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ABSTRACT

We present the detection of 68 sources from the most sensitive radio survey in circular polarisation conducted to date. We used the
second data release of the 144 MHz LOFAR Two-metre Sky Survey to produce circularly polarised maps with a median noise of
140µJy beam−1 and resolution of 20′′ for ≈27% of the northern sky (5634 deg2). The leakage of total intensity into circular polari-
sation is measured to be ≈0.06%, and our survey is complete at flux densities ≥1 mJy. A detection is considered reliable when the
circularly polarised fraction exceeds 1%. We find the population of circularly polarised sources is composed of four distinct classes:
stellar systems, pulsars, active galactic nuclei, and sources unidentified in the literature. The stellar systems can be further separated
into chromospherically active stars, M dwarfs, and brown dwarfs. Based on the circularly polarised fraction and lack of an optical coun-
terpart, we show it is possible to infer whether the unidentified sources are likely unknown pulsars or brown dwarfs. By the completion
of this survey of the northern sky, we expect to detect 300±100 circularly polarised sources.

Key words. surveys – catalogs – radio continuum: general – polarization

1. Introduction

The electric field of radio emission received from distant sources
can have a preferential orientation or rotation, which can be
parameterised into total intensity (Stokes I), linear polarisa-
tion (Stokes Q and U), and circular polarisation (Stokes V). The
polarised signal from radio sources can provide information
about the emission mechanism, propagation effects, and physi-
cal properties of the radio sources not encoded in total intensity
(Wielebinski 2012).

Recently, there has been a particular resurgence of inter-
est in detecting circularly polarised radio sources. This renewed
interest is largely because a high degree of circular polarisa-
tion is an expected signpost of radio emission from extrasolar
coronal mass ejections (Osten & Wolk 2017; Crosley & Osten
2018; Villadsen & Hallinan 2019), chromospherically active stars
(Slee et al. 2003; Lynch et al. 2017; Zic et al. 2019), pulsars
(Clark & Smith 1969; Gould & Lyne 1998; Han et al. 1998),
and aurorae associated with the Solar System planets (Zarka
1998; Fischer et al. 2009; Lamy et al. 2010), exoplanets (Zarka
et al. 2001; Lazio et al. 2004; Zarka 2007; Lynch et al. 2018;
Turner et al. 2021), brown dwarfs (Hallinan et al. 2008; Kao
et al. 2016; Pineda et al. 2017; Vedantham et al. 2020a), and
star-planet magnetic interactions (Saur et al. 2013; Turnpenney
et al. 2018; Vedantham et al. 2020b; Pérez-Torres et al. 2021). For
these different classes of objects, the circularly polarised fraction

⋆ V-LoTSS catalogue is only available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/670/A124
⋆⋆ Corresponding author e-mail: jcal@strw.leidenuniv.nl

generally exceeds 10% and is indicative of a coherent radio emis-
sion mechanism operating (Vedantham 2020). In comparison,
the circularly polarised fraction is ≲1% for radio-bright active
galactic nuclei (AGN; Saikia & Salter 1988; O’Sullivan et al.
2013), intra-day variable sources (Macquart & Melrose 2000),
and diffuse Galactic structures (Enßlin et al. 2017).

Despite the information that can be derived from circu-
larly polarised emission, wide-field (≳ 1 sr) radio surveys have
predominantly only reported total intensity measurements (e.g.
Condon et al. 1998; Mauch et al. 2003; Murphy et al. 2010;
Hurley-Walker et al. 2017). A wide-field, flux-density-limited
survey ensures an impartial sampling of the different classes
of radio sources. Ignorance of which sources are observed is
vital for maximising the detection rate of sources with beamed
emission, such as pulsars and objects with radio aurorae. Since
a priori we do not know which of these beamed systems are
aligned with our line of sight, observing as many systems as
possible maximises chance alignment. Furthermore, since the
circularly polarised radio sky is sparse compared to the total
intensity sky, associations between dense optical surveys and
radio sources can be reliably performed despite the low astromet-
ric accuracy common to wide-field radio surveys (Callingham
et al. 2019).

Due to the increase in science opportunities and the recent
development of radio telescopes with large fields of view, there
has been new momentum in producing wide-field circularly
polarised radio surveys. The Australian Square Kilometre Array
Pathfinder (ASKAP) telescope has conducted the Rapid ASKAP
Continuum Survey (RACS; McConnell et al. 2020), a survey
covering the sky south of declination +41◦ at ≈900 MHz with
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a sensitivity of ≈250µJy beam−1. Preliminary analysis of the
Stokes V maps, which focussed on associating significant circu-
larly polarised sources with optical counterparts, predominantly
identified magnetically active M dwarfs, pulsars, close binaries,
and chemically peculiar A- and B-type stars (Pritchard et al.
2021). Such a population of sources is consistent with the type of
radio-bright stellar systems identified at 1.4 GHz (Helfand et al.
1999).

However, if one of the scientific drivers of a wide-field
survey is to identify radio aurorae associated with star-planet
interactions and exoplanets, conducting a survey at low frequen-
cies offers several advantages (Grießmeier et al. 2011; Hess
& Zarka 2011). Firstly, the electron-cyclotron maser instability
(ECMI) mechanism responsible for the auroral radio emission
has a high-frequency spectral cutoff that is directly proportional
to the magnetic field strength of the emitting body (Treumann
2006). For example, the highly circularly polarised radio emis-
sion produced by the Jupiter-Io interaction is not observable
above 40 MHz because the Jovian surface magnetic field strength
at the Io magnetic footprint does not exceed ≈14 G (Carr et al.
1983; Marques et al. 2017).

Secondly, conducting observations at low frequencies can
aid in distinguishing between coherent emission mechanisms.
Two of the main mechanisms that produce coherent radio emis-
sion from stellar systems are the ECMI and plasma emission
(Dulk 1985). While both emission mechanisms produce radio
emission with a high degree of circular polarisation, fundamen-
tal plasma emission is limited to brightness temperatures of
≲1012 K for even the most chromospherically active stars (Dulk
1985; Stepanov et al. 2001; Vedantham 2020). Since the bright-
ness temperature TB ∝ ν

−2, where ν is frequency, low-frequency
observations are more powerful than gigahertz-frequency obser-
vations for differentiating between emission mechanisms at a
given sensitivity (e.g. Vedantham et al. 2020b).

While conducting a low-frequency circularly polarised sur-
vey is advantageous for stellar system science, the relatively
low sensitivity and resolution of low-frequency arrays has
largely prevented such surveys from being performed. The
only previous low-frequency wide-field circularly polarised sur-
vey was conducted by the Murchison Widefield Array (MWA;
Tingay et al. 2013), covering the sky south of declination 30◦ at
200 MHz (Lenc et al. 2018). However, due to the survey’s low
sensitivity of ≈3 mJy beam−1, Lenc et al. (2018) only detected
previously known pulsars, artificial satellites, and Jupiter. The
non-detection of stellar systems by Lenc et al. (2018) is consis-
tent with the expectation that the flux densities of radio aurorae
from star-planet interactions and exoplanets at ≈200 MHz are
likely ≲1 mJy (Grießmeier et al. 2011; Nichols 2012; Lynch et al.
2018; Pope et al. 2019).

