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A R T I C L E I N F O A B S T R A C T

Editor: A. Ringwald The exploration of the parameter space of axion and axion-like particle dark matter is a major aim of the future 
program of astroparticle physics investigations. In this context, we present a possible strategy that focuses on 
detecting radio emissions arising from the conversion of dark matter axions in the Sun’s magnetic field, including 
conversion in sunspots. We demonstrate that near-future low-frequency radio telescopes, such as the SKA Low, 
may access regions of unexplored parameter space for masses 𝑚𝑎 ≲ 10−6 eV.
QCD axions are hypothetical particles introduced to solve the strong 
CP problem, namely the non-observation of CP violation from QCD 
interactions [1–4], see e.g., refs. [5,6] for recent reviews. They are 
pseudo-scalar Nambu-Goldstone bosons associated with the sponta-

neous breaking of the so-called Peccei-Quinn symmetry. Additionally, 
QCD axions are also a viable dark matter (DM) candidate, possibly 
accounting for the entirety of cold DM in the Universe. They can be 
produced through different thermal and non-thermal mechanisms in 
the early Universe, before or after inflation [7–9]. The allowed range of 
the Peccei-Quinn scale, 𝑓𝑎, to obtain the observed DM relic density is 
1010 −1012 GeV, corresponding to masses 𝑚𝑎 in the rage 10−6−10−3 eV. 
The QCD DM axion stands as a key focus in the ongoing and future 
program of astroparticle physics investigations. Numerous experimen-

tal searches, both in the laboratory and in the sky have been designed 
to look for this particle [10–12].

Furthermore, several beyond-the-standard-model theories, such as 
string theory models [13], predict in many cases one or more axion-

like particles (ALPs), with properties very similar to those of axions but 
not necessarily related to the strong CP-problem [14]. ALPs can have 
masses as low as 10−22 eV and are typically very weakly coupled to the 
SM. Moreover, they are also good DM candidates in some portions of 
the parameter space [15].

Experimental searches for both the QCD axion and ALPs often rely 
on their coupling to photons [16]. In both cases, the coupling is de-

scribed by the effective Lagrangian term  ∝ 𝑔𝑎𝛾𝑎𝐹𝜇𝜈𝐹 𝜇𝜈 .
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One of the most promising ALP1 searches with astrophysical probes 
involve the radio signal associated with ALP-photon conversion in mag-

netized astrophysical plasma. This signature is based on the above-

mentioned ALP-photon coupling, and it would appear as a nearly 
monochromatic spectral line. In order to have a significant probability 
of conversion, large magnetic fields and dense plasma are required so 
to resonantly amplify the process. In the past few years, the search has 
been focused especially on the magnetosphere of neutron stars [17–34].

In this paper, we instead highlight that the Sun and its sunspots 
are promising targets. Sunspots are magnetic structures located within 
active regions of the Sun. They appear darker on the solar surface than 
the normal solar photosphere (quiet Sun) and are composed of an inner, 
darker part, called the umbra, and an outer, less dark part, called the 
penumbra. It is well known that the magnetic field can be very intense 
above the photosphere of sunspots, reaching a few thousand Gauss in 
the umbra [35]. The magnetic field decreases with height in the solar 
atmosphere, but it could still be rather strong in the chromosphere and 
corona. For example, Ref. [36] reported a magnetic field of about 4000 
G at the base of the corona above a sunspot, with 1000 G at a height of 
104 km. Sunspots might be environments hosting copious axion-photon 
conversions in their magnetic field.

The idea of considering the Sun was proposed in [37] for a similar 
process, i.e. investigating dark photon-photon mixing. A search for the 
associated monochromatic radio signal in the solar observation data of 
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the LOFAR telescope was then conducted in [38], which also discusses 
the application to the axion-photon conversion.

Besides non-relativistic DM axions, one could also consider the con-

version of relativistic axions thermally produced in the Sun’s interior 
and then converted into photons in the Sun’s atmosphere [39]. In this 
case, they would lead to X-ray signatures, which we plan to investigate 
in a forthcoming analysis [40].

This paper aims to provide a simple and general description of the 
radio emission arising from the conversion of ambient DM axions in the 
Sun’s magnetic field. The goal is to present robust and broad arguments 
with computations that can be easily reproduced by the reader. These 
arguments should provide a framework that can later be applied to spe-

cific examples in dedicated studies. As we shall see, the analysis of the 
radio signal from axion conversion in the solar magnetic field may pro-

vide an opportunity to access regions of unexplored parameter space 
with the next generation of radio telescopes.

