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ABSTRACT

A Faraday rotation measure (RM) catalogue, or RM Grid, is a valuable resource for the study of cosmic magnetism. Using the
second data release (DR2) from the LOFAR Two-metre Sky Survey (LoTSS), we have produced a catalogue of 2461 extragalactic
high-precision RM values across 5720 deg? of sky (corresponding to a polarized source areal number density of ~0.43 deg™2).
The linear polarization and RM properties were derived using RM synthesis from the Stokes Q and U channel images at
an angular resolution of 20 arcsec across a frequency range of 120 to 168 MHz with a channel bandwidth of 97.6 kHz. The
fraction of total intensity sources (>1 mJy beam~!) found to be polarized was ~0.2 per cent. The median detection threshold was
0.6 mJy beam™" (80 r), with a median RM uncertainty of 0.06 rad m~2 (although a systematic uncertainty of up to 0.3 rad m = is
possible, after the ionosphere RM correction). The median degree of polarization of the detected sources is 1.8 per cent, with a
range of 0.05 per cent to 31 per cent. Comparisons with cm-wavelength RMs indicate minimal amounts of Faraday complexity in
the LoTSS detections, making them ideal sources for RM Grid studies. Host galaxy identifications were obtained for 88 per cent
of the sources, along with redshifts for 79 per cent (both photometric and spectroscopic), with the median redshift being 0.6.
The focus of the current catalogue was on reliability rather than completeness, and we expect future versions of the LoTSS RM
Grid to have a higher areal number density. In addition, 25 pulsars were identified, mainly through their high degrees of linear
polarization.

Key words: polarization —catalogues —techniques: polarimetric — galaxies: active — magnetic fields —radio continuum: galaxies.

1 INTRODUCTION

The construction of large-area ‘RM Grid’ catalogues are a key goal
for current and future radio telescopes (e.g. Gaensler, Beck & Feretti
2004; Gaensler et al. 2010; Lacy et al. 2020). The RM Grid is
shorthand for a collection of Faraday rotation measure (RM) values
from linearly polarized radio sources observed across a particular
area of sky, and it enables many different science goals in the study of
magnetic fields on different scales in the Universe (Beck & Gaensler
2004; Johnston-Hollitt et al. 2015; Heald et al. 2020).

While most RM Grid studies to date have been at centimetre wave-
lengths (e.g. Taylor, Stil & Sunstrum 2009), the recent development
of radio facilities at low frequencies has led to a significant advance
in our understanding of the population of polarized radio sources and
their Faraday rotation properties (Bernardi et al. 2013; Mulcahy et al.
2014; Jeli¢ et al. 2015; Orru et al. 2015; Lenc et al. 2016; Neld et al.
2018; O’Sullivan et al. 2018b; Riseley et al. 2018; Van Eck et al.
2018; Riseley et al. 2020), and how they can be used to enhance our
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understanding of magnetic fields in different cosmic environments
(e.g. O’Sullivan et al. 2019, 2020; Cantwell et al. 2020; Stuardi et al.
2020; Mahatma et al. 2021; Carretti et al. 2022).

The main advantage of RM studies at metre wavelengths compared
to centimetre wavelength observations is the dramatic improvement
in the accuracy with which individual RM values can be determined
(by one to two orders of magnitude). However, one of the main
challenges to finding linearly polarized sources at long wavelengths is
the need for high angular resolution and high sensitivity observations
to mitigate the strong influence of Faraday depolarization. These
challenges are being met to a large degree by LOFAR with its unique
ability to produce high fidelity images at high angular resolution, in
principle as high as 0.3 arcsec (Morabito et al. 2016; Jackson et al.
2016; Harris et al. 2019; Sweijen et al. 2022). Furthermore, the wide
field of view and frequency bandwidth enables large areas of sky
to be covered efficiently in order to detect many linearly polarized
sources and their associated RM values.

The combination of RM Grid catalogues at metre and centimetre
wavelengths provide an important means to better understand the
different contributions to the Faraday rotation along the line of sight.
For example, radio source populations that are located in, or have

£20Z YoJe\ 91 uo Jasn ABojouyos | 1o Alsiaaiun siswey) Aq €1 2969/£2.S/¥/61 S/a01le/seluw/woo dno olwapeoae//:sdiy Woll papeojumoc]


http://orcid.org/0000-0002-3968-3051
http://orcid.org/0000-0003-4223-1117
http://orcid.org/0000-0002-2155-6054
http://orcid.org/0000-0002-3973-8403
http://orcid.org/0000-0002-3369-7735
http://orcid.org/0000-0003-1997-0771
http://orcid.org/0000-0002-8950-7873
http://orcid.org/0000-0002-3533-8584
http://orcid.org/0000-0002-3910-5809
http://orcid.org/0000-0002-9325-1567
http://orcid.org/0000-0001-6889-8388
http://orcid.org/0000-0002-2082-407X
http://orcid.org/0000-0002-5364-2301
mailto:shane.osullivan@dcu.ie

5724 S. P. O’Sullivan et al.

lines of sight through, dense magnetoionic environments are strongly
affected by Faraday depolarization at long wavelengths (e.g. LOFAR;
van Haarlem et al. 2013) but less so at shorter wavelengths (e.g.
ASKAP-POSSUM; Gaensler et al. 2010). These observations thus
provide additional constraints for models that attempt to isolate the
RM contribution in the radio source’s local environment from that
due to the intergalactic medium and the Milky Way, for example.

Classifications of the source properties such as the host galaxy,
redshift, morphology, etc. are important to identify and study the dif-
ferent underlying populations, as well as providing a means of better
statistical weighting to optimize the inferences for particular science
goals (Vacca et al. 2016; Rudnick 2019). In addition to the RM
Grid catalogue, the ongoing LOFAR Two-metre Sky Survey (LoTSS;
Shimwell et al. 2017, 2019, 2022) provides a wealth of added-value
data products, with host galaxy identifications (Williams et al. 2019),
photometric redshift estimates (Duncan et al. 2019), spectroscopic
redshift observations (Smith et al. 2016), source morphology and
environment classifications of radio galaxies (Croston et al. 2019;
Hardcastle et al. 2019; Mingo et al. 2019), and star forming galaxy
scaling relations (Smith et al. 2021; Heesen et al. 2022).

In this paper, we use the LoTSS polarization data at an angular
resolution of 20 arcsec. LoTSS is observing the northern sky with
the LOFAR High-Band Antennas (HBA) at Declinations greater than
0° with a frequency range of 120-168 MHz. As part of Data Release
2 (DR2; Shimwell et al. 2022), here we present the LoTSS-DR2
RM Grid covering 5720 deg? of the sky. This is approximately a
quarter of the final sky area expected from the full LoTSS survey. In
addition to the RM Grid catalogue, we also provide access to a wide
range of ancillary data products, such as RM cubes and Stokes Q
and U frequency spectra (see section 4.1 in online Appendix). In our
description of the catalogue construction, we also highlight some of
the limitations of the current data products for science. As we are
continually developing our calibration and data analysis tools for
long wavelength polarimetry, we expect that future data releases will
provide significant improvements in the number of detected polarized
sources and also in the overall data quality which will allow for more
detailed scientific studies of individual sources.

In Section 2, we describe the observational data and our polarized
source detection algorithm. The RM Grid catalogue is presented in
Section 3, along with the description of the value-added products. In
Section 4, we provide a summary of the main results and a perspective
on enhancements planned for future data releases.

1.1 Linear polarization and Faraday rotation definitions
The complex linear polarization is defined as
P=0Q+iU=ple¥V (D)

where I, O, U are the Stokes parameters, p is the degree of
polarization, and v is the observed polarization angle. The angle
Y rotates linearly with wavelength-squared from its intrinsic value
Yo as it propagates through foreground regions of magnetised plasma
due to the effect of Faraday rotation, i.e.

v =10+ 1% 2
where ¢ is the Faraday depth, defined as

L

(L) = 0.812/ n, Bydl radm™2. 3)
0

Here n, is the free electron density (in units of cm™), By is the line-

of-sight magnetic field strength (in «G) and d! is the infinitesimal
path length (in parsecs).
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Due to the finite angular resolution of our telescopes, the observed
complex linear polarization intensity, P(1?), is effectively the sum of
the polarized emission from all Faraday depths within the synthesized
beam, with

o0

PG = / F(g) e do, @
—00

where F(¢) describes the distribution of polarized emission as a

function of Faraday depth. F(¢) is called the Faraday dispersion

function (FDF) or Faraday depth spectrum.

In order to identify linearly polarized radio sources, we employ
the technique of RM synthesis (Burn 1966; Brentjens & de Bruyn
2005) where one takes the Fourier transform of P(A?) to estimate
the FDF. In the simplest case, where there is a single background
source of polarized emission encountering Faraday rotation in the
foreground, the Faraday depth and the Faraday rotation measure
(RM) are equivalent. In this work, we determine the RM of the
sources from the Faraday depth of the peak of |F(¢)|.

2 DATA ANALYSIS

The LoTSS-DR2 sky area imaged in polarization covers 5720 deg?
which was split between two fields: the 13 h field, a contiguous area
of 4240 deg? centred at a Right Ascension (RA) of approximately
13"00™ and a Declination (Dec.) of +47°, and the 0 h field of
1480 deg” centred at an RA of approximately 00"30™ and a Dec. of
+30°. The 13 h field is composed of 626 pointings (i.e. 8§ h
integrations) and the O h field has 215 pointings.