With the LOw-Frequency ARray (LOFAR; van Haarlem
et al. 2013), we are currently conducting the 144 MHz LOFAR
Two-metre Sky Survey (LoTSS; Shimwell et al. 2017, 2019).
LoTSS will cover the entire northern sky with an unprecedented
root-mean-square (rms) noise of ≈100µJy beam−1 in full-Stokes
polarisation. The unique discovery space that LoTSS provides
has already been exemplified by the several studies already
published that use preliminary Stokes V data, such as the first
direct detection of a brown dwarf from its radio properties
(Vedantham et al. 2020a), the inference of a star-planet interac-
tion (Vedantham et al. 2020b; Kavanagh et al. 2022), long-term
auroral emission from an active M-dwarf system (Callingham
et al. 2021a), evidence of closed-field lines extending to large
stellar radii around an M-dwarf (Davis et al. 2021), new pulsars

missed in previous time-domain searches (Sobey et al. 2022),
and coherent emission detected from chromospherically active
binaries (Toet et al. 2021).

In this paper, we present V-LoTSS, the circularly polarised
component of LoTSS derived from the second LoTSS data
release (DR2; Shimwell et al. 2022). In Sect. 2, we summarise
the observations and data reduction strategy, including the leak-
age analysis. We then detail the source finding and quality
assurance steps performed to produce the V-LoTSS catalogue
in Sect. 3. Section 4 features our discussion about the astrophys-
ical composition of V-LoTSS, the ability to discern the nature of
unidentified circularly polarised sources, and the source counts
of V-LoTSS. Finally, we conclude in Sect. 5 with an additional
outline of the data processing improvements we can perform for
future V-LoTSS releases.

2. Observations and data reduction

The sky coverage of this release of V-LoTSS is identical to
that of LoTSS-DR2 (Shimwell et al. 2022). LoTSS-DR2 cov-
ers 5634 square degrees, which is composed of two contiguous
regions of sky centred at approximately 12h45m00s +44◦30′00′′
and 1h00m00s +28◦00′00′′. The LoTSS-DR2 sky coverage is
composed of 841 individual ≈8 h LOFAR pointings. All of these
pointings are at Galactic latitudes >20◦.

The calibration and data reduction routines followed for
V-LoTSS are identical to those outlined by Shimwell et al. (2019,
2022) and was performed during the processing of LoTSS-DR2.
In summary, all observations had a 1 s integration time and
12.1875 kHz spectral resolution covering 120–168 MHz. After
the standard direction-independent (DI) calibration pipeline1,
the data are averaged to a frequency resolution of 0.195 MHz and
a time resolution of 8 s to reduce the data volume. Since we are
only producing 6′′ or lower resolution images, this averaging is a
compromise between minimising the impact of smearing and our
processing capabilities. The DI calibration pipeline includes cor-
recting any clock offsets between stations, phases, bandpass, and
ionospheric Faraday rotation. Outside of the application of the
primary beam, all polarisation calibration is performed during
the DI stage of processing.

Once the DI products are produced, a direction-dependent
(DD) calibration and imaging pipeline2 is employed to reach bet-
ter sensitivity and dynamic range. The LoTSS-DR2 DD pipeline
and its performance are described in detail by Tasse et al. (2021),
employing DDFacet (Tasse et al. 2018) and killMS (Tasse 2014).
In summary, a sky model is produced from a DI image of the
8.3◦ × 8.3◦ wide field, which is used to simultaneously produce
calibration solutions in 45 directions. The field is then imaged
again after applying these newly derived phase corrections. An
intermediate step is done to ensure the flux density scale is set
to the Scaife & Heald (2012) flux density scale (Hardcastle et al.
2016). Amplitude and phase corrections are then applied after
another round of derivation of DD calibration solutions using
this updated sky model. This involves applying the primary beam
model and astrometric corrections for any per-facet level iono-
spheric effects via crossmatching to the Pan-STARRS optical
catalogue (Shimwell et al. 2022).

20′′ resolution full-bandwidth Stokes I and V images are
made using DDFacet. Deconvolved Stokes I images at 6′′
resolution are also produced, from which a catalogue of

1 https://github.com/lofar-astron/prefactor
2 https://github.com/mhardcastle/ddf-pipeline
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4 396 228 ≥5σ sources was formed after mosaicing the individ-
ual fields, where σ represents the rms noise. The Stokes I data
of LoTSS-DR2 has an astrometric accuracy of ≈0.2′′, an rms
noise better than 171µJy in 95% of its area, is 95% complete
at ≈1 mJy, and has a flux density scale accurate to within 10%
(Shimwell et al. 2022).

At the time of producing this release of V-LoTSS, DDFacet
did not have the capabilities to deconvolve the Stokes V data and
we only produced Stokes V images at 20′′ resolution (see Tasse
et al. 2018, for details). Since our science goals for conduct-
ing this survey are focused on detecting unresolved circularly
polarised sources, and the sky density of such objects are so low,
not deconvolving the Stokes V data does not severely limit the
science applications of the images. However, future releases of
V-LoTSS will be based on deconvolved Stokes V images, facil-
itating such secondary science goals as searching for circular
polarisation from hot spots embedded in the resolved lobes of
radio-loud AGN.

2.1. Polarisation leakage

Antenna imperfections, poor primary beam models, and path
effects can result in leakage of total intensity into the differ-
ent polarisation vectors. Since LOFAR is composed of linear
dipoles, the leakage into Stokes V due to mechanical flaws is
expected to be small. The polarisation response of the primary
beam of a low-frequency aperture array is also notoriously dif-
ficult to model and measure since the primary beam is sky vari-
able, has relatively large sidelobes, and has significant antenna
cross-coupling (Neben et al. 2016; Sokolowski et al. 2017).

To test the amount of leakage into Stokes V , we measured the
absolute peak pixel in a 20′′ radius circular region at the location
of every unresolved and isolated ⩾5σ Stokes I source (according
to Eq. (1) derived by Shimwell et al. 2022) in the correspond-
ing primary-beam-corrected Stokes V image. The radius was set
to 20′′ due to the resolution of the Stokes V images, ensuring
that we captured any leakage potentially offset from the Stokes I
source. We then took the ratio of the flux density of the absolute
peak Stokes V pixel S V,p to the total flux density of the Stokes I
source S I, where S I is measured in each individual LoTSS field.
The total flux density was used for Stokes I since we wanted to
account for any small ionospheric blurring produced from the
higher-resolution measurement.

In Fig. 1, we plot the ratio of the flux density of the maximum
Stokes V pixel to a corresponding Stokes I source flux density as
a function of Stokes I signal-to-noise ratio. As expected, noise
bias dominates at ≲20S I/σI , where σI is the local rms noise
in Stokes I. In this low signal-to-noise regime, the maximum
pixel in Stokes V corresponds to a noise peak in a finite aper-
ture, while the Stokes I flux density corresponds to a real source.
The lower the signal-to-noise of the source, the closer its flux
density will be to this noise peak. We confirmed this bias was
present for sources with signal-to-noise ratios ≲103 by simu-
lating random Gaussian noise in identically sized apertures in
Stokes V and repeating the measurement steps above. The trend
present in these simulations is presented as the red line in Fig. 1.
The offset to larger values of |S V,p/S I | at Stokes I signal-to-noise
ratios greater than 103 implies this is a direct measurement of the
leakage.

