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ABSTRACT

Jets from active galactic nuclei (AGN) are known to recurrently enrich their surrounding medium with mildly-relativistic particles
and magnetic fields. Here, we present a detailed multi-frequency analysis of the nearby (z=0.01646) galaxy group NGC 507. In
particular, we present new high-sensitivity and high spatial resolution radio images in the frequency range 144-675 MHz obtained
using LOFAR and uGMRT observations. These reveal the presence of previously undetected diffuse radio emission with complex,
filamentary morphology, likely related to a previous outburst of the central galaxy. Based on spectral ageing considerations, we
derived that the plasma was first injected by the AGN 240-380 Myr ago and is now cooling. Our analysis of deep archival XMM-
Newton data confirms that the system is dynamically disturbed, as previously suggested. We detect two discontinuities in the X-ray
surface brightness distribution (in East and South direction) tracing a spiral pattern, which we interpret as cold fronts produced by
sloshing motions. The remarkable spatial coincidence observed between the newly-detected arc-like radio filament and the southern
concave X-ray discontinuity strongly suggests that the remnant plasma has been displaced by the sloshing motions on large scales.
Overall, NGC 507 represents one of the clearest examples known to date in which a direct interaction between old AGN remnant
plasma and the external medium is observed in a galaxy group. Our results are consistent with simulations, which suggest that
filamentary emission can be created by the cluster/group weather disrupting AGN lobes and spreading their relativistic content into
the surrounding medium.

Key words. galaxies : active - radio continuum : galaxy - individual: NGC 507 - galaxies: clusters: general - intracluster medium -

acceleration of particles - X-rays: galaxies: clusters

1. Introduction

Jets from active galactic nuclei (AGN) are a recurrent phe-
nomenon in a galaxy’s lifetime. This is clearly demonstrated by
observations of jetted AGN exhibiting multiple pairs of radio
lobes (the so-called ‘restarted radio galaxies’, Saikia & Jam-
rozy 2009; Schoenmakers et al. 2000; Morganti 2017; Jurlin
et al. 2021), as well as by the presence of multiple generations
of X-ray cavities in the intracluster/intragroup medium (ICM,
IGrM) surrounding the central AGN of galaxy clusters/groups
(e.g. Randall et al. 2011; Vantyghem et al. 2014; Biava et al.
2021a).

During their active phases, jets inject relativistic particles
into the surrounding environment, inflating lobes of plasma,
which emit synchrotron radiation (characterised as a power law
with S o« v™%, where S is the flux density and a the spectral in-

dex). In this process jets can significantly influence the thermal
history of the galaxy cluster or group they reside in. Indeed they
can drive shocks and sound waves, induce turbulence, and uplift
the coolest, lowest entropy, metal-enriched material out of the
central galaxy (e.g. McNamara & Nulsen 2007; Fabian 2012;
McNamara & Nulsen 2012; Eckert et al. 2021).

As the jets switch off, the so-called ‘AGN remnant lobes’ ex-
pand into the surrounding medium until pressure equilibrium is
reached, and radiate their energy away via synchrotron and In-
verse Compton scattering. In this phase, their spectrum becomes
steep (o > 1.2) and curved (Jaffe & Perola 1973), and, in the ab-
sence of any re-energization phenomena, after a few tens of Myr
they become invisible even at the lowest observable frequencies
(e.g. Brienza et al. 2017; Hardcastle 2018; English et al. 2019).

If located in a galaxy group or cluster, the evolution of this
remnant AGN plasma can be further affected by the dynamics of
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Fig. 1. Composite image of the galaxy group NGC 507. Optical emission is shown in background (r-band, g-band and i-band images from the
Sloan Digital Sky Survey, SDSS), radio emission is shown in red (LOFAR image presented in this work at 144 MHz with 5.57 arcsec X 8.09 arcsec
resolution), and X-ray emission is shown in blue (XMM-Newton image at 0.7-2 keV). The most significant features of the system are labelled and

a reference scale is shown in the top-right corner.

the system. For example, any encounters with smaller subclus-
ters/groups might initiate gas sloshing, that is mild long-lasting
(several Gyr) gas oscillations within the system gravitational po-
tential (Ascasibar & Markevitch 2006; Markevitch & Vikhlinin
2007). These can distort and disrupt AGN radio lobes, spreading
their relativistic content around the surrounding environment up
to hundreds of kpc distance from the original position (ZuHone
et al. 2013; Fabian et al. 2021; ZuHone et al. 2021; Vazza et al.
2021). Should the remnant plasma be subjected to a shock, such
as those induced by cluster/group mergers, it can also be com-
pressed. This compression leads to a boost of its synchrotron lu-
minosity and a shift of the spectrum towards higher frequencies,
allowing for the possibility to detect it again (EnBlin & Gopal-
Krishna 2001; EnBlin & Briiggen 2002; Markevitch & Vikhlinin
2007). These sources are referred to as ‘phoenices’ in the litera-
ture and, despite the first discovery two decades ago (Slee et al.
2001), they are only now starting to be unveiled in larger num-
bers thanks to radio observations below a few hundred MHz (e.g.
Nuza et al. 2017; Kale et al. 2018; Duchesne et al. 2020; Mandal
et al. 2020).

AGN remnant plasma has also been invoked by many authors
to explain the formation of diffuse non-thermal radio sources in
galaxy clusters, such as radio mini-halos, halos and relics (van
Weeren et al. 2019 for a review). These large-scale (up to several
Mpc) non-thermal sources are not directly associated with indi-
vidual galaxies but are created when shock waves or turbulence
are injected into the ICM by cluster mergers, which are able to
(re)-accelerate particles to relativistic energies (e.g. Brunetti &
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Jones 2014). In a number of cases, shock acceleration of par-
ticles from the cluster thermal pool has been shown to require
unrealistically high efficiencies to match the observed radio relic
luminosities (e.g. Kang & Ryu 2016; Botteon et al. 2020a). The
presence of a pre-existing mildly-energised particle population
provided by AGN remnant plasma could therefore solve the ap-
parent inconsistency. The same AGN seed particle population is
also thought to be essential for the formation of mini-halos es-
pecially (Richard-Laferriere et al. 2020).

Particularly interesting are cases where a direct interaction
between the AGN remnant plasma and the surrounding medium
is observed in galaxy groups (e.g. Gastaldello et al. 2013;
O’Sullivan et al. 2014). These systems guide us towards a deeper
understanding on how the non-thermal plasma gets transported
and distributed in the IGrM on long timescales and large spatial
scales. While groups are subject to much less energetic merg-
ers/interactions than the better-studied massive clusters, imply-
ing they are less likely to host in situ re-acceleration, they repre-
sent the most abundant systems in the universe and the building
blocks of massive clusters, and for this reason deserve special
attention.

In this paper, we present deep, low-frequency radio observa-
tions performed with the LOw Frequency ARray (LOFAR, van
Haarlem et al. 2013) and the upgraded Giant Metrewave Ra-
dio Telescope (uUGMRT, Gupta et al. 2017) of the radio galaxy
B2 0120+33, associated with the galaxy NGC 507 located at the
centre of the homonymous galaxy group (see Fig. 1). Archival
XMM-Newton X-ray observations are also re-analysed to inves-
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tigate the interaction between the radio-emitting plasma and the
surrounding thermal medium.

The outline of the paper is as follows. In Sect. 2, we pro-
vide an overview of the properties of the galaxy NGC 507 and
its host group. Radio and X-ray observations and data reduction
procedures are described in Sect. 3. In Sect. 4, we present our
radio and X-ray results and discuss their implications for our
understanding of the system. A discussion and summary of our
findings is finally reported in Sect. 5. The cosmology adopted
throughout the paper assumes a flat universe with the following
parameters: Hy = 70 km s Mpc‘l, Qp =0.7, Qv =0.3.

2. NGC 507: system overview

NGC 507 is a massive elliptical galaxy located at the centre of
the nearby (z=0.01646, 0.33 kpc/arcsec), optically-rich galaxy
group (see Fig. 2) also called NGC 507 (or ZwC10107.5+3212),
which is part itself of the Pisces supercluster (Mulchaey et al.
2003; O’Sullivan et al. 2003; Jeltema et al. 2008). According
to Barton et al. (1998), the group consists of 76 galaxies with
magnitude my,,<16.4 distributed within a radius of ~1 Mpc from
the group center and has a total velocity dispersion of 658 +
31kms!.

The mass of the system, taken from Piffaretti et al. (2011),
is Mspp = 6.11 x 10" M, (corresponding to a radius of Rspp =
596 kpc). This estimate, however, likely includes a second small
group called NGC 499, which is located at 13.7 arcmin (270 kpc)
in northwest direction (see Fig. 2) and is probably in the process
of merging with NGC 507 (Kim et al. 2019).

The galaxy NGC 507 hosts a low-power (Pisomu, = 1 X
10 WHz™!) Fanaroff-Riley I (Fanaroff & Riley 1974) radio
galaxy named B2 0120433 (Parma et al. 1986; Giacintucci et al.
2011; Murgia et al. 2011). The radio source shows two asym-
metric lobes with a total extension of ~70 kpc (see Fig. 1) and a
faint, unresolved central component that has been detected at fre-
quencies > 610 MHz with power equal to Peore 1400mm, = 1.3 X
10! WHz™! (Giacintucci et al. 2011; Murgia et al. 2011). The
absence of large-scale jets and the pronounced curvature of the
integrated radio spectrum of the entire source in the range 150-
4850 MHz (spectral curvature, SPC=1.5; Murgia et al. 2011)
suggest that the lobes represent remnants of a past phase of jet
activity. In particular, using spectral ageing models (Komissarov
& Gubanov 1994), Murgia et al. (2011) estimated the total age
of the plasma to be in the range 70—140 Myr and that the jets
switched off ~50 Myr ago. In this context, the comparably faint
radio nuclear emission could either be related to restarting jets
or to a leftover nuclear activity at very low levels. Assuming the
lobes to be bubbles of plasma rising in the surrounding medium
at the local sound speed, Allen et al. (2006) also derived a first
order source age equal to ~25 Myr.

