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ABSTRACT

Supermassive black hole feedback is the currently favoured mechanism to regulate the star formation rate of galaxies and prevent the
formation of ultra-massive galaxies (M? > 1012 M�). However, the mechanism through which the outflowing energy is transferred
to the surrounding medium strongly varies from one galaxy evolution model to another, such that a unified model for active galactic
nucleus (AGN) feedback does not currently exist. The hot atmospheres of galaxy groups are highly sensitive laboratories of the
feedback process, as the injected black hole energy is comparable to the binding energy of halo gas particles. Here we report multi-
wavelength observations of the fossil galaxy group SDSSTG 4436. The hot atmosphere of this system exhibits a highly relaxed
morphology centred on the giant elliptical galaxy NGC 3298. The X-ray emission from the system features a compact core (<10 kpc)
and a steep increase in the entropy and cooling time of the gas, with the cooling time reaching the age of the Universe ∼15 kpc from
the centre of the galaxy. The observed entropy profile implies a total injected energy of ∼1.5× 1061 ergs, which given the high level of
relaxation could not have been injected by a recent merging event. Star formation in the central galaxy NGC 3298 is strongly quenched
and its stellar population is very old (∼10.6 Gyr). The currently detected radio jets have low power and are confined within the central
compact core. All the available evidence implies that this system was affected by giant AGN outbursts that raised the entropy of the
neighbouring gas to the point that the gas no longer efficiently cools. Our findings imply that AGN outbursts can be energetic enough
to unbind gas particles and lead to the disruption of cool cores.

Key words. galaxies: active – galaxies: groups: general – galaxies: groups: individual: SDSSTG 4436 – radio continuum: galaxies –
X-rays: galaxies: clusters
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1. Introduction

Accreting supermassive black holes (SMBHs) at the centre of
galaxies exhibit outflows in the form of jets and winds that
interact with the gaseous medium of their host halo (Laha et al.
2021). This phenomenon, usually referred to as active galac-
tic nucleus (AGN) feedback, is the currently favoured mech-
anism to solve a number of outstanding problems in galaxy
formation (see Fabian 2012, for a review). These include the
absence of galaxies with a stellar mass beyond ∼1012 M�
(Cowie et al. 1996), the galaxy colour bimodality (Cui et al.
2021), the origin of the relation between SMBH mass and
galaxy properties (Kormendy & Ho 2013), the co-evolution
between the star formation rate and SMBH activity (Madau et al.
1996), and the over-cooling problem in galaxy cluster cores
(McNamara & Nulsen 2007). In the past decade, AGN feedback
has become widely used in galaxy evolution models, to the point
that all modern cosmological hydrodynamical simulation suites
include a prescription for AGN feedback (Schaye et al. 2015;
Weinberger et al. 2018; Davé et al. 2019; Tremmel et al. 2017;
Henden et al. 2018). The implementation of feedback within
these simulations is usually tuned to reproduce the properties
of the galaxy populations as closely as possible (Crain et al.
2015). However, models producing similar galaxy stellar mass
functions sometimes make very different predictions on the
properties of the hot gaseous halos that surround galaxies
(Oppenheimer et al. 2021) depending on how much feedback
energy is injected and how it is deposited within the surrounding
medium.

In this respect, the hot atmospheres of galaxy groups and
massive galaxies act as highly sensitive calorimeters of the total
energy injected by AGNs throughout cosmic time (Eckert et al.
2021; Donahue & Voit 2022). Galaxy groups are usually defined
as bound systems of a few tens of galaxies residing within
halos that have a total mass in the range of 1013−1014 M�
(Lovisari et al. 2021). Galaxy groups are filled with an intra-
group medium (IGrM) with gas temperatures in the range of
0.5−2 keV (Mulchaey 2000). Compared to their more massive
counterparts (galaxy clusters), galaxy groups are usually baryon-
poor (Gastaldello et al. 2007; Sun et al. 2009; Lovisari et al.
2015; Eckert et al. 2016; Akino et al. 2022; Voit et al. 2024),
which is indicative of a stronger influence of feedback due to
their shallower gravitational potential (Gaspari et al. 2014). For
halos that have a mass of a few 1013 M�, the energy injected by
the central SMBH over cosmic time is comparable to the binding
energy of gas particles in group cores (Eckert et al. 2021), such
that the properties of the IGrM can be substantially altered by
AGN feedback. The scaling relations between IGrM properties
and halo mass deviate from expectations from the self-similar
model (Kaiser 1986), including the luminosity-temperature rela-
tion (Finoguenov et al. 2006; Maughan et al. 2012; Giles et al.
2016; Lovisari et al. 2021) and the Y−M relation (Yang et al.
2022), which is usually interpreted as evidence of the strong
impact of AGN feedback on group cores (McCarthy et al. 2010;
Le Brun et al. 2014).

The total injected feedback energy in the IGrM is most
directly traced by the gas entropy K = kBTn−2/3

e (Ponman et al.
1999), which is related to the thermodynamic entropy as
S = kB ln K3/2. In regions where cooling losses are neg-
ligible, non-gravitational processes (AGNs, supernovae, stel-
lar winds, etc.) can only raise the gas entropy, such that
the total non-gravitational energy can be determined by com-
paring the measured entropy with the baseline gravitational
entropy profile expected from structure formation (Voit et al.

2005). The required non-gravitational entropy excess is usually
found to be larger in low-mass systems than in galaxy clusters
(Ponman et al. 1999; Finoguenov et al. 2002; Sun et al. 2009;
Humphrey et al. 2012; Simionescu et al. 2017). However, owing
to the difficulty of selecting representative samples of galaxy
groups (Eckert et al. 2011), the dependence of the total injected
non-gravitational energy on halo mass is poorly known, as is the
scatter of this relation at fixed halo mass.

In 2022, we were awarded the XMM-Newton Group AGN
Project (Eckert et al. 2024), a large programme on the XMM-
Newton X-ray satellite to observe a sample of galaxy groups
selected as bound structures using spectroscopic data from the
Sloan Digital Sky Survey (SDSS) using the Friends of Friends
(FoF) algorithm (Tempel et al. 2017). Groups with a minimum
of 8 spectroscopically confirmed members were cross-matched
with weak, extended X-ray sources discovered in ROSAT all-
sky survey data (Damsted et al. 2024) to ensure that the selected
systems are virialised and contain an IGrM. From this catalogue,
we selected a representative sample of 49 groups for deep X-ray
follow-up with XMM-Newton (Eckert et al. 2024), 38 of which
had not previously been observed by modern X-ray telescopes.
Among the sample is SDSSTG 4436 (z = 0.046, hereafter
S4436), a group containing 31 FoF spectroscopic members and
centred on the bright elliptical galaxy NGC 3298 (RA = 159.301,
Dec = +50.120; z = 0.0451, mr = 13.6 mag). The system was
clearly detected as an extended source in the ROSAT all-sky sur-
vey (Damsted et al. 2024), with a signal-to-noise of 6.2 and a
[0.1−2.4] keV flux of (1.60 ± 0.26) × 10−12 ergs s−1 cm−2. At the
redshift of the system, this corresponds to an X-ray luminosity of
(1.2±0.2)×1043 erg/s. The group exhibits a high magnitude gap
between the two brightest members (2.1 magnitude in r band),
which classifies the system as a fossil group (Aguerri & Zarattini
2021). Fossil groups are defined as systems where the magni-
tude gap between the brightest galaxy and the second bright-
est member within 0.5R200 exceeds 2 magnitudes (Jones et al.
2003). They are thought to be old systems where the dominant
galaxy has grown progressively through dry mergers.

