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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 ~ 10'> 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
of M = 2-3 for such internal shocks are in agreement with the spectral indices of the observed ORCs. We estimate
that ~5% 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.
Con31der1ng 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 10" M., in agreement with
the observed stellar masses of the galaxies at the center of ORCs. Such shocks might be detectable with next-
generation X-ray instruments like the Line Emission Mapper (LEM).
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1. Introduction

Odd radio circles (ORCs) are a newly discovered class of radio
sources, first detected by Norris et al. (2021a) with the Australian
Square Kilometre Array Pathfinder (ASKAP).” In addition to the
three ASKAP-detected ORCs, which consist of one single
ORC and one ORC pair, Norris et al. (2021a) also reported 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. Recently, a sixth ORC has been found in ASKAP data
(B. S. Koribalski et al. 2023, in preparation) showing a double
ring feature, and another candidate was found by Lochner et al.
(2023) within the MeerKAT Galaxy Cluster Legacy Survey
(MGCLS), showing quadrilateral enhanced brightness regions
and ear-like features. The currently known single ORCs show
large-scale, ring-like diffuse radio emission with radii of
150-250 kpc, without any detected counterparts at nonradio

7 These ASKAP observations are part of the “Evolutionary Map of the

Universe” (EMU) Pilot Survey, carried out at a center frequency of 944 MHz, a
bandwidth of 288 MHz, and an angular resolution of ~13” (Norris et al.
2021b).
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wavelengths, and observed radio powers of several times 10%
W Hz ', The largest linear scale of ORC 6 reaches even ~1
Mpc in diameter. A collection of ORCs highlighting their
different appearances is shown in Figure 1. Their central host
galaxies have redshifts of z ~ 0.3-0.6 (ORCs 1-5; SAURON),
but newer candidates are also at much lower redshifts like
z=0.125 (ORC 6) and z~ 0.05 (Cloverleaf; B. S. Koribalski
et al. 2023, in preparation). The inferred stellar masses are
My ~5x10" M., M, ~2 x 10" M, and M, ~ 10" M_, for
ORC 1, ORC 4, and ORC 5, respectively (Zou et al. 2019). For
ORC 1 Norris et al. (2022) report a spectral index of o ~1.4
(multitelescope) and ~1.6 (in-band MeerKAT), assuming a
flux density Socv™ “, while ORCs4 and 5 have o~ 0.92 +
0.18 (Norris et al. 2021a) and o ~ 0.8 4+ 0.2 (Koribalski et al.
2021), respectively. For SAURON, Lochner et al. (2023)
reported a similar spectral index in the range of o ~ 1-1.5.
These different ORC properties have led to numerous
speculations on their origin and formation. In the discovery
paper by Norris et al. (2021a) a large number of possible
formation scenarios are discussed and mostly considered
unlikely. For example, while ORCs resemble 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 favor three possible 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)
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Figure 1. Collection of observed radio continuum emission of ORCs. The
upper row shows a MeerKAT image (left) of ORC 1 (Norris et al. 2022) and a
GMRT image (right) of ORC 4 (Norris et al. 2021a). The middle row shows an
ASKAP image (left) of ORC 5 (Koribalski et al. 2021) and a newly discovered
ASKAP image (right) of ORC 6, showing a double ring feature (B. S.
Koribalski et al. 2023, in preparation). The lower row shows on the left an
ASKAP image of a newly discovered object (CLOVERLEAF; B. S. Koribalski
et al. 2023, in preparation) and on the right a MeerKAT image of an also
recently discovered object named SAURON, produced using the data presented
in Lochner et al. (2023). Each panel has a size of ~1 Mpc x 1 Mpc.

interactions between a tailed radio galaxy and its environment
including neighboring galaxies. The expected 3D shapes of the
radio emission would approximately resemble a cylinder, a
sphere, and a ring, respectively.