For a non-relativistic axion, a weakly magnetized plasma, and as-

suming the magnetic field to be static, the conversion probability can 
be approximated as [32]

𝑃𝑎→𝛾 ≃
𝜋

2
𝑔2
𝑎𝛾
𝐵2
⟂

𝑣𝑎 𝜔
′
𝑞|𝑟𝑒𝑠 , (1)

where 𝜔𝑞 is the plasma frequency and 𝜔′
𝑞|𝑟𝑒𝑠 is its gradient 𝑑𝜔𝑞∕𝑑𝑟

evaluated at the resonance location, i.e., at the radius 𝑟𝑐 where 𝜔𝑞 ≃𝑚𝑎. 
In eq. (1) and in the following, we assume spherical symmetry and, 
for simplicity, radial emission. The radius 𝑟𝑐 at which the conversion 
occurs, for different ALP masses, can be estimated from the resonance 
condition and the relation 𝜔𝑞(𝑟) = 1.17 μeV

√
𝑛𝑒(𝑟)∕(109 cm−3), where 

𝑛𝑒 is the electron plasma density.

For a uniform conversion over a surface Δ𝐴, and assuming the ALP 
distribution to be isotropic, the ALP-induced photons flux per unit fre-

quency on Earth can be estimated as

𝑆 = ∫
𝑑Ω

4𝜋Δ𝜈
𝜌𝑎 𝑣𝑎 𝑃𝑎→𝛾 𝑒

−𝜏

≃ Δ𝐴
4𝜋 Δ𝜈 𝑑2

𝜌𝑎 𝑣𝑎 𝑃𝑎→𝛾 𝑒
−𝜏 , (2)

where 𝑑 is the distance of the conversion surface from us, 𝜌𝑎 is the DM 
density at the conversion surface, 𝜏 is the photon optical depth, and Δ𝜈
is the bandwidth of the signal.

To gain some intuition about the expected signal, let us consider a 
sunspot, i.e., a structure with strong magnetic fields appearing on the 
solar surface. Considering a radius of the sunspot 𝓁𝑠, the conversion 
area is computed as Δ𝐴 = 𝜋 𝓁2

𝑠
. For an analytical estimate, we can ap-

proximate the plasma profile as a power-law 𝜔𝑝 ∝ ℎ𝛼 , with 𝛼 ≃ 0.5 in 
the range of conversion radii of interest. Then we have 𝜔′

𝑞|𝑟𝑒𝑠 = 𝛼𝜔𝑝∕ℎ𝑐 , 
where ℎ𝑐 is the distance of the conversion surface from the photosphere. 
Plugging in typical values for a large sunspot [35], we find

𝑆 = Δ𝐴
8 Δ𝜈 𝑑2

𝜌𝑎

𝑔2
𝑎𝛾
𝐵2

𝜔′
𝑞|𝑟𝑒𝑠 𝑒

−𝜏 = 0.7mJy
(

10−6
Δ𝜈∕𝜈

)

×
(

𝓁𝑠
4 × 104 km

)2 (
𝜌𝑎

1.0GeV∕cm3

)(
𝑔𝑎𝛾

10−12 GeV−1

)2

×
(
𝐵⟂
10G

)2 (
μeV

𝑚𝑎

)2 (0.5
𝛼

) (
ℎ𝑐

3 × 103 km

)
𝑒−𝜏 . (3)

In the previous equation, we have considered a local DM density 
𝜌∞ = 0.3 GeV cm−3 far away from the Sun and accounted for the gravi-

tational focusing of the Sun following [41]. This leads to a DM density 
at the solar surface of 𝜌𝑎 ≃ 1 GeV cm−3. Moreover, taking a local DM ve-

locity dispersion 𝑣 ≃ 10−3 leads to a intrinsic bandwidth Δ𝜈 ≃ 10−6. In 
the following, in our numerical analysis performed to derive the sen-

sitivity forecasts, the plasma frequency and its gradient are computed 
2

from the solar electron density distribution of Ref. [42]. We find that 
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Fig. 1. In the red region, the electron cyclotron resonance causes a strong ab-

sorption of the photons produced by ALPs conversion during their propagation 
in the solar atmosphere. Assuming that the magnetic field decreases monoton-

ically with distance from the photosphere, this effect does not occur when the 
magnetic field at the ALP conversion location lies in the white region. The op-

tical depth associated with thermal bremsstrahlung, the other main absorption 
mechanism, is shown in blue (right-axis). The top axis shows the electron den-

sity at which the plasma frequency matches the ALP mass (bottom axis), and 
the resonant conversion can occur. Vertical lines mark different regions of the 
solar atmosphere. The orange horizontal line marks the typical value of 1 G of 
the magnetic field in the corona for the quiet Sun.

adopting a different model, e.g. [43], leads to a similar sensitivity on 
the axion signal.