In the X-rays, the NGC 507 group is one of the most lu-
minous low-mass systems of the local universe (Ly = 1.43 X
10%3 erg s7! in the 0.1-2.05 keV band, Piffaretti et al. 2011) and
it has been extensively studied in the literature. The morpholog-
ical parameters (i.e., high surface brightness concentration and
high centroid-shift) determined in Lovisari & Reiprich (2019)
indicate that, although the group NGC 507 hosts a bright core,
the system is not fully relaxed presenting significant large scale
inhomogeneities. The extremely complex morphology of the dif-
fuse X-ray associated with the galaxy group NGC 507 has been
discussed in several studies (e.g., Paolillo et al. 2003; Kim &
Fabbiano 2004; Kraft et al. 2004; Sato et al. 2009; Kim et al.
2019; Islam et al. 2021) and consists of two main components: an
inner core, associated with the stellar distribution of the galaxy

I !

30— : 5
\NG‘C499\‘8 @
244 @ @ i @ LS
o : ;'.'270 kpc * :
_ 18,_. ~- I,l * . .» |
§ . _l.\lGCSOS—b @,‘ L @ . '
~N Lk age 3
g ®: NGC507 .
o 12 - i @ @ ‘ @ . e N
- ;
. o =
06 e - - i @l L
B o
+33°00'{ * - o S : x r
30.00s  24m00.00s  30.00s  23m00.00s 1h22m30.00s
RA (2000)

Fig. 2. SDSS r-band image of the galaxy group NGC 507. Magenta
circles mark the most central members of the galaxy group. A blue
dashed line marks the distance between NGC 507 and the neighbour
group NGC 499.

and a bright outer halo, tracing the larger potential associated
with the galaxy group. The inner core mostly extends in the
south-west direction and shows multiple emission peaks. The
most prominent of those peaks is co-spatial with the nucleus of
the optical galaxy, while the secondary peaks are likely due to
gas compression produced by the expansion of the radio galaxy.
Supporting this interpretation is that the Western lobe of the ra-
dio galaxy appears to be compressed in that direction and then
bent towards the north. Overall, the presence of a central cusp
in the X-ray surface brightness profile suggests the presence of a
cool core. A tentative detection of X-ray cavities on scales < 10
kpc, likely related to the central AGN activity, has also been re-
ported (Paolillo et al. 2003; Dong et al. 2010; O’Sullivan et al.
2011; Kim et al. 2019).

The outer halo is also disturbed and is more extended in the
North direction than in the southern one. This might be the effect
of sloshing motions induced by the interaction with the compan-
ion NGC499 (Kim et al. 2019). Paolillo et al. (2003) and Kraft
et al. (2004) also reported two surface brightness discontinuities
in the north-east and in the south-west direction, respectively.
Based on the analysis of Chandra data, Kraft et al. (2004) ex-
clude the possibility that the north-east discontinuity represents
a cold front or that it is supported by an unseen remnant radio
lobe from an earlier epoch of galaxy activity located beyond
the discontinuity. They instead propose that there is low surface
brightness radio plasma interior to the discontinuity, expanding
to the south-southeast with Mach number of M < 1.2, which has
gently pushed material with higher metallicity from the central
regions of NGC 507 into the group halo, creating an ‘abundance
front’. No detailed analysis of the south-west discontinuity is
present in the literature to date.

3. Observations and data processing
3.1. LOFAR 144 MHz

The target has been observed as part of the LOFAR Two-meter
Sky Survey (LoTSS; Shimwell et al. 2017, 2019) using the
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High Frequency Band Antennas (HBA) at a central frequency
of 144 MHz.

In particular, we used the three 8-hour datasets related to the
LoTSS pointings PO19+34, P022+34 and P021+31, whose cen-
ters lie at 0.99, 1.71 and 2.18 degrees away from the target po-
sition, respectively (the full width at half maximum, FWHM, of
the field of view at 144 MHz being 3.96 degrees, using the LO-
FAR Dutch array in HBA_ DUAL_INNER configuration).

Following the LoTSS observational setup the datasets have a
frequency coverage of 48 MHz, in the range 120-168 MHz and
a frequency resolution of 12.2 kHz. The sampling time was set
to 1s and all four correlations were recorded (XX, XY, YX and
YY). For each dataset, a primary calibrator was observed for 10
min at the beginning and at the end of each observing run. Both
Dutch and International stations were used in the observations.
However, for this work, only data collected by the Dutch stations
(baselines <120km) were analysed.

Before being stored in the LOFAR long-term archive, the
data were flagged for radio frequency interference (RFI) and
then averaged by a factor 4 in frequency by the observatory. The
data were then processed using the standard LoTSS procedures.
The PreFactor pipeline! (van Weeren et al. 2016; Williams
et al. 2016) was used to correct the data for direction independent
effects such as ionospheric Faraday rotation, offsets between XX
and YY phases and clock offsets (see de Gasperin et al. 2019).
The DDF-pipeline’ v2.2 was then used to perform a direction
dependent self-calibration, to correct for ionospheric distortions
and errors in the beam model. This pipeline is described in Tasse
et al. (2021) and Shimwell et al. (2019), and it uses kMS (Tasse
2014 and Smirnov & Tasse 2015) to derive direction dependent
calibration solutions and DDFacet for imaging with the solutions
applied (Tasse et al. 2018). To further improve the calibration
quality and easier reimaging, all sources outside a square region
of ~30-arcmin side and centred on the target were subtracted
from the uv-data, and several loops of self-calibration were per-
formed (see van Weeren et al. 2021 for a detailed description
of the procedure). Baselines below 3504 were not considered in
the calibration to avoid including any very large-scale structures,
which are not related to the target and are difficult to model and
calibrate.

The final images were produced using multi-scale, multi-
frequency cleaning in WSClean (version 2.8, Offringa et al.
2014) and they are presented in the first row of Fig. 3. The two
different sets of imaging parameters were chosen as a compro-
mise between enhancing the large-scale diffuse emission and re-
covering the small morphological features. In all images, visi-
bilites from baselies shorter than 804 were excluded in order to
discard very large-scale emission, which is unrelated to the tar-
get and usually challenging to calibrate. The image properties
and associated parameters are given in Tab. 2.

The flux density scale of all final images was checked by
comparing the flux density of the target and the brightest point-
like sources in the field, with values published in previous papers
and surveys (such as the VLA Low-Frequency Sky Survey, Co-
hen et al. 2007; NVSS-TGSS Index catalogue, NTI, de Gasperin
et al. 2018 and NVSS). The flux densities measured in our im-
ages were found to be consistent with the expectations within the
uncertainties.

! https://github.com/lofar-astron/prefactor
2 https://github.com/mhardcastle/ddf-pipeline
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3.2. uGMRT 400 MHz and 675 MHz

We followed up NGC 507 with the uGMRT during Septem-
ber 2020, in both Band3 (300-500 MHz) and Band4 (550-
950 MHz). The observational details are summarised in Table 1.
The total on-source observing time was ~7 hours in both bands.
3C48 was used as flux density calibrator and was observed for 8
minutes at the beginning or end of each observing run. At both
frequencies, the total bandwidth was divided into 4096 channels
and the integration step was set to 5.3 seconds.

We calibrated the data using the Source Peeling and Atmo-
spheric Modeling pipeline (SPAM, Intema et al. 2009) upgraded
for handling new wideband uGMRT" data and we set the abso-
lute flux density scale according to Scaife & Heald (2012). Due
to severe RFI, all visibilities above 800 MHz in Band 4 were dis-
carded. Using the output calibrated data we created the final im-
ages with WSClean using multi-scale, multi-frequency cleaning.
As for the LOFAR data, we imaged both datasets with two sets of
imaging parameters, which are reported in Tab. 2, together with
the final image properties. The final images are shown in the sec-
ond and third row of Fig. 3.

The flux density scale of all final images was checked us-
ing the same approach used for the LOFAR images and no flux
density corrections have been applied.

3.3. XMM-Newton 0.3-14 keV

NGC 507 was observed by XMM-Newton twice: in January 2001
with a total exposure time of 35 ks (ObsID: 0080540101) and in
July 2013 (ObsID: 0723800301) with a total exposure time of
113 ks. It was also observed by Chandra using the ACIS-I con-
figuration in January 2003 for 44 ks (ObsID 2882) and with the
HRC configuration in November 2018 for 29 ks (ObsID 21718).

Unfortunately, in the Chandra ACIS-I image the southern X-
ray surface brightness jump is located exactly across the CCDs
gaps (see Kraft et al. 2004), preventing any detailed analysis of
this region. On the other hand, the HRC observation lacks of any
spectral information.

We therefore decided to focus exclusively on the XMM-
Newton observations in this work, and in particular on the deep-
est dataset available collected in 2013. These observations were
performed in full frame mode for the MOS cameras and ex-
tended full frame mode for the pn detector, all using the medium
filter. Overall, given the proximity of the target, the spatial reso-
lution reached by the XMM-Newton image allows us to make a
reliable and detailed analysis of the system in support to our new
radio observations as described in Sect. 4.4.

