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Abstract

The Australian SKA Pathfinder (ASKAP) has surveyed the sky at multiple frequencies as part of the Rapid ASKAP Continuum Survey
(RACS). The first two RACS observing epochs, at 887.5 (RACS-low) and 1 367.5 (RACS-mid) MHz, have been released (McConnell, et al.
2020, PASA, 37, e048; Duchesne, et al. 2023, PASA, 40, e034). A catalogue of radio sources from RACS-low has also been released, covering
the sky south of declination +-30° (Hale, et al., 2021, PASA, 38, e058). With this paper, we describe and release the first set of catalogues from
RACS-mid, covering the sky below declination +-49°. The catalogues are created in a similar manner to the RACS-low catalogue, and we
discuss this process and highlight additional changes. The general purpose primary catalogue covering 36 200 deg? features a variable angular
resolution to maximise sensitivity and sky coverage across the catalogued area, with a median angular resolution of 11.2” x 9.3”. The primary
catalogue comprises 3 105 668 radio sources, including those in the Galactic Plane (2 861 923 excluding Galactic latitudes of |b| < 5°), and we
estimate the catalogue to be 95% complete for sources above 2 mJy. With the primary catalogue, we also provide two auxiliary catalogues. The
first is a fixed-resolution, 25-arcsec catalogue approximately matching the sky coverage of the RACS-low catalogue. This 25-arcsec catalogue
is constructed identically to the primary catalogue, except images are convolved to a less-sensitive 25-arcsec angular resolution. The second
auxiliary catalogue is designed for time-domain science and is the concatenation of source lists from the original RACS-mid images with no
additional convolution, mosaicking, or de-duplication of source entries to avoid losing time-variable signals. All three RACS-mid catalogues,
and all RACS data products, are available through the CSIRO ASKAP Science Data Archive (https://research.csiro.au/casda/).
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1. Introduction The Rapid ASKAP Continuum Survey (RACS) is a multi-
wavelength survey covering the sky up to 800 S +50°
(McConnell etal. 2020, hereinafter, Paper I). The survey is
being conducted within the three operating bands used by
ASKAP. For RACS, these three bands are centred on effective
frequencies of 887.5, 1 367.5, and 1 632.5 MHz. As the name
suggests, RACS is a shallow survey with 15-min total integration
per pointing reaching median root-mean-square (rms) noise
between ~200-260 pJy PSF~! across the three bands. Due to
its baseline distribution, ASKAP has excellent snapshot (u,v)
coverage, providing a well-constrained point spread function
(PSF) at zenith (8jp000 & —27°) with elongation of the major axis
for lower-elevation pointings. The resultant median angular res-

The Australian SKA Pathfinder (ASKAP; Hotan etal. 2021),
located at Inyarrimanha Ilgari Bundara, the CSIRO! Murchison
Radio-astronomy Observatory in Western Australia, is a survey
radio telescope that operates with a 288-MHz bandwidth between
700 and 1 800 MHz. ASKAP features a unique Phased Array
Feed (PAF; Hotan et al. 2014; McConnell et al. 2016) which allows
the formation of 36 primary beams covering up to ~31 deg’.
This instantaneous wide field of view coupled with 36 x 12 m
antennas—with baselines ranging from 22 to 6 km—provides the
basis for an instrument optimised for survey speed, with the capa-
bility to rapidly survey ~80% of the sky to heretofore unseen

sensitivity.
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olution of the whole survey across the three bands is in the range
~9-18 arcsec. The goal of RACS is to provide a global sky model
for calibration and validation of other ASKAP observations, and
once images and source catalogues are available work can be done
matching and spectrally modelling sources across the three bands.

The first pass of the sky in the lowest frequency band at 887.5
MHz (RACS-low) was released in 2020 and is described in Paper I.
RACS-low features a median rms noise of ~260 W]y PSF~! and
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median angular resolution of 18 arcsec. Following the initial data
release, a radio source catalogue was constructed and described by
Hale et al. (2021, hereinafter Paper II). This radio source catalogue
contains ~2.1 million sources, excluding Galactic latitudes of |b| <
5°. The catalogue was constructed after combining neighbouring
images from the original data release to provide a more uni-
form sensitivity across the region covering —80° < 83099 < +30°.
This catalogue is the first large-area catalogue produced as part of
RACS. Alongside the Stokes I total intensity data releases, RACS-
low data products are also being used to investigate the polarised
sky. Using circular polarisation data products from RACS-low,
Pritchard etal. (2021) identified radio emission coincident with
33 stars, including 23 new radio star associations in this sam-
ple. In linear polarisation, RACS data products are being used
to generate Spectra and Polarisation In Cutouts of Extragalactic
Sources (SPICE-RACS; Thomson et al. 2023, Paper III). The first
data release from SPICE-RACS covers a 1 300 deg? pilot region
and features 5 818 sources with Faraday rotation measures.

The second observing epoch of the sky at 1 367.5 MHz (RACS-
mid) was completed in 2021, with follow-up observations taken
over 2021-2022, and the first data release is described by Duchesne
et al. (2023, hereinafter Paper IV). RACS-mid data products, along
with all available RACS data, are publicly available through the
CSIRO ASKAP Science Data Archive (CASDA; Chapman et al.
2017; Huynh et al. 2020). RACS-mid features a number of changes
from RACS-low that helped to improve the overall quality of the
survey. These changes include fully autonomous scheduling with
a limit to the hour angle of +1", peeling and subtraction of bright
off-axis sources, bespoke primary beam modelling, and correc-
tion of both on-axis and off-axis leakage of Stokes I into V. While
RACS-mid has an effective bandwidth of 144-MHz due to radio-
frequency interference, the survey still boasts a median rms noise
of ~200 wJy PSF~!, which varies smoothly across the sky as a
function of declination, except around bright sources. Similarly,
because of the close-to-meridian scheduling the angular resolu-
tion varies smoothly as a function of declination ranging from 8.1
arcsec near zenith and 47.5 arcsec in the lowest-elevation point-
ings at high declination. The first RACS-mid data release also
included leakage-corrected Stokes V continuum images alongside
the Stokes I images for each individual observation.

RACS-mid is both competitive with and complementary to
existing completed large-area 1.4-GHz radio surveys in the
Northern sky such as the NRAO? VLA? Sky Survey (NVSS;
Condon etal. 1998) and the Faint Images of the Radio Sky at
Twenty Centimeters (FIRST; Becker, White, & Helfand 1995;
White et al. 1997; Helfand, White, & Becker 2015). In the high-
est declination strip covered by RACS-mid (8j2000 = +46°), the
resolution and sensitivity approaches that of the NVSS. For the
remainder of the survey the resolution and sensitivity can be
expressed as an average of the survey properties of the NVSS and
FIRST, with a median angular resolution of 10.1 arcsec and moder-
ate sensitivity to extended sources up to a few arcmin. RACS-mid
data products have so far been used to identify circularly polarised
emission from 52 stars that had not previously been detected at
radio frequencies (Driessen et al. in preparation), including the
detection of circularly polarised emission from a T8 brown dwarf
(Rose et al. 2023), and have been used in conjunction with FIRST
and the VLA Sky Survey (VLASS; Gordon et al. 2021) in a search
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for radio stars via proper motion (Driessen et al. 2023). RACS-
low and RACS-mid images are also used as an extra epoch for the
Variability and Slow Transients (VAST) survey being performed
by ASKAP (Murphy et al. 2013, 2021).

At 1 367.5 MHz, ASKAP is also undertaking the Widefield
ASKAP L-band Legacy All-sky Blind surveY (WALLABY), which
is a neutral hydrogen survey being performed over the next
five years with using the same frequency band as RACS-mid
(Koribalski et al. 2020). While WALLABY is primarily a spectral
line survey, the 10-h observations and subsequent imaging also
result in deep 1 367.5-MHz continuum images. Currently pre-
pilot observations of the Eridanus supergroup (For etal. 2021)
have been utilised to create an initial WALLABY continuum cata-
logue (hereinafter the WALLABY prepilot catalogue; Grundy et al.
2023) containing 9 416 sources covering ~42 deg?.

In this fifth paper in the RACS series, we describe the catalogu-
ing of the RACS-mid Stokes I data. Although Stokes V continuum
images are available, cataloguing circularly polarised sources with
RACS-mid will be described in a future work.

2. Catalogue creation

In cataloguing the RACS-mid Stokes I data, we follow the steps
outlined for the construction of the RACS-low catalogue described
by Paper II. We make some changes to this process to better
suit the current data products. As a departure from Paper II,
we opted to create a primary catalogue for general purpose use,
as well as two auxiliary catalogues for more specific uses. The
three catalogues cover the normal uses for Stokes I source cat-
alogues, each with their own limitations and strengths. In the
following sections, we describe the general steps taken to con-
struct the catalogues, including selection of which observations to
include (Section 2.1), making full-sensitivity images (Section 2.2),
source-finding (Section 2.3), and merging source lists and dupli-
cate removal (Section 2.4). The primary catalogue and the two
auxiliary catalogues are described in Section 3 and are created
following the relevant subset of the following steps.

2.1. Image selection

As part of the RACS-mid observing process, some fields were
observed and imaged several times. Fields have the naming con-
vention RACS_HHMM+DD, and most duplicate field observations
and their resultant Stokes I and V images are made available
through CASDA. As described in Section 2.1 in Paper IV, some
of these re-observations were intended to provide a higher-
resolution or to account for observations of <12 min (see
Section 2.1 in Paper IV). Fields that were re-observed due to
fatal errors with the instrument are not considered. We define a
‘good’ subset of observed fields to use in the cataloguing process.
Each RACS-mid observation has a dedicated scheduling block ID
(SBID) which is used as a unique identifier. The selection of which
SBID to use when multiple observations exist for a given field is
based on the following criteria:

1. If either duplicate SBID had bright sources peeled (as
described in Section 2.3.3 of Paper IV), then use the SBID
that has undergone peeling,

2. Else if either duplicate SBIDs have <12 m total integration
time, then Use the SBID with the longest integration time,
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3. Else if the difference in PSF major axes is >2" between
duplicate SBIDs, then select the SBID with the smaller PSF
major axes,

4. Else select the SBID with the lowest median rms noise.

The ordering is important, as peeling in a small number of cases
was required to remove CLEAN divergence artefacts but was not
necessarily done on the highest-resolution image. The SBIDs with
<12 m total integration time are significantly less sensitive than
their re-observations so naturally should not be used when more
sensitive observations exists. No short observations had better PSF
or noise properties than their respective re-observations, and none
of these short observations underwent peeling. Finally, resolution
and noise properties are often closely related due to their direct
relationship to (u,v) coverage, and we find that generally the selec-
tion is based on the PSF size rather than the median rms noise if
criteria (1) and (2) are not met. A single field was observed three
times (RACS_1844+46), though only in the second observation
was 3C 380 peeled and is chosen as the good SBID. The selection
of good SBIDs is noted in the RACS database file* under the col-
umn SELECT, where SELECT=1 indicates the SBID is selected as
part of the good SBID subset. We note that SBIDs not part of this
subset can still be used for other science cases and may be particu-
larly useful for variability or transient source studies. The selection
is based on the Stokes I images only, and future work with Stokes V
may wish to select different SBIDs if noise properties vary between
them.

2.2. Full-sensitivity images

A 12% cut-off in the primary beam attenuation was used for
primary beam correction and weighting the PAF beam mosaics
for each observation. One of the unfortunate features of the lin-
ear mosaicking of individual PAF beam images is a tile mosaic
with non-rectangular image boundaries and the usual primary
beam roll-off. This results in an irregular tile image border that
follows the 12% contour of the outer beams. From a science
standpoint, the primary beam roll-off limits detection of sources
towards image boundaries due to a drop in sensitivity. From a
user-perspective, rectangular images with large, irregular areas of
blanked pixels can make identifying which sources lie in which
image difficult.