Here we present multi-wavelength observations of S4436.
We present observations of the IGrM in this system with XMM-
Newton and study the entropy and cooling time profiles of the
gas within the system to determine the impact of AGN feedback
on the properties of the surrounding gas over scales of hundreds
of kpc. We complement the X-ray data with observations of the
central radio galaxy with LOFAR and of the properties of the
central galaxy from SDSS MaNGA. At the redshift of z = 0.046,
an angular scale of 1 arcmin corresponds to a physical size of
56 kpc (Planck Collaboration XIII 2016), such that the angular
resolution of XMM-Newton (∼15 arcsec) is sufficient to resolve
scales of ∼14 kpc.

2. Data analysis

2.1. XMM-Newton data analysis

2.1.1. Data reduction

S4436 was observed by XMM-Newton on October 25, 2022 for
a total of 22 kiloseconds (ks; ∼6 h). The XMM-Newton observa-
tion of S4436 (observation ID 0904700501, PI: D. Eckert) was
reduced using the XMMSAS software package, version 19.1, and
the X-COP data analysis pipeline (Ghirardini et al. 2019). After
running the standard event screening procedures, we extracted
light curves of the observation in the field of view (FoV) and
in the unexposed corners of the three detectors of the Euro-
pean Photon Imaging Camera (EPIC) to filter out time periods
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Fig. 1. X-ray and optical images of the galaxy group S4436. The left-hand panel shows the XMM-Newton/EPIC count map in the [0.7−1.2] keV
band, smoothed with a Gaussian kernel of 10 arcsec width. The location of the central galaxy NGC 3298 is indicated with the white square, whereas
the green circle shows the approximate location of R500. The right-hand panel shows an SDSS RGB map of the system, with R = i, G = r, and
B = g. The green contours show X-ray isophotes extracted from the smoothed XMM-Newton image.

affected by flaring background. After filtering out flaring time
periods, the total good observing time is 10.9 ks for the EPIC-
pn instrument and 16.9 ks for EPIC-MOS. For the two MOS
detectors, we excluded the chips operating in anomalous mode
(CCD #4 for MOS1 and CCD #5 for MOS2). From the clean
event lists, we extracted images from all three cameras in the
[0.7−1.2] keV band, which optimises the signal-to-background
ratio (Ettori & Molendi 2011). We used the task eexpmap to
extract effective exposure maps for the three detectors including
the telescope’s vignetting. Maps of the non X-ray background
were produced from a large collection of observations in filter-
wheel-closed mode, which were then rescaled to match the count
rates measured in the corners of the three detectors. The contri-
bution of residual soft protons was estimated from an empiri-
cal relation between the difference of high-energy count rates
inside and outside the FoV and the normalisation of the soft
proton component (Salvetti et al. 2017). Finally, we produced
combined EPIC maps by summing up the individual maps from
the three detectors, the exposure maps, and the non X-ray back-
ground maps. The resulting total EPIC count map is shown in the
left-hand panel of Fig. 1. Contaminating point-like sources were
detected on the total EPIC count map using the task ewavelet
and masked for the extraction of spectral and surface brightness
profiles. We also created a map free of point sources by refilling
the masked areas using a Poisson realisation of the surrounding
background surface brightness. In the right-hand panel of Fig. 1
we show an SDSS RGB map of the system, with R = i, G = r,
and B = g, and X-ray contours superimposed.

2.1.2. Spectral analysis

The temperature profile of the system was determined by extract-
ing the spectra of 12 logarithmically spaced circular annuli
centred on the core of NGC 3298. The spectral analysis tech-
nique follows the procedure outlined in Rossetti et al. (2024). To

determine the contribution of unrelated sky background compo-
nents within the FoV, we extracted the spectrum from an out-
ermost annulus ([12.5−15] arcmin from the group centre) as
well as the ROSAT all-sky survey (RASS) spectrum extracted
from an annular region located between 1 and 1.5 degrees from
NGC 32981. The EPIC and ROSAT spectra were jointly fit-
ted using the XSPEC package with a three-component model
including an unabsorbed APEC (Smith et al. 2001) model at a
temperature of 0.11 keV for the local hot bubble, an absorbed
APEC model with free temperature for the Galactic halo, and an
absorbed power law with a photon index of 1.46 for the cosmic
X-ray background. We also include a cross-calibration factor of
12% between the EPIC and RASS spectra (Rossetti et al. 2024).
Our full sky background has four free parameters: the normalisa-
tion of the local hot bubble (NLHB), the temperature of the Galac-
tic halo (TGH) and its normalisation (NGH), and the normalisation
of the cosmic X-ray background (NCXB). The Galactic absorp-
tion column density was fixed to the value of 1.13 × 1020 cm−2

inferred from the HI4PI survey (HI4PI Collaboration 2016). An
additional absorbed APEC component was added to the EPIC
spectrum alone to allow for the possibility of remaining group
emission in the background region. To estimate the non X-ray
background contribution and spectral shape, we apply the physi-
cal background model introduced in Rossetti et al. (2024), which
accurately predicts the contribution of the cosmic-ray induced
component and residual soft protons. The background spectra
and the best fitting model are shown in Fig. 2, whereas the best
fitting parameters are reported in Table 1. We can see that the
model provides an accurate representation of the data, and the
procedure results in fairly typical estimates for the celestial X-
ray emission (see Rossetti et al. 2024) and the Galactic halo tem-
perature. Group emission on top of the ROSAT background is

1 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/xraybg/
xraybg.pl
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Fig. 2. X-ray sky background estimation in the region surrounding
S4436. The best fitting three-component model was extracted from
XMM-Newton EPIC/pn (green), EPIC/MOS1 (black) and EPIC/MOS2
(red) data within an annulus located [12−15] arcmin away from
NGC 3298. The data were jointly fitted with the ROSAT all-sky survey
data (blue) extracted [1−1.5] degrees away from the core of the group.
The bottom panel shows the ratio between the data and the best-fitting
joint model.

Table 1. Sky background parameters extracted from the joint fitting of
the EPIC and RASS background fit (see Fig. 2).

Parameter Value

NLHB [arcmin−2] (1.22 ± 0.04) × 10−6

kBTGH [keV] 0.206 ± 0.012
NGH [arcmin−2] (8.4 ± 1.1) × 10−7

NCXB [arcmin−2] (8.3 ± 0.4) × 10−7

actually detected in the XMM-Newton spectrum of the outer-
most annulus at the ∼5σ level, which shows that X-ray emission
from the system is detected out to the edge of the XMM-Newton
FoV, which justifies the need for complementing the background
spectrum with the RASS data extracted farther away from the
system.

The total background model extracted from the above
approach was then applied to the spectra of all 12 annuli to sep-
arate the contribution of the source from that of the X-ray and
non X-ray background. The source was modelled as a single-
temperature APEC model absorbed by the Galactic column den-
sity. The temperature, the metallicity and the normalisation of
the APEC model were left free to vary while fitting, whereas
the source redshift was fixed to the spectroscopic value of 0.046.
The abundance ratios of the various elements were assumed to
follow the solar abundance ratios as defined in the Asplund et al.
(2009) solar abundance table. To assess the systematic uncertain-
ties associated with the spectral modelling choice, we repeated
the analysis by describing the source spectrum with the cie
model in the SPEX package (Kaastra et al. 1996) and with a
Gaussian differential emission measure distribution (gadem
model in XSPEC) instead of a single temperature distribution.

