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Axions may be produced thermally inside the cores of neutron stars (NSs), escape the stars due to their
feeble interactions with matter, and subsequently convert into x rays in the magnetic fields surrounding the
stars. We show that a recently discovered excess of hard x-ray emission in the 2-8 keV energy range from
the nearby magnificent seven isolated NSs could be explained by this emission mechanism. These NSs are
unique in that they had previously been expected to only produce observable flux in the UV and soft x-ray
bands from thermal surface emission at temperatures ~100 eV. No conventional astrophysical explanation
of the magnificent seven hard x-ray excess exists at present. We show that the hard x-ray excess may
be consistently explained by an axionlike particle with mass m, <2 x 107> eV and Gayy X Gann €

(2 x 10721, 10718) GeV~! at 95% confidence, accounting for both statistical and theoretical uncertainties,
where g,,, (gann) is the axion-photon (axion-neutron) coupling constant.

DOI: 10.1103/PhysRevLett.126.021102

Neutron stars (NSs) have long been recognized as
excellent laboratories for searching for new light and
weakly coupled particles of nature. This is because such
particles may be produced abundantly in the hot cores of
the NSs, escape, and thus provide a pathway by which the
NSs may cool. Some of the strongest constraints on the
ultralight pseudo-scalar particles known as axions arise
from NS cooling [1-5]. Axions may be produced through
nucleon bremsstrahlung in various combinations of proton
and neutron scattering in the NS cores [6,7]. It has also been
suggested the axions produced in the NS cores may convert
into x rays in the magnetospheres surrounding the NSs and
that these x rays may be observable [§—10].

In this work we provide a consistent interpretation of the
recently observed hard x-ray excess from the nearby
magnificent seven (M7) x-ray dim isolated NSs [11] in
the context of an axion model. Reference [11] found
significant excesses of hard x-ray emission, in the 2-
8 keV energy range, from the M7 using data from the
XMM-Newton and Chandra x-ray telescopes. In particular,
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Ref. [11] found that the NS RX J1856.6 — 3754 (J1856)
has around a 50 excess, RX J0420.0-5022 (J0420) has a
~30 excess, and RX J1308.6 + 2127 (J1308) has a ~2¢
excess. The NSs RX J2143.0 + 0654 (J2143) and
RX J0720.4 — 3125 (JO720) have marginal ~1c excesses,
while RX J1605.3 + 3249 (J1605) has a small deficit and is
consistent with zero hard x-ray flux. We show that the M7
hard x-ray data may be explained in the context of an axion
model where the axion couples to both nucleons and photons.
The fact that hard x-ray emission is observed from some NSs
and not others is consistent with the axion model because
(1) the exposure times vary across the M7, (ii) the predicted
fluxes at fixed axion parameters vary between NSs, given
their different properties, and (iii) these properties are
uncertain at present. We also provide one of the most
competitive constraints to date on the axion-photon times
axion-nucleon coupling for axion masses m, < 107* eV.
The M7 were discovered in soft x rays with the ROSAT
All Sky Survey (see, e.g., Ref. [12]). Their soft spectra are
well described by near-thermal distributions with surface
temperatures ~50-100 eV. No nonthermal emission, for
example, in radio, has been previously observed from the
NSs. As such, they are expected to produce negligible hard
x-ray flux, making them background-free from the point of
view of the analysis described in this work. Moreover, they
are all observed to have strong magnetic fields [13-20] and
to be relatively nearby, at distances of order hundreds of pc.
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The quantum chromodynamics (QCD) axion is a hypo-
thetical ultralight particle that solves the strong CP problem
of the neutron electric dipole moment [21-24] and may also
make up the observed dark matter [25-27]. The QCD axion
and axionlike particles (ALPs) more generally also appear
to be a relatively generic expectation from string compac-
tifications [28,29], and the ALP masses in particular may
be significantly lighter than the ~10* eV threshold rel-
evant for this work (see, e.g., Refs. [30,31]). Both the QCD
axion and ALPs are expected to couple derivatively to
matter and also couple to electromagnetism, allowing them
to be produced inside of the hot NSs and converted into
photons in the strong magnetic fields surrounding the NSs.
Thus in this work we refer to both particles simply as
axions. Intriguingly, recent string theory constructions
suggest that the ALP photon couplings may be slightly
smaller than current limits and within reach of the search
discussed in this work [32].

