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A B S T R A C T 

We report the disco v ery of a unique object in the MeerKAT Galaxy Cluster Le gac y Surv e y (MGCLS) using the machine learning 

anomaly detection framework ASTRONOMALY . This strange, ring-like source is 30 

′ 
from the MGCLS field centred on Abell 

209, and is not readily explained by simple physical models. With an assumed host galaxy at redshift 0.55, the luminosity 

(10 

25 W Hz −1 ) is comparable to powerful radio galaxies. The source consists of a ring of emission 175 kpc across, quadrilateral 
enhanced brightness regions bearing resemblance to radio jets, two ‘ears’ separated by 368 kpc, and a diffuse envelope. All of the 
structures appear spectrally steep, ranging from −1.0 to −1.5. The ring has high polarization (25 per cent) except on the bright 
patches ( < 10 per cent). We compare this source to the Odd Radio Circles recently disco v ered in ASKAP data and discuss several 
possible physical models, including a termination shock from starburst activity, an end-on radio galaxy, and a supermassive black 

hole merger event. No simple model can easily explain the observed structure of the source. This work, as well as other recent 
disco v eries, demonstrates the power of unsupervised machine learning in mining large data sets for scientifically interesting 

sources. 

K ey words: galaxies: acti ve – radio continuum: galaxies. 
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 I N T RO D U C T I O N  

ver a billion radio sources are expected to be catalogued by 
urv e ys with the Square Kilometre Array (SKA; Braun et al. 2015 ).
lready, the SKA precursor telescopes, such as MeerKAT (Jonas & 

eerKAT Team 2016 ), ASKAP (Hotan et al. 2021 ), and LOFAR
van Haarlem et al. 2013 ), are producing data sets of remarkable size
nd richness. These data sets have proven to be a treasure tro v e for
cientific disco v eries, including Odd Radio Circles (ORCs; Norris 
t al. 2021 ), the ‘heartworm’ nebula (Cotton et al. 2022 ), a giant
-Mpc radio galaxy (Oei et al. 2022 ), and many others. Even older
arge surv e ys, such as FIRST (Becker, White & Helfand 1995 ), have
ontinued to reveal interesting new sources through intensive visible 
nspection in projects such as Radio Galaxy Zoo (Banfield et al. 
015 , 2016 ). Ho we v er, these disco v eries were made by scientists
nd citizen scientists serendipitously noticing the unusual source 
nd the increasing volume of modern data sets means that many 
nteresting sources may be missed. An alternative to manual search 
s machine learning: a set of algorithms designed to automatically 
earn patterns and models from data, which has the potential to 
ssist in rapidly sorting through data to locate interesting sources in 
arge astronomical data sets. Recent unsupervised machine learning 
 E-mail: mlochner@uwc.ac.za (ML); larry@umn.edu (LR); 
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pproaches have proven very ef fecti ve at discovering radio galaxies
ith unusual morphology (Segal et al. 2019 , 2022 ; Galvin et al. 2020 ;
ostert et al. 2021 ; Gupta et al. 2022 ). 
ASTRONOMALY (Lochner & Bassett 2021 ) is a general machine 

earning framework for anomaly detection in astronomical data. It 
ses a no v el activ e learning approach to optimally combine blind
nomaly detection algorithms with a small amount of human la- 
elling to quickly discard uninteresting anomalies, such as artefacts. 
his allows a scientist to focus most of their attention on a much
maller subset of interesting sources in the data. ASTRONOMALY 

as been used to detect optical galaxies with unusual morphology 
Walmsley et al. 2022 ) and to discover anomalous optical transients
Webb et al. 2020 ). 