2.1 Initial LoTSS data products

After the initial direction-independent calibration steps using PREF-
ACTOR,' the LoTSS data undergo a facet-based direction-dependent
calibration using KILLMS and DDFACET (see Shimwell et al. 2019;
Tasse et al. 2021, for the details), run by the DR2 DDF-PIPELINE.? This
pipeline outputs Stokes / images at 6 arcsec and 20 arcsec resolution,
as well as Stokes Q and U image cubes at 20 arcsec and 3 arcmin
(with 480 images per Stokes parameter, a channel image bandwidth
of 97.6 kHz, across a frequency range from ~120 to 168 MHz using
the HBA). In this work, we use the 20 arcsec data in addition to the
Stokes I source catalogues and images produced by the LoTSS team
(e.g. Williams et al. 2019; Shimwell et al. 2022). The 3 arcmin QU
cubes and Stokes V images are used elsewhere (e.g. Callingham et al.
2019; Van Eck et al. 2019; Erceg et al. 2022).

A 20 arcsec QU image cube for each LoTSS field covers an
area of ~58 deg? (7.6° x 7.6°). The Q and U images are not
deconvolved (due to computational and software limitations) and
the cubes are compressed using the FPACK software® by a factor
of 6.4 (the default). The distance between LoTSS field centres is
~2.58° and the full width at half-maximum (FWHM) of the HBA
station beam at 144 MHz is 3.96° (Shimwell et al. 2017). For our
current work, we considered it unnecessary to run RM synthesis on
the full field, so we extracted a smaller 4° x 4° area region around the
centre of the QU cube (after unpacking the QU cube to its original
state using FUNPACK). This choice gave us full coverage of the LoTSS
sky area with no gaps between fields, while also providing significant
overlap such that several polarized sources were detected in multiple

Uhttps://github.com/lofar-astron/prefactor
Zhttps://github.com/mhardcastle/ddf-pipeline
3https://heasarc.gsfc.nasa.gov/fitsio/fpack/
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Figure 1. The LoTSS-DR2 RMSF. Obtained from an observation with 450
frequency channels (typical) and using inverse-variance weighting of the
channels to produce an RMSF with a FWHM of 1.157 rad m~2, derived from
a Gaussian fit to the main lobe. The inset shows a zoom-in of =10 rad m—2,
to more clearly see the sidelobes, the first of which are ~22 per cent of the
main peak.

adjacent fields. No mosaicking of the QU cubes was attempted, as
this would have introduced unnecessary depolarization due to the
lack of an absolute polarization angle calibration for each field (cf.
Herrera Ruiz et al. 2021).

2.2 RM and polarization data products

The LoTSS frequency range and channel bandwidth provide a typical
resolution in Faraday depth space of ~1.16 radm~? (i.e. the FWHM
of the rotation measure spread function, RMSF, shown in Fig. 1), with
a maximum/minimum observable Faraday depth of +170 rad m~2 (at
full sensitivity) and 450 rad m=2 (at 50 per cent sensitivity). The
largest observable scale is 0.97 radm~2, which is smaller than
the Faraday depth resolution, implying that any observed polarized
emission is unresolved in Faraday depth space.

In order to find linearly polarized sources, the RM synthesis
technique was applied on the Q and U images using PYRMSYNTH*
with uniform weighting, for pixels where the 20 arcsec total intensity
was greater than 1 mJy beam™'. The input Q and U channel images
were flagged if the noise in either channel image was greater than
five times the median noise of all channels. The Faraday depth range
in RM synthesis was limited to £120 radm~2 with a sampling of
0.3 radm~2, and RMCLEAN (Heald, Braun & Edmonds 2009) was
not run. These sub-optimal choices were dictated mainly by the
computing and storage resources available at the time, coupled with
the desire to process large areas of the sky in an efficient manner (see
Section 4.1 for future planned enhancements).

For each pixel in the output cube of the FDF or Faraday depth
spectrum, we identified the peak polarized intensity outside of
a user-specified instrumental polarization or ‘leakage’ range of
—3 radm~2 to +1 radm~2,> while also retaining a record of the

4https://github.com/mrbell/pyrmsynth

SInitially the leakage exclusion range was symmetric, using +1 rad m~2.
However, after finding many more leakage peaks at negative RM values this
range was extended. In future, a more robust leakage mitigation strategy that
includes knowledge of the ionospheric RM correction values should help.

LOFAR DR2 RM Grid 5725

highest peak in the full Faraday depth spectrum. The leakage
signal (i.e. the instrumental polarization) occurs intrinsically at
0 radm~2 with a degree of polarization of order 1 percent of the
Stokes / intensity in the worst affected regions, with a typical leakage
of 0.2 per cent (Shimwell et al. 2022). However, this leakage signal
is smeared out by the ionospheric RM correction, the magnitude of
which is O(1 rad m~?2). The narrow RMSF of LoTSS (~1.16 rad m~?2)
means that we can still identify a real polarized signal at low Faraday
depths, just typically not within the leakage range specified above
(an exception would be a source with a degree of polarization
>>1 percent).

To provide an initial list of detections, we estimated the noise (o oy)
for each pixel in the Faraday depth cube from the rms of the wings
of the real and imaginary parts of the FDF (i.e. >+100 rad m~2 and
<—100 rad m~2). This is likely to be a slight over-estimate of the
noise for bright sources and/or sources with a large |RM| because we
did not apply RMCLEAN. For each field, we recorded the polarized
intensity peaks in the FDF greater than 5.50 o;;. We fit a parabola
to this peak in order to estimate the peak polarized intensity and
the corresponding Faraday depth value (i.e. the RM) to a higher
precision than the 0.3 rad m~2 sampling. This is used to create an
RM image, a polarized intensity image, and a degree of polarization
map (using the 20 arcsec total intensity map which is on the same
pixel grid). The polarized intensity image was corrected for the
polarization bias following George, Stil & Keller (2012). We also
output a o gy noise image and an RM error image (calculated in
the standard manner as the FWHM of the RMSF divided by twice
the signal-to-noise ratio). We note that the total RM error budget is
dominated by the residual error in the ionospheric RM correction,
which is applied to the data with PREFACTOR using the RMEXTRACT
code (Mevius 2018). This systematic error, for an individual LoTSS
pointing, is estimated to be ~0.1-0.3 radm~2 across a typical 8
h LoTSS observation (Sotomayor-Beltran et al. 2013), and is not
included in the RM error image. In RMEXTRACT, the time and
direction-dependent ionospheric Faraday rotation is approximated
by a thin shell model, using the measured total electron content
(TEC) in the ionosphere and a projection of the geomagnetic field
along a particular line of sight. The ionosphere TEC data are taken
from Global Navigation Satellite System (GNSS) observations (e.g.
Bergeot et al. 2014) and the geomagnetic field model is based on the
World Magnetic Model (WMM) software (Chulliat, Alken & Nair
2020).

2.3 RM Grid catalogue construction

For each field, we used the polarized intensity image (created as
described above) to identify candidate polarized source components.
We did this using a flood-fill source finding algorithm, with a 20 pixel
x 20 pixel box, where all pixels within this box with a polarized
intensity >5.50 gy were grouped together. The highest signal-to-
noise pixel in this group was then recorded as the sky position for
the catalogued values of this source component. As each pixel is 4.5
arcsec, this means that any two pixels that are separated by less than
1.5 arcmin will be merged into a single source component. Since
LoTSS polarized sources are typically sparse on the sky (~1 per 2
or 3 deg?) this approach worked well for minimizing the number
of candidate polarized source components in these non-deconvolved
images for further processing. However, it is worth noting that with
this algorithm many double-lobed radio galaxies in which both lobes
are polarized have only the brightest lobe catalogued. Close, random
radio source pairs may also suffer from this, but such pairs are not
expected to be very common in the LoTSS data at separations of less
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than 1.5 arcmin (see O’Sullivan et al. 2020, fig. 2). While these data
products are useful for finding polarized sources and constructing an
RM Grid, re-imaging would be required for detailed studies of the
RM structure of individual sources.

From an initial inspection of the source-finding results, it was
noticed that the detections of many of the bright sources at low
Faraday depth were actually most likely due to regions of instru-
mental polarization that extended in Faraday depth space outside the
previously excluded leakage range. Therefore, an additional selection
criterion was added to remove many of these sources. As noted above,
the main peak of the FDF was also recorded, even if it occurred within
the leakage range. Thus, in cases where the main peak occurred
within the leakage range and the initially catalogued RM was within
3 radm~2 of this value, this source was then excluded from the
catalogue.

After these preliminary steps, there were 35161 candidate polar-
ized source components identified. A conservative 8o oy threshold
was then employed, which reduced the number of candidate polarized
sources to 6744. This detection threshold was chosen in order to
minimize the number of false detections in the final catalogue.
For example, a false detection rate of ~10~* is expected for an
8oy threshold in the presence of non-Gaussian wings of the
Q and U noise distribution, compared to as large as 4 percent
for a detection threshold of 5o,y (George et al. 2012). How-
ever, it is clear that many real sources exist below 8oy, and
lowering this threshold can be one of the main ways to improve
the areal number density of the LoTSS RM Grid in future work
(Section 4.1).

2.3.1 Reliability of the detected polarized sources

After a detailed inspection of the preliminary catalogue of 6744
polarized source components, it was noticed that some fields had a
much higher source density than expected (i.e. >50 sources within
16 deg?). One of these fields, P219 + 52, was particularly notable as it
contained a 9 Jy source, 3C 303, which was known to have a polarized
intensity of ~98 mJy beam™' at 144 MHz (Van Eck et al. 2018).
However, in addition to 77 polarized sources identified above 8o gy
in this field, the polarized intensity of 3C 303 was approximately half
the expected value at only 49 mJy beam~'. The distribution of RM
and fractional polarization for this field had a very narrow spread that
was clearly unphysical (the median absolute deviations (MADs) in
the RM and the degree of polarization of the 77 sources in the field
were 0.04 radm~2 and 0.05 per cent, respectively). Our conclusion
was that approximately half the polarized flux of 3C 303 had been
transferred to other sources in the field.

