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Axions with masses of order keV can be produced in great abundance within the Solar core. The
majority of Sun-produced axions escape to infinity, but a small fraction of the flux is produced with speeds
below the escape velocity. Over time, this process populates a basin of slow-moving axions trapped on
bound orbits. These axions can decay to two photons, yielding an observable signature. We place the first
limits on this solar basin of axions using recent quiescent solar observations made by the NuSTAR x-ray
telescope. We compare three different methodologies for setting constraints, and obtain world-leading
limits for axions with masses between 5 and 30 keV, in some cases improving on stellar cooling bounds by
more than an order of magnitude in coupling.
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Introduction.—The Sun is an exquisite laboratory for new
physics. Studies of particles produced in the Sun have
provided us with a wealth of information about light, weakly
interacting particles, including neutrinos [1–3], axions [4–6],
and dark photons [7–9]. Most of these studies have focused
solely on the flux of new particles that escape the gravita-
tional potential of the Sun. However, a tiny fraction will be
produced at sufficiently small velocities to become gravita-
tionally trapped, forming a “Solar basin” of particles.
Reference [10] showed that despite a small injection rate,
the local density in this basin can grow appreciably and form
a new target for direct detection experiments.
Axions can generically decay, and so a Solar basin may

also be indirectly detected through its decay products. In
the case of keV-mass axionlike particles [11–15] (hereafter,
“axions”) with a coupling to photons, axion decays to two
photons appear as a narrow line in the x-ray band with a
characteristic angular distribution. See Fig. 1 for a sche-
matic depiction of this process. (Aspects of this were
foreseen for a Kaluza-Klein axion spectrum in Ref. [16],
see also [17].)
This signal is best probed by x-ray telescopes capable of

direct solar observations, such as NuSTAR [18]. While not
initially designed as a solar observatory, it has observed
both the active Sun [19–21] and the quiescent Sun [22,23],

and boasts a subarcminute angular resolution and energy
range of 3 to 78 keV.
In this Letter, we analyze a subset of NuSTAR’s recent

quiescent solar limb dwells to constrain the axion-photon
and axion-electron coupling, leveraging the characteristic
spatial and spectral features of the basin signal. We place
constraints stronger than existing limits [24–27] by about
an order of magnitude on the axion-photon and axion-
electron couplings for axion masses between 5 and 30 keV.
Figures 2 and 3 show our main results, taken along slices
of parameter space given by (Fig. 2) gaγγ ¼ α=2πf and
gaee ¼ me=f where f is the axion decay constant, and
(Fig. 3) gaee ¼ 0. In the following, we employ natural units
wherein ℏ ¼ c ¼ kB ¼ 1.
Signal.—We consider the leading axion couplings to

electrons and photons:
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FIG. 1. Solar axions produced on gravitationally bound orbits
decay to two (x-ray) photons observable by NuSTAR.
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where m is the axion mass, a is the axion field, gaee is the
axion coupling to electrons (contributing primarily to axion
production), and gaγγ is the axion coupling to photons
(allowing decays, and also contributing to production).
The energy density injection rate into the basin at a

radius R as a result of these processes has been computed in
general in Ref. [10], and can be put into the form

_ρbðRÞ ≃
3

16π

GM⊙

R4

Z
d3R0 Q̃ðR0Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jΦðR0Þj

p
; ð3Þ

where M⊙ is the mass of the Sun and ΦðR0Þ is the
gravitational potential at the site of production R0, with
the integral evaluated over the solar volume (0 < R < R⊙).
The function Q̃ðR0Þ encapsulates the production rate of
nonrelativistic particles into bound orbits [10] and is the
sum of three primary components: Compton production
(Q̃C), bremsstrahlung (Q̃B), and Primakoff production
(Q̃P). Expressions for the first two of these components
appear in Ref. [10], and we derive the Primakoff expression

Q̃P ¼ g2aγγ

ffiffiffi
2

p
α

π2
neT
me

m4

em=T − 1
ð4Þ

in the Supplemental Material (SM) [31], where ne is the
electron number density, T the temperature, and α the fine
structure constant. The quantity _ρbðRÞ scales quadratically
with gaee (for the Q̃C and Q̃B terms) and gaγγ (for the Q̃P

term). We integrate Eq. (3) with all parameters evaluated on
the standard solar model of Ref. [42].
The axions in the basin decay to photons (a → 2γ), either

directly via their tree-level photon coupling or at loop level
via their electron coupling, at the following rate:

Γrad ¼
g2aγγm3

64π
þ g2aeeα2m7

9216π3m6
e

≈ 2.38 × 10−1 Gyr−1
�

gaγγ
10−12 GeV−1

�
2
�

m
10 keV

�
3

þ 5.02 × 10−11 Gyr−1
�

gaee
10−13

�
2
�

m
10 keV

�
7

: ð5Þ

If the axion’s lifetime Γ−1
rad is shorter than the Sun’s age

t⊙ ¼ 4.6 Gyr, then the system reaches a steady state in
which the rate of basin energy density injection (_ρb, which
we take to be time-independent) is balanced by the losses
due to axion decay (ρbΓrad); the present-day signal flux is
proportional to ρbΓradjt¼t⊙ ¼ _ρb½1 − expð−Γradt⊙Þ�. We are
primarily interested in the region R⊙ < R < 2R⊙, where
the majority of basin axions reside, and where secular
perturbations from the planets can be neglected [43]. In the
SM [31], we argue reabsorption of basin particles can also
be ignored for the parameter space considered.
Since axions trapped in the solar basin have low

velocities (v < vesc), the decay to two photons takes place
effectively at rest in the frame of the observer, so each
photon acquires an energy Eγ ≃m=2. The spectral signa-
ture is therefore a line at x-ray energies.
The angular signature follows from the universal 1=R4

dependence of the basin injection rate [10]. Integrating
along a non-Sun-crossing line of sight yields a 1=θ3

falloff in observed flux with increasing θ, where θ is the
angle from the center of the Sun. Additionally, there is a
doubling discontinuity of the signal at the solar limb
(θ⊙ ≡ arcsin½R⊙=AU�), where decays obscured by the
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FIG. 2. New limits (90% C.L. on axion parameter space, with
couplings determined by the axion decay constant f as gaγγ ¼
α=2πf and gaee ¼ me=f. All regions shaded in red are excluded
by our analysis. The red curves display the constraints from our
three separate analyses: Poisson, optimum cuboid (Yellin)
method, and CLs limit (see Limits). The gray shaded regions
are excluded by stellar cooling [25,28–30].

FIG. 3. Limits on the axion-photon coupling gaγγ with gaee ¼ 0.
See Fig. 2 for details [30].
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Sun for θ < θ⊙ become visible when θ > θ⊙. The signal
flux can then be put in the more convenient form

dN
dtdAdΩ

≡S0TðθÞ¼
_ρbðR⊙ÞR⊙

6πm
½1−e−Γradt⊙ �TðθÞ

≈
2.75×10−7

scm2 arcsec2

�
_ρbðR⊙Þ=m

1012 cm−3Gyr−1

�
½1−e−Γradt⊙ �TðθÞ;

ð6Þ

with S0 the signal flux per unit solid angle at θ ¼ 0. The
total number of expected signal events μ is the expression
of Eq. (6) integrated over the exposure (corrected by live
time), ancillary response functions (ARFs), and field of
view. An explicit computation of the number flux of signal
photons and a plot of the angular template can be found in
the SM [31].
Data and analysis.—Data processing: The data used

for our analysis were collected by NuSTAR on September
12, 2020, during a series of quiescent limb dwells. Our
dataset is taken from the dwell with the least contamination
from localized flares (Orbit 2) and further restricted to that
orbit’s combination of camera head units (CHUs) with
maximal live time (CHU12). It is necessary to restrict the
data to a particular combination of CHUs in order to ensure
the consistency of the spatial coordinates in our analysis.
When pointing at the Sun, CHU4 is blinded, hence an
uncertainty of 2 arcmin is introduced on the relative
pointing direction between different CHU combinations
[44]. This pointing error is by far the dominant uncertainty
on the signal. Our selection comprises about 1500 s of
observations, during which the solar center underwent a
1.26 arcmin shift throughNuSTAR’s field of view.All events
in NuSTAR’s calibrated energy range (3–78 keV) were
recorded; we plot their spatial distribution in the SM [31].
The photon collection efficiency of NuSTAR over the

field of view is quantified in a discrete 13 × 13 partition
of subfields for both detectors (A and B), each with
angular extent of arcmin × arcmin and separate ARFs
computed using the extended-source functionality of the
NUPRODUCTS pipeline [44] under the assumption of a
spatially uniform background. These ARFs are effective
collection areas that take into account detector effects
such as aperture stop obscuration, detector absorption,
and vignetting [44].
Limits: We set constraints using three methodologies,