In this work, we used ASTRONOMALY to search for sources 
ith unusual morphology in the MeerKAT Galaxy Cluster Le gac y
urv e y (MGCLS; Knowles et al. 2022 ). MGCLS is a programme
f MeerKAT L -band (900–1670 MHz) observations of 115 galaxy 
lusters. The full MGCLS surv e y contains ∼ 720 000 sources, with
n expected ∼6000 multicomponent extended sources (extrapolated 
rom extended source counts in two catalogued fields). While the 
ize of this data set may not seem particularly large, in practice it is
n extremely rich data set and many interesting sources have not yet
een studied. During this search, ASTRONOMALY detected a source 
ith unique morphology which was missed by scientists and is the

ubject of this paper. 
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1 https:// github.com/ska-sa/ katbeam 

2 ht tps://github.com/MichelleLochner/ast ronomaly/blob/main/ast ronomaly/p 
repr ocessing/image prepr ocessing.py#L365 
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In Section 2 we briefly describe the process by which the
ource was disco v ered, Section 3 details reprocessing of the original

GCLS data. We present an analysis of the properties of the source
n Section 4 , discuss possible models in Section 5 , and conclude
n Section 6 . We assume cosmological parameters from Planck
ollaboration VI ( 2020 ) throughout the paper. 

 M E T H O D O L O G Y  

o detect interesting sources in the 115 images, co v ering 166 de g 2 ,
rom the enhanced MGCLS data products, we first ran the PYBDSF

ource-finding algorithm (Mohan & Rafferty 2015 ) with standard
arameters. PYBDSF works by applying a threshold dependent on the
ocal rms noise, and then detecting regions of contiguous emission,
alled islands. The islands are fit with a number of Gaussian
omponents, which are usually used in radio source catalogues.
o we ver, because our focus is on sources with unusual morphology,
e obtained better results by constructing the catalogue from PYBDSF

slands rather than individual Gaussian components. We remo v ed the
ajority of simple, uninteresting sources by requiring a minimum

f four components per island. We then used the average position
etween the components as the source centre, and also determined
he minimum size for the source using the island boundary. The final
mage for each source is thus scaled to ensure all emission is captured
n a single cutout. We resized each image, interpolating if necessary,
o 128 ×128 pixels. 

We applied a standard sigma-clipping algorithm from ASTROPY

Astropy Collaboration 2013 , 2018 , 2022 ), using a threshold of 3 σ .
his algorithm uses an iterative approach to estimate the noise of the

mage and then masks pixels below the 3 σ threshold. This selects
he brightest regions in the cutout but includes unrelated background
ources that may confuse the machine learning algorithm. To correct
or this, we applied a contour-fitting algorithm from OPENCV (Bradski
000 ) to the masked image and selected only the emission contained
n the central contour (assumed that to be the source in question)
hus removing the background sources. This approach resulted in a
atalogue of 6332 extended sources. 

After extracting cutouts of the sources, we followed a similar
rocedure as in Lochner & Bassett ( 2021 ), which works well for
adio data despite originally being applied to optical galaxies. The
pproach combines simple morphological features with the anomaly
etection algorithm isolation forest (Liu, Ting & Zhou 2008 ) to
rovide an initial ranking according to anomaly score. We note that
ue to technical failures in the feature extraction (usually for small
ources with few data points), the total number of sources reduced
o 6047. 

ASTRONOMALY ranks each object in the data set according to
nomaly score and presents these in a visual interface. We manually
 v aluated the 200 most anomalous sources, giving them a score
ut of 5 for ‘interestingness’. This is inherently subjective, but we
ocused on radio galaxies with complex and unusual morphology.
inally, we applied the no v el activ e learning algorithm of Lochner &
assett ( 2021 ) and sorted the data by the active anomaly score.
hrough this process, we disco v ered a source with very unusual
orphology, which is the topic of this paper. We note that this source
 as rank ed in the top 1.2 per cent of the unlabelled data after applying

ctive learning, illustrating how rapidly ASTRONOMALY can disco v er
nteresting sources with only a very small amount of human labelling.

Located at right ascension and declination 22 . ◦9895, −13 . ◦5763, the
ource disco v ered by ASTRONOMALY has a ring-like structure with
our, uneven hotspots and ears extending to either side. It resembles
n Odd Radio Circle (ORC; Norris et al. 2021 ) and in deference
NRAS 520, 1439–1446 (2023) 
o the ORC theme, we will refer to it as SAURON – a Steep And
neven Ring Of Non-thermal radiation. 

