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A B S T R A C T 

Previous studies of galaxy clusters have focused extensively on the effects of active galactic nuclei (AGNs) feedback on the 
chemical evolution of the intra-cluster medium (ICM). However, similar studies on the atmospheres of lower mass systems, 
such as galaxy groups and giant ellipticals, remain limited. In this work, we present a systematic analysis of the chemical and 

multitemperature structure of the intra-group medium (IGrM), using a subsample of nearby galaxy groups and ellipticals from 

the CHEERS catalogue. By comparing areas with and without AGN feedback related features, such as cavities or extended radio 

lobes, we find clear evidence of an excess of multiphase gas along the path of recent AGN feedback. However, its distribution 

exceeds the length of the radio lobes, since we recover a non-negligible amount of multiphase gas at larger radii. In contrast 
to the clear asymmetry in the thermal structure, we find no directional enhancement in the distribution of Fe, with little to no 

differences in the Fe abundances of the on- and off-lobe directions. Our analysis suggests that the metals in the IGrM of our 
targets are well-mixed and decoupled from the effects of recent AGN feedback, as indicated by radio lobes and cavities. 

Key words: galaxies: abundances – galaxies: clusters: intracluster medium – galaxies: groups: general – X-ray: galaxies: clus- 
ters. 
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 I N T RO D U C T I O N  

eedback from active galactic nuclei (AGNs), referring to the
nterplay between the energy released by a super massive black
ole (SMBH) and its surrounding gas, is an integral part of our
nderstanding of galaxy evolution (e.g. J. Silk & M. J. Rees 1998 ; K.
ebhardt et al. 2000 ). However, despite its ubiquitous use across
alaxy evolution models (e.g. J. Schaye et al. 2014 , 2023 ; M.
ogelsberger et al. 2014 ; A. Pillepich et al. 2017 ; R. Davé et al. 2019 ),

here are multiple, sometimes conflicting, implementations of it, with
ts exact nature remaining an open question. Therefore, studying
he way AGN feedback interacts with its environment and placing
bservational constraints plays an important role in distinguishing
etween said implementations. 

One observable that can be used to test feedback mechanisms is the
arge scale distribution of metals. Previous studies have demonstrated
 direct link between AGN feedback and the observed chemical
tructure of the intra-cluster medium (ICM; e.g. N. Werner et al.
013 ; O. Urban et al. 2017 ; V. Biffi, F. Mernier & P. Medvedev 2018 ;
. Mernier et al. 2018 ; F. Gastaldello et al. 2021 ), with strong evidence
 E-mail: chatzigiannakis@mpia.de 
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Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), whi
n favour of an increased amount of metals along its direction, as
ndicated by the presence of radio jets/lobes and X-ray cavities (e.g A.
imionescu et al. 2008 , 2009 ; C. C. Kirkpatrick, B. R. McNamara &
. W. Cavagnolo 2011 ; C. C. Kirkpatrick & McNamara 2015 ).
his highlights a mechanism by which heavier metals produced by

he brightest cluster galaxy’s (BCG) stellar population are uplifted
y AGN feedback, contributing to the chemical enrichment of
he ICM. 

However, the effects of AGN feedback are not as well understood
hen examining the hot atmospheres of less massive systems, such

s galaxy groups and giant ellipticals. Studies of the chemistry of
he intra-group medium (IGrM) reveal various underlying patterns,
anging from strong Fe enhancements along radio jets and lobes,
imilar to what we see in clusters, to no- or even anticorrelations
ith the direction of known features related to AGN feedback (e.g. E.
’Sullivan, J. M. Vrtilek & J. C. Kempner 2005 ; E. O’Sullivan et al.
011 ; T. F. Laganá et al. 2015 ; S. Randall et al. 2015 ; M. Gendron-
arsolais et al. 2017 ; Y. Su et al. 2019 ). This discrepancy could be a

roduct of the Fe bias (D. A. Buote 1999 ), systematically leading to
ower best-fitting Fe abundances if a multiphased medium, such as the
as along radio lobes (e.g. A. Simionescu et al. 2008 ), is modelled
ith a single temperature component. In D. Chatzigiannakis, A.
imionescu & F. Mernier ( 2022 ), we examined this hypothesis by
© The Author(s) 2025.
y. This is an Open Access article distributed under the terms of the Creative
ch permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.
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odelling the multiphase gas of NGC 5813; while we have found 
n extended distribution of cooler gas along the direction of the 
adio lobes, the Fe abundance of the IGrM appeared to be rather
niform, with no evidence of an abundance enhancement. However, 
he limited number of such works on other lower mass systems, with
arious applied methodologies, did not allow us to draw any definite 
r more general conclusions. 
In this pilot study we aim to study the effects of AGN feedback

