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Abstract

In the era of all-sky surveys, wide-area radio surveys like the Very Large Array Sky
Survey (VLASS) place strong emphasis on the identification and classification of
candidate transient events. To aid the transient searches, automatically generated
VLASS Quick-Look (QL) images are designed and produced to deal with high data
volumes and enable rapid followup observations. But, the incomplete and snapshot
sampling of the sky in the uv-plane during VLASS observations combined with imag-
ing choices made when generating QL images often lead to residual linear artifacts,
particularly around brighter sources. While well-established techniques (like clean)
maximizes the information from this partial sampling, such techniques can still be
imperfect. Therefore, the need for automatic image-quality classification and assur-
ance is more important than ever to ensure rapid data quality assessment and for
enabling the best science. In this thesis, I present a new technique to identify these
linear streaks around sources detected in the VLASS Epoch 1 QL images by extending
the results of a line detection technique called the Hough Transform. After robustly
quantifying the identified streaks, their effects on the sources/components that they
are overlapping are removed. The resulting artifacts-subtracted components’ bright-
nesses are then used to distinguish real astrophysical sources from imaging artifacts.
Finally, I discuss the use of this streak detection method as an additional quality

assessment step during interferometric image reconstruction.
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This thesis is an original work by Suhasini Satish Rao. All the data used for in this
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\Y’all, astronomy is kind of interesting."

-Gina Linetti
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Chapter 1

Introduction

1.1 Scienti ¢ Motivation

Over the course of history, people have seen and recorded hints about the dynamic
nature of the Universe. For example, ancient astronomical records from China, Japan,
Iraq etc., describe the sightings of the supernova of 1054 as a \guest star" (Brecher,
1978; Ho et al., 1972), the remnant of which is now famously known as the Crab
Nebula. With the advancements in technology and the invention of telescopes, as-
tronomers not only focused on recording rare astrophysical sightings, but also on
studying the objects and processes producing such events. The 1054 \guest star" was
later (independently) re-discovered as a nebula by John Bevis in 1731 (Ashworth,
1981) and was even catalogued by Charles Messier as the rst Messier object or M1
(Messier, 1781). The physical nature and origin of the nebula was nally con rmed by
Jan Oort in 1942 as a remnant of a supernova (Mayall & Oort, 1942). Eventually, us-
ing the 300 ft Green Bank radio antenna, David H. Staelin and Edward C. Reifenstein
Il reported the observations of the pulsar associated with the Crab Nebula (Howard
et al., 1968), only a year after the rst discovery of a pulsar by Jocelyn Bell in 1967.
Since then, nebulae and pulsars have been a study of interest for astronomers not just
out of curiosity but also to understand the origins of such extreme conditions that
give rise to pulsations and energetic particles. Such discoveries of extreme objects

raised many questions about the range of dynamic objects present in the Universe



and the diverse physical conditions that lead to such scenarios.

Similar to the Crab nebula and pulsar, various other astronomical objects that
show extreme variations in the morphological, photometric, or spectroscopic proper-
ties | termed as transients | have been studied by astronomers for several decades.
Many of these transients trace the dynamic and violent Universe | such as super-
novae, relativistic jets from supermassive black-holes, neutron star mergers, pulsars
and fast radio bursts. Based on the mechanism producing these transients, the spec-
trum of these objects peak (and in some cases, only emit) at speci ¢ electromagnetic
frequencies. To discover all types of transients and cover the entire transient phase
space, the sky should be studied at all frequenciasd at all times!

Compared to the entire electromagnetic spectrum (especially the optical part of
the spectrum) the emphasis on studying radio transients (which motivates the work
in this thesis) is because some objects like radio galaxies, radio pulsars, and fast radio
bursts, are only visible at radio frequencies, while other objects like quasars stand out
strongly at radio frequencies. Moreover, the discovery of other phenomena in more
familiar objects like low frequency bursts on the surface of the Sun (Reber, 1944)
and Jupiter (Franklin, 1959), were only possible due to radio observations since they
are only emitted at radio frequencies. The range of radio transients mentioned above
(and many more), their peak emission frequencies, and their luminosities are shown
in Figure 1.1 (from Rowlinson et al., 2022). The transient studies at radio frequencies
will thus provide a unique opportunity to study the nature of objects that are elusive
under traditional optical observations.

