
MNRAS 513, 1300–1316 (2022) https://doi.org/10.1093/mnras/stac701 
Advance Access publication 2022 March 24 

MeerKAT unco v ers the physics of an odd radio circle 

Ray P. Norris , 1 , 2 ‹ J. D. Collier , 1 , 3 , 4 Roland M. Crocker , 5 Ian Heywood , 6 Peter Macgregor , 1 , 2 

L. Rudnick , 7 Stas Shabala , 8 Heinz Andernach , 9 Elisabete da Cunha, 10 Jayanne English, 11 

Miroslav Filipovi ́c, 1 B ̈arbel S. Koribalski , 1 , 2 Kieran Luken , 1 , 12 Aaron Robotham , 10 , 13 

Srikrishna Sekhar , 3 Jessica E. Thorne 

10 and Tessa Vernstrom 

4 

1 School of Science, Western Sydney University, Locked Bag 1797, Penrith, NSW 2751, Australia 
2 CSIRO Space & Astronomy, Australia Telescope National Facility, P.O. Box 76, Epping, NSW 1710, Australia 
3 The Inter-University Institute for Data Intensive Astronomy (IDIA), Department of Astronomy, University of Cape Town, Private Bag X3, Rondebosch, 7701, 
South Africa 
4 CSIRO Space & Astronomy, Australia Telescope National Facility, PO Box 1130, Bentley WA 6102, Australia 
5 Researc h Sc hool of Astr onomy and Astr ophysics, Austr alian National University, Canberr a 2611, A.C.T., Austr alia 
6 Sub-Dept. of Astrophysics, Department of Physics, University of Oxford, Denys Wilkinson Building, Keble Rd., Oxford, OX1 3RH, UK 

7 Minnesota Institute for Astrophysics, University of Minnesota, 116 Church St. SE, Minneapolis, MN 55455, USA 

8 School of Natural Sciences, University of Tasmania, Private Bag 37, Hobart, TAS 7001, Australia 
9 Depto. de Astronom ́ıa, DCNE, Universidad de Guanajuato, Cj ́on. de Jalisco s/n, Guanajuato, CP 36023, Mexico 
10 International Centre for Radio Astronomy Research, M468, University of Western Australia, Crawley, WA 6009, Australia 
11 Department of Physics and Astronomy, University of Manitoba, Winnipeg, MB R3T 2N2, Canada 
12 CSIRO Data61, P.O. Box 76, Epping, NSW 1710, Australia 
13 ARC Centre of Excellence for Astrophysics in Three Dimensions (ASTRO3D), M468, University of Western Australia, Crawley, WA 6009, Australia 

Accepted 2022 March 1. Received 2022 February 25; in original form 2021 November 7 

A B S T R A C T 

Odd radio circles (ORCs) are recently-disco v ered faint diffuse circles of radio emission, of unknown cause, surrounding galaxies 
at moderate redshift ( z ∼ 0.2 – 0.6). Here, we present detailed new MeerKAT radio images at 1284 MHz of the first ORC, 
originally disco v ered with the Australian Square Kilometre Array P athfinder, with higher resolution (6 arcsec) and sensitivity 

( ∼ 2.4 μJy/beam). In addition to the ne w images, which re v eal a comple x internal structure consisting of multiple arcs, we also 

present polarization and spectral index maps. Based on these new data, we consider potential mechanisms that may generate the 
ORCs. 

Key words: galaxies: general – radio continuum: galaxies. 
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 I N T RO D U C T I O N  

dd radio circles (ORCs) appear as circles of diffuse radio emission
ypically about one arcmin in diameter. So far, no corresponding
iffuse emission at non-radio wavelengths (optical, IR, UV, X-ray)
as been detected. In some cases the ORCs have a galaxy, listed in
able 1 , at a redshift z ∼ 0.3 – 0.6 at their centre, which, if associated
see Section 6.6 ), implies an ORC diameter of hundreds of kpc. 

ORCs were first disco v ered (Norris et al. 2021b ) during the Pilot
urv e y (Norris et al. 2021c ) of the Evolutionary Map of the Universe
EMU: Norris et al. 2011 ), using the Australian Square Kilometre
rray Pathfinder (ASKAP) telescope (Hotan et al. 2021 ). A further
RC was disco v ered by Intema (Norris et al. 2021b ) in data from the
iant Metrewave Radio Telescope (GMRT), and an additional ORC
as since been disco v ered, also in ASKAP data, by Koribalski et al.
 2021 ). 

The ORCs strongly resemble supernova remnants or planetary
eb ulae, b ut their Galactic latitude distribution rules out a Galactic
rigin (Norris et al. 2021b ). They also resemble the rings of radio
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mission sometimes seen in nearby starburst galaxies (e.g. NGC
935; Norris et al. 2021b ), but the absence of an optical counterpart
o the diffuse radio emission rules out this explanation. Norris
t al. ( 2021b ) discuss and reject a number of other potential causes,
a v ouring a spherical shell from a transient event. Koribalski et al.
 2021 ) discuss three of these hypotheses for the origin of ORCs: 

(i) a spherical shock wave from the central galaxy, perhaps from a
ataclysmic event such as a merger of SMBH (super-massive black
ole), or else the termination shock of a starburst wind, 
(ii) a double-lobed radio active galactic nucleus (AGN) seen end-

n, 
(iii) the result of interactions between galaxies. 

Other suggested explanations for ORCS include the throats of
ormholes (Kirillov & Savelova 2020 ; Kirillov, Savelova & Vla-
ykina 2021 ). Ho we v er, at present, there is no agreed e xplanation
or the mechanism that produces them. 

Here we describe 1284 MHz observations with the MeerKAT
elescope of the first ORC (ORC J2103-6200, also known as ORC1)
o be recognized, in an attempt to test these and other hypotheses.
RC1 was disco v ered at 944 MHz using the ASKAP telescope, but
© 2022 The Author(s). 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. Properties of the optical/IR sources associated with the ORCs. 

Radio Observing Fractional 1.4 GHz DES/SDSS WISE 
Source Name ID flux density frequency radio luminosity SFR g r i z W1 W2 W3 z phot 

(mJy) (MHz) luminosity W/Hz M �/yr (AB mag) (Vega mag) 

WISEA J210258.15–620014.4 ORC1C 0.091 1284 0.027 7.3 × 10 22 40.2 22.04 20.10 19.23 18.79 15.07 14.98 > 12.94 0.55 
WISEA J210257.88–620046.3 ORC1S 0.74 1284 0.222 5.9 × 10 23 326.6 19.73 18.95 18.55 18.35 15.47 15.06 11.20 0.23 
WISEA J155524.65 + 272633.7 ORC4C 1.43 325 0.026 3.7 × 10 23 203.5 21.18 19.64 19.00 18.40 15.50 15.31 > 13.19 0.46 
WISEA J010224.35–245039.6 ORC5C 0.1 944 0.050 1.6 × 10 22 8.8 20.43 18.97 18.48 18.18 15.39 15.19 > 12.36 0.27 

Note. ORC1C, ORC4C, ORC5C are the central galaxies in their respective ORCs. ORC1S is the galaxy superimposed on the south of the ring in ORC1, which we consider to be 
unlikely to be physically associated with the ORC because of the very different redshift. Fractional luminosity is the flux density of the galaxy divided by the flux density of the 
diffuse emission of the ORC. Radio luminosity is calculated at 1.4 GHz to enable comparison with other results, and to calculate SFR (the calculated star formation rate if all the radio 
emission of the galaxy were due to star formation) using the relation derived by Bell ( 2003 ). Redshifts are from Zou et al. ( 2020 ). 

Figure 1. (Left) The ASKAP image of ORC1, adapted from Norris et al. ( 2021b ) at 944 MHz. The resolution is 11 arcsec, and the rms sensitivity is 25 
μJy/beam. (Right) The new MeerKAT image of ORC1 at 1284 MHz. The resolution is 6 arcsec, and the rms sensitivity is 2.4 μJy/beam. A FITS file of these 
images is available in the online supplementary material. 
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as subsequently observed (Norris et al. 2021b ) using the Australia 
elescope Compact Array (ATCA: Wilson et al. 2011 ) at 2.1 GHz
nd the Murchison Widefield Array (MWA: Tingay et al. 2013 ) at
8–154 MHz, establishing its reality beyond doubt. The ASKAP 

mage is shown in Fig. 1 . 
Sections 2 and 3 of this paper describe the observations and 

ata reduction respectively, the results of which are presented in 
ection 4 . In Section 5 , we discuss the phenomenology of ORCs,
nd in Section 6 , we discuss the nature and environment of the host
alaxy. Guided by these new results, in Section 7 , we discuss possible
nterpretations of the ORC phenomenon. 