n the IGrM in a systematic way for the first time, by applying a
onsistent analysis method on a larger sample of galaxy groups and 
iant ellipticals. Primarily, we focus on the azimuthally resolved 
roperties of the multiphase thermal and chemical structure of the 
GrM and how they correlate with the direction of AGN feedback. 
he structure of this paper proceeds as follows: In Section 2 , we
resent our sample selection as well as the spectral modelling and 
tting strategy used in this work. In Section 3 , we highlight our main
esults, while our findings are discussed in greater detail in Section 4 .
inally, our main results are summarized in Section 5 . 
For the purposes of this analysis, we assume a standard lambda 

old dark matter ( � CDM) cosmology ( �m 

= 0 . 3, �� 

= 0 . 7 and
0 = 70 km s−1 Mpc−1 ). Uncertainties are given at 68 per cent confi- 

ence intervals (1 σ ), unless otherwise stated. Elemental abundances 
re estimated using the M. Asplund et al. ( 2009 ) Solar abundance
eference tables. 

 DATA  A NALYSIS  

.1 Observations and data preparation 

n this work, we use archival XMM–Newton observations for a 
ubset of 8 nearby cool-core galaxy groups and ellipticals from 

he CHEmical Enrichment Rgs Sample (CHEERS) catalogue. (F. 
ernier et al. 2016 ; J. Plaa et al. 2017 ). We present a full list of our

elected targets, their properties, and the relevant observations used in 
his work in Table 1 . We select our targets based on their ‘group’ sub-
ample classification and clear evidence of ongoing AGN feedback, 
n the form of X-ray cavities, as indicated in E. K. Panagoulia et al.
 2014 ). We note that all of our targets, with the exception of NGC
325, have extended radio emission in the form of radio lobes (S.
iacintucci et al. 2011 ; K. Kolokythas et al. 2020 ), that coincide with

he location of the X-ray cavities, further supporting the notion that 
GN feedback is currently present in those systems. 
For the reduction of the European Photon Imaging Camera (EPIC) 
OS1, MOS2, and pn data of the relevant observations, we follow the

rocess described in F. Mernier et al. ( 2017 ). Namely, we extract the
vent files from MOS and pn data using the XMM Science Analysis
ystem (SAS) v14.0 emproc and epproc commands, respectively, 
nd filter out each light-curve from soft-flare events, following F. 
ernier et al. ( 2017 ). Similarly, we exclude point sources in our

eld of view, identified by F. Mernier et al. ( 2017 ), by masking a
ircular 10 arcmin region around their reported surface brightness 
eak, detected via the edetect chain and verified by eye. 
For each observation, we extract the MOS 1, MOS 2 and pn spectra

f regions defined by a radial and an azimuthal bin. For the radial
ins, we define a set of annuli of fixed angular sizes (0–0.5 arcmin,
.5–1 arcmin, 1–2 arcmin, 2–3 arcmin, 3–4 arcmin, and 4–6 arcmin), 
ollowing F. Mernier et al. ( 2017 ), with the centre placed on the
eak of the X-ray emission of the EPIC surface brightness images. 
e choose to exclude annuli at higher angular separations from our 

nalysis due to low contribution of the IGrM in the spectrum with
espect to the background (see 2.2.2 ). 
For the azimuthal bins, we follow the direction of each target’s
adio lobes and the location of known X-ray cavities, as shown in
ig. 1 . This way, we define a set of directions with and without
irect evidence of ongoing AGN feedback, hereafter the on- and 
ff-lobe directions, respectively. We note that, due to the complex 
orphology of said lobes, the on-lobe directions are not necessarily 

o-linear and, due to the differences in the opening angles of the
adio lobes, the area of each azimuthal bin varies. We also point out
hat, primarily due to the morphology of the radio emission in the
entres of our galaxy groups and ellipticals, some off-lobe regions at
mall radii coincide with areas where a significant radio detection is
till present. 

Both the redistribution matrix and ancillary response files (RMF 

nd ARF, respectively) for each extracted spectrum are produced via 
he SAS tasks rmfgen and arfgen . 

.2 Spectral modelling and analysis 

or the purposes of our analysis, we use the X-ray spectral-fitting
rogram XSPEC (K. A. Arnaud 1996 ), and the AtomDB 3.0.9 atomic
ata base. As mentioned, we extract multiple spectra for each defined
egion of interest, with a MOS 1, MOS 2 and a pn spectrum per
vailable observation, that we fit simultaneously. We chose to fit our
pectra within the 0.6–3.0 keV energy range, as it encompasses the
e–L complex, which is the peak of the X-ray emission in galaxy
roups and ellipticals, while avoiding modelling uncertainties around 
he detector’s O edge. 

In the following sections we describe our modelling of the thermal
mission and background for our spectra, followed by our fitting 
trategy. 

