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Abstract

We present a systematic search for Odd Radio Circles (ORCs) and other unusual radio morphologies using data from the first year of
the Evolutionary Map of the Universe (EMU) survey. ORCs are rare, enigmatic objects characterised by edge-brightened rings of radio
emission, often found in association with distant galaxies. To identify these objects, we employ a hybrid methodology combining supervised
object detection techniques and visual inspection of radio source candidates. This approach leads to the discovery of five new ORCs and
two additional candidate ORCs, expanding the known population of these objects. In addition to ORCs, we also identify 55 Galaxies with
Large-scale Ambient Radio Emission (GLAREs), which feature irregular, rectangular, or circular shapes of diffuse radio emission mostly
surrounding central host galaxies. These GLAREs may represent different evolutionary stages of ORCs and studying them could offer
valuable insights into their evolutionary processes. We also highlight a subset of Starburst Radio Ring Galaxies, which are star-forming
galaxies exhibiting edge-brightened radio rings surrounding their central star-forming regions. We emphasise the importance of multi-
wavelength follow-up observations to better understand the physical properties, host galaxy characteristics, and evolutionary pathways of
these radio sources.
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1. Introduction avenues for detecting millions of galaxies at radio wavelengths.
For instance, the ongoing Evolutionary Map of the Universe
(EMU; Norris et al., 2021a) survey, conducted with the ASKAP, is
expected to uncover more than 20 million compact and extended
radio galaxies during the five years of its planned operation (Norris
etal.,, 2021a). Similarly, the LOFAR Two-metre Sky Survey (LoTSS
Shimwell et al., 2022) is anticipated to detect over 10 million radio
galaxies as it surveys the entire northern sky. With the upcoming
Square Kilometre Array (SKA?) set to become operational in the
coming years, the number of radio galaxy detections could grow
to several times the current number, potentially reaching hun-
dreds of millions. This vast data influx will profoundly impact our
understanding of galaxy evolution and the broader history of the
Universe. In addition, such extensive datasets are likely to lead to
the discovery of new phenomena and deepen our understanding
of the origins of radio emissions.

Historically, many of the most significant scientific discover-
ies made with major telescopes have been serendipitous, occurring
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The advent of new technologies in radio astronomy has enabled
faster and deeper scans across vast regions of the sky, pro-
ducing highly sensitive continuum images of the Universe in
shorter timescales. However, these advancements have also intro-
duced the significant challenge of managing and using unprece-
dented volumes of Big Data. Telescopes such as the Australian
Square Kilometre Array Pathfinder (ASKAP; Johnston et al., 2007;
DeBoer et al., 2009; Hotan et al., 2021), the Low-Frequency Array
(LOFAR; van Haarlem et al., 2013), the Murchison Widefield
Array (MWA; Wayth et al,, 2018), MeerKAT (Jonas & MeerKAT
Team, 2016), and the Karl G. Jansky Very Large Array (JVLA;
Perley et al., 2011) collectively produce more than 100 petabytes
of data each year. ASKAP alone generates data at the staggering
rate of 100 trillion bits per second, surpassing Australia’s entire
internet traffic. Efficient management of such datasets opens new
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this is the recent discovery of Odd Radio Circles (ORCs; Norris
et al., 2021b), which were found serendipitously during visual
inspections of 270 square degrees of maps in the first pilot EMU
survey (EMU PS1; Norris et al., 2021a). However, with the main
EMU survey having already scanned over 4 000 square degrees
of the Southern Sky in its first year, relying on visual inspections
to discover more ORCs or other rare phenomena is challeng-
ing. To fully harness the potential of the EMU survey spanning
entire Southern Sky in coming years and to discover more ORCs
and other rare radio phenomena, it is essential to innovate and
develop new technologies capable of handling and analysing the
massive volumes of data. Unless we reconsider and overhaul our
search methodologies, many unknown radio phenomena may go

unnoticed for years or possibly never be discovered.

In recent years, machine learning has emerged as a powerful
tool to accelerate the discovery of unknown and rare phenom-
ena in the images of next-generation radio surveys (e.g. Mostert
et al, 2021; Gupta et al., 2022; Walmsley et al.,, 2022; Segal
et al., 2022; Slijepcevic et al., 2024; Gupta et al., 2023; Lochner
et al., 2023; Mohale & Lochner, 2024; Lastufka et al., 2024; Gupta
et al., 2024b; Riggi et al., 2024; Lochner & Rudnick, 2024). For
instance, Gupta et al. (2022) rediscovered previously known ORC
J2103-6200 alongside an additional ORC J2223-4834 that was not
recorded during the serendipitous inspections of the EMU PS1.
This success has bolstered confidence in machine learning as a
key approach for discovering rare radio sources in large surveys,
where visual inspections are increasingly impractical. Therefore, it
is imperative to develop comprehensive methods to automate the
detection of rare radio sources. Such advancements will enhance
their statistics and provide crucial insights into their formation

mechanisms.

With the advent of large-scale radio surveys generating
unprecedented volumes of data, most machine learning methods
produce a significant number of anomalies, many of which are not
scientifically interesting. As a result, extensive visual inspections
are often required to filter these anomalies further and identify
rare or previously unknown morphologies. In this work, we imple-
ment a supervised learning approach for object detection (Gupta
et al,, 2023; Gupta et al., 2024a) first used to catalogue radio
galaxies (Gupta et al., 2024b), to identify rare and unusual radio
morphologies and reduce the need for extensive visual inspec-
tions to confirm their rarity. We use the object detection model
Gal-DINO,” trained on the RadioGalaxyNET dataset (Gupta et al.,
2024a) and a dataset of atypical radio morphologies (Gupta et al.,
2024b) from the EMU PS1. This model is applied to the first 160
observation tiles from the EMU main survey’s first-year observa-
tions (Hopkins et al., 2025). The model functions as a classifier
to differentiate typical radio galaxies from rare and unusual mor-
phologies. The selected sample of rare and unusual morphologies
is then visually inspected to uncover new ORCs and other dif-
fuse emission systems, which may represent different evolutionary

stages of ORCs.

The paper is organised as follows. In Section 2, we provide
details on the EMU survey and infrared mosaics. Section 3 is
dedicated to explaining the object detection method and detailed
search methodology. Section 4 and Section 5 provide details about
the new ORCs and other peculiar objects, respectively. Our find-
ings are summarised in Section 6, where we also outline directions

Phttp://github.com/Nikhel1/Gal-DINO.
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for future research. Throughout this paper, we use cosmological
parameters from Planck Collaboration et al. (2020).

2. Data

This section provides details about the EMU survey, the first year
of EMU data, and the infrared observations used in this study.

2.1. EMU observations

The Evolutionary Map of the Universe (EMUS; Norris 2011;
Hopkins et al., 2025) is a groundbreaking survey designed to cre-
ate a comprehensive radio atlas of the southern sky using the
Australian Square Kilometre Array Pathfinder (ASKAP) radio
telescope (Hotan et al., 2021). ASKAP, situated at Inyarrimahnha
Ilgari Bundara, the Murchison Radio-astronomy Observatory
(MRO), is a cutting-edge radio telescope equipped with phased
array feed (PAF) technology, enabling rapid surveying through
its expansive instantaneous field of view. It comprises 36 anten-
nas with diverse baselines, the majority clustered within a 2.3 km
diameter, while six antennas extend the baselines up to 6.4 km.
This will result in 853 tile footprints, obtained through 1 014 indi-
vidual tile observations. Of these, 692 tiles have an integration time
of 10 h, while 161 tiles with a 5-hintegration time are observed
twice. The resulting RMS noise ranges from 25 to 55u]Jy/beam,
depending on the integration time (10 or 5 h), with a beamwidth
of 13" x 117 FWHM. Over its five-year duration, the EMU survey
will cover the southern declination range from —11°.4 to the south
celestial pole, as well as selected equatorial regions extending up
to § = +7°.0. Observations are conducted in the 800-1 088 MHz
frequency range, centred at 944 MHz. At these depths, the EMU
survey is expected to catalogue up to 20 million radio sources
across 27 sr of the sky, with completion anticipated by 2028.

In this work, we search for ORCs and other unusual radio mor-
phologies using data from the first year of EMU observations. The
dataset includes 160 tiles, covering approximately 4 500 square
degrees of the sky. Data collection began in late 2022, with vali-
dated data arriving between February 2023 and March 2024. These
include tiles with Scheduling Block unique ID (SBID) numbers
ranging from 45 638 to 59 612, delivered through the CSIRO Data
Access Portal (CASDAY). We use restored images with a com-
mon 15" resolution for each beam in the mosaic of a tile (with
“conv” as a suffix in the filename in CASDA). Figure 1 illustrates
the footprint of the first year of the EMU main survey, highlight-
ing the overlap between the tiles. These tiles are processed using
the ASKAPsoft pipeline (Whiting et al., 2017), which operates on
the raw telescope data. Following this, source catalogues of islands
and components (see Hopkins et al., 2025, for details about the cat-
alogues) are generated using the Selavy source finder (Whiting &
Humpbhreys, 2012). The sources are detected at a S/N threshold of
5, which corresponds to 0.17 mJy/beam for the 10-h observations
and 0.31 mJy/beam for the 5-h observations. Observations with a
10-h integration time achieve a median RMS noise of 30 Jy/beam
and typically detect approximately 750 sources per square degree,
while 5-h integrations yield a median RMS noise of 46jL]y/beam,
detecting around 460 sources per square degree. For the 160 tiles
surveyed during the first year of the EMU survey, this corresponds
to approximately 3 million detected radio sources. In this study, we

“https://emu-survey.org/.
dhttps://research.csiro.au/casda/.
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Figure 1. The footprint of the first year of the EMU main survey, conducted between February 2023 and March 2024 (tiles SBID 45638 to 59612 in CASDA), includes 160 tiles covering
an area of approximately 4 500 square degrees. The green squares represent the coverage of individual tiles, including their overlaps.

analyse each tile independently rather than creating super mosaics
of overlapping tiles. While this method may result in the duplica-
tion of radio sources in overlapping regions, these duplications are
addressed during the subsequent analysis.