Axions have also been discussed in the context of white
dwarf, red giant, and horizontal-branch (HB) star cooling
[33-42]. In white dwarf (WD) and red giant stars the
dominant production modes involve the axion-electron
coupling while in HB stars the axion-photon production
dominates. Recently it was proposed that x-ray observa-
tions of magnetic WD stars may probe axion scenarios,
since the hot axions produced in the WD cores may convert
into x rays in the magnetic fields surrounding the WDs
[43]. Axion-photon conversion within NS magnetospheres
has been discussed recently in the context of dark matter
axions [44—47]. Axions and axion dark matter are also the
subject of considerable laboratory searches [48—63].

This work takes the M7 hard x-ray spectra from Ref. [11]
as a starting point. Additional analysis details and system-
atic tests relevant for the axion model are presented in the
Supplemental Material [64].

Axion-induced x-ray flux from NSs.—The central idea
behind the proposed signal is that while the cores of the M7
are quite hot (7'~ 1-10 keV) the surfaces are relatively
cool with 7'~ 0.1 keV. Axions may be emitted from hot
NS interiors, escape the NSs, and then convert into hard x
rays in the strong magnetic fields surrounding the NSs. To
calculate the expected signal we both account for the axion
production rate in the NS cores and the conversion
probability in the magnetospheres.

The axions are produced in the NS cores through the
axion couplings to fermionic matter. The coupling of the
axion a to a fermion y, is denoted by (see, e.g., Ref. [87])
L= (Cr/2f )W sr*ysw 0,a, with f, the axion decay
constant. Scattering amplitudes involving this operator
are generally functions of the dimensionless coupling
combination g, = Cymy/f,, with m; the fermion mass
and C/ the dimensionless Lagrangian coupling (we use C),
and C,, for the proton and neutron, respectively). Note that
the axion-fermion operators are generated in the infrared
through the renormalization group, given an axion-photon

coupling, even if such operators are absent in the ultraviolet
[43,88,89].

The axion production mechanisms relevant for this work
mostly occur in the NS core through axion bremsstrahlung in
fully degenerate nucleon-nucleon scattering NN, —
N;N,a, where the N, are either neutrons or protons.
The emissivities for these processes are functions of the
couplings gunn» Gapp» the local NS core temperature 7, and the
neutron and proton Fermi momenta (see the Supplemental
Material [64] and Refs. [6,7]). As shown in Ref. [6], the local
energy spectrum of axions emitted from these processes
follows the modified thermal distribution dF/dE
(22 +4x%)/(e* = 1), where z = E/T, E is the local axion
energy, and F is flux. We note that the nucleon bremsstrah-
lung rates may be suppressed at low temperatures, below the
critical temperature for Cooper pair formation, by nucleon
superfluidity [2,90]. Recent analyses of NS cooling [91]
indicate that the critical temperatures are likely too low to be
relevant for this work, and so we ignore possible nucleon
superfluidity in our fiducial analyses. However, given that the
critical temperatures are uncertain at present, we discuss their
possible effects in depth in the Supplemental Material [64].

To compute the production rates in the NS cores, given
the emissivity formulas, we need to know the temperature
profiles in the cores, the metric, the critical temperature
profiles (if including superfluidity), and the profiles of
neutron and proton Fermi momenta, which all depend on
the NS equation of state (EOS). We use the code package
NSCool [92] to perform the thermal evolution of the NSs,
in full general relativity and assuming spherical symmetry.
For our fiducial analysis we use the APR EOS [93] and
assume NS masses of 1.4 M. The thermal evolution is
used to obtain a relation between the effective surface
temperature and the isothermal core temperature 7;°, which
is the redshifted temperature infinitely far from the NS’s
potential well. The surface temperatures and associated
statistical uncertainties are taken from the recent compila-
tion in Ref. [91], which accounts for the effects of NS
atmospheres in lowering the surface temperature for many
NSs relative to the observed single-blackbody temperature.

The relation between the surface and core temperatures
is known to be strongly affected by accretion and magnetic
fields, and moreover strong magnetic fields may make the
surface temperature inhomogeneous (see, e.g., Ref. [94]).
In fact it is the anisotropic surface temperatures that are
thought to lead to the observed x-ray pulsations of the M7
[95]. Additionally, NS atmospheres may distort the spectra
away from perfect blackbodies [96,97]. We account for
these possibilities through a systematic uncertainty on the
core temperatures, as described in the Supplemental
Material [64]. We combine all 73° uncertainties, statistical
and systematic, into single Gaussian priors, with standard
deviations given in Table I, with the restriction that 75> > 0.