 OBSERVATIONS  

he MeerKAT radio telescope (Jonas & MeerKAT Team 2016 ; 
auch et al. 2020 ) is the South African precursor for the Square
ilometre Array. It consists of 64 13.5-m diameter antennas with 

ingle pixel, offset Gregorian feeds. 70 per cent of the antennas are
ontained within a 1-km inner core, while the remaining antennas 
re distributed o v er a wider area giving a maximum baseline length
f 8 km. The observations described here have a centre frequency of
284 MHz and a bandwidth of 800 MHz. 
We observed ORC1 with MeerKAT on 2020 June 6 as a Director’s

iscretionary Time observation (proposal number DDT-20200519- 
N-01). The standard calibrator PKS B1934–638 was observed for 
 min for every 30 min target scan, and there was a single 10 min
can of the primary polarization calibrator 3C 286 (J1331 + 3030).
he total on-source time for ORC1 was 10 h. 

 DATA  R E D U C T I O N  

s the data processing techniques for MeerKAT data are still being
ptimized, we tried two approaches in parallel. The first was known
o produce excellent Stokes I images but did not do polarization
r spectral calibration, whereas the second approach calibrated for 
olarization and spectral index. In the second approach, the data 
s imaged separately in a number of different spectral windows, 
esulting in a slightly lower o v erall sensitivity than the first approach.

In both cases, the first step is to convert the visibilities from their
ative format to Measurement Set format, averaging down to 1024 
requency channels to reduce the data volume. 

We then flagged (excised) those frequency channels that are 
ffected by radio frequency interference, including the removal of 
nown persistent radio frequency interference regions, and then 
utoflagged data using using the the CASA FLA GD ATA task of CASA

ackage (McMullin et al. 2007 ). 
About 50 per cent of the data were flagged because of RFI

Radio Frequency Interference). Most of the losses occurred on short 
pacings in the geolocation satellite bands at about 1150–1300 and 
520–1610 MHz, with secondary losses at the lower end of the band
MNRAS 513, 1300–1316 (2022) 
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Table 2. Spectral windows (SPWs) used for spectral 
index and polarization analysis. Gaps between the SPWs 
indicate the locations of severe RFI. 

SPW # band 
(MHz) 

1 880–933 
2 960–1010 
3 1010–1060 
4 1060–1110 
5 1110–1163 
6 1299–1350 
7 1350–1400 
8 1400–1450 
9 1450–1500 
10 1500–1524 
11 1630–1680 
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round 930 MHz due to aviation and GSM. More detail on the RFI
nvironment at MeerKAT can be found in Mauch et al. ( 2020 ). 

In both approaches, we used PKS B1934–638 as the bandpass,
ux and phase calibrator, using the flux scale measured by Reynolds
 1994 ), and, in the second approach, used J1331 + 3030 (3C 286) as
he polarization calibrator. 

.1 Approach 1 (Imaging) 

n the first approach, we derived flux, delay, bandpass, and time-
ependent gain corrections from calibrator observations via an itera-
ive process with rounds of flagging based on the residual visibilities
etween iterations. We applied the calibration solutions to the target
isibilities, which were then flagged using the TRICOLOUR 

1 package.
We imaged the data twice using WSCLEAN (Offringa et al. 2014 ),

ith the second round of imaging using a deconvolution mask based
n the results of the first round. We derived phase and delay self-
alibration solutions using CUBICAL (Kenyon et al. 2018 ). We then
maged the self-calibrated visibilities using DDFACET (Tasse et al.
018 ), with direction dependent corrections derived using KILLMS

e.g. Smirnov & Tasse 2015 ). No primary beam corrections were
pplied, since the target of interest is at the phase centre and has a
mall angular extent (1 arcmin) compared to the FWHM (full-width
t half-maximum) of 66 arcmin of the primary beam. The final image
as produced with a Briggs ( 1995 ) weighting of −0.3, resulting in
 rms noise of 2.4 μJy beam 

−1 at the image centre, and an angular
esolution (FWHM of the restoring beam) of 6.2 arcsec × 5.9 arcsec,
A −88 deg. The processing scripts are available online if further
etails are required (Heywood 2020 ). 
This processing resulted in an image of ORC1 which is about

en times deeper than the EMU Pilot Surv e y image, with twice the
esolution. 

.2 Approach 2: Spectral Index and Polarization 

he second approach followed a similar o v erall strate gy to the
rst, but included polarization and spectral index calibration, and
esulted in spectro-polarimetry cubes. We processed the data with
he CASA -based (McMullin et al. 2007 ) IDIA pipeline (Collier et al.,
n preparation) 2 at the ilifu 3 research facility. 
NRAS 513, 1300–1316 (2022) 
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The first step was to split the data into 11 spectral windows
SPWs), shown in Table 2 , whose edges were chosen to exclude the
nown frequency ranges of persistent RFI. We processed each SPW
ndependently, following a standard two-round cross-calibration
rocess. Splitting into SPWs enables a solution which is a function
f frequency, accounting for the Stokes-I spectral index and any
nstrumental rotation in the polarization spectrum of the calibrators. 

We then derived flux, delay, bandpass and time-dependent gain
orrections of each of the SPWs from calibrator observations via
n iterative process This enabled better statistics for a second round
f flagging, which used the same modes as before, with tighter
hresholds, in addition to the ‘rflag‘ mode. 

We then performed full Stokes cross-hand calibration, during
hich a new set of delay, bandpass, and parallel-hand gains were

omputed using gaintype = ‘T’ , to solve for a polarization-
ndependent gain. Additionally, we solved for instrumental leakages
sing the flux calibrator, and derived the XY-phases using the
olarization calibrator. 
To self-calibrate the data, we first imaged and deconvolved each

PW down to a clean limit of 100 μJy/beam. Cleaning each SPW
eparately resulted in a slight loss of signal/noise ratio compared
ith the first approach, but resulted in a solution which accounted

or the spectral behaviour o v er the field. 
We then performed source finding using P y BDSF (Mohan &

afferty 2015 ), from which the resulting island boundaries were
sed as a clean mask within a subsequent round of deconvolution
own to a 10 σ threshold. We then used the output image to produce a
hase-only selfcal solution for time-dependent gains using a 1 minute
olution interval and gaintype = ‘T’ , which were applied and
sed to flag on the residual data. No primary beam corrections were
pplied, since the target of interest is at the phase centre and has
 small angular extent (1 arcmin) compared to the beamwidth (66
rcmin FWHM). 

Finally, we produced a Stok es IQ UV cube for each SPW, imaging
ith the same input mask and threshold, and a robustness of −0.5,

nd a 10 arcsec Gaussian ( u , v) taper, in order to match the (u, v)
omponents between each SPW, chosen to match the synthesized
eam from the lowest part of the band. This was particularly impor-
ant for producing the spectral inde x map, and av eraged polarization
ube. Similarly, the images were restored with a (circular) restoring
eam of 10 arcsec. The resulting averaged Stokes I image has an
MS of ∼3.5 μJy/beam at the centre of the image. 
During the calibration, the polarization of two (SPWs 7 and 10)

f the eleven SPWs were found to be slightly affected by RFI, and
hese were excluded from the polarization analysis, but included in
he spectral index analysis. 

A similar set of cubes was produced for the calibrators, although
 v er ∼120 channels, each 2.5 MHz wide, to verify the data quality,
y comparing the IQUV spectra to the known values for the two cali-
rator fields, which were found to closely match the expected values.
A spectral index map for the source was produced by performing

 least-squares fitting routine on every pixel in the 11 SPWs within
 sub-image surrounding ORC1. 

 RESULTS  

.1 Stokes-I Image 

he resulting image from the first processing stream is shown in
igs 1 and 2 . It confirms the previous ASKAP image in showing
 circular edge-brightened ring with diffuse emission inside, but in
ddition 

https://github.com/ska-sa/tricolour/
https://idia-pipelines.github.io/docs/processMeerKAT
http://www.ilifu.ac.za/
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Figure 2. The MeerKAT Stokes-I image of ORC1, superimposed on optical data from the Dark Energy Surv e y DR1(Abbott et al. 2018 ), both spanning the 
same field of view. A square root transfer function was applied to the radio data of the field of view and this greyscale image was then adjusted for contrast. 
An image of the radio data confined to the ORC region was assigned mint green. This region was blended with the greyscale radio continuum field of view 

image and the DES optical image of the same field, so that faint radio sources outside the ORC appear as faint grey diffuse patches, often surrounding their host 
galaxies. The filters used in the DES image were assigned turquoise, magenta, yellow, and red, with the result that DES sources mainly appear in this image as 
white. The layering schema employed is described in English ( 2017 ). This figure is optimized to conv e y the structure of the ORC, and quantitative information 
should be taken from Fig. 1 or from the FITS files in the Supplementary Information. 
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(i) it has an rms sensitivity (2.4 μJy/beam) about one tenth that of
he ASKAP image, 

(ii) the angular resolution (6 arcsec) is about twice as high as that
f the ASKAP image, 
(iii) The central galaxy, designated as ORC1C by Norris et al. 

 2021b ), is clearly detected as a radio source. We consider this likely
o be the host galaxy of the ORC, and discuss this further in Section 5 .

(iv) The hints of internal structure seen in the ASKAP image are 
learly resolved into a number of arcs of emission. 

(v) There are a number of knots of radio emission within the ORC,
ome of which correspond to galaxies. Some of these galaxies appear 
o be associated with the ORC, as discussed in Section 5.1 below,
hile others (such as the bright source ORC1S in the south of the
RC) are at very different redshifts and are presumably unassociated 

hance coincidences. 

