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We present a novel approach to investigating axions and axionlike particles by studying their potential
conversion into x-rays within the Sun’s atmospheric magnetic field. Utilizing high-sensitivity data from the
nuclear spectroscopic telescope array (NuSTAR) collected during the 2020 solar minimum, along with
advanced solar atmospheric magnetic field models, we establish a new limit on the axion-photon coupling
strength g, <7.3 X 107'2 GeV~! at 95% CL for axion masses m, <4 x 1077 eV. This constraint
surpasses current ground-based experimental limits, studying previously unexplored regions of the

axion-photon coupling parameter space up to masses of m, < 3.4 x 107* eV. These findings mark a

significant advancement in our ability to probe axion properties and strengthen indirect searches for dark

matter candidates.

DOI: 10.1103/18sn-hxtb

Introduction—The standard model (SM) of particle
physics has provided a remarkably successful framework
for describing the fundamental particles and their inter-
actions via three of the four known fundamental forces.
Despite its predictive power, the SM leaves several key
questions unresolved, notably the strong charge-parity (CP)
problem in quantum chromodynamics (QCD) and the
composition of dark matter. Intriguingly, a single theoretical
extension proposed over four decades ago by Peccei and
Quinn [1] offers a potential solution to both. This frame-
work predicts the existence of a light, pseudoscalar boson—
the QCD axion [2-7]. Beyond this minimal realization, a
broader class of particles known as axionlike particles
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(ALPs) [8] arises in many extensions of the SM. Like
QCD axions, ALPs are pseudoscalar bosons that couple to
photons, but unlike QCD axions, they are not constrained
by a specific relationship between their mass m, and the
Peccei-Quinn symmetry-breaking scale f,. Although ALPs
do not solve the strong CP problem, they remain compel-
ling candidates for dark matter. For the purposes of this
Letter, we will refer to both QCD axions and ALPs
generically as “axions.”

Numerous laboratory and astronomical experiments have
been carried out to detect axions [9-39], with additional
efforts either ongoing or proposed [31,40-42]. These
investigations predominantly focus on the interaction of
axions with photons [43], described by the effective
Lagrangian term £,, = g, E - Ba, where a represents the
axion field, E and B denote electric and magnetic fields,
respectively, and g,, is the coupling strength. Such an
interaction enables the Primakoff effect, where photons
convert into axions (and vice versa) in the presence of an
electromagnetic field.

The Sun acts as a bright source of axions, which are
generated in its core via the Primakoff process, wherein

Published by the American Physical Society
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FIG. 1. NuSTAR’s 95% CL, exclusion on axion-photon cou-
pling strength g, (blue line). Regions excluded by this Letter are
shown in shaded blue. We present our results in comparison to
current [10-39] and future [31,40—42] laboratory experiments.

thermal photons are converted into axions through inter-
actions with the electric fields of electrons and ions in the
plasma. These axions can then reconvert into photons within
the Sun’s atmospheric magnetic fields, yielding a distinct
x-ray flux with spectral and spatial characteristics that allow
differentiation from typical solar x-ray emissions and back-
ground signals in x-ray telescopes. Advances in solar x-ray
observational capabilities, such as higher resolution and
sensitivity, have improved prospects for identifying solar-
origin axions. Initial efforts using satellite instruments for
axion detection include the Yohkoh/SXT [44] mission data
from 1991-2001, utilized in [45] to establish early con-
straints on the axion-photon coupling. Later missions,
including RHESSI [46,47] and Hinode/XRT [48], applied
similar methodologies, gradually refining observational

|

techniques and constraints on axion interactions.
However, due to the high background rates and optimization
of these instruments for bright solar x-rays, dedicated solar
missions are not optimized for weak-signal dark-matter
searches.

In this Letter, we present the first analysis of solar
observation x-ray data from NASA’s nuclear spectroscopic
telescope array (NuSTAR) [49], specifically aimed at
searching for signatures of solar axion conversion in the
solar atmosphere. We find no evidence for an axion-
induced signal above the expected background, allowing
us to place stringent constraints on the axion-photon
coupling over a significant region of parameter space. In
particular, we constrain the axion-photon coupling g, to
less than 7.3 x 1072 GeV~! at the 95% confidence level
(CL) for axion masses m, <4 x 1077 eV, substantially
improving upon previous limits set by laboratory-based
experiments [9-39], exceeding the results of planned
experiments [31,40—42] and competing with current astro-
physical limits [50-68]. Figure 1 shows the outcome of the
present Letter in comparison to those from previous and
forthcoming ground-based axion experiments.