If no leakage was present, the relationship between |S V,p/S I |

and σI/S I would only be influenced by noise. Instead, we find
the relation

log
(
|S V,p/S I |

)
= A log (σI/S I) + B, (1)

101 102 103 104

SI/ I

10 3

10 2

10 1

100

|S
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I|

0 10000 20000 30000 40000 50000

Count

Fig. 1. Absolute ratio of the maximum flux density of a Stokes V pixel,
S V,p, to the total flux density of the corresponding Stokes I source, S I,
as a function of signal-to-noise ratio, S I/σI , in Stokes I. The contours
associated with the density plot correspond to 300, 900, 2500, 5000,
10 000, 20 000, 30 000, 40 000, and 50 000 measurements. The colour
bar at the top-right-hand corner indicates the number of counts in the
density plot. The red line is the trend measured when the aperture used
to calculate the maximum Stokes V signal is replaced with Gaussian
random noise. The simulation follows the measured data well up to
S I/σI ∼ 103, the point at which leakage becomes dominant. The his-
togram in the right panel shows the distribution of |S V,p/S I |, which is
dominated by low signal-to-noise sources.

where A and B encode the amount of noise bias and leakage,
respectively. For the best fit of Eq. (1), we measure A = 1.8 ±
0.1 and B = 0.06 ± 0.03%. To be conservative, we deem any
source with a circularly polarised fraction ⩾1% as reliable. The
values for A and B are larger than those reported by Shimwell
et al. (2022) because we measured the leakage in lower Stokes I
signal-to-noise sources, used total flux density for the Stokes I
measurement, and searched to larger angular distances from the
pointing centre.

Since the primary beam model can impact the amount of
leakage, we also show the distribution of |S V,p/S I | against angu-
lar distance from the pointing centre of a LoTSS field in Fig. 2.
We observe a weak dependence of leakage with distance from
the LoTSS pointing centre out to ≈3◦, corresponding to the
≈25% power point of the primary beam. At distances greater
than 3◦, and especially at distances greater than 4◦, non-Gaussian
noise is present since distant facets lack enough high signal-to-
noise sources for accurate calibration. Therefore, we restrict our
search for significant Stokes V sources to angular distances of
less than 3◦ from the pointing centre of a LoTSS field.

We perform our Stokes V search on individual LoTSS fields,
as opposed to an overall mosaic of the fields, because the emis-
sion of many of our sources of interest is time variable. In
making a mosaic, where the individual fields are averaged in
the image plane, it is possible to wash out a detection since the
source may not be emitting in Stokes V in an adjoining field that
was observed on a different date.

Finally, we can identify any individual problematic fields by
considering the sky distribution of our leakage measurements.
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Fig. 2. Absolute ratio of the maximum flux density of a Stokes V pixel,
S V,p, to the total flux density of a corresponding Stokes I source, S I , as
a function of angular distance from the LoTSS field pointing centre for
sources with a Stokes I signal-to-noise ratio ⩾500. The top histogram
shows the relative number of measurements with angular distance. We
find a weak dependence of leakage with angular distance out to 3◦. After
≈3◦ of angular distance, non-Gaussian noise and poorly calibrated facets
account for the dependence.

We show in Fig. 3 the sky distribution of |S V,p/S I |, along with the
positions of our detected Stokes V sources discussed in Sect. 3.
While we expect some localised correlation per-field, we remove
any outlier fields from our Stokes V source finding that have a
median leakage that exceeds 1%. That was the case for only one
field: P150+40. This field was observed during poor ionospheric
conditions and is thus excluded from the source finding detailed
in Sect. 3.

2.2. Noise properties of V-LoTSS

The Stokes I component of LoTSS-DR2 has a sensitivity better
than ≈100µJy over ≈70% of its area (Shimwell et al. 2022).
Our Stokes V images should have noise closer to the thermal
limit of the observations since the images will not have the
sidelobe confusion or deconvolution artefacts that are present in
the Stokes I images. However, we are searching for significant
Stokes V sources on a per-field basis. This means that we do not
gain the benefit of reducing the noise when forming a mosaic.

We believe that a fair reflection of the rms noise present in
our Stokes V images is the median noise within 3◦ of the point-
ing centre of the field. We show the distribution of the V-LoTSS
rms noise in Fig. 4. We find that the median rms for all fields
to be 140+32

−27 µJy beam−1, where the uncertainties are the 75th
and 25th percentile of the distribution. 95% of all the Stokes V
fields have a median rms noise better than 220µJy beam−1. As
expected, the fields centred around a right ascension (RA) of 0h
have a higher median rms noise than the fields centred around an
RA of 13 h. This is because the RA 0h fields were observed at a
lower elevation relative to the RA 13 h fields.

For a direct field-to-field comparison between the Stokes I
and V components, we also repeated the above analysis but only

within 0.2◦ of the LoTSS pointing centre. The small angular dis-
tance of 0.2◦ was chosen since the noise in an image would not be
significantly improved by mosaicing at such a distance. We find
95% of the rms noise of the Stokes V images to be better than
150µJy beam−1, a 21µJy beam−1 improvement over the Stokes I
image rms noise in the same area.

2.3. Astrometry of V-LoTSS

Since the Stokes V products are derived from the astrometrically
corrected Stokes I products, the absolute astrometric accuracy
is identical. The astrometric accuracy of LoTSS-DR2 is ≈0.2′′
(Shimwell et al. 2022). However, the Stokes V images have
a lower resolution of 20′′, compared to the 6′′ resolution of
the Stokes I images. Therefore, the positional uncertainty of a
Stokes V source will be nearly four times larger than its Stokes I
counterpart if the signal-to-noise of the source is identical in
Stokes V and Stokes I.

We deem a match out to 4′′ between a Stokes V and I source
to be reliable down to a signal-to-noise ratio of 4 in Stokes V
following the formulation of Condon et al. (1998).

2.4. Flux density scale of V-LoTSS

The absolute flux density scale of V-LoTSS is identical to that
of LoTSS since we scaled the images of V-LoTSS and corre-
sponding individual Stokes I fields using the scalings derived by
Shimwell et al. (2022). Shimwell et al. (2022) found the flux den-
sity scale to be better than 10%. Since we find no sky-dependence
of leakage, as shown in Fig. 3, we infer we also have an accurate
model of the Stokes V primary beam. Therefore, we consider the
flux density scale of V-LoTSS to also be better than 10%.

We note that since we have so few Stokes V detections, which
are likely time variable, an independent test of the absolute flux
density scale in Stokes V would not be conclusive.

2.5. Definition of the handedness of Stokes V emission

We define the sign of circularly polarised light as left-hand circu-
larly polarised light minus right-hand circularly polarised light.
Since there are several situations in the production of V-LoTSS
where a sign-convention decision can influence the final handed-
ness, we ensured that our Stokes V measurements are consistent
with our definition by checking the observed polarity of emission
from known circularly polarised pulsars (Gould & Lyne 1998;
Han et al. 1998; van Straten et al. 2010; Noutsos et al. 2015).
The pulsars in our survey footprint that we detect from these
studies (see Sect. 3.2.2 for details) are B0045+33, B0751+32,
B0823+26, B0917+63, J1012+5307, B2210+29, and B2315+21.
We excluded B0751+32 and B2315+21 from our analysis as
their circularly polarised handedness reverses between two of
the references (Gould & Lyne 1998; Han et al. 1998). For the
remaining pulsars, we measured the same handedness of the cir-
cularly polarised light as that reported in the literature (Gould
& Lyne 1998; Han et al. 1998; van Straten et al. 2010; Noutsos
et al. 2015), implying that our Stokes V sign convention is con-
sistent with left-hand circularly polarised light minus right-hand
circularly polarised light.