Observation data files were retrieved from the XMM-Newton
archive and reprocessed with the XMM-Newton Science Anal-
ysis System (SAS) v17.0.0. We used the tasks emchain and
epchain to generate calibrated event files from raw data. We ex-
cluded all the events with PATTERN>12 for MOS data and with
PATTERN>4 for pn data. In addition, for all cameras events next
to CCD edges and bad pixels were excluded (i.e., FLAG==0).
We discarded the data corresponding to the periods of high back-
ground induced by solar flares using the tasks mos-filter and pn-
filter. The remaining exposure times after cleaning are 86.1ks
for MOSI1, 85.8ks for MOS2, and 60.4ks for pn. Point-like
sources were detected using the task edetect-chain and checked
by eye before excluding them from the event files. All the back-
ground event files were cleaned by applying the same PATTERN

3 http://www.intema.nl/doku.php?id=
huibintemaspampipeline
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Fig. 3. Radio images of the source NGC 507 at 144 MHz (top row), 400 MHz (central row) and 675 MHz (bottom row). The left column shows
images at high resolution and the right column at low resolution, as reported in Table 2. Contours are drawn at -3,3,5,10,25,40..Xo". The beam is
shown in the bottom-left corner and a reference physical scale is shown in the top-left corner.
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Table 1. Summary of the observations used in this work.

Telescope Frequency
LOFAR HBA* 120-168 MHz
uGMRT 300-500 MHz
uGMRT 550-950 MHz

XMM-Newton 0.3-14 keV

TOS' Date
24h 14-23-28/10/2016
7h 12/09/2020
7.2h 11/09/2020
113ks 14/07/2013

Time On Source. *Observations not centered on the target (see Sect. 3.1 for details).

Table 2. Summary of the radio images of NGC 507.

Frequency Beam Weighting  UV-taper RMS
[MHz] [arcsecxarcsec] [arcsec]  [mJy/beam]
144 8.1x5.6 Briggs —0.5 - 0.17
144 21.2x19.5 Briggs —0.5 20 0.35
400 6.9%x6.9 Briggs 0.0 - 0.036
400 22.5%21.3 Briggs 0.0 20 0.13
675 10.8x10.4 Briggs 0.0 10 0.04
675 21.3x18.8 Briggs 0.5 15 0.11
ke ”_':4 ! 18" -
24 . e -
ot 17'4 L
18 - 164 i
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& j k. 15' r
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Fig. 4. XMM-Newton 0.7-2 keV-band images smoothed with a Gaussian of FWHM of 6 arcsec. Left: Full field of view where the neighbour group
NGC 499 is also ‘detected. Gray contours represent the X-ray emission above 50 Right: Zoom-in on NGC 507 is presented. 30 LOFAR contour
at 144 MHz with 5.57 arcsec x 8.09 arcsec resolution is overlaid in black. The X-ray emission shows a rather complex distribution with two clear
discontinuities in the Eastern and Southern directions, which are marked in blue.

selection, flare rejection criteria, and point-source removal used
for the observation events.

The X-ray images presented in this work (see Fig. 4) were
obtained in the 0.7-2keV band using a binning of 40 physical
pixels (corresponding to a resolution of 2 arcsec). For visual-
isation purposes we refilled the point-source regions using the
CIAO task dmfilth. The background-subtracted and vignetting-
corrected images were then used to determine the surface bright-
ness (SB) profiles, centred on the X-ray peak.

The spectroscopic temperatures were derived by fitting the
spectra in the 0.5-12keV energy band with an absorbed APEC
thermal plasma model (Smith et al. 2001) with metallicities from
Asplund et al. (2009), and using C-statistics (i.e., modified Cash
statistics; Cash 1979) as implemented in XSPEC (Arnaud 1996).
The absorption was fixed at the total (neutral and molecular, see
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Willingale et al. 2013) value of Ny = 6.38 x 10?°cm™2 estimated
using the SWIFT online tool*. The MOS and pn spectra were
fitted simultaneously allowing all normalizations to vary freely.
The modeling of the background is rather complicated and we
defer the interested reader to Lovisari & Reiprich (2019) for a
detailed description.

In the very central regions the spectra could be contami-
nated by undetected point-sources (mostly low-mass X-ray bi-
naries, LMXBs). To test if this is the case we included a 7.3 keV
bremsstrahlung component to account for the LMXBs emission
in the spectrum extracted within 30 arcsec (i.e. where their con-
tribution should dominate). Since we did not find any significant

4 https://www.swift.ac.uk/analysis/nhtot/index.php
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effect on the temperature estimates we neglect this component in
our study.

Another possible concern on the interpretation of the spectral
analysis is related to the simple assumption that all the spectra
can be well described by a single temperature component. In the
low-mass regime where there is a strong degeneracy between
temperature, abundance, normalization, and column density it
is often necessary to include a second temperature component to
avoid strong biases. However, in Appendix A we show that while
this is particularly relevant for the abundance determination, the
pattern observed in the temperature distribution is less affected.
Since defining entropy and pressure (presented in Sect. 3.3) for a
multiphase gas is not straightforward, our baseline model to de-
rive temperature and gas densities will be a single APEC, while
abundances are instead obtained with a double APEC.

4. Results
4.1. Radio morphology

In Fig. 3, we show our new radio images of NGC 507 in the
frequency range 144-675 MHz. To emphasise the radio emission
on various spatial scales, we present two maps at each frequency,
one at high and one at low resolution (see Table 2). For the first
time, the LOFAR data allowed us to image the source at ~8 arc-
sec at frequencies below 200 MHz. We also note that our 400-
MHz (uGMRT Band 3) image is more than a factor ten deeper
than the image presented by Murgia et al. (2011) at 327 MHz,
and our 675-MHz (uGMRT Band 4) image is about a factor 2
deeper than the image presented by Giacintucci et al. (2011) at
610 MHz.

The central double-lobes known from previous observations
are clearly recovered at all three frequencies. A compact core is
also detected for the first time down to 144 MHz. Most interest-
ingly, the new data allow us to detect previously hidden features,
which are crucial to improve our picture of the dynamical evo-
lution of this system. In particular, at 144 MHz and 400 MHz we
detect new low-surface brightness emission with mean surface
brightness SBisumpu, ~ 1mlybeam™'. At 675 MHz this emis-
sion is detected only tentatively, due to its steep spectral index
(see Sect. 4.2 and 4.3).

The newly detected emission is connected with the central
radio galaxy, suggesting that it might be AGN remnant plasma
produced during a previous phase of jet activity. It has a very
complex and filamentary morphology, which can be fully appre-
ciated in the LOFAR image at high resolution and in the uGMRT
image at 400 MHz (see Fig. 3).

To the north of the Eastern lobe, we can clearly see that the
plasma is not confined within the lobe, instead it seems to be
‘leaking’ to the north-east (see Fig. 3, component A). This ex-
tension is also partially detected at 400 MHz. In the southern-
east region of the same lobe as well, we detect at both 144 MHz
and 400 MHz an S-shaped ‘filament’ or ‘channel’ of plasma,
which encompasses the lobe’s southern tip and proceeds in West
direction. The filament in the South (marked as F1) is highly
bent and forms a thin arc-like structure with a width of ~2-5
kpc (7-15 arcsec). Beyond the main filament, a large region of
low-surface brightness, diffuse, extended emission is detected,
stretching towards the group outskirts. This seems also to be
tentatively connected, at least in projection, to the Western lobe
through some thin filaments. While the filaments and all the sub-
structures are best recovered in the high-resolution images, the
full extension of this diffuse emission is best appreciated in the
low-resolution images. Its largest linear size is ~ 80 kpc and its

maximum distance from NGC 507 is also ~80kpc. From the
low-resolution image at 400 MHz it is also clear that this new
emission is connected to the main double lobes, at least in pro-
jection. Unfortunately, in the LOFAR image at 144 MHz this
cannot be appreciated due to imaging artefacts.

Interestingly, we note that Kraft et al. (2004) already hypoth-
esized the presence of some extra low surface brightness radio
plasma expanding to the south-east to explain the observed X-ray
surface brightness jump. This was based on a tentative detection
of radio emission at 1.4 GHz from the NRAO VLA Sky Survey
(NVSS, Condon et al. 1998) and is now clearly confirmed by our
new low-frequency observations.

Filamentary emission within non-thermal radio sources is
starting to be commonly detected when high angular resolution
and sensitivity observations are available. Examples of these fea-
tures are found inside lobes and tails of radio galaxies (see e.g.
NGC 1272, Gendron-Marsolais et al. 2021; NGC 326, Hardcas-
tle et al. 2019; Fornax A Maccagni et al. 2020; PKS 2014-55,
Cotton et al. 2020), as well as inside cluster radio relics (e.g.

Abell 2256, Owen et al. 2014; CIZA ,J2242.8+5301, Di Gen-
naro et al. 2018; RXS J0603.3+4214, Rajpurohit et al. 2018),
and radio phoenices (Mandal et al. 2020). In the case of lobes
of radio galaxies 3-dimensional magnetohydrodynamics (MHD)
simulations suggest that such filaments trace enhancements in
the magnetic field distribution (e.g. Huarte-Espinosa et al. 2011;
Hardcastle 2013), which form as a consequence of the complex
internal dynamics of the lobes.

Moreover, in a few cases collimated threads of emission have
been identified outside the main body of the radio galaxy and
emerging from the lobes/jets (ESO 137-006 Ramatsoku et al.
2020 and IC 4296 Condon et al. 2021). The origin of these fea-
tures is still under debate, but they could possibly be produced
by the interaction of the magnetic fields of the radio lobes with
the magneto-ionic surrounding medium, or by plasma escaping
from jets due to Kelvin-Helmholtz instabilities.

Finally, in some cases such as the galaxy group Nest200047
(Brienza et al. 2021) and Abell 2626 (Ignesti et al. 2020b), fila-
ments of radio emission likely represent regions where old AGN
remnant plasma gets accumulated under the influence of buoy-
ancy combined with cluster/group weather. Recent simulations
by Vazza et al. (2021) show indeed how the magnetised rem-
nant plasma from AGN can be shredded into a multitude of fila-
mentary structures and dispersed over large spatial scales under
the influence of the cluster dynamics. These filaments represent
regions where particles accumulate following complex velocity
fluctuations of the ICM velocity field, as well as the compression
by typically weak shock waves.