As RACS is observed with an overlap between adjacent obser-
vations that is at least the PAF beam separation (0.9 degrees for
RACS-mid), we follow Paper II and use SWarp (Bertin et al. 2002)
to form a linear mosaic of adjacent tiles to create rectangular
images with full sensitivity towards the image edges. We use the
same weight maps used during PAF beam linear mosaicking to
ensure the sensitivity profile is consistent across the full image. All
adjacent tiles within a group are convolved to a common resolu-
tion® prior to mosaicking. We create one set of images convolved
to the lowest common resolution of neighbouring images, and a
second set convolved to a fixed 25-arcsec resolution. These images
are provided as part of this data release. Convolving to the lowest
common resolution results in mosaics that are close to the full res-
olution of the survey. These full-sensitivity images are created for
Stokes I and V, though only Stokes I images are part of this data
release. For the 25-arcsec images, we also increase the pixel size

*https://bitbucket.csiro.au/projects/ ASKAP_SURVEYS/repos/racs/browse.
5Using beamcon_2D from https://github.com/AlecThomson/RACS-tools, which is a
generic radio image 2D convolution tool.
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by a factor two in each celestial coordinate (i.e. from 2" x 2" to
4" x 4") to reduce the image file size. The 25-arcsec full-sensitivity
images (and catalogue) are restricted to 8000 S +30°, similar to
RACS-low, as the PSF major axis for some of the original images
becomes larger than 25 arcsec beyond this declination.

Fig. 1 shows example sources as they appear in the full-
sensitivity images compared to the 25-arcsec image from RACS-
low (Paper II), and comparison optical data from from the Dark
Energy Survey data release 2 (DES DR2; Flaugher etal. 2015;
Abbott etal. 2018, 2021). Fig. 1(i) shows an example of radio
sources projected onto the galaxy cluster Abell 2829, highlighting a
range of angular scales and features. Fig. 1(ii) and 1(iii) shows two
radio galaxies, PKS 2357400 and PKS 0229—208, and Fig. 1(iv)
shows the spiral galaxy NGC 7582. Note these examples high-
light situations where the angular resolution of the full-sensitivity
image (9.8” x 8.5” and 11.4” x 9.2") is significantly reduced to
form the 25-arcsec images.

Similarly, Fig. 2 shows example sources in the highest-
declination strip of the survey (8j2000 = +46°) with comparison
to the NVSS, FIRST, and either the Digitized Sky Survey (DSS2)
or the Sloan Digitized Sky Survey data release 7 (SDSS DR7;
Abazajian et al. 2009). Fig. 2(i)-2(iii) show the spiral galaxies M
51, M 106, and NGC 4096, and Fig. 2(iv) shows the giant radio
galaxy B3 12064-469 (Dabhade et al. 2020). Due to the declination,
the 25-arcsec images from RACS-mid and RACS-low are not avail-
able, and the angular resolution of the RACS-mid data approaches
that of the NVSS.

2.3. Source finding and measuring

Source-finding is performed on both the full-sensitivity images
as well as the original images using PyBDSF (Mohan & Rafferty
2015). To help limit the number of artefacts recovered during
source-finding, we modify the box and grid size for the position-
dependent rms calculations to account for the varying PSF (as a
function of the minor axis, yine). We find (156minor> 360minor) Pro-
vides a good balance in removing artefacts around bright sources
though removes a similar number of faint (~ 50,ms) sources from
the resulting source lists. This box and grid size is functionally the
same (150, 30) pixel box used by Paper II for their resolution and
pixel size. The choice to scale with the minor axis of the PSF is to
account for the smallest angular scale in the image.

For each of the individual source lists, we identify sources

with
ab
1
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for sources with major and minor axes a and b in images with PSF
major and minor axes Oy and 6y, that are comprised of more than
one Gaussian component. Such sources are either point sources
(or close to) and should not be decomposed into multiple compo-
nents. Such decomposition is an artefact created during PyBDSF
fitting where noise fluctuations lead to irregular boundaries of
pixel islands. We find this to affect sources at all signal-to-noise
ratios (SNRs). We group these components into a single source
with the sum of integrated flux densities and a 2D elliptical
Gaussian to represent the size and shape.

For each source list the PSF of the image (major and minor
axes full width at half maximum [FWHM] and the position angle)
is recorded for each source. For the individual image source lists
these are single-valued over the individual source lists, but are
retained when merging the individual source lists to ensure that
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Figure 1. Example cutouts of sources in RACS images. The images are the RACS-mid full-sensitivity image (left), the RACS-mid 25-arcsec image (centre left), the RACS-low 25-arcsec
image (centre right, Paper Il), and a three-colour DES DR2 image (i, r, g assigned to RGB, right). The radio colour scales follow a square-root stretch between [—2, 200]o,ms. The
ellipses in the lower left of the RACS images show the size of the PSF. 50,,,s contours from the left panel are drawn on the DES images for reference.

each catalogued source has the correct PSF associated with it from
the image within which it is found.

2.4. Merging source lists and duplicate removal

As there is significant overlap between the full-sensitivity images
(by construction of the survey) these overlapping regions con-
tain similar information. For the primary catalogue, the overlap

https://doi.org/10.1017/pasa.2023.60 Published online by Cambridge University Press

regions may differ as the PSF for each full-sensitivity image may
be different. This difference is small, but can result in two effects:
(1) a difference to detected sources due to a change in SNR, and
(2) a difference in components fit to detected sources. For (1), this
results in overlap regions containing different sources at the low-
SNR end of the source counts. For (2), this becomes particularly
noticeable for, for example, double and triple radio sources where
the components in one image are connected and catalogued as a
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PSF. 50,ms contours from the RACS-mid image are drawn on the DSS2 and SDSS DR7 images for reference.

single source in one image but decompose into multiple sources
in an adjacent image. Additionally, a combination of (1) and (2)
can occur where components from multi-component sources get

pushed below SNR limits.

We construct the catalogues by merging individual image
source lists one-by-one, and cross-match sources in the incom-
ing source list to the partially constructed catalogue. Sources in

the partially constructed catalogue that match to a source in the
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Table 1. RACS-mid all-sky catalogues and image properties.

S. W. Duchesne et al.

812000 limit  Median resolution  Pixel size AreaP Median oyms?

Label (°) ("x") ("x") (degz) (ndy PSF) Nsourcesb Ncomponer\tsb

Primary <+49 11.2 x93 2x2 36200 (33 242) lSZtg 3105668 (2861923) 4199578 (3869 149)

25 arcsec <+30 25x 25 4 x4 30900 (28 467) 278f2§ 2154585(1990598) 2521038 (2324 196)

Time-domain < 449 10.0 x 8.1 2x2 ~ 36200 (33 242) 2031140 4087417 (3766 945) 5530478 (5094 689)

2Uncertainties are reported from the 16th and 84th percentiles.

bIn parenthesis excluding the Galactic Plane (b + 5°).
incoming source lists with an angular separation, s, satisfying 50 1

—e— Primary
1 o -a- 25-arcsec
Q ] i - i
s < E (QM,I + QM,Z) () g 40|+ Time-domain 5
© ¥
are considered duplicates, where Oy; is the PSF major axis of the 2304 7
source in the partially constructed catalogue and 6y, is the PSF e i
. . . . . . > . o FE-EF A A-F AR A-FE- N AN :'

major axis of the source in the incoming source list. When a dupli- T A
cate is found, the source that has the smallest separation from an ,_,E_ -
image centre is kept. While constructing the catalogue, we also &
avoid sources within 2 arcmin of an image boundary to avoid

cross-matching of extended sources that might be cut off at the
edge of an image. The Gaussian components associated with the
final set of sources are then collected into a separate component
list.

3. The catalogues

The catalogues produced as part of this data release are sum-
marised in Table 1. These catalogues include (1) the primary
catalogue comprising our best characterisation of each source at
the observed and position-dependent resolution; (2) an auxil-
iary fixed 25-arcsec resolution catalogue, prepared similarly to the
primary catalogue but with images convolved to a resolution of 25-
arcsec; (3) an auxiliary time-domain catalogue, which includes all
sources including those detected multiple times in adjacent images
or duplicate observations of a particular field. The catalogues have
identical columns, which are described in Appendix A. Note that
in Appendix A. we also detail some changes to the columns and
names used between the RACS-mid catalogues and the RACS-low
catalogue. Tables A3 and A4 in Appendix A. also show exam-
ple rows from the primary source and component catalogues,
respectively. The catalogues are detailed further in the following
sections.

3.1. The primary catalogue

The first catalogue is considered the primary catalogue and will
be suitable for most general users. This catalogue covers the full
region observed as part of RACS-mid and remains close to the
angular resolution of the original RACS-mid images described
in Paper IV. Construction of this catalogue begins with identify-
ing adjacent fields, convolving to the lowest common resolution
of that subset of fields, then forming full-sensitivity images as
described in Section 2.2. Examples of the image quality is shown
in Figs. 1 and 2 for a range of declinations, and Fig. 3 shows the
variation of the PSF major [Fig. 3(i)] and minor [Fig. 3(ii)] axes as
a function of declination for sources in the catalogue. The PSF for
the primary catalogue is elliptical, and the major axis reaches 48.4
arcsec (at high declination) while the minor axis has a maximum
of 18.9 arcsec (at low declination).

https://doi.org/10.1017/pasa.2023.60 Published online by Cambridge University Press

-80 —-60 -40 -20 0 20 40
652000 / deg
(i)
25 {ma-maasa-naasaraa A awa-E
|*]
9]
(%]
=201
-~
v —e— Primary
é —-a- 25-arcsec
5 151 -4+ Time-domain
C
£ .
&
£ 107 "-o.,‘ T,
"""'""*""0--0--0-0..9..0..0..4.o..o..o..w&""' L

-80 -60 -40 -20 0 20 40
652000 / deg
(ii)

Figure 3. Variation of the major (i) and minor (ii) axes of the PSF over the RACS-mid
primary catalogue (red), the 25-arcsec catalogue (purple), and the time-domain cata-
logue (blue). The filled markers are medians within 4-deg bins, and the shaded regions
show the range of PSF axes within the given bins.

3.2. Auxiliary fixed-resolution, 25-arcsec catalogue

The second catalogue is an auxiliary ‘fixed-resolution’ catalogue,
with a position-independent resolution of 25 x 25 arcsec?. Fig. 3
shows the 25-arcsec PSF compared to other catalogues’ PSF varia-
tion for reference. This catalogue is designed to match the RACS-
low catalogue described by Paper II, including the same resolution
and sky coverage up to 8j00 < +30°.°

3.3. Auxiliary time-domain catalogue

As the previously mentioned catalogues are created after linearly
mosaicking neighbouring observations, variable/transient radio

“Note that the RACS-low catalogue described in Paper II features a hole in its coverage
below 812000 < —80° as some images did not meet the 25-arcsec resolution requirement.
For RACS-mid we provide full coverage below 85,0090 < +30° for the 25-arcsec catalogue as
all images below this declination could be convolved to 25" x 25",
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sources may have their emission averaged between what may be
two disjoint epochs. For many time-domain applications, it may
be preferable to retain source detections and measurements at
specific epochs. Searches for and characterisation of variable and
transient sources have already been performed using individual
images and sources lists from RACS-low (e.g. Leung et al. 2021)
and RACS-mid (e.g. Driessen et al. 2023; Gulati et al. 2023). To
help enable further time-domain science, we provide another aux-
iliary catalogue for Stokes I that is simply the concatenation of
source lists from the individual RACS-mid images. The individual
images are not convolved prior to source-finding so they retain the
original angular resolution. Fig. 3 shows the variation of the PSF
at the locations of sources in the catalogue compared to the pri-
mary and 25-arcsec catalogues. As with the primary catalogue the
PSF is elliptical and has a similar range of values. Sources that are
detected in multiple images in overlap regions (i.e. duplicates) are
not removed.

4. Analysis of the catalogues and images

In the following sections, we provide an analysis of the over-
all quality of the available catalogues and full-sensitivity image
mosaics made. As the catalogue are created from the same origi-
nal images, there is some redundancy to the following analysis and
validation work. For consistency we show results for all catalogues
where appropriate.

4.1. Overall noise properties

The position-dependent rms noise properties of the images that
are used for the three catalogues varies due to the difference in
angular resolution and their overall construction. A local rms
noise estimate is included for each source in the catalogue. Fig. 4
shows the rms noise median-binned using Hierarchical Equal
Area isoLatitude Pixelation (HEALPix; Gorski et al. 2005)7 with
Nige = 64 corresponding to ~55 x 55 arcmin? bins. The rms val-
ues are reported at the location of the source, so will on average be
marginally elevated compared to off-source regions.

The rms noise distribution of the primary catalogue [Fig. 4(i)]
follows closely the median Stokes I noise per tile shown in
Figure 24 of Paper IV, which was constructed by mosaicking
position-dependent rms maps. The primary catalogue has a
median rms noise of oy = 1821“2% wJy PSF~! (with uncertainties
derived from the 16th and 84th percentiles of the rms noise dis-
tribution). This median rms noise is a decrease from the median
rms noise reported over the original survey images reported in
Paper IV due to the removal of the primary beam roll-off at the
edge of convolved images. The larger spread in the distribution is
due to the bias in local rms estimates taken from source locations,
including the Galactic Plane and other areas of bright, extended
sources. While not part of this data release, we note that the Stokes
V images mosaicked and convolved in the same way achieve a
median rms noise of sy = 144739 WJy PSF~! at the catalogued
source positions.

