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Axion helioscopes search for solar axions by exploiting their conversion into X-ray photons within
strong magnetic fields via the Primakoff effect. The Sun provides an intense and well-characterized
axion source, as axions can be produced in its core through photon—plasma interactions. By
aligning powerful magnets with the solar direction and employing low-background X-ray detectors,
helioscopes aim to detect these converted photons as a direct experimental signature of axion—
photon coupling.

In addition to this laboratory approach, axion from thermal photons in the solar core may reconvert
into X-rays within the magnetic fields of the solar atmosphere, producing a faint, spatially extended,
and spectrally distinct X-ray signal that could be detectable by dedicated satellite missions.

Axion production mechanisms are also enabled in other stellar environments. Nearby red super-
giants such as Betelgeuse represent particularly promising targets: their hot cores can generate
substantial ALP fluxes that reconvert into X-rays within Galactic magnetic fields, while the absence
of stable coronae reduces conventional X-ray backgrounds. Dedicated NuSTAR observations of
Betelgeuse have already placed competitive limits on the couplings gqy, gae, and g4, improving
upon CAST constraints and approaching the sensitivities expected for next-generation experiments
such as ALPS-II and BabyIAXO. Complementary searches in nearby systems, including the Alpha
Centauri binary, M82 and M87 further explore scenarios involving gravitationally trapped ALPs
decaying into monochromatic X-rays, providing robust, multi-channel constraints on axion and
ALP interactions across diverse astrophysical sources.

3rd General Meeting of the COST Action COSMIC WISPers (CA21106) - 3rd Training School of the COST
Action COSMIC WISPers (CA21106) (COSMICWISPers2025)

9—12 Sept 2025 and 16—19 Sept 2025

Sofia, Bulgaria and Annecy, France

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License (CC BY-NC-ND 4.0) All rights for text and data mining, Al training, and similar technologies for
commercial purposes, are reserved. ISSN 1824-8039 . Published by SISSA Medialab. https://pos.sissa.it/


mailto:Jaime.Ruz@tu-dortmund.de
https://pos.sissa.it/

X-ray observations and their applications to the physics of axions (or other WISPs) J. Ruz

1. Introduction

Axions, light pseudo-scalar boson particles, arising from the Peccei—-Quinn (PQ) mecha-
nism [1-3] are a compelling solution to the strong CP problem and are one of the candidates to cold
dark matter [4]. More generally, many extensions of the SM predict axion-like particles (ALPs) [5],
which, like axions, couple weakly to photons through L4, = g4y E - B a, enabling photon—axion
conversion in electromagnetic fields [4, 6].

The Sun provides a natural laboratory for exploring such particles. In its core, thermal photons
can convert into axions via the Primakoff process [7], producing an intense flux that may reconvert
into X-rays in the presence of strong magnetic fields [4] (see Fig. 1). To detect these signals,
dedicated axion helioscopes have been developed. The first, in Tokyo in the 1990s [8], was later
succeeded by the CERN Axion Solar Telescope (CAST) [9], one of the most sensitive axion searches
to date. Its successor, the International Axion Observatory (IAXO) [10], aims to further improve
sensitivity using a large-scale magnet, advanced optics, and next-generation detectors.
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Figure 1: The Primakoff effect occurring in the hot solar core via the a — yy vertex. On Earth, the inverse
process in an external magnetic field that converts the ‘invisible’ axion into an observable photon [11].

2. Expected X-ray signals from solar axion physics

Accurate models of the solar axion flux are well established [12, 13], with the Primakoff process
remaining the dominant production channel for hadronic (KSVZ-type) axions (see Fig. 2). Beyond
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Figure 2: Left: Solar axion surface luminosity as a function of energy and solar radius r. Right: Differential
axion spectra for different r values. Figures adapted from [14].
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the Primakoft process, additional hadronic and non-hadronic axion emission channels contribute
to the solar flux. In hadronic models, the M1 transition of >’Fe proceeds via the axion—nucleon
coupling, producing a monoenergetic axion line (14.4 keV) [15]. In non-hadronic (DFSZ-type)
scenarios, axions can couple to electrons, giving rise to additional emission via bremsstrahlung,
Compton scattering, and atomic transitions [16].

A new helioscope approach [17] has recently studied potential X-ray signatures from solar
axions in X-ray satellite missions. This new method takes into account the possibility of core-
produce axions to convert into X-rays in the extensive magnetic fields of the solar atmosphere.
Fig. 3 presents the expected photon flux originating from the inner solar region, » < 0.1 Rg, to
be detected by an Earth-orbiting satellite. For m, > 107° eV, despite the conversion probability
being satisfied, absorption and scattering by free electrons and atomic species (H, He) in the solar
atmosphere suppress the photon signal before it can reach Earth.

3. Latest X-ray Observations of the Sun

The CERN Axion Solar Telescope (CAST) has conducted the longest and most sensitive
helioscope search for solar axions, operating at CERN from 2003 to 2021 using a 9 T, 10 m
superconducting dipole magnet to convert axions into X-rays via the inverse Primakoff effect [9]. The
magnet tracked the Sun, with X-rays detected by low-background detectors at its ends. CAST evolved
from an initial vacuum phase [9, 14] to “gas phases” using 4He [18, 19] and 3He [20, 21], restoring
coherence and extending sensitivity up to ~ 1.17 V. Inits final stage, it returned to vacuum operation
with improved detectors, including the IAXO pathfinder line [22], which combined Micromegas
detectors with a focusing X-ray telescope based on NuSTAR technology [23], demonstrating key
concepts for the future International Axion Observatory (IAXO) [10].