In Fig. 5, for illustrative purposes we show a few snapshots
of one such simulations, where an S-shaped filamentary struc-
ture is clearly present in the synthetic radio map, which is based
on the distribution of radio emitting electrons first injected by
a central radio galaxy (at z = 0.5) and that got transported by
the ICM motions developed by accretion patterns in this group.
This simulation is not tailored to exactly reproduce the galaxy
group presented in this work but suggests a possible scenario for
the formation of an arc-like filament F1 that we have detected in
NGC 507 (in the lower half of each image). In the simulation, a
similar structure is created as a consequence of the passage of an
infalling clump moving in south-north direction, which creates a
velocity field in the ICM that is able to stretch, stir and compress
the remnant plasma which was previously injected by the AGN
(visible as a radio lobe on in the first panel).
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Fig. 5. Snapshots from a simulation by Vazza et al. (2021) (not tailored to exactly reproduce the galaxy group presented in this work) showing
the evolution of a cloud of AGN remnant plasma in a cluster environment: the radio emission at 140 MHz is shown overlaid with the contours of
X-ray emission. The formation of a radio structure similar to the "F1" source in NGC 507 happens in the lower part of each panel.

4.2. Integrated radio spectrum

To study the radio spectral properties of the source, we re-
imaged all datasets with Briggs -0.5 weighting scheme, same
pixel grid and a final common restoring beam equal to 7 arcsec
x 7 arcsec and 20 arcsec X 20 arcsec, for the high and low res-
olution images, respectively. To make sure we recover the flux
density on the same maximum spatial scales at all observed fre-
quencies, we excluded baselines below 3004 (i.e. angular scales
>12 arcmin).

This cut corresponds to the shortest well-sampled baseline of
the uGMRT Band-4 dataset. The size of the entire source emis-
sion is ~5 arcmin so this cut is not expected to exclude useful
emission from the images at any frequency.

The total flux densities of the entire source and its most sig-
nificant morphological features were measured using the regions
presented in Fig. 6 and are reported in Table 3, together with
their integrated spectral indices. The total errors on the flux den-
sities have been computed by combining the flux density scale
errors (assumed to be 15% for the LOFAR data and 10% for
the uGMRT data) in quadrature with the image noise multiplied

Article number, page 8 of 21

by the integration area. The errors on the spectral indices were
obtained using the following formula:

SN
In% Sa Sp
where Sp and S are the flux density values at the respective
frequencies A and B, and AS4 and ASg are their corresponding

errors.

The integrated radio spectrum of NGC 507 is presented in
Fig. 6. In particular, we show the spectrum of the main double
lobes and the spectrum of the newly detected extended emis-
sion (including the filament F1), separately. Our new flux density
measurements at 144 MHz, 400 MHz and 675 MHz are shown as
green/blue triangles, while black circles represent all literature
values presented in Murgia et al. (2011) and the value reported
in NTT at 150 MHz.

As visible in Fig. 6 our new flux density measurements agree
with previously published values within errors. We note that the
flux density scale of Scaife & Heald (2012), used to calibrate our
new data and the NTI catalogue, is consistent within ~2% with
the scale by Baars et al. (1977) used as a reference for all other
measurements (see Perley & Butler 2017).

Qerr

ey
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Table 3. Flux densities of NGC 507 and its main morphological features. The flux densities of the lobes and the filament F1 have been measured
using the high resolution images described at the beginning of Sect. 4.2, all other values have been obtained from the low resolution images.

Region Siasmuz  SsooMHz  SersMHz @) i
[mJy] (mly]  [mly]

Total 2400+£350 630+60 280+30 1.30+0.15 1.40+0.10

Lobes 1900+£300 500+£50 270+30 1.30+0.15 1.30+0.10

Extended  430+65 60+5 7+1 2.00£0.20 2.70+0.10

F1 95+15 10+1 4.0+£0.5 2.15+£0.15 2.15+0.15
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Fig. 6. Left panel: LOFAR 144-MHz image with overlaid all boxes used to measure the flux densities as listed in Table 3. The red and blue
boxes have been used to measure the flux density of the entire source and the newly detected extended emission, respectively, using the 20-arcsec
resolution images. The green and magenta boxes have been used to measure the flux density of the double-lobes and the filament F1, respectively,
using the 7-arcsec resolution images. Yellow circles (1-6) and cyan boxes (1-11) have been used to compute the spectral profiles shown in Fig.
8 and described in Sect. 4.3. Right panel: Radio spectrum of the radio galaxy NGC 507. Green filled triangles show the double lobe flux density
measurements presented in this paper (green box in the left panel and see Table 3), while black circles show the flux densities listed by Murgia
et al. (2011) and the value reported in the NTI catalogue at 150 MHz. The blue solid line represents the best spectral age fit of the main lobes,
whose parameters are listed in the top-right corner and further described in Sect. 6. Blue filled triangles show the flux density of the newly detected
extended emission (blue box in the left panel) and the gray dashed line the respective best spectral age fit, whose parameters are listed in the
bottom of the panel and further described in Sect. 6. The core flux density measurements are shown as empty circles (in red is the measurement at
675 MHz presented in this work and in black are those published by Murgia et al. 2011) and are fitted with a power-law function as shown by the
dotted line.

As already reported by Murgia et al. (2011), the spectrum of normalisation and injection index were fixed at the same values

the double lobes is significantly curved, particularly at frequen-
cies higher than 1400 MHz, indicating the presence of strong ra-
diative losses. The spectrum is already very steep at low frequen-
cies with a spectral index in the frequency range 144-400 MHz
equal to &/99MAZ = 1.30 + 0.15, which increases slightly in the

range 400-675 MHz (see Table 3).

The new SW diffuse emission represents about 25% of the
total flux density of the source at 144 MHz (as measured using
the red box in Fig. 6) and has a much steeper spectral index,
namely ajfnnz = 2.0 + 0.2 and oo M2 = 2.75 + 0.15. The
filament F1 also shows very steep spectral indices with values

@OMHz 5 15 4+ .15 and SN2 = 2,10 + 0.15.

Following Murgia et al. (2011) we used the Clopr model
(Komissarov & Gubanov 1994) to derive a spectral age for the
lobes of NGC 507 and the new diffuse emission. The best fits are
shown in Fig. 6 as a solid blue line and dashed gray line, together
with the best fit parameters. For the fit of the diffuse emission the

found for the lobes, as a first order approximation.

Using an equipartition magnetic field value equal to B,, =5.2
UG (Murgia et al. 2011), we derived that the lobes have a to-
tal age of #;, = 150 Myr with an active phase of 7,, = 102 Myr
and an inactive phase of topr = 48 Myr. The extended emis-
sion instead, has a total age of f, = 242 Myr with an active
phase of #,, = 29 Myr and an inactive phase of topr = 213 Myr.
We also considered a more conservative magnetic field value,
corresponding to the minimum radiative losses allowed for a
plasma at a given redshift, equal to B=Bcyp/ V3=19 uG, with
Bems = 3.25 - (1 + 2)? uG. In this case the total age increases
to ;=242 Myr for the lobes and to #,=377 Myr for the extended
emission. We note that these estimates should be considered as
first approximations as they do not take into account the effect
of any possible adiabatic expansion or compression, which are
instead likely to play a role, especially in the newly detected dif-
fuse emission.
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Fig. 8. Radio spectral index profile across the lobes of NGC 507 (top
panel) and its main filament F1 (bottom panel) in the frequency range
144-400 MHz. The gray dashed lines represent the mean values equal
to 1.3 and 2.1, respectively. The regions used to extract the profiles are
shown in Fig. 6, left panel.

Finally, the core has flux densities of Score 675MH=2.7 mJy,
Score.d0omuz=4.2 mJy and Score, 144mm,=9 mly, which are reported
in Fig. 6 as red empty circles. From the plot we can see that
the value measured at 675 MHz is consistent with the power-
law trend reported by Murgia et al. (2011) based on higher fre-
quencies measurements. The values at lower frequencies instead
largely exceed the expectations. This excess is likely caused by
the contamination of the extended emission, in which the core
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is embedded and which becomes dominant at lower frequencies
and at lower resolution. The spectral index obtained by fitting all
points at frequencies >675 MHz is @ = 0.19, in agreement with
flat-spectrum nuclear emission (Blandford & Konigl 1979).

We note, however, that the core prominence of the source at
1400 MHz, defined as CP = Scgre/Siot, is equal to 0.02. This is
more than a factor 10 below the value expected for a typical radio
galaxy of similar power according to de Ruiter et al. (1990) and
more consistent with recent results on remnant radio galaxies
(Mahatma et al. 2018; Jurlin et al. 2021). This suggests, once
again, that the radio AGN is experiencing a low-power phase,
and that it is not able to sustain the activity of large scale jets.

4.3. Resolved radio spectral analysis

Using the matched radio images presented in Sect. 4.2 we also
created spectral index maps at low and high resolution in the
frequency range 144-400 MHz, where the new emission is de-
tected (see Fig. 7). To do this, we spatially aligned the maps in
the image plane using a point-like source close to the target and
the tasks imhead and imregrid that are available in the Com-
mon Astronomy Software Applications (CASA, McMullin et al.
2007) package. This procedure is necessary to correct for any
possible spatial shifts introduced by the imaging and phase self-
calibration process, which would lead to unreliable spectral in-
dex values.

To create the spectral index maps only pixels with surface
brightness above 30 in all radio images were used. Spectral in-
dex errors were computed using Eq. | and have typical values
of 0.1 in the brightest regions and in the range 0.15-0.2 in the
faintest regions.

