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Complementarity between indirect and direct detection
About 50 orders of magnitude in particle DM mass!
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Process (almost) all archival XMM-Newton observations

• ⇠0.5�2 per observation, ⇠100 eV energy resolution
• almost 20 years of archival data (launched 1999)
• all observations sensitive to Milky Way dark matter decay
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Mark Stone, UWMark Stone, UW ABRA-10cm Collaboration Alex Savello, VLA

19

Outline

• What is this dark matter?

��?Ë
�ÖÄÍjÁË�wË�?�?Þ�jÄ

• Axion particle physics and cosmology

IllustrisTNG

• Ongoing and future efforts to detect axion dark matter

Mark Stone, UWMark Stone, UW ABRA-10cm Collaboration Alex Savello, VLA

19

Outline

• What is this dark matter?

��?Ë
�ÖÄÍjÁË�wË�?�?Þ�jÄ

• Axion particle physics and cosmology

IllustrisTNG

• Ongoing and future efforts to detect axion dark matter

Mark Stone, UWMark Stone, UW ABRA-10cm Collaboration Alex Savello, VLA

19

This Talk: 
- Indirect detection 

for axions

1



Neutron stars as B-field laboratories for axions
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Neutron stars as B-field laboratories for axions
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Axion-photon interactions
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4 111. Axions and other similar particles
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Figure 111.1: Exclusion plot for axion-like particles as described in the text.

structure, for example when two NG bosons are attached to one fermion line as in axion
emission by nucleon bremsstrahlung [21].

In the DFSZ model [18], the tree-level coupling coefficient to electrons is [22]

Ce =
sin2 β

3
, (111.8)

where tan β = vu/vd is the ratio of the vacuum expectation value vu of the Higgs field Hu

giving masses to the up-type quarks and the vacuum expectation value vd of the Higgs
field Hd giving masses to the down-type quarks.

For nucleons, Cn,p have recently been determined as [11]

Cp = −0.47(3) + 0.88(3)Cu − 0.39(2)Cad − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

Cn = −0.02(3) + 0.88(3)Cd − 0.39(2)Cu − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

(111.9)

in terms of the corresponding model-dependent quark couplings Cq, q = u, d, s, c, b, t.
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QCD axion

• String theory ALP constructions (1909.05257, Halverson et al.):
gaγγ ∼ 10−12 − 10−10 GeV−1 for strongest-coupled ALP
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Axion-photon interactions

4 111. Axions and other similar particles

10-16

10-14

10-12

10-10

10-8

10-6

10-10 10-8 10-6 10-4 10-2 100

Ax
io

n 
Co

up
lin

g 
|G

Aγ
γ |

 (G
eV

-1
)

Axion Mass mA (eV)

10-16

10-14

10-12

10-10

10-8

10-6

10-10 10-8 10-6 10-4 10-2 100

LSW
(OSQAR)

Helioscopes (CAST)

Haloscopes
(ADMX and others)

Te
le

sc
op

es

Horizontal Branch Stars

KSVZ

DFSZ

VMB
(PVLAS)

SN 1987A

HESS
Fermi

Sun

Figure 111.1: Exclusion plot for axion-like particles as described in the text.
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This talk with X-ray 
Astro. This talk with radio Astro. 
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Existing axion-photon constraints

4 111. Axions and other similar particles
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Figure 111.1: Exclusion plot for axion-like particles as described in the text.
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Axion-photon mixing

• L = gaγγ a︸︷︷︸
dynam.

E︸︷︷︸
dynam.

· B︸︷︷︸
ext.

incoming axion

outgoing photon 
E-field parallel to B_ext

static external  
B-field B_ext

ga��

• Pa→γ ∼ B2
extg

2
aγγL

2

• L determined by Bext geometry and axion wavelength m−1a
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Example: CAST
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• Axion and photon have same energy ω, but momentum
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Existing axion constraints
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Figure 111.1: Exclusion plot for axion-like particles as described in the text.

structure, for example when two NG bosons are attached to one fermion line as in axion
emission by nucleon bremsstrahlung [21].

In the DFSZ model [18], the tree-level coupling coefficient to electrons is [22]
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where tan β = vu/vd is the ratio of the vacuum expectation value vu of the Higgs field Hu

giving masses to the up-type quarks and the vacuum expectation value vd of the Higgs
field Hd giving masses to the down-type quarks.
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Part 1: Radio Searches for axion DM
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NS with strong B-field and surrounding plasma
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NS with strong B-field and surrounding plasma
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NS with strong B-field and surrounding plasma
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NS with strong B-field and surrounding plasma
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NS with strong B-field and surrounding plasma

Neutron StarResonant conversion at radius 
where photon mass = axion mass
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NS with strong B-field and surrounding plasma
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DM  
axions

radio waves

Alex Savello, VLA

radio waves

DM axions resonantly convert to radio waves 
when ma = m�

NS with strong B-field and surrounding plasma

radio emission 
propagates 

to Earth
Narrow radio line detectable at 

Earth with                      . f = ma/(2⇡)
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First data results appeared in 2020
LCTP-20-04

Green Bank and E↵elsberg Radio Telescope Searches for Axion Dark Matter
Conversion in Neutron Star Magnetospheres

Joshua W. Foster,1, ⇤ Yonatan Kahn,2 Oscar Macias,3, 4 Zhiquan Sun,1 Ralph P. Eatough,5, 6
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(Dated: April 2, 2020)

Axion dark matter (DM) may convert to radio-frequency electromagnetic radiation in the strong
magnetic fields around neutron stars. The radio signature of such a process would be an ultra-
narrow spectral peak at a frequency determined by the mass of the axion particle. We analyze
data we collected from the Robert C. Byrd Green Bank Telescope in the L-band and the E↵elsberg
100-m Telescope in the L-Band and S-band from a number of sources expected to produce bright
signals of axion-photon conversion, including the Galactic Center of the Milky Way and the nearby
isolated neutron stars RX J0720.4�3125 and RX J0806.4�4123. We find no evidence for axion DM
and are able to set some of the strongest constraints to-date on the existence of axion DM in the
highly-motivated mass range between ⇠5-11 µeV.

Recently, it was proposed that radio telescope observa-
tions of neutron stars (NSs) can probe axion dark mat-
ter (DM) [1–5]. In the magnetosphere surrounding a NS,
axion DM may resonantly convert into radio-frequency
photons at locations where the plasma frequency of the
magnetosphere equals the axion mass, with conversion
probabilities determined in part by the strength of the
magnetic field surrounding the NS. The central frequency
of the hypothetical radio signal from an individual NS is
set by the mass of the axion, red-shifted by the line-of-
sight velocity of the NS. The predicted axion-induced ra-
dio signal would appear as a nearly monochromatic peak
in the otherwise smoothly-varying radio spectrum from
the NS and its nearby environment. The frequency of
this peak is universal for all sources and is determined
by the currently unknown mass of the axion particle.

In [3–6] it was shown that high-frequency-resolution
observations with radio telescopes such as the Robert C.
Byrd Green Bank Telescope (GBT) and the E↵elsberg
100-m Telescope towards nearby isolated NSs (INSs) and
towards regions of high NS and DM density, such as the
Galactic Center (GC) of the Milky Way, would be sen-
sitive to vast regions of previously unexplored axion pa-

⇤ fosterjw@umich.edu
† C.Weniger@uva.nl
‡ bsafdi@umich.edu

rameter space. In this work, we perform such searches
with the GBT and the E↵elsberg radio telescope.

The quantum chromodynamics (QCD) axion is a well-
motivated DM candidate because in addition to explain-
ing the observed abundance of DM [7–9] it may also
resolve the strong CP problem of the neutron electron
dipole moment [10–13] (see [14] for a detailed review).
The QCD axion may make up the observed abundance
of DM over a wide range of masses [15], but a natural
mass range is 5–25 µeV. In this work we target axion
masses in the range ma 2 (4.5, 10.5) µeV, corresponding
to radio frequencies f = ma/(2⇡) 2 (1.1, 2.7) GHz.

The conversion of axion DM to radio photons arises
from the Lagrangian L = ga�� aE ·B, where E (B) are
electric (magnetic) fields, a is the axion field, and ga�� is
a coupling constant with units of inverse energy. For the
QCD axion, ga�� is proportional to ma, but models of
more general axion-like particles can have ga�� and ma

as independent parameters. The mass range that we tar-
get here with radio telescope searches is also the subject
of significant longstanding laboratory search e↵orts for
the coupling ga�� . The Rochester-Brookhaven-Fermilab
(RBF) [16, 17] and University of Florida (UF) [18] axion
haloscope experiments set competitive constraints on
axion DM in the mass range covered by this analysis,
though our results exclude new parameter space beyond
what was probed by those experiments. More recently,
the ADMX experiment has reached sensitivity to the
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Preliminary Observation with Effelsberg Telescope

• Ralph Eatough, Josh Foster, B.S., Z. Sun, Christoph
Weniger (in progress)

• ⇠1 hr towards Magnetar PSR J1745-2900
• ⇠0.1 pc from Sag. A⇤, P ⇠ 3.8 s, B ⇠ 1014 G

• ⇠3 kHz resolution with f ⇠ 2 GHz
• Veto RFI with OFF observations and timing
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Figure 111.1: Exclusion plot for axion-like particles as described in the text.

structure, for example when two NG bosons are attached to one fermion line as in axion
emission by nucleon bremsstrahlung [21].

In the DFSZ model [18], the tree-level coupling coefficient to electrons is [22]

Ce =
sin2 β

3
, (111.8)

where tan β = vu/vd is the ratio of the vacuum expectation value vu of the Higgs field Hu

giving masses to the up-type quarks and the vacuum expectation value vd of the Higgs
field Hd giving masses to the down-type quarks.

For nucleons, Cn,p have recently been determined as [11]

Cp = −0.47(3) + 0.88(3)Cu − 0.39(2)Cad − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

Cn = −0.02(3) + 0.88(3)Cd − 0.39(2)Cu − 0.038(5)Cs

− 0.012(5)Cc − 0.009(2)Cb − 0.0035(4)Ct ,

(111.9)

in terms of the corresponding model-dependent quark couplings Cq, q = u, d, s, c, b, t.
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First data results appeared in 2020

3

‘baseband’ data using the DSPSR1 software tools [26]. We
used the full-integrated spectra in our analysis, with a
calibration procedure described in the SM. Before ana-
lyzing the data we first down-bin in frequency space to
bins of width ⇠8 kHz (see Tab. I) to account for the finite
width of the signal, such that the majority of the signal
should appear in a single frequency bin. As discussed
further in the SM and first suggested in [5], reflection
and refraction of the outgoing electromagnetic waves in
the rotating plasma induces a frequency broadening at
the level �f/f ⇠ 5⇥10�6 or less from the INSs. We note
that even though the E↵elsberg observations are search-
ing for emission from a population of NSs, the data are at
su�ciently high frequency resolution that we may search
simply for the brightest converting NS from that popu-
lation.

To inspect the data for excess flux at frequency channel
i, we construct the likelihood

Li(d|A,a) =
Y

k

1p
2⇡�2

k

exp


� (dk � µ(fk|a) � A�ik)2

2�2
k

�
,

(1)
where A is the excess flux density in the central frequency
channel. Note that the index k labels the analysis-level
frequency channel, and the product runs over the fre-
quency bins included in the analysis window. We model
the background in the narrow sliding frequency window
with a frequency-dependent mean flux density µ(f |a) and
a single variance parameter �2, such that the variance in
each frequency channel is given by �2

i = �2/↵i for an ac-
ceptance fraction ↵i of data at frequency channel i after
the data filtering. Note that ↵i = 1 for all E↵elsberg
frequency channels as we do not apply the time-filtering
procedure to that data. The nuisance parameter vector
a characterizes the frequency dependence of the mean;
in practice we take µ to be a quadratic function of f
so that a has three independent parameters, though our
final results are not sensitive to this choice (see the SM).