In its final operational phase (2019-2021), CAST and the IAXO pathfinder line improved
upon the 2017 data by increasing exposure and optimizing detector performance. The Micromegas
detectors were filled with a xenon-based gas mixture, providing enhanced stopping power and
energy resolution, and offering valuable technical insights for the future Xe-based detectors of
IAXO. No excess counts were observed, leading to the most stringent CAST bound to date on
the solar axion—photon coupling [24]. Complementing ground-based helioscopes, the Nuclear
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Figure 3: Left: Photons reaching the NuSTAR satellite from Primakoff conversion in the solar atmosphere
(810 = 8ay/ 10719 GeV ). Right: X-ray spectra for different axion masses. Figures adapted from [17].
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Figure 4: Left: Hitmap of detected events during solar-tracking runs. Contours represent 68%, 85%, 95%,
and 99% axion signal-encircling regions. Right: CAST new exclusion limit (red), improving upon previous
constraints (black). Figures adapted from [24].

Spectroscopic Telescope Array (NuSTAR) has recently opened a new observational channel for solar
axion searches [17]. The observation occurred during solar minimum, suppressing contamination
from active regions and flares. No significant excess was detected, and the resulting non-observation
led to the most restrictive limits on g, obtained from a helioscope to date, surpassing CAST in
certain mass ranges (see Fig. 5).

4. Stellar ALP Production and X-ray Observational Constraints from Betelgeuse

Nearby red supergiants are ideal laboratories for axion searches [25]. Stars such as Betelgeuse
and Antares are particularly promising candidates: their hot cores can generate substantial axion
fluxes that may reconvert into photons within the Galactic magnetic field, producing potential X-ray
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Figure 5: Left: NuSTAR observed spectra for modules A and . The background-subtracted spectrum
(bottom) shows the expected axion spectral shape (green) at 95% CL. Right: NuSTAR 95% C.L. exclusion
on the axion—photon coupling g,, (blue), compared to previous constraints. Figures adapted from [17].
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signals [26]. This strategy can be extended to other supergiants and clusters of hot, young stars,
with nearby objects benefiting from relatively well-constrained local magnetic fields. Dedicated
NuSTAR observations of Betelgeuse have been employed to set limits on the g4y, gae, and gan
couplings. These limits improve upon those from CAST by a factor of a few and are compara-
ble to the sensitivities projected for next-generation laboratory experiments such as ALPS-II [27]
and BabyIAXO [10], while remaining competitive with bounds derived from SN 1987A observa-
tions [28]. The agreement among independent astrophysical limits, each based on distinct stellar
modeling assumptions, reinforces the robustness of these constraints.
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Figure 6: Constraints on axion couplings from NuSTAR observations of Betelgeuse. Left: 95% C.L. upper
limits on the axion—photon coupling g,, [26]. Right: 95% C.L. limits on the axion—electron coupling
Qae — 8ay formy < 3.5x 1071 eV [29].

Recently, the °’Fe axion emission channel has been investigated for Betelgeuse using NuS-
TAR [30], yielding the most stringent experimental constraints to date on the axion—nucleon
coupling for axion masses below ~ 107!%eV (see Fig. 7).

5. X-ray Searches for Axions from M82/M87 and Alpha-Centauri

The NuSTAR telescope has increasingly been employed in astrophysical searches for axions,
extending its application beyond the Sun to other stellar systems and galaxies. In particular,
high-energy axions are expected to be produced in the cores of hot, massive stars—primarily red
supergiants (RSGs) and O-type stars—in galaxies such as M82 or in the central region of the M87
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Figure 7: Betelgeuse g4y — g7 (95% CL) exclusion limits compared to previous 7Fe searches [30].
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galaxy of the Virgo Cluster. These axions could then convert into X-rays in the strong magnetic
fields present in these environments, providing a potential observational signature [31].
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Figure 8: Left: M82 and M87 constraints on g4, (95% CL) from NuSTAR [31]. Right: Upper limits on
8ay — 8ae (95% CL) from the Alpha Centauri X-ray observations with Chandra and eROSITA [32].

In addition, nearby stellar systems offer complementary opportunities to probe low-energy
axions. For example, the Alpha Centauri binary system, our closest stellar neighbor consisting of
Alpha Centauri A and B, could gravitationally trap low-energy axion-like particles (ALPs), which
would eventually decay into two photons. Sensitive X-ray observatories such as Chandra and
eROSITA can search for these decay signals as monochromatic X-ray lines. Dedicated searches in
the energy range of 0.2—10 keV have so far yielded null results, allowing us to set the most stringent
experimental limits on ALP interactions to date [32].

6. Results and Conclusions

The combined analysis of solar, stellar, and extragalactic X-ray datasets provides the most
comprehensive limits to date on axion and ALP couplings to photons, electrons, and nucleons across
abroad mass range. Solar searches using CAST setalimitof g4, < 6.6X 10~ GevV~! (95% CL) for
mg < 0.02eV [24], while the IAXO pathfinder validated next-generation helioscope technologies;
complementary NuSTAR observations of the solar core improved this to g4, < 7.3 X 10712 Gev~!
for mg, < 4 x 1077 eV [17], representing the strongest X-ray helioscope bounds to date. Beyond
the Sun, NuSTAR studies of Betelgeuse constrained g, gqe. and provided the most stringent
limits so far on g,n, with sensitivities comparable to BabyIAXO projections, while extragalactic
observations of M82 and M87 further limited ultralight axions. Additional analyses with Chandra
and eROSITA of Alpha Centauri found no decay-line signals, tightening bounds on both photon
and electron couplings, collectively demonstrating the strong synergy between laboratory and
astrophysical approaches in precision X-ray searches for axions.
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