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Neutron stars are very dense media in which axions may be produced. This has been used to set a limit on

the QCD axion mass, usually under the assumption that only neutrons, protons, electrons, and muons

appear in the star core. Given the extreme conditions reached within neutron stars, it is reasonable to

consider that other particles, such as hyperons and A resonances, may appear in the neutron star core. In
this work, we study how the limit on the mass of QCD axions, namely Kim-Shifman-Vainshtein-Zakharov
and Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) invisible axions, is altered when different equations of
state are used, allowing for heavier particles to appear in the neutron star core. We find that this dependence
is in general mild and thus reinforces the reliability of the known limit. Additionally, in the DFSZ scenario,
it may drive the limit within the sensitivity window for IAXO. This would allow this experiment to discern
the composition of neutron star cores if an axion were to be observed within that window.

DOI: 10.1103/3frv-1wm7

I. INTRODUCTION

Neutron Stars (NSs) represent an ideal environment for
testing high energy physics phenomena due to the high
densities and pressures reached in their cores [1]. Their
thermal evolution is largely dependent on the emission of
very weakly coupled particles, such as neutrinos [2,3], that
escape the dense core and allow the star to lose energy very
efficiently. The emission rate of these NS neutrinos will
thus depend on the components one assumes for the NS
crust and core; particularly, the core composition of a NS is
a topic still open to discussion [4], with possibilities
ranging from neutron matter, with free protons, neutrons,
and leptons, to more exotic possibilities [5—7] such as
quark-gluon plasma [8,9]. All this information, encoded in
the equation of state (EOS), affects not only the emission of
neutrinos and other particles throughout the life of the NS
but also its formation and stability [4,10—12]. In particular,
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different core compositions can open or suppress specific
cooling channels. The appearance of hyperons, A reso-
nances, or other exotic degrees of freedom may modify the
behavior of the cooling processes. Therefore, changing the
microscopic composition of the core can alter the standard
neutrino cooling history.

A thorough analysis of any beyond-the-Standard-Model
(BSM) observable would require the study of such uncer-
tainties. A prototypical example of a BSM particle often
mentioned in the context of NSs is the QCD axion [13-16].
The QCD axion is a pseudoscalar1 that arose as an
explanation for the absence of CP violation in the strong
sector [22], and later on it was discovered to be an excellent
dark matter candidate [23-25]. Its mass is required to be
small due to several constraints [among which supernovae
(SN) [26] and red giant observations [27,28] ], it interacts
feebly with standard model (SM) particles, and would thus
represent an excellent coolant for NSs if produced within
them [29-41]. In the extremely dense interior of a neutron
star, axions can be produced through nucleon and baryon
bremsstrahlung processes [42,43]. If the relevant baryonic
species are paired in superfluid states, axion emission can
also arise from Cooper pair breaking and formation (PBF)

'Limits on other BSM particles can also be found in the
literature [17-21].
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[33], in complete analogy with the corresponding neutrino
processes [44]. These mechanisms make axion cooling
directly sensitive to the core composition and to the
assumed superfluidity model. NS cooling limits currently
yield the strongest bound on the axion-neutron coupling
constant g,,, [45,46], which can then be translated into a
limit on the axion mass m, in well-defined scenarios like
the Kim-Shifman-Vainshtein-Zakharov (KSVZ) [47,48]
and Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) [49,50]
invisible axion frameworks. While the dependence of this
limit on many uncertainties, such as EOS, neutron star
mass, envelope, and superfluidity modelling in the core,
were taken into account, previous analyses were mostly
performed assuming a single composition for the NS core:
neutrons, protons, electrons, and muons.> The impact of
varying the particle content of the core on axion cooling
bounds has therefore remained rather unexplored. In the
present analysis, the axion emission sector is restricted to
nucleonic bremsstrahlung and nucleonic PBF processes.
Although the QCD axion can also couple non-negligibly to
hyperons [53], calculating axion emissivities involving
hyperons or A resonances is beyond the scope of this paper,
and thus it is not included. These non-nucleonic degrees of
freedom nevertheless affect the thermal evolution through
the EOS, stellar structure, particle fractions, heat capacities,
and neutrino emission channels. The resulting axion limits
should therefore be interpreted within the nucleonic axion
emission framework adopted in this work.

Our aim in this article is to build upon the previous
analysis and study the universality of the limit that NS can
set on axion physics. In order to do so, we will make use of
the MUSES Calculation Engine (MUSES CE) [54,55],
which allows the construction of NS EOSs with varying
particle composition in the core. We supplement these
models with EOSs from the DS (CMF) family [56-59],
considering analogous microscopic core compositions.
These EOSs are used as input in the widely-used code
NSCool [60], where the corresponding neutrino and axion
emissivities are implemented consistently with the assumed
particle content and superfluid pairing model [61]. We will
confront the mass-radius curve obtained for each EOS with
current bounds on NSs [62] and, for those allowed, we will
include axions and study the limits resulting from different
core compositions, following the same procedure as was
done in Ref. [46] for neutron matter. We will perform the
analysis for both benchmark classes of QCD axion models,
namely the KSVZ and DFSZ models. This enables us to
derive updated constraints on axion cooling and to assess
the robustness of the corresponding m, limits against
changes in the NS core composition. Our main goal is
to determine whether bounds obtained under the standard
nucleonic assumption remain stable once more general

’In the context of SNe and protoneutron stars there has been
some progress beyond this (cf. [51,52]).

EOSs, including particles beyond neutrons, protons and
leptons, are taken into account.