.2 Spectral Index 

hroughout this paper, we define spectral index α in terms of the
elationship between flux density S and observing frequency ν as 
 ∝ να . 
MNRAS 513, 1300–1316 (2022) 
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Figure 3. The MeerKAT spectral index image of ORC 1. An equiluminant 
colour table (Richardson et al. 2021 ) shown in the colour bar, spans the 
spectral index range of −2.0 < α < −1.1. Outside the spatial region of the 
ORC, the purple also represents α < −2.0 while the green–yellow represents 
α > −1.1. The spectral index map has been multiplied by a square root black 
and white stretch of the total intensity map, which was subsequently adjusted 
for contrast. We estimate the uncertainty in spectral index to be ∼0.1. 
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Figure 4. The measured fractional polarization of ORC 1. The colourbar 
shows percentage polarization. To down-weight regions of low signal/noise 
ratio in the polarization image, we multiplied (i.e. masked) this colour image 
by the total greyscale intensity image. We estimate the uncertainty in the 
fractional polarization as ∼5 per cent. 

 

r  

f
W  

p  

r  

f  

p
 

l  

s  

r  

2  

O
 

o  

a  

w  

t  

r  

s  

o
 

i  

m
 

t  

i  

f  

y  

∼  

d  

‘  

4 This radial range using a central position of 21:02:57.27, −62:00:14.3, was 
adopted for convenience to account for the polarised ring’s slight elliptical 
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The spectral index map, obtained as described in Section 3.2 ,
s shown in Fig. 3 , which displays the spectral index using an
quiluminant colour table (Richardson, English & Ferrand 2021 ).
ystematics in the flux calibration in the individual frequency bands

imit the accuracy of the spectral indices to ∼±0.1. 
The ring has a median spectral index of ∼−1.6 but this varies

onsiderably around the ring, as shown in Fig. 3 . The faint regions
nside the ring appear steeper, at ∼−1.9. The arc structures inside
he ring have a similar spectral index to the outer ring, suggesting
hat they are both produced by the same mechanism. 

The galaxy in the south of the ring has a spectral index of ∼ −0.95,
nd the regions of the ring adjacent to it also have a flatter spectral
ndex than the ring, suggesting that the radio emission from this
alaxy extends over a significantly larger area than is obvious from
he total intensity image. The radio luminosity of this galaxy (see
able 1 ) suggests that it is an AGN. 
The integrated in-band spectral index of ORC1 from this data is
1.64. Norris et al. ( 2021b ) also measured this integrated spectral

ndex using data from several telescopes. We have re-measured
hose integrated flux densities, and added the new flux density
easurement from the MeerKAT data. A least-squares fit to these

ata gives a multi-telescope spectral index of the integrated emission
between 88 and 1284 MHz) of −1.4 ± 0.05. The discrepancy
etween this spectral index ( −1.4) and the in-band MeerKAT spectral
ndex ( −1.64), may be attributable to spectral steepening at higher
requencies, suggesting an ageing population of electrons. For the
urposes of the modelling later in this paper, we adopt the multi-
elescope spectral index of −1.4. 

.3 Polarization 

he fractional polarization of ORC 1 is shown in Fig. 4 . The
ractional polarization along the outer ring is as high as ∼30 per cent,
ith lower fractional polarizations in the interior. 
NRAS 513, 1300–1316 (2022) 
To determine the polarization properties of the outer polarized
ing, we averaged Q and U in 20 ◦ azimuthal sectors, separately
or each frequency channel, over the radial band 25–50 arcsec. 4 

e then performed a least squares fit to the resulting values of
olarization angle as a function of wavelength squared, to derive a
otation measure (RM) and electric vector polarization angle at zero
requency for each sector. The same procedure was done for the
olarized patch in the interior. 
Ignoring the unreliable values at azimuths 250 ◦ and 350 ◦ due to

ow polarized signals, the RMs averaged 27.2 rad/m 

2 , with an rms
catter of 4 rad/m 

2 . The Galactic foreground ranges from 17–25
ad/m 

2 in the 3 ◦ region surrounding ORC1 (Hutschenreuter et al.
022 ), suggesting that there is very little contribution local to the
RC, and therefore a very dilute surrounding thermal plasma. 
The resulting magnetic field vectors (obtained by rotating the

bserved electric field vectors by 90 ◦) are shown in Fig. 5 . They have
 typical error of ∼5 ◦, except for the two low polarization azimuths,
here the errors are ∼10 ◦. The field directions are very close to

angential to the ring structure; an average offset of ∼10 ◦ may be the
esult of uncertainties in the polarization angle calibration. It is also
ignificant that the vectors vary smoothly along the ring, except for
ne low polarization region. 
The magnetic field for the interior polarized patch is also shown;

t has a RM consistent with those of the ring, and shows that the
agnetic field is aligned with the direction of the arc. 
We also estimated the depolarization using the north-west half of

he ring, with the caveat that the structures were somewhat different
n the different frequency channels. The values for 3 bins of 3
requency channels each, omitting the two most unreliable channels,
ielded percentage polarizations of ∼27 per cent (for λ2 = 395 cm 

2 ),
21 per cent (658 cm 

2 ), and ∼16 per cent (954 cm 

2 ), indicating mild
epolarization o v er the observ ed wav elength range. The equi v alent
k’ value in a Burn depolarization law P( λ) = P(0)e ( −kλ4 ) , which

art/stac701_f3.eps
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Figure 5. The B vectors of the polarization of ORC 1, corrected to zero 
wavelength using the derived RM, overlaid on the total polarization image, 
indicating a tangential magnetic field in the ring. 

Figure 6. Plots of total intensity (blue) and polarized intensity (red) along a 
line going through the central galaxy, as shown in the inset. The brightness 
levels are the average of the first 9 frequency channels at 10 arcsec resolution, 
so are an approximation, and do not account for spectral index. The plots 
are each normalized to their peak value in the profile, with a value of 100 
representing 193 μJy/beam for I, and 28 μJy/beam for P. The fractional 
polarization is dramatically lower in the interior, and the peaks on the rings are 
at larger radii than in total intensity, leading to higher fractional polarizations 
on the outer edge of the ring. Data points are separated by 4.5 arcsec. 
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haracterizes the gradients in RM, is ∼ 70 rad 2 m 

−4 , similar to that
een from the medium around tailed radio galaxies (e.g. Guidetti 
t al. 2010 ). 

A more detailed view of the polarization is shown in Fig. 6 , which
hows the polarization along a cross-section through the image. This 
gure confirms that the fractional polarization in the rings is higher 

han that in the interior, and also shows that the polarization in the
ing peaks at a larger radius than in total intensity, leading to higher
ractional polarization on the outer edge of the ring. 

The arc-like structures inside the ring are not as strongly polarized 
s the outer ring. While this might be caused by depolarization of
n arc that is behind the ORC, arcs in the foreground would not be
ubject to this depolarization. Therefore, it is likely that the lower 
olarization is intrinsic to the interior arcs. This implies that they 
re physically different from the outer ring, and makes models such 
s shown in Fig. 14 (a), with an equatorial and polar ring, more
ttractive than models in which the structure consists of two ellipses
e.g. Fig. 14 (b)]. 

 T H E  H O S T  G A L A X Y  

.1 Environment 

orris, Cra wford & Macgre gor ( 2021a ) hav e e xamined the environ-
ent of the three single ORCs, and found that while ORC1 is located

n a significant o v erdensity, ORCs 4 and 5 are not, although each has
 neighbour with which it is probably interacting. Here, we examine
he environment of ORC1 in detail. 

In Fig. 7 , we show the distribution of galaxies surrounding ORC1.
t is clearly located in an o v erdensity of galaxies. There are 8 galaxies
ith 0.5 < z < 0.6 within 0.5 arcmin of ORC1, which gives a
ensity 9 times higher than galaxies in the same redshift range in
he surrounding area. The individual photometric redshifts do not 
ave enough precision (median standard error = 0.076) to accurately 
ocate them in the radial direction (i.e. along the line of sight) relative
o the ORC. Ho we ver, if we assume that the distribution in the radial
irection is similar to the distribution in the tangential direction (i.e.
erpendicular to the line of sight), then several of these galaxies are
ctually located within the shell of the ORC. 

In Fig. 8 , we show the distribution of the galaxies with 0.5 < z <
.6 within the ORC. All their redshifts agree to within 1 standard
rror, suggesting they are physically associated. It also suggests that 
everal, if not all, of them are physically located within the ORC
hell. We might therefore expect to see some sign of their interaction
ith the wind that produced the shell. No such radio structures are
isible in Fig. 8 . Ho we ver, the galaxies will hav e mo v ed significantly.
 or e xample, assuming a peculiar v elocity of 100 km s −1 , the y would
av e mo v ed by 0.1 Mpc = 16 arcsec o v er the ∼Gyr lifetime of the
RC. Each of them is within 16 arcsec of one of the internal arcs,

o one idea that would be interesting to explore is whether the arcs
ight consist of streams of ionized gas blo wn of f these galaxies

y the starburst wind. A similar process is observed in ‘Jellyfish
alaxies’ (e.g. Ebeling, Stephenson & Edge 2014 ). 

