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Compact objects such as neutron stars and white dwarfs can source axionlike particles and QCD axions
due to CP-violating axion-fermion couplings. The magnitude of the axion field depends on the stellar
density and on the strength of the axion-fermion couplings. We show that even CP-violating couplings one
order of magnitude smaller than existing constraints source extended axion field configurations. For
axionlike particles, the axion energy is comparable to the magnetic energy in neutron stars with inferred
magnetic fields of the order of 10'3 G and exceeds by more than one order of magnitude the magnetic
energy content of white dwarfs with inferred fields of the order of 10* G. On the other hand, the energy
stored in the QCD axion field is orders of magnitude lower due to the smallness of the predicted
CP-violating couplings. It is shown that the sourced axion field can polarize the photons emitted from the
stellar surface, and stimulate the production of photons with energies in the radio band.
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I. INTRODUCTION

Numerous experimental and theoretical research efforts
are devoted to probing the phenomenology of axions, light
pseudoscalar particles originally introduced to solve the
strong CP problem [I-4]. Alongside experiments in
terrestrial laboratories [5—15], white dwarfs (WDs) and
neutron stars (NSs) provide unique opportunities to test
axion models in extreme environments that cannot be
replicated on Earth [16-21].

Recently, it has been shown that NSs can “source” (i.e.,
produce) axions lighter than the standard QCD axion [22-25],
causing a large shift of the axion field expectation value in
NS interiors. The same effect may occur for the QCD axion
due to the appearance of “exotic” condensates at densities
above the nuclear saturation density [26]. The energy stored
in the sourced axion field can be larger than the magnetic
energy expected in magnetars and can trigger a magnetic
dynamo mechanism that alters the standard magneto-
thermal evolution of NSs [27]. However, large axion-field
configurations in astrophysical bodies can be produced also
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via CP-violating axion-fermion interactions, which can be
probed by laboratory experiments [28]. More in general, the
effect of Beyond Standard Model light scalars on compact
stars has been studied in [29], where it is shown that in the
case of a linear, strong Yukawa coupling with standard
matter the sourcing of the light scalar can affect the mass-
radius relation of stellar remnants. Also, [30,31] have
studied the impact of a sourced scalar on the stellar structure
(or equation of state) of NSs and WDs.

In this work, we show that dense stellar objects such as
NSs and WDs can source axionlike particles (ALPs) and
QCD axions due to CP-violating couplings between axions
and fermions, producing large axion-field configurations.
For ALPs, we find that even CP-violating couplings one
order of magnitude smaller than the current sensitivity
limits of laboratory experiments [8,15,28,32,33] shift the
ALP field considerably. In NSs, the energy content stored
in the axion field is comparable to the magnetic energy of
NSs with inferred magnetic fields in the range <10 G. In
WDs, we show that the energy of the axion field is more
than one order of magnitude larger than the magnetic
energy of stars with fields of the order of 10* G. In both
NSs and WDs, the sourced ALP field can lead to potentially
observable signatures. For the QCD axion, the smallness of
the predicted CP-violating couplings reduces by orders of
magnitude the energy content of the sourced axion field
compared to the ALP case.

This paper is structured as follows. In Sec. II we review
the equation of motion of axions at high densities, discuss
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the solution in different regimes, and study the energetics
associated with the sourced axion field. The effects of axion
sourcing on the photon emission of NSs are presented in
Sec. III. The comparison with the axion field sourced via
magnetospheric fields and additional possible observables
are presented in the Discussion.

II. AXIONS IN DENSE MATTER

We introduce the equation of motion for the axion field
in Sec. Il A, specializing in the case of ALPs in Sec. II B,
and their energetics in Sec. I C. We study the QCD axion
in detail in Sec. II D.

A. Axion equation of motion

We study axions in the high density regime, assuming that
they interact only with neutrons, protons, and electrons. The
CP-conserving axion Lagrangian density reads [28,34,35]

1 g
CPC _ _ _ _ Jay
£7€ =2 (0,0)(0"a) = V(a) = 1&-

- azgaj(h/_/jysl//j)- (1)

aF, "

In Eq. (1), a is the axion field, V(a) denotes the axion
potential, F,, is the electromagnetic strength tensor, and F uw
its dual. The index j runs over the fermionic degrees of
freedom interacting with axions (neutrons, protons, and
electrons in our model, denoted by the fields v ;).

The quantity iy jy5y/ ; has contributions from the diver-
gence of the spin density in the nonrelativistic limit, which in
turn depends on the magnetic field strength, and to a lesser
extent from the anomalous magnetic moment of the fermion
(in case there is a nonvanishing electric field). Since the
CP-conserving term couples the axion to the spin density of
particles, one would need a high degree of polarization
for the CP-conserving term to be comparable to the CP-
violating term (discussed below). In the magnetar scenario,
we expect B~ 10 G and T = 103-10° K = 10-100 keV,
so that enaB/m,c~ 1 keV <« kT. Thermal fluctuations
wash out any significant spin-polarization of nucleons,
while for electrons one has eAB/m,c~ few MeV.
However, the CP-conserving term is several orders of
magnitude smaller than the CP-violating term. Thus, in
the following, we focus on axion sourcing only via the
CP-violating axion-fermion interactions.

If there are sources of CP-violation in the Standard
Model, axions acquire CP-violating couplings leading to
the following Yukawa terms [28,34,35]

L = —a Z 9aj Wy ;) (2)

Jj=n.p

where g,; are the CP-violating coupling constants of
axions with nucleons. Such couplings have been recently

considered in the context of compact stars in [29], which
studied the effect on the mass-radius relation of NSs in the
case of a light scalar linearly coupled to standard matter.
Note that the QCD axion interacts only derivatively with
electrons (i.e., only with CP-conserving interactions). We
assume that ALPs participate in the same interactions as
QCD axions to compare the two cases directly.

We can now derive the Klein-Gordon (KG) equation for
the axion field, reading [28]

Ya - -

where m, denotes the axion mass, and E, B denote
respectively the electric and magnetic fields (we neglect
the terms proportional to g,;). Since axions are expected to
be light (m, < 0.1 eV), their typical Compton wavelength
is macroscopic, and they interact with the mean-field values
in dense matter of the field bilinears (i.e., (¥;y;)).

In the following, we use the notation ng = (;y;) for
the scalar density in the KG equation. This can be obtained
from [36]

__r ke s, My

= ) P @)
where M}, denotes the nucleon effective mass in dense
matter, and Ej (k) = \/k* + M;?. The prefactor y is the
spin-isospin degeneracy factor [36], and kr denotes the
Fermi momentum.