Let us now analyze the absorption term. There are two main contri-

butions to the opacity in the solar atmosphere at these wavelengths: the 
gyro-resonance absorption and the thermal bremsstrahlung. The first 
effect occurs when the resonant condition 𝑚𝑎 ≃ 𝑛 Ω𝐵(𝑟) is met, where 
Ω𝐵 = 𝑒 𝐵∕𝑚𝑒 ≃ 0.012 μeV𝐵∕G is the electron cyclotron frequency and 
the integer 𝑛 corresponds to the different energy levels. To compute 
the location where the cyclotron resonance is realized, we assume that 
the magnetic field decays with height following a power-law behavior 
after the ALP conversion point. Then, we extract the electron number 
density and the temperature of the plasma at the cyclotron resonance 
point. Finally, with these ingredients and following Ref. [44], we ob-

tain the cyclotron optical depth. We find that for any reasonable choice 
of the magnetic field profile in the solar atmosphere, the optical depth 
𝜏𝑔 is very large for the first three transitions 𝑛 = 1, 2, 3, while 𝜏𝑔 ≲ 1 for 
𝑛 = 4 and negligible for higher levels. Therefore, assuming a monoton-

ically decreasing magnetic field and plasma density, we conservatively 
assume that photons from axion conversion can reach the Earth only 
if the conversion happens after the surface of gyro-resonance absorp-

tion associated with the 𝑛 = 4 level. This condition translates into an 
upper limit of the magnetic field at the ALP conversion point, which is 
represented in Fig. 1, with the no-signal region shown in red.

Concerning the thermal bremsstrahlung, the absorption coefficient 
reads [45]:

𝛼𝑏 ≃ 0.018
𝑛𝑒

106 cm−3

𝑍2
𝑒𝑓𝑓
𝑛𝑖

106 cm−3

(
𝑇

K

)−3∕2 ( 𝜈

MHz

)−2
𝐺𝐹 , (4)

where 𝑛𝑖 is the number density of ions with effective charge 𝑍𝑒𝑓𝑓 , 𝑇
is the temperature of the plasma, all taken from [42], and 𝐺𝐹 is the 
Gaunt factor, for which we referred to [46]. In the corona, the plasma 
is essentially fully ionized, and 𝑍𝑒𝑓𝑓 ≈ 1, while this is not the case in the 

chromosphere and transition region. The bremsstrahlung optical depth 
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𝜏𝑏 = ∫
ℎ𝑐
𝑑𝓁 𝛼𝑏 is shown as a blue line in Fig. 1. In the chromosphere, 

we have 𝜏𝑏 ≫ 1 therefore the ALP signal is completely absorbed. On the 
other hand, in the corona 𝜏𝑏 ≲(1).

A crucial ingredient is the magnetic field in the corona, which deter-

mines the conversion probability as described in eq. (1). The magnetic 
field of the quiet Sun has a strength between 1 − 4 G, on average [47]. 
We will take 𝐵 = 1 G when estimating the ALP signal from across the 
whole Sun. As mentioned before, the magnetic field of sunspots can be 
very intense, even above the photosphere. Sunspot observations accu-

mulated over the years show great variability of their properties, with 
sizes ranging from 10 to 105 km, and magnetic fields from few G up to 
few thousand G [35].

Here, in the spirit of providing a general treatment, we will assume 
sunspots to populate the white triangle in Fig. 1, delimited by the red re-

gion and orange line. Namely, we assume that there exist sunspots with 
associated magnetic fields in the corona and transition region, where 
the resonance ALP conversion occurs, larger than the magnetic field of 
the quiet Sun, and up to the maximal value allowed by the cyclotron 
absorption, see Fig. 1. For the sake of concreteness, in the following, 
we will consider two cases: one where the magnetic field maximizes 
the signal, i.e. lies at the border between the red and white regions in 
Fig. 1, and one where we simply assume 𝐵 = 4 G at the ALP conversion 
radius above the sunspot.

