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ABSTRACT

Context. Galaxy groups are more susceptible to feedback from the central active galactic nuclei (AGNs) due to their lower gravita-
tional binding energy compared to clusters. This makes them ideal laboratories to study feedback effects on the overall energy and
baryonic mass budget.

Aims. We study the LOFAR-detected galaxy group Nest200047, where there is clear evidence of multiple generations of radio lobes
from the AGN. Using 140 ks Chandra and 25 ks XMM-Newton data, we investigated thermodynamic properties of the intragroup
medium, including any excess energy due to the central AGN. We also investigated the X-ray properties of the central black hole and
constrained the 2 — 10 keV X-ray flux.

Methods. We used spectral analysis techniques to measure various thermodynamic profiles across the whole field of view. We also
used both imaging and spectral analysis to detect and estimated the energy deposited by potential shocks and cavities. Due to the faint
emission from the object beyond the core, various background effects were considered.

Results. Nest200047 has significant excess entropy, and the AGN likely contributes to a part of it. There is an excess energy of
(5 - 6.5) x 10 erg within 400 kpc, exceeding the binding energy. The pressure profile indicates that gas is likely being ejected from
the system, resulting in a baryon fraction of ~ 4% inside rsyo. From scaling relations, we estimated a black hole mass of (1—-4)x10° M,
An upper limit of 2.1 x 10* erg s™! was derived on the black hole bolometric luminosity, which is ~2.5% of the Bondi accretion power.
Conclusions. Nest200047 is likely part of a class of over-heated galaxy groups, such as ESO 3060170, AWM 4, and AWM 5. Such
excessive heating may lead to high quenching of star formation. Moreover, the faint X-ray nuclear emission in Nest is likely due to
the accretion energy being converted into jets rather than radiation.

Key words. Galaxies: groups: individual: Nest200047 — Galaxies: active -Methods: data analysis — Shock waves

1. Introduction

Radio-mode feedback from active galactic nuclei (AGNs) plays
a key role in regulating the cooling and star formation in a broad
range of halo masses (Churazov et al.|2000; [Birzan et al.|2004;
Best et al.|[2006; Werner et al.|[2019). The jets from the cen-
tral AGN often create observable structures, such as shocks,
that transfer energy to the ambient medium and X-ray cavities
by expelling gas from the core (e.g., Begelman & Cioffi|[1989;
McNamara et al.|[2001; [Fabian et al./[2006; Wise et al.| 2007
Simionescu et al.|[2009). Although our understanding of such
mechanisms has improved over the years (for reviews, see Mc-

* Email: a.majumder @sron.nl
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Namara & Nulsen![2007; Simionescu et al.[|2019), the effect of
multiple generations of AGN outbursts on the ambient medium
remains an interesting problem. Multi-generational outbursts are
expected from numerical simulations (e.g., Rosas-Guevara et al.
2016; |[DeGraf & Sijacki|[2017), and their signatures have been
observed in the radio band as multiple pairs of radio lobes in-
teracting with the ambient medium (see Morganti|[2017, 2024
for reviews). Such evidence of recurrent outbursts has also been
seen in X-rays. Although more recent outbursts are often associ-
ated with cavities, the older outbursts have different evolutionary
paths that sometimes create X-ray bright arms of low-entropy
gas (M87;|Forman et al.2007; Werner et al.[2010) or density and
temperature ripples (Cygnus A; [Majumder et al.|[2024). Extend-
ing such studies to a larger number of multiple-outburst systems
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Fig. 1. LOFAR image of the galaxy group Nest200047, focusing on various spatial scales to highlight the four consecutive AGN outbursts detected

in this system (Brienza et al.[2021).

is important for further pinpointing the details of AGN feedback
evolution.

While known examples of multiple generations of outbursts
are mostly limited to clusters (e.g., Vantyghem et al.[2014} Biava
et al.|[2021])), the famous example of NGC 5813 and NGC 5044
(Randall et al.|2011};|Schellenberger et al.|2021)) shows that such
an evolutionary history is possible for galaxy groups as well.
Galaxy groups lie in a critical mass regime (103 — 10'4M,),
where the hot gas is still sufficiently bright to be observable in
X-rays but where AGN feedback may more closely resemble the
mechanism needed to quench star formation in individual galaxy
haloes. In particular, the energy supplied by the central AGN can
exceed the gravitational binding energy of halo gas particles,
which is not the case in more massive galaxy clusters (Eckert
et al|2021} |Ayromlou et al.|2023)). Therefore, further exploring
the impact of multi-generation AGN feedback on the intragroup
medium (IGrM) can lead to a better understanding of their im-
pact on the evolutionary history of massive galaxies.

The Low-Frequency Array (LOFAR) Two-Meter Sky Sur-
vey (LoTSS; [Shimwell et al.[2019) and the extended ROentgen
Survey with an Imaging Telescope Array (eROSITA) X-ray tele-
scope (Predehl et al.|[2021) on board the Spektrum Roentgen
Gamma (SRG) orbital observatory (Sunyaev et al.|2021) have
recently revealed a truly spectacular example of recurring AGN
feedback in a largely unexplored, nearby (z = 0.01795+0.00015;
Huchra et al|[2012) galaxy group called Nest200047 (2MASS
survey; Tully|[2015). The radio and X-ray properties of the ob-
ject from those investigations were first reported by|Brienza et al.
(2021). In the radio band, two freshly injected radio lobes, each
roughly extending 30 arcsec (11 kpc in projection) in length from
the group center, are being inflated by the central AGN associ-
ated with the brightest group galaxy, MCG+05-10-007 (A lobes
in Figure[I). Farther away, two more radio bubbles (B1 and B2)
extend out to radii of 100 arcsec (37 kpc) from the optical cen-
troid of the host galaxy. A third pair of radio lobes (C1 and C2)
can be seen between 100 — 275 arcsec (37 — 100 kpc) from the
AGN, while farther still, the lobes D1 and D3 extend out to a
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10 arcmin radius (220 kpc), rivaling the large radio structures
found in more massive galaxy clusters (Lane et al.|2004; McNa-
mara et al.|[2005; |Wise et al.|[2007). The outermost lobes exhibit
a striking array of complex filamentary radio structures (D2),
likely preserved by magnetic fields, showing sharp bends and
double strands of very narrow emission. They may represent a
rare case of an AGN bubble in its very late stages of evolution,
as it is being deformed and shredded by instabilities and possi-
bly in the process of being mixed with the IGrM on small scales.
No other radio galaxy in the current LoTSS database shares a
similar morphology. The shallow (645 s) eROSITA scan of the
object (Brienza et al.|2021), on the other hand, revealed edge-
brightening around the radio bubbles that were classified as cav-
ities with powers upwards of 10*? erg s™!. The object has a tem-
perature of ~ 2 keV within 13 arcmin and a 0.5 — 2.0 keV lu-
minosity of (5 — 10) x 10%? erg s~! within 30 arcmin. More re-
cently, |[Brienza et al.| (2025) performed a more detailed spectral
analysis over a broad radio band (53-1518 MHz) using the up-
graded Giant Metrewave Radio Telescope (WUGMRT; |Gupta et al.
2017), MeerKAT (Jonas & MeerKAT Team|2016), and the Karl
G. Jansky Very Large Array (VLA;[Perley et al.[|2011). This re-
cent work estimated the duration of the jet activity for different
bubbles to be between 50-100 Myr.

In this study, we report the results of the first pointed X-
ray observations performed for this galaxy group. We present
the X-ray morphology and thermodynamic profiles of the object
and estimate energy injection by the radio lobes using Chan-
dra and XMM-Newton data. The high spatial resolution of Chan-
dra allows us to probe any deviation from the expected smooth
thermodynamic profiles under hydrostatic equilibrium, while
XMM’s sensitivity at low energy allows us to probe the outskirts
more effectively. Since the object is nearby, Chandra’s spatial
resolution also allows us to put constraints on the black hole
mass and X-ray properties of the central AGN.

We begin in §2] by presenting the observations and the data
reduction methods applied in this work. In §3] we describe the
large-scale features in the X-ray data and highlight any hints of
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Table 1. Chandra and XMM-Newton observation log.

Telescope ObsID Instrument  Exposure (ks)
EMOS1 26.8

XMM-Newton 0883620101 EMOS2 27.8
EPN 9.8

26949 14.3

27221 12.3

27222 14.4

27223 14.0

Chandra 27224 ACIS-I 14.0
27571 16.4

27582 11.0

27598 14.7

27607 14.3

27608 14.6

Total 140

Notes. The exposure times noted are after flare cleaning.

AGN feedback. A detailed description of the spectral analysis
method is discussed in §4] with more details in §C|and §D] All
thermodynamic profiles are then shown and discussed in §5| Pos-
sible deviations from smooth density profiles are discussed in §6|
and then followed by an estimation of the energetics of a tenta-
tively detected cavity in §/| The mass estimate and X-ray prop-
erties of the central supermassive black hole follow in §8 We
conclude with a summary and conclusion of our results in §9}

A ACDM cosmology has been assumed in this work with
Hy = 70 km s™' Mpc™!, Q4 = 0.7, and Q,, = 0.3. The corre-
sponding linear scale at the redshift of Nest200047 is 21.9 kpc
per arcmin. All errors reported are of 1o~ significance.

2. Observations and data reduction
2.1. XMM-Newton

Nest200047 (hereafter Nest) was observed by XMM-Newton on
13-09-2021 for a total exposure of 46 ks. We analyzed the ex-
posure (ObsID: 0883620101) with Science Analysis Software
(SAS) v21.0.0 and the latest calibration files. The observation
was heavily affected by soft proton flares. We reprocessed the
MOS and PN event files from the Observation Data Files (ODF)
with SAS tools emproc and epproc, respectively. Furthermore,
we created a separate out-of-time (OoT) event file for the PN ob-
servation with epproc. The MOS event files were then checked
for anomalous soft X-ray noise (Kuntz & Snowden|2008; [Stuh-
linger||2008)) with the SAS tool emanom. The tool flagged CCD
4 of MOSI1 as “bad" and CCD 5 of MOS2 as “intermediate."
The MOS1 CCD 4 was henceforth removed from all subsequent
analysis, while CCD 5 of MOS2 was kept after checking the
spectrum from part of this chip visually. Despite this cleaning,
we still found anomalous soft X-ray noise below 1 keV in MOS1
spectra from the central CCD upon visual inspection. We, there-
fore, discarded the MOS|1 spectrum from the central CCD below
1 keV for spectral analysis (see §A|for more discussion).