This article is organized as follows. In Sec. II, we
briefly review the aspects of axion physics relevant to
neutron star cooling and introduce the KSVZ and DFSZ
benchmark models considered in our analysis. In Sec. III
we summarize how the open code MUSES CE [54] builds
EOS for NS. Section IV contains the description of the
four scenarios we consider in this work, varying the
particle content in the NS core, and gives a detailed list
of the processes we added to neutrino cooling. Then, in
Sec. V we check the consistency of our scenarios with
current observations. Finally, Sec. VI presents our new
results for the limits on the axion mass, both for KSVZ
and DFSZ models, and in Sec. VII we close this work with
some final remarks.

II. AXION EMISSION AND MODELS

Neutron stars cool primarily through neutrino emission
from their interiors and photon emission from their surfa-
ces. If axions exist, their production in dense stellar matter
would provide an additional energy loss channel, as they
can escape from the star and accelerate its thermal
evolution. In this section, we summarize the nucleonic
axion emission processes included in our cooling simu-
lations and introduce the two benchmark axion models
used to derive the corresponding mass limits.

In general, the axion [13—16] a is a neutral pseudoscalar
particle, usually light, which arises as pseudo-Nambu-
Goldstone boson after an anomalous global symmetry,
the Peccei-Quinn (PQ) symmetry, is broken spontaneously.
These particles may develop a coupling to any SM nucleon
N, c,n, which can be parametrized as shown in the
following Lagrangian:

c _
L, D =N gyrtysyyda, (2.1)

2fa

where y* and y5 are the usual Dirac matrices, y represents
the nucleon fields with N = n, p and f,, is the characteristic
energy scale of the axion, related to its mass m, by the
following equation [63]:

10" GeV

m, =~ 5.7 peV x (2.2)

a

From this, it is common to redefine the coupling in a
dimensionless fashion, g,yy, such that

Can ~ My

9aNN = D7 (2.3)

where my represents the nucleon mass.
Through this coupling, axions can be emitted in proc-
esses analogous to those where a pair of neutrino and
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antineutrino is involved, namely the bremsstrahlung
processes,

n+n-n+n+a,

p+p—->p+p+a,

n+p—-n+p+a, (2.4)
and the nucleon pair-breaking formation process,
{NN} < N+ N +a. (2.5)

For the axion emission processes considered in this
work, we adopt the emissivities reported in the supple-
mentary material of Ref. [46]. These expressions include
the relevant in-medium effects and provide the micro-
physical input for the cooling simulations described
in Sec. IV.

The axion emission sector employed in the present
calculations is restricted to the nucleonic processes listed
above. Direct axion emission channels involving hyperons
or A resonances are not included. This should not be
interpreted as implying that the corresponding emissivities
vanish; the QCD axion can couple non-negligibly to the
baryon octet [53]. Their consistent implementation would
require a dedicated analysis that lies beyond the scope of
this work, and therefore the axion luminosities presented
here must be interpreted in the context of purely nucleonic
emission.

The axion luminosity depends on the axion mass and its
couplings to nucleons. We focus on two phenomenologi-
cally relevant benchmark models; the KSVZ axion [47,48]
and the DFSZ axion [49,50]. A comprehensive review of
their properties can be found in Ref. [64]; here, we
summarize only the features relevant to the axion-nucleon
couplings employed in our analysis.

In the case of KSVZ models, SM particles are neutral
under the PQ symmetry, and thus the axion does not
couple to SM quarks at tree level. It does, however,
|

Lepton

couple to gluons, as required in order to solve the
strong CP problem, and this translates into an axion-
proton and axion-neutron coupling, ¢,, and c,,, respec-
tively [63,64]:

cKSVZ — _0.47 £ 0.03,

cKSVZ — _0.02 £ 0.03. (2.6)

On the other hand, DFSZ axions do couple at tree-level
to SM quarks. This class of models requires the presence
of two Higgs doublets, and therefore introduces the
parameter tanf = v,/v,; which is simply the ratio of
the vacuum expectation value of the up-type Higgs
doublet divided by that of the down-type. With this,
one can find that the DFSZ axion coupling to nucleons is
written as [63,64]

CB};SZ = —0.182 £ 0.025 — 0.435 sin? 3,

cDFSZ — —0.160 £ 0.025 + 0.414 sin? 5. (2.7)

III. CONSTRUCTION OF THE NS EOS
WITH THE MUSES CE

The construction of the equations of state was done
through the MUSES Calculation Engine, where MUSES
stands for “Modular Unified Solver of the Equation of
State” [54,55]. The strength of this approach in construct-
ing the EOS of a neutron star is the possibility of using a
different theoretical approach for the different density
regions of the star, as shown in Fig. 1. MUSES CE can
combine a crust calculation, an intermediate-density
nuclear-matter calculation, a supranuclear core model,
together with the leptonic sector needed for charge neutral-
ity and B-equilibrium and a synthesis stage that matches the
different density windows, to build a complete EOS for NS.
In compact form, the neutron star construction workflow
may be represented schematically as

Synthesis

Whs: {Crust-DFT, yEFT, CMF} —— {-equilibrated one-dimensional EOS} —— ¢(P).

This factorization is not only computationally conven-
ient. It reflects the fact that the outer crust, the outer core
and the inner core are controlled by different effective
degrees of freedom and constraints.

A. Low density regions and around saturation density

At low baryon densities, the module employed is based
on Crust Density Functional Theory (Crust-DFT) [65,66].

|

This module provides a free-energy density description
of matter in the thermodynamic space (ng,Y,,T). Its
construction allows for a consistent interpolation among
different physical regimes, including nuclear matter
close to saturation constrained by phenomenology, cold
neutron-rich matter constrained by microscopic calcu-
lations, low-density hot matter and the inhomogeneous
phase where nuclei coexist with a gas of dripped
nucleons [67,68].
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FIG. 1. Visual example of neutron star slice that can be obtained
with MUSES CE. The different colors indicate the different
models used, as shown in the legend. The proportions of the
layers depend on the mass of the star.