In many transient detection cases, targeted followup observations are conducted
after rst detections of a source. Although this technique is well suited to study the
speci ¢ (proposed) targets at higher resolution (and hence in more detail), it often
does not allow for a population study of the di erent types of dynamic objects present
in the radio sky. Additionally, even for a single type of transient, targeted observations

help in understanding the object itself, but not how frequent the transient behaviours



Figure 1.1: The range of variable radio sources with the luminosity plotted against
frequency (adapted by Rowlinson et al. (2022) from an original plot in Pietka et al.
(2015)). Here L is the speci c luminosity, is the frequency of radiation and W is
the timescale of the emission.

are. Alternatively, wide (all) sky surveys allow for this required population analysis.
Moreover, the detection of shorter timescale transients (that evolve in the order of
days) | like GRBs and ares | can trigger deeper follow ups at other frequencies
that can help characterize the transient sources.

Usually in the optical and infrared domains, panoramic sky surveys are conducted
to analyze the types of objects populating each spectral regime. For example, the
Sloan Digital Sky Survey (SDSS) is an optical/infrared imaging and spectroscopic
redshift survey of the entire sky at high resolutions (1.48n r-band) and has currently
catalogued the photometry of more than 10astrophysical sources (as of data release
16; Ahumada et al., 2020). The Two Micron All Sky Survey (2MASS) is an all-
sky infrared survey (with 4#°spatial resolution in all three bands) that produced a
catalogue of more than 2 10° astrophysical sources (Skrutskie et al., 2006), with a

greater ability to identify objects behind large extinction columns from Galactic dust.



The Gaia observatory, tasked with charting the three dimensional map of the Milky
Way, has catalogued over 10stars including their proper motions and distances (Gaia

Collaboration et al., 2016).

Figure 1.2: The sensitivities of various surveys (at di erent frequencies indicated by
colour) and their constraints or measurements on the angular density of transient
sources. Thedashedlines indicate the expected projected angular density of various
extra-galactic radio transients (from Lacy et al., 2020).

Similarly, with the advent of interferometry, sky surveys at radio frequencies with
resolution comparable to optical observations/surveys are made possible. For exam-
ple, the Faint Images of the Radio Sky at Twenty-centimeters (FIRST) was a radio
survey of the northern sky conducted using the Very Large Array at®resolution and
has catalogued almost a million radio sources. In the same way, the Very Large Array
Sky Survey (VLASS) was proposed as an all-sky, relatively shallow, survey with tran-
sient searches as one of its key science goals. Compared to the FIRST survey, VLASS
IS more sensitive to binary neutron star mergers, Gamma Ray Bursts (GRBs) and
Orphan GRB Afterglows, and Tidal Disruption Events, as shown in the areal density

plot of extra-galactic radio transients in Figure 1.2 (from Lacy et al., 2020)). This
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makes VLASS an ideal survey for studying radio transients.
Here we provide a few examples of transient studies already made possible by

VLASS.

" Law et al. (2018) discovered a decade-long extra-galactic transient, called FIRST
J141918.9+394036, by comparison of archival data from the FIRST survey at
1:4 GHz with VLASS Epoch 1 data at 2{4 GHz. Follow up radio observations,
optical spectroscopy, and the absence of a counterpart GRB suggests that the
transient could be an Orphan GRB Afterglow, an o -axis late afterglow of a
GRB seen at lower frequencies. The slow evolution of the radio afterglow in such
an origin would con rm some of the predicted theoriesd.g, Sironi & Giannios,

2013) about the non-relativistic bulk motion of shocks in jets.

A study by Nyland et al. (2020) found a sample of quasars that have transi-
tioned from radio-quiet to radio-loud within a decade (with 2{5 times increase

in the ux densities from L-band, 1.4 GHz, to S-band, 2{4 GHz) between the
observations made by the FIRST survey and VLASS Epoch 1. Follow up ra-
dio observations that study their variability and spectral energy distribution
shapes suggested that the emergence of young jets driven by accretion onto
supermassive-black holes led to the highly increased radio loudness. The dis-
covery of strongly changing quasar behaviour on human timescales suggests
there may be more short-term AGN activity than previously believed. Such ac-
tivity could have strong implications for how AGN feedback could drive galaxy

evolution at high redshifts.

" Dong et al. (2021) discovered a transient, VT J121001+495647, with a peak
radio luminosity of 1.5 10?° erg s Hz ! (unusually high for a non-nuclear
transient) that is consistent with a merger-triggered core collapse supernova
using VLASS Epoch 1 data. In this type of system, during the common enve-

lope phase, the core of the companion star is tidally disrupted by the compact
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object, causing the star to undergo a premature merger-driven supernova. The
discovery of VT J121001+495647 provided the rst observational evidence of a

merger triggered supernova.