.2 The Morphology of the ORC1 host galaxy 

ESI Le gac y data (Zou et al. 2020 ) find that the radial profile of
he galaxy is best fitted by a de Vaucouleurs profile, suggesting that
t is probably an elliptical galaxy. The resulting half-light radius 
s 1.73 arcsec, and major and minor axes of 3.82 and 3.08 arcsec
espectively. In Fig. 9 we show the low-level emission surrounding 
he central galaxy. It is evident that there is low-level diffuse emission
xtending to about 7 × 5 arcsec. We speculate that this may indicate
ome interaction with the neighbours. 

.3 Colours of ORC host galaxies 

ig. 10 show these three galaxies on a WISE colour–colour diagram.
hey are close together in the part of the diagram occupied by spiral
alaxies, although their limits on W3 would also permit them to be
llipticals. Ideally these colours should be k-corrected. For example, 
f the galaxies had a Spectral Energy Distribution similar to Arp220,
hen the k -correction would mo v e ORC1 into the area occupied by
IRGs. Ho we ver, we do not know the rest-frame spectral energy
istribution of these galaxies, and so these classifications must be 
reated with caution. 
MNRAS 513, 1300–1316 (2022) 
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Figure 7. (Left) A histogram of the photometric redshifts (Zou et al. 2020 ) of the galaxies surrounding the host galaxy of ORC1, ORC1C. Dark columns shows 
galaxies within 0.5 arcmin of ORC1C while light columns show the (scaled) distribution of redshifts o v er the entire EMU Pilot Surv e y field. The vertical line 
shows the redshift of ORC1C. (Right) The galaxies surrounding ORC1. Dots show all galaxies with a photometric redshift in Zou et al. ( 2020 ), and circles show 

those with a redshift in the range 0.5 < z < 0.6. The cross-hairs show the location of ORC1C. 

Figure 8. Galaxies with positions and photometric redshifts within the ORC, 
superimposed on a greyscale representation of the MeerKAT continuum 

image. Each small circle represents one of the eight galaxies in the central 
o v erdensity shown in Fig. 7 . The number next to each is the difference between 
their redshift and that of ORC1C, all of which agree within 1 standard error. 
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Figure 9. The image of the ORC1 host galaxy in the I band from Dark Energy 
Surv e y data, convolv ed with a one arcsec Gaussian, showing an east–west 
extension of about 7 arcsec. 
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In Fig. 11 , we show the gri colours of these galaxies on a
iagram showing typical early (i.e. elliptical) and star-forming
alaxies, adapted from Masters et al. ( 2011 ). All three galaxies have
olours that are redder than typical star-forming galaxies, which
ould either be due to dust, or to the presence of an early-type
omponent. Again, we would ideally correct these colours for the
edshift. 

Table 1 shows the radio luminosities of each of the galaxies, and
lso the star formation rate that would be inferred if the radio emission
ere entirely due to star formation. 
NRAS 513, 1300–1316 (2022) 
.4 SFR of ORC1 host galaxy 

able 1 shows that the radio luminosity of the ORC1 host galaxy of
.3 × 10 22 W/Hz corresponds to a star formation rate of 40 M �/yr,
o the galaxy could either be a low-luminosity AGN or a starburst
alaxy. 

An alternative way of calculating the SFR is from the WISE W3
ux density, which was shown by Cluver et al. ( 2017 ) to provide a
easonable estimate of SFR independently of the W1 – W2 colour.

ISE detected the ORC1 galaxy only in the W1 and W2 bands, and
ave a lower limit of W3 > 12.939. However, Fig. 10 shows that all
alaxies have W2-W3 > 0, and so we can use the measurement of
2 = 14.984 to place an upper limit of W3 < 14.984. We then use

quation 8 of Cluver et al. ( 2017 ) to derive a star formation rate in
he range 4 < SFR < 20 M �/yr, which is rather lower than the value
erived from the radio flux density (assuming the radio is not due to
n AGN). 
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Figure 10. The WISE colours of the three ORC host galaxies plotted on 
the WISE colour–colour diagram taken from Wright et al. ( 2010 ) Arrows 
indicate upper limits. 

Figure 11. The gri colours of the three ORC host galaxies plotted on the gri 
colour-colour diagram adapted from Masters et al. ( 2011 ). gri photometry for 
ORC1 and ORC5 are from the Dark Energy Surv e y (Abbott et al. 2018 ) and 
those for ORC4 are from SDSS (Aguado et al. 2019 ). 
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Figure 12. (Upper) MAGPHYS fit to the SED of ORC1C. The blue line 
indicates stars, and the black line is the total. (Lower) the probability 
distribution from MAGPHYS of the stellar mass, the current SFR, the dust 
luminosity and mass, and the extinction. 

Figure 13. (Upper) PROSPECT fit to the SED of ORC1C, using the photo- 
metric redshift. The green points show the input photometry and the coloured 
lines show the unattenuated (blue) and attenuated (red) starlight, dust emission 
(orange), and total galaxy SED (black). (Lower) The star-formation and 
metallicity history of the galaxy, showing a starburst about 5 Gyr ago. The 
grey lines show the sampling of the posterior while the black line shows the 
highest likelihood solution. 
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We also used two separate SED-fitting software packages to 
stimate the SFR. Unfortunately there is no useful near-IR, far-IR, or
ltraviolet data on this source, so the result is necessarily uncertain. 
n both cases, the resulting star formation rate for any reasonable fit
annot produce the observed radio flux density . Conversely , forcing 
he models to use the radio flux density as pure starburst resulted in
 poor fit. We deduce that the radio emission is primarily due to an
GN, and we do not include it in the models. In both cases, we use

he redshift as a prior. 
First, we used the MAGPHYS (Da Cunha et al. 2012 ) package, which
odels star-forming galaxies to fit the SED, resulting in the fit shown

n Fig. 12 . 
Second, we used the PROSPECT (Robotham et al. 2020 ) package 

nd adopt a skewed normal star formation history and evolving 
etallicity, where the chemical enrichment is linearly mapped to 

he mass growth of the galaxy. The resulting fit is shown in Fig. 13 . 
Both codes show broad agreement that there is little current star
ormation, but evidence for a starburst several Gyr ago. The radio
uminosity, and possibly the mid-IR excess, comes from an AGN. A
aveat to both these fits is that the WISE and optical photometry use
ifferent apertures, and the dust extinction is also poorly modelled 
ithout far-infrared data. The difference in the fits between these 

wo leading packages is an indication that our data do not provide a
trong constraint on the models. 
MNRAS 513, 1300–1316 (2022) 
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Figure 14. Some potential interpretations of the structures seen within the ring of the MeerKAT image of ORC1. (a) suggests that the outer or ‘polar’ ring is the 
edge-brightened limb of a shell, which also has an equatorial ring formed by another mechanism. (b) interprets the morphology as a front ring and a back ring, 
possibly caused by a biconical outflow . Finally , we note the existence of other structures within the ORC, such as a potential faint ring shown in (c), distinct 
from the other rings. 

5

T  

o  

p  

b  

l  

o  

t  

n  

f  

t

6

6

F  

e  

t  

i  

t  

i  

m
 

a  

t  

t  

s  

o
 

t  

s
 

o  

t

6

W  

s  

e

 

g  

b  

c  

o  

o  

t  

e
 

h  

f  

t  

t  

f  

t  

s  

s
 

a
 

e  

e

6

F  

o  

t  

s  

v  

w  

(  

s  

w  

m

6

A  

i  

o  

r  

b

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/1/1300/6553851 by guest on 19 January 2023
.5 Summary of ORC1 host properties 

here is strong circumstantial evidence (from the optical morphol-
gy, the colours, and from the SED fits) that the host galaxy is
robably an elliptical galaxy, with very little current star formation,
ut with a strong starburst within the last few Gyr. The radio
uminosity, together with the central compact source seen in the
ptical, then suggest that a radio-loud AGN lies at the centre of
his galaxy. The ORC lies in an o v erdensity of galaxies with several
earby companions that lie within the sphere of the ORC, and in
uture work we will explore whether these may be responsible for
he arcs of radio continuum emission seen within the ORC. 

 P H E N O M E N O L O G Y  

.1 Morphology and Polarization 

ig. 2 shows a roughly circular outer ring, which also contains diffuse
mission (i.e. the level inside the ring is slightly higher than outside
he ring). The most natural explanation of this morphology is that
t represents a spherical shell, discussed belo w. Ho we ver, within
he ring can be seen a number of other structures, some potential
nterpretations of which are shown in Fig. 14 . A simple spherical shell
odel does not explain these other arcs without some modification. 
Our polarization measurements show a high degree of polarization

long the ring, with a lo wer le vel of polarization in the interior of
he ring. The magnetic field vectors, shown in Fig. 5 , show that
he magnetic field directions are very close to tangential to the ring
tructure, and the vectors vary smoothly along the ring, except for
ne low polarization region. 
The tangential magnetic field vectors are consistent with expec-

ations for amplification by a radially-expanding shock in a single
pherical shell. 