The most likely explanation for this behaviour was identified
as the assumption that Q = U = V = 0 Jy, on average, for each
LoTSS field in a direction-independent calibration step of the DR2
DDF-PIPELINE (Tasse et al. 2021). The direction-independent full
polarization calibration is done in at least 24 frequency bins across the
HBA bandpass, and at a higher rate if the signal-to-noise ratio is high
enough according to the criteria listed in section 3.1 of Tasse et al.
(2021). This assumption has the advantage that it strongly suppresses
the instrumental polarization (i.e. leakage from Stokes / into the
other Stokes parameters). However, the major disadvantage was that
for fields that were dominated by a bright, linearly polarized source
(i.e. >10 mJy beam™! in polarized intensity), then spurious polarized
sources were created throughout the field. These spurious or ‘fake’
sources have very similar RM values to the brightest source in the
field and have low fractional polarization values (i.e. < 0.5 per cent).

MNRAS 519, 5723-5742 (2023)
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Figure 2. The median absolute deviation (MAD) of the degree of polar-
ization (MAD per centp) and of the RM (MADgwm) for sources within each
LoTSS field (i.e. a 16 deg? region). The colour scale indicates the number
of polarized sources per field above 80 gy . The fields affected by the ‘fake’
polarized source issue are in the bottom left corner of the plot (Section 2.3.1).
The grey shaded region highlights the fields that were automatically excluded
from the RM Grid catalogue (see Section 2.3.2 for further details).

In order to understand the prevalence of this effect, we picked
a LoTSS field with three weakly polarized sources, and injected a
bright polarized source near the field centre into the PREFACTOR uv-
data (using MAKESOURCEDB and DPPP). The first test injected a 10 Jy
point source that was 1 per cent linearly polarized. After running this
field through the DDF-PIPELINE and RM synthesis, we found 75 fake
polarized sources spread throughout the field. These fake sources
had a narrow RM distribution centred on the input RM values, in
addition to low fractional polarization values, similar to the 3C 303
field. We then repeated this process several times, gradually reducing
the polarized flux of the injected source, until no fake polarized source
was detected in the field. This occurred at an input polarized flux of
15 mJy, where no fake polarized source was found in the field above
a detection threshold of 70 gy

2.3.2 Mitigation strategy

We employed two main algorithms to identify and remove the fake
polarized sources from the final catalogue. The first was a complete
removal of polarized sources in particularly badly affected fields, and
the second was based on identifying fields with a bright polarized
source (defined as p > 10 mJy beam™!) and employing a more careful
identification and removal of fake polarized sources.

In order to identify the worst affected fields, we calculated the
MAD of the RM and the MAD degree of polarization of polarized
sources for each field (see Fig. 2, where each point is colour coded by
the number of polarized sources identified in a field). This allowed
us to identify a region of parameter space where the fake polarized
source problem was particularly severe (i.e. the bottom left corner of
Fig. 2, where the MAD RM and MAD degree of polarization is very
small and the number of polarized sources is unphysically large).
The polarized sources in fields with MAD degree of polarization
values greater than 10 percent were also removed. These fields
were dominated by imaging artefacts, making the identification of
real polarized sources extremely challenging for the semi-automated
procedure applied in this work. The fields within the shaded regions
in Fig. 2 were excluded from the catalogue (corresponding to
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~12 percent of the LoTSS-DR2 fields in total). Further work on
identifying the problems in these fields is warranted but was deemed
out of scope for the current work, where the main focus was on
generating an initial, highly reliable catalogue of RMs from the
LoTSS-DR2 data. We did not exclude all fields with a MAD degree
of polarization less than 0.2 percent (i.e. the bottom right region
of Fig. 2), as these fields did not have large numbers of candidate
polarized sources (unlike the fake source fields) and we considered it
worthwhile to include this relatively small number of fields for more
in-depth inspection.

For the remaining fields, we identified sources with polarized
intensities greater than 10 mJy beam~! and then removed any other
source in that field with an RM that is within 0.3 rad m~2 of the
RM of the bright source and with a degree of polarization (p) less
than 1 percent or greater than 20 per cent. Additionally, all sources
with p < 0.2 per cent were removed in these fields. These criteria
were defined from manual inspection of individual fields and from
the injected source tests described above. It is possible that real
polarized sources were removed using these criteria but we prefer
to be conservative in this case to avoid any fake polarized sources
remaining in the final catalogue.

2.3.3 Further tests and future improvements

Ongoing tests are being conducted to determine how to mitigate this
problem for future data sets. The most obvious step is to remove the
calibration step in the DDF-PIPELINE where the Q = U =V =0 Jy
assumption is made. This has already been implemented but has the
downside that the instrumental polarization is no longer suppressed
(e.g. Tasse et al. 2021, fig. 8) and the fidelity of the final Stokes
I images is impacted. Alternatively, a polarized sky model could
be developed of the Q and U flux in a field from the PREFACTOR
data at low angular resolution, with this sky model then being
incorporated into the DDF-PIPELINE. This approach is potentially
quite expensive, as it requires RM synthesis and polarized source
identification routines to be run in addition to the generation of QU
images cubes from the PREFACTOR data, before the DDF-PIPELINE
is started. Presently, we are investigating the identification and
subtraction of bright polarized sources from the PREFACTOR uv-data,
before running this data through the DDF-PIPELINE and inspecting the
output. Preliminary results are promising, but more work is needed.
For example, an attempt to remove the source 3C 303 from the
P219 + 52 field (i.e. subtracting a point source with a polarized
intensity of ~98 mJy using DPPP at the location of the peak polarized
intensity), reduced the peak polarized intensity by ~80 per cent,
resulting in 45 fewer fake polarized sources above 8o gy in that field
(from 77 to 32). Clearly, further investigation of more comprehensive
subtraction techniques are required. A different approach that could
be applied to the current data sets is the subtraction of a normalized
median FDF in Q and U. This could work well in the fields that were
completely discarded, where the problem is particularly severe, but
may not be as effective in fields with moderate problems.

2.3.4 Final catalogue selection

After addressing the fake polarized source issue, 4280 sources
remained, for which some further automated cuts were made.
First, polarized sources that did not have a corresponding Stokes
I component in the LoTSS catalogue were removed. Secondly, an
additional leakage source removal step was employed for sources
with |[RM| < 5 radm™ and p < 1 percent, where the source

LOFAR DR2 RM Grid 5727
was removed only if its RM value deviated from the MAD RM
for that field by more than 10 radm~2 (i.e. sources that deviated
significantly from the mean RM of the field and had a low degree of
polarization were plausibly leakage and thus removed to ensure the
high reliability of the catalogue). This leakage source removal step
is an extension of the previous leakage exclusion range in Faraday
depth of —3 radm™2 to +1 radm™~2 for all sources (Section 2.2),
and of 43 rad m~2 of the Faraday depth value of the main leakage
peak in the FDF (Section 2.3). Example FDFs for the various types
of excluded sources are shown in Fig. Al.

This catalogue was then cross-matched with itself (within 1
arcmin) in order to identify the duplicate sources due to the large
overlap between fields. There were 1381 duplicates found, with
the largest number of duplicates for any one source being 4. The
source that was closest to the nearest field centre was retained. These
duplicate sources are an excellent means of assessing the systematic
error in the RM values (see Section 3.1). This left 2559 unique
source components, of which cutout images were prepared for a
final quality assessment by visual inspection. These cutout images
consisted of plots of the absolute value of the FDF, the polarized
intensity image, the RM image and the degree of polarization image
(all overlaid by Stokes / contours), in addition to the NRAO VLA
Sky Survey (NVSS) total intensity and polarized intensity image
at 1.4 GHz. The visual inspection led to the removal of a small
number of sources, in addition to identifying candidate pulsars (see
Section 3.5).

For each entry in the final LoTSS RM Grid catalogue of 2461
polarized components, we extracted the single-pixel Q and U versus
frequency spectra at the component location. While PYRMSYNTH
was the most efficient RM synthesis software for running on the
large cubes (with the 1 mJy beam™' Stokes / threshold), we switched
to using the RM-TOOLS package (Purcell et al. 2020)° to analyse
the final selected polarized sources more comprehensively. Thus,
we re-ran RM synthesis on the extracted spectra with RM-TOOLS,
using the same Faraday depth range of 4120 rad m~2, but with a
higher sampling in Faraday depth of 0.05 rad m~2 and weighting each
channel by the inverse variance of the channel noise. The catalogued
RM and polarized intensity was obtained by fitting a parabola to
the main peak outside of the leakage range as defined above, and
correcting for polarization bias following George et al. (2012). The
catalogue output columns follow the RMTable standardized format,’
as described in detail in Van Eck et al. (in preparation). The details for
how to access the final catalogue and the associated advanced data
products are provided in the Data Availability section. Descriptions
of the catalogue columns are provided in Appendix A, with a
selection of columns shown in Table 1.

3 RESULTS

3.1 LoTSS-DR2 RM Grid

The sky distributions of the 2461 source components in the RM Grid
are shown in Fig. 3 for the 13 h field and Fig. 4 for the O h field,
in orthographic projection, with the red/blue circles denoting posi-
tive/negative RM values and the size of the circles being proportional
to the magnitude of the RM. The large coherent patches of positive
and negative RM values highlight how the RM contribution from
the Milky Way (i.e. the Galactic RM or GRM) dominates the mean

Shttps://github.com/CIR ADA-Tools/RM-Tools
"https://github.com/CIR ADA-Tools/RMTable
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Table 1. Sample columns from the LoTSS-DR2 RM Grid catalogue.