For NSs, we adopt the GMIA equation of state
(EoS) [37], matched with the SLy4 equation of state in
the crust [38]. We focus on an NS model with mass Myg =
1.49M 5 and with radius Ryg = 13.8 km, containing only
nucleons and leptons. For sufficiently low densities how-
ever (typically in the NS crust), the ground state of dense
matter is given by nuclei, and we approximate the scalar
density with its nonrelativistic limit, i.e., the baryon density,
similarly to the case of axion fields sourced by test masses
in laboratory experiments (e.g., [39]). For WDs, we use a
relativistic polytropic equation of state. We adopt a WD
model with mass Myp =0.7Mgy and Rywp = 7.98 x
10° km. In this case, ng in Eq. (4) is approximated with
the baryon density.

B. Sourcing ALPs

For ALPs, the axion mass m, and the couplings g,; can
be treated as free parameters. Due to the high electrical
conductivity of both NSs and WDs, the electric field is
weak, with E~ (v/c)B (where the drift velocity of the
electrons is 1 kmMyr~! < » < 10° km Myr~! in the crust).
In such conditions, the electromagnetic source term
(x E-B) in the KG equation is subdominant, and we
neglect it. Note however that the electromagnetic term can
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give relevant contributions in the magnetosphere of both
NSs and WDs [40]. A full solution of the KG equation
including the electromagnetic term requires accurate mod-
eling of magnetospheric fields and is left for future work.
We compare however our results obtained without the
electromagnetic source terms with the ones found in [40] in
the following sections.

To discuss in detail how the solutions of the axion field
scale with the relevant parameters, it is convenient to
introduce the energy scale’

€y = _aNnS(r = O)Rz’ (5)

where R is the star’s radius and the scalar density is
evaluated at the center of the star (r = 0). We seek solutions
of the stationary KG equation in terms of the dimensionless
variable ¢ = a/e,. Expressing the radial coordinate in
units of R (that is, hereafter r = r/R), the KG equation can
be written as

Pp  20¢p

L2 (R, = (), ©)

where f(r) is the source term divided by e, which by
definition decreases monotonically from f(r =0) = 1.

We solve Eq. (6) with the appropriate boundary con-
ditions both numerically and exactly. The exact formal
solution is”

1 ! /J . /
o(r) = maRr/ dr'r f(r') sinh[m,R(r — r)]
A —m,Rr
—e . (7)
with
A ! 1d "Y' £(r") sinh RY 8
e [y sinninare).8)

Since the source function f(r) vanishes for r > 1, the
solution outside the star reduces to

@(r) =—==e"R" for r>1. 9)

r

The constant A can be evaluated for any given density
profile and sets the surface value of the axion field.

"The following results are valid for both NSs and WDs, and we
use the generic notation M, R to denote the mass and radius of a
compact star. When considering specific NS and WD models, we
wrizte Mys, Rns, and Mywp, Rwp respectively.

Another useful way to write the solution is in terms of the
Green’s function:

1

o(r) = - 2m,Rr

1
/ dr’r’f(r’) (e—mnR\r’—r\ _ e—maR\’”rrl)
0

We can also evaluate the limit to obtain the value at the
origin g003:

1
= —/ dr’f(r')r’e‘maR’,. (10)
0

One can recover the original dimensions for the axion field
by multiplying ¢, by the energy scale e,,.

It is interesting to discuss how the amplitude of the field
behaves in the different axion-mass limits. In the interior of
the star, we find

o)~ { —(’Zi‘k)zf(r) if m,R> 1 an

—p(r)e, if m,R<1

where f(r) <1 is a function of order unity; for the
particular NS model employed in this work we have
B(r =0) =0.32. Note that for m,R > 1 the maximum
amplitude of the field scales as (m,R)™2.

Here we take g,y = 10723, which is one order of magni-
tude smaller than the lower bounds reported in [28,34] (see
also references therein and the limits reported in [41]) for
light ALPs. In NSs, this results in e, =~ 7.9 x 10'* GeV.

In Fig. 1 we consider the NS case and show results of
the stationary KG equation varying the parameter m,Ryg in
the range 1 < m,Ryg < 100, corresponding to 107! <
m,/eV < 107°. In the left panel of Fig. 1, we compare
the radial profiles of the dimensionless axion field
(m,Rys)?|@(r)|. The dotted curve represents the normal-
ized scalar density profile of the NS model adopted in this
work, which is almost indistinguishable from the axion
field profile for m,Ryg = 20. The amplitude of the field in
physical units (GeV) is plotted in the central panel, which
shows that the field decays exponentially outside the star.
We also note that further decreasing of the dimensionless
axion mass m,Ryg does not lead to an arbitrarily large
axion field. Instead, it converges to a solution that tries to
minimize gradients (which become the dominant contri-
bution to the total energy in the regime m,Ryg < 1) inside
the star. In the intermediate regime, m,Rng <1, the
solution of Eq. (6) finds an optimal balance between
gradient and potential terms. In the opposite limit
(m,Ryg > 1), the gradient terms can be neglected and
the axion field follows the relation reported in Eq. (11). In
the right panel, we show the scaling of the central value
(¢o) with m,Rys and find that ¢ =~ 0.32 for m,Ryg <1
and @, o (m,Ryg)~? for large values. We show a wide
range of m,Ryg for completeness, although values of m,, in
the range 1073 eV <m, <107 eV (that is, 1072 <
m,Rns < 1) are, in principle, excluded by black hole
superradiance arguments [42,43].

Since f(r') is a decreasing, positive defined function with
£(0) =1, we have |p,| < [5°xe ™ dx = 1.
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FIG. 1. ALP field in NSs versus for different values of m,Rys. Left panel: radial profiles of (m,Rys)?|@(r)| versus normalized radius
for m,Rys = 1,2, 5, 10, 100 (see the legend in the central panel for the color labels). The dotted curve represents the f(r) profile of the
Mys = 1.49M  model, to which the solution converges as m,Rys increases. Central panel: amplitude of the axion field a in physical
units (GeV) versus normalized radius. Right panel: scaling of the central value ¢, with m,Rys.

C. Energetic considerations for ALPs

We now determine the energy stored in the ALP field
sourced by NSs. The energy density reads H =
(mg,a)?/2 + (Va)?/2. From the behavior of the solutions
described in Eq. (11), we find

— e 2 .
1 (m,Rys) Z(R:S> if m,Rys > 1

) 2( e \? (12)
Eﬂ (maRNS) (Rrss) if maRNS 5 1

at r =0. Note that the maximum value of the energy
density is smaller than (e,/Rys)?, which is also of the same
order as the interaction energy Hiy = guniis(r = 0)a~
e,a/Rs. Using Eq. (5), we have

2
<€“> ~2x 1077 MeVfm—3 ~3 x 10 ergem™,  (13)
RNS

maRNg =1
0.0251 — . Ryg =2
— maRNs =5
— 0.020 —myRys =10
o2 = myRys =100
& 0.0157
~
E
T 0.010
0'0054_\
0.000 —
0.0 0.5 L0 15 2.0

r

Elerg]

which is comparable to the magnetic energy density of
NSs (given by B?/8z) with inferred fields in the range
B€[10'2,10"%] G for m,Rys < 1. For m,Rys > 1, the
axion energy density scales as (m,Rys)~>.

