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ABSTRACT

Odd Radio Circles or ORCs are recently discovered edge-brightened, low surface brightness circular radio sources. The
progenitors and astrophysical processes responsible for their origins are presently debated. Some ORCs are host-less and some
appear to be hosted in distant quiescent galaxies. Two plausible explanations consider ORCs as nearby supernova remnants
with sizes a few hundred parsec in the intragroup medium of the Local Group of galaxies or alternatively shocked haloes of
a few hundred kpc extent around distant galaxies. The input shock energy required to create ORCs of a few hundred kpc size
is estimated in a range of 10°-10°° erg. It is shown here that the cumulative energy in unbound debris ejected from multiple
(10°-10%) tidal disruption events over ~100 Myr period around a central massive black hole can meet the required energies to
generate ORCs around some galaxies, which have recently undergone a merger. The potential hosts for ORCs are identified
here as abundant post-starburst galaxies at intermediate redshifts having massive black holes. A causal connection between
ORC around quiescent galaxies and tidal disruption may find support in the observed dominance of tidal disruption events in
post-starburst galaxies.
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disruption events.

1 INTRODUCTION

Odd Radio Circles (ORCs) are recently discovered low surface
brightness (a few hundred wJybeam™') diffuse radio sources at
low frequencies (<1 GHz), with a nearly circular edge-brightened
morphology (Koribalski et al. 2021; Norris et al. 2021a; Filipovic
etal. 2022; Norris et al. 2022; Omar 2022a). The ORCs are serendip-
itous discoveries in the Evolutionary Map of the Universe (EMU;
Norris et al. 2021b) survey, carried out using the Australian Square
Kilometre Array (SKA) Pathfinder (ASKAP) radio interferometric
array at ~900MHz. This survey is carried out at high Galactic
latitude regions, where diffuse Galactic radio background emission
is weak and the population of Galactic supernova remnants (SNRs)
is expected to be very sparse. The ORCs have also been detected
from the Giant Metrewave Radio Telescope (GMRT) at 327 MHz
(Koribalski et al. 2021) and Low Frequency Array (LOFAR) radio
telescope at 144 MHz (Omar 2022a). The morphologies of the
detected ORCs are strikingly similar to those of the Galactic SNRs.
The observed number density of ORCs is about 1 in 50 deg® sky-
area. This number density is too large for ORCs to be considered
among the known population of the Galactic SNRs, which are found
strongly concentrated in the Galactic plane.

In three out of the seven published ORCs, an optical galaxy is
found co-located near the geometrical centre of each of the ORCs.
The photometric redshifts of the galaxies in these three ORCs are
estimated to be 0.55 (ORC-1), 0.46 (ORC-4), and 0.27 (ORC-5)
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(Norris et al. 2022). The colours of these galaxies are on the redder
side, hence unlikely to be hosting an ongoing starburst. These three
ORGC:s are likely to be physically associated with the galaxies as the
probability of chance alignments between the radio centres of the
ORCs and the locations of the galaxies is estimated to be very small.
The angular diameters of the ORCs are nearly 1. Consequently, the
physical extents of these three ORCs are expected in the range of 200—
500 kpc. In the remaining four ORCs, no definite optical counterparts
have been identified. The radio emission from some ORCs show a
negative spectral index, suggesting that the radio emission is non-
thermal and is likely to be synchrotron radiation.

The astrophysical processes behind ORCs are presently debated
with a number of possibilities. The detection of polarization in the
radio emission in ORC-1, revealing tangential magnetic field along
the ring structure, is interpreted as expanding spherical shock waves
(Norris et al. 2022). Such a shock wave will be qualitatively similar to
a supernova blast wave expanding in the interstellar medium (ISM).
Some possibilities tracing origins of the ORCs, as speculated in
Norris et al. (2022) are - (i) shocks created during mergers of black
holes (BH) in galaxies, (ii) shocks created in the winds emanating
from starbursting galaxies (iii) end-on lobes of radio galaxies. The
mechanisms behind shocks on a few hundred kpc-scales around
normal galaxies are not yet clear, as no definite resemblance with
any previously known observed phenomena has been identified so
far.