2.2. Infrared mosaics

In addition to the EMU observations, we create matching tiles for
the AIIWISE dataset from the Wide-field Infrared Survey Explorer
(WISE Wright et al., 2010; Cutri et al., 2021) using the Montage
image mosaic software.® WISE conducted an infrared survey of the
entire sky across four bands: W1, W2, W3, and W4, corresponding
to wavelengths of 3.4, 4.6, 12, and 22 pm. For this study, we focus
on the W1 band from AIIWISE, which offers a 50 point source
detection limit of 28 1Jy and an angular resolution of 6.1”.

3. Search methodology

The section provides an overview of the machine learning model
and catalogue pipeline, the dataset used for training the model,
its application to the first year of EMU survey data, and the cri-
teria established for visual inspections to identify ORCs and other
unusual radio sources.

3.1. Object detection model

In a first-of-its-kind attempt, this work employs a supervised
machine-learning method to identify anomalous radio morpholo-
gies. Specifically, we employ the RG-CAT catalogue construction
pipeline, developed by Gupta et al. (2024b), which leverages an
object detection framework Gal-DINO (Gupta et al., 2024a) to
construct a comprehensive catalogue of radio sources. For detailed

¢Implementation available at: https://github.com/Nikhel1/wise_mosaics.
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descriptions of the Gal-DINO model and the RG-CAT pipeline,
readers are referred to the respective papers; here, we provide a
brief overview. Gal-DINO is an advanced object detection model
specifically designed to identify radio galaxies and locate their
potential infrared hosts. The model is trained on a dataset of 5 000
radio galaxies, including 2 800 sources from the RadioGalaxyNET
dataset (Gupta et al., 2024a), which spans four classes of radio
galaxies based on measurements of their total extent and the
distance between peak positions. This classification follows the
criteria outlined by Fanaroff & Riley (1974), which define the dis-
tinction between FR-I and FR-II galaxies based on the ratio of peak
separation to total extent. Galaxies with a ratio below 0.45 are clas-
sified as FR-I, while those with a ratio above 0.55 are categorised
as FR-IL

However, some galaxies cannot be classified as FR-I or FR-II
due to image resolution limitations. These are assigned to the FR-
x category, characterised by a peak-to-extent ratio between 0.45
and 0.55. Additionally, the R category includes radio galaxies with
resolved emission but only a single visible central peak, resulting
in a peak-to-extent ratio of zero. This dataset is further augmented
with 2 100 compact or unresolved radio galaxies and 100 sources
exhibiting rare and peculiar morphologies. The latter includes
instances of uniquely shaped extended emissions, unusual bent-
tailed radio galaxies, diffuse emissions from galaxy cluster halos,
nearby resolved star-forming galaxies, and peculiar structures
such as ORCs. The training process focuses on optimising the
detection of both radio galaxies and their corresponding poten-
tial host galaxies by refining the accuracy of bounding box and
keypoint predictions. Bounding box predictions encompass all
components of a radio galaxy, while keypoint predictions pinpoint
the locations of potential infrared hosts. The model’s performance
is evaluated using Average Precision (AP) at specified Intersection
over Union (IoU) thresholds between the ground truth and pre-
dictions. On test datasets, Gal-DINO achieves an APs, of 73.2%
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for bounding box predictions and 71.7% for keypoint detections.
Moreover, when focusing on the central source in each image, 99%
of bounding box predictions achieve an IoU greater than 0.5, and
98% of keypoint predictions fall within < 3” of the ground truth
infrared host positions.

3.2. Application to EMU main survey

We extend the RG-CAT pipeline, originally developed for the
EMU PS1, to the first-year EMU main survey tiles. This involves
generating 8’ x 8 cutouts at the locations of approximately 3 mil-
lion Selavy-based radio sources from the first year of the EMU
survey. Each cutout is subsequently analysed using the trained
Gal-DINO model to extract the bounding box, category, and pre-
diction confidence score for the central source, along with its
keypoint prediction. The RG-CAT pipeline then uses Gal-DINO
predictions to construct a catalogue of radio sources for each main
survey tile. Compact and extended radio galaxies are catalogued
differently: compact sources are added individually, while multiple
components of extended galaxies are grouped into a single entry.
The details of the main survey catalogue, including radio source
classifications and their corresponding infrared/optical potential
host galaxies, will be discussed in Gupta et al. (in preparation). For
this study, we focus solely on the predicted categories and confi-
dence scores to identify ORCs and other rare radio morphologies.

3.3. Visual inspections

We use the catalogues generated by the RG-CAT pipeline for each
EMU tile and filter radio sources categorised as rare or peculiar
radio sources. From the 160 tiles observed during the first year of
the EMU survey, we identify 5 871 such sources where the pre-
diction confidence score exceeds the model’s minimum estimated
threshold. For this analysis, we set a conservative confidence score
threshold of 0.7, resulting in 1 794 radio sources in this category
above the threshold. These are then visually inspected to identify
ORCs and other unusual morphologies. This threshold was deter-
mined by randomly selecting 25 EMU tiles and visually inspecting
all sources above the minimum confidence score. No interesting
radio sources or ORCs were found below a confidence score of
0.8 in these tiles, leading us to adopt a slightly lower threshold
of 0.7 to ensure no ORCs are missed during the visual inspec-
tion across all EMU tiles. Note that while we use restored common
15" resolution images for training the model and constructing RG-
CAT catalogues, we also use ~ 8" resolution images (with ‘highres’
as a filename suffix in CASDA) during the visual inspection of
1 794 sources to identify any high-resolution features missed in
the common-resolution images. However, all plots in this paper
show only 15” resolution images.

Additionally, the confusion matrix for Gal-DINO predictions
(see Figure 4 in Gupta et al., 2024b) indicates that rare and pecu-
liar sources could be misclassified as FR-I or FR-II radio galaxies.
This may occur with unusual bent-tailed sources that resemble
these categories. However, such misclassification is expected to be
rare for circular sources like ORCs, and the likelihood is further
reduced in the RG-CAT catalogue, which only includes predic-
tions for the central source in each cutout (as discussed in Section
3.1). To confirm this, we reviewed all FR-I and FR-II predictions in
the randomly selected 10 tiles and did not find any peculiar radio
morphologies among them.

In summary, we classify the initial dataset of approximately 3
million radio sources using the RG-CAT pipeline. To focus on
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identifying ORCs and other rare morphologies, we filtered the
catalogue for rare and peculiar predictions. Ultimately, we visu-
ally inspected just 1 794 radio sources from the initial set of
~3 million for 160 EMU tiles. This substantial reduction in man-
ual effort for new discoveries highlights the transformative poten-
tial of advanced machine learning algorithms in minimising the
resources needed for Big Data analysis.

4. 0dd radio circles

0Odd Radio Circles (ORCs), first identified by Norris et al. (2021b)
in ASKAP’s EMU PS1 and later observed in ASKAP and other
radio surveys (Norris et al., 2021b; Koribalski et al., 2021; Gupta
et al., 2022; Norris et al., 2025), are extragalactic, edge-brightened
circles of radio emission surrounding distant host galaxies. These
structures typically lack detectable emission at other wavelengths
beyond their host galaxy but may exhibit diffuse radio emission
within the bright ring structure (Norris et al., 2025). This defini-
tion excludes related phenomena such as radio rings originating
from the relic lobes of double-lobed radio galaxies (Norris et al.,
2021b; Omar 2022), and diffuse radio emissions around galax-
ies that lack a well-defined ring structure (Kumari & Pal, 2024b;
Kumari & Pal, 2024a). Following this definition, five ORCs are
currently known: ORC J2103-6200 and ORC J1555+2726, pre-
sented in Norris et al. (2021b); ORC J0102-2450, in Koribalski et al.
(2021); ORC J2223-4834, in Gupta et al. (2022); and ORC J0219-
0505, in Norris et al. (2025). Additionally, several ORC candidates
and ORC-like radio shell systems have been discovered (Gupta
etal., 2022; Lochner et al., 2023; Dolag et al., 2023; Koribalski et al.,
2024a; Koribalski et al., 2024b).