In our fiducial analysis we include within the sliding
analysis window the 10 frequency bins to the left and
to the right of the central frequency channel, excluding
the two bins on either side of the signal bin in case of
signal leakage into those bins, if e.g. the axion mass
does not line up with the bin center. Note that to ac-
count for this possibility we also perform the analyses
with all frequency bins shifted by approximately half a
bin spacing. The variance parameter �2 is fixed by fit-
ting the background-only model to the frequency side-
bands with the central frequency channel masked out.
We construct the profile likelihood Li(d|A) by maximiz-
ing Li(d|A,a) over the nuisance parameters a at each
fixed value of A, and we use the profile likelihood to con-
struct the one-sided 95% upper limit on the flux den-
sity as shown in Fig. 1 (see, e.g., [27]). In particular,

1 http://dspsr.sourceforge.net
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Figure 1. The 95% upper limits on the signal flux for the
indicated sources from the GBT and E↵elsberg observations.
These upper limits apply to monochromatic signals at the
widths �ffid given in Tab. I. These curves have been down-
sampled for visualization purposes. We compare these limits
with the 95% upper limits expected from the ideal radiome-
ter equation under the assumption that the only source of
statistical uncertainty is thermal noise at the total system
temperature.

we consider positive and negative values of A and we
take the 95% upper limit to be the value of A > Â such
that 2[ln Li(d|A) � ln Li(d|Â)] ⇡ �2.71, where Â is the
signal parameter that maximizes the profile likelihood.
We then further power-constrain our limits to avoid set-
ting limits that are stronger than expected due to down-
ward statistical fluctuations [28]. We accomplish this by
recording the actual limit as the maximum of the 16th

percentile of the distribution of expected limits under
the null hypothesis, as computed using the Asimov pro-
cedure [27], and the limit observed on the actual data.
Our test-statistic (TS) for comparing signal and null hy-
potheses for evidence of an axion is the log-likelihood
ratio TSi ⌘ 2 ⇥ [ln Li(d|Â) � ln Li(d|0)], for Â > 0, and

TSi = 0 if Â < 0.
We additionally analyze the stacked but uncalibrated

OFF spectra. This is valuable because the OFF data
are subtracted and divided from the ON data to remove
the instrumental baselines, but this may cause features
in the OFF spectra to be imprinted on the calibrated
flux densities. Therefore, statistically significant excesses
that appear in both the calibrated source flux density
spectra and the OFF system temperatures can be vetoed
as they are inconsistent with, or at least do not require,
an axion interpretation. In our analysis, we veto any
excess in the calibrated ON data which appears with a
97.5th percentile discovery TS in the OFF data. Note
that we determine the TS percentiles by using the full
distribution of observed TSs.

The 95% upper limits on the flux densities, defined
relative to the single-channel frequency bin widths �ffid

given in Tab. I, are shown in Fig. 1. We compare the
upper limits to the expected limits from the ideal ra-
diometer equation, which assumes that all of the noise
is thermal at the system temperature. The true limits

Effelsberg data towards Inner Galaxy (NS population search) 

GBT data towards two nearby isolated NSs 

systematic 

• Signal is ∼10 kHz wide (bump hunt in sliding window)
• Have ON and OFF data (∼1 hr each) for vetoing

radio-frequency interference
• NO evidence for axion signals (data consistent with null) 21



First data results appeared in 2020
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Figure 2. The one-sided 95% upper limits on ga�� as a func-
tion of the axion mass ma from this work are shown as colored
lines (GBT INS observations) and black lines (E↵elsberg GC
observations). Previous limits from the CAST helioscope and
the UF and RBF haloscopes are shown in shaded grey. The
range of couplings expected for the QCD axion is shaded in
orange. Note that the fiducial GC limits assume an NFW DM
profile and the conservative NS population model (Model II)
from [4]. The green band depicts theoretical uncertainties on
the ga�� limit associated with the GC analysis for the E↵els-
berg data. The top of the band assumes an NFW DM density
profile with a 0.6 kpc core, while the bottom of the band uses
the alternate NS population model in [4] (Model I).

kpc; this radius is chosen based on recent hydrodynamic
simulations which suggest that the DM density may
be modified in the inner ⇠0.6 kpc where the baryons
dominate the gravitational potential, though these same
simulations suggest an enhancement of the central DM
density may also be possible [40]. The lower boundary
of the band assumes the fiducial NFW DM profile but
takes the alternate NS population model (Model I)
from [4].

Discussion.—In this work we performed the first ded-
icated radio telescope search for signatures of axion DM
from axion-photon conversion in NS magnetospheres. We
found no evidence for axion DM and set some of the
strongest constraints to date on the axion DM scenario.
These results show that radio searches for axion DM are
a promising path forward, analogous to indirect detection
for WIMP DM searches, which should proceed in parallel
with laboratory experiments for discovering or excluding
axion DM. Additional flux sensitivity is needed in order
to reach the QCD axion band at the frequencies targeted
in this work. This sensitivity may be available with the
upcoming Square Kilometer Array-mid [41] or may al-
ready be achievable with the FAST radio telescope [42],

since at constant system temperature the sensitivity to
ga�� scales inversely with the square root of the e↵ective
area [4].

Our work strongly motivates searching with the GBT
or E↵elsberg radio telescope for evidence of axion DM at
higher frequencies, closer to 6 GHz, to probe the axion
mass window around ma ⇡ 25 µeV. There is mounting
evidence that points towards 25 µeV as a likely mass
for the axion [43, 44], and the axion-photon coupling
may also be enhanced [45] and thus within reach of GBT
and E↵elsberg searches. This work also motivates addi-
tional e↵ort in modeling the population evolution of NS
magnetic fields and spin periods, as these are the largest
sources of uncertainty in our population analyses, as well
as further e↵orts to understand the distribution of DM in
the inner Galaxy. More work on the axion-induced signal
itself from individual INSs would be also useful, as a full
calculation of the axion-induced radio signal does not yet
exist; such results could lead to reinterpretations of the
limits presented in this Letter using the Supplementary
Data [38].
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• NFW DM profile
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model

1 kpc DM core

• NS Pop mode systematic: how do B-fields of old NSs
decay?
• DM systematic: DM density in inner ∼1 pc - ∼1 kpc
• Magnetosphere systematic: pair multiplicity in lobes of NS

magnetopsheres?
• Current theory limitation: Full 3D simulation of axion + NS

conversion not available (see 1912.08815 for best attempt) 22
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tion of the axion mass ma from this work are shown as colored
lines (GBT INS observations) and black lines (E↵elsberg GC
observations). Previous limits from the CAST helioscope and
the UF and RBF haloscopes are shown in shaded grey. The
range of couplings expected for the QCD axion is shaded in
orange. Note that the fiducial GC limits assume an NFW DM
profile and the conservative NS population model (Model II)
from [4]. The green band depicts theoretical uncertainties on
the ga�� limit associated with the GC analysis for the E↵els-
berg data. The top of the band assumes an NFW DM density
profile with a 0.6 kpc core, while the bottom of the band uses
the alternate NS population model in [4] (Model I).
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100 hrs SKA

• Square Kilometer Array (SKA): bigger telescope + spatial
information
• Have data already on Murchison Widefield Array (MWA)

• GBT/Effelsberg: Acquiring more data at higher frequencies
(ma ∼ 25 µeV) 23



X-ray search for axions from neutron stars
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X-ray search for axions from neutron stars
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X-ray search for axions from neutron stars
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Theory ingredients for axion-induced X-rays

L =
1

2
(∂µa)2 +

gaqq
2mq

ψ̄qγ
µγ5ψq∂µa−

gaγγ
4
aF F̃ − 1

2
m2
aa

2 + · · ·

• NS core temperature T∞b : dF/dE ∼ E3−4/5/(eE/T
∞
b − 1)

• NS equation of state

• NS superfluidity model (e.g., transition temperature)

• Magnetic field (typically well measured)
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The magnificent seven isolated neutron stars
NS with strong B-field and surrounding plasma

Neutron Star

• 7 neutron stars between ∼100 - 500 pc away
• Discovered with ROSAT full-sky X-ray survey (90’s)

• surface: B ∼ 1013 G (spindown)
• Tsurf ∼ 100 eV
• Non non-thermal emission detected (no radio, no
E > 1 keV)

29



The magnificent seven isolated neutron stars
NS with strong B-field and surrounding plasma

Neutron Star

• 7 neutron stars between ∼100 - 500 pc away
• Discovered with ROSAT full-sky X-ray survey (90’s)
• surface: B ∼ 1013 G (spindown)

• Tsurf ∼ 100 eV
• Non non-thermal emission detected (no radio, no
E > 1 keV)

29



The magnificent seven isolated neutron stars
NS with strong B-field and surrounding plasma

Neutron Star

• 7 neutron stars between ∼100 - 500 pc away
• Discovered with ROSAT full-sky X-ray survey (90’s)
• surface: B ∼ 1013 G (spindown)
• Tsurf ∼ 100 eV
• Non non-thermal emission detected (no radio, no
E > 1 keV)

29



The magnificent seven isolated neutron stars
NS with strong B-field and surrounding plasma

Neutron Star

• 7 neutron stars between ∼100 - 500 pc away
• Discovered with ROSAT full-sky X-ray survey (90’s)
• surface: B ∼ 1013 G (spindown)
• Tsurf ∼ 100 eV
• Non non-thermal emission detected (no radio, no
E > 1 keV)

29



Magnificent seven datasets: XMM-Newton and Chandra
Process (almost) all archival XMM-Newton observations

• ⇠0.5�2 per observation, ⇠100 eV energy resolution
• almost 20 years of archival data (launched 1999)
• all observations sensitive to Milky Way dark matter decay

12

XMM-NewtonChandra

• Use data from 2− 8 keV

• XMM-Newton (PN and MOS)
• 90% containment radius: ∼50”

• Chandra (ACIS)
• 90% containment radius: ∼1” (signal limited)
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Hard X-ray excesses from RX J1856.6-3754
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RX J1856.6-3754: Chandra
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• Chandra only: >3σ evidence for 2-8 keV flux
• PN only: ∼4σ evidence for 2-8 keV flux
• MOS only: ∼1σ evidence for 2-8 keV flux
• Excesses in 4 of 7 NSs, 3 consistent with null 32



• Does axion model fit data?

• Is there another explanation?

33



M7 spectra versus axion prediction

• Does axion spectrum dF/dE ∼ E3−4/5/(eE/T
∞
b − 1) fit?
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FIG. 4. Best-fit core temperature T1
b for RX J1856.6-3754 and RX

J0420.0-5022. All other NSs are not constraining and are thus omit-
ted. The green (yellow) bands indicate the 68% (95%) confidence
intervals from the X-ray measurements; black and gray error bands
denote the 68% and 95% confidence intervals for the axion model
predictions as in Fig. 3.

ultralight axions. Moreover, some of the M7 show excess hard
X-ray flux that may be interpreted in the context of the axion
model.

As discussed in [62], alternative explanations for the hard
X-ray emission exist. For example, some of the observations
may be affected by pileup due to the high flux of soft, ther-
mal X-rays, though these effects seem insufficient to explain
the observed hard X-ray flux [62]. For the XMM-Newton
data in particular, unresolved astrophysical point sources near
the source of interest could also bias the observed spectrum,
though the fact that we see consistent spectra with Chandra,
which has over an order of magnitude better angular resolu-
tion, provides evidence that this is at least not the sole expla-
nation for the excess. Hard non-thermal 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 tra-
ditional non-thermal emission mechanisms (e.g., synchrotron
emission) that are present in other pulsars. On the other
hand, this emission is often accompanied by non-thermal ra-
dio emission, which is not observed for the M7 [89], and also
the spin-down luminosity seems insufficient for most of the
M7 for this to be an appreciable source of flux [62]. Accre-
tion 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., [90]).