.2.1 Thermal emission 

e describe the emission of the IGrM with an absorbed vlog-
orm 1 model. The model assumes a normal distribution of single 

emperature apec models in the natural logarithm space, around 
 central temperature. It describes the extent of the underlying 
ultitemperature structure via the width of the distribution ( σkT ), 

nd converges to a single temperature model for decreasing widths. 
ur choice is motivated by the fact that a log-normal thermal
istribution has been shown to provide a more accurate representation 
f the multiphase ICM/IGrM’s chemical and thermal properties both 
bservationally (e.g. A. Simionescu et al. 2009 ; F. Mernier et al.
017 ) and in simulations (e.g. S. Khedekar et al. 2013 ; I. Zhuravleva
t al. 2013 ; C. Zhang et al. 2024 ; D. Chatzigiannakis et al. 2025 ). 

Regarding the chemical abundances, in this work we are primarily 
nterested in Fe, as our main proxy of the chemical enrichment of the
GrM. The abundances of all other elements are coupled to Fe, with
he following exceptions: He/H is kept at 1 Solar; Si is free to vary,
n order to account for possible remaining issues in the modelling
f the Si K α instrumental line; Mg is free to vary since the Mg K α

ine is blended with some of the weak Fe–L lines and could bias our
nferences of the multitemperature structure if left frozen. 

The model assumes a redshifted emission being absorbed by a 
eutral foreground along our line of sight, that we describe with the
ddition of a phabs component. Both the redshift of our targets
nd the equivalent hydrogen column density along the line of sight
MNRAS 543, 3684–3697 (2025)
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M

Figure 1. Exposure-corrected, background subtracted, 0.3–2 keV combined EPIC MOS1, 2 and pn images, smoothed with a σ = 1 . 25 arcsec Gaussian kernel, 
for the CHEERS sample targets used in this work: HCG 62, M49/NGC 4472, NGC 1550, NGC 4325, NGC 4636, NGC 5044, NGC 5813 and NGC 5846 from 

left to right and from up to down. Green contours indicate GMRT 236 MHz emission ( GMRT 610 MHz for NGC 5846) adopted from S. Giacintucci et al. ( 2011 ) 
and K. Kolokythas et al. ( 2020 ) for NGC 1550. If radio data were not available, the location of known X-ray cavities from E. K. Panagoulia et al. ( 2014 ) has 
been indicated instead with dashed green ellipses. Cyan lines define the individual radial and azimuthal bins delimiting the on- and off-lobe directions. 
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.2.2 Background modelling 

or the modelling of the background, we split the various contribu-
ions into two distinct categories: the astrophysical X-ray background
AXB), referring to sources that are astrophysical in nature and thus
olded by the ARF alongside the IGrM emission, and the non-X-
ay background (NXB), which describes particles misclassified as
hotons by our detector, and thus not folded by the ARF. 
For the AXB, we consider the contribution from the cosmic X-ray

ackground (CXB) and both the thermal emission from the Milky
ay (MW) and the local hot bubble (LHB). The spectral model

escribing the AXB is defined as 

odel = phabs × (pow CXB + apec MW 

) + apec LHB (1) 
NRAS 543, 3684–3697 (2025)
ssuming the same column density as before for the absorption
omponent. We choose a fixed photon index � = 1 . 41 (A. De Luca &
. Molendi 2004 ) for the CXB and a Solar metallicity and redshift of 0
or the MW and LHB thermal emission. While we fix the temperature
f the LHB at 0.11 keV (S. Snowden et al. 2011 ), the temperature
f the MW emission is set to the best-fitting temperature between
.15 keV and 0.6 keV (D. McCammon et al. 2002 ) (see 2.2.3 ) 
For the NXB, we assume: 

(i) a bknpow component, describing the continuum, using the
hoton index values for the pn and MOS detectors, adopted from F.
ernier et al. ( 2015 ) 
(ii) a set of Gaussians for the fluorescent instrumental lines,

dopted from F. Mernier et al. ( 2015 ). 
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Table 1. Properties of the CHEERS sample targets used in this work. For more details on the relevant observations, 
we refer to F. Mernier et al. ( 2016 ). 

Source za NH (1020 atoms cm−2 )b R500c (Mpc)a M500c (1014 M�)c 

HCG 62 0.0144 4.81 0.46 0.24d 

M49/ NGC 4472 0.0044 2.63 0.53 0.29 
NGC 1550 0.0123 14.20 0.62 0.49 
NGC 4325 0.0258 3.54 0.58 0.23d 

NGC 4636 0.0037 1.40 0.35 0.16 
NGC 5044 0.0090 5.28 0.56 0.29 
NGC 5813 0.0064 1.44 0.44 0.17 
NGC 5846 0.0061 4.19 0.36 0.24 

a Values from C. Pinto et al. ( 2015 ) and references therein. b Values from P. M. W. Kalberla et al. ( 2005 )., c Values 
from T. H. Reiprich & H. Bohringer ( 2002 ) and references therein., d Values from L. Lovisari, T. H. Reiprich & G. 
Schellenberger ( 2015 ). 
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(iii) a pow component, with a best-fitting spectral index � between 
.1 and 1.4, for possible residual soft protons, following S. Snowden 
t al. ( 2011 ) (see 2.2.3 ). 