The left panel of Fig. 2 compares different radial profiles
of the energy density for different choices of the parameter
m,Rys. The typical energy density stored in the axion field
is of order 1072(e,/Rys)* =~ 10** ergem™ for m,Ryg of
order unity, and scales as (m,Rys)~> for heavier masses, as
discussed above. The right panel of Fig. 2 shows the total
energy integrated over the star volume

1
E, :47tRI3\,S/ drr*H(r) (14)
0

which is a quantity of the order of 107'eZRyg ~ 7 X
10 erg for the NS model considered here and
m,Rys = 1, which is comparable to the total magnetic

1045 N

1044 L

1043 L

1042 L
1041 L

1040 L

1072

10° 102

maRNS

FIG.2. Energy stored in the ALP field. Left: energy density profiles of the axion field for different values of m, Rys, in units of €2 / R [see
Eqg. (13)]. Right: total energy integrated over the star volume inside (E;,) and outside (E ) the star. The maximum energy stored in the axion
field (E, ~ 7 x 10* erg)isreached for m,Rys < 1. The dashed lines show the scalings (m,Rys) ™" and (m,Rys) 2 in the limit m,Ryg > 1.
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energy in NSs with poloidal-dipolar fields and inferred
fields of the order B ~ 10'3 G [44]. For completeness, we
also include in the figure the total energy of the axion field
outside the star

Eop = 47R3 / * drH(r). (15)
1

We note that the maximum energy available outside the star
is of the order of 10* erg, which can be relevant for
magnetospheric physics but still irrelevant for long-range
gravitational effects (compared to Mgc?).

One can obtain a rough estimate of the total axion energy
for the axion field sourced by WDs as follows. Since in
WDs one has m, Rwp > 1, we obtain

1 /& 2
H~—~ <gaan> ~ 10" ergem™3, (16)
2\ my,

where we used m, = 107" eV and n, = 10’ cm™.
Therefore, the energy of the axion field in WDs is
E;,wp ~ 10°7 erg. While the axion energy is considerably
lower than the NS case, it is still comparable to the magnetic
energy expected in some white dwarfs. The magnetic fields
of WDs are in the range 10° < B/G < 10°, with approx-
imately 90% of the WD population having fields below
10% G [45,46]. This leads to an estimated magnetic energy of
10°%(B/10° G)? erg assuming for simplicity a poloidal-
dipolar magnetic field.

D. QCD axion

We now turn to the QCD axion. We calculate finite
density corrections to the axion mass following [22,25,26].
The QCD axion potential in vacuo reads [47]

. 3 dm,my; . ay
Yot =l \/1 (mu+md)2smz<2fa> )

(we subtract a constant so that the potential vanishes when
a = 0), where m, = 135 MeV and f, = 93 MeV denote
the neutral pion mass and pion decay constant respectively,
m,, and m, are the up and down quark masses in vacuo
respectively and f, is the axion decay constant. The QCD
axion potential in vacuo V, in Eq. (17) is proportional to the
vacuum quark condensate (Gg), (where g denotes the
quark field) via the Gell-Mann-Oakes-Renner relation

(@q)o(m, +my) = —mzf7. (18)

In dense matter, the expectation value of the quark
condensate (gg), changes with respect to the in-vacuo
condensate. Using the Hellmann-Feynman theorem [48],
one gets

2m,((@a), -~ aad) =my g (19)

where m,, denotes the average, bare mass of up and down
quarks and & is the energy density of the system, which
depends on the EoS. For the GM1A EoS and the NS model
studied in this work, one obtains

<QQ>n ON mlzf
——=1- —=(My — My,)
(@4) mf gy N
g3 . 94 «
+5-(My = My)* + -5~ (My = My)*
go'N gaN
Mg 2 gianzv
+)({FT(MN_MN) —Xo 3
oN (0]
2 2
gpN(np - nn)
_)(,) 4m2 . (20)

In Eq. (20), we take oy = 59 MeV [26,48], and use M to
denote the bare mass of nucleons. g,y and m, are the
coupling constant of the 0 meson with nucleons and the mass
of the ¢ meson respectively, and ¢g; and g, denote the
coupling constants for cubic and quartic self-interactions of
the ¢ meson respectively. The last two lines in Eq. (20)
include the contributions of the vector mesons @ and p, with
masses m,, and m, and couplings g,y and g,y to nucleons
respectively. For the quantities y; (with [ = o, w, p), we
follow [48] and sety; ~ m;/My.n,, n,, and ny represent the
proton, neutron, and nucleon number densities respectively
(in particular, ny coincides with the baryonic density in the
absence of hyperons). For simplicity, in the following we use
the notation (gq),/{(gq)o =1 — F,(r).

Equation (20) can be used to determine how finite
density corrections change the QCD axion potential
V(a) in dense matter, i.e.,

V(a) % [1 = F,(r)[Vo(a). (1)

The effective axion mass is then

VZ
m\/l — F,(r), (22)

my = mgf,
with z = m, /m, = 0.48. Given m},, the radial profile of the
QCD axion field in dense matter is determined using
Eq. (21) to solve the KG equation.
We now calculate the magnitude of the QCD axion field
in NSs. The CP-violating couplings for the QCD axion are
expected to be in the range [33]

10° GeV 10° GeV
() 0 (5).
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FIG. 3.

T

fa[GeV]

T

QCD axion field sourced by NSs and corresponding energy. Left: QCD axion field sourced by NSs for different values of f,,.

In the legend, m3" denotes the QCD axion mass in vacuo. Right: total energy integrated over the star volume versus f,. The gray shaded
region corresponds to the f, interval excluded by stellar black-hole superradiance arguments [42,49].

The resulting coupling strength g,y is weaker than in the
ALP case studied above, the sourced axion field is in
general smaller, and the corresponding phenomenology is
harder to test (as discussed in Sec. IV).

The natural energy scale is now f,. We define ¢ = a/f,,
and the KG equation becomes:

() o 2y

sin ¢

X ki

\/ I - i sin®(¢/2)

with ¢ = a/f, and e, = /e, f,.

In the following, we take g,y = 107'> GeV/f, for the
QCD axion, i.e., the upper bound in Eq. (23). With our
choice of the CP-violating couplings, the energy scale ¢, is
fixed to e, ~ 2.8 x 10'> GeV.

We also note that the coefficient of the last term on the
right-hand side of Eq. (24) is independent of the scales R
and f,, i.e.,

Ph_ 20p _
orr  ror

(24)

<—mZRf“)2 ~2x 101[1 = F, (7).

€

For the EoS adopted in this work, (m})? remains positive
(1= F, > 0) and the solution can be well approximated
expanding the QCD axion potential in Eq. (17) and using
only the (a/f,)? contribution. Then, as with ALPs, we can
consider the limiting case m R > 1. For mR > 1, since
the solution to the KG equation satisfies ¢ < 1 (a < f,), it
can be accurately approximated by

ea
(m;R)

5f(r)

(note that now m, is not constant but a function that varies
with 7).