To reduce the heavy soft proton contamination, we filtered all
event files as follows: The MOS events were binned in the energy
range of 10 — 12 keV in 100 s intervals. We did the same with
the PN events but in the energy range of 10 — 14 keV. We then
fitted each count rate histogram with a Gaussian function to de-
termine the mean (i) and the standard deviation (o). All events
with a count rate greater than 1o from the mean were removed

from all subsequent analysis. We then focused on removing ex-
tremely fast flares by binning the events in the aforementioned
energy ranges in 20 s intervals and repeated the Gaussian fits. All
events with a count rate greater than 20~ from the mean were re-
moved from all subsequent analysis as well. We report the clean
exposure times from each instrument in Table m For PN, we ap-
plied the same Good Time Intervals (GTIs) to the OoT event file
as to the normal observation.

For suitable MOS particle background event lists, we
used the integrated filter wheel closed (FWC) dateﬂ (Rev.
230 - Rev. 4027). Since there is no suitable out of field
of view (FOV) region for PN (Zhang et al.|2020; Marelli
et al.| 2021), we chose a PN FWC observation (Event list:
3927_0810811601_EPN_S017) that was performed soon before
the Nest observation. The FWC files of each instrument were
then reprojected onto the same sky coordinates as the Nest ob-
servation using the SAS task evproject.

All FOV events in both the observation and the FWC files
were screened with the conditions PATTERN<=12 and (FLAG &
0x766ba®d0)==0 for MOS, while the condition PATTERN<=4
and FLAG==0 was chosen for PN. Separate out of FOV event
files were also created with the condition #XMMEA_16 for imag-
ing analysis. This flag screens bad event grades but keeps valid
out of field of view events.

2.2. Chandra

The galaxy group Nest has been observed for a total of ~150
ks with Chandra from 21-11-2022 to 18-12-2022. We repro-
cessed and analyzed all observations in the Chandra data archive
using CIAO 4.15 (Fruscione et al.|2006) and CALDB 4.10.7.
We used the CIAO tool chandra_repro to create level 2 event
files along with the condition check_vf_pha = yes for addi-
tional cleaning of particle background in VFAINT mode obser-
vations. All reprocessed event files were checked for flares using
the same procedure applied for the XMM observations in the
9 — 12 keV band. No strong background flares were found for
any Observation ID. We report all cleaned exposure times in Ta-
ble [T We furthermore excluded all off-axis ACIS-S chips and
used only the ACIS-I chips that have lower backgrouncﬂ

The particle background event list was obtained by using
the “stowed" ACIS event files from CALDB. The “stowed" parti-
cle background was measured with the instrument unexposed to
the sky. We created tailored particle background event files for
each ObsID by applying appropriate gain corrections followed
by their reprojection to the same sky plane as the observation.
We filtered these particle background events further by select-
ing status=0 events for VFAINT mode observations. For the
rest of this paper, we will refer to the particle background as the
non-X-ray background (NXB).

2.3. X-ray background

We modeled the Galactic X-ray emission and the cosmic X-ray
background (CXB) using a spectrum from the ROSAT all-sky
survey (RASS). This spectrum was generated by the RASS X-
ray background tool (Sabol & Snowden|[2019)°| We extracted
the spectrum from a region far enough away from the object to
ensure maximum background emission and minimum contami-
nation from the object. We achieved this by choosing an annulus

! https://www.cosmos.esa.int/web/xmm-newton/filter-closed
2 hhttps://cxc.harvard.edu/proposer/POG/html/chap6.html
3 'https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/xraybg/xraybg.pl
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Fig. 2. Left: Chandra exposure-corrected, background (NXB + X-ray foreground and background) subtracted image of Nest. Right: XMM-Newton
exposure-corrected, background (NXB + X-ray foreground and background + soft proton) subtracted image of Nest. Both of these images were
created in the 0.6 — 4.0 keV energy band. The images have been Gaussian-smoothed with a o = 3 pixels for better visualization. The LOFAR 144
MHz radio contours from Brienza et al.|(2021) are shown in green. The contour levels used were 3, 10, 25, and 60 X o, where o = 154uJy/beam
and the beam size is 8.6” x 4.3”. The different lobes have been marked on each figure.

Table 2. Unabsorbed galactic emission components from the RASS
spectrum.

Components Flux (0.1 — 2.4 keV) kT
(photons s em™?) (keV)
Galactic halo 6.8f(1)'g x107° 0.217 £ 0.013

Local hot bubble ~ (4.42 + 0.11) x10® (7.3 +0.2) x10~2

Notes. The above components were constrained by the RASS spectrum
in an annular region between 1.5R; and 1.5Ryy + 1°. The normaliza-
tions have been scaled to 1 arcmin?® area.

centered on the Nest galaxy group with an inner radius of 1.5R»q
and outer radius of 1.5R»g9+1°, where R,oo was calculated for the
Nest galaxy group. Using the upper limit of Msg = 7 x 103 M,
reported by Brienza et al.|(2021)), we obtain a Rygy value of ~940
kpc which is equivalent to ~0.7 degree. The total number of
spectral counts obtained in the 0.1 — 2.4 keV band is 4450.
Using SPEX v3.07. ®3E| (Kaastra et al.|1996, 2018), we fit a
hot(cie + pow) + cie model to this spectrum. The compo-
nents represent the absorbed galactic halo, absorbed CXB, and
the unabsorbed local hot bubble, respectively. The temperature
of the hot component was fixed to 107® keV for neutral ab-
sorption. We set the abundance value of each cie component
to 1.0 with respect to the reference proto-solar abundance model
of [Lodders et al.| (2009). The hydrogen column density in the
field of view of our object was calculated using the method pro-
posed by Willingale et al.| (]2013[ﬂ The weighted hydrogen col-
umn density was found to be ny = 1.82 x 10?! atoms cm~2. The
CXB normalization was fixed to 8.88 x 107’ photons/s/cmz/keV

4 |https://spex-xray.github.io/spex-help/index.html
> |https://www.swift.ac.uk/analysis/nhtot/
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(for 1 arcmin? area at 1 keV, see|Snowden et al.[2008), while the
index was fixed to 1.46. We report the resulting fit parameters
in Table 2] We used C-statistic for minimization during fitting
(Cash|[1979; [Kaastra|2017). The cstat value after the fit was 11
with the expected cstat value being 7 + 3 (see for
an explanation of expected C-statistic).

Since Chandra and XMM-Newton resolve more point-
sources than ROSAT, the flux of unresolved point-sources for
these two X-ray telescopes needs to be calculated from the logN-
logS relation, assumed to follow that from the Chandra Deep
Field South (Lehmer et al.|2012). The details of this calculation
are discussed in Appendix [C]

2.4. Image processing

The XMM-Newton counts images for all the EPIC (European
Photon Imaging Camera) instruments were created in the en-
ergy range 0.6 — 4.0 keV and binned to 4-arcsec by setting the
ximagebinsize and yimagebinsize parameters to 80 in the
SAS task evselect. A PN OoT image was also created in the
same way and was subtracted from the PN observation image
after scaling by a factor of 0.023E|, appropriate for the extended
full-frame mode. Exposure maps were then obtained for each in-
strument in the same energy band. The standard XMM exposure
maps for each instrument (in units of seconds) were multiplied
with the on-axis effective area before combining to take into con-
sideration different effective areas between the instruments. Fi-
nally, counts images and the altered exposure maps from all in-
struments were combined and used for all subsequent imaging
analysis. We detected point sources with the help of the CIAO

¢ https://xmm-tools.cosmos.esa.int/external/xmm_user_support/
documentation/uhb/epicoot.html
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tool wavdetect and visually confirmed them before removing
them from any spectral or imaging analysis.

Particle background images were created from the FWC
event files using the same binning and energy range as the ob-
servation images. The MOS background images were normal-
ized using the unexposed area of the instrument as described
by |Kuntz & Snowden| (2008). On the other hand, the PN back-
ground image was normalized using the whole field of view
counts in the 10 — 14 keV band. These particle background im-
ages were then combined and used to obtain the total NXB im-
age. The exposure-corrected, background-subtracted images for
the full FOV of XMM-Newton are shown in the right panel of
Figure 2]

For Chandra, all level 2 event files were first reprojected to
a common tangent point. Count images and exposure maps were
created in the 0.6 — 4.0 keV band for each reprojected event
file and then combined to produce the total counts and expo-
sure map. Point sources were again detected with the help of
wavdetect. The point sources were removed in all spectral anal-
ysis. We also removed them from all image analysis in §5|to[8]

Background images for individual reprojected stowed event
files were created in the same energy band as observation images
and were scaled to match the 9 — 12 keV band emission. Sim-
ilar to our XMM background image, these “stowed" event file
images were combined and used to obtain total NXB image.