Omar (2022b) presented a possibility that some ORCs can be SNRs
in the intragroup medium (IGrM) of the nearest groups of galaxies
including the Local Group. Such SNRs will trace their origins in
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stars in diffuse tidal streamers in the IGrM, surrounding the Milky
Way (MW) and other nearby galaxies. At least one ORC without an
optical counterpart has been considered as an SNR in the outskirts
of the Large Magellanic Cloud (Filipovic et al. 2022). The two other
ORC:s without an optical counterpart may also be SNRs in the IGrM.
Although, only seven ORCs are published, the ORCs as a class of
object appear heterogeneous in nature, tracing their origins in distant
galaxies or in host-less SNRs in the nearest groups of galaxies. In both
the scenarios, the shock wave will be expanding in the IGrM, which is
characterized as a low-density medium (107*~1073 cm™3) with high
temperature (10°~107 K). The shock expansion energetics in case of
ORC:s will be different in comparison to that in the SNRs expanding
in high-density cold ISM. The differences will arise mainly due to
the following reasons - (i) The thermal energy of the swept-up matter
in the IGrM becomes significant and as a result the Sedov—Taylor
(S-T) phase will terminate earlier in a hotter medium (e.g. Tang &
Wang 2005). (ii) Due to low density in the IGrM, the final extent of
shock towards the end of the S—T phase will be larger. (iii) Due to
increase in the sound speed in the hotter medium, the effective Mach
number in shocks will be lower, typically in the range of 1-5, which
may reduce particle acceleration efficiencies in the Fermi process
(e.g. Hoeft & Bruggen 2007).

It is worth to note that nearly spherical shocks are possible in
number of astrophysical scenarios other than the SNRs. Gilli et al.
(2017) described shocks caused by the outflows around growing
BH by continuous or intermittent accretion in the context of high-
redshift quasars. The shocks are also predicted in tidal disruption
event (TDE) as a star enters within the tidal radius of a massive
BH and is disintegrated (Alexander 2005). The shock energies in
a TDE event can be comparable to that in a supernova explosion
(Khokhlov & Melia 1996). In this paper, shock energetics of multiple
TDE events resulting from continuous capture of stars by a massive
BH in a galaxy is compared with the required input shock energies
for the creations of ORCs. The motivation for studying TDEs in
the context of ORCs comes from the observed dominance of TDEs
in post-starburst (PSB) galaxies (see e.g. Bortolas 2022) and some
remarkable similarities noticed between the properties of the galaxies
associated with some ORCs and those of the PSBs.

2 ENERGETICS OF ORC

It is assumed here that the ORCs are expanding shock waves in
low-density hot environments of IGrM. The particle acceleration
to the ultra-relativistic energies takes place in shocks via the first-
order Fermi process and the TeV electrons emit the radio synchrotron
emission at GHz frequencies in presence of a few ©G magnetic fields.
The host-less ORCs, which can be identified as SNRs in the IGrM
are expected to have their sizes a few hundred parsec while the ORCs
associated with distant galaxies are expected to have their sizes of
the order of a few hundred kilo-parsec. The general framework of
expanding shocks, extensively discussed in the published literature
in contexts of SNRs will be followed here. As the solutions in the
S—T phase for the expanding shocks are self-similar, it can be scaled.

2.1 ORC as IGrM supernova remnant

Omar (2022b) showed that a measurable fraction of ORCs may be
identified as SNRs in the IGrM, associated with the Local Group
and its immediate neighbour groups of galaxies. The arguments and
estimates in Omar (2022b) are based on the optical detection rate
of the host-less (not within a galaxy) supernova in a large number
(1401) of nearby groups of galaxies, constrained using the Sloan
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Digital Sky Survey (SDSS) supernova survey data base by McGee &
Balogh (2010). It was found that angular size, surface brightness,
and radio flux of the host-less SNRs within a distance of ~3 Mpc in
the IGrM can be similar to the known ORCs. It was estimated that
nearly 5400 IGrM supernova are expected to take place in the Local
Group and its immediate neighbour groups of galaxies in ~1 Myr
period.