A key feature of the module is the explicit separation of
the rest-mass contribution from the free-energy density.
Denoting by ¢ the volume fraction available to the nucleon
gas, by nj, and n, the local neutron and proton densities
outside nuclei, and by n; the density of nuclei with neutron
and proton numbers (N;, Z;), one has

fresl = énzmn + fn;)mp + ZNinimn + Zzinimp

(3.1)

This identity makes the conversion between internal and
total thermodynamic quantities transparent, which is essen-
tial when the crust equation of state is matched to
homogeneous matter.

The module also keeps track of the transformation
between different composition variables. Matching con-
ditions and stability analyses may be formulated in terms of
(n,.n,), (ng.n,), or (ng,Y,). Therefore, the relevant
derivatives are transformed exactly, for example,

<%> v (1-Y.) (O_Zn> +7Y, <%> (3.2)
(06Y> - K%) . (i)] (3.3)

with analogous relations when additional leptonic degrees
of freedom, such as muons, are included [55,68].

As a bridge between low density regions and high
density regions, around nuclear saturation density, a chiral

=ng(l =Y,)m, +ng¥ m,.

and

2N Force 3N Force

(QI/JI(\)X)O >< '

wo  XIAF]
R
e b

FIG. 2. Hierarchy of chiral nuclear interactions as a function of

chiral order, showing the emergence of the two-nucleon and
three-nucleon forces.

effective field theory (yEFT)-based module is employed
[69]. The starting point is the most general effective
Lagrangian, consistent with the symmetries of low energy
QCD,

[’eff :[:Jrﬂ+£nN+£NN+£3N+”" (34)
The resulting nuclear interaction is ordered according to the
Weinberg power counting [70], i.e., as an expansion in
powers of the soft scale Q over the chiral breakdown scale
A,. This generates a controlled hierarchy of many-body
forces, where the first nonvanishing three nucleon force
term appears at NNLO, as shown in Fig. 2. In the context of
the MUSES CE, the yEFT EOS is evaluated through a
many-body perturbation theory [71], employing the chiral
nuclear interaction with cut-off A = 450 MeV [72].

B. High-density regions
In the deep core region, with higher density, the
description is performed by the chiral mean field (CMF)
module. The CMF framework is a relativistic mean field
realization of a nonlinear SU(3) sigma model, in which
hadrons interact via scalar and vector meson fields, and
most effective masses are generated dynamically through
their couplings to the surrounding medium [56,57,73].
Schematically, the CMF Lagrangian can be written as
Leme = Lign + Ling + Loair + Lsg — U(P), (35)
where L, contains the kinetic terms, Lgr encodes the
mesonic self-interactions, Lgp accounts for explicit sym-
metry breaking effects and U(®) describes the coupling to
the Polyakov-loop variable. The interaction sector has the
form

Liy = —le_/i [ro(Giw® + gip® + 9ip73p) + Milyi,  (3.6)
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with effective baryon masses generated by the scalar
condensates,
M; = gi;0 + 95736 + giC + 6m,. (3.7)

Thus, changes in the scalar mean fields modify the in-
medium particle masses, while the vector fields shift the
corresponding chemical potentials.

In the modern CMF++ implementation, the thermody-
namics is naturally formulated in the three-dimensional
charge space spanned by baryon number, electric charge
and strangeness. The chemical potential [74] of each
species is written as

Wi = Bipp + Qipg + Siis, (3.8)
while the effective chemical potential entering the single-
particle spectrum is

Hi = Hi = Gio® = Gigh — GipT3p- (3.9)

This formulation allows to obtain pressure as a function
of (ug,pg.ps), with the physical branch selected by the
appropriate phase-stability conditions [12].

The main relevance of the recent CMF + + reformula-
tion is not only computational. The crucial conceptual
advantage is that stable, metastable, and unstable branches
can be mapped in the full chemical potential space. This
also enables the calculation of higher-order susceptibilities
associated with the deconfinement transition [12]. In

particular, the local phase structure is encoded in the
curvature matrix of the pressure,

PP
OuOpy,”

Xab a,be{B,0,5}. (3.10)

The complete set of eigenvalues of y,, distinguishes
mechanically and chemically stable regions from metasta-
ble or unstable branches. For the NS applications consid-
ered here, the general CMF + 4 framework is restricted to
the cold, charge-neutral and B-equilibrated trajectory, using
the C4 coupling set.

The inclusion of hyperons generally softens the high-
density EOS and may reduce the maximum neutron star
mass, giving rise to the so-called “hyperon puzzle” [75-78].
In the CMF parametrizations considered here, however, the
resulting EOSs remain sufficiently stiff to support neutron
stars with masses of approximately 2M [55]. This result
depends on the adopted interaction model and should not be
regarded as a general resolution of the hyperon puzzle,
which has been addressed in the literature [79-83].

C. Lepton sector and synthesis

A purely baryonic EOS is not sufficient to fully describe
a NS, so the addition of a leptonic sector is crucial, ensuring

charge neutrality and f-stability [55]. In this sense, the
lepton module is the component that converts a baryonic
EOS into the physically relevant composition for cold
neutron star matter.