each with their own benefits and challenges. The first is a
Poisson limit, the second is a generalization of the optimum
interval method of Refs. [45,46] (to our knowledge, the
first multidimensional implementation of the algorithm
over binned data), and the third is a likelihood-based CLs
method.
Poisson limit: The premise behind the Poisson limit is

simple: the expected signal counts should not exceed the
total recorded counts at some level of confidence. We

identify the signal region by integrating over the observa-
tion time and spatial coordinates, but restricting to a narrow
window in energy E ∈ ½m=2 − 2σE;m=2þ 2σE�, where
σE ¼ 0.166 keV is the spectral resolution (see SM [31]).
The 90% confidence limit μlim is set at the value of μ (the
expected count of signal photons in that interval) such that
the cumulative probability for μ > μlim is less than 0.1.
(See SM [31] for details.) This limit-setting procedure
suffers from the loss of spatial and temporal information,
but sets the standard for the Yellin and CLs methods
discussed below.
Yellin limit: The “Poisson” upper limit discussed above

stems from a comparison between the expected signal
events and the observed events integrated over
the entire field of view and observation time. However,
the signal has a known spatial, spectral, and temporal
dependence, which can be exploited to mitigate some of the
background contamination, even for a completely unknown
distribution of the background (Refs. [45,46]). Yellin’s
method is based on selecting regions within the observed
range that contain exceptionally few events in comparison
to the signal expectation, or equivalently, exceptionally
large regions that contain a given number of events. By
construction, this method is relatively insensitive to parts of
the signal region with high background (e.g., a flare). The
method [45] was designed for searches with a known one-
dimensional signal distribution, for data that contain few
events (e.g., [47]). It is straightforward to find the largest
interval that contains a certain number of events, from
which one can then find the most improbable of these
intervals in the data—the “optimum interval”—by compar-
ing to Monte Carlo simulations with only signal events.
Hence, a background-independent limit can be obtained.
In the case of our analysis, the data exist in a four-

dimensional space spanned by ðα; δÞ≡ ðRA;DECÞ coor-
dinates in the field of view, energy, and time. One important
solar background comes from solar (micro)flares, localized
features in both space and time. We generalize the optimum
interval method to a multidimensional space as outlined in
Ref. [46], by identifying the “optimum cuboid” in the four
space-energy-time dimensions. This dramatically increases
the computational complexity, requiring efficient binning
and downsampling strategies (outlined in the SM [31]) that
preserve the power of the optimum cuboid method, while
handling the high dimensionality and statistics of our data
set. As for the Poisson limit, we repeat the procedure for
317 different solar positions, and report the least stringent
limit for each value of m.
CLs method: A (typically) more stringent upper limit

can be set with the CLs method [48], which requires a
sufficiently flexible model capable of capturing the back-
ground while not overfitting. We make no attempt at
modeling the intermittent background from solar (micro)
flares. The dominant nonsolar background in most of the
energy range of interest arises from cosmic x rays that enter
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the detector at a glancing angle, never having passed
through the optical bench. Subleading contributions arise
from solar lines and internal components of the telescope.
We choose to model these three backgrounds using the
spectral shapes measured in Ref. [49], but allow their
respective normalizations to float; a plot of the spectra is
shown in the SM [31]. We treat these backgrounds as
spatially uniform, unaffected by the ARFs, since they are
not focused by the x-ray optics. Additionally, we raise the
minimum energy cutoff for the data to 4 keV to avoid
contamination from solar activity. See SM [31] for more
detail on the background modeling procedure.
The likelihood can be expressed as a product of Poisson

likelihoods over spectral and spatial bins. We add a
Gaussian prior around the fiducial solar position with
standard deviation σ⊙ ¼ 2 arcmin. (See SM [31] for the
full expression.) For each axion mass m, the model
parameters are the signal flux S0, the initial solar position,
and the normalizations of the three background compo-
nents. We perform Markov Chain Monte Carlo analyses at
each m, and then apply the CLs method [48] on the
resulting marginalized posterior for S0 to place constraints.
Results.—The resulting limits are depicted in Figs. 2–4.