Following up on these ideas, Norris et al. (2022) investigate
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 polarization 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 ORC’s internal structure
may have resulted from galaxy interactions with the starburst
wind. There are also investigations by Omar (2022a) that
consider if the ejected debris from tidal disruption events, at a
rate of approximately one per year over 100 Myr, may generate
shocks in post-starburst galaxies (e.g., Bortolas 2022) that
resemble ORCs. Although the estimated initial energy of
10%-10°? erg might be sufficient, this is still small compared to
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the total energy content of the circum-galactic medium (CGM).
It is therefore unlikely that the energy would be sufficient 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
explain the observed radio structures. A diffuse radio circle
discovered in images 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 (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 ORCs. For example, using self-organizing maps (SOMs; a
form of unsupervised machine learning), Mostert et al. (2021)
scanned the LOFAR Two-meter Sky Survey (LoTSS) images
for the highest outlier scores to find sources with rare
morphologies, resulting in wide-angle tailed radio galaxies
(WATSs), narrow-angle tailed radio sources (NATSs), 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 applied 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 attempts confirm that ORCs seem to be a very rare
phenomenon.

In this Letter, we use hydrodynamic, nonradiative 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 present, where accretion
shocks are dominating the virialization of the gas within the
halos. Then, around z ~ 3 the halo undergoes a transforma-
tion and virialization 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
temperatures around 10° and 107 K within the CGM (Cox
et al. 2004, 2006; Sinha & Holley-Bockelmann 2009), and in
fully cosmological simulations they significantly contribute
to heating the CGM inside galactic halos (Hani et al. 2018).
Therefore, as in galaxy clusters, collisions of internal shocks
with the accretion shock, the so-called merger-accelerated
shocks (Zhang et al. 2020), push back the accretion 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). Subsequent merger shocks are then
capable of forming complex 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 possibi-
lity for their origin. For the first time, we achieve a self
consistent model that clearly demonstrates a possible
formation mechanism for ORCs and that is able to explain
the various observed properties of these systems, including
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Table 1
Summary of the Key Properties (Resolution Level, Resulting Mass of the Gas
Particles, and Gravitational Softening) of the Different Simulations Used

Simulation Resolution M,y €gas
' M) (h~" kpe)
COMPASS /asin 25000x 6.3 x 10° 0.11
COMPASS /asin 250x 6.3 x 10° 0.5
Magneticum/Box4 uhr 7.6 x 10° 1.4

their different morphological appearances as well as their rare
frequency of detection in current observations.

2. Simulations

The key parameters of the simulations exploited in this
Letter are summarized in Table 1. We mainly used a high-
resolution, nonradiative simulation of a galaxy with a final,
virial mass of 1.2 x 10'* M, taken from the COMPASS®
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 the
25000x resolution level,” resulting in a gas particle mass of
Mgy =6.3 X 10* ™! M, and a softening of e=110%4"" 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 & Sijacki (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 nonradiative versions using
OPENGADGET3, which is an advanced version of P-GADGET3
(Springel 2005), featuring an updated Smoothed Particle
Hydrodynamics (SPH) scheme (Beck et al. 2016b). The high
number of particles used allows us to focus on the thermo-
dynamic structures in the outskirts of the halo with very high
resolution. Here the simulation contains almost 40 million gas
particles within the accretion shock region and due to the
adaptive nature of the simulation, the resolution'® at the
accretion radius varies between 10 and 30 A~ kpc, and the
spatial resolution at the radius of the observed radio ring is
typically a factor of 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 properties 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
histories 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 CRES-
CENDO, a Fokker—Planck solver for spectral cosmic rays in
cosmological simulations (Bdss et al. 2023), which we applied
in a post-processing mode.

8 http: / /www.magneticum.org /complements.html#Compass

Splotch movie of asin/25000x (http://wwwmpa.mpa-garching.mpg.de/
HydroSims/Magneticum /Images_Movies/g6802296_shocks_comb.avi).
19 Which can be interpreted as the smoothing length of the gas particles, where
we use 295 neighbors for our underlying Wendland C6 kernel.
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Figure 2. We show the evolution of the mass—weighted distribution of the
Mach number M of the detected shocks withina 1 4~ cMpc 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 redshift can be clearly seen.