1.2 The Very Large Array and its Sky Survey

The Karl G. Jansky Very Large Array (VLA) is a radio interferometric array located

in New Mexico, United States of America and is operated by the National Radio
Astronomy Observatory (NRAO). The VLA comprises 27 antennas of 25 m diameter
each, positioned along 3 equilateral arms of 21 km with 9 antennas per arm. Each of
the 27 antennas can be moved along the arms to di erent locations to arrange the
telescope in di erent con gurations. The 4 standard con gurations: A, B, C and

D (from the largest to the smallest) have maximum baseline lengths of 36, 1143
and 1 km respectively. The larger con gurations provides higher resolution, while the
smaller con gurations provide better surface brightness sensitivity. Thus, along with
changes in the frequency bands, the VLA provides a wide range in resolution and
sensitivity. There are other intermediate hybrid con gurations, namely BnA, CnB
and DnC, where the northern arm is extended to the larger con guration while the
lower eastern and western arms are kept in one of the more compact con gurations.
A depiction of the VLA in the BnA con guration is shown in Figure 1.3.

VLASS is a 3 epoch all-sky radio survey observed using the upgraded VLA known
as the expanded Karl G. Jansky Very Large Array (EVLA; Lacy et al., 2020). The
survey covers the entire sky with Declination () above 40 | a 33,885 deg? area
corresponding to 82% of the entire sky. During VLASS scheduling, the antennas in
VLA are in either the B or BnA con guration. When observing at lower declinations,
the extended northern arm in the BnA con guration produces projected north-south
baselines similar to the east-west baselines of the other two (southern) arms. There-
fore, the BnA con guration is mostly used to map the southern regions to obtain

a uv-space coverage similar to the B con guration observations in northern regions.
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Figure 1.3: A pictorial representation of the VLA antennas in the BnA con guration
taken from https://public.nrao.edu/vla-con gurations/.

The survey maps the radio sky in the 2{4 GHz bandwidth (S-band) in 2 MHz chan-
nels, along with full calibrated polarization parameterization in Stokes I, Q and U.
The survey has an imaging resolution of°?5 with a 1 sensitivity of 120 Jy/bm per
epoch and a projected root mean square (RMS) depth of 70y/bm when all three

epochs are combined.

1.2.1 Transient-Focused Design and Implementation

The three epochs of VLASS are separated by approximately 32 months to observe and
measure the variable and transient sources (Lacy et al., 2020). Each single epoch is
divided into two parts, with half the sky (e.g., Epoch 1.1) observed about 16 months
after the other half (e.g., Epoch 1.2) . The rst two epochs were completed by 2019
July and 2022 June, respectively, with the rst half of the third epoch completed in
June 2023.

As the eld of view of VLASS is signi cantly larger than the primary beam response



of a single VLA antenna, the observations are done using a mosaicing technique.
VLASS utilizes a type of mosaicing called the On-The-Fly Mosaics (OTFM) mode
where the telescope \scans" the sky with the position of the antennas continuously
moving with respect to the sky. Given the time it takes for the telescopes to slew
and settle at a new position, a more traditional point-stare-repoint (discrete) mosaic
method will have signi cantly more overhead than OTFM mode observations. This
is because the cumulative VLASS depth in a single epoch for a given part of the sky
is about the same as a 5-second pointed VLA observation.

The data collected in OTFM mode is then stitched together to allow for the high
time and high angular resolution observations required for shallow surveys and tran-
sient searches. This OTFM mode was tested in the S-band Stripe 82 program of
13B-370, which is a precursor of VLASS (Mooley et al., 2016).

The VLA telescopes in the OTFM mode scan a strip along Right Ascension (R.A.)
at a constant Declination (Dec) at a scan speed of 3.31 arcmin/s (Lacy et al., 2020).
During the scan, the phase center of the array is discretely sampled every 0.9 seconds
to minimize the smearing of the response. With this, VLASS covers 23.83 dqugr
hour. To facilitate this scanning and mosaicing, the sky is divided into 899 Tiles of
10 4, each observed for approximately 2 hours each. The tiles are ordered into 32
strips of Dec called \tiers", laid out from South to North. Sets of 2{4 of these tiles

are grouped together to form a scheduling block of 4{8 hours of observations.