In this paper, we present five additional ORCs, characterised by
edge-brightened circles of radio emission, each associated with a
distant galaxy. Table 1 presents the properties of the potential host
galaxies, including their infrared/optical names, positions, 7-band
foreground extinction magnitude, griz AB magnitudes, W1, W2
and W3 Vega magnitudes from WISE survey, spectroscopic and
photometric redshifts, integrated flux and luminosity, host flux
and luminosity, ORC size, star formation rate (SFR), and the EMU
tile SBID where the ORC is located. The Galactic latitudes of these
sources are consistent with an extragalactic origin. Furthermore,
estimates of foreground extinction, derived from mean E(B-
V) reddening values' based on Infrared Astronomical Satellite
(IRAS) 100 micron data (Schlegel, Finkbeiner, & Davis, 1998)
and adopting an extinction-to-reddening ratio of 2.176 (Schlafly
& Finkbeiner, 2011) for the Dark Energy Survey (DES) r-band,
are likewise consistent with expectations for extragalactic sources.
Additionally, we searched for the potential counterparts among
the 3 709 planetary nebulae in the HASH catalogues (Parker,
Bojicti¢, & Frew, 2017) and the 310 Galactic supernova rem-
nants in Green’s catalogue (Green 2025), but found no matches.
The griz AB magnitudes in the 10th data release of the Dark
Energy Spectroscopic Instrument’s Legacy Imaging Surveys (DESI
LS DR10"; Schlegel et al., 2021), are derived using the Tractor
package (Lang, Hogg, & Mykytyn 2016). The angular size was
determined by visually inspecting each ORC in CARTA! and using
its built-in ruler tool to measure the largest diameter, in order

S&F values from: https://irsa.ipac.caltech.edu/applications/DUST/.
¢hitp://202.189.117.101:8999/gpne/index.php.
Phttps://www.legacysurvey.org/dr10/.

‘https://cartavis.org/.
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Table 1. Characteristics of the ORCs and their potential host galaxies from the first year of the EMU survey. From left to right, the table lists the ORC names. From
top to bottom, the rows provide details of the potential host galaxies, including their names, Right Ascension (RA), Declination (Dec), longitude (), latitude (b), r-
band foreground extinction (A, in mag), optical (griz AB mag) and infrared (W1, W2, W3 Vega mag) photometry, spectroscopic (zs,) and photometric (zp,) redshifts
where available. This is followed by the 944 MHz integrated radio flux densities (Flux) estimated using ASKAP images, integrated radio luminosity (Lum,; assuming
a spectral index of —0.7), 944 MHz radio flux density of the potential host (Fluxy), its radio luminosity (Lumy), the largest angular and physical size of the ORC in
arcseconds and kpc, the star formation rate (SFR) of the host (upper limits calculated using the relationship in Murphy et al. (2011) at 944 MHz) and stellar mass (M,.)
of the host (from Zou et al., 2019). The size, luminosity and SFR are calculated from the zy, for ORC J2304-7129 and using z,;, from DESI LS DR9 (Zhou et al., 2021)
for the rest. Lastly, the table includes the ID of the EMU tile where the ORC is located. The griz AB magnitudes are sourced from DESI LS DR10 and from Tonry et al.
(2018) for ORC J1313-4709, while the W1, W2 and W3 Vega magnitudes for all comes from the WISE survey.

Property ORC J0210-5710 ORC J0402-5321 ORC J0452-6231 ORC J1313-4709 ORC J2304-7129
Host name WISEA J021009.39-571038.3 WISEA J040214.70-532128.6 WISEA J045230.76-623123.8 WISEA J131335.54-470915.2 WISEA J230420.71-712907.8
RA (deg) 32.5391 60.5613 73.1281 198.3981 346.0863
Dec (deg) —57.1774 —53.3580 —62.5232 —47.1542 —71.4855

[ (deg) 283.4218 263.1923 272.6182 306.8384 314.2504

b (deg) —56.8686 —46.3305 —37.4590 15.5494 —43.2118

Ar 0.06 0.03 0.06 0.26 0.06

g 21.04 22.95 20.85 19.21 17.53

r 19.25 21.04 19.06 18.67 17.02

i 18.61 20.14 18.40 18.46 16.66

z 18.26 19.74 18.06 18.36 16.55

w1 15.113 £ 0.032 16.240 + 0.028 15.043 £ 0.028 15.935 + 0.042 13.498 £ 0.020
w2 14.582 +0.106 16.487 £ 0.112 14.921 +0.043 16.524 +0.203 12.756 £ 0.022
w3 12.640 £ 0.415 - - - 8.054 +0.016
W1-W2 0.531+0.111 —0.24740.115 0.122 £0.051 —0.589 4 0.207 0.742 £ 0.030
W2-W3 1.942 +0.428 - - - 4,702 £ 0.027
25, - - - - 0.1481

zgh 0.410 £0.018 0.536 == 0.050 0.430 £ 0.014 - -

75, 0.390 = 0.046 - 0.389 + 0.046 - 0.129 £ 0.037
zgh 0.399 £ 0.035 - 0.412 +0.041 - -

z, 0.402 + 0.024 0.560 + 0.017 0.415 + 0.024 - -

zl’;h 0.442 £ 0.024 0.572 +0.007 0.453 + 0.024 - -

zgh 0.382 £ 0.022 0.548 + 0.044 0.419 £ 0.020 - -

Flux; (mJy) 3.55+0.43 1.5540.11 2.06 +0.15 3.014+0.18 3344021
Lum; (W~Hz™1) [1.3+0.2] x 104 [9.0+1.7] x 108 [8.0+£0.8] x 108 - [1.74+0.1] x 1023
Fluxy (mJy) 0.15 4+ 0.02 0.08 + 0.02 0.04 +0.01 0.22 +0.02 0.55 %+ 0.04
Lumy (W~Hz™1) [5.3+0.8] x 1022 [4.6 £1.4] x 102 [1.6 £0.4] x 1022 - [2.740.2] x 1022
Size () 78 +£3.9 40420 52426 - 60 = 3.0
Size (kpc) 438425 260+ 18 300 422 - 160 +8

SFR (Mg~yr—1) 445+7.0 38.9+11.8 13.0£3.3 - 230+ 1.7
log My~(M¢) 11.44 - 11.41 - -

EMU SBID 46946 59481 50230 51948 53566

a Jones et al. (2009).

b Zhou et al. (2021).

c Bilicki et al. (2016), where uncertainties are 0.033(1 + z,p).
d Duncan (2022).

e Zou et al. (2022).

f Wen & Han (2024).

g Zhou et al. (2025).

to account for the slightly asymmetric shapes of these systems.  for the rest. Additionally, we provide photometric measurements
The uncertainty in angular size reflects a 5% systematic manual ~ from Zhou et al. (2021), Bilicki et al. (2016), Duncan (2022),
error and is propagated in quadrature with redshift uncertainties ~ Zou et al. (2022), Wen & Han (2024), and Zhou et al. (2025),
when calculating the physical size. All redshift dependent quanti-  which yield consistent estimates. The flux density is measured in
ties are calculated using the zy, from Jones et al. (2009) for ORC ~ CARTA using the polygon tool to enclose the ORC boundaries.
J2304-7129 and using z, from DESI LS DRY (Zhou et al,, 2021)  The associated uncertainty is estimated as 0ms+/Npeam> Where Oyms
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represents the RMS noise determined from a nearby source-free
region, and Npe,m is the number of synthesised beams covering
the source region, both derived from CARTA measurements. An
additional 5% systematic uncertainty is incorporated in quadra-
ture to account for potential manual measurement errors. The flux
density and redshift uncertainties are then propagated in quadra-
ture to estimate the errors in luminosity and star formation rate.
Figure 2 displays these ORCs. Each row in these figures corre-
sponds to an individual ORC, with the first column showing the
radio image, the second column displaying radio contours over-
laid on an infrared image, and the third column showing radio
contours overlaid on an optical image. This highlights the absence
of corresponding extended circular emission in the infrared and
optical wavelengths, which is clearly observed in the radio data.
Following the analysis of three ORCs presented in Norris et al.
(2022), we present colour—colour diagrams for the host galaxies of
the five ORCs discussed in this work (Figure 3). The top panel dis-
plays the WISE colours of the two ORC host galaxies with available
W3 band measurements, plotted on a WISE colour-colour dia-
gram adapted from Wright et al. (2010). Since the spectral energy
distributions of these galaxies are not known, no k-corrections
have been applied to these colours. The bottom panel shows the gri
colours of all five ORC host galaxies, plotted on a gri colour—colour
diagram adapted from Masters et al. (2011). These gri colours,
which are also not k-corrected, are taken from the DESI LS DR10
catalogues.

4.1. ORC J0210-5710

This ORC has a potential host galaxy at its centre, surrounded
by edge-brightened circular emission in the radio band and has
similar radio morphology as ORCI in Norris et al. (2021b). The
total integrated radio flux at 944 MHz is estimated to be 3.55 +
0.43 m]y, and the size of this system is 438 £ 25 kpc. The cen-
tral galaxy, WISEA ]021009.39-571038.3, has counterparts in the
DESI LS DR10. The griz AB magnitudes from DESI LS DR10
represent the brightness of the potential host galaxy in different
optical bands. The galaxy is fainter in the g-band (21.04) com-
pared to the r (19.25), i (18.61), and z (18.26) bands, indicating
that it is likely an elliptical or red-sequence galaxy. The brighter z-
band magnitude may reflect rest-frame ultraviolet or optical light
that has been redshifted into the infrared. This is confirmed by
the photometric redshift estimate of 0.410 £ 0.018 from DESI LS
DR (Zhou et al,, 2021). Zou et al. (2019) estimated stellar mass
log M, = 11.44~Mg,. The integrated host flux is 0.15 & 0.02 m]y,
with a corresponding luminosity of [5.3 £ 0.8] x 102?~W~Hz™!
using DESI LS DRO redshift and assuming a spectral index of —0.7.
Using the luminosity-SFR relation from Equation (17) in Murphy
et al. (2011), the star formation rate (SFR) at 944 MHz is esti-
mated to be 44.5 £ 7.0 Mpyr 1. Note that this estimate assumes all
radio emission is solely associated with recent star formation, and
therefore represents an upper limit on the SFR. In contrast, SFR
estimates derived from optical spectra (e.g., Rupke et al., 2024) are
more sensitive to unobscured, recent star formation and should be
investigated in future studies.

