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ABSTRACT

The first data release from Apertif survey contains 3074 radio continuum images, covering a thousand square degrees of the sky.
The observations were performed between August 2019 and July 2020. The continuum images were produced at a central frequency
1355 MHz, with a bandwidth of ∼150 MHz and angular resolution of up to 10′′. In this work, we introduce and apply a new method to
obtain a primary beam model based on a machine-learning approach, namely, Gaussian process regression. The primary beam models
obtained with this method have been published, along with the data products for the first Apertif data release. We applied the method to
the continuum images, carried out a mosaicking process on their basis, and extracted the source catalog. The catalog contains 249672
radio sources, many of which have been detected for the first time at these frequencies. We cross-matched the coordinates with the
NVSS, LOFAR/DR1/value-added, and LOFAR/DR2 catalogs – resulting in 44523, 22825, and 152824 common sources, respectively.
The first sample provides a unique opportunity for detecting long-term transient sources, which have significantly changed their flux
density over the past 25 yr. A combination of the second and the third samples provides valuable information on the spectral properties
of the sources in addition to redshift estimates.

Key words. astronomical databases: miscellaneous – catalogs – surveys – radio continuum: general

1. Introduction

Large astronomical surveys have always played a key role in
helping characterize and understand the objects populating our
Universe. Continuous technological developments have facil-
itated deep observations over a large field of view, further
boosting the possibilities for producing new, large, and deep
surveys. At radio frequencies, this growth in the number of sur-
veys is particularly evident, triggered by the plethora of new
instruments and telescopes developed to prepare for the upcom-
ing Square Kilometer Array (SKA, e.g., Braun et al. 2019).
Most importantly, in the great majority of the cases, the related
source catalogs have been made available online, providing the
astronomical community with invaluable tools for carrying out
science that has not been possible thus far.
? Full Tables 1 and 3 are 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/667/A39

Among the SKA pathfinders that have started producing new
surveys, there is Apertif (AperTIF – Aperture Tile In Focus),
the phased array feed (PAF) receiver working at 1400 MHz and
installed on 12 of the dishes of the Westerbork Synthesis Radio
Telescope (WSRT). It provides forty instantaneous overlapping
beams (in the case of a phased array feed, also referred to as
compound beams, CB), creating a wide field of view of about
10 square degrees. These features, coupled with a wide band-
width of 300 MHz are what make Apertif an excellent instrument
for surveys. A backend with high spectral resolution (12.2 kHz)
provides possibilities for simultaneous spectral line, continuum,
and polarization surveys. The full system and its capabilities are
described in van Cappellen et al. (2022).

Apertif not only represents an excellent proof of concept
for the future generation of phased array telescopes, it also
provides valuable scientific data in terms of sensitivity and
angular resolution and it is a significant improvement over the
two major surveys of the northern sky at 20 cm performed
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more than 20 yr ago: the NRAO VLA Sky Survey (NVSS;
Condon et al. 1998) and VLA Faint Images of the Radio Sky
at Twenty Centimeters (FIRST; Becker et al. 1995). The former
offers a good surface brightness sensitivity of 0.45 mJy beam−1,
but a low angular resolution of 45′′; while the latter is even
more sensitive (0.15 mJy beam−1), but resolved the extended
structures of many radio sources with its 5′′ beam size. The
Apertif survey provides an intermediate angular resolution of
∼12′′ × 12′′/ sin(Declination), together with a noise level reach-
ing 20µJy beam−1 in its most sensitive single-pointing images.
An overlap with the above-mentioned surveys makes the Aper-
tif continuum data a great platform for a plethora of scientific
questions; in particular, a separation in time between the Aper-
tif and NVSS surveys of about 25 yr provides an opportunity for
detecting long-term variable radio sources.

It is important to note that the resolution and sensitivity of
the Apertif survey are sufficient to complement the breakthrough
LOFAR Two-meter Sky Survey (LoTSS; Shimwell et al. 2017,
2019, 2022). With the LOFAR surveys aiming to cover the entire
northern sky at 60 and 150 MHz, there is a perfect synergy
between these and the Apertif surveys. This has been already
illustrated by the studies presented, for example, in Morganti
et al. (2021a,b).

The potential that Apertif presents is further enhanced by the
fact that the raw data (as well as the data products) are made
publicly available to the scientific community. The data release
of the first year of Apertif observations (Apertif Data Release 1,
ADR1) took place in November 20201 (Adams et al. 2022, A22
hereafter). Processed data products for every CB were released
on the basis of the continuum image quality and all released data
products include validation measures. In this paper, we comple-
ment the continuum images with the extracted source catalog.

A key requirement for a source catalog that has scientific
applicability is a correct flux scale. For PAFs, it is a challenging
task to measure the amplification diagram, namely, the primary
beam response. In Apertif, the 40 CBs are formed electronically
by combining and weighting the signals received by the antenna
elements installed in the focal plane of every dish (Vivaldi anten-
nas in the case of Apertif; see van Cappellen et al. 2022 for
details). As a consequence, they have different shapes, which
may change in time as well as per antenna. Recovering the CB
shapes in a flexible, fast, and reliable way is essential for PAF
observations (see Dénes et al. 2022, for a discussion) to deliver
reliable scientific products.

In this work, we propose and apply a new method to recover a
compound beam shape, based on the NVSS Survey and Gaussian
process regression. We apply the method to the ADR1 contin-
uum images, mosaic them, and extract the source catalog. We
also illustrate the potential for scientific application. The paper
is organized as follows. In Sect. 2, we describe the ADR1 data.
In Sect. 3, we introduce the “primary beam” correction. The
mosaicking procedure is described in Sect. 4. The source extrac-
tion, compilation of the catalog, reliability, completeness, flux
scale, and astrometry are discussed in Sect. 5. The results of
cross-matching of the catalog with the LOFAR/LoTSS and the
NVSS catalogs are presented in Sect. 6.

2. The data

The first imaging observations aimed at scientific verification
with Apertif were begun in April 2019, followed by the launch of

1 http://hdl.handle.net/21.12136/
B014022C-978B-40F6-96C6-1A3B1F4A3DB0
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Fig. 1. Sky coverage of the released continuum images.

the full survey program on July 1, 2019. Apertif has undertaken
a two-tiered imaging survey: a wide field single-pointing survey
and a deeper survey with multiple pointings over a smaller area
(Hess et al., in prep.).

The first-year Apertif data release (ADR1) took place in
November 2020 (A22). This time period includes a total of 221
observations of 160 independent fields, covering about a thou-
sand square degrees of sky. The released data products include
continuum images, polarization images and cubes, and spec-
tral line cubes, obtained with an automatic processing pipeline
separately for every compound beam.