2.2. SDSS MaNGA data

NGC 3298 was observed by the SDSS MaNGA survey as part
of the Massive Nearby Galaxies selection, in which a select

number of low redshift (z < 0.06) massive galaxies were
observed to obtain a high spatial resolution. This galaxy was
observed with the 61 fibre configuration which covers the central
22 arcsec (∼20 kpc) diameter region. It was observed for a total
of 5400 seconds with six 900 second exposures in a 3 point dither
pattern to maximise the spatial coverage and resolution. The data
reduction pipeline (Law et al. 2016) results in 0.5 arcsec2 spaxels
across the full region, with a PSF with a FWHM of ∼2.5 arcsec
and a spectral resolution which is ∼2000−2500 and covers
3600 to 10 300 Å. The data analysis pipeline (Westfall et al.
2019) computes stellar continuum and emission line models
as well as kinematics and individual line fluxes. Full spec-
tral fitting results were computed using the FIREFLY code
(Wilkinson et al. 2017) using either the MILES stellar library
(Maraston & Strömbäck 2011; Sánchez-Blázquez et al. 2006) or
the MaStar stellar library (Maraston et al. 2020; Yan et al. 2019).
The MaStar stellar library was specifically designed for MaNGA
and allows the full spectral coverage to be constrained and typ-
ically results in younger stellar ages and higher metallicities
(Neumann et al. 2022).

2.3. LOFAR radio data

NGC 3298 lies within the footprint of the Data Release 2 (DR2)
of the LOFAR Two-Metre Sky Survey (LoTSS, Shimwell et al.
2022), which provides images of the radio sky at 144 MHz with a
resolution of 6′′. The source is detected at 144 MHz but appears
unresolved; therefore, we decided to further process the data by
including the LOFAR international stations (IS), which can pro-
vide a higher resolution up to 0.3′′. We process the data follow-
ing the procedure described in Morabito et al. (2022), and imple-
mented in the LOFAR-VLBI pipeline2. We summarise here the
main steps.

The LoTSS pointing for which NGC 3298 is closest to the
phase centre is P158+50. These survey wide-field images typ-
ically have a ∼6′′ resolution and are produced exploiting the
Dutch array of LOFAR (see e.g. Shimwell et al. 2022). The
inclusion of IS instead allows one to push the resolution to
∼0.3′′. Gain solutions are first derived from the calibrator and
applied to the target through the prefactor pipeline3. Dur-
ing this step, the data undergoes flagging and averaging and
is corrected for polarisation alignment, Faraday rotation, band-
pass, clock errors, and total electron content (TEC). We then
find the best-suited dispersive delay calibrator for our target
(Jackson et al. 2016), which needs to be close and preferentially
compact, from the LOFAR Long Baseline Calibrator Survey
(LBCS). In the case of NGC 3298, this is ID L333774, located
at RA = 10:34:17.81, Dec = +50:13:29.8. Delay solutions are
derived for this calibrator, and applied to the target. The data
is then self-calibrated through the facetselfcal4 algorithm
(van Weeren et al. 2021).

Imaging was carried out using WSClean (Offringa et al.
2014). Since NGC 3298 has a low surface brightness, it is hardly
detected with a ∼1′′ beam and is not visible at higher resolutions.
Therefore, we have applied suitable weighting and tapering of
the visibilities to obtain a resolution of ∼3.5′′, where the source
is clearly detected. While some calibration artefacts still affect
the image, we are able to reach a root mean square (rms) noise
of ∼200 µJy/beam and resolve the lobes of the radio galaxy.

2 https://github.com/LOFAR-VLBI/lofar-vlbi-pipeline
3 https://github.com/lofar-astron/prefactor
4 https://github.com/rvweeren/lofar_facet_selfcal
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Fig. 3. Surface brightness (left) and spectroscopic temperature profile (right) of S4436. The left-hand panel shows the profile of APEC normali-
sation per unit area determined directly from the spectral fits (red) and by converting the surface brightness into emission measure using a radially
dependent energy conversion factor (green). The right-hand panel shows temperatures retrieved from a single-temperature model using the APEC
(green circles) and SPEX (cyan squares) atomic databases, whereas the magenta diamonds represent the temperatures obtained using a Gaussian
differential emission measure distribution, in which case the mean temperature of the distribution is displayed.

3. Results

3.1. Global properties and dynamical state

In the left-hand panel of Fig. 1 we show the combined XMM-
Newton count map in the [0.7−1.2] keV band, smoothed with
a Gaussian kernel of 10 arcsec width (see Sect. 2.1 for the
description of the data reduction scheme). The right-hand
panel shows the SDSS gri image of the group with X-ray
isophotes overlaid. The X-ray morphology of the group is
relaxed, exhibiting approximately circular isophotes centred on
the brightest group galaxy (BGG), NGC 3298. The core of
the galaxy is associated with a bright, spatially unresolved
X-ray source. From the point source free map, we com-
puted the centroid shift w (Mohr et al. 1993), which determines
the variation in the centroid of X-ray emission in decreasing
apertures from R500 to 0.1R500. The centroid shift is known
to be a good proxy for the dynamical state of the IGrM
(Rasia et al. 2013). For S4436, we measure w = 8.2+5.0

−3.2 ×

10−3, which firmly classifies the system as dynamically relaxed
(Campitiello et al. 2022).

The mean temperature of the system within an aperture
of 300 kpc is 1.85 ± 0.07 keV, which implies a mass M500 =
(7.8±1.6)×1013 M� and R500 = 648 kpc assuming the weak lens-
ing calibrated mass-temperature relation of Umetsu et al. (2020).
The retrieved mass is consistent with the value of (10.7 ± 3.5) ×
1013 M� obtained from the velocity dispersion of the member
galaxies (574±79 km/s, Tempel et al. 2017; Damsted et al. 2024)
and the M−σv relation of Munari et al. (2013), suggesting that
the system is in dynamical equilibrium. Moreover, the large
magnitude gap between the dominant galaxy and the second
brightest member, which classifies the system as a fossil group.
While all fossil groups are not necessarily relaxed, their large
central galaxies likely grew through their current size through
successive dry mergers (e.g. Lavoie et al. 2016), which indicates
old formation times. Given the relaxed X-ray morphology and
the fossil nature of the system, we conclude that the group is
dynamically relaxed and has likely not experienced a merger in
several Gyr.

3.2. Temperature and surface brightness profiles

We extracted the temperature and surface brightness profiles
of the system in circular annuli centred on the X-ray peak
(see Fig. 3). From the [0.7−1.2] keV image of the system, we
extracted the surface brightness profile of the system in bins of
3′′ width using the Python package pyproffit (Eckert et al.
2020). We corrected the surface brightness profile for the tele-
scope’s vignetting using the total exposure map and we sub-
tracted the non X-ray background map. The sky background
emissivity in the band of interest was computed from the best fit-
ting spectral background model (see Sect. 2.1.2) and subtracted
from the data. To transform the surface brightness profile into
an emission measure profile, we fitted the temperature and the
emissivity profiles with parametric functions and computed the
energy conversion factor at every radius by accounting for vari-
ations in temperature and metallicity, which is crucial to prop-
erly infer the gas density for plasma in the temperature range of
1−2 keV. The normalisation of the APEC model is related to the
emission measure as

Norm =
10−14

4π(dA(1 + z)2)

∫
nenH dV (1)

with dA = 192 Mpc the angular diameter distance and ne, nH
the electron and proton number densities, respectively. In the
left-hand panel of Fig. 3 we show the surface brightness pro-
file extracted from the [0.7−1.2] keV image and converted to the
APEC normalisation using the radially dependent energy con-
version factor. For comparison, the red points indicate the APEC
normalisation obtained directly from the spectral fits in circular
annuli. We can see that the results of the two approaches are fully
consistent, such that we can use the profiles extracted from the
surface brightness analysis to extract the gas density profile at
higher resolution.

