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Understanding the fundamental nature of dark matter (DM) is one of the most
significant scientific challenges of our time. A compelling hypothesis is that DM
consists of a new, yet-to-be-discovered particle. Among the leading candidates are
weakly interacting massive particles (WIMPs) and axion-like particles (ALPs),
both of which can be investigated using observations with the SKA telescopes.
In this chapter, we review the search for particle DM through radio observations,
summarizing the current state-of-the-art and presenting forecasts for the SKA-
Low and SKA-Mid telescopes in the AA4 baseline design. Radio searches for
WIMPs focus on detecting synchrotron radiation originating from the products
of DM annihilation using continuum observations. Competitive constraints on
sub-TeV WIMPs have already been derived using SKA precursors looking at
dwarf galaxies, galaxy clusters, and the Large Magellanic Cloud. We discuss
how the superior continuum sensitivity of the SKA telescopes will allow us to
progressively close in on the WIMP parameter space. The ALP signal arises
from its decay or conversion into photon(s), which typically consists of a nearly
monochromatic signature, and from rotation of polarization angles of photons in-
teracting with ALPs. We demonstrate how the spectral resolution, line sensitivity,
and polarimetry of the SKA AA4 telescopes can be leveraged to constrain the
ALP-photon coupling.
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1 Introduction

The presence of anomalous gravitational potentials in the Universe has been established through
various astronomical and cosmological observations across different scales. Explanations based on
modified gravity face challenges from observations of structures at large scales and the description of
structure formation through the evolution of matter perturbations (Pardo and Spergel, 2020). These
anomalous gravitational potentials could instead arise from a new form of matter, comprising more
than 80% of all matter in the Universe (Planck Collaboration, 2020). However, the nature of this
“dark matter” (DM) remains completely unknown. The Standard Model (SM) of particle physics
describes all known fundamental particles and their interactions, and has successfully predicted a
wide range of experimental results (Navas et al., 2024). Nevertheless, none of these fundamental
particles can play the role of DM. Proposed DM candidates within the SM involve bound states
formed in the very early Universe, either via phase-transition associated with electro-weak or strong
forces, such as QCD balls, or via gravity, such as primordial black holes. However, modeling these
bound states is challenging and typically requires a high level of fine tuning. Several extensions to
the SM provide particle candidates for DM. Two particularly compelling classes of candidates are
weakly interacting massive particles (WIMP) (Jungman et al., 1996), and axions (Sikivie, 1983).

WIMPs are neutral particles with mass in the GeV-TeV range and interact weakly with SM particles.
Stable WIMPS are predicted by supersymmetry (Jungman et al., 1996) and several other beyond-
the-standard-model (BSM) theories (Silk et al., 2010). In the early Universe, WIMPs would have
been in thermal equilibrium with the SM, with their relic abundance resulting from a freeze-out
mechanism. The predicted relic density of thermally produced WIMPs is in the ballpark of the
observed DM relic density, a coincidence dubbed the “WIMP miracle”. The weak interaction
implies that there is a (small but finite) probability that WIMPs in DM halos of astrophysical
structures can pair-annihilate into detectable species. In Section 2, we will describe how to search
for WIMP DM using radio waves and the SKAO. This search can be also used to place constraints
on decaying DM with mass in the GeV-TeV range.

QCD axions are hypothetical particles introduced to solve the so-called strong CP problem (Peccei
and Quinn, 1977a,b), namely to explain the extremely small value of the neutron’s electric dipole
moment. These pseudo-scalar Nambu-Goldstone bosons, associated with the Peccei-Quinn sym-
metry breaking, can be produced in the early phase of the Universe, before or after inflation (Preskill
et al., 1983; Abbott and Sikivie, 1983; Dine and Fischler, 1983). In this context, the axion can also
be a viable DM candidate, with typical mass 𝑚𝑎 in the range of 10−6 to 10−3 eV.

Axion-like particles (ALPs) are present in many BSM theories, including string theory models (Ar-
vanitaki et al., 2010). These (pseudo-)scalar particles can have masses as low as zeV and exhibit
very weak couplings to the SM, making them good DM candidates. Like QCD axions, ALPs
couple to photons through the Lagrangian term L = − 1

4𝑔𝑎𝛾𝑎𝐹𝜇𝜈 𝐹̃
𝜇𝜈 . Unlike QCD axions, the

ALP-photon coupling is a free model parameter. Searches for ALPs involve looking for: their
decay into two photons (Section 3.1), their conversion into photons in the presence of external
magnetic fields (Section 3.2), and the rotation of polarization angles of photons interacting with
ALPs (Section 3.3).
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The dark photon is another relevant DM candidate with observational signatures similar to ALPs.
There is increasing interest from the particle physics community in exploring dark sectors, i.e.,
sectors not charged under the SM gauge groups. The dark and visible sectors can interact via a
kinetic mixing between one visible and one dark Abelian gauge boson. The latter is referred to
as the “dark photon" and this mixing allows for its potential detection in experiments, see, e.g.,
Fabbrichesi et al. (2020). In particular, dark photons with mass between 10−5 and 10−8 eV can be
produced with the correct relic abundance to be good DM candidates, and may be evident in radio
observations.

In the following Sections, we outline strategies to detect WIMPs, ALPs, and dark photons using
radio observations, presenting projected sensitivities for the SKA telescopes in the AA4 baseline
design. For a quick illustrative overview, see Table 1 and Fig.1.

Table 1: Summary table for the DM candidates, signatures, types of observation, targets, and observing
requirements concerning the capability of the SKAO to constrain particle DM.

DM candidate signature observation
type

observation
targets

key SKAO
requirements

WIMP synchrotron continuum
Milky-Way satellites,
galaxy clusters, GC

short baselines

ALP birefringence
continuum/
spectro-polarimetry

quasars, AGN,
strong lensing

polarization,
long baselines,
monitoring

ALP
stimulated
decay

spectral line
see WIMPs, + echoes
of bright sources

spectral resol.,
short baselines

ALP
Dark photon

conversion
spectral line
continuum/transient

neutron stars, Sun
pulsars

spectral resol.
time resol.

2 WIMPs

WIMP particles are weakly coupled to ordinary matter. In the standard WIMP scenario, they are
stable but may pair–annihilate into certain species of SM particles. Indirect detection of WIMPs in
DM halos focuses on the search for a WIMP-induced component in the local anti-matter cosmic-ray
fluxes and for an excess in Galactic or extragalactic fluxes of photons and neutrinos (e.g., Cirelli
et al. (2024) for a recent review).

For cold DM, the energy of the annihilation process and the resulting products is set by the DM
mass, approximately in the GeV-TeV range for WIMP DM. The production of GeV-TeV 𝑒+/𝑒− from
prompt or subsequent processes can lead to synchrotron radiation in the radio band when interacting
with a 𝜇G magnetic field, as is typical for galaxies.

