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Abstract: Odd Radio Circles (ORCs) are unexpected faint circles of diffuse radio emission discovered
in recent wide deep radio surveys. They are typically about one arcmin in diameter, and may be
spherical shells of synchrotron emission about a million light years in diameter, surrounding galaxies
at a redshift of ~0.2-0.6. Here we study the properties and environment of the known ORCs. All
three known single ORCs either lie in a significant overdensity or have a close companion. If the
ORC is caused by an event in the host galaxy, then the fact that they tend to be in an overdensity,
or have a close companion, may indicate that the environment is important in creating the ORC
phenomenon, possibly because of an increased ambient density or magnetic field.
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1. Introduction

Odd Radio Circles (ORCs) are recently discovered circles of diffuse steep-spectrum
radio emission with no corresponding diffuse emission at optical, infrared, or X-ray wave-
lengths. The first three ORCs were found [1] in the Pilot Survey [2] of the Evolutionary Map
of the Universe [3], using the Australian Square Kilometre Array Pathfinder (ASKAP) [4]. A
fourth was found [2] in data from the GMRT [5] and a fifth was found, also in ASKAP data,
by Koribalski et al. [6]. Figure 1 shows an ASKAP image of the first ORC to be discovered.

The ORCs superficially resemble supernova remnants (SNRs), but their Galactic
latitude distribution is inconsistent with that of SNRs [1]. Similarly, other explanations
involving known classes of objects (e.g., starburst rings, gravitational lenses, etc.) have also
been shown to be inconsistent with the data [1]. Instead, we are forced to search for other
explanations for this phenomenon.

Of the five known ORCs, three are single, and share similar parameters, and are
shown in Figure 2. At the centre of each of the three single ORCs, there is a galaxy visible
in optical wavelengths (see Figure 2). The probability of this happening by chance is so
low as to be extremely unlikely [7]. We therefore call this galaxy the “host galaxy” of the
ORC. The properties of the three single ORCs are summarised in Table 1.

The remaining two ORCs (ORCs 2 and 3), shown in Figure 3, form a pair whose
centres are separated by about 2 arcmin. Since the other ORCs have a spatial sky density of
~1 per 50 sq. deg., the probability of two ORCs being located within 2 arcmin by chance is
~10~*. We therefore assume they are associated, and presumably have a common origin.
ORC2 has a near circular, edge-brightened, filled morphology. The diameter is ~80 arcsec.
Unlike the single ORCs, the diffuse emission is not confined to the circle, but spills outside
the ring. ORC3 is much fainter, appearing as a diffuse blob.