We next determined the unresolved CXB flux for ACIS and
EPIC observations (see Appendix [C). We then created an X-ray
background (XRB) image for each using the CXB flux and the
galactic foreground flux from Table 2] For XMM, we also cre-
ated a soft proton background image using methods discussed
in Appendix All these images were combined to produce
the total scaled background image for XMM (NXB + X-ray
background and foreground + soft proton) and for Chandra
(NXB + X-ray background and foreground). These total scaled
background images were used to obtain background-subtracted,
exposure-corrected images and were also used to create an-
nular regions for spectral extraction. The exposure-corrected,
background-subtracted images for the full FOV of Chandra are
shown in the left panel of Figure 2]

3. Search for substructure in the X-ray images

We conducted a visual inspection of the X-ray images from
Chandra and XMM-Newton to identify any correlations or anti-
correlations with the radio emission, which could indicate that
the radio lobes are interacting with and potentially disturbing the
IGrM. The images, on first look, appear smooth, with no visual
evidence of discontinuities. We determined the center of the X-
ray emission by weighting counts in the Chandra image within
a one arcmin radius from the approximate center identified visu-
ally:

ZiR;i(x, y)c;
R cnier(x, )’) = —ys

S, ey

where c¢; is the number of counts in the i-th pixel and R; is a
vector for the location of the pixel. Using this procedure, we
obtained the X-ray center of Nest to be RA = 4:06:37.804, Dec
= +30:22:35.351. This is in remarkable agreement (within an
offset of ~ 1 arcsec) with the optical centroid of MCG+05-10-
007 (RA=4:06:37.739, Dec=+30:22:34:769; |Gaia Collaboration
2020, |Gaia Collaboration et al2021)7]

7 SIMBAD

To further probe whether any structures exist, we subtracted
from the Chandra image a fitted spherically symmetric double-
beta surface brightness model. We show this subtracted image in
the left panel of Figure [3| We used a double-beta profile instead
of a single-beta profile to better model the steepening of surface
brightness profile below 20 kpc (see Figure[B.T|and Brienza et al.
2021| supplementary information). The two beta models had the
same center and the fits were done using Pyproffit v@.
(Eckert et al[2020)). The best-fit values are provided in Appendix
and fitted profiles are shown in Figure [B.T} Before fitting, all
the point-source pixels in the Chandra counts image were re-
placed with counts interpolated from a defined background re-
gion. This region was chosen as an annular ellipse with the inner
radius equal to the source radius and the outer radius 50% larger.
We used the CIAO tool dmfilth and method=POISSON to auto-
mate this task.

As can be seen in Figure [3] no clear cavities are seen at the
location of the A and B lobes with the present quality of data.
However, we do identify a potential depression at the same loca-
tion as the C1 radio bubble (Figure [3]left panel). This suggests
that the radio jet from the AGN is likely displacing the X-ray-
emitting gas and creating a cavity. We also noticed a potential
limb-brightened region in the XMM exposure-corrected image
near the C-lobe upon zooming in (Figure [3] right panel). This
limb-brightened cavity was also detected by eROSITA (Brienza
et al.[2021)). We did not create any residual image for XMM due
to the presence of a chip gap near the region of the C1 bubble.

We measure the enthalpy of this cavity and the temperature
of the limb-brightened region in Section [/} There is also a hint
of another depression at the location of the C2 bubble in both
Chandra and XMM-Newton image, although this is difficult to
confirm with the present quality of data. Current data quality
also did not visually reveal any features corresponding to the
D lobes and D2 filament, although there is an indication of a
density break in this region (See §6). Any X-ray features that
may be present in this region can help us to understand whether
the filaments were created through a shock or as a consequence
of the bubble evolution.

4. Spectral analysis
4.1. Region selection

We divided the fields of view of Chandra and XMM-Newton into
annular bins with a constant signal-to-noise ratio. For Chandra,
the net source count was chosen to be 1600 (SNR = 40). This
SNR ensures a small statistical error (a few percent) on tempera-
ture profiles, while allowing enough spatial resolution to investi-
gate whether the object has a cool core. This choice provides us
with 11 bins with a bin width of 20 — 45 arcsec (7 — 16 kpc) over
the field of view, with the outermost bin being 160 arcsec wide.

For XMM, we chose the annular regions such that each bin
has a net source count of at least 3600 (SNR = 60). Due to
XMM’s higher sensitivity in the 0.6 — 4.0 keV band, a higher
SNR threshold was chosen to investigate any temperature struc-
tures with better precision. At off-axis angles (> 8 arcmin from
the aimpoint; see Figure m]), the source becomes faint due to
the vignetting effect, and thus the soft protons become the dom-
inant source of counts. Hence, we restricted the spectral extrac-
tion to 8 arcmin from the aimpoint. This choice resulted in 11
different annular bins with a bin width of 35 — 65 arcsec (13 —24
kpc).

8 'https://pyproffit.readthedocs.io/en/latest/index.html
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Fig. 3. Left: Chandra residual map after subtracting a spherically symmetric double beta model fit to the surface brightness profile of Nest. A
depression near the C1 lobe can be seen in the image and has been highlighted as a circular region. A further possible depression may be present
near the C2 lobe. The image has been heavily Gaussian-smoothed with a o = 30” and r = 30" for better visualization. Right: XMM-Newton
exposure-corrected image showing the region around the C1 lobe. The image has been Gaussian-smoothed with a o = 6” and r = 12” for better
visualization. A possible limb-brightened feature around the C1 lobe is shown in the figure as a wedge. The LOFAR radio contours from Figure 2]
are shown in green. The X-ray center of the group has been marked with a cross in each figure. The different lobes have also been marked on each

figure.

4.2. Spectral extraction and fitting

For XMM-Newton, we used the SAS tool evselect to extract
spectra for each region from the observation, PN OoT, and FWC
event files. The tasks rmfgen and arfgen were used to extract
the redistribution matrix file (RMF) and the ancillary response
file (ARF) for each region. To properly weigh the ARF, a detec-
tor map was provided for the extraction of such response files
and the parameter extendedsource in arfgen was set to yes.
For Chandra, the spectra from the observation and “stowed"
event files, as well as RMF and ARF, were obtained with the
CIAO tool specextract.

For XMM-Newton, the NXB spectrum in each region was
modeled with a broken powerlaw and a set of delta and Gaus-
sian functions. This helped us to fit the quiescent state and the
fluorescent lines in the particle background spectrum. The X-ray
background and foreground components obtained in §2.3] were
used to model the soft-energy background emission. The nor-
malization of each component was scaled to match the area of
each annular extraction region. The PN OoT spectrum was fitted
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with a spline model with the particle background components
held fixed. The soft proton contribution for each annulus was
then determined (See appendix [D). While fitting the total spec-
tra, all of the above components were held fixed. The IGrM was
modeled using a single hot (cie) model in SPEX. In each annu-
lus, spectra from MOS1, MOS2, and PN were fit simultaneously.
The spectra were binned optimally in SPEX before fitting
tra & Bleeker][2016). We used the C-statistic for minimization
during fitting. The fit quality was generally found to be statisti-
cally acceptable. The C-statistic in the outermost bin of XMM
was 424, while the expected C-statistic was 365 + 27. Any sys-
tematic uncertainty in the background estimate can contribute to
a higher C-statistic due to the low flux in this bin. The C-statistic
in the previous bin, by comparison, was 356, while the expected
C-statistic was 362 + 27. The metallicity in the innermost three
bins was allowed to vary, while it was kept fixed to a value of 0.2
in the other bins. This was done to ensure the metallicity value
was not unconstrained during the fits. A value of 0.2 is consis-
tent with similar metallicity values often seen in the outskirts of
galaxy groups and clusters (Mernier et al.[2017)).
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While fitting Chandra spectra, the NXB and XRB compo-
nents were also held fixed, and the IGrM component in each
region was modeled with a hot (cie) model. The spectra from
all ObsIDs were fitted simultaneously. The C-statistic in the out-
ermost bin was 420, while the expected C-statistic was 360 + 30.
All the fits were visually checked to confirm the absence of any
systematic trends in the spectral residuals. A small systematic
variation of the NXB between the stowed event files and the
observed data may be responsible for the slightly higher-than-
expected C-statistic. For the same reason as XMM-Newton fits,
the metallicity was allowed to vary in the innermost bin, while it
was kept fixed to 0.2 in the other bins. Chandra could only con-
strain metallicity in one bin since it has a lower effective area in
the soft ban This diminishes Chandra’s ability to constrain
the Fe-L complex at a temperature of a few keV.

5. Thermodynamic profiles
5.1. Temperature and metallicity

The temperature profiles along the radial direction, using data
from both telescopes, are shown in the left column of Figure ]
We also show the outer edge of each pair of radio lobes in north
and south directions with shaded regions. The robustness of the
derived temperature values was tested by varying the normaliza-
tion of the NXB, the galactic halo and the CXB. We find that
the temperature value in the last bin is consistent within current
statistical errorbars when the NXB normalization is varied up to
7% and the galactic halo, CXB normalization is varied up to a
factor of 2. The systematic errors in our fits are thus smaller than
the statistical errors.

The Chandra temperature profile shows a tentative temper-
ature drop (~ 0.8 keV) below 30 kpc (80 arcsec), suggesting
the group might have a cool core. In addition, there are hints of
a slight temperature increase around 100 and 200 kpc (300 and
500 arcsec, respectively). This is also the distance of the C and D
lobes from the center, as seen in the LOFAR images. The XMM
measurements also suggest a temperature increase at a similar
distance as the Chandra profile. However, the large errors in the
temperature values prohibit us from concluding that there is a
temperature jump at these locations. No temperature fluctuation
is seen near the A and B lobes with the present quality of Chan-
dra and XMM-Newton data.

Finally, in the bottom left panel of Figure[d we show a com-
parison of the Chandra and XMM temperature profiles after tak-
ing into account the systematic differences. The scaling relation-
ship describing the offset between Chandra and XMM-Newton
temperatures can be written as (Schellenberger et al.|[2015))

kTy,,.. .
o2 Trgy =X 1080 Tioy * @
We used the full band (0.7 — 7.0 keV) best-fit values for the
comparison between Combined XMM and ACIS-I (a = 0.889,
b = 0) as there is very little emission in Nest beyond 4 keV.
The error bars in the adjusted Chandra profile are larger than
the original measurements because the statistical errors of the
scaling parameters in [Schellenberger et al.| (2015) were taken
into account as well. The adjusted Chandra temperatures are in
agreement with those from XMM, except at the core, where the

® hhttps://cxc.cfa.harvard.edu/ciao/why/acisqecontamN0010.html
19" |https://xmm-tools.cosmos.esa.int/external/xmm_user_support/
documentation/uhb/effareaonaxis.html

larger XMM bin is expected to smooth the underlying tempera-
ture structures.