The case with 1 — F,, = 0 at some critical radius 7. in the
star interior has been studied in the literature [26] (see [22—24]
for a nonstandard QCD axion model). In such conditions,
the axion condenses, and the solution to the KG equation
must also be obtained numerically. However, in the limit
m,R > 1, the solution approaches a step function, where a
condensate of amplitude a = zf, in the core (r < r,.) drops
exponentially for » > r,.

We now report the field profiles and total energy stored
in the axion field for the QCD axion model. In Fig. 3 we
study the QCD axion sourced by NSs for representative
values of f,. In the left panel we vary f, in the range
fa€[2x10',4 x 10'7] GeV. We also report the dimen-
sionless quantity m9™ Rys, where m9™ denotes the mass of
the QCD axion in vacuo. Contrarily to the ALP case,
varying f, affects not only the axion mass but also the
couplings (and hence the magnitude of the source term in
the KG equation). As a consequence, we find that the QCD
axion field at the center of the star is largest for
fa=8x10'° GeV. For higher values of f,, the axion-
fermion couplings (o f') decrease, reducing the source
term in the KG equation and the magnitude of the axion
field. Compared to the ALP field calculated in Sec. II B, the
QCD axion field is approximately six orders of magnitude
smaller. In the right panel of Fig. 3 we calculate the total
energy stored in the axion field for several values of f,. Our
results show that the total energy is orders of magnitude
smaller than the ALP case, attaining approximately
10°! erg for f, = 8 x 10'® GeV.

In general, the smaller the axion field and its gradients,
the lower the energy stored in the axion field. This limits
the possible effects of the axion field on typical observables
of compact stars, as discussed below.
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III. IMPLICATIONS FOR
ELECTROMAGNETIC EMISSION

The sourcing of axions via CP-violating interactions in
dense matter leads to a wealth of possible observational
implications. These range from the polarization of light
propagating through the axion-dense medium, to the emis-
sion of photons via axion decay, as well as to modifications
of the standard magneto-thermal evolution due to axion
contributions in Maxwell’s equations [5,13,50,51]. In this
section, we study the polarization of light emitted from the
stellar surface and the production of photons via axion-
photon interactions.

We first focus on the polarization of photons emitted
from NSs, along the lines of [52]. The circular polarization
modes of photons propagating through the axion-dense
magnetosphere have dispersion relations that differ by an
axion-induced correction (birefringence). Following [52],
one can use the axion-modified Maxwell’s equations to
obtain the birefringent angle Af, which reads

1

A0 :—/w dr (kf — k7). (25)
2 )k,

where R, ~ Ryg is the photospheric radius, kf =0 F
9ay(V,a)/2 is the radial momentum of the photon, and
w is the photon energy (we neglect the metric factors for
simplicity). For the exponentially decaying profiles outside
the star, one can write

80 = e (1

P _ 2

)| _ gaygaan(;‘ O)RNS |(P(1)| (26)

Equation (26) can be used to put constraints on the
product g,y 9, similarly to the constraints obtained in [53]
on the product of g,, and the CP-conserving axion-nucleon
coupling g,y using magnetar polarization data. For exam-
ple, imposing A6 < 1° (i.e., that the birefringent angle due
to axions is smaller than the best expected sensitivity of
polarimeters [54,55]) and using the results in Sec. II B one
obtains

p 4 1
Ga ga <= N (27)
77N 790 (ny(r = 0)[gp(1)|Rs)
where
e_maRNS 1
p(1)] = / dr' ¥ f(#) sinh(m,Rysr').  (28)
m,Rys Jo

We display the corresponding bound in Fig. 4, where the
blue shaded region would be excluded in the hypothetical
case that observations of a number of pulsars allow us to
place the limit Af < 1°.

The polarization of light can also be induced by the
magnetic field in the magnetosphere. The difference with

= Upper limit Af < 1°

g 10733 4
(=)
Z
S

I 10735 4

10—37 ]

10713 10~ 1077
mg (V)

FIG. 4. Bounds on the product g,yg, obtained from the
condition A@ < 1°. The blue shaded region is excluded since
it implies A@ > 1°, which is larger than the sensitivity of
polarimeters searching for light polarization from NSs [54,55].

the axion-induced polarization is that the latter affects
systematically all photons passing through the axion-dense
magnetospheric region. In contrast, the polarization due to
the magnetic field is wavelength-dependent [52,56].

We now turn to the axion decay emission processes. It
has been found that the decay rate to two photons is
enhanced in axion- and photon-dense environments [57,58]
(“stimulated emission”). We apply such results to our case
and show that axions sourced in NSs can potentially result
in an excess of emission in the radio band. As discussed
in [57,58], axions may decay into two photons with typical
momenta® k = m,/2 with a width in momentum space
given by Ak~ g,,am,. Note that Ak < k and the photon
radiation is assumed to be essentially monochromatic.
Although the typical decay timescale is larger than the
age of the Universe, the corrections due to stimulated
emission result in an enhanced effective decay rate of
axions into two photons given by [58]

2 3 82
Cepr = Jara <1 + i ) (29)

64r ga,,mf,na

where n, and n, are the axion and photon number densities
respectively. In Eq. (29), the second term in the brackets is
the enhancement factor, which depends on the photon
number density (for n, = 0 the decay rate coincides with
the spontaneous decay rate).

We should note that the equation above, as outlined
in [58], was initially derived for homogeneous axion
condensates. However, it has also been applied in the same

“This is a standard result in cosmology, where an oscillating
axion field coupled with gauge fields produces dark photon
abundances which grow exponentially in time (cf. [59]).
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reference to inhomogeneous axion clumps, in a scenario
where m, R, > 1, with the axion clump’s radius R, of the
order of 10° km. In principle, the results derived for a
homogeneous background can be applied to the inhomo-
geneous case if the wavelength of the particles considered
is shorter than the lengthscale of variation of the back-
ground, say m%, < Rygs.

From the Boltzmann equation, it can be shown that the
photon number density evolves according to

ﬁy = 2Feffna, (30)

which, in the absence of other reactions, leads to an epoch
with an exponentially growing photon number density, i.e.,

n,(t) = n,(0)e, (31)
with
u= %gaymaéa ~ %gay\/ 2H. (32)

In Eq. (32), da represents the amplitude of the time-
dependent perturbation of a background field. The factor
m,oa arises from the time derivative of the axion field [60],
assuming a ~ m,oa (oscillation frequencies of order m,).
The amplitude of the perturbations depends on the
particular mechanism considered (thermal fluctuations,
p-modes, sound waves modifying the source in the KG
equation, etc.). Considering time-dependent oscillations of
the order of the static background amplitude, we can
approximate H with the energy density studied in
Sec. II. Thus, this value of y must be taken as an upper
limit, and a more precise calculation would require to solve
numerically the Klein-Gordon coupled with the hydro-
dynamics or magnetohydrodynamics system of equations
with a given perturbation.