.2.3 Fitting strategy 

acking an off-centre pointing for constraining the background 
omponents, we choose to extract a spectrum for each observation 
nd instrument from an annular region between 0.5 and 12 arcmin. 
his allows us to recover the majority of the background continuum 

nd instrumental lines, which vary across the detector. Additionally, 
ith this scheme, we ignore the peak of the X-ray emission associated 
ith the galaxy group core and the potential contribution by a central
GN. However, as a result, a significant amount of thermal emission

rom the IGrM is still present in our spectra and needs to be taken
nto consideration. 

Each spectrum is fitted in the 0.3–12 keV energy range with the
ollowing parameters free: 

(i) the normalization of the NXB continuum ( bknpow ) 
(ii) the centre, allowed to vary by ±0.2 keV from the expected rest- 

rame energy; the width, allowed to vary between 0.01 and 0.2 keV;
nd the normalisation of all instrumental lines ( gauss ) 

(iii) the normalization of the CXB ( powCXB ) 
(iv) the normalization of the LHB emission ( apecLHB ) 
(v) the temperature, allowed to vary between 0.15 and 0.6 keV, 

nd normalization of the MW emission ( apecMW 

) 
(vi) the temperature, width and abundance of a vlognorm 
odel, representing the IGrM emission, allowing them to vary by 

0percnt around the best-fitting values reported in F. Mernier et al. 
 2017 ). 

(vii) the spectral index, allowed to vary between 0.1 and 1.4, and 
ormalization of the residual soft protons ( pow ) 

Due to the large number of free parameters, we choose to fit them
radually by freeing them one by one in the listed order, ensuring
 stable fit. We note that the priors on the IGrM emission have
een carefully verified and proven to be a reasonable description 
f each system’s properties by F. Mernier et al. ( 2017 ). The 20
er cent variation is chosen as a reasonable range to allow for
light differences between the two studies. This prior has been 
mplemented in order to guide the fit and avoid possible local 

inima, considering the large number of free parameters. Repeating 
he background modelling using less informed priors with broader 
ariations leads to values that remain within their respective statistical 
ncertainties. 
To fit the spectra from the individual radial and azimuthal bins,
e use the best-fitting values of the background components for 

ach observation, as previously derived, and proportion their nor- 
alizations to each bin’s area. Before fitting, we ensure that the

bserved and modelled 10–12 keV fluxes are consistent within their 
tatistical uncertainties, otherwise the normalization of the NXB 

omponents is appropriately scaled. We note that for NGC 4636 
nd NGC 5813, a significant contribution from a central AGN 

as been reported. As a result, we implement an additional pow
omponent, following the best-fitting values reported by F. Mernier 
t al. ( 2017 ), for the bins in the central 0.5 arcmin of these two
argets. 

When fitting for the IGrM emission in each bin, the only free
arameters are the normalization, central temperature (kTcentral ), 
hermal distribution width ( σkT ) and the Fe, Mg, and Si abundances
f the vlognorm model. We assume that the IGrM emission is the
ame across observations and detectors and therefore, we couple the 
espective parameters across all spectra. 

We calculate the statistical uncertainties of the kTcentral , σkT , and 
e abundance at the 1 σ level by sampling the posterior parameter
istributions via the error command. We note that best-fitting with 
kT that tend to 0 are almost always poorly constrained with high
ssociated statistical uncertainties. 

.3 Systematic uncertainties 

or each bin, we also estimate the systematic uncertainties on 
he σkT and Fe abundance induced by the background mod- 
lling and cross-calibration between the PN-only and MOS-only 
easurements. 
As we have already mentioned, the background parameters remain 

rozen during the individual bin fits and, as a result, their uncertainties
re not accounted for in the statistical errors. We choose to test
he robustness of the best-fit values by varying the free background
arameters in Section 2.2.3 . Namely, we perform a spectral fit on each 
in for a total of 30 times after randomly sampling the background
alues for each parameter from a Gaussian distribution, described by 
heir respective best-fitting value and 1 σ error. We use the standard
eviations of the best-fitting σkT and Fe abundance samples as our 
ystematic uncertainties due to the the background modelling. We 
ote that the systematics increase in the low surface brightness 
egions but remain smaller than the statistical errors. 

Another possible source of systematic errors are the uncertainties 
ue to cross-calibration of the PN and MOS spectra. In order to
dentify possible tensions between the two instruments, we fit each 
in’s MOS and pn observations separately. We assume that the 
MNRAS 543, 3684–3697 (2025)
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ffset between the MOS-only and pn-only best-fitting values is
epresentative of the systematics due to cross-calibration. We note
hat, similar to the systematics due to the background modelling, the
ncertainties are not statistically significant in the brighter regions
ut, they become the primary source of errors in the low surface
rightness regions. 
In order to reflect the statistical significance of the systematics

n our analysis, we choose to always adopt the largest source
f uncertainty as the associated error for each bin. Namely, we
ncrease the error bars for each σkT and Fe abundance measurement
ntil they cover the extent of their respective systematic errors, if
ecessary. We also attempt to preserve any possible asymmetries in
he posterior distribution by adjusting the upper and lower errors
ndependently. 

