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Neutron stars (NSs) with their strong magnetic fields and hot dense cores could be powerful probes of
axions, a classic benchmark of feebly coupled new particles, through abundant production of axions with
the axion-nucleon coupling and subsequent conversion into x-rays due to the axion-photon coupling. In this
Letter, we point out that the pulsation structures in both the intensity and polarization of x-rays from NSs
could provide us additional information about axions and their couplings. We develop new analytical
formalisms of pulsation-polarization structure applicable to a wide range of NSs in the axion scenario and
argue that they hold in complicated astrophysical environments. As a case study, we apply our formalism to
a representative X-ray Dim Isolated Neutron Star, RX J1856.6-3754, with an unexpected hard x-ray excess
which might be axion induced. We show with an updated fit that the axion explanation is compatible with
both the intensity and pulsation data available, and combining the pulsation data does not shift the posterior
by more than 1σ. Yet, the preferred parameter space is close to being excluded by other astrophysical
constraints. With a 75% reduction of the uncertainties in the pulsation data, we could potentially draw a
definite conclusion on the axion-induced x-rays at more than 3σ level.
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Introduction—An axion, a pseudoscalar field with a
discrete shift symmetry, could have a wide range of
phenomenological and cosmological applications. Its most
notable applications include solving the strong CP problem
[1–4], as well as serving as a classic cold dark matter
candidate [5–7]. Though the axion scenario was proposed
more than 40 years ago, it continues to serve as one of the
most motivated hypothetical feebly coupled particles
beyond the standard model of particle physics, with
heightening interests in all kinds of search strategies.
Among the astrophysical probes, neutron stars (NSs) with
high nucleon densities could be powerful factories for
axions, in the presence of axion couplings to nucleons
[8–12]. The axions produced could subsequently convert
into hard x-rays in the strong magnetic fields around the
NSs, if axions also couple to photons. Such a combined
process has been studied intensively in the literature, for
different types of NSs [13–16], and already gives us highly
nontrivial constraints and even potential hints of axions.

In this Letter, we study new observables beyond the
overall x-ray flux from rotating NSs, the pulsars, which
could potentially provide further valuable information
about axions and their couplings [17]. Since the NS
magnetic field configuration is not axisymmetric around
its spin axis generically, the axion conversion rate depends
on the phase of rotation, giving rise to interesting pulse
structures in the converted x-ray intensity. In addition, the
x-ray photons converted from the axion are nearly 100%
linearly polarized with the associated electric field aligned
along the local NS magnetic field. As a result, the
polarization signal is also phase dependent as the magnetic
field configuration changes with the pulsar rotation.
For an isolated NS without a strong accretion process,

the axion-to-photon conversion happens dominantly in
regions far from the NS surface. Thus, unlike the astro-
physical sources of x-rays, which are usually located close
to the surfaces of NSs (e.g., local hot spots [18,19]), the
predictions of the polarization and pulsation signals in the
axion scenario are not susceptible to complications in
modeling the NS surface and atmosphere. In addition,
the higher moments of the magnetic field beyond the dipole
one fade away much faster in the effective axion-photon
conversion region, and have much less impact on the axion-
induced signals than on astrophysically originated x-rays.
Consequently, the results obtained in this Letter are
applicable to a wide range of NS’s, including X-ray Dim
Isolated Neutron Stars (XDINS) and magnetars. The joint
pulse-polarization structure from axion-induced x-ray flux
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can help discern potential axion signals from astrophysical
backgrounds. We note in passing that the opposite photon-
to-axion conversion can potentially induce interesting
polarization signals (see, e.g., Refs. [20,21] and references
therein), although such studies focus on the surface photon
spectrum and require careful modeling of the astrophysical
environment and standard model contribution to the polari-
zation aside from the axion-induced one.
Taking into account the pulse structure, we revisit the

axion explanation for the keV x-ray excess of XDINS [16],
taking RX J1856.6-3754 (J1856) as an example. We show
that the pulse structure from the axion explanation of the x-
ray excess is compatible with the current spectrum and
pulsation data. However, the preferred parameter space is
on the verge of being excluded by other astrophysical
bounds. We will also demonstrate how a solid conclusion
on the axion explanation could be achieved with reduced
uncertainties in the pulsation data, which are feasible in the
near-future observations.
Axion production and conversion in the keV-band—The