The source term associated with the production of 𝑒+/𝑒− is given by:

𝑞ann
𝑒 (𝐸, 𝑟) = ⟨𝜎ann𝑣⟩

𝜌DM(𝑟)2

2𝑀2
𝜒

× 𝑑𝑁ann
𝑒

𝑑𝐸
(𝐸) , (1)
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Figure 1: Cartoon of the different DM candidates and signatures considered in this Chapter.

where ⟨𝜎ann𝑣⟩ is the velocity-averaged annihilation rate, 𝜌DM(𝑟) is the DM halo mass density profile
at the radius 𝑟 (we assume spherical symmetry), 𝑀𝜒 is the mass of the DM particle, and 𝑑𝑁ann

𝑒 /𝑑𝐸
is the number of electrons/positrons emitted per annihilation in the energy interval (𝐸, 𝐸 + 𝑑𝐸),
obtained by weighting spectra for single annihilation channels over the corresponding branching
ratio. 1

The annihilating WIMP source scales with the number density of WIMP pairs locally in space, i.e.,
with 𝜌2

DM/2𝑀2
𝜒. The DM density profile is reconstructed from kinematic data, possibly including

21 cm data which can be collected at the SKAO, see the HI Galaxy Science Chapters in this book.

Electrons and positrons are nearly monochromatic if they are direct products of the annihilation
(since the annihilating particles are essentially at rest); otherwise they have much broader spectra.
If the two-body final state particles from WIMP annihilations are predominantly quarks or weak
gauge bosons, the injection of 𝑒+/𝑒− is mainly associated to a chain of hadronization and decay
processes, leading to the production of charged pions and their subsequent decays into muons and in
turn into 𝑒+/𝑒−. When instead the process of annihilation dominantly produces leptons, then 𝑒+/𝑒−
are mainly originated directly from decays and have harder spectra and larger branching ratios.

Another possibility is that DM particles have a long but finite lifetime, and electrons and positrons
arise from DM decays. In this case, the source function takes the form:

𝑞dec
𝑒 (𝑟, 𝐸) = Γdec

𝜌DM(𝑟)
𝑀𝜒

× 𝑑𝑁dec
𝑒

𝑑𝐸
(𝐸) , (2)

where Γdec is the decay rate and 𝑑𝑁dec
𝑒 /𝑑𝐸 is the number of 𝑒+/𝑒− emitted per decay in (𝐸, 𝐸 +𝑑𝐸).

1In the case of WIMPs as non self-conjugate particles (Dirac fermions, complex scalars), the overall factor becomes
1/4, while 1/2 holds for the more common cases of self-conjugate particles (Majorana fermions, real scalars, real vectors).
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The goal of the radio observations discussed in this Chapter is to derive constraints in the plane
𝑀𝜒-⟨𝜎ann𝑣⟩ and 𝑀𝜒-Γdec for given DM particle models providing 𝑑𝑁𝑒/𝑑𝐸 or for a few benchmark
choices of 𝑑𝑁𝑒/𝑑𝐸 .

2.1 Synchrotron emission

The transport of high-energy electrons and positrons injected by DM in an astrophysical medium
can be described as a diffusive process governed by the equation:

− 1
𝑟2

𝜕

𝜕𝑟

[
𝑟2𝐷

𝜕 𝑓𝑒

𝜕𝑟

]
+ 1
𝑝2

𝜕

𝜕𝑝
( ¤𝑝𝑝2 𝑓𝑒) = 𝑠𝑒 (𝑟, 𝑝) (3)

where we assume spherical symmetry and stationarity. In Eq. 3, 𝑝 is the modulus of the momentum
and 𝑓𝑒 (𝑟, 𝑝) is the equilibrium 𝑒+ + 𝑒− distribution function, related to the number density 𝑛𝑒 by:
𝑛𝑒 (𝑟, 𝐸)𝑑𝐸 = 4𝜋 𝑝2 𝑓𝑒 (𝑟, 𝑝)𝑑𝑝. Analogously, for the DM source function 𝑠𝑒, we have 𝑞𝑒 (𝑟, 𝐸)𝑑𝐸 =

4𝜋 𝑝2 𝑠𝑒 (𝑟, 𝑝)𝑑𝑝. The first term on the left-hand side describes the spatial diffusion, with 𝐷 (𝑟, 𝑝)
being the diffusion coefficient. The second term accounts for the energy loss due to radiative
processes. In Eq. 3, we neglected diffusion in momentum space (see below for their effect in galaxy
clusters) and convection, since their effects are often subdominant in the context of DM searches.

The total synchrotron emissivity at a given frequency 𝜈 is obtained by folding the 𝑒+ + 𝑒− number
density 𝑛𝑒 with the total radiative emission power 𝑃𝑠𝑦𝑛𝑐ℎ over the electron/position energy 𝐸

(Rybicki and Lightman, 1986):

𝑗𝑠𝑦𝑛𝑐ℎ (𝜈, 𝑟) =
∫

𝑑𝐸 𝑃𝑠𝑦𝑛 (𝑟, 𝐸, 𝜈) 𝑛𝑒 (𝑟, 𝐸) (4)

For the typical systems considered in WIMP searches, absorption along the line of sight and within
the source can be disregarded.

The flux density measured with the SKA telescopes can be estimated as

𝑆𝑡ℎ (𝜈, 𝜃0) =
∫

𝑑𝜙 𝑑𝜃 sin 𝜃 G(𝜃, 𝜙, 𝜃0)
∫

𝑑ℓ
𝑗𝑠𝑦𝑛𝑐ℎ (𝜈, 𝑟 (ℓ, 𝜃, 𝜙))

4𝜋
, (5)

where ℓ labels the coordinate along the line of sight, 𝜃 and 𝜙 describe the polar and azimuthal
angles with respect to the pointing, 𝜃0 is the direction of observation, i.e. the angular off–set with
respect to the DM distribution center, and G provides the shape of the SKA synthesized beam.
We compare the theoretical prediction of Eq. 5 to foreseen observations with the SKA telescopes
to derive constraints on the annihilation (decay) rate ⟨𝜎ann𝑣⟩ (Γdec) introduced in Eq. 1 (Eq. 2) at
different 𝑀𝜒.

A crucial ingredient to be able to compute the synchrotron emissivity in Eq. 4 is the magnetic field.
Its strength and profile can be investigated using polarization data. The studies described in the
Cosmic Magnetism Chapters of this book offer an important synergy to the search for WIMPs.

2.2 Targets

A wide range of different cosmic structures can be high-density reservoirs of DM particles, and
therefore possible targets for searching for DM annihilation signals. Colafrancesco et al. (2015)
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studied a large variety of cosmic structures at different redshifts, from dwarf galaxies to galaxy
clusters, and investigated the observational prospects of the SKAO. Here we review the most
promising structures and focus on the specific properties of the SKA telescopes in the AA* and
AA4 configurations, building upon results of recent studies.

2.2.1 Galaxy clusters

Galaxy clusters are the largest virialized structures in the Universe, and therefore can host DM halos
with the highest mass. This fact makes clusters promising candidate targets for detecting signals
originating from DM annihilation (Colafrancesco et al., 2006). Once the electrons produced in DM
annihilation interact with the intra-cluster magnetic field, they can produce diffuse radio emission
with properties resembling those observed in several tens of galaxy clusters, known as radio halos
(Feretti et al., 2012). The spectral and spatial shape of radio halos can constrain WIMP DM
properties (e.g., Colafrancesco et al., 2011).

However, in galaxy clusters other processes can accelerate relativistic electrons, such as hadronic
interactions between cosmic ray protons and the nuclei of the thermal gas (Blasi and Colafrancesco,
1999) and shocks and turbulence following major cluster merging events (Tribble, 1993; Brunetti
et al., 2001). In particular, radio halos are usually observed in disturbed clusters, therefore diffuse
stochastic acceleration related to turbulence may have a major role in producing the radio halos
(e.g., Cassano et al., 2013). While in principle electrons produced in DM annihilation can create
radio halos for the observed properties of the intra cluster magnetic field and without violating
gamma-ray upper limits from the Fermi-LAT telescope (Marchegiani and Colafrancesco, 2016),
distinguishing this emission from astrophysical processes is a difficult task.

