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Stellar radio emission is highly variable with stellar flares lasting from millisec-
onds to hours. For some stars, their flares or bursts can repeat once every couple
of hours, while other stars may flare only once in hundreds of hours of observing.
Some stars and stellar systems vary slowly over months to years. In this chapter
we present the current methods for identifying radio stars and the important role
that variability plays in these detection methods. We highlight that radio stars are
the second most common radio variable object in image-plane searches for radio
variable sources. We also present our predictions for the number of stars both the
SKA-mid and SKA-low AA∗ arrays could detect based on searches using SKA
pathfinders and precursors.
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Figure 1: Colour-magnitude diagram of radio stars in version 1.1 of the Sydney Radio Star Catalogue
(Driessen et al., 2024). This diagram includes more than 1,500 radio detected stars. The radio luminosity
for each star is calculated using the minimum detected flux density and the median rgeo distance from
Bailer-Jones et al. (2021).

1 Introduction

Stars spanning the entire Hertzsprung-Russel diagram (Fig. 1) have been observed to emit radio
waves (e.g. Matthews, 2019, 2025; Güdel, 2002; Driessen et al., 2024). This includes the coolest
stars, ultra-cool dwarfs (UCDs) down to T8 (e.g. Rose et al., 2023), main-sequence stars (Matthews,
2019), and some of the most extreme stellar systems, colliding wind binaries (e.g. Seaquist, 1976;
Abbott et al., 1986; Dougherty et al., 2005). We can use radio detections of stars to investigate
their coronae, magnetic fields (Dulk, 1985; Güdel, 2002; Matthews, 2019), and possibly interaction
between stars and their planets (e.g. Vedantham et al., 2020; Shiohira et al., 2024).

Radio emission from stars can be generated via both incoherent and coherent mechanisms. The key
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emission mechanisms to consider for radio stars are: gyrosynchrotron emission, electron-cyclotron
maser (ECM) emission, and plasma emission. Gyrosynchrotron emission is incoherent and can be
observed as either persistent, variable, or �aring radio emission and can be unpolarised or circularly
polarised. Both ECM and plasma emission are coherent and are typically observed as highly
circularly polarised �ares on time scales of minutes to hours. Massive stars are known to emit
thermal free-free emission with strongly inverted spectra (Wright and Barlow, 1975; Panagia and
Felli, 1975). The radio emission from these stars is relatively faint compared to their luminosities at
other wavelengths. We will not discuss thermal emission from radio stars in detail in this chapter.
See Güdel (2002) and Dulk (1985) for reviews of stellar radio emission mechanisms.

In wide-�eld radio surveys, radio stars appear as unresolved radio sources that can be observed as
unpolarised (e.g. Hales et al., 2017) or highly circularly (e.g. Osten and Bastian, 2006) or elliptically
polarised (e.g. Zic et al., 2019), persistent or variable on time scales from milliseconds (Zhang et al.,
2023) to hours (e.g. Villadsen and Hallinan, 2019), �aring (e.g. Andersson et al., 2022) or periodic
(e.g. Das et al., 2025). Radio stars are detected from tens of MHz (e.g. Zhang et al., 2025) up to
hundreds of GHz (e.g. Burton et al., 2025). Due to their typical radio luminosities and current
telescope sensitivity limits, the radio stars detected to date have typically been within 1 kpc and are
therefore isotropically distributed on the sky, see Fig. 2.

Identifying and investigating radio stars and sub-stellar objects is essential for understanding particle
acceleration and magnetospheric currents in stellar atmospheres (Villadsen and Hallinan, 2019),
probing space weather environments (Zic et al., 2020), connecting our understanding of stellar
magnetic �elds to planetary magnetic �elds (Kavanagh et al., 2024) and potentially investigating
star-planet interactions (Callingham et al., 2024). For massive early-type stars, often residing in
binary systems, radio observations can probe the properties of their stellar winds, the non-thermal
emission from interactions within the binary, and its feedback on its surroundings.

So far only a tiny fraction of stars have been detected in radio. TheGaia Data Release 3 (DR3;
Gaia Collaboration et al., 2023) contains the full astrometric solutions for nearly 1.5 billion sources.
This amounts to approximately 2% of the Milky Way. Prior to SRSCv1.1, we had identi�ed fewer
than 1500 radio stars (Driessen et al., 2024). The current SKA path�nders and precursors have
already signi�cantly increased the known number of radio stars. This is compared to the previous,
canonical radio star catalogue �The Catalogue of Radio Stars� (Wendker, 1978, 1987, 1995), which
was most recently updated in 2001. The sensitivity, time resolution, and survey strategies of the
SKA telescopes will dramatically increase these numbers.

