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ABSTRACT

We investigate shock structures driven by merger events in high-resolution simulations that result in a

galaxy with a virial mass M ≈ 1012 M�. We find that the sizes and morphologies of the internal shocks

resemble remarkably well those of the newly-detected class of odd radio circles (ORCs). This would

highlight a so-far overlooked mechanism to form radio rings, shells and even more complex structures

around elliptical galaxies. Mach numbers ofM = 2− 3 for such internal shocks are in agreement with

the spectral indices of the observed ORCs. We estimate that ∼5 percent of galaxies could undergo

merger events which occasionally lead to such prominent structures within the galactic halo during

their lifetime, explaining the low number of observed ORCs. At the time when the shock structures are

matching the physical sizes of the observed ORCs, the central galaxies are typically classified as early-

type galaxies, with no ongoing star formation, in agreement with observational findings. Although

the energy released by such mergers could potentially power the observed radio luminosity already in

Milky-Way-like halos, our predicted luminosity from a simple, direct shock acceleration model is much

smaller than the observed one. Considering the estimated number of candidates from our cosmological

simulations and the higher observed energies, we suggest that the proposed scenario is more likely

for halo masses around 1013 M� in agreement with the observed stellar masses of the galaxies at the

center of ORCs.

Keywords: Galaxies (573) — Radio continuum emission (1340) — Hydrodynamical simulations (767)

— Galaxy mergers (608)

1. INTRODUCTION

Odd radio circles (ORCs) are a newly discovered class

of radio sources, first detected by Norris et al. (2021a)

with the Australian SKA Pathfinder (ASKAP)1. In ad-

dition to the three ASKAP-detected ORCs, which con-

sist of one single ORC and one ORC pair, Norris et al.

(2021a) also report a fourth single ORC, detected with

the Giant Metrewave Radio Telescope (GMRT) at 325

MHz. The subsequent discovery of a fifth ORC with

ASKAP at 944 MHz by Koribalski et al. (2021) made it

the third single ORC around a central elliptical galaxy.

The currently known single ORCs show large scale,

1 These ASKAP observations are part of the ‘Evolutionary Map
of the Universe’ (EMU) Pilot Survey, carried out at a centre
frequency of 944 MHz, a bandwidth of 288 MHz and an angular
resolution of ∼13 arcsec (Norris et al. 2021b).

ring-like diffuse radio emission with radii of ∼30 arc-

sec or 150 – 250 kpc, without any detected counter-

parts at non-radio wavelength and observed radio pow-

ers of several times 1023 W Hz−1. Their central host

galaxies have redshifts of z ∼ 0.3 − 0.5 and stellar

masses of M∗ ∼ 5 × 1011 M�, M∗ ∼ 2 × 1011 M� and

M∗ ∼ 1011 M� for ORC 1, ORC 4 and ORC 5 respec-

tively (Zou et al. 2019). For ORC 1 Norris et al. (2022)

report a spectral index of α ∼ 1.4 (multi telescope)

and ∼ 1.6 (in-band Meerkat), assuming a flux density

S ∝ ν−α, while ORCs 4 and 5 have α ∼ 0.92 ± 0.18

(Norris et al. 2021a) and α ∼ 0.8±0.2 (Koribalski et al.

2021), respectively.

These different ORC properties have led to numerous

speculations on their origin and formation. In the dis-

covery paper by Norris et al. (2021a) a large number of

possible formation scenarios are discussed and mostly



2 Dolag et al.

Simulation Resolution Mgas εgas

[h−1 M�] [h−1 kpc]

COMPASS/asin 25000x 6.3× 103 0.11

COMPASS/asin 250x 6.3× 105 0.5

Magneticum/Box4 uhr 7.6× 106 1.4

Table 1. Summary of the key properties (resolution level,
resulting mass of the gas particles and gravitational soften-
ing) of the different simulations used.

considered unlikely. For example, while ORCs resem-

ble supernova remnants, their location at high Galactic

latitudes suggests such origin extremely unlikely. The

discovery of a third single ORC with a central elliptical

galaxy led Koribalski et al. (2021) to favour three pos-

sible scenarios for their formation: (1) a relic lobe of a

giant radio galaxy seen end-on, (2) a giant blast wave,

possibly from a binary supermassive black hole merger,

and (3) interactions between a tailed radio galaxy and

its environment including neighbouring galaxies. The

expected 3D shapes of the radio emission would approx-

imately resemble a cylinder, a sphere, and a ring, re-

spectively.