Next, we turn our attention to the metallicity profile. As
noted in §4.7] the abundance could only be constrained in the
innermost bin of Chandra and the inner three bins of XMM. We
show these derived metallicity values in Figure[5] As can be seen,
XMM better constrains the abundance compared to Chandra.
The measurements suggest that there may be a drop in metallic-
ity in the core of the group.

5.2. Density

We also show deprojected density profiles from Chandra and
XMM in Figure ] The robustness of the derived density val-
ues was similarly checked as the temperature values. We again
conclude that the effect of systematic uncertainty is lower than
statistical uncertainty.

The deprojection of the density profile was done using the
onion peeling method (Kriss et al.|1983) from surface brightness
profiles in PyProffit. A constant temperature and metallicity
of 2.1 keV and 0.3 Z, were assumed to obtain the count rate
to the emissivity conversion factor. The temperature of 2.1 keV
corresponds to the XMM temperature in the innermost bin and
is consistent with the temperature values throughout the field of
view. We also found that the density values from PyProffit
are mostly insensitive when the metallicity was varied between
0.2 - 0.4 Zg, i.e., the values within the central 20 kpc (see Fig-
ure [5). Any variation is within the current statistical error bars.
Hence, we chose the median metallicity to obtain the density
profiles. The spatial bins for density estimates were chosen such
that each data point is at least 30~ significant. This criterion al-
lows us to ensure that the errors are not too large due to the ef-
fects of onion deprojection, while at the same time ensuring a
much more spatially resolved profile. We show this profile in the
right column of Figure 4]

The higher resolved density profiles suggest certain interest-
ing features at the location of the radio lobes. In the Chandra
profile, near the location of the C lobe, we see a possible change
in the slope of the profile (see §6for a quantitative analysis). In
the XMM profile, we see a possible density break at the location
of the D lobe. No change in slope or density jumps are detected
near the location of the A lobes. Near the B lobe, a small slope
discontinuity can be visually seen in the Chandra data, but no
such feature is seen in XMM. This feature can either be spurious,
or XMM'’s bigger PSF smooths out this feature. In the bottom
panel, we show a direct comparison of the Chandra and XMM
profiles. We note that the Chandra profile reveals a steep density
profile near the core with density values reaching 0.1 cm™.

The aforementioned features could be related to either the
northern or southern lobes or both. To investigate this, we also
extracted density profiles along various azimuthal sectors with
the same 30~ SNR. These profiles are shown in Figure[6] We also
show the extraction regions for these profiles in the inset of each
sub-figure. As the XMM profile is smooth in the inner regions
and affected by the broader PSF, we only show the XMM profiles
in these directions near the location of the C and D lobes.

We see that the jump near the D lobe is present in the north-
ern direction, while the slope change near the C lobes is stronger
in the southern direction (See §E] for fits). We note, though, that
neither the Chandra nor XMM fields of view extend significantly
beyond the edge of the southern D lobe. We also extracted the
density profile along the eastern direction where there is no ra-
dio emission to check whether the density jumps are indeed due
to the radio lobes. As expected, we do not see any density jump

Article number, page 7 of 21


https://cxc.cfa.harvard.edu/ciao/why/acisqecontamN0010.html
https://xmm-tools.cosmos.esa.int/external/xmm_user_support/documentation/uhb/effareaonaxis.html
https://xmm-tools.cosmos.esa.int/external/xmm_user_support/documentation/uhb/effareaonaxis.html

A&A proofs: manuscript no. Draft

4.0 Chandra temperature profile Chandra density profile
A B C D 107 —F— A B C D
3.5¢ i t
- —=
20 —+
< 3.0f — 107 +
| C
9 £ X —_
= = i H
Ko2s ] e
1 1
1073 o +m{ﬂ
2.0f - }ﬂﬁﬁa
i B,
1.5-\ | I | | I | 10_4;\\\\“ | L1 L1111l L1 L1111l L1 Ll 1
10! 102 1071 10° 10! 102
4.0 XMM temperature profile XMM density profile
' 10-1F
3.5F i
-2 L
3.0} — 107
> I C
g E b
Eoast S
1 i T
| _1— - i
i ﬂﬁi
1.5-\ | L1 1 11 | L1 1 11 10_4;\\\\“ | L L LIl L L LIl L1 LIl \i}ﬁ*t

10! 102 1071 10° 10! 10°
40 Chandra-XMM temperature profile Chandra-XMM density profile
4 Adjusted Chandra 1071 ;4}— + Chandra
4 XMM - + XMM
3.5+ B t
- ._!_.
1072E +
— o o c =+
S 3.0 : -
g £ F —
e = - +
~2.5¢ <
10731
] - -
2.0r I B
15 Il Il L1 11 Il L1 11 10_4;\\\\“ Il L1 1Ll L1 1Ll L1 Ll
' 10! 102 1071 10° 10! 102
r [kpc] r [kpc]

Fig. 4. Temperature profiles (left panel) and density profiles (right panel). First row: Chandra temperature and deprojected density profile as a
function of projected radius. Second row: XMM-Newton temperature and deprojected density profile as a function of projected radius. Third row:
Comparison between Chandra and XMM-Newton temperature and density profiles after taking into account systematics. The shaded regions show
the extent of the four lobes shown in Figures[I|from the center of Nest.
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Fig. 5. Derived metallicity profiles from Chandra and XMM-Newton.
The green data point is the Chandra value and the black data points
are XMM-Newton values. Metallicity values beyond this region were
assumed to be 0.2 solar during spectral fitting.

in this direction. These results suggest that the AGN may be re-
sponsible for disrupting the IGrM and may also be causing the
temperature increase near C and D lobe locations (as discussed

in §5.1).

5.3. Mass estimates

Brienza et al.| (2021) reported a total X-ray mass of Msy =
(3-7)x 10" M, using mass-temperature scaling relations. Using
the density and temperature profile reported before, we provide
here an estimate for Mjsoo and an updated Msg. Under the as-
sumption of hydrostatic equilibrium, the total mass can be cal-
culated as

M(<r)= 3)

—kTr*( 1 dn, N
T dr

1dT
n, dr ’

um,G

where 1 is reduced mass factor with a value of 0.596, m,, is the
proton and G is the gravitational constant.

To compute the mass, we first fitted a parametric density and
temperature model widely used in the literature (Vikhlinin et al.
2006) to the derived profiles. Since the parameters in |Vikhlinin
et al.| (2006) model are highly degenerate, we only vary the
parameters that could be constrained by our temperature and
density profiles (see §E). Using those parameters, we estimated
Mjso0 ~ 1.4 % 1013M® and M5y ~ 3 X 1013M@. The Mjs00 and
M5 values correspond to Rysop ~ 215 kpe and Rspp ~ 480 kpc,
respectively.

With these values, we can also calculate the gas mass frac-
tion, fg,SOO = Mgas/M:

Mgy = f 47rr2pgdr, 4)
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Fig. 6. Top: Density profile along the northern lobes. Middle: Density
profile along the southern lobes. Bottom: Density profile along the east-
ern direction where there is no radio emission. The shaded regions show
the extent of the four lobes shown in Figures|[I] from the center of Nest.
The inset figures show the extraction regions.

where the gas density p, = 2.3umpn, and n, = n./1.21 is
the proton number density. The factor of 2.3 is needed to convert
proton number density to total number density according to the
adopted abundance table from [Lodders et al.| (2009). We calcu-
lated f; 500 ~ 4% at Rsoo by extrapolating our profiles. This value
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Table 3. Mass estimates of Nest from Chandra, XMM-Newton, and
eROSITA.

Telescope M>s00 Ras00 ZEN Rs00
(10°M,)  (kpe) (10My)  (kpe)

Chandra + XMM 1.4 x 1053 215 3x 1013 480
eROSITA - - 7x 108 640

Notes. The uncertain Msqy mass and Rsoy radius from Chandra and
XMM-Newton has been re-estimated independently with eROSITA.

is typical of galaxy groups that are found in the literature (e.g.,
Gastaldello et al.|2007)).

Independent mass estimate using eROSITA

We do note that the estimate of Msgy discussed above was ob-
tained by extrapolating our density and temperature profiles to
Rsqo. This was necessary because Rsog of Nest is outside the
field of view of both Chandra and XMM-Newton. This may lead
to sizable systematic uncertainties in estimating Msgy. Hence,
we also provide an independent estimate using the eROSITA
data described in Brienza et al.| (2021) that has larger field of
view compared to Chandra and XMM-Newton. The density pro-
file was independently measured by eROSITA from the center to
12 arcmin. The density outside XMM field of view was then ap-
proximated by a single beta model (Cavaliere & Fusco-Femiano
1976) with a norm ~ 5 x 107* ecm™>, r. ~ 4.9 arcmin and
B ~ 0.494. With this density profile, and an assumed isother-
mal gas with an eROSITA measured temperature of 2.2 keV, we
independently obtain Msyy ~ 7 x 1013 M and Rsgy ~ 640 kpc.
We note that, due to the fainter nature of the outskirts, system-
atic uncertainties on the level of the sky background can affect
the outer slope of the eROSITA density profile, and hence the
mass estimation. All mass estimates are reported in Table [3]

5.4. Pressure

We show azimuthally averaged pressure profiles from Chandra
and XMM in Figure [7| (top panel). The electron pressure was
calculated using the formula

p = n.kT, (®)]

where n, is electron number density. We have corrected temper-
ature systematics between Chandra and XMM before overplot-
ting the pressure profile. To calculate the pressure profile, we
used the higher resolved bins of the density profile. As the tem-
perature profile is less resolved, we used the nearest temperature
values to calculate the pressure value in each bin.