The 25-arcsec catalogue [Fig. 4(ii)] has a median rms noise
Orms = 278fi§ wJy PSF~!, generally showing an increase in rms
noise over most of the sky due to the decrease in angular reso-
lution. Of particular note is an additional increase in noise near
the celestial equator, corresponding to residuals from the poorer

"https://healpix.sourceforge.io/.
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Figure 4. Median-binned HEALPix representation of the root-mean-square noise
distributions of the primary catalogue (i), the 25-arcsec catalogue (ii), and the time-
domain catalogue (iii). The black, dashed lines are drawn at Galactic latitudes b +
5°.

equatorial PSF becoming significant after convolution to the lower
25-arcsec resolution. Convolving the images to the lower 25 x
25 arcsec? PSF also results in a general loss of information in
the images, translating to an overall increase in the image rms
noise. The difference in the median Stokes I and Stokes V noise
(Orms,y = 1671?; wJy PSF!) is comparatively larger than for the
primary catalogue, suggesting another contribution to the increase
in noise is the increase in classical source confusion at this lower
resolution (Condon 1974) though the 25-arcsec catalogue is not
confusion-limited (see Section 4.2).
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Figure 5. The number of PSF solid angles per source above 50,1, binned as a function
of declination for the RACS-mid primary and 25-arcsec catalogues, alongside equiv-
alent products from RACS-low, the NVSS, SUMSS, and GLEAM. The shaded regions
indicate maximum and minimum values corresponding to a varying PSF solid angle
within declination bins.

Finally, the time-domain catalogue [Fig. 4(iii)] features
increased noise at the boundaries between fields due to overlap-
ping uncorrected primary beam roll-off. The remainder of the
survey area has similar position-dependent noise characteristics
to the primary catalogue due to the similarities towards the image
centres. The median rms noise, oy = 2031’;‘310 wJy PSF1 is closer
to the tile median reported in Paper IV with an increase in spread
due to bias in the sampled noise locations (i.e. at the locations of

sources).

4.2. Classical source confusion

While we do not expect even the deeper 10-hr images from
ASKAP to become limited by classical source confusion noise at
1.4 GHz (assuming a 10 x 10arcsec’ PSF; Condon et al. 2012), as
this noise is a function of PSF solid angle [Qpsr = 70y / (410 2)]
it is worth considering a possible limit given the variable PSFs of
the RACS-mid catalogues. The number of PSF solid angles per
source above some flux density threshold is often used as an esti-
mate of the severity of confusion (e.g. Cohen 2004; Condon et al.
2012; Heywood et al. 2016), with values of order <10 indicating
that the images are limited in sensitivity by confusion.

Fig. 5 shows the number of PSF solid angles per source above
50rms (Na/Nsources) binned as a function of declination, exclud-
ing the area covering Galactic latitudes of |b| < 10°. We also show
the equivalent product with the same threshold for some other
surveys with largely contiguous sky coverage: the NVSS (Condon
etal. 1998) with a 45 x 45 arcsec® PSE the Sydney University
Molonglo Sky Survey (SUMSS; Bock et al. 1999; Mauch et al. 2003)
with a position-dependent 45 x 45/sin|8),000| arcsec? PSE, and the
Galactic and Extragalactic All-sky MWAS® survey (GLEAM; Wayth
etal. 2015) extragalactic catalogue (Hurley-Walker etal. 2017)
with a position-dependent PSF major axis that varies between
~128-240 arcsec and minor axis that varies between ~122-
173 arcsec at 200 MHz. Note we do not include the RACS-mid
time-domain catalogue as the overlapping observations artificially
increase the source density and are not reflective of the actual

8Murchison Widefield Array.
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images used. The shaded regions in Fig. 5 show the range of values
within a declination bin for surveys with variable PSFs.

Despite the elongated PSF of the primary catalogue at high dec-
lination, the solid angle remains small due to the high ellipticity of
the PSF (Op/60m < 4.7). The number of PSF solid angles per source
is thus sufficiently high that we do not consider classical source
confusion to be the predominant noise in the RACS-mid images
and subsequent catalogues. We note that the 25-arcsec catalogue
generally has a larger PSF solid angle than the primary catalogue
(except in seven of the full-sensitivity images used for the primary
catalogue) and so is overall more affected, though still not limited
by classical source confusion.

4.3. Source density

Fig. 6 shows the HEALPix-binned (Nyjge = 64, ~ 55 x 55 arcmin?)
source and component density across the sky for the primary cat-
alogue [Fig. 6(i) and 6(ii)], the 25-arcsec catalogue [Fig. 6(iii) and
6(iv)], and the time-domain catalogue [Fig. 6(v) and 6(vi)]. The
average source density across the primary catalogue is ~86 deg ™2,
over the catalogued area of ~36 200 deg?. The 25-arcsec catalogue
has a source density of ~70 deg™? (coverage ~ 30900 deg?) and
the time-domain catalogue has a source density of ~113 deg™>
(coverage ~36 200 deg?, though note that by construction there
are many duplicate sources in the time-domain catalogue).

In the primary and 25-arcsec catalogues the Galactic Plane fea-
tures a lower density of sources, largely due to higher noise on
multiple scales. This is a combination of both the real extended
sources and the artefacts on multiple angular scales from the poor
modelling of the real extended sources. A similar decrease in
source density is not as obvious in the time-domain catalogue due
to the double-counting of sources in overlap regions. We also see
a decrease in source density at the celestial equator correspond-
ing to a reduction in image sensitivity. This is most prominent in
the 25-arcsec catalogue. The component density of all three cat-
alogues is higher than the source density, corresponding to the
resolved sources being modelled with multiple Gaussian compo-
nents by PyBDSF. Smaller-scale low-density regions can be seen
around other bright sources, though generally restricted to the
1.2 degree radius left from peeling described in Paper IV. The
regions in all three catalogues around 8jy000 & —75 show signifi-
cantly higher average source density caused by the large overlap
in adjacent observations where the Celestial tiling changes to
cover the South Celestial Pole. The time-domain catalogue fea-
tures increased source density regions with duplicate observations
as we do not remove the duplicated sources.

In Fig. 7 we also show the source density, binned as a func-
tion of declination for six flux density limits (1, 2, 3, 4, 5, and
10 mJy) with the Galactic Plane excluded. The features described
for the HEALPix maps are clear in the 1- and 2-m]y flux den-
sity populations but largely begin to disappear for the brighter
source populations with the 10-mJy source density showing no
variation as a function of declination. The exception to this is
the time-domain catalogue, for which the 10-m]Jy population still
shows variation in source density as a function of declination—a
consequence of including duplicated source entries.

4.4. The fraction of unresolved sources

For certain comparisons to external surveys, it is generally prefer-
able to consider isolated and unresolved sources to avoid biases
introduced by differences in (u,v) coverage, and by extension
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Figure 6. HEALPix representation of the source and component density of the primary catalogue [(i) and (ii)], the 25-arcsec catalogue [(iii) and (iv)], and the time-domain catalogue
[(v) and (vi)]. The black, dashed lines are drawn at Galactic latitudes b + 5°. Regions with no sources are coloured grey. The colourscales are kept the same to highlight the

differences in source/component densities.

angular resolution. While some comparison could be done for
resolved/extended radio sources, comparison in that case becomes
more heavily affected by differences in (u,v) coverage and fre-
quency.

To create an unresolved subset of the primary catalogue
and two auxiliary catalogues, we opt to follow the procedure
outlined in Section 5.2.1 of Paper II following similar methods
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employed by, for example, Bondi etal. (2008), Smolci¢ etal.
(2017a), Shimwell et al. (2019). Firstly, this involves assuming the
ratio of integrated flux density, Sy, and peak flux density, Speax, is
close to unity for an unresolved source. In practice, Sint/Speak > 1
for a variety of reasons, including: source positions may move dur-
ing the observation or due to mosaicking adjacent images with
small astrometric offsets resulting in a blurred source in final


https://doi.org/10.1017/pasa.2023.60

10 S. W. Duchesne et al.
e 1.0mly x 3.0 mly 5.0 mJy e 1.0mjy x 3.0 mly 5.0 mJy e 1.0mJy x 3.0 mly 5.0 mJy
= 2.0m)y +  4.0mly 10.0 m)y = 2.0m)y +  4.0mjy 10.0 mJy = 2.0m)y +  4.0mjy 10.0 mJy
[ ] [ ] L]
.....-___-_'_'_'_::_'_'_-_:.,... ______________ 800eee o%0e, 150 °
~ 80 ®ee®e oo P € TTTTTTTTTTTIITTTT ~ _ n
g ®oe, e S o’ 3125 oy, o
n ] [} ° o e ®0 442 8 g
E 60 —._._._._:_._._._._l..._._..ii_._._._._..-....l.!_._....._ E 60 ._.__._!'.'.“.‘!'--r'-nlrrrl-l:-rrll ----- 3 100e%e v LI e
0] 0 0 aXlmg °
@ [ o e LY N R EEEe——
£ 40 RO X000 w s g g rxsoe 222000 B 40 _&*‘*"‘*X%**X'><'x'>z'>?§’<°">"f>':§'x"""‘ """ g 75 L Xxxxxxh.wr s
| + * + bhmmm—ee] O  bBOET—4-—-—--== = - -
& e T TR L R 3 DONONTNNOEEASSAOTYYYIY N & 50 _:j:t_t_.+_+_*_+_t:f_it;4_+_tzzﬁ:t::z_
20 20 25 -
T T T T T T T T T T T T T T T
-75 =50 =25 0 25 50 -75 =50 =25 0 25 50 -75 =50 =25 0 25 50
6)2000 / deg 6j2000 / deg 6j2000 / deg

(i) Primary catalogue.

Figure 7. Source density as a function of declination for six flux density limits ([1, 2, 3, 4,

(i) 25-arcsec catalogue.

(iii) Time-domain catalogue.

5, 10] mJy) for the primary catalogue (i), the 25-arcsec catalogue (ii), and the time-domain

catalogue (iii). Dashed lines correspond to median source densities for the associated flux density limit. The grey, shaded region in (ii) is not covered in the 25-arcsec catalogue.

images; self-calibration processes may pull sources in different
directions in adjacent beam images (see Section 3.4.3 in Paper I or
Section 3.7.1 in Paper IV), resulting in blurring of the source. In
these situations integrated flux density is generally preserved and
peak flux density decreases. Other factors such as as bandwidth
or time smearing cause similar problems, which for RACS-mid
can be up to ~2-4 % reduction towards the edges of primary
beam mainlobe, depending on pointing. The blurring, or smear-
ing, of sources more heavily affects those in the low-SNR regime
and low-SNR sources may also be pushed to Siyi/Speak < 1 due to
image noise and uncertainty while fitting Gaussian components to
sources.

As in Paper II, we begin by assuming that unresolved sources
sit within an envelope defined by

Sint/Speak = C + A x SNR?, 3)
where C is an estimate of the median Si;¢/Speax in the high-SNR
regime unique to each catalogue as it will depend on the average
PSF. A and B are found by fitting Equation (3) as in Paper II, after
binning values below C and obtaining the 100 — 95th percentile in
each bin.

Fig. 8 shows the ratio Si;;/Speak as a function of SNR for single-
component sources, along with the fitted envelopes highlighting
the resolved sources for each of the three catalogues. The per-
centage of unresolved sources naturally increases as the catalogue
resolution decreases, ranging from 48.4% in the primary cata-
logue to 58.7% in the 25-arcsec catalogue. Despite the lower rms
noise in the RACS-mid data compared to RACS-low, we find a
higher fraction of unresolved sources (cf. ~40% for RACS-low;
Paper II). We suggest this is largely due to the loss in sensitivity to
extended sources in the RACS-mid images, and the lower number
of resolved sources in the 25-arcsec catalogue is further evidence
of this.

Identifying unresolved/resolved sources in this way also high-
lights a subset of the catalogued sources that fall both below
Sint/Speak < 1 and Sin¢/Speak < C+ A x SNRZ (i.e. below the enve-
lope). Such sources are unlikely to be real and may be spurious
source-finder detections or artefacts. We therefore add a column
in each catalogue called Flag which can be one of the following:

Flag =0 An unresolved source, satisfying:

Sint/Speak > (C+ A x SNR?) , (4)
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or
(5)

The second condition covers high-SNR sources that have Sin;/Speax

below the median Sin¢/Speak but are not spurious detections. The

requirement to include such sources suggests the fitted envelope is

not a completely accurate in determining unresolved sources.
Flag =1 A resolved source, satisfying:

Sint/Speak > (C— A x SNR?) .