The module starts from the free-fermion Lagrangian [84],

L= Z iy, — mi)w; + Dpiiy,0'vy),

i=e.u,t

(3.11)

which leads, at 7 =0, to analytic expressions for the
thermodynamic quantities of each lepton species. For a

charged lepton £, one has
pe=\J,tmd (312)

where kp , is the Fermi momentum, m, is the lepton mass,
and y, is the spin degeneracy factor. Once we have the
corresponding energy density, €., and pressure, P, all these
quantities are tabulated by the module and subsequently
combined with the baryonic contribution to build the total
thermodynamics. For cold NS matter, the equilibrium and
neutrality conditions are

ng — an =0,
4

since in MUSES CE formalism different flavours of leptons
have the same chemical potential, p, = p, = ., because
they have the same quantum numbers.

Once the baryonic EOSs have been completed with the
leptonic sector, in f-equilibrium and charge neutrality, the
Synthesis module is used to combine them together. It is
important to remark that this module does not simply paste
the various number tables one after the other, but imple-
ments several physically distinct prescriptions for joining
the different equations of state. For the purpose of this
paper, the matching between the different density sectors
was done using a hyperbolic tangent interpolation, which
provides a smooth transition between two EOSs over a
finite interval of chosen thermodynamic variable x [55]. In
this approach [85], a thermodynamic quantity Y is
written as

_ e

3
ny = 672 kF,f’

—po = He, (3.13)

Y(x) =Y (x)f-(x) + YD (x)f 1 (), o (x) + f-(x)=1,
(3.14)

—_—

where the switching functions are

anh () — % [1 + tanh <¥>} .

Here x denotes the center of the matching region, while I
controls the width of the transition.

(3.15)
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IV. CORE COMPOSITIONS AND NEUTRINO
EMISSION

In this section, we discuss the NS core compositions
considered in this work. Depending on the particles
allowed to be present within the NS core, the processes
available for neutrino emission will differ, and thus the
thermal history of the NS may change. Neutrino emis-
sion processes can be broadly divided into four catego-
ries; direct and modified URCA [86] (DURCA and
MURCA respectively henceforth) processes, bremsstrah-
lung processes, and pair breaking and formation (PBF)
processes when superfluidity is considered. When par-
ticles beyond those of neutron matter are considered, a
large variety of reactions show up that can alter the
neutrino emission and lead to a potentially different
cooling. Some of these processes, while not considered
in most previous works, were already ready to be used
within the public version of the NSCool evolution code;
some others, however, we include here for the first time,
upgrading the cooling code to a more powerful, versatile,
and robust version.

A. npeu

Most previous studies of NS cooling limits on axion
couplings considered that the core within a NS is composed
solely of neutron matter. Although the crust can be
described with a crystalline structure of nuclei and free
electrons, at the higher densities reached within the core
these nuclei break down into neutrons and protons, and
high degeneracy may be achieved. Therefore, one can
describe the core of NS as a homogeneous dense matter
made of neutrons, protons, electrons, and, when energeti-
cally allowed, muons.

In this case, the relevant neutrino emission processes are

(i) Direct URCA:n - p+e+0v,and p+e—>n+v,;

(i) Modified URCA: N+n—>N+p+e+v, and

N+p+e—->N+n+v, with N=n, p;
(iii) Bremsstrahlung: N + N — N + N’ 4+ v+ D, with
N,N' =n, p; and

(iv) PBF in the singlet gaps 'S, for neutrons and protons.

The emissivities for all these processes were already
included in the code NSCool [60] with expressions matching
those of the seminal work of Ref. [6,44,87]. In our work,
however, we modify them in two ways; on the one hand, we
use for MURCA and bremsstrahlung processes the emis-
sivities computed in [88], which include rho meson
exchanges and do not use the triangular approximation
but do not consider in-medium effects. On the other hand,
we include said effects by multiplying those emissivities
from [88] by the factor y®(m}/my)~* as prescribed in the
supplementary material of Ref. [46], from where we also
use the emissivities for DURCA and PBF processes.

In Fig. 3 we show the particle fraction Yy in the core of
the NS,

0.100 ¢
>:<0.0‘IO E

0.001 ¢

03 04 06 08 1

ng (fm™%)

0.1 0.2

FIG. 3. Particle fractions within the NS core for the different
species allowed when using the MUSES CE to produce an EOS in
the npey case.

Yy =X, (4.1)

where ny and npg represent the number density of particle X
and the total baryon number density, respectively. We build
the EOS with the MUSES CE and label this the case npepu.
Charge neutrality is, of course, ensured throughout all
values of the baryon density. This represents the compo-
sition most commonly used so far in axion studies, and is
the one considered for benchmark EOS such as APR or the
BSk family [89,90]. Additionally, we use the DS (CMF) 2
EOS from CompOSE [91-93] as an analogue from a
different family (with the exception that DS (CMF) 2 does
not include muons).

B. Spin 3 resonances

Departing from the canonically considered case, we now
allow for the existence of baryonic resonances with spin 2,
still restricting ourselves to first-generation particles. We
label this the Delta scenario, as it implies allowing the A~,
A, A*, and ATT baryons to be present in the NS core.
These baryons do not follow weak channels in their decays,
so one may be tempted to disregard this case. However,
allowing for the presence of said particles may alter the
number densities of the constituents of neutronic matter,
thus potentially altering the NS thermal history.

In Fig. 4 we show the particle content obtained in the
Delta scenario with the MUSES CE. Only deep within the
NS core do these resonances show up, amounting to
roughly 1% of the composition at large baryon densities.
The DS (CMF) 8 EOS is analogous to the one obtained
with the MUSES CE for this composition, except that it does
not contain muons.