 REPROCESSING  O F  T H E  ABELL  2 0 9  FIELD  

ATA  

he enhanced MGCLS data products for the Abell 209 field include
tokes I, Q, and U cubes, split into 14 frequency bins across 856–
712 MHz. See Knowles et al. ( 2022 ) for details on the observations
nd data processing. The images are centred at right ascension and
eclination 22 . ◦9895, −13 . ◦5763, and focus on the inner 1.2 ◦ × 1.2 ◦

f the pointing. While we made use of the original Stokes Q and U
ubes in our analysis, we used a reprocessed version of the Stokes I
ata to obtain a clearer view of SAURON. 
We reprocessed the Abell 209 data (block ID 1538591458, 2018

ctober 3) following the workflow ( OXKAT v0.3; Heywood 2020 )
hat was implemented for the continuum imaging of the MIGHTEE
urv e y (Jarvis et al. 2016 ) and described in more detail in Heywood
t al. ( 2022 ). Briefly, the CASA package (McMullin et al. 2007 ) was
sed to apply flags to and generate calibration solutions from the
rimary (PKS 0408 −65) and secondary (J0059 + 0006) calibrators.
he solutions were applied to the target data, which were then
agged using the TRICOLOUR package (Hugo et al. 2022 ). Imaging
nd delay self-calibration was performed using WSCLEAN (Offringa
t al. 2014 ) and CUBICAL (Kenyon et al. 2018 ), and facet-based
irection-dependent corrections were applied using DDFACET (Tasse
t al. 2018 ) and KILLMS (Smirnov & Tasse 2015 ). 

Sub-band images for spectral indices were made in 11 frequency
hunks of equal fractional bandwidth. A Briggs ( 1995 ) robustness of
0.4 was used with a consistent Gaussian taper, and a tapered cosine
indow of width 400 wavelengths applied to the inner part of the u , v 
lane. The model images were convolved with a circular 10 . ′′ 5 Gaus-
ian. The residual images were convolved with a homogenization
ernel determined using the PYPHER package (Boucaud et al. 2016 ),
nd summed with the convolved model. Primary beam correction
as performed using the KATBEAM 

1 package. 
Fig. 1 shows the final total intensity radio image o v erlaid on

ptical data. The griz DES DR1 images were combined into an RGB
mage using a pre-processing function from ASTRONOMALY 

2 which
escales each band by multiplying by a given scale factor ( g :6.0,
 :3.4, i :1.0, z:2.2) and applying an arcsinh stretch. The i and z bands
ere combined to form the R plane, the r band was used for G and

he g band for B. A Non-Local Means Denoising algorithm (Buades,
oll & Morel 2011 ) was applied using OPENCV (with h = 17) to

emo v e a small amount of background noise and obtain a clearer
icture. 

 ANALYSI S  O F  SAURON  

n order to understand possible mechanisms that may produce this
ource, we studied the morphology, spectral indices, and polariza-
ion properties of SAURON, as well as any multiwavelength data
vailable. 

The most likely optical counterpart, seen at the centre of SAURON
n Fig. 1 , is WISEA J013158.40-140631 (Wright et al. 2010 ). This
alaxy has a photometric redshift of 0.557 ± 0.008, according to

https://github.com/ska-sa/katbeam
https://github.com/MichelleLochner/astronomaly/blob/main/astronomaly/preprocessing/image_preprocessing.py#L365
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Figure 1. Radio intensity (purple) o v erlaid on an optical image from the Dark 
Energy Surv e y (The Dark Energy Surv e y Collaboration 2005 ; Morganson 
et al. 2018 ; Abbott et al. 2021 ) indicating a possible centrally located 
counterpart at z = 0.557. We set all pixels in the radio o v erlay below 3 σ
to zero for cosmetic purposes, to ensure noise does not obscure the optical 
background. The colour bar is restricted to the range 30 − 170 μJy beam 

−1 

to enhance the contrast. The synthesized beam (FWHM 6.2 arcsec) is shown 
in the lower left-hand corner. 
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he DES Y3 GOLD catalogue (Drlica-Wagner et al. 2018 ; Sevilla- 
oarbe et al. 2021 ). The infrared and photometric colours from WISE

nd DES meet the criteria laid out in Zhou et al. ( 2022 ), making the
ost a likely Luminous Red Galaxy. There are no other galaxies in
he DES catalogue within 10 arcsec of the centre of the source. 