To examine observational prospects, we derive forecasts for the first 
phase of the SKA observatory, which is expected to be completed in its 
final configuration in 2029. We follow [48], in particular their Table 6 
provides the line sensitivity for sources with an angular size within a 
certain range. For larger extensions, we assume a linear degradation of 
the sensitivity with the angular size of the source, as suggested by their 
Table 4 for our range of interest.

The angular radius of a sunspot is typically smaller than a few 
arcmin, e.g. 𝓁𝑠 = 4 × 104 km, which we will use for our estimates, 
corresponds to 0.9′. On the other hand, radio photons are affected by 
scattering processes during their propagation in the solar plasma, which 
leads to an angular smearing of the signal. We estimate the broadening 
of a point-like source as described in [49]. In the case of the entire 
Sun, this broadening is instead marginal. The same conclusion has also 
been reported in [50], finding that the observed radio size of the Sun at 
100-240 MHz is only 25–30% larger in area than the intrinsic one.

Finally, the line sensitivity reported in [48] refers to observations 
of regions of the sky without strong radio emissions. Therefore, to in-

clude the large radio background produced by the Sun, we correct the 
quoted sensitivity adding the flux density of the Sun to the system-

equivalent flux density of an SKA station. Concretely, we follow the 
estimates provided in [51]. From Fig. 8 in [48], we can read the sensi-

tivity of the SKA-Low array in terms of 𝐴𝑒𝑓𝑓∕𝑇sys and convert it into the 
System Equivalent Flux Density 𝑆𝐸𝐹𝐷 = 2𝑘𝐵𝑇sys∕𝐴𝑒𝑓𝑓 . Since the ar-

ray is composed by 512 stations, the 𝑆𝐸𝐹𝐷𝑠 of an SKA station (which 
sees the Sun as a point-like source) is about 512 times the 𝑆𝐸𝐹𝐷 of the 
SKA array. To derive the sensitivity, the measured 𝑆𝐸𝐹𝐷𝑆 including 
any emission along the direction of observation has to be added. In this 
case the Sun gives the dominant contribution, and the degradation of 
the sensitivity with respect to a region with low radio emission is given 
by the factor (𝑆𝐸𝐹𝐷𝑠 +𝑆𝐸𝐹𝐷𝑆 )∕𝑆𝐸𝐹𝐷𝑠.

Following the procedure explained above, we obtain the results pre-

sented in Fig. 2. The projected sensitivity is at 95% C.L., namely, they 
correspond to couplings providing a conversion signal equal to twice 
the SKA sensitivity. For ALP masses in the range 10−6 − 10−7 eV, the 
proposed search strategy can improve existing laboratory bounds, and 
it is competitive with existing astrophysical constraints. We find that the 
forecasted sensitivities for observations of the entire Sun and a sunspot 
with a large magnetic field are comparable. A technical advantage in 
the latter case is offered by the small angular size of the emission re-

gion, in contrast to the case of the entire Sun, where the large angular 
extension requires care in the data manipulation. On the other hand, 
3

the properties of a sunspot needed to compute the prediction of the 
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Fig. 2. Projected sensitivity on the ALP-photon coupling 𝑔𝑎𝛾 versus ALP mass 
𝑚𝑎 , assuming 100 hours of observations with SKA-1 Low, of a sunspot having 
the maximum magnetic field allowed by the gyro-resonance absorption condi-

tion at the conversion location (see Fig. 1) (solid), a sunspot with a magnetic 
field of 4 G at the conversion location (dashed), and the whole Sun (dotted). 
The radius of the conversion surface above a sunspot is taken to be 𝓁𝑠 = 4 ×104
km. The dashed-dotted line shows the projected sensitivity for the whole Sun, in 
the case of a 8hr-observation with LoFAR [52]. In red, we show the laboratory 
bounds from ADMX [53] and CAST [54], while in green we show astrophysical 
bounds: the R2-parameter in globular cluster [55], and the most conservative 
limits from polarization of magnetic dwarf [56] and ALP production in pulsar 
polar caps [57]. Other relevant constraints in this mass range (not shown in the 
figure for clarity) come from the R-parameter in globular clusters [58], X-ray 
observations of magnetic white dwarfs [59] and from 𝛾 -ray observation of the 
blazar Markarian 421 (Mrk 421) [60,61].

expected flux might not be straightforward to be derived from the ob-

servations.