These spectral maps allow us to study the spectral index
distribution throughout the different regions of the source and
search for any spatial trends. Across the double lobes the spectral
index is in the range a4%MH2 = 1 ~ 1.6 but we do not recognise

144MHz ~
any of the clear spatial gradients typically observed in active ra-
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Fig. 10. Left: Radial surface brightness profile of the X-ray emission in the 0.7-2.0keV band extracted from three different sectors. Blue points
represent the average azimuthal profile (0-360 deg), green points represent the Eastern sector (120-180 deg) and magenta points represent the
Southern sector (270-300 deg) as shown in Fig. 9. Middle: Temperature profiles in the same sectors as in the left panel. Right: Pressure profiles in

the same sectors as in the left panel.

dio galaxies, such as a steepening or a flattening moving towards
the lobe edges for FRI and FRII radio galaxies, respectively (e.g.
Orru et al. 2010; Laing et al. 2011; Heesen 2015; McKean et al.
2016). This can be appreciated further from the spectral profile
shown in Fig. 8, top-right panel. The regions used to extract the
spectral index profile are shown in yellow in Fig. 6, left panel.
Each region has radius equal to 20 arcsec (7 kpc) and they all
have been chosen as to match the regions presented in Murgia
et al. (2011). Such homogeneous spectral distribution is not ob-
served in all remnant radio galaxies (see e.g. Shulevski et al.
2017), but was already observed at higher frequencies by Mur-
gia et al. (2011) in this source. This was interpreted as due to the
break frequency having reached roughly the same value in each
part of the lobes which could happen as a consequence of the jet
switching off and the plasma subsequently aging. Alternatively,
projection effects and consequent superposition of different par-
ticle populations might also play a role in smoothing any spectral
index trends.

As shown in Fig.7, the distribution of the spectral index
across the newly discovered diffuse emission also does not show
any clear gradients. We also do not observe any clear spectral
flattening in the filamentary region F1 with respect to the rest
of the diffuse emission, as expected in the case where this re-
gion was created by strong compression driven by the motions
of the IGrM. The effect of compression would be indeed to shift
the spectral break to higher frequencies with respect to what is
predicted by a simple radiative ageing of the plasma. In Fig. 8,
bottom-right panel, we show the spectral index profile across
the main filament F1 created using the black boxes displayed
in Fig. 8, left panel and having 15 arcsec-side (5 kpc). The spec-
tral index fluctuates in the range ai‘ggﬁgi =1 ~ 1.8. Similar
spectral index values and fluctuations have been also reported in
the filaments observed connecting the lobes of the radio galaxy
ESO 137-006 by Ramatsoku et al. (2020) and IC 4296 by Con-
don et al. (2021) at GHz-frequencies.
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We note that the pixels showing spectral indices with values
~ 0.5 in the low-resolution map in the regions of the southern tip
of the western lobe and at the northern edge of the new diffuse
emission should not be considered reliable as their value is likely
affected by their position at the source edges and the presence of
regions of negative surface brightness in the LOFAR 144 MHz
image.

4.4. X-ray morphology and profiles

In Fig. 4 we show the 0.7-2 keV-band XMM-Newton image of
the NGC 507 galaxy group. In particular, in the left panel we
show the full XMM-Newton field of view, where also the com-
panion group NGC 499 is visible, while in the right panel we
show a zoom in on the NGC 507 group with radio contours over-
laid.

From the large-scale map shown in the left panel it is clear
that the outer halo of NGC 507 is asymmetric and that there is an
excess of emission in North-West direction towards NGC 499.
The latter was only previously hinted by the ROSAT HRI map
presented by Paolillo et al. (2003). Moreover, a tail of emission is
observed to the South of NGC 499, in the direction of NGC 507.
All this strongly supports a scenario in which the two systems
are undergoing a merger.

As already discussed in previous works (see Sect. 2), in the
central regions of NGC 507 the gas shows a complex distri-
bution as well, likely due to a combination of large-scale gas
motions and disturbances driven by the AGN jet activity. The
main peak of the X-ray emission is coincident with the optical
galaxy NGC 507 (marked with a yellow cross) and the two sur-
face brightness jumps detected by Paolillo et al. (2003) and Kraft
et al. (2004) in the Eastern and Southern direction (using XMM-
Newton and Chandra observations, respectively) are clearly vis-
ible.

Remarkably, the filament of non-thermal radio-emitting
plasma labelled as F1 is perfectly aligned with the southern
X-ray surface brightness discontinuity (see Fig. 4). This likely
implies a physical connection between the motions of the non-
thermal remnant plasma and the surrounding thermal medium.

To highlight the asymmetries of the X-ray surface brightness
distribution, we subtracted from the image presented in Fig. 4
the best-fit of the double S-model (Cavaliere & Fusco-Femiano
1976) fitted to the data and centered on the X-ray peak (core
radius re; = 109 £ 27 kpe, B = 5.08 £ 0.2 and ro, = 91 + 3 kpc,
B2 = 0.72 + 0.03). The residual map is shown in the left panel
of Fig. 9. We also filtered the original image using the Gaussian
Gradient Magnitude (GGM) filter (Sanders et al. 2016) with a
3-pixel filter (1 pixel=2 arcsec), as shown in the right panel of
Fig. 9.

In both these images the E and S discontinuities described
above appear nicely enhanced. Moreover, a spiral pattern is
clearly revealed. Such morphology is classically interpreted as
due to gas sloshing in the group potential well with a nonzero
angular momentum (Markevitch & Vikhlinin 2007; Gastaldello
et al. 2013; ZuHone et al. 2013; Ascasibar & Markevitch 2006).
In particular, a spiral shape is expected if the interaction between
the group and the perturber at the origin of the sloshing is seen
face-on (Roediger et al. 2011). From the residual image an ex-
cess of emission is also visible at the South-Western side of the
Western lobe, which, as previously suggested, could be consis-
tent with the presence of gas compressed by the expanding West-
ern AGN jet.

To further investigate the S and E discontinuities, we ex-
tracted radial surface brightness, temperature and pressure pro-

Article number, page 12 of 21

files using successive annular regions extending from the X-ray
surface brightness peak up to ~0.2Rsqg (i.e., ~5.9 arcmin), where
all relevant features are located. Two angular sectors were cho-
sen as to match the Eastern and Southern surface brightness fea-
tures and spanning the range 120-180 deg and 270-300 deg, re-
spectively (measured from the West direction, see Fig. 9, left
panel). As a comparison, an azimuthally averaged radial profile
was also created. For the temperature and pressure profiles the
annuli were determined by requiring a minimum width of 30 arc-
sec, to minimise the flux redistribution due to the XMM-Newton
point spread function (PSF). We note that due to the complex ge-
ometry of the X-ray surface brightness distribution the profiles
were not deprojected.

The final profiles are shown in Fig. 10. From this we can
see that the surface brightness jump reported by Kraft et al.
(2004) (using Chandra data) at ~2 arcmin distance from the
group center in the Eastern direction is recovered. A drop in
the surface brightness distribution is also observed at approxi-
mately the same distance (<2 arcmin) in the Southern direction.
We stress that the Southern discontinuity is asymmetrical with
respect to the surface brightness distribution centered on the X-
ray peak and this likely contributes to smoothing the observed
surface brightness jump, on top of the natural blurring by the
XMM-Newton PSF.

To understand the nature of these surface brightness edges
we looked at the temperature and pressure profiles across the
edges as shown in Fig. 10, middle and right panels. As we can
see in the middle plot, a temperature jump across the two edges
is also present, with increasing values moving from the brighter
(and therefore denser) side of the edge to the fainter. In partic-
ular, we measure a temperature increase from kT=1.28+0.03
keV to kT=1.46+0.03 keV in the Southern sector and from
kT=1.35+£0.01 keV to kT=1.50+0.02 keV in the Eastern sec-
tor. No jump is instead detected in the pressure profile. This be-
haviour is classically observed in the so-called ‘cold fronts’ (e.g.
Markevitch & Vikhlinin 2007).

We note that the observed jumps are more subtle than those
observed in merging systems, in which cases they trace discon-
tinuities between gas from different subclusters (e.g. Markevitch
et al. 2000). Instead, they appear more consistent with a simple
redistribution of the gas of the group itself, as observed in more
relaxed systems. Projection effects may also likely contribute to
smoothing any observed gradients.

4.5. X-ray spectral maps

In order to get a more detailed view of the two-dimensional spa-
tial distribution of the thermal gas properties in the system (tem-
perature, entropy, pressure and metal abundance) we created the
spectral maps shown in Fig. 11.

For this, we subdivided the data in small regions from which
spectra were extracted. The size of the spatial bins have been
obtained with the Weighted Voronoi Tessellation (WVT) binning
algorithm by Diehl & Statler (2006), which is a generalization of
the Cappellari & Copin (2003) Voronoi binning algorithm. We
ran WVT on the background-subtracted and exposure-corrected
image and created maps with a S/N=50 per bin. Since we are
interested only in the central regions, the maps were obtained
for r <0.3R500.

The entropy (K) and pressure (P) maps can be obtained
by combining temperature and electron number density as
K:TnETZ/ ? and P=Tn,, respectively. Since the normalization in
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Fig. 11. Projected temperature (top-left), entropy (top-right), pressure (bottom-left) maps created using a 1T model fit and abundance map created
using a 2T model (bottom-right) as described in Sect. 3.3. A cross marks the center of the galaxy NGC 507. 300 LOFAR contours at 144-MHz

with 5.57 arcsec X 8.09 arcsec resolution are overlaid in the top-left panel.