C. Hyperons

After including higher spin resonances, we now allow as
well for baryons with strangeness. This implies considering
the full baryonic octet and decuplet, including all hyperons.
Most hyperons in the decuplet undergo strong decays to
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FIG. 4. Particle fractions within the NS core for the different
species allowed when using the MUSES CE to produce an EOS in
the Delta case.

their spin % partners from the octet, meaning that they do not

need to be considered for neutrino emission. However, The
inclusion of the full baryonic octet implies a large variety of
weak processes to be considered. The stellar evolution code
NSCool [60] did include some of them, namely the following
DURCA processes:

AN—=p+7C+0,,
T o4+ iy,
T A+ + D,
¥ X0+ +

p+7C—> A+,
n+7¢ -2+,
A+f—)z_+l/f7

Dty (42)

In this work, we supplement this by including all other
relevant processes for hyperonic neutrino emission within

NSCool [60]. Starting with the remaining direct URCA
processes [6], we include:

E- > A+ +1y, A+ —-E +up,

E o320+ + 0, 4+ > E + vy,

R S 72 Tt4+ ¢ -5 E0 4y,
E->E+2+7, B+ ¢ - E +u,. (4.3)

Next, we also include the emissivities due to modified
URCA processes where hyperons are involved [5]:

S 4+Y 53X +A+e +17,,
S+ A A+A+e +1,.
X +n—->X +pte +1,,
X +n->A+n+e +0,,

S +p->A+pte +0,. (4.4)

Hyperonic bremsstrahlung can also be found within
Ref. [5], and so we write their contribution down within
NSCool [60]:

X 4+n—->X +n+rv+u,

+p->X +ptrv+r,

SHA-IT +FA+vH4D,
X4+ X+ X +rvtr,
X+p->A+ntv+u (4.5)

The modified-Urca and bremsstrahlung reactions listed
above do not include processes involving = hyperons. The
E-mediated direct Urca reactions listed in Eq. (4.3) are
included, whereas the corresponding slow E channels are
not implemented. When a Z direct Urca reaction is
kinematically allowed, its 7° temperature dependence
generally makes it dominant over modified Urca and
bremsstrahlung processes, whose emissivities scale as 7%
[3,6]. In addition, the E fractions remain comparatively
smaller than the A and X ones in the stellar models
considered here. We therefore expect the omitted slow
channels to provide a subleading contribution within the
present setup.

Finally, hyperons may also form Cooper pairs when the
NS temperature approaches the critical temperature of each
baryon. We assume that they only form pairs in the singlet
lSO state, and thus include their contribution to PBF
processes [44]:

EX}o +3 +uvtn
(5t} o S+ St b
{2089} & B0+ 20 4 v + 7,

{(EE o E +E +v+m. (4.6)

Allowing for the presence of hyperons leads to the last
two scenarios considered; Octet and Oct+Dec. The first
includes only spin § baryons, while the second also includes
the spin % decuplet. Although the DS (CMF) EOS 1 and 7
do present different compositions in these cases, the result
offered by the MUSES CE is the same in both situations:
when hyperons are included, no A resonance appears in the
star, let alone heavier particles from the decuplet. This
MUSES CE Octet case is the one for which we display the
particle fractions in Fig. 5, which contrasts with the
previous cases in the decrease of leptonic fraction at very
high densities due to the presence of X~ and Z~ baryons.

D. More exotic compositions

When exploring core compositions beyond the standard
one, a widely discussed possibility is the appearance of
pion or kaon condensates. At sufficiently high densities,
these bosonic degrees of freedom may form Bose-Einstein
condensates, modifying the particle composition and open-
ing additional neutrino emission channels. A summary of
these processes, including estimates of the corresponding
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FIG. 5. Particle fractions within the NS core for the different
species allowed when using the MUSES CE to produce an EOS in
the Octet case.

direct Urca emissivities, can be found in Ref. [3]; see also
Refs. [94-96]. Rapid neutrino emissivities in kaon con-
densates are considered in the following papers [97,98].

The low-energy interactions of the QCD axion with the
hadronic sector include axion-pion and axion-pion-nucleon
couplings, which may provide additional axion production
mechanisms in pion-rich matter. Pion-induced axion emis-
sion has been investigated in supernova and proto-NS
contexts, where reactions such as z~ + p —» n+a can
significantly enhance the axion emissivity [99,100]. Axion
emission from cold NS matter containing pion or kaon
condensates was considered in Ref. [7], where the presence
of a meson condensate was found to potentially enhance
axion cooling. That calculation was based on axion-
nucleon interactions, and a modern treatment consistently
including the complete set of relevant axion-meson-
nucleon interactions would therefore be required.
However, the current version of MUSES CE does not
provide pion or kaon condensates and their abundances.
We consequently do not include these compositions in the
present analysis and leave their systematic investigation to
future work.

The other logical possibility to consider under the
extreme conditions in a NS core relate to QCD deconfine-
ment. In the core of NSs, hadronic matter may undergo a
phase transition and deconfine, finding at high densities
matter with free quarks and gluons, making up the so-called
hybrid stars [101-103]. Such a possibility requires a
detailed treatment of the EOS, which will shift from
hadronic to quark matter as baryon density rises within
the star.

The presence of new degrees of freedom would, of
course, require the inclusion of new cooling processes [9]
and, more importantly, could lead to quite general limits on
the axion, due to its model-independent coupling to gluons.
While the MUSES CE does include tools to deal with hybrid
stars and we have performed a first approach to this study,
the full analysis of these objects in the context of axion
physics lies beyond the scope of the current manuscript and
we leave to be explored in future work [104].