The WISE colours shown in the top panel of Figure 3 indi-
cate that the galaxy lies near the region occupied by spiral galaxies;
however, its high redshift means that applying a k-correction could
shift its position closer to that of LIRGs. The gri colours in the
bottom panel suggest that the galaxy is redder than typical star-
forming galaxies. In addition to this central host galaxy, there is a
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bright radio source located over 1’ to the northeast edge of the cir-
cular ring. This source has a much higher redshift of 0.745 & 0.029
(DESI LS DRY) and is therefore unlikely to be related to the ORC
system. Additionally, a few faint galaxies with similar colours as
the central galaxy are visible near the position of the radio ring,
which may have contributed to the observed radio emission.

4.2. ORC J0402-5321

This ORC system features an edge-brightened circular ring with
three galaxies within the region of radio emission, exhibiting a
morphology similar to the ORC described in Koribalski et al.
(2021). The total integrated radio flux at 944 MHz is estimated
to be 1.55+0.11 mJy, and the size of this system is 260 + 18
kpc. The potential host galaxy, WISEA J040214.70-532128.6, is
located near the centre of the radio emission. The g — r colour
of 1.91 and r — i colour of 0.90, as shown in the bottom panel of
Figure 3, underscore the red nature of the galaxy. These colours
are typical of galaxies with older stellar populations, such as ellip-
tical or lenticular galaxies. The photometric redshift reported in
DESI LS DR9 is 0.536 £ 0.050. The W1-W2 colour is consis-
tent with that of an early-type galaxy. The integrated host flux is
0.08 & 0.02 m]Jy, with a corresponding luminosity of [4.6 & 1.4] x
1022~W~Hz !, and the SFR is estimated to be 38.9 &= 11.8 Mgyr™!.
In addition to the potential central host galaxy, two more galax-
ies are located near the circular boundary of the radio emission.
These are WISEA J040213.71-532144.9 (toward the south-west)
and WISEA J040213.69-532109.8 (toward the north-west). Both
galaxies exhibit similar colours and consistent redshifts within the
error bars as the central galaxy, with redshifts of 0.346 + 0.183 and
0.574 4 0.034, respectively. This suggests that the radio emission
from these galaxies may have contributed to the circular structure
of this ORC.

4.3. ORC J0452-6231

This ORC exhibits nearly circular bright edges in the radio regime
with a clear central galaxy. The total combined radio flux at
944 MHz is estimated to be approximately 2.06 & 0.15 m]Jy, and
the system has a size of 300 = 22 kpc. The potential host galaxy
at the centre, WISEA J045221.40-623422.7, has a counterpart in
DESI LS DRI10, as shown in Figure 2. The increase in bright-
ness from g to z, as presented in Table 1, suggests that the galaxy
is likely a red-sequence galaxy, typically elliptical or lenticular,
where star formation has largely ceased. The estimated photomet-
ric redshift is 0.3891 (DESI LS DR9). The integrated host flux is
0.04 £ 0.01 mJy, with a corresponding luminosity of [1.6 & 0.4] x
102~W~Hz™!, and the SFR is estimated to be 13.0 & 3.3 Mgyr~'.
Zou et al. (2019) estimated stellar mass log M, = 11.41 Mg, The
WISE magnitudes (W1 = 15.043 & 0.028, W2 = 14.921 £ 0.043)
are relatively faint and the low W1-W2 colour (0.122 % 0.051)
aligns with the galaxy’s low star formation activity. The gri colours
of this galaxy place it in the redder region of the diagram shown
in the bottom panel of Figure 3. Aside from the central galaxy, no
other galaxies at a similar redshift are observed within the region
of radio emission.

4.4. ORC J1313-4709

This system exhibits bright central radio emission along with
edge-brightened circular emission. The total integrated flux at
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Figure 2. ORCs in the first year of the EMU survey. The panels display radio images (left), corresponding infrared images (middle), and optical images (right), as indicated by the
column titles. The infrared images are obtained from the AlIWISE survey W1 band, while the optical images are primarily from DESI LS DR10. The optical image for ORC J1313-
4709 is sourced from the DSS2 survey due to the lack of DESI LS DR10 coverage for this region. Each image has a frame size of 4 x 4’ on the sky, and the beam size is shown
in the bottom right corner of the radio images. These ORCs exhibit edge-brightened radio emission surrounding distant host galaxies (marked with white arrows) and show no
detectable emission at other wavelengths beyond their host galaxies. Table 1 provides details about the host galaxies of these ORCs.
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Figure 3. The top panel shows the WISE colours of the two ORC host galaxies, for
which W3 band measurements are available, plotted on the WISE colour-colour dia-
gram adapted from Wright et al. (2010). The bottom panel displays the gri colours of all
host galaxies of the five ORCs, plotted on the gri colour-colour diagram adapted from
Masters et al. (2011). The gri photometry is sourced from the DESI LS DR10 catalogues.

944 MHz is measured as 3 mJy from the radio image. A cen-
tral galaxy, WISEA J131335.54-470915.2, is visible in the infrared
and optical images shown in Figure 2. Due to the lack of cover-
age in the DESI LS DR10, we present the optical image from the
Digitized Sky Survey (DSS; Lasker et al., 1990). The gri colours of
this galaxy, shown in the bottom panel of Figure 3, suggest it is
moderately blue, indicating ongoing star formation. An unusual
negative W1-W2 value indicates that the galaxy’s flux decreases
in the mid-infrared bands from W1 to W2. This indicates min-
imal influence from warm dust and active star formation, while
the radio emission points to significant AGN activity. The faint
infrared magnitudes further imply that the galaxy may either be
at a moderate-to-high redshift or possess a lower stellar mass.
Additional sources of emission seen in the infrared and optical
images, particularly toward the northeast and southwest, may also
be associated with the ORC. Improved optical coverage of this
region would provide further insights into the nature of the optical
sources within the area of the circular radio emission.
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4.5. ORC J2304-7129

This ORC system exhibits edge-brightened circular radio emis-
sion with a potential host galaxy at its centre. The total inte-
grated radio flux at 944 MHz is estimated to be approximately
3.344+0.21 m]y, and the system has a size of 16048 kpc.
The central galaxy, WISEA ]230420.71-712907.8, has counter-
parts 2MASS J23042070-7129078 and 6dF J2304207-712907. The
colours (g —r=20.51 and r —i=10.36) displayed in the bottom
panel of Figure 3 suggest that the galaxy is moderately blue,
likely indicating it is a star-forming galaxy. The WISE colours
suggest the potential presence of both ongoing star formation
and AGN activity, as evidenced in the radio image. The esti-
mated spectroscopic redshift of this galaxy is 0.1481 (Jones et al,,
2009). The integrated host flux is 0.55=+ 0.04 m]y, with a cor-
responding luminosity of [2.740.2] x 102~W~Hz™!, and the
SFR is estimated to be 23.04+ 1.7 Mgyr~!. Additionally, two
more galaxies are visible to the northeast (WISEA ]230423.51-
712902.5) and northwest (WISEA ]230419.53-712853.2) of the
central galaxy. However, these galaxies have redder colours and
do not appear to be at the same redshift as the central source,
suggesting they may not contribute to the observed circular radio
emission.

4.6. Other ORC candidates

In addition to the ORCs presented in the above subsections, we
identify two more unconfirmed ORC candidates through visual
inspections of the same 1 794 sources. These ORC candidates are
shown in Figure 4. Here, we present radio, infrared, and optical
images at the locations of these candidate ORCs.

The ORC candidate, J0510-5825, has edge-brightened circu-
lar radio emission with no counterpart in HASH and Greens’s
catalogue. This candidate shares morphological similarities in
radio continuum with SAURON (Lochner et al., 2023), a com-
plex, ring-like radio structure centred around a luminous red
galaxy. The total integrated flux at 944 MHz is measured as
2.5£0.2 m]y from the radio image. The central galaxy, WISEA
J051032.87-582518.8 (longitude, latitude = 267.1155°, —35.9488°
and A, =0.04) is relatively bright across all four bands (g, r, i,
and z), with the brightness increasing toward the redder bands.
The g-band magnitude (17.72) is slightly fainter than the r-band
(17.08), i-band (16.87), and z-band (16.70). The colours (g —r =
0.64 and r —i=0.21) suggest the galaxy might be elliptical or
lenticular, or it could belong to the ‘red sequence,” indicating
an older stellar population. The photometric redshift reported
in DESI LS DR9 is 0.120 &+ 0.059. The integrated host flux is
0.08 & 0.02 m]Jy, with a corresponding luminosity of [2.6 & 3.2] x
10*'~W~Hz™!, and the SFR is estimated to be 2.2 +£2.7 Mgyr~!
Additionally, two more nearby galaxies are located at the peaks
of the radio emission of the ORC. These galaxies are approxi-
mately 0.5’ towards the east (WISEA J051035.28-582513.7), and
north (WISEA J051032.75-582455.6) of the central galaxy. Their
redshifts (1.059 & 0.099 and 0.782 =+ 0.416, respectively from DESI
LS DRY) suggest that these galaxies may not be associated
with the circular radio emission. However, the coincidence of
these galaxies with the peaks of the radio emission means we
cannot conclusively determine that the circular emission orig-
inates solely from the central galaxy. Future high-resolution
radio observations will be necessary to further investigate this
system.


https://doi.org/10.1017/pasa.2025.10061

Publications of the Astronomical Society of Australia

Radio Image

J@510-5825

-58°24'

25'

Dec

26'

27'

5N10M42% 365 308 245 18°

-63°50'

51'

Dec

52'

53"
11"05m00°  04™50° 40°
RA

Infrared Image with Radio Contours Optical Image with Radio Contours

04™m50° 40°
RA RA

Figure 4. ORC candidates with unconfirmed host galaxies are presented. Details about the panels are provided in Figure 2. The corresponding optical images are sourced from
the DECaPS2 survey due to the absence of DESI LS DR10 coverage. In the top panel, white arrows indicate one central galaxy and two additional galaxies at the locations of radio
emission peaks, making it challenging to conclusively identify the origin of the circular emission with the current data. In the bottom panel, the high density of sources in the

optical image complicates the confirmation of a host galaxy.