The WSRT array has east-west orientation and normally a
field is being observed for 11–12 h using the Earth rotation to
fill the uv-plane. Since the dishes have an equatorial mount, the
CBs do not rotate or move with respect to the sky during an
observation. In a single observation, Apertif covers forty adja-
cent CBs with a total area of ∼10 square degrees. The raw
data for every CB is processed independently with the automatic
pipeline, including flagging, calibration, and imaging (Adebahr
et al. 2022). For ADR1, the processed frequency range covers
the 1292.5–1430 MHz interval. A dedicated validation proce-
dure has been developed and applied based on inspection of
the continuum images, which were required to have only mod-
est calibration residuals and a noise level below 60µJy beam−1.
Based on these criteria, some CB images were rejected, which is
mostly dictated by the limitations of the current software to han-
dle direction-dependent effects. More details about the first data
release of the Apertif imaging surveys are given in A22. Over-
all, a total of 3374 continuum Stokes I images of individual CBs
have been released. The sky coverage of the released continuum
images is shown in Fig. 1.

Every image has a size of 3073 × 3073 pixels, with a pixel
size of 4′′ (the images are 200 × 200′, much larger than a pri-
mary beam response for the purpose of encompassing the side
lobes for the cleaning procedure). In the Apertif field of view
(FoV) layout, the centers of the CBs are equally separated from
each other by 28′, resulting in every CB having up to six equidis-
tant neighbors. The full width at half maximum (FWHM) of
a CB radial attenuation profile is about 36′, however, its shape
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may be significantly non-symmetric and changing in time (see
below). Many of the CB images are obtained for the same
sky position in the framework of the medium-deep survey. The
ADR1 data products are available through a virtual observatory
interface2.

As mentioned above, for most scientific purposes, the radial
response of each CB needs to be characterized and corrected for.
The primary beam characterization for the pre-Apertif WSRT
was very well known (Popping & Braun 2008). However, the
characteristics of the electronically formed beams from the
Vivaldi antennas carry a number of complications (Dénes et al.
2022). The corresponding CBs shapes differ from those of a
single-receiver antenna and from each other, being more dis-
torted towards the edges of the field of view. Moreover, any
malfunctioning of any of the PAF elements or a leakage between
them can cause a significant deformation of the CB shape on a
given dish. As a result, the primary beam correction used for the
old WSRT is not applicable to the 40 CBs of Apertif. Below we
introduce and implement an efficient approach for this correc-
tion. The new method has been applied to the ADR1 continuum
images and the corresponding CB correction models have been
published along with the processed data.

3. Compound beam shapes

Traditionally, holography is used to measure the primary beam
response of radio telescopes; however Apertif has not supported
a holographic mode. An alternative approach is to perform drift
scans of a bright calibrator, typically Cyg A or Cas A. However,
this approach has several limitations. First, it can be affected
by a complex source structure, background sources, or radio
frequency interference (RFI) that are present during scanning.
Second, it is extremely time consuming. To perform one such
calibration procedure for all 40 CBs requires more than 14 h,
which is longer than a full synthesis observation of a survey
pointing. Finally, these calibrators are extended sources resolved
on WSRT baselines and their substructure complicates the anal-
ysis even for the auto-correlation amplitudes of the visibilities,
while compact calibrators such as 3C286 are not strong enough
for drift-scanning. For this reason, such drift scans are performed
only once per month or even less frequently. Moreover, due to
observing time limitations, the resulting models of a CB are
often cut off well before the first null (Dénes et al. 2022). While
this approach has been used in the Apertif project, providing a
good reference, it is important to have an independent, faster,
and more flexible method to recover a CB shape for any given
observation date.

The approach we propose and apply here is based on the
public NVSS catalog data combined with a Gaussian process
(GP) regression. The method takes advantage of the fact that
the NVSS survey is obtained at a very similar frequency as the
Apertif survey, allowing for a determination of the CB attenu-
ation factor at any position in the FoV, for any given date of
observation.

A GP is a stochastic process with normally distributed val-
ues characterized by their mean and covariance function or the
kernel. The kernel depends on hyperparameters and determines
the characteristics of the GP. Data can be approximated using GP
regression, providing a probabilistic prediction of the GP value
at a given coordinate (Rasmussen & Williams 2006).

2 https://vo.astron.nl/apertif_dr1/q/apertif_dr1_
continuum_images/form

Although the NVSS was performed at a similar frequency,
it has a lower angular resolution compared to Apertif. There-
fore, the first step is to convolve the Apertif CB images with a
circular PSF of 45′′ to match the NVSS resolution. In the next
step, a source finder is used (as described in Sect. 5) and the
sources are cross-matched with the NVSS catalog. Here, we used
the same approach for source extraction and cross-identification,
as described below in Sects. 5 and 5.6. We used all the cross-
matched sources to obtain the spatial distribution of the relation
between NVSS and Apertif total flux, ε = S APERTIF/S NVSS, over
a given CB image. This relation, on average, represents the
corresponding CB shape.

The next step is to involve a GP and train it on the exist-
ing data. We selected a squared-exponential radial basis function
for the kernel as the simplest way to describe smooth data
variations. We constructed the kernel as the sum of two squared-
exponential kernels (SE1 + SE2) and a white noise one: SE1 to
represent the general CB shape and SE2 to describe smaller-scale
deformations related to, for instance, individual PAF elements
malfunctioning. For the training, we set a wide range of pri-
ors on the hyperparameters, and used all the data for a given
CB consisting of a few thousand measurements (ADR1 implies
about 40 images per CB). The hyperparameters were found to
be plausible (the SE1 scale describes a CB width well and the
SE2 amplitude is less than 10% of the SE1 one) and stable
with respect to varying sample size. After validation, we used
the trained GP with the SE1 kernel to predict a CB shape. This
allowed us to get the “average” CB shapes over the whole year
period of the observations considered. The corresponding FITS
images have been published together with the ADR1 data and
can be used to correct the continuum images. We note that the
peak values of the CB radial profiles differ from 1 indicating
potential differences in flux scale between Apertif and NVSS
surveys.