RA Dec RM |F(¢)| P 1 Source name z phot=10
(J2000) (J2000) (radm—2) (mJy beam ™) (per cent) (mJy beam ™) LoTSS-DR2 spec = 1
0:01:32.6 24:02:33 —66.406 £ 0.050 27.0+£0.3 1.84 £0.02 1469.4 £ 0.6 ILTJ000132.27 + 240231.8  0.10448 1
0:04:50.1 40:57:42 —65.280 £ 0.062 1.5+£0.1 0.91 £ 0.06 164.8 £ 0.1  ILTIO00451.64 + 405744.5 - -
0:05:07.5 40:57:06 —63.086 £ 0.051 9.2+0.1 4.49 £ 0.06 205.8 £0.1  ILTJI000506.83 + 405711.8 - -
0:05:40.1 19:50:55 —26.571 £ 0.050 28.6 £0.3 2.11+£0.02 1355.6 £ 0.7 ILTJ000540.72 + 195022.4  0.6843 0
0:05:59.4 35:02:02 —64.643 £ 0.064 1.9+£0.1 1.34 £ 0.09 138.1 £0.2  ILTJ000559.68 + 350204.4 - -
0:06:07.5 34:22:21 —55.051 £ 0.056 1.9+£0.1 423 £0.18 453 4+0.2  ILTI000607.41 + 342220.5  0.58427 1
0:06:15.5 26:36:06  —111.318 £ 0.051 7.0£0.1 2.18 £0.03 3240+£0.3 ILTI000624.41 + 263545.6  0.81131 0
0:06:28.6 26:35:40  —114.255 £ 0.052 29+0.1 0.37 £ 0.01 773.7£0.3 ILTI000624.41 + 263545.6  0.81131 0
0:06:32.4 20:51:00 —38.009 £ 0.063 14 £0.1 1.42 £ 0.09 100.7 £0.1  ILTJ000632.39 + 205101.5  0.94204 0
0:08:29.1 33:46:36 —60.899 £ 0.051 54+£0.1 5.28 £0.09 103.1 £0.3  ILTJO00828.85 + 334634.9 - -
0:08:32.1 42:17:50 —49.277 £ 0.060 24 +0.1 0.79 £ 0.05 302.6 £0.2 ILTJIO00831.36 + 421725.0 1.0 0
0:09:16.9 33:36:05 —56.476 £ 0.058 1.7+£0.1 11.01 £0.56 15.0£0.1  ILTJ000916.76 + 333604.4 - -
0:10:04.3 30:45:45 —63.880 £ 0.053 2.8 +0.1 0.88 £ 0.03 314.0£ 0.2 ILTIO01007.40 + 304524.3 - -
0:10:07.4 41:14:39 —63.857 £ 0.051 9.0£0.1 1.25 £0.02 7214 £0.2 ILTJI001006.00 + 411442.5 - -
23:59:51.9 39:40:54  —117.322 £0.054 34+0.1 2.70 £ 0.09 125.7£0.2  1LTJ235951.87 + 394052.7 - -

The complete catalogue has 2461 rows and can be found through the links provided in the Data Availability section. For the full list of catalogue columns and
their descriptions, see Appendix A.

#

+3Q° +45° +60°

Dec [J2000]

+15°|

0° |

16 h 14 h 12 h 10 h
RA [J2000]

Figure 3. Sky distribution of the polarized sources across the LoTSS-DR2 13 h field, in equatorial coordinates and with an orthographic projection. The
red/blue coloured circles correspond to positive/negative RM values, and the size of the circles are proportional to the magnitude of the RM (as quantified in the
figure legends). The are 2039 sources in the 13 h field, which corresponds to an areal number density of 0.48 deg™2.

RM values. An all-sky Hammer—Aitoff projection of the RM Grid POGS RM survey (Riseley et al. 2020), which has a lower polarized
in celestial coordinates is shown in Fig. 5, with both the 13 h and source density, using the Murchison Widefield Array (MWA) in the

0 h fields visible, along with grey points indicating the locus of the Southern Hemisphere. There is a small area of overlap between the
Galactic plane. Fig. 6 shows the coverage of the LoTSS RM Grid two surveys around / = 120°, b = —40° which is investigated in
in Galactic coordinates and highlights the complementarity of the Section 3.2.3.
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Figure 4. In a similar manner to Fig. 3, this shows the sky distribution of
the polarized sources across the LoTSS-DR2 0 h field. The are 422 sources
in the 0 h field, which corresponds to an areal number density of 0.29 deg 2.

There are 2039 RM Grid sources (82 per cent) in the 13 h field, and
422 in the O h field. Therefore, the areal number density on the sky is
0.48 deg=2 in the 13 h field and 0.29 deg2 in the 0 h field (the areal
number density variations across the fields are shown in Figs 7 and 8).
The 0 h field covers a region with negative GRM values ranging from
—218 to —40 rad m~? (Oppermann et al. 2012). Therefore, the lower
number density is possibly due to some missing high |RM| sources
that were outside the Faraday depth range of 4120 rad m~? that was
searched, in addition to the slightly worse sensitivity due to the lower
Declination of the field.

We note that 173 fields were removed from the analysis (out of a
total of 844 fields) by the data quality cuts described in Section 2.3.2,
even though, as noted, real polarized sources are likely to be found
in these fields with more advanced algorithms. Therefore, the true
polarized source areal number density achievable with the LoTSS
data at 20 arcsec is expected to be larger than that presented here.
Also, future analysis of the polarization data at 6 arcsec resolution
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is expected to reveal more polarized sources. Of the fields that were
analysed, only 22 had zero polarized sources detected. The median
number of polarized sources per field was 4 and the maximum was 13.
Fig. 9 shows a histogram of the number of polarized sources per field.

The Q and U images were not mosaicked (due to the absence of an
absolute polarization angle calibration), so the noise is non-uniform
across the DR2 area (the median noise in the Faraday spectra of the
detected sources is 0.08 mJy beam ™). Fig. 10 shows the normalized
source number density averaged over all fields, showing that most
sources are detected within the central parts of the field with the
lowest noise, as expected.

The distribution of the observed RM values is shown in Fig. 11, top,
where it is clear that RM values near 0 rad m~2 are missing from the
data (due to the leakage exclusion range employed in this work).
Since the RM values are dominated by the GRM, we also show the
residual RM (RRM) after subtraction of the GRM in Fig. 11, bottom
(i.e. RRM = RM — GRM). Here we used the GRM model from
(Hutschenreuter et al. 2022), and subtracted the average GRM value
within a 1° diameter disc surrounding each RM position. A 1°
diameter is chosen because this is the typical separation between
the input data points in the Hutschenreuter et al. (2022) model (see
also Carretti et al. (2022) who used a similar approach). The mean
of the RRM distribution is —0.15 rad m~2, and the robust standard
deviation (excluding outliers) is ~2 rad m~2, which is a combination
of the real extragalactic RM variance and the uncertainty in the GRM
model values. The 13 h field has a smaller RRM standard deviation
of ~1.8 radm~2, compared to the 0 h field standard deviation of
~4 radm~2. A slight trend in the |RRM]| versus Galactic latitude
is evident (Fig. 12), suggesting that improved GRM models and/or
subtraction techniques remain desirable.

In Fig. 13 we show the total intensity and polarized intensity
of the 2461 detected sources, with the range of the degree of
polarization indicated by the diagonal lines. The median polarized
intensity is 1.7 mJy beam™!, while the median total intensity
is ~120 mJy beam™!. There are ~1.2 million catalogued total

Figure 5. The LoTSS-DR2 RM Grid in equatorial coordinates with a Hammer-Aitoff equal-area projection, where the red/blue coloured circles correspond to
positive/negative RM values. The 13 h field is in the centre and the O h field is split across either side. The locus of the Galactic plane is highlighted by the solid

grey hexagon symbols.
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Figure 6. The LoTSS-DR2 RM Grid in Galactic coordinates with a Hammer-Aitoff equal-area projection, where the red/blue coloured circles correspond to
positive/negative LoTSS RM values. The complementarity of the POGS RM Grid (Riseley et al. 2020) is highlighted by the difference in sky coverage, with

orange/green circles corresponding to positive/negative POGS RM values.
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Figure 7. The polarized source areal number density across the 13 h field, shown as a 2-D histogram with hexagonal cells, with the colour scale in units of
deg™2. The locations of the polarized sources are shown by open grey circles. The polarized source areal number density reaches values as high as 0.7 deg~2,

with the average value being 0.48 deg 2.

intensity sources in the LoTSS-DR2 area with peak flux density
brighter than 1 mJy beam™!, meaning that only ~0.2 percent of
sources are detected in polarization above a threshold of 8oy
(i.e. ~0.6 mJy beam™").

The median degree of polarization of the detected sources is
1.8 per cent, ranging from 0.05 percent to 31 percent (see Fig. 14
for a histogram of the degree of polarization). It is notable that very
low degrees of polarization (< 0.1 per cent) are detectable due to the
narrow RMSF of LoTSS (~1.16 rad m~2), because the instrumental
polarization peak around 0 radm~? typically only contaminates a

MNRAS 519, 5723-5742 (2023)

small region of Faraday depth space around this value (depending on
how bright the instrumental polarization peak is for any particular
source). The LoTSS degree of polarization appear to be independent
of the RRM (Fig. 15), which is in contrast to other studies at
cm-wavelengths (e.g. Hammond, Robishaw & Gaensler 2012). As
argued in Carretti et al. (2022), this potentially implies that the LoTSS
RRM is not dominated by contributions local to the source but instead
from the intergalactic medium. However, detailed depolarization
studies of the LoTSS sources are required to more reliably isolate
the local source effects (e.g. Stuardi et al. 2020).
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Figure 8. The polarized source areal number across the 0 h field, with the
same colour-scale as in Fig. 7 for direct comparison (it shows a lower areal
number density in general, with an average of 0.29 deg~?).
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Figure 10. The normalized areal number density of polarized sources,
averaged over all LoTSS-DR? fields for the 16 deg” areas analysed. This
shows that more sources are found near the centre of the fields, where the
noise is lower, as expected.
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Figure 11. Top: Histogram of the RM values for the 2461 polarized sources
in both the 13 h field and O h field of the LoTSS-DR2 area. The spread
represents the dominant contribution of the Galactic RM (GRM). The gap
near 0 radm~2 is due to the exclusion of sources contaminated by the
instrumental polarization present in LOFAR data. Bottom: Histogram of the
residual rotation measure (RRM) after subtraction of the model GRM, for the
13 h field (blue solid) and for the O h field (red open).
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Figure 12. The absolute value of the residual RM, [RRM|, as a function of the
Galactic latitude for the 13 h field (black points) and for the 0O h field (orange
points). The red (blue) dashed line shows the running median of the 13 h(0 h)
field, which highlights a slight trend that remains in the RRM after subtraction
of the GRM model, mainly for absolute Galactic latitudes less than 45°.
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Figure 14. Histogram of the degree of polarization of the LoTSS-DR2
polarized sources, ranging from 0.05 percent to 31 percent with a median
value of 1.8 per cent.