XSPEC is defined as

1071

= npdV cm™, 2
4nD2(1 + 202 f” i @

if we assume the volume of the emitting region, it is straightfor-
ward to derive the electron density. Under the assumption that
there is not material projected onto the region of interest, the vol-

ume can be easily computed as V=2A /R% ) — X — Y2, where

A is the area of the region, while X and Y are the projected dis-
tances in the east-west and north-south directions, respectively.
From the maps we can clearly see that the spatial distribution
of all the four quantities is highly asymmetrical with respect to
the center, consistent with previous results by Kim et al. (2019)
and Islam et al. (2021), and again suggesting a dynamically dis-
turbed environment. In particular, the temperature and entropy
maps show a spiral pattern, similar to what already observed in
surface brightness. The temperature discontinuities in correspon-
dence of the jumps described in Sect. 4.4 are also clearly visible.

The metallicity map shows a very scattered distribution with
the highest values observed at the group center, as expected for
relaxed systems. This could be due to a combination of intrin-
sic variations in the gas properties and errors in the fit. Indeed,
due to the multi-phase properties of the gas, the error bars as-
sociated with each measurement are quite large making the map
not of easy interpretation. For completeness the abundance 1-
o error map is included in Appendix A (Fig. A.2). In corre-
spondence of the Eastern discontinuity we see some mild abun-
dance drop, from values of 0.8-0.9 to values of 0.4-0.5. How-
ever, this gradient is not as unusual as previously suggested by
Kraft et al. (2004), instead it is expected at regular cold fronts
(Simionescu et al. 2010). Overall, it seems more plausible that
on larger scales the abundance distribution is mainly determined
by sloshing rather than by the AGN activity.
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Fig. 12. Iy — Ix relation of NGC 507. The high resolution LOFAR image at 144 MHz is used for the radio. Left: squared boxes used to extract
surface brightness values with side equal to 8 arcsec (=3 kpc). Right: Ig — Ix relation obtained using all regions. Points are colored following the
color scheme shown in the left panel. Circles depict cells where the radio and X-ray surface brightness is above 30~. The upper limits (arrows)
represent cells with radio surface brightness in the range 20-30~. The horizontal black dash-dotted line indicates the 1o in the LOFAR 144 MHz
map. The red and blue lines correspond to the best-fit obtained for the entire emission and for green regions only, respectively. The lower panel
shows the residuals of log Iz and log Ix with respect to the Linmix best fit line obtained using all regions (green+red). A negligible correlation is
found, with Spearman coefficient 0.13+0.06 in case all boxes are included (red+green). A mild positive correlation is found instead with Spearman
coefficient equal to 7, = 0.50 + 0.06 and slope equal t0 bgreen = 0.63 + 0.09, if the red boxes are excluded from the fit.

4.6. X-ray versus radio correlation

In the recent years an increasing number of works have reported
evidence of a point-to-point correlation between the radio sur-
face brightness, I, and the X-ray surface brightness, Iy, of radio
halos (e.g. Govoni et al. 2001; Giacintucci et al. 2005; Rajpurohit
et al. 2018; Botteon et al. 2020b; Rajpurohit et al. 2021; Duch-
esne et al. 2021) and mini-halos (Giacintucci et al. 2019; Ignesti
et al. 2020a; Biava et al. 2021b) harbouring massive galaxy clus-
ters, as well as radio bridges between galaxy clusters (Botteon
et al. 2020c; Bonafede et al. 2021). This is interpreted as a sig-
nature of the dynamical coupling of the thermal and non-thermal
components of the ICM. In particular, according to current stud-
ies, it seems that halos show preferentially sub-linear slopes and
mini-halos super-linear slopes.

While it is not obvious if such a relation should be expected
for the newly detected diffuse radio emission in NGC 507, we
investigate it here to further understand the plasma origin. The
relation is generally described by a power-law of the form

Ig o 1%, 3

where b is the correlation slope. For this we used the LOFAR
144-MHz high resolution image with a beam size of 8.0” x5.5”.
The XMM-Newton X-ray image was smoothed with a Gaussian
of 2 FWHM. The grid used for the point-to-point analysis over-
laid on the LOFAR image is shown in the left panel of Fig. 12.
Boxes have 8 arcsec (~3kpc) size. To perform the fit, we use the
Linmix method (Kelly 2007) following Rajpurohit et al. (2021).
20 limits on the radio surface brightness are also included in the
fit.

As shown in the right panel of Fig. 12, if all regions are
considered (green and red boxes), the Spearman coefficient is
0.13 + 0.06. Clearly there is no evidence of correlation between
the two quantities, suggesting that the non-thermal plasma is still
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not mixed up with the ICM on large scales. This behavior is ex-
pected if the radio emission of the newly detected plasma is still
mostly driven by the initial particle population accelerated by the
AGN.

However, it should be mentioned that if the red boxes are
excluded from the fit, a mild positive correlation is found with
Spearman correlation coefficient equal to r; = 0.50 + 0.06 and
slope equal to bgreen = 0.63 £ 0.09. These red boxes coincide
with some filamentary emission in both the radio and X-ray im-
ages (see Fig. 9) and might be suggestive of different physical
conditions with respect to the rest of the medium, for example
different levels of compression. Current data do not allow us to
explore this possibility further but future observations at lower
frequencies (e.g. using the LOFAR Low Band Antennas) may
help to study this in more detail.

4.7. Optical analysis

In order to further investigate the dynamical state of NGC 507
and to identify the presence of any substructures in the member
galaxy distribution, we performed the optical analysis of the sys-
tem. We present in this section a summary of the results obtained
and we describe in more detail the methods used in Appendix B.

NGC 507 is part of the Pisces supercluster, one of the largest
structures in the Nearby Universe traced both optically (e.g.
Tully 2015) and in X-rays (Bohringer et al. 2021). It was first
recognised as a galaxy group in the Lyon catalogue (Garcia
1993), who found it to be a separate structure from the nearby
NGC 499 group (the latter with only 5 members). However,
more recent analysis, such as those based on the Two Micron
All-Sky Survey (2MASS, Skrutskie et al. 2006), report only one
group (Crook et al. 2007; Lavaux & Hudson 2011; Tully 2015).

We investigated the membership of the group using the "ve-
locity gap" method (De Propris et al. 2002) and we clearly de-
tect the NGC 507 group as a peak at the redshift of the galaxy
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NGC 507, populated by 74 galaxies. This result is also confirmed
using the "shifting gapper" method (Fadda et al. 1996; Owers
et al. 2009). The value of the biweight location estimator of the
mean group velocity is 5030 + 74 kms~!, which corresponds to
Zeos = 0.01678 + 0.00025.

We note that the membership allocation process groups to-
gether the galaxies NGC 507 (with a velocity of 4934 kms™!
reporting the NED heliocentric corrected velocity and a K's mag-
nitude of 8.28 as reported by Tully 2015) and NGC 499 (4399
kms~'and Ks magnitude of 8.71). These two are separated in
velocity by 535 kms~!' and they are the brightest members of
the group with a difference in magnitude of Am,, = 0.43. A low
value of Am, for such an evolved, X-ray bright system is an
indication that the system is undergoing a merger.

Further indication that the system is dynamically disturbed
comes from the global value of its dispersion velocity equal to
611 + 50 kms~'and from the velocity dispersion radial profile
(see Fig. 13). In case of dynamically complex, merging system
the profile is generally observed to deviate from the declining
shape of dynamically relaxed systems (e.g. Girardi et al. 1996;
Menci & Fusco-Femiano 1996; Hou et al. 2009; Costa et al.
2018).

The analysis of the scaling relations of the X-ray properties
with the dispersion velocity and with the profile of the dispersion
velocity (Lovisari et al. 2021) provides further support to the
disturbed nature of the group. If we take the temperature of the
system as measured in the annulus 0.15-0.5 Rsgg equal to 1.19
keV, as a reference value, the NGC 507 group is a clear outlier
in the o — T relation (see for example Farahi et al. 2018) as is
located well above the expectation of a constant specific energy
ratio, Bypec = 1.

We finally applied a series of substructure tests from one-
dimensional (1D) in the velocity space to three dimensional (3D)
involving both spatial and velocity spaces, since the existence of
correlations between position and velocities of clusters galax-
ies is a signature of true substructure. However, all these tests
provide a null result, highlighting again the difficult task of find-
ing statistically significant evidence for a merger with an optical
analysis.

Overall, while the optical analysis of the group galaxy mem-
bers was not very effective in confirming the merger scenario,
clear indications that the NGC 507 group is a dynamically dis-
turbed system are present. These include a globally high value of
the dispersion velocity of the system and a non-declining veloc-
ity radial profile, as well as a low magnitude difference between
the two most massive galaxies NGC 507 and NGC 499.

5. Summary and discussion

Since its discovery, NGC 507 has always been shown to be a
complex system with peculiar and interesting features. Our anal-
ysis of new radio low-frequency observations combined with X-
ray and optical data, surely confirms this view and helps us mak-
ing some further steps forward in the understanding of its history.

Based on the X-ray spectral profiles and maps shown in Sect.
4.4 and 3.3, and supported by the extensive literature built up in
the last decade (see e.g. Markevitch & Vikhlinin 2007; Zuhone
& Roediger 2016 for reviews), we suggest that the Eastern dis-
continuity observed in the X-ray surface brightness distribution
is not as unusual as previously suggested by Kraft et al. (2004).
The authors attributed it to an ‘abundance front’ created by the
jet expansion of the central AGN. Instead, we think that both
the Eastern and Southern discontinuities can reasonably be in-

terpreted as typical cold fronts, defined as contact edges between
regions of gas with different entropies.