Fig. 2 shows all detected optical sources from the DECaLS 

R8 catalogue (Dey et al. 2019 ) in the vicinity of SAURON,
oloured by their photometric redshift. 3 While several galaxies are 
etected within the contours of the radio emission, they do not align
onvincingly with the radio peaks and are all found at different 
edshifts, suggesting they are unrelated background or foreground 
ources. The lack of optical counterparts for the hotspots and the 
xcellent alignment of all hotspots with the ring makes it highly 
nlikely, but not impossible, that the hotspots and the ring are not
onnected to the same host galaxy and are simply a coincident 
lignment of unrelated sources. 

The area around SAURON has a density of 1522 galaxies per 
quare degree ( r < 19.81), 4 meaning there is only a 3.7 per cent
robability of coincidentally detecting a source of this brightness 
n a 10 arcsec radius around the centre of the source. For the
est of this paper, all size and distance measurements are made 
nder the assumption that this is the correct host galaxy and using
 We use DECaLS for this particular figure because the catalogue has been 
roduced with fewer cuts than the DES catalogue. So while this will include 
ik ely f alse positive sources, it is the most conserv ati ve test to look for any 
ossible counterparts for the hotspots. 
 Using the DES DR2 MAIN table and selecting all objects with quality flags 
ess than 4 and EXTENDED CLASS COADD > 2 in a square degree box 
round SAURON. 

C
o
t
t
t  

5

b

he cosmological parameters from Planck Collaboration VI ( 2020 ). 
nlike other ORCs with central hosts, we find no evidence of radio

mission, with a 3 σ upper limit of 30 μJy, or < 0 . 8 per cent fractional
uminosity. 

The source does not appear to be in any known cluster or group of
alaxies. Quantifying the true density of the environment is difficult 
ithout a large sample of spectroscopic redshifts. Ho we ver, the
hotometric redshift distributions from the DES Y3 GOLD sample 
ndicate a 7.2 ± 2.5 per cent excess of galaxies in the redshift range
.5–0.6 in a 10 arcmin radius region around SAURON compared to
he background (averaged over 500 independent regions of similar 
ize). It thus does appear that SAURON may be in a slightly
 v erdense re gion. 
The regions of interest we refer to throughout the paper are shown

n Fig. 3 . SAURON has four ‘hotspots’, with the east hotspot being
onsiderably fainter than the others. It also has two ears embedded
n the envelope. Its structure suggests quadrilateral symmetry, as 
ndicated by two perpendicular lines – one connecting the north 
nd south hotspots, the other bisecting the first and at a 90 ◦ angle.

hile this symmetry is not perfect, it is compelling, and any physical
odel must be able to explain both the ring and the structure of

he hotspots and ears. At the redshift of the assumed host (0.557),
A URON’ s ring is 175 kpc in diameter; the ears and broader envelope
re at least 370 kpc in extent. Its peak brightness is 0.2 mJy beam 

−1 

ith an integrated flux density of 3.9 mJy. This corresponds to a
onochromatic 1.4 GHz rest-frame luminosity of ∼10 25 W Hz −1 , in

he range of powerful radio galaxies. 
Fig. 4 shows plots of the spectra for the features defined in Fig. 3 .