In Fig. 5, we plot the timescale y~! versus the normalized
radius of the star and for different values of the dimension-
less parameter m,Ryg (we fix the axion-photon coupling to
Jay = 10713 GeV™1). We show results for m,Rys > 1, i.e.,
for the case in which the scale of spatial variation is larger
than the wavelength of the axions, similarly to the case
studied in [58]. The timescale is far shorter in the interior of
the star compared to the exterior region. However, the
photons produced in the opaque interior will be quickly
reabsorbed due to interaction with the NS constituents. We
note that this timescale is proportional to (5a)~!, so the
reader can rescale the plot according to their expectations.
For example, perturbations of the order of one-thousandth
of the background field will lead to timescales of 1072 —1's
in the region close to the star surface.

On the contrary, photons produced in the transparent
region surrounding the star could potentially contribute to
some observable signal with durations from ms to s, typical

- m,aRNs =1
105 4 mqRys =2
— myBRns =5
i maR;\;s = 10
10%] — muRys =20
7N
5 10'4
~
—
10—1<
10—3<
0.0 05 10 15 20
_r_
Rys
FIG. 5. Timescale for the exponential growth of the number

density of photons produced via axion-photon interaction for
different values of the dimensionless axion mass m,Rys. The
photons are produced with typical momenta k = O(m,), which
for the axion masses considered in our work leads to the
production of photons with energies in the radio band. The
axion-photon coupling is fixed to g,, = 10713 GeV~'.

of pulsar phenomenology. In this case, to account for the
flux losses, Eq. (30) must be modified with a negative term
proportional to n,. This second characteristic time is equal
to the light crossing time of the region of interest [61]
and the exponential growth could be suppressed. For
m,Ryg = 1, the produced photons have energies of the
order of 107! eV, i.e., in the long wavelength radio band
(< 0.1 MHz). Unfortunately, radiation in this band is
absorbed by the Earth’s atmosphere so no information is
available from ground-based radio telescopes. Note, how-
ever, that in the range m,R g > 1000 the expected emission
lies in the GHz region and, although the energy stored in
ALPs decreases with m,,, itis still consistent (see Fig. 2, right
panel) with the typical energetics of the intriguing and
popular Fast Radio Bursts (FRBs), 10*°—10* erg [62], and
much larger than other transient radio-burst phenomena in
pulsars. In summary, axion-decay is enhanced via stimulated
emission in the inner magnetosphere, which opens an
interesting possibility that deserves a more thorough study.

IV. DISCUSSION

In compact stars, the ALP field is shifted by several
orders of magnitude compared to its vacuum value, even for
CP-violating couplings one order of magnitude smaller
than the ones that can be probed by current axion direct
searches [28,41] (cf. also [29-31] for the effects of light
scalars strongly coupled with dense matter on stellar
remnants). In such conditions, several observational sig-
natures may become detectable. These can be used to
constrain the axion parameter space, e.g., the axion mass
and couplings.
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We find that CP-violating interactions between axions
and fermions source large-scale axion field configurations
with energy density H ~ 10** erg cm™ for 1 < m,Rys < 10
outside of a NSs (cf. Fig. 2). This is several orders of
magnitude larger than the typical energy density associated
with axions sourced by magnetospheric fields for an axion-
photon coupling g,, = 103 GeV~! [40]. We note that the
sourcing of axions due to magnetospheric fields produces
axion configurations that extend for radii of the order of
20 km [40]. For axions sourced by CP-violating couplings,
the axion field falls exponentially outside the star. However,
for m,Ryg < 1072 (corresponding to m, < 10713 eV), the
axion field outside of the star decreases exponentially on a
length-scale 1/m, ~ 10® km, leading to an axion-dense
medium that encompasses the NS magnetosphere, and
whose energy density is orders of magnitude larger than
the one obtained in [40].

The dense axion field configurations found in this work
can lead to a wealth of observational features. For example,
photons moving through an axion-dense environment can
be polarized due to axion-photon interactions [40,52,63].
This may affect both the light emitted from the stellar
surface, as the compact object cools down, and the light
emitted by a second source transiting in the surroundings of
the compact object. For the axion parameters used in this
work, the birefringence angle is smaller than 1° (the typical
sensitivity of polarimeters) for g,, < 107> GeV~" and for
m,Rys 2 1. Moreover, since the dense axion medium
sourced by the star is threaded by magnetospheric fields,
axion-photon conversions may lead to some form of radio
burst from NSs on short timescales <« 1s. For our
particular scenario of ALPs, the energy and timescales
observed in FRBs would be consistent with m,Ryg =~ 1000.

The coupling of axions to photons can lead to further
consequences for compact objects. Maxwell’s equations
are modified by axion corrections [5,13,50] which can alter
the standard magnetic evolution of compact stars [27]. For
example, axions may form secondary electromagnetic
fields and currents, and the latter may be dissipated
providing the star with an additional source of internal
heat besides the standard Joule heating in the absence of
axions [64—68]. Due to the comparable axion and magnetic
energy densities in standard NSs with inferred fields of the
order 103 G, it is difficult to assess whether axions can
leave an imprint on the magnetic evolution of standard NSs.

On the other hand, the ALP energy exceeds by roughly two
or three orders of magnitude the magnetic energy of WDs
with field strengths of the order of 10* G (which constitute
the majority of the WD population [45,46]), and axion-
induced corrections may alter the magnetic field configu-
ration more easily (compared to the NS case).

The phenomenology related to the QCD axion is more
difficult to test, given the lower energies compared to the
ALP case. The energy density associated with the QCD
axions outside NSs is below the typical energy density of
axion configurations sourced by the magnetospheric fields
(of the order of 9.5 x 1072 gcm™, as found in [40], at least
for g,, = 107'3 GeV~'), making it hard to constrain the
parameter space of QCD axions sourced by CP-violating
couplings and the related phenomenology.

The present work can be extended by including the
electromagnetic backreaction on the axion field, which can
become relevant when the dimensionless axion mass is in
the range m,Rys 2 100 and the axion field sourced by CP-
violating couplings drops by several orders of magnitude
outside the star. In general, detailed models of the magneto-
thermal evolution of NSs and WDs are necessary to
calculate the axion profile including the effect of magneto-
spheric fields. This requires a self-consistent numerical
investigation of the interior and exterior magnetic field,
which must be coupled to the thermal evolution of compact
stars including the relevant cooling channels (e.g., neutrino
emissivity in NSs [67-72]).