A key consideration for any search for or targeted observation of stellar radio emission is variability
(see e.g. Bastian, 1990; Güdel, 2002, for reviews on �aring time scales). This radio variability means
that in a single epoch of a survey you see one set of radio stars, and in a second epoch see an almost
independent set of radio stars. This impacts all of the search methods presented in Section 2. It also
means that radio stars are commonly found in untargeted searches for variable and transient radio
sources. In fact, radio stars are the second most common variable source identi�ed in untargeted,
image-plane searches for radio variables behind Active Galactic Nucleus (AGN) variability (de
Ruiter et al., 2026) and are the most common source identi�ed in searches for long-period radio
transients (Lee et al., 2026). This means that is it essential to consider variability when searching
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Figure 2: Sky map of the stars, shown in galactic coordinates with the equatorial coordinate frame as
grey-dashed lines, in version 1.1 of the Sydney Radio Star Catalogue (SRSCv1.1; Driessen et al., 2024).The
northern hemisphere is not well sampled as the SRSC includes star mainly identi�ed using Australian SKA
Path�nder (ASKAP; Hotan et al., 2021) observations. The small cluster of radio stars slightly above the
Galactic Centre and marked with a red dot are members of the Rho Ophiuchi cloud complex.

speci�cally for stellar radio emission, and it is essential to consider stellar radio emission when
searching for variable radio sources.

Radio investigations of stars and sub-stellar objects are presented in other chapters of this book
(Cavallaro et al., 2026; Kavanagh et al., 2026; Vedantham et al., 2026). In this chapter we will
explore the observed properties of radio stars, how we identify radio stars, and SKAO survey rate
expectations and implications for SKAO variability searches.

2 Identifying radio stars

Identifying stars in wide-�eld radio surveys is challenging as it is di�cult to distinguish stellar radio
emission from AGN based on continuum image detections alone. In radio images, the most common
compact source class by far is AGN (Helfand et al., 2015). In Stokes I images, even with frequency
spectral information, there is no signature to distinguish radio emission from a background AGN
compared to radio emission from a foreground star. Cross-matching must be performed with care
due to the high chance-coincidence rate between radio AGN and optical stars (Callingham et al.,
2019).

Traditionally, most radio observations of stars have been targeted observations of objects known to
be active in other wavebands (e.g. Crosley and Osten, 2018; Pérez-Torres et al., 2021; Bloot et al.,
2024). Recently, methods for identifying radio stars have been developed and re�ned to search for
stars in the large data sets from SKA path�nder and precursor instruments. These include untargeted
variability searches, cross-matching, and circular polarisation searches. We brie�y summarise these
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approaches in the following sections.

2.1 Targeted follow-up

Historically, radio stars have been identi�ed by targeting stars with other activity indicators such as
HU emission, Calcium H and K emission, rotation rate, optical �ares and X-ray activity. This is
because these are indicators of stellar activity and are therefore indicators of stellar magnetic �elds
(Linsky, 2019). Targeting these stars, or stars that are already known radio stars, increases the
probability of observing stellar radio emission. While this approach is fruitful (e.g. Villadsen and
Hallinan, 2019), it introduces signi�cant biases in the detected population, e�ectively excluding the
possibility of detecting radio emission from less-active stellar systems. The recent increases in �eld
of view, survey speed, and sensitivity of radio telescopes mean that we can use other methods to
identify radio stars. This method remains essential for gathering the long integration observations
required for dynamic spectra to study stellar emission mechanisms in detail.

2.2 Variability

Radio stars can be highly variable (e.g. Bastian, 1990; Güdel, 2002) and can vary on time scales
of milliseconds to hours or even years. This variability can be caused by stochastic �ares, highly
beamed radio emission, or variable persistent emission. All of these can be modulated by the
rotation period of a star, the orbital period of a binary system, or a combination of these.

Thermal radio emission from massive single and binary stars is also expected to vary, though on
longer time scales � days to months � compared to non-thermal stellar radio emission. Evidence for
such variability in thermal wind emission has been seen with ALMA, with variability amplitudes
of a factor� 2, but not yet at radio frequencies (van den Eijnden et al., 2025). Massive stars
in interacting binary systems, such as Colliding Wind Binaries andW-ray binaries, instead show
variable and bright non-thermal radio emission that has routinely been studied by SKA path�nders.

We can see in Fig. 3 an example of a dynamic spectrum of a star varying on time scales shorter than
an hour. Dynamic spectra are essential for identifying and investigating stellar radio emission on
time scales of seconds to hours. Fig.4 shows light curves of four stars using ASKAP data. These
light curves demonstrate that, in imaging data, radio stars can vary from epoch to epoch or over
years. Fig. 4 also shows the diversity in �ux density and light curve shapes.

The variability of stellar radio emission presents both a challenge and an opportunity. In targeted
follow-up, stellar variability could mean that no radio emission is observed in a given observation
despite the star being a known radio star. For both cross-matching and circular polarisation searches,
cross-matching to a single radio epoch would mean a large fraction of stars would be missing due
to being �o�� in that single epoch. This means that multi-epoch observations or long integration
observations that can be divided into shorter observation images or dynamic spectra are essential
for identifying and investigating radio stars.