Observations at higher energies by e.g. NuSTAR of RX
J1856.6-3754 and RX J0420.0-5022 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 PBF processes, de-
pending on the superfluidity model (see the SM for details). In
all superfluid models we find that the axion spectra peak above
10 keV for these NSs, at least assuming the central values for
T1

b . The axion-induced flux should also pulsate at the NS pe-
riod, and this may be measurable with future instruments that
can acquire better statistics. Observations of magnetic white
dwarf stars by XMM-Newton or Chandra may also help add
evidence to the axion model since if the axion couples to elec-
trons then a sizable hard X-ray flux is expected from many of
the closest white dwarf stars [42]. The best-fit axion parameter
space from this work may also be probed with next-generation

light-shining-through-walls experiments and helioscopes. As
an example, if we suppose that Cn/C� = 0.1 as a bench-
mark model, with Cp = Cn, then the best-fit axion-photon
coupling from this work would be ga�� ⇠ 4⇥ 10�12 GeV�1.
This is approximately the smallest ga�� that the future helio-
scope IAXO will have sensitivity to for ma . 10�2 eV [91].
The upcoming light-shining-through-walls experiment ALPS
II [92] could possibly probe our best-fit axion model if Cn/C�

is larger than assumed above. X-ray observations of the mag-
netized intracluster medium [93] and nearby bright galaxies
such as M87 [94] may also constrain low mass (ma . 10�12

eV) ALPs at the level ga�� . 10�12 GeV�1, depending on
the magnetic field models of the targets. 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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Axion interpretation
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• More than 5σ statistical significance: axion model versus
null hypothesis
• Instrumental systematics and other astrophysical emission

mechanisms more important than statistics
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• Does axion model fit data?

• Is there another explanation?
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Other astrophysical explanations for M7 excess (1910.02956)

• More complicated atmosphere model?
• Doesn’t seem to work: hard to get X-rays above 2 keV from

surface (Tsurf ∼ 100 eV)

• Non-thermal emission from pulsar jet?
• Luminosities appear much too large

• Accretion of interstellar medium?
• Luminosities and energies appear too high
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X-ray conclusions

• Found excess of hard X-rays in M7 neutron stars, could
arise from axion-like particles

• No convincing astrophysical explanation of excess (but this
most likely, in my opinion)
• Our near term work to test axion hypothesis:

• More data and more targets!

• Future experiments will probe this: IAXO, ALPS-II, . . .
• My theory wishlist

• Other models for M7 excess? (dark photons, etc.)
• We have not modeled inner core! (axions from exotic

matter: quark gluon plasma, strange matter, muons?)
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Questions?
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Step 1: axion production (neutron star or white dwarf)
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Axion production in White Dwarfs

Secondary X-ray emission from the conversion
of axions produced in magnetic white dwarf stars

Chris Dessert, Andrew J. Long, and Benjamin R. Safdi
Leinweber Center for Theoretical Physics, University of Michigan, Ann Arbor, Michigan 48109, USA

(Dated: January 24, 2019)

BS:[ revisit this when we know the full story] The radiation of axion-like particles from white dwarf stars
has been studied extensively to derive limits from stellar cooling. In this article we show that potentially stronger
limits can be derived from X-ray measurements of magnetic white dwarfs. These stars sustain a strong magnetic
field, and values as large as B ⇠ 100 MG are not uncommon. As the radiated axion-like particles exit the star
and pass through its magnetic field, they can be converted into X-ray photons. We estimate the luminosity of
these secondary photons and compare with the projected sensitivity of various X-ray telescopes.

I. INTRODUCTION

The quantum chromodynamics (QCD) axion, originally
proposed to solve the strong CP problem [1–4], is a well-
motivated extension of the Standard Model. The QCD ax-
ion is a light pseudo-scalar particle that couples to the QCD
operator GG̃, with G the QCD field strength. The particle
would be exactly massless but for non-perturbative QCD ef-
fects at low energies, which generate a small mass for the ax-
ion. The axion minimizes the QCD-induced potential, which
dynamically removes the neutron electric dipole moment and
thus solves the strong CP problem. Additionally, the ax-
ion has dimension-5 couplings to electromagnetism and to
matter. The axion may also naturally explain the observed
dark matter (DM) [5–7]. Studies of string compactifications
show that, in addition to the QCD axion, a number of addi-
tional light pseudo-scalar particles may be present in the spec-
trum, which coupling to electromagnetism and matter but not
to QCD [8, 9]. These pseudo-scalars are called axion-like-
particles (ALPs), though throughout this work we will refer
to all such particles as axions. In this work we present a novel
method, using X-ray observations of magnetic white dwarf
(WD) stars (MWDs), to probe the existence of axions.

WDs have long been used as probes of axions by studying
the possibility of energy loss from axion emission [10]. Ax-
ions are emitted by axion-bremsstrahlung in electron-nucleon
scattering processes, as illustrated in Fig. 1. The extra energy
loss would modify modify WD cooling and thus change the
luminosity function of WDs. Comparisons to the observed lu-
minosity function have been used to set stringent constraints
on the axion-electron coupling [11–13]. Moreover, it has
been suggested that the observed WD luminosity function ac-
tually prefers the existence of an axion with a mass ⇠1-10
meV [11, 12], a claim further supported by period-drift mea-
surements of WDs undergoing pulsations [14].

In this work we propose to use X-ray observations of
MWDs to detect the small fraction of emitted axions that con-
vert to X-ray photons outside of the MWD in the strong sur-
rounding magnetic field, as illustrated in Fig. 1. The conver-
sion of axions-to-photons utilizes the axion-photon coupling.
The proposed method uses the following key properties of iso-
lated MWDs. First, the surrounding magnetic fields can be
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FIG. 1. Axions are produced inside of a white dwarf star and convert
into X-ray photons as they pass through the star’s magnetic field.

quite high, ⇠109 G [15, 16], enhancing the axion-photon con-
version probability. Second, while the core temperature Tc of
WDs is typically in the X-ray band (Tc ⇠ 107 k), the effec-
tive surface temperature Te↵ is significantly lower, Te↵ ⇠ 104

k (see, e.g., [17]). This means that assuming the MWD is
isolated, in the absence of axions it should not produce X-
rays. However, in the presence of axions that X-ray energy
axions may escape the core and then convert into real X-ray
photons in the magnetic field surrounding the WD, leading to
near-thermal X-ray flux at the temperature of the core. In this
work, we show that X-ray telescope observations of MWDs
have the potential to probe the QCD axion parameter space in
addition to a wide range of ALP parameter space.

A similar approach to axion detection was previously
suggested for neutron stars [18]. In that case, nuclear
bremsstrahlung in the neutron star generates an outgoing flux
of X-ray energy axions, which may convert into X-rays in
the strong magnetic field surrounding the neutron star. How-
ever, it was pointed out in [19] that vacuum birefringence ef-
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BS:[ revisit this when we know the full story] The radiation of axion-like particles from white dwarf stars
has been studied extensively to derive limits from stellar cooling. In this article we show that potentially stronger
limits can be derived from X-ray measurements of magnetic white dwarfs. These stars sustain a strong magnetic
field, and values as large as B ⇠ 100 MG are not uncommon. As the radiated axion-like particles exit the star
and pass through its magnetic field, they can be converted into X-ray photons. We estimate the luminosity of
these secondary photons and compare with the projected sensitivity of various X-ray telescopes.

I. INTRODUCTION

The quantum chromodynamics (QCD) axion, originally
proposed to solve the strong CP problem [1–4], is a well-
motivated extension of the Standard Model. The QCD ax-
ion is a light pseudo-scalar particle that couples to the QCD
operator GG̃, with G the QCD field strength. The particle
would be exactly massless but for non-perturbative QCD ef-
fects at low energies, which generate a small mass for the ax-
ion. The axion minimizes the QCD-induced potential, which
dynamically removes the neutron electric dipole moment and
thus solves the strong CP problem. Additionally, the ax-
ion has dimension-5 couplings to electromagnetism and to
matter. The axion may also naturally explain the observed
dark matter (DM) [5–7]. Studies of string compactifications
show that, in addition to the QCD axion, a number of addi-
tional light pseudo-scalar particles may be present in the spec-
trum, which coupling to electromagnetism and matter but not
to QCD [8, 9]. These pseudo-scalars are called axion-like-
particles (ALPs), though throughout this work we will refer
to all such particles as axions. In this work we present a novel
method, using X-ray observations of magnetic white dwarf
(WD) stars (MWDs), to probe the existence of axions.

WDs have long been used as probes of axions by studying
the possibility of energy loss from axion emission [10]. Ax-
ions are emitted by axion-bremsstrahlung in electron-nucleon
scattering processes, as illustrated in Fig. 1. The extra energy
loss would modify modify WD cooling and thus change the
luminosity function of WDs. Comparisons to the observed lu-
minosity function have been used to set stringent constraints
on the axion-electron coupling [11–13]. Moreover, it has
been suggested that the observed WD luminosity function ac-
tually prefers the existence of an axion with a mass ⇠1-10
meV [11, 12], a claim further supported by period-drift mea-
surements of WDs undergoing pulsations [14].

In this work we propose to use X-ray observations of
MWDs to detect the small fraction of emitted axions that con-
vert to X-ray photons outside of the MWD in the strong sur-
rounding magnetic field, as illustrated in Fig. 1. The conver-
sion of axions-to-photons utilizes the axion-photon coupling.
The proposed method uses the following key properties of iso-
lated MWDs. First, the surrounding magnetic fields can be
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FIG. 1. Axions are produced inside of a white dwarf star and convert
into X-ray photons as they pass through the star’s magnetic field.

quite high, ⇠109 G [15, 16], enhancing the axion-photon con-
version probability. Second, while the core temperature Tc of
WDs is typically in the X-ray band (Tc ⇠ 107 k), the effec-
tive surface temperature Te↵ is significantly lower, Te↵ ⇠ 104

k (see, e.g., [17]). This means that assuming the MWD is
isolated, in the absence of axions it should not produce X-
rays. However, in the presence of axions that X-ray energy
axions may escape the core and then convert into real X-ray
photons in the magnetic field surrounding the WD, leading to
near-thermal X-ray flux at the temperature of the core. In this
work, we show that X-ray telescope observations of MWDs
have the potential to probe the QCD axion parameter space in
addition to a wide range of ALP parameter space.

A similar approach to axion detection was previously
suggested for neutron stars [18]. In that case, nuclear
bremsstrahlung in the neutron star generates an outgoing flux
of X-ray energy axions, which may convert into X-rays in
the strong magnetic field surrounding the neutron star. How-
ever, it was pointed out in [19] that vacuum birefringence ef-
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BS:[ revisit this when we know the full story] The radiation of axion-like particles from white dwarf stars
has been studied extensively to derive limits from stellar cooling. In this article we show that potentially stronger
limits can be derived from X-ray measurements of magnetic white dwarfs. These stars sustain a strong magnetic
field, and values as large as B ⇠ 100 MG are not uncommon. As the radiated axion-like particles exit the star
and pass through its magnetic field, they can be converted into X-ray photons. We estimate the luminosity of
these secondary photons and compare with the projected sensitivity of various X-ray telescopes.

I. INTRODUCTION

The quantum chromodynamics (QCD) axion, originally
proposed to solve the strong CP problem [1–4], is a well-
motivated extension of the Standard Model. The QCD ax-
ion is a light pseudo-scalar particle that couples to the QCD
operator GG̃, with G the QCD field strength. The particle
would be exactly massless but for non-perturbative QCD ef-
fects at low energies, which generate a small mass for the ax-
ion. The axion minimizes the QCD-induced potential, which
dynamically removes the neutron electric dipole moment and
thus solves the strong CP problem. Additionally, the ax-
ion has dimension-5 couplings to electromagnetism and to
matter. The axion may also naturally explain the observed
dark matter (DM) [5–7]. Studies of string compactifications
show that, in addition to the QCD axion, a number of addi-
tional light pseudo-scalar particles may be present in the spec-
trum, which coupling to electromagnetism and matter but not
to QCD [8, 9]. These pseudo-scalars are called axion-like-
particles (ALPs), though throughout this work we will refer
to all such particles as axions. In this work we present a novel
method, using X-ray observations of magnetic white dwarf
(WD) stars (MWDs), to probe the existence of axions.

WDs have long been used as probes of axions by studying
the possibility of energy loss from axion emission [10]. Ax-
ions are emitted by axion-bremsstrahlung in electron-nucleon
scattering processes, as illustrated in Fig. 1. The extra energy
loss would modify modify WD cooling and thus change the
luminosity function of WDs. Comparisons to the observed lu-
minosity function have been used to set stringent constraints
on the axion-electron coupling [11–13]. Moreover, it has
been suggested that the observed WD luminosity function ac-
tually prefers the existence of an axion with a mass ⇠1-10
meV [11, 12], a claim further supported by period-drift mea-
surements of WDs undergoing pulsations [14].