The core temperatures may also be estimated from the
kinematic ages of the NSs. The local temperature at the
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TABLE I. The M7 properties used in this work. The magnetic
field strength at the pole By is in 10'® G; the surface temperature
at infinity 7% is in eV; the core boundary temperature at infinity
T is in keV; the distance d is in pc; the hard x-ray intensity /,_g
is in 10~" erg/cm?/s, integrated from x keV to 8 keV, with
x = 4 for all NSs but J0420 and J1856, for which x = 2. We
obtain the NS properties from the catalog of cooling NSs [91],
and the /,_g’s from Ref. [11].

Name B, T Ty d I. g Refs.
JO806 5.1 10010 154+9 240425 O_Oj&-g [18,98,99]
J1856 29 50+14 5+3 123413 1,5j8~g [16,100-103]
J0420 2.0 45+£10 342 345+200 0,7j(1)_~g [19,98,99]
J1308 6.8 70+£20 8+6 380+30 2,3j11_'78 [15,104,105]
JO720 6.8 92+ 10 13 4+£8 286425 O.9f11"61 [14,106]
J1605 2.0 78+429+11 174£52 —O.Sfé'% [20,107]

J2143 40 72+£32 848 430£200 31:32 [17,99,108]

outer boundary of the core T} is expected to evolve as
T, ~ 10°(t/yr)~1/® K over times ¢ > yr, neglecting effects
such as ambipolar diffusion, which may provide additional
heating to the core [109]. The kinematic core temperature
estimates agree with those in Table I within uncertainties
when the NS ages are available, though there are minor
differences which, as shown in the Supplemental Material,
Fig. S8 [64], lead to slightly lower inferred axion couplings
when using core-temperature priors from age estimates.

We then consider the conversion of the axions into x rays
in the NS magnetic fields. Here we follow closely the
framework outlined in Ref. [43] for axion-photon con-
version in WD magnetospheres. The axion-photon mixing
is induced through the operator £ = —g,,, aF F/4, where
F is the electromagnetic field strength tensor, F is its
dual field, and g,,, is the axion-photon mixing parameter.
The parameter g,,, is related to f, through the relation
Gayy = Cyapm/(27f ), with agy the fine structure constant
and C, a dimensionless coupling constant. In the presence
of a strong magnetic field this operator may cause an
initially pure axion state to rotate into an electromagnetic
wave polarized parallel to the external magnetic field.
However, the axion-photon conversion is suppressed by
the Euler-Heisenberg term for strong field quantum electro-
dynamics [9].

In the limit of low axion mass, which for our applications
is roughly m, < (wRgl)"/? (and approximately 107* eV at
axion frequencies @ ~ keV and NS radii Ryg ~ 10 km), the
conversion probability p,_,, is approximately [9,10,43]

G 2 /1 keV\ 4/
1.5 x 107 ”
Pamy 29 <10—11 Gev-! »

BO 2/5 RNS 6/5 -
- <1013 G) 0km) SO (m)

independent of the axion mass. Above, B is the surface
magnetic field strength at the magnetic pole, assuming a
dipole field configuration, and @ is the polar angle from the
magnetic axis. At large axion masses the conversion
probability becomes additionally suppressed and must be
computed numerically (see, e.g., Ref. [43]).

We assume dipolar magnetic field strengths calculated
from the spin-down of the NSs [13-19] via magneto-dipole
radiation. (Note that the statistical uncertainties on the
dipole field strengths are subleading.) In the case of J1605,
there is no spin-down measurement and we adopt 2 x
103 G as considered in Ref. [20]. Measurements of the
magnetic field from spectral fitting of cyclotron resonance
lines or atmosphere models generally predict larger fields,
which we consider in the Supplemental Material [64]. We
account for the unknown alignment angle 6 by profiling
over 6 with a flat prior.

Data analysis.—Ref. [11] analyzed all available archival
data from XMM-Newton and Chandra towards each of the
M7 for evidence of hard x-ray emission. For XMM-Newton
they reprocessed data from both the MOS and PN cameras
and treated these datasets independently, since they are
subject to different sources of uncertainty from, e.g., pileup.
The data were binned into three high-energy bins from 2—4,
4-6, and 6-8 keV. Reference [11] computed likelihood
profiles for flux from the M7 in each one of these energy
bins; these likelihoods are provided as supplemental data in
Ref. [11] and are the starting points for the analyses
presented in this work. As an illustration, in Fig. 1 we
show the energy spectrum from J1856, which is the NS
with the most significant hard x-ray excess. Note that we
show the best-fit fluxes and associated 68% confidence
intervals from the joint analyses over all three cameras.