In Fig. 2, the implementation of Gaussian process regression
for compound beam 01 is shown. This beam is located at one of
the corners of the Apertif field of view and, therefore, is expected
to have a distorted shape (e.g., Fig. 25 in van Cappellen et al.
2022). The top-left panel shows the scatter plot of the relation
ε for all the sources cross-matched in the CB 01 – 7154 mea-
surements taking values from 0.0004 to 2.6 (the sizes of the
markers in the plot are proportional to the value). These data
have become a training sample for GP regression, whereby the
result is plotted in the top-right panel. The asymmetry of the CB
shape can be clearly seen from the figure. The bottom panels
show slices of the GP surface along RA and Dec coordinates,
where the displacement of the peak with respect to the point-
ing center can be seen. Both the shape distortion and the shift
of the maximum must be accounted for during a primary beam
correction procedure. Moreover, it was found that the CB shapes
change over time, which might be related to the re-adjustment
of the signals from focal Vivaldi antennas (beam weights tun-
ing procedure) as well as to other system drifts. This effect will
be investigated for future data releases; whereas in this work,
we use the averaged profiles of the CBs based on the full year of
observational data. Since there are many measurements of ε for a
given CB, this makes the GP training process very slow. To speed
it up, we used the k-means clustering of these measurements into
1000 clusters. We additionally checked that GP regression
obtained on such a clustered sample does not differ significantly
from the one obtained on a full sample.

The proposed approach has multiple advantages. First, this
method provides a ready-to-use correction image for a given
CB image in the sense that it does not require knowledge of a

A39, page 3 of 12

https://vo.astron.nl/apertif_dr1/q/apertif_dr1_continuum_images/form
https://vo.astron.nl/apertif_dr1/q/apertif_dr1_continuum_images/form


A&A 667, A39 (2022)

1000 500 0 500 1000
RA coordinate (pixels)

1000

500

0

500

1000

De
c 

co
or

di
na

te
 (p

ix
el

s)

1000 500 0 500 1000
RA coordinate (pixels)

1000

500

0

500

1000

1000 500 0 500 1000
RA coordinate (pixels)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

CB
 a

tte
nu

at
io

n

1000 500 0 500 1000
Dec coordinate (pixels)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

CB
 a

tte
nu

at
io

n

Fig. 2. Implementation of Gaussian process regression for compound beam 01. Top left: relation of Apertif/NVSS integrated flux density for all
the sources observed in the compound beam 01 (the size of the markers is proportional to the value). Top right: GP regression built on these data.
Bottom row: slices of the predicted CB shape (±1σ) along the RA and Dec coordinates.

frequency or antenna dependence of a CB shape. Next, the
approach is free from approximation errors of analytical models.
Indeed, the evolution of a CB slope or a shift of the peak of a CB
with respect to image center may be hard to model analytically.
Third, since a CB shape changes over time, we can select the
data within a limited time period and, therefore, we can obtain
a CB correction for a given observation period. Finally, all pos-
sible sources of bias contributing to an individual CB image are
merged into just one – that of the NVSS catalog itself, which is
assumed to be negligible throughout this work.

For the ADR1, there are two versions of these beams
released: the “original” primary beam images, which provide
a correction that matches the NVSS flux scale by design, and
the “normalized” primary beam images that are normalized to a
peak response of one. The data release documentation contains
information on how to best apply these primary beam images
to the Apertif data, including details on how to scale the primary
beam images with frequency. The accuracy of the flux scale with
the GPR beams is discussed in Sect. 5.6. The source code used
to produce the CB models is available on GitHub3.

4. Mosaicking of the images

Here, we describe the procedure for the creation of the corrected
images taking advantage of mosaicking with neighboring beams

3 https://github.com/akutkin/abeams

in order to achieve nearly uniform noise across the field, which
is important for the source extraction and the catalog.

As mentioned above and described by van Cappellen et al.
(2022) and Hess et al. (in prep.), the adopted layout of CBs loca-
tions leads to an overlap of the neighboring CBs from Apertif.
Thus, the sensitivity for each field can be increased by making
a mosaic of these images. For every CB image, we take those
closest surrounding images with their centers separated by less
than 0.7 degrees from the current CB center. Since it is only the
images released in ADR1 that are used in this work, some CB
images have fewer than six surrounding ones. Moreover, some
appear to be complete “orphan,” that is, there are 38 CB images
without any neighbors. This circumstance leads to a patchy sky
coverage and an increase of noise at the edges of such an orphan
CB image. The number of good quality CB images will signifi-
cantly increase in future Apertif data releases, in particular, due
to a new pipeline capable of performing direction-dependent cal-
ibration. After selecting a central CB image and its neighbor
beams, the smallest Gaussian restoring beam that encloses all
individual restoring beams of the selected image is calculated.
This one is typically a few arcseconds larger than the individual
ones. All the images are then convolved to this common restor-
ing beam. Next, each image is corrected for the corresponding
CB shape clipped at the CB attenuation level of 0.1, which was
chosen to avoid very high noise levels at the mosaic edges. After
this, the images are re-projected onto a common projection cen-
ter and stacked together into a mosaic image. Every mosaic
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Fig. 3. Mosaic example of 57 individual CB images with the center at RA = 29.26, Dec = 34.55 degrees (left panel) and the residual noise map
(right panel). Seven dashed circles show the positions of compound beams, and the numbers inside indicate the quantity of the corresponding CB
images used for mosaicking. The color bar scale is given in mJy beam−1.

image therefore covers up to 3.7 square degrees and represents a
stack of individual CB images. The resulting mosaic images are
used for source finding. We also generated a multi-order cover-
age map (MOC) of the survey, indicating an overall sky coverage
for the mosaics totaling 970 square degrees. The source code for
mosaicking is available on GitHub4.

An example of the mosaic image made of 57 individual CB
images of a region of the medium-deep survey (all released CB
images of several observations for these coordinates) is shown
in Fig. 3. In the right panel of the figure, the residual map
after source extraction is shown (see the next section). The
dashed circles and the numbers indicate the positions and the
number of CB images used for making the mosaic. The image
has one of the lowest local noise levels in its central region
reaching 17µJy beam−1. Imaging artifacts around some brighter
sources clearly visible in the residual image on the right are
caused by direction-dependent effects, which will be solved for
in upcoming data releases with an improved pipeline.

