matrix element of the commutator contri-
bution to that of the pole contribution is O(k./pr) ~ 1.
Thus, the ratio of the squared matrix elements for (3.1)
and (2.5a) is

[M(n — ¢+ a)/|M(7 — i+ a)|” ~ (kaT/pa)® < 1.
(3.4)
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order to satisfy energy and momentum conservation si-
multaneously, the initial and final protons must have mo-
menta at least p ~ ko/2 [> pr(p)]. On the other hand,
the number of such suprathermal protons is small. There-
fore, the reaction is suppressed due to the presence of a
factor exp{—[kZ/4 — pr(p)?]/2mnksT} < 1.

Next, we consider axion emission from a charged-pion
condensate:

n—>(+a, (3.1a)

(—=n+a, (3.1b)
where 7 and ( are the quasiparticles, which are the su-
perposition of the proton and neutron states [cf. Egs.
(A3) in the Appendix]. Processes (3.1a) and (3.1b) are
mediated by the transformed hadronic current (Al). It
is to be noted that the momentum supply from the clas-
sical pion field takes place through the spatial part of the
quasiparticle wave functions (cf. the Appendix), so that
a phase factor of the form exp(ik. - r) does not appear
explicitly in (A1), which is similar to the case for the
neutral-pion condensate. Here k. is the momentum of
the classical charged-pion field. The calculation of the
emissivity from (3.1a) proceeds in the same way as the
neutral-pion condensate case, and one obtains

(3.2)

[

Therefore, one expects the ratio of the energy-loss rates
from these processes to be of the same order:

€an(™) fean(n®) ~ (kpT/ur)? <1,  (3.5)
apart from the different phase-space factors (for the pro-
ton and the neutron), which are unlikely to compensate
the small factor (kgT/ur)?. Furthermore, soon after the
onset of the charged-pion condensate, the ground state
consists only of 7 particles (within the one-Fermi-sea ap-
proximation) [37], where the kinematical condition (3.3)
is not satisfied. For these reasons, we conclude that axion
emission is not as important in a charged-pion conden-
sate as in a neutral-pion condensate.

We now speculate on the axion emission processes
from kaon condensations. Here we briefly remark on
the ground-state properties of the kaon condensed phase.
The possibility of kaon condensation was pointed out by
Kaplan and Nelson [38]. In recent works by two of us, it
has been shown that the weak interactions play an im-
portant role in the realization of the kaon condensate in
stable neutron matter [30,39-41]. The chemical equilib-
rium is attained via the weak process, n < p+ K, which
leads to the appearance of protons. The proton frac-
tion is found to increase drastically once the condensed
kaons appear, due to larger s-wave KN attractive in-
teractions for protons than for neutrons. As a result,
the protons and neutrons, which provide two Fermi seas



6094

independently, come into play in the condensed phase
virtually equally.

Based on these aspects of the negatively charged kaon
condensed phase, we consider the following axion emis-
sion process from a charged-kaon condensate:

Nk +(k t+a, (3.6a)

(k @ Nk +a, (3.6b)

where 7 and (i particles are superpositions of the neu-
tron and proton states:

Ik (p,o = £3)) = uln(p,o = £3)) + vlp(p,0 = £3)),

(3.7a)

Kk (p,o = £3)) = u*|p(p,0 = £3))— v*|n(p,0 = +3)).
(3.7b)

Note that u = 1 + O(G%) and v = O(GF) with G the
Fermi constant, because the protons, neutrons, and con-
densed kaons couple only through the weak interactions.
The transformed hadronic current is given by

j": = f]—l(K_’p’KaoK)J;I;f](K_,}LK,gK)
= (g1/mn)P* + (g2/mn)[A + ;(cosfk — 1)

x (A4 +V3AY) — V¥ sinbk] (3.8)
with a unitary operator generating the charged-kaon con-
densed state