Axion conversion in solar atmospheric magnetic field—
Accurate theoretical models for the solar axion flux are well
established, and our analysis is grounded in the results
presented in [69,70]. Since both, the generation of axions
from x-rays in the solar core and their reconversion into
photons in the solar atmosphere’s magnetic field occur via
the Primakoff process, the resulting x-ray signal detected
by satellite missions scales with g,. Axions generated in
the core are highly relativistic and follow approximately
radial trajectories to the solar surface. The probability of
their conversion into photons is then provided by [71]

2

1 h S " h gy "
Pa—»y(Ev h,ma) _ (Zgg}’) ‘ A dh,BJ_(h,>el-ﬁ) dh'"q(h ,ma)e—% w ah (h") , (1)

where £ is the altitude above the visible surface of the Sun,
B is the component of the magnetic field perpendicular to
the direction of propagation of the photon, and ¢(h, m,) =
(w?(h) —m3)/2E is the momentum exchanged between
the photon in the medium and the axion, both carrying
energy E. The plasma frequency of the medium is

w,(h) = \/e’n,(h)/m,, where e and m, are the electric
charge and mass of the electron, respectively, while n, (k) is
the height-dependent number density of free electrons plus
that of bound electrons with ionization energy much
smaller than the x-ray energy. Notably, in natural units,
the plasma frequency corresponds to an effective photon
mass. The term containing I' represents the absorption

|
between altitudes 4’ and £ of the arising x-rays in the solar
atmosphere [71,72].

In this Letter, we characterize the solar magnetic field by
means of advanced and realistic magnetohydrodynamics
(MHD) simulations that accurately represent the quiet-Sun
atmosphere—that corresponds to the conditions for the
NuSTAR solar observations used in this Letter. For
altitudes below 400 km, we make use of magnetoconvec-
tion simulations with small-scale dynamo activity [73]
developed with the MURaM radiative MHD code [74,75].
This three-dimensional (3D) model applies periodic boun-
dary conditions in the horizontal plane orthogonal to the
solar radius vector at the observed solar disk location. It
accurately represents the quiet internetwork regions of the
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FIG. 2. Modeling of the transverse component of the solar
atmospheric magnetic field (top) [73,78], and contributions to
axion plasma frequency (bottom) for the photosphere (orange),
chromosphere (yellow), and corona (green) regions as function of
height in units of the solar radius.

solar photosphere, which cover most of the solar disk
across the solar activity cycle. The model’s magnetic field,
tangled at scales beneath current telescope resolution,
shows a mean field strength of 170 G at the visible surface,
matching observed depolarization effects in photospheric
spectral line polarization [76,77]. The blue curve in the top
panel of Fig. 2 illustrates the altitude variation of (|B, |),
calculated as the spatial average of |B | | across all points in
the plane perpendicular to the solar radius vector. For
modeling the coronal magnetic field, we utilize the publicly
available Predictive Science Inc. (PSI) MHD simulation
corresponding to the solar eclipse of July 2, 2019 [78], and
apply it to the quiet phase of solar activity of our
observations. See Supplemental Material for further details
[79]. The PSI simulation provides a 3D representation of
the coronal magnetic field up to an altitude of & = 29R,.
To obtain (|B |), we extract the perpendicular component
of the magnetic field relative to the Earth-Sun line of sight,
averaged over a disk of radius 0.1R, centered on our signal

region, as represented by the orange line in the top panel of
Fig. 2. We perform a power-law interpolation between the
photospheric and coronal magnetic field models (dashed
line in the top panel of Fig. 2), which is further validated by
the potential-field-source-surface (PFSS) model for the
specific day of our observation [96], denoted by the green
line in the top panel of Fig. 2.

To accurately calculate the axion-photon conversion
probability in the solar magnetic atmosphere, it is essential
to model the free electron and hydrogen density. For this
purpose, we utilize the model from [97], which is repre-
sentative of the quiet Sun. This model builds on the VAL-C
chromospheric model [98] and the coronal model [99]. Our
focus is specifically on the quiet Sun, excluding the added
coronal density contributions from the streamer belt. In
addition to free electrons and hydrogen, we account for
helium (He) in the plasma density, assuming it follows the
density profile of hydrogen (H) with a relative abundance
ny/nyge = 0.06 [100-102]. Contributions from heavier
elements are not included in the computation of g, as their
low abundances render their impact on the plasma fre-
quency negligible. In the chromosphere, where the ioniza-
tion fraction is low, the plasma frequency is primarily
determined by the density of bound electrons in atoms,
mainly hydrogen, as shown in the bottom panel of Fig. 2. In
the corona, with temperatures on the order of 10° K,
hydrogen and helium are fully ionized. Given the higher
mass of nuclei, their contribution to the plasma frequency is
minimal compared to that of free electrons.