In the right-hand panel of Fig. 3 we show the temper-
ature profile of the system extracted from 12 independent
radial bins logarithmically spaced from the core to the outskirts
(see Sect. 2.1.2). We also compare the temperatures estimated
using the APEC model based on the AtomDB database v3.0.9
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(Foster et al. 2010) with the values obtained with the SPEX fit-
ting code v3.07 (Kaastra et al. 1996). We can see that the tem-
peratures measured with the two codes are always consistent,
with the SPEX temperatures being on average 3% lower than the
APEC ones. We also checked whether the temperatures obtained
under the assumption that the plasma is single-phase within
each annulus are consistent with the results obtained assuming
a Gaussian differential emission measure distribution (gadem),
in which case the width of the distribution was allowed to vary
during the fitting procedure together with the mean temperature.
We can see in Fig. 3 that the temperature profile obtained with
the Gaussian differential emission measure model agrees well
with the results of the single-temperature fit, albeit with substan-
tially larger error bars given the higher complexity of the fitted
model. Overall, these tests demonstrate that the results presented
here are robust against the choice of the spectral model or atomic
database. For the remainder of the paper, we adopt the single-
temperature APEC results as our default temperatures.

The surface brightness profile in the innermost regions of
the system is very steep, with the surface brightness declining
by more than an order of magnitude in the innermost 1 arcmin
(see the left-hand panel of Fig. 3). The system features a bright,
compact core coinciding with the central galaxy. The compact
core is unresolved by XMM-Newton, indicating that its size is
less than 10 kpc. The temperature profile of the system shows
an abrupt drop in the central regions, from 2.58 ± 0.28 keV at
15 kpc to 1.35± 0.05 keV in the innermost 10 kpc. A closer look
at the spectrum of the innermost region indicates the presence of
a prominent Fe-L emission feature around 1 keV, which provides
unambiguous evidence that the spectrum of the compact core is
dominated by hot gas and that any contribution of a central point-
like source or of a population of unresolved X-ray binaries is
negligible. Given that the compact core is spatially unresolved,
our data actually provide a lower limit to the temperature drop
and the true temperature gradient is likely to be even steeper.

3.3. Metallicity profile

We studied the metallicity profile of the system extracted from
single-temperature fits to the XMM-Newton spectra. To this
end, we fix the abundance ratios of every element to the solar
abundance ratios from Asplund et al. (2009), and fit a single
metallicity value as a ratio of the solar metallicity. Given the
temperature range considered, the constraints mainly arise from
the Fe-L complex around 1 keV. We also compared the results
obtained with the APEC and SPEX codes. The resulting metal
abundance profiles are shown in Fig. 4. We find that the metallic-
ity of the gas is nearly solar within the core (<40 kpc) and steeply
decreases to ∼0.1−0.2 Z� beyond 50 kpc. The high-metallicity
region extends out to 3−4 times the radius of the compact core,
which shows that the region immediately surrounding the cen-
tral galaxy has been enriched in metals by supernovae and stel-
lar winds. Beyond this point, the low metallicity of the gas shows
that the large-scale halo has not been significantly metal enriched
and the metals have been injected prior to the formation of the
group (e.g. Werner et al. 2013).

3.4. Deprojected profiles

To study the three-dimensional profiles of the thermodynamic
quantities in the system, we deprojected the observed sur-
face brightness and temperature profiles assuming that the sys-
tem is spherically symmetric. We used the Python package
hydromass (Eckert et al. 2022) to deproject the observed tem-
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Fig. 4. Metal abundance profile of S4436 as a fraction of the solar
value. The data points show the results of single-temperature fits to the
XMM-Newton spectra with the APEC (green circles) and SPEX (cyan
squares) plasma emission codes. The outermost point is an upper limit
to the single-temperature metallicity.

perature and emission measure profiles and determine the three-
dimensional profiles of the various thermodynamic quantities.
The gas density profile was modelled using a multi-scale decom-
position technique whereby the three-dimensional gas emissiv-
ity is described as a linear combination of a large number of
basis functions (Eckert et al. 2020). The basis functions were
individually projected, convolved with the XMM-Newton PSF,
and multiplied by the energy conversion factor profile to com-
pute a model surface brightness profile, which is then fitted
to the observed surface brightness profile. To assess the sys-
tematic uncertainties associated with the temperature depro-
jection, we considered two different deprojection methods; we
present the results of both techniques in Fig. 5. We either param-
eterised the 3D electron pressure profile with a generalised
Navarro-Frenk-White (gNFW) profile (Nagai et al. 2007, here-
after Forward) or applied a non-parametric deprojection (here-
after NP) whereby the 3D temperature profile is described as
a linear combination of log-normal functions. In both cases,
the 3D model was projected along the line of sight to pre-
dict the projected temperature profile. More details on the
deprojection and PSF deconvolution techniques are provided in
Appendix A.

The deprojected entropy profile was obtained by combining
the posterior distributions of the model gas density and temper-
ature. The associated uncertainties were calculated as the 16th
and 84th percentiles of the posterior envelopes at all radii. Over-
all, the 3D entropy profiles obtained with the two techniques are
very similar, such that the modelling uncertainties do not affect
the results presented here. From the deprojected profiles, we also
estimate the gas cooling time, which is defined as the thermal
energy of gas particles divided by their cooling rate,

tcool =
3/2ngaskBT
nenHΛ(T,Z)

, (2)

with ngas = ne + ni and Λ(T,Z) the bolometric cooling func-
tion, which is a function of gas temperature and metallicity. To
recover the cooling time profile, at each radius we use the model
temperature and metallicity to calculate the bolometric cooling
function using the APEC model, in the same way as for the
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Fig. 5. Three-dimensional thermodynamic profiles of the IGrM of S4436. The left-hand panel shows the electron density profile (blue curve).
For comparison, the black curve and shaded area show the mean and scatter of the gas density profiles in a sample of massive galaxy clusters
(Ghirardini et al. 2019). The middle panel shows the gas entropy obtained using the parametric (cyan curve) and non-parametric (blue points)
deprojection techniques, compared with the entropy profile expected from gravitational collapse (Voit et al. 2005) (dashed curve) and with the
entropy profiles of galaxy groups in the same mass range (Sun et al. 2009) (orange curve and shaded area). The right-hand panel shows the
reconstruction of the gas cooling time, with the approximate age of the Universe, 1/H0, indicated by the horizontal dashed line. In all three panels,
the vertical dashed line shows the location of R500 = 648 kpc.

calculation of the energy conversion factor. We then combined
the model density and temperature profiles with the recovered
cooling function to compute the posterior distribution of cooling
times.