ACKNOWLEDGMENTS

F. A. thanks Anthony W. Thomas, Koichi Hamaguchi,
Federico Bianchini, and Davide Guerra for fruitful dis-
cussions. We also thank the anonymous referee for useful
comments. F. A., P.D. L., and A. M. are supported by the
Australian Research Council (ARC) Centre of Excellence
for Gravitational Wave Discovery (OzGrav), through
Project No. CE170100004. P.D. L. is supported through
ARC Discovery Project DP220101610. J. A.P. and A.G.
acknowledge support from the Generalitat Valenciana
Grants No. ASFAE/2022/026 (with funding from
NextGenerationEU PRTR-C17.11) and CIPROM/2022/
13, and from the AEI Grant No. PID2021-127495NB-
100 funded by MCIN/AEL/10.13039/501100011033 and by
“ESF Investing in your future.”

[1] R.D. Peccei and H.R. Quinn, CP conservation in the
presence of pseudoparticles, Phys. Rev. Lett. 38, 1440 (1977).

[2] R.D. Peccei and H. R. Quinn, Constraints imposed by CP
conservation in the presence of pseudoparticles, Phys. Rev.
D 16, 1791 (1977).

[3] F. Wilczek, Problem of strong p and ¢ invariance in
the presence of instantons, Phys. Rev. Lett. 40, 279
(1978).

[4] S. Weinberg, A new light boson?, Phys. Rev. Lett. 40, 223
(1978).

083030-9


https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.223

FILIPPO ANZUINI et al.

PHYS. REV. D 109, 083030 (2024)

[5] P. Sikivie, Experimental tests of the “invisible” axion, Phys.
Rev. Lett. 51, 1415 (1983).

[6] P. Sikivie, Experimental tests of the “invisible” axion, Phys.
Rev. Lett. 52, 695 (1984).

[7]1 C. Hagmann, P. Sikivie, N. Sullivan, D. B. Tanner, and S.
Cho, Cavity design for a cosmic axion detector, Rev. Sci.
Instrum. 61, 1076 (1990).

[8] G.L. Smith, C. D. Hoyle, J. H. Gundlach, E. G. Adelberger,
B. R. Heckel, and H. E. Swanson, Short-range tests of the
equivalence principle, Phys. Rev. D 61, 022001 (1999).

[9] S.J. Asztalos, G. Carosi, C. Hagmann, D. Kinion, K. van
Bibber, M. Hotz, L. J. Rosenberg, G. Rybka, J. Hoskins, J.
Hwang, P. Sikivie, D.B. Tanner, R. Bradley, J. Clarke
(ADMX Collaboration), SQUID-based microwave cavity
search for dark-matter axions, Phys. Rev. Lett. 104, 041301
(2010).

[10] CAST Collaboration, New CAST limit on the axion-photon
interaction, Nat. Phys. 13, 584 (2017).

[11] N. Du et al. (ADMX Collaboration), Search for invisible
axion dark matter with the axion dark matter experiment,
Phys. Rev. Lett. 120, 151301 (2018).

[12] S. Knirck, J. Schiitte-Engel, A. Millar, J. Redondo, O.
Reimann, A. Ringwald, and F. Steffen, A first look on 3D
effects in open axion haloscopes, J. Cosmol. Astropart.
Phys. 08 (2019) 026.

[13] Y. Kim, D. Kim, J. Jeong, J. Kim, Y. C. Shin, and Y. K.
Semertzidis, Effective approximation of electromagnetism
for axion haloscope searches, Phys. Dark Universe 26,
100362 (2019).

[14] T. Braine et al. (ADMX Collaboration), Extended search for
the invisible axion with the axion dark matter experiment,
Phys. Rev. Lett. 124, 101303 (2020).

[15] J. G. Lee, E. G. Adelberger, T. S. Cook, S. M. Fleischer, and
B.R. Heckel, New test of the gravitational 1/ 2 law at
separations down to 52 pm, Phys. Rev. Lett. 124, 101101
(2020).

[16] G.G. Raffelt, Astrophysical axion bounds, Lect. Notes
Phys. 741, 51 (2008).

[17] L. B. Leinson, Axion mass limit from observations of the
neutron star in Cassiopeia A, J. Cosmol. Astropart. Phys. 08
(2014) 031.

[18] A. Sedrakian, Axion cooling of neutron stars, Phys. Rev. D
93, 065044 (2016).

[19] K. Hamaguchi, N. Nagata, K. Yanagi, and J. Zheng, Limit
on the axion decay constant from the cooling neutron star in
Cassiopeia A, Phys. Rev. D 98, 103015 (2018).

[20] A. Sedrakian, Axion cooling of neutron stars. II. Beyond
hadronic axions, Phys. Rev. D 99, 043011 (2019).

[21] M. Buschmann, R. T. Co, C. Dessert, and B. R. Safdi, Axion
emission can explain a new hard x-ray excess from nearby
isolated neutron stars, Phys. Rev. Lett. 126, 021102 (2021).

[22] A. Hook and J. Huang, Probing axions with neutron star
inspirals and other stellar processes, J. High Energy Phys.
06 (2018) 036.

[23] J. Huang, M. C. Johnson, L. Sagunski, M. Sakellariadou,
and J. Zhang, Prospects for axion searches with Advanced
LIGO through binary mergers, Phys. Rev. D 99, 063013
(2019).

[24] J. Zhang, Z. Lyu, J. Huang, M. C. Johnson, L. Sagunski, M.
Sakellariadou, and H. Yang, First constraints on nuclear

coupling of axionlike particles from the binary neutron star
gravitational wave event GW 170817, Phys. Rev. Lett. 127,
161101 (2021).

[25] L. Di Luzio, B. Gavela, P. Quilez, and A. Ringwald, An
even lighter QCD axion, J. High Energy Phys. 05 (2021)
184.

[26] R. Balkin, J. Serra, K. Springmann, and A. Weiler, The
QCD axion at finite density, J. High Energy Phys. 07 (2020)
221.

[27] F. Anzuini, J. A. Pons, A. Gémez-Bafién, P. D. Lasky, F.
Bianchini, and A. Melatos, Magnetic dynamo caused by
axions in neutron stars, Phys. Rev. Lett. 130, 071001 (2023).

[28] I. G. Irastorza and J. Redondo, New experimental ap-
proaches in the search for axion-like particles, Prog. Part.
Nucl. Phys. 102, 89 (2018).

[29] C. Gao and A. Stebbins, Structure of stellar remnants with
coupling to a light scalar, J. Cosmol. Astropart. Phys. 07
(2022) 025.

[30] R. Balkin, J. Serra, K. Springmann, S. Stelzl, and A. Weiler,
White dwarfs as a probe of light QCD axions, arXiv:
2211.02661.

[31] R. Balkin, J. Serra, K. Springmann, S. Stelzl, and A. Weiler,
Heavy neutron stars from light scalars, arXiv:2307.14418.

[32] A.A. Geraci et al., Progress on the ARIADNE axion
experiment, Springer Proc. Phys. 211, 151 (2018).