Reference [11] showed that the 2—4 keV energy bin may
be contaminated by the high-energy tail of the thermal
emission from the NS surfaces, depending on the atmos-
phere model, for all NSs except J1856 and J0420. The
predicted thermal surface emission is negligible for all NSs

) Axion model
T PN+MOS+Chandra

dF/dE [107' erg/cm?®/s/keV]
[S)

3 5
E [keV]

~1

FIG. 1. The energy spectrum from 2 to 8 keV for NS J1856 as
measured by combining PN, MOS, and Chandra data, with 68%
statistical uncertainties [11]. We also show the best-fit axion
model spectrum from a fit to this NS only, with the core
temperature fixed to the central value in Table 1.
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10-17

10-18

ann [GeV ]

107"

Yary 9.

107214 :
107° 107° 10~
mg [eV]

FIG.2. 95% exclusion limit and best fit 1 and 2¢ regions from a
joint likelihood analysis over all of the M7 and combining PN,
MOS, and Chandra data. We compare our result to existing limits
from CAST2017 + NS cooling. All curves and regions continue
to arbitrarily small m,. Note that the QCD axion model is too
weakly coupled to appear in this figure. Accounting for system-
atic uncertainties may allow for smaller values of g,,,Gann> Y
approximately an order of magnitude, as discussed in the
Supplemental Material [64].

in the last two energy bins. As such in this analysis we use
all three available energy bins for J1856, which has by far
the most exposure time of all M7, and J0420, but only the
last two energy bins for the other five NSs. Reference [11]
only provides Chandra data for J1856, J0420, and JO806,
because for the other NSs they found that pileup may affect
the observed high-energy spectrum. For J2143 only PN
data is available.

We interpret the M7 hard x-ray spectra in the context of
the axion model by using a joint likelihood over all of the
M7 and available datasets with a frequentist profile like-
lihood analysis procedure. Our parameters of interest are
{m4. Gayy» Gann- Gapp} and our nuisance parameters, which
describe uncertain aspects of the NSs, are the set of
parameters {0,d, T} for each NS, where d is distance.
Each of the nuisance parameters is taken to have a Gaussian
prior with uncertainty given in Table I, except for 8, which
is given a flat prior from O to z. Uncertainties arising from
the NS superfluidity model are described in the
Supplemental Material [64]. For our fiducial analysis we
fiX gapp = Gann- We construct a joint likelihood over all of
the M7 and available datasets, and we use this likelihood to
constrain our parameters of interest.

Results.—The resulting best-fit parameter space in the
My = YayyYann Plane and 95% one-sided upper limit are
shown in Fig. 2. Interpreting the data in the context of the
axion model, we find approximately 5o evidence for the
axion-induced flux over the null hypothesis of no non-
thermal hard x-ray flux from the M7. The global fit
prefers a low axion mass and a coupling at and slightly
below previous limits, which are also indicated. In par-
ticular we combine the CAST constraints on g,
(Gayy < 6.6 x 10711 GeV~! at low masses) [110] with the
SN 1987A constraints on gn,, taking gapp = Ganns Gann <
1.4 x 1072 [111] (but see Ref. [112] which question these

10420.0 1 —— 1
J1856.6 et
10716 10-1 104
Iy_s [erg/cm?/s]
J0806.4 } ——— J 1
J1605.3
J0720.4 [ f —+F 1 1
J1308.6 1 t == { 1
J2143.0 1 + 1
10717 10716 1071 10714
I, [erg/cm?/s]
FIG. 3. Best-fit intensities /,_g and I, g for all M7. The green

(yellow) bands indicate the 68% (95%) confidence intervals from
the x-ray intensity measurements, with best-fit intensities marked
by vertical green lines. Black and gray error bands denote
the 68% and 95% confidence intervals for the axion model
predictions at the global best-fit coupling ¢,/ 9amn and

m, < 107 eV, with uncertainties arising from uncertain aspects
of the NSs.

constraints). Constraints on g,,, from cooling of the NS Cas
A [2.4,5] may all be relevant, though these constraints are
subject to both instrumental [113] and theoretical system-
atic uncertainties. Thus the current constraints on g,,, Gunn
in Fig. 2 should be taken as suggestive.

