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Galaxy groups consist of a few tens of galaxies bound in a common gravitational
potential. They dominate the number count of the halo mass function and contain a sig-
nificant fraction of the overall universal baryon budget. Being less massive than clusters,
the energy that is supplied by supernovae and active galactic nuclei (AGNs) to the hot
intragroup medium (IGrM) can easily exceed their gravitational binding energy. Thus, it
is expected that these non-gravitational mechanisms have a strong effect on the distribu-
tion of of the baryons, making galaxy groups ideal targets to constrain the mechanisms
governing the cooling–heating balance. The net effect of the various feedback processes
in action in the gravitational potential wells is to change the radial distribution of the
energy and mass in groups, affecting the correlations between their observed properties.
Therefore, they are key to our understanding of how the bulk of matter in the Universe
accretes and forms hierarchical structures and how different sources of feedback affect their
gravitational collapse.

Despite their crucial role in cosmic structure formation and evolution, galaxy groups
have received less attention compared to massive clusters. This is in part due to the
challenges (e.g., faint X-ray emission, low number of galaxies in optical, low S/N in SZ)
associated with their detection, observation, and characterization. With the advent of
eROSITA (launched in 2019), many thousands of galaxy groups will be detected by X-ray,
complementing on-going and future optical (DES, Euclid, Vera Rubin), SZ (SPT-3G, ACT),
and radio (LOFAR, MeerKAT) surveys, paving the way towards the exploitation of the
next generation of X-ray instruments (onboard XRISM—expected to fly by 2023—and the
ESA L2 mission Athena—expected to fly in the 2030s).

To foster progress in the field of the physical properties of galaxy groups, facilitating
effective cross-communication among observers, theorists, and simulators, we organized a
Special Issue (https://www.mdpi.com/journal/universe/special_issues/PPGG (accessed
on 21 July 2021)) dedicated to the physical properties of galaxy groups. We aimed to collect
and organize the latest developments in our understanding of these systems and present
future prospects from both observational and theoretical points of view. This Special Issue
includes five manuscripts, which we summarize briefly in the following.

• “Properties of Fossil Groups of Galaxies”, by Aguerri and Zarattini [1]

Fossil groups are an ostensibly special class of galaxy systems. They are objects
dominated by a single, bright, elliptical galaxy and are thought to be the latest stage in the
evolution of galaxy groups. Their properties differ from the one of other galaxy groups, and
since it is likely that they did not experience recent major mergers, they should represent
archetypal old undisturbed systems, and are therefore important systems to study. In the
review, we show the main observational and theoretical works demonstrating that these
systems fall very well in the current theory of structure formation in the Universe.

• “Scaling Properties of Galaxy Groups”, by Lovisari et al. [2]

The scaling relations are the result of the different physical processes at work in the
intracluster medium and provide an important tool to study its thermodynamic history.

Universe 2021, 7, 254. https://doi.org/10.3390/universe7080254 https://www.mdpi.com/journal/universe
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In fact, the various processes that govern the formation of galaxy groups are suspected of
systematically increasing the intrinsic scatter of the groups relations and changing their
integrated properties. We overview the most recent studies on the X-ray scaling relations,
obtained at the galaxy group scale, and their relations with optical properties and the
supermassive Black Hole (SMBH) mass.

• “Feedback from Active Galactic Nuclei in Galaxy Groups”, by Eckert et al. [3]

The formation and evolution of the physical properties in groups are a direct con-
sequence of the interplay between galaxy evolution, the development of the intragroup
medium, and feedback. Many authors have argued that feedback from SMBHs plays a
crucial role in regulating the star formation rates of massive galaxies and suppressing the
onset of catastrophic cooling by carving cavities and driving shocks across the medium.
We review the current observational evidence for AGN feedback in nearby galaxy groups
with observations at X-ray, radio, and millimeter wavelengths and describe the theoretical
advances made in recent years to interpret the heating–cooling cycle.

• “Simulating Groups and the IntraGroup Medium: The Surprisingly Complex and Rich
Middle Ground between Clusters and Galaxies”, by Oppenheimer et al. [4]

The influence of the feedback processes is complex and difficult to model and to
reproduce in simulations. However, cosmological simulations have enabled breakthroughs
in our understanding of the gas and stellar contents of groups and of the impact of groups
for cosmological parameter estimation. The review focuses on how groups process their
baryons in a cosmological context, discussing the current limitations and the perspectives
for improving the theoretical modeling in the near future.

• “The Metal Content of the Hot Atmospheres of Galaxy Groups”, by Gastaldello et al. [5]

Metals play a central role in the thermodynamic balance of galaxy systems by sus-
taining the cooling of their environment by means of spectral line emissions. DUe to the
shallower gravitational potential of groups, feedback effects leave important marks on
their gas and metal contents. Therefore, the shape of the abundance profiles can be used
to investigate the impact of the feedback in the IGrM. We review the status of the metal
abundance measurements in the IGrM and the progress made by simulations to reproduce
and interpret those measurements.
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INAF “Call per interventi aggiuntivi a sostegno della ricerca di main stream di INAF”.
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Abstract: Galaxy groups and poor clusters are more common than rich clusters, and host the largest
fraction of matter content in the Universe. Hence, their studies are key to understand the gravitational
and thermal evolution of the bulk of the cosmic matter. Moreover, because of their shallower
gravitational potential, galaxy groups are systems where non-gravitational processes (e.g., cooling,
AGN feedback, star formation) are expected to have a higher impact on the distribution of baryons,
and on the general physical properties, than in more massive objects, inducing systematic departures
from the expected scaling relations. Despite their paramount importance from the astrophysical
and cosmological point of view, the challenges in their detection have limited the studies of galaxy
groups. Upcoming large surveys will change this picture, reassigning to galaxy groups their central
role in studying the structure formation and evolution in the Universe, and in measuring the cosmic
baryonic content. Here, we review the recent literature on various scaling relations between X-ray and
optical properties of these systems, focusing on the observational measurements, and the progress in
our understanding of the deviations from the self-similar expectations on groups’ scales. We discuss
some of the sources of these deviations, and how feedback from supernovae and/or AGNs impacts
the general properties and the reconstructed scaling laws. Finally, we discuss future prospects in the
study of galaxy groups.

Keywords: galaxy groups; X-ray and optical observations; intragroup medium/plasma; active
galactic nuclei; hydrodynamical simulations

1. Introduction

Following the hierarchical scenario of structure formation, galaxy systems form
through episodic mergers of small mass units. The less massive ones (often referred
as groups) are the building blocks for the most massive ones (clusters), and trace the
filamentary components of the large-scale structure (e.g., Eke et al. [1]). However, the
distinction between groups and clusters is quite loose and no universal definition exists in
the literature. Also, because the halo mass function is continuous, a naive starting point
would be to not single out the low-mass end objects. Nonetheless, these poor systems have
some notable differences (e.g., lack of dominance of the gas mass over the stellar/galactic
component; Giodini et al. [2]) with respect to their more massive counterpart and they
cannot be simply considered their scaled-down versions.

A conventional “rule of thumb” definition is to label systems of less than 50 galaxies as
groups and above as clusters. More in general, galaxy groups have been broadly classified
into three main classes based on their optical and physical characteristics: poor/loose
groups, compact groups, and fossil groups (e.g., Eigenthaler and Zeilinger [3]). Poor/loose
groups are aggregate of galaxies with a space density of ∼10−5 Mpc−3 (e.g., Nolthenius

Universe 2021, 7, 139. https://doi.org/10.3390/universe7050139 https://www.mdpi.com/journal/universe
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and White [4]). Compact groups are small and relatively isolated systems of typically
4–10 galaxies with a space density of ∼10−6 Mpc−3 (e.g., Hickson [5]). Fossil groups are
objects dominated by a single bright elliptical galaxy (a formal definition is provided in
Jones et al. [6]). Early studies (e.g., Helsdon and Ponman [7]) showed that subsamples of
loose and compact groups share the same scaling relations. Thus, in this review, we do not
make distinction between poor/loose and compact groups, and hereafter we simply refer to
them as galaxy groups. The properties of fossil groups are instead discussed in the compan-
ion review by Aguerri et al. However, since the optical properties are not always available,
a threshold of M∼1014M�, corresponding to a temperature of 2–3 keV, is also often used
to classify these systems. We will show later that this threshold roughly corresponds to the
temperature for which there is a significant change in the X-ray emissivity.

Despite the crucial role played by groups in cosmic structure formation and evolution,
they have received less attention compared to massive clusters. One of the reasons is
that typical groups contain only a few bright galaxies in their inner regions, making very
difficult to detect them in optical with a relatively good confidence. A much easier method
of detecting them is to study the X-ray emission from the hot intragroup medium (IGrM).
The detection of hot plasma carries witness that galaxy groups (and clusters) are not simple
conglomerate of galaxies put together by projection effects, but real physical systems
which are undergoing some degree of virialization. Galaxy groups often show lower and
flatter X-ray surface brightness than clusters (e.g., Ponman et al. [8], Sanderson et al. [9]).
Therefore, the physical properties of the gas derived for galaxy groups are presumably less
robust than the properties derived for galaxy clusters. Nonetheless, they represent a more
common environment because the mass function of virialized systems, which describes
the number density of clusters above a threshold mass M, is higher at lower masses
(with a factor of ∼30/210/1500 more objects in the mass range M500 = 1013 M� − M1
than in M500 > M1, and M1 = 1/2/5 × 1014M� at z = 0; see, e.g., [10]). Hence, the
detection and characterization of galaxy groups is especially important for astrophysical
and cosmological studies.

1.1. Galaxy Groups and Astrophysics

Galaxy groups cover the intermediate mass range between large elliptical galaxies
and galaxy clusters and contain the bulk of all galaxies and baryonic matter in the local
Universe (e.g., Tully [11], Fukugita et al. [12], Eke et al. [1]). Because of that, they are
crucial for understanding the effects of the local environment on galaxy formation and
evolution processes. Moreover, the feedback from supernovae (SNe) and supermassive
black holes (SMBHs) is expected to significantly alter the properties of these systems
being the energy input associated with these sources comparable to the binding energies
of groups (e.g., Brighenti and Mathews [13], McCarthy et al. [14], Gaspari et al. [15]).
However, the relative contributions of the different feedback processes are still a matter
of debate and it will constitute a major subject of research for the next decade. These
factors make galaxy groups great laboratories to understand the complex baryonic physics
involved, and to study the differences with their massive counterpart. For instance, we
know that the fraction of strong cool-cores (CC; i.e., systems with a central cooling time
tcool < 1 Gyr, as described in Hudson et al. [16]), weak cool-cores (1 < tcool < 7.7 Gyr),
and non-cool-cores (NCC; tcool > 7.7 Gyr) objects at the group scale are similar to those
in galaxy clusters (Bharadwaj et al. [17]). However, O’Sullivan et al. [18] found that the
CC fraction increases dramatically when the samples are restricted to low-temperature
systems (i.e., kT<1.5 keV) showing a correlation between system temperature and CC
status. Bharadwaj et al. [17] also found that brightest group galaxies have a higher stellar
mass than brightest cluster galaxies, suggesting that there is less gas available to feed
the SMBHs. Recent results suggest that the IGrM and intracluster medium (ICM) are
also providing a source of gas which feeds and grows the central SMBHs, in particular
leading to novel scaling relations between the SMBH mass and the X-ray properties of
their host gaseous halos (e.g., Bogdán et al. [19], Gaspari et al. [20], Lakhchaura et al. [21]).

4
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These findings imply an interplay between the feedback mechanisms connected with the
SMBHs and the macro-scale halos, which could explain some features of cosmological
simulations driving a relative break of the Lx–Tx and Lx–M relations at low temperatures
(e.g., McCarthy et al. [14], Sijacki et al. [22], Puchwein et al. [23], Fabjan et al. [24], Le Brun
et al. [25]). This deviation is often attributed to active galactic nucleus (AGN) feedback
(e.g., Planelles et al. [26], Gaspari et al. [27], Truong et al. [28]).

The properties described above have an important effect on the correlation between
different physical quantities. For instance, it is well established that CC and NCC objects
populate different regions of the X-ray luminosity space of any scaling relations (e.g.,
Markevitch [29], Pratt et al. [30], Mittal et al. [31], Bharadwaj et al. [32], Mantz et al. [33],
Lovisari et al. [34]). Therefore, a change in the fraction of CC/NCC systems as a function of
the temperature (mass) will have an impact to the slope, normalization, and scatter of the
observed scaling relations. Hence, it is crucial to have a full coverage for the whole sample
to minimize the systematic errors due to the incompleteness. In fact, if all the missing
objects happen to belong to one of the subsamples (e.g., NCC), the normalization (and the
scatter) of the studied scaling relations will be wrong. Moreover, the CC/NCC fraction
of systems in a sample depends on the selection function and may not be representative
of the underlying population. For instance, X-ray selected samples are known to be
biased toward centrally peaked and relaxed systems, in particular in the low-mass regime
(Eckert et al. [35]). In fact, recent results by O’Sullivan et al. [18], who analyzed a sample
of optically selected groups, show that ∼20% of X-ray bright groups (probably the most
disturbed ones, or with no concentrated CC) in the local Universe may have been missed.
Thus, the scaling relations of galaxy groups (and clusters) are the result of the various
processes that govern the formation and evolution of these systems making them ideal
targets for studying the effect of the interplay between galaxy evolution, the development
of the IGrM, and feedback.

1.2. Galaxy Groups and Cosmology

Clusters of galaxies have proven to be remarkably effective probes of cosmology
(e.g., [36–46]). However, since galaxy groups represent a large fraction of the number
density of virialized systems, their impact might be relevant (in particular, on the recon-
struction of halo mass function). For instance, recent results of the Dark Energy Survey
(DES) collaboration show that the σ8–ΩM posteriors have a 5.6σ tension with Planck CMB
results, and a 2.4σ tension with galaxy clustering and cosmic shear results [47]. The cause
of this tension is thought to reside at the low-mass (low richness) end of the cluster popu-
lation, specifically, clusters with a richness of λ < 30 (corresponding to ∼1014 M�). The
removal of low richness systems from the analysis significantly reduces the tension with
comparative cosmological probes. However, various tests undertaken in Abbott et al. [48]
suggest that the discrepancy is probably due to the modeling of the weak-lensing signal
rather than the group and cluster abundance. The mass calibration for the DESY1 analysis
is based upon a stacked weak-lensing analysis, through application of the weak-lensing–
richness relation [49]. This relation is derived over the full richness range, which would
not account for any deviations at the low-mass end. Furthermore, since the mass analysis
relies on stacked quantities, information on scatter in mass with richness is lost and must
be informed from external relations. In the case of the DESY1 analysis, the mass scatter
information is inferred from the temperature–richness relation using X-ray data [50]. This
scatter is assumed constant with richness, which again, could evolve as a function of rich-
ness. The investigation of these effects will become of critical importance as the low-mass
end of the mass scales are increasingly probed by future surveys (e.g., those constructed
from the Legacy Survey of Space and Time undertaken by the Vera C. Rubin Observatory).

Excluding low-mass systems significantly reduces the cosmological parameter con-
straints. Thus, despite the important complications present at the group scale, it is becoming
generally appreciated that galaxy groups should be included in the cosmological analysis.
To use them to constrain the cosmological parameters we need a good knowledge of the
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selection function to properly correct for the incompleteness, otherwise studies employing
the cluster mass function may find lower ΩM and/or σ8 values than the true values. This
scenario is supported by the finding of Schellenberger and Reiprich [44], who showed how
the increasing incompleteness of parent samples in the low-mass regime together with a
steeper Lx–M relation observed for groups, can lead to biased cosmological parameters.
It is worth noticing that if a large fraction of galaxy systems is missed, then the tension
between cluster counts and primary CMB cosmological constraints may become less severe.

Most of the upcoming large surveys will push the measurements down to the low-
mass regime. Thus, to fully exploit the future datasets to constrain the cosmological
parameters, we need to properly characterize the properties of galaxy groups and the
differences with galaxy clusters, accounting for the different selection effects, and estimating
the amplitude of the various biases.

1.3. This Review

In this work, we present an overview of the most recent studies on scaling relations
between several integrated observed quantities of galaxy groups, and complement/update
the previous reviews in the field by, e.g., Mulchaey [51] and Sun [52]. The review is
organized as follows. In Section 2, we derive the self-similar X-ray scaling relations
and overview the observed deviations. In Section 3, we discuss the relations between
X-ray and optical properties. In Section 4, we discuss the relation between the SMBH
mass and the global group quantities. In Section 5, we shortly discuss the most relevant
upcoming missions and their expected contribution to the field. In Section 6 we provide
our final remarks.

2. X-ray Scaling Relations

2.1. Theoretical Expectations

The X-ray scaling relations for galaxy systems were derived by Kaiser [53], based on
the simple assumption that the thermodynamic properties of the ICM are only determined
by gravity (i.e., gas just follow the dark matter collapse). Since gravity is scale free, this
model predicts that objects of different sizes are the scaled version of each other. For that
reason, this model is often referred as self-similar, and the derivation of the predicted
relations has been extensively covered in the literature (e.g., Kitayama and Suto [54], Bryan
and Norman [55], Voit [56], Maughan et al. [57], Borgani et al. [58], Böhringer et al. [59],
Ettori [60], Giodini et al. [61], Maughan [62], Ettori [63], Ettori et al. [64]). Here, we only
provide a brief review of the standard derivation of the self-similar scaling relations for
massive systems, and then extend them, when necessary, to the low-mass regime where
gas physics is playing a significant role.

In the self-similar scenario, two galaxy systems which have formed at the same time
have the same mean density. Hence,

MΔz

R3
Δz

= constant (1)

where MΔz is the mass contained within the radius RΔz , encompassing a mean density
Δz times the critical density of the Universe ρc(z), so that MΔz ∝ ρc(z)ΔzR3

Δz
. The critical

density of the Universe scales with redshift as ρc(z) = ρc(z=0)E
2(z), where E(z) = Hz/H0

describes the evolution of the Hubble parameter with redshift z.
During the gravitational collapse, the gas density increases, and a shock propagates

outward from the cluster center and heats the gas. After the passage of the shock, IGrM
and ICM can be considered in hydrostatic equilibrium, so the temperature Tx provides an
estimate of the gravitational potential well (i.e., Tx ∝ GMΔz /RΔz ∝ R2

Δz
), and therefore of

the total mass of the cluster:
MΔz ∝ Tx

3/2. (2)

6
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In the self-similar scenario, where the gas fraction, fg, of galaxy groups and clusters
is universal, one expects for the total gas mass, Mg, a similar dependence on the gas
temperature: Mg ∝ Tx

3/2.
The hot gas in galaxy systems is typically described as an optically thin plasma in

collisional ionisation equilibrium. Its X-ray emissivity (i.e., the energy emitted per time
and volume) is equal to

ε = ne np Λ(Tx, Z�), (3)

where ne and np are the number densities of electrons and protons, respectively, that
are related to the gas mass density ρg through the relation ρg = μmp(ne + np), μ is the
mean molecular weight (∼0.6 for a plasma with solar abundance), mp is the proton mass,
and Λ(Tx, Z�) is the cooling function which depends on the mechanism of the emission1

and on the considered energy window. At high temperatures (i.e., kT > 3 keV) the main
mechanism of emission is thermal bremsstrahlung and the cooling function in the full
energy band mainly depends only on Tx (i.e., Λ(Tx, Z�) ∝ T1/2

x ). Thus, for sufficiently
massive systems the bolometric X-ray luminosity (i.e., 0.01–100 keV band) is given by

Lx,bol ∝
∫

ε dV ∝ n2
p T1/2

x R3 ∝ f2
g T2

x ∝ T2
x (4)

with the last scaling obtained assuming a constant gas fraction as predicted by the self-
similar scenario. By combining Equations (2) and (4) one obtains the well-known relation
between bolometric luminosity and total mass (i.e., Lx,bol ∝ M4/3).

In the literature the X-ray luminosities are also often provided in soft energy bands
(e.g., 0.1–2.4 or 0.5–2 keV), more representative of the bandpass covered by current (and
past) X-ray facilities used for the study of groups and clusters. In Figure 1 (left panel), we
show that for massive systems with typical cluster abundance the X-ray emissivity in soft
band is almost independent of the system temperature (e.g., for Z = 0.3Z� the change in ε
between 3 and 10 keV plasmas in the 0.5–2 keV band is <10% for given emission measure),
so that Lx,soft ∝T3/2

x , and hence using Equation (2), Lx,soft ∝ M.

Figure 1. (left panel): total X-ray emissivity as function of the plasma temperature in different energy bands (bolometric
in blue, 0.1–2.4 keV in magenta, and 0.5–2 keV in green). The curves are calculated using an APEC (Smith et al. [69])
model (v3.0.9) in XSPEC (Arnaud [70]) for two different values of metallicity: 1.0 (solid lines) and 0.3 times the solar
abundance as in Asplund et al. [71]. All curves are normalized to the bolometric emissivity at kBTx = 20 keV with Z = 1 Z�.
(middle panel): the emissivity slope as a function of temperature showing the impact of the different Z� and Tx in the
low-temperature regime. (right panel): bremsstrahlung emission fraction (Lbrem/Ltot) as a function of the temperature,
illustrating the increasing contribution of line emission to the total luminosity for low-temperature plasmas.

1 Three main processes contribute to the X-ray emission: thermal bremsstrahlung (due to the deflection of a free electron by the electric field of a ion),
recombination (due to the capture of an electron by an ion), and two-photon decay (due to the changing of the quantum level of an electron in an
ion). See details in the reviews from, e.g., Sarazin [65], Peterson and Fabian [66], Kaastra et al. [67], and Böhringer and Werner [68].
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However, the gas fraction is not constant, with a difference of almost a factor of two be-
tween groups and clusters (e.g., Vikhlinin et al. [72], Gonzalez et al. [73], Gastaldello et al. [74],
Pratt et al. [30], Dai et al. [75], Gonzalez et al. [76], Lovisari et al. [77], Eckert et al. [78]; see
also the companion reviews by Eckert et al. and Oppenheimer et al.). Moreover, at
low temperatures, line cooling becomes very important, and the emissivity (both in soft
and bolometric bands) becomes strongly abundance (Z�) and temperature dependent.
In Figure 1 (left and middle panels) we show the dependence of the emissivity on the
temperature and metallicity for widely used energy bands for scaling relations, clearly
showing that a simple scaling cannot be derived. In Table 1, we provide the dependence
for a set of interesting cases.

Table 1. Emissivity dependence on Tx and Z� for different temperature regimes and energy bands.

E Band T Range ε Slope (Z = 0.3Z�) ε Slope (Z = 0.5Z�) ε Slope (Z = 1.0Z�)

bol 0.4−0.7 +0.20 +0.16 +0.11
0.4–2.0 −0.00 −0.14 −0.34
0.4–3.0 +0.06 −0.07 −0.26
0.4–10.0 +0.20 +0.11 −0.03
0.7–2.0 −0.11 −0.30 −0.58
0.7–3.0 +0.01 −0.15 −0.40
0.7–10.0 +0.20 +0.10 −0.06
2.0–10.0 +0.40 +0.36 +0.28
3.0–10.0 +0.43 +0.41 +0.35

0.1–2.4 0.4−0.7 +0.44 +0.42 +0.39
0.4–2.0 −0.04 −0.19 −0.42
0.4–3.0 −0.04 −0.18 −0.39
0.4–10.0 −0.06 −0.16 −0.31
0.7–2.0 −0.29 −0.52 −0.84
0.7–3.0 −0.22 −0.40 −0.68
0.7–10.0 −0.16 −0.27 −0.45
2.0–10.0 −0.08 −0.12 −0.20
3.0–10.0 −0.10 −0.12 −0.17

0.5–2 0.4−0.7 +0.63 +0.56 +0.50
0.4–2.0 −0.03 −0.23 −0.48
0.4–3.0 −0.02 −0.21 −0.45
0.4–10.0 −0.04 −0.17 −0.35
0.7–2.0 −0.38 −0.65 –1.00
0.7–3.0 −0.27 −0.50 −0.81
0.7–10.0 −0.18 −0.32 −0.52
2.0–10.0 −0.06 −0.11 −0.22
3.0–10.0 −0.07 −0.11 −0.18

The complexity of the emissivity function in the low-temperature regime may lead to
a wrong interpretation of the results of scaling relation studies. In fact, it is conventional to
compare the slopes of the scaling relations obtained with sample of groups to the self-similar
predictions derived for massive clusters. However, if there is no feedback (i.e., the relations
follow the self-similar predictions), then the Lx–Tx and Lx–M relations should flatten at low
temperatures and masses. Thus, without accounting for the increasing contribution of the
line emission in the low-temperature regime, one could interpret the agreement between
group and cluster relations such that feedback processes play a negligible role in shaping
the IGrM. Thus, the impact of the feedback could be underestimated. To visualize the
contribution of line emission as function of the temperature, we follow the simple approach
of Zou et al. [79] in which we measure the luminosity (Ltot) in different energy bands (i.e.,
bolometric, 0.1–2.4, and 0.5–2) of APEC spectra with a metal abundance of Z� = 1.0 (not
rare at the center of galaxy groups, see companion review by Gastaldello et al.), and then
setting Z� = 0 without changing any other parameters to approximate the luminosity of
the pure bremsstrahlung component (Lbrem). We repeated the exercise for a more standard
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Z� = 0.3. The results are shown in Figure 1 (right panel) where it is clear the significant
contribution of line emission to the total luminosity in the low-temperature regime. Thus,
the luminosity–temperature and luminosity–mass relations can be approximated as Lx ∝
T1.5+γ

x and Lx ∝ M1+γ, where γ is the slope of the X-ray emissivity in the considered energy
band (e.g., soft or bolometric) and temperature range covered by the systems in the studied
dataset (see Table 1). It follows that the self-similar Lx–Tx and Lx–M relations for galaxy
groups are expected to be significantly flatter than the ones for galaxy clusters. It is also
worth noticing that even for massive systems with Z� = 0.3 there is a ∼5% contribution
from line emission. Thus, the bolometric emissivity slope is smaller than 0.5 (i.e., the value
one gets from pure bremsstrahlung emission) with the net effect being that the correct
self-similar expectation becomes Lx,bol ∝T∼1.9

x .
The abundance and temperature dependence of the X-ray emissivity at low tempera-

tures need to be taken into account when determining the luminosities of galaxy groups.
Normally, the luminosities are estimated applying a conversion factor to the observed count
rates to obtain the X-ray fluxes. From Figure 1 it is clear that this conversion factor in the
low-temperature regime depends strongly on the metallicity of the system. Given the ob-
served temperature and abundance gradients in groups (e.g., Rasmussen and Ponman [80],
Sun et al. [81], Mernier et al. [82], Lovisari and Reiprich [83]; see also the companion review
by Gastaldello et al.), a possible strategy is to use the observed profiles of temperature, abun-
dance, and surface brightness to estimate the luminosity in each radial bin obtained during
the spectral analysis (e.g., Sun [52], Lovisari et al. [77]). Sun [52] pointed-out that although
the average luminosities (soft band or bolometric) only change by ∼5% when the overall
values of temperature and abundance are used in the conversion instead of the profiles,
the scatter increases by 10–15%. This is an important point to keep in mind when using
survey data (e.g., ROSAT, eROSITA) for which simple assumptions such as isothermality
and single overall abundance are chosen to obtain an estimate of the luminosity.

The dependence of the cooling function on the metallicity also implies that the use
of different abundance tables can lead to different estimates of the rest-frame X-ray lu-
minosities. Typically, one recovers the source count rate within a given radius from the
surface-brightness profile, and then obtain the X-ray flux by setting the normalization of
a thermal model (with proper temperature and metallicity) to match the observed count
rate. However, the shape of the thermal model (which depends only on the abundance
for a given temperature and column density) can diverge at lower and higher energies
than the ones used to derive the surface brightness. To visualize the impact, we ran a set of
simulations in which the normalization of the thermal model for systems at z = 0.02 (i.e.,
median redshift of the current local group samples, see Table 2) was set in order to match a
count rate of 1 count/sec in the 0.5–2 keV energy band (i.e., the bandpass where many X-ray
facilities have most of their effective area, and often used to derive the surface-brightness
profiles) for each abundance table. Then, we estimated the luminosity in different energy
bands. In Figure 2 (top panels) we show the impact on the estimated luminosity as function
of the system temperature and common abundance tables. There is a very good agree-
ment in the 0.5–2 keV band luminosity, regardless of the abundance table used for the
analysis. Instead, small differences (i.e., in the order of a few percent) in the 0.1–2.4 keV
band and bolometric luminosities arise for low-temperature systems (i.e., kT � 1 keV)
when the abundances of (Grevesse and Sauval [84], GRSA), (Asplund et al. [71], ASPL), or
(Lodders et al. [85], LODD) are used. The disagreement is much more significant (i.e., up
to ∼10%) when the luminosities are estimated with the abundance table by (Anders and
Grevesse [86], ANGR). Most of the differences are due to the much higher Fe abundance
in ANGR with respect to the other tables investigated here. When the Fe abundance of
ANGR is set to the value of ASPL (leaving unchanged all the other ANGR abundances)
the estimated luminosities are in much better agreement (see the dashdot lines in the
middle panels of Figure 2). The reason for the differences highlighted in Figure 2 is that by
switching the abundance table we change the emissivity and the relative contribution of
the line emission with respect to the bremsstrahlung emission (see Figure 1). The difference
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between the rest-frame luminosity estimated with one or another table tends to increase at
higher redshifts (see bottom panels of Figure 2). However, unless very high redshifts are
considered, the effect is usually smaller than a few percent. In general, the soft-bands (in
particular the 0.5–2 keV band) are the ones showing a smaller impact on the estimated lu-
minosity by switching abundance table and should be preferred for galaxy groups studies.
Although in most cases the effect is relatively small, it can lead to systematic effects and
should be kept in mind when comparing independent literature results.