U(K™;uk,0k) = exp(ipktQ) exp(ifxQ3) ,  (3.9)

where Q = V2 + V2//3 is the electromagnetic charge
operator, and ux and Ok are the chemical potential and
the chiral angle, respectively, of the classical charged-
kaon field. From Egs. (3.7) and (3.8), we can see that
the commutator term [ox V¢ sinfx in (3.8)] does not
contribute to the matrix elements within the nonrela-
tivistic approximation and that only the pole terms from
the flavor-conserving currents in (3.8) contribute. How-
ever, the latter are mediated by the weak interaction,
n — p + K, so that the emission rate is expected to
be much smaller than that from (2.5). In addition, the
kinematical condition is not satisfied at the aNN ver-
tex because the classical kaon field is of the s-wave type
(with the momentum px = 0), which is in contrast with
the charged-pion condensate case. Therefore, the process
(3.6) is hardly important compared with other processes.

At a certain density over the threshold of the s-wave
negatively charged-kaon condensation, the condensate
becomes of the p-wave type (with |px| # 0), where hy-
peron (Y) excitations appear via the KNY strong in-
teractions [30,39-41]. The generator of the p-wave kaon
condensation has a form that is the extension of (3.9) to
a p wave:
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f](K_ yHKPK, OK) = exp(zl"‘KtQ)

X exp (z / d*rpg - rV,?)

x exp(i0x Q3) (3.10)

with the V-spin charge density V¢ = (V@ + v3VQ)/2.
Thereby the transformed hadronic current results in
the same form as (3.8). Thus, a phase factor of the
form exp(ipk - r) does not appear from the transformed
hadronic current either. On the other hand, baryons are
composed of quasiparticles as superpositions of the nu-
cleon and hyperon states. The neutron couples to the
¥~, while the proton couples to the A and £°, respec-
tively. For example,

|a(p, 0 = £3)) = cos ¢k |n(p — Pk/2, 0 = £3))

+isingg|XT (P — Pr/2,0 = i%)) )
(3.11a)

|2'(p’a = :I:%)) = cos¢K|2_(p + PK/2»°' = i%))
+i singx|n(p + Px/2, 0 = 1)),
(3.11b)

and [p), |A), and |£°) take similar forms. In (3.11), ¢k
is the mixing angle between the nucleon and the hyperon
through the p-wave KNY coupling (which has a feature
¢x — 0 as px — 0). Then, the transition from |7) to
|£-) (and from |$) to |A) or |£°)) and vice versa are pos-
sible via both the commutator and pole terms in (3.8),
and the momentum is supplied through the phase shift
in the spatial wave functions between the |f) and |X7)
states (and between the |p) and |A) or |£°) states). These
cases are similar to that of the charged-pion condensate
and the resultant emissivity has a T'® temperature depen-
dence. Nevertheless, the ground state is likely to consist
only of |ii) and |p) states [30,41] because the |¥~) and
the [A) or |£°) states have larger single-particle energies
than those for the |72) and |p) states. As a result, these
processes are likely to be kinematically suppressed. Thus,
axion emission processes in a p-wave kaon condensate are
expected to play a minor role as compared with the case
of a neutral-pion condensate.

When a neutral-kaon condensate is present [42], one
might be interested in the processes

S hta, (3.12a)

St

popta. (3.12b)

Here, 7 and p represent quasiparticles. On the other
hand, since the neutral-kaon condensate occurs in the
s-wave state on a macroscopic (or classical) scale, no
momentum supply is available from the condensate. In
addition, the reactions n +> n + K° and p « p + K°
lead to the chemical equilibrium condition for the chem-
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ical potential of the neutral-kaon pxo = 0. This means
that no energy supply is available from the condensate
either. Therefore, reactions (3.12a) and (3.12b) are “clas-
sically” forbidden. For this reason, these reactions must
proceed through thermal excitations in the condensate.
But, since such reactions are of higher order, we expect
the rate to be small. We might add that the nature of
the neutral-kaon condensation itself has not been studied
in detail and, therefore, is not well known.