We note that similar to the density and temperature profiles,
there are slope changes and jumps near the locations of the C
and D lobes. We further compared our pressure profile with a
generalized profile available in the literature (Nagai et al.[2007):

P _ pPo ©)
psoo  (cs00X)7[1 + (cs00x)*]E-/v”
where,

2/3
M
500 ) E(Z)8/3

— —11 -3
Ps500 = 1.45x 10 erg cm (m
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Fig. 7. Top: Azimuthally averaged electron pressure profiles. The aver-
age expected profile from Planck clusters is shown with a black dashed
line. Middle: Azimuthally averaged entropy profile. The self-similar
! profile for f;, = 0.15 is shown with a black dashed line, while the
f» = 0.04 profile is shown with an orange dashed line. Boffom: Radial
profile of the cooling time obtained from azimuthally averaged density,
temperature, and metallicity profiles. The Hubble time 1/H, is shown
in red. The shaded regions show the extent of the four lobes shown in
Figures [T] from the center of Nest.
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and x = r/rspp. We used the best-fit parameter values from 62
clusters in|Planck Collaboration et al.|(2013), [po, ¢s500, @, 8, Y] =
[6.41, 1.81, 1.33, 4.13, 0.31], to plot the black dashed line in the
same figure. For our object, we obtain Pspy ~ 10712 erg cm™.
The Planck pressure profile is similar to the pressure profile in
the earlier work of |Arnaud et al.|(2010) (See Figure 4 of [Planck
Collaboration et al.|2013|for a direct comparison). Although the
generalized profiles are derived from clusters, Sun et al.|(2011)
showed that the median pressure profile of a sample of 43 nearby
galaxy groups matches the |Arnaud et al.[(2010) universal profile
well. Hence, in our work, we directly compare the pressure pro-
file of our galaxy group object with the updated universal cluster
profile from |Planck Collaboration et al.[(2013).

The unusually steep density profile of our object may explain
the deviation from the average expected profile at r < 10 kpc.
We do, however, observe that the pressure in our object is con-
sistently below the average profile from 10 — 200 kpc. Beyond
200 kpc, the average profile is below what we find in Nest. Such
a characteristic possibly suggests that gas is being removed from
the location of the radio lobes and ejected to larger distances.

5.5. Entropy

The entropy profiles from Chandra and XMM are shown in Fig-
ure [7] (middle panel). The entropy was calculated using the for-
mula

K = kT /n?

e

)

where n, is the electron number density.

We also plot the expected entropy from purely gravitational
heating. This self-similar entropy profile (Kgs¢) was calculated
following |Voit et al.| (2005) and |Pratt et al.[(2010):

Kssc(r) = 142Kso0( ) ®)
ssc(r) = L.42Ks00\ 5—)

Rs00
with the self-similar normalization Ksgo given by

2/3

Moo /3 oy \—2/3
Ksoo = 106 °E , 9
500 (1014M@) 1y TEQ) ©))

where fj, is the baryon fraction and E(z) = Q,(1 +2)3 + Q4.

For Nest, we obtain a Kspo = 171 keV cm?. We calculated
the self-similar entropy profile using a universal baryon fraction
value of 0.15 as well as our measured baryon fraction of 0.04.

It is clear that the derived entropy is substantially higher than
that from purely self-similar processes. Adopting a similar ap-
proach to [Eckert et al.| (2025), we used the expected self-similar
entropy profiles to calculate the excess heat per particle (AQ)
in the IGrM by assuming an isochoric process (neglecting any
cooling losses; [Finoguenov et al.[2008; |Chaudhuri et al.|2012):

AQ ~ kT Kops — Kssc’
Y- 1 Kohx

(10)

where y = 5/3 is the adiabatic index and K, is the observed
entropy from data. This is a lower limit on the non-gravitational
heat energy since gas ejected from the halo is not taken into ac-
count. The total heat energy could then be calculated as

R
A
Qui(<R) = fo ﬁmrrngdr. (11)
14

Using the above formulas, we obtained the total excess heat over
the whole field of view, Q,,; ~ 6.5 x 10% erg for f, = 0.15.
For f, = 0.04, we obtain Q,; ~ 5 x 100 erg. At least some of
this excess heat is likely attributed to the central AGN activity,
although the exact contribution is difficult to quantify since some
entropy excess might have already been in place during the pre-
heating phase (see Figure 9 of McCarthy et al|2011). We also
note that the eROSITA mass estimate is higher (see §5.3). If we
use the eROSITA gas density and a baryon fraction of 0.15, we
obtain Qy,; ~ 6.1 x 109 erg.

5.6. Cooling time

The cooling time of a gas is defined as its thermal energy di-
vided by the cooling rate. The cooling time, therefore, can be
calculated as

' _ Dot
Ty = DnenuNT, Z)’

(12)

where pyo. = 2.3p/1.21 is the total gas pressure, ny = n, =
n,/1.21 is the hydrogen density, and A(7, Z) is the cooling func-
tion. We calculated the cooling function at each spatial bin from
the temperature, metallicity and density profile shown in Figure
[5] The radial dependence of the cooling times is shown in Figure
(bottom panel) along with the Hubble time 1/H). It is clear that
the gas below 10 kpc may cool within the Hubble time. In the
central region, the cooling time is as low as ~300 Myr. However,
both the radio morphology of the source and the radio spectral
aging analysis (Brienza et al.|[[2025)) suggest a very rapid duty
cycle for the jet activity, with active phases of 50-100 Myr and
very short inactive phases in between. The AGN can thus heat
the IGrM much faster than the time the gas takes to cool.

5.7. Binding energy versus excess heat

To investigate excess heating compared to gravitational binding
energy Eying, we estimated Eying as

M(

Evna(<R) = -G f :r)47rr2pgdr. (13)

Figure [§] shows the excess heat in the form of excess en-
tropy and the binding energy as a function of radius. We used
the Chandra and XMM-Newton data up to the field of view to
calculate these profiles. It is clear that in the inner regions of
the group (< 13 kpc), the excess heat is lower than the bind-
ing energy. This further suggests that the heating is insufficient
to prevent the formation of a cool core and is consistent with the
temperature drop we obtained from the Chandra profile. Beyond
13 kpc, the excess heat is higher, which may result in some gas
being pushed out of the group towards the outskirts.

6. Density breaks

In §5.2] we discussed a possible density slope change and den-
sity jump at the location of the C and D lobes. In this section, we
aim to quantify the magnitude and significance of these breaks.

Article number, page 11 of 21



A&A proofs: manuscript no. Draft

1057

— Ebina i

L AO i

1050} |
5 i
§ 1059 ;
v a
> r |
o i
()] 10585 !
S :
w C :

101!

~ o2
r [kpcl

1056

Fig. 8. Energy budget of the IGrM of the galaxy group Nest. The orange
line shows the heating due to excess entropy. The blue line shows the
binding energy of the object obtained through Equation [I3] The black
dashed line shows the location of Rsyy from Chandra and XMM-Newton
data.

In particular, we focus on two features: (1) the density slope
change as seen in the Chandra data (Figure [0} middle panel)
near the C lobe along the southern direction (2) the density jump
as seen in the XMM-Newton data (Figure ] middle right panel)
near the D lobe in the azimuthally averaged profile. We chose
the azimuthally averaged XMM profile instead of the northern
or southern profile as they have insufficient counts near the D
lobe to constrain the jump.

We fitted a broken powerlaw model to these density profiles
to constrain the slope change and jump. This model can be ex-
pressed as

r \—a
ne = i’ll(—) (}" <= rbr)
Tpr

ne=m(—) "> ), (14)

Tbr
where ry, is the break distance, n; is the density before the break
and n, is density after the break. @) and a, are the slope of the
density profile before and after the break, respectively. The fits
are shown in Figure[9]

For the azimuthally averaged XMM density profile, at the
edge of the D lobes, we obtained n; = (1.55+0.15)x 10~ cm~3,
ny = (1.21 £0.14) x 10™* cm™3. Defining the jump as C = n/n,
we calculated a jump C = 1.27 + 0.19. This suggests a marginal
1.50 deviation from a no-jump scenario (C = 1). If this jump
is being created by a shock, the corresponding Mach number
would be M = 1.19 + 0.14. This can be obtained from C by
(Sarazin/2002)

I 2 y-1
— = + :
C May+1) y+1

s)
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Fig. 9. Top: Azimuthally averaged XMM-Newton density profile. Bot-
tom: Chandra density profile along the southern lobes. The sector used
to extract this profile is shown in Figure 6 inset. The black lines show
the fitted broken powerlaw model. The shaded regions show the extent
of the C and D lobes from the center of Nest.

Such a Mach number is consistent with the values reported in
the literature for objects with AGN-driven shocks (Forman et al.
2007; [Stmionescu et al.|2009; [Randall et al.||2015; |[Snios et al.
2018)). We also calculated the energy, presuming that this jump
is due to a shock. This energy can be calculated as (David et al.
2001)

Eg = L(PZ,tot = P1wot) Vs, (16)
y—1
where p; o and pj o are pre- and post-shock total gas pressures
and Vg = 4/ SHrZr is the volume enclosed by the shock. We cal-
culated the shock location to be r,, = 218 kpc, and with this
value, we estimated an energy of 8.6 x 10°° erg for the shock.
This energy is consistent with that of shocks seen in group-scale
objects (see [Eckert et al.|[2021] for a review). We note that the
Chandra field of view does not extend much beyond 200 kpc.
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Fig. 10. Exposure-corrected Chandra image in the 0.5 — 7.0 keV band
overlaid with the contours of CADET prediction (white and yellow con-
tours correspond to values of 0.4 and 0.6, respectively).

Hence, it is not possible to do a similar analysis using just Chan-
dra data and compare that with the XMM analysis. In our cal-
culation, we assume that the shock is spherically symmetric but
note that this can be an overestimate if the shock propagates in a
preferential direction.

We do note that although the present evidence for a shock
is weak, [Brienza et al.| (2021} 2025) reported flattening of the
radio spectral index at the location of the D2 filament with re-
spect to the surrounding lobe emission, which might indicate re-
acceleration or compression of particles — possibly due to a weak
shock produced by more recent AGN outbursts. From Figure [6]
it is clear that the X-ray jump is primarily in the northern direc-
tion, i.e., at the location of the D lobes. The X-ray-detected jump
may thus be associated with this speculated weak shock. It is not
possible to determine the direction of the shock at this location
with present data quality.