 RESU LTS  

tarting with the thermal structure of the IGrM, in Fig. 2 , we present
he radial σkT profiles for all directions of our targets. We choose
o weight the reported thermal distribution widths for each bin by
 factor of 1/ σ 2 

σkT , i 
, where σσkT , i the error on each bin’s temperature

idth, before averaging for the two directions, following F. Mernier
t al. ( 2017 ). With this scheme, we effectively weight each bin with
espect to its emission measure, which accounts for each bin’s relative
ontribution to the average due to size and brightness. We present
he radial profiles for all individual directions in Fig. A1 . 

As Fig. 2 suggests, the inner regions, where we assume that
he current AGN feedback is interacting with the IGrM, have
ystematically broader thermal distributions in the on-lobe directions
hen their off-lobe counterparts. The offset between the two varies
trongly from target to target, ranging from 1 to 4 σ in the radial
ins before the largest radio lobe extent. However, it appears to be
ndependent of the gas temperature as we find little to no difference
etween the two directions (see Fig. B1 ) 

We also note that, for the majority of our targets, the width of the
hermal distribution tends to 0, or becomes unconstrained, towards
he edge of the core. While we observe this trend for both the on- and
ff-lobe directions, the later are more likely to have a statistically
ignificant amount of multiphase gas, reflected in the σkT , at the edge
f the core. 
Despite the clear differences in the width of the thermal distribu-

ion between the two directions, a similar asymmetry is not evident in
he Fe abundance profiles. In Fig. 3 , we present the on- and off-lobe
e radial profiles, weighted with respect to each bin’s Fe abundance
rror, following a similar scheme as before. The radial profiles for all
ndividual directions are shown in Fig. A2 . As our profiles indicate,
here is little to no systematic differences in the the Fe abundance
f the two directions. Specifically for the inner regions, where we
bserve the larger offsets in the σkT between the on- and off-lobe
irections, the Fe abundance differs by less than 2 σ throughout
ur sample, with the exception of two bins in HCG 62 and NGC
550 where a 3.4 and 3.9 σ tension is found, respectively. Overall,
his seems to suggest a lack of any strong directional abundance
nhancement, despite the evidence of ongoing AGN feedback. 

The overall shape of the Fe abundance profiles is consistent with
he ones presented in F. Mernier et al. ( 2017 ) and have a large target-
o-target variation. While M49, NGC 4636, and NGC 5813 show
vidence of a central enhancement peak in both on- and off-lobe
irections, the rest of our targets have relatively flat Fe abundance
rofiles, lacking any such evidence. A notable exception is NGC
550 where we observe a sharply deceasing Fe abundance across the
ore. 
NRAS 543, 3684–3697 (2025)
 DI SCUSSI ON  

.1 Effects of AGN feedback on the IGrM 

.1.1 Thermal structure 

ur results indicate that AGN feedback has a clear effect on the
hermal structure of the IGrM. To our knowledge, this is the first time
hat a systematic asymmetry is reported in the width of the thermal
istribution, with more multiphase gas found along the direction of
he radio lobes. 

In order to quantify its effect, we choose to further examine the
adial σkT profiles of the on-lobe directions with respect to the largest
xtent of their corresponding radio lobes. This allows us to highlight
ny differences in the width of the thermal distribution between
egions that are and are not currently impacted by AGN feedback,
s indicated by the presence of radio lobes and X-ray cavities, along
he same direction. In Fig. 4 we see that, on average, downstream
inner) regions have broader thermal distributions than their upstream
outer) counterparts. We also find a steeper slope on the running
verage when transitioning from downstream to upstream, that
imilarly indicates a connection between multiphase gas and the radio
obes. 

However, it is evident that there are many regions upstream with a
ignificant amount of multiphase gas. Even for cases approximating
 single temperature distribution, σkT remains for the most part
nconstrained, which means that we can not rule out the presence
f cooler gas. While these areas should be unaffected by the current
GN feedback, as indicated by the largest extent of the observed

adio lobes, this does not mean that they could not have been affected
y previous AGN outbursts. It is possible that such events could
ave uplifted central gas, in a fashion similar to the current AGN
eedback, which can still be seen in the σkT profiles. If that is the
ase, careful examination of the multitemperature structure of the
GrM could be key in understanding the history of the central AGN
n these systems. However, such an analysis exceeds the scope of this
ork. 
Another interesting feature of the averaged σkT profiles is the

ffset in the thermal distribution widths between the on- and off-
obe directions. While, as we have already pointed out, the on-lobe
irections have systematically broader thermal distributions than
heir off-lobe counterparts, the difference between the two varies
rom target to target. 