1.2.2 Science and Data Products

VLASS was designed with 4 science goals in mind (Lacy et al., 2020):

1. Searching for transients;
2. Tracing the evolution of galaxies;
3. Measuring the magnetic eld; and

4. Imaging and surveying the dust obscured regions in the Galactic plane
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To enable these science goals, VLASS produces or will produce seven Basic Data
Products (BDP): Raw Visibility Data; Calibrated Data; Quick Look Images; Single
Epoch Images, Single Epoch Component Catalogues; Cumulative VLASS Images; and
a Cumulative VLASS Component Catalogue. The planned release of these products

ranges from immediately after observations to 12 months after observations.

1.2.3 VLASS Quick Look Images

The Quick-Look (QL) images were mostly designed to aid the search for radio tran-
sients (Lacy et al., 2020) and enable rapid identi cation of observations that needed
to be retaken within a given epoch. These images are released within 2 weeks of the
observations and are availabfeat https://archive-new.nrao.edu/vlass/quicklook/.
Here, we discuss how those images are generated by an automated pipeline.

First bad data is agged to remove problems caused by issues like recorded data
acquisition errors and known or observed radio frequency interference. Then, the
VLASS data that remained un- agged are calibrated. Corrections to the raw data's
amplitude and phase are made based on the intensity of previously known ux and
complex gain calibration sources. These calibrated data are then used to produce
the QL images using the automated Quick-Look Imaging Pipeline, which utilizes
the tclean task in the Common Astronomy Software Applications (CASA) software
packagé. The tclean task reconstructs images from the visibility space, i.e., the
sky as seen by the interferometer. For the gridder parameter itclean , a mosaic
convolution function is used to combine the measure visibilities (from the di erent
OTFM scans) as the telescopes slew across a single 410 region (i.e., a \tile").
With this, 2 2 mosaic images are generated; from which the central 1 1

segments called \Subtiles" (QL images) are extracted. These QL Subtile images have

1The processed VLASS images are also ingested into the Canadian Astronomy Data Centre
https://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/vlass/

2CASA is a data processing software primarily developed for radio telescopes, especially the VLA
and the Atacama Large Millimeter/submillimeter Array (ALMA).



a pixel size of 2 The edge trimming ensures the corners of the images are correctly
de-convolved. This whole process is performed in parallel to keep up with the rate of
observation.

Another task calledimdevin CASA is used to produce \RMS" images that estimate
the noise level, i.e. the RMS of the QL images as a function of position. These RMS
images are also included as a part of the QL images' BDPs.

Since these QL images are mainly used for quality assurance and transient searches
they are produced on a short timescale (two weeks). Fast production of these images
using relatively simpler algorithms results in residual artifacts around bright sources
(that will likely be better minimized in VLASS Single Epoch images). The cause of

such artifacts is given below.

1.3 Interferometers and the Creation of Artifacts

To understand the origin of the artifacts seen in VLASS QL images, interferometry
and the synthesis imaging technique used to image the sky needs to be understood.
Interferometry was developed to gain better resolution that cannot be obtained

with single antenna telescopes. For example, with an angular resolutiorgiven by

=1:22— 11
= (L1

where is the wavelength (in m) andD is diameter of an antenna (in m), a single dish
antenna should have a diameter of 25km to achieve $resolution at 3GHz. The
di cultly in building and maintaining such large telescope antennas led to synthe-
sizing large apertures by using multiple signi cantly smaller antennas separated by a
distance D instead of one large antenna (although here = 5 is the more relevant
equation).

Each pair of antennas in an interferometer observes a source of brightnégs),

wheres is the unit vector in the direction of what the pair of antennas is observing,
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as a complex visibility vV (b),
Z
b (s so)

V)= A (@) (se? —<d (1.2)
S

where A is the primary beam sensitivity, S is the surface area of the sourcdy is
the baseline lengthd is the solid angle and s, is the unit vector in the direction of
the phase center of the antennas. As Equation (1.2) is in the form of a 2D Fourier
transform, the brightness of the source can be recovered by taking the inverse Fourier
transform of the complex visibility. Combining the obtained brightness of the source
through each pair of antennas provides a reasonable estimate of the true brightness
of the source.