The central AGN is likely contributing to shaping the ther-
mal gas distribution in the inner regions of the group. However,
the spiral morphology of the X-ray emission (best detected in our
X-ray residual image and GGM-filtered image shown in Fig. 9)
and of the temperature and entropy maps is suggestive of slosh-
ing inducing gas motions on larger scales. The spiral morphol-
ogy is indeed characteristic of a gas that has gained angular mo-
mentum, and therefore is unlikely to be initiated by the AGN-jet
activity (Ascasibar & Markevitch 2006).

We note that, sloshing cold fronts have been observed in a
large number of massive, mostly relaxed clusters, but they re-
main more rarely detected/studied in galaxy groups, possibly
also due to observational limitations. Among the best such cases
known so far there are NGC 5098 (Randall et al. 2009), NGC
5044 (e.g. Gastaldello et al. 2013; O’Sullivan et al. 2014), NGC
5846 (Machacek et al. 2011; Gastaldello et al. 2013), IC 1860
(Gastaldello et al. 2013), NGC 7618 (Roediger et al. 2012, but
see Sheardown et al. 2019 for a slingshot interpretation), and
NGC 1550 (Kolokythas et al. 2020).

In some of these systems the perturber initiating the slosh-
ing is clearly identified with a nearby galaxy/galaxy group (see
e.g. IC 1860, Gastaldello et al. 2013). In the case of NGC 507,
it remains difficult for us to identify the perturber from an
optical analysis only, as discussed in Sect. 4.7. However, the
nearby galaxy group NGC 499, located at a projected distance
of 270kpc, remains a very good candidate for this. The excess
of X-ray emission between NGC 507 and NGC 499 and the tail
of X-ray emission present at the south of NGC 499 (see Fig. 4),
as well as the high value of velocity dispersion, clearly suggest
that the two systems are interacting. The small magnitude dif-
ference between the two systems further implies a high-enough
mass-ratio to give rise to the observed perturbations.

The spiral pattern observed in the X-ray emission of
NGC 507, would then imply that the orbit of NGC 499 is nearly
in the plane of the sky. According to simulations indeed, the
morphology of the X-ray distribution in sloshing systems is a
strong indicator of the inclination between the orbital plane of
the pertuber and our line of sight (Roediger et al. 2011). Spiral
patterns are expected in case of face-on interactions, while arc-
like features at the sides of the group/cluster core are expected
in the case of edge-on interactions. The velocity difference be-
tween NGC 507 and NGC 499 is equal to Av ~500 kmy/s. This is
a factor ~2 lower than the velocity difference observed between
NGC 5044 and IC1860 and their respective perturbers, which are
also claimed to be experiencing face-on interactions. This seems
to be then consistent with the above scenario.

A special comment is then deserved to the arc-like (concave)
X-ray discontinuity observed in the South and coincident with
the radio filament F1 (see Fig. 1). One possibility is that it may
be created by a further interaction between NGC 507 and another
system. Simulations by Vazza et al. (2021) as shown in Sect. 4.1
suggest for example that such a structure might originate from
the passage of a small clump moving from south towards north,
on top of the sloshing motion.

As the galaxy group NGC 507 is located in a larger gravi-
tationally bound structure, which is the Pisces supercluster, as-
suming that its dynamical history is dictated by interactions with
multiple systems is probably not so unrealistic. The nearby (30-
kpc projected distance) galaxy NGC 508 could for example play
a role in this. NGC 508 and NGC 507 show a significant mag-
nitude difference equal to Am=1.42, so it is unlikely that their
interaction might be responsible of initiating the sloshing mo-
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Fig. 13. Left: Histogram of the velocities of the galaxy members of the NGC 507 group. The best fit Gaussian distribution of the Gaussian mixture
model McLusT is also shown. Right: Velocity dispersion profile of the NGC 507 group, where the galaxy NGC 507 is assumed to be the center
of the group. Bins contain 10 galaxies each and the 1o jacknife errors are shown. The solid line shows the expected value of dispersion velocity
assuming density-energy equipartition between IGrM and galaxies, i.e., Byp.c = 1, assuming a temperature for the IGrM of kT = 1.19 keV.

tions of NGC 507. However, Jeltema et al. (2008) report that
NGC 508 shows small tails in its X-ray emission extending for
~6kpc. These features are very rarely detected in the coronae of
early-type galaxies (Sun et al. 2007), and might support the idea
of an interaction with the nearby group NGC 507.

An alternative interpretation for the arc-like X-ray discon-
tinuity could be that it represents a giant roll resulting from
Kelvin-Helmholtz instabilities developing at the cold front’s in-
terface. According to simulations these instabilities are expected
to develop on long timescales (of the order of a Gyr) due to the
presence of shear motions (e.g. Roediger et al. 2011). This ar-
gument has already been used in the literature to explain the un-
usual concave ‘bay’-like features observed in some relaxed clus-
ters (e.g. Perseus, Centaurus and Abell 1795, Walker et al. 2017,
Abell 2319, Ichinohe et al. 2021). This possibility, however, re-
mains difficult to assess and only dedicated hydro-dynamical
simulations will be able to shed further light on the overall dy-
namics of the system.

Regardless of the precise dynamical history of NGC 507, the
most likely interpretation of the newly detected extended radio
emission is that it is associated with remnant plasma produced
by a past phase of activity of the central AGN, which is being
transported by the large-scale sloshing motions during its buoy-
ant rise in the group atmosphere. The lack of a strong corre-
lation between the radio and X-ray surface brightness and the
lack of strong spectral index gradients overall suggests that the
newly detected plasma is still in the process of mixing up with
the external medium. This picture is consistent with simulations
showing that interactions between old AGN plasma and sloshing
cold fronts can deflect the plasma original trajectory and trans-
port them up to very large distances from its original position
(ZuHone et al. 2021).

Following O’Sullivan et al. (2014), we computed a first order
estimate of the age of the sloshing structures by assuming that
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the Eastern front has travelled from the group core at no more
than half the sound speed c;. The sound speed can be derived as:

kT
r—

CS = ’
Hmyp

“

where kT is the average IGrM temperature as obtained from
the X-ray analysis equal to kTx =1.19keV, 4=0.62 is the mean
molecular weight, I' = 5/3 is the adiabatic index and m,, is the
proton mass. The derived sound speed is equal to ¢, = 550 km/s.
If we assume a (projected) distance between the Eastern cold
front and the group core equal to d = 40kpc (2 arcmin), we
get that the sloshing motion has taken approximately 145 Myr to
reach the current position.

Considering that the radiative age of the newly detected AGN
remnant emission, as estimated from its radio spectrum, is in the
range 250-350 Myr, this implies that the AGN remnant plasma
was already there at the time when the sloshing motion was ini-
tiated. This is consistent with the observed co-spatiality between
the radio and X-ray features. Again, a more robust estimate of
the age of the sloshing structures will only be obtained in the
future with ad-hoc simulation.

To the best of our knowledge, the only other clear case in the
literature of a galaxy group showing AGN remnant plasma in-
teracting with the sloshing IGrM is NGC 5044 (O’Sullivan et al.
2014). Here an old AGN lobe was suggested to be ‘trapped’ at
a distance of ~50 kpc, in the arm of hot thermal gas, which was
pushed towards the core by sloshing motions. Interestingly, this
system also features a filament of plasma originating from the
central AGN and twisting around a cold front, but never connects
with the more distant older lobe, contrary to what is observed in
NGC 507.

Hints of AGN remnant emission contained within a cold
front and possibly redistributed by sloshing motions are also
found in IC 1860 (Gastaldello et al. 2013). However, radio ob-
servations at higher spatial resolution and sensitivity would be
required confirm this and to constrain the possible interaction
between the thermal and non-thermal plasma in more detail.
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Overall, NGC 507 represents the clearest observational ex-
ample to date of how old AGN plasma can be transported away
from the host galaxy and diffuse into the surrounding medium in
a galaxy group. On longer timescales, this non-thermal plasma,
will presumably be further disrupted and transported even fur-
ther in the surrounding IGrM until its particle population and
associated magnetic fields will completely merge and mix with
it.

This will ultimately represent a pool of mildly-energised par-
ticles, which, in case of subsequent sufficiently-strong shocks
passages and/or turbulence injection, might be re-energised. This
seed particle population permeating the ambient medium is con-
sidered relevant for the formation of diffuse radio sources in
more massive systems, especially mini-halos in cool-core clus-
ters (Richard-Laferriere et al. 2020). However, in a galaxy group,
like NGC 507, mergers and external dynamical interactions
might never be energetic enough to initiate such processes. In-
deed, classical mini-halos have never been detected so far in such
low-mass systems.

Future highly sensitive observations at low frequencies, such
as those that can be obtained with the LOFAR Low Band Anten-
nas (LBA) and even more in the future with LOFAR 2.0, will be
ideal to investigate the presence and distribution of further, older
diffuse radio emission in the system.
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Appendix A: Two kT X-ray spectral analysis

Fitting the spectra with a single temperature model could be too
simplistic in the core of galaxy groups either because the central
regions may enclose a part of the coronal gas or simply because
we are dealing with projected spectra (i.e., we include all the
contributions along the line-of-sight). Here we show how the re-
sults change when fitting the spectra with two absorbed APEC
models.

During the fit we link the abundances of the two gas phases,
and as in the case of a single APEC, the MOS and pn spectra
were fitted simultaneously, linking both temperatures and metal-
licities and allowing all normalizations to vary freely.

We first checked if a second component improved substan-
tially the fit quality of a spectrum extracted within 3 arcmin (i.e.,
corresponding roughly to the twenty-fifth magnitude isophote
Dys). Although cstat does not provide a goodness of the fit, the
XSPEC version is defined to tend to y? in the high counts regime
(which is our case). This means that the C statistic will tend to
a value equal to the number of degrees of freedom for a correct
model and can be used as a qualitative check for the improve-
ment of the fit. The value returned by XSPEC decreases signif-
icantly from ~2.7 to ~1.4 when using single or double APEC,
respectively. This result indeed suggests the presence of multi-
ple temperature components.