In the next few subsections, we consider alternative interpretations
f this morphology, and will discuss the possible mechanisms driving
hem in the next section. 

.2 Spherical Shell 

e consider the scenario in which the ORC is a roughly spherical
hell of optically-thin radio emission, which we would observe as an
dge-brightened ring. 
NRAS 513, 1300–1316 (2022) 
For a spherical shell of radius r and thickness a � r , simple
eometry shows that the ratio of the brightness of the limb to the
rightness at the center of the shell is 

√ 

4 r/a . Ho we ver, this simple
alculation does not take into account the finite resolution of the
bservation, and so we simulate this effect in Fig. 15 . The effect
f the convolution is that, even with a very thin shell, the ratio of
he peak brightness at the limb to the brightness in the centre never
xceeds ∼ 3. 

As predicted by this model, most of the interior of the ORC
as a surface brightness of � 10 μJy/beam, which is within a
actor of 3 of the typical surface brightness ( ∼ 30 μJy/beam) at
he limb of the ORC. Ho we ver, there is a ‘hole’ in the north of
he ORC (at 21:03:00.7 −51:59:55) where the surface brightness
alls to less than 1 μJy/beam, which is a factor ∼ 30 below
he brightness of the limb. This is inconsistent with the simple
pherical shell model, but might be caused by inhomogeneities in the
hell. 

We measure a minimum thickness of the shell in the image as ∼ 7
rcsec, implying a deconvolved thickness of ∼ 3–4 arcsec. 

The arc-like internal structures seen in ORC1 are not naturally
xplained by this model. We now consider the several potential
xplanations for these. 

.3 Equatorial ring 

ig. 14 (a) shows the morphological interpretation in which the
uter ring is the limb of a spherical cavity, as discussed abo v e,
ogether with an ‘equatorial’ ring. We note that, on a much smaller
cale, the SN1987A supernova remnant shows an elliptical structure
ery similar to the ‘equatorial ring’ shown in Fig. 14 (a), and
hich has been attributed to structure in the circumstellar medium

Stav ele y-Smith et al. 1993 ). Similarly, here we could ascribe this
tructure to an imhomogeneity in the intergalactic medium. Ho we ver,
ithout further constraints is it difficult to test or quantify this
odel. 

.4 Two ellipses 

nother potential explanation, shown in Fig. 14 (b), is that the
mage consists of two ellipses, caused by a cylindrical or biconical
utflow from the central source, or perhaps from a precessing
adio jet that describes a circle as it traverses the interior of a
ubble. 
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Odd radio circles 1309 

Figure 15. Simulation of the appearance of an optically-thin spherical shell of emission for varying shell thickness. In each case, the outer radius of the shell 
is 40 arcsec, and the inner radii are (a) 39.5, (b) 35, (c) 30, and (d) 20 arcsec respectively. The top ro w sho ws the appearance of the model shell, and the second 
ro w sho ws the appearance after convolving with a 6 arcsec FHWM Gaussian beam. The bottom ro w sho ws the intensity profile of the convolved image across 
the diameter cross-section. 
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Figure 16. Two ellipses fitted to the MeerKAT image. The centre of each 
ellipse is marked with an X. 
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Such elliptical structures are well-known in stellar outflows (e.g. 
kashi & Soker 2016 ), and are thought to be responsible for the three

ings seen in SN1987A (Burrows et al. 1995 ). Biconical outflows 
ave also been seen in galaxies (e.g. Veilleux, Shopbell & Miller
001 ), but rings from such outflows have not previously been seen
n an extragalactic source. 

In Fig. 16 we show two ellipses fitted to the MeerKAT data by eye,
ith their centres marked with an X. The two centres form a line with

he putative host and are roughly equally spaced, as expected from a
ylindrical structure with brightened ends, centred on the host, and 
een at a slight angle to the line of sight. Also one ellipse is slightly
arger than the other. 

We can quantify this model as follows. Consider a cylinder, shown 
n Fig. 17 , of length d , radius a , tilted at θ to the line of sight, and that
e see the two ends as the two ellipses of the same size. The ellipses
ill have major and minor axes of a and a cos θ . The eccentricity is

in θ , and the observed angular distance between the two centres is
 sin θ . 
Fitting this model to the ORC1 data, we obtain θ ∼ 38 ◦, and the

ength of the cylinder is ∼ 470 kpc. If it is a biconical outflow, then
he half-angle of the outflow is φ ∼ 47 ◦. 

The two ellipses have slightly different sizes, and we now consider 
hether this could be due to expansion during the light-traveltime 

rom the back ring to the front ring. In this case, the nearer ring
s d cos θ = 370 kpc = 1.2 × 10 6 light-years closer than the far
ing. From Fig. 16 , we estimate the north ring is about 80 per cent
f the size of the south ring. The ring has therefore expanded by
.4 × 10 5 light years in 1.2 × 10 6 years, so its apparent expansion
peed is ∼0.28c. If this is caused by a spherical shell intersecting
 flat screen, then the expansion speed of the shell is 0.28 c sin φ =
.25 c . We do not know of any mechanism that might produce this
xpansion speed, so we conclude that the difference in the size of the
wo rings is due to an intrinsic effect rather than light-traveltime. 
MNRAS 513, 1300–1316 (2022) 
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Figure 17. A model of the two ellipses shown in Fig. 16 , that might be caused 
by a cylindrical or bipolar outflow from the host, or possibly a precessing 
radio jet. 
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.5 Other structure 

one of the abo v e interpretations naturally explains the other faint
tructure seen in the ring, as shown in Fig. 14 (c). Are these faint
emnants of previous activity, or do they indicate yet another
echanism such as the galaxy trails discussed in Section 5.1 ? 

.6 Comparison with Other ORCs 

adio images of the five published ORCs are shown in Fig. 18 ,
nd a summary of their properties is given in Table 3 . We consider
he photometric redshifts reliable because (a) Norris et al. ( 2021c )
ompared the Zou et al. ( 2019 , 2020 ) results with spectroscopic
edshifts where available, and found good agreement, and (b) we have
ndependently estimated the photometric redshifts for the galaxies
n table 18, using a kNN algorithm (Luken, Norris & Park 2019 )
ompletely different from that used by Zou et al. ( 2019 ), and find
ood agreement in the redshift values. 
Of the five published ORCs, two (ORC J2058-5736b = ORC2 and

RC J2059-5736a = ORC3) are a pair, quite unlike the remaining
hree ORCs, which are all single. They are also different in their
adio morphology. The three remaining ORCs each have an edge-
rightened ring structure, with diffuse emission in the centre, and
ittle diffuse emission outside the ring. By contrast, ORC2 has a
isc of diffuse emission which extends significantly further than the
ing, and ORC3 is a roughly uniform disc, rather than being edge
rightened. 
Because of these differences, we regard the pair of ORC2 and

RC3 as being significantly different from the other three ORCs,
nd in the rest of this paper we will treat the three single ORCs as
ne class, and the double ORC (ORCs 2 and 3) as a separate class. 
Each of the three single ORCs has a central galaxy which is

etected at radio, infrared, and optical wavelengths. The multiwave-
ength properties of the central galaxies are summarized in Table 1 . 

The density of radio sources > 40 μJy at 1284 MHz is about
980 per square degree. Each of the three single ORCs has a galaxy
ith radio emission at least as strong as this within 10 arcsec of

he centre, and so the probability of one of these galaxies being a
hance coincidence is ∼ 0.05. The probability of all three having
uch a galaxy by chance is therefore ∼10 −4 . We therefore consider it
nlikely that the central galaxies are a chance alignment, and instead
onsider that they must be an important part of the mechanism driving
he ORCs. 

Hereafter, we refer to these central galaxies as the ‘host’ galaxies
f the ORCs. 
NRAS 513, 1300–1316 (2022) 
.7 Space Density of ORCs 

he observed space density of ORCs is very uncertain, both because
f the small sample size, and because of the uncertainty in the defi-
ition of what constitutes an ORC (e.g. we are investigating several
ther unpublished candidate ORCs). Nevertheless, we estimate the
bserved density of ORCs in ASKAP data, for the purposes of this
iscussion, to be about 1 ORC per 50 square degrees. 
All three single ORCs have a similar size ( ∼ 1 arcmin diameter)

nd redshift ( z ∼ 0.2 – 0.6). This similarity could be attributed to
a) specific physical conditions that fa v our this size and redshift
ange, (b) pure coincidence due to the small sample size, or (c) a
election effect. 

F or e xample, if all ORCs were physically ∼ 1 Mpc in diameter, it
s possible that nearby ORCs would be too extended to detect, while

ore distant ORCs might fall below the EMU surface brightness
imit, since surface brightness decreases in a non-Euclidean Universe
s (1 + z) 4 (Tolman 1934 ; Calvi et al. 2014 ). This seems unlikely to
e a strong constraint, because (a) EMU is sensitive to a wide range
f angular scale sizes (see fig. 18 of Norris et al. 2021c ), and (b) the
RCs are well abo v e the sensitivity limit. 
If we assume that we can only detect ORCs in the redshift range

.2 < z < 0.6, then the observ ed como ving volume density is 1 ORC
er 0.05 Gpc 3 , or 2 × 10 −8 per Mpc 3 . This is comparable with the
pace density (10 −6.8 Mpc −3 ) of starburst galaxies with SFR > 100
 �/yr as inferred from Bothwell et al. ( 2011 ). 