5. Source extraction and catalog

In each mosaic, the source extraction is done using the Python
Blob Detector and Source Finder (PyBDSF; Mohan & Rafferty
2015), which is known to be one of the best performing among
continuum source-finding software (Hopkins et al. 2015). It pro-
duces a source catalog from an image by grouping together
emission components modeled by Gaussians. Such a group is
represented by an “island” namely, a region of pixels having
flux above a certain threshold. With this approach, PyBDSF
efficiently groups emission blobs into sources. We set the
default peak-to-noise source detection threshold to 5 and the
island boundary threshold to 3. The background noise level
was determined inside a sliding box of 128 pixels across the

4 https://github.com/akutkin/amosaic

image with a step of 16 pixels (rms_box=(128,16)). The box
size was adjusted dynamically, decreasing to 16 pixels in the
regions of high background noise (adaptive_rms_box=True,
rms_box_bright=(16,4)). The imaging artifacts near bright
sources occur mostly due to direction-dependent effects and
appear as concentric circles around a source, affecting the esti-
mated noise level. The size of these rings ranges from a few to
several tens of the size of the restoring beam. These character-
istic scales were used for the size of the sliding box to properly
detect the background noise variations. We tested a few other
combinations of the rms_box and rms_box_bright parameters
and we used one resulting in a lower number of false detections.
We note, that a background rms estimate within a small box
might experience additional variations due to confusion, how-
ever, this effect is small for Apertif which has a confusion limit
of ∼5µJy beam−1. A more justified and automated approach for
the parameters setup should be developed in future.

Thus, for every mosaic image, we obtain a source list which
includes the coordinates, size, signal-to-noise ratio (S/N), and
other fitting parameters. We used the source position and size
from the PyBDSF output to identify duplicate sources in dif-
ferent mosaic images. Finally, the source lists for each mosaic
image were combined together and duplicate sources having
lower S/N were removed.

5.1. Extra filtering

In Apertif images, a “ghost” source is present at the image center.
This is the result of some wide band radio frequency interference
(RFI) within the backend. This RFI signal has a random phase
that averages 0 and produces a fake source during imaging. Upon
noting this, we removed those ghost sources from the catalog by
matching their coordinates with the CB centers.

We also note that in spite of the strong validation cri-
teria applied for ADR1 and the carefully adjusted PyBDSF
parameters, some artifacts were still detected as extended
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Table 1. Continuum source catalog.

Name RA σRA Dec σDec S total σS total S peak σS peak Maj σMaj Min σMin PA σPA RMS S_Code
(◦) (′′) (◦) (′′) (mJy) (mJy) (mJy bm−1) (mJy bm−1) (′′) (′′) (′′) (′′) (◦) (◦) (µJy bm−1) (S/M/C)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

APTF_J013717+362720 24.3249 2.0 36.4558 3.0 0.26 0.07 0.18 0.03 11.6 11.6 8.2 5.9 44.9 70.4 28.3 S
APTF_J013718+302840 24.3256 1.0 30.4779 1.0 5.49 0.36 4.46 0.25 0.0 9.4 0.0 6.3 0.0 . . . 117.1 S
APTF_J013718+364631 24.3276 1.1 36.7756 1.2 0.77 0.07 0.68 0.04 0.0 11.6 0.0 6.5 0.0 . . . 29.6 S
APTF_J013718+362056 24.3280 1.3 36.3491 1.5 0.54 0.07 0.50 0.04 0.0 11.9 0.0 5.3 0.0 . . . 32.4 S
APTF_J013718+355643 24.3286 1.9 35.9453 3.2 0.31 0.08 0.23 0.04 13.9 11.4 8.1 0.7 –6.9 28.0 34.6 S
APTF_J013718+364753 24.3289 1.3 36.7982 1.7 0.52 0.06 0.44 0.03 13.9 9.0 0.0 5.2 21.2 37.6 30.1 S
APTF_J013718+344346 24.3289 2.0 34.7297 3.5 0.30 0.08 0.23 0.04 16.0 11.8 0.0 9.3 –29.4 34.7 37.2 S
APTF_J013718+361706 24.3289 1.2 36.2851 1.0 1.38 0.12 0.99 0.06 0.0 14.8 0.0 3.0 0.0 . . . 32.9 M
APTF_J013719+350259 24.3301 1.0 35.0499 0.9 1.20 0.08 1.06 0.06 6.0 2.5 2.8 3.2 –79.7 80.1 26.4 S
APTF_J013719+354156 24.3303 1.3 35.6991 1.6 0.47 0.06 0.43 0.04 4.8 8.7 4.3 0.4 –28.5 50.4 30.7 S
APTF_J013719+370339 24.3309 1.5 37.0609 1.9 0.54 0.09 0.50 0.05 6.1 9.0 0.0 5.2 48.1 63.9 46.8 S
APTF_J013719+353747 24.3311 4.3 35.6298 2.6 1.48 0.16 0.65 0.04 60.8 12.8 0.0 3.6 –33.4 8.6 30.6 M
APTF_J013719+302519 24.3312 1.5 30.4221 2.1 1.57 0.26 1.33 0.13 10.1 8.6 0.0 7.9 49.7 52.8 125.5 S
APTF_J013719+372027 24.3317 2.1 37.3411 3.0 0.27 0.08 0.22 0.04 0.0 21.7 0.0 11.1 0.0 . . . 36.8 S
APTF_J013719+345326 24.3321 2.3 34.8907 3.8 0.20 0.06 0.15 0.03 14.0 13.3 3.7 7.6 –39.4 54.2 27.5 S
APTF_J013719+371841 24.3321 2.0 37.3116 3.2 0.41 0.10 0.25 0.04 16.6 10.7 11.2 5.0 –13.7 36.6 38.3 S
APTF_J013720+364236 24.3337 1.4 36.7100 1.8 0.36 0.05 0.31 0.03 5.9 8.7 4.5 1.0 –80.7 77.8 26.0 S
APTF_J013720+310549 24.3338 2.2 31.0971 4.5 0.86 0.22 0.52 0.08 28.8 17.0 0.0 8.6 –20.9 31.5 90.4 S
APTF_J013720+363404 24.3345 1.7 36.5679 2.4 0.22 0.05 0.21 0.03 0.0 15.2 0.0 2.4 0.0 . . . 26.0 S
APTF_J013720+373637 24.3347 1.1 37.6103 1.1 1.85 0.15 1.30 0.08 0.0 14.9 0.0 7.4 0.0 . . . 50.9 S

Notes. Sample of the catalog records. Descriptions of the columns are given in Sect. 5.2. The full table containing 249672 entries will be available
in machine-readable format through CDS.

sources. They tend to have an order of magnitude higher coor-
dinates uncertainties and can thus be easily identified. We
inspected visually the sources with either RA or Dec errors
higher than 10′′ and dropped the detected artifacts.