Another very useful quantity to describe the IGrM and ICM is the entropy which is
generated during the hierarchical assembly process. In X-ray studies of galaxy groups and
clusters, the entropy is usually defined as

K = kBTx n−2/3
e (5)

where kB is the Boltzmann constant. Entropy is conserved during adiabatic processes and
it is only modified by processes changing the physical characteristics of the gas. Entropy
increases when heat energy is introduced and decreases when radiative cooling carries
heat energy away (e.g., [56]), keeping a record of the energy injection and dissipation in
the intracluster gas. Thus, entropy measurements provide a useful tool for our under-
standing of the thermodynamic history of galaxy groups and clusters. Gas entropy in
galaxy groups shows a significant excess to that achievable by pure gravitational collapse
(e.g., Ponman et al. [8], Lloyd-Davies et al. [87], Ponman et al. [88], Finoguenov et al. [89],
Sun et al. [81], Johnson et al. [90], Panagoulia et al. [91]), indicating a substantial IGrM heat-
ing often ascribed to non-gravitational processes. In fact, due to the shallower potential well
of the small systems, it is expected that the energy released by past star formation and AGN
activities leaves a clear imprint on the thermodynamic properties of IGrM and ICM (see
companion reviews by Eckert et al. and Oppenheimer et al.). An effect that can be seen in
both the integrated properties (i.e., in the scaling relations) and in the shape of the entropy
profiles which are expected to follow K∝R1.1.
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Figure 2. Ratio between the rest-frame Lx ( left panels: bolometric, middle panels: 0.1–2.4 keV band, right pan-

els: 0.5–2 keV band) derived using the abundances as in Asplund et al. [71] and Lx obtained with the abundances of
(Grevesse and Sauval [84], pink), (Lodders et al. [85], turquoise), and (Anders and Grevesse [86], orange), respectively.
In the top panels we show the results for systems at z = 0.02 with a metallicity of 1.0 (solid lines) or 0.3 times the solar
abundance. The dashdot line in the middle panels refers to the simulations with a modified table of ANGR in which the
Fe abundance was set equal to the value of ASPL, showing that indeed most of the differences arise from the significant
discrepancy in Fe between ANGR and the other tables. The 0.5–2 keV band (i.e., the band used to rescale the APEC
normalization) provide the best agreement between the different tables. In the bottom panels, we show the impact on
Lx of changing abundance table for systems at different redshifts: z = 0.02 (solid line), z = 0.3 (dashed), and z = 1 (dotted,
dashdotted). The simulations were performed with Z = 1Z�. The plot shows how the differences increases with z, although
the effect is generally smaller than ∼5% unless very high z are considered. The residual difference between ASPL and the
modified ANGR table for high z objects is due to the differences in elements other than Fe (e.g., C, N, O, Ne, Mg, Si, S).

2.2. Observed Scaling Relations

The Lx–Tx relation involves two of the easiest quantities that can be derived using
X-ray data. It was one of the first X-ray correlations to be studied and is still one of the
most disputable scaling law between integrated observed properties. In fact, there have
been conflicting reports in the literature about whether the relation for groups behaves as
the one derived for massive clusters (i.e., whether groups are simply scaled-down versions
of clusters or not). It has been clear for many years that the Lx,bol–Tx relation for massive
systems does not scale self-similarly (see, e.g., Giodini et al. [61] for a review about the
relation for galaxy clusters), with slopes significantly higher than 2. Although pioneering
studies of the relation for galaxy groups suggested considerably steeper slopes (i.e., slopes
larger than 4; Helsdon and Ponman [92], Helsdon and Ponman [7], Xue and Wu [93]), later
investigations found relations only slightly steeper than the ones for clusters (e.g., Osmond

11



Universe 2021, 7, 139

and Ponman [94], Shang and Scharf [95], Eckmiller et al. [96], Sun [52], Lovisari et al. [77]).
In Figure 3, we show a compilation of data for the Lx–Tx relation taken from recent studies
of galaxy groups observed with XMM–Newton and Chandra, and in Table 2 we list the best-
fit slopes from these and other studies. The results show that indeed the slope obtained for
poor systems (i.e., kT < 3 keV) is consistent to the one derived for the more massive clusters
(with hints of a slightly different normalization that cause a flattening when all the systems
are fitted together). However, since the Lx–Tx relation is expected to flatten in the low-mass
regime (see Section 2.1) these results clearly indicate a more significant contribution of
the non-gravitational processes at the group scale. In fact, feedback processes (e.g., AGN
heating) are expected to increase the entropy of the gas reducing its density (and hence
the X-ray luminosity, steepening the relation). For massive systems, the binding energy
is so large that only the very central regions are affected, and the integrated properties of
galaxy clusters remain essentially unchanged. Conversely, at the group scale the gas can be
easily removed towards or beyond the virial radius modifying their global properties. The
agreement between the Lx–Tx relation of groups and clusters seems to stand also when the
Malmquist bias (i.e., the preferential detection of intrinsically bright objects) is accounted
for in galaxy groups studies as previously done for massive clusters. The Malmquist bias
is expected to flatten the observed X-ray relations because only objects above a certain flux
value are considered (either because one enforces an observational threshold or because
faint systems are not detected). The correction needed to recover the underlying relation
depends on the real intrinsic scatter with larger values requiring a larger correction (i.e., if
the scatter increases in the low-mass regime then the magnitude of the flattening is larger
than for galaxy clusters). Although an attempt to correct this bias in cluster scaling relations
has been provided in many different X-ray studies (e.g., Ikebe et al. [97], Stanek et al. [98],
Pacaud et al. [99], Vikhlinin et al. [38], Pratt et al. [30], Mittal et al. [31], Schellenberger
and Reiprich [100]), there are only a few papers providing the correction in the galaxy
group regime. For instance, Lovisari et al. [77] analyzing an X-ray flux-selected sample of
local groups showed an increase of the L0.1−2.4–Tx relation slope after correcting for the
Malmquist bias. A similar result was obtained by Bharadwaj et al. [32], who estimated a
correction for an archival sample of groups observed with Chandra. In contrast to these
results, are the finding by Kettula et al. [101] and Zou et al. [79] who did not find any
significant steepening after the bias correction. However, all the bias corrected relations
obtained in the different studies show a great agreement (once they are converted into
the same energy band). This agreement may suggest that the observational discrepancies
arise from differences in the sample selection (which might cause the sample to be more
or less biased). Once the biases are accounted for, then the results are not sensitive to
the initial choices. Zou et al. [79] showed that even once selection biases are taken into
account the Lx,bol–Tx relation at the group scale is consistent with the one for clusters. This
finding confirms the stronger impact of the non-gravitational processes in the low-mass
regime (otherwise a flattening should be observed). Of course, these corrections work
under the assumption that the X-ray selected samples are representative of the underly-
ing population which might not be the case as suggested by, e.g., Rasmussen et al. [102],
Anderson et al. [103], Andreon et al. [104], and O’Sullivan et al. [18] who argued that the
X-ray surveys miss a large fraction of galaxy systems. One possible reason for this incom-
pleteness is related to the source detection algorithms mostly based on sliding cell detection
methods. These algorithms work efficiently at finding point-like sources but has difficulties
in detecting extended features, especially for nearby objects and for sources close to the
detection limit (e.g., Valtchanov et al. [105]; see also Šuhada et al. [106] for a performance
comparison between sliding cell and wavelet detection algorithms). Xu et al. [107], using a
method optimized for the extended source detection, found a large number of new group
candidates which are not included in any existing X-ray or Sunyaev-Zel’dovich (SZ) cluster
catalogs. If studies are restricted to groups that are a priori known to be X-ray bright and
which properties may be quite different from those of optically selected groups, as argued
by Miniati et al. [108], then our view could be significantly biased.
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Figure 3. XMM–Newton (circles) and Chandra (squares) measurements of the L0.1−2.4–Tx (left panel) and Lx,bol–Tx (right

panel) relations for different samples of groups: (Eckmiller et al. [96], E11), (Lovisari et al. [77], L15), (Sun et al. [81],
S09), (Johnson et al. [90], J09), (Bharadwaj et al. [32], B15), (Zou et al. [79], Z16), (Pearson et al. [109], P17). The groups
measurements are compared with the ones from X-ray-selected (Migkas et al. [110], M20) and SZ-selected (Lovisari et al. [34],
L20) cluster samples. We note that different studies used different atomic models (including APEC v1.3.1 which provide a
significantly different modeling of the Fe-L line with respect to newer versions). The luminosities are all within R500 while
temperatures are obtained in different regions (see Table 2). The Chandra measurements are converted to XMM–Newton-like
temperatures using the relations given in Schellenberger et al. [111]. Empty symbols are from optically selected samples.
The lines represent the fitted relation for Tx < 3 keV systems (dotted), Tx > 3 keV systems (dashed-dotted), all systems
(solid), and are compared with the case predicted by the self-similar scenario (dashed). The fits have been performed with
LIRA (Sereno [112]) assuming self-similar time evolution and, conservatively, without the scatter on the X variable, and are
meant for visualization purposes only. In brown we provide the expected values for the slope using the dependence of the
emissivity tabulated in Table 1 for different ranges of temperatures (showed as brown vertical lines).
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Table 2. Overview of the most recent published scaling relations for galaxy groups based on XMM–Newton and Chandra data.

Relation N kT (keV) z Range slopesel f slopeobs slopeLIRA Reference Note

L–Texc 26 0.6–3.0 0.012–0.049 [0.9:1.1] 2.25 ± 0.21 3.27 ± 0.26 E11 a † ��
L–Texc BC 20 0.9–2.8 0.012–0.034 [0.7:1.2] 2.86 ± 0.29 - L15 a † ��
L–Texc 20 0.9–2.8 0.012–0.034 [0.7:1.2] 2.05 ± 0.32 2.90 ± 0.36 L15 a † ��
Lexc–Texc
BC

12 1.7–8.2 0.1–0.47 [1.3:1.5] 2.52 ± 0.17 - K15 a ‡ � �

Lexc–Texc 12 1.7–8.2 0.1–0.47 [1.3:1.5] 2.65 ± 0.17 2.47 ± 1.23 K15 a ‡ � �
L–Texc BC 26 0.6–3.6 0.012–0.049 [1.2:1.6] 3.20 ± 0.26 - B15 c † ��
L–Texc 26 0.6–3.6 0.012–0.049 [1.2:1.6] 2.17 ± 0.26 3.11 ± 0.54 B15 c † ��
L–T BC 23 1.0–3.9 0.03–0.147 [0.8:1.3] 2.79 ± 0.33 - Z16 b ‡ ♦ �
L–T BC 23 1.0–3.9 0.03–0.147 [1.2:1.6] 3.29 ± 0.33 - Z16 c ‡ ♦ �
L–T 23 1.0–3.9 0.03–0.147 [1.2:1.6] 3.28 ± 0.33 2.92 ± 0.25 Z16 c ‡ �
Lexc–Texc 23 1.0–3.9 0.03–0.147 [1.2:1.6] 3.81 ± 0.46 3.46 ± 0.45 Z16 c ‡ ♦ �
L–MHE 26 0.6–3.0 0.012–0.049 [0.4:0.8] 1.34 ± 0.18 1.47 ± 0.43 E11 a † �
L–MHE BC 20 0.9–2.8 0.012–0.034 [0.2:0.7] 1.66 ± 0.22 - L15 a † �
L–MHE 20 0.9–2.8 0.012–0.034 [0.2:0.7] 1.32 ± 0.24 1.68 ± 0.32 L15 a † �
Lexc–MWL 12 1.7–8.2 0.1–0.47 [0.8:0.9] 1.43 ± 0.16 1.52 ± 0.73 K15 a ‡ �
L–MWL BC 105 0.6–6.0 0.054–1.033 [0.4:0.8] 1.07 ± 0.37 - S20 b ‡ �
MHE–Texc 43 0.7–2.7 0.012–0.122 1.5 1.67 ± 0.15 1.75 ± 0.14 S09 ♦ �
MHE–Texc 26 0.6–3.0 0.012–0.049 1.5 1.68 ± 0.20 1.87 ± 0.37 E11 ��
MWL–Texc 10 1.2–4.6 0.124–0.834 1.5 1.71 ± 0.49 1.46 ± 0.58 K13 ��
MHE–Texc 20 0.9–2.8 0.012–0.034 1.5 1.65 ± 0.07 1.61 ± 0.10 L15 ��
MWL–Texc
BC

12 1.7–8.2 0.1–0.47 1.5 1.52 ± 0.17 - K15 � �

MWL–Texc 12 1.7–8.2 0.1–0.47 1.5 1.68 ± 0.17 1.22 ± 0.82 K15 � �
MWL–T300 76 0.6–6.0 0.044–1.002 1.5 1.33 ± 0.75 1.14 ± 0.32 U20 ��
MHE–YX 43 0.7–2.7 0.012–0.122 0.6 0.56 ± 0.03 0.71 ± 0.24 S09 �
MHE–YX 26 0.6–3.0 0.012–0.049 0.6 0.53 ± 0.06 0.58 ± 0.19 E11 �
MHE–YX 20 0.9–2.8 0.012–0.034 0.6 0.60 ± 0.03 0.58 ± 0.04 L15 �
Mg–MHE

� 43 0.7–2.7 0.012–0.122 1 1.14 ± 0.03 0.97 ± 0.21 S09 �
Mg–MHE 26 0.6–3.0 0.012–0.049 1 1.38 ± 0.18 1.22 ± 0.44 E11 �
Mg–MHE 20 0.9–2.8 0.012–0.034 1 1.09 ± 0.08 1.11 ± 0.10 L15 �
Mg–MWL 118 0.6–6.0 0.054–1.033 1 1.35 ± 0.30 - S20 �
K–Texc 43 0.7–2.7 0.012–0.122 1 0.83 ± 0.20 - S09 ♦ �

The subscripts exc, 300, HE, and WL indicate properties derived excluding the core, within R < 300 kpc, under the assumption of hydrostatic
equilibrium, and with weak-lensing analysis, respectively. BC indicates the relations corrected for selection effects. The slope of the
Lx–Tx relation predicted by the self-similar scenario have been obtained as L∝T1.5+γ where γ is the slope of the X-ray emissivity in the
considered energy band (e.g., soft or bolometric) and temperature range covered by the systems analyzed in each work (see Table 1).
Since the X-ray emissivity strongly depends on the metallicity we provide the extreme values obtained with Z� = 0.3 and Z� = 1.0. The
slope of the Lx–M relation is obtained similarly as Lx ∝ M1+γ. The values for slopeLIRA have been obtained by fitting each dataset with
LIRA (Sereno [112]) assuming self-similar time evolution with scatter on both variables and with the following pivot values: 3 keV, 1044

erg/sec, 2 × 1014 M�, 1013 M�, 1014 M� for Tx, Lx, M, Mg, and YX respectively. Before fitting the Lx–Tx relation, Chandra temperatures have
been converted into XMM–Newton-like temperatures. Note: a, b, and c refer to Lx obtained in the 0.1–2.4 keV, 0.5–2 keV, and bolometric
band; † and ‡ indicate Lx obtained with ROSAT or XMM data, while � and � indicate if Chandra or XMM data have been used for the
analysis. �, �, and ♦, indicate that the core-excised region was not a fixed fraction of R500, or fixed to 0.1R500 or 0.15R500, while � and
� indicate the region 0.1–0.5R500 and R < 300 kpc, respectively. � Relation derived fitting together the groups with a sample of clusters.
References: (Sun et al. [81], S09), (Eckmiller et al. [96], E11), (Kettula et al. [113], K13), (Lovisari et al. [77], L15), (Bharadwaj et al. [32], B15),
(Kettula et al. [101], K15), (Zou et al. [79], Z16), (Umetsu et al. [114], U20), (Sereno et al. [115], S20).

Beside the selection biases there are other issues complicating the comparison be-
tween different studies and between systems with different temperatures (masses). The
first is the cross-calibration uncertainty between different instruments. For instance,
(Schellenberger et al. [111], see also Nevalainen et al. [116]) showed that the cluster tem-
peratures derived with XMM–Newton are systematically lower than those obtained with
Chandra. To complicate this issue is the temperature dependence of this difference. For-
tunately, in the low-temperature regime the differences are relatively small, a result that
seems to hold also when including Suzaku data (e.g., Kettula et al. [113]). Although some
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caution is still needed, one can expect that calibration differences do not significantly affect
the derived relations at the group scale. However, the impact of the calibrations needs to be
taken into account when comparing the results obtained for sample of groups and sample
of clusters. Another issue, pointed out by Osmond and Ponman [94], is related to the
flattening of the fitted relation because the scatter in log (Tx) will be asymmetric (assuming
that the scatter in temperature is symmetric) with larger scatter towards low log (Tx).
Moreover, if the quality of the data is homogeneous across the sample, the statistical errors
are expected to be larger in systems with low luminosities, which also tend to flatten the
fitted relation. Finally, each study employs a different fitting algorithm (each with pros and
cons) and treatment of the scatter and selection biases which impact the final results (see,
e.g., Lovisari et al. [34]). To remove this last uncertainty and provide comparable results
we fit the published data with the same fitting method (i.e., using LIRA; Sereno [112]) and
assumptions (e.g., self-similar redshift evolution). The results are given in Table 2.

The correlation between X-ray luminosity and gas temperature reflects the fact that
a deeper potential well (leading to a higher Tx) generally contains more hot gas (leading
to a higher Lx). However, it has been shown that the gas fraction varies as function of
the total mass with galaxy groups showing almost a factor of two lower gas fraction
than galaxy clusters. Since the X-ray luminosity is proportional to the amount of gas
in the IGrM and ICM, a change in the gas content in low-mass systems translates into
a lower luminosity with the effect of steepening the Lx–Tx relation. Anyway, the mass
dependence of the gas fraction seems to vanish in the outer regions (e.g., Sun et al. [81])
implying that the low gas fraction observed in groups is mainly due to the low gas fraction
of groups within ∼R2500. This weak ability of the groups to retain the gas in the inner
regions is probably a consequence of their shallow gravitational potential and thus of the
increasing contribution of different non-gravitational processes. These mechanisms are
expected to provide an extra heating to the gas preventing the gas from falling toward the
center, and by that, reducing gas density and X-ray emissivity in the cores. The effect is
expected to play a significant role in poor systems leading to the steepening of the Lx–Tx
relation, as observed, and of the Lx–σv relation which, however, is not currently supported
by observations (see Section 3.2). Supporting this scenario is the fact that when the core
regions of galaxy clusters are ignored (i.e., by removing the regions where non-gravitational
processes are expected to affect more the gas properties) the slope of the Lx–Tx relation
is more in agreement with the self-similar prediction. This is also in agreement with the
suggestion by Mittal et al. [31] that, for low-temperature systems (i.e., kT < 2.5 keV), AGN
heating becomes more important than ICM cooling (which is the dominant mechanism in
massive clusters). Colafrancesco and Giordano [117] suggested that intracluster magnetic
fields can also affect more strongly the gas properties in the low-mass regime, resulting
in an effective steepening of the scaling relations. In fact, as shown in Colafrancesco and
Giordano [117], the magnetic pressure tends to counterbalance part of the gravitational pull
of the cluster preventing the gas from a further infalling. Thus, the presence of a magnetic
field determines the final distribution of the gas density resulting in a less concentrated
core (i.e., leading to a lower luminosity). The effect is mild for massive systems (due to
their large gravitational potential) but is relevant in the group regime. The presence of
the magnetic field is also expected to decrease the temperature because of the additional
magnetic field energy term that needs to be included in the virial theorem. However, since
galaxy groups and clusters are not isolated systems, the presence of an external pressure
induced by the infalling gas from filaments, would tend to compensate the decrease of Tx
caused by the magnetic field.

The non-gravitational heating implies the existence of an entropy floor (i.e., an excess
of entropy with respect to the level referable to the gravity only) calling for some energetic
mechanisms that can be summarized in three classes: preheating, local heating, and cooling
(see the companion review by Eckert et al. for detailed description of these mechanisms).
Indeed, entropy in excess with respect to that achievable by pure gravitational collapse
is observed in the inner regions of groups and poor clusters (e.g., Mahdavi et al. [118],
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Finoguenov et al. [89], Sun et al. [81], Johnson et al. [90], Panagoulia et al. [91]). The
excess is found to be radial and mass-dependent, being smaller for massive systems and
extending to larger radii in low-mass objects. Moreover, Johnson et al. [90] found that the
excess is higher for groups with higher feedback (roughly estimated assuming that both
the integrated feedback from SNe and AGNs scale with the stellar mass). Since entropy is
expected to remain unchanged when neglecting non-gravitational processes, in the self-
similar scenario it simply scales with the gas temperature. The finding by Sun et al. [81]
shows that the slope of the relation depends on the scaled radius at which the measurement
is taken, and groups behave more regularly in the outer regions (e.g., beyond R2500) than in
the core. This was already pointed-out by Ponman et al. [88]. Thus, the slope of the K-Tx
relation approaches the self-similar value at R500, where there is no significant entropy
excess above the entropy baseline (see the companion review by Eckert et al.). This agrees
with the finding by Pratt et al. [119] for a sample of galaxy clusters.

Less studied than the Lx–Tx relation, but of paramount importance for cosmological
studies, is the relationship between X-ray luminosity and total mass (i.e., Lx–M). This is par-
ticularly true for shallow X-ray surveys because it can be used to directly convert the easiest
to derive observable (luminosity requires only source detection and redshift information) to
the total mass. The calibration of this relation down to the low-mass regime will allow the
breaking of the degeneracy between Ωm and σ8 (e.g., Reiprich and Böhringer [36]). A large
number of observations of galaxy clusters (e.g., see Mantz et al. [120], Schellenberger and
Reiprich [44], Mantz et al. [121], Bulbul et al. [122], and Lovisari et al. [34] for recent studies;
we refer to Böhringer et al. [59] and Giodini et al. [61] for older investigations) found that
most of the values for the relation slope range from 1.4 to 1.9, steeper than the self-similar
prediction of 4/3 suggesting that the luminosity is affected by non-gravitational processes.
Unfortunately, the literature in the low-mass regime is still quite limited (in the left panel
of Figure 4 we show a compilation of recent galaxy groups studies). Eckmiller et al. [96]
found a slope of 1.34 ± 0.18 and suggested that the single power-law modeling of the
relation holds also for low-mass objects (see also the illustrative fit in Figure 4). However,
given the considerations provided in the previous section, for the sample analyzed by
Eckmiller et al. [96] the luminosity should scale with the total mass to the power of [0.4:0.8]
(see Table 2) significantly lower than the finding by Eckmiller et al. [96]. A similar slope
was also obtained by Lovisari et al. [77] but, after correcting for the selection biases, the
corrected slope is steeper (i.e., 1.66 ± 0.22) than the observed one (i.e., 1.32 ± 0.24). making
the deviations from the self-similar prediction even larger than what observed for galaxy
clusters. This behavior can be explained by a gradual steepening of the true underlying
Lx–M relation towards the low-mass regime. This implies that as expected, also the lumi-
nosity of groups is heavily affected by non-gravitational processes. However, one should
keep in mind that a mass-dependent bias in the total mass can also affect the shape of the
Lx–M relation. Because of the difficulties to distinguish the low-temperature emitting gas
of these systems from the galactic foreground, the properties of galaxy groups can usually
be observed out to a smaller radial extent than what is done for galaxy clusters. Thus,
an estimate of the group masses at R500 requires an extrapolation for most of the systems
making the groups more prone to biases. Moreover, mass biases can also arise from the
assumptions of hydrostatic equilibrium and spherical symmetry which are not valid for
most of the systems. One way to overcome the problem is to use the weak-lensing masses
which are expected to provide a less biased view of the true masses. Because of the diffi-
culties to obtain shear maps for low-mass systems the first attempts have been performed
via stacking analysis. Leauthaud et al. [123] stacked the weak-lensing measurements of
a sample of X-ray-selected galaxy groups and found an Lx–M200 relation in agreement
with the finding of galaxy clusters. This result suggests that the Lx–M200 relation is well
described by a single power-law down to the low-mass regime. However, the lensing
analysis of galaxy groups by [101] led to a shallower slope although the agreement in the
low-mass regime of the two relations is fairly good, with significant tension appearing only
at high masses (i.e., above a few 1014 M�). With the advent of multi-wavelength surveys,
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which uniformly scan large areas of sky, there has been significant progress in the weak-
lensing analysis of large samples of galaxy groups. For instance, in the XXL framework (see
Pierre et al. [124]), the Lx–MWL relation was investigated by Sereno et al. [115] who found
a quite good agreement with previous X-ray studies. The results suggest that the measured
hydrostatic bias is consistent with a small role of non-thermal pressure. However, due to
the large uncertainties associated with the derived weak-lensing masses a large deviation
from hydrostatic equilibrium cannot be completely excluded and further investigations
with larger samples and higher quality data are required to make progress in the field.

Figure 4. XMM–Newton (circles) and Chandra (squares) measurements of the L0.1−2.4–M (left panel) and M–Tx (right

panel) relations for different samples of groups: (Eckmiller et al. [96], E11), (Lovisari et al. [77], L15), (Sun et al. [81], S09),
(Kettula et al. [113], K13). The groups measurements are compared with the ones from an X-ray-selected (Schellenberger
and Reiprich [100], S17) and an SZ-selected (Lovisari et al. [34], L20) cluster sample. Luminosities and masses are all
within R500 while temperatures are obtained in different regions (see Table 2). Please note that different studies used
different methods to estimate the total masses. The lines represent the fitted relation for M < 1014M� systems (dotted),
M > 1014M� systems (dashed-dotted), all systems (solid), and are compared with the case predicted by the self-similar
scenario (dashed). Because of the strong covariance between M and Tx we did not convert the Chandra temperatures to
XMM–Newton-like temperatures.

In contrast to the Lx–Tx and Lx–M relations, the M–Tx relation is expected to follow the
same behavior for galaxy groups and clusters, under the assumption that the gas tempera-
ture reflects the depth of the underlying potential well. However, while the assumption
is probably reasonable for many clusters (at least for the most relaxed ones) it may not
be strictly true for groups where the gas has probably been significantly heated by non-
gravitational processes. For this reason, the expectation is that the scatter should increase
in the low-mass regime where the global temperature is not insensitive to the details of
the heating/cooling processes as in the high-mass regime. However, these processes are
definitely more important in the inner regions with their effect fading at large distances
from the center. Nonetheless, some simulations suggested that the gas removed by AGN
activity in groups can affect the gas properties out to several Mpc (e.g., Schaye et al. [125]),
potentially affecting also cosmic shear measurements (e.g., Semboloni et al. [126]). Thus,
it is important to define the region within which the characteristic cluster temperature is
determined. This is not trivial because, for instance, we have evidence that the central drop
(i.e., the region in the center of relaxed clusters showing a significant temperature decline,
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probably caused by radiative cooling), typically present in relaxed clusters, does not scale
uniformly with the mass (Hudson et al. [16]). However, a common practice is to exclude
the regions within 0.15R500.

There had been a lot of studies investigating the M–Tx relation before the Chandra
and XMM–Newton era. Many of them (e.g., Finoguenov et al. [127], Sanderson et al. [9],
and references therein) suggested that the low- and high-mass end of the relation is
characterized by different slopes with the cross-over temperature between the two regimes
at ∼3 keV. However, most of these studies could not constrain the gas properties (i.e.,
gas density and temperature gradients) at large radii making the estimated hydrostatic
masses more prone to biases. Thanks to Chandra and XMM–Newton, the measurements
could be extended to larger fraction of R500 reducing the impact of the extrapolation.
Sun et al. [81] found a relation only slightly steeper than the prediction of the self-similar
scenario. Both Eckmiller et al. [96] and Lovisari et al. [77] found that the slope for galaxy
groups is consistent with the one of galaxy clusters but with a normalization 10–30%
lower. The net effect of this finding is a steepening of the relation when groups and
clusters are fitted together (see, e.g., right panel of Figure 4). Indeed, due to the limited
field-of-view of Chandra and the high and variable XMM–Newton background level, X-ray
measurements are still not tracing well the outer regions (despite the improvement with
respect to previous missions, measurements extend out to R500 only for a few systems).
If the density profiles of groups are steepening at large radii then the masses could be
underestimated explaining the lower normalization of the M–Tx relation. Another possible
issue is that the samples analyzed in the above-mentioned papers are biased toward
relaxed systems. Thus, if relaxed and disturbed systems do not share the same relation (e.g.,
because hydrostatic masses are more biased for disturbed systems) the relative fraction
of relaxed/disturbed groups can impact the normalization (and possibly the slope) of the
observed M–Tx relations. Lovisari et al. [34] showed that this is probably not the case for
massive systems, but a dedicated study in the group regime is still missing. Focusing on
the slopes, the results of the most recent papers on galaxy groups agree with the results
for galaxy clusters for which most of the slope values range from 1.5 to 1.7 (see Table 2).
This agreement suggests a small impact of the non-gravitation processes to this relation.
Again, before overinterpreting these results, one of the key questions is to assess if the
level of mass bias in these systems is similar to the one of galaxy clusters. For instance,
(Kettula et al. [128], see also Kettula et al. [101]) argued that the hydrostatic mass bias at
1 keV reaches a level of 30%-50%, higher than what usually observed for galaxy clusters
(e.g., by calibrating the hydrostatic masses with other mass proxies, such as weak-lensing
or velocity dispersion). However, the sample consists of only 10 galaxy groups and the
dynamical state of the systems is not discussed. A much larger sample was investigated by
Umetsu et al. [114] who found the relation to be consistent within statistical uncertainties
with the self-similar expectations. However, the uncertainties of the individual weak-
lensing mass measurements in the group regime are still quite large and tighter constraints
are needed in the future to exclude deviations from self-similarity. An increasing mass bias
in the low-mass regime would not be fully unexpected. In fact, in the unmagnetized case,
the viscosity scales as T5/2

x (Spitzer [129]) favoring the development of strong turbulences.
Acting as additional pressure support against gravity, turbulent motions may increase the
mass bias. Anyway, the IGrM is magnetized and the real magnitude of the turbulence is
still unknown.

Beside the shape of the scaling relations another important information is given by
the scatter (i.e., the dispersion around the best-fit). Minimizing the scatter of the scaling
relations is of paramount importance to obtain accurate constraints on cosmological param-
eters which are dominated by uncertainties in the mass–observable relations. Moreover,
understanding the scatter in the relations is the key to pinpoint the physical processes at
play in the group regime. However, the measurement errors for most of the groups are
large, thus the intrinsic scatter is not well constrained, yet. Because of that, refs. [77,81]
were not able to constrain the intrinsic scatter in their samples. [96] instead suggested
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that the scatter in galaxy groups (kT < 3 keV) is much larger than the one derived for the
HIFLUGCS sample (Reiprich and Böhringer [36]).