3. Shocks

Similar to galaxy clusters, the virialization of the galactic
halo is also 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 2 shows a histogram of the resolution elements with
their detected Mach numbers from the internal, on-the-fly
shock finder (Beck et al. 2016a). At the earliest time shown
(z~17), the distribution clearly peaks at high sonic Mach
numbers (M > 20), as is 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), in terms of both the
distribution of the Mach number for the accretion shocks with
M > 20 that are pushed back significantly beyond the virial
radius already and the peak of internal shocks with Mach
numbers M ~ 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 3 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 toward voids and smaller distances toward in-flowing
filaments, the two lines mark a minimum and maximum
distance of the detected accretion shock. Already at early times,
when the universe was younger than 1 Gyr, the accretion shock
in the progenitor system of the galaxy is pushed beyond the
virial radius. At 7z~ 0.7 (and shortly after) the formation of the
halo leads to a pair of internal shocks (red and blue lines) that
are traveling outward. One of them extends even up to the
accretion shock, which at late times sits at a distance of ~4R.;,.
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
diameters of 300 and 500kpc, respectively, and already
indicate that the size of the observed ORCs can be easily
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Figure 3. 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 the text for details). The two gray lines indicate diameters of 300 and
500 kpc, respectively.

matched by these internal shocks within galaxies halos, even if
the larger one roughly corresponds 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 2, where the light blue lines correlate with this time
interval.

4. Internal Shocks Creating ORCs

In our simulated galaxy, a major merger event starting 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 4 shows examples of
temperature maps of the intergalactic medium (IGM), overlaid
with the contours marking the positions of the detected shocks
for a better demonstration of their shapes and sizes. Note that
depending on how such shocks translate into radio emission,
the geometry of the inner shock circle at z~0.52 shows
significant asymmetry and also an 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 visualization of the
geometry. Therefore, 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 & Briiggen 2007, and
references therein). There, the spectral index « is related to the
radio Mach number M at injection through the simple relation
a=M>+1 / (M?—1) — % However, projection effects
can have some influence on this relation, so for the integrated
spectral index, the minus 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
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Figure 4. Upper panel: ray-tracing movie of a 1.3 A~' cMpc region using
Splotch (Dolag et al. 2008). Shown is a composition of the hot gas (mostly
visible in the central part, color coded by temperature) with the individual,
shocked resolution elements color coded by their Mach number M (where
blue, red, yellow, and white correspond to M = 2, 3, 4 and >5, respectively).
The animation is available in the online journal. It proceeds from
z=11.182 to 0.00. Lower panel: We show maps of a 200 2" ckpc thin slice
of the IGM temperature distribution within a 2 4#~' cMpc 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 toward the border of the shown maps
(visible as transition from 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 panels). 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 resemble the size of the observed ORCs, having a diameter of ~500 kpc.
In the middle and right panels, 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
7=0.52, 7=0.43, and z = 0.27, respectively.

(An animation of this figure is available.)

numbers inferred in Norris et al. (2022), which also matches
those of the internal, merger-driven shocks seen in our
simulations. This also indicates that if ORCs are produced by
these internal shocks, a large variety of morphologies can be
expected. Our galaxy candidate would have two periods, each
spanning approximately 500 million years, where the size of
the internal shock structures matches the size of the observed
ORGC:s. This would translate into at most 20% of the time within
the last 56 Gyr. Similar to radio relics, projection effects and
the radial dependence of the dissipated energy and magnetic
field strength may play a significant role in the observability of
ORC:s (see Vazza et al. 2012, for a discussion 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 apparent phenomenon that all
discovered ORCs so far have similar observed sizes. Note
also that sometimes internal shocks form inner and outer rings,
as demonstrated in Figure 4 (right panel). Depending on the
actual, radial magnetic field profile within the CGM, these
should be detectable in deeper observations.
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asin/250x asin/250x
z=0.83 z2=0.27

Figure 5. The first three images (from the left) show DES optical color images centered 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 to the

observed diameter of the ORCs. Both are showing a region of 300 kpc in size.