Following up on these ideas, Norris et al. (2022) in-

vestigate whether an expanding synchrotron shell from

e.g. a starburst termination shock in the host galaxy

can explain the properties of ORC 1, including its po-

larisation and spectral index. Interestingly, they find

their model broadly consistent with the observations.

They also detect little ongoing star formation in the host

galaxy, but evidence for a strong starburst event several

Gyr ago, and speculate that the ORCs internal struc-

ture may have resulted from galaxy interactions with the

starburst wind. There are also investigations by Omar

(2022a) which consider if the ejected debris from tidal

disruption events, at a rate of approx. one per year over

100 Myr, may generate shocks in post-starburst galax-

ies (e.g., Bortolas 2022) that resemble ORCs. Although

the estimated initial energy of 1055 − 1059 erg might

be sufficient, this is still small compared to the total

energy content of the circum-galactic medium (CGM).

It is therefore unlikely that the energy would be suffi-

cient for the shock to reach the observed distance from

the host galaxies. Even more exotic suggestions are,

for example, relating ORCs to the throats of wormholes

(Kirillov & Savelova 2020). However, so far none of the

discussed mechanisms adequately explains the observed

radio structures. A diffuse radio circle discovered in im-

ages from the Low Frequency Array (LOFAR) at 144

MHz by Omar (2022b) is most likely the eastern lobe

of a giant double-lobe radio galaxy with host WISEA

J002034.74+301911.6, an elliptical galaxy at z = 0.514

Figure 1. We show the evolution of the mass-weighted dis-
tribution of the Mach number M of the detected shocks
within a 1 h−1cMpc sphere around the galaxy halo. The
colors represent the redshift, as indicated in the labels. The
transition from the accretion shock dominated regime at high
redshift to the internal shock dominated regime at low red-
shift can be clearly seen.

(Bolton et al. 2012). The system resembles that of

the ORC 2+3 pair which appear to be the lobes of a

bent radio galaxy with host galaxy WISEA J205848.80–

573612.1 (source B in Norris et al. 2021a) at z ∼ 0.3 (Zou

et al. 2019).

Several projects are underway to find radio sources

with rare or unusual morphologies, including the newly

discovered class of odd radio circles. For example, us-

ing self-organising maps (SOMs, a form of unsupervised

machine learning), Mostert et al. (2021) scanned the LO-

FAR Two-metre Sky Survey (LoTSS) images for the

highest outlier scores to find sources with rare mor-

phologies, resulting in Wide-Angle Tailed radio galax-

ies (WATs), Narrow-Angle Tailed radio sources (NATs),

relics and halos in galaxy clusters, but no ORCs were

detected. Similarly, Segal et al. (2022) searched for the

most complex radio sources in the EMU Pilot Survey,

only finding two known ORCs. Gupta et al. (2022) also

apply SOMs to a number of ASKAP fields, including

the EMU Pilot Survey, finding the already known ORCs

and, in addition, two new ORC candidates. All these at-

tempts confirm that ORCs seem to be a very rare phe-

nomena.

In this Letter, we use hydrodynamic, non-radiative

very-high resolution, cosmological zoom-in simulations

of a galaxy halo to investigate the shock structures

within the halo and its surroundings as driven by the

cosmological assembly of the halo. Similar to what

is known from galaxy clusters a short, initial phase is
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Figure 2. We show the evolution of the distance of the
different shocks from the halo center in units of the virial
radius. The black lines indicate the accretion shock while
the blue and the red lines mark the two internal shocks (see
text for details). The two gray lines indicate diameters of
300 and 500 kpc, respectively.

present, where accretion shocks are dominating the viri-

alization of the gas within the halos. Then, around

z ∼ 3 the halo undergoes a transformation and viri-

alization starts to be dominated by internal, merger-

driven shocks. Already in early works of idealized galaxy

merger simulations it has been pointed out, that merger

driven shocks can significantly deploy hot gas of tem-

peratures around 106 and 107 K within the CGM (Cox

et al. 2004, 2006; Sinha & Holley-Bockelmann 2009),

and in fully cosmological simulations contribute signifi-

cantly to heat the CGM inside galactic halos (Hani et al.