The radio detectability periods of the remnants of IGrM supernova
can be estimated based on some assumptions. If one assumes that
the majority of SNRs are detected around the end of their S-T
phase, the equation (3) of Tang & Wang (2005) can be used to
estimate this characteristic time. For an IGM temperature of 107 K,
this time is ~0.24 Myr and ~0.52 Myr for an SNR expanding in
an ambient density of 10~ cm™ and 107> cm ™3, respectively. For a
lower IGrM temperature (10° K), this time is estimated to be between
1.5-3.5 Myr for the same range of the ambient density as before. Due
to a lower ambient density in the IGrM compared to that in the ISM,
the SNR can grow up to a few hundred parsec in size in typical IGrM
environments. Although, the predicted S—T phase is sufficiently long,
the radio surface brightness of SNRs may fall below the detection
limits (~1072 W m~2Hz ' sr™!) of the present radio surveys near
1 GHz. Therefore, while an IGrM—SNR may dynamically exist for
a Myr period, the radio detectability will require higher surface
brightness sensitivities. As only a few Galactic SNRs are known
in low-density warm medium in the ISM, it is difficult to predict
detectability of SNRs in a warm-hot IGrM. Omar (2022b) assumed a
radio detectability of 10* years to estimate observable SNR number
density as nearly 54 SNRs or 1.3 SNR per 1000 square degree in the
IGrM. This estimate can easily vary by a factor of a few depending
upon the number of supernova progenitors at an epoch and the radio
detectability periods of SNRs in different IGrM environments.

The purpose of the estimate made here was to check whether the
predicted numbers of IGrM—SNRs under some realistic assumptions
are significant and whether SNRs can represent a measurable
population of the ORCs. It appears that at least those ORCs, which
are detected without optical counterparts, may be SNRs in the IGrM.

2.2 ORC as shocks from TDEs in a galaxy

If ORCs are shocked regions on a few hundred kpc-scales around
galaxies, the energy required to create such shocks can be estimated
following the relation given in Blondin et al. (1998) and Pavlovi¢ et
al. (2018). The minimum required energy (E) to produce ORC of a
radius r (pc) towards the end of the S—T phase in an ambient medium
density n (cm ™) can be estimated using the relation:

E(10°" erg) ~ (0.050)'73 1’75, (1)

The estimated energy is nearly 10%7 erg and 2 x 10 erg for
the ORCs of sizes 100 kpc and 500 kpc, respectively, expanding
in an ambient density of 107*cm™3. In lower ambient density of
1073 cm™3, the required energy will be nearly 4 x 10% erg and
10°8 erg for ORCs of sizes 100 kpc and 500 kpc, respectively. We
also estimated the energetics using the S-T solutions provided
in Avedisova (1972), for an analogues astrophysical context of
continuous energy deposition by the stellar winds from massive
stars in the ISM. The estimates from this approach and that using
equation (1) agree within a factor of a few. The expected Mach
numbers are between 1 and 2 towards the end of the S-T phase.
Typical ages (characteristic time at the end of the S—-T phase) of such
ORCs are estimated to be 10-1000 Myr for the range of density
and temperature of the IGrM explored in this paper. Again, the
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detectability of ORCs within the sensitivities of the present surveys
may limit detections of ORCs in a younger phase.

The energy released in TDEs can be estimated and compared with
the required energy budgets of ORCs to check if TDEs can provide
required power for ORCs. When a star enters within the tidal radius
of a massive BH, it gets disintegrated and a TDE may take place
(Rees 1988). The TDEs can take place around a BH with mass <108
Mg . The energetics and initial conditions for TDEs are described in
the review article by Alexander (2005). The energy in this process is
released via two paths - (i) a luminous accretion flare lasting a few
years by the captured mass surrounding the massive BH, (ii) a shock-
wave analogous to the supernova blast wave from nearly half of the
disrupted star’s mass as unbound ejecta. Using the relation given
in Khokhlov & Melia (1996), the energy deposited in the ISM via
shock waves from the unbound ejecta can be as high as ~10°3 erg for
a solar mass star tidally disrupted by the BH with a mass 4 x 10° M,
residing in the Galactic Centre (GC). This estimate assumed deeply
penetrating orbits. However, Guillochon et al. (2016) showed by
simulations that typical energy deposited will be significantly lower
and will have a median value of nearly 5 x 10*erg in case of
tidal disruptions of solar mass stars by the GC—BH. For a massive
main-sequence star with mass 30 Mg, the energy is estimated to be
~30 times higher considering a mass-radius relation for stars given in
Eker et al. (2018) and tidal disruption theory outlined in Rees (1988)
and Guillochon et al. (2016). This energy scales with the mass of the
BH as M ;/,3 The important consequence of this result can be that
the energy has only a weak dependence on the mass of the BH and
hence TDEs around relatively less-massive BH (e.g. 10*~10° M)
can also contribute significantly to the total energy deposition by the
unbound ejecta. For instance, a TDE around a BH mass of 10° M,
will provide energy only about a factor of 3.5 lower than that by the
GC-BH. Therefore, majority of galaxies with massive (10*~10% M)
BH can be potential candidates for TDEs. The energy deposited by
the unbound ejecta cannot be constrained as these are the long term
effects of tidal disruptions, which have not been observationally
verified in individual TDEs. In this paper, a fiducial average value of
~10°" erg of released energy per TDE is used.