The resulting profiles of 3D electron density, entropy, and
cooling time are shown in Fig. 5. The gas density profile of the
system shows a two-component behaviour, with a steeply declin-
ing profile in the innermost 10 kpc (∼0.02R500) and a flat, low-
density component beyond ∼20 kpc. Such a behaviour is very
different from what we typically find in galaxy clusters. For
comparison, we show the mean and scatter of the gas density
profiles of galaxy clusters in the mass range of 4−10 × 1014 M�
(Ghirardini et al. 2019). We can see that beyond the central com-
pact core, S4436 is highly evacuated, with a gas density that
lies about an order of magnitude below that of massive clusters
at 0.05R500. The behaviour of the density profile is reflected in
the gas entropy. In a stratified gaseous atmosphere, we expect
the entropy to follow a simple radially increasing behaviour,
with the low-entropy gas lying at the bottom of the potential
well (Voit et al. 2005). We observe that the entropy of S4436
rises very steeply from the centre until it reaches a value of
∼200 keV cm2 at 20 kpc. The dashed line in Fig. 5 (centre)
shows the self-similar entropy profile, which can be described
as (Pratt et al. 2010)

KSSC(R) = 1.42 K500

(
R

R500

)1.1

(3)

with the self-similar normalisation K500 given by

K500 = 106
(

M500

1014 M�

)2/3

f −1
b E(z)−2/3 [keV cm2] (4)

with fb ∼ 0.15 the cosmic baryon fraction and E(z) = [Ωm(1 +
z)3 + ΩΛ]1/2. For S4436 (z = 0.046, M500 = 7.8 × 1013 M�),
K500 = 298 keV cm2. We can see that the measured entropy at
20 kpc exceeds the gravitational collapse expectation by more
than an order of magnitude. For comparison, the orange curve
and shaded area show the range of entropy profiles for galaxy
groups in the same mass range from the archival Chandra study
of Sun et al. (2009). The entropy profile of S4436 occupies the
upper end of the range of values in the Sun et al. (2009) study,
which indicates a very high injection of non-gravitational energy

within the group’s core. In the right-hand panel of Fig. 5 we
show the profile of the gas cooling time. We can see that the
cooling time is short in the very central regions (tcool < 1 Gyr),
but it rises very steeply with radius and reaches the age of the
Universe at ∼15 kpc, i.e. on the outskirts of NGC 3298. There-
fore, beyond the central compact core the gas is not efficiently
cooling and there is no supply of external gas to the central
galaxy.

3.5. Radio galaxy

To identify the source of non-gravitational energy in the sys-
tem, we gathered the existing radio observations from publicly
available surveys. Images from LoTSS (Shimwell et al. 2022) at
6 arcsec resolution reveal the existence of a compact radio source
coinciding with NGC 3298, mildly extended from north-west to
south-east. The flux density of the source as measured within
the 3σ contours is S144 MHz = 26.6 ± 4 mJy, corresponding to a
power of ∼1.4 × 1023 W/Hz at the galaxy’s redshift. In order to
constrain the morphology of the source at higher resolution, we
have calibrated data from the corresponding pointing of LoTSS
to include the LOFAR IS across Europe, following the proce-
dure described in Sect. 2.3. This allowed us to reach a resolution
of ∼3.5′′ and clearly resolve two lobes symmetrically departing
from the galaxy with a total extension of ∼10 kpc (see Fig. 6),
thus clearly confined within the central compact core. The source
is also visible at 1400 MHz in the Faint Images of the Radio Sky
at Twenty-Centimetres (FIRST, Becker et al. 1995) at 5 arcsec
resolution with a flux density of S1400 MHz = 4.9 ± 0.5 mJy, cor-
responding to a power of ∼3 × 1022 W/Hz. The measured inte-
grated spectral index α144

1400 = 0.74 ± 0.08 is consistent with
freshly accelerated plasma from active jets. Overall, the com-
pact size and the very low radio power of the source indicate
that the central AGN is not currently injecting energy in the
large-scale group halo. Moreover, the absence of any radio emis-
sion beyond the innermost ∼10 kpc suggests that any previous
large-scale jet activity must have been quenched no less than
∼100 Myr ago, which is the typical cooling timescale for rela-
tivistic electrons in µG-level magnetic fields. The oldest known
radio-detected feedback features in a galaxy group are ∼350 Myr
old (Brienza et al. 2021), which sets a strict lower limit of a
few hundred million years on the epoch of the last feedback
episode.
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Å
−

1
s−

1
sp

a
x
el
−

1
cm
−

2
] NGC 3298 MaNGA flux

Firefly Model

Residual

Fig. 6. Left: LOFAR 144 MHz image of NGC 3298 produced using International Stations (IS). The beam (shown in the inset) is 3.5′′ × 3.5′′, and
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3.6. Stellar population synthesis of NGC 3298

We also analysed the stellar populations of the central host
galaxy using data from the MaNGA integral field unit on the
SDSS telescope (see Sect. 2.2). We fitted the spectrum of
NGC 3298 with the FIREFLY code (see the right-hand panel of
Fig. 6). The results obtained with the MaStar and MILES meth-
ods are largely consistent. In the central 3 arcsec, the MILES
method gives a mass-weighted age of 10.69± 1.07 Gyr and
MaStar gives 10.58± 1.08 Gyr. Interestingly, the MILES method
gives a mass weighted age gradient with radius that is consis-
tent with zero (0.020± 0.025 dex/Re), while MaStar has a nega-
tive gradient (−0.171± 0.034 dex/Re). Similarly, while the cen-
tral mass-weighted stellar metallicity is similar, with MILES giv-
ing a slightly higher metalllcity (Z = 0.296± 0.040) then MaS-
tar (Z = 0.233± 0.018). The MILES method gives a somewhat
negative radial gradient (−0.047± 0.024), whereas MaStar is
consistent with zero (0.009± 0.015). In any case, while there
are some variations in the age and metallicity between meth-
ods, they both agree that this is a very old stellar population
with a high metallicity. There is no indication of emission lines
indicative of star formation or AGN activity, which classifies the
radio source as a low-excitation radio galaxy (Buttiglione et al.
2010). The average equivalent width of Hα in the spaxels is
0.071± 0.211 angstroms, which is consistent with no star forma-
tion. The galaxy has a high stellar mass (log M?/M� = 11.5) and
a very low star formation rate, with no detection of Hα emission
(see Fig. 6 and Sect. 2.2). The galaxy features a high velocity
dispersion of 300 km/s over the entire MaNGA FoV. The stel-
lar component dominates the mass budget within the innermost
∼10 kpc, corresponding to the size of the compact core. The high
stellar age implies that the galaxy has quenched a very long time
ago (Thomas et al. 2010).

4. Discussion

4.1. Origin of the high-entropy core

As highlighted in Fig. 5, the entropy of S4436 substantially
exceeds the typical value expected for galaxy groups of sim-
ilar mass. The profiles of entropy and cooling time in galaxy
groups and clusters can be typically described by a power law
with a central floor (Cavagnolo et al. 2009) or a broken power

law (Panagoulia et al. 2014; Babyk et al. 2018), with the entropy
slope gradually steepening with radius from an inner slope
of ∼2/3 to the self-similar slope of 1.1 (Babyk et al. 2018).
The entropy excess is localised within the central regions (Sun
2012) and at large radii the slope and normalisation correspond
with the gravitational collapse expectation (Pratt et al. 2010;
Ghirardini et al. 2019). In the case of S4436, the entropy exhibits
a very steep central slope (1.5−2 in the innermost 10 kpc) and
becomes very flat beyond this point (d ln K/d ln R ∼ 0.3). This
behaviour implies that an unusually large amount of energy was
injected into the system, which was responsible for evacuat-
ing the core of the group almost completely. Beyond the com-
pact core, the entropy and the cooling time are so large that the
gas never cooled down since the period when the energy injec-
tion occurred and the system could not form an extended cool
core. The large magnitude gap between the BGG and the second
brightest member, and the relaxed X-ray morphology, rule out
recent merging events as a potential source of energy, such that
the observed entropy excess must be of non-gravitational origin.