Another ORC candidate, J1104-6351, exhibits a morphology
similar to that of ORC J0402-5321, shown in Figure 2, as well as
the ORC discovered by Koribalski et al. (2021). However, the iden-
tification of potential hosts for this system is challenging using
infrared and optical images. Due to the absence of DESI LS DR10
coverage for these sources, we include optical images from the
Dark Energy Camera Plane Survey 2 (DECaPS2; Saydjari et al,,
2023). The DECaPS2 optical image reveals several potential host
galaxies near the centre of the ORC candidate. However, due to
the high galaxy density and the absence of redshift information in
this region, it is not possible to confirm whether the radio emis-
sion is associated with one or more of these galaxies. Additionally,
in contrast to all other ORCs listed in Table 1 and the ORC can-
didate J0510-5825, this system lies much closer to the Galactic
plane, at longitude of 291.51°, latitude of —3.38°, and experi-
ences significant foreground extinction with A, = 2.13. However,
similar to the ORCs and the candidate J0510-5825 presented in
this work, it lacks a counterpart in both the HASH and Green’s
catalogues, leaving its origin uncertain. Future studies should
further investigate this system to confirm its multi-wavelength

counterpart.
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5. Other peculiars

While searching for ORCs  using the criteria described in
Section 3, we identified several radio sources with peculiar radio
morphologies. In this section, we present these radio sources,
which include Galaxies with Large-scale Ambient Radio Emission
(GLAREs), Starburst Radio Ring Galaxies (SRRGs), and some
unusual morphologies.

5.1. Galaxies with large-scale ambient radio emission

We identify several systems with diffuse radio emission around
distant galaxies, which may serve as potential precursors to
ORCs or may represent different evolutionary stages of ORCs
(see examples in Gupta et al., 2022; Kumari & Pal, 2024a,b). We
call these sources GLAREs (Galaxies with Large-scale Ambient
Radio Emission). Figure 5 provides examples, with the left panels
showing radio images and the right panels displaying radio
contours overlaid on optical images from the DESI LS DRI10.
In addition to these examples, several other such GLAREs were
identified in the first year of the EMU survey. All GLAREs are
listed in Table 2, along with details of their potential host galaxies,
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Figure 5. Examples of Galaxies with Large-scale Ambient Radio Emission (GLAREs). The left panels of each column display radio images from the EMU survey, while the right
panels present DESI LS DR10 images overlaid with radio emission contours in white. From top to bottom, each row displays two GLAREs featuring rectangular, circular, or irreg-
ularly shaped diffuse radio emissions surrounding their potential host galaxies, marked by white arrows. In the bottom panel, a smaller white arrow indicates a secondary
galaxy. The final row features two GLAREs where the potential host galaxies are centrally located, and another likely unrelated galaxy near the edge of the radio emission.
While only a few examples are presented here, Table 2 provides a comprehensive list of all GLAREs identified in the first year of the EMU survey. These can also be viewed at
https://doi.org/10.25919/cvz8-4d27. Diffuse radio emission around distant galaxies could offer insights into the origins of ORCs. Additionally, the intriguing morphologies of these
systems merit further investigation to explore the physics behind their shape and potential connections with ORCs.

including names and redshifts where available. While we do not
display all these sources here for brevity, they can be viewed
at https://doi.org/10.25919/cvz8-4d27, where we also provide
infrared images from the AIWISE survey and optical images
from DESI LS DR10, where available. All GLAREs are located
at Galactic latitudes |b| > 5°, and only 10 have |b| <10° (see
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Table 3). The r-band foreground extinction magnitudes for these
10 GLARESs are moderate, except for J1053-5317, where A, = 0.93.
This modest extinction is consistent with - though not defini-
tive evidence for - an extragalactic origin for most GLAREs.
Furthermore, no cross-matches were found for any GLAREs in the
HASH or Green’s catalogues, reinforcing the likelihood that, like
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Table 2. Galaxies with Large-scale Ambient Radio Emission (GLARES) identified in the first year of the EMU survey. The columns, from left to right, list the source
name, potential host galaxy, host’s RA and Dec (in degrees), host redshift, and the shape (S) of the diffuse radio emission (R: rectangular, C: circular, I: irregular; see
Figure 5 for examples). For GLAREs with another source near the edge of the radio emission, the source’s name, RA, Dec, and redshift are also provided. Spectroscopic
redshifts (subscript sp’) are from Jones et al. (2009) and from Ahumada et al. (2020) for J0202-0218, while photometric redshifts are primarily from DESI LS DR9, with
superscripts ‘@’ from Wen & Han (2024), ‘b’ from Bilicki et al. (2016) with error 0.033(1 + z), ‘c’ from Bilicki et al. (2014) with error 0.015. All GLARESs can be viewed at
https://doi.org/10.25919/cvz8-4d27.

Name Host name RA Dec z S Secondary source name RA Dec z
J0010-1113 WISEA J001052.00-111307.5 27167  —11.2188 0.530+0.147 | - - - -
J0047-4555 WISEA J004756.03-455550.7  11.9835 —45.9308 0.5414+0.046 R - - - -
J0146-4752 WISEA J014637.65-475205.9  26.6569  —47.8683 0.1624+0.010 R - - - -
J0156-5325 WISEA J015638.10-532551.2  29.1588  —53.4309 0.37940.025 C WISEAJ015641.21-532615.2  29.1717  —53.4376 0.676 +0.061
J0201-6227 WISEA J020117.35-622754.3  30.3223  —62.4651  0.2934+0.019 | - - - -
J0201-5139 WISEA J020147.44-513907.4 30.4477  —51.6521  0.408 £0.017 | - - - -
J0202-0218 WISEA J020213.37-021846.8  30.5557  —2.3130 0.177g, C - - - -
J0208-4725 WISEA J020808.61-472500.0 ~ 32.0359  —47.4167 0.2104+0.012 R - - - -
J0209-4312 WISEA J020928.22-431241.3  32.3676  —43.2115 0.2604+0.009 C WISEA J020929.14-431200.7  32.3715 —43.2002 0.231+0.021
J0209-4307 WISEA J020947.80-430712.3  32.4492 —43.1201 0.1994+0.005 C - - - -
J0214-1121 WISEA J021455.10-112131.4 33.7296  —11.3587 0.1944+0.004 C - - - -
J0219-6433 WISEA J021946.05-643306.9  34.9419 —64.5519 0.747+0.059 C - - - -
J0224-4436 WISEA J022430.58-443614.7 36.1274  —44.6041  0.462 £ 0.051 | - - - -
J0317-5236 WISEA J031706.96-523641.7  49.2790  —52.6116 0.3944+0.034 C - - - -
J0334-5434 WISEA J033409.47-543458.1  53.5395 —54.5828 0.0554+0.012 | - - - -
J0349-5149 WISEA J034918.21-514904.3  57.3259  —51.8179 0.1924+0.024 C - - - -
J0351-7251 WISEA J035124.82-725128.2  57.8535 ~ —72.8578 0.811+£0.0547 | - - - -
J0433-7314 WISEA J043301.23-731412.8  68.2552 —73.2369 0.304+0.043° ¢ - - - -
J0502-4221 WISEA J050218.16-422137.0 ~ 75.5757 —42.3603  0.108+:0.043 | - - - -
J0701-7003 WISEA J070156.30-700340.0  105.4849 —70.0611 - C - - - -
J0739-5503 WISEA J073953.80-550310.8  114.9742 —55.0530 0.139+0.038” R - - - -
J0741-5355 WISEA J074156.77-535551.6  115.4866 —53.9310 - C - - - -
J0858-6637 WISEA J085829.77-663728.6  134.6241 —66.6246 0.063;p C - - - -
J0911-1756 WISEA J091119.05-175643.6  137.8294 —17.9455 0.839+0.024° R - - - -
J0918-6227 WISEA J091841.91-622755.4  139.6746 —62.4654 - | - - - -
J0918-1949 WISEA J091851.75-194948.5  139.7156  —19.8301 - C - - - -
J0929-6508 WISEA J092919.29-650853.5  142.3304 —65.1482 - R - - - -
J0934-6116 WISEA J093414.13-611655.7  143.5589 —61.2821 - | - - - -
J0953-6131 WISEA J095300.69-613135.7  148.2529 —61.5266 0.0434+0.015° | - - - -
J0955-0738 WISEA J095514.69-073804.1  148.8112  —7.6345  0.1074+0.085 | WISEAJ095514.47-073715.8 148.8103 —7.6211  1.058 +0.105
J1014-6351 WISEA J101415.55-635150.1  153.5648 —63.8639 0.202+0.015° R - - - -
J1053-5318 WISEA J105322.98-531800.4  163.3458 —53.3001 - | - - - -
J1054-4847 WISEA J105440.47-484702.5 163.6686 —48.7840 - | - - - -
J1149+4-0044 WISEA J114900.49+-004459.7 177.2521 0.7499 0.235+£0.013 | - - - -
J1208-5531 WISEA J120857.69-553104.7  182.2404 —55.5179 - C - - - -
J1214-0233 WISEA J121415.55-023318.3  183.5648 —2.5551  0.8014+0.043 C - - - -
J1309-4444 WISEA J130923.34-444404.6  197.3473 —44.7346 0.088+0.036° | - - - -
J1322-7121 WISEA J132229.55-712126.5  200.6232 —71.3574 - | - - - -
J1419-3101 WISEA J141913.79-310152.0  214.8075 —31.0311 0.0965, R - - - -
J1438-2736 WISEA J143848.83-273639.9  219.7035 —27.6111 0.048;, R - - - -
J1446-2743 WISEA J144645.68-274310.0 ~ 221.6903 —27.7195 0.113+0.037% | - - - -
J1452-6632 WISEA J145210.97-663233.7  223.0457 —66.5427 - R - - - -
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Table 2. Continued.