he spectral indices are estimated using a simple weighted least- 
quares method. We average over an aperture of diameter 10.5 
rcsec for the hotspots and 14 arcsec for the ears. The higher
requency bands contain some visually spurious points which may 
esult from residual radio frequency interference, and may bias the 
pectral index estimates at a level of ±0.2. More robust spectral
ndices from on-axis observations of SAURON would be useful to 
uantify the variations between individual features. The fact that 
he hotspots all have a similar spectral index to each other and the
ing, and that spectral index ( ∼−1.2) is quite different from the
verage spectral index of galaxies in the MGCLS catalogue ( ∼−0.7)
s further evidence that the hotspots and ring form part of the same
ource and are not coincident alignments. Fig. 5 shows the spectra
alculated by averaging the flux density in 10 arcsec rings from
he centre of the source. There is a clear drop in flux density in
he centre of the source. The spectrum appears relatively constant 
ith radius, with marginal evidence for a steeper spectrum in the

entre. 
Fig. 6 shows the source polarized flux density, corrected for 

he noise bias, using only the range 908–1145 MHz where the
ignal:noise was highest. The vectors indicate the inferred magnetic 
eld direction, after correcting for rotation measure (RM), and have 
ncertainties of ∼10 ◦. The RMs were derived from least-squares 
ts to Q and U at the peaks of polarized emission for the entire
ange of frequencies, and gave values in the range 3 − 8 rad m 

−2 .
haracteristic errors were ∼ ±5 − 10 rad m 

−2 . The distribution 
f residuals is non-Gaussian, so the error estimate depends on 
he choice of how spurious individual values were excluded from 

he calculation. The Galactic foreground is ∼ 1 ± 5 rad m 

−2 in 
his direction, 5 so there is no strong Faraday contribution local to
MNRAS 520, 1439–1446 (2023) 

 Using the CIRADA RM cutout server ( ht tp://cutout s.cirada.ca/rmcutout /) 
ased on Hutschenreuter et al. ( 2022 ). 

art/stad074_f1.eps
http://cutouts.cirada.ca/rmcutout/
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M

Figure 2. Total intensity contours at (3, 10, 15, 20, 25) × the rms value 
of 7.3 μJy beam 

−1 with all galaxies in the region from the DECaLS DR2 
catalogue plotted in colours corresponding to their photometric redshift 
estimate. The synthesized beam (FWHM 6.2 arcsec) is shown in the lower 
left-hand corner. 

S  

∼  

Figure 4. Spectrum of various regions (defined in Fig. 3 ) of SAURON. The 
spectral index of each region is given in the legend with its error. 
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AURON. Away from the hotspots, the fractional polarizations are
25 per cent, similar to that seen for ORC1 Norris et al. ( 2022 ).
NRAS 520, 1439–1446 (2023) 

igure 3. Total radio intensity (purple) with annotations o v erplotted indicating the
ost galaxy (dot in the centre) and two perpendicular lines suggesting quadrilate
ndicate the areas used to compute the spectral index in Fig. 4 , which are 10.5 ar
estricted to the range 30 − 170 μJy beam 

−1 to enhance the contrast. The synthesiz
o we ver, there is no evidence for polarized emission associated with
he hotspots. The observed fractional polarizations of 3–5 per cent
ppear to contain contributions from the surrounding polarized ring
mission. Conserv ati vely, we can set an upper limit of ∼10 per cent
n the hotspot polarized fractions, but the actual value is likely
onsiderably smaller. The fact that the regions of high polarization
 four hotspots (N, S, E, and W), the two ears (E-ear and W-ear), the possible 
ral symmetry between the regions of interest. The size of the regions also 
csec diameter for the hotspots and 14 arcsec for the ears. The colour bar is 
ed beam (FWHM 6.2 arcsec) is shown in the lower left-hand corner. 
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Figure 5. Top – radial profiles of the brightness averaged over three sets of 
frequency channels, labelled with the central frequencies in each set. Bottom 

– the average spectral index over all frequency channels. 

Figure 6. Average bias corrected polarized flux density, o v er the range 908–
1145 MHz in orange and white total intensity contours at (3, 10, 15, 20, 25) ×
the rms value of 7.3 μJy beam 

−1 . Black vectors indicate the inferred magnetic 
field directions at the positions of the four peaks in polarized intensity, after 
correction for the local RM. The white dot at the centre represents the potential 
host galaxy and background emission is remo v ed with sigma clipping at a 
∼3 σ level for the total intensity contours. The synthesized beam (FWHM 7.6 
arcsec) is shown in the lower left-hand corner. 
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Table 1. Comparison of SAURON and ORC1 (values taken from Norris et al. 
2021 , 2022 ). The only two values that are significantly different between the 
two sources are noted in italics. Notes: a. Multitelescope spectral index; b. 
Average radio brightness of ring / central emission, reanalysed here for ORC1. 
c. Full diameter, (ring diameter). 