A mass proxy which has been shown by simulations to bear a low scatter is the YX pa-
rameter (i.e., the product of the gas temperature and the gas mass; see Kravtsov et al. [130]).
Sun et al. [81] were the first to investigate the M–YX relation in the low-mass regime finding
that a single power-law model can fit very well both galaxy groups and clusters. This result
was also confirmed by Eckmiller et al. [96] and Lovisari et al. [77]. Unfortunately, given
the sample size and the relatively large measurements errors, the intrinsic scatter is not
properly constrained. However, both Sun et al. [81] and Eckmiller et al. [96] suggested
that the scatter of the M–YX relation is almost half of the M–Tx relation. The findings by
Eckmiller et al. [96] also suggest that the scatter for galaxy groups is significantly higher
than for galaxy clusters.

The self-similar model also predicts the X-ray scaling relations to be redshift-dependent
(e.g., Giodini et al. [61] and references therein), reflecting the decrease with time of the mean
density of the Universe. Non-gravitational processes are expected to affect the evolution
of the X-ray scaling relations because of the increasing importance of such processes to
the energy budget of galaxy systems as a function of redshift. Unfortunately, although
groups are more common than clusters, because of their fainter and cooler nature it is
more difficult to detect them over the background, especially at higher redshifts. Thus,
due to the big challenges to detect large and representative samples of galaxy groups
beyond the local Universe the literature on this subject is very limited. The few stud-
ies (e.g., Jeltema et al. [131], Pacaud et al. [99], Alshino et al. [132], Umetsu et al. [114],
Sereno et al. [115]) which have tried to address the evolution of the X-ray properties of
galaxy groups did not find convincing evidence for such evolution. A characterization of
the evolution of the scaling relations also on galaxy group scales is one of the goal of the
next-generation instruments (such as Athena; see Section 5).

3. Optical Scaling Relations

Due to the low X-ray flux at the group scale, there is high probability that X-ray selected
samples are biased toward groups with rich IGrM. Moreover, since the luminosity strongly
depends on the metallicity (see Section 2.1), variations in the metal abundance between
groups (possibly related to their feedback history) can significantly impact the selection
function. Thus, it is advantageous to explore scaling relations between an X-ray property
that can be measured relatively well in the low count regime (e.g., X-ray luminosity or gas
temperature) and an optical property that can be used as a proxy for the group mass (e.g.,
velocity dispersion, optical band luminosity).

3.1. Velocity Dispersion

The velocity dispersion (σv) of galaxy groups (and indeed clusters) can be used to
estimate dynamical masses via the application of the virial theorem. Furthermore, the
velocity of member galaxies complements X-ray information about the cluster morphology
projected onto the sky. For example, studying the luminosity–velocity dispersion (Lx–σv)
relation provides an understanding of the dynamical properties of galaxy clusters and their
impact on the scaling relations.

One of the most commonly used estimators of the velocity dispersion at the group
regime is via the use of the gapper estimator from [133]. Of critical importance at the group
scale, the gapper estimator is unbiased when using low numbers of member galaxies (down
to ∼10 members, e.g., [134]), and is robust against outliers. The gapper velocity estimator
(σv) is given by

σv =

√
π

N(N − 1)

N−1

∑
i=1

wigi, (6)
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where, for ordered velocity measurements, the gaps between each velocity pair are de-
fined as gi = vi+1 − vi (for i = 1, 2, 3..., N − 1), as well as Gaussian weights defined as
wi = i(N − i).

As stated above, one can study the Lx–σv relation to understand dynamical properties
and the impact on scaling relations. In Equation (4), it is shown that in the self-similar sce-
nario the bolometric luminosity is expected to scale with the gas temperature as Lx,bol ∝T2

x.
Under the consideration that both the cluster/group hot gas and galaxies feel the same
potential, assuming that they both have the same kinetic energy, the temperature can be
converted to velocity dispersion using

β =
σ2

vμmp

kBTx
≈ 1, (7)

where the parameter β is the ratio of the specific energy in galaxies to the specific energy
in the hot gas. Using Equation (7) and the self-similar scaling of Lx,bol and Tx above, the
self-similar scaling of velocity dispersion and X-ray properties can be given by

Lx,bol ∝ σ4
v, (8)

Tx ∝ σ2
v. (9)

However, because of the behavior of the X-ray emissivity in the low-temperature
regime, the dependence of the luminosity on the temperature is more complicated (see
discussion in Section 2.1) and can be approximated as Lx ∝T1.5+γ

x , where γ is the slope of the
X-ray emissivity in the considered energy band (e.g., soft or bolometric) and temperature
range (see Table 1). Using this γ dependent relation, it follows that

Lx ∝ σ
3+2γ
v . (10)

For temperatures lower than 3 keV, the value of γ is negative (unless very cool systems
are considered), implying that the expected Lx–σv relation for galaxy groups is shallower
than what is predicted for galaxy clusters (e.g., Equation (8)).

3.2. The Luminosity-Velocity Dispersion Relation

At the cluster scale, generally, it has been found that the observed luminosity–velocity
dispersion (Lx–σv) relation follows, or is slightly steeper than, the expectation of Equation (8)
(e.g., [135–140]). Furthermore, at the cluster scale, studies of the Lx–σv relation now use
samples of clusters numbering in the high hundreds (e.g., [141], using 755 clusters to investi-
gate the Lx–σv relation). Studies of the Lx–σv relation at the group scale attempt to compare
the form of the relation at the high-mass regime to investigate differences at these two
mass scales (e.g., to probe the effect of AGN feedback processes at high and low masses).
Early studies comparing the slope of the relation between the two mass regimes provided a
mixed picture, with studies finding groups have a flatter (e.g., [7,93,94]) or consistent (e.g.,
Ponman et al. [142], Mulchaey and Zabludoff [136], Mahdavi and Geller [137]) relation
than their high-mass counterparts. Figure 5 (left-panel) provides a (non-comprehensive)
compilation of the slope of the Lx–σv relation from various studies in the literature. The
solid horizontal line represents the dividing line between studies using clusters (top half)
and groups (bottom half). The Lx,bol ∝ σ4

v expectation is given by the vertical dashed line.
Although there appears to be a clear division between the slopes for groups and clusters,
many of the group scale studies compare to the usual Lx,bol ∝ σ4

v expectation at the cluster
scale. As shown in Equation (10), the scaling can be given by Lx ∝ σ

3+2γ
v , with γ dependent

on the X-ray emissivity and energy band used. If we assume a group temperature range of
0.7–3.0 keV, then given the range of emissivities in Table 1, the bolometric scaling in the
group regime becomes Lx,bol ∝ σ

[2.2:3.0]
v . This range is highlighted by the blue shaded region
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in Figure 5 (left-panel) at the group scale. For comparison, using these same arguments,
the bolometric scaling for clusters (assuming 3.0–10.0 keV) becomes Lx,bol ∝ σ

[3.7:3.9]
v (again

highlighted by the blue shaded region in Figure 5, appropriate to the cluster scale). Consid-
ering the above, studies investigating the group scale relation can indeed be considered
consistent with the self-similar expectation (e.g., [94]). Although this is the case, many
authors note caveats when studying groups, which are discussed below.

Figure 5. Compilation of the measured slopes of the luminosity-velocity dispersion (Lx–σv, left

panel) and velocity dispersion-temperature (σv–Tx, right panel) relation in the literature. In each
case, the dashed vertical line highlights the usual self-similar expectation on the slope for each
relation (Equation (8), left panel, and Equation (9), right panel). The horizontal lines represent
a dividing line between the mass scales used for the comparison in each relation. As shown in
Section 3.1 when the Lx–σv scaling can be given as Lx ∝ σ

3+2γ
v (with γ dependent on the energy band

and emissivity). The blue shaded region represents the self-similar expectation when considering

bolometric luminosities for clusters (assuming Tx = 3.0–10.0 keV, Lx ∝ σ
[3.7:3.9]
v ) and groups (assuming

Tx = 0.7–3.0 keV, Lx ∝ σ
[2.2:3.0]
v ). The grey shaded region represents the self-similar expectation when

considering 0.1–2.4 keV luminosities for clusters (assuming Tx = 3.0–10.0 keV, Lx ∝ σ
[2.7:2.8]
v ) and

groups (assuming Tx = 0.7–3.0 keV, Lx ∝ σ
[1.6:2.6]
v ). Unless otherwise stated, references consider

(bolometric) luminosities and temperatures derived within an estimate of R500. Please note that
the [143] relation is based upon an analysis using 7 bins of using the full sample of 74 systems. * refers
to references using 0.1–2.4 keV band luminosities.

Many early studies were based upon ensemble collections of groups that can lead to bi-
ases in the derived scaling relations. In recent years, studies of the Lx–σv relation have used
groups selected over contiguous survey regions. One such study was performed by [144].
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Groups were selected from regions of the Canadian Network for Observational Cosmology
Field Galaxy Redshift Survey 2 (CNOC2, [145]) that were covered by XMM–Newton and
Chandra observations, totaling 0.2 and 0.3 deg2 contiguous areas of two fields of the CNOC2
survey. Using X-ray selected groups with high quality redshift information, they find a slope
of the Lx–σv of 2.40+0.58

−0.60 (including groups with lower quality redshift information yields
a slope of 1.35+0.42

−0.47). Although initial inspection of the value of the slopes would imply
the slope is shallower than the self-similar expectation (as noted in [144]), we note that the
luminosities are reconstructed in the 0.1–2.4 keV band (from the flux in the 0.5–2 keV band,
and by correcting for extension and K-correction as described in Finoguenov et al. [146]).
Assuming the scaling follows Lx ∝ σ

3+2γ
v , then for luminosities in the 0.1–2.4 keV band, the

scaling can be given by Lx ∝ σ
[2.0:2.7]
v (depending on the metallicity of the groups). This

expectation is shown in Figure 5 (left-panel), highlighted by the grey shaded region at the
group regime. The slope determined by [144] is coincident with this scaling. Therefore, if the
energy band is considered, the [144] relation is consistent with the self-similar expectation.
Hence, it can be assumed that the groups studied in [144] are consistent with the cluster scale
(assuming clusters follow the self-similar expectation). Another study using contiguous
fields is presented in [143], using groups selected from the 2 deg2 Cosmic Evolution Survey
(COSMOS, [147]). This study constructs a catalog of galaxy groups based upon those identi-
fied in [148], using XMM–Newton and Chandra observations of the COSMOS field, reaching
an X-ray flux limit of ∼10−15 erg s−1 cm−2. Ref. [143] use galaxy redshift information
from a wide variety of surveys in the literature and associate them with the X-ray detected
groups, compiling a final sample of 146 groups with at least three spectroscopic members.
Based upon a cleaned sample of 74 groups, ref. [143] showed that the relation for individual
groups appears to follow a shallower relation than clusters (consistent with that found
by previous studies, e.g., [137]). However, they note that this trend may be affected by
a small number of groups that appear to have anomalously low velocity dispersions (at
σv � 125 km s−1) for their measured X-ray luminosity (discussed further in Section 3.4).
To overcome this, Ref. [143] estimated the median velocity dispersion for 7 bins of groups
created from the 74 groups in their sample, finding a slope of Lx ∝ σ4.7±0.7

v . This study
considers luminosities in the 0.1–2.4 keV band, therefore, as discussed above, the measured
slope is in fact steeper than the self-similar expectation.

Although contiguous regions have been used to study the Lx–σv relation, an extremely
small number of studies have attempted to correct for X-ray selection biases. One study
that attempts to do so is presented in [149], using 14 groups with at least 5 galaxy members
selected from the 9 deg2 X-Boötes survey [150]. They find that the group scale relation
is consistent with the self-similar expectation. To test the effects of Malmquist bias on
the observed relations, ref. [149] determined the limiting X-ray luminosity in two survey
volumes (z = 0.20 and z = 0.35). The resulting relations are consistent with the sample
relation, with the authors concluding the sample may not be dominated by Malmquist
bias effects. However, due to the associated large error on each relation, making this
conclusion is challenging and requires the construction of larger samples. Another use of
contiguous surveys, particularly those covered by multiple wavelengths, is the possibility
to compare the relations derived using groups selected via multiple selection methods
(e.g., X-ray, optical). Furthermore, the use of optically selected groups allows one to
estimate the form of scaling relations independent of the usual X-ray selection biases
(e.g., [104]). The study by [144], as detailed above, also constructed a sample of 38 optically
(spectroscopically) selected groups. Using this optically selected sample, they derive a
slope of the Lx–σv relation of 1.78+0.60

−0.54. Given the large uncertainties on the measured
slopes, the comparison of the X-ray and optically selected samples is somewhat limited
(note that the comparison is not affected by the energy band used, as discussed above,
since they are consistent between the X-ray and optically selected samples).
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3.3. The Velocity Dispersion-Temperature Relation

Velocity dispersion and gas temperature are two independent probes of the depth of
the cluster potential well, estimated by using baryons as tracers. Therefore, this relation
can provide useful information about the effect of non-gravitational processes, which are
responsible for the deviation from thermal equilibrium of the IGrM and ICM. Hence, it
is useful to compare group and cluster relations to investigate the differences between
these mass scales. Figure 5 (right-panel) shows a compilation (again, a non-comprehensive
picture) of the slope of the σv-Tx relation from studies in the literature. The horizontal lines
represent the division between studies using groups (bottom section), clusters (top section)
and those using systems which straddle the group/cluster regime (middle section). Based
upon Equation (7), it is expected that the velocity dispersion of the galaxies should scale
with the square-root of the temperature of the gas, σv ∝T1/2

x . In the context of clusters,
various studies have found that the σv–Tx relation has a slope steeper than the self-similar
expectation (e.g., [138,151]), with others finding a steeper slope but with errors too large to
confirm a deviation (e.g., [140]). Unfortunately, the study of the σv–Tx relation for groups
is somewhat limited in the literature. An early investigation presented in [94] showed
evidence for steepening of the relation at the group scale (where they find a slope of
1.15 ± 0.23). However, they caution that there is both large uncertainties on the measured
X-ray temperatures and a large amount of scatter observed in the relation, which could
be the cause of tension with previous studies attempting to investigate any steepening
of the relation for groups. Although [94] found evidence for a steepening of the relation,
they remarked that a comparison cluster-based relation passes through the center of the
group relation data, and represents adequately the cluster-based relation. However, recent
studies of the relation, especially at the group scale, become scarce. One recent study of the
σv–Tx is presented in [151], making use of groups/clusters detected serendipitously in the
XMM Cluster Survey [152]. Using 19 groups/clusters with redshifts z < 0.5, spanning the
temperature range 1.0 <∼ Tx <∼ 5.5 keV (with 50% of clusters with a temperature < 3 keV),
the σv–Tx relation is found to have a slope of 0.89 ± 0.16. Although again steeper than
the self-similar expectation, the result is somewhat shallower (although not significant)
than that presented in [94]. Finally, the last relation considered is that given in [153], which
investigated the σv–Tx relation for a sample of X-ray selected clusters detected in the XXL
survey [124]. Clusters were selected from the 25 deg2 XXL-N region, with spectroscopic
data compiled from a range of surveys (see [154], for full details of the spectroscopic
coverage). Using a sample of 132 clusters (the majority of which have Tx < 3 keV), ref. [153]
found a relation of the form σv ∝T0.63±0.05

x . Please note that the relation is fitted using
an ensemble maximum likelihood method, with fitted slope in tension with the self-
similar expectation. Since both velocity dispersion and X-ray temperature scales with total
mass, one can combine the information to determine a useful mass calibration (e.g., [153]).
However, consideration must be given to velocity anisotropies during mass modeling
using velocity information, which can vary for loose, compact and virialized groups [155].
However, corrections based upon halo concentration have been developed (e.g., [156]). The
study of the σv-Tx relation can also be probed down to the galaxy scale. Ref. [157] used
galaxies from the volume-limited MASSIVE survey [158], to study the relation between
galaxy kinematics (σe) and X-ray temperature. Ref. [157] found a relation of the form
Tx ∝ σ1.3−1.8

e (note the inverse of the relation as discussed above), noted as being marginally
flatter than the self-similar expectation.

As discussed in Section 3.4, AGN feedback and its effects on the ICM could result
in deviations from self-similarity, in particular, the steepening observed above in the
Tx–σv. Although an observational consensus on the magnitude of the deviation from self-
similarity at the group scale compared to the cluster scale has yet to be reached, simulations
have indeed shown a mass dependence (e.g., Le Brun et al. [159], Farahi et al. [160],
Truong et al. [28]). The deviations discussed for the Lx–σv and σv–Tx are thought to arise
due to the effects of AGN feedback on the ICM (as shown in simulations, e.g., [161]), which
has little effect on the galaxy velocity dispersions. Furthermore, Ref. [157] measured a
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median value of β = 0.6 for their galaxy sample, suggesting the galaxies have undergone,
or still in the process of, additional heating due to, e.g., AGN feedback, as discussed above.

3.4. Low Velocity Dispersion Groups

One observation made by various authors studying the Lx–σv relation, is the presence
of low velocity dispersion groups (appearing at σv � 200 km s−1) that have a high X-ray
luminosity in comparison to their σv (conversely, it can be stated that these groups have a
low σv for their Lx). These low velocity outliers have been noted in various studies in the
literature (e.g., [137,162]), attributed as the cause of the flattening of the Lx–σv relation at
the group scale (e.g., Vajgel et al. [149], Sohn et al. [143]). Although it has been shown in
Section 3.2 that the group scale relations may be consistent with self-similar predictions
when accounting for the differing emissivity, the presence of these outliers are extreme cases.
A physical interpretation of the low σv outliers is therefore currently lacking. Furthermore,
the presence of these outliers remains somewhat of a mystery if one considers the effects of
AGN feedback on the intragroup medium. During an AGN outburst, gas will be removed
from the group potential, hence lowering the group overall X-ray luminosity. With the
group velocity dispersion unaffected by this process, the expectation would be that the
group should have a lower Lx for a given σv, contrary to this outlier population. It could
therefore be argued that it is in fact the velocity dispersion that have been underestimated
for these groups. Potential explanations for the presence of these low σv outliers were
given in [162]. It is postulated the cause could be: (i) through dynamical friction, energy is
transferred from a large orbiting body to the sea of dark matter particles through which
it moves; (ii) due to tidal interactions, the orbital energy may be converted into internal
energy of the galaxies; and (iii) the orbital motion happens in the plane of the sky, therefore
contributing little to the line-of-sight velocity dispersion. Although a current physical
interpretation is lacking, the presence of low velocity dispersion outliers could be due to
X-ray selections effects (e.g., Eddington and Malmquist biases). Extreme outliers (e.g., [143])
may not be attributed to selection; however various relations involving Lx when using
X-ray selected samples characteristically show a flattening when not account for selection
(e.g., [163,164]). In fact, the preferential selection of higher luminosity groups for a given
velocity dispersion (i.e., Malmquist bias), leads to the presence of “moderate” outliers.
Ref. [104] argues that an unbiased sample of clusters can be obtained when selecting
clusters from optical properties and therefore able to probe the full range of scatter and
the true form of the relation. As stated, [144] have used an optically selected sample of
clusters to investigate the form of the Lx–σv relation; however, they find constancy in both
the form and scatter of the X-ray and optically selected group samples (due to the large
errors on the scaling parameters). This sample only covered an area of 0.5 deg2, therefore
the comparison of optically and X-ray selected samples over overlapping contiguous fields
requires further attention to truly probe the differences in selection.

3.5. Stellar Gas Content of Galaxy Groups

The gas mass fraction of clusters can be used as a probe of cosmology (e.g., Allen et al. [37],
Ettori et al. [165], Mantz et al. [166], Schellenberger and Reiprich [44]). However, as men-
tioned in the previous sections, it has been shown that the fraction decreases as a func-
tion of total mass. Interestingly, the opposite is true for the stellar mass fraction (fstars
= Mstars/Mtot), with an increasing stellar mass fraction as a function of decreasing to-
tal mass (e.g., Lin et al. [167], Gonzalez et al. [73], Giodini et al. [2], Behroozi et al. [168],
Zhang et al. [169], Leauthaud et al. [170], Laganá et al. [171], Chiu et al. [172],
Decker et al. [173]). To investigate this trend, much effort has been afforded to the study
of the gas mass and stellar mass content in groups and clusters (e.g., to determine star
formation rates). One such observation is that the stellar mass has a correlation with the
halo mass with a slope <1 (see discussion below). This has the implication that at the
group scale, star formation is more efficient. One early study that specifically used groups
to constrain the form of the stellar mass–halo mass relation (Mstars–M) and the group fstars
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is that of [2]. An X-ray selected sample of groups was constructed from the COSMOS
survey, in which X-ray extended sources were detected based upon a wavelet detection
routine [174]. Mean photometric redshifts were assigned to each candidate and checked
against available spectroscopic redshifts from zCOSMOS [175]. After quality checks, a
final sample of 91 groups were used to constrain the form of the Mstars–M relation. Masses
were estimated based upon a stacked weak-lensing analysis [123] and the construction
of a Lx–M200 relation, from which the catalog masses were estimated (note that M500
masses were used in the final analysis, estimated from the M200 assuming an NFW profile
-Navarro et al. [176], Navarro et al. [177], and constant concentration, c = 5). Within R500
the Mstars–M relation was found to follow a form of Mstars ∝ M0.81±0.11 and a stellar mass
fraction of the form fstars ∝ M−0.26±0.09 (extending this to higher masses with the inclusion
of clusters, the form follows a relation of fstars ∝ M−0.37±0.04). More recent studies have
used increased area X-ray surveys. The XMM Blanco Cosmology Survey (XMM-BCS, [106])
covers 12 deg2 of the sky with XMM–Newton, and was used by [178] to study the form
and evolution of the Mstars–M relation using 46 groups/clusters within a mass and redshift
range of (2 � M � 25)× 1013 M� and 0.1 � z � 1.02, respectively. The Mstars–M relation
is fitted including an evolutionary redshift term, with parameters estimated by evaluat-
ing a likelihood based upon observing a cluster with observed properties (Lx and Mstars)
given a mass, redshift, Lx–M relation (mass calibration) and the Mstars–M relation. The
likelihood is weighted by the mass function, with full details given in [179]. The fitted
relation has the form Mstars ∝ M0.69±0.15(1 + z)−0.04±0.47, again consistent with previous
results showing a shallower than unity slope of the relation. Furthermore, these results
indicate little evolution in the stellar content with stellar mass fraction staying constant
out to z �1. In Figure 6, we plot the Mstars–M relation for various results obtained in
the literature (namely [2,178,180–182]). We note that no attempt has been made to correct
for the differences in mass calibration used in the various studies. For reference, two
constant stellar mass fractions are given by the black dashed lines. As discussed above, the
relations for [2,178] are derived at the group scale, whereas [182] straddles the high-mass
groups/low-mass cluster regime (see below) and [180] used primarily high-mass clusters
(note that the relation plotted here includes clusters from Gonzalez et al. [76], as detailed in
Kravtsov et al. [180]). All the relations have a slope less than unity, and show the trend of
decreasing stellar mass fraction from the group to cluster regime. The observed relations
are also consistent with that found in simulations. Results obtained from the IllustrisTNG
simulations show the same trend in stellar mass (shown by the red dot-dashed line in
Figure 6, taken from [181]).
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Figure 6. The Mstars–M relation of various studies in the literature. Two lines of stellar mass fraction
are highlighted by the dashed lines. Please note that the [182] relation is derived from the conversion
of LK to Mstars assuming a constant mass-to-light ratio of 0.73 (as used in [182]).

Due to the difficulty of measuring the stellar masses of groups directly, requiring deep
observations, it is beneficial to use a proxy for the stellar mass. One such proxy as a tracer of
the stellar mass is the K-band luminosity (LK), as shown in various studies (e.g., [167,183]).
The use of LK as a stellar mass proxy was investigated in [182] using a sample of 20
groups/clusters selected from the XXL survey. The clusters were selected from the overlap
of the XXL and CFHTLS, using clusters with an individual weak-lensing mass estimate.

Ref. [182] found a relation of the form LK ∝ M
0.85+0.35

−0.27
WL , which while shallower than unity, a

slope of 1 cannot be ruled out. Furthermore, when combined with a sample of high-mass
clusters from LoCuSS, ref. [182] measured a slope of 1.05+0.16

−0.14. The relation derived for
the XXL sample is shown in Figure 6 (purple line, with the shaded light purple region
highlighting the 1σ uncertainty), which is derived from the LK–MWL relation assuming a
constant mass-to-light ratio of 0.73 (as adopted in [182]).

4. The Role of SMBHs: Observed Scaling Relations and Predictions via
HD Simulations

As introduced in Section 1, the evolution of the IGrM filling galaxy groups cannot
be merely understood in isolation as giant self-similar gaseous spheres. Particularly in
the last decade, a wide range of evidence has accumulated showing that the SMBHs at
the center of each galaxy group are tightly co-evolving with the hot X-ray halo. Such co-
evolution works in both directions: the hot-halo acts as an active atmosphere and reservoir
of gas which recurrently feeds the central SMBH (Gaspari et al. [184], Prasad et al. [185],
Voit et al. [186], Temi et al. [187], Tremblay et al. [188], Gaspari et al. [189], Rose et al. [190],
Storchi-Bergmann and Schnorr-Müller [191]). In turn, the SMBH re-ejects back large
amount of mass and energy (in particular via jets and outflows; e.g., Tombesi et al. [192],
Sa̧dowski and Gaspari [193], Fiore et al. [194]), thus re-heating and re-shaping the IGrM via
bubbles, shocks, and turbulence up to the group outskirts (McNamara and Nulsen [195],
Fabian [196], Gitti et al. [197], Brighenti et al. [198], Gaspari [199], Liu et al. [200],
Yang et al. [201], Wittor and Gaspari [202], Voit et al. [203]). Although the small-scale
AGN self-regulation thermodynamics/kinematics is respectively tackled in the companion
Eckert/Gastaldello et al. reviews, here we focus on the macro-scale integrated (X-ray) IGrM
properties and group scaling relations, which complete and complement Sections 2 and 3.
Furthermore, we compare with high-resolution and hydrodynamical (HD) simulations, in
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particular to discuss what the X-ray scaling relations can constrain and tell us in terms of
the baryonic physics shaping the IGrM.

Figure 7 shows several key macro X-ray halo scaling relations, which are usually
employed in cosmological studies (see Section 2), but now plotted against the SMBH mass
M•, which is also an integrated property. These SMBH masses are retrieved only via
robust direct measurements, i.e., resolving the stellar or gas kinematics within the SMBH
influence region (e.g., via HST). The current largest sample correlated with the available
X-ray hot gas properties is presented by Gaspari et al. [20], which includes central galaxies
and satellites, with morphological types such as ellipticals (blue circles), lenticulars (green),
and a few spirals (cyan). The 85 systems span a range of M500 ∼ 3 × 1012 − 3 × 1014

M�, with most systems in the group regime (Tx ∼ 1 keV) and a few in the poor or
cluster tails. The companion Eckert et al. review shows that the M• correlation with Tx
is significantly tighter than the classical optical scaling, such as the Magorrian relation
(e.g., Kormendy and Ho [204], Saglia et al. [205]), with intrinsic scatter down to 0.2 dex,
in particular within the circumgalactic and core region. Here, in Figure 7 we show the
other key X-ray properties integrated up to R500, namely the plasma X-ray luminosity (in
the 0.3–7.0 keV band), gas mass, total mass (gas plus stars plus dark matter), gas density,
Compton parameter, and gas fraction. All the fits parameter–including the intercept, slope,
scatter, and correlation coefficient–are shown in the top-left inset. The related Bayesian
analysis (Gaspari et al. [20]) shows the 1-σ intrinsic scatter as light red bands with the
dotted lines enveloping the rare 3-σ loci. As indicated by all correlation coefficients, even
the macro-scale IGrM (several 100 kpc to Mpc scale) is tightly linked to the central M•. The
tighter correlations are those involving the gas mass/luminosity, X-ray Compton parameter
Yx, and total mass, while the loosest one is that with the gas density. It is interesting to
note that using the core radius (or smaller) as extraction radius (not shown) leads to similar
results, except that the total mass scatter increases by 0.1 dex, with the gas properties
emerging as dominant drivers (in particular Mgas and fgas). In other words, we suggest
using the R500 scaling to probe the total mass, while smaller extraction radii to probe gas
mass (and related properties).

gas density

gas massX-ray luminosity

Compton parameter

total mass (stars+gas+DM)

gas fraction

Figure 7. Scaling relations between the central (dynamical/direct) SMBH mass and key macro X-ray halo properties—
adapted from Gaspari et al. [20]. Top-left to bottom-right panels: gas X-ray luminosity (in the 0.3–7.0 keV band), gas
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27



Universe 2021, 7, 139

The X-ray correlations shown in Figure 7 are important to probe models of galaxy
group evolution. A key debated topic in current extragalactic astrophysics is which mode
of accretion feeds internally the IGrM and eventually the central SMBH. In hot accre-
tion modes (usually Bondi or ADAF; e.g., Bondi [206], Narayan and Fabian [207]), the
larger the thermal entropy of the gas, the stronger the feeding is stifled, as the inflowing
gas must overcome the hot-halo thermal pressure, increasing toward the center. This
would induce negative correlations with the IGrM properties, which are ruled out by
the slopes shown in Figure 7. Conversely, cold-mode accretion—typically in chaotic
form due to the turbulent IGrM condensation generating randomly colliding clouds (e.g.,
Gaspari et al. [184], Prasad et al. [185], Voit [208], Olivares et al. [209])—would produce ma-
jor positive and tight correlations with the gas mass and X-ray luminosity (e.g., the
cooling rate is ∝ Lx). Therefore, X-ray correlations favor chaotic cold accretion (CCA)
over hot mode accretion. Hierarchical mergers (of both SMBHs and galaxies) are an-
other channel to potentially grow such correlations. However, cosmological simulations
(Bassini et al. [210], Truong et al. [211]) show this to be effective only at the high-mass end.
Moreover, Figure 7 shows that all the mass scaling is either sub- or super-linear, far off from
any simple self-similar expectation. In other words, a positive baseline due to hierarchical
assembly is present, but gas feeding (dominated by CCA, in terms of mass) substantially
shapes the slope and scatter of such M• correlations over the long-term evolution. Overall,
observed scaling relations of macro X-ray halo properties (shown in Sections 2 and 3) can-
not be thought as disjointed from scaling relations of micro properties (e.g., M•), since both
systems are tightly co-evolving and intertwined through the several billion years evolution
and over 10 orders of magnitude in spatial scale (cf. the diagram in Gaspari et al. [212]
linking the micro, meso, and macro scales). As striking as it appears, such scaling rela-
tions allow us to convert back and forth between vastly different scales, depending on the
availability of either the micro (Section 4) or macro (Section 2) properties for each detected
galaxy group.