€ann/€mod-Urca ~ 8.8 X 10 (93m./7w) (mn/my,) (mp/m;) (P/PO)_1/3T9_2 .
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IV. DISCUSSION

It is instructive to compare axion emission with neu-
trino emission in the two cases when a pion condensate
is present or absent. In the absence of a pion condensate,
the major axion emission mechanism is nucleon-nucleon
bremsstrahlung [12-14], while neutrinos are emitted via
the modified Urca process [28]. The ratio of the emissiv-
ities through these two mechanisms is given by

(4.1)

The neutron and proton effective masses are denoted by m}, and mg, respectively. In addition, only the neutron-
neutron bremsstrahlung rate is used for the axion emissivity. The inclusion of proton-proton and neutron-proton
bremsstrahlung increases the rate typically by a factor of 2-3 for gapp = 0 and gann # 0 and 3-7 for gapp = gann for
the range of the mass density 1 < p/pp < 10 [14]. In the presence of a neutral-pion condensate, one may use the
rate calculated in the present paper for axion emission, while the Urca process becomes the major neutrino emission

mechanism [31]. Then, the ratio of the axion emission rate to the neutrino emission rate is

€an (1°)/€Urca(n°) ~ 4.8 x 10*(gly v /Fic) (m;, /mn) (mp /mp) T5™? .

Here, we have set gopp = gann = gann for simplicity. By
comparing (4.1) and (4.2), one finds that the ratio of the
axion emission rate to the neutrino emission rate in the
presence of a neutral-pion condensate is roughly the same
as the ratio in the absence of a pion condensate [43].
This is not surprising for the following reason. Let us
recall that energy conservation and momentum conserva-
tion give two independent constraints on the momenta of
the particles involved in the reaction if some of these par-
ticles are nonrelativistic. Another important constraint
comes from phase space due to the Pauli principle: The
momenta of the degenerate fermions involved in the reac-
tion must lie close to their respective Fermi surfaces for
the reaction to occur at an appreciable rate. For ordi-
nary neutron-star matter, the composition of the degen-
erate fermions combined with these constraints do not
permit the simple neutron 8 decay reactions to proceed,
and the modified Urca process with a degenerate by-
stander nucleon that takes up excess momentum becomes
the lowest-order process to be allowed [44]. The situa-
tion is somewhat similar to a nucleon bremsstrahlung.
A single nucleon cannot emit a neutrino pair via the
bremsstrahlung, since such a process cannot satisfy the
energy and momentum conservation laws simultaneously
[45]. A nucleon-nucleon bremsstrahlung (again with a by-
stander nucleon) becomes the lowest-order process [28].
The presence of pion condensates changes the mechanism
of neutrino emission drastically—since both the charged-
and neutral-pion condensates may supply or absorb mo-
mentum, the simple 3 decay reactions [16-18] and the
neutrino pair bremsstrahlung by a single nucleon [31] are,
respectively, kinematically allowed. This means that the
number of degenerate fermions involved in the reactions
is smaller, and thus the reactions suffer less Pauli block-
ing, resulting in larger neutrino emission rates. However,
the same is true for axion emission. Therefore, the ratio
of the neutrino and axion emission rates is not changed

(4.2)

[
significantly whether or not pions are present. Roughly
speaking, the only major difference between axion emis-
sion and neutrino emission is that while an axion is emit-
ted singly by a nucleon, the (anti)neutrino is emitted in
the form of a lepton pair (an electron and an electron-
type antineutrino) by a nucleon (accompamed by the
change in nucleon isosopin). The rest, either nucleon-
nucleon collision or nucleon-pion condensate interactions,
is essentially the same.