The absorption coefficient I is calculated as the sum over
all species i such that I'; = n;0;, where n; represents the
number density of the species i and o; is the total photon
cross section for that species. We include elements up to
atomic number Z = 30 in our calculation, using elemental
abundances from the CHIANTI database [103,104], spe-
cifically based on the Schmelz extended model of coronal
abundances derived in [100-102]. For each element, we
obtain the total photon cross section from the NIST XCOM
database [105], which accounts for x-ray attenuation due to
coherent (Rayleigh) and incoherent (Compton) scattering,
as well as photoelectric absorption.

NuSTAR observations—On February 21, 2020, NuSTAR
was directed toward the center of the solar disk, capturing
23 814 sec of live exposure data with flight module A and
24983 sec with flight module B, to support both a solar
axion search and the analysis of x-ray bright points on the
solar photosphere [106]. The minimum of the 11-year solar
activity cycle provided a unique opportunity to study the
emission from the quiet Sun, and this campaign offers the
best data for axion studies, since it involved a long dwell at
the disk center during a period of very low solar activity,
providing an ideal environment by minimizing interference
from bright active regions or solar flares within the 10" x
10" field of view [49]. To identify the predicted axion
spectrum, counts were accumulated from pixels within 0.1
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FIG. 3. NuSTAR’s observed spectra for module A (left) and B

(right) in the signal (red) and area normalized background (cyan)
regions. Background-subtracted total spectrum (bottom row)
and 95% CL spectral shape of the axion component folded
through the instrument response for an exemplary axion mass of
m, = 1077 eV is shown.

solar radii (1.6") of the disk center, while background
counts were gathered from an annulus between 0.15 and
0.30 solar radii.

Although the solar axion surface luminosity profile [107]
indicates that an optimal source region for our analysis,
given NuSTAR’s energy threshold, would be at approx-
imately 0.15R,, we adopt a more conservative selection
radius of 0.1R and account for remaining expected axion
signal in the background region as discussed later on in the
Analysis Section. This choice satisfies two key criteria: it
maximizes the axion flux originating from the solar core
while minimizing contamination from bright solar features
present during the observation period.

For the analysis presented here, NuSTAR conducted a
total of nine observations (orbits). Modules A and B have
been analyzed independently, since time exposure, effec-
tive area, and detector response are inherent to each
particular module. To account for the motion of the solar
center in the field of view (FOV), each observation has been
divided into four segments, each approximately 700 sec in
duration. The top panels of Fig. 3 present the total counts in
the signal region as a function of energy (red dots), along
with the background (cyan line) derived from the outer
annular region for module A (left) and module B (right).
The background of the respective modules was adjusted by
normalizing to the source area, smoothing via a running
polynomial fit, and further correcting for the known
gradient of cosmic background x-rays across the detector
chips. For clarity, statistical uncertainties of the plotted
background were omitted—the detector background was
measured over an area 5.3 times larger than the signal

region, enhancing the accuracy of background estimation.
The bottom panel shows the background subtracted spec-
trum (gray dots) including error propagation for modules A
(left) and B (right) and we report, for illustrative purposes,
the expected axion flux (green line) corresponding to the
95% CL of g, for an axion with mass of 1077 eV. Detailed
procedures for the NuSTAR solar data processing using
NASA-HEASARC HEASoft 6.34, NuSTAR Data
Analysis Software (NUSTARDAS v.2.1.4) and calibra-
tion database (CALDB v.20240325) are discussed in
Supplemental Material [79]. XSPEC tool [108] version
12.13.1 was used to read the spectra and export the data
into ASCII format.

Data analysis—The expected photon count resulting
from axion conversion within a given NuSTAR energy
bin i, originating from region j = s, b—where s denotes
the signal region (r < 0.1Ry) and b the background region
(0.15R4 < r < 0.3Ry)—is computed separately for each
module k = A, B and observation segment as

Nyt = ot [ dEAHE o )

dN},

X M(E)Pa—w(E’hvma)? (2)

where Ar* is the observation exposure and Aé’f]; the effective
area of a given module k. The energy response function of
each telescope in an energy bin i is denoted by elk{MF,i [109].