In order to meet the required energy (10°°—10°° erg) budget to
power ORCs of a few hundred kpc size, multiple TDEs of the order
of 10°-10° are needed in a time shorter than the maximum age
(~100 Myr) of the relativistic electrons in ORCs. Although, typical
TDE rates in galaxies similar to the MW are expected to be of
the order of 107*~10~> per year (Khokhlov & Melia 1996; Wang &
Merritt 2004), the rates can be dramatically enhanced up to a value of
~1 event per year after a merger event between two galaxies (e.g. Cen
2020 and Madigan et al. 2018). Cen (2020) argued that a secondary
massive BH inspiraling through the galaxy’s disc as a result of a
merger of two galaxies will be responsible for the enhanced TDE
rate. Madigan et al. (2018) showed via simulation of stellar orbits
in eccentric nuclear disks created as a result of merger that such
eccentric disks can remain stable and result into large number of stars
crossing tidal sphere of a massive BH. Both the above mechanisms
may explain the preferential occurrence of TDEs in the post-merger
PSB galaxies (e.g. see Bortolas 2022 and references therein).

The PSB galaxies are presently not forming new stars but these
galaxies have very likely undergone a starburst within the past 0.1
1 Gyr period as indicated by their optical spectra. A trigger of intense
starburst is normally traced to merger of galaxies both in massive
systems (e.g. Mihos & Hernquist 1996) as well as in dwarf galaxies
(e.g. Jaiswal & Omar 2020). Therefore, the PSB galaxies can be
natural hosts of TDEs. Considering all possible favourable conditions
for a enhanced rate (~1 per year) of TDEs in the PSB galaxies, the
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total energy deposition rate via shock-wave from the unbound ejecta
from TDEs can reach 10°® erg over ~100 Myr period. This rate can
be expected to decline over time, however this decline is predicted
to be slow and a high TDE rate may be sustained for up to 1 Gyr
after the starburst in certain conditions (see e.g. Bortolas 2022). The
important outcome of this analysis is that there exists possibilities
where a enhanced rate of TDEs in PSB galaxies can make large
energy deposition, matching with those required to generate some
ORCs on hundred-kpc scales.

It is also worth to examine if the energy deposition rate from
multiple TDEs can be sufficient for shocks to penetrate the dense
nuclear regions and breakout in the IGrM to create shocked radio
haloes. Ko et al. (2020) estimated that a minimum rate of ~10*! erg
s~! is required for shocks to penetrate through the central dense
molecular disc (density <n > ~50cm™3) of thickness a few tens
of parsec in the GC in order to drive shocks into the Galactic halo.
This minimum rate of energy deposition can be easily met by the
enhanced rate (1 per year) of TDEs (~10°° erg per event) generating
nearly 3 x 10*? erg s~! energy. Therefore, this mechanism is likely to
contribute even if a TDE produces an order of magnitude less energy
than the assumed value of ~10°° erg or the TDE rate is low by an
order of magnitude.

The effect of injecting energy to ISM and IGrM via multiple
shocks from the unbound ejecta of TDEs in a short span of time
can be expected to be energetically similar to that due to multiple
supernova explosions in the nuclear regions of the starburst galaxies,
where superwinds and superbubbles can be created (e.g. see Sharma
et al. 2014). In these superwinds, particles can be accelerated to
the relativistic energies (Romero, Miiller & Roth 2018). These
relativistic particles will emit synchrotron radiation in radio bands in
presence of magnetic fields.