Due to the large overlap between adjacent LoTSS fields, there
were 1380 duplicate RM measurements (918/365/97 sources in
two/three/four different fields). The variation in RM between the
multiple observations provides a means to assess the systematic
error in the LoTSS RM values, most likely due to ionosphere RM
correction errors. Fig. 16 shows the difference from the average RM
values for these duplicate sources, with a robust standard deviation
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Figure 15. The absolute value of the residual RM (|JRRM]), after subtraction
of the model Galactic RM, versus the LoTSS degree of polarization. The red
dashed line shows the running median of the [RRM| for equally spaced bins
in log-space.

of 0.067 radm~2 (i.e. calculated as 1.4826 times the MAD). Part
of the spread is due to the standard measurement error in the RM
estimate from the signal to noise (i.e. the FWHM of the RMSF
divided by twice the signal to noise), so subtracting this contribution
in quadrature leaves a systematic error estimate of ~0.05 rad m~2.
Therefore, in the catalogue, we list two different errors in the RM
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Figure 16. Histogram of the difference from the average RM for sources
detected multiple times (i.e. in more than one field).
values, one including the systematic error estimate of 0.05 rad m~2 in
the RM between fields, and one based solely on the signal to noise
(which would be relevant for an analysis of the RM difference of
close pairs within the same field, for example).

3.2 Comparison with other RM catalogues

3.2.1 NVSS RM catalogue

The NVSS RM catalogue at 1.4 GHz (Taylor et al. 2009) overlaps
with the entire LoTSS area and so is an excellent resource for
checking the LoTSS data reliability as well as for depolarization
studies (e.g. Stuardi et al. 2020). In general, LoTSS detects much
fewer polarized sources than the NVSS in a given sky area, due
to the much stronger effect of Faraday depolarization at 144 MHz
compared to 1.4 GHz (e.g. Sokoloff et al. 1998). However, of the
2461 LoTSS polarized sources, only 910 (37 percent) are also in
the NVSS RM catalogue. Therefore, the majority of LoTSS sources
provide unique RM values, which is important for RM Grid studies
that want to maximize the areal number density of RM values on the
sky (irrespective of at what frequency they were determined). The
reason there are LoTSS polarized sources that are not detected in the
NVSS is because the LoTSS survey is ~10 times more sensitive for
steep spectrum radio sources (e.g. O’Sullivan et al. 2018a; Mahatma
et al. 2021), coupled with the three times higher angular resolution
which helps to reduce the effect of beam depolarization in general.

For those sources in common, Fig. 17 shows the degree of
polarization comparison, where the dashed red line represents the
one-to-one relation. This shows that almost all the sources in
common have a higher degree of polarization in the NVSS compared
to LoTSS, which is as expected due to the increased effect of
Faraday depolarization at low frequencies. The few sources that
have a higher degree of polarization in LoTSS could be explained
by either intrinsic source variability (e.g. blazars) or the higher
angular resolution of LoTSS for sources that experience only very
small amounts of Faraday depolarization. We note that the median
degree of polarization of all sources in the NVSS RM catalogue is
5.8 percent; however, the sources in common with LoTSS have
a median degree of polarization of 6.6 percent. This highlights
how LoTSS detections are preferentially selecting for sources with
high degrees of polarization at 1.4 GHz (i.e. low depolarization or
‘Faraday simple’ sources).

LOFAR DR2 RM Grid
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LoTSS degree of polarization [%]

NVSS degree of polarization [%]

Figure 17. The degree of polarization of the LoTSS-DR2 sources (at
144 MHz) compared to the corresponding NRAO VLA Sky Survey (NVSS; at
1.4 GHz) catalogued polarized sources (within 1 arcmin). The red dashed line
represents the one-to-one correspondence, which highlights how the majority
of the sources in common are strongly affected by Faraday depolarization
at 144 MHz. Note that the LoTSS QU data has an angular resolution of 20
arcsec while the NVSS RM catalogue was created from 60 arcsec images
(Taylor et al. 2009).

In general, the NVSS and LoTSS RM values agree within the
uncertainties, as shown by the direct comparison between the RM
values in Fig. 18, top, where the dashed red line represents the one-
to-one relation. More quantitatively, Fig. 18, bottom shows the RM
difference relative to the combined RM error (which is dominated by
the NVSS RM errors) versus the LoTSS polarized intensity values.
This shows that 90 per cent of sources agree within 3o (solid green
lines) and also that there are no systematic differences between
the NVSS and LoTSS RM values as a function of the LoTSS
polarized intensity. This highlights that there is minimal Faraday
complexity in the polarized emission of sources detected by the
LoTSS survey, which makes them excellent sources for RM Grid
studies. A more detailed investigation of the outliers in Fig. 18 would
be worthwhile, as they could possibly be explained by the more robust
RM determination of LoTSS (i.e. much better wavelength-squared
coverage) compared to the NVSS (Ma et al. 2019), the detection of
different polarized regions of the source with different RM properties
within the synthesized beams, or due to intrinsic source variability
(e.g. blazars).

3.2.2 Other cm-wavelength RM catalogues

A recent compilation by Van Eck et al. in preparation,® includes
a number of other data sets with RMs derived at cm-wavelengths.
We find 66 sources in common (that are not from the NVSS RM
catalogue or other m-wavelength catalogues such as MWA-POGS
described below). Of these 66 sources, 71 percent (83 percent)
of the RM values agree within 30 (50) of the combined errors.
Thus, these are slightly more discrepant than the general NVSS
population. However, the majority of these discrepant RM values are
from the Farnes, Gaensler & Carretti (2014) catalogue which has a
large number of flat spectrum sources and are thus likely to display

8https://github.com/CIRADA-Tools/RMTable
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Figure 18. Top: The direct comparison of the NVSS RM values with the
corresponding LoTSS RM values (within 1 arcmin). The red dashed line
represents the one-to-one correspondence, which highlights the general good
agreement considering the large NVSS RM errors compared to LoTSS RM
errors (not visible on the plot). Lower: The difference between the LoTSS
RM and NVSS RM values divided by the combined RM error, as a function of
the LoTSS polarized intensity. This shows that 90 per cent of the RM values
agree within 30 (solid green lines). One possibility for the outliers would be
intrinsic source variability.

intrinsic RM variability and/or significant Faraday complexity (e.g.
Anderson et al. 2019).

We also compare our results with recent work at ~1.4 GHz
described in Adebahr et al. (2022), where they derive robust RM
values from polarized sources in the Apertif Science Verification
Campaign (SVC), which covers 56 deg in five non-contiguous fields.
Three of the SVC fields (containing 901 polarized sources) overlap
with the LoTSS RM Grid catalogue coverage, two with the LoTSS
13 h field (containing 593 SVC sources) and the other with the 0
h field. In the 13 h(0 h) field there are 11(3) polarized sources in
common. This means that there are 64 times more polarized sources
found in the SVC compared to LoTSS in the overlap regions in total,
and 54 times if we just compare to the 13 h field regions. Given that
the two surveys have similar sensitivities to typical steep spectrum
sources, this is representative of the general expectations since we
expect ~53 times more sources in the SVC than in LoTSS because
~10.57 per cent (~0.2 per cent) of Stokes I sources are found to be
polarized in the SVC (LoTSS). Directly comparing the RM values
of the sources in common, we find that 3 out of 14 are different by
more than five times the combined errors. On closer inspection, two
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of the three discrepant RMs are actually from the opposite lobe of the
same source, while the other discrepant RM comes from a BL Lac
object, so variability and/or Faraday complexity is likely responsible
for this difference.

3.2.3 MWA-POGS RM catalogue

Part of the DR2 0 h field (south of Dec. +30°) overlaps with the
POSG-II RM catalogue from Riseley et al. (2020), which used the
Murchison Widefield Array (MWA) from 169 to 231 MHz. By cross-
matching the two RM catalogue positions within 3 arcmin we find
six sources in common. The RM and degree of polarization values
are shown in Table 2 for comparison. The six LoTSS RM values
in common are consistently more negative than the POGS values,
by an average of 0.6 rad m~2. Considering the different angular
resolutions (20 arcsec versus 3 arcmin) and frequencies (144 MHz
versus 200 MHz), this difference may not be so surprising, however
the systematic offset suggests this is worth further investigation
(e.g. differences in the ionosphere RM corrections). In any case,
this comparison provides another estimate of the true uncertainty in
these RM values at low frequencies.

There are another 5 POGS-II polarized sources that are within
the DR2 area but not present in the LoTSS RM catalogue (POGS-
I1-033, -036, -068, -441, -442). As the degrees of polarization
for these sources are all below 3 percent, this absence of these
sources may be due to Faraday depolarization. However, the RM
values for these sources (—8.2 radm~2, 19.3 radm~2, 10.9 rad m 2,
19.4 radm~2, 19.4 rad m—2, respectively) are quite different from
the typical negative RM values in this region (e.g. Table 2), which
may indicate the presence of Faraday complexity (for which POGS
is more sensitive given the higher observing frequency).