The curves in Fig. 2 are computed assuming an observing time of 
Δ𝑡 = 100 hr. Considering that solar physics is one of the key scientific 
goals of the SKAO [62], hundreds of hours of observations of the Sun 
are foreseen. In the case of sunspots, the 100 hr value is guaranteed 
if intended as a combination of different sunspots, whilst it is probably 
difficult to achieve for a single one. Note that, in any case, the sensitivity 
to the ALP-photon coupling scales very moderately with observing time, 
as Δ𝑡1∕4.

In Fig. 2, we assume a bandwidth of Δ𝜈∕𝜈 = 10−6, matching the 
one induced by the dispersion of the DM velocity. This is achievable 
by the SKA Low. On the other hand, this value might be somewhat 
optimistic since it neglects possible smearing effects.2 Note, however, 
that, again, the sensitivities scale as (Δ𝜈∕𝜈)1∕4, so even significantly 
larger bandwidths can still lead to interesting prospects.

Let us also mention that the proposed SKAO observation requires 
a high level of dynamic range, being 4 × 105 at the smallest fre-

quency/mass up to 3 × 106 at the highest frequency/mass. A dynamic 
range of the order of 106 is challenging, and it certainly requires sig-

nificant care and effort in the data calibration and analysis. However, 
it is in the range of values reported in the literature [63], and such a 
spectral dynamic range is of the same order required for observations of 
the 21 cm line from the epoch of reionization, which have made steady 
progress towards achieving it [64,65].

2 We postpone a full ray-tracing computation to simulate photon propagation 
in the Sun to future work. Here, we accounted for absorption and spatial broad-

ening as described in the text. The bandwidth smearing is instead neglected for 

simplicity.
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For completeness, we report the sensitivity that can be obtained with 
current instruments. We focus on the LoFAR telescope [52] and derive 
prospects for a typical observation, i.e., the 24-station array, 8 hours 
of integration time and 100 kHz/channel of frequency resolution (an 
analysis with available data and weaker sensitivity is described in [38]). 
The forecast computation proceeds as discussed above for the SKAO. 
We can see from Fig. 2 that the projected sensitivity falls in a strongly 
constrained region of the parameter space. The higher sensitivity of the 
SKAO and/or a dedicated campaign seem to be required to test viable 
models.

Let us notice that other bounds derived from radio observations, e.g., 
the one from [57], can also be improved by SKAO observations, possibly 
surpassing the projected sensitivity described here. However, they rely 
on different assumptions, and the Sun can be seen as a complementary 
probe.

To conclude, in this work, we highlighted that the Sun can be a 
promising target for looking for radio waves from ALP conversion. A 
discussion in this direction was recently reported also in [38]. Here we 
presented a simple and general derivation of the expected signal, with 
forecasts for the SKA, and added the case of sunspots. The Sun can be 
thus considered as complementary/alternative to the case of neutron 
stars, which are the target that has been extensively investigated in 
connection to the ALP conversion [17–34]. As a simple comparison let 
us consider the case of a nearby isolated neutron star, keeping in mind 
however that neutron stars could also be located in environments host-

ing DM densities much larger than the local one, such as the galactic 
center. Focusing on the main ingredients determining the radio flux, we 
have

𝑆 ∝

(
ℎ𝑐,𝑠 𝓁

2
𝑠

5 × 1012 km3

)(
𝐵𝑠

5G

)2(1.5 × 108 km

𝑑𝑠

)2

≃
(
𝑟𝑐,𝑁𝑆

200km

)3(
𝐵𝑁𝑆

1012 G

)2(1kpc
𝑑𝑁𝑆

)2
, (5)

where 𝑠 denotes a large sunspot and 𝑁𝑆 a neutron star. Therefore, 
naively, we see that the expected signals are roughly comparable in or-

der of magnitude. However, there are important differences between 
the two systems, in terms of systematic uncertainties and values of the 
relevant parameters. Hence, the two approaches present complemen-

tary ways to explore the parameter space corresponding to ALP dark 
matter. Since the properties of the Sun are much better known and cer-

tainly more easily accessible to future measurements, what is presented 
here could be a more robust and accessible method to probe the ALP 
parameter space in the sub μeV region. Unfortunately, absorption ef-

fects limit the range of masses that can be probed to 𝑚𝑎 ≲ 10−6 eV, as 
discussed in the text. This also implies that low-frequency radio obser-

vations will be the key to test the hypothesis discussed here.
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