In order to quantify this effect, we choose to examine the average
kT excess, calculated as the average difference in the σkT between
n- and off-lobe directions in all downstream radial bins, for
ur entire sample. Assuming that a broader thermal distribution
mplies that large amounts of cooler gas are present, the average
kT excess highlights its distribution, with a value of 0 implying

sotropy. 
In Fig. 5 , we present the average σkT excess as a function of each

arget’s average cavity power (Pcav ), which we use as a proxy of
he AGN power. The latter is estimated following E. K. Panagoulia
t al. ( 2014 ), using their reported cavity properties and pressure
rofiles from the literature, when available. Our results indicate an
nticorrelation between the two, with a Spearman correlation coeffi-
ient rS = −0 . 86 (p-value ∼ 0.014), implying that the distribution of
ooler gas is more isotropic in systems with stronger AGN feedback.
owever, both the excess σkT and the cavity power, are associated
ith large uncertainties. 
We speculate that this trend could be indicative of a more efficient
ixing, induced by the AGN feedback. The shallower gravitational
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otential wells of galaxy groups could suggest that the energy 
njections from the central SMBH are capable of not only uplift
f cooler central gas, but also diffusion in the azimuthal axis. In such
 scenario, larger energy injections can lead to a smaller σkT excess. 
owever, due to the large uncertainties of our measurements, the 
bserved behaviour can be subjected to target-to-target variation and 
ot representative of a broader global trend. 
However, it is important to note that while the trend appears to

e both strong and statistically significant at the α = 0.05 level 
f significance, both the excess σkT and the cavity power, are 
ssociated with large uncertainties. Therefore, it is possible that the 
bserved behaviour is subjected to target-to-target variation and not 
epresentative of a broader global trend. 

Overall, while there is a clear asymmetry in the thermal struc-
ure of the gas, due to AGN feedback, our results imply a
ore complex dynamical state of our targets’ IGrM, despite their 

verall relaxed morphology. This highlights the need for a more 
etailed study of those low mass systems, both theoretically and 
bservationally. 
.1.2 Chemical structure 

hile the AGN feedback appears to have a directional effect on
he thermal structure of the IGrM, this is not the case for the
hemical structure. As we have previously shown, we find little to no
ifferences in the Fe abundance radial profiles of the two directions,
egardless of the thermal structure. In fact, as Fig. 6 suggests, the
wo quantities are likely decoupled, outside of a possible mutual 
nticorrelation with radius. 

However, the isotropic Fe abundance distribution of the IGrM 

cross our sample, contradicts the diversity of directional AGN 

eedback effects on its chemical structure found in literature. For 
xample, previous studies have reported depressions in the Fe 
bundance along the directions of uplifted gas dragged by AGN 

eedback (e.g. M. Gendron-Marsolais et al. 2017 ; Y. Su et al. 2019 ),
hat we do not find, even though these systems are included in
ur sample. One likely explanation for such differences, as it was
emonstrated in S. Randall et al. ( 2015 ) for NGC 5813, could reside
n the Fe bias (D. A. Buote 1999 ), where one can systematically
MNRAS 543, 3684–3697 (2025)
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Figure 3. Average radial Fe abundance profiles. Data points represent the weighted averages of the Fe abundance in the on- and off-lobe directions, according 
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available. Our results indicate that there’s little to no directional difference in the amount of Fe present in the IGrM, based on the presence or absence of AGN 

feedback. 

u  

a
 

d  

t  

s  

(  

g  

a  

s  

o  

d  

o  

s
 

t  

2  

F  

t  

d  

c  

i  

A  

F
 

s  

b  

p  

F  

d  

A  

d  

f  

I  

H  

c  

f  

d  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/543/4/3684/8262268 by guest on 29 January 2026
nderestimate the true Fe abundance if a multiphase medium, such
s the IGrM, is approximated by a single temperature model. 

In Fig. 7 , we showcase this effect by calculating the Fe abun-
ance profiles of our targets, assuming a single temperature model
hroughout. We find that, as expected, the central Fe abundances are
ystematically below the empirical Fe profile from F. Mernier et al.
 2017 ), as they represent regions with large amounts of multiphase
as. While HCG 62 and NGC 5813 (shown in Fig. B2 ), exhibit an
bundance enhancement in the off-lobe directions, the effect is not
ystematic throughout our sample. Almost all remaining targets in
ur sample show little to no difference in the amount of Fe between
irections. This suggests that additional effects must be in play in
rder to explain the previously reported diversity of chemical IGrM
tructures. 