[33] C. A.J. O’Hare and E. Vitagliano, Cornering the axion with
CP-violating interactions, Phys. Rev. D 102, 115026
(2020).

[34] L. Di Luzio, M. Giannotti, E. Nardi, and L. Visinelli,
The landscape of QCD axion models, Phys. Rep. 870, 1
(2020).

[35] S. Bertolini, L. Di Luzio, and F. Nesti, Axion-mediated
forces, CP violation and left-right interactions, Phys. Rev.
Lett. 126, 081801 (2021).

[36] B.D. Serot and J. D. Walecka, Recent progress in quantum
hadrodynamics, Int. J. Mod. Phys. E 6, 515 (1997).

[37] M. E. Gusakov, P. Haensel, and E. M. Kantor, Physics input
for modelling superfluid neutron stars with hyperon cores,
Mon. Not. R. Astron. Soc. 439, 318 (2014).

[38] F. Douchin and P. Haensel, A unified equation of state of
dense matter and neutron star structure, Astron. Astrophys.
380, 151 (2001).

[39] A. Arvanitaki and A. A. Geraci, Resonantly detecting axion-
mediated forces with nuclear magnetic resonance, Phys.
Rev. Lett. 113, 161801 (2014).

[40] B. Garbrecht and J.I. McDonald, Axion configurations
around pulsars, J. Cosmol. Astropart. Phys. 07 (2018) 044.

[41] C. O’Hare, cajohare/axionlimits: Axionlimits, https:/
cajohare.github.io/AxionLimits/ (2020).

[42] A. Arvanitaki, M. Baryakhtar, and X. Huang, Discovering
the QCD axion with black holes and gravitational waves,
Phys. Rev. D 91, 084011 (2015).

[43] V. Cardoso, O.].C. Dias, G.S. Hartnett, M. Middleton, P.
Pani, and J.E. Santos, Constraining the mass of dark
photons and axion-like particles through black-hole super-
radiance, J. Cosmol. Astropart. Phys. 03 (2018) 043.

[44] A.Y. Potekhin, D.A. Zyuzin, D.G. Yakovlev, M. V.
Beznogov, and Y. A. Shibanov, Thermal luminosities of
cooling neutron stars, Mon. Not. R. Astron. Soc. 496, 5052
(2020).

083030-10


https://doi.org/10.1103/PhysRevLett.51.1415
https://doi.org/10.1103/PhysRevLett.51.1415
https://doi.org/10.1103/PhysRevLett.52.695.2
https://doi.org/10.1103/PhysRevLett.52.695.2
https://doi.org/10.1063/1.1141427
https://doi.org/10.1063/1.1141427
https://doi.org/10.1103/PhysRevD.61.022001
https://doi.org/10.1103/PhysRevLett.104.041301
https://doi.org/10.1103/PhysRevLett.104.041301
https://doi.org/10.1038/nphys4109
https://doi.org/10.1103/PhysRevLett.120.151301
https://doi.org/10.1088/1475-7516/2019/08/026
https://doi.org/10.1088/1475-7516/2019/08/026
https://doi.org/10.1016/j.dark.2019.100362
https://doi.org/10.1016/j.dark.2019.100362
https://doi.org/10.1103/PhysRevLett.124.101303
https://doi.org/10.1103/PhysRevLett.124.101101
https://doi.org/10.1103/PhysRevLett.124.101101
https://doi.org/10.1007/978-3-540-73518-2
https://doi.org/10.1007/978-3-540-73518-2
https://doi.org/10.1088/1475-7516/2014/08/031
https://doi.org/10.1088/1475-7516/2014/08/031
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.93.065044
https://doi.org/10.1103/PhysRevD.98.103015
https://doi.org/10.1103/PhysRevD.99.043011
https://doi.org/10.1103/PhysRevLett.126.021102
https://doi.org/10.1007/JHEP06(2018)036
https://doi.org/10.1007/JHEP06(2018)036
https://doi.org/10.1103/PhysRevD.99.063013
https://doi.org/10.1103/PhysRevD.99.063013
https://doi.org/10.1103/PhysRevLett.127.161101
https://doi.org/10.1103/PhysRevLett.127.161101
https://doi.org/10.1007/JHEP05(2021)184
https://doi.org/10.1007/JHEP05(2021)184
https://doi.org/10.1007/JHEP07(2020)221
https://doi.org/10.1007/JHEP07(2020)221
https://doi.org/10.1103/PhysRevLett.130.071001
https://doi.org/10.1016/j.ppnp.2018.05.003
https://doi.org/10.1016/j.ppnp.2018.05.003
https://doi.org/10.1088/1475-7516/2022/07/025
https://doi.org/10.1088/1475-7516/2022/07/025
https://arXiv.org/abs/2211.02661
https://arXiv.org/abs/2211.02661
https://arXiv.org/abs/2307.14418
https://doi.org/10.1007/978-3-319-92726-8
https://doi.org/10.1103/PhysRevD.102.115026
https://doi.org/10.1103/PhysRevD.102.115026
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1103/PhysRevLett.126.081801
https://doi.org/10.1103/PhysRevLett.126.081801
https://doi.org/10.1142/S0218301397000299
https://doi.org/10.1093/mnras/stt2438
https://doi.org/10.1051/0004-6361:20011402
https://doi.org/10.1051/0004-6361:20011402
https://doi.org/10.1103/PhysRevLett.113.161801
https://doi.org/10.1103/PhysRevLett.113.161801
https://doi.org/10.1088/1475-7516/2018/07/044
https://cajohare.github.io/AxionLimits/
https://cajohare.github.io/AxionLimits/
https://cajohare.github.io/AxionLimits/
https://cajohare.github.io/AxionLimits/
https://doi.org/10.1103/PhysRevD.91.084011
https://doi.org/10.1088/1475-7516/2018/03/043
https://doi.org/10.1093/mnras/staa1871
https://doi.org/10.1093/mnras/staa1871

AXION SOURCING IN DENSE STELLAR MATTER VIA CP- ...

PHYS. REV. D 109, 083030 (2024)

[45] D.T. Wickramasinghe and L. Ferrario, The origin of the
magnetic fields in white dwarfs, Mon. Not. R. Astron. Soc.
356, 1576 (2005).

[46] L. Ferrario, D. de Martino, and B. T. Ginsicke, Magnetic
white dwarfs, Space Sci. Rev. 191, 111 (2015).

[47] G.G. di Cortona, E. Hardy, J. P. Vega, and G. Villadoro,
The QCD axion, precisely, J. High Energy Phys. 01 (2016)
034.

[48] T.D. Cohen, R.J. Furnstahl, and D. K. Griegel, Quark and
gluon condensates in nuclear matter, Phys. Rev. C 45, 1881
(1992).

[49] D.J. E. Marsh, Axions and ALPs: A very short introduction,
arXiv:1712.03018.

[50] F. Wilczek, Two applications of axion electrodynamics,
Phys. Rev. Lett. 58, 1799 (1987).