hot dense core of a NS mainly consists of nucleons and
becomes a significant source of axions with energy in the
keV band in the presence of an axion-nucleon coupling.
Here we follow the conventional way of parametrizing
coupling of an axion, a, to a fermion f with mass mf, as
L ⊃ gaf∂μaf̄γμγ5f=ð2mfÞ, where the coefficient gaf is
dimensionless. We set the axion coupling to a nucleon
(denoted by a subscript N), either a proton (p) or a neutron
(n) to be the same gaN ¼ gap ¼ gan. The axion production
mechanism in the NS core is dominated by nucleon
bremsstrahlung, while the Cooper-pair breaking may
become important for certain temperature ranges [22].
Both mechanisms are subject to large systematic uncer-
tainties from high-density nuclear physics and NS interior
conditions. As a leading approximation, the axion emission
from the NS core is spherically symmetric. For further
discussions, see Ref. [24].
The produced axion could also couple to the electro-

magnetic field through the operator −ðgaγ=4ÞaFμνF̃μν,
where gaγ is the dimensionful coupling with energy
dimension −1 and FðF̃Þ the (dual) electromagnetic field
strength. This operator leads to aE ·BwithEðBÞ being the
electric (magnetic) field. It determines that the photons
converted from axions are always polarized in the direction
of the local background magnetic field. In other words,
x-rays from the conversion are always in the so-called
ordinary mode (Omode) parallel to the k − B plane with k
the photon wave vector.
The axion-photon conversion probability could be com-

puted from the leading-order solution to the time-depen-
dent perturbation theory in quantum mechanics [14]. A
benchmark conversion probability as a function of radial
distance r in the unit of r0, the NS radius is shown in Fig. 1.
We define the axion-photon conversion radius, rcon, to be
the scale at which the conversion probability is half of the

asymptotic value, which is given by
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where ω is the photon energy, r0 ≈ 12 km the typical NS
radius [25], and θ the angle between the direction of axion
(photon) propagation and the local magnetic field. In the
above equation, we only consider the dipole component of
the magnetic field which scales as B0ðr=r0Þ−3 with B0 the
magnitude of the dipole field at the surface. From Fig. 1,
one could see that for axions propagating in the NS
magnetosphere, the conversion probability is negligible
at small radii as the large effective photon mass induced by
vacuum polarization suppresses the mixing. The conver-
sion happens dominantly at larger radii. Thus, higher-order
moments of the magnetic field, which vanish faster with the
radius, have negligible effects on the conversion rate.
Note that rcon is independent of the axion mass ma as

long as ma ≲ ðω2m2
e=ðαr30B0 sin θÞÞ15 [24], with me the

electron mass and α the fine-structure constant. This
remains true for most NSs except when sin θ ≪ 1 near
the magnetic poles. Yet the axion-photon conversion
around the pole is suppressed ∝ j sin θj2=5. Moreover, since
the conversion dominantly happens far away from the NS,
predicted properties of converted x-rays are robust against
astrophysical factors effective close to the NS. These
include vacuum resonance in the thin atmosphere, which
is only about OðcmÞ thick [26], and photon bending due to
general relativity. On the other hand, astrophysical sources
of hard x-rays such as local hot spots [18,19] are subject to
all these effects. As shown in the NS literature (summarized
in [27]), these complications have competing effects on
the polarization and usually predict a mixture of the
O mode and X mode (orthogonal to the k −B plane)
with an energy-dependent polarization fraction, in contrast
to the clean polarization signal in the axion scenario: a

FIG. 1. Probability of axions converting to photons (Pa→γ) as a
function of r=r0. It approaches half of its asymptotic value at
∼85r0, distant from the surface, for the benchmark shown.
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dominant O mode with a polarization fraction ∼1 at a
given phase.
Pulses in intensity and polarization—The axion-

converted x-ray photons have specific pulse structures
in both the intensity and polarization, which are
underexplored.
Pulsation: The time evolution of the flux, or equiv-

alently, the pulse structure, could provide us important
information about axion conversion. The nontrivial pulse
structure of the converted photons from axions arises from
the misalignment of the pulsar spin axis with the line of
sight (LOS) and the magnetic field’s dipole moment.
Conventionally, the angle between the pulsar spin axis
and the LOS (magnetic dipole moment) is labeled as χ (ξ),
as shown in Fig. 2. We also show ϕ, the pulsar rotation
angle. In the maximal conversion case, the LOS passes
through the pulsar’s magnetic equator and θ ¼ π=2.
Generically, θ deviates from π=2, decreasing the converted
photon flux. During pulsar’s rotation, the direction and
intensity of the B field along the LOS is phase dependent.
The converted photon intensity I along the LOS
follows

I ¼ Imax ×
�
1 − cos2χcos2ξ

− sin2χsin2ξcos2ϕþ 1

2
sin 2χ sin 2ξ cosϕ

�1
5

; ð2Þ

where Imax is the maximum intensity. The pulse fraction
(PF), defined as the ratio of the difference between the
maximum and minimum fluxes and the sum of the two, is
given by

