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Axions may be produced in abundance inside stellar cores and then convert into observable x rays in the
Galactic magnetic fields. We focus on the Quintuplet and Westerlund 1 super star clusters, which host large
numbers of hot, young stars including Wolf-Rayet stars; these stars produce axions efficiently through the
axion-photon coupling. We use Galactic magnetic field models to calculate the expected x-ray flux locally
from axions emitted from these clusters. We then combine the axion model predictions with archival
Nuclear Spectroscopic Telescope Array (NuSTAR) data from 10–80 keV to search for evidence of axions.
We find no significant evidence for axions and constrain the axion-photon coupling gaγγ ≲ 3.6 ×
10−12 GeV−1 for masses ma ≲ 5 × 10−11 eV at 95% confidence.
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Ultralight axionlike particles that couple weakly to
ordinary matter are natural extensions to the standard
model. For example, string compactifications often predict
large numbers of such pseudoscalar particles that interact
with the standard model predominantly through dimension-
five operators [1,2]. If an axion couples to quantum
chromodynamics (QCD) then it may also solve the strong
CP problem [3–6]; in this work we refer to both the QCD
axion and axionlike particles as axions.
Axions may interact electromagnetically through the

operator L ¼ −gaγγaFμνF̃μν=4, where a is the axion field,
F is the electromagnetic field-strength tensor, with F̃ its
Hodge dual, and gaγγ is the dimensionful coupling constant
of axions to photons. This operator allows both the pro-
duction of axions in stellar plasmas through the Primakoff
process [7,8] and the conversion of axions to photons in the
presence of static external magnetic fields. Strong constraints
on gaγγ for low-mass axions come from the CERN Axion
Solar Telescope (CAST) experiment [9], which searches for
axions produced in the Solar plasma that free stream to Earth
and then convert to x rays in the magnetic field of the
CAST detector. CAST has excluded axion couplings gaγγ ≳
6.6 × 10−11 GeV−1 for axion masses ma ≲ 0.02 eV at 95%
confidence [9]. Primakoff axion production also opens a
new pathway by which stars may cool, and strong
imits (gaγγ ≲ 6.6 × 10−11 GeV−1 at 95% confidence for
ma ≲ keV) are derived from observations of the horizontal

branch (HB) star lifetime, which would be modified in the
presence of axion cooling [10].
In this work, we produce some of the strongest

constraints to date on gaγγ for ma ≲ 10−9 eV through
x-ray observations with the Nuclear Spectroscopic
Telescope Array (NuSTAR) telescope [11] of super star
clusters (SSCs). The SSCs contain large numbers of
hot, young, and massive stars, such as Wolf-Rayet (WR)
stars. We show that these stars, and as a result the SSCs, are
highly efficient at producing axions with energies
∼10–100 keV through the Primakoff process. These axions
may then convert into photons in the Galactic magnetic
fields, leading to signatures observable with space-based
x-ray telescopes such as NuSTAR. We analyze archival
NuSTAR data from the Quintuplet SSC near the Galactic
Center (GC) along with the nearby Westerlund 1 (Wd1)
cluster and constrain gaγγ ≲ 3.6 × 10−12 GeV−1 at 95%
confidence for ma ≲ 5 × 10−11 eV. In Fig. 1 we show
the locations of the stars within the Quintuplet cluster
that are considered in this work on top of the background-
subtracted NuSTAR counts, from 10–80 keV, with the
point-spread function (PSF) of NuSTAR also indicated. In
the Supplemental Material [12] we show that observations
of the Arches SSC yield similar but slightly weaker limits.
Our work builds upon significant previous efforts to use

stars as laboratories to search for axions. Some of the
strongest constraints on the axion-matter couplings, for
example, come from examining how HB, white dwarf
(WD), red giant, and neutron star (NS) cooling would be
affected by an axion [10,20–28]. When the stars have large
magnetic fields, as is the case for WDs and NSs, the axions
can be converted to x rays in the stellar magnetospheres
[29–32]. Intriguingly, in Refs. [31,32] observations of the
Magnificent Seven nearby isolated NSs found evidence for
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a hard x-ray excess consistent with the expected axion
spectrum from nucleon bremsstrahlung. This work extends
these efforts by allowing the axions to convert to x rays not
just in the stellar magnetic fields but also in the Galactic
magnetic fields [33–35].
Axion production in SSCs.—During helium burning,