2018). Therefore, as in galaxy clusters, collisions of in-

ternal shocks with the accretion shock, so called merger

accelerated socks (Zhang et al. 2020), push back the ac-

cretion shock to several times the virial radius, which

can clearly be seen in the simulation of a galaxy halo at

z = 6 as presented in Bennett & Sijacki (2020). Sub-

sequent merger shocks are then capable to form com-

plex shock patterns in the outskirts of the halo. We

demonstrate that the morphologies of these structures

are very similar to the radio emission observed in ORCs,

and therefore represent a so-far-unaccounted possibility

for their origin. For the first time, we achieve a self

consistent model which clearly demonstrates a possible

formation mechanism for ORCs and which is able to ex-

plain the various observed properties of these systems,

including their different morphological appearances as

well as their rare frequency of detection in current ob-

servations.

2. SIMULATIONS

The key parameters of the simulations exploited in

this Letter are summarized in Table 1. We mainly

used a high-resolution, non-radiative simulation of a

galaxy with a final, virial mass of 1.2 × 1012 M� taken

from the COMPASS2 simulations set, which realizes

zoomed initial conditions for various halos from very-

massive galaxy clusters down to normal galaxies selected

within a 1 Gpc parent simulation (see Bonafede et al.

2011). Here we used the asin region at 25000x resolu-

tion level3, resulting in a gas particle mass of Mgas =

6.3 × 103 h−1 M� and a softening of ε = 110 h−1 pc

so that the halo is resolved with 20 million gas particles

within the virial radius at redshift z = 0. Resolving such

shocks at large distances to the center of the halo either

needs some shock refinement as used in Bennett & Si-

jacki (2020), or, as in our case, employing a very high

number of resolution elements to increase the number of

particles tracing the low density regions around galactic

halos.

The simulation is performed as non-radiative versions

using OpenGadget3, which is an advanced version of

P-Gadget3 (Springel 2005), featuring an updated SPH

scheme (Beck et al. 2016b). The high number of parti-

cles used allows us to focus on the thermodynamic struc-

tures in the outskirts of the halo with very high resolu-

tion. Here the simulation contains almost 40 million gas

particles within the accretion shock region and due to

the adaptive nature of the simulation, the resolution4 at

the accretion radius varies between 10 and 30 h−1 kpc

and the spatial resolution at the radius of the observed

radio ring is typically a factor 3 better. To be able to

track the shock structures within the halo, we applied an

on-the-fly shock finder (Beck et al. 2016a). Stellar prop-

erties of the galaxy are investigated using a lower spatial

resolution simulation, corresponding to a resolution level

of 250x, including galaxy formation physics (Murante

et al. 2010, 2015; Valentini et al. 2017, 2020) as well

as selecting galaxies with similar merger history from

the Box4/uhr of the Magneticum Pathfinder simulation

(see e.g. Teklu et al. 2015, for a detailed description),

which corresponds to 25x in the zoomed simulations.

To model synchrotron emission we use Crescendo, a

Fokker-Planck solver for spectral cosmic rays in cosmo-

logical simulations (Böss et al. 2022), which we applied

in a post-processing mode.

2 http://www.magneticum.org/complements.html#COMPASS
3 Splotch movie of asin/25000x
4 which can be interpreted as the smoothing length of the gas par-

ticles, where we use 295 neighbors for our underlying Wendland
C6 kernel.

http://www.magneticum.org/complements.html##COMPASS
https://wwwmpa.mpa-garching.mpg.de/~kdolag/4Baerbel/asin_combined.avi
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Figure 3. We show maps of a 200 h−1ckpc thin slice of the IGM temperature distribution within a 2 h−1cMpc wide region
centered on the galaxy halo. The contours are drawn from the Mach number distribution along the line of sight and highlight the
positions of various shock features. The position of the accretion shock is located towards the border of the shown maps (visible
as transition of red to black), while the first and second internal shocks are located further in (mostly visible as transition from
orange to red and yellow to orange in the left and middle panel). The middle panel shows all three shock features, the outer
one and the two inner ones, very clearly. In the left panel the first internal shock and in the right panel the second internal
shock are resembling the size of the observed ORCs, having a diameter of ∼ 500 kpc. In the middle and right panel, two rings
inside each other could potentially shine in radio, while in the left panel the geometry could be interpreted as two overlapping
elliptical shapes. The images (from left to right) show the halo at z = 0.52, z = 0.43 and z = 0.27, respectively.