In this work we propose to use X-ray observations of
MWDs to detect the small fraction of emitted axions that con-
vert to X-ray photons outside of the MWD in the strong sur-
rounding magnetic field, as illustrated in Fig. 1. The conver-
sion of axions-to-photons utilizes the axion-photon coupling.
The proposed method uses the following key properties of iso-
lated MWDs. First, the surrounding magnetic fields can be
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FIG. 1. Axions are produced inside of a white dwarf star and convert
into X-ray photons as they pass through the star’s magnetic field.

quite high, ⇠109 G [15, 16], enhancing the axion-photon con-
version probability. Second, while the core temperature Tc of
WDs is typically in the X-ray band (Tc ⇠ 107 k), the effec-
tive surface temperature Te↵ is significantly lower, Te↵ ⇠ 104

k (see, e.g., [17]). This means that assuming the MWD is
isolated, in the absence of axions it should not produce X-
rays. However, in the presence of axions that X-ray energy
axions may escape the core and then convert into real X-ray
photons in the magnetic field surrounding the WD, leading to
near-thermal X-ray flux at the temperature of the core. In this
work, we show that X-ray telescope observations of MWDs
have the potential to probe the QCD axion parameter space in
addition to a wide range of ALP parameter space.

A similar approach to axion detection was previously
suggested for neutron stars [18]. In that case, nuclear
bremsstrahlung in the neutron star generates an outgoing flux
of X-ray energy axions, which may convert into X-rays in
the strong magnetic field surrounding the neutron star. How-
ever, it was pointed out in [19] that vacuum birefringence ef-
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BS:[ revisit this when we know the full story] The radiation of axion-like particles from white dwarf stars
has been studied extensively to derive limits from stellar cooling. In this article we show that potentially stronger
limits can be derived from X-ray measurements of magnetic white dwarfs. These stars sustain a strong magnetic
field, and values as large as B ⇠ 100 MG are not uncommon. As the radiated axion-like particles exit the star
and pass through its magnetic field, they can be converted into X-ray photons. We estimate the luminosity of
these secondary photons and compare with the projected sensitivity of various X-ray telescopes.

I. INTRODUCTION

The quantum chromodynamics (QCD) axion, originally
proposed to solve the strong CP problem [1–4], is a well-
motivated extension of the Standard Model. The QCD ax-
ion is a light pseudo-scalar particle that couples to the QCD
operator GG̃, with G the QCD field strength. The particle
would be exactly massless but for non-perturbative QCD ef-
fects at low energies, which generate a small mass for the ax-
ion. The axion minimizes the QCD-induced potential, which
dynamically removes the neutron electric dipole moment and
thus solves the strong CP problem. Additionally, the ax-
ion has dimension-5 couplings to electromagnetism and to
matter. The axion may also naturally explain the observed
dark matter (DM) [5–7]. Studies of string compactifications
show that, in addition to the QCD axion, a number of addi-
tional light pseudo-scalar particles may be present in the spec-
trum, which coupling to electromagnetism and matter but not
to QCD [8, 9]. These pseudo-scalars are called axion-like-
particles (ALPs), though throughout this work we will refer
to all such particles as axions. In this work we present a novel
method, using X-ray observations of magnetic white dwarf
(WD) stars (MWDs), to probe the existence of axions.

WDs have long been used as probes of axions by studying
the possibility of energy loss from axion emission [10]. Ax-
ions are emitted by axion-bremsstrahlung in electron-nucleon
scattering processes, as illustrated in Fig. 1. The extra energy
loss would modify modify WD cooling and thus change the
luminosity function of WDs. Comparisons to the observed lu-
minosity function have been used to set stringent constraints
on the axion-electron coupling [11–13]. Moreover, it has
been suggested that the observed WD luminosity function ac-
tually prefers the existence of an axion with a mass ⇠1-10
meV [11, 12], a claim further supported by period-drift mea-
surements of WDs undergoing pulsations [14].

In this work we propose to use X-ray observations of
MWDs to detect the small fraction of emitted axions that con-
vert to X-ray photons outside of the MWD in the strong sur-
rounding magnetic field, as illustrated in Fig. 1. The conver-
sion of axions-to-photons utilizes the axion-photon coupling.
The proposed method uses the following key properties of iso-
lated MWDs. First, the surrounding magnetic fields can be
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FIG. 1. Axions are produced inside of a white dwarf star and convert
into X-ray photons as they pass through the star’s magnetic field.

quite high, ⇠109 G [15, 16], enhancing the axion-photon con-
version probability. Second, while the core temperature Tc of
WDs is typically in the X-ray band (Tc ⇠ 107 k), the effec-
tive surface temperature Te↵ is significantly lower, Te↵ ⇠ 104

k (see, e.g., [17]). This means that assuming the MWD is
isolated, in the absence of axions it should not produce X-
rays. However, in the presence of axions that X-ray energy
axions may escape the core and then convert into real X-ray
photons in the magnetic field surrounding the WD, leading to
near-thermal X-ray flux at the temperature of the core. In this
work, we show that X-ray telescope observations of MWDs
have the potential to probe the QCD axion parameter space in
addition to a wide range of ALP parameter space.

A similar approach to axion detection was previously
suggested for neutron stars [18]. In that case, nuclear
bremsstrahlung in the neutron star generates an outgoing flux
of X-ray energy axions, which may convert into X-rays in
the strong magnetic field surrounding the neutron star. How-
ever, it was pointed out in [19] that vacuum birefringence ef-
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BS:[ revisit this when we know the full story] The radiation of axion-like particles from white dwarf stars
has been studied extensively to derive limits from stellar cooling. In this article we show that potentially stronger
limits can be derived from X-ray measurements of magnetic white dwarfs. These stars sustain a strong magnetic
field, and values as large as B ⇠ 100 MG are not uncommon. As the radiated axion-like particles exit the star
and pass through its magnetic field, they can be converted into X-ray photons. We estimate the luminosity of
these secondary photons and compare with the projected sensitivity of various X-ray telescopes.

I. INTRODUCTION

The quantum chromodynamics (QCD) axion, originally
proposed to solve the strong CP problem [1–4], is a well-
motivated extension of the Standard Model. The QCD ax-
ion is a light pseudo-scalar particle that couples to the QCD
operator GG̃, with G the QCD field strength. The particle
would be exactly massless but for non-perturbative QCD ef-
fects at low energies, which generate a small mass for the ax-
ion. The axion minimizes the QCD-induced potential, which
dynamically removes the neutron electric dipole moment and
thus solves the strong CP problem. Additionally, the ax-
ion has dimension-5 couplings to electromagnetism and to
matter. The axion may also naturally explain the observed
dark matter (DM) [5–7]. Studies of string compactifications
show that, in addition to the QCD axion, a number of addi-
tional light pseudo-scalar particles may be present in the spec-
trum, which coupling to electromagnetism and matter but not
to QCD [8, 9]. These pseudo-scalars are called axion-like-
particles (ALPs), though throughout this work we will refer
to all such particles as axions. In this work we present a novel
method, using X-ray observations of magnetic white dwarf
(WD) stars (MWDs), to probe the existence of axions.

WDs have long been used as probes of axions by studying
the possibility of energy loss from axion emission [10]. Ax-
ions are emitted by axion-bremsstrahlung in electron-nucleon
scattering processes, as illustrated in Fig. 1. The extra energy
loss would modify modify WD cooling and thus change the
luminosity function of WDs. Comparisons to the observed lu-
minosity function have been used to set stringent constraints
on the axion-electron coupling [11–13]. Moreover, it has
been suggested that the observed WD luminosity function ac-
tually prefers the existence of an axion with a mass ⇠1-10
meV [11, 12], a claim further supported by period-drift mea-
surements of WDs undergoing pulsations [14].

In this work we propose to use X-ray observations of
MWDs to detect the small fraction of emitted axions that con-
vert to X-ray photons outside of the MWD in the strong sur-
rounding magnetic field, as illustrated in Fig. 1. The conver-
sion of axions-to-photons utilizes the axion-photon coupling.
The proposed method uses the following key properties of iso-
lated MWDs. First, the surrounding magnetic fields can be
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FIG. 1. Axions are produced inside of a white dwarf star and convert
into X-ray photons as they pass through the star’s magnetic field.

quite high, ⇠109 G [15, 16], enhancing the axion-photon con-
version probability. Second, while the core temperature Tc of
WDs is typically in the X-ray band (Tc ⇠ 107 k), the effec-
tive surface temperature Te↵ is significantly lower, Te↵ ⇠ 104

k (see, e.g., [17]). This means that assuming the MWD is
isolated, in the absence of axions it should not produce X-
rays. However, in the presence of axions that X-ray energy
axions may escape the core and then convert into real X-ray
photons in the magnetic field surrounding the WD, leading to
near-thermal X-ray flux at the temperature of the core. In this
work, we show that X-ray telescope observations of MWDs
have the potential to probe the QCD axion parameter space in
addition to a wide range of ALP parameter space.

A similar approach to axion detection was previously
suggested for neutron stars [18]. In that case, nuclear
bremsstrahlung in the neutron star generates an outgoing flux
of X-ray energy axions, which may convert into X-rays in
the strong magnetic field surrounding the neutron star. How-
ever, it was pointed out in [19] that vacuum birefringence ef-
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• Axions ∼thermal at Tc ∼ keV

• gaee < 3× 10−13 (WD cooling, e.g. 1406.7712)
• WD, RG, HB Cooling hints (see e.g. 1708.02111) :

• gaee = 1.5× 10−13

• gaγγ = 1.4× 10−11 GeV−1

• NS production: degenerate neutron/proton scattering
• Tc ∼ 10 keV
• gann < 7.7× 10−10: Cas A NS cooling (1806.07151)
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BS:[ revisit this when we know the full story] The radiation of axion-like particles from white dwarf stars
has been studied extensively to derive limits from stellar cooling. In this article we show that potentially stronger
limits can be derived from X-ray measurements of magnetic white dwarfs. These stars sustain a strong magnetic
field, and values as large as B ⇠ 100 MG are not uncommon. As the radiated axion-like particles exit the star
and pass through its magnetic field, they can be converted into X-ray photons. We estimate the luminosity of
these secondary photons and compare with the projected sensitivity of various X-ray telescopes.

I. INTRODUCTION

The quantum chromodynamics (QCD) axion, originally
proposed to solve the strong CP problem [1–4], is a well-
motivated extension of the Standard Model. The QCD ax-
ion is a light pseudo-scalar particle that couples to the QCD
operator GG̃, with G the QCD field strength. The particle
would be exactly massless but for non-perturbative QCD ef-
fects at low energies, which generate a small mass for the ax-
ion. The axion minimizes the QCD-induced potential, which
dynamically removes the neutron electric dipole moment and
thus solves the strong CP problem. Additionally, the ax-
ion has dimension-5 couplings to electromagnetism and to
matter. The axion may also naturally explain the observed
dark matter (DM) [5–7]. Studies of string compactifications
show that, in addition to the QCD axion, a number of addi-
tional light pseudo-scalar particles may be present in the spec-
trum, which coupling to electromagnetism and matter but not
to QCD [8, 9]. These pseudo-scalars are called axion-like-
particles (ALPs), though throughout this work we will refer
to all such particles as axions. In this work we present a novel
method, using X-ray observations of magnetic white dwarf
(WD) stars (MWDs), to probe the existence of axions.

WDs have long been used as probes of axions by studying
the possibility of energy loss from axion emission [10]. Ax-
ions are emitted by axion-bremsstrahlung in electron-nucleon
scattering processes, as illustrated in Fig. 1. The extra energy
loss would modify modify WD cooling and thus change the
luminosity function of WDs. Comparisons to the observed lu-
minosity function have been used to set stringent constraints
on the axion-electron coupling [11–13]. Moreover, it has
been suggested that the observed WD luminosity function ac-
tually prefers the existence of an axion with a mass ⇠1-10
meV [11, 12], a claim further supported by period-drift mea-
surements of WDs undergoing pulsations [14].