particularly massive stars may undergo considerable mass
loss, especially through either rotation or binary interaction,
which can begin to peel away the hydrogen envelope,
revealing the hot layers underneath and reversing the
cooling trend. Stars undergoing this process are known
as WR stars, and these stars are the most important in our
analyses. If the star has a small (< 40% abundance)
remaining hydrogen envelope, it is classified as a WNh
star; at < 5% hydrogen abundance it is classified as a WN
star; otherwise, it is classified as WC or WO, which
indicates the presence of >2% carbon, and oxygen,
respectively, in the atmosphere.
Axions are produced through the photon coupling gaγγ in

the high-mass stars in SSCs through the Primakoff process
γ þ ðe−; ZÞ → aþ ðe−; ZÞ. This process converts a stellar
photon to an axion in the screened electromagnetic field of
the nucleons and electrons. The massive stars are high
temperature and low density and therefore form nonrela-
tivistic nondegenerate plasmas. The Primakoff emission
rate was calculated in Refs. [8,36] as a function of
temperature, density, and composition, and is described
in detail in the Supplemental Material [12].

To compute the axion luminosity in a given star, we use
the stellar evolution code Modules for Experiments in
Stellar Astrophysics (MESA) [37,38] to find, at any
particular time in the stellar evolution, radial profiles of
temperature, density, and composition. The simulation
states are specified by an initial metallicity Z, an initial
stellar mass, an initial rotation velocity, and an age. The
initial metallicity is taken to be constant for all stars. In the
Supplemental Material [12] we show that the Quintuplet
and Arches clusters, which are both near the GC, are likely
to have initial metallicities in the range Z ∈ ð0.018; 0.035Þ,
consistent with the conclusions of previous works which
place the initial metallicities of these clusters near solar
(solar metallicity is Z ≈ 0.02) [39,40]. Note that higher
metallicities generally lead to the stars entering the WR
classifications sooner, when their cores are cooler. Rotation
may also cause certain massive stars to be classified as WR
stars at younger ages. We model the initial rotation
distribution as a Gaussian distribution with mean μrot
and standard deviation σrot for non-negative rotation
speeds [41,42]. References [41,42] found μrot ≈ 100 and
σrot ≈ 140 km=s, but to assess systematic uncertainties we
vary μrot between 50 and 150 km=s [41].
We draw initial stellar velocities from the velocity

distribution described above (from 0 to 500 km=s) and
initial stellar masses from the Kroupa initial mass function
[43] (from 15 to 200 M⊙). We use MESA to evolve the stars
from pre-main sequence (pre-MS)—before core hydrogen
ignition—to near supernova. At each time step we assign
each stellar model a spectroscopic classification using the
definitions in Refs. [44,45]. We then construct an ensemble
of models for each spectroscopic classification by joining
together the results of the different simulations that result
in the same classification for stellar ages within the age
range for star formation in the cluster; for Quintuplet, this
age range is between 3.0 and 3.6 Myr [46]. Note that each
simulation generally provides multiple representative
models, taken at different time steps. In total we compute
105 models per stellar classification.
Quintuplet hosts 71 stars of masses ≳50 M⊙, with a

substantial WR cohort [46]. In particular it has 14
WCþWN stars, and we find that these stars dominate
the predicted axion flux. For example, at gaγγ ¼
10−12 GeV−1 we compute that the total axion luminosity
from the SSC (with Z ¼ 0.035 and μrot ¼ 150 km=s) is
2.1þ0.7

−0.4 × 1035 erg=s, with WCþWN stars contributing
∼70% of that flux. Note that the uncertainties arise from
performing multiple (500) draws of the stars from our
ensembles of representative models. In the 10–80 keV
energy range relevant for NuSTAR the total luminosity is
1.7þ0.4

−0.3 × 1035 erg=s. We take Z ¼ 0.035 and μrot ¼
150 km=s because these choices lead to the most
conservative limits. For example, taking the metallicity
at the lower end of our range (Z ¼ 0.018) along with
μrot ¼ 100 km=s the predicted 10–80 keV flux increases by