Moreover, electrons produced in DM annihilation can be the seed of diffuse acceleration related to
turbulence (Marchegiani, 2019). This process can modify the shape of the electrons spectrum de-
pending on the intensity and the duration of the acceleration phase, making it difficult to reconstruct
the spectral profile of the seed electrons, and therefore the properties of the DM particles, from the
spectrum of the observed radio emission.

There are two strategies to disentangle these astrophysical effects: i) observing the diffuse radio
emission in relaxed clusters, where the level of turbulence is expected to be low, and the spectrum
of the electrons should closely resemble that of seed electrons; ii) observing the diffuse emission
at high frequencies (𝜈 ≥ 5 GHz), where the energy losses are expected to dominate on turbulent
acceleration even in disturbed clusters (Marchegiani et al., 2025), and the observed spectrum should
be linkable to seed electrons. Both strategies are challenging because the level of the WIMP-induced
diffuse emission in relaxed clusters and at high frequencies is expected to be low. In the following,
we provide some estimates about the conditions for which the SKAO in the AA4 baseline design
can detect this emission.

We consider a galaxy cluster with the properties of the Coma cluster, but located at 𝑧 = 0.2. At lower
redshifts, the angular extension of such a cluster might be challenging for an interferometer because
of the lack of the zero-spacing in the dishes configuration and the consequent lack of sensitivity
on large scales, especially at high frequencies (Ferrari et al., 2015). For this illustrative cluster, we
calculate the expected radio emission using the equations outlined in Sect. 2.1, but including the
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effect of turbulent acceleration (Marchegiani, 2019). We adopt a magnetic field as resulting from
the Rotation Measures (RM) in the Coma cluster (Bonafede et al., 2010), and assume benchmark
WIMP with mass 125 GeV and annihilation channel 𝑏𝑏̄ annihilating at a rate corresponding to
the upper limit obtained by Fermi-LAT in dwarf galaxies (Fermi-LAT Collaboration, 2015). We
also assume that the emission expected from the main halo is boosted because of the presence of
smaller subhalos, parametrizing this effect with a multiplicative boosting factor B, which we fix at
a value of B = 70 (Ishiyama, 2014). The effect of turbulent acceleration is calculated by assuming
a diffusion coefficient in the momentum space 𝐷 𝑝𝑝 = 𝜒𝑝2/2 with a typical value of 𝜒 = 5 × 10−17

s−1, and letting the electron spectrum evolve for various duration times 𝑇𝑎𝑐𝑐 of the order of several
108 yrs, as expected for a turbulent acceleration phase following a major merging (Brunetti and
Lazarian, 2007).

The forecasts are computed using the SKA sensitivity calculator 2 for the SKA-Low telescope and
for the bands 1, 2, and 5a of the SKA-Mid telescope in the AA4 configuration. Since the emission
from DM annihilation is expected to be extended and faint, we consider configurations allowing
a relatively large size of the synthesized beam. At 𝑧 = 0.2, the typical radius for a radio halo of
𝑅𝐻 = 500 kpc corresponds to 𝜃𝐻 ∼ 146 arcsec: we select configurations providing a synthesized
beam in the range 10-40 arcsec, so that the cluster size can be sampled with a sufficient number of
beams. For SKA-Low we use Briggs weighting with robustness parameter 1, while for SKA-Mid we
use uniform weighting with tapering of 32, 16.5, and 13.7 arcsec for bands 1, 2, and 5a, respectively.
With such beam sizes, the instrument noise is expected to be dominated by the confusion noise, so
we adopted a reference value of 1 hour of exposure time, verifying that the noise is not expected to
significantly decrease even for much longer exposure times. The tapering minimizes the importance
of the longest baselines such that the sensitivity limits predicted for AA* are not very different from
those in the AA4 configuration. For bands 1 and 2 of SKA-Mid we adopt the configurations with
only the 15-m antennas in order to maximize the frequency extension of the band. The sensitivity
limits on the flux density are estimated through (see Cassano et al., 2012):

𝑓𝑚𝑖𝑛 ∼ 1.2 × 10−4𝜉1

(
𝐹𝑟𝑚𝑠

10 𝜇𝐽𝑦

) (
100 arcsec2

𝜃2
𝑏

) (
𝜃2
𝐻

arcsec2

)
, (6)

where the value of 𝐹𝑟𝑚𝑠 and the beam size 𝜃𝑏 are provided by the sensitivity calculator, and we
assume 𝜃𝐻 = 146 arcsec and a flux detection limit given by twice the RMS, i.e., 𝜉1 = 2.

In Fig. 2 we plot the expected radio spectra without and with turbulent acceleration for durations of
the acceleration phase of 3 × 108 and 9 × 108 yrs, compared with the estimated sensitivities. The
5a band of SKA-Mid is where the derivation of DM properties could be more accurate, since the
effect of turbulent acceleration is less important, but also where the sensitivity looks not sufficient.
At lower frequencies the possibility of detecting the WIMP-induced emission is higher, especially
in presence of turbulent acceleration. However, the spectral shape is modified depending on the
intensity and the duration of the acceleration phase. The solid line in Fig. 2 also represents a DM
forecast for relaxed clusters.

The expected synchrotron emission arising from WIMP annihilation in galaxy clusters is well within
2https://sensitivity-calculator.skao.int/
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Figure 2: Spectrum of the diffuse radio emission calculated for a Coma-like cluster located at 𝑧 = 0.2 from
the annihilation of a WIMP particle with mass 125 GeV and annihilation channel 𝑏𝑏̄, for a cross section of
⟨𝜎ann𝑣⟩ = 3 × 10−26 cm3 s−1 and boost factor B = 70, without turbulent acceleration (solid blue line), and
with turbulent acceleration with intensity 𝜒 = 5 × 10−17 s−1 and duration 𝑇𝑎𝑐𝑐 = 3 × 108 yrs (dashed blue
line) and 𝑇𝑎𝑐𝑐 = 9 × 108 yrs (dot-dashed blue line). The 95% C.L. limits for the SKA-Low telescope and
SKA-Mid telescope in 1, 2, and 5a bands (horizontal black lines) are calculated for 1hr of observations using
the SKA calculator in the AA4 baseline design as described in the text.

the reach of the SKAO AA4 and AA*. To distinguish DM emission from the one coming from
other astrophysical processes, a good characterization of the diffuse emission spatial distribution
is necessary (Marchegiani and Colafrancesco, 2015). Also, suppressing systematic uncertainties
related to astrophysical and DM model predictions will be crucial to set strong limits on WIMPs.
Astrophysical uncertainties can be minimized in targets where the magnetic field, cosmic-rays, and
DM density will be well traced, as foreseen by other Chapters in this book. Similarly, stacking
several clusters will help to disentangle the nearly universal properties of the DM signal.