3 PSB GALAXIES AS POTENTIAL HOSTS OF
ORC

Since detections of TDEs have been observed to be dominating
in the PSB galaxies, it is worth to discuss population density and
environments of the PSB galaxies. The spectra of PSB galaxies show
strong Balmer absorption lines, indicators of presence of recently
formed stars, with ages within ~1 Gyr (see e.g. French 2021). At
the same time, the PSB galaxies do not have strong emission lines
indicating lack of ongoing star formation. The number density of the
PSB galaxies is known to evolve strongly with the redshift between O
and 1. The analyses of a large number of PSB galaxies selected from
the SDSS and Baryon Oscillation Spectroscopic Survey (BOSS)
showed that the number density of the PSB galaxies at fixed absolute
magnitude, e.g. at -23 mag (at 500 nm rest frame; at z ~ 0.5 near
the i-band), varies by more than an order of magnitude between the
redshift 0.2 and 0.6, with higher density at z ~ 0.6 (Pattarakijwanich
et al. 2016). The space density of the PSB galaxies (M, > 10°7
M) at z ~ 0.7 is about 10~* Mpc—3, while that at z ~ 0.07 is
~5 x 1077 Mpc~? (Wild et al. 2009).

If ORCs are primarily hosted by the PSB galaxies, the chance
findings of the ORCs can be expected to increase significantly at
intermediate redshifts, due to increased number density of the PSB
galaxies in those epochs. Although, it can be too early to draw
any significant conclusion with just three ORCs with approximate
photometric redshifts, a strong evolution of the PSB galaxies with the
redshift may be areason why three ORCs with host galaxies are found
at intermediate redshifts in the range z ~ 0.27-0.55. The presently
constrained space density of the ORCs is about 2 x 1078 Mpc—3
(Norris et al. 2022), far below the space density of the PSB galaxies.

MNRASL 516, L43-1L47 (2022)

220z 4aquianoN zg uo Jesn (S31¥Y)SIONTIOS TYNOILYAYISE0 40 FLNLILSNI HOYVYISTY V.LIVHEVAYY Ad LOE699/€771/1/91G/aI01E/|SEIUW/WOD dNO"DlWapede//:Sdly WOl papeojumoq



L46 A. Omar

If the connection between ORCs and PSB galaxies is real, the
presently detected population of ORCs under the sensitivity limit
of the ASKAP survey may therefore only be the tip of the iceberg
with many more ORCs waiting to be detected in deep surveys with
order of magnitude higher sensitivity with the full SKA. A word
of caution is also necessary here, as one should not expect all PSB
galaxies to host ORCs, since it requires several favourable conditions
to produce large number of energetic TDEs in a galaxy. We presently
do not know how often all favourable conditions to generate ORCs
can be met in a merger system of galaxies.

As only one ORC namely ORC-1 has been extensively studied, we
can highlight some properties of the host galaxy of the ORC-1 in the
context of a possible connection between the PSB galaxies and ORCs
proposed in this paper. The host galaxy of the ORC-1 (z ~ 0.55; M, ~
2.7 x 10" My; M; ~ —23 mag) reside in a overdense environment.
The other two ORCs at z ~ 0.27 and z ~ 0.46 although do not reside
in a overdense environment but have a few neighbour galaxies. This
observation led Norris et al. (2022) to consider a possible role of
galaxy interactions in ORCs. A study of environments of the PSB
galaxies using the SDSS and DEEP2 redshift surveys reveals that
the PSB galaxies at z ~ 0.8 reside in overdense environments while
those at z ~ 0.1 prefer underdense environments (Yan et al. 2009).
This indicates that both number density and environment of the PSB
galaxies vary strongly with the redshift between 0 and 1. A spectral
energy distribution fit to the ORC-1 host galaxy also suggests that
it is presently not forming stars but shows evidences of an intense
starburst several Gyr ago (Norris et al. 2022). This observation is
similar to that in the PSB galaxies. The ORC-1 also has an active
galactic nuclei with 1.4 GHz radio luminosity of 7.2 x 10?> W Hz ™!,
which can be a strong indicator of the presence of a massive BH
in the galaxy. Several properties of the host galaxy of the ORC-1
therefore broadly match with the scenario presented here in which
ORGC:s are predicted to be hosted in PSB galaxies with a massive BH.