3.3 Optical identification and redshifts

We conducted a LOFAR Galaxy Zoo effort (e.g. Williams et al.
2019) within the Surveys and Magnetism Key Science Project teams
just for the polarized sources (which we label as the MKSP-LGZ)
in order to (i) associate each polarized source with the correct total
intensity source, and (ii) identify the host galaxy. The MKSP-LGZ
used the LoTSS catalogued Stokes / components and contours,
overlaid on image panels with LEGACY optical (Dey et al. 2019)
and WISE infrared (Wright et al. 2010) images, in addition to
a cross symbol which marked the location of the peak polarized
emission. Each source was subjected to five classification attempts
by astronomers, which resulted in the association of all polar-
ized source components with a unique LoTSS-DR2 source name
(e.g. ILTJO00132.27 + 240231.8) and the host galaxy identification
for 2168 of the 2461 polarized components (88 per cent). We note
that there are 17 catalogue entries which do not have an ILT source
name, as they lie just outside the edge of the catalogued LoTSS-DR2
area in Stokes / (which only includes sources above the 0.3 power
point of the primary beam).

Photometric redshifts for 1641 of the host galaxies were obtained
from a hybrid template fitting and machine learning approach (Dun-
can et al. 2021). Further work enabled us to find 938 spectroscopic
redshifts for the host galaxies in the literature (associated with
1046 RM entries in the catalogue, meaning some sources have
RM entries for both lobes). From this we define a ‘z_best’ column
which contains 1949 entries corresponding to each RM value with an
associated redshift. Because some sources have multiple RM entries
(e.g. physical pairs), in total there are 1762 unique source redshifts,
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Table 2. Comparison of RM values with sources in common with the POGS-II catalogue (Riseley et al. 2020).
Source Name PLo0TSS RMLOTSS POGS ID RMPOGS PPOGS RMPOGS — MLOTSS Separation
LoTSS-DR2 (per cent) (radm~2) (rad m~2) (per cent) (radm~2) (arcsec)
1LTJ000540.72 4+ 195022.4 2.11 £0.02  —26.571 +0.050 POGSII-EG-007 —25.768 £0.077 2.5+04 0.8 5.1
ILTJIO10118.71 +203129.7 1.67 £0.04 —27.901 £0.052 POGSII-EG-047 —27.402+0.128 73 +£1.9 0.5 30.5
1ILTJ014751.99 4 2238554 5.33 £0.06 —39.046 + 0.050 POGSII-EG-071 —38.922 +4.259 3.7+1.3 0.1 36.4
1LTJ230010.12 4 184537.5 3.89 £0.05 —64.484 £0.050 POGSII-EG-462 —63.700 +0.168 159 +3.2 0.8 21.9
1LTJ233518.42 4+ 174026.5 4.50 £0.05 —45.119 +0.050 POGSII-EG-475 —44.613 £0.121 44407 0.5 17.9
1LTJ235945.26 4+ 203610.1 1.55 +0.03 —42.512 +0.051 POGSII-EG-484 —41.292 + 7.791 29+19 1.2 74.3
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Figure 19. Histogram of the spectroscopic (orange) and photometric (blue)
redshift values for the host galaxy identification of the LoTSS-DR?2 polarized
sources (~79 per cent of the sample has either a photometric or spectroscopic
redshift).

where spectroscopic redshifts supersede photometric ones, leaving
824 phot-z in addition to 938 spec-z. Therefore, 79 per cent of the RM
Grid catalogue entries have associated redshifts. The distributions of
spectroscopic and photometric redshifts are show in Fig. 19. The
median for all redshifts is zmeq = 0.6, While Zmed, spec = 0.5 and
Zmed, phot = 0.7.

Many studies have investigated the dependence of the extragalactic
RM on redshift (e.g. Oren & Wolfe 1995; Hammond et al. 2012;
Xu & Han 2022). The high precision in the RM values from LoTSS,
in addition to the high fraction of sources with redshifts, provides
an excellent opportunity for new discoveries. The data presented
here show a flat behaviour of the RRM versus redshift and a general
decrease in the degree of polarization with redshift by a factor of ~10
between z ~ 0 and z ~ 3. We refer the reader to Carretti et al. (2023,
2022) for detailed investigations of the astrophysical implications of
these behaviours.

3.3.1 Radio luminosity, linear size, and morphology

For those sources with a redshift, the total flux from the LoTSS-
DR2 catalogue and the largest angular size estimates are used to
calculate the luminosity and linear size, assuming a flat ACDM
cosmology with Hy = 67.8 km s™! Mpc~! and Qy = 0.308 (Planck
Collaboration 2016). The spectral luminosity at 144 MHz (L 144 mu2)
is estimated using a spectral index of —0.7 for all sources. The
Lyagnmp, distribution is shown in Fig. 20 with a median spectral
luminosity of ~5.3 x 10?° W Hz~!. Two-thirds of the sample have
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Figure 20. Histogram of the radio luminosity at 144 MHz, in W Hz !, for

all sources with a redshift estimate (either spectroscopic or photometric). The
median 144 MHz luminosity is ~5 x 1020 W Hz~!.
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Figure 21. Histogram of the linear size, in kpc, of resolved sources (blue
solid) and upper limits for compact sources (orange open), using spectro-
scopic or photometric redshifts. The median linear size is ~300 kpc, while
266 sources have a linear size greater than 1 Mpc (~11 per cent of the sample).

Ly44Mu, above the traditional Fanaroff—Riley type I/II (FR I/FR II)
luminosity boundary of ~10% W Hz"!.

The projected linear size distribution for the resolved sources is
shown in Fig. 21, with the median linear size being ~400 kpc.
The largest angular sizes of the sources are taken from either
the MKSP-LGZ effort or from the major axis of the source as
defined by the source finder PYBDSF. We only use sources that are
resolved (~73 percent of the RM Grid catalogue), defined by the
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Figure 22. The degree of polarization versus the projected linear size, with
upper limits shown by orange arrows, and the median trend shown by the
red dashed line (starting from where the upper limits are not the majority of
points).

same criteria as in Shimwell et al. (2022). Including upper limits
for the unresolved sources leads to a median linear size for the
RM Grid sources of ~300 kpc, highlighting that the majority of
polarized sources at low frequencies are large radio galaxies. There
are 284 (457) sources that have an estimated linear size greater
than 1 Mpc (0.7 Mpc). The three largest sources in the sample are
3C236 at 4.38 Mpc, ILT J093121.58+320211.0 at 4.2 Mpc, and
ILT J123459.82 + 531851.0 at 3.4 Mpc (O’Sullivan et al. 2019).
The faintest, and one of the smallest radio galaxies in the sample, is
NGC 5322, with Lz ~ 2.3 x 102 WHz ™! and a linear size of
~26 kpc, falling into the category of a ‘galaxy-scale jet’ (Webster
et al. 2021). The detection in polarization of a galaxy-scale jet is
somewhat surprising as the influence of Faraday depolarization is
expected to be quite strong on small scales within host galaxy halos
(e.g. Strom & Jaegers 1988), and because to date, most polarized
radio galaxies found at low frequencies have large linear sizes
(O’Sullivan et al. 2018a). However, the avoidance of galaxy cluster
environments and their relatively large angular size due to their
location in the local Universe can provide more favourable conditions
for the detection of polarized emission at low frequencies. In general,
the degree of polarization increases with linear size (Fig. 22), with
a median degree of polarization of 0.9 percent at 100 kpc and
2.4 percent at 1 Mpc.

The estimated spectral luminosity and linear sizes can be improved
using LOMORPH,’ as described in Mingo et al. (2019), by obtaining
more robust estimates of the largest angular size and the total flux
of the sources. It is known that the basic catalogue approaches used
here can overestimate FR II sizes and potentially underestimate FR
I sizes, as well as underestimating the total flux in general (Mingo
et al. 2019). The radio morphology class can also be obtained using
LOMORPH, and a preliminary analysis indicates that the largest class
of polarized source are FR II (~40 per cent). The rest of the sources
are classified as FR I (~20 per cent), hybrid (~15 percent) and a
combination of compact and unresolved (~25 per cent). It is striking
to note the difference in the number of FR Il relative to FR I (~2x) for
polarized sources compared to estimates for the general population

“https://github.com/bmingo/LoMorph
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(i.e. bright, large radio AGN), where the opposite is the case, with
two to three times more FR Is than FR IIs (Mingo et al. 2019).

3.3.2 Blazars

Cross-matching the RM Grid catalogue with the ROMA-BZCAT all-
sky blazar catalogue (Massaro et al. 2015) enabled us to identify 172
known blazars (~7 percent of the RM Grid catalogue), for which
150 have redshifts. There are 64 BL Lacs and 100 FSRQs, with 8
classified as having an ‘uncertain blazar type’. The detection fraction
of blazars is similar to that in DR1 RM catalogue (Van Eck et al.
2018), where ~10 per cent of sources were blazars (O’Sullivan et al.
2018a).