The X-ray scaling relations presented in Section 2 can be also leveraged to test feed-
back models in large-scale simulations or to calibrate semi-analytic models of group
evolution, thus giving us hints on the dominant baryonic processes in the IGrM (e.g.,
Puchwein et al. [23], McCarthy et al. [14], Kravtsov and Borgani [213], Tremmel et al. [214]).
Figure 8 shows the key impact of archetypal feedback models on the evolution of the diffuse
hot atmospheres (Gaspari et al. [27]). The filled black points indicate the Gyr evolution of
the hot halos IGrM and ICM as it suffers recurrent injections of either anisotropic mechanical
energy via jets (left column) or a strong impulsive thermal quasar-like blast (right column).
Evidently, the latter model has a dramatic impact on the main Lx–Tx relation (even when
the core is excised), producing a catastrophic evacuation of gas that lowers luminosities
by 3 orders of magnitude, especially toward lower-mass group regime (Tx < 1 keV). Such
quasar-like models are inconsistent with the observed X-ray scaling relations, in particular
those probing the very low-mass regime via stacking analysis (e.g., Anderson et al. [103]
shown via empty circles and solid line fit). Conversely, a tight self-regulation (e.g., achieved
via CCA feeding) and a flickering injection via gentle AGN jets can preserve the hot-halo
throughout the several 100 outburst cycles. The bottom panels show indeed that the initial
cool-core (magenta contour) can be preserved even in less-bound halos, such as poor galaxy
groups, without becoming overheated above half of the Hubble time. Such overheating is
instead catastrophic for an impulsive AGN blast injection, transforming all hot halos into
perennial non-cool-core systems, which is ruled out by observations finding groups to have
almost universally a low central tcool (Sun et al. [81], Babyk et al. [215]). Such self-regulated,
gentle SMBH feedback has thus become a staple for subgrid models of cosmological sim-
ulations which can reproduce other tight scaling relations without any major break at the
group scale, such as the M–Yx or M–Tx computed over R500 (e.g., Planelles et al. [216],
Truong et al. [28], Weinberger et al. [217]). For comparisons with further cosmological sim-
ulations, we refer the interested reader to the companion reviews by Oppenheimer et al. and
Eckert et al. (Section 5).
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Figure 8. Effects of different baryonic models in shaping the evolution of the hot halos, in particular the X-ray
luminosity–temperature relation (top panels) and cool-coreness via the central cooling time (bottom panels); adapted from
Anderson et al. [103] and Gaspari et al. [27]. The colored individual objects in the top panels are from a wide range of obser-
vational works (Helsdon and Ponman [92], Osmond and Ponman [94], Mulchaey et al. [218], Pratt et al. [30], Sun et al. [81],
Maughan et al. [219]; luminosities are extracted mostly in the 0.5–2 keV band). The empty circles and solid line show the
raw Anderson et al. [103] stacking analysis and the unbiased fit, respectively. The filled black points show evolutionary
tracks in large-scale HD simulations (Gaspari et al. [27]) implementing self-regulated AGN jets (left) or strong thermal blast
feedback (right), preserving or evacuating the surrounding diffuse gaseous halo, respectively. The initial state is marked
with magenta contour. Evacuation and overheating becomes particularly dramatic in low-mass, less-bound groups.

5. Galaxy Groups with the Next-Generation Instruments

Over the next decade, dedicated survey instruments will increase the number of
known groups and clusters out to high redshift, constraining the scenario for their forma-
tion and evolution. Examples include eROSITA in X-rays, Vera Rubin Observatory and Euclid
in the Optical/Infrared, and several “Stage 3” ground-based mm-wave observatories. The
SZ-effect surveys, in particular, will break new ground by providing robustly selected, large
catalogs of clusters at z > 1.5, as well as the first informative absolute mass calibration
from CMB-cluster lensing. All future observatories list the baryonic mass and energy
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distribution on groups’ scales resolved up to redshift ∼2 and beyond, when they first
appeared as collapsed X-ray bright structures, as one of their main scientific goals.

Currently, a big step forward in the collection and characterization of low-mass
systems is expected from the ongoing observations of the all X-ray sky with the extended
ROentgen Survey with an Imaging Telescope Array (eROSITA2, Predehl et al. [220]). eROSITA
is operating in the X-ray energy band (0.2–10 keV) at L2 orbit on-board the ‘Spectrum-
Roentgen-Gamma’ (SRG) satellite. eROSITA has a spatial resolution comparable to the
XMM–Newton one, a similar effective area at low energies, but a wider field of view,
while it will be 20–30 times more sensitive than the ROSAT sky survey in the soft band
and will provide the first all-sky imaging survey in the hard band. Optimizing galaxy
group and cluster detection has been one of the most important tasks during the mission
preparation (e.g., Clerc et al. [221], and Käfer et al. [222] in particular for a detection and
characterization through ICM outskirts that reduces possible biases due the peaked X-ray
emission associated with cool cores). During its 4-yr-long all-sky survey, with an average
exposure of 2.5 ks (whereas the average exposure in the ecliptic plane region is ∼1.6 ks),
eROSITA is planned to deliver a sample of about 3 million active galactic nuclei (AGNs)
and about 125,000 galaxy systems (mostly groups) detected with more than 50 photons
and M500c > 1013M�/h up to redshift ∼1 (median: z ∼ 0.3) [223–227]. Almost all groups
(and clusters) detected with eROSITA will lack sufficient X-ray photons to accurately
constrain temperature and mass profiles (Borm et al. [225]). Thus, cosmological studies
using group and cluster of galaxies to be detected with eROSITA, will rely heavily on a
detailed understanding of the scaling relations where systematic effects would have to be
factored in to ensure that the cosmological applications of these relations are not hampered.
Hence, a thorough investigation of these systems, to understand the interplay between
the development of the hot IGrM and feedback processes, becomes highly important, not
only for cosmology but also to understand complex baryonic physics. Moreover, to reach
the planned goals of 1σ errors of 1%, 1%, 7%, and 25% on σ8, Ωm, w0, and wa, respectively,
the critical passages will be: (i) a better knowledge (by a factor of ∼4) of the parameters
describing the Lx–M relation to improve the constraints on σ8 and Ωm, and (ii) a lower
mass threshold to enlarge the analyzed sample to reduce the statistical uncertainties in
DE sector.

The physics of IGrM and ICM will be the main scientific driver for the exposures with
the Advanced Telescope for High-ENergy Astrophysics (Athena3), the X-ray observatory mission
selected by ESA as the second L(large)-class mission (due for launch in early 2030s) within
its Cosmic Vision programme to address the Hot and Energetic Universe scientific theme.
Among the main scientific goals, Athena will have the capabilities to find evolved groups
of galaxies with M500c > 5 × 1013M� and hot gaseous atmospheres at z > 2. For about
ten of those, a global gas temperature estimate is expected to be measurable [228]. Athena
will determine the magnitude of the injection of non-gravitational energy into the IGrM and
ICM as a function of cosmic epoch by measuring the structural properties (e.g., the entropy
profiles) out to R500, and their evolution up to z ∼ 2, for a sample of galaxy groups and
clusters, improving significantly the constraints, presently unknown, on the evolution of the
scaling relations between bulk properties of the hot gas [228,229]. In local systems, Athena will
be also in condition to determine the occurrence and impact of AGN feedback phenomena
by searching for ripples in surface brightness in the cores of a statistical sample of objects.
Using temperature-sensitive line ratios, Athena’s observations will trace how much gas is
at each temperature in the cores of these systems, providing a complete description of the
gas heating-cooling balance [230] and transport processes such as turbulence and diffusion
(Cucchetti et al. [231], Roncarelli et al. [232], Mernier et al. [233]).

2 http://www.mpe.mpg.de/erosita/, accessed on 3 May 2021.
3 https://www.the-athena-x-ray-observatory.eu/, accessed on 3 May 2021.

30



Universe 2021, 7, 139

Presently, concepts funded for study by NASA for consideration in the 2020 Astro-
physics Decadal Survey, Lynx4 (as high-energy flagship mission) and AXIS5 (as probe-
class mission) are proposing to investigate with sub-arcsecond resolution over a FoV of
400–500 arcmin2 the X-ray sky, improving this capability of a factor ∼100 with respect
to Chandra ACIS-I. Their predicted low background level and capability to resolve em-
bedded and background AGN will allow the tracking of group and cluster emissions
at very low surface-brightness values. For example, AXIS is expected to reach a flux
limit of ∼1 × 10−16 erg/s/cm2 (0.5–2 keV) over the 50 deg2 of the proposed Wide Survey
(e.g., [234]), providing the detection of thousands of groups and clusters, and evidence
of merging and effects of feedback resolved even at high-z. With a larger collection of
instruments, Lynx will be also able to resolve the thermodynamic and kinematic structure
of systems at z ≈ 2, as well as determine the role of feedback from AGN and stars.

Complementary data will be provided from the ongoing (and planned) SZ surveys.
SPT-3G6 will extend the work of SPT-SZ by covering a nearly identical area of 2500 deg2

but with noise levels about 12, 7, and 20 times lower at 95, 150, and 220 GHz, respectively.
This will enhance the sensitivity, allowing to a reduction of the mass limit and extending
the redshift coverage with respect to SPT-SZ. About 5000 clusters with M500c >∼ 1014M� at
a signal-to-noise > 4.5 (corresponding to a 97% purity threshold) are expected by the com-
pletion of the survey (2023; [235]). The next-generation ground-based cosmic microwave
background experiment CMB-S47, with a planned beginning of science operations in 2029,
will build catalogs more than an order of magnitude larger than current ones, lowering
the mass limit M500c to 6–8 ×1013 M� at z > 0.3 and being especially adept at finding the
most distant groups and clusters. Large catalogs of low-mass systems together with the
progress on the measurement of the thermal SZ power spectrum will open a new window
into groups.

In the optical and near-infrared bands, space missions (Euclid8-from 2022- and Nancy
Grace Roman Space Telescope9-formerly WFIRST; launch date: 2025) and ground-based
missions (Vera Rubin Observatory10 and the 4-metre Multi-Object Spectroscopic Telescope,
4MOST11) will map the large-scale structures over more than 15,000 deg2, extending
the current catalogs of systems with M500c > 5 × 1013M� (see, e.g., results from DES12

in [48]) by orders of magnitude, in particular at high (z > 1) redshifts (e.g., [236]). Of
particular interest for the measurement of the velocity dispersions, is the WFIRST and
4MOST observatories. The 4MOST observatory has been designed as a survey instrument
at the forefront, with plans underway to combine the power of 4MOST with eROSITA [237]
to provide dynamical mass estimates for ∼10000 clusters at redshift z < 0.6 and masses
> 1014 M�. 4MOST will also provide spectroscopic confirmation of eROSITA detected
groups at redshifts <0.2 down to a mass limit of 1013 M�. Additionally, the wide area vista
extragalactic survey (WAVES, [238]) being planned using 4MOST, is aiming to perform the
WAVES-Wide and WAVES-Deep surveys, allowing for the construction of optically selected
groups catalogs. The WAVES-WIDE(-DEEP) surveys aiming to cover an area of ∼70 (1200)
deg2, identifying ∼50,000 (20,000) dark matter halos down to a mass of 1014 (1011) M�
and out to a redshift of zphot � 0.2 (0.8). As with X-ray selected objects, optically selected
groups are physically heterogenous systems (e.g., see the dynamical analysis by Zheng
and Shen [239] for a sample of compact groups). However, it is possible that the physical
processes at work in the IGrM of optically- and X-ray-selected systems are different. Thus,

4 https://www.lynxobservatory.com/, accessed on 3 May 2021.
5 http://axis.astro.umd.edu, accessed on 3 May 2021.
6 https://pole.uchicago.edu/, accessed on 3 May 2021.
7 https://cmb-s4.org/, accessed on 3 May 2021.
8 https://www.euclid-ec.org/, accessed on 3 May 2021.
9 https://roman.gsfc.nasa.gov/, accessed on 3 May 2021.

10 https://www.lsst.org, accessed on 3 May 2021.
11 https://www.4most.eu/cms/, accessed on 3 May 2021.
12 https://www.darkenergysurvey.org/, accessed on 3 May 2021.
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the comparison of group samples selected via distinct methods can shed light on these
physical phenomena.

6. Final Remarks

Bridging the gap in mass between field galaxies and massive clusters, galaxy groups
are key systems to make progress in our understanding of structure formation and evolu-
tion. Thanks to the current generation of X-ray satellites, together with dedicated hydrody-
namical simulations, there have been significant improvement in our comprehension of the
interplay between the hot ambient gas, radiative cooling and feedback due to, e.g., AGN
activity and SNe winds, in particular in the central regions. Indeed, the thermodynamic
structure of galaxy groups is more complex than in massive galaxy clusters, with the
physics associated with non-gravitational processes playing a significant role in shaping
their general properties. The scaling relations capture the result of the various (thermal
and non-thermal) processes and show that galaxy groups are not simply the scaled-down
versions of rich clusters. Thanks to the enlarged catalogs of low-mass systems that the
current (and upcoming) wide surveys at X-ray, millimeter, and optical wavelengths will
provide, such scaling relations can be measured with very high precision. The comparison
between results obtained from differently selected samples will shed light on the intrinsic
properties of the groups’ population.

Due to the complexity of the X-ray emitting processes in the low-temperature regime,
and of how AGN heating impacts the general properties of the core of poor systems,
the interpretation will depend on the specific choices of the individual analyses. For
instance, many X-ray studies on groups (and clusters) provide integrated measurements
within a certain aperture. However, the definition of such aperture is often quite different,
and the comparison between the various works is not always straightforward. In the
future, it is desirable to provide the global properties using a unified definition of the
regions that are efficiently accessible from observations. This will ease the comparison
between different observational and theoretical studies, improving our understanding of
the physical processes at work in the complex group regime. Of course, in each study
there are good reasons to use a specific energy band or definition of region of interest.
However, regardless of the choices made in each paper to reach specific goals, we suggest
to also provide, whenever possible, both global and core-excised properties within R500.
Although there is evidence that the cool-core radius does not scale uniformly with the
virial radius, we think that the common choice of excising r < 0.15R500 is a good starting
point. For the rest-frame luminosities, we have shown that the 0.5–2 keV band is less
sensitive to the choice of the abundance table and is easily accessible for all the current and
future facilities (differently from the 0.1–2.4 keV band which extend to a regime where,
for instance, Chandra and XMM–Newton are not well calibrated and also the choice of the
abundance table start to play a role as discussed in Section 2.1). However, to ease the
comparison with the literature it is useful to also provide the rest-frame bolometric and
0.1–2.4 keV band luminosities. Finally, until R500 will be routinely achieved for most of
the systems in the low-mass regime, we also suggest providing the properties at R2500 (i.e.,
∼0.5R500). Of course, there are further complications (e.g., the impact on the temperature
of using a certain abundance table or spectral code, Lovisari et al. [77]; the choice of the
column density, Lovisari and Reiprich [83]; the fitting technique, Balestra et al. [240]) which
play a relevant role in the low-mass (but not only) systems. Nonetheless, starting to set
standard definitions will definitely help the analysis in this critical regime.
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Abstract: The co-evolution between supermassive black holes and their environment is most directly
traced by the hot atmospheres of dark matter halos. The cooling of the hot atmosphere supplies the
central regions with fresh gas, igniting active galactic nuclei (AGN) with long duty cycles. Outflows
from the central engine tightly couple with the surrounding gaseous medium and provide the
dominant heating source preventing runaway cooling by carving cavities and driving shocks across
the medium. The AGN feedback loop is a key feature of all modern galaxy evolution models. Here,
we review our knowledge of the AGN feedback process in the specific context of galaxy groups.
Galaxy groups are uniquely suited to constrain the mechanisms governing the cooling–heating
balance. Unlike in more massive halos, the energy that is supplied by the central AGN to the hot
intragroup medium can exceed the gravitational binding energy of halo gas particles. We report on
the state-of-the-art in observations of the feedback phenomenon and in theoretical models of the
heating-cooling balance in galaxy groups. We also describe how our knowledge of the AGN feedback
process impacts galaxy evolution models and large-scale baryon distributions. Finally, we discuss
how new instrumentation will answer key open questions on the topic.

Keywords: black holes; galaxy groups; elliptical galaxies; intragroup medium/plasma; active nuclei;
X-ray observations; hydrodynamical and cosmological simulations

1. Introduction

Structure formation in the Universe operates as a bottom-up process in which small
halos formed at high redshift progressively merge and accrete the surrounding material to
form the massive halos we see today [1]. Given the evolution of the halo mass function, the
peak of the mass density in the current Universe occurs in halos of ∼1013M�—the galaxy
group regime. At the current epoch, galaxy groups are the building blocks of the structure
formation process and, thus, they occupy a key regime in the evolution of galaxies. Typical
L� galaxies exist within groups rather than within isolated halos [2]. The galaxy stellar
mass function exhibits a cut-off at M� ∼ 1011M� [3], corresponding to the central galaxies
of galaxy groups, brightest group galaxies (BGGs). Abundance matching studies show that
the star formation efficiency reaches a maximum at Mh ∼ 1012M� and decreases at both
higher and lower masses [4–6]. At the high-mass end, non-gravitational energy input is
needed to quench star formation and reproduce the shape of the stellar mass function [7].

Feedback from active supermassive black holes (SMBH) is currently the favored mech-
anism for regulating the star formation activity in massive galaxies, explaining the observed
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shape of the stellar mass function, and quenching catastrophic cooling flows. Outflows
and jets from the central active galactic nuclei (AGN) interact with the surrounding hot
intragroup medium (IGrM) and release a large amount of energy, which prevents the gas
reservoir from cooling efficiently and fueling star formation (for previous reviews, see
McNamara and Nulsen [8]; Fabian [9]; Gitti et al. [10]; Gaspari et al. [11]). All of the modern
galaxy evolution models include a prescription for AGN feedback to reproduce the shape
of the galaxy luminosity function and the halo baryon fraction (see the companion review
by Oppenheimer et al.). Earlier attempts at reproducing these observables with supernova
feedback resulted in catastrophic cooling and largely overestimated the stellar content
of groups (e.g., [12]). State-of-the-art cosmological simulations all implement sub-grid
prescriptions for AGN feedback, either in the form of thermal, isotropic feedback, or in the
form of mechanical, directional feedback. The adopted feedback scheme strongly affects
the gas properties of galaxy groups. Indeed, strong feedback raises the entropy level of the
surrounding gas particles, which can lead to a global depletion of baryons in group-scale
halos. Cosmological simulations are now facing the important challenge of reproducing at
the same time realistic galaxy populations and gas properties.

The imprint of AGN feedback is most easily observed through high-resolution X-
ray observations of nearby galaxy groups and clusters. Bubbles of expanding energetic
material carve cavities in the gas distribution, spatially coinciding with energetic AGN
outflows that are traced by their radio emission. Supersonic outflows also drive shock
fronts permeating the surrounding IGrM and distributing heat across the environment. In
parallel, extended Hα nebulae demonstrate the existence of efficient gas cooling from the
hot phase, thereby feeding the central SMBH. Recent ALMA observations at millimetric
wavelengths also provide evidence for large amounts of cool gas at the vicinity of the
SMBH. Thus, multi-wavelength observations of the cores of nearby massive structures
allow us to investigate, in detail, the balance between gas cooling and AGN heating.

While a great deal of attention has been devoted to studying these phenomena in
the most massive nearby clusters, such as Perseus (see [8] for a review), observations
of similar quality only exist for a handful of groups, such as NGC 5044 [13] and NGC
5813 [14]. Detailed observations of galaxy groups are crucial for our understanding of
feedback processes, as the physical conditions differ from those of galaxy clusters in several
important ways. First and foremost, the ratio of feedback energy to gravitational energy
is different from that of clusters. The AGN energy input is sometimes parameterized
as Ėfeed ≈ ε f εr ṀBHc2 with εr ∼10% the energy output of the BH and ε f the coupling
efficiency between the BH outflows and the surrounding medium. On the other hand, the
gravitational binding energy is a strong function of halo mass, Ebind ∝ M2

h. If the coupling
efficiency only depends on the physical properties of the gas and the feedback loop has a
long duty cycle, then the total integrated feedback energy Efeed becomes comparable to
Ebind or even exceeds it in group-scale halos, whereas it remains substantially lower in
the most massive systems. Similarly, the radius inside, which non-gravitational energy
dominates over gravitational energy, is comparably larger in group-scale halos. The impact
of AGN in groups is spread over much larger volumes and it can even lead to a depletion of
baryons within the virial radius. On top of that, the radiative cooling function experiences
a transition of regime between the temperature range of clusters and that of groups. For
temperatures that are greater than ∼3 keV, the plasma is almost completely ionized and the
Bremsstrahlung process dominates. For temperatures of ∼1 keV, line cooling dominates,
which makes the radiative losses comparably more important. Therefore, the radiative
cooling time can become much shorter than the Hubble time, even at relatively low gas
densities, and the supply of gas to the SMBH can be sustained more easily. For all of these
reasons, studying the feedback loop across a wide range of halo masses is necessary for
informing our theoretical models.

Here, we review the current state of the art in our knowledge of the AGN feedback
process in the specific case of galaxy groups. For the purpose of this review, we define
galaxy groups as galaxy concentrations with halo masses in the range 1013–1014M� and
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with an X-ray bright intragroup medium (IGrM). Such masses correspond to virial tem-
peratures of ∼0.5–2 keV. Most of the processes that are discussed in this review are also
relevant in the case of X-ray bright isolated elliptical galaxies and massive spirals with
kT ∼ 0.3–0.5 keV. Whenever it is appropriate, we will discuss halos of lower masses as
well. The paper is organized, as follows. In Section 2, we describe why AGN feedback
is presently thought to be a key ingredient in the evolution of galaxy groups and how
invoking AGN feedback can solve a number of overarching issues in galaxy evolution.
In Section 3, we review the current observational evidence for AGN feedback in nearby
galaxy groups, with our main focus on observations at X-ray and radio wavelengths and
additional information coming from millimeter and Hα observations. Section 4 summa-
rizes the theoretical framework that was put into place to interpret the heating/cooling
cycle and the main physical processes involved, with a specific focus on the galaxy group
regime. Section 5 discusses how AGN feedback is implemented in modern cosmological
simulations and its impact on the evolution and large-scale distribution of the baryonic
component of the Universe. We conclude our review in Section 6 with a short presentation
of the most relevant upcoming experiments and their expected contribution to the field.

2. The Need for AGN Feedback in Galaxy Evolution

Even though the first indications that AGN feedback could be one of the missing
elements in theories of galaxy formation and evolution are already nearly half a century
old [15–17], theoretical and observational studies of the process are still in their infancy.
In the last fifteen years, AGN feedback has emerged as the most promising solution to a
number of overarching problems in galaxy formation and evolution in both semi-analytic
models and cosmological hydrodynamical simulations (e.g., [18–22]). In short, the main
issues are: cosmic ’downsizing’ [23], i.e., the observation that the majority of both star
formation and AGN activity took place before redshift z ∼ 1 (e.g., [24,25]), the shape of
the galaxy stellar mass function at the high-mass end, the gas content of massive galaxies,
groups and clusters, the absence of a cooling flow, the deviations from self-similarity
of gas scaling relations, and the entropy floor (the latter three are discussed in detail in
Section 3.1). AGN feedback progressively appeared to be a promising solution to solve
each of these problems separately, eventually leading to the realization that these issues
could in fact be seen as different facets of the same problem (e.g., [19,26,27]). In this section,
we highlight the main reasons why AGN feedback plays a central role in galaxy evolution
models, specifically at the scale of galaxy groups.

2.1. The Shape of the Galaxy Stellar Mass Function

White and Rees [17] presented one of the first models of galaxy formation in a cos-
mological context (see also [16,28]). The authors proposed a two-stage process in which
galaxies form via radiative cooling of the baryons within halos that had already formed via
gravitational collapse of the collisionless dark matter. The authors also argued that an addi-
tional non-gravitational process, called feedback, was needed to avoid the overproduction
of faint galaxies as compared to observations. Indeed, in that model, the galaxy stellar mass
function would simply be a scaled-down version of the dark matter halo mass function (see
the discussion in, e.g., [26] illustrated by their Figure 1 and Figure 1 of this review). Later
studies pointed out that the scaled halo mass function model overpredicts the abundance
of the most massive galaxies when compared to observations (e.g., [26,29–35]). In short,
galaxy formation is fundamentally an inefficient process as only a small fraction of the
Universe’s baryons are in the form of stars (about 10 per cent; e.g., [36–38]) and the star
formation efficiency strongly depends on halo mass. Thus, the mass of the dark matter halo
plays a fundamental role in shaping the galaxies that it contains. Observational evidence
for this halo-mass dependency of the efficiency of galaxy formation was first obtained
using galaxy group catalogues [39,40].
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Figure 1. Galaxy stellar mass function (GSMF) Φ�(M�) = dN
dM∗dV in observations and simulations. The dashed purple

curve shows the double-Schechter fit to the local GSMF measured in the COSMOS survey [3]. The solid curves show the
predictions of the cosmo-OWLS/BAHAMAS model [12,41] in the case with only stellar feedback (REF, yellow), cosmo-
OWLS with AGN feedback (AGN-8.0, maroon), and the latest BAHAMAS model (green), in which the feedback model was
tuned to reproduce jointly the GSMF and the gas fraction. For comparison, the dotted gray curve shows the Tinker et al. [42]
halo mass function in Planck cosmology scaled by fb = Ωb/Ωm, which highlights what one expects to see in the case in
which each halo is populated by a galaxy with M� = fb Mh.

To illustrate the first point, in Figure 1 we show the local galaxy stellar mass function
(GSMF) Φ�(M�) that is measured within the COSMOS survey [3] modeled using a double
Schechter function. The dashed line shows the Tinker et al. [42] halo mass function with
the masses scaled by the universal baryon fraction fb = Ωb/Ωm, which produces the
GSMF one would expect to see if every halo was populated by a single galaxy and all
the available baryon content had been converted into stars. The observed GSMF vastly
differs from the scaled halo mass function both in shape and normalization. The lower
normalization implies that the star formation efficiency is much less than 100%, whereas the
steep decline at high masses shows that the growth of galaxies does not follow the structure
formation process. Attempts at reproducing the shape of the GSMF with feedback from
supernovae and star formation were unsuccessful, as the injected energy was insufficient
to offset cooling and regulate the star formation efficiency [26]. In Figure 1, we compare the
observed GSMF with the predictions of hydrodynamical cosmological simulations from
the cosmo-OWLS and BAHAMAS suites [12,41] implementing several prescriptions for
baryonic physics. The cosmo-OWLS run, including cooling, star formation, and stellar
feedback (labelled REF) suffers from overcooling, and, thus, it overpredicts the observed
abundance of massive galaxies (M� 	 1012M�) by several orders of magnitude. Conversely,
including AGN feedback allows the model to closely reproduce the abundance of massive
galaxies. AGN feedback is implemented by releasing a fraction of the rest-mass energy
of cooling gas particles within the surrounding environment, which reheats the gas and
regulates the star formation efficiency (see Section 5.1 for details). The effect of AGN
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feedback kicks in around M� ∼ 2–3× 1011M� corresponding to the stellar masses of BGGs,
which highlights the crucial role that is played by the galaxy group regime.

Following the early works highlighting the discrepancy between the observed GSMF
and the structure formation theory, it took over 30 years to pinpoint the most likely source of
feedback. Early models of non-gravitational heating invoked a ‘pre-heating’ of the baryonic
content before the epoch of formation of massive haloes, but did not specify the source
of the energy injection (e.g., [31,43,44]). Because these models cannot predict the impact
on the galaxy population, but only on the intra-group medium, they are not discussed
any further here (but, see Section 3.1 for a detailed discussion). Models implementing gas
cooling without feedback were able to reproduce the breakdown of self-similarity that was
observed in X-ray selected samples, but this came at the price of greatly overpredicting
the abundance of galaxies (e.g., [45–50] for a review). In the late 1990s and early 2000s,
teams working with both semi-analytic models and hydrodynamical simulations, who had
started to model the effects of cooling, star formation, and stellar feedback, came to the
realization that supernova heating, while being a suitable explanation for the inefficiency
of galaxy formation at the low-mass end, could neither solve the remaining problem with
the high-mass end of the galaxy stellar mass function (if anything it made it worse; see e.g.,
Menci and Cavaliere [51]; Bower et al. [52]; Benson et al. [26]) nor reproduce the properties
of the gas in massive galaxies, groups, and clusters (e.g., [53–55]). Indeed, the amount of
energy that is injected by supernovae is insufficient to eject gas from the potential wells of
groups and clusters, even if one assumes that the feedback is one hundred per cent efficient
(e.g., [56–58]), and such efficiencies were in conflict with contemporary observations of
galactic outflows (e.g., [59]). Heating from thermal conduction was also investigated
(e.g., [26,60–62]) and eventually ruled out, as it required that the conduction coefficient
should exceed the Spitzer rate expected for a fully ionized plasma. By contrast, the energy
that is injected by the supermassive black holes at the center of galaxies is, in principle,
sufficient to eject gas from the potential wells of groups and clusters (e.g., [18,26,63]).
Additionally, the existence of a feedback loop between supermassive black holes and galaxy
formation provides an attractive solution to explain the observed correlation between
galaxy and black hole properties (see Sections 2.2 and 5.3 for details). Galaxy groups are the
best astrophysical laboratories for studying the impact of various feedback mechanisms,
since they have managed to retain enough hot gas to allow for a study of the impact of
feedback on the IGrM, while, at the same time, representing a transitional regime for the
stellar properties of galaxies. We will discuss this point in more detail in the remainder of
this review.