3. The V-LoTSS catalogue

3.1. Source finding and quality assurance

We searched for significant sources in the Stokes V images
using the Background And Noise Estimator (BANE) and source
finder AEGEAN (v 2.2.3; Hancock et al. 2012, 2018). We seeded
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Fig. 3. Sky distribution of |S V,p/S I | for the fields centred on RA 13 h (top panel) and RA 0 h (bottom panel). The significant Stokes V sources we
detect are shown as red circles.

AEGEAN with a 4σV clip, where σV is the local rms noise in
the Stokes V image, and a symmetric synthesised beam of 20′′
full-width half-maximum. A 5σV flood clip was applied.

In each Stokes V field, we searched for significant sources
in a circular region with a 3◦ radius. This area corresponds
to searching over 18.1 million pixels per field. Therefore, we
expect at least eleven ⩾5σV noise spikes per field, and at
least ≈9240⩾ 5σV noise spikes over our whole survey area.
We find a total of 20 118⩾5σV detections, which is over dou-
ble the prediction due to the presence of real sources, leak-
age, and non-Gaussian noise present around bright Stokes I
sources.

To form a reliable sample of Stokes V detections we per-
formed the following quality assurance steps. First, we ensured
every Stokes V detection was associated with an unresolved
⩾5σI Stokes I source. Requiring such an association increases
the reliability of the Stokes V detection because the noise prop-
erties of the Stokes I and V images are independent when there
is no leakage. As detailed in Sect. 2.3, we deemed a match to
be true if the Stokes I position was within 4′′ of the Stokes V
position. With this 4′′ matching radius, we expect ≲1 matches
of a ⩾5σI unresolved source from the 6′′ resolution images with
a ⩾5σV noise spike over the entire survey region. We empiri-
cally confirmed that false-association rate by applying random
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Fig. 4. Distribution of the median rms noise within 3◦ of the pointing
centre for the primary-beam-corrected V-LoTSS images. The group of
fields centred around an RA of 13 h are shown in blue, while the fields
centred around an RA of 0h are shown in yellow. The distribution of
all fields is shown in black. The median rms noise for all the fields is
plotted as a dashed red line at 140µJy beam−1.

10–20′ shifts to the Stokes V sources and repeating the cross-
match. By requiring our ⩾5σV Stokes V detections to be associ-
ated with an unresolved ⩾5σI Stokes I source, we are left with a
sample of 3008 sources.

Second, we removed any Stokes V source that was located
farther than 4′′ but within 2′ of a Stokes I source that had a
signal-to-noise ratio greater than 500. This signal-to-noise ratio
corresponds roughly to a median total intensity flux density of
125 mJy. This step is necessary because deconvolution errors
around the brightest sources produce significant non-Gaussian
rms noise and spurious Stokes I sources. The 2′ radius was
derived heuristically after determining when the noise proper-
ties around bright Stokes I sources returned to Gaussian. This
cut removed 1183 sources, leaving 1824 ⩾5σV Stokes V detec-
tions. We note that this cut also reduces our survey area by ≈61
square degrees, or ≈0.2%.

Finally, we guaranteed that the circularly polarised frac-
tion of a source was not consistent with leakage by requiring
|S V/S I | ⩾ 1%, as detailed in Sect. 2.1. This step left us with
102 ⩾5σV Stokes V detections, of which 56 are unique as some
sources were detected multiple times in neighbouring fields.
Almost all the detections show variability between neighbouring
fields.

3.2. Targeted association and source identification

For sources with 4 ⩽ S V/σV < 5, it is difficult to form a reli-
able blind sample. This is because we expect ∼200 chance
co-incidence matches between Stokes V noise peaks of
4 ⩽ S V/σV < 5 and unresolved Stokes I sources with flux den-
sity ⩾5σI . Following the same quality assurance steps outlined
in Sect. 3.1, we find 1448 sources that are associated with a
⩾5σI unresolved Stokes I source and have a circularly polarised
fraction ⩾1%.

However, it is possible to identify the reliable detections
from these lower signal-to-noise sources by making assumptions
about the nature of the sources. For example, we know that stars,
ultracool dwarfs, and pulsars can emit circularly polarised radio
emission. By crossmatching these lower signal-to-noise sources
to sources in the catalogues containing information about the
location of a star, pulsar, or brown dwarf, we can identify the

reliable detections. Furthermore, crossmatching our blind ⩾5σV
sample to these catalogues aids in source identification.

3.2.1. Gaia DR3 catalogue

To identify any stars in our sample, we crossmatched all
⩾4σV 1504 V-LoTSS sources to the Gaia Data Release 3 (DR3;
Gaia Collaboration 2023) catalogue. We considered a match to
be reliable if the proper-motion-corrected position of a Galactic
Gaia DR3 source was less than 1.3′′ from the Stokes I V-LoTSS
source position. A Gaia DR3 source was determined to be a
Galactic object if it had a parallax over error of ϖ/ϖerr ⩾ 3
(Callingham et al. 2021b). We find 38 matches, which are mostly
composed of M dwarfs, chromospherically active binaries, and
millisecond pulsars (MSPs). The properties of this sample are
explored in Sect. 4.1. Of these 38 matches, 29 are V-LoTSS
sources with ⩾5σV . Only one source is a millisecond pulsar.

Since all the fields of V-LoTSS are located at Galactic lati-
tudes |b| > 20◦, the average density of Gaia DR3 sources with
ϖ/ϖerr ⩾ 3 is ≈1300 per square degree. Therefore, we would
expect the number of chance-coincidence associations between
Gaia DR3 Galactic sources and the V-LoTSS sample to be <0.8.
As performed by Callingham et al. (2019), we also empirically
confirmed this chance-coincidence rate by applying random
10′–20′ shifts to the Gaia DR3 positions and performing the
crossmatch again. Furthermore, all of the sources presented in
this paper were also observed to display variability inconsistent
with noise or proper motion shifts in neighbouring LoTSS fields
(see e.g. Callingham et al. 2021b; Toet et al. 2021). We consider
all presented detections as reliable.

3.2.2. Pulsar catalogues

To search for any pulsars in V-LoTSS, we crossmatched our
detections to the following pulsar catalogues: the Australia Tele-
scope National Facility Pulsar Catalogue (Manchester et al.
2005), the LOFAR Tied-Array All-sky Survey (LOTAAS; Tan
et al. 2018, 2020; Michilli et al. 2020), and the TULIPP survey
(Sobey et al. 2022). The compilation of these three catalogues
results in 3177 unique pulsars, of which 98 are in the V-LoTSS
survey footprint. We note that several of the new pulsar discover-
ies in the TULIPP survey were made using a preliminary version
of the V-LoTSS catalogue.