PF ¼
8<
:

sin2=5ðξþχÞ−sin2=5ðjξ−χjÞ
sin2=5ðξþχÞþsin2=5ðjξ−χjÞ ; χ þ ξ ≤ π=2;

1−sin2=5ðξ−χÞ
1þsin2=5ðξ−χÞ ; χ þ ξ > π=2:

ð3Þ

Here PF is independent of axion energy as it arises from
magnetic field geometry, which we plot as a function of χ
and ξ in Fig. 3. Interestingly, when χ þ ξ < π=2, there is
only one minimum in Eq. (2) when ϕ goes from 0 to 2π,
corresponding to the single pulse scenario. There are two
minima when χ þ ξ > π=2 since both magnetic poles will
approach LOS once per pulsar spin. This will lead to a
double pulse structure, which is observed for many pulsars,
e.g., [28–30].
For phase-averaged intensity measurements, the average

of photon intensity hIi≡ ð1=2πÞ R 2π
0 Idϕ introduces an

attenuation factor when compared with Imax, hIi=Imax < 1.
Numerically, we find the attenuation is mild for most of the
parameter space, except where both χ and ξ are close to
zero, as presented in Fig. 3, in which case the conversion is
suppressed since θ → 0. Note that the pulse structure is
symmetric under the exchange χ ↔ ξ. Therefore, there is a
degeneracy between the two angles even with very precise
pulse measurements. However, the degeneracy will be
broken after considering the x-ray polarization dis-
cussed below.
Polarization: As discussed earlier, the photon con-

verted from axions will be ∼100% polarized following
the dipole direction. An instantaneous polarization ∼1 in
high energy bins could be a strong indicator of the axion
origin. However, the magnetic field configuration becomes
phase-dependent as long as ξ ≠ 0. The angleΘ between the

FIG. 2. Schematic of pulsar field configuration and definition
of the χ, ξ, and ϕ angles. FIG. 3. The phase-averaged attenuation factor of the photon

flux from axion conversions compared to Imax, color-coded. Both
the magnetic dipole approximation and the central LOS approx-
imations are adopted. The white contours show the pulse fraction.
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polarization vector and the pulsar spin axis, projected onto
the plane of the sky is given as

tanΘ ¼ sin ϕ sin ξ
cos χ sin ξ cosϕ − sin χ cos ξ

; ð4Þ

which lifts the degeneracy between χ and ξ.
When the measurements have limited time resolution

and cannot fully resolve the phase-dependent polarization,
the polarization of different phases may cancel each other
and attenuate the averaged polarization, similar to the flux.
Detailed calculations of the phase-averaged polarization
angle (PA) and polarization degree (PD) are given in
Supplemental Material [31]. Due to the system’s symmetry,
the averaged polarization angle will either align with the
rotational axis’ projection along the LOS or be orthogonal
to it, as shown in Fig. 4.
RX J1856.5-3754: A case study—The discussions above

apply to a wide range of observed NSs. In this section, we
will focus on XDINS, a special class of NS, which offers a
unique search opportunity for axions in the hard x-ray
band. XDINS feature soft thermal x-ray emissions, well
characterized by a simple blackbody (BB) spectrum with a
temperature between 50 and 100 eV [50–53]. There are
seven of them [54–60], nicknamed the “Magnificent
Seven.” More recently, several works reported unexpected
hard x-ray excesses around and above a keV from XDINS,
with enhanced fluxes several orders of magnitude above the
BB spectra, based on data from Suzaku, XMM-Newton,

and Chandra X-ray telescopes [18,19,61,62]. As with all
anomalies in the sky, these excesses may be due to pure
astrophysical effects such as a nonthermal rotation-pow-
ered emission. Yet, it is unclear that an astrophysical
explanation could be consistent with all the features of
the excesses and other properties of XDINS.
Among the seven of them, RX J1856.6-3754 (J1856 for

short later) is the brightest and closest to us, serving as a
frequently observed target for the calibration of the x-ray
telescope. Its soft x-ray spectrum is described to a high
accuracy by a soft blackbody (SBB) emission with a
temperature at infinity T∞