5.2. Catalog format

The resulting catalog contains 249672 sources. Almost 90% of
the sources are modeled with a single Gaussian (‘S’-flag), and
around 10% are classified as extended (‘M’). An example of the
catalog structure is shown in Table 1. The columns designations
are: (1): Apertif source name; (2,4): RA and Dec; (3,5): RA and
Dec errors (see Appendix A); (6,8): total and peak flux density;
(7,9): integrated and peak flux density uncertainties, calculated
as described in Appendix A; (10,12,14): Deconvolved major and
minor source size and position angle. A source size value 0.0
means that the PSF cannot be deconvolved from the fitted source
along the given axis, and the corresponding uncertainty, repre-
sents an upper size limit estimate. The position angle is given in
degrees from –90 to 90 measured relative to the north celestial
pole, turning positive into the direction of the right ascension.
When both major and minor sizes are 0.0, the position angle is
omitted; (11,13,15): uncertainties of the major and minor source
size and position angle calculated as described in Appendix A;
(16): local background noise rms; (17): Source type as classified
by PyBDSF, with ‘S’ as an isolated source fitted with a single
Gaussian; ‘C’ as sources that were fit by a single Gaussian but
are within an island of emission that also contains other sources,
and ‘M’ as sources fitted with multiple Gaussians.

5.3. Correction for spectral index

The central frequency of the NVSS survey observing band dif-
fers from the Apertif one by 45 MHz. Within the aforementioned

approach to the primary beam correction, the source fluxes
would undergo a systematic offset depending on their spectral
index5 (see also Sect. 6.2). A flux correction for a source with a
spectral index of –0.7 would be ξ(−0.7) = 1.023, or 2.3%. We
note that the dependence of the correction factor on the spec-
tral index is weak: ξ(−0.5) = 1.016, ξ(−1) = 1.033. In order to
eliminate this bias we apply the correction factor of 1.023 to all
sources in the catalog.

5.4. Noise properties

Analysis of the noise properties is important for the discussion
that will follow and to quantify the completeness of the catalog.
The background noise varies strongly from one mosaic image to
another as well as within a single mosaic image. This can be seen
in the residual image in the right panel of Fig. 3. The noise in
this image reaches 17µJy beam−1 in the central region and goes
to above 100µJy beam−1 at the edges. For the catalog, we effec-
tively selected sources from a central part of every individual
mosaic because the sources at the edges are typically duplicated
or substituted by ones from central region of another adjacent
mosaic having higher S/N values. This means that a more infor-
mative parameter is the noise level around the cataloged sources,
not in an entire mosaic map. The relevant noise measure is the
median background RMS of the sources provided by PyBDSF
(column 16 in the catalog), which is 44µJy beam−1. We also note
that because of the ADR1 validation criteria, many CB images
have fewer than six neighbors, which implies a higher noise level
at part of the edges.

5 In this paper, the spectral index α is defined through S ∝ να, where
S is flux density and ν the frequency.
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Fig. 4. Relative number of false detections as a function of flux density.

5.5. Reliability and completeness

To estimate the reliability of the catalog based on the number
of false detections, we ran the same source-finding procedure
on the inverted (multiplied by –1) mosaic images. Assuming
a symmetric noise distribution, this offers a rough estimate of
the number of fake sources in the original images. We compiled
the “inverted” catalog in the same way as the original one. It
contains 6108 sources or 2.4% of the number of sources in the
main catalog. In Fig. 4, the false detection rate (FDR) is plot-
ted against flux density, where the FDR is the relative number of
sources from inverted catalog to the number of the sources from
the original catalog taken in various flux density intervals. The
peak of the FDR around a few mJy is likely related to the typical
flux of imaging artifacts around bright sources, while artifacts
around fainter sources are below the catalog detection limit. We
also found that 64% of the false detections reside within 2′ of
sources from the original catalog that are brighter than 50 mJy.
Overall, among the sources weaker than 30 mJy, a few percent
may be false detections, while brighter sources are shown to be
more reliable detections.

We estimated the completeness of the catalog by compar-
ing the differential source counts corrected for the false positive
detection rate to the one by Matthews et al. (2021). The compar-
ison is shown in Fig. 5. The ratio (dN/dS )Apertif/(dN/dS )Matthews
is shown in the inset plot. Slightly lower counts of bright sources
in the Apertif catalog are dictated by the ADR1 validation cri-
teria, namely, by the lack of the released images with stronger
sources due to them having imaging artifacts (see Sect. 2).
Another effect might be caused by an underestimation of the
flux for bright sources due to some of them having been par-
tially resolved with Apertif. On the weaker end, we find that
at the 1 mJy level, the catalog completeness is about 96% and
it drops to ∼75% at the 400 µJy level. We emphasize that this
level was calculated for the full catalog. In reality, the number of
weak sources and, hence, the “local” completeness in a given sky
direction depends on the local noise level in an image. To illus-
trate this, in Fig. 5, we plot the source counts calculated for the
low-noise mosaic image (shown in Fig. 3), which covers approx-
imately 3 square degrees. The corresponding “local” catalog is
then complete down to the 0.1 mJy level.

5.6. Accuracy of the flux scale

In order to assess the flux scale accuracy, we cross-matched
the Apertif catalog with the NVSS one using a 20′′ matching
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Fig. 5. Differential source counts. The source counts estimates for the
full catalog area (circles) and for the low-noise mosaic image (Fig. 3,
squares) plotted along with the measurements of Matthews et al. (2021;
dot-dashed curve). The ratio (dN/dS )Apertif/(dN/dS )Matthews is shown in
the inset plot.

radius. This results in 44524 common sources, for which the
integrated flux density differs by less than 1% (on average),
with a median ratio of S int,APTF/S NVSS = 1.027. We note that
the applied correction factor for the spectral index is 1.023 (as
given in Sect. 5.3). Obviously, such a good agreement is a con-
sequence of the applied method for the primary beam correction
(Sect. 3). This comparison serves as a firm additional check for
the flux scale of the Apertif catalog as a whole, especially since
it has a different angular resolution than the NVSS catalog. The
standard deviation of the above relation is 0.345, indicating a
significant scatter. This spread must be related to the variabil-
ity of the sources, the varied angular resolution and sensitivity
characterizing the catalogs, and errors in the flux measurements.

In order to estimate the precision of the flux measurements,
we compared these measurements obtained from the CB images
of the medium-deep fields, which have at least five pointings.
The variability of flux measurements within individual Apertif
images is shown in the top panel of Fig. 6, where the relative dif-
ference of the peak flux and the mean peak flux is plotted against
S/N of the sources. We split the full S/N range into 15 bins, then
for every bin that we calculated, the average relative peak flux
error and 16/84 percentiles of the distribution are shown with the
dashed and solid curves, respectively. We conclude that the flux
measurements precision is better than 10%, within the expected
errors coming from data cross-calibration.