[51] L. Visinelli, Axion-electromagnetic waves, Mod. Phys. Lett.
A 28, 1350162 (2013).

[52] T.K. Poddar and S. Mohanty, Probing the angle of bi-
refringence due to long range axion hair from pulsars, Phys.
Rev. D 102, 083029 (2020).

[53] E. Gau, F. Hajkarim, S.P. Harris, P. S. Bhupal Deyv, J.-F.
Fortin, H. Krawczynski, and K. Sinha, New constraints on
axion-like particles from IXPE polarization data for magnet-
ars, arXiv:2312.14153.

[54] P. Moran, A. Shearer, R. P. Mignani, A. Stowikowska, A. De
Luca, C. Gouiffes, and P. Laurent, Optical polarimetry of the
inner Crab nebula and pulsar, Mon. Not. R. Astron. Soc.
433, 2564 (2013).

[55] T. Liu, G. Smoot, and Y. Zhao, Detecting axionlike dark
matter with linearly polarized pulsar light, Phys. Rev. D 101,
063012 (2020).

[56] C. Wang, J. L. Han, and D. Lai, The Faraday rotation in the
pulsar magnetosphere, Mon. Not. R. Astron. Soc. 417, 1183
(2011).

[57] A. Caputo, M. Regis, M. Taoso, and S.J. Witte, Detecting
the stimulated decay of axions at radio frequencies, J.
Cosmol. Astropart. Phys. 03 (2019) 027.

[58] P. Carenza, A. Mirizzi, and G. Sigl, Dynamical evolution of
axion condensates under stimulated decays into photons,
Phys. Rev. D 101, 103016 (2020).

[59] P. Agrawal, N. Kitajima, M. Reece, T. Sekiguchi, and F.
Takahashi, Relic abundance of dark photon dark matter,
Phys. Lett. B 801, 135136 (2020).

[60] M. P. Hertzberg and E. D. Schiappacasse, Dark matter axion
clump resonance of photons, J. Cosmol. Astropart. Phys. 11
(2018) 004.

[61] T. W. Kephart and T.J. Weiler, Stimulated radiation from
axion cluster evolution, Phys. Rev. D 52, 3226 (1995).

[62] B. Zhang, Fast radio burst energetics and detectability from
high redshifts, Astrophys. J. Lett. 867, L21 (2018).

[63] I.1. Tkachev, Fast radio bursts and axion miniclusters, Sov.
J. Exp. Theor. Phys. Lett. 101, 1 (2015).

[64] J. A. Pons and U. Geppert, Magnetic field dissipation in
neutron star crusts: From magnetars to isolated neutron
stars, Astron. Astrophys. 470, 303 (2007).

[65] D. Vigano, N. Rea, J. Pons, R. Perna, D. Aguilera, and J.
Miralles, Unifying the observational diversity of isolated
neutron stars via magneto-thermal evolution models, Mon.
Not. R. Astron. Soc. 434, 123 (2013).

[66] J. A. Pons and D. Vigano, Magnetic, thermal and rotational
evolution of isolated neutron stars, Living Rev. Comput.
Astrophys. 5, 3 (2019).

[67] F. Anzuini, A. Melatos, C. Dehman, D. Vigano, and J. A.
Pons, Fast cooling and internal heating in hyperon stars,
Mon. Not. R. Astron. Soc. 509, 2609 (2021).

[68] F. Anzuini, A. Melatos, C. Dehman, D. Vigano, and J. A.
Pons, Thermal luminosity degeneracy of magnetized neu-
tron stars with and without hyperon cores, Mon. Not. R.
Astron. Soc. 515, 3014 (2022).

[69] D. G. Yakovlev, K. P. Levenfish, and Y. A. Shibanov, Re-
views of topical problems: Cooling of neutron stars and
superfluidity in their cores, Phys. Usp. 42, 737 (1999).

[70] A.Y. Potekhin, J. A. Pons, and D. Page, Neutron stars—
cooling and transport, Space Sci. Rev. 191, 239 (2015).

[71] A.R. Raduta, A. Sedrakian, and F. Weber, Cooling of
hypernuclear compact stars, Mon. Not. R. Astron. Soc. 475,
4347 (2018).

[72] A.R.Raduta,]J.J. Li, A. Sedrakian, and F. Weber, Cooling of
hypernuclear compact stars: Hartree-Fock models and high-
density pairing, Mon. Not. R. Astron. Soc. 487,2639 (2019).

083030-11


https://doi.org/10.1111/j.1365-2966.2004.08603.x
https://doi.org/10.1111/j.1365-2966.2004.08603.x
https://doi.org/10.1007/s11214-015-0152-0
https://doi.org/10.1007/JHEP01(2016)034
https://doi.org/10.1007/JHEP01(2016)034
https://doi.org/10.1103/PhysRevC.45.1881
https://doi.org/10.1103/PhysRevC.45.1881
https://arXiv.org/abs/1712.03018
https://doi.org/10.1103/PhysRevLett.58.1799
https://doi.org/10.1142/S0217732313501629
https://doi.org/10.1142/S0217732313501629
https://doi.org/10.1103/PhysRevD.102.083029
https://doi.org/10.1103/PhysRevD.102.083029
https://arXiv.org/abs/2312.14153
https://doi.org/10.1093/mnras/stt931
https://doi.org/10.1093/mnras/stt931
https://doi.org/10.1103/PhysRevD.101.063012
https://doi.org/10.1103/PhysRevD.101.063012
https://doi.org/10.1111/j.1365-2966.2011.19333.x
https://doi.org/10.1111/j.1365-2966.2011.19333.x
https://doi.org/10.1088/1475-7516/2019/03/027
https://doi.org/10.1088/1475-7516/2019/03/027
https://doi.org/10.1103/PhysRevD.101.103016
https://doi.org/10.1016/j.physletb.2019.135136
https://doi.org/10.1088/1475-7516/2018/11/004
https://doi.org/10.1088/1475-7516/2018/11/004
https://doi.org/10.1103/PhysRevD.52.3226
https://doi.org/10.3847/2041-8213/aae8e3
https://doi.org/10.1134/S0021364015010154
https://doi.org/10.1134/S0021364015010154
https://doi.org/10.1051/0004-6361:20077456
https://doi.org/10.1093/mnras/stt1008
https://doi.org/10.1093/mnras/stt1008
https://doi.org/10.1007/s41115-019-0006-7
https://doi.org/10.1007/s41115-019-0006-7
https://doi.org/10.1093/mnras/stab3126
https://doi.org/10.1093/mnras/stac1353
https://doi.org/10.1093/mnras/stac1353
https://doi.org/10.1070/PU1999v042n08ABEH000556
https://doi.org/10.1007/s11214-015-0180-9
https://doi.org/10.1093/mnras/stx3318
https://doi.org/10.1093/mnras/stx3318
https://doi.org/10.1093/mnras/stz1459