Property ORC1 SAURON 

Integrated flux density (mJy) 3.9 3.9 
Redshift 0.55 0.55 
Spectral index -1.4 a −1.4 
Ring per cent polariz. 15-30 10-28 
Ring/Interior brightness b 1.7 1.6 
Diameter (kpc) 520 370 (175) c 

per cent host flux density 2.7 < 0.8 
WISE W1 (mag) 15.065 15.058 
W1-W2 (mag) 0.081 0.001 
W2-W3 (mag) < 2.1 < 2.6 
DES g-r (mag) 1.9 1.79 
DES r-i (mag) 0.87 0.82 

o
(
c  

t  

o  

(

5

I  

d  

l
a  

o  

w
t  

fi  

–
s  

p
i
S  

m
i

h  

s

t  

p  

f
f
t  

c

e
i  

l  

(  

R  

s  

o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/1/1439/6985618 by D
ept of Energy/O

STI user on 27 August 2024
o not align with the hotspots implies they are not simply enhanced
egions of the ring and rather arise from a different physical process.

There are no sensitive public X-ray data available for SAURON. 
o we ver , a brief in vestigation of SRG’s eRosita (Predehl et al. 2021 )
ata in this region revealed no X-ray emission from the position 
f the host, at an approximate sensitivity of 10 −13 erg s −1 cm 

−2 

Churazov, E., Sunyaev, S., Khabibullin, I., private communication), 
orresponding to an approximate luminosity of < 10 45 erg s −1 . Thus,
here is not a high luminosity AGN present, although more sensitive
bservations would be needed to rule out less luminous AGN activity
Fotopoulou et al. 2016 ). 

 O R C  PHYSI CAL  M O D E L S  

n many ways, SAURON is similar to the ORCs with central hosts
escribed by Norris et al. ( 2022 ). Despite their very different morpho-
ogical appearances, the similarities between ORC1 and SAURON 

re striking, as seen in Table 1 . Thus, much of the detailed analysis
f physical models by Norris et al. ( 2022 ) applies to SAURON as
ell. Some derived parameters would change, e.g. SAURON has 

he same luminosity but a smaller emitting volume, so the magnetic
elds are likely somewhat higher. But the o v erall conclusions remain
the sizes, luminosities, energetics, radio spectra, radiative time- 

cales, etc. can all be plausibly explained by several different ring-
roducing mechanisms. These include a termination shock from 

ntense starbursting activity, an explosion following the merger of 
MBHs, and the end-on view of a radio galaxy. Each of these possible
echanisms also had significant flaws, for example, the unexplained 

nterior arcs of ORC1, so the models are currently incomplete. 
SAURON, too, creates difficulties for these simplest scenarios. Its 

ost has no detectable radio emission, so support for either AGN or
tarburst activity is lacking. 

The N–S structures in SAURON are very similar in appearance 
o radio jets/lobes (Fig. 1 ), and have significantly lower fractional
olarizations than the rest of the ring, suggesting they may have
ormed differently. Although ORC1 contains some relatively low 

ractional polarizations on its bright polarized ring, we re-examined 
hose images and found that these low polarization regions did not
orrespond to ORC1’s brightest patches as they do in SAURON. 