It is interesting to investigate whether the high-energy
flux observed between the individual NSs is consistent with
the expectation from the axion hypothesis. In Fig. 3 we
show the observed intensities 7, g (I,_g) between 2—-8 keV
(4-8 keV) for each of the M7 after combining the MOS,
PN, and Chandra datasets. These intensities are determined
by fitting the low-mass axion spectral model uniquely to
the data from each NS, with model parameters 7}° and I, g
(14_g)- Note that for the NSs where we include the 2—4 keV
energy bin we report I,_g, while for those where we do not
include this bin we instead report 1, 3. (We obtain quali-
tatively similar results if we only use the 4-8 keV bins for
all NSs, as shown in the Supplemental Material [64].) The
green (yellow) bands indicate the 68% (95%) confidence
intervals for the intensities from the x-ray measurements.
The black and gray error bands, on the other hand, denote
the 68% and 95% confidence intervals for the axion model
predictions, fixing the axion model parameters at the best-
fit point from the global fit, g,,,gan ~ 4 x 10720 GeV~!
with m, < 107 eV, and profiling over the nuisance
parameters. The uncertainties in the model prediction arise
primarily from the nuisance parameters describing the
unknown properties of the M7, as described above, while
the uncertainties on the measured intensity values are
purely statistical in nature.

The observed intensities are consistent with expectations
from the axion model. Additionally, there are sources of
uncertainty on the axion model predictions for the indi-
vidual NSs beyond those shown in Fig. 3, arising from for
example nucleon superfluidity, the EOS, and the inference
of the core temperatures. For example, as we show in the
Supplemental Material [64] with alternate core-temperature
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J0420.0
J1856.6 i
T T T T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20 22 24
T [keV]

FIG. 4. AsinFig. 3 but for the best-fit core temperature T}° for
J1856 and J0420.

models, based on ages rather than surface temperatures,
the best-fit couplings could be as low as g, gun™
2x 107! GeV~l.

We also investigate whether the observed spectra from
the two high-significance detections in J1856 and J0420 are
consistent with the axion model expectation. In Fig. 4 we
show the best-fit core temperatures 75 measured from
fitting the axion model, with m, < 107> eV, to the x-ray
data between 2 and 8 keV. We note that the NS with the
best-determined spectral shape is J1856, which has the
most significant detection. In Fig. 1 we show the best-fit
model prediction for this NS compared to the observed
spectrum. The axion model appears to reproduce the
spectral shape found in the data.

Discussion.—In this work we presented results of a
search for hard x-ray emission arising from axions in the
M7 NSs. We showed that the M7 hard x-ray excess
observed in Ref. [11] may be interpreted in the context
of the axion model.

Alternative explanations for the hard x-ray emission
exist, but they are not compelling [11]. For example, some
of the observations may be affected by pileup due to the
high flux of soft, thermal x rays, though these effects seem
insufficient to explain the observed hard x-ray flux [11].
For the XMM-Newton data in particular, unresolved astro-
physical point sources near the source of interest could also
bias the observed spectrum, though the fact that consistent
spectra are observed with Chandra, which has over an
order of magnitude better angular resolution, provides
evidence that this is at least not the sole explanation for
the excess. Hard nonthermal x-ray emission is observed
generically from pulsars, and one possibility is that the
observed hard x-ray flux from the M7 arises from the
traditional nonthermal emission mechanisms (e.g., syn-
chrotron emission) that are present in other pulsars. On the
other hand, this emission is often accompanied by non-
thermal radio emission, which is not observed for the M7
[114], and also the spin-down luminosity seems insufficient
for most of the M7 for this to be an appreciable source of
flux [11]. Accretion of the interstellar medium may also be
a source of x rays from the M7, though this is typically
thought to produce flux at much softer energies if at all (see,
e.g., Ref. [115]).

Observations at higher energies by, e.g., NuSTAR of
J1856 and J0420 in particular may help discriminate the
axion explanation of the excess from other explanations.
This is because the predicted axion spectrum in the energy
range from ~10-60 keV is unique and potentially includes

a significant enhancement due to Cooper pair-breaking-
formation processes, depending on the superfluidity model.
(See the Supplemental Material [64] for details, where we
also show that the Cooper pair processes could enhance the
flux below 10 keV as well.) The axion-induced flux should
also pulsate at the NS period, and this may be measurable
with future instruments such as Athena that can acquire
better statistics. Athena will have similar angular resolution
to Chandra while also being significantly less affected by
pileup [116]. X-ray observations of magnetic white dwarf
stars [43], the magnetized intracluster medium [117], or
nearby bright galaxies [118] could also help constrain or
provide additional evidence for the best-fit axion from this
work. The best-fit axion parameter space from this work
may also be probed with next-generation light-shining-
through-walls experiments like ALPS II [119] and helio-
scopes like IAXO [120]. In summary, if the M7 hard x-ray
excess is due to axions, then a variety of near-term
measurements should be able to conclusively establish a
discovery.
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