5. Formation of ORCs

So far we have shown that the morphology of the internal
shocks we found in our simulations matches the one observed
for ORCs quite well. In particular, in our case, we have two
internal shocks, which pass through the halo on a very short
timescale. This is due to the merging 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
3 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 morphology matches the ones of the
observed ORCs (as at z~0.45), the galaxy appears as a
standard, early-type galaxy. Figure 5 shows the Dark Energy
Survey (DES; Abbott et al. 2018) optical color images of the
observed galaxies, as well as visualizations based on SPLOTCH
(Dolag et al. 2008) of the low-resolution galaxy simulation
including galaxy formation physics. One shows the system at
7~ 0.83 before the merger starts, the other at z ~ (0.27, when
the second shock wave is an ORC candidate. It is clearly seen
that before the merger, the simulation represents a late-type,
star-forming galaxy while after the merger the galaxy appears
as an 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 ~10"° M., we
know that such major merger events are the most energetic
events in the universe since the Big Bang, releasing energy on
the order of 10% erg and thereby powering shock-induced radio
emission in form of radio relics with a typical power up to
several times 10> 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
~10” WHz ' at 1.4 GHz.

6. Expected Frequency of ORCs

As the merger event that produces the morphology of the
ORC candidate in our high-resolution galaxy simulation asin/
25000x is quite unique, we can try to estimate the occurrence of
such situations, which can lead to ORC candidates in larger-
scale, cosmological simulations. Here we used Box4/uhr from
the Magneticum simulations to get a rough estimate of the
expected occurrence of similar merger events, which involves

similar, unusual multibody merging processes. First we
selected iga\laxies in the mass range M,;. between 1 x 10'? and
1.5 x 10" M, to match the halo mass of our high-resolution
simulation, resulting in a set of 123 galaxies. Then we obtained
the frequency of similar merging events by finding mergers,
where the mass of the main progenitor increases by a factor of
3 or more in a similarly short timescale. We identified seven
such cases, which could be classified to be similar to our
candidate case. Figure 6 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 morphological type of our ORC candidates.
Six out of the seven galaxies have a zero star formation rate and
populate 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% of galaxies in
this mass range could at a certain point develop a radio ring
feature. This upper limit has to be modulated down with the
expected lifetime 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 Pilot 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 Gpc®. From the
typical mass functions predicted by cosmological simulations,
we can estimate that the densities of Milky Way-like galaxies
and galaxies with masses of ~10'> M, are roughly 10> and
10°* per Mpc’, respectively. Therefore we expect that
simulations would produce a few hundreds or some dozens
of ORC candidates depending on the assumed halo masses.
This is in line with the three single ORCs that have been
confirmed so far. Note that in Norris et al. (2022) it was
estimated that the ORC density should be around one per
0.05 Gpc?, 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 4, that strongly
resemble both the observed sizes and morphologies of ORCs.
The 3D structures of these shock surfaces are visualized in
Figure 7 for four different viewing angles at z=0.52 and
7=0.43. The viewing angle in the different columns are
chosen to best reproduce the observed structures, like the left
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Figure 6. We show the evolution of the mass of the main progenitor of the
asin/25000x halo (thick blue line) compared to 123 galaxies from Box4/uhr of
the Magneticum simulations (gray lines). Of those, seven (red lines) show
similar shapes of their formation history and a sudden, large increase in the
virial mass, similar to our ORC candidate, within a reasonable time window
given by the observations (indicated by the dashed lines).

one, with many internal 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 system. This demonstrates how the simulated system of
shock surfaces viewed under different projections leads to
various morphologies, from two-sided, to horseshoe or
elliptical, with various substructures inside. In principal, this
is quite similar to the situation of double relics in the outskirts
of merging galaxy clusters. However, the shocks found here in
the halos of galaxy mergers are more prominent at larger
(relative to R,;,) distances and appear more circular than their
counterparts in 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, different observed systems. We
expect that in a large cosmological sample of galaxies there
will be an even broader spectrum of geometries and therefore
morphologies produced 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 observed synchrotron
emission. For this assumption to hold, the energy density of the
cosmic-ray (CR) electrons in the synchrotron emitting shell has
to be of order 10* eV m >, corresponding to roughly 1% of the
energy density of the cosmic microwave background 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 under-
standing of diffuse shock acceleration (DSA) from a
thermal pool.