Orthogonal to the N–S jets, we find more amorphous brightness 
nhancements, including the ears. This o v erall quadrilateral structure 
s reminiscent of a source in the RBS 797 cluster (Fig. 7 ), a
ikely pair of twin radio jets forming and filling four X-ray cavities
Ubertosi et al. 2021 ). The authors of that study propose that the
BS 797 source is a merging SMBH system, with VLBI information

uggesting that the two sets of jets represent either a re-orientation
f the central ejection axis or separate ejections from the two
MNRAS 520, 1439–1446 (2023) 

art/stad074_f5.eps
art/stad074_f6.eps


1444 M. Lochner et al. 

M

Figure 7. 1.4 GHz (green) and 4.8 GHz (black) VLA radio contours o v erlaid 
onto the Chandra X-ray image for the possible binary black hole in RBS 797. 
Credit: Gitti et al., A&A, 448, 853–860, 2006, reproduced with permission 
© ESO. 
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MBHs. RBS 797 has one set of well-collimated jets (coincidentally,
–S) while the orthogonal ones are more diffuse. In SAURON,

he situation could be similar, e.g. with the ears representing an
arlier phase of jet activity, and therefore weaker than the N–S jets.
BS 797’s radio spectral indices are similar to those of SAURON (in

he range of −1.1 to −1.3), and the y hav e the same monochromatic
adio luminosities, ∼10 25 W Hz −1 (Gitti, Feretti & Schindler 2006 ).
ne important difference is that RBS 797 is on a significantly smaller
hysical scale (roughly 30 kpc) in diameter. 
On larger scales, Chon et al. ( 2012 ) detected X-ray cavities in the

ell-studied radio source, Cygnus A. They suggested that this was
 vidence of pre vious AGN acti vity. Krause et al. ( 2019 ) went further
o suggest Cygnus A shows strong evidence of precession and argue,
y studying several well-resolved radio galaxies, that sub-parsec
upermassive binaries may be common in powerful radio sources. It
s interesting to note that the model for merging SMBHs developed
y Merritt & Ekers ( 2002 ) predicts an extremely rapid 90 ◦ spin flip of
he central black hole. While this may not be a general result, it could
aturally explain the unique quadrilateral structure of SAURON. 
Recently, Dolag et al. ( 2022 ) used advanced simulations to

emonstrate that ORC-like structures could emerge naturally as a
esult of shocks produced by extreme galactic merger events which
esult in a galaxy with a virial mass of 10 13 M sun . An alternative
xplanation, suggested by Omar ( 2022 ), is that ORCs could be
roduced by shocks from 10 5 − 10 9 tidal disruption events around
he central massive black hole in a post-starburst galaxy. 

Whether or not the merging SMBH and two pairs of jets scenario
olds, we are left with the challenge of explaining both the existence
f the ring, and the quadrilateral structure, including the ears, for
AURON. None of the simple scenarios are sufficient, similar to the
ituation for ORC1, although one or more is likely to be playing a
ole. 

 C O N C L U S I O N S  

he unusual source we have called SAURON is the first (to
ur knowledge) scientific disco v ery made with machine learning
n MeerKAT image data. The anomaly detection framework, AS-
RONOMALY , easily detected SAURON, although it had not been
reviously spotted by the many people working on the MGCLS.
AURON shares many properties with ORCs, particularly ORC1.
AURON is thus likely explained by one or more of the physical
odels explored for the ORCs, including a termination shock from
NRAS 520, 1439–1446 (2023) 
ntense star -b ursting acti vity, the end-on vie w of a radio galaxy,
nd an explosion following the merger of SMBHs. Notably though,
AURON demonstrates unusual quadrilateral morphology with low
olarization in the brightest regions, which differs from ORC1. These
esults, and the fact that there is no detectable radio emission from the
ik ely host galaxy, disf a v ours the star -b urst and end-on radio galaxy
cenarios, but does not rule them out. The quadrilateral structure
f SAURON seems supportive of a merging SMBH origin and
esembles another such system in RBS 797; ho we ver the SMBH
odel does not explain the observed ring or ears without additional

omplexity. 
Radio observations with SAURON on axis, and also at lower

requencies, may reveal a clearer picture of the morphology and
olarization structure, while deep X-ray observations could provide
upport for the SMBH scenario. Additionally, detailed hydrodynamic
imulations using the physical models discussed are needed to fully
xplain SAURON and other similar ORCs. We expect to discover
any more anomalous sources in radio data using techniques such as

STRONOMALY , which will likely continue to push our understanding
f radio galaxies and the physics of extreme energetic events. 
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