N. Gupta et al.

Name Host name RA Dec z S Secondary source name RA Dec z
J1552-6606  WISEA J155209.52-660657.2  238.0397 —66.1159 - | - - - -
J1648-6908  WISEA J164815.60-690821.7  252.0650 —69.1394 0.05140.035” |  WISEA J164821.75-690847.4  252.0906 —69.1465 -
J1723-6614  WISEA J172343.89-661457.3  260.9329 —66.2493 - | - - - -
J1733-6528  WISEA J173316.13-652819.8  263.3172 —65.4722 0.0305p R - - - -
J1841-5623 WISEA J184156.65-562312.9  280.4861 —56.3869 - | - - - -
J1912-7120 WISEA J191205.59-712051.2  288.0233 —71.3476 0.22240.040° |  WISEAJ191146.27-712023.5 287.9428 —71.3399 -
J2012-5848  WISEA J201201.18-584826.7  303.0052 —58.8092 0.601+0.066 C  WISEA J201203.16-584804.3 303.0132 —58.8012 0.155+£0.006
J2018-1718 WISEA J201823.92-171817.6 ~ 304.5997 —17.3049 0.11240.037° | - - - -
J2058-0255 WISEA J205823.13-025544.2  314.5964 —2.9289  0.862+£0.034 | - - - -
J2102+-0356  WISEA J210249.68+035645.5 315.7070  3.9459 0.057+0.007 | WISEA J210253.08+035636.6 315.7212  3.9435  0.886+0.311
J2116-0718  WISEA J211630.09-071831.7  319.1280 —7.3068  0.800+0.167 |  WISEAJ211629.26-071731.6  319.1219 —7.2921 0.275+0.018
J2120-6900  WISEA J212022.85-690041.4  320.0949 —69.0114 - R - - - -
J2133-5409 WISEA J213339.17-540931.8  323.4132 —54.1588 0.280£0.011 | - - - -

Table 3. Galactic coordinates of GLAREs with source name, longitude (1), latitude
(b) and r-band foreground extinction magnitude (4;) for those with |b| < 10°.

Name [ (deg) b (deg) Ar

J0918-6227 280.9207 —9.0789 0.36
J0934-6117 281.4023 —6.9520 0.65
J0953-6131 283.2721 —5.6670 0.84
J1014-6352 286.6386 —6.0823 0.60
J1053-5317 285.7258 5.5816 0.93
J1054-4847 283.9030 9.7258 0.43
J1208-5531 296.9035 6.8528 0.63
J1322-7121 305.4353 —8.6368 0.50
J1452-6632 314.5520 —6.4345 0.61
J1552-6607 319.8550 —9.3774 0.19

ORCs and ORC candidates, these sources are not associated with
planetary nebulae or supernova remnants. The diffuse radio emis-
sion in these systems exhibits various shapes, such as rectangular,
circular, and irregular. A few GLAREs in the table also feature a
secondary source near the radio emission’s edge. Spectroscopic
redshifts (subscript sp’) are from Jones et al. (2009) and from
Sloan Digital Sky Survey (SDSS DR16 Ahumada et al., 2020) for
J0202-0218, while photometric redshifts are primarily from DESI
LS DRY, with superscripts ‘@’ from Wen & Han (2024), ‘D’ from
Bilicki et al. (2016), and ‘c’ from Bilicki et al. (2014). Additional
photometric redshifts from Duncan (2022), Zou et al. (2022), Wen
& Han (2024), and Zhou et al. (2025) are consistent with those
reported here and are omitted for brevity.

The exact mechanism behind the formation of ORCs remains
uncertain, but two primary models are proposed. A recent plau-
sible model suggests that the rings result from the collision of a
fading relic radio lobe with an external shock front, re-energising
the aged electrons (Shabala et al, 2024). Another widely sup-
ported hypothesis suggests that the rings are projections of a
spherical shell created by a shockwave originating from the cen-
tral host galaxy. Potential triggers for the shock include a merger
of supermassive black holes (Norris et al., 2022), a galaxy merger
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Table 4. Count of Galaxies with Large-scale Ambient Radio
Emission (GLAREs) categorized by the shape of their radio con-
tinuum emission. See Table 2 for details.

Shape Count
Rectangular (R) 12
Circular (C) 16
Irregular (1) 27

(Dolag et al., 2023), or a starburst-driven shockwave (Norris et al.,
2022; Coil et al., 2024).

The first row of Figure 5 shows two GLAREs with rectangu-
lar shapes, each with a potential host galaxy near the geometric
centre of the diffuse radio emission. The radio source J1419-3101
is linked to the central galaxy WISEA J141913.79-310152.0, with
a spectroscopic redshift of 0.096, while J0208-4725 is associated
with WISEA J020808.61-472500.0, at a photometric redshift of
0.210 £ 0.012. A total of 12 such GLAREs were identified in the
first year of the EMU survey and are listed in Table 2, denoted by
‘R’ in the shape column. The second row of Figure 5 highlights
circular diffuse radio emission surrounding potential central host
galaxies. The central galaxy for J0209-4307 is WISEA ]J020947.80-
430712.3, with a photometric redshift of 0.199 & 0.005, while
J0433-7314 is associated with WISEA J043301.23-731412.8, with a
photometric redshift of 0.304. These systems may represent differ-
ent evolutionary stages of ORCs identified by Norris et al. (2021b)
and Gupta et al. (2022), as well as the ORCs J0452-6231, J2304-
7129, J1313-4709, and ORC candidate J0510-5825 discussed in
this work. Table 2 lists 16 such systems, denoted by ‘C’ in the
shape column. Both rectangular and circular GLAREs may repre-
sent precursors or evolutionary stages of known ORCs, potentially
forming from shockwaves originating in the central galaxy and
later developing into edge-brightened rings. Alternatively, rect-
angular GLAREs e.g. J1419-3101 could be classical double-lobed
or remnant radio galaxies viewed near their major radio axis,
appearing foreshortened.

The third row of Figure 5 presents GLAREs with irregularly
shaped diffuse radio emission. Their potential host galaxy is either
near the centre of the diffuse emission (e.g. left panel), or, it is
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located closer to the edge (e.g. right panel). The radio source
J0010-1113 is likely hosted by WISEA J001052.00-111307.5, which
has a photometric redshift from DESI LS DR9 of 0.530 & 0.147.
Although the host galaxy is too faint to be easily seen in the
optical image, it can be recognised upon close inspection and
is catalogued in DESI LS DRI10, with its redshift recorded in
the DR9 photometric redshift catalogues. The galaxy also shows
bright emission in the infrared, as illustrated in the online image
repository of GLAREs. One possibility behind the higher infrared
brightness could be enhanced dust absorption of optical light,
followed by re-emission at infrared wavelengths, a scenario that
warrants further investigation in future studies of this system. The
source J0502-4221 is hosted by WISEA ]J050218.16-422137.0 at a
redshift of 0.108 £ 0.043. A total of 27 such irregularly shaped
GLARE:s are listed in Table 2, denoted by T’ in the shape col-
umn. The irregular diffuse emission could result from anisotropic
shockwaves originating from the host galaxies or galactic winds.
While these systems may not necessarily evolve into ORCs, they
could potentially develop edge-brightened circles over time, sim-
ilar to the ORC described in Koribalski et al. (2021) and ORC
J0402-5321 presented in this work.

The fourth row of Figure 5 shows GLAREs J0156-5325 and
J0209-4312, each with potential central host galaxies, WISEA
J015638.10-532551.2 and WISEA J020928.22-431241.3, respec-
tively. Both systems feature a prominent secondary galaxy near
the edge of the diffuse radio emission. These secondary galaxies
might be at similar redshifts to the central host. For example, in
the case of J0209-4312, WISEA J020928.22-431241.3 and WISEA
J020929.14-431200.7 have redshifts of 0.260 & 0.009 and 0.231 &+
0.021, respectively. Such systems could potentially evolve into
ORGCs, similar to the one described by Koribalski et al. (2021) and
ORC J0402-5321 presented in this work. Conversely, systems like
J0156-5325, where the central galaxy WISEA J015638.10-532551.2
is at a redshift of 0.379 £ 0.025 and the secondary galaxy WISEA
J015641.21-532615.2 is at 0.676 £ 0.061, suggest that the galaxy
near the edge may not contribute to the diffuse emission. Such
systems might evolve into structures like ORC J0210-5710, shown
in the top panel of Figure 2. Table 2 lists 9 such systems, providing
details about both the central and secondary galaxies.