V. STELLAR MASS-RADIUS AND COOLING
CURVES

Now that we have established the different compositions
to be considered in this study, we must check whether EOS
including the different set of particles are in agreement with
constraints or not. In order to do so, we will follow roughly
the same philosophy as in [46]: we will use the constraints
provided in [62] and require that our EOSs result in mass-
radius curves that enter, at least, within the 90% confidence
region. In contrast to what was done in [46], we not only
consider the band shown in Fig. 11 of [62], which includes
only the results for one of the three models considered in
that work, but also include the full result spanning all three
models at 1.4M, and 2.08 M . We do this for consistency,
as one should consider the dependence on the NS core
modeling given in [62] which would translate into a slightly
larger EOS dependence on the derived axion limit.

We recast both the band and the two points obtained
from [62] in Fig. 6, together with the eight curves obtained
from the two different EOSs in each of the four scenarios
considered. With solid lines (and one dashed for conven-
ience), one can see that all EOSs produced with the MUSES
CE, no matter their composition, comply perfectly with the
constraints obtained from the different observables studied
in [62]. While the DS (CMF) EOSs stray further from the
center of the band, the inclusion of the two extra points

25
2.0 P .
1.5
o)
2
= —— MUSES npey
1.0 wuses ou
—— MUSES npeuA
— — MUSES Oct+Dec
05!~ DseMp2
- DS (CMF) 1
----- DS (CMF) 8
- DpSEMp7 | T
0.0
8 10 12 14 16

FIG. 6. Mass-radius relation for the EOSs obtained with the
MUSES CE in solid or dashed and DS (CMF) in dot-dashed. Blue
lines represent equations with npeyu composition (npe for DS
(CMF) 2), orange ones relate to the Delfa scenario (without
muons for DS (CMF) 8), pink shows the Octet composition and,
finally, green curves represent the Octet+Decuplet. The dark
(light) gray bands show the 90% (50%) CL mass-radius allowed
region by [62] using one specific model to describe the NS core.
The two gray points, at 1.4M and 2.08M, respectively, show
the 90% CL results using all three models considered for the NS
core in [62].
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seems to indicate they can still be considered, with DS
(CMF) 2 being a borderline case. Thus, we will include
them all in the analysis, acting therefore as a control to our
MUSES CE-produced EOS.

In Fig. 6 one can already observe that the mass-radius
curve of NSs with MUSES CE EOS is quite stable under
changes in the core composition. Although the inclusion of
the baryon octet lowers the maximum value of the NS
mass, whenever a NS lighter than roughly 1.7Mg is
considered, no difference in its radius is observed. This
behavior, however, is not observed in the DS (CMF) family,
where slightly different radii are inferred roughly at all
stellar masses above 0.5M,.

The information shown so far determines the stellar
structure associated with each EOS, before its thermal
evolution is computed with NSCool [60]. The publicly
available version of NSCool includes standard neutrino
and photon cooling processes but does not account for
axion emission. We therefore extended the code by
implementing the nucleonic axion emissivities introduced
in Sec. II, following the expressions provided in the
supplementary material of Ref. [46]. Within this frame-
work, superfluidity and envelope physics are treated as
microphysical inputs to the general relativistic thermal
evolution problem. The code allows independent choices
for neutron singlet pairing, neutron triplet pairing, and
proton singlet pairing.

In our work, we consider three superfluidity models as in
[46]: 000, corresponding to no superfluidity; SFBOO,
corresponding to neutron singlet-state paring; and
SFBOT73, including both neutron and proton singlet-state
pairing. All these three scenarios are already described
within the available version of NSCool [60], including both
the relevant suppression factors and PBF processes. A
resonances are treated as unpaired in all simulations
presented here, while hyperons are assumed to have the
same energy gap as neutrons and are treated together with
them. Indeed, hyperonic pairing remains strongly model
dependent and may substantially suppress hyperonic neu-
trino emission channels [82,105,106]. Our approximation,
however, is reasonable in the present setup, as we find the
hyperonic impact on NS cooling to be marginal; never-
theless, further suppression due to superfluidity could
slightly shift the detailed cooling curves.

The outer envelope is treated as a thin external layer
rather than explicitly evolved. In this work, we described
the outer layers of the NS using the accreted-envelope
model based on Potekhin-Chabrier-Yakovlev relations
[107], already implemented in NSCool [60]. In this pre-
scription, the envelope contains a light element layer of
mass AM above heavier material, and its thickness is
parametrized by

_ o AM _ Prign
=947 T 1193 x 10 dynem ™2

108
108
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—— MUSES EOSs
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FIG. 7. Neutrino (solid), photon (dashed), and axion (dotted)
luminosity curves for a star of mass 1.4M, envelope charac-
terized by AM/M = 10" and no superfluidity. The axion
luminosity was computed for a KSVZ axion with the best-fit
mass m, = 13.61 meV, corresponding to the minimum value of
;{2. Green lines represent all EOSs calculated with the MUSES CE,
which coincide among each other, while blue, orange and pink
lines correspond to DS (CMF) 2, 1 and 7 and 8, with the last two
also superimposed.

Here, g4 = g,/(10" cms™2) with g, =2.43 x 10'* cms™>
the NS surface gravity, while Py, represents the pressure
at the bottom of the light element layer. The parameter AM,
therefore, controls the thermal transparency of the enve-
lopes. This means that larger values correspond to a thicker
light element layer, leading to a higher effective surface
temperature.