Cases were a strong Fe abundance enhancement has been found
o be associated with the AGN feedback (e.g. E. O’Sullivan et al.
005 , 2011 ; T. F. Laganá et al. 2015 ), can not be a product of the
e bias. However, given the consistency of the Fe abundance radial

rends found in this work, we speculate that this could be an artifact
NRAS 543, 3684–3697 (2025)
ue to atomic library incompleteness. Small changes in the atomic
odes and plasma emission models can have significant differences
n the shape of the X-ray emission, especially in the Fe–L complex.
s a result, it is possible that a model can overestimate the amount of
e present, in order to compensate for a lower predicted emissivity. 
Since the effects of the Fe bias are a direct product of limited

pectral resolution and the biases due to atomic libraries can
e highlighted when comparing with high resolution spectra, the
reviously mentioned tensions can be addressed by resolving the
e–L bump. Overall, our results (re-) open the question on the
iversity of chemical structures in the IGrM in relation with central
GN feedback, with a consistent description of the Fe abundance
istribution as isotropic. Such a description appears to be more in
avour of an early, instead of a late, enrichment scenario, with the
GrM being formed from gas that is already enriched and well-mixed.
owever, a deeper understanding of the interaction between the

entral AGN and the hot atmospheres of these systems is necessary
rom both observations and theoretical works. Additionally, the
istribution of Fe appears to be insensitive to the directionality of the
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adio lobes, questioning both its reliability to trace AGN feedback in
alaxy groups. 

.2 Comparison with clusters 

s stated previously, studies of the ICM have indicated that clusters
ystematically show an increase in the amount of Fe along the
irection of radio lobes and cavities (e.g. C. C. Kirkpatrick et al. 2009 ,
011 ). This however is in tension with what our findings regarding
he IGrM. 

One possibility is that the Fe enhancements in clusters are 
rtificial. As we have previously mentioned, improper modelling of 
he plasma emission or of the thermal distribution of the underlying
as (‘inverse Fe-bias’; e.g E. Rasia et al. 2008 ; A. Simionescu et al.
009 ; F. Gastaldello et al. 2010 ) could overestimate the amount of
e present in each direction. Similarly, it is possible that the lack of
n abundance enhancement is subjected to systematics due to the 
eliance on the Fe–L complex. Unlike galaxy clusters where the 
ontinuum is purely thermal and the ICM is hot enough to excite
he Fe K α line, spectral analysis of the IGrM relies on emission
rom the Fe–L complex, which is both unresolved at CCD spectral
esolution and subjected to degeneracies with a continuum that is no
onger purely thermal. Therefore, it is possible for any anisotropies 
n the chemical structure of the IGrM to be erased due to such

ystematics. 
Either scenario would suggest that both the ICM and the IGrM

how similar levels of metal mixing. However, G. Riva et al. ( 2022 )
ave indicated only a modest level of systematic uncertainties in 
he Fe abundance of intermediate mass galaxy clusters due to 
heir reliance on the Fe–L complex. Assuming that such errors 
emain comparable for lower mass systems, the latter scenario 
eems unlikely. Overall, higher resolution spectroscopy and a more 
ophisticated modelling of the 2–4 keV plasma could resolve this 
ension and provide us with an accurate representation of the 
nderlying gas’ chemical properties. 
Alternatively, it is possible that an Fe abundance enhancement 

n our galaxy groups is present along the on-lobe directions, but
ts detection remains limited due to spatial resolution, modelling 
ssumptions and photon statistics. For example, throughout our 
nalysis we assume that all thermal phases in our model have the same
e abundance. While this assumption is consistent with previous 
orks in clusters, it is possible that it might not hold for galaxy
roups. As a result, we might be missing a cooler, metal rich gas
omponent in the on-lobe directions. Similarly, our model uses a 
ingle point estimate for the Fe abundance which is sensitive to the
ean Fe abundance along our line of sight. Considering the sizes of

ur bins, it is likely that a thin and less bright stream of overabundant
as gets averaged out by the bulk of the IGrM, resulting in its non-
etection. Higher spatial-spectral resolution and sensitivity, as well 
s studies of the IGrM from theoretical works, can significantly 
mprove our capability to both resolve and predict the actual amount
f Fe present inside those regions. 
Finally, it is likely that the tension between the ICM and IGrM with

espect to their chemical structure is a product of their halo masses.
ven though the energy injected to both the ICM and the IGrM is
omparable, due to the similarly massive SMBHs, galaxy groups 
nd giant ellipticals reside in significantly less massive haloes. As 
 result, AGN feedback can remove a large fraction of baryons and
he metals associated with them from the halos of galaxy groups.
his would negate any possible enhancement via uplifted metals, 
hile mixing the IGrM efficiently early on. This notion appears to
MNRAS 543, 3684–3697 (2025)
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e supported by theoretical works, that highlight the eradication of
ny abundance asymmetries in halos of log10 (M200 c /M�) 13.0 (e.g.
. Truong et al. 2021 ). This scenario could explain the flatness of the

bundance peak in the profiles of galaxy groups and the decoupling
f the thermal distribution width and Fe abundance, as the former
s associated with the current AGN activity while the latter has
lready been mixed. However, due to the limitations we mentioned
reviously a greater understanding of the effects of AGN feedback
n these lower mass systems is necessary both from observations and
imulations. 