3.4 The nature of polarized sources at MHz frequencies

This work allows us to comment on some specific differences
between the types of polarized sources found at MHz compared
to GHz frequencies. One of the most striking aspects of polarized
sources at 144 MHz is that the majority have FR Il morphologies, and
there are twice as many FR IIs as FR Is. In contrast, at 1.4 GHz there
are similar numbers of FR I and FR II polarized sources (O’ Sullivan
et al. 2015; Banfield et al. 2011). There are at least a couple of
explanations for this. Firstly, FR Is are more commonly found in
galaxy clusters (Best 2009; Gendre et al. 2013; Croston et al. 2019)
and the strong Faraday depolarization observed there (e.g. Osinga
et al. 2022) means that polarized sources embedded in (and in
the background of) these environments are not found at 144 MHz
(Carretti et al. 2022, 2023). Secondly, the brightest and most highly
polarized regions of FR IIs are at the source extremities, extending
well beyond the host galaxy environment in many cases, where they
are known to experience lower depolarization (e.g. Strom & Jaegers
1988). The compact nature of FR II hotspots also means that the
variation in RM across the emission region will be relatively small,
minimizing the amount of depolarization. In general, these low-
depolarization (or ‘Faraday-simple’) sources typically found at MHz
frequencies makes them excellent probes of the low gas density
and weak magnetic field environments of cosmic web filaments and
voids (e.g. Stuardi et al. 2020; Carretti et al. 2023; Pomakov et al.
2022). In contrast to studies at GHz frequencies, we have not found
any polarized emission from star-forming galaxies, only radio-loud
AGN, presumably because of the strong depolarization experienced
by synchrotron emission in disk galaxies (e.g. Beck 2015).

However, it is not exclusively large, well-resolved radio galaxies
that are detected. There is a significant population of compact and
unresolved polarized sources detected (~25 per cent of the sample),
with linear sizes < 100 kpc (Section 3.3.1). Further investigation is
required to determine the exact nature of these sources as only about
a quarter of them are known blazars (Section 3.3.2). The integrated
emission from blazars can often exhibit complex spectral behaviour
in both total intensity and polarization, due to the contribution of
multiple inner jet components with different spectral and polarization
properties, and thus the derived RMs from these sources should be
considered with caution (e.g. O’Sullivan et al. 2012).

The remaining compact sources could be small FR I/II sources
(Capetti, Massaro & Baldi 2017a,b), ‘FRO’ sources (Baldi, Capetti &
Massaro 2018), and/or Peaked Spectrum (PS) sources (O’Dea &
Saikia 2021). For these compact sources, Faraday complexity as
well as spectral index effects can be important, where multiple
bright components with differing spectral and polarization properties
can contribute to polarization angle rotations not exclusively due to
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Faraday rotation (Burn 1966), with spectral variations particularly
important for the PS sources (e.g. Ross et al. 2022). The smallest
PS sources are typically strongly depolarized (Cotton et al. 2003);
however, many show polarization that survives to long wavelengths,
even repolarizing in some cases (Mantovani et al. 2009). Detailed
spectral studies of the LoTSS sources, in addition to 0.3 arcsec
imaging to determine their morphology, will allow us to resolve
many of these uncertainties. Such studies may also provide new
insights on the physical nature and environment of these sources, by
incorporating the polarization information into models of free-free
absorption and synchrotron self-absorption effects (e.g. Callingham
et al. 2017).

3.5 Pulsar identifications

Many pulsars have emission that is highly linearly polarized (e.g.
Gould & Lyne 1998), such that candidate pulsars can sometimes be
identified in radio continuum images as unresolved, steep-spectrum,
highly polarized sources (e.g. Navarro et al. 1995). Finding new
pulsars is important because, for example, pulsars are useful for
understanding the Galactic population of neutron stars, as probes
of fundamental physics, and as precision probes of the Milky Way
magnetic field using the combination of the RM and the dispersion
measure (e.g. Sobey etal. 2019). We found 25 pulsars in the DR2 area,
24 of which were previously known, with one being a new discovery,
which is described in Sobey et al. (2022). The 25 pulsars are listed
in Table B1, providing new high precision RMs and positions.

4 SUMMARY

We have produced an RM Grid catalogue from the LoTSS-DR2 data
containing 2461 RM values over an area of 5720 deg? (Table 1). This
is the largest low-frequency RM Grid to date.

(i) The catalogue is derived from two non-contiguous sky areas:
the 13 h field which has an area of 4240 deg? with a polarized source
areal number density of 0.48 deg~2, and the 0 h field with an area of
1480 deg? and source density of 0.29 deg~>.

(ii)) The RM values were derived from the LoTSS Q and U
images at an angular resolution of 20 arcsec across a frequency
range of 120 to 168 MHz. The Faraday depth range was limited to
+120 rad m~2 and only polarized sources above 8o qu were included
in the catalogue. The median value of oqy in the Faraday spectra
of the detected sources across 844 individual LoTSS-DR2 pointings
was 0.08 mly.

(iii) The typical FWHM of the RMSF is ~1.16 rad m~2, and the
median RM uncertainty is ~0.06 rad m~2. The RRM, after subtrac-
tion of the GRM model, has a standard deviation of ~2 rad m~2 and
is not correlated with the degree of polarization.

(iv) Of the ~1.2 million LoTSS-DR2 sources with a peak total
intensity greater than 1 mlJy beam~!, only ~0.2 percent were
polarized above 8o qu, with a median polarized intensity of 1.7
mly beam~!. The degree of polarization of the detected sources
ranges from 0.05 percent to 31 percent, with a median value of
1.8 per cent.

(v) Only 37 percent of the LoTSS RM Grid catalogue have a
corresponding RM value in the NVSS RM catalogue (because LoTSS
is much more sensitive for steep spectrum sources), with 90 per cent
of those RM values consistent within 3o.

(vi) Host galaxy identifications were found for 88 per cent of the
sources, leading to redshift estimates for 79 per cent of the sample
(both spectroscopic and photometric). The median redshiftis 0.6. The
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RRM is flat as a function of redshift, while the degree of polarization
decreases by a factor of ~10 between z = 0 and z = 3.

(vii) The median linear size of all polarized sources is ~300 kpc
and the median luminosity at 144 MHz is ~5 x 10% WHz .
The median degree of polarization increases with linear size, from
0.9 per cent at 100 kpc to 2.4 percent at 1 Mpc.

(viii) The dominant radio morphology class is FR II (~40 per cent
of sources), with ~20 percent FR I, ~15 percent hybrid and
~25 percent compact and unresolved sources. There are 172
polarized sources identified with known blazars.

(ix) We identified 25 pulsars that appeared as highly linearly
polarized sources in our data (Table B1). These sources are excluded
from the RM Grid catalogue of 2461 sources.

4.1 Future LoTSS RM Grid enhancements

The LoTSS-DR2 results demonstrate the potential of the LoTSS
survey to produce a high quality RM Grid. However, there are several
improvements that can be made to enhance the quality and areal
number density of the RM Grid as the LoTSS survey continues.
The next advance will be the production of Q and U image cubes
at 6 arcsec resolution (an improvement by a factor of 3.3), which
should increase the polarized source areal number density, primarily
by reducing the effects of beam depolarization. For example, the
majority of polarized sources detected at 20 arcsec are resolved
(Section 3.3.1), hence resolving more sources will increase the
chances of new polarized source detections, in addition to providing
new polarized source components for already detected sources,
which are valuable for e.g. RM pair studies (Pomakov et al. 2022).
In addition to this, RM synthesis will be run without any masking
(the data were masked at 1 mJy beam™" in Stokes / in this work),
providing better sensitivity to highly polarized sources, which further
enhances the discovery potential of the survey, and will enable a better
quantification of the noise properties in polarization for each field.

Extending the Faraday depth range to search for polarized sources
with high [RM| values (i.e. >120 radm~2) will also be included,
which becomes more important for fields which are closer to the
Galactic plane. Ideally, a finer channelization would be used for
the Galactic plane region (i.e. 48 kHz for a max/min RM of
4900 rad m~2), to decrease the effects of bandwidth depolarization.
In the longer term, a deconvolution strategy for Q and U needs to be
implemented.

In terms of the polarization calibration of the data, enhancements
to reduce the widefield instrumental polarization without compro-
mising the polarization data reliability are needed. An absolute
polarization angle calibration strategy for each field, similar to that
presented in Herrera Ruiz et al. (2021), would allow mosaicking of
the data and thus enable us to obtain the maximum sensitivity of the
LoTSS survey for polarization. Improvements in the ionosphere RM
correction are also desirable since the RM errors are dominated by the
residual errors in the ionosphere RM correction (i.e. ~5 to 10 times
larger than the measurement errors). The continuing advances in
using the full LOFAR array to achieve an angular resolution of 0.3
arcsec (e.g. Morabito et al. 2022; Sweijen et al. 2022) has great
potential for finding many more polarized sources to further enhance
the areal number density of the LoTSS RM Grid.
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DATA AVAILABILITY

The RM Grid catalogue (and the Q and U frequency spectra for each
catalogue entry) can be downloaded from the public MKSP website
at https://lofar-mksp.org/data/. The catalogues are also available
through the Virtual Observatory at https://dc.g-vo.org/. The LoTSS
QU frequency cubes at 20” and the RM synthesis output are stored
on the SURF Data Repository at https://repository.surfsara.nl/ with
DOI:10.25606/SURF.lotss-dr2.
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APPENDIX A: RM GRID COLUMN
DESCRIPTIONS

The RM catalogue generally follows the RMTable standard,!® as
described in Van Eck et al. in preparation, with some additional value-
added columns (e.g. LoOTSS-DR?2 total intensity source associations,
host galaxy coordinates, redshift, etc.). Each row in the catalogue
corresponds to a single polarized component.

cat-id: unique identifier for each polarized component.

ra: Right Ascension (J2000) of the polarized component in
degrees.

dec: Declination (J2000) of the polarized component in degrees.

pos_err: Positional uncertainty in degrees.

rm: Faraday rotation measure value at the peak of the FDF
in radm~2 (excluding sources that are due to instrumental polar-
ization, see Section 2.2).

rm_err: Uncertainty in the peak RM value in rad m~2, including
some systematic errors.

rm_err_snr: Uncertainty in the peak RM value in rad m~2, based
only on the signal-to-noise ratio.

polint: Linear polarization intensity at the reference frequency,
after correction for polarization bias, in Jy beam~".

polint_err: Uncertainty in the linear polarization intensity in
Jy beam™!.

fracpol: Fractional linear polarization of the polarized component.

fracpol_err: Uncertainty in the fractional linear polarization.

stokesl: Total intensity at the position of the polarized component
in Jy beam™!.

stokesI_err: Uncertainty in the total intensity in Jy beam~!.

rmsf_fwhm: Full width at half maximum of the RMSF in rad m 2.

reffreq_pol: Reference frequency for the linear polarization quan-
tities in Hz.

reftreq_I: Reference frequency for the total intensity values in Hz.