For the Chandra density profile along the southern direction,
we obtained a; = 0.4 +0.2 and a; = 1.0 +0.2. The uncertainties
suggest that the significance of the slope change is 2.10-. We note
that the XMM density profile does not show any slope change at
the same location, as can be seen in Figure[6] There are two pos-
sibilities: (a) The C lobe and the C1 cavity unfortunately lie very
close to an intersection of chip gaps in all three EPIC detectors.
This causes a lack of sensitivity in this region. (b) This may sim-
ply be a spurious feature in the Chandra data. Higher-quality
data may confirm or rule out the presence of these features in the
future. (c) The larger PSF of XMM may smooth out the feature
in this region. (d) It could be due to systematic uncertainties due
to deprojection because, at larger radii, the azimuthal coverage
of Chandra and XMM is different. We conclude that the present
data quality provides low confidence in the presence of slope
change and density jumps at the location of the C and D lobes.

7. Cavity properties
7.1. Cavity detection
7.1.1. CAvity DEtection Tool

In Figure (3] we noticed a surface brightness depression in the
Chandra residual image towards the southwest direction of the
group. This was also detected by an analysis of the eROSITA
data. To independently verify if this depression is significant, we
applied the Cavity Detection Tool (CADET; |Plsek et al.|[2023)
to images from both Chandra and XMM. The CADET tool was
developed primarily to detect cavities in Chandra images. We
used the broad-band (0.5 — 7.0 keV) image and probed it on the
following size scales: 128, 256, 384, 512 and 640 pixels (1 pixel
=0.492 arcsec). We used a broad-band image instead of the 0.6—
4.0 keV band because CADET was specifically trained to look
for cavities in the broad-band, and the discrimination thresholds
were tuned accordingly. Furthermore, our choice of scales was
limited by the fact that the size of the CADET convolutional
neural network was chosen to be 128 pixels. For XMM-Newton,
only scales of 128 and 256 pixels (1 pixel = 4 arcsec) could
be probed as our choices were limited by the field of view. We
furthermore chose the default discrimination threshold of 0.4 to
look for cavities (see |Plsek et al.|2023|for details).

Based on the Chandra image, the CADET pipeline detected
only a single X-ray cavity, which is co-spatial with the surface
brightness depression C1 from Figure[3] and spatially co-aligned
with the extended radio emission (Figure[3). We show this result
in Figure [I0] When applied to an XMM image, the pixels in the
CADET prediction at the position of the alleged X-ray cavity
were also activated. Nevertheless, the prediction contained sev-
eral other false positive cavities of similar significance, and thus,
the detection based on XMM-Newton data is non-conclusive.
We note, however, that the CADET pipeline has not been trained
for XMM images. All three XMM instruments also have chip
gaps near the location of the cavity. These reasons could cause
CADET to be less reliable in the case of XMM.

7.1.2. Azimuthal surface brightness analysis

We also checked the significance of the X-ray cavity using az-
imuthal surface brightness profiles. We calculated the depth (D)
and significance of the cavity similarly as in [Ubertosi et al.
(2021):

D=1- Sc
Swm
.. D
significance = a7

(1 -Dy(E) (2]

where S and E, represent the surface brightness and its uncer-
tainty inside the C1 cavity region shown in Figure[3] Sy and Ey
correspond to the median surface brightness and its uncertainty.
In case the cavity region extends over multiple angular bins, S ¢
and E¢ are calculated by adding the counts in all such bins. The
median surface brightness was calculated in an angular region
that is three times the angular extent of the cavity, excluding the
cavity region. The radial width was chosen so that it covers the
entire radial extent of the cavity. According to our definition, the
depth represents the fractional decrement of surface brightness
inside of the cavity compared to the median surface brightness.
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Fig. 11. Chandra azimuthal surface brightness profile (with SNR = 15)
around the C1 cavity for 0.6 — 4.0 keV image. The extent of the cavity
is shown with a black dashed line, while the median surface brightness
is shown with a black dotted line. The error envelope for the median
surface brightness is shown in black shaded region

We calculated the azimuthal surface brightness profile using
a constant SNR of 15 for Chandra. This ensured we obtained a
few bins inside the cavity region. For this choice, the depth and
the significance in the Chandra image were found to be 24.3%
and 2.60, respectively. The azimuthal surface brightness profiles
are shown in Figure @ The XMM image, on the other hand,
showed a much weaker significance (~ 1.607) as all three detec-
tors had chip gaps near the cavity.

7.2. Cavity energetics

To measure the thermodynamic properties of the cavity, we ex-
tracted spectra from the region shown in Figure [3] We measure
the temperature and density from the region in the same way as
the thermodynamic profiles. We measure a temperature of 1.8f83
keV in the cavity region for Chandra and 1.5*)3 keV for XMM.
Assuming an ellipsoidal geometry for the cavity, the volume can
be calculated as V = 4nr,rpr./3, where (r,, 1p) = (22,23) kpc for
our extraction region. Since we do not have information about
the dimension of the cavity along line-of-sight, we assume the
length along this dimension to be the same as r, (i.e., 7. = r,).
With this volume, the enthalpy can be calculated using the fol-
lowing relation (for y = 4/3, i.e., a relativistic gas):

H =4py V. (18)

The total gas pressure of the cavity was measured as 2.6f82 X

107'2 erg cm™ for Chandra and 2.2’:8'2 x 1072 erg cm™ for
XMM. From these pressure values, we obtained an enthalpy
value of 1.4t8;i x 10°8 erg for Chandra and 1.3f8:g x 10°8 erg for
XMM. The cavity is located at a projected distance of r.,, = 50
kpc from the center, and thus the age of the cavity can be esti-
mated as
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Tage = Teav/Cs, (19)

where ¢, = /ykT/um, is the local speed of sound. We calcu-
lated the sound speed and the corresponding sound travel time in
each spatial bin using the temperature profile shown in Figure ]
We added the sound travel time from each bin to obtain the age
of the cavity, t,,.. The sound speed in these bins varies between
~ 770 — 870 km s~!. We estimated 7,5, = 59*3 Myr for Chandra

and t,g = 643 Myr for XMM. Based on this, we calculated the
cavity power as

Peay = H/tage- (20

For Chandra, the resulting power of the cavity is 73 x 10%

erg s~!, while for XMM, it is 6.033 x 10*? erg s~!. We note that
these values are upper limits since the distance to the cavity is
measured in projected 2D space. We also used SPEX to calcu-
late a luminosity of 8 x 10*! erg s™! inside the cooling radius (r
< 20 kpc), i.e., the radius within which the cooling time is less
than the Hubble time. Although the cavity is now present out-
side the cooling radius, it might have deposited energy within
the cooling radius during expansion. Assuming such a scenario,
the cavity power will be more than enough to offset radiative
losses. The cavity power and cooling luminosity for this galaxy
group are consistent with the upper range of the scatter found in
the literature (e.g., [Eckert et al.|2021}; |[Hlavacek-Larrondo et al.
2022).

We further note that the cavity age was deduced higher in
the Brienza et al.| (2021)) analysis for the cavities at the location
of C lobes (tage, Brienza = 130 Myr). The higher age was calcu-
lated for a cavity at the location of C2 and using velocity disper-
sion of galaxies in the group (Tully|2015). An updated analysis
based on spectral ageing suggests that the age of the C1 cavity
can be as high as 160 Myr (Brienza et al.|2025). Brienza et al.
(2021)) also used an enthalpy of pV instead of 4p,V while
estimating the power of the cavity. An enthalpy of ~ pV is
suitable for calculating the amount of energy already deposited
by the cavity due to expansion while rising through the IGrM
to its current position. On the other hand, an enthalpy of 4p, V
estimates the total energy that will be deposited by the cavity
throughout the volume of the cluster. If we calculate the power
of the cavity using the assumption of (Brienza et al.[2021), i.e.,
Peay = PiotV/lage, Brienza> We Obtain Py ~ 6 X 10*! erg s™'. This
is consistent with the 3 x 10*' — 1 x 10*? erg s~! power range
quoted in|Brienza et al.|(2021)).

We also constrained the temperature of the bright rim around
the cavity, as seen in the XMM-Newton image, to check if the
expanding cavity is driving a shock into the IGrM. We find no
discernible temperature jump that is expected from a shock. The

temperature from Chandra was measured to be 2.0%0 keV and
that from XMM was measured to be 1.84_’83 keV. This measure-
ment is consistent with previous estimates using eROSITA.

8. The central supermassive black hole
8.1. Black hole mass

Using the temperature, cooling luminosity, gas mass fraction and
power of the cavity, it is possible to obtain the central black hole
mass, Mgy, by using the scaling relations reported in (Gaspari
et al.[|(2019) and |Plsek et al.| (2022). These relations can be writ-
ten as
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M, kT,
loglo(M—B;) — (9.39 + 0.05) + (2.70 £ 0.17) 1og10(_1 d ) 1)
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M
1og10(M—B:) = (11.02 £ 0.24) + (1.11 £ 0.11) 1og,(fe500) (23)

Pjet

M
Wrgsl) = (—0.62+0.14)+(1.79+0.36) loglo(

BH )
10°M, )
(24)

10810(

where kT, and L,, are X-ray gas temperature and X-ray lu-
minosity of the gas within 0.03Rsg9 ~ 14 kpc. We assume
Pjet = Pcqy for simplicity but note that Pc,, may be an under-
estimate if a cavity in the direction opposite to C1 also exists,
i.e., at the location of C2. We report the results from these re-
lations in Figure ['1;2} For black hole mass calculation, we used
kT.g = (25 +0.2) keV, Ly, = (82 £ 0.7) x 10*! erg s7!,
Ses00 ~ 0.04 and Pje; = 73 x 10*? erg s~!. These values were
obtained in the previous sections.