We represent our results in the three-dimensional parameter
space spanned by m, gaγγ , and gaee in a few different ways.
The first is to unify the two couplings in terms of an axion
decay constant f via the relations gaγγ ¼ α=2πf and
gaee ¼ me=f, corresponding to an axion with a tree-level
electron coupling, and one-loop anomaly coupling to
photons, as in Dine-Fischler-Srednicki-Zhitnisky-type
models [50,51]. In this case, the axion is produced mainly
through the axion-electron coupling ðgaeeÞ, and decays
primarily through the axion-photon coupling (gaγγ). This
yields the limits displayed in Fig. 2, up to 1 order of
magnitude stronger than existing stellar cooling constraints
[24–29].
We plot in Fig. 3 the limits in m-gaγγ parameter space,

with zero axion-electron coupling, where the axion-photon
coupling is responsible for both the production and the
decay of the axion. These limits also (approximately) apply
to the case where the axion-electron coupling is generated
at one-loop order, as in Kim-Shifman-Vainshtein-
Zakharov-type models [52,53]. Our analysis places a limit
on an axion coupling exclusively to photons, over an order
of magnitude below existing constraints from horizontal
branch star cooling [25].
Finally, we plot our results in gaee-gaγγ space in Fig. 4,

with contours corresponding to different axion masses,
encapsulating all information at discrete mass values.
Tracing a single curve from the upper left to the lower
right, one first sees the region in which the axion produc-
tion is dominated by the Primakoff process, resulting in a
bound independent of the electron coupling, and more
stringent than horizontal branch star cooling constraints
[25] for all but the highest mass displayed. At the dot, the

Compton process overtakes as the dominant production
mode, and our constraint becomes independent of gaγγ .
At even weaker photon couplings, the axion lifetime starts
exceeding the age of the Sun; hence, the basin decay has
not yet fully reached detailed balance with the injection rate
[see Eqs. (5) and (6)], weakening the constraint to a contour
at fixed product g2aeeg2aγγ . At very small values of the photon
coupling (lower right), the limits become vertical again,
indicating the onset of axion decay via an electron loop,
occurring well into the region constrained by white dwarf
cooling [28] (vertical dashed line). The red dotted line
corresponds to the “universal coupling” slice from Fig. 2.
The limits from the optimal cuboid (Yellin) and like-

lihood (CLs) methods outperform the Poisson limit over the
entire parameter space, as the former two are able to isolate
the signal from the background. The optimum cuboid
method offers the highest potential gain in datasets with
localized, sporadic features such as flares. (In reality, the
realized gain is artificially small, as we analyzed a highly
quiescent solar period.) Both the Yellin and Poisson limits
are completely independent of backgrounds. The likelihood
limit typically outperforms the optimum cuboid limit since
it includes background fitting of the temporally constant
cosmic and instrumental x-ray backgrounds.
Conclusion.—In this Letter, we have presented a first

search for x rays from axion decays in the Solar basin,
using observations by the NuSTAR telescope. We set new
constraints on axion parameter space by over an order of
magnitude beyond existing bounds in the mass range of 5
to 30 keV.

FIG. 4. CLs limits on axes of gaγγ and gaee, with contours
denoting different axion massesm. The red dotted line is the slice
corresponding to the “universal coupling” displayed in Fig. 2.
The dashed lines correspond to stellar cooling constraints (at
m ¼ 0) [25,28,30].
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Our analysis can be augmented by including a back-
ground model of the quiescent, microflaring Sun, which
would strengthen the CLs limit, and make possible a
potential positive detection using the likelihood method.
Longer, dedicated solar observations would improve the
sensitivity of both the likelihood and optimum cuboid
methods. The latter could also tighten with the inclusion of
more data, as it automatically selects the least likely region
of observation space. Both analyses could also be improved
with a more precise knowledge of the fiducial position of
the Solar center. A calibration of NuSTAR’s ARFs down
to lower energies would extend the sensitivity down to
about 2 keV.
The Sun is not the only star that can produce an axion

basin: compact remnants such as white dwarfs and neutron
stars are attractive targets, as are stars with hot, dense cores,
such as (super)giants and horizontal-branch stars. Because
of its proximity, the Sun produces the largest flux from
decays of any axion basin in most of the mass range studied
in this work, so solar-limb observations of the quiescent
Sun should be the most sensitive probe. For targets with
extremely low backgrounds, the smaller signal fluxes from
these more distant sources could be compensated by
stacking multiple exposures. Such strategies could extend
the first-of-its-kind indirect detection search for a stellar
basin presented here to a larger mass range (both lower and
higher), perhaps even smaller couplings, and other
weakly coupled particles, such as dark photons [54] and
millicharged particles [55], though they would require
knowledge of each target’s stellar evolution (age, compo-
sition, progenitor), and are thus left to future work. As
we have shown in this Letter, indirect detection of
stellar basins can probe heretofore unexplored parameter
space for weakly coupled particles. With the plethora of
extensions outlined above, stellar basins will be an exciting
target in the hunt for new physics beyond the standard
model.

The data and code are available on GitHub [30].
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