The GLAREs discussed here appear to have potential host
galaxies that could be responsible for the observed diffuse radio
emission. This emission could evolve into edge-brightened rings
through merger-induced or starburst-driven shockwaves originat-
ing from their host galaxy (e.g., Norris et al., 2022; Dolag et al,,
2023; Colil et al., 2024), or through an external shock front dur-
ing the course of their evolution (e.g., Shabala et al., 2024). Diffuse
radio emission in galaxies is often associated with galactic winds,
which are large-scale outflows of gas and cosmic rays driven by
processes such as star formation and AGN activity (e.g., Nims,
Quataert, & Faucher-Giguére 2015, and references therein), and
these winds could also influence the evolution of these systems.
This suggests that some of the GLARE systems might be precur-
sors or a later evolutionary stage of ORCs. Given that two ORCs
were identified in the 270 deg2 EMU-PS1 (ORC J2103-6200 and
ORC ]2223-4834; Norris et al.,, 2021b; Gupta et al., 2022), we
would expect approximately 33 ORCs in the ~4 500~ deg” cov-
ered by the first year of the EMU survey. With five ORCs, two
ORC candidates, and the possibility that even half of the GLAREs
represent an evolutionary stage of ORCs, the observed numbers
align well with these expectations. Additionally, in our search, we
visually inspected sources with a confidence score threshold of
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Table 5. Coordinates of radio sources without plausible hosts in available
infrared and optical data, listed to aid their localisation in Equatorial (RA and
Dec) and Galactic (1, b) reference frames. The Galactic latitudes with |b| > 9 for
all sources indicate that none are likely located in the Galactic plane. The images
of these sources can be accessed at https://doi.org/10.25919/cvz8-4d27.

Name RA (deg) Dec (deg) | (deg) b (deg) Ar
J0048-4713 12.2404 —47.2300 304.1548 —69.8924 0.02
J0107-3624 16.8013 —36.4042 284.0816 —80.1400 0.02
J0318-5708 49.5083 —57.1444 272.4037 —50.3927 0.06
J0903-6121 135.7693 —61.3616 278.8400 —9.6975 0.40
J1009-1034 152.4989 —10.5701 251.3455 35.6621 0.11
J1407-0917 211.7863 —9.2841 332.2821 49.2248 0.08
J1615-7011 243.9400 —70.1878 318.6919 —13.8563 0.21
J1637-7520 249.2728 —75.3426 315.7716 —18.4552 0.14
J1750-7156 267.5040 —71.9335 321.6310 —21.1257 0.12

0.7. While we tested this threshold using 10 tiles for ORCs (see
Section 3), some GLAREs may still be missed with scores below
0.7. The hypothesised connection between ORCs and GLAREs
remains unconfirmed until detailed studies of these systems and
their host galaxies are conducted. Such investigations are nec-
essary to determine whether the emission results from galaxy
mergers, or starburst-driven shockwaves. Future research should
focus on examining the properties of the GLAREs’ potential hosts
as well as those of known ORCs to uncover the underlying physics
driving their morphological evolution.

While the connection between GLAREs and ORCs is an
intriguing hypothesis, the diffuse radio emission around these
galaxies itself warrants further investigation into the mechanisms
producing it. Notably, although the emission may originate from
a single host galaxy in most cases, there are systems where multi-
ple galaxies within the diffuse radio emission region are located at
similar redshifts as the central galaxy. Examples of such GLAREs
include J0209-4307, J0214-1121, J0219-6433, J0318-5708, J1214-
0233, and J2133-5409, all of which have nearby galaxies with
redshifts consistent with the central galaxy. There are additional
examples where optical images from DESI LS DR10 are not
available, but nearby sources are visible in the infrared images,
such as J0351-7251, J0701-7003, J0739-5503, J0741-5355, J0911-
1756, J0929-6508, J1014-6352, J1208-5531, J1309-4444, J1332-
7121, J1452-6632, J1723-6614 and J1733-6528. Understanding the
differences in emission mechanisms between single-host systems
and those involving galaxy groups or clusters is a compelling
area for future research. Additionally, some GLAREs may share
underlying physical mechanisms with classical double-lobed radio
galaxies or with remnant and restarted radio galaxies that are
poorly resolved at EMU resolution, though they may exhibit slight
variations in their jet emission processes. This could be the case
for some rectangular GLAREs, e.g. top-left panel of Figure 5 and
some GLAREs with a secondary source e.g. bottom-left panel of
Figure 5. Detailed future studies of these systems, such as spec-
tral index analysis and investigations into the correlation between
radio luminosity and infrared emission, will be crucial for advanc-
ing our understanding of radio jet emission physics.

In addition to the GLAREs, we have also identified a few dif-
fuse radio sources that lack a plausible host galaxy. These sources
were identified through visual inspection of the ~ 1800 sources
selected under the search criteria in Section 3. Table 5 provides
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Figure 6. An example of a diffuse radio source without a plausible host galaxy (left panel), as seen in the infrared W1 band from the AllWISE survey (middle panel) and in the optical
image from DESI LS DR10 (right panel). All similar diffuse sources without a plausible host galaxy can be viewed at https://doi.org/10.25919/cvz8-4d27.

the approximate positions of these sources, which are intended to
aid in locating them within the survey maps. These coordinates
do not correspond to any identified infrared or optical counter-
parts. Figure 6 presents one such diffuse source, and eight more
can be accessed at https://doi.org/10.25919/cvz8-4d27. All of these
sources are located at Galactic latitudes |b| > 9° and have r-band
extinction A, < 0.4. Additionally, none have cross-matches in the
HASH catalogue of planetary nebulae and Green’s catalogue of
supernova remnants, supporting the likelihood of an extragalactic
origin. The source J1407-0197, shown in Figure 6, does not have a
plausible host galaxy that could be responsible for the diffuse radio
emission. The overdensity of radio emission toward the south-
west edge corresponds to two faint sources in the optical image
with unknown redshifts, but these are unlikely to be the hosts
leading to the observed ~ 1" diffuse radio emission. The poten-
tial relationship between these diffuse radio sources and ORCs is
unclear. ORCs are defined as requiring a host galaxy at the cen-
tre of their edge-brightened ring structure (Norris et al., 2025).
While all GLARE: listed in Table 2 have potential host galaxies
and may represent an evolutionary stage of ORCs, these diffuse
sources without hosts are unlikely to serve as such. It is worth
noting that some GLARE:s in Table 2 and displayed in the online
image repository might also fall into this category, as confirming
the host galaxies based solely on infrared images remains chal-
lenging. Notable examples include J1322-7122, J1912-7120, and
J2018-1718. In the case of J0334-5435, although a nearby spiral
galaxy is identified as a potential host in the optical image, if it
is not the true host, identifying an alternative plausible host for
the diffuse radio emission would be difficult. The same is true for
sources listed without plausible hosts, such as J0318-5708, J1615-
7011, and J1637-7520, where bright infrared sources located at
the edge or within the diffuse emission could be the hosts, poten-
tially classifying these as GLAREs. Future focused studies of these
systems will be necessary to address these ambiguities.
Additionally, due to the absence of corresponding diffuse emis-
sion around these sources, it is improbable that they represent
the resolved radio lobes of typical double-lobed radio galaxies.
However, more sensitive radio images of these diffuse systems and
their surroundings will be required to confirm this. Independent
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of this, one possibility is that they are fading relic radio lobes
with re-energised, aged electrons due to an external shock (Shabala
etal., 2024), a mechanism that has been suggested to explain ORC2
and ORC3' (Norris et al., 2021b; Shabala et al., 2024). Future
studies of these systems will be crucial in testing the relic lobe
hypothesis and exploring potential connections with ORCs.

5.2. Starburst radio ring galaxies

As discussed in previous sections, ORCs and GLAREs exhibit
extended radio emissions that appear to originate from their
potential host galaxies. However, while these systems display radio
emission, they lack corresponding extended emission at infrared
or optical wavelengths. In contrast, Starburst Radio Ring Galaxies
(hereafter SRRGs; see, e.g., Forbes et al., 1994, and references
therein) are bright, star-forming galaxies characterised by edge-
brightened radio rings surrounding the resolved star-forming
regions, with minimal radio emission from the central nuclear
region. Examples of such SRRGs in the EMU-PS1 can be found
in Figure 10 of Norris et al. (2021b) and Figure 12 of Gupta et al.
(2022). Table 6 lists 18 additional Starburst Radio Ring Galaxies
identified in the first year of the EMU survey. Figure 7 shows
examples of a subset of these SRRGs. All SRRGs can be viewed
at https://doi.org/10.25919/cvz8-4d27. In each column of the fig-
ure, the left panels display radio images from the EMU survey,
while the right panels show W1 band AIIWISE images overlaid
with white radio emission contours.