Finally, we checked the intrinsic flux scale consistency by
comparing the fluxes of the sources from different overlapping
mosaics. When a source was detected in multiple images, only
the corresponding record with highest S/N was stored in the cata-
log. Thus, comparing the fluxes of those sources provide a direct
probe of the applied primary beam correction and overall cor-
rectness of the mosaicking procedure (Sects. 3 and 4). For these
sources, we again considered the relative difference between the
peak flux and its mean value. The distribution is plotted in the
bottom panel of Fig. 6 against the S/N of the sources. The scat-
ter indicates that the error during primary beam correction and
mosaicking do not exceed 5%. We take this into account for the
flux error values reported in Table 1 (described in Appendix A).

5.7. Astrometry

To estimate the astrometric accuracy of the sky coordinates, it
is desirable to have a reference catalog with a comparable or
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age relative peak flux error. The solid curves display the 16 and 84
percentiles.

higher angular resolution. Fortunately, there is one in this case,
namely, the first Apertif data release has a common sky area
of 700 square degrees with the second LOFAR 150 MHz data
release (Shimwell et al. 2022). We cross-matched the Apertif
catalog with the LoTSS DR2 catalog. We note that the LoTSS
images have about twice better angular resolution (6′′) than
those from Apertif, and some sources that are resolved by
LOFAR might remain unresolved by Apertif. We used an inter-
mediate matching distance of 10′′ resulting in 152824 common
sources and considered the coordinate offsets between Apertif
and LoTSS DR2 sources. In Fig. 7, the offset distributions for
Right Ascension and Declination are plotted against S/N of the
sources. The median values are 0.0′′ and 0.0′′, respectively, indi-
cating the absence of any systematic shifts between the catalogs.
The 16/84 percentiles are shown with the solid curves justifying
the chosen matching radius. The coordinate uncertainties for the
catalog were calculated as described in Appendix A.

6. Scientific applications

In this section, we discuss some scientific applications
related to cross-matching the Apertif catalog with the NVSS
and LOFAR/LoTSS catalogs. The cross-matching of catalogs
obtained at similar frequency but at distinct epochs allows for
the identification of transient sources that changed their flux den-
sity significantly between the epochs. Finding common sources
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Fig. 7. Astrometric accuracy. Coordinate offsets of the compact sources
based on Apertif – LOFAR cross-match. Top: right ascension (RA).
Bottom: declination (Dec). The horizontal lines indicate median value,
the solid curves show the 16 and 84 percentiles, and the dashed curves
show the corresponding hyperbola fit (see details in Appendix A).

between two contemporaneous catalogs at different frequencies
provides information about their spectral behavior.

6.1. Long-term transients

As an example of transient detections, we selected the sources
that are present in the NVSS but have disappeared in the Aper-
tif images. First, we exclude the Apertif sources separated by
less than 50′′ from a mosaic edge, where the image quality is
lower due to the noise. Then we cross-matched the remaining
Apertif sources with the NVSS and obtained a list of more than
4000 NVSS sources missing in our catalog. The great major-
ity of these sources have a total flux density below 3 mJy and
represent NVSS false detections. We filtered these sources by
requiring the NVSS S/N to be higher than 10. Another large
group consists of multi-component emission islands which were
grouped by PyBDSF into sources whose location mismatch with
the corresponding NVSS source. To filter these sources, we
inspected the Apertif images and required the signal-to-noise
ratio at the position of each NVSS source to be less than 6. This
ensures that there is no significant emission in Apertif images
at the position of an NVSS source. Finally, we obtained a list
of 23 NVSS sources that have a NVSS S/N higher than 10 and
were not detected in the Apertif data. The list is presented in
Table 2.
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Table 2. NVSS sources not detected by Apertif.

NVSS RAJ2000 DEJ2000 S1_4 e_S1_4
(◦) (◦) (mJy) (mJy)

031640+405712 49.169000 40.953333 5.3 0.5
032228+414507 50.616792 41.752028 5.3 0.4
132422+493308 201.095583 49.552417 12.7 1.2
132919+300341 202.329542 30.061583 6.6 0.5
132929+302439 202.370833 30.410833 7.7 0.5
132932+303017 202.387417 30.504833 4.8 0.4
133426+305132 203.609125 30.859056 4.1 0.4
140300+520335 210.752917 52.059889 7.1 0.4
140305+520349 210.773917 52.063611 8.2 0.5
140840+511225 212.168875 51.207028 4.1 0.4
215545+374027 328.940750 37.674194 6.2 0.5
215548+374444 328.954083 37.745667 13.0 1.1
215549+373844 328.957000 37.645556 6.9 0.5
215722+381109 329.342625 38.185861 5.4 0.5
221119+385955 332.832208 38.998639 29.2 2.8
224624+440950 341.603625 44.164028 19.8 0.7
224642+394638 341.677208 39.777306 6.6 0.5
224655+442931 341.731083 44.492139 14.4 0.6
224701+440644 341.758042 44.112361 5.2 0.4
224804+441433 342.016750 44.242583 9.7 0.9
232359+303905 350.998458 30.651417 12.6 1.0
232430+304158 351.125000 30.699444 6.5 0.4
232434+304233 351.144542 30.709167 6.0 0.4

Notes. Columns: NVSS name, coordinates, total flux density and its
error.
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Fig. 8. Apertif (left) and NVSS (right) images. The disappeared source
is marked with the dashed circle and has total flux density of 19.8 ±
0.7 mJy.

Apparently, the source with the highest total flux den-
sity (NVSS:221119+385955) is a diffuse lobe of giant radio
galaxy that was resolved by Apertif. The next brightest source,
NVSS:224624+440950, is seen in the NVSS image (with a flux
density of 19.8 mJy) and is clearly absent in the Apertif one
(Fig. 8). The figure also nicely illustrates the differences in res-
olution and sensitivity between the Apertif and NVSS surveys.
The local noise value in the Apertif mosaic at this position is
the 120µJy beam−1, implying that the source, if it is real and
point-like, had dropped its luminosity by a factor of ∼30. Such
a change could, for example, have taken place if the source is
a blazar whose jet shifted its angle to the line of sight, caus-
ing a significant decrease in Doppler boosting. A factor of 30,
however, is unusual even for extreme blazars (e.g., Kutkin et al.
2018). Another explanation could be attributed to a supernova

explosion. A detailed study of these objects (e.g., measuring
redshifts, searching for counterparts in other bands, extra obser-
vations etc.) might be an interesting project for future research.
We note that most sources in Table 2 are relatively faint, there-
fore, some might be just variable sources picked up by NVSS
when they were at maximum and missed by Apertif when they
were at minimum. These transients, of course, deserve a separate
study.

The above-mentioned procedure illustrates a use case exam-
ple for the new catalog. We note that a much larger sample
of transient sources can be obtained by considering the signif-
icance of the flux density change – and not just sources that
have disappeared. Such a detailed analysis, however, is beyond
the scope of this paper. For the same reason, we did not consider
sources that are present in the Apertif survey and absent in the
NVSS.