2.2.2 Milky Way satellites

Dwarf galaxies are a prime target for WIMP DM searches. This is due to their DM content, lack of
strong baryonic backgrounds, and relative proximity. The disadvantages are the lack of magnetic
field information for such objects and that their small size renders them diffusion dominated. The
latter also increases the computational costs of solving the diffusion-loss equation. Several searches
have already been conducted on such objects with a variety of radio telescopes (Natarajan et al.,
2013; Spekkens et al., 2013; Regis et al., 2014; Natarajan et al., 2015; Regis et al., 2017; Kar et al.,
2019; Cook et al., 2020; Vollmann et al., 2020; Basu et al., 2021; Gajović et al., 2023; Guo et al.,
2023). However, extant dwarf galaxy searches have so far struggled to produce strongly competitive
limits due to the uncertainty on the magnetic properties that leads to an uncertainty of several orders
of magnitude in the predicted radio signal in dSphs (Regis et al., 2014), and thus in the bounds on
the WIMP annihilation rate. SKAO can change this picture.

To derive SKAO capability, we pick a dwarf galaxy that was previously observed to have no diffuse
emission with ATCA (Regis et al., 2017), namely Reticulum II, and produce non-detection con-
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Figure 3: Projected non-detection limits on the 𝑏𝑏̄ channel for 10 hours of observing Reticulum II. The red
curve represents Fermi-LAT limit from a combined set of dwarf galaxies (Hoof et al., 2020), the black curve
is from radio observations with ATCA (Regis et al., 2017) and the black dashed line is the thermal relic value.

straints according to the nominal SKA sensitivity in both AA4 and AA* configurations. Although
limits from radio observations tend to be more competitive for WIMPs annihilating in leptonic
channels, we use the b-quark channel since it is more typical for supersymmetric models and it is
often used as standard point of comparison across all targets and frequencies. The Reticulum II
galaxy is a very suitable target given its combination of proximity and DM abundance, as well as a
lack of diffuse emission.

To produce accurate projections we simulate a noise map (assuming no observed diffuse emission)
via a normal distribution of fluxes with an RMS matching SKA sensitivity and an average ≪ the
RMS. We then convolve this map with a chosen beam size of 1’, matching the ATCA data for
purposes of comparison. This noise map is truncated at ±3 times its own RMS to prevent outliers
dominating the results. We then produce a WIMP prediction map, at the same resolution, via the
DarkMatters tool (Sarkis and Beck, 2025) to obtain a 95% confidence interval limit on ⟨𝜎ann𝑣⟩. We
use predictions and noise that are band-averaged in three ranges: 50 to 300 MHz (SKA-Low), with
10 hour sensitivity 8.6(22) 𝜇Jy/beam for AA4(AA*); 350 to 900 MHz (SKA-Mid Band 1), similar
to the MeerKAT UHF band, with 2.5 𝜇Jy/beam; and 1.1 to 3.1 GHz (SKA-Mid Bands 2&3), similar
to ATCA observations in Regis et al. (2017), with 0.51 𝜇Jy/beam. To ensure statistical robustness,
we perform the procedure for a large number of random noise realisations and average their resultant
limits. We validate the procedure against the results of Regis et al. (2017) and find that an RMS of
≈ 15 𝜇Jy/beam produces predictions in good agreement. This suggests that this prediction model
is relatively robust, as the sensitivity required is similar to the RMS of the initial ATCA maps.

Using the fiducial model from Regis et al. (2017) we find limits displayed in Figure 3. We see that
SKA AA∗ design improves upon ATCA limits by more than an order of magnitude when multiple
bands are considered. Thus, the frequency range of the SKA telescopes is a major contributor in
allowing for far more constraining results over a wide range of WIMP masses. For the given band-
averaging, these results do not differ substantially between AA4 and AA∗ in the SKA-Mid bands.
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However, SKA-low limits are a factor of ∼ 3 worse for AA∗ than AA4. Importantly, the maximum
mass where the thermal cross section is excluded is close to 1 TeV, nearly an order of magnitude
better than the combined gamma-ray analysis of a set of dwarf galaxies. Thus, the projected SKA
performance allows for cutting edge limits on WIMP properties even in the intermediate AA*
configuration. This suggests that valuable DM searches can be conducted in dwarf galaxies with
both AA4 and AA* configurations, as only the low frequency results are weakened for AA*.

Dwarf galaxies are not the only satellite systems of the Milky Way. Globular clusters are thought
to have only a sub-dominant DM component, but if the halo has a dense DM distribution they can
provide a strong annihilation signal. Some globular clusters, such as Omega Centauri, are plausibly
explained as the core of a tidally disrupted dwarf galaxy (e.g. Ibata et al., 2019) supporting the
possibility of non-negligible DM content (Reynoso-Cordova et al., 2022). This would result in very
strong constraints in both radio and gamma-rays (Beck, 2023).

The largest Milky Way satellites are the Magellanic Clouds. They are DM dominated systems and
have a significant magnetic field, therefore the synchrotron emission induced by WIMPs is expected
to be bright. Competitive bounds on WIMPs have been obtained with ASKAP data in Regis et al.
(2021). Observations with the SKAO are expected to probe the thermal cross-section level (dashed
line in Fig. 3) in the multi-TeV regime. The disadvantage with respect to dwarf spheroidals is that
detailed projected constraints are not straightforward to compute as they depend on the sensitivity
the SKA telescopes to diffuse emission and on the LMC astrophysical emission.

Dark subhalos (i.e., DM structures with no luminous counterpart) are expected to be copiously
present in our Galaxy, according to numerical simulations with CDM. On the other hand, un-
certainties on their location and on magnetic properties prevent a reliable determination of the
associated projected constraints. Despite the difficulty in setting bounds, dark subhalos might
provide an interesting channel for detection (Leite et al., 2016), and unidentified extended sources
detected with the SKAO should be carefully scrutinized in this respect.

2.2.3 Other targets

Other promising targets include nearby massive galaxies, in particular if their magnetic field is
significant and extended. M31, which is part of the Local Group, has been shown to provide
interesting radio bounds (Egorov, 2022). The brightest WIMP-induced synchrotron source is
expected to be our Galactic Center (GC) (Regis and Ullio, 2008), however this requires a complicated
assessment of various astrophysical backgrounds and systematic uncertainties. Finally, the collective
emission from all DM halos in the Universe provides an extragalactic, nearly-isotropic flux that
can be investigated using data from SKAO surveys of large patches of the sky, by analyzing its
small-scale anisotropies (Singal et al., 2023).

2.3 Synergies with other indirect searches

There are a wide range of indirect detection searches looking for SM particles produced by DM
decay or annihilation. As mentioned above, the immediate products might be not stable, and quickly
decay or hadronise to stable particles: photons, neutrinos, electrons and positrons, protons and anti-
protons, and heavier nuclei. With the SKAO we can search for evidence of DM annihilation via

10



Particle DM at SKAO Regis et al.

10
1

10
2

10
3

WIMP mass Mχ [GeV]

10
-28

10
-27

10
-26

10
-25

10
-24

10
-23

10
-22

10
-21

A
n

n
ih

il
at

io
n

 r
at

e 
  

<
σ an

n
v

>
  

[c
m

3
 s

-1
]

radio - SKAO - 10hr

 ν

CMB

 γ
p

Figure 4: Comparison of WIMP limits obtained with different indirect detection techniques (gamma-rays
- solid red; anti-protons - dotted red; CMB - dashed red; neutrinos - dashed-dotted red) and with the
SKA telescopes in the AA4 baseline design (solid blue). We considered a WIMP annihilating into 𝑏𝑏̄, the
compilation of indirect bounds in Fig. 6.14 in Cirelli et al. (2024) and 10 hours of SKA observation of a
dwarf galaxy (see Fig. 3).

the synchrotron radiation of electron/positron annihilation products, which can set complimentary
limits on DM models when compared or combined with other searches which are subject to different
systematics. For a review of WIMP indirect searches, see, e.g., Cirelli et al. (2024).