Close to ORC 2/3, there is a double-lobed AGN hosted by the galaxy WISEA J205848.80—
573612.1 (marked as “B” in Figure 3) at a redshift of z ~ 0.32. Coincident with one of
the AGN jets is a bright star WISEA J205851.65-573554.1 (marked as A), which is a chance
association. Radio source C is WISEA ]J205847.91-573653.8, an edge-on spiral galaxy at a
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redshift of z ~ 0.28. Any of these might be the host galaxy of the ORCs. The ORCs could
perhaps be caused by an outflow from the AGN associated with B, or an outflow from the
edge-on spiral galaxy C. In the centre of ORC3 is the galaxy WISEA J205856.25-573644.6
(marked D), at a redshift of z ~ 0.62, which might either be a chance background source, or
may be an important component of this system. This system will be discussed in detail by
Macgregor et al. (in preparation).
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Figure 1. The ASKAP image of ORCI, adapted from Norris et al. [1]. The resolution is 11 arcsec,
and the rms sensitivity is 25 uJy/beam, enhanced to show faint features, particularly the internal
structure or “spokes” of the ORC. Radio data are shown in green, and the background optical image is
taken from the Dark Energy Survey DR1 [8]. For the latter, the DES bands g, 1, i, and z were assigned
turquoise, magenta, yellow, and red, respectively, and combined using GIMP. The optical /NIR image
and the radio image were then combined using a masking technique. Image credit: Jayanne English.
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Figure 2. (Left) The ASKAP radio image of ORC1, adapted from Norris et al. [1]. The contours show the radio data (at 45,
90, 135, 180, 225, and 270 uJy/beam) overlaid onto a DES [8] 3-color composite image; DES gri-bands are coloured blue,
green, and red, respectively. (Centre) The GMRT radio image of ORC 4, adapted from Norris et al. [1]. The contours show
the radio data (at 150, 250, 400, 600, and 800 pJy/beam) overlaid onto a SDSS 3-colour composite image; SDSS gri-bands are
coloured blue, green, and red, respectively. (Right) The ASKAP radio image of ORC5, adapted from Koribalski et al. [6]. The
contours show the radio data overlaid onto a DES 3-color (grz) composite image. The dark red contour is at 65 pJy/beam
and remaining contours are at 90, 120, 170, 220, 270, 400, 600, and 800 pJy/beam. The green ellipse shows the size of the
synthesised beam.
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Figure 3. ASKAP radio continuum image of ORCs 2 and 3 at 944 MHz, from the EMU Pilot Survey [1],
with the synthesised beam shown in the bottom left corner. ORC2 can be clearly seen on the right-
hand side, while ORC3 is much fainter, appearing on the left. Radio sources that correspond to
putative host galaxies for ORC2 are circled in red and labelled “B”, “C”, and“D”. All these galaxies
have redshifts between z ~ 0.32-0.62. “A” is a bright star that is not visible in the radio image.

Table 1. Properties of the three single ORCs.

Short IAU RA (deg) Dec (deg) Host .
Name Name J2000 J2000 Galaxy Redshift
ORC 1 ORC J2103-6200 315.74292 —-62.00444 WISEA J210258.15-620014.4 0.551
ORC 4 ORC J1555+2726 238.85272 +27.44271 WISEA J210258.15-620014.4 0.457
ORC 5 ORC J0102-2450 15.60208 —24.84392 WISEA J010224.35-245039.6 0.270

Notes: redshifts are photometric redshifts from Zou et al. [9,10]. For ORC4 we have adopted their redshift in preference to the redshift of
0.385 quoted by Norris et al. [1].

The double ORC 2/3 has properties quite different from the three single ORCs, suggest-
ing that different mechanisms are probably responsible for the two classes. Unfortunately,
incomplete photometry (and hence photometric redshifts) close to ORC2/3 prevent us
from including them in the analysis presented here.

In the rest of this paper we focus on the three single sources.

Norris et al. [7] argue that the rings of emission represent a spherical shell of syn-

chrotron emission surrounding the host galaxy, and consider two hypotheses for the origin
of this shell:

e  jtis a spherical shock wave from a cataclysmic event in the host galaxy, such as a
merger of two SMBHs;

¢ it is the termination shock of a starburst wind from past starburst activity in the
host galaxy.

Other suggested explanations for ORCs include radio jets from an AGN seen end-on
(Shabala et al., in preparation) and the throats of wormholes [11,12].
In this paper we focus on the environment surrounding these host galaxies.
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2. Environment

To study the environment of the ORCs, we use the distribution of the photometric
redshifts of the nearby galaxies, using the photometric redshift data from the Legacy
Survey of the Dark Energy Spectroscopic Instrument (DESI) [9,10]. These redshifts have a
typical quoted standard error of 0.05, and comparisons (Norris, unpublished data) with
spectroscopic redshifts confirm these uncertainties are reliable, with very few outliers.