In this work we propose to use X-ray observations of
MWDs to detect the small fraction of emitted axions that con-
vert to X-ray photons outside of the MWD in the strong sur-
rounding magnetic field, as illustrated in Fig. 1. The conver-
sion of axions-to-photons utilizes the axion-photon coupling.
The proposed method uses the following key properties of iso-
lated MWDs. First, the surrounding magnetic fields can be
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FIG. 1. Axions are produced inside of a white dwarf star and convert
into X-ray photons as they pass through the star’s magnetic field.

quite high, ⇠109 G [15, 16], enhancing the axion-photon con-
version probability. Second, while the core temperature Tc of
WDs is typically in the X-ray band (Tc ⇠ 107 k), the effec-
tive surface temperature Te↵ is significantly lower, Te↵ ⇠ 104

k (see, e.g., [17]). This means that assuming the MWD is
isolated, in the absence of axions it should not produce X-
rays. However, in the presence of axions that X-ray energy
axions may escape the core and then convert into real X-ray
photons in the magnetic field surrounding the WD, leading to
near-thermal X-ray flux at the temperature of the core. In this
work, we show that X-ray telescope observations of MWDs
have the potential to probe the QCD axion parameter space in
addition to a wide range of ALP parameter space.

A similar approach to axion detection was previously
suggested for neutron stars [18]. In that case, nuclear
bremsstrahlung in the neutron star generates an outgoing flux
of X-ray energy axions, which may convert into X-rays in
the strong magnetic field surrounding the neutron star. How-
ever, it was pointed out in [19] that vacuum birefringence ef-
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• Axions ∼thermal at Tc ∼ keV

• gaee < 3× 10−13 (WD cooling, e.g. 1406.7712)
• WD, RG, HB Cooling hints (see e.g. 1708.02111) :

• gaee = 1.5× 10−13

• gaγγ = 1.4× 10−11 GeV−1

• NS production: degenerate neutron/proton scattering
• Tc ∼ 10 keV
• gann < 7.7× 10−10: Cas A NS cooling (1806.07151)
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• RX J1856.6-3754 has by far most exposure
• Also closest of the M7 (d ≈ 100 pc)
• Tsurf ≈ 70 eV / thermal luminosity relatively low (pileup not
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Figure 17. The TS maps for RX J0420.0-5022 in PN, MOS, and Chandra computed using counts from the 2-8 keV energy
range. Evidence for an excess in the central pixel can be seen in every instrument.

Figure 18. The TS maps for RX J1308.6+2127 in PN and MOS. There is a nearby point source, but its mask does not include
any of the signal or background extraction regions. There is no strong evidence for an excess in the central pixel.

Appendix D: Spectral limits and systematic tests for the M7

Here we present the fiducial spectral limits on the flux in each energy bin from 2 to 8 keV for each NS in each
instrument in which they are observed, along with systematic variations on our analysis procedure that test the
robustness of the reconstructed flux. We also inspect the counts distribution in the background extraction region
compared to the one expected under the fitted background rate and include the p-values for the background goodness-
of-fit under each analysis procedure. These results are in analogy to those shown in Fig. 3 and Fig. 4 for RX
J1856.6-3754. We present the results for the other six NSs in Figs. 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, and 33.

Appendix E: Inspection of the 8-10 keV energy bin

In this analysis, we have chosen to exclude the analysis of X-ray counts in the energies between 8 and 10 keV. This
choice is motivated by a number of statistical and systematic technical issues. In the 8-10 keV bin, the background
count rate increases substantially. For instance, for RX J1856.6-3754, in PN the e↵ective area decreases by 45%
from the 6-8 keV bin to the 8-10 keV bin, while the absolute number of counts increases by 30% from 6-8 keV to
8-10 keV. Likewise, in MOS the e↵ective area decreases by 67% while the absolute counts decreases by only 21%,
and in Chandra, the e↵ective area decreases by 75% while the absolute counts decreases by only 52%. This reduces
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Figure 2. TS maps (summed over 2-8 keV and all exposures) for each camera centered around the location of RX J1856.6-3754.
In each case, the inner red ring denotes the radius within which the source data is extracted. The background data is extracted
from the annulus between the inner and outer red rings. PN and MOS TS maps are presented down-binned while the Chandra
map is presented at full resolution. Blue rings, where present, indicate the location of point sources identified in a joint analysis
of PN and MOS data with a local TS greater than 9. Masking the identified point sources has little e↵ect on the spectrum.
Pixels that do not reside within signal or background extraction regions are displayed in grey. (Left) The PN data shows a
significant excess in the signal region. Due to the large XMM PSF it is not confined to a single full-resolution pixel and is
only apparent after down-binning. (Center) The MOS data shows a less clear excess as compared to the PN data. (Right)
The Chandra data indicates a significant excess with TS ⇡ 10 (⇠3� significance) in the central pixel with no other clear point
sources visible in the background region. Note that the axis scale for Chandra is much smaller than for the XMM cameras due
to Chandra’s improved PSF: in fact, the entire Chandra map would fit within the XMM source regions.

region (inner circle) has a radius of 18.000 while the back-
ground region has an outer radius of 27.000. In this case,
a visual excess is still observable within the signal region,
as compared to the background region, which is the re-
gion between the two circles, and a less prominent excess
can also be seen in the MOS image in the central panel.

2. Validating PN and MOS background extraction regions

Due to the comparatively worse angular resolution of
the PN and MOS instruments, the signal and background
extraction regions used in the analysis of PN and MOS
data are necessarily larger in angular extent than in the
corresponding Chandra analyses. Our treatment of the
background count rate, which assumes a uniform particle
background resulting in a pixel-by-pixel count rate which
depends only on the total exposure in each pixel, may
be violated by the presence of point sources.3 In order
to validate our assumptions for the MOS and PN data,
we perform a goodness-of-fit test on the pixelated counts
data for both instruments.

In our goodness-of-fit test, we sum over energies to ob-
tain the set {cp} of total counts over energies 2-8 keV at
the pth pixel in the background extraction region. Like-
wise, we obtain the total exposure map summed over

3 Later we attempt to mitigate this possibility with point source
identification and masking and show that it has a minimal e↵ect
on the spectrum.

energies 2-8 keV at each pixel, denoted {wp}. Assuming
a uniform Poisson rate for events in the background re-
gion, the best-fit expected mean number of counts in the
pth pixel is �wp, with � = (

P
p cp)/(

P
p wp). We com-

pute a likelihood value for the data assuming the best-fit
parameter � by

L(�|{cp}) =
Y

p

(�wp)cp

e�wp

cp!
. (9)

We can then determine the p-value for the observed data
by generating Monte Carlo data under the assumed back-
ground rate �, then determining the fraction of likelihood
values in the Monte Carlo ensemble which are less than
the likelihood as evaluated on the observed data. This
fraction then represents a p-value, where smaller values
indicate a worse goodness of fit of the data under the
fitted model.

In Fig. 3, we compare the observed and fitted counts
distributions for PN and MOS data with and without the
application of a point source mask, with associated p-
values indicated. Note that for this test we use the high-
resolution pixels and not the down-binned pixels. Some
tension between the data and the fitted background is
observed in the PN data without the point source mask.
The tension is at the ⇠3.9� level, although this falls to
the marginal ⇠1.9� level after the application of the point
source mask. The MOS data shows good consistency
with the fitted background model both before and after
the application of the mask. As we will subsequently
show, the reconstructed fluxes in PN and MOS are robust

• ∼2σ evidence Chandra, ∼1σ PN, ∼1σ MOS
• No chance of pileup for Chandra (lowest count rates of M7)
• ∼1σ excesses from 2 other M7, 3 consistent with null 44



M7 data needed to predict signal
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X-ray Search for Axions from Nearby Isolated Neutron Stars
Supplementary Material

Malte Buschmann, Raymond T. Co, Christopher Dessert, and Benjamin R. Safdi

This Supplementary Material is organized as follows. Section I discusses our determination of the core temperature uncer-
tainties, given the surface temperature data for the M7. In Sec. II we outline our computation of the axion production rates via
nucleon bremsstrahlung accounting for suppression of the rates during neutron superfluidity. In Sec. III we present calculations
of the axion emission rate and spectrum via the Cooper pair-breaking-formation (PBF) processes and discuss the expected spec-
tra from the NSs above 10 keV. Finally in Sec. IV we perform multiple systematic tests on the analyses presented in the main
text and discuss the robustness of our results.

I. CORE TEMPERATURES

In this section, we estimate the uncertainties in the determinations of the core temperatures from the known surface temper-
atures of the NSs. The inner region of the NS is isothermal in the sense that the redshifted temperature observed infinitely far
from the NS, T1

b = Tb(r)
p

g00(r), is independent of the production radius r within the NS, with g00 the temporal component
of the metric. We define the un-redshifted core temperature as Tb = Tb(rb), where rb is the radius of the outer boundary of the
isothermal internal region. Note that rb is slightly smaller than the radius of the NS, rNS. Surrounding the isothermal region is
the NS envelope, over which the temperature cools to the surface temperature Ts = T1

s /
p

g00(rNS) at the outer surface.
In practice, we use NSCool to compute Tb given Ts, but we estimate the uncertainty in this determination using the analytic

relations determined from fits to simulations given in Eq. 32 of [95] and Sec. A.3 of [96]. The majority of the uncertainty arises
from the uncertainty in the NS surface gravity (because of the uncertainty in the NS EOS) and in the NS accretion history. The
NS EOS and the NS masses are sources of uncertainty that should be more thoroughly investigated in future work.

We estimate such uncertainties by varying over the amount of accreted matter Mac and the surface gravity g14 in 1014 cm/s2.
We assume a wide range of 2  g14  6, as a conservative estimate based on [97]. The NSs of interest are isolated and are not
expected to accrete much matter. We assume a flat prior in �20  log(Mac/Mtot)  �10, where Mtot is the total mass of the
NS. In the relevant range of surface temperatures, we find that the variance of Tb is around 30% of the mean. This is illustrated
in Fig. S1, where we show the central Ts-Tb relation along with the 68% containment region from varying over Mac and g14

as described above. In the analyses throughout this work, we use log-normal uncertainties on the core temperatures. Thus, we
assign a systematic uncertainty �

⇥
log(T1

b /keV)
⇤

= 0.13 to account for the ⇠30% uncertainty in Tb, given Ts. As a reminder,
all logs are base 10.
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FIG. S1. An illustration of the uncertainty on the determination of Tb, given the surface temperature Ts, arising from the uncertainties in the
surface gravity and the amount of accreted matter. The black curve shows the average value of Tb for each given Ts if one assumes flat priors
in 2  g14  6 and �20  log(Mac/Mtot)  �10, whereas the gray band shows the 68% containment region on Tb given Ts.

Additional uncertainty on the core temperature arises from the intrinsic uncertainty in the surface temperatures. In addition to
the uncertainty determined in the companion paper [62], we assign a 25% uncertainty on the surface temperature to account for
the variation in NS atmosphere models as well as the unknown surface composition. Note that the surface composition is related
to the accretion history and so some of the uncertainties are interrelated. We convert the surface temperature uncertainties to core

3

M7 Name log(B0/ G) log(T1
b / keV) d [pc]

RX J0806.4-4123 13.40 ± 0.13 1.2 ± 0.3 240 ± 25
RX J1856.6-3754 13.18 ± 0.05 0.9 ± 0.2 123 ± 13
RX J0420.0-5022 13.00 ± 0.06 0.9 ± 0.4 345 ± 200
RX J1308.6+2127 13.68 ± 0.04 1.2 ± 0.3 663 ± 137
RX J0720.4-3125 13.53 ± 0.05 1.2 ± 0.3 361 ± 130
RX J1605.3+3249 13.00 ± 0.20 1.2 ± 0.3 393 ± 219
RX J2143.0+0654 13.30 ± 0.10 1.3 ± 0.3 430 ± 200

TABLE I. A summary of the properties of the M7. The dipolar
magnetic field strengths are estimated from the NS spin-down rates.
RX J1605.3+3249 has no measured spin-down rate; its field is esti-
mated from cyclotron absorption. The core temperatures are inferred
through measurements of the surface temperatures [62]. The dis-
tances are inferred primarily from hydrogen absorption, except for
RX J1856.6-3754 and RX J0720.4-3125 where parallax measure-
ments are available. The data is compiled from Refs. [12–19, 78–
81]. Note that we additionally restrict log(B0/ G) 2 [12, 15],
log(T1

b / keV) 2 [�0.1, 1.9], and d 2 [100, 2000] pc. All logs
are base 10.

conversion is suppressed by the Euler-Heisenberg term for
strong field quantum electrodynamics [9].