4 SUMMARY AND CONCLUDING REMARKS

In this paper, PSB galaxies are proposed to be the potential hosts for
some ORCs, recently detected in low-frequency deep radio surveys.
The expanding shocks from the unbound ejecta of a large number of
TDE:s taking place in some PSB galaxies is proposed to be generating
radio haloes. This proposition finds some support from the known
properties of the PSB galaxies. A summary of the paper is presented
below.

(1) Two possibilities were discussed here (i) Some ORCs as SNRs
in the IGrM associated with the Local Group and its immediate
neighbour groups of galaxies as proposed by Omar (2022b). (ii)
Some ORCs hosted by PSB galaxies with a massive BH, where
TDEs are occurring at an enhanced rate due to a recent merger
between galaxies.

(ii) The energetics of the shocks (~10% erg) resulting from a high
rate (1 per year) of TDEs over a 100 Myr period was shown here
to broadly agree with the energy requirements (10>-10% erg) for
the ORCs, estimated using the S—T solutions of expanding shocks
in a low-density hot environment typical of IGrM. This estimate has
ample margin so that some ORCs around quiescent galaxies can still
be explained if the TDE rate or the average energy output per TDE
is order of magnitude smaller.

(ii1) Two observed properties of the PSB galaxies, namely (i) high
space density at intermediate redshifts and (ii) prefer to reside in
overdense environments at intermediate redshifts together with the
higher incidences of the observed TDEs in the PSB galaxies, support
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the proposed scenario for some ORCs being hosted in the PSB
galaxies.

(iv) The observed properties of the well-studied ORC-1 host
galaxy at z ~ 0.55, (i) residing in an overdense environment, (ii)
spectral energy distribution analysis suggestive of a starburst a few
Gyr ago, (iii) presence of a radio AGN hence that of a massive BH
in the galaxy, agree well with the expected properties for the host
galaxies of ORCs.

(v) The chance findings of ORCs at intermediate redshifts (z ~
0.27 to 0.55) agree well with the expected trend from the higher
observed densities of the PSB galaxies at intermediate redshifts.

(vi) If a causal connection between PSB galaxies, TDEs, and
ORCs gets firmly established, it is likely that a large number of
ORC:s will be detected in future with high-sensitivity survey using
the LOFAR and SKA telescopes.

We also make some remarks here for extending this research work
in future -

(1) The GC has shocked bubbles on scales of a few kpc (termed
as Fermi bubbles) emanating outwardly from the two opposite sides
of the Galactic plane. The Fermi bubbles have been detected in
the Gamma-rays (Dobler 2010) and also in the radio bands (Dobler
2012). Multiple periodic TDEs in the GC were proposed to be behind
the creation of the Fermi bubbles (Cheng et al. 2011; Ko et al. 2020).
The ORCs may be the extra-galactic analogues of the Galactic Fermi
bubbles but on larger scales with higher energies.

(i1) The disrupted mass in a TDE is ejected mostly on one half of
the orbital plane, in contrast with a spherical supernova explosion
(Khokhlov & Melia 1996). Hence, multiple shocked geometries in
different orientations can be expected from multiple TDEs. The high
angular resolution radio image of the ORC-1 as presented in Norris
et al. (2022), revealed two prominent rings with some significant
arc-like structures, which could have resulted from multiple bursts
of TDEs. It may be noted that the diffusion of the TeV electrons
responsible for the radio emission can be slow (~0.1 kpc Myr~!; see
e.g. Omar 2019) in the IGrM environments, hence, the individual
shock fronts at the end of the S—T phase can remain visible for a few
tens of Myr period.

(iii) The ORCs have potential to become important tracers of activ-
ities related to the massive BH in galaxies, particularly in the context
of a preposition first proposed by Gopal-Krishna, Mangalam & Wiita
(2008), where TDEs in galaxies with BH mass <10® Mg may explain
the well-known radio galaxy dichotomy based on radio loudness.
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