Let us now discuss the implications of the axion emis-
sion mechanism considered in the present paper for neu-
tron star cooling. The quartic temperature dependence
of the axion emissivity in the neutral-pion condensate
implies that this cooling mechanism persists at low tem-
peratures. For ordinary neutron-star matter, the conven-
tional neutrino cooling mechanisms, such as the modi-
fied Urca process, nucleon bremsstrahlung, and electron
bremsstrahlung in the crust, all depend on the temper-
ature with higher powers (78, T8, and T®, respectively)
[46]. Here, T is the temperature of the interior. Photon
cooling from the surface eventually dominates at later
stages with the temperature dependence of T2 with T,
the temperature of the surface. Here, the temperature
of the interior T is related to the temperature of the
surface T, through the thermal properties of the crust
(thickness, composition, and radiative and conductive
opacities, etc.), which are determined by such factors as
the equation of state, the magnetic field strength, and
the mass of the neutron star. Typically, T ~ 10T, at
T. ~ 10% K [46-48]. The situation is considerably dif-
ferent in the presence of a pion condensate [16-18]. As
mentioned in the preceding paragraph, the simple 3 de-
cay of nucleon quasiparticles is kinematically allowed in
the presence of a charged-pion condensate so that neu-
trino emission is significantly enhanced. Furthermore,
the temperature dependence of the neutrino emission
rate goes as T, such that the neutrino emission per-
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sists at lower temperatures. The picture may be further
changed with axion cooling in the presence of a neutral-
pion condensate. The temperature dependence of the
energy loss rate is now the same—7* in the interior and
T2 on the surface. Therefore, if the axion cooling in the
interior exceeds the photon cooling from the surface, the
former may be dominant throughout the entire cooling
stage. The photon cooling no longer has the advantage
of having milder temperature dependence compared with
the internal cooling mechanisms. In order to illustrate
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this point, let us compare the blackbody surface photon
emission rate by a neutron star of radius R (and volume
V = 4wR3/3 with o the Stefan-Boltzmann constant),

€y = 4mR*0T} |V

= 1.7 x 10°®(R/10 km) "!T% ergem™3s™' | (4.3)
with the axion emission rate (2.21), assuming that gopp =
gann = gannN for simplicity together with the bound
(2.22):

€an(1°)/€y = 4.7 x 10'(g7y /i) A% (m}, /mn)* (R/10 km)(T/Te)*

< (4 x 102 — 3 x 10*)(A42/0.1)(m}, /m,)%(R/10 km)(To/Te7)* .

Here Ty = T/10° K and T.7 = T./107 K. This clearly
demonstrates the importance of axion emission compared
with surface photon emission. The consequence of this
enhanced cooling due to axion emission would be a re-
duced temperature difference between the interior and
the surface. A numerical evolutionary calculation should
reveal the details of the thermal history of such a neutron
star.

For ordinary neutron-star matter, the energy-loss rates
due to axion emission and neutrino emission have been
compared in order to obtain bounds on the axion-nucleon
coupling constants [12-14]. Similar comparison can be
made in the presence of a pion condensate in order to
obtain axion bounds. One expects such bounds in the
presence of a pion condensate to be as good as (i.e., of
the same order of magnitude as), but not significantly
better than, those in the absence of a pion condensate.
The reasons is that, while axion emission is enhanced (for
a given coupling strength) by the presence of a pion con-
densate, neutrino emission is enhanced as well by roughly
the same amount. In this connection, it is appropriate
to mention a recent work by Turner [49], in which he
calculates the axion emission rate from nondegenerate
neutron-star matter in the presence of free charged pi-
ons. He finds that axion emission is enhanced with pions
compared to the case without pions. He then concludes
that a better bound on the axion-nucleon coupling con-
stant would result from the observed neutrino events of
Supernova 1987A. As is apparent from the previous dis-
cussion, this does not seem consistent. First, if pions are
abundant, neutrino emission is enhanced as well. There-
fore, the enhanced axion emission should be compared
to the enhanced neutrino emission when the pions are
present. Second, if pions are abundant, one must check
whether the observed neutrino pulse is consistent with
the collapse model and the calculated duration of the
neutrino pulse. This is because the presence of pions as
abundant as the nucleons themselves would soften the
equation of state and may not lead to the core bounce,
which is essential to supernova explosion. In addition,
the presence of free pions enhances the production as
well as the absorption of the neutrinos, such that it will
alter the neutrino mean free path significantly and thus
the duration of the neutrino pulse [17].