2.2. Co-Evolution between Black Hole Mass and Galaxy Properties

Since the late 1990s, it has become clear that central SMBH co-evolves with the
properties of their host galaxies. Thanks to the increasingly precise measurements of
SMBH masses obtained through spatially resolved dynamical measurements of stars
and gas at the BH’s vicinity, it is now well established that the vast majority of galaxies
host a central SMBH with a mass that correlates with the properties of its host galaxy
(see [64] for an extensive review). The SMBH mass was found to correlate with a galaxy’s
near-infrared luminosity LK, i.e., with the galaxy’s integrated stellar content, and with
the velocity dispersion σv of the stars in the bulge, which is often used as a proxy for
the halo mass [64–70]. SMBH masses scale with galaxy properties as MBH ∝ σ4.5

e and
MBH ∝ L1.1

K . While it is still unclear whether the relations between SMBH mass and galaxy
properties are fundamental or derive from correlations between hidden variables, the
existence of these scaling relations implies that the processes leading to the growth of BH
are tightly linked with the evolution of the host halo. Widespread AGN feedback provides
a natural explanation for the existence of SMBH scaling relations [7,18,71]. The radiative
and mechanical energy output of AGN outbursts can, in principle, be sufficient to expel
cold gas away from galaxy bulges, thereby, at the same time, regulating the AGN accretion
rate and the star formation activity of the host galaxy. Feedback from AGN has the potential
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to directly link the properties of supermassive black holes and their host galaxies. The
coupling of the energy released by the formation of the supermassive black hole to the
surrounding forming galaxy should lead to a relationship that is close to the observed
MBH − σe relation [63,72]. The generality of these arguments imply that this result may be
reasonably independent of the specific details of the feedback model.

While the MBH − LK and MBH − σe relations are now well established, the typical
intrinsic scatter of optical/stellar relations remains substantial (even in early-type galaxies),
ε ∼ 0.4–0.5 dex, especially for stellar luminosities and masses (e.g., Saglia et al. [73]).
Moreover, optical extraction radii are necessarily limited to galactic half-light radii Re
(∼2–5 kpc), neglecting the key role of the host halo of the group. It has been suggested
that SMBH properties are fundamentally linked with the mass of the host halo [74,75], and
that the MBH − LK and MBH − σv relations arise as a byproduct from the scaling relations
between halo mass and optical galaxy properties. Several recent studies seem to confirm
that the mass of the central SMBH is more tightly related to the temperature of the host
gaseous halo, i.e., the global gravitational potential and hot-halo processes [76–78]. We
discuss this point, in detail, in Section 5.3.

3. Observational Evidence

3.1. X-ray Observations
3.1.1. Feedback-Induced Hydrodynamical Features

The X-ray observatories in orbit for the past 20 years, Chandra and XMM-Newton, have
revolutionized our understanding of the cores of relaxed galaxies, groups, and clusters,
which show a highly peaked X-ray emission from a hot interstellar medium whose radiative
cooling time is often less than 1 Gyr. Soon after the launch of XMM-Newton and Chandra
it was realized that the gas in the central regions of nearby groups and clusters does not
efficiently cool from the X-ray phase, condense, and flow toward the center, as expected
from the original ‘cooling flow’ model [79]. Spectroscopic observations with Chandra and
XMM-Newton have established that there is little evidence for emission from gas cooling
below ∼Tvir/3 [80–82]. Precisely where the gas should be cooling most rapidly, it appears
not to be cooling at all. This effect is known as the ’cooling flow problem’ (e.g., [83]).

Therefore, a compensating heat source must resupply the radiative losses, and many
possibilities have been proposed, including thermal conduction (e.g., [84]), energy released
by mergers (e.g., [85,86]), or by supernovae (e.g., [87]); see Section 2.1. However, feedback
from the central AGN was rapidly established as the most appealing solution to the
problem. There is, in fact, clear observational evidence for AGN heating as the majority
of brightest cluster galaxies of cool-core clusters and groups host a radio loud AGN
(e.g., [88,89]) and, following the launch of Chandra, disturbances, such as shocks, ripples,
and cavities, have been found in the central atmospheres of many clusters, groups, and
elliptical galaxies (e.g., [90–98]). The cavities, which appear as X-ray surface brightness
depressions, have been interpreted as bubbles of low-density relativistic plasma inflated by
radio jets, displacing the thermal gas and causing PdV heating (e.g., [99]). Weak shocks
that are associated with outbursts, long expected in models of jet-fed radio lobes [100],
were also finally detected in deep Chandra observations, for example, in M87 [93], Hydra
A [101], and MS 0735+7241 [102]. The energies available from the AGN were found to be
not only comparable to those that are needed to stop gas from cooling, but the mean power
of the outbursts was well correlated with the radiative losses from the IGrM [103].

Given the lower surface brightness of groups, in the early days of the Chandra era, the
study of AGN feedback in these systems did not progress at the same pace as for more
massive clusters [8]. However, the situation has improved in more recent times, with a
number of studies addressing sizable samples of groups and characterizing the cavities
in their IGrM [104–107]. Table A1 in Appendix A presents a list of groups with known
cavities being detected using high-resolution X-ray observations. Deep Chandra X-ray
data are now available for a number of galaxy groups (HCG 62, NGC 5044, NGC 5813).
In particular, Randall et al. [14] presented the results of a very deep (650 ks) observation
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of NGC 5813, the longest such observation available to date. In Figure 2, we show the
Chandra image and temperature map of NGC 5813, revealing an impressive number of
feedback-induced features. Multiple pairs of X-ray cavities can be observed on both
sides of the nucleus, indicating that the system has undergone several consecutive AGN
outbursts inflating powerful expanding bubbles. Two pairs of concentric shock fronts were
discovered perpendicular to the jet axis. The passage of the shock fronts reheats the IGrM,
as evidenced by the higher temperatures that were measured in the post-shock regions (see
the right-hand panel of Figure 2).

Figure 2. Cavities and shocks in the NGC 5813 galaxy group. The left panel shows an adaptively smoothed Chandra
0.5–2 keV image of the group, with cavities marked by dashed ellipses and two pairs of shock fronts by solid curved lines.
The right panel shows a temperature map (in units of keV) with the cavities and outer shock fronts marked. Note the
shock-heated gas (red and yellow) behind the outer shock fronts and in the shocked rims of the innermost set of cavities.
Images drawn from the Chandra Early-type Galaxy Atlas [108].

Because cavities are the most commonly detected feedback-related structures, AGN
energy input is usually gauged from their properties, as briefly summarized below. The
energy that is required to inflate radio bubbles creating cavities in the X-ray emitting gas is
usually expressed as the enthalpy, i.e., the sum of the work done to carve out the cavity
and the internal energy of the radio lobes:

H = Eint + pV =
γ

γ − 1
pV (1)

where p is the pressure of the surrounding IGrM, V is the volume of the cavity, and γ is
the ratio of the specific heats of the plasma filling the cavities. If the plasma is relativistic,
γ = 4/3 and H = 4 pV; if it is non-relativistic, γ = 5/3 and H = 2.5 pV. The exact
composition of the cavities is still unknown, even though X-ray, radio ([109] and references
therein), and SZ observations [110] suggest that it is likely a mixture of the two species. The
age of the cavity is the other key physical quantity that can be estimated from observations.
As summarized by Bîrzan et al. [92], several age estimators have been suggested:
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(a) the sonic time, i.e., the time that is required by the cavity to reach its projected
distance R at the speed of sound,

ts = R/cs (2)

with cs = (γkT/μmH)
1/2, μ the mean atomic weight of the plasma, and mH the

proton mass;
(b) the refill time that is required by the gas to refill the displaced volume as the cavity

rises upward,
tref ≈

√
r/g (3)

where r is the radius of the cavity and g = GM(< R)/R2 is the gravitational
acceleration at the cavity position;

(c) the buoyancy time, i.e., the time that iis required for the cavity to rise buoyantly at its
terminal velocity,

tbuoy = R/vt ≈ R
√

SC/2gV (4)

where V and S are the volume and the cross-section of the cavity, respectively, and
C = 0.75 is the drag coefficient [111]

Cavity ages that are estimated using these three methods usually agree within a factor
of two, with the buoyancy times typically in between the shorter sonic time and the longer
refill time ([10] and references therein). Dividing the enthalpy H by the characteristic
timescale provides an observational estimate of the cavity power Pcav. The cavity power is
a lower limit to the mechanical power of the AGN, given the paucity of detected shocks
and other possible sources of energy feedback, such as sound waves.

Operationally, estimating Pcav requires a measurement of the geometry and size of the
cavity and the pressure of the surrounding ICM. The total cavity power can be compared
with the gas luminosity inside the cooling radius, Lcool, which needs to be balanced by
the AGN mechanical feedback. Lcool is usually defined as the total luminosity inside
the regions where the cooling time is less than 7.7 × 109 yrs [112], although different
thresholds exist in the literature (e.g., 3 Gyr, [113]). Lcool is estimated by deprojecting the
X-ray temperature and emissivity profiles and computing the corresponding bolometric
luminosity [96]. A number of possible biases and systematic errors can affect this apparently
straightforward observational approach, as the detectability of cavities depends on the
depth of the observation, the position of the cavity with respect to the plane of the sky,
and uncertainties in the assumed geometry ([8,10,109] and the references therein). The
exact impact of these observational uncertainties on the statistics of cavities in clusters and
groups is yet to be quantified.

The Pcav − Lcool relation has been investigated through the years in an increasing
number of objects, ranging from ellipticals to groups and clusters ([10,109] and references
therein). The general consensus is that the cavity power is enough to offset cooling given
an average 4 pV injected energy per cavity and that the jet mechanical power correlates
well with the cooling luminosity. In Figure 3, we show the relation between cooling
luminosity and cavity power from a compilation of literature measurements [104,106,112];
see Table A1. Here, the total cavity power for each system was computed by summing
up the power of each individual cavity. While at the high-mass end, the data are broadly
consistent with an enthalpy H = 4pV, being typical of heating by a relativistic plasma, in
the group regime, the cavity power is substantially higher. To quantify this effect, we fitted
the Lcool − Pcav relation with a power law using PyMC3 [114]. The blue curve and shaded
area show the best-fit relation, which reads

log
(

Pcav

1043 erg/s

)
= (0.41 ± 0.09) + (0.70 ± 0.05) log

(
Lcool

1043 erg/s

)
(5)

with an intrinsic scatter of 0.51 ± 0.07 dex. The slope of the fitted relation is significantly
shallower than unity, which would be the expected slope if the feedback efficiency is
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independent of the halo mass. At face value, this result implies that the feedback efficiency
is higher in groups than in clusters, with the cavities injecting enough energy to overheat
the cores and deplete the central regions from their gas content. We discuss this point, in
detail, in Section 3.1.4.

Figure 3. The relation between the luminosity within the cooling radius (Lcool) and the power injected by the cavities
assuming H = 4 pV (Pcav) for several literature samples. The orange points were either recomputed for this work or
collected from papers on individual objects; we refer to Table A1 for detailed references. The blue line shows a fit to the data
using a power law with intrinsic scatter. The uncertainty on the fitted relation is indicated by the blue shaded area, whereas
the cyan range indicates the intrinsic scatter around the relation.

The presence of shock fronts is another clear observational hydrodynamical feature
that is caused by AGN feedback. The passage of a shock front compresses and heats the
gas, raising its entropy and providing an effective heat input

ΔQ ≈ TΔS = TΔ ln K (6)

with K the entropy index usually quoted as entropy by X-ray astronomers (see Section 3.1.2).
Because of their transient nature, single weak shocks fail to compensate for the radiative
losses in a cool core, but the cumulative effect of multiple shocks can be relatively important
(see, e.g., the discussion in [109]). This is again highlighted by the exemplar case of NGC
5813 (see Figure 2), where each set of three cavities has been associated with an elliptical
shock measured at 1 kpc, 10 kpc and 30 kpc, respectively, with Mach numbers M in
the range 1.17–1.78. Generally speaking, the detected shock fronts are weak, i.e., their
Mach number falls in the range M ∼1–2 [115]. This range can be understood given the
typical evolution of the Mach number as a function of the fundamental parameters, total
energy, and duration, of the AGN outbursts (see, for example, the discussion in [116] and
Section 4.2). The cumulative heating effect of these successive shock fronts is sufficient to
offset cooling within the inner 30 kpc. The shock energy can be estimated as

Es = p1Vs(p2/p1 − 1) (7)
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where p1 and p2 are the pre- and post-shock pressures, respectively, and Vs is the volume
that is enclosed by the shock (e.g., [14]). Liu et al. [115] made an exhaustive search for
groups and clusters with detected shocks and studied the dependence of the shock energies
and related Mach numbers on the cavity enthalpies (see Figure 4). The shock energies span
almost seven orders of magnitude from 4 × 1061 erg s−1 in the cluster MS 0735 + 7421 [102]
to 1055 erg s−1 in NGC 4552 [117], with group-scale objects in the range 1056–1059 erg s−1

and Mach numbers all in the range 1–2 with the exception of Centaurus A. The shock
energy is similar to the cavity energy (see the right-hand panel of Figure 4), suggesting that
shocks and cavities may play a comparable role in supplying mechanical energy that is
provided by the AGN (with the balance between the two mainly driven by the duration of
the outburst, e.g., [116,118]). Other heating mechanisms that are discussed in Section 4.2,
such as turbulent heating, have yet to be explored observationally at the group scale.

Figure 4. Shock energy versus Mach number (left panel) and shock energy versus cavity enthalpy (right panel) for groups
and clusters with available shock energy in the literature. Figure reproduced from Liu et al. [115]. Objects with a red circle
have kT < 1.3 keV, green square: 1.3 < kT < 3.0 keV and blue triangles kT > 3.0 keV. The dashed line in the left panel
marks M = 1.5 and the dotted, solid, dashed lines in the right panel represent Eshock/Ecav=10, 1, 0.1 respectively. The
objects considered in the plots are: Hydra A [101,119], MS 0735+7421 [102], Centaurus A [120], Cygnus A [92,121], 3C
444 [122], M87 [118], Abell 2052 [123], 3C 310 [124], NGC 4552 [117], NGC 4636 [125], HCG 62 [126], and NGC 5813 [14].

3.1.2. Non-Gravitational Feedback Energy and Entropy Profiles

One of the earliest pieces of evidence for non-gravitational feedback energy came from
observed deviations from the self-similar scaling relations that are driven only by grav-
ity [127], in particular the deviation of the observed luminosity-temperature relation from
the predicted L ∝ T2 [128–130]; see the companion review by Lovisari et al. on the scaling
relations of galaxy groups. Advocating a minimum entropy in the pre-collapse intergalactic
medium to break self-similarity was one of the first attempts at a solution [43,44], with the
result of bending the relation from self-similar at the scale of massive clusters to a steeper
slope at the scale of groups. It was recognized that a given entropy level could be reached
through different thermodynamic histories, and that the key insight would have been given
by the sequence of adiabats through which baryons evolve: the excess entropy could have
been achieved prior accretion to the collapsed halo (the external scenario) or in the higher
density medium after accretion (internal scenario (e.g., [131,132]). A third option was
initially considered while realizing that cooling alone could remove low entropy gas from
the centers of halos producing a similar effect to non-gravitational heating (e.g., [46,133]).

Ponman et al. [134] provided the first observational evidence by measuring the entropy
(S = T/n2/3

e ) at a fixed scaled radius (0.1 rvirial), and showing that it does not follow the
expected linear trend with temperature (see the left-hand panel of Figure 5). ROSAT surface
brightness profiles were combined with Ginga mean temperatures under the assumption
of isothermality to derive entropy profiles for 25 objects, six objects with T < 2 keV
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(NGC4261, NGC2300, NGC533, HCG97, HCG94, and HCG62), and objects, like MKW4,
MKW3, AWM4, and AWM7, all in the range T = 2–4 keV. The authors concluded that
the observational data were consistent with a scenario involving an external preheating
mechanism through supernova winds, thereby raising the central entropy and enriching
the medium in heavy elements. They also established that preheating would have a broader
impact on the general picture of structure formation, as, for example, the level and timing
of the heating required could not violate the constraints from the Lyman-α forest (see
also [135]).

Figure 5. Left: The gas entropy at the fiducial radius of 0.1Rvirial as a function of the temperature for the 25 systems in the
sample of Ponman et al. [134]. The solid line shows the relation obtained from numerical non-radiative simulations [136].
Figure reproduced from Ponman et al. [134], arXiv author’s version. Right: The same relation at different radii for the
groups analyzed in the sample of Sun et al. [137], together with the sample of clusters in Vikhlinin et al. [138], both being
analyzed with Chandra data. Figure reproduced from Sun et al. [137].

A key improvement with respect to this early result was the ability to go beyond
the assumption of isothermality by constraining the temperature profiles exploiting the
combination of ROSAT and ASCA data [139,140]. These studies confirmed that low-mass
systems exhibit higher scaled entropy profiles. However, they did not show the large
isentropic cores that were predicted by simple preheating models (e.g., [141]) and the high
entropy excess in galaxy groups was found to extend to large radii (as also shown by the
ASCA analysis of [142]).

The Chandra and XMM-Newton results have made the observational picture clearer
and more solid. In the comprehensive work that was done by [137], an archival sample
of 43 groups observed with Chandra with a temperature range of kT500 = 0.7–2.7 keV was
analyzed, deriving detailed entropy profiles thanks to the superb spatial resolution of the
satellite. The derived entropy-temperature scaling relations at six characteristic radii (30
kpc, 0.15 R500, R2500, R1500, R1000, and R500) show a large intrinsic scatter at small radii,
but already at R2500, the scatter reaches a value of 10% and remains the same beyond this
point. When combined with similar observations in the galaxy cluster regime (the sample
of [138]), the slope of the relation is found to gradually approach the self similar value,
steepening from 0.740 ± 0.027 at R2500 to 0.994 ± 0.054 at R500 (see the right-hand panel
of Figure 5). The entropy ratios that were calculated with respect to the baseline entropy
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profile expected from purely gravitational processes [143] confirm an excess entropy, which
is a function of mass and radius, with groups having higher ratios at small radii. The
weighted mean ratio for groups decreases from 2.2 at R2500 to 1.6 at R500. In general,
the entropy profiles of groups have slopes (0.7–0.8) that are flatter than the self-similar
expectation from pure gravitational processes of 1.1. Deep observations of nearby poor
clusters with Suzaku (RX J1159, Humphrey et al. [144]; Virgo, Simionescu et al. [145]; UGC
03957, Thölken et al. [146]) have shown that the entropy excess can extend all the way to
the system’s virial radius. Similar observations on a larger sample of groups are needed to
determine whether the high entropy of galaxy groups is a general feature that is linked to
the AGN feedback phenomenon.

The XMM-Newton study that wsa performed by [147] on a sample of 29 groups based
on the two-dimensional XMM-Newton Group Survey, 2DXGS [148,149] supplemented by
groups from the sample of Mahdavi et al. [150] divided the objects into cool core (CC) and
non-cool core (NCC) objects on the basis of the presence of a temperature gradient in the
core, the first time this had been done for galaxy groups. The slope of the scaling relations
of the entropy with temperature, incorporating the cluster sample of Sanderson et al. [151],
at 0.1 R500 has a slope of 0.79 ± 0.06 consistent with the results of Sun et al. [137]. The
entropy profiles of NCC groups show greater scatter than the CC sub-sample, and they
have higher central entropies, in qualitative agreement with the results at the cluster scale
(e.g., [152]). The excess entropy with respect to the baseline expected from gravitational
processes cannot be reproduced by simple theoretical models of entropy modification,
such as pure pre-heating or pure cooling, and the required mechanism should provide
increasingly large entropy shifts for higher entropy gas.

Another significant advance in the study of entropy profiles of group-scale objects has
been provided by the work of Panagoulia et al. [153], which analyzed the entropy profiles
of 66 nearby groups and clusters drawn from a volume-limited sample of 101 objects that
were assembled from the NORAS and REFLEX catalogues. The study pointed out that the
flattening of the entropy profiles at small radii found in previous studies [152] was mainly
a matter of resolution and it could be affected by the presence of multi-temperature gas.
In particular, for nearby groups, a broken power law model provides the best description
of the entropy profiles, with an inner slope of 0.64 within the central 20 kpc. This finding
was confirmed in the recent studies of Hogan et al. [154] and Babyk et al. [155], who found
that the behavior of the entropy profiles in the inner regions of relaxed clusters and groups
can be well described by a broken power law with K(r) ∝ R2/3, a break around 100 kpc
(∼0.1R2500) and an outer slope of ∼1.1 matching the predictions of gravitational collapse
models [143]. Because the cooling time is ∝ K3/2, the non-existence of an entropy floor
affects the interpretation of the SMBH feeding and feedback processes, as we will discuss
in Section 3.1.3 and Section 4.

3.1.3. Thermal Instability Timescale Profiles

In the past decade, a substantial amount of work has been dedicated to understanding
the triggering of AGN feedback in galaxy groups and clusters. The energy injected by
the central AGN and the cooling of the IGrM appear to be closely balanced over the long-
term, as we will review in Section 4. This reflects a tight relation between cooling/feeding
(Section 4.1) and heating/feedback (Section 4.2) processes. Initial works suggested that
the onset of thermal instability in hot halos and the triggering of runaway cooling can
be expressed in terms of the ratio of the cooling time to the free-fall time [156–160]. The
cooling time is usually expressed as the ratio of the thermal energy to radiative cooling rate,

tcool =
(3/2)nkBT

neniΛ
≈ 3kBT

neΛ
(8)

with Λ the cooling function (see Figure 10) and ni ≈ ne the IGrM ion number density. The
free-fall time describes the timescale that is necessary for a gas particle to directly fall to the
bottom of the potential well,
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tff = [2R/g(R)]1/2 (9)

with g(R) the local gravitational acceleration. If tcool 	 tff, the gas particle is losing
internal energy too slowly and radial oscillations are eventually damped. Conversely,
as tcool becomes comparable to tff, the gas rapidly loses pressure support, developing
runaway thermal instability, and eventually sinking radially onto the central galaxy and
SMBH. This ‘classical’ thermal instability (and related TI-ratio) has been also referred to
as ’raining’ (Gaspari et al. [156]) or ’precipitation’ [159], being analogous to early physics
studies that are based on analytical approximations (e.g., Field [161]).

The observational constraints on thermal instability can be investigated by studying
the radial profiles of such IGrM timescales. In the absence of cooling and non-gravitational
heating (tcool 	 1 Gyr), the cooling time follows a baseline universal profile set by the
structure formation process [143,162]. Deviations from the baseline profile occur in the
central regions, where tcool 
 1/H0 and radiative cooling losses can no longer be neglected.
The left-hand panel of Figure 6 shows the cooling time profiles for a large sample of galaxy
clusters and groups from the ACCEPT database [159,163]. All of the systems exhibiting
evidence of multi-phase gas (e.g., Hα, CO) show a floor set by the threshold tcool/tff ∼ 10–
30, such that, on average, the IGrM does not experience runaway cooling. Figure 6 (right
panel) includes 40 galaxy groups and massive early-type galaxies with deep Chandra
observations [155], showing that the ratio of cooling time to free-fall time reaches a floor
at tcool/tff ∼10. In the inner regions where the entropy rises approximately as K ∝ R2/3,
tcool/tff is approximately constant with an average value of tcool/tff ∼ 30 (blue line).

Figure 6. Observed timescales profiles in the IGrM (mainly related to TI). Left: Cooling time profiles for a sample of
cool-core clusters (blue) and groups (magenta) hosting multiphase gas (Hα, CO; figure reproduced from Voit et al. [159],
arXiv author’s version). The observed profiles are compared with the ’baseline’ structure formation profile (maroon) and
the typical simulation threshold tcool/tff ∼ 10 (pink). Right: The ratio of the cooling time to free-fall time in a sample of
groups and ellipticals (the figure reproduced from Babyk et al. [155]; the average is shown with a blue line).

On the one hand, the above results show that the TI-ratio is correlated with the
presence of multiphase gas. On the other hand, it is clear that the threshold is puzzlingly
not unity (as expected in classical thermal instability), and that there is a substantial
intrinsic scatter, even in multiphase systems. However, classical thermal instability starts
from idealized linear fluctuations and it does not account for key astrophysical processes,
such as AGN feedback or mergers, both recurrently injecting substantial gas motions (e.g.,
turbulence) at small and large radii, respectively (e.g., Lau et al. [164]; see Section 4.2). In

55



Universe 2021, 7, 142

this more realistic IGrM case of ‘turbulent’ nonlinear TI, the key physical timescale is not
the free-fall time, but rather the turbulence eddy turn-over time (Gaspari et al. [165]),

teddy =
2πR2/3L1/3

σv,L
, (10)

where σv is the turbulence velocity dispersion and L is the related injection scale. The
velocity dispersion of the ensemble warm Hα-emitting gas should linearly correlate with σv
of the hot IGrM, allowing for us to convert between the two, in particular by leveraging
the higher spectral resolution of optical/IR telescopes. Rough estimates of the injection
scale can be also obtained via the size of the ensemble warm gas filaments/nebulae, or via
the AGN cavity diameter. In the presence of a turbulent halo, thermal instability develops
chaotically and non-linearly in a very rapid way whenever tcool/teddy ∼ 1 [166–168].
Future X-ray microcalorimeter missions, like XRISM and Athena (see Section 6), will allow
us to measure the eddy time directly and test, in more depth, the above scenarios. In
Section 4, we discuss the related processes from a theoretical perspective.

3.1.4. Baryon Content

A key quantity for AGN feedback models in cosmological simulations is the total
integrated baryon budget and its dependence on halo mass. While galaxy cluster halos
are massive enough to retain all of their baryons (e.g., [169]), energy injection by AGN
feedback can lead to an overall depletion of baryons all the way out to the virial radius.
Observational studies have found that the gas fraction within R500 increases with halo
mass [170–177]. Because an estimate of the gas density can be obtained from imaging data
only, a lot of attention has been devoted to the study of gas density profiles [175,178,179].
Using a compilation of measurements from the literature, Sun [178] showed that, while
the gas density of galaxy group cores is systematically lower than that of more massive
systems, at R500, the gas density is nearly independent of mass. Eckert et al. [175] studied
the gas density profiles of the 100 brightest galaxy clusters and groups in the XMM-XXL
survey. While, at galaxy clusters scales, the measured profiles show a well-defined core
and a relatively steep decline in the outskirts, the density profiles of the selected groups
exhibit a power-law behavior with a very flat index ne(r) ∝ r−1.2, indicating that the gas
fraction in spherical shells increases steeply with radius. It is believed that most of the
gas has been evacuated from the inner regions under the influence of AGN feedback and
displaced to larger radii, thereby explaining the observed shallow slopes [12,156].

In Figure 7, we present a compilation of published measurements of the hot gas
fraction at R500 as a function of the corresponding halo mass. The gas fractions were derived
from X-ray data under the assumption of hydrostatic equilibrium, with the exception of
XMM-XXL and SPT-SZ. In the case of XMM-XXL [175], weak lensing measurements for a
sub-sample of 35 clusters were used to calibrate the mass-temperature relation. SPT-SZ
masses [180] were derived as an ensemble from a joint fit to the cosmological parameters
and the relation between SZ observable and halo mass. All of the studies find that the hot
gas fraction contained within R500 increases with halo mass roughly as fgas ∝ M0.2

500. Here,
we provide a conservative estimate of the fgas − M500 relation, which aims at encompassing
all state-of-the-art observational studies and their uncertainties. To this aim, we collected
the compilation of observational studies from Figure 7 and estimated in each mass bin the
median and 90% confidence range of the data points. The resulting relation is shown as the
gray band depicted in Figure 7. The gray band can be approximated as a power law, which
reads

fgas,500 = 0.079+0.026
−0.025 ×

(
M500

1014M�

)0.22+0.06
−0.04

. (11)
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Figure 7. Compilation of existing measurements of the hot gas fraction at R500 in galaxy groups and clusters as a function of
halo mass M500. The data points show the galaxy group samples of Sun et al. [137] (orange), Lovisari et al. [174] (magenta),
Sanderson et al. [181] (cyan), and Nugent et al. [177] (green). The data from the X-COP sample [169] at the high-mass end
are shown as the blue points for comparison. The solid lines show the fgas − M relations that are derived from REXCESS
(blue, [173]), XMM-XXL (red, [175]), SPT-SZ (magenta, [180]), and the literature sample of Ettori [176]. The gray shaded
area shows the 90% confidence range encompassing the existing observational data and their corresponding uncertainties
(see text).

While at the high-mass end, the gas fractions approach the cosmic baryon fraction, on
galaxy group scales, the IGrM only contains about half of the baryons that are expected
from the self-similar structure formation scenario. On the other hand, the stellar fraction f�
is a weak function of halo mass and decreases only slightly from 2–3% at 1013M� to 1–1.5%
at 1015M� [5,6,172,175,180,182,183]. The weak dependence of the stellar fraction on halo
mass is insufficient to compensate for the steeper dependence of the gas fraction, which
results in a deficit of baryons in galaxy groups with respect to the cosmic baryon fraction.
Here, we note that this result is independent of the hydrostatic equilibrium assumption
adopted by most authors. Indeed, an additional non-thermal pressure term would lead to a
slight underestimation of the mass in these studies (e.g., [184]), which, in turn, would result
in the gas fraction being overestimated [169]. Thus, a high level of non-thermal pressure
would render the lack of baryons in group-scale halos even more severe.

Here, we caution that the measurement of the gas fraction of group-scale halos is a
difficult one and it is hampered by numerous systematic uncertainties. While halo mass
estimates definitely represent the leading source of systematics, several other sources
introduce potential systematic errors. In the temperature range of galaxy groups, line
cooling renders the X-ray emissivity highly dependent on gas metallicity, which is difficult
to measure away from group cores (see the review conducted by Gastaldello et al. within
this issue). This can introduce uncertainties as large as 20% in the recovered gas mass [174].
Sample selection, usually based on ROSAT all-sky survey data, may bias the selected sam-
ples towards gas-rich systems, especially if the scatter at fixed mass is substantial [185,186].
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Finally, most of the studies do not detect the X-ray emission all the way out to R500 (see
e.g., Figure 8 of [137]) and must rely on extrapolation. For all of these reasons, the question
of what is the exact baryon fraction of galaxy groups within R500 is still very much an open
one, let alone within the virial radius.