1 < Sine/Speak < (C— A x SNR®) .

(6)

Flag=2 A spurious source, not satisfying the above (i.e.
Sint/Speak below 1 and below the envelope), likely to be an
artefact.

4.5. Reliability

Following Paper II, we investigate the reliability of our images and
source-finding by quantifying the number of sources detected by
PyBDSF below —50;y,,. We assume the noise is symmetric in the
image and define the reliability as 1 — Nycgative/N, where N is the
number of sources found above 501y, and Nyegiive are sources
detected below —50,,s. We repeat source-finding on all images
(used for the primary catalogue and the two auxiliary catalogues)
after multiplying the images by —1 and setting the source-finding
threshold to 50,y as in the normal source-finding procedure. Due
to the choice of box size for rms calculations, for many images
no sources are found in these inverted images. The source lists
generated from the inverted images are then merged following
the same process used for each catalogue. The source flags out-
lined in Section 4.4 are also added assuming the same criteria
for each catalogue. Fig. 9(i)-9(iii) show flux density histograms of
sources detected in the RACS-mid catalogues in both the normal
catalogues and negative catalogues.

Fig. 10(i)-10(iii) show an estimate of the catalogues’ reliabil-
ity for sources outside of the Galactic Plane (|b| > 5°), binned as
a function of declination for a range of flux density cuts (includ-
ing 1, 5, and 10 mJy). We find that reliability is not constant
in declination. In Table 2 we report median reliability as a per-
centage of sources without a negative counterpart for the given
flux density limits and the full catalogues. For sources outside of
the Galactic Plane, we find overall reliability of 99.28 (99.37)%,
99.88 (99.88)%, and 98.68 (98.86)%, for the primary, 25-arcsec,
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Figure 8. The ratio of integrated flux density (Si) to peak flux density (Speax) as a
function of signal-to-noise ratio (SNR = S,eax/0rms)- The left panels show binned 2D his-
tograms of the sources while the right panel shows a zoomed-in region with unresolved
sources coloured blue. Red crosses in the right panel indicate the binned values used
to fit the lower envelope. The lower and upper envelope are drawn as solid black lines,
and the median Sin¢/Speak Value is shown as a black, dashed line. The single solid, black
horizontal line indicates Siy¢/Speak = 1.

and time-domain catalogues, respectively, with (and without) the
‘spurious’ sources included. The time-domain catalogue shows the
least reliability, which is a consequence of including the high-noise
regions at the edges of images. Conversely, the 25-arcsec catalogue
has least number of negative sources and closely reflects the reli-
ability of the RACS-low catalogue, also at 25-arcsec (cf. ~99.7%
reliability reported in Paper IT). We find that the primary catalogue
suffers from its increased angular resolution, where smaller-scale,
low-significance artefacts (not present in the 25-arcsec images) are

https://doi.org/10.1017/pasa.2023.60 Published online by Cambridge University Press

11

harder to avoid during rms-thresholding and source-finding. As
the reliability is lowest at declinations where the PSF is smallest, it
is clear the angular resolution plays a significant role in affecting
the reliability of the source-finding and catalogues.

We repeat this comparison for sources within the Galactic
Plane (|b| <5°), with medians reported in Table 2 and in
Fig. 10(iv)-10(vi). Generally there is an increase in negative
sources detected in the Galactic Plane. This is most notable in
the 25-arcsec catalogue, where reliability gets worse for brighter
sources. This is due to artefacts caused by unmodelled (and poorly
modelled) extended emission. When convolved to 25-arcsec, these
artefacts become significant with respect to the background noise
and the source-finder treats them as real sources. We suggest
users of the 25-arcsec catalogue (and 25-arcsec images) be cautious
when selecting sources in the Galactic Plane.

4.6. Completeness

To estimate the completeness of the RACS-mid catalogues, we
follow Paper II and inject a realistic sky model into the individ-
ual images after subtracting the Gaussian components found and
modelled by PyBDSF. For this purpose, we use the semi-empirical
sky model from the SKA Simulated Skies project (Wilman et al.
2008; Levrier et al. 2009). We use a base sky model that covers a
100 deg® region including sources considered both resolved and
unresolved at the angular resolution of the RACS-mid data. For
each image, we generate five separate sub-sky models by ran-
domising positions of sources from the 100-deg® sky model. We
clip the sub-sky models at 30,y and at 2 x Sp,x Where Spay is
the maximum flux density of real sources in the image. We do
not expect full recovery of sources at the brightest flux densities,
as the brightest sources are typically extended at the RACS-mid
resolution (e.g. Perley & Butler 2017) and RACS-mid has poorer
sensitivity to extended sources (see e.g. Section 3.5 and Figure 26
in Paper IV). The semi-empirical SKA sky model may not be accu-
rate below ~0.1 mJy (e.g. Smolci¢ et al. 2017a; Hale et al. 2023),
which is generally below the rms noise in the RACS-mid images.
The low flux density limit still allows sources below our detection
thresholds to be modelled, but are typically above 0.1 m]Jy. This
provides a total sub-sky model flux density of ~150 Jy for each
image. We do not distinguish between unresolved and resolved
sources for these tests.

The sub-sky models are injected onto model images and then
restored in a similar way to normal imaging: the model is first
convolved with the image PSF then the convolved model is added
to the residual map. We use PyBDSF to source-find these model-
injected images using the same settings as we used for the real
images. The individual output source lists are then cross-matched
to the original sub-sky model catalogues for each image indepen-
dently before concatenation. For this purpose we use the source
list output by PyBDSF rather than the component list. This pro-
cess is done separately for all image set used to generate the
catalogues.

In Fig. 11(i)-11(iii) we show the fraction of sources that are
cross-matched to the input sky model after source-finding the
three RACS-mid catalogues. As in Paper II, the detection fraction
is calculated in logarithmically sampled flux density bins, and we
show both cumulative (orange line) and independent (blue line)
detection fractions with 50% and 95% detection fractions high-
lighted. The detection fractions at 50% and 95% are higher than
in RACS-low for the primary catalogue and conversely lower for
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declination-dependent features.

for the 25-arcsec catalogue. The drop in detection fraction for the
25-arcsec catalogue is on account of increased blending of sources
at the lower resolution of the 25-arcsec catalogue.

Fig. 11(iv)-11(vi) show the completeness of each catalogue as
a function of flux density. This is defined as the binned ratio of
recovered flux density as a function of flux density. The primary
catalogue is found to be 50% complete at 1.1 mJy and 95% com-
plete at 1.6 mJy while we find 1.7 and 2.5 mJy completeness (at
50% and 95%, respectively) for the 25-arcsec catalogue and 1.4
and 5.3 m]y for the time-domain catalogue. Comparing to the
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‘resolved’ source case from Paper II° this suggests the primary
RACS-mid catalogue is complete to lower flux densities, account-
ing for frequency differences (assuming a spectral index'® of o =
—0.8) whereas the 25-arcsec and time-domain catalogues are less
complete due to lower resolution in the 25-arcsec catalogue and
the high-noise image edges of the time-domain catalogue.

“Where ‘resolved’ in this case includes all sources, resolved or otherwise.
"We define the spectral index as S, o v*.
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Table 2. Reliability estimates for the RACS-mid catalogue, for different flux
density limits, Sjimit-

Reliability % Reliability %, |b| < 5°
Slimit All Flag != 2 All Flag '= 2
Primary catalogue
All 99.28 99.37 99.30 99.36
>1mly 99.61 99.68 99.66 99.71
>5mly 99.80 99.84 99.80 99.81
>10 mJy 99.84 99.86 99.79 99.79
25-arcsec catalogue
All 99.88 99.88 99.30 99.29
> 1mly 99.88 99.88 99.30 99.29
> 5mly 99.95 99.95 98.67 98.66
> 10 mJy 99.95 99.95 97.88 97.87
Time-domain catalogue
All 98.68 98.86 98.75 98.87
>1mly 99.05 99.18 99.02 99.14
>5mly 99.53 99.59 99.55 99.59
>10 mJy 99.66 99.71 99.68 99.72

In addition to the overall completeness, we also repeat the
estimate of completeness in 10-degree declination bins for each
catalogue. Fig. 11(vii)-11(ix) show the 50% and 95% completeness
flux density limit (Scomplete) as @ function of declination. In all cases
there are changes in the completeness as a function of declination,
with the primary and time-domain catalogues being less complete
beyond 8jz000 = +20°. The 25-arcsec catalogue shows a decrease
in completeness around the equator, but with an increase beyond
8j2000 2 +20°. These features correspond well to the variation in
the noise properties seen in Fig. 4.

4.7. Source counts

RACS provides catalogues at sensitivities, angular resolutions, and
frequencies not previously available over such wide areas and flux
density ranges. This makes the RACS releases valuable in explor-
ing the radio source counts, which are typically restricted to high
sensitivity and small areas (e.g. Vernstrom et al. 2016; Smolci¢
etal. 2017a,b; Mandal et al. 2021; Matthews et al. 2021; Hale et al.
2023) or lower sensitivity and wide areas (e.g. White et al. 1997;
Franzen et al. 2021; Matthews et al. 2021; Hale et al. 2021). Paper II
reported the normalised differential source counts for RACS-low,
and here we do the same for the RACS-mid for both the primary
and 25-arcsec catalogues for all sources outside of the Galactic
Plane (|b| > 5°).

We summarise the source counts (and normalised source
counts with and without completeness corrections) in Table 3.
The normalised source counts are also shown in Fig. 12 for
the RACS-mid catalogues, scaled to 1.4 GHz assuming o = —0.8
alongside similar source counts from a range of other surveys,
including RACS-low, FIRST (reported by White et al. 1997), the
compilation of 1.4-GHz source counts by Zotti etal. (2010, see
references therein), and source counts from the DEEP2 catalogue
(Matthews et al. 2021). We also show the ‘corrected” RACS-mid
source counts, after accounting for the flux density recovery frac-
tion from Fig. 11(iv) and 11(v). After applying corrections for
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incompleteness, we find generally good agreement with exist-
ing source counts, with some deviation at low and high flux
densities.

At low flux densities (<2 m]y), the source counts from the pri-
mary catalogue follow the low-flux density bins from the Zotti
etal. (2010) compilation and the DEEP2 source counts from
Matthews et al. (2021) until flux density bins reach ~0.6 m]Jy. This
mirrors what is seen with the RACS-low catalogue. Conversely, the
25-arcsec RACS-mid catalogue shows a decrease in the corrected
source counts at ~1 mJy, though this is at the detection limit of the
survey. In the high-flux density bins, the primary catalogue fails to
report some of the brighter sources in the sky. Some of the bright-
est extended sources such as Fornax A are not recovered well in
the data as described in Section 3.5 in Paper IV and may be split
into smaller sources during source-finding. Such bright sources
are therefore under-represented in the RACS-mid catalogues. We
do not correct these high flux density bins for incompleteness as
this requires a complex visibility-based process rather than our
image-based sky model injection described in Section 4.6 and is
beyond the scope of this brief source count assessment.

4.8. Matching to external catalogues

For the following sections, we investigate the brightness scale and
astrometry of the primary catalogue and the 25-arcsec catalogue.
Due to similarities with the source lists used for validation in Paper
IV, some comparisons with the time-domain catalogue are not
repeated. We expect similarities with the primary catalogue and
the 25-arcsec catalogue, though due to the additional mosaicking
and image-based convolution it is worth confirming we have not
introduced any significant systematic effects into the data.