The full axion-photon equations of motion may be solved
by first applying a WKB approximation to reduce the second-
order equations of motion to first order equations and then
using the framework of time-dependent perturbation the-
ory [9, 10, 42]. In the limit of low axion mass, which for
our applications is roughly ma . (!R�1

NS)1/2 (and approxi-
mately 10�4 eV at axion frequencies ! ⇠ keV and NS radii
RNS ⇠ 10 km), the conversion probability pa!� is approxi-
mately

pa!� ⇡1.5 ⇥ 10�4

✓
ga��

10�11 GeV�1

◆2 ✓
1 keV

!

◆4/5

✓
B0

1013 G

◆2/5 ✓
RNS

10 km

◆6/5

sin2/5 ✓ ,

(2)

independent of the axion mass. Above, B0 is the surface mag-
netic field strength at the magnetic pole and ✓ is the polar
angle from the magnetic axis. Note that in deriving (2) we
assume that the magnetic field of the NS follows a dipole
configuration. The conversion probability grows relatively
slowly with B0. This is because the Euler-Heisenberg term
suppresses the conversion probability at radii near the NS sur-
face for large B0, and in fact the conversion does not take
place until distances ⇠102RNS where the magnetic field be-
comes small enough that the Euler-Heisenberg term no longer
suppresses the conversion. At large axion masses the conver-
sion probability becomes additionally suppressed and must be
computed numerically (see, e.g., [42]).

We assume dipolar magnetic field strengths calculated from
the spindown of the NSs [12–18] via magneto-dipole radia-
tion. In the case of RX J1605.3+3249, there is no spin-down
measurement and we adopt 1013 G as considered in [19].
Measurements of the magnetic field from spectral fitting of
proton cyclotron resonance lines or atmosphere models gen-
erally predict larger fields, which we consider in the SM. Note

that in practice we account for the unknown alignment angle
✓ by fixing ✓ = ⇡/2 and broadening the uncertainty on B0

appropriately.
Data analysis.— We analyze all available archival data from
XMM-Newton and Chandra towards each of the M7 for evi-
dence of hard X-ray emission [62]. For XMM-Newton we re-
process data from both the MOS and PN cameras and we treat
these datasets independently since they are subject to differ-
ent sources of uncertainty from e.g. pileup. The data is binned
into three high-energy bins from 2 - 4, 4 - 6, and 6 - 8 keV.
In [62] we compute profile likelihoods for flux from the M7 in
each one of these energy bins; these profile likelihoods are the
starting points for the analyses presented in this work. As an
illustration, in Fig. 1 we show the energy spectrum from RX

FIG. 1. The energy spectrum from 2 to 8 keV for NS RX J1856.6-
3754 as measured by combining PN, MOS, and Chandra data, with
68% statistical uncertainties [62]. 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 Tab. I.

J1856.6-3754, which is the NS with the most significant hard
X-ray excess. Note that we show the best-fit fluxes and asso-
ciated 68% confidence intervals from the joint analyses over
all three cameras.

In [62] we show that the 2 - 4 keV energy bin may pos-
sibly be contaminated by the high-energy tail of the thermal
emission from the NS surfaces, depending on the atmosphere
model, for all NSs except RX J1856.6-3754 and RX J0420.0-
5022. The predicted thermal surface emission is negligible for
all NSs in the last two energy bins. As such in this analysis
we use all three available energy bins for RX J1856.6-3754,
which has by far the most exposure time of all M7, and RX
J0420.0-5022 but only the last two energy bins for the other
five NSs. We also note that, as described in [62], we only
use Chandra data from RX J1856.6-3754, RX J0420.0-5022,
and RX J0806.4-4123, because for the other NSs we find that
pileup may affect the observed high-energy spectrum. For RX
J2143.0+0654 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 procedure. Our
parameters of interest are {ma, ga�� , gann, gapp} and our nui-
sance parameters, which describe uncertain aspects of the
NSs, are the set of parameters {log B0, d, log T1

b } for each
NS, where d is distance. Each of the nuisance parameters
is taken to have a Gaussian or log-Gaussian prior with un-

• B0 estimated from spin-down (P , and Ṗ )

• Distance: some parallax (small uncertainty), others
luminosity model + hydrogen absorption (large uncertainty)

• Redshifted core temperature T∞b : estimated from observed
surface temperature
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This Supplementary Material is organized as follows. Section I discusses our determination of the core temperature uncer-
tainties, given the surface temperature data for the M7. In Sec. II we outline our computation of the axion production rates via
nucleon bremsstrahlung accounting for suppression of the rates during neutron superfluidity. In Sec. III we present calculations
of the axion emission rate and spectrum via the Cooper pair-breaking-formation (PBF) processes and discuss the expected spec-
tra from the NSs above 10 keV. Finally in Sec. IV we perform multiple systematic tests on the analyses presented in the main
text and discuss the robustness of our results.

I. CORE TEMPERATURES

In this section, we estimate the uncertainties in the determinations of the core temperatures from the known surface temper-
atures of the NSs. The inner region of the NS is isothermal in the sense that the redshifted temperature observed infinitely far
from the NS, T1

b = Tb(r)
p

g00(r), is independent of the production radius r within the NS, with g00 the temporal component
of the metric. We define the un-redshifted core temperature as Tb = Tb(rb), where rb is the radius of the outer boundary of the
isothermal internal region. Note that rb is slightly smaller than the radius of the NS, rNS. Surrounding the isothermal region is
the NS envelope, over which the temperature cools to the surface temperature Ts = T1

s /
p

g00(rNS) at the outer surface.
In practice, we use NSCool to compute Tb given Ts, but we estimate the uncertainty in this determination using the analytic

relations determined from fits to simulations given in Eq. 32 of [95] and Sec. A.3 of [96]. The majority of the uncertainty arises
from the uncertainty in the NS surface gravity (because of the uncertainty in the NS EOS) and in the NS accretion history. The
NS EOS and the NS masses are sources of uncertainty that should be more thoroughly investigated in future work.

We estimate such uncertainties by varying over the amount of accreted matter Mac and the surface gravity g14 in 1014 cm/s2.
We assume a wide range of 2  g14  6, as a conservative estimate based on [97]. The NSs of interest are isolated and are not
expected to accrete much matter. We assume a flat prior in �20  log(Mac/Mtot)  �10, where Mtot is the total mass of the
NS. In the relevant range of surface temperatures, we find that the variance of Tb is around 30% of the mean. This is illustrated
in Fig. S1, where we show the central Ts-Tb relation along with the 68% containment region from varying over Mac and g14

as described above. In the analyses throughout this work, we use log-normal uncertainties on the core temperatures. Thus, we
assign a systematic uncertainty �

⇥
log(T1

b /keV)
⇤

= 0.13 to account for the ⇠30% uncertainty in Tb, given Ts. As a reminder,
all logs are base 10.
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FIG. S1. An illustration of the uncertainty on the determination of Tb, given the surface temperature Ts, arising from the uncertainties in the
surface gravity and the amount of accreted matter. The black curve shows the average value of Tb for each given Ts if one assumes flat priors
in 2  g14  6 and �20  log(Mac/Mtot)  �10, whereas the gray band shows the 68% containment region on Tb given Ts.

Additional uncertainty on the core temperature arises from the intrinsic uncertainty in the surface temperatures. In addition to
the uncertainty determined in the companion paper [62], we assign a 25% uncertainty on the surface temperature to account for
the variation in NS atmosphere models as well as the unknown surface composition. Note that the surface composition is related
to the accretion history and so some of the uncertainties are interrelated. We convert the surface temperature uncertainties to core

3

M7 Name log(B0/ G) log(T1
b / keV) d [pc]

RX J0806.4-4123 13.40 ± 0.13 1.2 ± 0.3 240 ± 25
RX J1856.6-3754 13.18 ± 0.05 0.9 ± 0.2 123 ± 13
RX J0420.0-5022 13.00 ± 0.06 0.9 ± 0.4 345 ± 200
RX J1308.6+2127 13.68 ± 0.04 1.2 ± 0.3 663 ± 137
RX J0720.4-3125 13.53 ± 0.05 1.2 ± 0.3 361 ± 130
RX J1605.3+3249 13.00 ± 0.20 1.2 ± 0.3 393 ± 219
RX J2143.0+0654 13.30 ± 0.10 1.3 ± 0.3 430 ± 200

TABLE I. A summary of the properties of the M7. The dipolar
magnetic field strengths are estimated from the NS spin-down rates.
RX J1605.3+3249 has no measured spin-down rate; its field is esti-
mated from cyclotron absorption. The core temperatures are inferred
through measurements of the surface temperatures [62]. The dis-
tances are inferred primarily from hydrogen absorption, except for
RX J1856.6-3754 and RX J0720.4-3125 where parallax measure-
ments are available. The data is compiled from Refs. [12–19, 78–
81]. Note that we additionally restrict log(B0/ G) 2 [12, 15],
log(T1

b / keV) 2 [�0.1, 1.9], and d 2 [100, 2000] pc. All logs
are base 10.

conversion is suppressed by the Euler-Heisenberg term for
strong field quantum electrodynamics [9].

The full axion-photon equations of motion may be solved
by first applying a WKB approximation to reduce the second-
order equations of motion to first order equations and then
using the framework of time-dependent perturbation the-
ory [9, 10, 42]. In the limit of low axion mass, which for
our applications is roughly ma . (!R�1

NS)1/2 (and approxi-
mately 10�4 eV at axion frequencies ! ⇠ keV and NS radii
RNS ⇠ 10 km), the conversion probability pa!� is approxi-
mately

pa!� ⇡1.5 ⇥ 10�4

✓
ga��

10�11 GeV�1

◆2 ✓
1 keV

!

◆4/5

✓
B0

1013 G

◆2/5 ✓
RNS

10 km

◆6/5

sin2/5 ✓ ,

(2)

independent of the axion mass. Above, B0 is the surface mag-
netic field strength at the magnetic pole and ✓ is the polar
angle from the magnetic axis. Note that in deriving (2) we
assume that the magnetic field of the NS follows a dipole
configuration. The conversion probability grows relatively
slowly with B0. This is because the Euler-Heisenberg term
suppresses the conversion probability at radii near the NS sur-
face for large B0, and in fact the conversion does not take
place until distances ⇠102RNS where the magnetic field be-
comes small enough that the Euler-Heisenberg term no longer
suppresses the conversion. At large axion masses the conver-
sion probability becomes additionally suppressed and must be
computed numerically (see, e.g., [42]).

We assume dipolar magnetic field strengths calculated from
the spindown of the NSs [12–18] via magneto-dipole radia-
tion. In the case of RX J1605.3+3249, there is no spin-down
measurement and we adopt 1013 G as considered in [19].
Measurements of the magnetic field from spectral fitting of
proton cyclotron resonance lines or atmosphere models gen-
erally predict larger fields, which we consider in the SM. Note

that in practice we account for the unknown alignment angle
✓ by fixing ✓ = ⇡/2 and broadening the uncertainty on B0

appropriately.
Data analysis.— We analyze all available archival data from
XMM-Newton and Chandra towards each of the M7 for evi-
dence of hard X-ray emission [62]. For XMM-Newton we re-
process data from both the MOS and PN cameras and we treat
these datasets independently since they are subject to differ-
ent sources of uncertainty from e.g. pileup. The data is binned
into three high-energy bins from 2 - 4, 4 - 6, and 6 - 8 keV.
In [62] we compute profile likelihoods for flux from the M7 in
each one of these energy bins; these profile likelihoods are the
starting points for the analyses presented in this work. As an
illustration, in Fig. 1 we show the energy spectrum from RX

FIG. 1. The energy spectrum from 2 to 8 keV for NS RX J1856.6-
3754 as measured by combining PN, MOS, and Chandra data, with
68% statistical uncertainties [62]. 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 Tab. I.