 POTENTIAL  CAUSES  O F  T H E  O R C  

H E N O M E N O N  

n this section, we consider the mechanisms that might cause the
RC phenomenon. We take as our starting point that we observe a

ircular edge-brightened region of diffuse emission, with possible
nterpretations as discussed in Section 6.1 abo v e, surrounding a
alaxy with properties as described in Section 5 abo v e. 

This ring is most readily explained in terms of a shell of syn-
hrotron emission, and so we first consider the implications of that
xplanation. We then consider three possible physical models (an
xplosion in the host galaxy, an end-on radio lobe, and a starburst
ermination shock). Here we consider the starburst termination shock
n some detail, and will consider the other models in detail in future
apers. Deri v ations of the equations used below for synchrotron
adiation may be found in Condon & Ransom ( 2016 ). 

.1 General considerations 

 completely successful model needs to explain the following
bservational properties: 

(i) the approximately circular, edge-brightened structure; 
(ii) the arc sub-structures; 
(iii) The well-ordered magnetic field revealed by the polarization

henomenology; 
(iv) the total radio luminosity and the total non-thermal (i.e.

osmic ray + magnetic field) energy content; 
(v) the physical dimensions of the structure, including the ring

adius r , ring thickness a , and the radial intensity profile; 
(vi) the non-thermal radio spectrum, with an observed spectral

ndex ∼ −1.6 over the frequency range of ∼0.1–2 GHz; 
(vii) the observed comoving volume density of ORCs, which is

oughly 1 ORC per 0.05 Gpc 3 , or 2 × 10 −8 per Mpc 3 . 
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Figure 18. Radio images of the five published ORCs, each at a similar scale. The image of ORC1 is from MeerKAT observations described in this paper, ORC2 
and 3 are from ASKAP observations (Norris et al. 2021b ), ORC4 is from GMRT data (Norris et al. 2021b ), and ORC5 is from ASKAP data (Koribalski et al. 
2021 ). 

Table 3. A summary of the properties of the five published ORCs. The redshift in each case is the photometric redshift of the 
central galaxy (Zou et al. 2019 , 2020 ). Radio flux density includes sources within the ORC. 

Short Full Assumed Diameter Diameter Integrated 
name name redshift (arcsec) (kpc) radio flux density 

(mJy at 1 GHz) 

ORC1 ORC J2103-6200 0.551 80 520 3.9 
ORC2 ORC J2058-5736b ? 80 4.9 
ORC3 ORC J2059-5736a ? 80 1.7 
ORC4 ORC J1656 + 2726 0.385 90 400 9.4 
ORC5 ORC J0102-2450 0.27 70 300 3.2 
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Figure 19. The cooling time of electrons synchrotron-radiating at 100 MHz 
(the minimum frequency for which we have a flux density measurement) and 
(for illustrative purposes) at 32 MHz. For B � 8 μG , the cooling is dominated 
by synchrotron radiation, but below this value it is dominated by IC cooling, 
whose magnitude is determined by the energy density in the CMB, ∝ (1 + 

z) 4 . The vertical dashed line shows the magnetic field amplitude in energy 
partition with the CMB at z = 0.551. The other vertical lines show the 
two, separated ranges of magnetic field amplitude that reproduce the inferred 
thickness of the radio-emitting rim of ORC1 (cf. Fig. 20 ). 
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.2 Synchr otr on emission in a Spherical Shell 

everal models (e.g. blast wa ve, starb urst outflow) explain the 
bserved rings as being a spherical shell of synchrotron emission, 
nd here we explore the properties of this putative shell, without 
egard to the underlying mechanism that drives it. We assume the 
ynchrotron electrons have been accelerated by a spherical shock 
rom the host galaxy. 

We do not have a reliable guide to the magnetic field around the
hock. While ambient magnetic fields as high as 40 μG have been
eported in clusters (Carilli & Taylor 2002 ), Govoni et al. ( 2019 )
nd a magnetic field in the ridge at z ∼ 0.07 connecting two clusters

o be < 1 μG. We showed in Section 5.1 that ORC1C lies in a
ignificant o v er-density, and so an ambient magnetic field of a few
G seems reasonable. If the ORC shell is produced by a shock, then

his ambient field may then be amplified by the shock by a factor
f a few. This is comparable to the B field in equipartition with the
MB (cosmic microwave background) at z = 0.55 of 8 μG, which

s further discussed below. 
In summary, we do not have a good measure of the magnetic field,

ut in the next Section we derive an estimate based on the observed
hell thickness. 

.2.1 Spectral Index and Electron energy distribution 

he steep spectral index suggests synchrotron radiation by a non- 
hermal electron distribution in an ambient magnetic field. 

For cooled electrons, this implies a power-law electron energy 
istribution d N e /d E e ∝ E 

γe 
e with spectral index γ e related to the

bserved spectral index α as γ e = (2 α − 1) = −3.82 co v ering the
inimum range in electron energy E e of ∼(3.1 – 14) GeV ( B / μG ) −1/2 ,
here B is the magnetic field. 
This steep distribution (i.e. low value of γ e ) suggests that the 

lectron distribution is in steady-state and cooled by either the 
ynchrotron process itself or inverse Compton (IC) cooling by the 
MB. 
Fig. 19 shows that the cooling time-scale is ∼ 10 8 yr), which is
omparable to the transport time-scale between ORC1C and the ORC 

im at a fiducial speed of 1000 km s −1 , approximately corresponding
o the sound speed in a galaxy cluster or to the expected speed of a
tar-formation-driven wind: 

 adv ≡ r/v 	 260 kpc /v 	 2 . 6 × 10 8 year /v 3 , (1) 

here v 3 ≡ v/ (10 3 km s −1 ). 
Thus, either the electrons have not been re-accelerated for at least

he past ∼ 100 Myr , or , in the case of continuous acceleration, the
lectrons are transported out of the acceleration zone (presumably 
he vicinity of a shock) and subsequently cool via synchrotron and
ossibly IC for � 100 Myr. 
MNRAS 513, 1300–1316 (2022) 
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Figure 20. The physical length scale o v er which 1 GHz synchrotron emission 
from electrons, accelerated at the putative shock at the inner edge of the ORC 

rim and radiating in the specified magnetic field, drops to 30 per cent of its 
initial intensity (Hoeft & Br ̈uggen 2007 ). The vertical dashed line marks 
where a magnetic field of the specified amplitude is in equipartition with the 
CMB energy density for the redshift of ORC1C. The horizontal line shows 
the linear scale 	 40 kpc corresponding to 6.5 arcsec, the angular scale o v er 
which the intensity is measured to drop to 30 per cent of its peak value; 
the solid vertical lines delineate the two separate regions of magnetic field 
parameter space where, for some value of the somewhat uncertain shock 
Mach number, the predicted thickness of the synchrotron emission region 
matches that of the observed radio shell. 
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This scenario of synchrotron emission from a cooled electron
istribution implies that the central value of the injection spec-
ral index of the electron distribution is γ e, inj = γ e + 1 =

3.82 + 1 = −2.82. This suggests dif fusi ve acceleration at a
hock or shocks of Mach number M ∼ 2 − 3 using the standard
heory (Bell 1978 ) of dif fusi ve shock acceleration, in the test particle
imit. 

Ho we ver, we note several caveats to such conclusions founded on
he measured spectral index. 

(i) Recent observations (Rajpurohit et al. 2020 ) show that the
adio spectra of the ‘Toothbrush Relic’ shock front follow near-
erfect power laws, with spectral indices close to the relic’s
nte grated spectral inde x, −1.16 ± 0.02 (which is close to the
RC1 integrated spectral index). Ho we ver , simulations (W ittor et al.
019 ) demonstrate that this apparent uniformity can result from
v eraging o v er reacceleration processes occurring in multiple shock
ub-zones. 

(ii) The standard relation between spectral index and shock Mach
umber obtained in the test particle limit will not necessarily hold in
he case that the observed synchrotron emission is not due primarily
o a CR electron population accelerated up out of the thermal pool
t the shock, but rather due to a pre-existing ‘fossil’ non-thermal
lectron population re accelerated at the shock. Such a situation has
een claimed by Colafrancesco, Marchegiani & Paulo ( 2017 ) for
luster radio relics where X-ray and radio spectral index observations
oint to inconsistent Mach numbers. A pre-existing non-thermal
opulation available for reacceleration may also render the shock
pparently surprisingly efficient in converting mechanical power into
on-thermal particles, even in the case it is characterized by a low
ach number. 