6.2. LOFAR counterparts and spectral index

Since the observing frequency of the LoTSS survey is ten times
lower than that of Apertif, the combination of the two surveys
provides unique information about the spectra of the sources; in
turn, this offers additional information about the emission mech-
anisms allowing us to distinguish among the emitting regions of
the sources (e.g., flat spectrum radio cores vs. optically thin jet
components with steep spectra). In addition, spectral index mea-
surements can be used to estimate source ages (see Kardashev
1962).

Williams et al. (2016) and Mahony et al. (2016) used
LOFAR images of the Böotes and Lockman Hole fields, respec-
tively, to derive the spectral index distribution between 150 and
1400 MHz. Their analysis results in very accurate median values
of the spectral index of −0.79 ± 0.01 and −0.78 ± 0.02, cor-
respondingly. These studies were limited to a relatively small
area and the effect of differences in spatial resolution between
the 150 and the 1400 MHz images could be taken into account.
The authors used both resolved and unresolved sources for the
spectral index estimation.

Because of the different resolution between the Apertif and
LOFAR catalogs, we limited our analysis to those sources unre-
solved in the latter, noting that these sources must be unresolved
in the former as well. We selected these sources following
the criteria described by Shimwell et al. (2022, in particular,
Sect. 3.1; Eq. (2)), when the compactness depends on the ratio
between integrated and peak flux density of a source as well
as the S/N level of its detection. Consistently with this find-
ing, we also observed that about 90% of the common sources
are unresolved, which is close to the fraction of 95% obtained
for all LOFAR sources. We estimate the spectral index as α =
ln (S total,A/S total,L)/ ln (1355/150), where S total,A, S total,L are the
Apertif and LOFAR total flux density of a source, and 1355 MHz
and 150 MHz are the corresponding survey frequencies.

The spectral index distribution as a function of the LOFAR
total flux is shown in Fig. 9. The trend of flattening of the spec-
tral index when going to lower fluxes occurs mostly due to the
combination of increasing scatter for low flux sources and the
Apertif sensitivity limit and completeness; this is illustrated by
the overplotted curves. The envelope shown with the dashed line
corresponds to the error due to the flux density uncertainties and
is derived as follows:

σα,S =
1

ln (1355 MHz/150 MHz)

√√(
σS total

S total

)2

Apertif
+

(
σS total

S total

)2

Lofar
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Table 3. Common Apertif and LOFAR sources.

Apertif name Lofar name S peak
A S peak

L S int
A S int

L α φ z
(mJy beam−1) (mJy beam−1) (mJy) (mJy) (′′)

APTF_J132126+544301 ILTJ132126.92+544301.6 0.44 1.15 0.68 1.55 –0.37 1.87 0.79
APTF_J132126+561608 ILTJ132126.56+561609.0 0.25 0.71 0.35 1.78 –0.74 1.99 0.99
APTF_J132126+282552 ILTJ132126.86+282552.2 1.08 1.03 1.19 1.47 –0.10 0.27 . . .
APTF_J132126+274020 ILTJ132126.95+274018.9 0.65 2.54 0.80 4.71 –0.81 1.20 . . .
APTF_J132127+312037 ILTJ132126.90+312033.0 3.63 15.05 5.81 26.29 –0.69 4.49 . . .
APTF_J132127+300946 ILTJ132127.21+300943.9 1.88 4.75 2.85 29.51 –1.06 2.21 . . .
APTF_J132127+545520 ILTJ132127.22+545520.9 0.24 0.64 0.31 0.88 –0.47 1.19 0.53
APTF_J132127+303538 ILTJ132127.46+303536.9 0.38 1.05 0.60 1.67 –0.47 2.40 . . .
APTF_J132127+563932 ILTJ132127.42+563932.5 0.78 1.96 0.89 2.53 –0.47 0.62 0.32
APTF_J132127+614427 ILTJ132127.25+614427.7 0.26 1.56 0.31 2.01 –0.86 1.10 . . .
APTF_J132127+594632 ILTJ132127.50+594632.0 0.57 2.04 0.69 2.87 –0.65 0.85 . . .
APTF_J132127+570045 ILTJ132127.80+570045.5 0.36 0.98 0.37 1.88 –0.74 1.24 . . .
APTF_J132127+545419 ILTJ132127.83+545419.2 1.76 5.17 2.24 10.78 –0.71 0.60 0.65

Notes. Sample from the list of cross-matched Apertif (1355 MHz; columns labeled with A) and LOFAR (150 MHz; columns labeled with L)
sources. Spectral index, angular separation between the sources and the redshifts are listed in the last three columns. The full table will be available
at the CDS.
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Fig. 9. Spectral index distribution against the LOFAR integrated flux
density for compact sources. The median value α = −0.78 (horizon-
tal line) is calculated for the sources with integrated flux density above
40 mJy at 150 MHz. The surrounding dashed curves show ±σα,S error
due to flux density uncertainties. The inclined solid lines show spec-
tral index lower limit calculated for the weakest Apertif source and
for 1 mJy level corresponding to the completeness of 95%. An overall
scatter, ±σα, of the spectral index is shown with dash-dotted lines.

The left solid line shows the sensitivity limit calculated for
the lowest Apertif peak flux and the right one indicates the
limit for the Apertif catalog completeness level of 1 mJy. There-
fore, an estimate of a median spectral index is unbiased for
the sources with LOFAR flux density above 40 mJy (vertical
dotted line). This estimate is α = −0.78, with the scatter of
σα = 0.26 (horizontal dash-dotted lines). As seen in Fig. 9 most
of the scatter comes from real differences in spectral index of the

sources, while the uncertainty due to flux density measurements
is relatively small.

In addition to the cross-matching with LoTSS DR2, we cross-
matched the Apertif catalog with the value-added LoTSS DR1
catalog. The latter has, among other parameters, optical counter-
parts and redshifts estimates for the sources (Duncan et al. 2019),
which might be useful for studying either individual objects or
statistical populations. The common area of the two catalogs is
about 100 square degrees resulting in 22825 matched sources.

We published the list of common Apertif-LOFAR sources in
Table 3. The table contains names (Cols. 1 and 2), peak, and inte-
grated flux density (Cols. 3–6) from the Apertif and LotSS/DR2
catalogs, spectral index estimate calculated for the peak fluxes
(Col. 7), angular separation between the sources (Col. 8), and
redshift estimate from LoTSS DR1 value-added catalog (Col. 9;
zbest as described by Duncan et al. 2019). With this list, we sig-
nificantly increase the population of radio sources with spectral
indexes measurements. The results can be used for studying, for
example, individual objects, while the approach itself might be
relevant for deeper data releases in the future.