The radio source J1406-3418 is associated with the host galaxy
WISEA J140635.51-341841.9, located at RA 211.6479° and Dec
—34.3116°, with counterpart ESO 140338-3404.5. It has a spec-
troscopic redshift of 0.0161. The host galaxy of J1508-2546 is
ESO 150508-2535.0 is a ring galaxy (see, Buta 1995), situated at
RA 227.0214° and Dec —25.7745°. The ring structure of the host
can be seen in the DESI LS DRI10. Its photometric redshift is
reported as 0.098, 0.099, and 0.073 by Bilicki et al. (2016), Beck
et al. (2021), and Wen & Han (2024), respectively. J0252-5756 is

’/Note that these systems have now been removed from the list of ORCs (see Norris et al.,
2025).
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Figure 7. Eaxamples of Starburst Radio Ring Galaxies (SRRGs) identified in the first year of the EMU survey. A notable characteristic of these systems is the minimal radio emission
from the nuclear region. In each column, the left panels show radio images from the EMU survey, while the right panels display DESI LS DR10 images with white radio emission
contours overlaid. All SRRGs listed in Table 6 can be accessed at https://doi.org/10.25919/cvz8-4d27.

linked to the spiral host galaxy WISEA ]025221.37-575652.7, at
RA 43.0891° and Dec —57.9479°. Its counterparts, ESO 025100-
5809.1 and 2MASX J02522129-5756531, are located at a spectro-
scopic redshift of 0.0295. This source exhibits a well-defined spiral
structure in DESI LS DR10. The host of J0450-6120 is another spi-
ral galaxy, WISEA J045026.79-612043.7, with counterparts ESO
044950-6125.7 and 2MASX J04502674-6120438. It is positioned at
RA 72.6116° and Dec —61.3454°, with a spectroscopic redshift of
0.0197. This source exhibits a well-defined spiral structure along
with a nearby resolved star-forming galaxy to the east, as seen in
DESI LS DR10.

All these SRRGs are nearby, resolved, star-forming galaxies and
do not appear to have any connection with ORCs or GLAREs.
Among the possible physical mechanisms leading to these rings,
Buta (1986) suggested that they could be explained by the accumu-
lation of gas at Lindblad resonances, which are regions in a galaxy
where gravitational forces from a non-axisymmetric component,
such as a bar, cause stars and gas to experience periodic perturba-
tions. The gravitational torques from a bar structure could drive
gas toward these resonant regions, leading to enhanced star for-
mation in the resulting rings. Alternative explanations for the for-
mation of starburst rings include gravitational instabilities within
the ring itself. Elmegreen (1994) proposed that gas accumulating
at the Inner Lindblad Resonance (ILR) can become gravitationally
unstable, leading to the fragmentation of the ring and subsequent
starburst activity. Recent studies have further investigated the role
of Lindblad resonances in the formation of nuclear rings. For
instance, Sormani et al. (2024) proposed that nuclear rings form as
gas accumulates at the inner edge of a gap that develops around the
ILR. They suggest that the bar potential excites trailing waves near
the ILR, which remove angular momentum from the gas, caus-
ing it to move inward and accumulate at the inner edge of the
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gap, forming the nuclear ring. While these mechanisms could also
explain the ring structure observed in radio wavelengths (although
it is not seen in optical except for J1508-2546), each of these galax-
ies is unique, and the absence of radio emission at their centres
warrants further investigation in future studies.

6. Conclusions

This paper presents a systematic search for Odd Radio Circles
(ORCs) and other unusual radio morphologies using first-year
data from the EMU survey, part of the ongoing Evolutionary Map
of the Universe (EMU) project. The aim is to identify peculiar
radio sources by combining advanced machine learning, specif-
ically supervised object detection, with traditional visual inspec-
tions. This approach enables the efficient processing of vast radio
datasets while reducing the likelihood of missing intriguing radio
structures, such as ORCs with edge-brightened rings and Galaxies
with Large-scale Ambient Radio Emissions (GLAREs).

The first step in our methodology involves training the object
detection model Gal-DINO on a subset of known radio sources
to detect specific morphological patterns like the distinctive edge-
brightened rings characteristic of ORCs and other unusual radio
morphologies in the EMU-PS1. The model is then applied to the
broader dataset from the first year of the EMU survey to flag
potential ORC candidates and other peculiar sources, which are
further visually inspected to verify their true nature. Additionally,
we focus on GLAREs, another interesting morphological class
that may serve as precursors or an evolutionary stage of ORCs.
These GLAREs typically show diffuse radio structures around
galaxies, with the emission exhibiting various shapes such as rect-
angular, circular or irregular. While all GLAREs have a potential
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Table 6. Starburst Radio Rings (SRRGs) detected during the first year of the
EMU survey are listed with their corresponding details. The columns, arranged
from left to right, include the source name, host galaxy, host’s right ascension
(RA) and declination (Dec) in degrees, and the host’s redshift (z). Spectroscopic
redshifts (subscript ‘sp’) are available for all galaxies except J1508-2546, for
which the photometric redshift (subscript ‘ph’) is taken from Bilicki et al. (2016).
The spectroscopic redshift values for J0252-5756, J1123-0106, J1255-4554, and
J1406-3418 are taken from Jones et al. (2009), while the rest are from Zaw et al.
(2019). Examples of these galaxies are illustrated in Figure 7, and all 18 SRRGs

can be accessed at https://doi.org/10.25919/cvz8-4d27.

Name Host name RA (deg) Dec (deg) z
J0132-3840 ESO 013015-3856.2 23.1144 —38.6796 0.0122,
J0208-5644 ESO 020716-5658.4 32.2314 —56.7369 0.0214,
J0250-5458 ESO 024925-5510.8 42.7239 —54.9759 0.0187gp
J0252-5756 ESO 025100-5809.1 43.0891 —57.9479 0.0295¢p
J0450-6120 ESO 044950-6125.7 72.6116 —61.3454 0.0197g
J0831-0111 UGC 04455 127.8871 —1.1979 0.0309
J0938-6149 ESO 093708-6136.2 144.6216 —61.8297 0.00974p
J0938-6356 ESO 093717-6342.4 144.6317 —63.9334 0.0153,,
J1123-0106 6dF J1123465-010618 170.9436 —1.1049 0.0184,
J1255-4554 ESO 125211-4538.1 193.7529 —45.9057 0.03664p
J1406-3418 ESO 140338-3404.5 211.6479 —34.3116 0.0161gp
J1440+4-0618 UGC 09454 220.0994 6.3072 0.0238p
J1508-2546 ESO 150508-2535.0 227.0217 —25.7737 0.0977pn
J1654-7235 ESO 164902-7230.3 253.7403 —72.5866 0.0195¢p
J1737-5531 ESO 173344-5529.3 264.4771 —55.5181 0.0233,
J1954-5842 ESO 195012-5850.7 298.5984 —58.7137 0.0071gp
J2044-6844 ESO 203948-6855.7 311.1408 —68.7476 0.01045p
J2101-0011 UGC 11663 315.2823 —0.1952 0.0237g,

host galaxy, we also identify a few diffuse radio sources with-
out a plausible host galaxy visible in the infrared and optical
images. Another set of objects we present are Starburst Radio Ring
Galaxies (SRRGs), which are bright, star-forming galaxies char-
acterised by distinct edge-brightened radio rings that surround
the resolved star-forming regions, with little to no central radio

emission.

Through this approach, we uncover 5 new ORCs, 2 candidate
ORCs, 55 GLAREs, and 18 SRRGs, providing new insights into
their potential formation mechanisms. The identified ORCs are
particularly interesting, as they represent rare objects that chal-
lenge our understanding of radio source morphology. These ORCs
are characterised by their edge-brightened rings of diffuse radio
emission, which could be formed through mechanisms like the
collision of fading relic radio lobes with external shock fronts, or
the projection of spherical shells created by shockwaves originat-
ing from the central galaxy. In addition to ORCs, we identify a
substantial number of GLAREs, which may either represent pre-
cursor systems that could evolve into ORCs over time or a later
evolutionary stage of ORCs. These objects provide a unique oppor-
tunity to study the evolutionary pathways of such systems. The
GLAREs exhibit various shapes and diffuse emissions, with some
showing a clear connection to their host galaxies. These find-
ings offer new clues into the mechanisms driving the formation
of edge-brightened rings and the role of galactic interactions or
shockwaves in shaping the morphology of these radio structures.
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While our study focuses on radio data from the EMU survey,
it is crucial to examine these objects across other wavelengths,
such as infrared, optical, and X-rays, to uncover the full pic-
ture of their physical nature. This multi-wavelength approach will
help us determine whether the radio emission is associated with
starburst-driven shockwaves, galaxy mergers, or interactions with
supermassive black holes. In particular, follow-up observations
will allow us to test the hypothesis that some of the GLAREs iden-
tified in this work may evolve into ORCs in the future, offering an
exciting avenue for future research. Some GLAREs might share
fundamental physical mechanisms with classical double-lobed
radio sources, though they could display subtle differences in their
jet emission processes. This may apply to rectangular GLAREs or
those with a secondary galaxy located at the edge of the radio
emission. Future detailed studies of these systems will be essen-
tial for advancing our understanding of the physics governing
radio jet emissions. Moreover, detailed studies of the host galaxies,
including their stellar populations, gas content, and merger his-
tories, will provide valuable insights into the broader context of
galaxy evolution and the role of radio emission in these processes.
Thus, this work lays the groundwork for future investigations that
will deepen our understanding of these peculiar radio sources
and their connection to galaxy evolution. Since this work relies
on catalogues generated by the RG-CAT pipeline, which in turn
are derived from Selavy-based catalogues, any undetected diffuse
radio sources in Selavy-based catalogues will also be absent from
this analysis. Future studies should work towards expanding the
search criteria using a catalogue-agnostic approach, using images
directly to identify any previously overlooked diffuse sources.
Finally, with the ORCs, GLAREs, and SRRGs presented in this
study, future efforts should focus on improving object detection
and other machine-learning models. Incorporating these radio
sources into training datasets will enhance detection probabilities
and confidence scores.
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