J1856.6-3754, which is the NS with the most significant hard
X-ray excess. Note that we show the best-fit fluxes and asso-
ciated 68% confidence intervals from the joint analyses over
all three cameras.

In [62] we show that the 2 - 4 keV energy bin may pos-
sibly be contaminated by the high-energy tail of the thermal
emission from the NS surfaces, depending on the atmosphere
model, for all NSs except RX J1856.6-3754 and RX J0420.0-
5022. The predicted thermal surface emission is negligible for
all NSs in the last two energy bins. As such in this analysis
we use all three available energy bins for RX J1856.6-3754,
which has by far the most exposure time of all M7, and RX
J0420.0-5022 but only the last two energy bins for the other
five NSs. We also note that, as described in [62], we only
use Chandra data from RX J1856.6-3754, RX J0420.0-5022,
and RX J0806.4-4123, because for the other NSs we find that
pileup may affect the observed high-energy spectrum. For RX
J2143.0+0654 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 procedure. Our
parameters of interest are {ma, ga�� , gann, gapp} and our nui-
sance parameters, which describe uncertain aspects of the
NSs, are the set of parameters {log B0, d, log T1

b } for each
NS, where d is distance. Each of the nuisance parameters
is taken to have a Gaussian or log-Gaussian prior with un-

• B0 estimated from spin-down (P , and Ṗ )

• Distance: some parallax (small uncertainty), others
luminosity model + hydrogen absorption (large uncertainty)

• Redshifted core temperature T∞b : estimated from observed
surface temperature
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This Supplementary Material is organized as follows. Section I discusses our determination of the core temperature uncer-
tainties, given the surface temperature data for the M7. In Sec. II we outline our computation of the axion production rates via
nucleon bremsstrahlung accounting for suppression of the rates during neutron superfluidity. In Sec. III we present calculations
of the axion emission rate and spectrum via the Cooper pair-breaking-formation (PBF) processes and discuss the expected spec-
tra from the NSs above 10 keV. Finally in Sec. IV we perform multiple systematic tests on the analyses presented in the main
text and discuss the robustness of our results.

I. CORE TEMPERATURES

In this section, we estimate the uncertainties in the determinations of the core temperatures from the known surface temper-
atures of the NSs. The inner region of the NS is isothermal in the sense that the redshifted temperature observed infinitely far
from the NS, T1

b = Tb(r)
p

g00(r), is independent of the production radius r within the NS, with g00 the temporal component
of the metric. We define the un-redshifted core temperature as Tb = Tb(rb), where rb is the radius of the outer boundary of the
isothermal internal region. Note that rb is slightly smaller than the radius of the NS, rNS. Surrounding the isothermal region is
the NS envelope, over which the temperature cools to the surface temperature Ts = T1

s /
p

g00(rNS) at the outer surface.
In practice, we use NSCool to compute Tb given Ts, but we estimate the uncertainty in this determination using the analytic

relations determined from fits to simulations given in Eq. 32 of [95] and Sec. A.3 of [96]. The majority of the uncertainty arises
from the uncertainty in the NS surface gravity (because of the uncertainty in the NS EOS) and in the NS accretion history. The
NS EOS and the NS masses are sources of uncertainty that should be more thoroughly investigated in future work.

We estimate such uncertainties by varying over the amount of accreted matter Mac and the surface gravity g14 in 1014 cm/s2.
We assume a wide range of 2  g14  6, as a conservative estimate based on [97]. The NSs of interest are isolated and are not
expected to accrete much matter. We assume a flat prior in �20  log(Mac/Mtot)  �10, where Mtot is the total mass of the
NS. In the relevant range of surface temperatures, we find that the variance of Tb is around 30% of the mean. This is illustrated
in Fig. S1, where we show the central Ts-Tb relation along with the 68% containment region from varying over Mac and g14

as described above. In the analyses throughout this work, we use log-normal uncertainties on the core temperatures. Thus, we
assign a systematic uncertainty �

⇥
log(T1

b /keV)
⇤

= 0.13 to account for the ⇠30% uncertainty in Tb, given Ts. As a reminder,
all logs are base 10.
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FIG. S1. An illustration of the uncertainty on the determination of Tb, given the surface temperature Ts, arising from the uncertainties in the
surface gravity and the amount of accreted matter. The black curve shows the average value of Tb for each given Ts if one assumes flat priors
in 2  g14  6 and �20  log(Mac/Mtot)  �10, whereas the gray band shows the 68% containment region on Tb given Ts.

Additional uncertainty on the core temperature arises from the intrinsic uncertainty in the surface temperatures. In addition to
the uncertainty determined in the companion paper [62], we assign a 25% uncertainty on the surface temperature to account for
the variation in NS atmosphere models as well as the unknown surface composition. Note that the surface composition is related
to the accretion history and so some of the uncertainties are interrelated. We convert the surface temperature uncertainties to core

3

M7 Name log(B0/ G) log(T1
b / keV) d [pc]

RX J0806.4-4123 13.40 ± 0.13 1.2 ± 0.3 240 ± 25
RX J1856.6-3754 13.18 ± 0.05 0.9 ± 0.2 123 ± 13
RX J0420.0-5022 13.00 ± 0.06 0.9 ± 0.4 345 ± 200
RX J1308.6+2127 13.68 ± 0.04 1.2 ± 0.3 663 ± 137
RX J0720.4-3125 13.53 ± 0.05 1.2 ± 0.3 361 ± 130
RX J1605.3+3249 13.00 ± 0.20 1.2 ± 0.3 393 ± 219
RX J2143.0+0654 13.30 ± 0.10 1.3 ± 0.3 430 ± 200

TABLE I. A summary of the properties of the M7. The dipolar
magnetic field strengths are estimated from the NS spin-down rates.
RX J1605.3+3249 has no measured spin-down rate; its field is esti-
mated from cyclotron absorption. The core temperatures are inferred
through measurements of the surface temperatures [62]. The dis-
tances are inferred primarily from hydrogen absorption, except for
RX J1856.6-3754 and RX J0720.4-3125 where parallax measure-
ments are available. The data is compiled from Refs. [12–19, 78–
81]. Note that we additionally restrict log(B0/ G) 2 [12, 15],
log(T1

b / keV) 2 [�0.1, 1.9], and d 2 [100, 2000] pc. All logs
are base 10.

conversion is suppressed by the Euler-Heisenberg term for
strong field quantum electrodynamics [9].

The full axion-photon equations of motion may be solved
by first applying a WKB approximation to reduce the second-
order equations of motion to first order equations and then
using the framework of time-dependent perturbation the-
ory [9, 10, 42]. In the limit of low axion mass, which for
our applications is roughly ma . (!R�1

NS)1/2 (and approxi-
mately 10�4 eV at axion frequencies ! ⇠ keV and NS radii
RNS ⇠ 10 km), the conversion probability pa!� is approxi-
mately

pa!� ⇡1.5 ⇥ 10�4

✓
ga��

10�11 GeV�1

◆2 ✓
1 keV

!

◆4/5

✓
B0

1013 G

◆2/5 ✓
RNS

10 km

◆6/5

sin2/5 ✓ ,

(2)

independent of the axion mass. Above, B0 is the surface mag-
netic field strength at the magnetic pole and ✓ is the polar
angle from the magnetic axis. Note that in deriving (2) we
assume that the magnetic field of the NS follows a dipole
configuration. The conversion probability grows relatively
slowly with B0. This is because the Euler-Heisenberg term
suppresses the conversion probability at radii near the NS sur-
face for large B0, and in fact the conversion does not take
place until distances ⇠102RNS where the magnetic field be-
comes small enough that the Euler-Heisenberg term no longer
suppresses the conversion. At large axion masses the conver-
sion probability becomes additionally suppressed and must be
computed numerically (see, e.g., [42]).

We assume dipolar magnetic field strengths calculated from
the spindown of the NSs [12–18] via magneto-dipole radia-
tion. In the case of RX J1605.3+3249, there is no spin-down
measurement and we adopt 1013 G as considered in [19].
Measurements of the magnetic field from spectral fitting of
proton cyclotron resonance lines or atmosphere models gen-
erally predict larger fields, which we consider in the SM. Note

that in practice we account for the unknown alignment angle
✓ by fixing ✓ = ⇡/2 and broadening the uncertainty on B0

appropriately.
Data analysis.— We analyze all available archival data from
XMM-Newton and Chandra towards each of the M7 for evi-
dence of hard X-ray emission [62]. For XMM-Newton we re-
process data from both the MOS and PN cameras and we treat
these datasets independently since they are subject to differ-
ent sources of uncertainty from e.g. pileup. The data is binned
into three high-energy bins from 2 - 4, 4 - 6, and 6 - 8 keV.
In [62] we compute profile likelihoods for flux from the M7 in
each one of these energy bins; these profile likelihoods are the
starting points for the analyses presented in this work. As an
illustration, in Fig. 1 we show the energy spectrum from RX

FIG. 1. The energy spectrum from 2 to 8 keV for NS RX J1856.6-
3754 as measured by combining PN, MOS, and Chandra data, with
68% statistical uncertainties [62]. 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 Tab. I.

J1856.6-3754, which is the NS with the most significant hard
X-ray excess. Note that we show the best-fit fluxes and asso-
ciated 68% confidence intervals from the joint analyses over
all three cameras.

In [62] we show that the 2 - 4 keV energy bin may pos-
sibly be contaminated by the high-energy tail of the thermal
emission from the NS surfaces, depending on the atmosphere
model, for all NSs except RX J1856.6-3754 and RX J0420.0-
5022. The predicted thermal surface emission is negligible for
all NSs in the last two energy bins. As such in this analysis
we use all three available energy bins for RX J1856.6-3754,
which has by far the most exposure time of all M7, and RX
J0420.0-5022 but only the last two energy bins for the other
five NSs. We also note that, as described in [62], we only
use Chandra data from RX J1856.6-3754, RX J0420.0-5022,
and RX J0806.4-4123, because for the other NSs we find that
pileup may affect the observed high-energy spectrum. For RX
J2143.0+0654 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 procedure. Our
parameters of interest are {ma, ga�� , gann, gapp} and our nui-
sance parameters, which describe uncertain aspects of the
NSs, are the set of parameters {log B0, d, log T1

b } for each
NS, where d is distance. Each of the nuisance parameters
is taken to have a Gaussian or log-Gaussian prior with un-

• B0 estimated from spin-down (P , and Ṗ )

• Distance: some parallax (small uncertainty), others
luminosity model + hydrogen absorption (large uncertainty)

• Redshifted core temperature T∞b : estimated from observed
surface temperature
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This Supplementary Material is organized as follows. Section I discusses our determination of the core temperature uncer-
tainties, given the surface temperature data for the M7. In Sec. II we outline our computation of the axion production rates via
nucleon bremsstrahlung accounting for suppression of the rates during neutron superfluidity. In Sec. III we present calculations
of the axion emission rate and spectrum via the Cooper pair-breaking-formation (PBF) processes and discuss the expected spec-
tra from the NSs above 10 keV. Finally in Sec. IV we perform multiple systematic tests on the analyses presented in the main
text and discuss the robustness of our results.

I. CORE TEMPERATURES

In this section, we estimate the uncertainties in the determinations of the core temperatures from the known surface temper-
atures of the NSs. The inner region of the NS is isothermal in the sense that the redshifted temperature observed infinitely far
from the NS, T1

b = Tb(r)
p

g00(r), is independent of the production radius r within the NS, with g00 the temporal component
of the metric. We define the un-redshifted core temperature as Tb = Tb(rb), where rb is the radius of the outer boundary of the
isothermal internal region. Note that rb is slightly smaller than the radius of the NS, rNS. Surrounding the isothermal region is
the NS envelope, over which the temperature cools to the surface temperature Ts = T1

s /
p

g00(rNS) at the outer surface.
In practice, we use NSCool to compute Tb given Ts, but we estimate the uncertainty in this determination using the analytic

relations determined from fits to simulations given in Eq. 32 of [95] and Sec. A.3 of [96]. The majority of the uncertainty arises
from the uncertainty in the NS surface gravity (because of the uncertainty in the NS EOS) and in the NS accretion history. The
NS EOS and the NS masses are sources of uncertainty that should be more thoroughly investigated in future work.