FIG. 1. The stacked and pixelated background-subtracted count
data (10–80 keV) from the NuSTAR observations of the
Quintuplet SSC. The locations of the stars are indicated in black,
while the 90% energy containment region for emission associated
with the SSC is indicated by the black circle, accounting for the
NuSTAR point spread function (PSF). RA0 and DEC0 denote the
locations of the cluster center. We find no evidence for axion-
induced emission from this SSC, which would follow the spatial
counts template illustrated in the inset panel.
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∼60%. At fixed Z ¼ 0.035 changing μrot from 150 to
100 km=s increases the total luminosity (over all energies)
by ∼10%, though the luminosity in the 10–80 keV range is
virtually unaffected.
The Wd1 computations proceed similarly. Wd1 is

measured from parallax to be a distance d ∈ ð2.2; 4.8Þ kpc
from the Sun [47], accounting for both statistical and
systematic uncertainties [48]. Wd1 is estimated to have an
age between 4.5 and 7.1 Myr from isochrone fitting, which
we have broadened appropriately from Ref. [49] account-
ing for expanded distance uncertainties. In our fiducial
analysis we simulate the stars in Wd1 for initial metallicity
Z ¼ 0.035 and μrot ¼ 150 km=s as this leads to the most
conservative flux predictions, even though it is likely that
the metallicity is closer to solar for Wd1 [50], in which
cases the fluxes are larger by almost a factor of 2 (see the
Supplemental Material [12]). We model 153 stars in Wd1
[49], but the axion flux is predominantly produced by the 8
WC and 14 WN stars. In total we find that the 10–80 keV
luminosity, for gaγγ ¼ 10−12 GeV, is 9.02þ1.2

−1.1 × 1035 erg=s,
which is ∼5 times larger than that from Quintuplet.
Axion conversion in Galactic fields.—The axions

produced within the SSCs may convert to x rays in the
Galactic magnetic fields. The axion Lagrangian term
L ¼ gaγγaE ·B, written in terms of electric and magnetic
fieldsE andB, causes an incoming axion state to rotate into
a polarized electromagnetic wave in the presence of
an external magnetic field (see, e.g., Ref. [51]). The
conversion probability pa→γ depends on the transverse
magnetic field, the axion mass ma, and the plasma
frequency ωpl ≈ 3.7 × 10−12ðne=10−2 cm−3Þ−1=2 eV, with
ne the free-electron density (see the Supplemental Material
[12] for an explicit formula). Note that hydrogen absorption
towards all of our targets is negligible, being at most ∼5%
in the 15–20 keV bin of the Quintuplet analysis [52].
To compute the energy-dependent conversion probabil-

ities pa→γ for our targets we need to know the magnetic
field profiles and electron density distributions along the
lines of sight. For our fiducial analysis we use the regular
components of the JF12 Galactic magnetic field model
[53,54] and the YMW16 electron density model [55]
(though in the Supplemental Material [12] we show that
the ne2001 [56] model gives similar results), though the
JF12 model does not cover the inner kpc of the Galaxy.
Outside of the inner kpc the conversion probability for
Quintuplet is dominated by the out-of-plane (X-field)
component in the JF12 model. We conservatively assume
that the magnitude of the vertical magnetic field within the
inner kpc is the same as the value at 1 kpc (jBzj ≈ 3 μG), as
illustrated in Supplemental Material [12], Fig. S6. In our
fiducial magnetic field model the conversion probability
is pa→γ ≈ 2.4 × 10−4 (7 × 10−5) for gaγγ ¼ 10−12 GeV−1

for axions produced in the Quintuplet SSC with ma ≪
10−11 eV and E ¼ 80 keV (E ¼ 10 keV). Completely
masking the inner kpc reduces these conversion probabilities

to pa→γ ≈ 1.0 × 10−4 (pa→γ ≈ 3.2 × 10−5), for E ¼ 80 keV
(E ¼ 10 keV). On the other hand, changing the global
magnetic field model to that presented in Ref. [57]
(PTKN11), which has a larger in-plane component than
the JF12 model but no out-of-plane component, leads to
conversion probabilities at E ¼ 80 and 10 keV of pa→γ ≈
4.9 × 10−4 and pa→γ ≈ 4.2 × 10−5, respectively, with the
inner kpc masked.
The magnetic field is likely larger than the assumed 3 μG