3. SHOCKS

Similar to galaxy clusters, also the virialization of the

galactic halo is driven by accretion shocks only at high

redshift. During the main formation of the halo, the

heating is dominated by internal shocks, driven by the

assembly of the galaxy. Figure 1 shows a histogram

of the resolution elements with their detected Mach

number from the internal, on-the-fly shock finder (Beck

et al. 2016a). At the earliest time shown (z ≈ 7), the

distribution clearly peaks at high sonic Mach numbers
(M > 20), as typical for accretion shocks. Around z ≈ 3

the distribution transforms and internal shocks peaking

at M ≈ 2 − 3 start to dominate. Below redshift z ≈ 2

there is no longer any sign of a distinguished population

of resolution elements tracing the accretion shocks. Our

findings here are perfectly aligned with the results for a

galactic halo at z = 6, as presented in Bennett & Sijacki

(2020), both, in the distribution of the Mach number for

the accretion shocks withM > 20 and pushed back sig-

nificantly beyond the virial radius already, as well as a

peak of internal shocks with Mach numbersM≈ 2− 3.

Similar to what is found in galaxy clusters (Zhang et al.

2020), the collision of internal, runaway shocks with the

accretion shock pushes the accretion shock with time far

beyond the virial radii.

In Figure 2 the two black lines show the distance of

the accretion shock and its evolution with time. As the

shape of the accretion shock is quite irregular, ranging

to much larger distances towards voids and smaller dis-

tances towards in-flowing filaments, the two lines mark

a minimum and maximum distance of the detected ac-

cretion shock. Already at early times, when the universe

was younger than 1 Gyr, the accretion shock in the pro-

genitor system of the galaxy is pushed beyond the virial

radius. At z ≈ 0.7 (and shortly after) the formation of

the halo leads to a pair of internal shocks (red and blue

lines) which are traveling outwards. One of them ex-

tends even up to the accretion shock which at late times

sits at a distance of ≈ 4Rvir. The two lines for each

of the shocks again mark the minimum and maximum

distance of the shock surface from the center of the halo.

The gray lines mark the radial distance of circles with

diameter of 300 and 500 kpc, respectively, and already

indicate that the size of the observed ORCs can be easily

matched by these internal shocks within galaxies halos,

even if the larger one roughly correspond to the virial

radius of our simulated galaxy.

It is interesting to note that these internal shocks also

clearly stick out in the overall distribution of shocks in

the halo, as can be seen in the histograms presented of

Figure 1, where the light blue lines correlate with this

time interval.
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Figure 4. The first three images (from the left) show DES optical color images centred on the likely host galaxies of the three
single ORCs (see Table 2 in Koribalski et al. (2021)). — The right two images made with Splotch (Dolag et al. 2008) show the
low-resolution simulation of the galaxy with galaxy formation physics on. The first shows the system at z ≈ 0.83, shortly before
the first merger. The second shows the system at z ≈ 0.27, when the second shock has a size comparable with the observed
diameter of the ORCs. Both are showing a region of 300 kpc a side.

4. INTERNAL SHOCKS CREATING ORCS

In our simulated galaxy, a major merger event start-

ing at z ≈ 0.7 in the simulation is responsible for driving

these two, subsequent shocks, which as shown before,

both propagate far beyond the virial radius. During

this propagation, they are causing roundish or horseshoe

shaped features of similar size than the ORCs observed.

Figure 3 shows examples of temperature maps of the in-

tergalactic medium (IGM), overlaid with the contours

marking the positions of the detected shocks for a bet-

ter demonstration of their shapes and sizes. Note that

depending on how such shocks translate into radio emis-

sion, the geometry of the inner shock circle at z ≈ 0.52

shows significant asymmetry and also internal structure,

which could appear as two folded circles, similar to those

reported for recent MeerKAT observations of ORC 1

(Norris et al. 2022). In Section 7 a three dimensional

representation of the shock in the halo at z = 0.52 is

shown for better visualisation of the geometry. There-

fore, internal shocks could also be responsible for such

observed morphology, alternatively to a bipolar outflow

as discussed in Norris et al. (2022). Assuming that the

acceleration of synchrotron bright electrons follows the

same principles here as in galaxy clusters we can apply

the standard model for radio relics (see Hoeft & Brüggen

2007, and references therein). There, the spectral index

α is related to the radio Mach number M at injection

through the simple relation α = (M2+1)/(M2−1)− 1
2 .