For example, DM annihilation may produce gamma rays via prompt or radiative emission. Gamma
ray telescopes such as Fermi-LAT (Fermi-LAT Collaboration, 2012), and the future CTA (Hofmann
and Zanin, 2023) aim to search for two types of spectra: (1) continuum spectra, and (2) gamma ray
lines produced by the direct annihilation of DM into photons. Bounds are comparable to existing
radio bounds, but often considered more robust since they do not depend on the description of the
magnetic properties of the system.

Antimatter searches also provide stringent bounds on WIMPs. On the other hand, since charged
particles diffuse in the magnetic field of our Galaxy, this randomizes their directions, and alters
their energy spectrum, making more difficult to track back to the DM source and thus having larger
systematic uncertainties than gamma-ray searches.

The injection of secondary particles produced by DM annihilation at 100 < 𝑧 < 1000 can produce
heating of the medium and ionization of the hydrogen gas. This can affect the cosmic microwave
background anisotropies, which strongly constrain light DM particles, and might be visible in
measurements of the epoch of reionization with the SKAO.

A comparison between the SKA projected sensitivity and existing bounds from other indirect
detection searches is reported in Fig. 4 in the example of a WIMP annihilating into 𝑏𝑏̄.

Other detection strategies for WIMPs include scattering off targets in underground laboratories and
production at particle colliders, e.g., Cirelli et al. (2024). They are complementary to radio and
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other indirect searches, since related to different particle processes, which means also that the model
constraining power is less straightforward to compare.

3 Light bosonic DM

As already mentioned in the Introduction, the radio signals associated to ALPs arise because of
the presence of the term −𝑔𝑎𝛾

4 𝑎𝐹𝜇𝜈 𝐹̃
𝜇𝜈 in the Lagrangian. This coupling involves three fields: the

ALP field 𝑎, the electromagnetic field 𝐹𝜇𝜈 and its dual 𝐹̃𝜇𝜈 . It gives rise to the decay of ALPs
into two photons, conversion of an ALP into a photon in the presence of an external magnetic field
(or electric field, which is however typically subdominant in astrophysical environments), and the
rotation of the polarization angle of a photon when interacting with an ALP.

For what concerns the dark photon, the kinetic mixing − 𝜖
2 𝐹𝜇𝜈𝐹

𝜇𝜈

𝐷𝑃
between the electromagnetic

field and the dark photon field 𝐹𝜇𝜈

𝐷𝑃
, leads to a possible conversion of a dark photon into a visible

photon. The signature is similar to the one of ALP conversion and will be discussed in Section 3.2.

3.1 Decay

The decay rate of ALPs into photons in vacuum is proportional to 𝑔2
𝑎𝛾 𝑚

3
𝑎. At radio frequencies,

i.e., 𝑚𝑎 ≲ 10−5 eV, and for allowed values of 𝑔𝑎𝛾 , this decay rate is too small to lead to any
detectable signal. However, the decay rate is enhanced in the presence of a background of photons
with energy equal to half the ALP mass (Arza and Sikivie, 2019; Caputo et al., 2019). This is due
to Bose enhancement, as the final state of the process is highly occupied. This process is commonly
referred to as stimulated decay, in analogy to stimulated emission.

Sources of stimulating radiation can be divided in isotropic, from the point of view of the observer,
and directional. The isotropic radio flux is mainly provided by the cosmic microwave background
and the extragalactic radio background (Fixsen et al., 2011), while directional sources include
diffuse synchrotron radiation in our Galaxy, the radio emission from supernova remnants (SNRs),
and radio galaxies.

Let’s consider a directional source emitting a background of stimulating photons with momentum
®𝑘 , and an ALP with momentum ®𝑝 in the observer’s rest frame. One of the photons produced in the
decay will be identical to the stimulating one. In particular, it will carry the same momentum ®𝑘 . We
will call the ensemble of such photons “collinear emission". By conservation of momentum, the
other photon produced in the decay will have momentum −®𝑘 + ®𝑝, and travel nearly in the opposite
direction as the stimulating one. It will contribute to the “echo" (or gegenschein) of the stimulating
source. Therefore, three signatures can be identified (Sun et al., 2024; Todarello et al., 2024a): one
collinear emission, and two echos. The first kind of echo, the backlight echo, arrives to the observer
from the direction opposite to the source. The second kind of echo, the frontlight echo, comes from
behind the source.

Importantly, the direction of propagation of the echos is not exactly opposite to that of the stimu-
lating radiation, but is modified by the DM momentum. For example, a DM velocity dispersion
perpendicular to the line of sight 𝜎⊥ implies that the signal is spread on the sky over an angular
extent 𝛿𝜃 ∼ 2𝜎⊥ (Sun et al., 2022; Buen-Abad et al., 2022). For ALP decays in the Milky Way, the
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echo signal is smoothed over ∼ 10′, leading to a reduced sensitivity, especially for interferometer
observations, compared to the idealized case of no DM velocity dispersion.

Imposing conservation of energy, for non-relativistic ALPs, we obtain that the energies of the
emitted photons are (𝑚𝑎 ± 𝑝 ∥ )/2, where 𝑝 ∥ is the component of ®𝑝 along the direction of ®𝑘 . As a
consequence, the signal has a relative spectral width of order the DM velocity dispersion along the
line of sight 𝜎∥ . In the following, we will consider ALP DM contained in the dark halos of our
Galaxy, dwarf galaxies, and elliptical galxies. The velocity dispersion 𝜎 ranges from 10−5𝑐−10−4𝑐

for dwarfs to 10−3𝑐 for galaxies. Galaxy clusters are also a possible target.

Under certain conditions, the intensity of radiation emitted by ALP stimulated decay can grow
exponentially due to parametric resonance (Tkachev, 1986). The growth rate is 𝑠 ∼ 𝑔𝑎𝛾

√
𝜌𝑎/(2

√
2),

where 𝜌𝑎 is the ALP energy density. This mechanism is ineffective for the smooth component of
the DM in the Milky, as to gravitational redshift “de-tunes" the resonance (Arza et al., 2020).
However axion stars, gravitationally bound clumps of ALPs condensed in the ground state, may
enable such growth (Hertzberg and Schiappacasse, 2018; Levkov et al., 2020) if 𝑠𝑅 > 1, where 𝑅
is the size of the clump. Sensitivity forecasts for this signal with the SKA telescopes have been
presented in Maseizik et al. (2025). These projections rely on several model-dependent assumptions,
particularly regarding the axion star mass function. We refer the reader to Maseizik et al. (2025)
for further details.
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Figure 5: Collinear emission (left). Backlight echo (right). All have 𝑡𝑜𝑏𝑠 = 100 hrs, signal-to-noise= 1, AA4
configuration, and ALPs making up 100% of the DM density. Forecasts for SKA observations are explained
in the main text, while other limits are taken from the repository https://cajohare.github.io/AxionLimits/.