This model implies that this electron population will cool by
ynchrotron and IC emission as it is transported from the re-
ion of the shock. The combination of do wnstream flo w veloc-
ty and cooling time determines the width of the downstream
ynchrotron-emission zone and hence the shell thickness (e.g.
oeft & Br ̈uggen 2007 ). Thus, we can calculate the range of
agnetic field amplitude for which the model and observed shell

hicknesses agree. Specifically, we use the z -dependent distance
nferred from the angular size o v er which the intensity drops to
0 per cent of its peak value, viz. 6.5 

′′ 
). This calculation is shown

n Fig. 20 . 
Qualitatively, the behaviour of these curves can be understood

s follows: for relatively small magnetic fields well to the left
f the vertical dashed line (i.e. for u B � u CMB ( z), where u B 
nd u CMB ( z) are the magnetic field and redshift-dependent CMB
nergy density, respectively), IC losses set the cooling time of
he electrons and the range of the electrons that synchrotron-
adiate at a specified, fix ed frequenc y (1 GHz) increases with B
because increasing B lowers the energy implied for the emitting
lectrons, thus increasing their IC loss time). Once equipartition is
pproached and then exceeded (to the right of the dashed vertical
ine), synchrotron losses themselves become the dominant process
etting the cooling time, and thereafter the range starts to decline
ith B . 
Unfortunately, this behaviour means that there are two B ranges

here the observed and modelled shell thickness match. To break
his de generac y, we consider the energetics implied by the measured
adio flux density. The CR electron population and the large scale
agnetic field each represent an energy reservoir, and we can ask: For
hat (mean) magnetic field is the total energy in CRe’s + magnetic
eld minimized? 
NRAS 513, 1300–1316 (2022) 
The radio luminosity of ORC1 is given by 

 radio = 4 πd 2 L ( z)(1 + z) −(1 + α) 
∫ νmax 

νmin 

d ν F ν( ν) 

	 4 . 9 × 10 34 W , (2) 

o we v er, the observ ed radio luminosity is equal to the total radiated
ower only in the limit u B � u CMB ; in general we should correct
ig. 2 to include the inferred IC luminosity: 

 tot ≡ L radio + L IC 

	 

(
u B + u CMB 

u B 

)
L radio 

	 4 . 9 × 10 34 
(
1 + B 

−2 
CMB 

)
W , (3) 

here B CMB 	 B/ (7 . 8 μG), is the magnetic field amplitude in units
f the magnetic field that is in energy density equipartition with the
MB at z = 0.551; L tot calculated according to Fig. 3 is displayed in
ig. 21 . 
Given L radio and a magnetic field amplitude B , and assuming a

uasi steady state, the total energy in the CR electrons is: 

 e ( B ) 	 

L radio 

t synch ( B ) 
, (4) 

here t synch ( B ) is the synchrotron loss time for electrons radiating in
 magnetic field B . The total non-thermal (CR electron + magnetic
eld) energy of the ORC as a function of magnetic field amplitude
 NT ( B ) ≡ E e ( B ) + E B ( B ) = E e ( B ) + u B ( B ) v shell where v shell 	
.0 × 10 7 kpc 3 is the volume of the 40 pc thick emitting shell
nd u B is the magnetic field energy density. 

The result of this calculation is shown in Fig. 21 . It is evident from
his figure that the upper magnetic field region fa v oured by the shell
hickness analysis presented in Fig. 20 would require a total non-
hermal energy content around two orders of magnitude larger than
hat required in the lower region. On this basis we firmly fa v our a

agnetic field ∼ 0.8 μG. While it is not necessary, of course, that the
ystem actually be in a configuration of minimum total non-thermal
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Figure 21. The total non-thermal ‘NT’ = CR electron + magnetic field 
energy of ORC1 as a function of magnetic field amplitude B as measured 
from its radio brightness. The two solid vertical lines span the lower of the 
two regions of magnetic field intensity fa v oured by the analysis presented 
in Fig. 20 . For the baseline ‘spherical’ case we assume that the shell of 
enhanced magnetic field is 40 pc in extent, with an outer radius of 260 kpc 
(the alternative ‘bi-cone’ case is for the geometrical interpretation shown in 
Fig. 14 , panel c.). 
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nergy, it is suggestive that such a configuration would possess a 
agnetic field amplitude squarely in the middle of the lower range 

iven by the shell thickness analysis. Adopting a 0.8 μG field, we
etermine that the energy density in CR electrons ( + positrons if
resent) in the synchrotron emitting shell is ∼2.1 × 10 4 eV m 

−3 ,
round 1 per cent of the energy density in the CMB at z = 0.551. 

Note that the IC signal predicted in the case B ∼ 0.8 μG regime
merges (for the ∼10 GeV CR electrons synchrotron radiating at 
 GHz) at a rest-frame energy of ∼440 keV, but this is redshifted
own to ∼280 keV, placing it into the very hard X-ray band; the
hoton number flux of this signal at that energy should be around
 × 10 −4 m 

−2 s −1 . 
A further prediction of this model is that we expect to see an age

radient of the electrons across the shell, which should result in a
pectral index gradient across the shell, with the outside of the shell,
ontaining newly-shocked electrons, having a flatter spectral index 
han the ageing electrons on the inside of the shell. Unfortunately 
ur spectral index data do not have enough spatial resolution to show
his, but we do note that spectral index in the interior of the ring is
teeper than on the ring. 

.3 Explosion in the host galaxy 

erhaps the most obvious explanation of a spherical shell of syn-
hrotron emission is a spherical shock from a cataclysmic event in 
he host galaxy (Koribalski et al. 2021 ; Norris et al. 2021c ), such as
he merger of two supermassive black holes (e.g. Bode et al. 2012 ).
he resulting shock wave would accelerate electrons in the inter- 
alactic medium, resulting in a spherical bubble of radio emission, 
s described abo v e in Section 7.2 , which we would observe as an
dge-brightened ring. 

The properties of this shock would be similar to that discussed
n subsection 7.5 . Koribalski et al. ( 2021 ) estimate an available
nergy of ∼6 × 10 53 / M 

2 J (assuming the shock mo v es at Mach M ∼
), and an age of ∼57/ M Myr. Assuming a kinetic-to-synchrotron 
ower conversion efficiency of ∼4 × 10 −3 as inferred from the FIR-
adio correlation for star-forming galaxies, this corresponds to an 
ntegrated radio power of 3 × 10 38 W, and a 1.2 GHz luminosity of
 1.2 ≈ 4 × 10 28 / M W Hz −1 This value is an upper limit: diffusive
hock acceleration will become less efficient as the bubble expands, 
esulting in the observed steepening of the spectrum from the initial
inj ≈ −0.5 power law. Models of energy injection in remnant 

adio galaxy lobes (below) yield νL ν / Q ≈ 10 −5 – 10 −6 for lobes
t equipartition; if this efficiency is adopted for the shell model,
ntegrated 1 GHz luminosities of order ∼10 25 W Hz −1 would be
easonably expected, consistent with the observed integrated flux 
nd a source at z = 0.551. 

If ORCs are the result of a merger of SMBH, we would expect
RC hosts to contain a SMBH, which may be manifested as an AGN.
e note that: 

(i) the radio emission from the ORC1 host galaxy is higher than
an be accounted for by the current low SFR, and so must be due to
n AGN, 

(ii) the radio emission from the ORC4 host galaxy corresponds to 
 SFR of ∼200 M �/yr which, while physically possible, is very rare,
aking it likely that this is due to an AGN, and 
(iii) Koribalski et al. ( 2021 ) argue that the host of ORC5 must

ontain a SMBH which is responsible for the radio emission from
hat galaxy. 

Thus all three hosts of the single ORCs contains a radio-loud AGN,
hich is consistent with this hypothesis that ORCS are caused by a
erger of SMBH. 

.4 End-on Radio lobes 

adio-loud AGN often consist of two jets of relativistic plasma 
jected from the host galaxy and cooling into two diffuse lobes
f radio emission. Here we consider whether ORCs may result 
rom viewing such a system end-on, so that the two lobes appear
uperimposed, with the host galaxy appearing at the centre. 

As noted in the previous subsection, all three hosts of the single
RCs contains a radio-loud AGN, which in principle could generate 

he required radio lobes. 
Ho we ver, this model needs to overcome three hurdles: 

(i) In such a system, the jet would be directed close to our line of
ight, so would appear as a quasar or blazar, with the central source
uch brighter than the diffuse lobes. This hurdle can be o v ercome

f the central AGN has switched off, leaving the lobes which have a
uch longer decay time. 
(ii) If the jet is oriented at an angle θ to the line of sight, the

umber of such systems should be proportional to sin 2 θ so that
any more sources should be seen with the front and back lobes

lightly displaced than are seen with the front and back lobes aligned,
esulting in many more ‘double ORCs’ or ‘figure of 8’ galaxies than
ircular ORCs, but observations so far have found 3 single ORCs
Koribalski et al. 2021 ; Norris et al. 2021c ) but only one double
RC (Norris et al. 2021c ). 
(iii) The diffuse lobes of AGN tend to be very irregular, so

hat an additional mechanism is needed to produce the remarkable 
ircular ring, with a well-defined narrow rim, seen in the ORCs.
echanisms such as vortex rings were suggested by Koribalski et al.