For direct comparisons of flux density measurements and
astrometry we look to the NVSS (Condon et al. 1998) at 1.4 GHz,
FIRST (Becker et al. 1995; White et al. 1997; Helfand et al. 2015),
and the 42-deg’ region of the WALLABY pre-pilot catalogue
(Grundy et al. 2023). FIRST is catalogued at both the same fre-
quency as NVSS (for data prior to 2011) and at 1 335 MHz (for data
from 2011). FIRST sources detected in data from 2011 onward
comprise ~6% of the full FIRST catalogue but are exclusively in
the region that overlaps with RACS-mid. To account for this in the
FIRST data, we scale the flux density measurements, S, of the 2011-
onward data to match the 1 400-MHz data assuming a power law
of the form S oc v* with « = —0.8. For comparison to catalogues
at other frequencies, we use the RACS-low catalogue (Paper II),
SUMSS (Bock et al. 1999; Mauch et al. 2003), the TIFR!' GMRT"?
Sky Survey alternate data release 1 (TGSS; Intema et al. 2017) and
the LOFAR!® Two-metre Sky Survey data release 2 (LoTSS-DR2;
Shimwell et al. 2022) catalogue. These catalogues provide a range
of comparisons in the frequency range 144-1 400 MHz. For addi-
tional astrometry assessment, we also compare to the VLA Sky
Survey (VLASS; Lacy et al. 2020) first epoch ‘quick-look’ catalogue
(hereinafter VLASS-QL; Gordon et al. 2021).

For the remainder of the validation work, unless otherwise
specified, we are only considering unresolved (Flag = 0) sources
in the RACS-mid catalogues. For the comparison catalogues, we
generally only look at unresolved sources if the survey angular
resolution is on average higher than RACS-mid. In the case of
RACS-low and the WALLABY pre-pilot catalogue, we use the

'Tata Insititute for Fundamental Research.
12Giant Metrewave Radio Telescope.
BLOw Frequency ARray.
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Figure 11. Assessment of the completeness of the three RACS-mid catalogues. (i)-(iii): The fraction of detected model sources matched to the input SKA sky model. The red lines
correspond to matched fraction in flux density bins, while the blue line corresponds to the integrated matched fraction. 50% and 95% matched fractions are indicated on the
plots. (iv)-(vi): An estimate of completeness as the fraction of flux density recovered in the model images as a function of flux density. 50% and 95% completeness fractions are
shown on the plots. (vii)-(ix): An estimate of the 50% and 95% completeness (Scompiete) @s @ function of declination, with the mean completeness shown as horizontal lines.

same unresolved criteria described in Paper II and Grundy et al.
(2023) (39.6% and 76.5% unresolved, respectively), but for the
remaining comparison catalogues we employ the simpler crite-
ria. For the FIRST, VLASS-QL, and LoTSS-DR2 catalogues we
take sources that satisfy |log,, (Sint/Speak)| < log;, (1.2) as unre-
solved. In the case of LoTSS-DR2, because of significantly blurring
point sources show ratios closer to ~1.25, and for that catalogue
we shift the ratio criterion by an additional log,, (0.25). With this
criterion we find unresolved fractions for the FIRST, VLASS-QL,
and LoTSS-DR2 of 44.9, 26.1, and 47.6%. We note for LoTSS-
DR2 Shimwell et al. (2022) find a resolved fraction of 8.0%. In
this case we are more concerned with confidence in determin-
ing unresolved sources so we remove potentially resolved sources,
whereas Shimwell et al. (2022) were focused on resolved sources
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and conversely remove potentially unresolved sources with their
method.

Finally, when cross-matching'* the catalogues we consider only
isolated sources in the respective catalogues. Isolated sources in
this case are defined as those with no neighbours within 260, for
the given catalogue. Cross-matching is then done with a match
radius equal to half the PSF major FWHM for the survey with
the lowest angular resolution. After cross-matching with these
strict criteria we find that the 25-arcsec catalogue results in the
largest number of matches in catalogues with angular resolutions
> 25 x 25 arcsec’. The time-domain catalogue results in the least

4Using
(https://gitlab.com/Sunmish/flux_warp).

match_catalogues packaged as part of  flux_warp
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Table 3. Tabulated source counts for the primary and 25-arcsec RACS-mid catalogues.
S1.4GHz S1.4GHz,centre Normalised N Normalised, corrected N
(mJy) (mJy) (Jy+Ssrt) (Jy+®srt)

Primary 25-arcsec Primary 25-arcsec Primary 25arcsec
0.47-0.65 0.56 14991 £ 122 45+ 6 0.06173 4 0.00050 0.000216 + 0.000029 4.27+0.41 0.27 £0.27
0.65-0.89 0.77 97 699 + 312 1647+ 40 0.6485 + 0.0021 0.01277 £ 0.00031 4.258 +0.020 0.769 + 0.062
0.89-1.2 1.1 237539 + 487 28462 4+ 168 2.5413 + 0.0052 0.3556 £ 0.0021 6.643 +0.016 4.308 £ 0.041
1.2-1.7 1.4 343781 + 586 144 807 4380 5.928 +0.010 2.9160 £ 0.0077 8.147 +0.015 9.885+0.033
1.7-2.3 2.0 404 630 £ 636 282259 + 531 11.247 +0.018 9.162 +0.017 11.895+0.020 16.173 +0.035
2.3-3.2 2.7 375891+ 613 318281 + 564 16.841 4+ 0.027 16.652 + 0.030 15.995 + 0.027 17.624 +0.033
3.2-4.4 3.8 297 424 + 545 272410+ 521 21.479 £ 0.039 22.972 £ 0.044 20.937 £0.041 22.423 £+ 0.045
4.4-6.0 5.2 232006 + 481 211747 + 460 27.006 £ 0.056 28.783 £ 0.063 27.071 £ 0.060 26.619 £+ 0.061
6.0-8.2 7.1 185967 +431 164 555 + 405 34.892 £+ 0.081 36.054 £ 0.089 34.994 £ 0.085 34.220 £ 0.088
8.2-11 9.8 151841 4389 129486 + 359 4592 £0.12 45.73 £0.13 46.22 +£0.13 44.38 £0.13
11-16 13 123870 + 351 102833 4+ 320 60.38+0.17 58.54 +0.18 61.174+0.18 58.13+0.19
16-21 18 98 286 + 313 817014285 77.23+£0.25 74.96 £ 0.26 77.97+£0.26 74.66 +0.27
21-29 25 77345+ 278 64723 4+ 254 97.96 +0.35 95.72 +0.38 98.54 +0.37 95.21+0.39
29-40. 35 59679 + 244 501314223 121.83+0.50 119.514+0.53 122.09 +0.52 117.29+0.54
40.-56 48 45395+ 213 38799 4+ 196 149.37+0.70 149.08 +0.75 149.33+0.74 145.64 +0.77
56-76 66 34751+ 186 297054+ 172 184.32+0.99 184.0+1.1 183.8+1.1 179.3+1.1
76-110 91 25448 4+ 159 21929 4+ 148 2176+ 1.4 2189+ 1.5 2154+ 1.4 2106 +1.5
110-140 120 18095+ 134 15761 £ 125 249.4+1.8 253.6+2.0 246.7+1.9 242.84+2.0
140-200 170 12765+ 112 11004 £ 104 283.5+2.5 285.4+2.7 2839+2.6 2769+ 2.7
200-270 240 8682 +93 7459 + 86 310.8+3.3 311.8+3.6 309.6 +3.5 301.9+3.7
270-380 320 5612+ 74 4908 £ 70 323.9+43 330.7+4.7 319.2+45 318.4+4.8
380-520 450 3741+61 3270 £ 57 348.0 5.7 355.2+6.2 3444459 346.0+6.3
520-710 610 2185+ 46 1884 +43 327.6+6.9 3299+7.5 3252+75 324.3+8.0
710-970 840 1324+36 1105+33 320.0+8.7 311.8+9.3 317.8+9.1 307.9+9.7
970-1 300 1200 841+ 29 740 + 27 328+11 337+12 333+12 348 +13
1300-1 800 1600 436 £ 20 391+19 274+ 13 287+ 14 285+ 14 311+ 17
1800-2 500 2200 266 + 16 233+15 269+ 16 275+ 18 269 + 17 275+ 19
2500-3 500 3000 173+13 145412 282+21 276 +£23 282422 276 + 24
3500-4 800 4100 78+8 71+38 205+21 218+ 25 205421 218+ 25
4 800-6 600 5700 49+7 47+6 208 +30 233+30 208 +30 233+30
6600-9 000 7800 25+5 2545 171+ 34 199 £+ 40 171+ 34 199 + 40
9000-12 000 11000 9+3 8+2 99 +33 103 £ 26 99433 103 +26
12 000-17 000 15000 16+4 8+2 284+ 71 166 £+ 41 284+ 71 166 442
17 000-23 000 20000 442 442 114 +57 134+ 67 114 £ 57 134+ 67
23 000-32 000 28 000 2+1 3+1 92 +46 162 £+ 54 92 +46 162 +54
32 000-44 000 38000 3+1 1+1 223+ 74 87187 223+ 74 87+ 87
44 000-61 000 53000 3+1 5+2 359+ 120 700 + 280 359+ 120 700 £ 280
61 000-84 000 72000 - 1+1 - 226 + 226 - 226 +226
84 000-120 000 100 000 - - - - - -

120 000-160 000 140000 1+1 241 502 + 502 1172 +586 502 + 502 1172 +586
160 000-220 000 190 000 - - - - - -

220 000-300 000 260000 - 1+1 - 1522+1522 - 1522+1522
300 000-410 000 360000 - - - - - -

410 000-570 000 490 000 - 1+1 - 3955+ 3955 - 3955+3955
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Figure 12. The corrected and uncorrected source counts from the primary and 25-arcsec RACS-mid catalogues (excluding |b| < 5°). Source counts from a selection of other
surveys are shown for reference, including the 1.4-GHz compilation from de Zotti et al. (2010), the 1997 FIRST catalogue White et al. (1997), Matthews et al. (2021), and RACS-low

(Paper ).

matches simply because the duplication of sources makes the iso-
lation criterion difficult to satisfy, and generally there will be few
cross-matches in the overlap regions between tiles. For assess-
ment of the overlap regions, we refer the reader to Paper IV or
Section 4.12.

The numbers of sources cross-matched for each RACS-mid
catalogue and external catalogue are reported in Table 4.

4.9. Photometry

As part of the RACS-mid processing, we used cross-matches to
NVSS and SUMSS to correct for time-dependent brightness scale
variations (see Section 2.6 in Paper IV and further discussion of
this issue in Section 3.3.3 in Paper I). By construction, this ensures
the bulk brightness scale between RACS-mid and the NVSS and
SUMSS is consistent within the assumed spectral index of —0.82.'
Despite this it is still worth comparing the catalogues produced
here due to a difference in the images and source-finding.

4.9.1. External brightness scale

For a direct brightness scale comparison, Fig. 13 shows the ratio of
integrated flux densities of sources cross-matched between NVSS,
FIRST, and the WALLABY pre-pilot catalogue for the three RACS-
mid catalogues independently as a function of the RACS-mid flux
density. Sources in Fig. 13 are coloured by Siy/Speak as measured
in the respective RACS-mid catalogues. Generally Sini/Speak has
a restricted range as these are intended to be unresolved sources

*We note that users of the original images can ‘unapply’ the brightness scale correc-
tion factors as described in Section 2.6 in Paper IV, with scaling factors retained in the
FITS headers of the images available on CASDA. The time-domain catalogue retains the
scaling factors which users interested in variability may wish to revert for, for example,
comparison with NVSS and/or SUMSS.
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as defined in Section 4.4. Fig. 13 also displays a histogram of the
distribution of the flux density ratios.

The results for the three RACS-mid catalogues are generally
similar, and we report in Table 4 the median flux density ratios
for each cross-match alongside the median flux density ratio after
applying a 10 m]Jy limit to the RACS-mid catalogue. For all three
RACS-mid catalogues, the 10-m]Jy limit provides median ratios
of ~0.99-1.00 for the NVSS and FIRST cross-matches broadly
consistent with Paper IV. The RACS-mid data shows marginally
higher flux densities (~10%) than the WALLABY pre-pilot data,
though the WALLABY pre-pilot data is already found to be under-
luminous with respect to the NVSS with additional positional-
dependent variation (For etal. 2021; Grundy et al. 2023). The
full sample shows more variation, with the low-brightness flux
density ratios showing systematic deviation, different for the
low-resolution NVSS and high-resolution FIRST and WALLABY
pre-pilot data. In the case of the NVSS, the low-brightness cross-
matches tend towards <1, which is a result of faint sources in the
NVSS catalogue being pushed above the detection threshold due
to scatter in the flux densities (i.e. Eddington bias). Conversely,
the low-brightness end of the FIRST and WALLABY pre-pilot
cross-matches shows a bump >1 in the ratios before also drop-
ping <1. The increase in flux density as measured in RACS-mid
can be explained by an increase in truly extended sources being
cross-matched, which are not as well-detected in FIRST. This indi-
cates our criteria for ‘unresolved’ sources defined in Section 4.4 has
overestimated the true unresolved fraction for sources <10 mJy.