SBB ≈ 62 eV [63–65].
Observations also point to nontrivial pulse profiles of its
hard x-ray emission using Neutron Star Interior
Composition Explorer (NICER) and XMM-Newton data.
In particular, in the (1.2–2) keV bin, the PF is 0.29� 0.11
while in the (2–7.5) keV bin, the PF is ∼0.5 but with an
even larger error bar due to the systematic error mainly
induced by background subtraction and also the lower
count rates [19]. In contrast, in the energy bins below 1 keV,
the PF is of Oð0.01Þ [19].
It is suggested in [16] that the excess might be accounted

by the axion conversion scenario with a light axion and a
range of gaγgaN in some tension with existing limits from
CAST [66] and SN 1987A [67,68]. Here we implement a
new fit to a larger dataset of J1856 from [19], including
both the flux data above 1.05 keVand the pulsation data in
the two high-energy regions (1.2–2.0 and 2.0–7.5 keV),
compared to the previous fit with only flux data above
2 keV. The x-ray emission has three major contributors
[19]: an SBB dominantly determined by the soft spectrum
below keV as mentioned above, a hard blackbody (HBB)
mostly relevant for the intermediate energy between 1 and
2 keV, and the hard excess≳2 keV, which we assume to be
axion-induced below. Below we simply fix the SBB
spectrum following [19]. This choice renders seven free
parameters to be fit: χ, ξ, rotation phase at a reference time
ϕ0, the temperature and intensity of the HBB, NS core
temperature at infinity T∞

c , and the axion coupling product
gaγgaN . Details of the fits are listed in Supplemental
Material [31]. Posteriors of three key parameters are shown
in Fig. 5.
From Fig. 5, we see that the preferred core temperatures

from spectrum-only or the combined fits are both around
1.2 keV with large variations. Since the total axion
emission rate increases when T∞

c increases, there is an
anticorrelation between T∞

c and gaγgaN . The posterior
coupling product is only compatible with the current axion
bounds when T∞

c ≳ 2 keV. Even higher T∞
c leads to a

stronger tension in the spectrum shape measured. The
impact of including current pulse data is not obvious due to
its large systematic uncertainties. To better examine the
usefulness of the pulse data, we conduct a parallel fit
assuming a reduction of the systematic uncertainty to 25%
of the current size. We take a benchmark for the central

FIG. 4. Polarization degree for phase-averaged measurements.
The white-dashed curve corresponds to the Stokes parameter
Q ¼ 0, above (below) which we have Q < 0 (Q > 0), corre-
sponding to the phase-averaged photons being orthogonal (par-
allel) to the spin axis, respectively. The color code corresponds to
contours of constant polarization degree.
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values to be the current ones. The result is shown as the
green contours in Fig. 5 [72]. Indeed, this improved pulse
precision could potentially exclude the axion explanation
of the hard x-ray excess, as it prefers much larger axion
couplings. The power of spectral-pulsation analysis lies in
PF’s energy dependence. In the large core temperature
small coupling limit, the PF across different high energy
bins is expected to become similar in the axion scenario as
discussed in the previous section, contradicting what the
pulsation data prefers. The tension between the axion
coupling constraints and the J1856 data will be greater
than 3σ in this scenario.
Conclusions and outlook—In this Letter, we aim to

expand current astrophysical probes of axions with pulsa-
tion and polarization measurements on x-rays from pulsars.
We focus on the synergy between the three probes of
intensity, pulsation, and polarization in disentangling
potential axion signals from astrophysical backgrounds.
The work is timely given the intriguing hard x-ray excess
observed from the XDINS. In particular, we take a critical
examination of what information about axions can be
extracted from pulsation and polarization measurements.
We show that, when fitted against a model of axions

coupling to photons and nucleons, the current timing data
from XMM-Newton is compatible with the theory points
preferred by the hard x-ray excess, albeit in some tension
with other astrophysical bounds. We demonstrate that a
reduction of systematic errors by a factor of 4 in the timing
data will reach the precision level needed to rule out the
axion explanation of the hard x-ray excess.
Currently, Imaging X-ray Polarimetry Explorer (IXPE)

is in the middle of its 5-yr mission to measure the
polarization of cosmic x-rays [73]. So far IXPE has
discovered polarized x-rays from magnetars with signifi-
cantly larger x-ray fluxes [74,75], and the data has been
used to constrain the axion scenario [76]. However, it has
not provided any information about XDINS. It would be
highly interesting if IXPE and future x-ray polarimeters
such as eXTP [77], CATCH [78], and GOSoX [79] could
collect data from XDINS (i.e., time-dependent polarization
data), which could shed light on the origin of their
mysterious hard x-ray excesses and probe axion physics
simultaneously.
Again, we stress that the axion-induced x-ray pulse

structures presented are generic for a wide group of
sufficiently isolated pulsars. For much brighter sources
such as magnetars with both flux and polarization data
available, it would be interesting to apply our framework to
extract information about axion models from the timing
data, which has not been implemented so far and could help
resolve astrophysical backgrounds. Alternatively, if an
axion is discovered with parameters that can induce
observable x-ray signals, this Letter may serve as a way
to probe NS properties [31].
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