However, projection effects can have some influence on

this relation, so for the integrated spectral index, the mi-

nus one halve typically vanishes (see Wittor et al. 2021a,

for detailed discussion). For ORC 1 this leads to a Mach

number M ≈ 2.1− 2.4, in line with the Mach numbers

inferred in Norris et al. (2022), which also matches those

of the internal, merger driven shocks seen in our simu-

lations. This also indicates that if ORCs are produced

by these internal shocks, a large variety of morpholo-

gies can be expected. Our galaxy candidate would have

two periods, each spanning approx 500 million years,

where the size of the internal shock structures matches

the size of the observed ORCs. This would translate

into at most 20 per cent of the time within the last 5–

6 Gigayears. Similar to radio relics, projection effects

and radial dependence of dissipated energy and mag-

netic field strength may play a significant role in the ob-

servability of ORCs (see Vazza et al. 2012, for a discus-

sion of these effects in galaxy clusters). This could lead

to ORCs only being observable at a favorable distance

to the central galaxy. This might contribute to the ap-

parent phenomena that all discovered ORCs so far have

similar observed sizes. Note also that sometimes inter-

nal shocks form inner and outer rings, as demonstrated

in Figure 3 (right panel). Depending on the actual, ra-

dial magnetic field profile within the CGM, these should

be detectable in deeper observations.

5. FORMATION OF ORCS

So far we have shown that the morphology of the in-

ternal shocks we found in our simulations matches the

one observed for ORCs quite well. Specifically, in our

case, we have two internal shocks which pass through the

halo on a very short timescale. This is due to the merg-

ing event at z ≈ 0.7 being a quite peculiar one. This

merging event turns out to be a multiple merger, where

the mass of the halo rises by a factor of three within

≈ 0.5 Gyr. In the Appendix A.1 we show the detailed

merger tree for a better understanding of the growth of

this halo. Therefore, we expect this galaxy to be an

early type galaxy. Indeed, the low-resolution simulation

of this halo which includes star formation clearly shows

that the galaxy undergoes a transformation from a disk

like, star-forming system to a quiescent, early-type-like

system after the merger. At the time when the mor-

phology matches the ones of the observed ORCs (as at

z ≈ 0.45), the galaxy appears as a standard, early-type

galaxy. Figure 4 shows the Dark Energy Survey (DES;

Abbott et al. 2018) optical colour images of the observed

galaxies, as well as visualizations based on Splotch
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Figure 5. We show the evolution of the mass of the main
progenitor of the asin/25000x halo (thick blue line) com-
pared to 123 galaxies from Box4/uhr of the Magneticum sim-
ulations (gray lines). Of those, 7 (red lines) are showing a
similar shape of their formation history and a sudden, large
increase of the virial mass, similar to our ORC candidate,
within a reasonable time window given by the observations
(indicated by the dashed lines).

(Dolag et al. 2008) of the low-resolution galaxy simula-

tion including galaxy formation physics. One shows the

system at z ≈ 0.83 before the merger starts, the other at

z ≈ 0.27, when the second shock wave is an ORC candi-

date. Clear to see that before the merger, the simulation

represents a late type, star-forming galaxy while after

the merger the galaxy appears as a early type galaxy,

with no sign of star-formation. The shown region spans

in both cases 300 kpc in size.

From galaxy clusters with halo masses of ≈ 1015 M�
we know that such major merger events are the most

energetic events in the Universe since the Big Bang,

releasing energy of the order of 1064 erg and thereby

powering shock-induced radio emission in form of ra-

dio relics with a typical power up to several times

1025 W/Hz at 1.4 GHz for the individual relics (Feretti

et al. 2012). Therefore, a major merger event involving

galaxies somewhat more massive than the Milky Way

can power the observed ORCs, with an observed radio

power of ≈ 1023 W/Hz at 1.4 GHz.

6. EXPECTED FREQUENCY OF ORCS

As the merger event which produces the morphology

of the ORC candidate in our high-resolution galaxy sim-

ulation asin/25000x is quite unique, we can try to esti-

mate the occurrence of such situations, which can lead

to ORC candidates in larger scale, cosmological simu-

lations. Here we used Box4/uhr from the Magneticum

simulations to get a rough estimate of the expected oc-

currence of similar merger events, which involves simi-

lar, unusual multi-body merging processes. First we se-

lected galaxies in the mass range Mvir between 1× 1012

and 1.5× 1012 M� to match the halo mass of our high-

resolution simulation, resulting in a set of 123 galax-

ies. Then we obtained the frequency of similar merging

events by finding mergers, where the mass of the main

progenitor increases by a factor of three or more in a

similarly short timescale. We identified seven such cases

which could be classified to be similar to our candidate

case. Figure 5 shows the mass evolution of the main

progenitor of the 123 selected galaxies, with the seven

identified candidates shown as red lines. The blue line

marks the mass evolution of the main progenitor of our

high-resolution simulation. The dashed, vertical lines

indicate the additional constraint of the time window,

in which the major merger has to fall. In addition, this

statistical set of heavy merging galaxies confirms the

findings from the low-resolution simulation of the mor-

phological type of our ORC candidates. Six out of the

seven galaxies have zero star-formation rate and popu-

late a region in the j∗ −M∗ relation (Teklu et al. 2015)

which is related to early-type galaxies.