within the inner kpc. Note that the local interstellar
magnetic field, as measured directly by the Voyager
missions [58], indirectly by the Interstellar Boundary
Explorer [59], inferred from polarization measurements
of nearby stars [60], and inferred from pulsar dispersion
measure and the rotation measure data [61], has magnitude
B ∼ 3 μG, and all evidence points to the field rising
significantly in the inner kpc [62]. For example,
Ref. [63] bounded the magnetic field within the inner
400 pc to be at least 50 μG, and more likely 100 μG (but
less than ∼400 μG [64]), by studying nonthermal radio
emission in the inner Galaxy. Localized features in the
magnetic field in the inner kpc may also further enhance the
conversion probability beyond what is accounted for here.
For example, the line-of-sight to the Quintuplet cluster
overlap with the GC radio arc nonthermal filament, which
has a ∼3 mG vertical field over a narrow filament of cross
section ∼ð10 pcÞ2 (see, e.g., Ref. [65]). Accounting for the
magnetic fields structures described above in the inner few
hundred pc may enhance the conversion probabilities by
over an order of magnitude relative to our fiducial scenario
(see the Supplemental Material [12]).
When computing the conversion probabilities for Wd1

we need to account for the uncertain distance d to the
SSC (with the currently allowable range given above).
In the JF12 model we find the minimum pa→γ=d2 (for
ma ≪ 10−11 eV) is obtained for d ≈ 2.6 kpc, which is thus
the value we take for our fiducial distance in order to be
conservative. At this distance the conversion probability
is pa→γ ≈ 2.4 × 10−6 (pa→γ ≈ 1.5 × 10−6) for E ¼ 10 keV
(E ¼ 80 keV), assuming gaγγ ¼ 10−12 GeV−1 and
ma ≪ 10−11 eV. We note that the conversion probabilities
are over 10 times larger in the PTKN11 model (see the
Supplemental Material [12]), since there is destructive
interference (for d ≈ 2.6 kpc) in the JF12 model towards
Wd1. We do not account for turbulent fields in this
analysis; inclusion of these fields may further increase
the conversion probabilities for Wd1, although we leave
this modeling for future work.
Data analysis.—We reduce and analyze 39 ks of archival

NuSTAR data from Quintuplet with observation ID
40010005001. This observation was performed as part
of the NuSTAR Hard X-ray Survey of the GC Region
[66,67]. The NuSTAR data reduction was performed with
the HEASoft software version 6.24 [68]. This process leads to
a set of counts, exposure, and background maps for every
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energy bin and for each exposure (we use data from both
Focal Plane Modules A and B). The astrometry of each
exposure is calibrated independently using the precise
location of the source 1E 1743.1-2843 [69], which is
within the field of view. The background maps account
for the cosmic x-ray background, reflected solar x rays, and
instrumental backgrounds such as Compton-scattered
gamma rays and detector and fluorescence emission lines
[70]. We then stack and rebin the datasets to construct
pixelated images in each of the energy bins. We use 14
5-keV-wide energy bins between 10 and 80 keV. We label
those images di ¼ fcpi g, where cpi stands for the observed
counts in energy bin i and pixel p. The pixelation used in
our analysis is illustrated in Fig. 1.
For the Wd1 analysis we reduced Focal Plane Module A

and B data totaling 138 ks from observation IDs
80201050008, 80201050006, and 80201050002.
This set of observations was performed to observe outburst
activity of theWd1magnetar CXOU J164710.2–45521 [71],
which we mask at 0.50 in our analysis. (The magnetar is
around 1.5’ away from the cluster center.) Note that in
Ref. [71] hard x-ray emission was only detected with the
NuSTAR data from 3–8 keV from CXOU J164710.2–45521
—consistent with this, removing the magnetar mask does not
affect our extracted spectrum for the SSC above 10 keV. We
use the magnetar in order to perform astrometric calibration
of each exposure independently. The Wd1 exposures suffer
from ghost-ray contamination [72] from a nearby point
source that is outside of the NuSTAR field of view at low
energies (below ∼15 keV) [71]. (Ghost-ray contamination
refer to those photons that reflect only a single time in the
mirrors.) The ghost-ray contamination affects our ability to
model the background below 15 keV and so we remove the
10–15 keV energy bin from our analysis.
In each energy bin we perform a Poissonian template fit

over the pixelated data to constrain the number of counts
that may arise from the template associated with axion
emission from the SSC. To construct the signal template we
use a spherically symmetric approximation to the NuSTAR
PSF [73] and we account for each of the stars in the SSC
individually in terms of spatial location and expected flux,
which generates a nonspherical and extended template. We
label the set of signal templates by Spi . We search for
emission associated with the signal templates by profiling
over background emission. We use the set of background
templates described above and constructed when reducing
the data, which we label Bp

i .
Given the set of signal and background templates we

construct a Poissonian likelihood in each energy bin:

piðdijfSi; ABgÞ ¼
X

p

ðμpi Þc
p
i e−μ

p
i

cpi !
; ð1Þ

with μpi ¼ SiS
p
i þ ABB

p
i . We then construct the profile

likelihood piðdijfSigÞ by maximizing the log likelihood at

each fixed Si over the nuisance parameter AB. Note that
when constructing the profile likelihood we use the region
of interest (ROI) where we mask pixels further than 2.0’
from the SSC center. The 90% containment radius of
NuSTAR is ∼1.74’, independent of energy, as indicated in
Fig. 1. We use a localized region around our source to
minimize possible systematic biases from background
mismodeling. However, as we show in the Supplemental
Material [12] our final results are not strongly dependent on
the choice of ROI. We also show in Ref. [12] that if we
inject a synthetic axion signal into the real data and analyze
the hybrid data, we correctly recover the simulated axion
parameters.
The best-fit flux values and 1σ uncertainties extracted

from the profile likelihood procedure are illustrated in
Fig. 2 for the Quintuplet andWd1 datasets. We compare the
spectral points to the axion model prediction to constrain
the axion model. More precisely, we combine the profile
likelihoods together from the individual energy bins to
construct a joint likelihood that may be used to search for
the presence of an axion signal: pðdjfma; gaγγgÞ ¼Q

i pi½dijRiðma; gaγγÞ�, where Riðma; gaγγÞ denotes the
predicted number of counts in the ith energy bin given
an axion-induced x-ray spectrum with axion model param-
eters fma; gaγγg. The values Riðma; gaγγÞ are computed
using the forward-modeling matrices constructed during
the data reduction process.
In Fig. 3 we illustrate the 95% power-constrained [74]

upper limits on gaγγ as a function of the axion mass ma
found from our analyses. The joint limit (red in Fig. 3),

FIG. 2. The spectra associated with the axion-induced tem-
plates from the Quintuplet and Wd1 SSCs constructed from the
NuSTAR data analyses, with best-fit points and 1σ uncertainties
indicated. In red we show the predicted spectra from an axion
withma ≪ 10−11 eV and indicated gaγγ . Note that for Wd1 we do
not analyze the 10–15 keV energy bin because of ghost-ray
contamination.
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combining the Quintuplet and Wd1 profile likelihoods,
becomes gaγγ ≲ 3.6 × 10−12 GeV−1 at low axion masses.
At fixed ma the upper limits are constructed by analyzing
the test statistic qðgaγγjmaÞ≡ 2 lnpðdjfma; gaγγgÞ−
2 lnpðdjfma; ḡaγγgÞ, where ḡaγγ is the signal strength that
maximizes the likelihood, allowing for the possibility of
negative signal strengths as well. The 95% upper limit is
given by the value gaγγ > ḡaγγ such that qðgaγγjmaÞ ≈ 2.71
(see, e.g., Ref. [75]). The 1σ and 2σ expectations for the
95% upper limits under the null hypothesis, constructed
from the Asimov procedure [75], are also shown in Fig. 3.
The evidence in favor of the axion model is ∼0.3σ (0σ)
local significance at low masses for Quintuplet (Wd1).
We compare our upper limits with those found from the

CAST experiment [9], the nonobservation of gamma rays
from SN1987a [78] (see also Refs. [79–81] along with
Ref. [82], who recently questioned the validity of these
limits), and the NGC 1275 x-ray spectral modulation search
[76]. It was recently pointed out, however, that the limits in
Ref. [76] are highly dependent on the intracluster magnetic
field models and could be orders of magnitude weaker,
when accounting for both regular and turbulent fields [77].
The CAST limits are stronger than ours for ma ≳ 10−9 eV
and rely on less modeling assumptions, since CAST
searches for axions produced in the Sun, though we have
made conservative choices in our stellar modeling.
Discussion.—We present limits on the axion-photon

coupling gaγγ from a search with NuSTAR hard x-ray data
for axions emitted from the hot, young stars within SSCs

and converting to x rays in the Galactic magnetic fields. We
find the strongest limits from analyses of data towards the
Quintuplet and Wd1 clusters. Our limits represent some of
the strongest and most robust limits to date on gaγγ for low-
mass axions. We find no evidence for axions. Promising
targets for future analyses could be nearby supergiant stars,
such as Betelgeuse [33,83], or young NSs such as Cas A.
Figures and supplementary data are provided in Ref. [84].
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