(4.4)

Finally, let us make a general remark on the impli-
cations of new rapid cooling mechanisms, such as those
studied in this paper, on the current observations. As
mentioned in the Introduction, four sources 3C58, PSR
0531+21 (Crab), RCW 103, and PSR 1929+10 give only
upper limits to the surface temperatures. Therefore,
these data neither contradict nor confirm the standard
cooling scenario, i.e., the neutrino cooling of ordinary
neutron-star matter. The data for PSR 0833—45 (Vela)
and Geminga do contradict the standard cooling sce-
nario. Even if the four sources, such as 3C58, etc., turn
out to have surface temperatures that are current upper
limits, one does not have to explain all the data in one
type of matter. The variation in mass, for example, may
result in some having ordinary neutron-star matter and
others having a pion condensate or quark matter in their
cores. Therefore, an attempt to finding a possible expla-
nation for rapid cooling does not adversely affect the in-
terpretation of the data that are currently consistent with
the standard scenario. Furthermore, the purpose of find-
ing new rapid-cooling mechanisms is not limited to ex-
plaining the data for PSR 0833—45 and Geminga. There
are several supernova remnants, such as SN 1680 (Cas
A) [50,51], SN 1572 (Tycho) [52], and SN 1006 [51,53],
in which no neutron stars have been detected with the
temperature upper limits significantly below those pre-
dicted by the standard scenario for their ages. Among
many possibilities, one obvious possibility is that these
supernova events did not produce neutron stars. An-
other possibility is that there are neutron stars in some
of them but they are too cool to be detected with the
current instruments.
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APPENDIX: CHIRAL ROTATION
OF THE HADRONIC CURRENTS
AND THE MOMENTUM SUPPLY
FROM THE PION CONDENSATE

The axion emission processes (2.5) are mediated by the
hadronic current J}' (2.7). In this appendix we remark
on the relation between the properties of the hadronic
currents, such as (2.7), under chiral rotation and how
the momentum is supplied from the classical pion field
within the framework of chiral symmetry.

In the neutral pion condensed phase, the (flavor-
conserving isospin) hadronic current (2.7) is invariant un-
der the chiral rotation with respect to the unitary opera-
tor U(m%) (2.2) as seen in Sec. IIB. In the charged-pion
condensed phase, on the other hand, the current trans-
forms as

U (7 i, ke, 0) "1 TLU (7 i, ke, 0)
= (g1/mn)P* + (g92/mn) (A% cosf — V' sin¥) .

(A1)

Here, f](wc; My ke, 0) is the unitary operator, which gen-

p 1t p /L e——
b VNV e~ %/Ve
70 -
A V, Xornnn
p %/ e 0
A A
n n
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FIG. 2. The lowest-order diagrams for # — p+e~ + .. Di-
agrams (a) and (b) correspond to the pole contribution and
(c) to the commutator contribution. The diagrams for the
inverse process p+e~ — 7i+ v, are obtained by interchanging
the neutron and proton lines, replacing the outgoing electron
line by an incoming electron line, and replacing the antineu-
trino line by a neutrino line.

erates the charged-pion condensed phase with a macro-
scopic charged-pion field of chemical potential p,, mo-
mentum k., and the chiral angle 8 [37,54]:

UWwwwhud#wa%MWM(M)

with x = k. - r — prt. Thus, in either case, the hadronic
current does not acquire a phase factor of the form
exp(ik - r) under the transformation with respect to
U(n°) or U(nc). The situation is similar for the neu-
tral (flavor-conserving isospin) current, which is relevant
for the nucleon bremsstrahlung processes [31]. In con-

TABLE 1. The properties of the (flavor-conserving and flavor-changing) hadronic isospin currents under the chiral transfor-
mations and the patterns of momentum supply from the classical (neutral and charged) pion fields. The sources of momentum
supply are indicated whether it is from the wave function, from the chirally transformed current, or from both.