In Fig. 7 we show the photon, neutrino and axion
luminosities for each of the eight EOSs considered,
obtained with our full code. We do this for the case of a
star with M = 1.4M,, an envelope characterized by
AM/M = 10~" and no superfluidity, for a KSVZ axion
of best-fit mass m, = 13.61 meV. For the representative
hyperonic cooling models, we also verified that the
combined contribution of the implemented hyperonic
modified Urca and bremsstrahlung processes remains sub-
dominant with respect to the total neutrino luminosity over
the age range relevant to the analysis. This result shows that,
despite the mass-radius curves obtained with different
particle contents may be quite similar as depicted in
Fig. 6, the thermal evolution of each star can indeed be
quite different. As a matter of fact, it is easy to see in Fig. 7
that initial luminosities are roughly the same for all cases, but
as the star grows older, certain processes, in particular the
fast DURCA emission, turn on at different times depending
on the star composition. It is also interesting that the relevant
NS age of ~10° years identified in [46] where axion
luminosity is maximally relevant also depends largely on
the core composition, as allowing for certain particles to be
present may reduce the relative axion luminosity and thus
require for NSs of different age in order to optimize the limit.

One must, however, be careful when interpreting this
result. These cooling curves depend largely on parameters
like the NS mass, its abundance of light elements and the
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superfluidity model considered for its core, not only on the
EOS and its particle content. This is why, in the next
section, in order to obtain the limits on the axion couplings,
we perform a statistical analysis that marginalizes over all
nuisance parameters.

VI. RESULTS

In this section, we present the results we find after
revisiting the limits from [46] on the axion mass in the
KSVZ and DFSZ models using the different scenarios
introduced for NS core particle content. We used the same
data of ages and luminosities of NS as in [46], as shown in
Table I.

TABLE 1. List of the NSs considered, together with their
photon luminosity L;° and their age.

Name L2 (10% erg/s) Age (10° yr) Refs.
J1856 0.065 + 0.015 0.42 +0.08 [108-110]
J1308 0.32 £0.06 0.55+0.25 [111,112]
J0720 0.22 £0.11 0.85 £ 0.15 [113,114]
J1605 0.4 +0.1 0.44 £0.07 [115,116]
J0659 0.28 £0.14 0.35 £0.044 [117,118]

We then performed a statistical analysis following the
strategy introduced in [46]. For each microscopic input
model, we compare the observed ages and luminosities of
the selected sources with dedicated cooling simulations and

TABLEII. Results for the KSVZ axion case, showing the 95% CL upper limit on the axion mass, m?f, the best-fit

axion mass 77, and its significance o, and the null model x? value.

Model 0-0-0 SFB-0-0 SFB-0-T73
npep my = 13.46 meV mY» =9.71 meV my = 7.64 meV
m, = 4.13 meV m, = 0.22 meV m, = —2.54 meV
o =0.85 o =0.01 c=0.22
> =116 x> =057 7> =081
Octet m> = 13.46 meV m?® = 9.80 meV my =17.65 meV
m, = 4.12 meV m, = 0.38 meV m, = —2.49 meV
0 =0.85 o =0.01 c=0.13
=117 7> =058 x> =0.81
Delta my> = 13.49 meV my> = 9.80 meV my> = 7.70 meV
m, =4.18 meV m, = —0.77 meV m, = —2.55 meV
c=0.83 c=0.04 c=0.21
7> =115 x> =0.58 7> =083
Oct+Dec my = 13.46 meV my =9.80 meV m2> = 7.65 meV
m, = 4.12 meV m, = 0.41 meV m, = —2.36 meV
c=0.85 o =0.02 c=0.13
P =117 7> =0.58 7> =081
DS (CMF) 2 m? = 18.10 meV my = 14.83 meV my = 13.59 meV
m, = 6.07 meV m, =4.21 meV m, = 4.24 meV
o =0.36 o =0.87 o =041
7> =0.50 rr =107 7> =096
DS (CMF) 1 mP =17.59 meV mP = 14.74 meV m) =12.83 meV
m, = 5.37 meV m, = 3.34 meV m, = 2.92 meV
o =049 o =045 0 =0.39
7> =0.60 7> =050 y> =073
DS (CMF) 8 my® = 16.68 meV my® = 13.62 meV m3> = 12.09 meV
m, = 5.80 meV m, = 3.29 meV i, = 3.30 meV
o =0.66 =073 c=0.29
7> =046 x> =0.60 7% =0.69
DS (CMF) 7 my = 16.27 meV mp = 13.61 meV my = 12.68 meV
m, =5.13 meV m, = 2.23 meV m, = 2.65 meV
c=0.84 oc=0.25 c=0.20
7> =057 > =0.17 1> =041
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construct a likelihood test statistic from the difference
between the best-fit axion and no-axion (null) hypotheses,
profiling over the stellar mass and AM. The Monte Carlo
distribution of the test statistic under the null hypothesis is
then used to assign the corresponding p-value and signifi-
cance, while the 95% upper limit on the axion mass is
obtained from the profiled likelihood scan.

Additionally, we use an adaptive mass grid to refine the
region relevant for the best-fit, the upper limit, and the
likelihood prescription. In particular, we used a logarithmic
likelihood, comparing the cooling curves to the data in
log £, in contrast to the linear one used in the previous
work. This choice is justified for the analysis of neutron star
cooling data, since luminosities and ages are positive
quantities spanning several orders of magnitude, and it
greatly improves numerical stability.

For the KSVZ axion model, the analysis is performed as
a one-dimensional scan in the axion mass m,; the axion-
nucleon couplings g¢,yy from Eq. (2.3) are fixed by
Eq. (2.6), once m, is specified and Eq. (2.2) is used. We
perform this analysis for each choice of superfluidity
model, EOS family and NS core particle content, and
present in Table II the 95% CL upper limit set on the axion
mass, the best-fit value for m, and its significance o, and
the 42 for the null hypothesis.

In the results shown in Table II we can see that there is no
strong dependence on the upper limit on the axion mass due
to the particle content allowed to be present in the NS core,
which reinforces the robustness of the limit offered by [46].
While some slight variation is observed in the results of the
DS (CMF) family of EOSs, the dependence on composition
is well below that of, for example, the dependence on
superfluidity assumptions. All the results we find are
consistent in order of magnitude with those shown in the
original work [46].