Since each pair of antennas observes the source as a complex visibditywhich is
a function of its baselineb, V can be represented in terms of the baseline geometry
as shown in Figure 1.4 (adapted from Thompson et al., 2017). Each baseline vector
b (the separation between each pair of antennas) has 3 componenis\{, w) towards
the East, North and the direction of the source respectively (measured in number of
wavelengths). Similarly the source in the sky plane is represented dy (, n). If the
source is su ciently small, i.e.,| and m are small, thenw component of theb s term
in Equation (1.2) approaches 0. With this the visibility V can be written in terms of
(u, v) as, 7
V(uv)= A (bm)l e 2! UW+vMgidm (1.3)

S

Therefore, the sky (in this example, only a single source) is observed as a set
of visibilities V in the (u, v) plane. More antennas leads to more points in the
uv-plane, resulting in a clearer observation of the source. But, due to the nite
number of antennas in any interferometer, theiv-plane is sparsely sampled. If the
uv-plane is thought of as observing a point source with all the pair of antennas,
the Fourier transform of the uv-plane produces the synthesized \dirty" beam of the
interferometer, i.e., how the interferometer sees the point source. An example of

the uv-plane of VLA in B con guration with a phase center at RA: 28950 and
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Figure 1.4: This gure (adapted from Thompson et al., 2017) shows the geometric
representation of (1, v) plane and the (, m) plane.

Dec 3950 and its resulting dirty beam is shown in Figure 1.5. As seen in
the example, the dirty beam of VLA has a characteristic hexagonal spokes pattern
produced due to the lining of the antennas along the three linear arms. The angles of
the spokes in the dirty beam depend on the projected orientation of each arm relative
(on the uv-plane) to the location of the source in the sky. Unlike in typical synthesis
imaging, where the Earth's rotation allows an interferometry to better sample thav-

plane, VLASS data are essentially equivalent to a single snapshot uv-plane with

12



Figure 1.5: An example of auv-plane and the corresponding dirty beam resulting
from the uv-plane.

upto N(N 1)=2 baselines, wher& is the number of antenna with un agged data
(N =27 if no antenna has completely agged data).

Since the sky is imaged as the sky brightness convolved with the dirty beam,
most of the linear artifacts seen around sources are aligned with the spokes in the dirty
beam. Additional linear artifacts can also arise due to the incomplete sampling of the
interference pattern caused by two sources near each other, or even two components
of a multi component astrophysical source. Well established techniques (likkan;
Hegbom, 1974) de-convolve the Fourier transform of the complex visibility/ i.e.
dirty image, to reconstruct the sky brightness by maximizing the information from the
partially sampled uv-plane. However, these techniques can sometimes over or under
\clean" (de-convolve) the image resulting in linear structures/streaks particularly
around bright sources. Two examples of these linear artifacts around bright sources
are shown in Figure 1.6. When these linear streaks overlap with an astrophysical
source or one of its components, the streak can enhance or suppress the measured ux
leading to incorrect results. Furthermore, automated source identi cation algorithms

can mistake local maxima on these streaks from noise as real astrophysical sources.
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Figure 1.6: Cutouts of VLASS QL images around bright sources shows linear artifacts

mostly at the angles seen in the dirty beam overlapping the source. Streaks seen at
other angles are from the interference pattern caused by two nearby components/-

sources.

1.4 CIRADA Quick-Look Components Catalogue

The Canadian Initiative for Radio Astronomy Data Analysis (CIRADA)® produced

a catalogue of radio sources/componeritsising the QL images (Gordon et al., 2021).
The authors of Gordon et al. (2021) published an updated Version 2 catalogue to the
CIRADA website, which will be the catalogue that we use throughout this thesis.
The components were extracted by applying a source detection algorithm from the
Python Blob Detector and Source Finder (PyBDSF) (Mohan & Ra erty, 2015) called
process _image on 35,825 Subtiles to detect and t ellipses to ux regions of 3
above the image average. The identi ed regions for which an ellipse could not be
tted were also included in the catalogue for completeness. Since VLASS QL images
have overlapping regions, there are some sources that are identi ed in more than one
Subtile. To indicate the presence of such duplicates or poor detections, ags were
included in the catalogue. The catalogue comprises of sources that are simple single,

or at most, close-double/triple components. More complex sources were not included

Shttps://cirada.ca/

4At the time of this catalogue creation, the Epoch 1 QL images were not reprocessed with the
updated QL processing pipeline and the catalogue was generated with an older version of the images.

5See: https://github.com/lofar-astron/PyBDSF
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in the catalogue.