 C O N C L U S I O N S  

n this paper, we have re-examined archival XMM–Newton data
or a subset of galaxy groups and giant elliptical galaxies from
he CHEERS sample. The scope of this work is to investigate the
ffects of AGN feedback on the surrounding hot atmosphere, namely
n its thermal structure and metal distribution, of such lower mass
ystems in systematic way. The main difference between our analysis
nd previous published works using a similar data et is that we
xamine those effects by factoring in the directional nature of AGN
eedback while implementing a more realistic description of the
hermal structure via a Log-Normal distribution. Our main results
re summarizd as follows: 

(i) We systematically find an extended multitemperature structure
long the direction of the observed radio-lobes, or the position of
nown cavities, across our entire sample. Evidence of multiphase in
he off-lobe directions is mainly found closer to the cores and can be
 product of gas mixing on those scales. 

(ii) Our results suggest that recent AGN feedback increases the
mount of multiphase gas in the IGrM, as indicated by broader
hermal distribution widths in the on-lobe directions. However, we
nd a non-negligible amount of cooler gas towards the outskirts,
ost likely due to former energy injections. 
(iii) Despite the anisotropic distribution of the multiphase gas, we

nd no directional differences in the Fe abundance radial profiles.
ather, they indicate a similar distribution of Fe across azimuths,
NRAS 543, 3684–3697 (2025)
onsistent with the empirical Fe profile from F. Mernier et al.
 2017 ). 

Overall, our analysis indicates that an isotropic distribution of
etals in the cores of galaxy groups and ellipticals is a common

ccurrence. This is despite the asymmetries in the distribution of
he multiphase gas suggesting a possible efficient mixing of metals
n the IGrM. However, our understanding of the dynamical state
nd chemical enrichment of the IGrM still remains limited due to
pectral and spatial resolution. Future missions with higher spec-
ral resolution and sensitivity, combined with dedicated theoretical
orks in this mass scales would allow us to better understand

he role AGN feedback plays in the distribution of metals in the
GrM. 
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Figure A1. Radial profiles of the thermal distribution’s width for all directions. Open symbols indicate error bars much larger than the axis limit. The vertical 
solid and dashed lines indicate the greatest extent of the radio lobes, or X-ray detected cavities if not available, for the solid and dashed on-lobe directions 
respectively. 
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Figure A2. Radial profiles of the Fe abundance for all directions. The vertical solid and dashed lines indicate the greatest extent of the radio lobes, or X-ray 
detected cavities if not available, for the solid and dashed on-lobe directions respectively. 

APPEN D IX  B:  M O D E L  SYSTEMATICS  

In this section, we examine possible effects that can be biasing the 
interpretation of our trends. A possible bias, inflating the difference 
in the width of the thermal distribution between on- and off-lobe 
directions can be the vlognorm model’s description of the thermal 
structure. If the peak temperature of the gas deviates strongly between 
the two directions, it is possible for the model to inflate the width of 
the distribution to compensate for it. 

In Fig. B1 , we present the weighted average temperature between 
the on- and off-lobe directions. It is evident that, the temperature 

gradient remains consistent between them, suggesting that the 
broader widths reported in the on-lobe directions are physical. 

Finally, we want to quantify the extend to which the Fe bias could 
influence our inferred Fe abundance profiles. In Fig. B2 , we present 
the weighted average Fe abundance profiles for the two directions, 
modelling the gas with a single temperature thermal model. It is 
evident that the galaxy groups and giant ellipticals with the highest 
amount of multiphase gas in their centres are heavily subjected to 
the Fe bias, resulting in enhancements in the off-lobe directions. 
H  

c
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owever, the rest of our targets maintain the view of a symmetric
hemical structure across azimuths, even if appearing metal poorer. 
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Figure B1. Weighted average radial profiles of the thermal distribution’s centre for the on- and off-lobe directions. The vertical solid and dashed lines indicate 
the greatest extent of the radio lobes, or X-ray detected cavities if not available. There are effectively no differences in the central temperature between the two 
directions suggesting that it does not play a role in the different thermal widths. 
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Figure B2. Weighted averaged Fe abundance profiles for the on- and off-lobe directions, assuming a single temperature model throughout. The vertical solid 
and dashed lines indicate the greatest extent of the radio lobes, or X-ray detected cavities if not available. Our results suggest that ignoring the multiphase nature 
of the IGrM can lead to cases where the Fe abundance of the on-lobe directions is depressed to the extent of an off-lobe enhancement. However, the rest maintain 
an azimuthally symmetric chemical structure despite the reduced inferred Fe abundance. 
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