3.2. Radio Observations
3.2.1. Interaction between Radio Sources and the IGrM

Radio surveys have made clear that the centers of galaxy groups and clusters are
special locations for AGN (e.g., [89,187,188]), with group-central galaxies twice as likely
to host radio-mode activity than non-central galaxies of equal mass out to z > 1. Deeper
observations show that almost all the central galaxies of X-ray luminous groups host some
radio emission [189,190], though in the local universe some of these may be contaminated
by emission from low-level star formation [191]. The observations of nearby groups show
a wide range of radio morphologies (e.g., [192]), with jet-mode feedback dominated by
FR-I radio galaxies, as in clusters. Roughly one-third of X-ray luminous groups appear to
host currently or recently active jet sources in their central galaxies [106] with typical jet
powers in the range 1041–1044 erg s−1 [190].

While cavities and shocks are the most accurate indicators of the impact of AGN
feedback on the IGrM (see Section 3.1), current X-ray instruments have a limited ability
to detect these features outside the high surface brightness cores of nearby groups. Radio
studies offer an observationally cheaper way to measure feedback, particularly at higher
redshifts. Radio galaxies are only periodically active and, once their AGN ceases to
power them, their emission fades fastest at high frequencies. Therefore, low-frequency
observations can be particularly effective at identifying older, dying radio sources, and
measuring their full extent and luminosity (e.g., [193,194]). The radio spectrum can also
give an indication of the properties of the source, most notably its age and the lobe
pressure, which, for older sources, is usually in equilibrium with the surrounding IGrM.
Combining radio and X-ray observations, we can observe multiple cycles of outbursts in
individual groups, e.g., NGC 5813 and NGC 5044 (Figures 2 and 8, [14,195]). In particular,
in Figure 8, we show the existing high-quality radio, X-ray, and Hα observations of NGC
5044 [195]. GMRT 235 MHz radio observations trace the oldest outburst via detached lobes
and a bent, one-sided radio jet, while Chandra detects cavities on ∼5 kpc and ∼150 pc
scales. Interestingly, the current radio jets, which are traced by high-resolution VLBA
observations (bottom-left panel), are not aligned with the X-ray cavities, possibly indicating
the precession of the jet axis with time.

The properties of group-central radio galaxies are closely linked to the IGrM. Both
groups and clusters show a correlation between X-ray luminosity and the radio luminosity
of the central source [189,196,197]. In clusters, central radio source luminosity is observed to
be higher in systems with cooling times <109 yr [198] and, in groups, it appears that radio
jets are more common in the central galaxies of groups with short central cooling times,
low tcool/tff ratios, and declining central temperature profiles [106]. However, perhaps the
most important correlation is that between jet power, as determined from the enthalpy of
AGN-inflated cavities, and radio luminosity. This Pcav-Lradio relation was first established
for galaxy clusters by Bîrzan et al. [92,112] and later extended to early-type galaxies [104]
and galaxy groups [199]. Although there is significant scatter in the relation, it offers a
mechanism for determining the energy that is available from AGN feedback in the many
systems where direct determination in the X-ray is impossible.

Applying the Pcav-Lradio relation to a large sample of SDSS groups and clusters with
radio sources identified from the NVSS and FIRST surveys, Best et al. [89] showed that
central radio galaxies dominate the heating of the IGrM within the cooling radius. They
also found that the efficiency of AGN heating cannot be constant across the full mass
range of groups and clusters; feedback must be less efficient in groups if they are not to be
over-heated. Support for this result came from a study of groupsobserved in the COSMOS
survey [200], which found that, factoring in the likely duty cycle of the AGN population,
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group-central radio galaxies can inject energies that are comparable to the binding energy
of the IGrM. These results suggest that group-central AGN have the potential to drive gas
out of the group core, and perhaps out of the group altogether, unless some mechanism
reduces their effectiveness in heating the gas.

Figure 8. Multiple cycles of AGN feedback in the NGC 5044 galaxy group. The upper left panel shows the 0.5–2 keV Chandra
image with GMRT 235 MHz contours overlaid. These reveal an old, bent radio jet and detached lobe from a prior AGN
outburst, whose structure has been affected by the sloshing front marked with a dashed line. The upper right panel zooms in
to show more detail of the complex of cavities and cool filaments in the group core. The lower right panel zooms in further,
with contours showing the MUSE Hα (cyan) and ACA diffuse CO (blue) in the densest parts of the X-ray filaments and core.
The lower left panel shows parsec-scale VLBA 6.7 GHz radio emission in the nucleus of the galaxy, evidence of a new cycle
of AGN jet activity (adapted from [195]).

3.2.2. Giant Radio Galaxies

Because feedback studies at the group scale are largely limited to the X-ray bright cores
of nearby groups where cavities are most easily identified, they have tended to focus on
relatively small radio sources, with jet sizes of less than a few tens of kiloparsecs. However,
the population of group-central radio galaxies includes much larger objects, some of which
extend to very large radii, well beyond the cool core, and even into the outskirts of their
groups. Pasini et al. [197] show that radio galaxies larger than 200 kpc are more common in
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groups than clusters, and the largest radio galaxies are located in groups, probably because
the IGrM is less able to confine their growth than the ICM. There is also evidence from
new radio surveys, with greater sensitivity to extended diffuse emission, that giant radio
galaxies may be more common, in general, than previously believed [201].

Large radio sources pose a problem for AGN feedback models, in that they may inject
a large fraction of their energy into the IGrM at large radii, rather than in the core, where it
is needed to balance cooling. Even some medium sized sources appear to have jets that
tunnel out of the cool core and inflate cavities outside it (e.g., NGC 4261 [202]). IC 4296 is an
extreme example in which at least one cavity is confirmed, which hosts an FR-I radio galaxy
whose 160 kpc diameter lobes extend out to a projected radius of ∼230 kpc [203]. This is
far beyond the cool core (20–30 kpc radius) and about half of R500 for this ∼1 keV group.
In such a system, while some of the energy that is involved in lobe inflation will likely
have heated the core, the energy that is bound up in the relativistic particles and magnetic
field of the radio lobes will likely be released at large radii, heating gas that is unlikely
to contribute to fuelling the AGN. Other nearby examples of group-central giant FR-Is
include NGC 315 and NGC 383 [192] and NGC 6251 [204]. As in clusters, group-central
FR-II galaxies are uncommon, but not unknown (see, e.g., [196,205]). Their faster, more
collimated jets likely provide feedback heating via shocks during expansion (as in, e.g.,
3C 88, [115]), and lobe inflation will drive turbulence, but, as with the giant FR-Is, it is less
clear how they affect the cooling region once they grow beyond it.

Therefore, giant radio galaxies pose a number of important questions for feedback
models of groups. Do they provide feedback that can balance the rapid cooling in group
cores, and if so how? The large sizes of these systems, particularly the FR-Is, implies that
their jets have been active for very long periods. How do these sources stay active for
so long?

3.3. Multiwavelength Observations

In the cool cores of galaxy clusters, many observations have shown evidence of
material cooling from the hot atmosphere, in the form of highly multi-phase filamentary
nebulae surrounding the central galaxy and containing gas and dust with temperatures
ranging from ∼106 K to a few ×10 K. Some cool core galaxy groups show similar structures,
although they are generally less luminous and are thus far less thoroughly explored. As of
yet, few studies have specifically focused on BGGs, but samples of giant ellipticals provide
a window on the group regime.

Hα emission from ionized gas with temperatures ∼104 K may be the most accessible
tracer of cooled material. Lakhchaura et al. [206] find that, in giant ellipticals, as in galaxy
clusters (c.f. [207]), the presence of Hα emission is associated with high IGrM densities,
short cooling times, low values of the thermal instability criterion, tcool/tff (see Section 3.1.3),
and disturbed X-ray morphologies, with the overlap between galaxies with and without
detected Hα, suggesting that the transition between the two states can happen fairly easily.
They also report a weak correlation between the mass of Hα-emitting gas and Pcav, as
expected if the Hα traces cooling material, some of which will eventually fuel the AGN.
Some of the best known X-ray bright groups contain examples of Hα filaments that are
similar to those seen in clusters (e.g., [14,208–210]). As in clusters, the filaments are closely
correlated with feedback-related structures, showing signs of having been drawn out
behind, or wrapping around, radio lobes and cavities. In some cases they are located in
cool X-ray filaments that show signs of being thermally unstable [209]. Figure 8 shows
an example of this in the NGC 5044 group, where the Hα nebula is correlated with the
brightest cool X-ray emission and it appears to wrap around the base of the intermediate-
scale cavities. Spatially resolved spectroscopy shows that, while the inner parts of these Hα
nebulae are generally cospatial with the stellar bodies of the BGGs, they do not rotate with
the stars, supporting formation from the IGrM rather than stellar mass loss (e.g., [211–213]).
It should be noted that, while BGGs do host some star formation (SF), their Hα nebulae
are not tracing SF. McDonald et al. [214] studied the relation between the star formation
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rate inferred from infrared data and the X-ray cooling luminosity (Section 3.1) and found
that the inferred star formation rates in BGGs are typically quenched by a factor 10–100 as
compared to the pure cooling scenario.

Molecular gas in groups has been observed via multiple tracers. Herschel observations
revealed [CII] emission from ∼100 K gas with a similar distribution to the Hα, and [CII]/Hα
flux ratios indicating that both phases are powered by the same source [208]. Spitzer IRS
spectra show rotational H2 lines in the BGGs of some X-ray bright groups [215], tracing
gas at a few ×100 K, and CN has been detected in absorption in a handful of cases via
the millimeter-wave band [216]. The forthcoming James Webb Space Telescope will open an
important observation window on H2, which is likely the dominant mass component of
the molecular phase. However, at present, emission from CO is our best tracer for this
phase, allowing for us to examine the coolest, densest gas in the cooling regions of groups.

Babyk et al. [217] examine CO in a large sample of local ellipticals (many of which
are BGGs) and find that the molecular gas mass Mmol is correlated with the density of the
IGrM and its mass in the central 10 kpc, and that systems with tcool < 1 Gyr at 10 kpc
are more likely to contain molecular gas. They also find that Mmol is proportional to Pcav,
confirming that the molecular gas is the fuel source for the central AGN. However, cooling
from a surrounding hot halo is not the only source of gas for ellipticals. Davis et al. [218]
use a combination of the ATLAS3D and MASSIVE samples to show that gas-rich mergers
are an important source of molecular gas in these galaxies. The observations of smaller
samples of BGGs find some of the same trends, and show that BGGs of X-ray bright, cool
core groups are not the CO-richest systems [219,220]. BGGs of X-ray fainter groups can
contain more CO (and HI), and it is more often located in disks, rather than filaments. This,
again, emphasizes the importance of gas-rich mergers in groups, although IGrM cooling is
likely still the more important process in the cool core groups in which AGN feedback is
most often observed.

The BGGs of X-ray bright cool core groups generally seem to contain only a few
×106 or ×107 M� of molecular gas [220], which makes them challenging targets, even for
ALMA. However, being nearer than typical cool core clusters, groups offer an opportunity
to study individual molecular cloud associations within the cool core, rather than the
overall filamentary structures. Three well-known systems have been studied in detail by
ALMA, NGC 4636, NGC 5846 [221], and NGC 5044 [209,222]. The velocity dispersions
of the molecular clumps that were observed in these systems suggest that they are not
gravitationally bound, and they are likely collections of smaller, denser clouds, with more
diffuse gas between them. Atacama Compact Array (ACA) observations of NGC 5044 show
that a significant fraction of the molecular gas in the BGG is more diffuse than the clumps
observed by ALMA [213], and a similar argument can be made for the other two groups
by comparing the CO masses that are derived from ALMA and IRAM 30m observations.
The denser CO clumps are generally located within filamentary structures visible at other
wavelengths [221], and the extent and velocity distribution of the diffuse CO in NGC 5044
is similar to that of the Hα and [CII] emission, supporting the idea that all of the observed
phases are material cooling from the IGrM. Figure 8 shows the diffuse CO emission in the
group core, collocated with the peak of the Hα and X-ray emission. As with Hα, the CO in
these ALMA-observed systems is cospatial with the stellar component, but shows little
sign of rotation or velocity gradients, consistent with formation from the IGrM.

Intriguingly, ALMA studies of giant radio galaxies, some of them group-central
systems, show a different CO morphology, with the molecular gas being located in compact
disks [223,224]. The difference in cold gas morphology may indicate a difference in the
fuelling of the AGN. There are examples of group-dominant giant radio galaxies that
appear to be fed by cold gas (e.g., NGC 1167, [225]) and, given the importance of galaxy
interactions in groups, the potential for fuelling by gas rich mergers cannot be ignored.
With only a handful of group-dominant galaxies mapped thus far in molecular gas, there
is a significant opportunity for the exploration of the mechanics of AGN fuelling in these
important systems.
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4. Theoretical Framework

Hot halos are a fascinating and crucial element of virialized systems in the Universe,
which have been unveiled to be a fundamental engine for the growth and triggering of
SMBH, despite the large difference in spatial and temporal scales, which span over nine
orders of magnitude (commonly sub-divided in three major scales; see Figure 9: micro—
meso—macro). Here, we review the AGN feedback process in terms of fundamental
physics and why it is expected in the more theoretical framework of accretion out of the
hot halo and onto SMBH, with a keen eye on galaxy groups. It is important to appreciate
that AGN feedback is only half of the self-regulated cycle, which is bootstrapped via the
AGN feeding, the key complementary mechanism on which we will also focus below, as
shown in the summary diagram of Figure 9.
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Figure 9. A schematic representation of the self-regulation loop necessary to fully link feeding and feedback pro-
cesses over nine orders of magnitude in space (and time) and over the multiphase/multiband cascade, including X-
rays (hot halo/outflows), the IR/optical (warm filaments), and radio/mm (molecular clouds) bands—reproduced from
Gaspari et al. [11] (arXiv authors’ version). In particular, the IGrM experiences relatively stronger top-down condensation
rain compared with clusters, due to the lower central cooling times. Tightly related to such an enhanced feeding is the
higher frequency of the AGN outflow/jet feedback events, which gently self-regulate each galaxy group for several billion
years during the cosmic evolution.
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While complex, non-linear thermo-hydrodynamical (THD) mechanisms are at play
over the macro (kpc-Mpc), meso (pc-kpc), and micro scales (mpc-pc)—thus requiring
expensive numerical 3D Eulerian simulations—it is useful here to understand the whole
SMBH-halo system as a unified, co-evolving engine. In essence, such a global THD system
can be described via the simple conservation of energy, or analogously via the (Lagrangian)
entropy equation (Peterson and Fabian [83], Gaspari [226]):

U
d
dt

ln K = H−L, (12)

where K = kbT/nγ−1 is the astrophysical entropy (with n = ne + ni ≈ 2 ne the sum of
the electron and ion number densities), U = P/(γ − 1) is the internal/thermal gas energy
per unit volume (γ = 5/3 is the IGrM adiabatic index), H and L are the gas heating and
cooling rates per unit volume (erg s−1 cm−3), respectively. A few immediate insights from
Equation (12): the internal energy acts as an effective normalization knob (the larger the
X-ray temperature times density, the stronger the required heating/AGN feedback, in
absolute erg s−1 values); secondly, the macro entropy evolution is the sole result of the
competition of heating and cooling processes, which translates in the competition between
AGN feedback and feeding. Let us first discuss the (astro)physics and consequences of the
cooling/feeding component of the cycle, i.e., L.

4.1. AGN Feeding & Cooling Processes

The cooling process is very well understood from basic quantum physics and labora-
tory plasma/ionized gas experiments, with a radiative cooling loss [227] L = neni Λ(T, Z),
where Λ is a cooling function varying with gas temperature and metallicity Z (∼0.6–1 Z�
for group cores; Mernier et al. [228], cf. the companion Gastaldello et al. review). The hot
IGrM experiences a significantly enhanced Λ due to the influence of line cooling (mostly
recombination) taking over from the Bremsstrahlung/free-free emission (Λ ∝ T1/2), which
instead shapes the more massive galaxy clusters (T > 2 keV), as shown in Figure 10.

Figure 10 depicts the three main (quasi)stable phases that arise during the top-down
condensation cascade [166], especially during the feeding dominated stage of the AGN
cycle. Assuming relatively slow motions over the group macro gravitational potential
(quasi pressure equilibrium), Equation (12) can be approximated as (e.g., Pope [229])

H − L ≈ c2
s

γ − 1
Ṁnet, (13)

where c2
s = γkbT/μmp is the (squared) IGrM sound speed (with μ ≈ 0.62 the mean atomic

weight of the IGrM) and H/L is the gas heating/cooling power (or luminosity in erg s−1).
Notably, any net cooling or heating will induce a net mass inflow (Ṁcool) or outflow rate
(ṀOUT) in the macro-scale halo, being denoted as Ṁnet; here, uppercase subscripts denote
macro properties, while lowercase subscripts denote micro properties. Therefore, the
thermal evolution of the IGrM is deeply intertwined with feeding/feedback processes, as
intuitively anticipated above.

63



Universe 2021, 7, 142

Figure 10. Multiwavelength cooling function for the IGrM (adapted from Gaspari et al. [166], unifying
the atomic/plasma physics studies by Sutherland and Dopita [227], Dalgarno and McCray [230],
Inoue and Inutsuka [231]; Z = 1 Z�), which was specifically used for a typical galaxy group akin
to NGC 5044. Above the neutral hydrogen recombination (T ∼ 104 K), the gas is fully ionized
and in collisional ionization equilibrium; below this threshold, the gas becomes progressively less
ionized (�1%), leading to the formation of neutral filaments and, subsequently, dense molecular
clouds. The three magenta ellipses highlight the three key (semi)stable phases of the condensing
IGrM, in particular during the feeding dominated part of the AGN cycle that is shown in Figure 9
(bottom insets).

In the absence of any heating, the entire hot atmosphere would rapidly condense
and collapse, initiating from the inner denser radial regions (see Section 3.1). As noted
in the previous sections, such massive cooling flows are not observed in our Universe,
especially in galaxy groups. On the other extreme of (idealized) feeding models, the IGrM
halo might experience pure cooling while having significant angular momentum. In this
regime, the gas would condense through helical paths onto the equatorial plane, and there
form a thin rotating multiphase disk [166]. While extended disks have been found in some
BGGs (Hamer et al. [232], Juráňová et al. [233], Ruffa et al. [223]), such a scenario would
induce both large (unobserved) cooling rates in X-ray spectra, as well as drastically reduced
accretion rates onto the SMBH due to the preservation of high angular momentum and
related centrifugal barrier.

Realistic IGrM atmospheres, instead, often reside in an intermediate THD regime, neither
strongly rotating nor in a spherical cooling flow (David et al. [209], Lakhchaura et al. [206],
O’Sullivan et al. [106], Temi et al. [221]—Section 3.3). Indeed, hot halos experience significant
amount of turbulence, with an irreducible level of 3D turbulent velocity dispersion σv ≈ 100–
300 km s−1, due to both the previous AGN feedback outbursts and the secular cosmological
flows (e.g., Vazza et al. [234], Valentini and Brighenti [235]), as shown by high-resolution
HD/cosmological simulations (Lau et al. [164], Gaspari et al. [236], Hillel and Soker [237],
Weinberger et al. [238], Wittor and Gaspari [239]) and X-ray spectroscopy (Sanders and
Fabian [240], Ogorzalek et al. [241], Hitomi Collaboration et al. [242]). While we review
the kinematical features in a companion review (Gastaldello et al.), here we focus on its
thermodynamical impact, namely the formation of chaotic cold accretion (CCA) and related
multiphase rain, a key process driving the bulk of AGN feeding and, hence, the recurrent
AGN feedback triggering. In a turbulent hot halo, chaotic multiscale eddies drive local
perturbations in relative gas density proportionally to the turbulence sonic Mach number
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(δn/n ∝ Mt; Gaspari and Churazov [243], Zhuravleva et al. [244]). The relative increase
in IGrM density produces in-situ enhanced radiative cooling (L ∝ n2), thus leading to
turbulent non-linear thermal instability (TI; Gaspari et al. [245], Voit [246]). It is important
to note that such a chaotic instability is different from classical TI (Field [161], McCourt
et al. [157], Pizzolato and Soker [247]), in the sense that direct non-linear fluctuations
are seeded by chaotic motions, rather than growing from tiny linear amplitudes. This
triggers a quick top-down condensation of localized (soft X-ray) patches to the first quasi-
stable phase at T ∼104 K, which is best traced via ionized line-emitting (e.g., Hα+[NII];
Gastaldello et al. [13], McDonald et al. [248], Werner et al. [208]) filaments or nebulae
observed in optical/UV (e.g., see the synthetic image in the bottom middle inset of Figure 9).
Sustained turbulent perturbations lead to the further condensation cascade onto the last
stable and compact gas phase, molecular gas clouds (bottom left inset of Figure 9; see
Section 3.3). Such cold clouds will then strongly and frequently collide inelastically within
the meso/micro scale, cancelling angular momentum and, thus, feeding the central SMBH
(hence, the ‘CCA’ nomenclature; Gaspari et al. [166]), with the consequent trigger of the
next stage of AGN feedback (Section 4.2). CCA feeding recurrently boosts the accretion
rates over 100 fold over the feeble and quiescent hot-mode (Bondi [249], Narayan and
Fabian [250]) accretion, thereby overcoming the inefficiency of classical hot mode accretion.

On the macro scale, the hot halo can be assessed to reside or predicted to soon enter
the CCA raining phase, whenever the ratio of the plasma cooling time and the turbulence
eddy gyration/turnover time reaches unity. This reference dimensionless number is called
C-ratio (from condensation or CCA; Gaspari et al. [165], Olivares et al. [167]),

C ≡ tcool
teddy

∼ 1, (14)

where the cooling and turbulence timescales have been defined in Equations (8) and (10).
A correlated ratio and thermal-instability threshold is the TI-ratio ≡ tcool/tff <∼ 10–30 (e.g.,
Gaspari et al. [156], Sharma et al. [158], Voit et al. [251]), where the free-fall time is defined
in Equation (9). As introduced in Section 3.1.3, all three IGrM timescales can be constrained
from X-ray or optical/IR datasets. While both the C-ratios and TI-ratios are valuable
complementary tools, the simulations show that the C-ratio is the more direct physical
criterion to apply to probe the onset and extent of nonlinear thermal instability (e.g., Gaspari
et al. [165]; see also Figure 17). Indeed, unlike in classical linear TI, turbulence acts as an
irreducible background of fluctuations over the whole IGrM (e.g., Lau et al. [164]). In par-
ticular, AGN bubbles are a key recurrent mechanism for inducing such fluctuations in the
IGrM (e.g., McNamara et al. [252], Voit [253]). In this regard, it is not surprising that tcool/tff
profiles show a large non-trivial deviation above unity, as well as a large intrinsic scatter
(e.g., Singh et al. [254]; also see Figure 6). Figure 11 shows the average cooling and turbu-
lence eddy time profiles (with scatter) for the galaxy group regime (Gaspari et al. [165]).
Evidently, the crossing of C ∼ 1 matches the dotted circle denoting the typical size of the
condensed extended multiphase nebulae well (e.g., McDonald et al. [248]).

Together with mild C-ratios, a CCA-driven atmosphere—often found in the IGrM cores—
is described by a low turbulent Taylor number (Juráňová et al. [168], Gaspari et al. [255]):

Tat ≡ vrot

σv
<∼ 1. (15)

Given that the dominant galaxies of hot gas rich galaxy groups tend to be early-type
(as do those galaxies that host their own extended hot halos), they have a fairly weak
coherent gas rotational velocity vrot (e.g., Caon et al. [256], Diehl and Statler [257]), unlike
lower-mass/spiral galaxies. Therefore, a median IGrM long-term evolution is to oscillate
between stages of strong CCA rain (Tat ∼ 0.3–1, C ∼ 0.5–1) and mild rain superposed
on a clumpy disk (Tat ∼ 1–3, C ∼ 1–2). Evidently, extremes of strong rotation (Tat 	 1)
or overheated quiescence (C 	 1) can lead to periods of disk- or Bondi-driven accretion,
both experiencing highly suppressed inflow rates and feedback (albeit such periods must
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be short-lived to avert the cooling flow catastrophe). High-resolution HD simulations
have shown that the chaotic behaviour of a CCA-driven halo is imprinted not only in the
thermodynamical maps and kinematical properties, but also in the time-series spectra.
Unlike quiescent and continuous hot modes (Bondi/ADAF), CCA drives a characteristic
flicker/‘pink’ noise power spectrum (logarithmic slope of −1) in the Fourier space of
frequencies f (Gaspari et al. [166]), thus generating strong self-similar variability on all
temporal scales (the integral over d f of this spectrum yields constant variance), from
several Myr down to years and minutes, as ubiquitously observed in multiwavelength
AGN lightcurves (Ulrich et al. [258], Peterson [259]). This triggers the second key part of
the self-regulated loop, AGN feedback, the focus of the next section.

Figure 11. The average cooling time and turbulence eddy time profiles in the IGrM (with 90%
confidence scatter bands), the latter constrained mainly via optical/IR telescopes (figure reproduced
from Gaspari et al. [165]; group sub-sample). The dotted circle marks the size of the condensed warm
nebular emission, which matches the C ≡ tcool/teddy ∼ 1 turbulent TI threshold.

4.2. AGN Feedback & Heating Processes

While pure cooling flows and catastrophic condensation are not detected in IGrM
observations, strong overheating is equally ruled out, as virtually all galaxy groups exhibit
central cooling times well below 1 Gyr due to the high efficiency of radiative cooling in
their characteristic temperature range (see Figure 10). We note that massive galaxy clusters,
instead, show a dominant population of non-cool-core systems with central cooling times
above the Hubble time (e.g., [260,261]). The system would be in perfect thermal equilibrium
in the absence of any heating and cooling terms, as inferred from Equation (12). However,
an analogous configuration can be achieved if a heating process (macro AGN feedback)
balances the cooling rate (macro condensation). This configuration is the more realistic state
of observed galaxy groups, with the characteristic feature that the self-regulation process
is intrinsically chaotic (from the macro down to micro scales; Section 4.1), hence only
leading to a statistical thermal balance H ∼ 〈L〉. Moreover, while Equation (12) formally
allows for the entropy to decrease (pure cooling), fundamental THD physics dictates that
entropy shall always increase in real systems (even over the ensemble Universe). With
such intuition, we can already expect that the heating rate is as essential—if not eventually
more vigorous—than the cooling component (Figure 9).

Before tackling the AGN feedback physical sub-processes, here we first discuss the key
difference between groups and clusters. In Figure 12, we show an analysis of the potential
impact of the stored SMBH energy versus the gravitational binding energy of the hot halo
cores (from small groups to clusters), by leveraging the large sample of Gaspari et al. [77]
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with both direct BH masses and extended hot halos detected. The potentially available
SMBH mechanical energy is EBH = εMMBHc2, where εM is the macro mechanical efficiency
(Gaspari and Sa̧dowski [262]). We test for the now commonly used fixed εM ∼ 10−3 (we will
explore variations to this basic modeling further below). The gravitational binding energy
is tightly related to the thermal energy via the virial theorem, Ebind ≈ 2 Eth ∝ MgasTx. Here,
we consider the integration over a large scale, R < 0.15 R500. Evidently, the linear regression
fit (including the intrinsic scatter band) is significantly shallower than the dashed line of the
one-to-one balance. In particular, the mechanical feedback energy that a SMBH can release
could potentially overcome the core binding energy if released in a very short period of
time—for instance, assuming a quasar-like/Sedov blast scenario. This would drastically
overheat and evacuate the gaseous core atmosphere, becoming more serious toward the
galaxy group regime and lower mass halos (Ebind,c < 1059 erg), where the feedback energy
might even evacuate the entire gas virial region (Puchwein et al. [22], Gaspari et al. [263],
as in Section 5.2). Because observations almost ubiquitously detect hot atmospheres, this
indicates that the AGN feedback in groups shall be well self-regulated and relatively gentler
than in massive galaxy clusters, which can sustain much stronger and impulsive AGN
feedback deviations over the cosmic evolution.

Figure 12. Available mechanical feedback energy of the central SMBH versus gravitational bind-
ing energy of the hot gas within the core of the host halo (R � 0.15 R500). The SMBH energy is
EBH = 10−3 MBHc2, while the binding energy is related to the thermal energy via the virial theorem
Ebind ≈ 2 Eth ∝ MgasTx. The 85 points are taken from Gaspari et al. [77], which include the observed
direct/dynamical SMBH mass with the X-ray halo detected in the host group or cluster. The solid red
curve shows a fit to the relation with a power law, with the 16–84 percentile interval being indicated
by the red shaded area. The 1-σ intrinsic scatter is plotted as a light red band on top of the mean
fit. The circle colors reflect the morphological type of the central galaxy: elliptical (blue), lenticular
(green), and spiral (cyan). The black dashed line demarks the one-to-one energy equivalence, whereas
the magenta arrows highlight the excess BH energy when compared to the binding energy.

Reaching a gentle self-regulation, while avoiding strong overheating, implies two ma-
jor features of AGN feedback in galaxy groups and related improvements when compared
with the above modeling. First, the conversion efficiency of accreted rest mass energy
into feedback energy is expected to decline with lower halo mass: equating the macro
AGN power to the gas X-ray radiative cooling rate requires to modify the above with
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εM ∼ 10−3(Tx/2 keV) (Gaspari and Sa̧dowski [262]; see also Equation (16)). This can be
explained by the weaker macro-scale coupling of the AGN jets/outflows with the hot halo,
as the IGrM atmospheres are more diffuse than the dense ICM counterparts. Second, in
order to avoid the above evacuation outburst, such self-regulated AGN feedback has to
be not only gentler, but significantly more frequent, i.e. with larger duty cycle (ratio of
on/off activity). This is also naturally explained by the relatively lower cooling times (tens
of Myr) in the inner IGrM regions (as compared with the ICM counterparts), due to the
lower Tx and the substantially enhanced Λ via line emission (Figure 10). Both such key
features have been extensively tested and retrieved by high-resolution HD simulations
(Gaspari et al. [156], Sharma et al. [158], Gaspari et al. [264], Prasad et al. [265]), and found
in observations (e.g., Best et al. [89], O’Sullivan et al. [106]).