The discovery of S4436 reveals the existence of a class of
high-entropy systems whereby the injection of non-gravitational
energy has prevented the formation of a classical cool core
and rapidly quenched the star formation activity in the cen-
tral galaxy by exhausting the supply of fresh gas from the sur-
rounding halo. Other systems with qualitatively similar features
are ESO 3060170 (Sun et al. 2004), AWM 5 (Baldi et al. 2009),
and AWM 4 (O’Sullivan et al. 2010; Gastaldello et al. 2008).
These systems are all relaxed systems of similar mass with a
heated core, although none of them appears as extreme as S4436.
ESO 3060170 appears to be a close analogue, as it is another
fossil group that features a steep increase in its entropy and
cooling time profiles within its innermost regions. However, its
entropy at 20 kpc from the centre is less than a third of the value
reported here for S4436. On the other hand, AWM 4 and AWM
5 both host moderately powerful radio galaxies (P1.4 GHz > 5 ×
1023 [W/Hz]) with radio lobes extending to extragalactic scales,
which provides clear evidence of ongoing heating. In particular,
the BGG of AWM 4 is associated with the powerful radio galaxy
4C +24.36 (log P1.4 GHz = 24.15, Giacintucci et al. 2008), which
extends over ∼75 kpc. This is in stark contrast with the case of
S4436, where the current low-power radio jets (see Fig. 6) are
currently not injecting much energy into the surrounding IGrM.
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This implies that previous episodes of AGN activity were able
to heat the IGrM to such high levels that the gas located beyond
the compact core does not efficiently cool, which has prevented
the formation of a new cool core following the end of the last
feedback episode. This interpretation is supported by the metal-
licity profile of the source (Fig. 4), which drops sharply beyond
∼50 kpc, implying that metal enrichment at late times from stel-
lar mass loss was not redistributed beyond the core. Therefore,
most of the injected non-gravitational energy may have been
injected early on in the formation path of the group, as indicated
by Heckman et al. (2024), who showed that half of the cumula-
tive jet power in massive galaxies is injected at redshifts 1−2.

4.2. Energy budget calculation

The total non-gravitational energy budget in the IGrM can be
calculated by contrasting the observed entropy profile with the
expected entropy profile from gravitational collapse. Numerical
simulations (Voit et al. 2005; Borgani et al. 2005) predict that
gravitational processes lead to a stratified atmosphere where
the low-entropy gas sinks to the bottom of the potential well,
whereas the high-entropy gas expands and fills larger volumes.
Neglecting cooling losses, the difference between the measured
entropy and the baseline (Eq. 3) can be used to estimate the
excess heat injected by non-gravitational processes. The heat
element dQ is given by

dQ = TdS = kBT
dK
K
· (5)

In an isochoric process (no change in volume), the excess heat
per particle becomes (Finoguenov et al. 2008; Chaudhuri et al.
2012)

∆Q ≈
kBT
γ − 1

Kobs − KSSC

Kobs
· (6)

We note that the isochoric approximation is not strictly valid
as a fraction of the gas is ejected from the halo. The total heat
accounting for expansion of the volume would be slightly larger
than the above estimate, such that the energy estimate presented
here provides a lower limit on the true non-gravitational energy.
The total non-gravitational energy within radius R is obtained by
integrating Eq. (6) over all the gas particles,

ENG(<R) =

∫ R

0

kBT
(γ − 1)µmp

Kobs − KSSC

Kobs
4πr2ρgas dr. (7)

Integrating Eq. (7) out to R500, we estimate a total non-
gravitational energy of ∼1.5 × 1061 erg within R500.

It is interesting to contrast the above estimate against the
binding energy of the gas to study the impact of feedback on
the IGrM. The potential energy of a gas mass element dMgas at
radius R is given by

dΩ = −
GM(<R)

R
dMgas (8)

such that the total binding energy within radius R becomes

Ebind(<R) = −G
∫ R

0

M(<r)
r

4πr2ρgas dr. (9)

We assume that the total mass profile can be described by a
Navarro-Frenk-White model (Navarro et al. 1996) with M500 =
7.8 × 1013 M� and a concentration c500 = 4, which is typ-
ical of massive groups (e.g. Duffy et al. 2008) and provides
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Fig. 7. Energy budget of the IGrM of S4436. The blue curve shows
the gas binding energy profile obtained through Eq. (9), whereas the
orange curve shows the integrated non-gravitational energy profile from
Eq. (7).

a good match to the hydrostatic mass profile of S4436 (see
Appendix A). Inserting this model into Eq. (9) returns a total
binding energy of ∼4×1061 erg within R500. In Fig. 7 we show the
profiles of non-gravitational and binding energy obtained from
Eqs. (7) and (9). We can see that the non-gravitational energy
dominates over the binding energy out to ∼0.3R500, such that
the injected energy is sufficient to prevent the contraction of the
inner regions and the formation of a cool core.

Given the large required energy input, AGN activity is the
most likely source of non-gravitational energy. Indeed, stellar
feedback in the form of stellar winds and supernovae is known
to be insufficient and too centrally concentrated to offset the
cooling and regulate the star formation rate of massive galax-
ies (Benson et al. 2003; Kay et al. 2003). The age of the stellar
populations of NGC 3298 implies that the galaxy has quenched
some 10 Gyr ago. If the quenching were induced by a giant
AGN outburst, the stellar age places the epoch of entropy injec-
tion around redshift ∼2−3. From the relation between black hole
mass and velocity dispersion (Kormendy & Ho 2013), we esti-
mate that the central SMBH should have a mass M• ' 109.5 M�.
Assuming that the SMBH was accreting close to the Edding-
ton rate and injecting a power of ∼1045 erg/s into the system,
the SMBH should have remained active for a total of ∼1 Gyr.
Such prolonged episodes of AGN activity may have raised the
entropy and the cooling time of the gas to the point where the
gas could no longer cool down and condense, thereby prevent-
ing the formation of a classical cool core. This would explain
the absence of clear AGN feedback features at present times,
evidenced by the low power and small spatial extent of the radio
jets. While AGN outbursts of such scales have been observed
in several cases (McNamara et al. 2005; Giacintucci et al. 2020),
these were found in much more massive systems, such that the
injected non-gravitational energy did not destroy the surround-
ing cool core.

4.3. The compact core

While the cooling time beyond ∼0.03R500 exceeds the Hub-
ble time, within the compact core the cooling time decreases
steeply and the gas is efficiently cooling. The gas density pro-
file of the system (Fig. 5) clearly shows the system is made
of two separate components, with the compact core being
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Fig. 8. Median and dispersion of gas thermodynamic profiles in four different simulations with various AGN feedback implementations. Left:
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from each simulation set. Right: Same as the left-hand panel for the self-similar scaled gas entropy.

confined within the central galaxy. The compact core is unre-
solved by XMM-Newton (R < 10 kpc) and features a high metal-
licity. The associated gas mass is a small fraction of the stellar
mass (Mgas(<10 kpc) ∼ 109 M� compared to a total stellar mass
of ∼3 × 1011 M�). Given its small size and high metallicity, the
compact core resembles the ‘coronae’ of elliptical galaxies in
massive clusters (Sun et al. 2007; Liu et al. 2024; Tümer et al.
2019). Its gas content may have been replenished over time by
stellar mass loss (Sun et al. 2007; O’Sullivan et al. 2011), which
would explain the high metallicity of the gas in the core and
the steep metallicity gradient. The cooling of the corona may be
responsible for powering the currently observed radio jets, which
are confined within the compact core. The system may have
established a cooling-heating balance on small scales between
the cooling gas of the corona and the low-power jets, whilst not
injecting much energy at the present day into the surrounding
IGrM. We note that such low-power compact jets are much more
numerous than bright radio galaxies with very extended radio
jets (Sabater et al. 2019). Small-scale feedback loops similar to
the case of NGC 3298 may thus be common within group-scale
halos.