4.9.2. Spectral indices

For comparisons with surveys at significantly different frequen-
cies, we follow Paper II and opt to assess the spectral indices
of sources cross-matched between the RACS-mid primary cata-
logue and 25-arcsec catalogue and other surveys. For this purpose,
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Table 4. Median reported properties of sources cross-matched between the RACS-mid catalogues and other surveys, with and without flux density limits applied.
v? StaCsmid Sy Nsources o ey
RACS-mid Survey (MHz) (mJy (mJy) All Limit All Limit All Limit
RACS-low 888 3.7 4.2 464286 274373  —0.8170%  —0.82703: - -
SUMSS 843 12.1 4.4 57054 26 505 -0.867031  —0.747038 - -
TGSS 150 82.9 164.4 135776 8265 -07070%3  —0.617323 - -
Primary LoTSS-DR2 144 1.8 193.9 16 840 1539 0537057 —0.787922 - -
WALLABY pre-pilot 13675 10 - 1760 81 - - 1107932 106750
FIRST 1400° 10 - 163 149 38382 - - 1047327 0.9970
NVS S 1400 10 - 472136 120831 - - 098702 1.007072
RACS-low 888 3.7 6.5 451954 305627  —0.76703%  —0.8375% - -
SUMSS 843 12.1 6.5 94 498 48333 —0.8470%  —0.77H0Y - -
TGSS 150 82.9 251.4 186 522 14092 -070%9%3 067102 - -
25-arcsec LoTSS-DR2 144 18 235.4 4973 413 —-05370%  —0.7710% - -
WALLABY pre-pilot 13675 10 - 1280 93 - - 1.1570% 1.0710.%8
FIRST 1400° 10 - 163 149 38382 - - 1.0970% 1.017928
NVSS 1400 10 - 498956 158591 - - 1.01702 1.0170722
RACS-low 888 3.7 42 268310 135637  —0.8070%  —0.8270%1 - -
SUMSS 843 12.1 45 26535 11722 -0.887022  —0.737933 - -
TGSS 150 82.9 160.2 60 401 3051 —0.7175326  _0.59%028 - -
Time-domain ~ LoTSS-DR2 144 1.8 1716 10334 654 0531933 —0.7870% - -
WALLABY pre-pilot 13675 10 - 2003 120 - - 1127930 1.0979%
FIRST 14000 10 - 105742 16790 - - 1051028 0.99%0%
NVSS 1400 10 - 273990 51180 - - 095%522  0.997382

2Frequency of the comparison survey.

bSources detected in data from 2011 are scaled from 1 335 MHz assuming a power law with spectral index —0.7.

we use the RACS-low catalogue (Paper II), the SUMSS catalogue
(Mauch et al. 2003), the TGSS ADRI (Intema et al. 2017), and the
LoTSS-DR2 catalogue (Shimwell et al. 2022). A two-point spectral
index, a, is calculated for cross-matched sources assuming a power
law, following

_ log,, (Sracs-mid/Ssurvey)
lOglO (1 367-5/Vsurvey)

where Sracs-mid and Sgyrvey are the integrated flux densities of the
given source in the RACS-mid catalogue and comparison survey,
respectively, and Vgyrvey is the survey frequency.

Following Paper II we also create a subsample by applying a
flux density limit to each survey to remove some sensitivity bias—
this helps reduce artificial flattening or steepening of the median
spectra. We assume limits in the range « = —0.8 &= 1.2 and set a
flux density limit for both the RACS-mid catalogues and compari-
son catalogues to be either side of that range, depending on which
survey is higher in frequency. The resultant limits are reported in
Table 4. Table 4 also reports the median spectral indices for the
full sample and flux-limited samples for each RACS-mid catalogue
and comparison survey. We also plot the histogram of spectral
indices (with and without the flux density limit) in Fig. 14 along-
side a 2D histogram showing RACS-mid flux density as a function
of spectral index. The flux-limited subsample is included in the
histograms to highlight the reduced number of sources, and the
RACS-mid flux density limit is also shown in 2D histogram for
reference (though note the comparison survey limit is not shown).

@)
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Where relevant the spectral indices of sources matched between
catalogues are generally consistent with results from Paper IV.

4.10. Astrometry

As noted in Paper IV, there are two astrometric errors that exist in
the RACS-mid data (see Figures 36 and 38 in Paper IV). Firstly, the
self-calibration process, performed independently for each PAF
beam image prior to mosaicking, introduces up to pixel-scale off-
sets in both right ascension (R. A.) and declination. This effect is
not dependent on the SNR of the sources in the field. The result
of this effect is an uncertainty in the astrometric accuracy up to
+1-2 arcsec. The second effect is a systematic declination-
dependent offset in declination which is currently undiagnosed.
This effect results in up to ~2 arcsec offset at the highest dec-
lination of the survey. While we cannot reasonably correct the
beam-to-beam astrometric precision at this stage, we do attempt
to remove the systematic declination-dependent offets.

For removal of the declination-dependent declination offset,
we cross-match the unresolved time-domain RACS-mid catalogue
to sources in the third realisation of the International Celestial
Reference Frame (ICRF3; Charlot et al. 2020). The time-domain
catalogue is used for this purpose to take advantage of sources in
the overlap regions. Since the ICRF3 catalogue is sparse compared
to RACS-mid, we do not use the isolated source restriction. We
define the declination offsets as

®)

A8 = (Sracs-mid — Sicre3)  arcsec,
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Figure 13. Flux density ratio of unresolved sources cross-matched in the RACS-mid catalogues and the NVSS (top panels), FIRST (centre panels), and the WALLABY pre-pilot
catalogue (bottom panels) as a function of the RACS-mid flux density measurements. Background data points are coloured by their SNR in the RACS-mid data. The solid, black line
in each panel indicates a ratio of 1. Pink points indicate median flux density ratios in bins, with the shaded pink region covering the 16th and 84th percentiles in each bin.

and fit a range of generic polynomials covering Oth to 4th orders.
We use the SNR of the RACS-mid flux density measurement
to weight the fitting procedure, and use the Akaike Information
Criterion (AIC; Akaike 1974) as a means to select the appropri-
ate order polynomial. As initial polynomial fitting only considers
measurement uncertainties in 8j,099 reported by PyBDSF, we esti-
mate uncertainties on the polynomial fit by repeating the fitting
procedure after adding Gaussian noise to the model offsets. The
added noise is drawn from a Gaussian distribution, assuming
the mean and standard deviation of A§ (—0.26 and 1.16 arcsec,
respectively). With this, we find a 2nd-order polynomial of the

form
AS =0.175(34) — 0.0150(9)8 — 0.000301(18)32 arcsec, (9)

where § = §j000° and is the declination of the source in the RACS-
mid catalogue.
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Fig. 15(i)-15(iii) shows the RACS-mid—ICRF3 declination
offsets as a function of declination in the top panels, with medi-
ans in declination bins shown as blue circles. The upper panels
highlight both the lower astrometric precision at high declination
(above 853000 &~ 20°) and the general trend towards negative off-
sets at high and low declination. We show on the upper panels
the selected 2nd-order polynomial, derived from the time-domain
catalogue, and the lower panels show the same data but with
removal of the offset model (i.e. the ‘corrected’ declination). We
report the median A« and A§ against the ICRF3 in Table 5 along
with 1o uncertainties. These remain similar to results from Paper
IV. We also report the median declination offset after applying the
model correction—this results in no substantial difference to the
overall median and uncertainty.

Table 5 also reports similar median offsets for comparisons
with a range of other surveys, both with and without the
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Figure 14. Spectral indices of sources cross-matched between the RACS-mid and RACS-low (i)-(ii), SUMSS (iii)-(iv), TGSS-ADR1 (v)-(vi), and LoTSS-DR2 (vii)-(viii) for both the
primary catalogue (left) and the 25-arcsec catalogue (right). Left panels. Histogram of « with all sources (blue, dashed) and with flux density limits (orange, filled). Median «
values are also shown. Right panels. 2D histogram of RACS-mid flux density measurements against spectral index. The red line shows the RACS-mid flux density limit for the given

catalogue comparison.

and LoTSS-DR2 as a function of source SNR in the RACS-mid
not make a large difference in most cases as the correction is  catalogues. In Fig. 16 we also show binned median offsets as a
close to the level of the uncertainty (largely driven by the afore-  function of SNR, with 1o error ranges shown as shaded regions.
mentioned beam-to-beam variation). The exception to this is for ~ Note that the uncertainty remains fairly constant as a function of
the comparison to LoTSS-DR2. For LoTSS-DR2, sky coverage = SNR, as mentioned in Paper IV as the beam-to-beam astrometric
begins at jy00 > 15° so suffers from the most extreme declina-  offset introduced by self-calibration are direction- and source-
tion offsets. A column containing the ‘corrected’ declination is  independent. The lower panels of Fig. 16 show the declination
added to all RACS-mid catalogues, though we retain the origi-  offsets after the correction described in Equation (9).
nal declination column as well. Users may find cross-matching to The overall median offsets for each catalogue comparison are
high-declination regions more straightforward with the corrected  also reported in Table 5. Generally absolute median offsets are
declination measurements. <0.3 arcsec with the except of the aforementioned declination
offset in LoTSS-DR2 and right ascension offsets with RACS-low

In Fig. 16 we show coordinate offsets for the primary and
25-arcsec catalogues against the ICRF3, RACS-low, VLASS-QL,  (~ 40.4 arcsec) and SUMSS (~ 4-0.6 arcsec). A right ascension

declination correction. Notably, the declination correction does
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Figure 15. Declination (Ad) offsets from the ICRF3 as a function of declination for
the primary catalogue (i) the auxiliary 25-arcsec catalogue (ii), and the auxiliary time-
domain catalogue (iii). The fitted declination-dependent polynomial, derived from the
auxiliary time-domain catalogue for all catalogues, is shown on the upper panels, and
the lower panels show the residual offsets after subtraction of the derived model.

offset for RACS-low was reported by Paper II and is intrinsic to
that catalogue. It is likely this is an elevation-dependent offset
(the true form of the declination-dependent trend we see here)
and with RACS-low being observed off the meridian the offset
manifests in both declination and right ascension.
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Table 5. Astrometric offsets of sources cross-matched between RACS-mid
and external catalogues, with offsets defined as A8 = dracs.mid — dsurvey and
Acar cos 8 = (arracs-mid — @survey) c0s 8 for declination and R. A. offsets, respec-
tively.

A« cos§ AS Adcorr
Survey Nsources (arcsec) (arcsec) (arcsec)
Primary catalogue
ICRF3 1456 —0.14 £ 0.65 —0.04 +1.08 —0.03 £0.97
VLASS-QL 237119 —0.20 £ 0.61 —0.21 +£1.07 —0.25£1.02
NVSS 455474 —0.19+3.82 —0.18 +4.30 —0.10 £ 4.27
FIRST 131289 —0.09 £ 0.61 —0.18 +1.15 —0.10 £ 1.07
RACS-low 464 286 +0.39 +1.07 —0.17 £1.17 —0.30£1.15
SUMSS 57052 +0.63 +2.89 +0.06 +=4.06 +0.07 +4.05
LoTSS-DR2 16 840 —0.00 £ 0.75 —0.68 +1.49 —0.10 £ 1.50
25-arcsec catalogue
ICRF3 2074 —0.23+0.42 +0.17 £ 0.58 —0.01£0.53
VLASS-QL 160 696 —0.224+0.83 —0.154+0.97 —0.24£0.96
NVSS 444206 —0.26 £3.18 +0.07 £ 3.67 —0.06 = 3.66
FIRST 84 267 —0.144+0.80 —0.06 +0.94 —0.05£0.90
RACS-low 451954 +0.39 + 1.09 —0.15+1.18 —0.29+1.17
SUMSS 94 497 +0.64 +£2.72 +0.14 +3.95 +0.08 & 3.94
LoTSS-DR2 4973 —0.05+0.87 —0.55+1.04 —0.16 £1.05
Time-domain catalogue
ICRF3 2276 —0.17+£0.51 —0.06 +1.16 —0.05+1.04
VLASS-QL 137147 —0.19 +0.59 —0.224+0.95 —0.25+0.89
NVSS 249104 —0.18 +4.21 —0.15+4.65 —0.10+4.63
FIRST 75121 —0.08 +0.59 —0.224+1.03 —0.13£0.90
RACS-low 268 310 +0.41+1.12 —0.20+1.21 —0.32+1.19
SUMSS 26534 +0.65+2.97 +0.04 4+ 4.20 +0.03 +4.19
LoTSS-DR2 10334 —0.014+0.69 —0.68 +1.29 —0.114+1.27

4.11. RACS-mid and other ASKAP surveys
4.11.1. RACS-low and RACS-mid at 25 arcsec

The goal of RACS is to create a global sky model for calibration and
validation of the other ASKAP surveys and ASKAP observations
in general. The global sky model is intended to be a combina-
tion of all three RACS bands from 887.5-1 632.5 MHz (low, mid,
and high). While we are still awaiting RACS-high images and
catalogues, we begin with an initial assessment of a sky model
built between 887.5 and 1 367.5 MHz with the RACS-low and
RACS-mid 25-arcsec catalogues. We perform simple cross-match
between the source catalogues for each survey, taking sources that
cross-match within (OmajorOminor) /4> Where Onajor and Opyinor are the
fitted major and minor axes. This variable match criterion is to
account for extended sources, which may have different centres in
each catalogue. More robust catalogue matching processes may be
implemented in future combinations of RACS (e.g. the Positional
Update and Matching Algorithm; Line et al. 2017), taking into
account expected spectral information. We scale the flux densities
of the RACS-low catalogue to 1 367.5 MHz assuming the flux-limit
median o = —0.83 (see Section 4.9.2). For this cross-match, we
are interested in the region that completely overlaps with both the
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Figure 16. R. A. (A« cos (8)) and declination (A$) offsets as a function of SNR for the primary catalogue [(i)-(iv)] and the 25-arcsec catalogue [(v)-(viii)]. Left. ICRF cross-match.