We crossmatched out to 5′′ and found 24 matches to known
pulsars in V-LoTSS, implying a detection rate of ≈25%. We
would expect <0.01 of these matches to be a chance coincidence.
Only three of these pulsar matches are to V-LoTSS sources with
4 ⩽ S V/σV < 5. This V-LoTSS pulsar sample is explored in
detail in Sect. 4.2.

3.2.3. Ultracool dwarf catalogue

We crossmatched our V-LoTSS sample to the UltraCoolSheet
(Best et al. 2020), a compilation of around 3000 ultracool (spec-
tral types ∼M6 and later) dwarf detections. Of these 3000
ultracool dwarfs, approximately 850 are in our survey region. We
applied proper motion correction based the information avail-
able in the ‘formula’ columns, which is a curated list of the best
proper motions from the literature. Only one match was found
within 10′′, and that was to the LOFAR discovered T6.5 brown
dwarf Elegast (Vedantham et al. 2020a). It is not surprising that
we do not detect other known ultracool dwarfs since the radio
emission from most of these objects is expected to be below our
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Fig. 5. Circularly polarised fraction of V-LoTSS sources as a function of signal-to-noise ratio in Stokes I (left panel) and Stokes V (middle panel).
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sensitivity limit (McLean et al. 2012; Kao et al. 2016), except for
unusual cases such as Elegast (Vedantham et al. 2020a).

3.2.4. Sloan Digital Sky Survey Data Release 17 catalogue

Since leakage into Stokes V from AGN is the largest potential
contaminant of false sources in V-LoTSS, we only searched for
extragalactic counterparts to V-LoTSS sources with flux densi-
ties ⩾5σV . We considered a V-LoTSS source to be extragalactic
if it had a measured spectroscopic redshift in NASA/IPAC
Extragalactic Database (NED) within 1′′ of the Stokes I source
position. That condition was satisfied for only for one V-LoTSS
source, which is associated with a quasar in the Sloan Digital
Sky Survey Data Release 17 (SDSS DR17; Abdurro’uf et al.
2022). The false-association rate between SDSS DR17 sources
with spectroscopic redshifts and ⩾5σV V-LoTSS sources within
a crossmatching radius of ⩽1′′ is <0.003.

3.3. Population characteristics of V-LoTSS and literature
comparison

In total, we have identified 56 circularly polarised sources that
have flux densities ⩾5σV . Based on their association with a
star or pulsar, we have also isolated a further 12 circularly
polarised sources that have 4 ⩽ S V/σV < 5. We expect ≲1 of
these sources to be a false association. All object information
for the 68 V-LoTSS sources is provided in an electronic table,
with the column headings detailed in Appendix A. The handed-
ness of the circularly polarised emission from V-LoTSS sample
is roughly evenly split – 40% and 60% of sources were detected
emitting left-handed and right-handed circularly polarised light,
respectively.

The variation of the circularly polarised fraction with the
signal-to-noise ratio in Stokes I and V for these 68 sources is
shown in Fig. 5. The distribution of the circularly polarised frac-
tion for V-LoTSS sources associated with known stars or pulsars
is presented in the right panel of Fig. 5. V-LoTSS sources are

predominately associated with either a pulsar or a star of some
sub-type. These two populations have a significantly different
median circularly polarised fraction. The V-LoTSS sources asso-
ciated with stars have a median and semi-interquartile (SIQR)
circularly polarised fraction of 71+9

−18%. In comparison, the
V-LoTSS sources associated with pulsars have a median and
SIQR circularly polarised fraction of 6.5+3.9

−1.3%. No pulsar is
detected to have a circularly polarised fraction >40%. We also
do not detect a star with a circularly polarised fraction <30%,
suggesting solely based on the circularly polarised fraction and
whether it has an optical counterpart it is possible to identify the
likely nature of the unknown sources. The types of stars, pulsars,
and the grouping of the unknown sources is discussed in Sect. 4.

For a comparison to the only other wide-field circularly
polarised survey that has been fully published, we note that none
of the sources that were detected by Lenc et al. (2018) fall within
the survey area of our current release of V-LoTSS. However,
Lenc et al. (2018) also provided 4σ upper-limits on the circu-
larly polarised fraction of pulsars in their survey region. Only
one pulsar with a reported upper limit is located in our survey
footprint. In this case, Lenc et al. (2018) expected the circularly
polarised fraction of PSR B0823+26 to be <13.1%. We mea-
sure the circularly polarised fraction of PSR B0823+26 to be
2.4±0.3%.

Furthermore, Lenc et al. (2018) detected a number of artifi-
cial satellites in their survey. In contrast, we have not detected
any. Since our search for circularly polarised sources was con-
ducted on 8 h long exposures, we washed out any short circularly
polarised emission that was either broadcasted or reflected by an
artificial satellite. The artificial satellites detected by Lenc et al.
(2018) were in single 2-min exposures.

We also do not detect a circularly polarised stellar system
source with a Stokes V flux density >9 mJy in the 8 h long LoTSS
exposures. Therefore, it is unsurprising that Lenc et al. (2018)
did not detect the general population of circularly polarised stars
since their survey had a typical sensitivity of ≈3 mJy beam−1,
making V-LoTSS over 20 times more sensitive. However,
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Fig. 6. Hertzsprung-Russell diagram of sources in Gaia DR3 that are at ⩽150 pc (Gaia Collaboration 2018) and in the V-LoTSS survey footprint,
with our Stokes V detections with Gaia DR3 counterparts overplotted. MG and GBP −GRP represent the absolute magnitude in the Gaia G-band
and colour derived from the blue (BP) and red (RP) parts of the Gaia band, respectively. The colour bar in the upper-right corner represents the
number of sources in the density plot. The top axis communicates the approximate ranges of different stellar spectral types. The colour of the
overplotted points maps to the source class, as communicated in the legend. The source classes are M-dwarf (red circles), RS Canum Venaticorum
(RS CVn; yellow squares), BY Draconis (BY Dra; blue squares), FK Comae Berenices (FK Com; brown squares), and W Ursae Majoris (W UMa;
green squares) variable stars and millisecond pulsars (MSPs; purple triangle). We plot sources without a known class in the literature as black
triangles.

several of our circularly polarised stars have been shown to
reach >200 mJy in Stokes V at 144 MHz on short timescales (e.g.
Callingham et al. 2021a). It appears unlucky that Lenc et al.
(2018) did not catch a southern hemisphere analogue of these
stars in outburst.

3.4. Completeness

To calculate the completeness of V-LoTSS, we injected point
sources into the residual maps and determined our recovery rate
with AEGEAN. The simulated sources were delta functions con-
volved with the synthesised beam. Unlike LoTSS-DR2, we did
not simulate the impact of ionospheric distortions on source
recovery since we are working with 20′′ resolution images in
Stokes V . We find V-LoTSS is 50%, 90%, and 95% complete at
0.3 mJy, 0.7 mJy, and 0.9 mJy, respectively. These completeness
values are at slightly higher flux densities than the equivalent
Stokes I completeness values since we are searching for sources
farther down the primary beam of single LoTSS pointings, where
the noise is higher than if we had mosaicked the data.