While we have discussed the key characteristics and requirements of AGN heating, the
next major question is: how is the AGN feedback energy propagated and dissipated within
the IGrM? The problem is challenging, as it entails a wide range of scales and phases, from
the milliparsec up to at least the 100 kpc region, as shown in Figure 9 (top insets). General-
relativistic, radiative-magnetohydrodynamical simulations (GR-rMHD; Sa̧dowski and
Gaspari [266]) resolving radial distance of ∼500 rS (Schwarzschild radii) show that the AGN
triggered via CCA is able to transform the inner gravitational energy into wide ultrafast
outflows (UFOs) with velocities ∼0.1c (top-left inset in Figure 9; Fukumura et al. [267],
Tombesi et al. [268]). Under strong magnetic field tower and spin conditions (Tchekhovskoy
et al. [269]), the AGN is also able to generate a very collimated relativistic (radio-emitting)
jet, perpendicularly to the thick accretion torus. The above GR-rMHD simulations show
that kinetic feedback appears to be present over both low and high Eddington ratios
(ṀBH/ṀEdd ≡ ṀBH/[23 M� yr−1(MBH/109M�)]), with a retrieved micro mechanical
efficiency εm � 0.03 ± 0.01. At variance, the radiative efficiency declines dramatically
below εr 
 0.01 at ṀBH/ṀEdd < 1%, which is the typical regime of local AGN in
massive galaxies (Russell et al. [270]). Further, in order to achieve an efficacious macro
self-regulation, the AGN feedback has to satisfy energy conservation (Costa et al. [271])
and related micro- to macro-scale power transfer (Gaspari and Sa̧dowski [262]), such as

(Pout ≡ εmṀBHc2) = (POUT ≡ εMṀcoolc2) ∼ Lcool , (16)

with Lcool the cooling luminosity (see Section 3.1). The discrepancy between the above
macro and the larger micro efficiency is crucial: it implies that most of the accreted matter
(Ṁout/Ṁcool = (1 − εM/εm) > 90%) is re-ejected back by the SMBH, as discussed above,
driven mostly in the kinetic form of UFOs and relativistic jets. Such AGN outflows/jets
propagate and percolate deeper into the meso-scale atmosphere and start to entrain pro-
gressively more IGrM, loading part of the surrounding gas mass and decreasing their
velocity down to several 1000 km s−1 (e.g., Giovannini [272], Fiore et al. [273]).

The last missing tile of the self-regulated cycle is the macro AGN feedback deposition—
a strongly debated topic since the launch of Chandra and XMM-Newton telescopes, as their
angular resolution is mostly limited to the macro scale (Figure 9, top-right inset). While
numerous physical mechanisms have been proposed to compensate macro cooling flows
(e.g., McNamara and Nulsen [109]), heren we focus on the physics of the three major
mechanisms that have been firmly established to be present in the majority of hot halos,
particularly the IGrM (see the observational evidences in Section 3), namely: buoyant
bubbles, shocks, and turbulence. While previous reviews tried to assess what is the
dominant or sole driver of the AGN feedback, we show that the macro AGN feedback
deposition is a strong nonlinear composition of at least three key processes. We can dissect
such non-linearity and sub-processes via the local enstrophy analysis, which we define
as the squared magnitude of the flow vorticity ε = 1

2 |ω|2 ≡ 1
2 |∇× v|2. Neglecting the
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small dissipation term, the Lagrangian (tracer particle) framework leads to the following
enstrophy evolution decomposition (Wittor and Gaspari [239]):

dε

dt
= −2ε(∇ · v)︸ ︷︷ ︸

Fcom

+ 2ε

(
ω

|ω| ·∇
)

v · ω

|ω|︸ ︷︷ ︸
Fstr

+
ω

ρ2 · (∇ρ ×∇P)
︸ ︷︷ ︸

Fbar

, (17)

where the three right-hand-side (positive/negative) terms are compressions/rarefactions,
stretching/squeezing motions, and baroclinicity, respectively.

The more that we want to zoom into the detailed processes of the AGN heating/weather,
the more we need to rely on nonlinear HD simulations. Figure 13 shows a typical
AGN-heating dominated period taken from a self-regulated AGN feedback simulation
of meso AGN outflows/jets that consistently balance the macro cooling flow down to
1–10% Ṁcool,pure (Gaspari et al. [156]). The 30 million tracer particles injected on top of
the Eulerian grid can dissect the major components of the macro AGN feedback. First,
the progressively slower and entrained outflow/jet inflates a pair of underdense cavi-
ties/bubbles, as its ram pressure is balanced by the surrounding IGrM thermal pressure
(e.g., Brighenti et al. [274]). Such bubbles are often—albeit not universally—traced by radio
synchrotron emission spilling from the micro/meso jets (see Section 3.2). Within their
ellipsoidal volumes Vb (Shin et al. [107]), they contain a substantial amount of enthalpy
Ecav � 4PbVb in the purely relativistic case (see Section 3.1); dividing by the buoyancy time
(Churazov et al. [111]), the related cavity power/heating rate is Hcav = Ecav/tbuoy. Second,
the bubbles are often encased within a cocoon shock, which is the result of the strong
compressional motions of the expanding outflow and bubbles (see the thick blue contours
in the second panel of Figure 13). At this stage, the shock Mach number has become already
weakly transonic, M ∼ 1–2 (see Figure 4); as the AGN outflow recurrently ignites, they
generate a series of weak shock ripples in the IGrM (Randall et al. [14], Liu et al. [115]),
which heat the gas non-adiabatically via cumulative entropy jumps, with heating rate
Hshock = (eth Δ ln K)/tage (where eth is the specific thermal energy and t−1

age is the frequency
of shocks). Figure 13 shows that both processes are indeed present, although the relative
heating ratio varies as a function of time, with shock heating being initially more vigorous
toward the inner regions, while cavity deposition is more effective at 10–100 kpc radii.

Without the third component—subsonic turbulence (see also Section 4.1)—the final
macro AGN feedback deposition would be either highly anisotropic (bubble pairs) or
localized (thin shock jumps). Figure 13 (third panel) shows that the AGN feedback induces
major turbulence/vorticity in a quasi isotropic manner. While the jet direction is a continu-
ous source of enhanced turbulence, the whole IGrM core experiences a quasi irreducible
level of turbulent motions (σv ∼ 100–300 km s−1; Mt <∼ 0.5). At the same time, the sim-
ulation shows that the (negative) rarefactions avoid the runaway accumulation of large
vorticity by balancing the (positive) stretching term in a volume-filling way. The final panel
finally shows that baroclinicity is negligible during the macro AGN feedback deposition,
as subsonic turbulence is able to preserve the alignment of density and pressure gradients.
It is important to note that, while turbulence provides a key source of isotropic mixing
(with characteristic scale teddy; Section 4.1), its subsonic nature implies that the heating rate
(Hturb = 1

2 Mgasσ2
v /tturb ∝ σ3

v , where tturb = teddy/M2
t ; Gaspari et al. [275]) is not only a

fraction of the global cooling rate, but it also has a substantially delayed deposition time
tturb 	 tcool [237,276]. Alternatively, reorienting jets similar to the case of NGC 5044 (see
Figure 8) may provide an alternative way of heating the gas in a quasi-isotropic way. Cielo
et al. [277] presented simulations of AGN/IGrM interaction in the case of precessing jets
and claimed that the distributed energy is sufficient for offsetting cooling and reproducing
the features seen in real cool-core clusters.
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Figure 13. The macro AGN feedback transfer and deposition highlighted via the enstrophy ε decomposition (Equation (17))
into its main positive/negative components: compressions/rarefactions (second panel), stretching/squeezing motions
(third), baroclinicity (fourth)—adapted from Wittor and Gaspari [239]. This is achieved via Lagrangian tracer particles
on top of an adaptive-mesh-refinement HD simulation of self-regulated AGN outflows/jets in a central massive galaxy
(Gaspari et al. [156]). The cycle of CCA rain, AGN outflow injection, bubble inflation, cocoon shock expansion, and
turbulence cascade repeats self-similarly over several billion years, recurrently quenching the macro cooling flow.

In closing this theoretical section, we remark a few remaining important differences
between galaxy groups and the more massive clusters. While we have discussed above
that the IGrM shall be strongly self-regulated to avoid overheating/overcooling, this does
not imply that groups are less variable than clusters. Indeed, the tails of the chaotic
feeding/feedback loop can generate relatively more disruptive imprints in the less bound
IGrM (e.g., Voit et al. [278]). This is reflected in the increased morphological diversity of
groups (Sun et al. [137]) and larger intrinsic scatter of the scaling relations toward the low-
mass regime, as found in the fundamental Lx − Tx (Goulding et al. [279]; see the companion
Lovisari et al. review) and MBH − Tx (see Section 5.3) relations. While, in absolute values,
the AGN deposition radius is significantly larger in galaxy clusters (up to several 100 kpc),
normalized to function of R500 the AGN feedback outliers can pierce through relatively
larger regions of the less bound IGrM (e.g., Grossová et al. [203]). Interestingly, many
elliptical galaxies (including non-centrals) show the presence of a mini-cool core with a size
of ∼ 1 kpc, which could represent the irreducible inner CCA condensation region, enabling
the more frequent self-regulated AGN feedback discussed above for galaxy groups.

5. Impact of AGN Feedback on Large Scales

5.1. AGN Feedback in Cosmological Simulations

Hydrodynamical cosmological simulations are paramount for self-consistently mod-
elling the highly non-linear formation of large-scale structure. They can simultaneously
precisely solve for the gravitational and hydrodynamical aspects of structure formation.
Yet, because these simulations have limited spatial and mass resolutions, one needs to
implement simplified ‘sub-grid’ prescriptions for including crucial physical processes,
such as cooling, star formation, and the feedback from supernovae and AGN, since these
phenomena take place at scales that cannot be resolved by the simulations. For a complete
review on numerical simulations of galaxy groups, we refer the reader to Oppenheimer et
al. within this issue. Modern simulations of galaxy groups broadly fall into three categories:

70



Universe 2021, 7, 142

1. High resolution zoom simulations (a few hundred pc spatial resolution and ∼105 M�
particles) of a few groups or of a small volume. These types of simulations are
typically used to develop new baryonic physics and study the details of its impact on
the IGrM (e.g., ROMULUS [280]; NewHorizon [281]; FABLE [282]).

2. Moderate resolution simulations (spatial resolution of the order of ∼1 kpc and
∼106 M� particles) of volumes that are large enough (about 100 Mpc on a side)
to contain a sizable sample of groups, but not many clusters (e.g., Horizon-AGN [283];
EAGLE [284]; Illustris (TNG) [285,286]; SIMBA [287,288]; MassiveBlack-II [289]).

3. Low resolution simulations (about 5 kpc spatial resolution and ∼109 M� particles) of
much larger volumes (∼300–1000 Mpc on a side with the most common value being
around 500 Mpc) to contain a large sample of groups and clusters (e.g., IllustrisTNG-
300 [286]; cosmo-OWLS [12]; BAHAMAS [41]; Magneticum [290]; Horizon Run
5 [291]).

These simulations have been run with codes that use different methods for solving
the equations of hydrodynamics in a cosmological context. Namely, the Tree Particle
Mesh (TreePM) and smoothed particle hydrodynamics (SPH) code GADGET [292] in
various versions for the majority (EAGLE, MassiveBlack-II, cosmo-OWLS, BAHAMAS,
Magneticum), the moving mesh codes AREPO [293,294], and GIZMO [295] for a smaller
number (FABLE, Illustris(TNG), SIMBA), and, finally, the adaptive mesh refinement (AMR)
code RAMSES [296] for an even smaller fraction of them (Horizon-AGN, Horizon Run 5,
and NewHorizon). Note that ROMULUS was run with the Tree+SPH code CHANGA [297].
All of these simulations include a sophisticated modelization of the non-gravitational
processes of galaxy formation, such as metal-dependent radiative cooling, star formation,
chemical evolution, accretion onto supermassive black holes, and feedback processes from
supernovae, asymptotic giant branch stars, as well as AGN. Some of them have even
calibrated the free parameters of these models on observations (e.g., FABLE, EAGLE,
Illustris(TNG), and BAHAMAS). Note that the value of these parameters are often at least
informed by higher-resolution simulations.

In the majority of cases, cosmological simulations (type 2 and 3) implement some
variation of the Booth and Schaye [298] AGN feedback model (hereafter BS09), which
is itself largely based upon the Springel et al. [292] model (hereafter S05). In the BS09
model, halos are seeded with BH seeds in their center when their mass, as evaluated by
an on-the-fly halo finder, first reaches Mh,min = 100mDM, where mDM is the mass of a
dark matter particle (as in [21]). At that point, BH seeds are introduced at the bottom of
the potential well, with masses Mseed = 0.001mg, where mg is the mass of a gas particle.
BH can then grow either by gas accretion or mergers. Specifically, BH accrete from the
surrounding gas at a rate that is proportional to that given by the Eddington-limited
Bondi–Hoyle–Lyttleton [299,300] formula,

Ṁacc = αṀBondi = α
4πG2M2

BHρ

(c2
s + v2)3/2 , (18)

where v is the velocity of the BH relative to the ambient gas. The dimensionless ’boosting’
factor α was introduced by S05 as a numerical correction factor that attempts to correct
for the limitations of numerical simulations (see also Section 4.1). It was independent
of density and had a constant value of ∼100 (e.g., [22,292,301–303]). BS09 introduced a
density-dependent efficiency that varies as a power law of the density with a power-law
index β = 2 when the density is above n∗

H = 0.1 cm−3 and β = 1 otherwise. Bondi–
Hoyle accretion is spatially resolved when the local gas density n�

H < 0.1 cm−3, which
corresponds to the threshold for the formation of a cold (T � 104 K) phase, and when the
simulations resolve the Jeans length (see BS09 and e.g., [304] for a detailed discussion).
The BH growth rate can then be determined from the mass accretion rate by assuming a
given radiative efficiency εr, ṀBH = Ṁacc(1 − εr). The total radiative efficiency is always
assumed to be 10 per cent, which is the mean value for the radiatively efficient [305]

71



Universe 2021, 7, 142

accretion on to a Schwarzschild BH. Bondi accretion—albeit very simple to implement in
subgrid models—is far from a realistic representation of the feeding processes (such as
CCA and multiphase precipitation), thus we advocate for fundamental updates of subgrid
models in future works, as discussed in Section 4.1.

BH inject a fixed fraction of the rest–mass energy of the gas that they accrete into
the surrounding medium. The feedback is only implemented thermally. In that case, the
energy is deposited into the surrounding gas by increasing its internal energy, as opposed
to kinetic feedback, which deposits energy by kicking the gas. The fraction of the accreted
rest-mass energy that is injected is assumed to be independent of both the environment
and accretion rate (i.e., no distinction between ’quasar mode’ and ’radio mode’ feedback as
in the models of e.g., [302], which still injected energy thermally in both cases). The amount
of energy returned by a BH to its surrounding medium in a time-step Δt is given by

Efeed = ε f εr ṀBHc2Δt (19)

where ε f is the efficiency with which a BH couples the radiated energy into its surroundings
(a free parameter) and c is the speed of light. In order to ensure that the thermal feedback
from BHs is efficient, and that it is not immediately radiated away, BS09 introduced a mini-
mum heating temperature ΔTmin. BHs store feedback energy until they have accumulated
an energy Ecrit that is large enough to increase the temperature of a number nheat of their
neighbours by an amount of ΔTmin, which is,

Ecrit =
nheatmgkBΔTmin

(γ − 1)mH
. (20)

The internal energy of the heated gas is instantaneously increased by Ecrit. If ΔTmin
is set too low, the cooling time of the heated gas remains very short and the energy is
efficiently radiated away. If nheatΔTmin is set too high, then the energy threshold and the
time period between AGN heating events become very large. Thus, nheatΔTmin is connected
to the AGN duty cycle. The energy is then isotropically deposited into the gas.

The recent increase in resolution (from category 3 to category 2) led to improve-
ments of the AGN feedback modeling, as more physical processes could be taken into
account. For instance, the EAGLE team modified the BS09 formula for Ṁacc differently
from what had been previously done by BS09 to take the angular momentum of the gas
accreted by the BH into account, such that the above accretion rate was multiplied by
a factor α = min(1, C−1

visc(cs/Vφ)3), where Vφ is the rotation speed of the gas around the
BH [306] and Cvisc is a free parameter that s related to the viscosity of the accretion disc.
Improvements to the [302] model used by [22] have also been made as part of the Illustris,
IllustrisTNG and FABLE projects for the same reasons. Specifically, the authors added a
third mode of AGN feedback (i.e., the feedback is now thermal, mechanical, and radiative,
as described in [307]) for Illustris. The kinetic AGN feedback model in the low accretion
rate regime was updated for IllustrisTNG [308] (see [309] for an exhaustive discussion of
the changes between Illustris and IllustrisTNG). In parallel, the FABLE team also modified
the Illustris model to alleviate some of its shortcomings, such as the underestimation of
the gas fractions of groups and clusters (see Section 5.2, and, in particular, the discussion
of Figures 14 and 15 below). The parameters of the feedback model were calibrated on
the gas mass fractions using a strategy similar to the one employed for BAHAMAS ([41];
see [282] for detailed discussion). In particular, being inspired by the BS09 model, they
introduced a 25 Myr duty cycle for the AGN feedback to reduce artificial overcooling. We
note that both Horizon-AGN [283] and NewHorizon [281] use two modes of feedback, as
originally introduced by [302], but that the low accretion rate or ’radio’ mode is kinetic
instead of thermal (the detailed modelling can be found in [310]). Indeed, the observed
and realistic astrophysical deposition of heating in hot halos is carried out most of the time
via the AGN outflows and jets, as discussed in Section 4.2.
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5.2. The Hot Gas Fraction and the AGN Feedback Model

The total baryon content and its partition between the various gas and stellar phases
put fundamental constraints on galaxy formation models and, in particular, on the strength
of AGN feedback, as stated in Section 3.1.4. Thus, here we present the gas mass fraction-
M500 relation at z = 0 for two compilations of massive galaxies, groups and cluster
simulations that include different sorts of baryonic physics: (i) historical simulations, which
is, simulations run before 2014–2015 in Figure 14; and, (ii) modern simulations run as from
2014–2015 that calibrated the free parameters of their subgrid models to reproduce at least
the galaxy stellar mass function at z = 0 in Figure 15. The various simulation sets will
be compared with the compilation of observations that we presented in Section 3.1.4 and
especially Figure 7, which is shown as a gray band on both figures.

Figure 14. Compilation of historical simulation results for the gas fraction within R500 as a function of M500. The red,
orange, magenta, green and dark blue solid lines correspond to the different sub-grid models of cosmo-OWLS [12], the
pink and cyan ones to the 300 clusters run with the GADGET3X [311] and MUSIC [312] codes, respectively, as part of
The Three Hundred Project [313], the lime and gold ones correspond to Horizon-AGN and, its counterpart without AGN,
Horizon-noAGN [283], the cyan, blue, and crimson ones to the various physical models of the DIANOGA suite [314] and,
finally, the purple and brown symbols correspond to the simulations of [22] without and with AGN, respectively. The
compilation of observations presented in Figure 7 is shown as a gray band.

In Figure 14, we present the results of a compilation of historical simulations for the
gas fraction within R500 as a function of M500. The NOCOOL model of cosmo-OWLS
and the NR model of DIANOGA both correspond to classical non-radiative simulations,
where one includes hydrodynamics, but do not allow the gas to cool through radiative
processes. The REF model of cosmo-OWLS, the CSF model of DIANOGA, the 300 clusters
run with the MUSIC code, as well as the noAGN models of [22] and the Horizon suite, all
include prescriptions for radiative cooling, star formation, and stellar feedback, but not
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for AGN feedback. As first noted by [22,315], the inclusion of AGN feedback substantially
lowers the gas fractions of both groups and clusters.The intensity and, thus, the duty
cycle of the AGN feedback, as parameterized by ΔTmin in BS09 (see Equation (20)), can
be used to eject more or less gas from the potential well, as can be seen by comparing
the models AGN 8.0, 8.5, and 8.7 of cosmo-OWLS. Here the number corresponds to the
logarithm of the value of ΔTmin chosen, i.e., 8.0 corresponds to ΔTmin = 108 K. The REF,
CSF, and noAGN models also yield reasonable gas mass fractions, but the relation with
mass is flatter than observed, because the SF efficiency does not strongly depend on halo
mass. The low gas fractions in these models are achieved by overly efficient star formation
(e.g., [12,315] and Figure 1). Note that, while the cosmo-OWLS models that include AGN
feedback use the BS09 AGN feedback model summarized in Section 5.1, which is fully
thermal, Horizon-AGN, DIANOGA and 300 G3X resort to a mixture of thermal and kinetic
feedback, as originally developed by [310] for the former and [316] latter two.

Figure 15. Compilation of gas fractions within R500 from modern simulations as a function of M500. The blue line
corresponds to BAHAMAS [41], the red and green lines to the Reference and dT9 models of EAGLE [284], the green symbols
to C-EAGLE and Hydrangea [317,318], as it uses the same sub-grid model as EAGLE-dT9, the olive line to the 300 clusters
run with the GIZMO-SIMBA code (Cui et al. in preparation) as part of The Three Hundred Project [313], the salmon line to
Horizon-AGN [283], the gold one to FABLE [282], the orange one to SIMBA [287,288], and the pink and deep pink symbols,
as well as the plum, orchid, and lime lines correspond to various models from the Illustris and IllustrisTNG suites [285,286].
The compilation of observations presented in Figure 7 is shown as a gray band.

In Figure 15, we present the results of a compilation of modern simulations for the gas
fraction within R500 as a function of M500. Despite the fact that most modern simulations
have been calibrated to reproduce the local galaxy stellar mass function (see Figure 1), the
predictions on the hot gas fraction are vastly different. For instance, Illustris (plum line)
vastly underpredicts the observed hot gas fractions, whereas the reference EAGLE model
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(red line) clearly overpredicts them. Therefore, a setup that broadly reproduces the stellar
content of galaxies in the Universe may simultaneously fail at reproducing the properties of
the hot gas phase. Note that, in the case of BAHAMAS (blue line) and FABLE (gold line), the
free parameters of the stellar and AGN feedback have been adjusted to reproduce both the
z = 0 galaxy stellar mass function and gas content of groups and clusters (see discussions
in [41,282]). IllustrisTNG and EAGLE-dT9 (and the associated simulations) are versions
of Illustris and EAGLE in which the AGN feedback parameters were slightly adjusted to
reduce the discrepancies with the gas content of massive groups and clusters. It is worth
noting that SIMBA uses a fully kinetic AGN feedback model [287], while the simulations
from the Illustris series and FABLE include a mix of thermal, kinetic/mechanical, and
radiative feedback [282,285,309] in the vein of the one first developed by [302].

Generally speaking, we stress that the hot gas fraction of galaxy groups is an extremely
sensitive probe of the feedback scheme implemented in cosmological simulations. Modern
simulation suites have little predictive power on the baryon content of groups, even when
the properties of the galaxy population are accurately reproduced (see Figure 1). Some
of the simulations are actually calibrated on the gas mass fractions, i.e., the parameters
governing the feedback model were tuned to produce reasonable gas fractions in the
group regime. Major observational (Section 3.1.4) and theoretical advances (Section 4) are
required to understand the ejection of baryons from halos by AGN feedback and inform
the mainstream galaxy evolution models.

5.3. Co-Evolution between the IGrM and the Central AGN

SMBH masses are known to correlate with the properties of their host galaxy, in
particular the integrated K-band luminosity LK and the velocity dispersion of the stars
in the bulge, σe (see [64] for a review), as discussed in Section 2.2. However, it is still
unclear whether the optical scaling relations of SMBH are fundamental or derive from
correlations with other key quantities. Recent findings have instead unveiled that the
SMBH masses are more tightly correlated with the properties of the host X-ray gaseous
halos, especially in the IGrM regime [76–78]. In Figure 16, we summarize our current
knowledge of the relation between SMBH mass and X-ray temperature within the core
of galaxy groups (R <∼ 0.15 R500). It is important to note that the SMBH masses shall
be directly observed via dynamical measurements to properly unveil intrinsic scaling
relations. The largest existing study is provided by Gaspari et al. [77] with 85 systems
with measured SMBH masses, most of which with temperatures ∼0.5–1 keV that were
typical of galaxy groups. A Bayesian fit to the relation finds slopes MBH ∝ T2.1

x (Figure 16,
green) and MBH ∝ L0.4

x . At the high-mass end, Bogdán et al. [76] measure a somewhat
flatter slope, MBH ∝ T1.7

x . Notably, the intrinsic scatter goes down to ∼0.2 dex, with a very
high correlation coefficient at or above the 0.9 level, when compared to ∼0.5 dex for the
K-band luminosity. The correlations hold, regardless of the large diversity of systems, from
BGGs and ETGs to non-central lenticular/spiral galaxies. Varying the extraction radius
by slightly enlarging or decreasing it (group outskirts or CGM) does not significantly
vary such conclusions (see the companion Lovisari et al. review for the complementary
R500 scalings, such as MBH − L500 and MBH − Mtot). We note that multi-variate X-ray
correlations (a.k.a. ‘fundamental planes’) do not further improve the intrinsic scatter.
In sum, by comparing the different X-ray/optical scaling relations, it has emerged that
the extended plasma (collisional) atmospheres seem to play a more fundamental role
than small-scale (collisionless) stellar properties in the co-evolution of SMBH and groups.
This is further supported by zoom-in cosmological simulations [319–321]. On the other
hand, the slope (and scatter) of the current cosmological simulations still remain too low
when compared with the observations (dotted lines in Figure 16), indicating the need to
model more realistic feeding and feedback physics (see Section 4) into the coarse subgrid
numerical modules.
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Figure 16. Relation between BH mass and IGrM X-ray temperature. The data points show dynamical measurements of BH
mass plotted against the spectroscopic X-ray temperature of the host halo. The solid curves show the fitted observational
relations from Gaspari et al. [77] (green; together with the quoted log-normal scatter), Bogdán et al. [76] (blue), and the
“BCG” subsample of Lakhchaura et al. [78] (red). The dashed lines show the predictions of cosmological simulations with
AGN feedback (Illustris TNG, Truong et al. [321]; DIANOGA, Bassini et al. [319]). The gray data points are taken from
the sample of Gaspari et al. [77], which already included the smaller samples that were used by Bogdán et al. [76] and
Lakhchaura et al. [78].

The above SMBH versus X-ray correlations are crucial for testing models of galaxy/group
formation and evolution. Accretion/feeding models can be broadly divided into cold and
hot accretion modes, as discussed in Section 4.1. Besides the cosmic dawn, hierarchical
binary BH mergers are a present, but subdominant growth channel over most of cosmic
time [77,319]. In hot accretion (usually Bondi or Advection Dominated Accretion Flow—
ADAF; Bondi [249], Narayan and Fabian [250]), the larger the thermal entropy of the gas,
the more strongly feeding is stifled, since the inflowing gas has to overcome the outward
thermal pressure of the hot halo. This would induce negative correlations with the IGrM
properties, which are ruled out by the strongly positive correlations that are shown in
Figure 16. Conversely, cold-mode accretion (Gaspari et al. [245], Voit [246]; Section 4.1)—
typically in chaotic form (due to the turbulent condensation out of the IGrM generating
randomly colliding clouds)—is linearly and tightly correlated with the X-ray luminosity
and gas mass. Figure 17 (left) shows the CCA final mass growth via theoretical/numerical
predictions [77] when compared to direct measurements of SMBH masses. During the Gyr
evolution, the turbulent IGrM locally condenses into extended warm filaments and cold
molecular clouds via nonlinear thermal instability. The clouds inelastic collisions at the
meso/kpc scale boost the micro accretion rate down to the Schwarzschild radius, hence
triggering strong AGN feedback heating. Such recurrent SMBH growth drives the MBH
that is shown in Figure 17, with excellent agreement with the SMBH mass observed in our
local universe.
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Figure 17. X-ray scaling relations are key to constrain different baryonic physics of the IGrM, here in terms of feeding
models. Left: Direct SMBH masses plotted against the mass derived from theoretical/numerical predictions of chaotic cold
accretion (CCA) via the X-ray core properties—adapted from Gaspari et al. [77]. Right: Hot-halo condensation radius as a
function of BH mass and thus IGrM halo mass (the locus where C ≡ tcool/teddy = 1; see Section 3.1.3 and Section 4.1). See
Figure 12 for the description of the analysis, color coding, and sample. Figure reproduced from Gaspari et al. [77].

Scaling relations allow us to predict other baryonic physics of the IGrM, such as
the extent of the IGrM multiphase condensation radius, which is shown in the right
panel of Figure 17. As introduced in Section 4.1, such a radius is the locus at which the
IGrM cooling time and the turbulent eddy-turnover time match (C ≡ tcool/teddy = 1),
both of which can be retrieved via the X-ray scaling relations as a function of Tx and Lx
(Gaspari et al. [77]). Evidently, lower mass groups have condensation radii of less than a
few kpc, while massive groups can reach Rcond of a few 10 kpc (e.g., David et al. [209],
Olivares et al. [167], Lakhchaura et al. [206]). Overall, scaling relations between X-ray
macro-scale properties translates into scaling relations of micro-scale properties (MBH),
corroborating a tight co-evolution between multi-scale processes in the IGrM (as depicted
in Figure 9).