In Figure 4 we show the distribution of galaxies surrounding each ORC. The top row
shows the distribution of redshifts of galaxies within 1 arcmin (or for ORC1, 0.5 arcmin) of
the host galaxy, and the bottom row shows the projected spatial distribution of galaxies
that have a redshift within 40.05 of that of the host galaxy.
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Figure 4. (Top) A histogram of the photometric redshifts [10] of the galaxies surrounding the central galaxy of each ORC.
Dark columns show galaxies within 1 arcmin of the central galaxy, or in the case of ORC1, within 0.5 arcmin of the central
galaxy. Grey columns show the (scaled) distribution of redshifts over a region of a few square degrees surrounding the
ORC. The vertical line shows the redshift of the central galaxy. (Bottom) The galaxies surrounding each ORC. Dots show
all galaxies with a photometric redshift in Zou et al. [10], and circles show those with a redshift within 0.05 of that of the
central galaxy. The cross-hairs show the location of the central galaxy.

At the left of the diagram, ORC1 is clearly located in an overdensity of galaxies. There
are eight galaxies with 0.5 < z < 0.6 within 0.5 arcmin of the host galaxy, which gives
a spatial density 9 times higher than galaxies in that redshift range in the surrounding
area. We chose the radius of 0.5 arcmin to emphasise the high overdensity close to this
source. The individual photometric redshifts of those eight close galaxies do not have
enough precision to accurately locate them in the radial direction (i.e., along the line of
sight) relative to the ORC. However, if the radial distribution is similar to the tangential
(i.e., perpendicular to the line of sight) distribution, then most of these galaxies lie within a
few 100 kpc of the host galaxy, and several are presumably physically located within the
shell of the ORC. The implications of this are discussed further by Norris et al. [7].

ORC4 does not exhibit a similar overdensity. However, at the centre of the lower
middle plot can be seen a pair of galaxies almost coincident and at a similar redshift (i.e.,
the host at 15" 55" 24.65°, +27°26'33".7, z = 0.457, and a nearby galaxy at 15" 55" 24.85°,
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+27°26/29".3, z = 0.494). This pair of galaxies has an apparent separation of only 6 arcsec or
35 kpg, so they are likely to be an interacting pair.

ORCS5 also does not exhibit an overdensity. However, this too has a companion
(01" 02 26.17%, —24°51'05".1, z = 0.246) to the host galaxy (01" 02 24.33°, —24°50/39".5,
z = 0.270). This companion is visible in Figure 2 as the bright galaxy in the south-east limb
of ORC5. This galaxy has a tangential separation of 36 arcsec or 150 kpc from the host, but
there is some indication [6] that the companion is interacting with the ORC.

3. Discussion

Most of the models so far proposed for ORCs [7] depend critically on the ambient
density and magnetic field of the region surrounding the ORC. For example, a magnetic
field comparable to the cosmic microwave background equipartition field (e.g., 8 uG for
ORC1 [7]) is required to generate the observed synchrotron emission. Although an ambient
magnetic field will be amplified by the shock that created the ORC, an initial ambient
magnetic field is still required to seed that process, and ambient magnetic fields are known
to be higher in clusters and over-densities than in a non-cluster environment [7]. Thus, this
model suggests that ORCs should occur preferentially in overdensity regions.

Of the three ORCs discussed here, one is located in a significant overdensity, and
the other two appear to have a nearby, interacting companion. Studies (e.g., [13]) suggest
that only a few percent of galaxies have an interacting companion, and so it appears that
the host galaxies of ORCs are atypical. However, we are very cautious in making this
claim, as (a) our sample of three is very small, and (b) the technique we have used to find
companions may probe more deeply than the techniques used in large-scale searches for
companions.

Nevertheless, if this apparent atypicality is supported by further work, it may offer a
clue as to why ORCs are so rare (about one every 50 square degrees).

4. Conclusions

We have shown that each of the three known single ORCs is either located in an
overdensity of nearby galaxies, or it has a close companion with which it is presumably
interacting. By comparison, only a few percent of field galaxies have a known companion
galaxy. We hesitate to place too much weight on a sample of three objects, but if this result
is supported by further studies then it suggests an explanation as to why only one ORC is
found per 50 square degrees of sky.
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