 2021 ) to o v ercome this hurdle. An alternative solution is that the
lasma from a jet that has switched off may rise buoyantly in the
xtragalactic medium, producing circular rings similar to smoke 
ings. The challenge for this latter interpretation is that remnant 
obes fade rapidly, while the dynamical transformation of lobes into 
oroidal bubbles occurs on longer time-scales. 

Detailed 3-D simulations aimed at addressing these questions are 
urrently underway (Shabala et al., in preparation). 
MNRAS 513, 1300–1316 (2022) 
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M

Figure 22. The total non-thermal luminosity (synchrotron + IC) of CR 

electrons ( + positrons) in the ORC as a function of ambient magnetic field. 
The vertical solid and dashed lines have the same meanings as established 
in Fig. 20 ; in the low field region, the total non-thermal luminosity is in the 
range (2 12) × 10 36 W; in the high field region it is in the range (6 – 7) ×
10 34 W. 
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.5 Starburst termination shock 

ven a modest star-forming galaxy, like the Milky Way, is expected
o launch a galactic wind. For a galaxy located outside a cluster
nvironment, this wind can be expected to form a termination shock
t a distance of a few × 100 kpc (Jokipii & Morfill 1987 ; V ̈olk &
irakashvili 2004 ; Bustard, Zweibel & Cotter 2017 ; Lochhaas et al.
018 ). At such large distances from the host, the wind into each galac-
ic hemisphere may expand radially, resulting in an approximately
pherical shock structure, assuming an isotropic environment. The
ind termination shock can accelerate electrons into non-thermal
istributions at ∼ 10 GeV energies (Bustard et al. 2017 ) which can
hen produce synchrotron radiation at ∼ 1 GHz. 

The power in such winds is roughly proportional to the star
ormation rate (e.g. Strickland & Stevens 2000 ; Lochhaas et al.
018 ), and is dominated by a hot ( T � 10 6 K at launch) phase
ith an asymptotic speed of v wind � 1000 km s −1 . The total energy

vailable to launch a wind by the formation of a mass M � of stars is
e.g. Crocker, Krumholz & Thompson 2021 ): 

 mech , SF 	 10 44 J 

(
M � 

95 M �

)
, (5) 

nd the instantaneous mechanical power injected by galactic star
ormation can therefore be estimated as 

˙
 mech , SF 	 SFR ×

(
10 44 J 

95 M �

)

	 6 . 3 × 10 35 W 

(
SFR 

20 M �/ yr 

)
, (6) 

e can compare Figs 5 and 6 with Figs 21 and 22 , respectively.
o supply the total non-thermal (magnetic field + CR electron
 positron) energy content of the ORC we require the formation

f a minimum total mass in stars 

 �, ORC 	 2 . 4 × 10 10 M �
(ηNT 

0 . 2 

)(
E NT , ORC 

5 × 10 51 J 

)
, (7) 

here ηNT is the efficiency for the conversion of the mechanical
nergy released by star formation to the energy contained in magnetic
elds and cosmic ray electrons ( + positrons). Normalizing the total
on-thermal (synchrotron + IC) luminosity of the ORC for the
ow ∼1 μG field solution, the ORC requires an instantaneous power
NRAS 513, 1300–1316 (2022) 
qui v alent to that released by star formation at a rate of 

˙
 �, ORC 	 300 M �/ yr 

( εe 

0 . 2 

) (
L tot 

2 × 10 36 W 

)
, (8) 

here εe is a nominal efficiency for converting mechanical power
eleased by star formation into non-thermal electrons. 

Clearly Figs 7 and 8 are extremely demanding constraints. An
mmediate problem posed by Fig. 8 is that this SFR is much
arger than the current SFR estimates from either PROSPECT or

AGPHYS presented in Section 5.4 . In the case that we can simply
ssume the large (12-17 μG) field solution, the power requirements
re considerably relieved and might concei v ably be satisfied by a
FR of 10–20 M �/yr, but this SFR, while potentially in agreement
ith the SFR estimate for the host galaxy founded purely on its

adio continuum luminosity, is still in considerable tension with the
ROSPECT estimate. Moreo v er, the sev ere problem with a putative
igh field scenario is the huge magnetic field energy implied (Fig. 5 ),
ar larger than could concei v ably by supplied by star formation
ithin ORC1C. As mentioned abo v e, ho we ver, a field in the few
G range might be produced via extrinsic processes in the case
f a sufficiently dense cluster environment but such a strong field
oncei v ably becomes dynamically important, a scenario that requires
 xploration be yond the scope of this paper. 

Instead, we consider the low magnetic field solution, which
equires a much higher SFR than supported by Section 5.4 . Ho we ver,
he long advection time-scale between the host galaxy and the ORC
hell, ∼3 × 10 8 yr from Fig. 1 , implies that the current star-formation
ctivity of ORC1C is less important than its star formation history
 v er the last ∼Gyr. 
Semi-analytic modelling by Lochhaas et al. ( 2018 ) explores the

henomenology of the bubble structures caused by galactic winds
rom star-forming galaxies in three different SFR regimes (1, 10, and
00 M �/yr) in a scenario where a galaxy turns 4 × 10 9 M � of gas
nto stars. 

The resulting structures have a nested structure of (going from
nner to outer radii) wind termination (or reverse) shock, contact
iscontinuity, and forward shock. Lochhaas et al. ( 2018 ) show a
lear time delay effect in the 10 and 100 M �/yr cases: the contact
iscontinuities continue to expand out to radii of a few 100 kpc on
ime-scales of a few Gyr, while the star formation itself ceases well
efore 1 Gyr. 
The size and energy content of the bubbles modelled by Lochhaas

t al. ( 2018 ) suggest a possible analogue for the ORC phenomenon,
o be discussed further in Crocker et al. (in preparation). 

Important questions remain open here. In particular, it is still
nclear whether the star formation history of ORC1C can match
he energy and power requirements implied by Figs 7 and 8 . For
xample, the model implies (a) the formation of a ∼ few 10 10 M �,
hich is larger than the total stellar mass simulated by Lochhaas

t al. ( 2018 ), and (b) a SFR in ORC1C of ∼ 300 M �/year within
he last Gyr. The total mass is broadly consistent with the masses
mplied by the modelling in Section 5.4 , but the age of the starburst
s somewhat less than the age (a few Gyr) implied by the modelling.
n the other hand, the models are poorly constrained by the available
hotometry. It will be important to obtain better photometric data in
he future to impro v e the models. 

A final open question for the star-formation-driven ORC scenario
oncerns the amplitude of the magnetic field. As discussed abo v e,
RC1C is located in a galactic o v erdensity, but not a rich cluster,

uggesting an ambient magnetic field lower than the 8 μG required
or CMB equipartition. Ho we ver, processes such as adiabatic com-
ression or a local dynamo can amplify the ambient magnetic field
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n the shock downstream. We can determine an upper limit to the
xpected field amplitude by considering energy density equipartition 
ith the thermal energy content of the material downstream of the 

ermination shock (e.g. Bustard et al. 2017 ), u B ≤ u down, therm 

. At
he position of the shock, the ram pressure of the upstream gas
atches the the thermal pressure of the downstream gas, p up, ram 

= 

 down, therm 

= 2/3 u down, therm 

. Therefore, the dynamically amplified 
eld satisfies 

 shock ≤ 0 . 9 μG 

√ 

Ṁ 30 v 1000 

r 2 260 �4 π
, (9) 

here the wind mass flux is normalized Ṁ 30 ≡ Ṁ wind / (30 M �/yr),
 1000 ≡ v wind / (1000km s −1 ), r 260 ≡ r /260 kpc, and �4 π ≡ �/4 π;
hich is consistent with the regime of the low magnetic field solution

rom Fig. 20 but again requires an increase of the ORC1C SFR in
he last few 100 Myr. 

 C O N C L U S I O N  

e have imaged the first ORC with the MeerKAT telescope, resulting 
n a high resolution, high sensitivity image which shows internal 
tructure that was not apparent in previous imaging. We have also 
btained polarization and spectral index information which provides 
ignificant constraints on potential models of ORCs. We have also 
tudied the properties and environment of the central host galaxy. 

The ORC is consistent with a spherical shell of synchrotron 
mission about 0.5 Mpc diameter, surrounding an elliptical host 
alaxy which probably contains both an AGN and significant 
tarburst activity in the past. 

We have considered three models that may explain the ORC 

henomenon: (a) a spherical synchrotron shell caused by a spherical 
hock from a cataclysmic event (such as a merger of two supermas-
ive black holes) in the host galaxy, (b) a spherical synchrotron shell
aused by a starburst termination shock from past starburst activity 
n the host galaxy, or (c) radio jets viewed end-on. 

Our data cannot easily distinguish between these models. How- 
v er, we hav e modelled the starburst termination shock in some detail, 
nd obtain a model which is broadly consistent with the observations. 

None of these models adequately explains the internal radio 
tructure. Ho we ver, the ORC is located in a group of galaxies about
ine times as dense as the ambient space density of galaxies in that
egion, and some of the galaxies are physically located within the 
RC shell. We speculate that the internal structure within the ORC
ay result from interactions of these galaxies with the starburst wind. 
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