Collinear emission Caputo et al. (2019) consider the collinear emission from three DM-rich targets:
the dwarf galaxy Reticulum II, M87, and the Galactic Center (GC). Sensitivity forecasts for the
SKA telescopes in the AA4 baseline design are shown on the left panel of Figure 5. In the case
of Reticulum II, the sources of stimulating radiation are the CMB and the extragalactic radio
background, while for the GC the dominant enhancement of the decay rate comes from the Galactic
synchrotron background. These sources are rather diffuse and, at higher SKA-Mid frequencies,
become broader than the largest angular scale that interferometer can image. The forecasts are thus
quoted for SKA-Mid operating in the single-dish mode. For SKA-Low, there’s no such issue and
the forecasts are for the array operating in the interferometric mode. In M87, the main stimulating
radiation is the diffuse radio emission from the galaxy itself. This emission is mostly concentrated
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in the central region of the galaxy, and, in combination with the larger distance, it implies that this
source is much more compact than Reticulum II and the GC. M87 forecasts for both SKA-Mid and
SKA-Low are for the array operating in the interferometric mode. While the collinear emission
does not get spread across the sky due to the DM velocity dispersion like the echo, allowing more
radiation to be collected with a single pointing of the telescope, any fore- or background continuum
needs to be subtracted. The forecasts described above assume a perfect removal of the smooth
continuum from the measurement.

Backlight echo Existing sensitivity forecasts based on the backlight echo consider the stimulated
decay of DM in our Galaxy. The explored stimulating sources are SNRs (Buen-Abad et al., 2022;
Sun et al., 2022), the GC (Dev et al., 2024) and the radio galaxy Cygnus A (Ghosh et al., 2020).
The angular broadening due to the DM velocity dispersion suppresses the signal on the longest
interferometric baselines, leading to a reduction in overall sensitivity. Sun et al. (2022) consider
SKA telescopes in the interferometric mode only, while Buen-Abad et al. (2022) consider both
single-dish and interferometric modes, reporting the most stringent constraint achievable for each
ALP mass. The forecasts are shown on the right panel Figure 5 as blue and cyan lines. The primary
source of uncertainty in these projections arises from modeling the time evolution of the stimulating
source’s luminosity. In fact, the echo signal depends on the entire history of the stimulating source.
Echo photons reaching us today, originate from decays stimulated by photons emitted by the source
a time 𝑡 ∼ (2𝑑 + 𝑥)/𝑐 ago, where 𝑑 is the distance to the decay location and 𝑥 the distance to the
stimulating source. The total echo flux is the sum of the contributions from decay happened at all
distances 𝑑 along the line of sight. SNRs are particularly promising as stimulating sources because
their luminosity was significantly higher in the past. The forecasts for Cygnus A is shown on the
right panel of Fig. 5 as an orange line. Ghosh et al. (2020) consider the sensitivity of SKA2. Here
we rescaled their projections by a factor of

√
10 to emulate AA4 sensitivity. The forecasts for the

backlight echo from the GC using SKA telescopes in the autocorrelation mode are shown in orange
on the same Figure.

In conclusion, ALP stimulated decay offers a robust way to explore the parameter space of the
ALP-photon coupling. While ALP-photon conversion, discussed in the next subsection, might give
stronger projected bounds on 𝑔𝑎𝛾 , it also requires modeling the magnetic field and plasma in the
environment being considered, as well as the DM phase space distribution. On the other hand,
in the case of ALP decay, one needs to model only the DM distribution and the emission of the
stimulating source, something that typically can be well characterized from observational data.

3.2 Conversion

One of the most powerful probes of ALPs is the search for photon signals arising from axion-photon
conversion in strong magnetic fields. In the context of astrophysical searches, neutron stars (NSs)
have been recognized as ideal targets (Pshirkov and Popov, 2009; Huang et al., 2018; Hook et al.,
2018), sparking a lot of interest in recent years. This relies on two crucial properties of NSs:
their extremely large magnetic fields and the ambient plasma in the magnetosphere surrounding
the neutron star, both of which enhance the conversion probability of ALP DM into photons. In
particular, the presence of a plasma enables resonant conversion in the regions where the ALP and
photon dispersion relations become degenerate, i.e. where𝑚𝑎 ≃ 𝜔𝑝,with𝜔𝑝 the plasma frequency
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of the medium. Since the ALP DM particle being converted is non-relativistic, the resulting photon
signal is a narrow line, centered at an energy around the ALP mass. Moreover, for the range of
plasma frequencies around NSs, this emission falls within the radio band. As the plasma frequency
decreases with distance from the neutron star, the search for this signal allows testing a range of
ALP masses, each one associated with the conversion layer where the resonant condition is satisfied.
Another interesting phenomenon occurring in the neutron star magnetosphere is the production of
ALPs from oscillations of the ambient electromagnetic fields. The resulting population of ALPs
can lead to a variety of signals, including broadband radio fluxes and a narrow radio line. Finally,
the solar atmosphere constitutes another promising and complementary target to search for the
conversion of light DM into radio photons, especially in the context of dark photon DM, as shown
in An et al. (2021). In the following, we discuss the experimental searches performed so far with
current radio telescopes and the prospects for detection with the SKAO. We will begin by discussing
the case of the Sun, which, for our purposes, presents a simpler environment compared to NSs.

The Sun. The probability for conversion of ALP DM into photons (𝑃𝑎𝛾) in the solar atmosphere,
and the resulting radio flux 𝑆 at Earth are given by:

𝑃𝑎𝛾 ≃ 𝜋

2
𝑔2
𝑎𝛾 𝐵

2
⊥

𝑣𝑎 |𝜔′
𝑝 |
, 𝑆 =

∫
𝑑Ω

4𝜋Δ𝜈
𝜌𝑎 𝑣𝑎 𝑃𝑎𝛾 𝑒

−𝜏 , (7)

where 𝐵⊥ is the component of the magnetic field transverse to the direction of propagation of
the ALP, 𝜔′

𝑝 is the gradient along the ALP/photon trajectory of the plasma frequency, Δ𝜈 is
the bandwidth, and 𝜌𝑎 and 𝑣𝑎 are the density and velocity of the ALP. All these quantities are
computed at the layer of the solar atmosphere 𝑟𝑐 where the resonant condition is realized. To
compute the signal flux, the angular integration is performed over the specific observations of the
solar disk. Absorption of solar radio photons during their propagation is accounted for by the
optical depth 𝜏, and two main processes are potentially important: inverse thermal bremsstrahlung
and gyro-resonance absorption. Finally, radio photons can experience significant refraction and
scattering during their propagation in the solar atmosphere. At radio frequencies, this leads to
an angular broadening of the emission of the order of 25-30% for the whole Sun (Sharma and
Oberoi, 2020). The formalism described above can be easily applied to the case of another DM
candidate, the dark photon. In this case, 𝑃𝑎𝛾 is obtained through the substitution (An et al., 2023b):
𝑔𝑎𝛾 𝐵⊥ →

√︁
2/3 𝜖 𝑚𝐴′ , with 𝑚𝐴′ the dark photon mass. As evident, in this case, an external

magnetic field is not required in the conversion process.

The conversion signal described above is a radio line with an intrinsic width of the order of
O(𝑣/𝑐)2 ≃ 10−7 −10−6, where 𝑣 is the DM velocity dispersion. A search for such a signal has been
performed using LOFAR solar observations in the frequency range 30-80 MHz (An et al., 2024),
and data from the STEREO satellite and the Parker Solar Probe (≃ 3 kHz-20 MHz) (An et al., 2025).
In the context of dark photon DM the resulting exclusion limits, presented in Fig. 6, are particularly
compelling, significantly improving over previous ones. Instead, for ALPs, the bounds from this
search are weaker than existing constraints from laboratory experiments. Prospects for detection
with the SKAO have been studied in (Todarello et al., 2024b; An et al., 2021, 2023b). Fig. 6 shows
the projected sensitivity reach of SKA-Low AA4 assuming 100 hours of observations of the solar
disk, taken from Todarello et al. (2024b) and adapted to the case of dark photon as explained above.
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As evident, solar observations with the SKAO have the potential to cover currently unexplored
regions of the parameter space, especially in the case of dark photon DM.