With this, we would expect that roughly 5 percent of

galaxies in this mass range could at a certain point de-

velop a radio ring feature. This upper limit has to be

modulated down with the expected life time over which

such feature is expected to be detectable and matches

the observed geometry, which we can assume to be a

window of 0.2 Gyr within the last 5 Gyr. The EMU Pi-

lot Survey is spanning 270 square degree and ORCs are

detected in a redshift range between z ≈ 0.2 and z ≈ 0.5

which corresponds to a volume of roughly 0.15 Gpc3.

From the typical mass functions predicted by cosmo-

logical simulations, we can estimate that the density

of Milky Way-like galaxies and galaxies with mass of
≈ 1013 M� is roughly 10−3 and 10−4 per Mpc3, re-

spectively. Therefore we expect that simulations would

produce a few hundreds or some dozens of ORC candi-

dates depending on the assumed halo masses. This is

in line with the three single ORCs that have been con-

firmed so far. Note that in Norris et al. (2022) it was

estimated that the ORC density should be around one

per 0.05 Gpc3, very similar to our estimate.

7. 3D SHOCK STRUCTURES AND APPEARANCE

OF ORCS

Our high-resolution simulation reveals internal shocks

in the halo of galaxy mergers, as shown in Figure 3, that

strongly resemble both the observed sizes and morpholo-

gies of ORCs. The 3D structures of these shock surfaces

are visualised in Figure 6 for four different viewing an-
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Figure 6. The upper row shows the observed radio continuum emission of odd radio circles; from left to right: MeerKAT
image of ORC 1 (Norris et al. 2022), GMRT image of ORC 4 (Norris et al. 2021a), and ASKAP images of ORC 5 (Koribalski
et al. 2021) and a newly discovered double ORC (Koribalski et al., in prep.). Each panel has a size of ≈ 1 Mpc × 1 Mpc. The
lower rows shows 3D views of the shock structure under different viewing angles and at different times. We show the shocked
SPH particles with Ms > 1.5 color-coded according to their sonic Mach number. Time and viewing angle have been chosen to
highlight morphological similarities between the structures of the internal shocks and the observed radio images. The 3D plots
for interactively rotating the shock structures can be found on http://www.magneticum.org/complements.html#COMPASS

gles at z = 0.52 and z = 0.43. The viewing angle in

the different columns are chosen to best reproduce the

observed structures, like the left one, with many inter-

nal features, as observed in ORC 1 (Norris et al. 2022),

or the right one, which highlights the gap between the

two shock fronts, somewhat resembling a double ring

or shell systems. This demonstrates how the simulated

system of shock surfaces viewed under different projec-

tions leads to various morphologies, from two-sided, to

horseshoe or elliptical, with various sub-structures in-

side. In principal, this is quite similar to the situation

of double relics in the outskirts of merging galaxy clus-

ters. However, the shocks found here in the halos of

galaxy mergers are more prominent at larger (relative

to Rvir) distances and appear more circular than their

counterparts in/around? clusters. Importantly, here we

compare the appearance of just a single, forming halo

in a cosmological context, and it is quite surprising that

already this one case shows similarities to several, differ-

ent observed systems. We expect that in a large cosmo-

logical sample of galaxies there will be an even broader

spectrum of geometries and therefore morphologies pro-

duced in such merging events.

8. ESTIMATION OF THE RADIO EMISSION

As already pointed out in Norris et al. (2022), shocks

with Mach numbers M ≈ 2 − 3 could cause the ob-

served synchrotron emission. For this assumption to

hold, the energy density of the CR electrons in the syn-

chrotron emitting shell has to be of order 104 eV m−3,

http://www.magneticum.org/complements.html##COMPASS
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Figure 7. Two example for the radio synchrotron emis-
sion at 944 MHz of the simulated system at z = 0.52 and
z = 0.42. The images are smoothed with a 13 arcsec beam,
corresponding to the observations. The beam size is indi-
cated as a small white circle in the lower left corner.

corresponding to roughly 1% of the energy density of

the CMB at this redshift. However, the thermal energy

density at these distances from the galaxy, for typical

temperatures and densities, is of the same order and

therefore might challenge our current understanding of

diffuse shock acceleration (DSA) from a thermal pool.