One can also observe in our Table II a clear difference
from those from the previous analysis: while in Ref. [46] all
best-fit values for the axion mass were negative, here we
find both negative and positive values, and overall much
closer to zero. The reason for the appearance of negative
values, as explained in the original work, is that negative
values for the axion mass are allowed to account for
mismodeling of the NS, in such a way that the axion
emissivity for such mass was negative. The fact that all
best-fit values in the original work were negative seems to
point in the direction of neutrino cooling being too large. In
this work, we incorporate the corrections to the MURCA
and bremsstrahlung processes from [88], which effectively
reduce neutrino luminosity. After this correction, we find
best-fit values for the axion mass which oscillate closely
around zero, as one would expect when the null hypothesis
already seems to describe observations quite well.

For the DFSZ axion, the same procedure is repeated on a
two-parameter grid, since the axion-nucleon couplings
gann depend not only on m,, but also on tan  as described

Q
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0.5¢
0.1 ‘
0.01 0.02 0.03 0.04
ma (eV)
FIG. 8. 95% CL upper limit on the axion mass, m;°, shown as

shaded regions. Each color shows the extension where each core
composition can set the upper limit, with blue, orange, pink,
and green representing the npep, Octet, Delta and Oct+Dec
scenarios.

in Eq. (2.7). We then perform, as for the KSVZ model, the
analysis independently for each EOS family, core compo-
sition and superfluidity, in order to obtain m°, the 95% CL
upper limit on the axion mass.

The results obtained for DFSZ axions in Fig. 8 show no
strong dependence on the particles present within the NS
core. All bands are around the same axion masses, their
width given by the variation of superfluidity model and
EOS family.

Finally, in Fig. 9 we show our full result for the DFSZ
axion, including all compositions, both EOS families and
all superfluidity models, as a red band. The weakest limit,
given by the DS (CMF) 2 EOS with no superfluidity, is
shown as a solid red line.

=
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FIG. 9. New limit on the mass of DFSZ axions (red) at 95% CL
including all the scenarios and EOSs considered. For comparison,
in blue we show the previous analysis from [46], and for
completeness we include also the limits from red giant branch
(RGB) [27,28] and horizontal branch (HB) [119] as shaded gray
regions, the SN 1987A [26] as a dashed gray line. The prospected
reach for IAXO [120] is also shown with a solid gray line.
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Overall, our result is compatible with that from [46], with
our weakest bound being just very slightly looser than the
original one, which once again gives further soundness to
the bound. On the other hand, our strongest result, given by
the MUSES CE EOS with neutron and proton singlet
superfluidity in the npeu case, is almost a factor of 2
stronger than that in the previous work. Interestingly
enough, it goes right beyond IAXO sensitivity [120],
covering the window commented in the previous study.
If IAXO were to discover an axion in this region, it may
then help disentangle the composition within the NS, as this
region is precisely sensitive to the particles within the core.

VII. CONCLUSIONS

In this work, we performed a new analysis of the QCD
axion mass limit obtained from NS cooling by varying the
particle content within the core of the star. We defined four
scenarios according to which particles may appear in the NS
core: npepu, Octet, Delta, and Oct+Dec. We then obtained
the EOSs using the MUSES CE [54] for each of these four
cases, and as a control also used four EOSs found within the
repository CompOSE [91,93] with analogous compositions.
We largely upgraded the cooling code NsCool [60] with the
inclusion of all relevant new processes for neutrino emission
depending on the particle content considered.

After checking in Fig. 6 that all these equations of state
comply with current limits on NS mass and radii, we used
the open source code NSCool [60] to time-evolve the NSs
and obtain their thermal history as shown in Fig. 7. We then
performed the same statistical analysis as in [46] in order to
study dependence on the NS core composition under the
same conditions. We did so for the two main QCD axion
benchmark scenarios, namely the KSVZ and DFSZ invis-
ible axion models.

In the KSVZ axion framework we find that our results,
presented in Table II, are perfectly compatible with those
offered in the first study [46], adding to the stability of this
limit. Allowing for hyperons and/or spin % resonances in the
NS core does not seem to largely affect the limit derived on
the axion mass, with EOS family and superfluidity having a
stronger impact. Thanks to the correction to neutrino
bremsstrahlung and MURCA processes from [88], we find
a best-fit value for the axion mass that oscillates around
zero, with both positive and negative values. This contrasts

with the always negative and rather large values found in
the original work of [46].

In the context of DFSZ axions, we explore the plane
spanned by the axion mass m, and the extra parameter tan 3
and show the composition dependence in Fig. 8. There, the
same conclusion as for the KSVZ scenario is drawn:
allowing the presence of heavier SM particles in the NS
core has a mild effect on the derived constraint on the axion
mass. In Fig. 9 we offer a clear comparison with the result
of the first study and ours. Our new analysis shows again
clear agreement with the previous one, without worsening
the most pessimistic limit, which once again strengthens the
claim of this limit. On the contrary, the strongest limit is
enhanced by almost a factor of two, reaching now beyond
the expected sensitivity of IAXO. This implies that an axion
discovery in this window would allow us to test which
particles may or may not lie in the heart of neutron stars.

In addition to the results presented here, this work shows
the versatility of the MUSES CE [54] and opens the door to
exciting future analyses, both in SM and BSM scenarios.
Of particular interest for us is the case of hybrid stars, with a
quark-gluon phase present in its core. Although we have
already started a preliminary study, it requires a different
framework with regard to neutrino and axion emission, and
therefore leave it to be explored in the future [104].
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