Here, we estimate the radio luminosity of our simulated
ORC candidates by modeling the CR electron population
through our Fokker—Planck solver CRESCENDO (Boss et al.
2023). For this purpose we stored ~1000 snapshots of the asin/
25000x simulation to trace the shock structures in detail. We
used the efficiencies 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
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ratio of K., =0.01. For the treatment of the CR electrons we
focus on radiative cooling by inverse Compton scattering and
ignore adiabatic changes, as they are found to be of reduced
relevance in the case of studying shock fronts (see Wittor et al.
2021b, for a discussion). The CR electron spectrum is
represented in the range p € [10%, 109](m.c)~" with 8
bins dex ', As in the on-the-fly implementation, we subcycle
the solver for particles where the time between snapshots
Atnapshot > 0.1 Tic(Peur), Where Tic(peuo) is the cooling time of
the electrons at the spectral cutoff due to inverse Compton
scattering.

In Figure 8 we show two examples of the predicted
synchrotron emission from our system at z=0.52 and
7=0.42. 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 ~500kpc (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 ORC1 or ORC 6. Increasing the
dynamic range in Figure 8 to show darker structures reveals a
second ORC around the inner one. This is caused by a previous
merger event and its still outward 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 9 shows the evolution of the total synchrotron
brightness of these structures for the choice of our DSA
efficiency model. It can be clearly seen that such emission
would appear very variable, changing by a factor of a few over
timescales on Gyr and below. The emission only starts to
become 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 structures would light up and could produce the
observed radio emission of ORCs.

Our direct application of DSA strongly depends on many
assumptions that are beyond both the currently underlying
hydrodynamical simulation and our cosmic-ray modeling.
Among them, the obtained Mach number is crucial for the
ability to accelerate CR electrons, and therefore the obtained
radio brightness and its smoothness are very uncertain and
should be only taken as an indication of the expected
morphology or the principle variation of the time evolution.
Despite 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 already noticed in the
shock maps. We expect that processes 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 10'*M_, to
a halo with mass of 10'® M, can potentially increase the radio
luminosity, as observed through the scaling relations for radio
relics in galaxy clusters. Furthermore, we are neglecting effects
like turbulent reacceleration and maybe most importantly fossil
CR electron populations from galactic outflows and active
galactic nucleus activity, which can be more -efficiently
reaccelerated. Therefore we stress that the presented radio
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Figure 7. The upper row shows the observed radio continuum emission of ORCs; from left to right: MeerKAT image of ORC 1 (Norris et al. 2022), GMRT image of
ORC 4 (Norris et al. 2021a), ASKAP images of ORC 5 (Koribalski et al. 2021), and a newly discovered double ORC (B. S. Koribalski et al. 2023, in preparation).
Each panel has a size of ~1 Mpc x 1 Mpc. The lower rows show 3D views of the shock structure under different viewing angles and at different times. We show the
shocked SPH particles with M, > 1.5 color coded according to their sonic Mach numbers. 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 the
Magneticum Pathfinder simulation website (http://www.magneticum.org/complements.html#Compass) and in the online journal. In the interactive view the two
panels are arranged vertically (top panel is z = 0.41; bottom panel z = 0.52), and each panel can be individually panned, zoomed, and inspected.
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Figure 8. Two examples for the radio synchrotron emission at 944 MHz of the
simulated system at z = 0.52 and z = 0.42. The images are smoothed with a
13” beam, corresponding to the observations. The beam size is indicated as a
small white circle in the lower left corner.