Here, we estimate the radio luminosity of our simu-

lated ORC candidates by modeling the cosmic ray (CR)

electron population through our Fokker-Planck solver

Crescendo (Böss et al. 2022). For this purpose we

stored ≈ 1000 snapshots of the asin/25000x simulation

to trace the shock structures in detail. We used the effi-

ciencies from Ryu et al. (2019) to model the acceleration

of CR protons at shocks via diffuse shock acceleration

(DSA) and employ an electron-to-proton injection ra-

tio of Kep = 0.01. For the treatment of the cosmic ray

electrons we focus on radiative cooling by inverse Comp-

ton scattering and ignore adiabatic changes, as they are

found to be of reduced relevance in the case of study-

ing shock fronts (see Wittor et al. 2021b, for a discus-

sion). The cosmic ray electron spectrum is represented

in the range p ∈ [102, 105](mec)
−1 with 8 bins/dex. As

in the on-the-fly implementation, we subcycle the solver

for particles where the time between outout snapshots

∆tsnapshot > 0.1 τIC(pcut) where τIC(pcut) is the cooling

time of the electrons at the spectral cutoff due to inverse

Compton scattering.

In Figure 7 we shows two examples of the predicted

synchrotron emission from our system at z = 0.52 and

z = 0.42. Also here, even the projected radio emission

follows quite closely the ones observed from the shocks

itself. In this case, there are noticeable similarities to

the different cases of observed ORC systems. The size of

the emitting structures reaches a diameter of ≈ 500 kpc
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Figure 8. Total synchrotron brightness of the simulated
ORC within a radius of r < 500h−1cMpc for our chosen CR
acceleration efficiencies models. We use a constant magnetic
field strength of B = 5µG for all synchrotron emitting parti-
cles. Note that the observed synchrotron power at 944 MHz
for ORC 5 is significant larger, e.g. ≈ 5.5 × 1023 W Hz−1

(Koribalski et al. 2021).

(left pane) and even larger sizes (right panel), with some

remaining emission structures further in, which could

be interpreted at internal structures of a double ring

system as in ORC 1 or ORC-6. Increasing the dynamic

range in figure 7 to show darker structures reveals a

second ORC around the inner one. This is caused by

a previous merger event and its still outwards traveling

shock, as already seen in the temperature profiles. The

observability of this second layer of ORCs would however

strongly depend on the CR acceleration physics and the

magnetic field this far out in the CGM.

Figure 8 shows the evolution of the total synchrotron

brightness of these structures for the choice of our DSA

efficiency model. Very clear to see that such emission

would appear very variable, changing by a factor of

a view over timescales on Gyr and below. The emis-

sion only starts to get significant, after the first merger

shocks are initiated. However, as discussed before, our

simplistic models fail to reproduce the observed total

luminosity, due to the low, thermal energy content of

the CGM at these distances. Therefore it is difficult

to state exactly for which time periods the shock struc-

tures would light up and could produce the observed

radio emission of ORCs.
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Our direct application of DSA strongly depends on

many assumptions which are beyond both, the currently

underlying hydro-dynamical simulation as well as our

cosmic ray modeling. Among them, the obtained Mach

number is crucial for the ability to accelerate cosmic

ray electrons, and therefore the obtained radio bright-

ness and its smoothness is very uncertain and should be

only taken as an indication of the expected morphology

or the principle variation of the time evolution. De-

spite our generally very high resolution for such kind

of simulations, the detection of the shocks in the outer

parts is still quite limited by numerical effects, as al-

ready noticed in the shock maps. We expect that pro-

cesses like cooling and feedback will have a noticeable

impact on the CGM at these distances and therefore

the involved Mach numbers will change. Going from a

halo with a virial mass of 1012 M� to a halo with mass

of 1013 M� can potentially increase the radio luminos-

ity, as observed through the scaling relations for radio

relics in galaxy clusters. Furthermore, we are neglect-

ing effects like turbulent re-acceleration and maybe most

importantly, fossil cosmic ray electron populations from

galactic outflows and AGN activity, which can be more

efficiently re-accelerated. Therefore we stress that the

presented radio emission should only be interpreted as

an indication that the underlying shock structures from

the formation process of galactic halos may explain the

formation of ORCs.