It is clear from the figure that the mass estimates from L, o
versus Mgy, Mg 500 versus Mgy, and Pje versus Mpy all agree
with each other within 1.0 — 1.50. As noted, the black hole mass
from Pje is an underestimate if an X-ray cavity at the location of
C2 also exists. However, the mass derived from kT, , versus Mgy
disagrees with the others at 2.6 — 3.00 level. This is very likely
because Nest is very hot near the center compared to the objects
in the sample of |Gaspari et al.|(2019)). The hot core thus leads to
an overestimate of the black hole mass and is an indication that
the excess heat in Nest is high.

It is also possible to estimate the black hole mass from the
expected stellar velocity dispersion. The circular velocity can be
estimated as

GM
Veire = s
r

(25)

where M is the mass and r is the distance from the center.
Within central 10 kpc the gas pressure profile is well described
by p(r) o r~! (see top panel of Figure [7) and the temperature
T =~ constant = 2.2 keV (see top panel of Figure 5. Thus, the
mass M(r) is simply kTr/(um,G) under the assumption of hy-
drostatic equilibrium. Then, M o r and v, = constant = 590
km s7! at r < 10 kpc where the central galaxy dominates the
gravitational potential. The stellar velocity dispersion o, profile
thus strongly depends on a configuration of stellar orbits (e.g.,
I.okas & Mamon!2003)). Still, there exists a radial range where
o, only mildly depends on the anisotropy parameter which char-
acterizes the orbital structure of a stellar system (see |Churazov
et al.|[2010; |[Lyskova et al.|[2014). According to Skrutskie et al.
(2006), the central galaxy in Nest200047 is well described by a
Sersic surface brightness profile with n = 4. For such an optical
light profile the stellar velocity dispersion is weakly sensitive to
the anisotropy parameter at r = (0.5—1)R.g (see Figure 3 in|Chu-
razov et al.[2010), where R is the effective (half-light) radius of

Lx,g Vs Mgy

fg,500 VS Mgy
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Pjet VS Mgy
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Fig. 12. Central black hole mass from scaling relations in Egs.
The mass of the black hole estimated from Ly, vs. Mgu, M, 500 VS. Mz,
Py vS. My, kT, vs. Mgy, and o, vs. Mpy are (4 +2) x 10°M,, (4 £
3) X 10°Mo, (1.9 + 0.9) x 10° My, (30 + 9) x 10° My, and 1 x 10°M,,
respectively.

a galaxy and R.g ~ 14" as measured in Skrutskie et al.| (2006).
At these radii, i.e. at r ~ 7 — 14 arcsec, o, =~ 0.6V =~ 350 km
s~!. The obtained velocity dispersion estimate is slightly higher
than the central velocity dispersion o, = 292.6 + 15.4 km s7!
measured within the inner < 2” (van den Bosch et al.|2015)).

It is then possible to obtain a black hole mass using the well-
known Mpy — o, relation (e.g.,|Gebhardt et al.|2000; [Ferrarese
& Merritt|2000; [Tremaine et al.|[2002):

Mgy oy
loglo( A ) a+pf loglo( 500 ki o ) (26)
This relation was calibrated using the velocity dispersion mea-
sured within a slit extending to the effective radius of a galaxy,
so we used the obtained above estimate of the velocity disper-
sion at = (0.5"1)R.g instead of the central value. For (a,8) =
(8.13,4.02) (Tremaine et al.[2002), we obtain Mgy ~ 1x 10° M.
This value is consistent (within 1.0 — 1.5¢0°) with estimates from
L, ¢ versus Mgy, M, 500 versus Mgy, and P,, versus Mgy scal-
ing relations.

8.2. Accretion power

The central galaxy MCG+05-10-007 lacks any strong optical
emission lines and is thus classified as a Low Excitation Radio
Galaxy (LERG; see supplementary information in Brienza et al.
2021). It has been argued in the literature that the LERGs ac-
crete in a radiatively inefficient manner (e.g., Hardcastle et al.
2007; Janssen et al.[2012)) that results from a geometrically thick
flow, i.e., advection-dominated accretion flow (ADAF; Narayan
& Y1/1995; |Abramowicz et al.|1995)). For such an accretion flow,
the radiative efficiency of accretion can be very small (< 1 per
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cent), while the efficiency of the mechanical energy output re-
mains high. Therefore, we first estimated the accretion efficiency
of an idealized Bondi accretion (Bondi||1952) into the central
black hole using the following relation (Churazov et al.|2002):

43 ~2/3
Mgn n 3 Lx ’

~35 (—) 2 ) keVemd, (27

y (109M®) 0.1) \10Bergst) XeVem. @D

where s is the entropy, 17 is the accretion mechanical efficiency
and Ly is the cooling flow luminosity. This expression shows
what gas entropy is needed to generate mechanical energy at a
given rate via Bondi accretion. Using Ly ~ 8 x 10" erg s™! (as
reported in §7.2), the Chandra entropy value at the innermost
radii (s ~ 10.9 keV cm?) and Mgy ~ 1 x 10°M,, we obtain
n ~ 4.4 x 1072, The implicit assumption used here is that the
gas radiative losses are compensated by the black hole the black
hole output. The Bondi accretion rate is then

. L
Mg ==X =14x107 My/yr.

- (28)

This mass accretion rate is a lower limit since the entropy at
the Bondi accretion radius can be lower than the entropy at the
innermost Chandra data point. The Bondi accretion power will
be the same as the X-ray cooling luminosity according to our
assumptions.

Observationally from the Chandra data, we find very little
emission above 4.0 keV in the central region, suggesting that
all of the observed emission is dominated by the diffuse thermal
IGrM, with no evidence of non-thermal emission from a central
point-like AGN in the X-rays. To estimate an upper limit to the
central point-source flux, we fitted a single beta model to the
surface brightness profile up to 10 arcsec (~ 4 kpc) from the
center in the 4.0 — 8.0 keV band. The obtained fitted parameters
were: norm = (4+3)x 1073 photons sT'em™? aremin?, r, = 242
arcsec and 8 = 0.5 + 0.3. We obtained the flux of the central
point source by extrapolating the single beta model to the center
(r = 0) and subtracting the model value from the flux in the
central 2 pixel radius region (90% of the Chandra PSFE-]). From
this calculation, we obtained a flux of (2 +4) x 1078 photons s
cm™2 or a luminosity of (2 + 3) x 10* photons s~! in the 4 — 8
keV band. For a powerlaw with a slope of I' = 1.7 due to an
X-ray corona in the central AGN, we calculate an upper limit on
the 2 — 10 keV luminosity of L, jgxev = (3 = 6) X 1038 erg s7L.
Assuming a bolometric correction factor of ~10 (Vasudevan &
Fabian|[2007), we estimated a 3¢~ upper limit of 2.1 x 10* erg
s~! for the bolometric luminosity of the central black hole.

The above estimate suggests that the observed radiative
power of the black hole is only ~2.5% of the Bondi accretion
power. Radiative power being much smaller than the accretion
power has been previously reported in the literature for multiple
objects, such as 1C4296 (Pellegrini et al.|2003), M87 (Di Matteo
et al.|2003)), Centaurus A (Evans et al.[2004) and M84 (Bambic
et al.|2023). Since Nest contains prominent radio jets and little
nuclear emission, almost all of the accretion power is being con-
verted into mechanical energy. This is physically plausible since
ADAF accretion is known to direct the gravitational potential
energy of the black holes into jets rather than radiative output
(Narayan| 2005}, [Ho|[2008). We note that such an argument for
low nuclear X-ray emission LERGs has been made previously
in the literature (e.g., see [Evans et al.[2006; Hardcastle et al.
2006, 2007)

1 https://space.mit.edu/cxc/marx/tests/PSF.html

Article number, page 16 of 21

9. Summary and conclusions

In this work, we have used 140 ks of Chandra and ~25 ks
of XMM-Newton data to study the Nest200047 (hereafter Nest)
galaxy group that was detected by LOFAR. We aimed to study
the effects of AGN feedback on the IGrM and the properties of
the central black hole. In this work, we demonstrated that:

- The thermodynamic profiles in §5|suggest that there is a cool
core in Nest below 30 kpc as indicated by the temperature
profile. The cooling profile further indicates that the cooling
time at this distance is less than the Hubble time, and thus,
the IGrM can form a cool core. Finally, the binding energy
versus AGN heating profile suggests that the gravitational
binding energy dominates the heating from the central AGN
below ~ 10 kpc, and thus, the energy provided by the AGN
will be insufficient to prevent the formation of a cool core.
All of these pieces of evidence suggest that Nest likely has a
cool core within 10 — 30 kpc of the center.

— Upon extrapolating the thermodynamic profiles and assum-
ing a hydrostatic profile, we obtain a mass of (3—7)x10'* M,
within rsgo using Chandra, XMM-Newton and eROSITA.
This is consistent with the previously estimated mass re-
ported in Brienza et al.| (2021) using the mass-temperature
scaling relation.

— Past radio jet activity from the central AGN likely inflated
a cavity in the IGrM as it can be visually seen in unsharp-
masked Chandra images in §3] This cavity was also visually
seen in the eROSITA data. Independent analysis using the
CADET pipeline and azimuthal surface brightness analysis
in §7.1] further corroborates this suggestion. The azimuthal
profile analysis indicates a cavity significance of 2.60". The
enthalpy of the cavity is estimated to be ~ 1.4 x 103 erg and
the power is ~ 7 x 10%? erg s™!. We conclude that this one
cavity has more than enough power to offset radiative losses
since the cooling luminosity is only ~ 10*? erg s~!. However,
more energy is likely being injected as there is evidence of
multiple generations of bubbles in this system (Brienza et al.
2025).

— We observe some density breaks in the density profile along
the southern direction as well as in the azimuthally aver-
aged profiles. The statistical significance of these breaks is
between 1.5 — 2.10. We note that|Brienza et al.| (2021}, [2025)
detected flattening of the radio spectral index at the loca-
tion of the D2 filament. It was speculated to be due to re-
acceleration or compression of particles due to a weak shock
produced by more recent AGN outbursts. Assuming the de-
tected break near the D lobes is due to the speculated shock,
we estimated an energy injection of 8 x 10°° erg in the IGrM
assuming spherical geometry for the shock. If the shock ex-
ists, it would suggest that the dominant energy injection pro-
cess is via shocks as opposed to energy deposition by cavi-
ties.