4.4. Comparison with numerical simulations

To understand whether high-entropy systems such as S4436
are expected to exist in state-of-the-art galaxy evolution sim-
ulations, we extracted thermodynamic profiles from halos in a
similar mass range in four different simulation sets: TNG100
(Weinberger et al. 2018), EAGLE (Schaye et al. 2015), SIMBA
(Davé et al. 2019), and FABLE (Henden et al. 2018). The feed-
back models implemented within these simulations vastly dif-
fer from one another, as some simulations include only ther-
mal feedback (EAGLE) while others alternate between a ther-
mal ‘quasar mode’ at high accretion rates and a kinetic ‘radio
mode’ at low accretion rates. The implementation of the kinetic
feedback can be either random (IllustrisTNG) or directional
(SIMBA). For each simulation set, we selected halos in the mass
range of 4 × 1013 M� ≤ M500 ≤ 2 × 1014 M� and extracted
their 3D gas density and entropy profiles. We scaled the pro-
files according to the true values of R500 and K500 as determined
in the simulation. We then interpolated the profiles onto a loga-
rithmically spaced common radial grid spanning the radial range

of [0.01−2]R500, and calculated the median and dispersion of the
self-similar scaled profiles.

In Fig. 8 we compare the median electron density and
entropy profiles in the simulations and the deprojected S4436
profiles. In Fig. 8 we can see that the electron density of S4436
lies below the typical predictions of EAGLE and TNG100, close
to the median of FABLE and above the typical SIMBA pro-
file. Similarly, the entropy profiles of TNG and EAGLE sys-
tems are usually lower than the value estimated here, especially
at intermediate radii (0.1−0.5R500). Conversely, in SIMBA the
measured entropy is close to the profile reported here, and the
upper boundary of the 1σ envelope exceeds the observed pro-
file by a factor of ∼2, which shows that much more extreme
systems exist in the simulation. Looking at the distribution of
the individual profiles in each simulation (see Fig. B.1), we can
see that the profile recovered for S4436 occupies the upper end
of the TNG100 and FABLE entropy profile distributions, which
is what we would expect if this system represents the extreme
end of the population. Conversely, the electron density profiles
of EAGLE halos all exceed the profile of S4436, which indi-
cates that the feedback scheme implemented in EAGLE is too
gentle to generate high-entropy systems such as S4436. Finally,
we can see that the bulk of the SIMBA halos feature a very
high entropy around 0.1R500, with some systems being as much
as three times more extreme than S4436. The strong feedback
implemented in SIMBA was sufficient to evacuate these halos
almost completely, which leads to extremely low densities across
the entire volume. While observations of a single system are not
sufficient to rule out this model, the rather exceptional nature
of S4436 renders this scenario improbable. Indeed, the adopted
feedback mechanism must be flexible enough to reproduce at the
same time high-entropy systems such as S4436 and classical X-
ray selected groups such as NGC 5044 (Gastaldello et al. 2009;
Schellenberger et al. 2021), which were able to retain their cool
core until this day.

Comparing the shape of the simulated profiles with the data,
we notice that TNG100 systems typically feature extended high-
entropy cores, and thus cannot reproduce the sharp drop at small
radii observed in S4436 because of the presence of the central
compact core. Therefore, in TNG100 the AGN energy is injected
close to the centre of the system, which prevents the formation
of a high-density core. This behaviour is also present, to a lesser
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extent, in the EAGLE profiles. Conversely, FABLE and SIMBA
profiles qualitatively reproduce the shape observed in S4436, and
their entropy typically falls off steeply inside ∼0.05R500. This
likely implies that the bulk of the AGN energy in these simula-
tions is injected outside of the central galaxy, which allows for
the formation of compact low-entropy cores.

To understand possible formation paths for systems such as
S4436, we identified two halos in FABLE that feature a very sim-
ilar entropy profile as S4436 at z = 0 and traced their evolution.
We extracted their entropy profiles at five different redshifts from
z = 0.8 until today and studied the injection of entropy into these
systems. We found that in both halos, the high-entropy core was
not in place before z = 0.4 and the entropy was raised quickly
at z < 0.4 by strong feedback episodes. This is induced by a
switch from quasar mode at higher redshifts to the more efficient
radio mode at later times in this simulation. If that is the case,
traces of recent feedback episodes should still be found in the
IGrM in the form of ancient buoyantly rising cavities, that may
reach the virial radius of the system and possibly lead to gas ejec-
tion from the halo. Given the fast cooling rate of radio-emitting
electrons, the absence of large-scale radio features only places
a lower limit of a few hundred million years on the epoch of
the latest feedback episode. Deeper observations of this system
with XMM-Newton planned for the next observation cycle will
test this scenario by searching for traces of previous feedback
activity in this system.

5. Conclusion

In this paper, we have reported on multi-wavelength obser-
vations of the galaxy group S4436 centred on the massive
elliptical galaxy NGC 3298, which shows unusual thermo-
dynamic properties. Our findings can be summarised as
follows,

– The X-ray emission from the group is regular and highly cen-
trally peaked, with the X-ray peak coinciding with the domi-
nant galaxy NGC 3298. The large magnitude gap (2.1 mag in
r band) between the central galaxy and the second brightest
member classifies the system as a fossil group. Altogether,
this implies that the system is relaxed and has not experi-
enced a merger in a long time. The mean temperature of
1.85± 0.07 keV and the velocity dispersion of 574± 74 km/s
estimated from 31 spectroscopic members implies the sys-
tem has a mass in the range of M500 ∼ (6−10) × 1013 M�.

– The entropy and cooling time profiles of the group rise
steeply with radius beyond the dominant galaxy (Fig. 5).
The cooling time of the gas reaches the age of the Universe
at 20 kpc (∼0.03R500) from the centre, where the measured
entropy level (∼200 keV cm2) exceeds the gravitational col-
lapse expectation by more than an order of magnitude. Given
the relaxed dynamical state of the system, the entropy of the
gas could not have been raised by a recent merging event;
therefore, the entropy must be of non-gravitational origin.

– High-resolution radio observations with LOFAR VLBI
reveal the existence of low-power (P144 MHz ∼ 1.4 ×
1023 W/Hz), compact (∼5 kpc) radio jets (Fig. 6). The radio
jets are confined within the central galaxy and are not cur-
rently injecting energy into the surrounding IGrM. The cen-
tral galaxy is massive (log(M?/M�) ∼ 11.5) and has a low
star formation rate, with no detection of Hα emission. Given
the high stellar age (∼11 Gyr) and the absence of radio emis-
sion beyond the central low-power radio lobes, the bulk of
the observed high entropy must have been injected in the
past.

– Inside R500, the total injected non-gravitational energy esti-
mated from the excess heat with respect to the gravita-
tional collapse expectation is ∼1.5 × 1061 erg (see Sect. 4.2),
which is comparable to the total binding energy of the IGrM
(∼4×1061 erg). The non-gravitational energy dominates over
the binding energy out to ∼0.3R500, such that the excess heat
is sufficient to unbind the gas particles within the group’s
core. Previous strong AGN outbursts may thus have raised
the entropy level to the point that the gas could no longer
condense and reform a cool core.

– In the innermost regions, the system features a very compact
(<10 kpc), dense core where the cooling time becomes short
(<1 Gyr). The compact core resembles the coronae of ellipti-
cal galaxies in massive clusters (Sun et al. 2007). The metal-
licity of the gas transitions from the solar value in the com-
pact core to ∼0.2 Z� at 50 kpc, which shows that the compact
core and the large-scale halo have a different origin. The gas
mass within the compact core is less than 1% of the stellar
mass of the galaxy and may have been replenished by stellar
mass loss.