Stellar variability presents the opportunity to identify many new radio stars in untargeted searches
for radio variability. It is emerging in current image-plane radio searches for variability that radio
stars are the most commonly identi�ed radio variable sources behind AGN (either AGN scintillation
or intrinsic variability; de Ruiter et al., 2026). In searches designed to identify new long-period
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Figure 3: LOFAR dynamic spectrum of star CR Draconis (Callingham et al., 2021a). The panels from top
to bottom show the Stokes I, Q, U and V dynamic spectra.

radio transients using short time scale imaging and dynamic spectra, radio stars are emerging as the
most common radio variable source identi�ed (Lee et al., 2026).

2.3 Cross-matching

Cross-matching is a standard way of associating sources from two di�erent catalogues based on
their positions (e.g. Helfand et al., 2015; Franzen et al., 2021). For example, matching stars from a
optical survey, e.g. Hipparcos, to unresolved sources in a radio survey, e.g. FIRST (Helfand et al.,
1999). Sources where the coordinates of the star match the coordinates of the radio source within
some radius are considered matches.

Cross-matching is straightforward to implement. However, a key challenge with this method is
that most optical point sources are stars but most radio point sources are AGN (e.g. Helfand et al.,
2015). This means that a direct cross-match between e.g.Gaia DR3 and VLASS would result in
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Figure 4: Light curves of four radio stars using ASKAP data. The solid points are5f detections from
the automatedselavy (Whiting, 2012; Whiting and Humphreys, 2012) source extraction pipeline. The
transparent points are aperture �tting of non-detections in ASKAP images covering the location of the star.
CF Tuc is an RS CVn binary, V383 Cen is a BY Draconis type star. MY Ser is a colliding wind binary.
2MASS J11414215� 6521298 is a candidate young stellar object.

mostly spurious matches between a star and an AGN, due to chance positional alignment or �chance
coincidence� (Callingham et al., 2019). With only the information available in each survey, there is
no way to identify which cross-match is a chance match and which is a true match.

This method can be successful if care is taken to select both the surveys used for cross-matching
and the match radii. This can be done using Monte Carlo simulations (e.g. Driessen et al., 2024).

Multi-epoch observations are important for this search method as many stars may be missed in
cross-matching if they are not �aring during the observation.

2.4 Circular polarisation

Stellar radio emission mechanisms, gyrosynchrotron, ECM and plasma emission, result in high
circular or elliptical polarisation fractions (Dulk, 1985). Radio emission from stars can have
circular polarisation fractions up to 100%. Pritchard et al. (2021) and Callingham et al. (2023)
demonstrated that, in circular polarisation searches, radio stars have typical polarisation fractions
of 20�100% while pulsar have typical polarisation fractions of 10�30%.

High circular polarisation fractions (¦ 10%) from stellar radio emission can also be used to exclude
AGN from cross-matching. This is because radio AGN have circular polarisation fractions® 3%
(e.g. Saikia and Salter, 1988; Macquart and Melrose, 2000; O'Sullivan et al., 2013). This makes
cross-matching optical surveys with circularly polarised radio sources more reliable for identifying
stars than cross-matching with full polarisation sources.
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Cross-matching highly circularly polarised radio sources to optical surveys has been used to suc-
cessfully identify handfuls of new radio stars. This method has been performed using the Low
Frequency Array (LOFAR; van Haarlem et al., 2013) and ASKAP. For example, Pritchard et al.
(2021) identi�ed 23 new radio stars, Pritchard et al. (2024) identi�ed 36 radio stars, Callingham
et al. (2021b) and Toet et al. (2021) identi�ed 18 new radio stars, and Callingham et al. (2023)
included the 36 stars identi�ed in LOFAR data using circular polarisation searches.

We can see an example of a highly circularly polarised radio emitting brown dwarf in Fig. 5. This is
a sub-stellar source identi�ed using ASKAP Stokes V images. It also demonstrates how important
both Stokes V images and dynamic spectra are for �nding and analysing radio stars.

While circular polarisation searches have been highly successful using SKA path�nders and pre-
cursors, it is important to note that not all stellar radio emission is strongly circularly polarised.

Circularly polarised stellar emission is variable by nature. Stellar �ares can last up to a few hours,
but some stars are known to �are only once every� 70 h (Mitchell-Bolton, J., in prep.). Both of
these factors mean that variability and multi-epoch observations are key to �nding new radio stars
and studying the polarisation properties of known radio stars.

Figure 5: Left: Stokes V dynamic spectrum (0•9� 1•5GHz) of a T8 brown dwarf observed with MeerKAT;
adapted from Rose et al. (2023). The Stokes V lightcurve (lower panel) and the dynamic spectrum display
periodic behaviour with complex sub-pulse structure.Right: Stokes I and Stokes V continuum detection
images from the same observation.

2.5 Proper motion

Proper motion has been used in the past to distinguish between stellar radio emission and radio-
bright AGN. This has typically been done using Very Long Baseline Interferometry (VLBI) (e.g.
Lestrade et al., 1992). More recently, Driessen et al. (2023) used observations over thirty years
apart to identify eight radio stars, including two that had not been previously identi�ed. While this
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