9. CONCLUSIONS

We present the results of non-radiative, very high-

resolution simulations of a Milky Way mass galactic halo

where we applied an on-the-fly shock finder. We show

that similar to what was found for merger-accelerated

accretion shocks (MA-shocks) in galaxy clusters (see

Zhang et al. 2020), the internal shocks from the forma-

tion of the halo are colliding with the accretion shock

and pushing it back to a distance of several times the

virial radius. In some cases, subsequent internal shocks

driven by merger events are able to produce very com-

plex shock structures, prominently propagating even up

to the virial radius and beyond. These structures could

be the origin of a newly detected radio emission feature

of galaxies called odd radio circles (ORCs), see Norris

et al. (2021a). The best matching morphology found

in our galaxy simulation originates from a very-extreme

merger event, where the final halo mass of the galaxy in-

creases by a factor of three due to multiple merger com-

ponents. By identifying similar extreme merger cases

in a cosmological simulation, we deduced that only 5%

of galaxies undergo such dramatic events, which would

be generally in line with the rare number of observa-

tions of such ORCs. Here, the lower abundance of more

massive halos with virial masses around 1013 M� would

even better match the currently observed frequency of

ORCs, which lines up with halo masses expected for the

observed stellar masses of several 1011 M�. This sce-

nario also predicts that the galaxies showing these radio

emission phenomena should be predominately quiescent

galaxies, which is confirmed by a lower-resolution sim-

ulation of our target galaxy including cooling and star

formation and lines up with the observational findings

for the small number of ORCs detected so far. Further-

more, our scenario of internal shocks also agrees well

with the radio Mach number of M ≈ 2.1− 2.4 inferred

from observations of ORC 1.

Following a spectral distribution of cosmic ray elec-

trons which are produced via diffuse shock acceleration

at these shocks with Crescendo (Böss et al. 2022)

we verified the morphology and the transient nature of

the expected radio emission. However, given the over-

simplified treatment of the complex processes involved,

applying direct shock acceleration for the CR electrons

at these shocks was not yet able to reproduce the mag-

nitude of the observed radio emission.

In summary, we find that internal merger shocks are

an interesting new candidate to explain the newly dis-

covered odd circular radio emission around some galax-

ies by matching several of the observed properties. More

detailed modeling of the cosmic ray electron component

causing this radio emission will be needed to better un-

derstand the formation of ORCs.
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Figure 9. Merger tree of our high-resolution galaxy simulations, showing the triple merger event at z = 0.7 and z = 0.65
leading to internal shocks which resemble the ORC geometry at z ∼ 0.45. See text for details.

Software: P-Gadget3 (Springel 2005; Beck et al.

2016b), Smac (Dolag et al. 2005), SubFind (Springel

et al. 2001; Dolag et al. 2009), Splotch (Dolag et al.

2008), Julia (Bezanson et al. 2017), Matplotlib (Hunter

2007)

APPENDIX

A. APPENDIX INFORMATION

A.1. Detailed formation history

In Figure 9 we show the merger tree based on SubFind (Springel et al. 2001; Dolag et al. 2009), constructed for

our high-resolution galaxy simulation. On the vertical axis, the redshift is given, staring from z = 7.11 in the top

and goes down to z = 0 at the bottom, showing only 90 out of the originally 1000 output times of the simulation.

Each of the colored circle represent a galaxy at each time, where the size of the circles are logarithmic scaled with

the current halo mass and color is indicating the gas mass fraction in units of the cosmic mean, as indicated in the

legend. We restricted the visualisation of the tree to halos which are resolved with at least 100 particles, leading to

≈33000 progenitors shown in the figure on the horizontal axis. The black lines connect where each galaxy is ending

up at the next time, so vertical lines indicate the evolution of individual galaxies and horizontal lines indicate when

galaxies are finally merged into other galaxies. The left branch shows the evolution of the so called main progenitor,

e.g. the most massive progenitor at each time which ends up being part of the final galaxy. Clear to see is that the

merger events which take place between z ≈ 0.7 and z ≈ 0.655 are quite unusual. Here, almost simultaneously three

approximately equal halos are merging, as can be seen from their individually rich and complex history, manifesting

in their relatively large number of own leaves in the tree. This happens in a very short timescale, which then also

drives the two independent shock waves, which could resemble the ORC morphology as discussed in the main text.

The mass of the halo also basically increased by a factor of three by this event. As a side note, it is also nicely visible

5 These are the times when the halos are touching. The galaxies
(which are the central parts) will merge significantly later and
therefore also the shocks which are driven by the core passage
will be initiated significantly later.



Merger driven origin of ORCs 11

how all the individual galaxies are losing their diffuse gas in interaction with the host system before finally merging,

as can be seen from the appearance of the vertical color gradients before the horizontal lines indicating the merging

into the final galaxy.
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