— There is significant excess entropy in Nest as evidenced by
the entropy profiles in §5] The total excess energy is esti-
mated to be (5 — 6.5) x 10° erg depending on the assumed
baryon fraction. The central AGN is likely responsible for
some part of this energy. The energy from the central AGN is
being added during an active phase of 50— 100 Myr (Brienza
et al.|2025)).

— The excess energy in the IGrM is higher than the binding en-
ergy above 13 kpc, suggesting that some gas can be pushed
out of the object to the outskirts. There is some evidence of
this in the pressure profiles in Figure[7] The pressure profile
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of our object is consistently below the average observed clus-
ter pressure profile between 10 — 200 kpc. The total baryon
fraction within rsgy is estimated to be 4%. This fraction is
typical for galaxy groups (Gastaldello et al.|2007)).

— From scaling relations, we obtain a central black hole mass
of (1 —4) x 10°M,. The black hole mass derived from X-
ray gas luminosity versus black hole mass, baryon fraction
versus black hole mass, jet power versus black hole mass,
and velocity dispersion versus black hole mass relation are
consistent with each other within 1.0 — 1.5¢0. However, the
black hole mass obtained from X-ray gas temperature versus
black hole mass relation is 2.60 higher than that obtained
from other relations. We argue that this is further evidence of
the fact that the IGrM of Nest is super-heated, and this fact
leads to a higher estimate of the black hole mass when using
X-ray temperature.

— The AGN at the center of Nest is very faint with a bolometric
luminosity < 2.1 x 10* erg s~' (30 upper limit). The Bondi
accretion calculations suggest that the total accretion power
should be much higher, i.e., ~ 8 x 10*! erg s™!. Thus, only
~ 2.5% of the total accretion power is being channeled into
radiative power. The rest of the energy is being channeled as
jets instead. Such a scenario has been previously reported in
the literature for accretion onto Low Excitation Radio Galax-
ies such as MCG+05-10-007 at the center of Nest200047.

The results of this work suggest that there is a large amount
of excess heat in the IGrM of the Nest galaxy group, and the cen-
tral AGN is likely responsible for some or most of this heating.
In more massive objects (e.g., galaxy clusters), we know that the
heating due to the AGN is typically a few times 10%' erg (e.g.,
McNamara et al.[2005; Wise et al.[2007; Majumder et al.[2024)).
The upper limit on the AGN energy output in Nest (6 x 10%0 erg)
is thus comparable to that seen in much more massive haloes.
Due to the enormous excess heat, Nest could be part of a class
of overheated galaxy groups such as ESO 3060170 (Sun et al.
2004), AWM 4 (Gastaldello et al.|[2008), AWM 5 (Baldi et al.
2009) and SDSSTG 4436 (Eckert et al.|[2025), where there is
significant excess entropy and heating. The high star formation
quenching in these objects indicates that Nest could be suffering
a similar fate. Follow-up studies with optical and infrared data
will be needed to confirm such a hypothesis.

Data availability

The Chandra and XMM-Newton data used in this article are pub-
licly available. All the codes and intermediate data products used
to generate the results of this paper are publicly available at
10.5281/zenodo.15650741.
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Appendix A: Soft X-ray noise in the EMOS1 spectrum

The fit for the innermost XMM bin is shown in Figure [AT] We used a hot(cie) + NXB + XRB + OoT spline model to fit the
spectrum from MOS1, MOS2, and PN simultaneously. To avoid soft noise in MOS1, we neglected the MOS1 spectrum below 1
keV. The cstat of the 156, while the expected cstat is 136 + 17. Upon re-plotting the neglected part of the spectrum, we see
that the MOS1 spectrum (blue) lies significantly above the model even though the MOS2 and PN spectrum agrees with the model.
We speculate that this effect could be due to soft X-ray noise in the central CCD of MOSI1 and is similar to what has already been
reported in the literature for other MOS1 chips (Kuntz & Snowden|2008)).
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Fig. A.1. MOS1 (blue), MOS?2 (orange), and PN (green) spectra in the innermost XMM bin fitted simultaneously with hot(cie) + NXB + XRB
+ O0T spline model. During the fit the MOS1 spectrum below 1 keV was neglected.

Appendix B: Surface brightness fit parameters

The left panel of Figure 3] was obtained by subtracting a spherically symmetric double beta model:

I . L
A+r/ra)P  (L+r/ro)’

The fitted parameters, along with their errors, are shown in Table[E-1] The Chandra and XMM-Newton surface brightness profiles
are shown in Figure[B.T|along with the fit to the Chandra profile. Each data point in the profiles is at least 30~ significant.

I(r) =

(B.1)
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Surface brightness profile of Nest200047
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Fig. B.1. Chandra surface brightness profile is shown in green, while the XMM-Newton profile is shown in black. The fit to the Chandra profile
used to obtain the left panel of Figure3]is shown in red.

Appendix C: CXB flux calculation

The XMM-Newton and Chandra observations of Nest has a deeper exposure compared to ROSAT all-sky data. Therefore, the CXB
fluxes are lower as the telescopes can resolve more background point sources. To accurately determine the CXB flux, we first
calculated the flux of point sources detected with wavdetect assuming a local background and using an exposure map. The point
source exclusion limit was then obtained by creating a histogram of point source fluxes and choosing the flux for which the number
of point sources is highest. We obtained a flux limit of 5x107!% erg s™' cm~2 in the 0.6—4.0 keV band for the Nest XMM observation.
Assuming a logN-logS relation identical to the Chandra Deep Field South (Lehmer et al.[2012), we obtained the unresolved CXB
flux value of (2.3 + 1.1)x107"> erg s~! cm™ over a 1 arcmin® area in the 2 — 8 keV range. This calculation was done using the
publicly available software cxbtools{]z] (Mernier et al.|2015; [de Plaa/2017). We find that this is ~54% of ROSAT CXB flux in the
same energy range. In terms of the pow model (see Section , anorm of 4.82 x 107 photons/s/cm?/keV for 1 arcmin® sky area is
appropriate for our case and has been used in all subsequent XMM analysis.

Following a similar procedure for Chandra, we obtain a point source exclusion flux limit of 8x107'® erg s™! cm™2 in the 0.6—4.0
keV band. This suggests an unresolved CXB flux of (1.2 + 0.3) x10™" erg s™' cm™2 over a 1 arcmin?® area in the 2 — 8 keV range
which is ~30% of ROSAT CXB flux. Therefore, we used a pow norm of 2.63 x 1077 photons/s/cmz/keV for 1 arcmin? sky area in
all subsequent Chandra analysis.

Appendix D: Soft proton calculation

As the XMM data is contaminated with soft protons at energies higher than a few keV, an accurate measure of soft proton flux
was necessary to estimate IGrM temperatures. We thus extracted spectra from all XMM instruments in the 8§ — 15 arcmin annulus
centered at the aimpoint (see Figure [D.T). These spectra were fit simultaneously in the 0.6 — 7.0 keV range. This wider energy
range was chosen, as opposed to 0.6 — 4.0 keV, so that the soft proton contribution at higher energies is easier to constrain. We
fit an absorbed cie to model the IGrM and a broken powerlaw to model the soft proton contribution. We ensured that the broken
powerlaw model was not folded through the ARF. During the fit, non-X-ray background, PN OoT and X-ray background were held
fixed. Among the broken powerlaw parameters, only the normalization was allowed to vary, while other parameter values were held
fixed to the values obtained by |Zhang et al.|(2020) (see Appendix B.1). We fixed the metallicity of the cie model to 0.2 as well. The
normalization of the soft proton for each instrument is reported in Table [E.2] The cstat for this fit was 320, whereas the expected
cstat was 260 + 20. The fit was visually checked to confirm the absence of any systematic residual. The soft proton contribution
in any part of the CCD of any instrument can then be determined using the vignetting function described in Appendix B.2 of Zhang
et al.|(2020).

14 |https://github.com/jdeplaa/cxbtools ?tab=readme-ov-file
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Fig. D.1. Region used for analyzing and fitting soft proton. The region extends from 8 to 15 arcmin from the aimpoint.

Appendix E: Density and temperature fit parameters

The fitted parameters to the density and temperature model described in [Vikhlinin et al| (2006) are noted in Tables [E-3] and [E-4]

Only the values with errorbars could be constrained during the fit.

Table E.1. Best-fit parameters for the surface brightness profile.

I Fel Bi I Tel Bi
1076 photons s~! cm™2 arcmin— (kpc) 10~* photons s~! cm™2 arcmin 2 (kpc)
8.7+0.6 27.968 + 0.002 0.355 = 0.006 79+19 0.69+0.16 047 +0.02

Table E.2. SPEX broken power-law normalization values for EMOS1, EMOS2, and EPN instruments.

Instrument  Flux (0.6 — 7.0 keV)

(photons s em™?)

MOS1 (2.18 £ 0.06) X107 "
MOS2 (2.5+0.1) x107!
PN (5.4+0.3) x107!

Notes. The above parameters were constrained by fitting the model to a spectrum in an annular region extending from 8 arcmin to 15 arcmin.

Table E.3. Best-fit parameters for density profile.

) re rs @ B € v no2 N )
1073 cm™3 (kpc)  (kpe) 1072 cm™3 (kpc)
1.42 8.2 610 2.14+0.11 0242+0.004 10° 3 25+02 6 34

Notes. Parameters that were held fixed while fitting are quoted without errors.

Table E.4. Parameters for the temperature profile.

To 1y a b c Tin/To T'cool Acool
(keV)  (kpc) (kpc)
4.9 18 10 39 5x102 6x107 55 0.046

Notes. Parameters that were held fixed while fitting are quoted without errors.
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