4. Discussion

V-LoTSS is composed of four distinct classes of objects: (1) non-
degenerate Galactic circularly polarised sources; (2) degenerate
Galactic circularly polarised sources; (3) extragalactic circu-
larly polarised sources; and (4) unidentified circularly polarised
sources. We discuss each of these classes in turn, and the
implications of the source counts of V-LoTSS for a wide-field
circularly polarised survey conducted by the upcoming Square
Kilometre Array (SKA).

4.1. Galactic non-degenerate circularly polarised sources

The 37 V-LoTSS detections that are associated with
Galactic non-degenerate sources are largely composed of
two source classes: low-mass dwarfs and extremely chromo-
spherically active stars. The differentiation into predominantly
two source classes is demonstrated in the Hertzsprung-Russell
diagram of Fig. 6, where most V-LoTSS sources follow either
the M-dwarf main sequence or the giant branch.
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The chromospherically active stars can be further subdivided
into various variable star sub-types, such as RS Canum Venati-
corum (RS CVn; yellow squares), BY Draconis (BY Dra), FK
Comae Berenices (FK Com), and W Ursae Majoris (W UMa)
variable stars. In all cases, these stars are either close (≲1 au)
young binaries or giants that are rapidly (≲2 days) rotating.
All of these stars have luminous (≳1028 erg s−1) X-ray coun-
terparts. The high-brightness temperature, circularly polarised
radio emission from these objects could plausibly be gener-
ated by ECMI via a sub-Alfvénic interaction between the binary
members or the breakdown of co-rotation (Toet et al. 2021).
However, the exact engine generating the radio emission from
these objects is still debated (see e.g. Vedantham et al. 2022).

In contrast, the M-dwarf sample in V-LoTSS is not domi-
nated by binaries. The V-LoTSS M-dwarf sample is composed
of stars at all coronal and chromospheric activity levels, as well
as slow and fast rotators (Callingham et al. 2021b). In partic-
ular, it has been suggested that the highly circularly polarised
radio emission from the inactive, slow-rotating M dwarfs in
this sample is evidence of a sub-Alfvénic interaction between
a star and a putative planet (Vedantham et al. 2020b; Callingham
et al. 2021b; Pope et al. 2021; Kavanagh et al. 2022). For the
more active M dwarfs, the circularly polarised radio emission
could be generated by plasma processes or ECMI via the break-
down of co-rotation (Callingham et al. 2021a). Also, as noted
in Sect. 3.2.3, we identify only one known ultracool dwarf in
V-LoTSS, which was previously discovered using preliminary
V-LoTSS data (Vedantham et al. 2020a).

For the remainder of this section, we focus on the three stars
that do not have a clear source class identified in the literature.
We aim to determine if these three stars are consistent with the
chromospherically active stars, M dwarfs, or a new stellar sub-
group in V-LoTSS.

HD 220242 is the only isolated main-sequence star, other
than an M-dwarf, that we have detected as highly circularly
polarised. It has a spectral class of F5 V, and does not appear
to have a close stellar companion (Nordstrom et al. 1997) or an
anomalously high X-ray luminosity for its spectral type (Suchkov
et al. 2003). Furthermore, it does not have strong coronal or chro-
mospheric activity indicators. Based on our sensitivity horizon
to M dwarfs of ≈50 pc (Callingham et al. 2021b), and assuming
the mechanism driving the circularly polarised emission from
the M dwarfs is universal across the different spectral types,
we expect approximately one detection of a F-, G-, or K-dwarf
given that we have detected 16 M dwarfs (Henry et al. 2006).
However, there is a long-period astrometric signal that suggests
HD 220242 could have a distant (>10 au) companion that is con-
sistent with the mass of a M or brown dwarf (Kervella et al.
2019, 2022). Therefore, it is possible that the circularly polarised
emission we are detecting is from this low-mass companion.
Further radial-velocity monitoring is required to determine the
significance of the astrometric signal. Very long baseline inter-
ferometry (VLBI) could also be used to resolve the location of
the radio emission to the primary or putative companion if the
radio emission extends to gigahertz frequencies.

TYC 2834-1385-1 may also be an isolated main-sequence
dwarf but limited information is available about the source in the
literature to be conclusive about its nature. As shown in Fig. 6,
TYC 2834-1385-1 is consistent with an early K-dwarf, and Gaia
DR3 does not report a significant amount of excess astromet-
ric noise for the source. It is not detected in the ROSAT all-sky
survey (Boller et al. 2016), with a three-sigma upper-limit on its
soft (0.1–2.4 keV) X-ray luminosity of ≲1.4× 1031 erg s−1. While
all other chromospherically active stars identified in V-LoTSS

are detected in the ROSAT all-sky survey, the upper-limit of
≲1031 erg s−1 is consistent with the average soft X-ray luminos-
ity of the chromospherically active star sample (Vedantham et al.
2022). TYC 2834-1385-1 does not appear to be optically vari-
able (Woźniak et al. 2004; Oelkers et al. 2018). Perhaps most
cogent is the fact that TYC 2834-1385-1 is located at ≈140 pc.
Such a distance is more than double the farthest M-dwarf
V-LoTSS detection, but consistent with the average distance
of the chromospherically active star population in V-LoTSS.
We suggest that this star is likely an unidentified RS CVn or
FK Com variable. To test if this is the case, a high-resolution
optical spectrum is required to determine if the star is a close
binary and measure the rotation rate from line broadening.
Also, a sensitive X-ray observation would establish whether its
soft X-ray luminosity is underluminous for a chromospherically
active star.

BD +42◦ 2437 has a known soft X-ray counterpart with a
high luminosity of ≈1031 erg s−1 (Boller et al. 2016), and a fast
≈25.2 days rotation period for a giant (Kiraga & Stępień 2013).
The high X-ray luminosity, location on the giant branch, and
fast rotation also suggest BD +42◦ 2437 is consistent with the
chromospherically active stars sub-group in V-LoTSS.

4.2. Galactic degenerate circularly polarised sources

The pulsars we detect as circularly polarised have periods that
span ≈2 ms to 1.6 s. One-quarter of the circularly polarised pul-
sars we have detected are MSPs with period <6 ms, consistent
with the underlying high (>20◦) Galactic latitude population of
these old MSPs (Manchester et al. 2005). As shown in Fig. 7,
we observe no trend in circularly polarised fraction with period
or period derivative – MSPs are as circularly polarised as their
more slowly rotating counterparts.

Only two of the detected pulsars in V-LoTSS have mea-
sured circularly polarised fraction of their average pulse profile
around 150 MHz. We measure a circularly polarised fraction in
our images of 2.4 ± 0.3% and 2.7 ± 0.3% for PSR B0823+26
and PSR J1012+5307, respectively. In comparison, the circularly
polarised fraction of the average pulse profile of PSR B0823+26
and PSR J1012+5307 are 6.21 ± 0.07% and 9 ± 1%, respec-
tively (Noutsos et al. 2015). The relative de-polarisation between
the beam-formed and interferometric observations is likely
because the interferometric measurements average over all
pulse phases. In comparison, the beam-formed observations of
Noutsos et al. (2015) averages only over the on-pulse region of
the pulse profile.