Flavor-conserving isospin

Flavor-changing isospin

current
Ji = (g1/mn)P* + (g2/mn)AS

current
Jp i =V + AV + (VY + AF)

Neutral-pion Processes
condensate
Lowest-order
diagrams

Transformation

Momentum supply
References
Charged-pion Processes
condensate
Lowest-order
diagrams
Transformation

Momentum supply
References

i —+n+a
p—p+a
See Figs. 1(a) and 1(b).

JE =U(x°) " Ir0(n°)

Wave function
Present work (Sec. II)
n—+{(+a

(—=n+a

See Figs. 3(a)-3(c).

J# = U(n)~ IO (n°)
= (g1/mn)P*
+(g2/mn)(A% cosf — VY sinb)

Wave function
Present work (Sec. III)

Ao pte +0.
pte = n+v.
See Figs. 2(a)-2(c).

J}‘:,1+i2 = U(""o)—l'];.‘,uizU("ro)
= vy + A
+i(VF + AY)]
Current and wave function
(31]
n—o+n+e +v (H{(+e + 7.
n+e 9n+ve (+e > (+v.
See Figs. 4(a) and 4(b).
J}‘:,l+i2 = U("c)_lJ;‘:,HizU("rc)
=eX{V}’+ A7
+i[(VY + AS) cos @
+(V$ + Af)sin 6]}
Current
[16-19
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FIG. 3. The lowest-order diagrams for  — (+a. The neu-
tron and proton states of the  and { particles, respectively,
are explicitly shown. Diagrams (a) and (b) correspond to the
pole contribution and (c) to the commutator contribution.
The diagrams for ( — 7 + a are obtained by interchanging
the neutron and proton lines.

trast, the hadronic charged (or flavor-changing isospin)
current JJ | ., = V¥ + A% + i(V3' + A%), which is rele-
vant for the Urca process, acquires a phase factor of the
form exp(ik-r) under both types of chiral transformations
with respect to U(n°) and U(x°) [16,18,31]. Physically,
this phase factor expresses the momentum supply from
the classical pion field in the neutrino emission process.
As for the hadronic current (2.7), such a phase factor ap-
pears not from the chiral transformation, as noted above,
but through the spatial part of the nucleon wave func-
tions: In the case of the meutral-pion condensate, the
momentum supply from the classical neutral-pion field
may be seen in the phase factor in the wave function
(2.3). In the case of the charged-pion condensate, on
the other hand, the participating particles for the axion
emission process are quasiparticles 7 and (, which are the
superpositions of the proton and neutron states:

In(p, o = £3)) = cos dc|n(p + kc/2, 0 = £3))
F i singc|p(p + ke/2, 0 = £3)) , (A3a)
+})) = cos pe|p(p — ke/2, 0 = £3))

Fi singe|n(p — ke/2, 0 = i%)) )
(A3b)

K(p’ o=

@) (b)

FIG. 4. The lowest-order diagrams for n — n+e~ + V.. Di-
agrams (a) and (b) correspond to the pole contribution and
the commutator contribution, respectively. The diagrams for
the inverse process 7 + e~ — 7 + v. are obtained by inter-
changing the pion-nucleon and weak vertices, replacing the
outgoing electron line by an incoming electron line, and re-
placing the antineutrino line by a neutrino line. The diagrams
for the corresponding process involving the ¢ particle (and its
inverse) are obtained from the diagrams for the 7 particle
processes by interchanging the neutron and proton lines.

where ¢, is the mixing angle given by ¢. = (gakc/pr)0+
O(6?) in the weak condensate. Note that fields 5 and ¢
tend to n and p, respectively, as ¢, — 0 (or § — 0). Then
the axion emission process is written as

n—=(+a, (Ada)

(—on+a. (A4b)

There is a shift in momentum by k. between the wave
functions of quasiparticles 77 and {, which expresses the
momentum supply from the pion field. It is to be noted
that a contact term of the form V}*sin@ appears in (A1)
for this process (a commutator contribution), which is
inherent in the chiral-symmetry approach. In Table I we
summarize the properties of the hadronic currents under
the chiral transformations as well as the patterns of the
momentum supply from the classical pion fields for the
relevant processes.
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