Radio antennas. Before discussing the case of NSs, we shall mention that the antennas of radio
telescopes can serve as detectors for dark photon DM. In the antenna, ambient dark photons can
be converted into photons, which are then collected by the receivers. An et al. (2023a) has derived
strong bounds using data from the FAST telescope, see Fig. 6, and found significant prospects for
improvement with the SKAO.

Neutron stars. In the case of NSs, modeling the photon conversion signal requires a more
complex approach than that described in Eq. 7. Recently, this topic has been the focus of intense
research activity. A simple description of the neutron star magnetosphere is provided by the
Goldreich-Julian model, which gives a dipole magnetic field inclined with respect to the rotation
axis of the neutron star, and the associated distribution of charges in the surrounding plasma.
Refined calculations of the probability for resonant conversion 𝑃𝑎𝛾 in such highly-magnetized
plasma have been presented in (McDonald et al., 2023; McDonald and Millington, 2024), showing
good agreement with numerical simulations (Ginés et al., 2024). The anisotropic plasma in the
magnetosphere and the curved spacetime around the neutron star can strongly affect the propagation
of photons from the conversion layer. These effects are important to determine the properties of
the radio signal, namely its intensity as well as the angular, spectral, and temporal features. For
example, the line broadening of the signal induced by the energy exchange with the plasma typically
dominates over the one set by the DM velocity dispersion. To account for these effects and model the
radiative transport in the magnetosphere, ray tracing methods have been employed, see McDonald
and Witte (2023) and references therein.

Searches of ALP DM conversion signals have been performed both from isolated stars (Foster
et al., 2020; Darling, 2020a,b; Battye et al., 2022; Zhou et al., 2022; Battye et al., 2023) and from
populations of NSs (Foster et al., 2020, 2022). Concerning the former targets, a promising object
is the Galactic Center magnetar (GCM). Being located at only ≃ 0.2 pc from the Galactic center,
the ambient DM density around the GCM could be orders of magnitude larger than the local one
(a factor O(105) assuming a NFW density profile), although this enhancement is very uncertain.
Moreover, the GCM magnetic field is very large, estimated to be ∼ 1014 G at the surface of the star
(assuming a dipolar model). The most recent constraints from the GCM on the ALP conversion
signal have been obtained in Battye et al. (2022) using VLA observations. We show them in
Fig. 6 (for Model A of that reference). More recently, a refined calculation of the signal has been
presented in Roy et al. (2026), which has derived projected sensitivity for the SKAO. In Fig. 6 we
show their results for two different models of the magnetar magnetosphere (and assuming 10 hours
of observation). Another interesting observable is the time dependence of the signal induced by
the rotation of the NS and the plasma. Constraints from a time-domain analysis using MeerKAT
observations of a nearby pulsar (PSR J2144-393) have been derived in Battye et al. (2023), see
Fig. 6, as long as the possibility for improvement with the SKAO. Radio transients could also be
produced by the collision of a NS with an axion DM clump, see Walters et al. (2024). As mentioned
before, one can also exploit the cumulative emission from a large population of NSs, such as the one
expected in the inner pc of our galaxy. Following this idea, and exploiting Green Bank Telescope
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data, interesting constraints have been derived in Foster et al. (2022), see Fig. 6. On the other hand,
uncertainties on the galactic center NSs population are significant (Bhura et al., 2024).

Remarkably, an abundant population of ALPs can be directly created in pulsars, in particular around
the pulsar polar caps (Prabhu, 2021), localized regions in the NS magnetosphere with an un-screened
electric field ( ®𝐸) such that ®𝐸 · ®𝐵 ≠ 0. This phenomenon is due to the fact that ®𝐸 · ®𝐵 acts as a source
term in the ALP equation of motion. Therefore, ALPs are generically produced, regardless of
whether they contribute to the DM. This mechanism is relatively new, and its phenomenological
consequences are still being explored. A broadband radio signal, as opposed to the narrow lines
discussed above, is generated by the conversion of the sourced relativistic ALPs while they move
away from the NS. Comparing the predicted flux from a numerical simulation and observations of
27 nearby pulsars in the frequency range 25 MHz - 8.6 GHz, Noordhuis et al. (2023) has derived
competitive limits on the axion-photon coupling, see Fig. 6. Furthermore, a fraction of the produced
ALPs can also be gravitationally captured by the neutron stars, instead of escaping. Accumulating
over large timescales, they can form dense axion clouds, and lead to several striking signatures,
such as a quasi-periodic cancellation of pulsar radio pulses, and narrow radio lines, offering exciting
prospects for detection with current radio telescopes and the SKAO (Noordhuis et al., 2024; Caputo
et al., 2024).

In conclusion, the extreme environment around NS constitutes an ideal target to search for radio
signals from ALP conversion. The phenomenology is quite rich and it is still under exploration.
Current radio observations have already established leading limits, and future observations with the
SKAO hold significant potential for ALP detection. In particular, we can see from both Figs. 5 and
6, that the mass range 𝑚𝑎 ≲ 𝜇eV is of difficult reach for haloscopes whilst an ideal ground for the
SKA-Low telescope.
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3.3 Birefringence

If ALPs exist, their interaction with photons causes the left- and the right-circularly polarized light
to travel at different velocities in the ALP field — a phenomenon called birefringence (Harari and
Sikivie, 1992; Carroll, 1998). Consequently, the plane of polarization of linearly polarized light is
rotated with respect to the plane at emission by Δ𝜃𝑎. The birefringence angle Δ𝜃𝑎 only depends on
the axion-photon coupling 𝑔𝑎𝛾 and the strength of the ALP field at photon emission and detection
locations. Polarized emission from quasars observed via strong gravitational lenses, parsec-scale
jets in active galactic nuclei (AGN), and protoplanetary disks, could be effectively used to search
for ALPs. An interesting property of the ALP field is that its strength oscillates in time with period
(𝑇𝑎) given by the mass as 𝑇𝑎 = 2𝜋/𝑚𝑎. Therefore, Δ𝜃𝑎 also oscillates allowing us to measure 𝑚𝑎.
For 𝑚𝑎 = O(10−22 eV), 𝑇𝑎 is expected to be of the order of several months. Such deterministic
time-variations represent a smoking gun for ALP detection. Note also that the birefringence signal
does not require the modeling of the astrophysical electromagnetic field as instead in the cases of
conversion and stimulated decay.

Measurement of the birefringence angle using polarized emission at cm-wavelengths is complicated
by the additional contribution from chromatic birefringence introduced by the Faraday effect when
linearly polarized light propagates through a magnetized plasma. In order to mitigate the Faraday
rotation, polarization angle (PA) measurements over broad bandwidths are needed because at
few GHz-frequencies the Stokes𝑄,𝑈 parameters vary in a complicated way due to turbulence in
magnetized media (Sokoloff et al., 1998). Correction for Faraday rotation can be done by applying
the technique of Stokes𝑄,𝑈 fitting (e.g., O’Sullivan et al., 2012) or RM-synthesis (Brentjens and
de Bruyn, 2005) to broadband spectro-polarimetric observations.