7. Summary

To deliver a ready-to-use source catalog for the scientific com-
munity, we processed and analyzed 3072 continuum images of
the first data release of the Apertif survey. Over the course of
this work, we tackled and solved some challenging technical
problems.

To obtain a primary beam model, we proposed and applied a
new method based on Gaussian process regression. This machine
learning approach is a very natural choice because the primary
beam shape and its peak are known to be smooth (Gaussian-like)
and have a value of unity, which makes the choice of a ker-
nel function and priors on hyperparameters straightforward. This
method can be easily applied to other facilities and has several
advantages compared to analytical modeling, or to the drift scan-
ning procedure. The most important is the time economy (every
drift scanning takes longer than 12 h). The method provides
a ready-to-apply correction model for every compound beam,
effectively removing a frequency- and an antenna-dependence.
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Instead of using many parameters for an analytical approxima-
tion there are just a few hyperparameters entering the kernel
function, which substantially simplifies further analyses. Rather
importantly, it becomes easy to obtain a primary beam model
for any given date by taking into account only the observations
around this date. This makes tracking primary beam variations
easier. Finally, all possible sources of attenuation bias are effec-
tively removed by adjusting the flux scale to the one of the NVSS
catalog. The primary beam models obtained with this method
have been published, along with the data products for the first
Apertif data release.

In order to increase the sensitivity of the images, we created
linear mosaics of the individual images that take into account
the different size and orientation of the restoring beam in each
of them. The mosaic of all images of the first Apertif data release
covers 970 square degrees of sky. We present a new contin-
uum source catalog for these data, which contains 249672 radio
sources, many of which have been detected for the first time at L-
band (1400 MHz). The full catalog has a completeness of about
95% at the 1 mJy level. The number of false positive detections
does not exceed a few percent. The table contains the coordi-
nates, integrated and peak flux density, and angular sizes of the
sources.

We cross-matched the new Apertif catalog with the NVSS
and the LOFAR/DR2 catalogs. On the one hand, this proce-
dure provides an extra check for the obtained parameters of the
sources, such as their fluxes and coordinate offsets. On the other
hand, it offers sizable potential for a scientific research. The
first sample provides an opportunity to detect long term tran-
sient sources, which have significantly changed their flux density
over the last 25 yr. The second one includes flux measurements
at 150 and 1400 MHz providing information about spectral prop-
erties of more than a hundred thousand sources. The redshift
estimates adopted from the value-added LoTSS catalog might be
useful for studying individual objects as well as volume-limited
samples.

The released images were selected based on strong valida-
tion criteria providing a non-uniform sky coverage. As our next
steps, we are looking forward to applying the described methods
and techniques to the future data releases, where the amount and
quality of the images will be significantly improved.
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Appendix A: Error estimations

Appendix A.1: Flux scale

As shown in Figure 6, even the bright sources have about 5%
uncertainty in their flux density measurements. This uncertainty
likely comes from the cross-calibration procedure (A22). In
order to take this into account, we included the 5% uncertainty
into the final error of the flux density measurements in Table 1
by summing (in quadrature) 0.05S and the fitting error obtained
from PyBDSF fit σ∗,fit:

σS,tot =

√
(0.05S tot)2 + σ2

tot,fit, σS,peak =
√

(0.05S peak)2 + σ2
peak,fit.

Appendix A.2: Coordinates

The coordinate uncertainties of the LoTSS DR2 catalog are
much smaller (∼ 0.2′′) than those of Apertif, which has lower
resolution. Therefore, the former catalog can be used as a ref-
erence. Additionally to the fitting errors, σRA,fit and σDec,fit,
provided by PyBDSF there are astrometric errors, σRA,ast, and
σDec,ast, coming from any systematic effects in an individual
mosaic image. As shown in Figure 7, the coordinates offsets are
scattered with a dispersion ranging from ∼2′′ to 0.5′′ depending
on the source’s S/N. We fit the percentile curves with hyperbola
σ∗,ast = 1/(a∗ · S NR + b∗)n∗ , resulting in aRA = 0.031, bRA =
−0.132, nRA = 0.220 and aDec = 0.047, bDec = −0.207, and
nDec = 0.281. The fit was used to predict astrometric errors of the
coordinates depending on the source’s S/N. The final coordinate
errors (reported in Table 1) were then calculated as a quadratic
sum of the astrometric error and the error from PyBDSF fitting:

σRA =

√
σ2

RA,ast + σ
2
RA,fit, σDec =

√
σ2

Dec,ast + σ
2
Dec,fit,

with the average coordinate errors being σRA = 1.7′′ and σDec =
2.1′′.

Appendix A.3: Deconvolved size

Along with the FWHM of a Gaussian fitted to a source, PyBDSF
also provides the deconvolved source size and position angle
(PA), and the corresponding errors. The latter values, however,
are not calculated correctly and remain the same as the errors of
the original fit (the PyBDSF version used in this work is 1.9.2).
We estimated the errors of a source size and PA after deconvo-
lution, σmaj,min and σPA, by taking the maximum of the absolute
values of the differences of the best fit deconvolved value of the
given parameter and the deconvolved size of the eight possible
combinations of 1) FWHM major axis +/- major axis error; 2)
FWHM minor axis +/- minor axis error; and 3) position angle +/-
position angle error. If the source cannot be deconvolved from
the beam we report the upper limits which come from the maxi-
mum major and minor axes of the deconvolved Gaussians taken
from trying all eight of the aforementioned combinations. This
approach was adopted from the CASA imfit6 task.

In the case that none of these combinations produce a decon-
volved size, we estimate the upper limit using the major and
minor axis FWHM of the restoring PSF and source S/N. A point
source has a fitted size of the restoring PSF, and the correspond-
ing error of the fitted size is σfit

maj,min ≈ PSFmaj,min/(S/N) (e.g.,

6 https://casa.nrao.edu/docs/taskref/imfit-task.html

Fomalont 1999). Then the error after deconvolution can be
estimated as the smallest deconvolved size detectable at 1σ level:

σmaj,min =
(
(PSFmaj,min + PSFmaj,min/(S/N))2 − PSF2

maj,min

)1/2

=
PSF

(S/N)
(1 + 2 S/N)1/2.

If both the major and minor deconvolved size are zero, the
reported position angle is zero and its error is omitted. The
deconvolved source size, PA, and the corresponding errors are
listed in columns 10 -15 of Table 1.
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