4.3. Extragalactic circularly polarised sources

We only detect one circularly polarised source that is asso-
ciated with an AGN: GB6 B1639+5425 (WN B1639.4+5425;
SDSS J164033.57+541943.3). Based on its SDSS properties,
GB6 B1639+5425 is a broad-line quasar at redshift 2.87 (Lyke
et al. 2020). The source exhibits a peak in its radio spectrum
around 1 GHz, making it a candidate peaked-spectrum source
(Callingham et al. 2017). However, contemporaneous observa-
tions across a wide bandwidth are required to ensure that such a
peak is not the product of variability. We note that the source
does not display measurable variability between two different
LoTSS fields that were observed separated by a day, or between
NVSS (Condon et al. 1998) and FIRST (White et al. 1997).

The circularly polarised fraction of GB6 B1639+5425 is
somewhat high for an AGN at 1.4 ± 0.3%, which is consistent
with the radio emission from GB6 B1639+5425 being dominated
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Fig. 7. Circularly polarised fraction of known pulsars as a function of pulse period (left panel) and period derivative (right panel). The uncertainties
in period and period derivative are smaller than the symbol sizes. We do not have a period derivative measurement for five of the detected pulsars.
We observe no trend of circularly polarised fraction with either the period or period derivative.

by a compact pc-scale jet – as revealed by VLBI observations of
the source (Petrov 2021).

Our detection of circularly polarised emission from
GB6 B1639+5425 represents the lowest-frequency detection of
circularly polarised emission from an AGN. We also measured
the Stokes Q and U properties of GB6 B1639+5425 to ensure
the circularly polarised signal is not produced by leakage from
Stokes Q/U into V. We do not detect linearly polarised emission,
meaning that GB6 B1639+5425 is <1% linearly polarised for
rotation measures within the range of ±450 rad m−2 for channel
widths of 97.6 kHz.

To extract physical insights about the radio jets present
in GB6 B1639+5425 requires us to determine the dominant
mechanism that is producing the circularly polarised radiation
(O’Sullivan et al. 2013). With just one measurement at one
frequency it is difficult to isolate what is producing the circu-
larly polarised radiation. For example, it is possible that the
circular polarisation is produced by Faraday conversion of lin-
ear polarisation (O’Sullivan et al. 2013), synchrotron emission
itself (Legg & Westfold 1968), or even scintillation (Macquart
& Melrose 2000). A programme to contemporaneously observe
GB6 B1639+5425 from ∼100 MHz to ∼10 GHz, measuring how
the fraction of polarisation changes with frequency and any
change in handedness, is required to determine the most likely
production mechanism.

4.4. Unidentified circularly polarised sources

We have five sources that do not have a counterpart in Gaia
DR3, pulsar, or brown dwarf catalogues. However, based on
the circularly polarised fraction of these sources, we can pro-
pose a likely source class association. The unidentified sources
with circularly polarised fractions <10% are highly likely to be
pulsars because, as shown in Fig. 5, almost all detected pulsars
have a circularly polarised fraction <10%. A pulsar classifica-
tion is especially likely if the source also has a Stokes I emission
≳ 20 mJy in the 8 h exposures since we do not detect a star
with a flux density in Stokes I exceeding ≈9 mJy. However,
caution is needed when applying this signal-to-noise selec-
tion, especially if the exposure time in searching for Stokes V
emission is small, as stars can burst to >200 mJy on short
timescales (e.g. Callingham et al. 2021a). Pulsar searches are

reasonably complete at our survey sensitivity (Tan et al. 2018,
2020; Michilli et al. 2020). Therefore, it is possible that these
unidentified pulsars are preferentially MSPs or slowly (≳1 s)
rotating since traditional pulsar searches are more incomplete at
those spin periods.

For the sources with a circularly polarised fraction >30% but
without an optical counterpart in Gaia DR3, we suggest these
sources are brown dwarf candidates. Similar to the LOFAR dis-
covered brown dwarf Elegast (Vedantham et al. 2020a), deep
infrared imaging and spectroscopy is needed to confirm this class
suggestion.

To be explicit, we suggest that ILT J123927.33+323923.4,
ILT J132707.56+342337.9, and ILT J152745.28+545324.7 are
highly likely to be pulsars. In comparison,
ILT J100804.68+594732.5, and ILT J104408.20+341243.6 are
brown dwarf candidates. However, we do issue caution in
following-up the brown dwarf candidates. We imaged the data
on ILT J100804.68+594732.5 and ILT J104408.20+341243.6 at
≈10 min cadence and do not detect any clear bursts. The radio
emission for both sources is at a low-significance for the entire
8 h observations, similar to what was observed for Elegast
(Vedantham et al. 2020a).

Finally, we cannot rule out the possibility that some of
these sources could belong to an unknown class of astrophysical
objects. However, such a conclusion can only be reached if tim-
ing or deep infrared searches at the location of these unidentified
sources produce null results.

4.5. Source counts and implications for a SKA-Low wide-field
survey

We provide the differential source counts of V-LoTSS in Fig. 8.
Such information is useful to confirm the flux density at which a
survey becomes substantially incomplete and allows us to predict
how many circularly polarised detections we should expect once
V-LoTSS is completed. Figure 8 shows that we have not detected
a source with a circularly polarised flux density >10 mJy in an
8 h synthesised image, and confirms we become significantly
incomplete at circularly polarised flux densities <0.5 mJy.

If we assume that circularly polarised detections are homo-
geneously distributed across the sky, and that our survey sensi-
tivity will not significantly change with declination, we expect
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Fig. 8. Differential source counts per 8 h epoch for our Stokes V detected sources (left panel) and their Stokes I counterparts (right panel). The error
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210 ± 40 detections once V-LoTSS has completed observing the
whole northern sky. However, this prediction ignores the fact that
the detection rate will likely increase towards the Galactic Plane
because of the increased density of pulsars in that direction.
Since there are ∼1200 known pulsars in the rest of the north-
ern sky yet surveyed (Manchester et al. 2005), and we have a
detection rate of ≈25% for pulsars in this release of V-LoTSS,
we expect ∼300 detections of pulsars. However, since the noise
in the Galactic Plane will substantially increase relative to obser-
vations off the Plane, the true number of pulsars detected at the
conclusion of V-LoTSS will likely be closer to ∼200 based on
an expectation that the noise in the Plane will be on average
≈400µJy. Therefore, we can expect 300 ± 100 detections by the
completion of V-LoTSS.

Using the trend present in Fig. 8, we can also predict
the number of detections expected from similar, future low-
frequency wide-field surveys. While the current survey strategy
of the low-array of the Square Kilometre Array (SKA-Low) is
not defined, if SKA-Low conducts a survey with 8 h pointings at
148 MHz with a bandwidth of ≈50 MHz, a 5σ Stokes V detection
will need to be ≈50µJy based on current expected array sensi-
tivity (Braun et al. 2017; Pope et al. 2019). Therefore, we predict
that a southern sky (below declination 0◦) SKA-Low survey
could detect 2000±1000 circularly polarised sources, of which
at least 1000 are expected to be stellar in origin. We have fac-
tored the increase in the density of pulsars towards the Galactic
Plane into this prediction.

However, since SKA-Low will likely become confusion-
limited in total intensity in less than an hour, it appears unlikely
that a wide-field survey of 8 h pointings will be conducted.
Assuming a SKA-Low wide-field survey is conducted with 1 h
pointings at 148 MHz with a bandwidth of ≈50 MHz, we expect
700±300 detections provided that a ⩾5σ Stokes V detection is
⩾140µJy and that the variable circularly polarised sources iden-
tified in 8 h epochs are detected at the same rate as those in
1 h epochs.