Since within the central regions there are at least two spec-
tral components, we derived the temperature and abundance pro-
files by fitting the two-temperature models to the data and com-
pared the result with those obtained with a single component. In
Fig. A.1 we display our findings. The cool component remains
nearly constant with just a mild indication of a slight decrease in
the core. Instead, the hotter component rises almost monotoni-
cally toward the center. However, it is important to note that the
normalization of the two components is comparable only within
~1.5-2 arcmin and the contribution of the cool component is neg-
ligible beyond ~3 arcmin.

In the bottom panel of Fig. A.1 we show the temperature
map obtained using a double APEC model. The two tempera-
ture model that we are using returns two values for temperature
and normalization. The temperature map was built by taking the
temperature associated to the gas phase with the highest normal-
ization (i.e., highest density) for each region. Apart from small
changes within ~2 arcmin the pattern distribution is very similar
to that derived with one single component. Based on these results
we are confident that our overall interpretation of the system and
conclusions are independent of the choice of a 1T or 2T spec-
tral model. For completeness in Fig. A.2 we also show the the
temperature and abundance 1-o- error maps for the 2T spectral
model.

Appendix B: Optical analysis

In this section we present the details of the optical analysis of the
galaxy group NGC 507.

We selected all the galaxies with known recession veloci-
ties from the NASA/IPAC Extragalactic Database (NED) located
within 60 arcmin (1.2 Mpc at the redshift of the source) from the
optical position of the galaxy NGC 507. A relatively large ra-
dius for the search is considered to select galaxies members of
the NGC 507 halo and at the same time investigate the presence
of any possible perturbers following the scenario of Ascasibar &
Markevitch (2006). We note that NGC 499 is located at 13.7 ar-
cmin from NGC 507 and so falls well within the adopted search
radius.
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Fig. A.1. Comparison between the temperature (top) and abundance
(middle) profiles obtained using a single or double APEC model. In
the bottom panel we show the temperature map obtained using a 2T
model fit as described in the text. A cross marks the center of the galaxy
NGC 507.

The membership of the group is achieved through a two-
stage approach. A first step is performed by using the "veloc-
ity gap" method outlined by De Propris et al. (2002), where the
galaxies are sorted in redshift space and their velocity gap, de-
fined for the nth galaxy as Av, = c¢z,+1 — ¢z, is calculated.
Clusters and groups appear as well-populated peaks in redshift
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Fig. A.2. Top: Abundance (top) and temperature (bottom) lo error
maps obtained using a 2T model as described in the text. A cross marks
the center of the galaxy NGC 507.

space, which are well separated by velocity gaps from the near-
est foreground and background galaxies. Using this procedure
and fixing the velocity gap to 1000 kms™', we clearly detect the
NGC 507 group as a peak at the redshift of NGC 507 populated
by 74 galaxies.

As a second step we use a slightly modified version of the
"shifting gapper"” method, first employed by Fadda et al. (1996),
as described by Owers et al. (2009). The method uses both radial
and peculiar velocity information to separate interlopers from
members as a function of group-centric radius. The data are
binned radially such that each bin contains at least 10 objects.
Within each bin, galaxies are sorted by peculiar velocity, with
velocity gaps determined in peculiar velocity. Peculiar velocities
were determined by estimating the mean group velocity using
the biweight location estimator (Beers et al. 1990), which was
assumed to represent the cosmological redshift of the group, zcos.
The peculiar redshift of the galaxy is Zpec = (Zgal — Zcos)/ (1 + Zcos)
and the peculiar velocity is derived using the special relativistic
formula vpee = c((1 + zpec)® = 1)/((1 + zpec)? + 1), where ¢ is the
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speed of light. The "f pseudosigma" (Beers et al. 1990) derived
from the first and third quartiles of the peculiar velocity distri-
bution was used as the fixed gap to separate the group from the
interlopers. This procedure, however, did not reject any further
galaxy with respect to the sample obtained above.

In conclusion, the final group sample consists of 74 members
(see left panel of Fig.13). The value of the biweight location esti-
mator of the mean group velocity is 5030+74 kms~!, which cor-
responds to zcos = 0.01678+0.00025. We used the biweight scale
estimator to estimate a velocity dispersion of 611 + 50 kms™'.
The errors for the redshift and velocity dispersion are at 1o~ and
are estimated using the jackknife resampling technique.

We calculated the peculiar velocity of the central galaxy
NGC 507 which is =96 + 74 kms~!, just adding in quadrature
the errors on the galaxy (using the error of 7 kms~! as reported
in the CfA redshift survey, Huchra et al. 1999) and group veloc-
ities. An offset velocity must lie outside a range defined by the
cluster velocity dispersion to be significant (Gebhardt & Beers
1991). We therefore calculated the Z-score for the central galaxy
(eq. (7) of Gebhardt & Beers 1991) which is -0.175 and its 68%
confidence limit is 0.127. The confidence interval has been cal-
culated using 10000 bootstrap resamplings and allowing for the
measurement error of the central galaxy velocity by sampling
from a Gaussian distribution with standard deviation set to the
reported error as part of the bootstrap. The velocity offset is
therefore not significant.

We then applied a series of substructure tests from one-
dimensional (1D) in the velocity space to three dimensional (3D)
involving both spatial and velocity spaces, since the existence of
correlations between position and velocities of clusters galaxies
is a signature of true substructure. This is essential for the in-
vestigation: the sensitivity of individual diagnostics depends on
the line of sight relative to the merger axis and therefore no sin-
gle substructure test can be considered the most sensitive in all
situations (Pinkney et al. 1996).

We started with 1D tests analyzing the velocity distribution
to look for departures from Gaussianity, which can be attributed
to dynamical activity. We applied the Anderson-Darling (AD)
test as the more reliable and powerful test for detecting real
departures from an underlying Gaussian distribution following
Hou et al. (2009). We used the AD test as implemented in the
task ad.test of the package nortest in version 4.1 of the R statis-
tical software environment®(R Development Core Team 2015).
The AD test returns a A2 statistic of 0.42432, which corresponds
to a p-value of 0.3101 therefore consistent with having a Gaus-
sian distribution. Furthermore we estimated four shape indica-
tors: the skewness, the kurtosis, and their robust counterparts: the
asymmetry index and the scaled tail index, the indicator compar-
ing the spread of the dataset at the 90% level with respect to the
spread at the 75% level (Bird & Beers 1993). The values for the
sample are 0.177 and -0.274 for skewness and kurtosis respec-
tively and they show no departure from a Gaussian distribution
(see Table 2 of Bird & Beers 1993, for 75 data-points). The value
of the scaled tail index is 1.023 and it is consistent with a Gaus-
sian distribution. We investigated the presence of significant gaps
in the velocity distribution following the weighted gap analysis
of Beers et al. (1990) looking for normalized gaps larger than
2.25 since in random draws of a Gaussian distribution they arise
at most in about 3% of the cases, independent of the sample size.
We did find a significant gap with a normalized value of 2.65 be-
tween the velocities of 4761 kms~! and 4868 kms~!, separating

5 http://www.r-project.org
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the range of low velocities of the sample (including NGC 499)
and the rest of the member galaxies.

To detect possible multiple components in velocity space we
also applied a Gaussian mixture model implemented in the pack-
age McrusT (Fraley & Raftery 2002; Fraley et al. 2012) in R. It
is an algorithm for fitting normal mixture models, i.e. maximum
likelihood fits are performed assuming a number from 1 to 9
normal components are present in the data. The model selection
is performed by comparing the Bayesian Information Criterion
(BIC, Schwarz 1978) defined as BIC = 2InL — klog(n) where L
is the likelihood, & is the number of parameters of the model and
n is the number of data points; klog(n) is the penalty term which
compensates the difference in likelihood due to an increase in
the number of fitting parameters. The best model is the one that
maximizes the BIC. The result of the mixture model favors a sin-
gle Gaussian with a BIC of -1164 and there were no statistically
significant partitions of the sample: for example a two Gaussian
components model has a BIC of -1176 for unequal variances.

We then applied the 3D tests. First we adopted the Dressler-
Shectman A statistic (Dressler & Shectman 1988), which tests
for differences in the local mean and dispersion compared to the
global mean and dispersion and it is recommended by Pinkney
et al. (1996) as the most sensitive 3D test. Calculation of the A
statistic involves the summation of local velocity anisotropy, ¢,
for each galaxy in the group, defined as

Npp + 1
2 _ nn
5_( -

) [(Procal — ‘_}group)z = (O1ocal — 0_)2]’ (B.1)

where N,, is the number of nearest neighbours over which the lo-
cal recession velocity (Vjoca1) and velocity dispersion (0joca1) are
calculated. Here we adopt Ny, = VN, following Pinkney et al.
(1996). The significance of A is estimated using 10000 Monte-
carlo simulations randomly shuffling the galaxy velocities. We
did not find suggestions of substructures with the DS test (sig-
nificance level of 63.5%). We then applied the « test of Colless
& Dunn (1996). The «-test searches for local departures from the
global velocity distribution around each cluster member galaxy
by using the Kolmogorov-Smirnov (KS) test which determines
the likelihood that the velocity distribution of the VN nearest
neighbors around the galaxy of interest and the global cluster
velocity distribution are drawn from the same parent distribu-
tion. Calculation of the « statistic involves the summation of the
negative log likelihood for each galaxy defined as

ki = =logPgs (D > Dps,). (B.2)

Also the « test returned no significant substructure (at the 91.3%
level).

Finally we applied a three-dimensional mixture model with
McLUST having as input the spatial coordinates plus the velocity
of each galaxy (e.g. Einasto et al. 2012). Also in this case we did
not find any significant partition in subclusters of the member
galaxies.
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