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. Detectability of the Shocks in X-Rays

In galaxy clusters, such shocks are nowadays routinely
detected in X-ray observations as surface-brightness or
temperature jumps (see Markevitch & Vikhlinin 2007, for
examples). As shown in Figure 10, also in our ORC candidate
these shocks are featuring steep surface-brightness features.
However, detecting such features within the CGM, especially
at these distances from the stellar body of the galaxies, is out of
range for current instruments. Furthermore, the actual bright-
ness of the CGM at these densities and temperatures is very
uncertain, as it depends not only on highly unknown effects of
galaxy formation physics (see Kraft et al. 2022), but also on the
metallicity of the CGM, and will be strongly moderated by
effects like resonant scattering of the X-ray photons. In sum, all
these effects can alter the expected surface brightness by more
than an order of magnitude, and therefore the absolute values in
Figure 10 should not be taken as face values. Nevertheless,
future X-ray missions like the Line Emission Mapper (LEM;
Kraft et al. 2022) should be able to detect such emission of the
CGM, where the mean overdensities compared to the cosmic
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Figure 9. Total synchrotron brightness of the simulated ORC within a radius of
r < 500 'eMpc for our chosen CR acceleration efficiencies models. We use a
constant magnetic field strength of B =15 puG for all synchrotron emitting
particles. Note that the observed synchrotron power at 944 MHz for ORC 5 is
significantly larger, e.g., ~5.5 x 102> W Hz~! (Koribalski et al. 2021).
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Figure 10. Shown is the intrinsic surface brightness of the simulated galaxy at
z=0.43 using an oversimplified, thermal model for the expected X-ray
emission of the CGM assuming primordial composition. The location of the
shocks is clearly visible as significant jumps in the surface brightness. See the
text for a discussion on the expected level of surface brightness and the
detectability with future X-ray instruments.

value is 100 and the temperatures are slightly below 0.1 keV,
as can be inferred from current sensitivity predictions
(E. Churazov et al. 2023, in preparation). This is especially
interesting as a recent discovery in ASKAP surveys indicates
such features to be present also in local galaxies at z~ 0.05
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(Cloverleaf; B. S. Koribalski et al. 2023, in preparation), which
would allow to distinguish the line emission from elements like
Oxygen (O VII and O VIII) from the galactic foreground.

10. Conclusions

We present the results of nonradiative, 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 formation 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
complex 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 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 increases by a factor of 3 due to multiple merger
components. 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 observations of such ORCs. Here, the
lower abundance of more massive halos with virial masses
around 10"* 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 10"' M.
This scenario also predicts that the galaxies showing these
radio emission phenomena should be predominately quiescent
galaxies, which is confirmed by a lower-resolution simulation
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. Furthermore, our scenario of internal
shocks also agrees well with the radio Mach numbers of
M ~2.1-2.4 inferred from observations of ORC 1.

Following a spectral distribution of CR electrons, which was
produced via diffuse shock acceleration at these shocks with
CRESCENDO (Boss et al. 2023), we verified the morphology
and the transient nature of the expected radio emission.
However, given the oversimplified treatment of the complex
processes involved, applying direct shock acceleration to CR
electrons at these shocks could not yet reproduce the magnitude
of the observed radio emission.

Such shocks should be detectable as low-surface-brightness
features with future X-ray missions like the LEM.

In summary, we find that internal merger shocks are an
interesting new candidate to explain the newly discovered odd
circular radio emission around some galaxies by matching
several of the observed properties. More detailed modeling of
the CR electron component causing this radio emission will be
needed to better understand the formation of ORCs.
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Appendix
Appendix Information

A.l. Detailed Formation History

In Figure 11 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 going
down to z=0 at the bottom, showing only 90 out of the
originally 1000 output times of the simulation. Each of the
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colored circles represent a galaxy at each time; the sizes of
the circles are logarithmically scaled based on the current
halo mass, and the color indicates the gas mass fraction in
units of the cosmic mean, as indicated in the legend. We
restricted the visualization of the tree to halos that are
resolved with at least 100 particles, leading to the ~33,000
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,
i.e., the most massive progenitor at each time, which ends up
being part of the final galaxy. It can be clearly seen that the
merger events that take place between z~ 0.7 and z ~ 0.65"'
are quite unusual. Here, almost simultaneously three approxi-
mately equal halos are merging, as can be seen from their
individually rich and complex histories, manifesting in their
relatively large number of own leaves in the tree. This happens
in a very short timescale and 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 3 by this event. As a
side note, it is also nicely visible how all the individual galaxies
are losing their diffuse gas during their 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.

NN NN NN Y
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Figure 11. 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 that resemble the

ORC geometry at z ~ 0.45. See the text for details.

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