We estimate such uncertainties by varying over the amount of accreted matter Mac and the surface gravity g14 in 1014 cm/s2.
We assume a wide range of 2  g14  6, as a conservative estimate based on [97]. The NSs of interest are isolated and are not
expected to accrete much matter. We assume a flat prior in �20  log(Mac/Mtot)  �10, where Mtot is the total mass of the
NS. In the relevant range of surface temperatures, we find that the variance of Tb is around 30% of the mean. This is illustrated
in Fig. S1, where we show the central Ts-Tb relation along with the 68% containment region from varying over Mac and g14

as described above. In the analyses throughout this work, we use log-normal uncertainties on the core temperatures. Thus, we
assign a systematic uncertainty �

⇥
log(T1

b /keV)
⇤

= 0.13 to account for the ⇠30% uncertainty in Tb, given Ts. As a reminder,
all logs are base 10.
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FIG. S1. An illustration of the uncertainty on the determination of Tb, given the surface temperature Ts, arising from the uncertainties in the
surface gravity and the amount of accreted matter. The black curve shows the average value of Tb for each given Ts if one assumes flat priors
in 2  g14  6 and �20  log(Mac/Mtot)  �10, whereas the gray band shows the 68% containment region on Tb given Ts.

Additional uncertainty on the core temperature arises from the intrinsic uncertainty in the surface temperatures. In addition to
the uncertainty determined in the companion paper [62], we assign a 25% uncertainty on the surface temperature to account for
the variation in NS atmosphere models as well as the unknown surface composition. Note that the surface composition is related
to the accretion history and so some of the uncertainties are interrelated. We convert the surface temperature uncertainties to core

3

M7 Name log(B0/ G) log(T1
b / keV) d [pc]

RX J0806.4-4123 13.40 ± 0.13 1.2 ± 0.3 240 ± 25
RX J1856.6-3754 13.18 ± 0.05 0.9 ± 0.2 123 ± 13
RX J0420.0-5022 13.00 ± 0.06 0.9 ± 0.4 345 ± 200
RX J1308.6+2127 13.68 ± 0.04 1.2 ± 0.3 663 ± 137
RX J0720.4-3125 13.53 ± 0.05 1.2 ± 0.3 361 ± 130
RX J1605.3+3249 13.00 ± 0.20 1.2 ± 0.3 393 ± 219
RX J2143.0+0654 13.30 ± 0.10 1.3 ± 0.3 430 ± 200

TABLE I. A summary of the properties of the M7. The dipolar
magnetic field strengths are estimated from the NS spin-down rates.
RX J1605.3+3249 has no measured spin-down rate; its field is esti-
mated from cyclotron absorption. The core temperatures are inferred
through measurements of the surface temperatures [62]. The dis-
tances are inferred primarily from hydrogen absorption, except for
RX J1856.6-3754 and RX J0720.4-3125 where parallax measure-
ments are available. The data is compiled from Refs. [12–19, 78–
81]. Note that we additionally restrict log(B0/ G) 2 [12, 15],
log(T1

b / keV) 2 [�0.1, 1.9], and d 2 [100, 2000] pc. All logs
are base 10.

conversion is suppressed by the Euler-Heisenberg term for
strong field quantum electrodynamics [9].

The full axion-photon equations of motion may be solved
by first applying a WKB approximation to reduce the second-
order equations of motion to first order equations and then
using the framework of time-dependent perturbation the-
ory [9, 10, 42]. In the limit of low axion mass, which for
our applications is roughly ma . (!R�1

NS)1/2 (and approxi-
mately 10�4 eV at axion frequencies ! ⇠ keV and NS radii
RNS ⇠ 10 km), the conversion probability pa!� is approxi-
mately
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independent of the axion mass. Above, B0 is the surface mag-
netic field strength at the magnetic pole and ✓ is the polar
angle from the magnetic axis. Note that in deriving (2) we
assume that the magnetic field of the NS follows a dipole
configuration. The conversion probability grows relatively
slowly with B0. This is because the Euler-Heisenberg term
suppresses the conversion probability at radii near the NS sur-
face for large B0, and in fact the conversion does not take
place until distances ⇠102RNS where the magnetic field be-
comes small enough that the Euler-Heisenberg term no longer
suppresses the conversion. At large axion masses the conver-
sion probability becomes additionally suppressed and must be
computed numerically (see, e.g., [42]).

We assume dipolar magnetic field strengths calculated from
the spindown of the NSs [12–18] via magneto-dipole radia-
tion. In the case of RX J1605.3+3249, there is no spin-down
measurement and we adopt 1013 G as considered in [19].
Measurements of the magnetic field from spectral fitting of
proton cyclotron resonance lines or atmosphere models gen-
erally predict larger fields, which we consider in the SM. Note

that in practice we account for the unknown alignment angle
✓ by fixing ✓ = ⇡/2 and broadening the uncertainty on B0

appropriately.
Data analysis.— We analyze all available archival data from
XMM-Newton and Chandra towards each of the M7 for evi-
dence of hard X-ray emission [62]. For XMM-Newton we re-
process data from both the MOS and PN cameras and we treat
these datasets independently since they are subject to differ-
ent sources of uncertainty from e.g. pileup. The data is binned
into three high-energy bins from 2 - 4, 4 - 6, and 6 - 8 keV.
In [62] we compute profile likelihoods for flux from the M7 in
each one of these energy bins; these profile likelihoods are the
starting points for the analyses presented in this work. As an
illustration, in Fig. 1 we show the energy spectrum from RX

FIG. 1. The energy spectrum from 2 to 8 keV for NS RX J1856.6-
3754 as measured by combining PN, MOS, and Chandra data, with
68% statistical uncertainties [62]. 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 Tab. I.

J1856.6-3754, which is the NS with the most significant hard
X-ray excess. Note that we show the best-fit fluxes and asso-
ciated 68% confidence intervals from the joint analyses over
all three cameras.

In [62] we show that the 2 - 4 keV energy bin may pos-
sibly be contaminated by the high-energy tail of the thermal
emission from the NS surfaces, depending on the atmosphere
model, for all NSs except RX J1856.6-3754 and RX J0420.0-
5022. The predicted thermal surface emission is negligible for
all NSs in the last two energy bins. As such in this analysis
we use all three available energy bins for RX J1856.6-3754,
which has by far the most exposure time of all M7, and RX
J0420.0-5022 but only the last two energy bins for the other
five NSs. We also note that, as described in [62], we only
use Chandra data from RX J1856.6-3754, RX J0420.0-5022,
and RX J0806.4-4123, because for the other NSs we find that
pileup may affect the observed high-energy spectrum. For RX
J2143.0+0654 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 procedure. Our
parameters of interest are {ma, ga�� , gann, gapp} and our nui-
sance parameters, which describe uncertain aspects of the
NSs, are the set of parameters {log B0, d, log T1

b } for each
NS, where d is distance. Each of the nuisance parameters
is taken to have a Gaussian or log-Gaussian prior with un-

• B0 estimated from spin-down (P , and Ṗ )

• Distance: some parallax (small uncertainty), others
luminosity model + hydrogen absorption (large uncertainty)

• Redshifted core temperature T∞b : estimated from observed
surface temperature
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M7 intensities versus axion prediction

4

certainty given in Tab. I. Uncertainties arising from the NS
superfluidity model are described in the SM. 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 like-
lihood to constrain our parameters of interest.
Results.— The resulting best-fit parameter space in the ma-
ga��gann plane and 95% one-sided upper limit (see, e.g., [82])
are shown in Fig. 2. Below ma ⇡ 10�4 eV the limit from this

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. In this figure we take the axion to couple
equally to neutron and protons (gapp = gann). All curves and re-
gions continue to arbitrarily small ma. Note that the QCD axion
model is too weakly coupled to appear in this figure.

work represents the strongest limit to-date on the combination
of couplings shown in Fig. 2. However, the limit is signifi-
cantly weaker than expected due to an excess of hard X-rays
observed from the M7. In the following we explore the con-
sistency of the observed excess within the context of the axion
model. Interpreting the data in the context of the axion model,
we find approximately 5� 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 slightly below previous limits, which are also in-
dicated. In particular we combine the CAST constraints on
ga�� (ga�� < 6.6 ⇥ 10�11 GeV�1 at low masses) [83] with
the NS cooling constraints on gann (gann < 7.7 ⇥ 10�10 )
from Cas A [2, 4, 5]. Constraints from SN1987A may also
be relevant [84–87], though we caution that the robustness of
these limits has been called into question recently [88].

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 I2�8 (I4�8) 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 T1

b and I2�8 (I4�8). Note
that for the NSs where we include the 2 - 4 keV energy bin
we report I2�8, while for those where we do not include this
bin we instead report I4�8. (We obtain qualitatively similar

results if we only use the 4 - 8 keV bins for all NSs, as shown
in the SM.) The green (yellow) bands indicate the 68% (95%)
confidence intervals for the intensities from the X-ray mea-
surements. The black and gray error bands, on the other hand,
denote the 68% and 95% confidence intervals for the axion
model predictions, given the axion model parameters at the
best-fit point from the global fit: ga��gann ⇡ 4.7 ⇥ 10�21

GeV�1 with ma ⌧ 10�5 eV. The uncertainties in the model
prediction arise from the nuisance parameters describing the
unknown properties of the M7, as described above, while the
uncertainties on the measured intensity values are purely sta-
tistical in nature.

The observed intensities are consistent with expectations
from the axion model, though we stress that the uncertain-
ties on the model prediction are large. Additionally, there are
sources of uncertainty on the axion model predictions for the
individual NSs beyond those shown in Fig. 3, arising from for
example nucleon superfluidity and the EOS. See the SM for
an extended discussion of some of these uncertainties.

10�22 10�20 10�18 10�16 10�14 10�12

I2�8 [erg/cm2/s]

J1856.6
J0420.0

10�22 10�20 10�18 10�16 10�14 10�12

I4�8 [erg/cm2/s]

J0806.4

J1308.6

J0720.4
J1605.3

J2143.0

FIG. 3. Best-fit intensities I2�8 and I4�8 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 ga��gann and ma ⌧ 10�5 eV, with uncer-
tainties arising from uncertain aspects of the NSs.

We also investigate whether the observed spectra from the
two high-significance detections in RX J1856.6-3754 and RX
J0420.0-5022 are consistent with the axion model expecta-
tion. In Fig. 4 we show the best-fit core temperatures T1

b

measured from fitting the axion-model, with ma ⌧ 10�5 eV,
to the X-ray data between 2 and 8 keV. We note that the NS
with the best-determined spectral shape is RX J1856.6-3754,
which has the most significant detection. In Fig. 1 we show
the best-fit model prediction for this NS compared to the ob-
served 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.
If axions exist then they may be produced thermally within the
NS cores at ⇠keV energies and then converted to X-rays in
the magnetospheres. Using observations of the X-ray spectra
from the M7 [62], we found the strongest limits to-date on the
product of the axion-nucleon and axion-photon couplings for

• green/yellow: 1(2)σ measurement from X-ray data
• black/gray: 1(2)σ estimate from axion + NS model (at

best-fit gaγγgann)
• Dom. mod. uncertainty: T∞b (I ∼ Tb6 + superfluid suppr.)
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Future hard X-ray NuSTAR observations would be useful
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• Axions might gain energy from breaking Cooper pairs
• Signal sensitive to neutron superfluid gap model

• Dedicated NuSTAR observation towards RX J1856 should
detect high-E flux in any scenario (NuSTAR proposal in) 47



Upcoming Chandra observations of magnetic white dwarf
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Scheduled early 2020!

• WD surface temperatures ∼eV: no (good) archival data
• Upcoming Chandra observation: March 2020
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Radio constraints on pulsar-like emission
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Systematic tests for RX J1856
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Chandra pileup example
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Spectrum of all M7
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Best-fit at low ma
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Best-fits and significances
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