– Comparing the thermodynamic properties of S4436 with
four different numerical simulation suites (TNG100,
EAGLE, SIMBA, and FABLE), we found that the entropy
profile of this system occupies the upper boundary of the
entropy profiles in the TNG and FABLE simulations, which
is to be expected if this system represents the extreme of
the group population. We do not find any comparable sys-
tem within EAGLE, whereas similar systems are common-
place in SIMBA, which contains even more extreme objects.
This probably implies that the implemented feedback is too
gentle in EAGLE and too energetic in SIMBA. Comparison
between simulations and observations over a representative
sample of galaxy groups is needed to further constrain the
feedback model implemented in these simulations.
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Appendix A: Deprojection and PSF deconvolution

The deprojected Forward and NP profiles are obtained in a for-
ward modelling way by combining the three-dimensional pro-
files of gas density and temperature, projecting them along
the line of sight and adjusting them onto the measured sur-
face brightness and temperature profiles. This analysis makes
use of the pyproffit (Eckert et al. 2020) and hydromass
(Eckert et al. 2022) Python packages. Here we summarise the
adopted methodology. For more details and a validation of the
techniques on simulated data, we refer the reader to Eckert et al.
(2020, 2022).

The gas density profile is estimated using the multi-
scale deprojection technique introduced in Eckert et al. (2020).
Specifically, the 3D emissivity profile ε(r) is described as a lin-
ear combination of radial basis functions,

ε(r) =

P∑
p=1

αpΦp(r). (A.1)

with {Φp}
P
i=1 the adopted basis functions and {αp}

P
i=1 the asso-

ciated coefficients. We adopt King functions as our choice of
radial basis functions,

Φp(r) =

(
1 +

r
rc,p

)−3βp

(A.2)

with the parameters rc,p and βp governing the scale of each
basis function and its outer slope, respectively. This choice is
motivated by the fact that these functions describe a monotonous
radial decline that is appropriate for galaxy clusters and groups,
and can be analytically projected, such that the relation between
the 2D and 3D profiles is analytic (Eckert et al. 2020). For any
given set of coefficients {αp}

P
p=1, the projected surface bright-

ness profile can be predicted and fitted to the data. The choice of
parameters rc and β is set a priori to model monotonously declin-
ing profiles with a wide range of shapes across the radial range
covered by the data. To model the XMM-Newton PSF, we use
the Read et al. (2011) analytic model of the EPIC PSF to con-
struct a PSF mixing matrix with the same binning as the surface
brightness profile. The PSF mixing matrix is obtained by gener-
ating images of a flat surface brightness distribution within each
annulus individually, and convolving the image in 2D with the
Read et al. (2011) model. The mixing matrix is then obtained by
counting the fraction of the flux leaking into each surrounding
annulus. The model surface brightness profile is then convolved
with the mixing matrix to predict the observed surface bright-
ness. The coefficients of the multi-scale model are then adjusted
to reproduce the observed profile using the No U-Turn Sampler
(NUTS) implemented within PyMC (Salvatier et al. 2016). The
resulting model fit is shown in the left-hand panel of Fig. A.1.

In parallel, we fit the spectroscopic temperature profile by
projecting a model for the 3D temperature distribution along
the line of sight. The projected model temperature is calculated
as the emission-weighted mean of the line-of-sight temperature
distribution. We describe here the two approaches considered in
Sect. 3.4. First, we apply a parametric reconstruction whereby
the three-dimensional pressure profile is described as a gener-
alised Navarro-Frenk-White profile (Nagai et al. 2007),

P(r) =
P0

(c500r)γ(1 + (c500r)α)(β−γ)/α . (A.3)

Since the parameters of the model are strongly degenerate, we fix
the value of the middle slope, α, to the value of 1.3 (Arnaud et al.

2010). The four remaining parameters of the model (P0, c500, β,
and γ) are left free to vary. At each step, the pressure pro-
file is combined with the density profile through the ideal gas
equation to compute the model 3D temperature profile, which
is then projected along the line of sight and convolved with
the PSF mixing matrix to predict the spectroscopic tempera-
ture profile. We measure P0 = (1.08 ± 0.35) × 10−3 [keV cm−3],
c500 = (2.22 ± 0.59) × 10−3 [kpc−1], β = 4.11 ± 0.89, and
γ = 0.58 ± 0.06. The corresponding model is labelled as the
‘Forward’ model and is shown as the cyan curve and shaded area
in Fig. 5. The fit of this model to the spectroscopic temperature
profile is shown in the right-hand panel of Fig. A.1.

For comparison, we also apply a non-parametric reconstruc-
tion in which the 3D temperature profile is described as a linear
combination of log-normal functions (Eckert et al. 2022). In this
case, the model temperature profile is given by a combination of
Ng = 200 log-normal functions,

TNP(r) =

Ng∑
i=1

Gi
1√

2πσ2
i

exp
− (ln(r) − ln(µi))2

2σ2
i

 (A.4)

with {µi}
Ng

i=1 the mean radii of each function, which we choose
to be logarithmically spaced from the centre to the outskirts. To
smooth fluctuations on scales that are smaller than the adopted
radial binning, the standard deviations {σi}

Ng

i=1 are set to the width
of the nearest spectroscopic annuli. The model is then projected
along the line of sight and convolved with the PSF. Tests of
the method on mock data showed that it can accurately repro-
duce complex radial profiles of arbitrary shapes whilst at the
same time smoothing out small-scale fluctuations. The blue data
points in Fig. 5, labelled ‘NP’, are obtained by optimising the
values of the coefficients {Gi}

Ng

i=1 and evaluating the best fitting
3D model at the middle radius of each spectroscopic bin. In the
right-hand panel of Fig. A.1 we show the fit of this model to the
spectroscopic temperature data and the corresponding 3D model.
Assuming that the gas is in hydrostatic equilibrium within the
potential well set by the dark matter, we fit the resulting profiles
with a NFW density profile (Navarro et al. 1996). This yields a
mass M500 = 6.1+1.8

−1.0 × 1013M�, which is slightly lower than, but
consistent with, the value of (7.8± 1.6)× 1013M� obtained from
the mass-temperature relation of Umetsu et al. (2020).

Appendix B: Individual simulated thermodynamic
profiles

In Fig. B.1 we show the individual electron density and entropy
profiles used to generated Fig. 8. The profiles were extracted
from halos in the mass range of 4×1013M� ≤ M500 ≤ 2×1014M�
from each simulation box. The thermodynamic profiles of S4436
are shown for comparison.
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Fig. A.1. Deprojection and PSF deconvolution. Left: Surface brightness profile in the [0.7-1.2] keV band (red points). The green curve shows the
best fitting multi-scale model (green curve), projected along the line of sight and convolved with the XMM-Newton PSF. The blue curve shows
the model profile deconvolved from the PSF. In the bottom panel we show the residuals from the best fit model. Right: Spectroscopic temperature
profile (red points) and best fitting models. The orange and green curves show the 3D model profiles from the ‘Forward’ and ‘non-parametric’
methods, respectively. The blue and cyan curves show the corresponding projected and PSF convolved models.
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Fig. B.1. Left: Individual electron density profiles for halos in a similar mass range as S4436 extracted from TNG100 (dotted red), EAGLE (long
dashed cyan), SIMBA (short dashed green), and FABLE (dotted magenta) simulations. The black curve and shaded area show the electron density
profile of S4436 and its 1-σ error envelope. The numbers in parenthesis show the number of halos considered here for each simulation set. Right:
Same as the left-hand panel for the self-similar scaled entropy profiles.
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