Strong lensing. Basu et al. (2021) developed a new ALP detection method which makes use
of the fact that strong gravitational lensing allows simultaneous observations of multiple images
from a polarized quasar, but separated in emission time because of the lensing time delay. This
crucial fact allows us to probe the differential birefringence of time-separated images and provides
an extremely clean constraint on 𝑚𝑎 and 𝑔𝑎𝛾 . ALP-photon interaction in the curved space-time
of the lens does not affect intensities (Schwarz et al., 2021). Thus, simply taking the difference of
the polarization angles between the lensed images alleviates both observational and astrophysical
systematics, leaving behind a clean contribution from ALPs that allows us to achieve robustness
similar to lab-based experiments. The differential birefringence angle (Δ𝜃𝑎,lens) is given as (Basu
et al., 2021),

Δ 𝜃𝑎,lens = 𝐾 sin
[
𝑚𝑎Δ𝑡

2

]
sin

(
𝑚𝑎𝑡em + 𝛿em − 𝜋

2

)
, 𝐾 = 10◦

[
𝜌𝑎,em

20 GeV/cm3

]1/2 𝑔𝑎𝛾

10−12 GeV−1
10−22 eV
𝑚𝑎

.

(8)
It is important to note that, Δ𝜃𝑎,lens is discernibly large, oscillates with the same period as that of
the ALP field, and, depends only on parameters of the ALP field at the emitting region denoted with
the subscript ‘em’, except for a dependence on the gravitational time delay (Δ𝑡). Spatial fluctuations
are contained in the density (𝜌𝑎,em) of the ALP and the random phase (𝛿em).

The ALP parameter space that can be covered using strong lensing is determined by – (i) the
timescale associated with the observations (maximum 𝑚𝑎) and the time delay (minimum 𝑚𝑎), i.e.,
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Figure 7: Exclusion region for 𝑔𝑎𝛾 and 𝑚𝑎 at 95% confidence obtained by using a single epoch observations
of B1152+199 (grey) and by combining data over 5 epochs (pink; Deshmukh et al., 2026). The blue dash-
dotted line shows the expected parameter space than can be probed with the AA*-array by combining data
from 20 selected lens systems observed over 20 epochs in Band 2+5a. The gray dashed line shows the
expected sensitivity by statistical combination of lens systems detected in Band 5a survey with AA4-array.

determined by the sample and observations setup; and (ii) the accuracy of Δ𝜃𝑎,lens, which sets the
bound on 𝑔𝑎𝛾 (Basu et al., 2021). The accuracy ofΔ𝜃𝑎,lens is mainly governed by the error associated
with measuring the Faraday rotation measure (RM) when correcting the PA. High accuracy requires
(1) precise measurement of RM at low frequencies, e.g., Band 2 or below (Brentjens and de Bruyn,
2005), and/or (2) improving the signal-to-noise ratio through statistical combination of a large
sample of lens systems (Basu et al., 2021). The precision in Δ𝜃𝑎,lens using (1) is limited by the
≈ 0.3–0.8′′ resolution of the SKA-Mid telescope in Band 2, limiting to lens separation ≳ 1′′, and
therefore the required precision can be achieved through multi-epoch observations of a selected
sample of lens systems. In Fig. 7 we show the parameter space that can be probed through 20
epoch observations of 20 lens systems using the AA* and/or AA4 array layout of SKA-Mid as
the blue dash-dotted line. This will significantly improve upon the current best robust bound
provided by helioscopes (CAST Collaboration et al., 2017). For (2), statistical combination of
lens systems detected in spectropolarimetric surveys at Band 5a (or above) can also provide strong
constraints on ultralight-ALPs. With the higher resolution (∼ 0.05 arcsec) at Band 5a with the AA4
layout, O(105) lens systems are expected to be detected (Pandey-Pommier et al., 2026). Even the
pessimistic assumption of 5% of polarized sources allows to reach the level of the (cosmic variance
limited) CMB-bound (Fedderke et al., 2019), shown as the gray dashed line in Fig. 7. These
predictions are based on an extrapolation from Basu et al. (2021) (grey shaded region), and new
constraints obtained from 5-epoch combination of VLA data from Deshmukh et al. (2026) (pink
shaded region).

3.4 Synergies with other indirect searches

Multi-wavelength observations can contribute to constrain the axion-photon coupling. Optical
and UV polarization measurements of thermal radiation from magnetic white dwarf can probe a
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linear polarization induced from photon-axion conversion. ALP production and conversion in the
Sun can produce an X-ray emission. The energy spectra of extra-galactic gamma-ray and X-ray
sources get modified by the photon-axion conversion. Microwave CMB experiments are sensitive
to the cosmic birefringence effect. For an extensive list of works exploring the ALP and DP
parameter space at different frequencies with astrophysical and cosmological observations, see the
repository https://cajohare.github.io/AxionLimits/. The reach level is depicted in Fig. 6 and 7.

Laboratory experiments include axion helioscopes, that look for ALPs coming from the Sun (dark
red bounds in Figs. 5 and 6), and haloscopes (light red) probing the DM ALPs or DPs at our location.

As it can be understood by comparing our forecasts with other techniques in Figs. 5, 6, and
7, observations with the SKA telescopes can be very competitive to constrain the ALP and DP
parameter spaces.

4 Conclusion

The construction of the SKAO has been aiming to address several outstanding scientific cases.
One of the most pressing scientific challenges of our time concerns understanding the fundamental
nature of DM. In this Chapter, we outlined how the SKAO can investigate compelling classes of
particle DM candidates across 30 orders of magnitude in mass: WIMPs, ALPs and dark photons.
Forecasts for the SKA-Low and SKA-Mid telescopes in the AA4 baseline design are presented.

The observational strategies include a variety of observations (continuum, spectral, polarimetric,
transient), and targets, as summarized in Table 1. There are different types of signatures we are
looking for, as sketched in the cartoon in Fig. 1.

To mention a few relevant examples, we have reported that observing:
- synchrotron radiation in a selection of dwarf galaxies and galaxy clusters, for a few tens of hours in
continuum mode with SKA-Low and short-baselines of SKA-Mid AA4 across different frequency
bands, can provide the best bound on the WIMP annihilation cross section from indirect searches,
constraining the reference thermal value up to at least 1 TeV in mass (see Figs. 2, 3 and 4);
- ALP decay from the Galactic anti-center with SKA-Low AA4 in autocorrelation mode for 100
hours with 104 spectral channels can improve current laboratory bounds on the axion-photon
coupling for ALP masses around 10−6 eV (see Fig. 5);
- ALP conversion in isolated magnetars with SKA-Mid AA4 (in the Sun with SKA-Low AA4) for
10 (100) hours with high spectral resolution can tighten the bound around 10−5 eV (10−7 eV), with
a significant impact also for the dark photon (see Fig. 6);
- birefringence from lens systems in spectropolarimetric surveys at Band 5a with AA4 can improve
ALP laboratory bounds at very low masses up to 10−19 eV (see Fig. 7).
On top of this list, other relevant techniques are discussed in the above Sections.

This variety makes the scientific case of particle DM robust against different telescope setups. At
the same time, it highlights the importance of commensality, and exploitation of synergies with
different Science Working Groups.

The comprehensive program described in this Chapter can make SKAO play an important role in
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the DM quest.
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