Nchan: The number of Stokes Q and U image planes (i.e. channels)
used in RM synthesis.

noise_chan: The median noise of the Stokes Q and U image planes
in Jy beam™!.

epoch: MJD for the observation of the corresponding LoTSS field.

int_time: Integration time for each field in seconds.

p-orig: original polarized intensity from selection of candidate
sources (as described in Section 2.2) in Jy beam™".

snr_orig: signal-to-noise ratio in polarization from original selec-
tion of candidate sources (c.f. Section 2.2).

source_name_DR2: ILT name of the LoTSS-DR2 total intensity
source associated with the polarized component.

RA_DR2: Right Ascension (J2000) of the total intensity source in
degrees.

E_RA_DR2: Uncertainty in the Right Ascension in degrees.

1Ohttps://github.com/CIRADA-Tools/RMTable
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Figure A1. Examples of sources excluded by the various leakage exclusion criteria employed on the FDF (as described in Section 2). The blue cross indicates
the candidate polarized source that avoided the original leakage exclusion range. Top left: the original leakage exclusion range of —3 radm~2 to 41 rad m~2,
highlighted by the yellow shaded region. Top right: The extended leakage range of 4-3 rad m~2 of the main leakage peak Faraday depth value, shown by vertical
red dashed lines. Middle: two examples of an extended leakage exclusion range of &5 rad m~?2 for low degree of polarization sources, highlighted by the
shaded blue region. Bottom: Two examples of sources that escaped the above leakage exclusion criteria, but were excluded after visual inspection. The detection
threshold of 8o gy is shown by the horizontal green dashed line and the degree of polarization is quoted in the top right corner of each plot.
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DEC_DR2: Declination (J2000) of the total intensity source in
degrees.

E_DEC_DR2: Uncertainty in the Declination in degrees.

Total_flux_DR2: Integrated flux density of the LoTSS-DR2 source
in Jy.

E_Total_flux_DR2: Uncertainty in the integrated flux density in Jy.

Maj_DR2: Major axis size of the source in arcseconds.!!

Min_DR2: Minor axis size of the source in arcseconds.

PA _DR2: Position angle of the source in degrees.

field: LoTSS field name.

ra_centre: Right Ascension (J2000) of the centre of the field in
degrees.

dec_centre: Declination (J2000) of the centre of the field in degrees.

beamdist: Distance of the polarized component from the centre of
the field in degrees.

x: x-pixel coordinate within an individual LoTSS field, ranging
from O to 3200, for a pixel width of 4.5 arcsec.

y: y-pixel coordinate within an individual LoTSS field, ranging
from O to 3200, for a pixel height of 4.5 arcsec.

""The size of the sources with multiple Gaussian components are estimated
by PYBDSF through a moment analysis https://www.astron.nl/citt/pybdsf/algo
rithms.html#grouping.

LOFAR DR2 RM Grid 5741

1: Galactic Longitude of the polarized component in degrees.

b: Galactic Latitude of the polarized component in degrees.

LGZ_Size: Largest angular size estimated from visual inspection.

lgz_ra_deg: Right Ascension (J2000) of the host galaxy in degrees.

lgz_dec_deg: Declination (J2000) of the host galaxy in degrees.
z_best: redshift of host galaxy, spectroscopic if available, otherwise
photometric.

phot_spec_z_best: a value of 0/1 corresponds to a photomet-
ric/spectroscopic redshift in the ‘z_best’ column.

L144: Estimate of the luminosity at 144 MHz in W Hz !,

linearsize_kpc: Estimate of the projected largest linear size in kpc.

bzcat_name: Blazar source name in the ROMA-BZCAT catalogue
(Massaro et al. 2015).

RRM2022_1deg: The RRM after subtraction of the average GRM
with a disc of diameter 1°, using v2 of the Galactic Faraday rotation
sky at https://wwwmpa.mpa-garching.mpg.de/~ensslin/research/da
ta/faraday2020.html. GRM2022_1deg: The average GRM with a disc
of diameter 1°. GRMerr2022_1deg: The uncertainty in the average
GRM value.

APPENDIX B: PULSARS

The list of the 25 pulsars, identified in the LoTSS-DR2 area through
their high degree of linear polarization and unresolved total intensity
source structure, are shown in Table B1.
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Table B1. List of pulsars identified in the LoTSS-DR2 sky area.

PSR name RA Dec RM |F ()| p Source Name LoTSS cat_id
(J2000) (J2000) (radm2) (mJy beam™!) (per cent) LoTSS-DR2 Field

JO154 + 1833 01:54:36.9 18:33:51 —22.845+£0.056 2.45+0.11 62.8 2.8 ILTJ015436.89 + 183350.8 P029 + 19 4126
JO158 + 21 01:58:46.0 21:06:47  —29.7714+0.053  2.90 £ 0.09 65.5+2.1 ILTIO15845.99 + 210646.7 P029 + 21 4130
J0220 + 36 02:20:42.1 36:26:56 —41.051£0.052 4.56 +0.10 194+ 04 1LTJ022042.12 4 362655.7 PO035 + 36 4250
BO751 + 32 07:54:40.6 32:31:56 4.732 + 0.054 2.14 £0.08 169 £ 0.6 ILTJ075440.65 + 323156.5 P118 4 32 4796
B0917 + 63 09:21:14.2 62:54:14  —14.564+£0.058 1.18 = 0.06 119+ 0.6 ILTJI092114.15 4 6254139 P141 + 62 5851
J0944 + 4106 09:44:22.6 41:26:43 4.528 £+ 0.063 0.86 £ 0.06 37+£02 ILTI094422.62 4+ 412642.5 P146 + 42 214

J1049 + 5822 10:49:37.9 58:22:18 3.950 £ 0.055 1.32 £ 0.05 63.5+24 1LTJI104937.86 + 582217.6 P161 + 60 461

B1112 + 50 11:15:38.5 50:30:11 2.633 £0.051 4.18 £0.07 5.6£0.1 ILTJ111538.50 4+ 503023.8 P6 2117
J1239 + 32 12:39:27.3 32:39:23 —9.083 £ 0.051  3.19 £ 0.07 172 £ 04 1LTJ123927.33 + 323923.4 P188 + 32 708

J1344 + 66 13:43:59.3 66:34:25 57.022 £0.063  0.73 £0.05 11.1 £0.7 ILTJ134359.33 4 6634253 P205 + 67 7456
B1508 + 55 15:09:25.1 55:31:33 1.430 £0.050  13.85 £0.16 20+£0.0 ILTJ150925.49 4 553131.7 P227 4 55 3004
J1518 + 4904 15:18:16.8 49:04:34  —12.306+£0.052 4.08 £0.10 69.1 £ 1.6 ILTJI151816.80 + 490434.1 P229 + 48 7999
J1544 + 4937 15:44:04.5 49:37:55 9.916 £ 0.052 2.17 £0.06 345+£09 ILTI154404.49 + 493755.3 P235 + 50 8145
J1628 + 4406 16:28:50.2 44:06:43 3.361 £0.053 2.82 £0.09 27.5+£09 ILTJ162850.24 + 440642.5 P247 + 43 8360
J1630 + 3550 16:30:35.9 35:50:43 8.522 £+ 0.059 2.03+0.11 32.6 = 1.7 ILTJ163035.93 + 355042.5 P249 + 38 3246
J1630 4 3734 16:30:36.5 37:34:42 1.726 £ 0.064 1.10 £ 0.08 352+25 1LTJ163036.45 + 373441.9 P249 + 38 3245
J1647 + 6608 16:47:32.5 66:08:22 7.758 £ 0.065 1.13 £ 0.08 18.8 = 1.4 ILTJ164732.46 + 660821.9 P254 + 65 3277
J1658 + 36 16:58:26.5 36:30:30 6.350 £0.050  13.52£0.15 548 £0.6 1LTJ165826.55 + 363030.4 P255 + 38 3292
J1722 + 35 17:22:09.5 35:19:19 33.111 £0.057  2.08 +0.10 17.9 £ 0.8 ILTJ172209.51 4+ 351918.7 P261 + 35 8662
B1811 + 40 18:13:13.0 40:13:40 49.603 £ 0.053  5.74 £0.17 20.3+0.6 ILTJ181313.20 4+ 401339.3 P272 + 40 8775
J2212 + 24 22:12:27.6 24:50:37  —35.3144+0.056 2.40 £0.11 312+ 1.4 1LTJ221227.63 + 245036.7 P333 + 26 8993
J2214 + 3000 22:14:38.8 30:00:38  —44.5314+0.055 2.97 £0.12 57.1 £2.3 1LTJ221438.84 4+ 300038.2 P333 + 28 8999
12229 + 2643 22:29:50.9 26:43:57  —57.259+£0.057 2.68 +0.12 264 + 1.2 1LTJ222950.89 + 264357.4 P338 + 26 3466
J2306 + 31 23:06:19.2 31:24:20 —81.753+0.051  4.50 £ 0.09 50.8 £ 1.0 1LTJ230619.22 + 312420.2 P348 + 31 3490
B2315 + 21 23:17:57.9 21:49:47  —37.698£0.051 7.21 £0.11 18.1 £0.3 ILTJ231757.85 + 214947.1 P348 + 21 9226
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