Centre-left. RACS-low cross-match. Centre-right. VLASS-QL cross-match. Right. LoTSS-DR2 cross-match. In each panel, a dashed, grey line is drawn at £2 arcsec corresponding to
the pixel size of the original RACS-mid images. Median values in SNR bins are also shown as coloured markers and the shaded regions indicate +2¢ for the SNR bins.

RACS-low and RACS-mid 25-arcsec catalogues and we only con-
sider sources within the declination range —80° < 8j3000 < +29°,
including the Galactic Plane. Note that the RACS-low catalogue
is missing a small region below 83000 =+30° and has patchy
coverage below 8jp090 = —80°.

Fig. 17 shows the distribution of sources of both the RACS-mid
and RACS-low 25-arcsec catalogues, as a function of flux den-
sity (scaled to 1 367.5 MHz) and a function of the deconvolved
source size. Also shown are the distributions of sources in each
catalogue which do not match to sources in the other catalogue
with the aforementioned cross-matching limit. The distributions
of sources in the RACS-mid and RACS-low 25-arcsec catalogues
is similar both in flux density and source size. RACS-low sources
below ~2 m]Jy (at 1 367.5 MHz) begin to fail to cross-match, which
is due to the difference in sensitivity between the two catalogues.
Conversely, as flux density increases there are more RACS-mid
sources without matches. The Galactic Plane sources show a sim-
ilar increase, particularly between ~10-1 000 mJy (and above 1
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arcmin in size), which is a consequence of the increase in artefacts
as described in Section 4.5.

4.11.2. RACS-mid and WALLABY at the full resolution

We also perform a similar variable-separation cross-match to the
WALLABY pre-pilot catalogue (Grundy et al. 2023) using the pri-
mary RACS-mid catalogue. For this cross-match, we first extract a
cut-out of the RACS-mid primary catalogue that covers the same
image region of the WALLABY pre-pilot mosaic. The WALLABY
pre-pilot data is entirely outside of the Galactic Plane, so no dis-
tinction between Galactic latitudes is done for this comparison.
Fig. 18 shows the distributions of sources in RACS-mid primary
catalogue and the WALLABY pre-pilot catalogue along with non-
matched sources as in Fig. 17. Due to the increase in sensitivity
of the WALLABY pre-pilot data (oyms ~50 W]y PSF!), there
are significantly more unmatched WALLABY pre-pilot sources
at the low flux density end of the distribution, though no bias
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Figure 17. The distribution of sources as a function of flux density (top) and fitted
major axis (bottom) for the RACS-mid 25-arcsec catalogue and the RACS-low catalogue.
Left. Sources outside of the Galactic Plane (|b| > 5°). Right. Sources within the Galactic
Plane (|b] < 5°). The distribution of sources that are not cross-matched between the
two catalogues are also shown.

towards specific source sizes in the unmatched WALLABY pre-
pilot sources. The RACS-mid primary catalogue, at least outside
of the Galactic Plane and away from other particularly complex
extended sources (e.g. Fornax A and other large angular extent,
nearby radio sources), provides a good interpretation of the 1
367.5 MHz sky.

4.12. The brightness scale of the full-sensitivity images

While the main data products released with this work are the
‘all-sky’ catalogues, we also provide the full-sensitivity, convolved
maps generated prior to source-finding. With the exception of
the time-domain catalogue (which uses the original images), these
new images are mosaicked with nearby observations. This addi-
tional mosaicking provides a more uniform sensitivity pattern
across the images, and some of the edge effects of each tile image
discussed in Paper IV, particularly for the brightness scale, can be
reduced during this process.

For assessing the brightness scale across the survey images,
we apply the same unresolved flags described in Section 4.4 to
the individual source lists then cross-match the individual sources
lists to the various external catalogues as described in Section 4.8.
Note that more sources will be cross-matched in this per-source
list assessment than when looking at the full catalogues, since we
include sources in at the edge of images in overlap regions. For
assessing the brightness scale, we look at the SUMSS and NVSS
cross-matches to allow easy reference to the same comparisons
made in Paper IV for the original images. As part of the addi-
tional metadata added prior to source list concatenation, we add
tile-reference coordinates, (I,m), for each source entry. In the case
of the mosaicked images, these (I,m) values are with reference to
the mosaiced image, and not the original image that was used
in the mosaic. Following Paper IV we then median-bin the flux
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Figure 18. Asin Fig. 17, comaparing the RACS-mid primary catalogue to the WALLABY
pre-pilot catalogue (only considering sources within the WALLABY pre-pilot image
region). No Galactic Plane cut is applied as the region is not within the Galactic
Plane.

density ratios (Sgacs-mid/Ssurvey> for NVSS and SUMSS) in bins of
angular sizes 8.6 x 8.6 arcmin® (NVSS) and 14.4 x 14.4 arcmin®
(SUMSS).

Fig. 19(i)-19(iv) shows (left) the flux density ratios of sources
in the RACS-mid catalogues and comparison catalogues, median-
binned in the image-based (I, m) coordinates. Fig. 19 also shows
the 2D histogram of flux density ratios in m, where the major-
ity of the edge-effects were seen in Paper IV. We normalise the
ratios by the overall median flux density ratio to ensure bulk off-
sets introduced by a choice of spectral index do not detract from
position-dependent effects. For both the primary and 25-arcsec
catalogues, position-dependent brightness effects are almost com-
pletely removed due to the mosaicking process. Specifically, we
refer to Figures 30 and 31 in Paper IV that highlight these resid-
ual brightness scales features. Residual variation in the mosaiced
images is < a few %.

With the reduction of edge effects, we determine that the
brightness scale uncertainty for the primary and 25-arcsec cata-
logues retain the uncertainty reported for the central tile region in
Paper IV: 6%. The time-domain catalogue retains both uncertain-
ties (6% and 14% for the tile edges, Equation (5) in Paper IV), and
the source entries will explicitly note the appropriate uncertainty
based on its position in the image it is taken from.

5. Data availability

Paper IV describes the raw survey data and how to access the
original images and calibrated visibility datasets. This data release
comprises both the full-sensitivity mosaicked images used for
the primary catalogue and the fixed-resolution 25-arcsec cata-
logue, as well as the three catalogues described in Section 3. For
the catalogues and full-sensitivity images described in this paper,
availability is similarly through the CASDA'® (Chapman et al.
2017; Huynh et al. 2020), and each product is summarised here
for completeness:

Primary catalogue.
e Source list. The final merged source lists. This contains
all sources detected during source-finding on the full-

sensitivity images that are not removed due to the de-
duplication process when constructing the catalogue. This

'*Commonwealth Scientific and Industrial Research Organisation.
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Figure 19. Brightness scale comparison as a function of tile reference coordinates for the primary catalogue and NVSS (i) and SUMSS (ii), and the 25-arcsec catalogue and NVSS
(iii) and SUMSS (iv). Left. Median-binned flux density ratios. Right. 2D histogram of the flux density ratios and the tile coordinate m, with medians in m show as pink circles. 16th
and 84th percentiles are shown as pink, dashed lines.

catalogue features the full sky up to 800 = +49° with
sources detected in Stokes I images. This is the recom-
mended catalogue for most use cases.

Component list. The Gaussian components associated with
the source list. Generally only used for reconstruction of
the source models.

Full-sensitivity images. Stokes I full-sensitivity images with
associated weight maps. For most use-cases these are the
preferred images to use over the original images.

Link to images and catalogues.
https://doi.org/10.25919/p524-xb81.

Auxiliary 25-arcsec catalogue.

Source list. The merged 25-arcsec source lists. This is
similar to the primary catalogue, except with the fixed 25-
arcsec resolution and with coverage up to 8j2000 = +30°.

Component list. The Gaussian components associated with
the 25-arcsec source list.

Full-sensitivity 25-arcsec images. Stokes I full-sensitivity
images with associated weight maps.

Link for images and catalogues.
https://doi.org/10.25919/p524-xb81.

Auxiliary time-domain catalogue.

Source list. The concatenated source list from the original
RACS-mid images. This covers the entire survey region,
and retains duplicate source entries.
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e Component list. The Gaussian components associated with
the time-domain source list.

e Link to the catalogues.
https://doi.org/10.25919/p8ns-da63.

6. Summary

The ASKAP has completed observing the sky in three bands cen-
tred at 887.5, 1 367.5, and 1 632.5 MHz as part of the RACS.
RACS-low (at 887.5 MHz) and RACS-mid (at 1 367.5 MHz) have
been processed and released (Paper I; Paper IV) with a catalogue
for RACS-low also released (Paper II). While the 1 632.5-MHz data
have been observed, these data are yet to be processed and will
be released in the future as RACS-high. This work describes the
release of an ‘all-sky’ general-purpose catalogue for RACS-mid,
along with two auxiliary catalogues for more specific use-cases.
The general purpose, primary catalogue was created by
mosaicking nearby images to improve sensitivity in overlap-
ping regions, convolving to the lowest common resolution of
neighbouring images, source-finding with PyBDSF on these full-
sensitivity mosaics, then merging the output source lists while
removing duplicate entries. The primary catalogue covers —90° <
812000 < +49° (~36 200 deg?) and contains 3 107 143 sources (2
863 400 excluding the Galactic Plane) down to 50,ms. We investi-
gated the reliability and completeness of the catalogues, finding
a significant decrease in reliability in the Galactic Plane due to
higher incidence of artefacts from extended sources. The primary
catalogue is found to be 95% complete at 2 mJy. We matched
the catalogue to other external catalogues such as RACS-low,
LoTSS-DR2, VLASS-QL, SUMSS, NVSS, and FIRST and find
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properties such as flux density and astrometry consistent with
what is reported in Paper IV, suggesting additional mosaick-
ing done here is not introducing extra systematic issues into the
images and catalogue.

In addition to the primary catalogue, we also provide an auxil-
iary version of the catalogue with a fixed resolution of 25” x 25”".
This catalogue is created in a similar way to the primary catalogue,
except images are all convolved to 25” x 25" prior to mosaick-
ing and source-finding. Because of this, the coverage is reduced
to 82000 < +30°. This matches closely the existing RACS-low cat-
alogue described in Paper II. This 25-arcsec catalogue features
lessened sensitivity and consequently fewer sources—2 156 393
sources above 50,y (1 992 406 excluding the Galactic Plane)—
with a significant decrease in reliability in the Galactic Plane.
Other properties and comparisons are similar to the primary
catalogue.

A third auxiliary catalogue is provided for time-domain sci-
ence. This version features no additional convolution or mosaick-
ing of images prior to source-finding and retains all duplicate
source entries in overlapping regions. The purpose of this auxiliary
time-domain catalogue is to detect and characterise time-variable
sources without averaging signal between epochs as will be the case
for some sources in the primary catalogue.