The term (dN%/dA dtdE)(E) corresponds to the differ-
ential axion flux originating from the solar core, while
P,.,(E,h,m,) represents the axion-photon conversion
probability within the solar atmosphere following Eq. (1).
We calculate the total number of photons from axion
conversion expected in each module by summing over all
the relative segments and account for leftover signal in
0.15 — 0.3R,. The likelihood analysis was performed using
an 80 eV bin width. However, for improved visual clarity,
Fig. 3 is presented with a bin width of 200 eV.

The total number of x-ray photons expected in the signal
region for a given module and energy bin, is given by

A= Ny (gho) + 2, (3)

where zf’k represents the background of bin i in the signal
region and gy = g,,/107'° GeV~!. To estimate z{*, we
use the photon counts from the background region.
Assuming that the background x-ray photon density is

uniform across the solar disk, we can express this as

ok A
s,k k b.k o}
R (S Vi =N 4
K ( 360 V")Ag )

141001-4



PHYSICAL REVIEW LETTERS 135, 141001 (2025)

where 7% denotes the total number of photons detected in
the bin i of the background region, ijf is the faint
contribution from axions within the background annulus
and 6%/360 is a correction factor for the cases in which
bright sources are identified within our background selec-
tion. Furthermore, A% and A% represent the areas of the
signal and background regions, respectively.

We assume independent Poisson statistics for each
energy bin and calculate the likelihood for each module as

c
e

Y ey (5)

k
ni!

In this analysis, n¥ denotes the number of photons detected
in the i bin of the energy spectrum of a given module. To
derive our limit, we focus on the energy range from 4 to
11 keV and apply the prior @(g‘l‘o), where © is the
Heaviside step function. We then integrate the Bayesian
posterior probability density function (PDF) from zero to
the point that includes 95% of the total PDF area. To obtain
the combined bound shown in Fig. 1, we multiply the
likelihoods of each module and follow the procedure
described above applied to the total likelihood. The two
modules yield similar bounds, the one from module A
being slightly more stringent.

Our Letter considers various sources of systematic error,
including the model uncertainties of the solar atmospheric
magnetic field, which are the dominant contributors to the
systematics, as well as uncertainties in the solar axion flux
and the background of the NuSTAR detector. Overall, the
combined effect of these uncertainties in our bound is
calculated to be fzzf%f , which is further discussed in
Supplemental Material [79].

Results and discussion—Using the statistical analysis
outlined above, the NuSTAR solar axion observation data
provides a constraint of g, <73 x 1072 GeV™! at
95% CL on the axion-photon coupling strength g,, for
axion masses m, <4 x 1077 eV. This limit is depicted in
blue in the broader m, — g,, parameter space shown in
Fig. 1. While NuSTAR’s limits remain nearly constant for
m, <4 x 1077 eV, they weaken for higher axion masses
due to the loss of coherence in the conversion probability,
as described by Eq. (1), when the axion mass exceeds the
plasma frequency at lower solar atmospheric heights. At
low axion masses, the NuSTAR limit represents a signifi-
cant improvement over the leading CAST constraint [10]
(light red) and falls between the projected limits of future
experiments, such as BabylAXO [31] (dashed-dotted, with
data collection scheduled to begin in 2028) and IAXO [41]
(dashed, expected in the mid 2030s). For comparison, we
also report the projected sensitivity of the ALPS-II laser
propagation experiment at DESY [40] (dotted line) in
Fig. 1. We note that the NuSTAR analysis presented here

explores the m, — g,, parameter space with unprecedented
sensitivity over a broad range of axion masses. The region
explored in this project includes areas not accessible to any
other current or near future axion experiments and probes
large regions that could address the transparency
hints [110].

Unlike haloscope experiments [11-39], helioscopes,
including our Letter, do not assume axions to be dark
matter, as the axion flux is inherently produced by the Sun.
To maintain consistency, the luminosity associated with the
axion flux must remain a small fraction of the total solar
luminosity, to avoid significant energy loss due to escaping
axions [111]. The measured solar neutrino flux and helio-
seismology observations place a constraint of ¢;q < 4.1
[112], which is well above the bounds reported here. In this
regime, the theoretical precision of the axion flux is at the
few-percent level [113], as outlined above, and therefore
does not pose a significant systematic concern.
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