The catalogue consists of 3 tables: Component Table; Host ID Table; and Subtile
Information Table that provide basic information of the parameters t by PyBDSF.
The three tables are linked to one another via (primary) key columns. The Host ID
Table and the Subtile Information Table are not used for this work; here we only

focus on the Component Table.
Component Table

The component table has a total of 3,381,277 radio components identi ed in 35,825
Subtiles. Here complex sources with more than one component are listed as di erent
components rather than a single source. The key columns of this table used for this
thesis work are given in Table 1.1.

For the identi ed components, parameters like the sky coordinates, image plane
coordinates, component size like the full width at half maximum (FWHM) of the semi
major and minor axis, source ux density, total ux along with their uncertainties are
provided in the table. Other parameters related to components detection likQual-
ity_ag (to indicate spurious or poor detection),Duplicate_ag (to indicate whether
the same component is found in any other adjacent QL image) amdN_Dist (distance
to the component's nearest neighbouring identi ed component) are also included in
the table.

The table also contains a quality assurance metric calledeakto_ring. It is the
ratio of the peak ux of the component to the peak ux in an annular region of
radii 5%°and 1 around the component. For isolated components (with no signi cant
overlapping streaks), the peak ux in an annular region is just the maximum value of
the background noise. But, for components with overlapping streaks, the peak ux in
an annular region is contributed by the ux density of the overlapping streak(s), which
tend to have a higher peak ux density than the background noise level. Therefore,

low peak-to-ring ux density ratios can indicate false positive components that were
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Table 1.1: Key columns from the CIRADA catalogue's Component Table (reproduced
from Version 2 of Gordon et al. (2021)).

Column Name Column Description Units
RA Right ascension of component [deq]
DEC Declination of component [deq]
Peak_ ux Peak ux of component [mJy/beam]
E_Peak ux Error in component peak ux [mJy/beam]

Maj_img_plane

Component major axis size in the im- [arcsec]
age plane (FWHM)

Min _img_plane

Component minor axis size in the im- [arcsec]
age plane (FWHM)

PA_img_plane

Component position angle in the im- [deg]
age plane, east of north

Tile

VLASS tile this component is located
in

Subtile

VLASS subtile this component is lo-
cated in

Peakto _ring

Ratio of the Peak ux to the maxi-
mum ux in annulus of r, R =5, 10"
centred on component RA, Dec.

P_sidelobe

The probability that the component
is a false-positive detection caused by
a sidelobe. Determined using a SOM
and manual classi cation

NN _dist

Angular distance to nearest other [arcsec]
component in the Component Table
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t to imaging artifacts. Yet, such low values can also arise from nearby components.
Therefore theQuality_ag is increased by 1 only if thePeakto_Ring value is< 2 and

the nearest identi ed component is> 20P°away. Although this metric captures fairly
isolated false-positives, they misidenti ed spurious sources caused by linear streaks
around bright sources. Conversely, some components in multi-component sources
are misclassi ed as false-positives with this metric. The Version 2 of the catalogue
includes 1,291 sources that do not have a validly measure@akto_ring value (-99).
From the entire sample, 291,870 sources have a quality ag that indicate they are likely
artifacts (8.63%). In addition, there are an additional 386,706 isolated components
with a Peakto_Ring value of 2{3 (11.44%).

An additional metric, P_sidelobe that indicates the probability of an identi ed
component being an artifact caused by sidelobes was later added to the catalogue
by Vantyghem et al. (2021). This probability is only calculated for components with
Peakto_Ring < 3, and some sources in this range are identi ed as artifacts in this
metric, but not the Peakto_ring method. This is why we report the number of isolated
components (mentioned above) with @eakto_Ring value of 2{3, and will consider
the full Peakto_Ring < 3 range as potential artifacts in Section 4.3. Vantyghem et al.
(2021) set the threshold to 3 with the assumption that most components with higher
values are likely to be real astrophysical sources.

To calculate P_sidelobe an unsupervised machine learning technique called the Self-
Organizing Maps (SOM) was used to examine component morphologies. For this, a
10 10 neuron grid SOM was trained using 40,000 images containing 1,080,393 com-
ponents in total (Vantyghem et al., 2021). 100 random components that best matched
with that particular neuron were visually inspected by a group of astronomers. Here
best matches refers to the neuron with the most similar morphology compared to
the component (i.e., the least distant neuron). Based on the fraction of artifacts
that were associated with each neuron during inspection, a probability is assigned to

that neuron. The process yields & _sidelobefor each neuron. All the components
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