All data products, including catalogues and full-sensitivity
images are being made available through the CASDA. This data
release focuses on total intensity with Stokes I and work is cur-
rently underway to catalogue the sources of circular polarisation
using the Stokes V images produced as part of RACS-mid (e.g.
Rose et al. 2023).
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Appendix A. Catalogue columns

While the columns (both names and data) are similar to those used
for the RACS-low catalogue (see Section 4.3 in Paper II). Tables A1
and A2 outline the catalogues columns used for the three RACS-
mid source and component catalogues, respectively. Note that the
source and component lists feature almost identical columns with
the exception of Source_ID (in the source list) and Gaussian_ID
(in the component list) for unique identifiers for sources and com-
ponents, respectively. The consequence of this is that quantity
columns such as Total_flux correspond to the source in source
list or the component in the component list.

Some columns have information that refers to the original
images (SBID, Scan_start_MJD, and Scan_length). In the case
of the main reference catalogue and auxiliary 25-arcsec catalogue
these refer to the central image that was used in mosaicking but
does not include information about neighbouring images included
in the mosaic. Therefore these columns will likely be accurate for
sources at the centre (i.e. with low Tile_sep) but will not be accu-
rate towards image edges. In the case of the auxiliary time-domain
catalogue, sources are taken from only non-mosaicked images so
these columns will be accurate for all sources.

Tables A3 and A4 show three example rows from the primary
source catalogue and primary component catalogue, respectively.
The three example rows are 0, 500 000, and 1 500 000, chosen
arbitrarily.
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Index Name Unit Description

0 Name Source name following IAU source name convention: RACS-MID1 JHHMMSS.S+DDMMSS
1 Source_ID Unique identifier for the source based on the Field_ID

2 Field_ID Field name: RACS_HHMM+DD

3 RA ° J2000 right ascension of the source

4 Dec ° J2000 declination of the source

5 Dec_corr ° J2000 declination, with declination-dependent offset correction (Section 15)
6 E_RA ° Uncertainty on RA from fitting the source position

7 E_Dec ° Uncertainty on Dec from fitting the source position

8 E_Dec_corr ° Uncertainty on Dec_corr from fitting the source position and declination offset model
9 Total_flux mJy Total flux density of the source

10 E_Total_flux_PyBDSF mJy Uncertainty in the total flux density from PyBDSF fitting

11 E_Total_flux mJy Quadrature sum of the brightness scale and PyBDSF uncertainties for total flux density
12 Peak_flux mJy beam™! Peak flux density of the source

13 E_Peak_flux_PyBDSF mJy beam™! Uncertainty in the peak flux density from PyBDSF fitting

14 E_Peak_flux mJy beam™! Quadrature sum of the brightness scale and PyBDSF uncertainties for peak flux density
15 Maj arcsec Size of the major axis of the source

16 Min arcsec Size of the minor axis of the source

17 PA deg Position angle of the source, east of north

18 E_Maj arcsec Uncertainty in the source major axis

19 E_Min arcsec Uncertainty in the source minor axis

20 E_PA deg Uncertainty in the source PA

21 DC_Maj arcsec Deconvolved size of the major axis of the source

22 DC_Min arcsec Deconvolved size of the minor axis of the source

23 DC_PA deg Deconvolved position angle of the source, east of north

24 E_DC_Maj arcsec Uncertainty in the deconvolved source major axis

25 E_DC_Min arcsec Uncertainty in the deconvolved source minor axis

26 E_DC_PA deg Uncertainty in the deconvolved source PA

27 Noise mJy beam~! Local estimate of the rms noise

28 Tile_1 deg Direction cosine [ of the source with respect to the field centre

29 Tile_m deg Direction cosine m of the source with respect to the field centre

30 Tile_sep deg Angular distance from the field centr

31 Gal_lon deg Galactic longitude of the source

32 Gal_lat deg Galactic latitude of the source

33 PSF_Maj arcsec FWHM of the PSF major axis of the field

34 PSF_Min arcsec FWHM of the PSF minor axis of the field

35 PSF_PA deg PA of the PSF of the field

36 S_Code Source structure classification provided by PyBDSF

37 N_Gaussians Number of Gaussian components comprising the source

38 Flag Source type flag. See Section 4.4.

39 Scan_start_MJD yr MJD of the observation start time for the field

40 Scan_length s Observation length of the field

41 SBID Scheduling block ID of the field

42 E_Flux_scale Fractional brightness scale uncertainty
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Table A2. Columns in the RACS-mid component catalogues.

Index Name Unit Description

0 Gaussian_ID Unique identifier for the component based on the Field_ID

1 Source_ID Unique identifier for the source the component belongs to (see Table A1)
2 Field_ID Field name: RACS_HHMM+DD

3 RA ° J2000 right ascension of the component

4 Dec ° J2000 declination of the component

5 Dec_corr ° J2000 declination, with declination-dependent offset correction (Section 15)
6 E_RA ° Uncertainty on RA from fitting the component position

7 E_Dec ° Uncertainty on DEC from fitting the component position

8 E_Dec_corr ° Uncertainty on Dec_corr from fitting the component position and declination offset model
9 Total_flux mJy Total flux density of the component

10 E_Total_flux_PyBDSF mJy Uncertainty in the total flux density from PyBDSF fitting

11 E_Total_flux mJy Quadrature sum of the brightness scale and PyBDSF uncertainties for total flux density
12 Peak_flux mJy beam™! Peak flux density of the component

13 E_Peak_flux_PyBDSF mJy beam™! Uncertainty in the peak flux density from PyBDSF fitting

14 E_Peak_flux mJy beam™! Quadrature sum of the brightness scale and PyBDSF uncertainties for peak flux density
15 Maj arcsec Size of the major axis of the component

16 Min arcsec Size of the minor axis of the component

17 PA deg Position angle of the component, east of north

18 E_Maj arcsec Uncertainty in the component major axis

19 E_Min arcsec Uncertainty in the component minor axis

20 E_PA deg Uncertainty in the component PA

21 DC_Maj arcsec Deconvolved size of the major axis of the component

22 DC_Min arcsec Deconvolved size of the minor axis of the component

23 DC_PA deg Deconvolved position angle of the component, east of north

24 E_DC_Maj arcsec Uncertainty in the deconvolved component major axis

25 E_DC_Min arcsec Uncertainty in the deconvolved component minor axis

26 E_DC_PA deg Uncertainty in the deconvolved component PA

27 Noise mJy beam~? Local estimate of the rms noise

28 Tile_1 deg Direction cosine [ of the component with respect to the field centre

29 Tile_m deg Direction cosine m of the component with respect to the field centre

30 Tile_sep deg Angular distance from the field centre

31 Gal_lon deg Galactic longitude of the component

32 Gal_lat deg Galactic latitude of the component

33 PSF_Maj arcsec FWHM of the PSF major axis of the field

34 PSF_Min arcsec FWHM of the PSF minor axis of the field

35 PSF_PA deg PA of the PSF of the field

36 S_Code Host source structure classification provided by PyBDSF

37 Flag Host source type flag. See Section 4.4

38 Scan_start_MJD yr MJD of the observation start time for the field

39 Scan_length s Observation length of the field

40 SBID Scheduling block ID of the field

41 E_Flux_scale Fractional brightness scale uncertainty
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Table A3. Example three rows from the primary catalogue source list. Rows with associated uncertainties are rounded to match the uncertainty.

Index Name Row 0 Row 500 000 Row 1 500 000

0 Name RACS-MID1 J001712.0+370623 RACS-MID1 J035732.6-665321 RACS-MID1 J113753.8-045512
1 Source_ID RACS_0000+37_83 RACS_0352-64_1676 RACS_1127-04_616
2 Field_ID RACS_0000+37 RACS_0352-64 RACS_1127-04

3 RA 4.29993 59.38583 174.474010

4 Dec 37.1065 —66.88918 —4.920058

5 Dec_corr 37.1067 —66.8891 —4.92013

6 E_RA 0.00018 0.00006 0.000008

7 E_Dec 0.0021 0.00004 0.000005

8 E_Dec_corr 0.0021 0.0005 0.00005

9 Total_flux 2.2 16.9 35.5

10 E_Total_flux_PyBDSF 0.561215228166031 0.8797639604032615 0.3384799415922147
11 E_Total_flux 0.6 13 2.2

12 Peak_flux 1.33 8.7 34.9

13 E_Peak_flux_PyBDSF 0.19189768395374718 0.17519237007945776 0.1920388364685295
14 E_Peak_flux 0.21 0.5 21

15 Maj 66 20.5 10.67

16 Min 14.6 12.14 8.80

17 PA 1 148.1 76.6

18 E_Maj 18 0.6 0.06

19 E_Min 1.2 0.23 0.04

20 E_PA 9 2.4 1.1

21 DC_Maj 46 16.4 1.42

22 DC_Min 7.4 6.36 1.02

23 DC_PA 1 138.7 130.4

24 E_DC_Maj 18 0.6 0.06

25 E_DC_Min 1.2 0.23 0.04

26 E_DC_PA 9 2.4 1.1

27 Noise 0.25890651158988476 0.17519237007945776 0.19256076484452933
28 Tile_1 3.428092135103292 0.5186964762309064 2.524380128180197
29 Tile_m —0.06163316029025561 —1.9909730968373767 —0.24834681422013694
30 Tile_sep 3.4286461370640944 2.0574304135947807 2.536566808046622
31 Gal_lon 115.38988737461287 280.6581922381863 271.16315947584053
32 Gal_lat —25.26333975258068 —41.27975708193742 53.354126131693235
33 PSF_Maj 47.0 13.0 11.0

34 PSF_Min 13.0 9.0 9.0

35 PSF_PA -2.0 -5.0 76.0

36 S_Code S M S

37 N_Gaussians 1 2 1

38 Flag 1 1 0

39 Scan_start_MJD 59209.424927151034 59239.44535211112 59218.89534635104
40 Scan_length 905.748479394226 915.701760796814 905.7484803479
41 SBID 20376 21946 20857

42 E_Flux_scale 0.06 0.06 0.06
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Table A4. Example three rows from the primary catalogue component list. Rows with associated uncertainties are rounded to match the

uncertainty.

Index

Name

Row 0

Row 500 000

Row 1 500 000

© O N oo U b~ W N = O

DA W OW W W W W W WWWwNRNNNNNDRNNRNDNRB B B 2 B2 5 B B e
H O © ® N 6 O A W KN R O © ® 4 0o B & WN R O © ® N 0 & W NN = O

Gaussian_ID
Source_ID
Field_ID

RA

Dec
Dec_corr
E_RA

E_Dec
E_Dec_corr
Total_flux
E_Total_flux_PyBDSF
E_Total_flux
Peak_flux
E_Peak_flux_PyBDSF
E_Peak_flux
Maj

Min

PA

E_Maj

E_Min

E_PA

DC_Maj
DC_Min
DC_PA
E_DC_Maj
E_DC_Min
E_DC_PA
Noise
Tile_1
Tile_m
Tile_sep
Gal_lon
Gal_lat
PSF_Maj
PSF_Min
PSF_PA
S_Code

Flag
Scan_start_MJD
Scan_length
SBID

E_Flux_scale

RACS_0000+37_85
RACS_0000+37_83
RACS_0000+37
4.29993
37.1065
37.1067
0.00018
0.0021
0.0021
2.2
0.561215228166031
0.6
1.33
0.19189768395374718
0.21
66
14.6
1
18
1.2
9
46
7.4
1
18
1.2
9
0.25890651158988476
3.428092135103292
—0.06163316029025561
3.4286461370640944
115.38988737461287
—25.26333975258068
47.0
13.0
-2.0
S
1
59209.424927151034
905.748479394226
20376
0.06

RACS_0248-18_2709
RACS_0248-18_1824
RACS_0248-18
42.86770
—20.15107
—20.15117
0.00029
0.00017
0.00020
0.77
0.25748102921394295
0.26
0.79
0.1491429321029494
0.16
11.2
8.1
75
2.5
13
27
0.0
0.0
0
2.5
13
27
0.1532413443783298
0.6386338358213877
—1.484598076230764
1.6161326134338543
205.15857015376932
—61.71453287237826
10.0
9.0
93.0
S
0
59231.43342123114
905.7484803479
21459
0.06

RACS_0830-64_2823
RACS_0830-64_1911
RACS_0830-64
129.12277
—66.17611
—66.1761
0.00019
0.00026
0.0005
0.76
0.25233369043145587
0.26
0.89
0.15968835603753778
0.17
11.4
9.2
161
2.3
15
36
0.0
0.0
0
2.3
15
36
0.16807088104542345
0.5577563287990496
—1.2785573714374245
1.394919737609507
280.9120339736348
—14.954794335737184
13.0
10.0
—11.0
S
0
59250.64567851111
905.7484803479
22458
0.06
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