Finally, we note that we performed a Euclidean Universe
normalisation for Fig. 8 out of tradition rather than scientific
motivation. Our sensitivity horizon to M dwarfs appears to be
∼50 pc, making that population relatively homogeneous in our
survey footprint. However, homogeneity and isotropy does not
apply to the population of pulsars and chromospherically active
stars. Depending on the source brightness, a spherical or cylin-
drical geometry should be the correction applied. There is a hint
such geometries should be applied as there is more of a knee
in the Stokes V source counts relative to the Stokes I source
counts, suggesting there are likely stellar sources in LoTSS-DR2
that do not have Stokes V counterparts. Unfortunately, with only
68 sources it is difficult to reliably test which corrections are
appropriate. We will conduct such an investigation once we
produce the final V-LoTSS catalogue of the entire northern sky.

5. Conclusions and future outlook

We have detailed the production of V-LoTSS, the most sensi-
tive circularly polarised radio survey to date. This data release
of V-LoTSS covers ≈27% of the northern sky at a resolution of
20′′ and with a median noise of 140µJy beam−1. We measure
the leakage of Stokes I into Stokes V to be 0.06 ± 0.03%, and
V-LoTSS is 100% complete at Stokes V flux densities ≥1 mJy.

In total, we identify 68 reliable circularly polarised low-
frequency radio sources. To be deemed a reliable detection, a
Stokes V source had to be associated with a ≥5σI Stokes I source
and possess a circularly polarised fraction ≥1%. In general, the
Stokes V sources also had to have a flux density ≥5σV , but we
made an exception for 12 Stokes V sources with 4 ⩽ S V/σV < 5
since those sources were also associated with an expected circu-
larly polarised source class. We expect ≲1 V-LoTSS source to be
a false association or chance detection.

We find the sources in V-LoTSS to be composed of four
distinct astrophysical classes: stellar systems, pulsars, AGN,
or otherwise unidentified in the literature. The stellar systems
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can be largely separated into chromospherically active stars,
M dwarfs, and brown dwarfs. HD 220242 is the only isolated,
quiescent, main-sequence star we have detected that is not an
M dwarf. However, further observations are needed to confirm
that it does not possess a distant low-mass companion and that
the radio emission is indeed generated from the F5 V star.

We have reliably detected only one AGN in V-LoTSS
(GB6 B1639+5425), which has a circularly polarised fraction of
1.4±0.3%. This represents the lowest-frequency detection of cir-
cular polarisation from an AGN. The radio emission from this
source is dominated by its parsec-scale jet. Follow-up obser-
vations at higher frequencies are required to differentiate the
production mechanism for the circularly polarised radiation.

Based solely on the circularly polarised fraction, we have
also identified pulsar and brown dwarf candidates to be followed
up with radio timing or infrared observations. Finally, once
V-LoTSS has covered the entire northern sky, we expect to detect
300±100 circularly polarised sources.

We are currently working on improvements for future data
releases for V-LoTSS. In particular, we are now producing
V-LoTSS images with ≈6′′ resolution and with an improved sen-
sitivity of a factor of ≈1.2 over this release. This improvement
in sensitivity is due to the down-weighting of the difficult-to-
calibrate short baselines of LOFAR. We are also deconvolving
the higher-resolution images, which will facilitate the potential
science case of measuring localised circularly polarised emis-
sion in resolved sources, such as the hot spots of radio AGN.
The next release of V-LoTSS will likely also include a search
on mosaicked data, which would potentially recover constant
circularly polarised, but low-significance, sources. Finally, the
analysis of the Stokes Q and U products of LoTSS (O’Sullivan
et al., in prep.), and a search of the Stokes V data at shorter
≈4 min cadences (Bloot et al., in prep.), is underway.
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Appendix A: Description of the V-LoTSS catalogue

The column numbers, names, and units for the V-LoTSS catalogue are described below in Table A.1. The table is available online.
All Stokes I information is similar to that found in the LoTSS-DR2 catalogue but can differ depending on whether the source is
variable (Shimwell et al. 2022). For the few sources that are not present in LoTSS-DR2 because of their variability, we have formed
their LoTSS name in line with the convention defined by Shimwell et al. (2022). We report some Gaia DR3 measurements (Gaia
Collaboration 2023) if the Stokes V source has a counterpart in that survey. Similarly, we report some pulsar properties if the source
has a counterpart in Australia Telescope National Facility Pulsar Catalogue (PSRCAT; v1.68; Manchester et al. 2005).

Table A.1. Column headings and descriptions for the V-LoTSS catalogue.

Number Name Unit Description
1 VLoTSS_name – Name of the source following the naming convention of LoTSS-DR2
2 Common_name – Name of the source in SIMBAD or PSRCAT (if known)
3 RA_v degrees Stokes V Right ascension (J2000)
4 e_RA_v arcsec rms uncertainty in Stokes V RA
5 Dec_v degrees Stokes V Declination (J2000)
6 e_Dec_v arcsec rms uncertainty in Stokes V Declination
7 RA_i degrees Stokes I Right ascension (J2000)
8 e_RA_i arcsec rms uncertainty in Stokes I RA
9 Dec_i degrees Stokes I Declination (J2000)
10 e_Dec_i arcsec rms uncertainty in Stokes I Declination
11 Total_flux_v mJy Integrated Stokes V flux density of the source
12 e_Total_flux_v mJy 1σ uncertainty on the total Stokes V flux density
13 Total_flux_i mJy Integrated Stokes I flux density of the source
14 e_Total_flux_i mJy 1σ uncertainty on the total Stokes I flux density
15 v_i % Absolute value of the ratio of the Stokes V and Stokes I total flux density
16 e_v_i % 1σ uncertainty in the circularly polarised fraction
17 local_rms_v mJy beam−1 Average background rms value of the source in Stokes V
18 local_rms_i mJy beam−1 Average background rms value of the source in Stokes I
19 field_name – LoTSS-DR2 field name that contains the brightest detection of the source
20 date_obs YYYY-MM-DD Date of the LOFAR observation for the reported field
21 dup_detect – Number of independent detections in different LoTSS fields
22 designation_gaia – Gaia DR3 source designation
23 RA_gaia degrees Gaia DR3 Right ascension (J2000)
24 Dec_gaia degrees Gaia DR3 Declination (J2000)
25 parallax milliarcsec Gaia DR3 parallax
26 e_parallax milliarcsec Uncertainty in Gaia DR3 parallax
27 pm arcsec Gaia DR3 proper motion
28 ref_epoch_gaia YYYY.Y Gaia DR3 reference epoch
29 phot_g_mean_mag_gaia mag Gaia DR3 G-band mean magnitude
30 bp_rp_gaia mag Gaia DR3 BP-RP colour
31 period_psr s Period of pulsar in PSRCAT
32 e_period_psr s Uncertainty in the period of pulsar in PSRCAT
33 period_deriv_psr s s−1 Period derivative of pulsar in PSRCAT
34 e_period_deriv_psr s s−1 Uncertainty in the period derivative of pulsar in PSRCAT
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