5.4. Impact on Cosmological Probes

During the past few years, it has become clear that AGN feedback will play an
important role as a leading source of systematic uncertainties for upcoming high-profile
cosmology experiments. Indeed, the energy that is injected by the central AGN affects the
global distribution of baryons (see Section 5.2), leading to local depletion or excesses of
matter with respect to the expectations of models, including dark matter only. This effect is
most important in galaxy groups, since these systems correspond to the peak of the local
halo mass density and their baryonic properties are highly sensitive to feedback. As a result,
the matter power spectrum at z = 0 can be substantially altered by baryonic physics and,
in particular, AGN feedback (e.g., [322,323]). The shape of the power spectrum is strongly
affected by baryonic processes on scales k 	 10−1 h/Mpc. For 10−1 < k < 10 h/Mpc, most
of the simulations predict a deficit of power with respect to the N-body case, although the
actual amplitude of the effect is highly uncertain [324]. The evacuation of baryons from
the central regions of galaxy groups under the influence of feedback is responsible for the
deficit of power on scales of ∼ 1 Mpc, i.e., roughly the typical size of galaxy groups. On
smaller scales (k 	 10 h/Mpc), cooling and condensation of baryons in the central regions
lead to a rapidly increasing power.
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Accurately predicting the shape of the matter power spectrum is crucial for the
success of future cosmic shear experiments, such as Euclid, which aim at determining the
growth of structures by measuring the matter power spectrum and its evolution [325].
Semboloni et al. [323] showed that neglecting baryonic effects would imply important
systematics on the determination of cosmological parameters. Systematic effects can be
mitigated by excluding the small scales (k 	 10−1 h/Mpc) when fitting the measured power
spectra, although that comes at the price of greatly increased uncertainties in the resulting
cosmological parameters. Constraints on extended cosmologies, such as massive neutrinos,
variable dark energy equation of state, or chameleon gravity, require sensitivity on smaller
scales, and their effect is strongly degenerate with that of baryonic physics [326,327].

Chisari et al. [324] showed that numerical simulations have not yet converged on
the actual impact of feedback on the power spectrum (see their Figure 3). For instance,
the very strong feedback that was implemented in the original Illustris simulation, which
was sufficient to completely evacuate the gas content from most groups (see Figure 15),
leads to a very strong suppression of power (>30%) on scales of a few hundred kpc.
Conversely, simulations implementing a more gentle feedback scheme (EAGLE, Horizon-
AGN, MassiveBlackII) predict small corrections with respect to the fiducial DM-only case
for k � 10 h/Mpc. These simulations also predict a high gas fraction in galaxy groups (see
Section 5.2 and [328] for an extensive discussion). Recently, Schneider et al. [329] used a
semi-analytic model to predict the impact of baryons on the matter power spectrum based
on the observed gas properties of groups. The authors modified the mass profiles of halos
in large N-body simulations to account for star formation and AGN feedback. In particular,
the semi-analytic model of Schneider et al. [329] is highly sensitive to the parameter θej,
which governs the ejection of gas from the central regions of the halo by AGN feedback.
In Figure 18, we show how the predicted matter power spectrum depends on θej. With
increasing feedback, a progressively larger fraction of the gas is ejected from the halo and,
thus, the expected power gets more strongly suppressed. Calibrating their semi-analytic
model on the observed gas fraction and gas density profiles of group-scale halos, Schneider
et al. [329] provided a range of predictions matching the existing observational constraints.
High-precision measurements of the gas density profiles in a representative sample of
galaxy groups would allow us to precisely determine the expected shape of the power
spectrum [327], thereby providing a key input for upcoming cosmology experiments.

In addition to the matter power spectrum, AGN feedback on the scales of galaxy
groups also affects several other cosmological observables, such as the thermal SZ power
spectrum (e.g., [330,331]). Indeed, AGN feedback affects the pressure profiles of halos
and thus modifies the amplitude of the power spectrum on small scales (� 	 1000, [332]).
Ramos-Ceja et al. [333] showed that tSZ models based on the universal pressure profile [334]
overpredict the power measured by SPT and ACT on small scales. A strong feedback
scenario and a low gas fraction on group scales are needed to fit the measured power. The
effect of feedback also implies modifications to the cross-correlations between the tSZ and
other observables (e.g., [335,336]). Finally, the choice of the feedback scheme affects the
shape of the halo mass function (e.g., [337–339]) and the structure of dark-matter halos
(e.g., [337,340]). We refer to the companion Oppenheimer et al. review for a more general
discussion of the topic.
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Figure 18. Modification of the local matter power spectrum with respect to pure N-body simulations
in the presence of AGN feedback at the scale of galaxy groups in the semi-analytic model of Schneider
et al. [329]. The various curves show how the power spectrum depends on the parameter θej

governing gas ejection from the central regions of groups under the influence of AGN feedback. A
strong ejection of gas from the core of halos implies substantial modifications to the matter power
spectrum on scales of ∼1 Mpc. The figure reproduced from Schneider et al. [329].

6. Future Observatories

6.1. eROSITA

At present, our knowledge of the population of galaxy groups in the local Universe
comes largely from the ROSAT All-Sky Survey (RASS). Groups that were identified in the
RASS (or even the Einstein slew survey) form the basis of most studies of the mechanics
of AGN feedback at this mass scale, but, unfortunately, groups are at the lower limit of
sensitivity for these surveys. RASS is therefore biased toward the detection of relaxed,
centrally-concentrated, cool-core systems, with the strength of the bias increasing as mass
decreases from poor clusters to groups [185]. Searches tailored to the detection of more
extended sources in RASS reveal a population of low surface brightness groups undetected
by the original survey [341] confirming the expected bias, while XMM-Newton observations
of optically-selected groups identify both low luminosity and disturbed systems previously
not detected or not recognised as groups in RASS [106].

Spectrum Roentgen Gamma (SRG, launched in 2019) hosts the eROSITA instrument, a
set of seven co-aligned soft X-ray telescopes covering the 0.2–10 keV band, with a field of
view of 1◦ and ∼15′′ spatial resolution. SRG will spend four years surveying the whole
sky once every six months, with eROSITA building up a map ∼20× deeper than RASS
in the 0.5–2 keV band [342]. This is sufficient to detect essentially every galaxy group
with a virialized halo in the local universe [106]. More massive groups with luminosities
∼1042 erg s−1 should be detectable to z ∼ 0.1 in the final eRASS:8 survey. Käfer et al.
[343] performed detailed simulations to evaluate the sensitivity of eRASS:8 to galaxy
groups. The authors used a wavelet decomposition algorithm sensitive to large-scale
diffuse emission. In Figure 19, we show the corresponding sensitivity curves for two
possible source detection setups: a decomposition over wavelets of scales 1–4′ that were
optimized for relatively compact sources, and the other for scales in the range 1–16′ sensitive
to the most extended nearby sources. Using these setups, the authors predict eRASS:8
will detect all the galaxy groups with M500 > 1013M� out to z = 0.05. The most massive
groups (∼1014M�) will be detected out to z = 0.5. While the survey observations will
typically only provide luminosity and morphology information for individual halos, the
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group samples derived from them will be a solid base from which to investigate the impact
of cooling and AGN feedback in groups, particularly when combined with radio surveys.

Pointed observations with eROSITA, possible once the survey phase is complete, may
also prove useful for studies of groups. The combination of a large field of view and
soft band effective area (roughly double that of the XMM-Newton EPIC-pn) is well-suited
to observations of the outskirts of nearby groups, and the search for cavities or other
structures that are associated with giant group-central radio galaxies. Thanks to its short
focal length and very stable background [344], eROSITA is very sensitive to diffuse X-ray
emission below 2 keV, which means that it is well suited to study the diffuse X-ray emission
of galaxy groups.

Figure 19. Expected sensitivity curve of the final eROSITA survey (eRASS:8) compared to the
sensitivity of existing and upcoming X-ray and SZ surveys. The eROSITA sensitivity curve was
computed from synthetic data using a wavelet decomposition algorithm [343] sensitive to scales
of 1–4′ (solid blue curve) and 1–16′ (dashed blue curve). For comparison, the dashed black curve
shows the sensitivity of the ROSAT all-sky survey assuming a fixed soft X-ray flux threshold of
1.8 × 10−12 erg s−1, which is the typical sensitivity of the REFLEX and NORAS samples (green
asterisks, [345]). The red points show the systems selected from the second Planck SZ catalogue [346].
The green curve shows the expected sensitivity of the SPT-3G experiment [347].

6.2. XRISM

The X-ray Imaging and Spectroscopy Mission (XRISM), expected to launch by April
2023, will open a new era of high spectral-resolution observations of galaxy groups. Its
X-ray microcalorimeter (Resolve, [348]) will have a constant 7 eV energy resolution across its
0.3–12 keV band, resolving the forest of emission lines that characterizes emissions from the
IGrM. This offers opportunities in a number of important areas, including measurements
of bulk flows and turbulence in the hot gas. At present, grating spectra only provide
upper limits on the turbulence of the IGrM [240,349], with possible hints of asymmetries
that are associated with sloshing motions [350]. Hitomi demonstrated the capabilities of
microcalorimeters, but it was only able to make a single turbulence measurement in the
Perseus cluster [351]. XRISM should be able to measure turbulent velocities down to tens
of km s−1, providing a measure of the kinetic energy stored in the IGrM and allowing us to
determine how much of the energy of AGN outbursts can be diffused out into the IGrM
by these gas motions. The spectra from the Resolve microcalorimeter will also provide
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a detailed view of shock heating and cooling, with individual emission lines accurately
tracing gas at different temperatures. Performance verification targets for the mission
include NGC 5044 and NGC 4636, and, while the spatial resolution (>1′) and effective area
of the observatory may limit its use to relatively bright nearby groups, its results are likely
to be ground-breaking.

6.3. Athena

The Advanced Telescope for High Energy Astrophysics (Athena), which is expected
to launch in the early 2030s, represents the next generation of major X-ray observatories,
with 5′′ spatial resolution and an effective area of 1.4 m2 at 1 keV (roughly 45× that of
XRISM’s Resolve instrument). It will carry a 40′×40′ active pixel detector (the wide field
imager, WFI) providing CCD-like spectral imaging, and a 5′-diameter microcalorimeter
array (the X-ray Integral Field Unit, X-IFU) with ≤5′′ pixels, capable of 2.5 eV spectral
resolution (see, e.g., [352]). The combination of the very large collecting area with these two
instruments will open up several new fields of study for galaxy groups. The WFI survey,
performed over the first four years of operations, is expected to find >10,000 groups and
clusters at z ≥0.5, including ∼20 groups with M500 ≥5×1013 M� at z ∼ 2, and measure
their temperature to better than 25% accuracy [353]. This will provide a clear view of the
evolution of AGN feedback in groups back to the era of peak star formation and black hole
growth. The identification of cavities and spectral mapping will be possible for moderating
redshift, showing us the impact of feedback over the past few gigayears.

X-IFU offers capabilities that are similar to that of XRISM’s Resolve, but with greatly
improved spatial resolution and the ability to examine even low luminosity systems in
the local universe. It will allow the mapping of turbulence and bulk flows in the IGrM,
tracing gas motions that are associated with mergers, sloshing, uplift behind rising radio
bubbles, or AGN-driven outflows. By mapping the kinetic and thermal energy content of
the IGrM on spatial scales similar to those at which energy is injected by radio galaxies,
it will allow us to quantify how much energy is injected into the hot gas by outbursts,
determine where and when energy is transferred out of the radio jets and lobes, and see
how it is then transported out into the surrounding halo [354]. It will also provide a clear
view of the location of the coolest gas and allow us to trace the process by which it cools
out of the hot phase.

6.4. Lynx

The Lynx mission concept (https://www.lynxobservatory.com/report accessed on 25
April 2021, [355]) will, if approved, go beyond Athena, with sub-arcsecond resolution over
a 22′×22′ field of view and an effective area of 2 m2 at 1 keV, giving 50× the throughput of
Chandra. As with Athena, an active pixel array (the high-definition X-ray imager, HDXI)
would provide wide-field CCD-like spectral imaging, but with 0.3′′ pixels to take advantage
of the exquisite spatial resolution. The Lynx X-ray Microcalorimeter (LXM) would bring
3 eV spectral resolution on 1′′ spatial scales over a 5′ field of view, with sub-arrays offering
0.5′′ spatial resolution or 0.3 eV spectral resolution in 1′ fields. Much of Lynx’s proposed
science relates to the detailed physics of accretion and galaxy evolution, and the X-ray
universe at high redshift; the survey observations with the HDXI would be capable of
detecting groups with masses as low as 2 × 1013 M� out to a z ∼ 3. In low-redshift systems,
LXM could examine the conditions within individual cooling filaments in group cores, and
measure the velocities of the weak shocks and sound waves that are produced during AGN
outbursts. As with Athena, the observatory would be sensitive enough to trace the IGrM
out to the virial radius in a large sample of groups, but with fine spatial resolution, making
the identification of structure easier and the rejection of background sources cleaner. It is
notable that Lynx would be the first mission after Chandra to be able to provide the finely
detailed images that have proved to be so useful in the study of AGN feedback, reaching
scales that are comparable to those of optical and radio observations.
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6.5. The Square Kilometer Array and Its Precursors

Radio astronomy has undergone something of a renaissance in recent years, with
new and improved capabilities coming online, e.g., the upgraded Jansky Very Large
Array (JVLA) and Giant Metrewave Radio Telescope (uGMRT), the Low-Frequency Array
(LOFAR), and the Atacama Large Milimeter Array (ALMA). These are providing improved
radio continuum surveys in the northern hemisphere and equatorial sky. However, new
telescopes in southern Africa and Australia are opening up new opportunities, as they
begin to survey the relatively poorly-explored southern sky. These include the Murchison
Widefield Array (MWA), the Australian Square Kilometer Array Pathfinder (ASKAP), and
MeerKAT in South Africa’s Karoo region. The Galactic and Extragalactic All-sky MWA
Survey (GLEAM, [356]) provides an early example, covering the entire southern sky below
Declination +30◦ at frequencies 72–231 MHz. While its spatial resolution is modest (∼100′′),
its high sensitivity at low frequency and provision of fluxes in multiple bands makes
it a powerful tool for studying radio galaxies, particularly old, fading sources. Higher
frequency (∼1 GHz), higher spatial resolution (8-30′′) surveys of continuum emission and
HI are becoming available from ASKAP (e.g., RACS, WALLABY, [357,358]) and MeerKAT
(e.g., MIGHTEE, [359]), and these observatories are beginning to produce interesting
findings on, e.g., group dynamics and evolution [360,361] and the population of giant radio
galaxies [197,201].

These telescopes are the precursors of the Square Kilometer Array (SKA), a set of next-
generation telescopes that are expected to begin operations in the late 2020s, combining
wide frequency coverage with unprecedented sensitivity. The SKA will be built in phases,
with phase 1 consisting of two components: the SKA1-Low, covering the 50–350 MHz band,
with baselines up to 65 km providing spatial resolution of ∼4′′ at 300 MHz and sensitivity
a factor of 5–10 better than LOFAR or GMRT; and the SKA1-Mid, covering 350 MHz to
15 GHz with resolution 0.4′′ at 1.4 GHz and a sensitivity up to an order of magnitude better
than JVLA [362]. The proposed phase 2 SKA would improve sensitivity by another order
of magnitude. Much of the SKA’s proposed science relates to the early universe, but it will
be an extraordinary tool for studies of feedback in groups and clusters, tracing the entire
AGN population to high redshift, not merely the radio-loud systems that dominate current
samples [363]. SKA surveys are likely to be sensitive to sources down to 1022 W Hz−1

out to z = 3–4 [364]. This offers an opportunity to detect the radio counterparts of most
galaxies that are identified in current optical surveys, including essentially all group and
cluster-dominant galaxies, with sufficient resolution to allow AGN and star formation
emission to be disentangled, and with the wide frequency coverage that is necessary to
determine the state and age of jets and lobes. Given the very large numbers of groups and
clusters that are likely to be detected in the southern sky by, e.g., eROSITA, such surveys
will play an important role in identifying systems with active cooling and feedback. HI

observations reaching low column densities may provide another window on cooling from
the IGrM. SKA will also open up the study of diffuse radio structures and magnetic fields
in groups (e.g., [365]), providing constraints on rates of energy transport and conduction in
the IGrM, as well as information on gas motions [366], and perhaps even on turbulence
and shocks.

6.6. Upcoming SZ Facilities

Upcoming surveys of the cosmic microwave background (CMB), such as CCAT-
prime [367], Simons Observatory [368], and CMB-S4 [369], will likely also play a role in
advancing our understanding of AGN feedback at group scale by providing complemen-
tary information to X-ray surveys. While the thermal SZ effect (hereafter tSZ) is a steep
function of mass (YSZ ∝ M5/3

500 ), stacking of the tSZ effect over large samples (either X-ray or
optically selected) can lead to a detection down to M500 ∼1013M�. As a pilot study, Planck
Collaboration et al. [370] presented the stacked tSZ signal from a large sample of SDSS
galaxies selected to be central to their halo, and found that the tSZ-to-mass scaling relation
extends with no break all the way down to M500 ∼1012.5M�. However, the interpretation of
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the result is rendered difficult by the large Planck beam (∼8′), which dilutes the signal [371].
While detecting the tSZ signal from individual galaxy groups will be challenging for the
new generation of CMB survey instruments, the angular resolution of the foreseen facilities
(� 1′) will be sufficient to study the distribution of the stacked tSZ signal and determine
the origin of the signal identified by Planck Collaboration et al. [370]. On the other hand,
large single-dish facilities such as AtLAST [372] will be sensitive enough to detect the tSZ
effect from galaxy groups [373].

Recently, the kinetic SZ effect (kSZ), i.e., the Doppler shift of the CMB spectrum in-
duced by moving electron clouds, has emerged as a promising tool for studying the baryon
content of galaxy groups [374,375]. The kSZ signal is independent of the gas temperature,
which makes it, in principle, more suitable than the tSZ for the study of low-mass systems.
The kSZ signal cannot be detected directly by stacking CMB observations, given that the av-
erage velocity of structures with respect to the CMB rest frame vanishes. However, the kSZ
signal can be measured by cross-correlating CMB maps with spectroscopic galaxy surveys,
thereby fixing each system’s velocity; this technique is known as the pairwise kSZ. Several
recent studies reported low-significance detections of the kSZ with this technique [376–378].
These early results may indicate that the flat gas density profiles that are inferred from
X-ray data (see Section 3.1.4) extend far beyond the halo’s virial radius, which, if confirmed,
provides a detection of the gas expelled from the central regions of halos by AGN feedback.
Cross-correlating the kSZ data from future CMB experiments with large spectroscopic
surveys, like DESI, may yield a detection of the pairwise kSZ at high significance [379] and
possibly out to high redshifts [380].
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Appendix A. List of the Properties of Detected AGN Cavities in Galaxy Groups

Table A1. Properties of the cavities detected in groups. Only quantities available from the literature are included, thus for
some systems the listing will be incomplete. 1 Projected semi-major axis of the cavity. 2 Projected semi-minor axis of the
cavity. 3 Projected distance from the cavity center to the core. 4 Ages are reported as ts-tbuoy-tre f ill . Where only a single
value is reported, this is ts. 5 Bolometric luminosity between 0.001 and 100 keV inside rcool , where the cooling time is less
than 7.7 Gyr. � Additional data provided by Nulsen, P., priv. comm.

Source a 1 b 2 R 3 pV Age 4 L 5
cool Ref.

(kpc) (kpc) (kpc) (1056 ergs) (Myr) (1042 ergs/s)

HCG 62 N 5.0 4.3 8.4 2.9+4.1
−1.5 18-15-31 1.8 ± 0.2 [92,126,381]

HCG 62 S 4.0 4.0 8.6 2.1+3.7
−1.3 19-16-29

3C88 E 23 23 28 95 60 [115]
3C449 S 13 13 39 14.6 70 [382]
IC1262 N 2.2 1.5 6.5 58.0 17-24-52 3.3+0.2

−0.3 [383]
IC1262 S 4 2 6.1 50.1 12-21-42
NGC 5813 in SW 0.95 0.95 1.3 0.11 1.2 [384]
NGC 5813 in NE 1.03 0.93 1.4 0.15 1.4
NGC 5813 mid SW 3.9 3.9 7.7 1.53 7.2
NGC 5813 mid-1 NE 2.9 2.2 4.9 0.93 4.6
NGC 5813 mid-2 NE 2.8 2.4 9.3 0.41 8.8
NGC 5813 out SW 5.2 3.0 22.2 0.6 20.8
NGC 5813 out NE 8.0 4.4 18.0 2.6 17.0
IC 4296 NW 80 80 230 920 220 [203]
NGC 741 W 8 8 16 12.2 ± 1.2 30 [385]
NGC 193 63.4 47.2 0.0 22.7+17.3

−17.7 44.2-20.4-76.9 0.11 ± 0.01 [199]
NGC 507 E 21.7 8.7 22.1 308+494

−63 48.4-229-38.9 1.37 ± 0.02 [199]
NGC 507 W 13.4 5.0 11.7 90+254

−30 22.2-17.4-38.9
NGC 1550 E 5.96 2.31 9.0 6.70+10.7

−1.98 12.8-27.9-37.0 2.79+0.03
−0.01 [193]

NGC 1550 W 4.09 1.88 14.65 2.00+2.45
−0.68 19.8-52.6-33.0

NGC 4261 E 20.94 15.51 24.82 31.02+11.98
−6.15 40.5-36.6-105.3 0.11+0.08

−0.01 [106,191]
NGC 4261 W 18.62 16.91 21.72 32.78+6.30

−6.52 35.4-31.8-99.4
NGC 4636 NE 2.67 1.11 3.25 0.28+0.40

−0.06 8.8-20.2-46.8 0.18 ± 0.01 [199]
NGC 4636 SE 2.40 1.52 2.80 0.47+0.28

−0.10 7.6-17.0-47.2
NGC 4636 SW 2.78 1.88 4.62 0.88+0.48

−0.31 11.7-31.2-62.1
NGC 4636 NW 2.53 1.32 3.33 0.38+0.36

−0.08 9.1-21.5-49.7
NGC 4782 10.7 10.7 23.0 11.0 35-54- [386]
NGC 5044 SW 6.54 2.84 8.60 2.17+2.87

−0.49 21.1-14.4-35.5 4.72 ± 0.01 [106,191]
NGC 5044 NW 3.04 2.34 4.85 0.62+0.22

−0.13 11.4-16.4-35.5
NGC 5044 in SW 0.15 0.15 0.45 0.0007 1 [195,209]
NGC 5044 in NE 0.15 0.15 0.45 0.0007 1 [195,209]
NGC 5098 N 3.0 1.6 2.97 7.0 18 [387]
NGC 5098 S 3.0 1.6 2.97 7.0 18
NGC 5846 N 0.74 0.58 0.64 0.35+0.15

−0.13 1.7-1.2-4.6 0.27 ± 0.01 [199]
NGC 5846 S 0.74 0.58 0.68 0.35+0.15

−0.13 1.8-1.4-4.8
NGC 5903 16.0 13.0 24.6 2.3 ± 0.10 82.5 0.0047 ± 0.0005 [388]
NGC 6269 N 5.2 5.2 10.7 22.4+7.2

−9.0 14.0-14.3-26.2 0.78+0.04
−0.03 [199]

NGC 6269 S 5.5 5.5 12.3 27.2+8.2
−10.5 16.1-17.1-28.9

NGC 6338 in NE 4.60 3.22 3.96 20.38+9.65
−4.83 7.3-5.6-19.3 4.56+0.08

−0.06 [210]
NGC 6338 in SW 4.22 3.22 6.34 10.20+3.85

−2.53 11.4-14.7-30.8
NGC 6338 outer 6.49 4.01 18.21 12.98+8.38

−2.88 25.8-33.5-32.7
VII Zw 700 NE 3.96 2.43 5.54 0.24+0.17

−0.11 44.0-41.7-95.5 0.54 ± 0.03 [210]
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Table A1. Cont.

Source a 1 b 2 R 3 pV Age 4 L 5
cool Ref.

(kpc) (kpc) (kpc) (1056 ergs) (Myr) (1042 ergs/s)

VII Zw 700 SW 4.70 1.90 3.43 0.43+0.65
−0.19 27.3-29.3-82.8

NGC 6868 NW 11.7 11.7 38.7 1.48 88-107-119 [389]
NGC 6868 SE 8.14 8.14 25.3 1.0 55
A 1991 N 16.8 5.5 12.4 496 18-28-68 60.4 [390]
A 1991 S 13.3 6.2 11.5 535 18-29-59
A 3581 1 7.9 3.8 3.1 [105]
A 3581 2 3.4 3.7 3.1 [105]
NGC 533 1 2.2 1.3 1.2 [105]
NGC 533 2 3.1 1.6 1.6 [105]
NGC 4104 1.9 1.5 0.0 [105]
RXC J0352.9+1941 1 8.0 5.9 9.3 [107]
RXC J0352.9+1941 2 7.9 4.3 10.8
RX J0419+0225 1.2 0.9 1.7 [107]
A 2550 1 18.9 9.3 10.3 [105]
A 2550 2 10.7 5.9 7.8 [105]
A2717 1 11.2 6.3 7.9 [105]
A2717 2 13.4 5.8 8.4 [105]
AS1101 1 21.0 14.7 24.2 [105]
AS1101 2 24.1 15.7 23.6 [105]
ESO 351-021 12.2 8.6 14.8 [105]
RX J1159+5531 1 7.7 3.9 7.5 [105]
RX J1159+5531 2 6.7 4.3 9.7 [105]
RX J1206-0744 27.6 21.4 29.1 [105]
NGC 2300 1.3 1.0 1.5 [105]
UGC 5088 1 7.3 5.4 8.4 [105]
UGC 5088 2 6.5 3.6 5.4 [105]
NGC 777 E 1.9 2.3 4.6 0.99 [104,113]
NGC 777 W 2.1 2.4 4.0 [113]
NGC 4235 E 2.4 4.6 11.8 [113]
NGC 4235 W 2.1 2.4 4.0 [113]
NGC 1553 1 4.1 3.5 4.6 0.42+0.49

−0.22 13.5-10.7-33.0 1.72 [104] �

NGC 1553 2 3.5 2.7 3.3 0.28+0.23
−0.13 9.8-7.4-25.2 1.72 [104] �

NGC 1600 1 0.87 0.82 1.21 0.15+0.24
−0.09 2.2-1.6-4.2 0.12 [104] �

NGC 1600 2 0.83 0.72 1.42 0.11+0.13
−0.06 2.5-2.1-4.3 0.12 [104] �

NGC 3608 1 3.2 2.2 6.0 0.04+0.03
−0.01 18.7-15.9-26.4 0.008 [104] �

NGC 3608 2 2.5 1.7 5.3 0.02+0.02
−0.01 16.3-14.8-21.5 0.008 [104] �

NGC 7626 1 5.6 3.1 14.4 0.37+0.21
−0.14 33.1-36.5-39.9 0.12 [104] �

NGC 7626 2 1.4 0.7 3.0 0.03+0.03
−0.01 6.8-7.0-8.7 0.12 [104] �

NGC 7626 3 1.6 1.1 3.8 0.06+0.04
−0.02 8.7-8.8-11.5 0.12 [104] �

NGC 7626 4 4.7 4.0 16.2 0.36+0.48
−0.21 37.2-42.5-43.2 0.12 [104] �

A 262 E 2.6 2.6 6.2 1.7+3.2
−1.1 11-13-20 [92,391]
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Abstract: Galaxy groups are more than an intermediate scale between clusters and halos hosting
individual galaxies, they are crucial laboratories capable of testing a range of astrophysics from
how galaxies form and evolve to large scale structure (LSS) statistics for cosmology. Cosmological
hydrodynamic simulations of groups on various scales offer an unparalleled testing ground for
astrophysical theories. Widely used cosmological simulations with ∼(100 Mpc)3 volumes contain
statistical samples of groups that provide important tests of galaxy evolution influenced by environ-
mental processes. Larger volumes capable of reproducing LSS while following the redistribution of
baryons by cooling and feedback are the essential tools necessary to constrain cosmological parame-
ters. Higher resolution simulations can currently model satellite interactions, the processing of cool
(T ≈ 104−5 K) multi-phase gas, and non-thermal physics including turbulence, magnetic fields and
cosmic ray transport. We review simulation results regarding the gas and stellar contents of groups,
cooling flows and the relation to the central galaxy, the formation and processing of multi-phase
gas, satellite interactions with the intragroup medium, and the impact of groups for cosmological
parameter estimation. Cosmological simulations provide evolutionarily consistent predictions of
these observationally difficult-to-define objects, and have untapped potential to accurately model
their gaseous, stellar and dark matter distributions.

Keywords: black holes; galaxy groups; galaxy surveys; intragroup medium/plasma; hydrody-
namical and cosmological simulations; active galactic nuclei; X-ray observations; UV observations;
cosmological parameters

1. Introduction

Galaxy groups are versatile laboratories to study a range of astrophysics spanning non-
gravitational, baryonic processes associated with galaxy formation to large-scale structure
statistics constraining cosmology. Their intermediate scale between galactic halos and
clusters offers a unique set of theoretical challenges that are often overlooked relative to
adjacent mass bins, but this scale offers crucial constraints for how a large proportion
of galaxies evolved to their present state. The perspective of this review, focusing on
halos with masses Mhalo ≈ 1013–1014 M�, differs from the companion reviews because a
cosmological simulation tracks the evolution of all gas, stars and dark matter, not just the
X-ray emitting intragroup medium (IGrM). Therefore we consider all phases of gas—from
the extended, hot IGrM that stretches beyond the virial radius to the cold interstellar
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medium (ISM) within individual group galaxies—alongside the stars and dark matter in
central and satellite group galaxies, as well as the surrounding cosmological large scale
structure (LSS). Simulations have enabled breakthroughs in our understanding of all these
components, but their limited resolution and incomplete physics models still represent a
major obstacle on the path to a truly complete understanding of the observed gas, galaxies
and LSS statistics in and around groups.

The IGrM is mainly very hot (T ∼ 107 K), but does not primarily radiate via
Bremsstrahlung radiation like the intracluster medium (ICM; see Figure 1 of the com-
panion review by Lovisari et al. [1]). Cooling via line emission offers a greater opportunity
to form multi-phase, cool (T < 105 K) gas, and potentially provide additional fuel to
galaxies. Nevertheless, IGrM observations are currently dominated by hot X-ray probes
from especially Chandra [2–4] and XMM-Newton (e.g., Lovisari et al. [5]). X-ray-derived
profiles of IGrM properties, especially its entropy, provide rigorous tests for simulations
that often make diverging predictions (e.g., Mitchell et al. [6], Le Brun et al. [7]). Yet these
simulations also produce lower mass groups that can be tested against the Complete Local
Volume Groups Sample (CLoGS) survey [8], and sometimes higher mass objects for compar-
ison with observed clusters (e.g., [9,10]). With large-scale simulations projects containing
multiple volumes and/or zoom-in simulations of massive objects, simulations of the IGrM
can be compared and contrasted to lower mass galaxy halos and higher mass clusters.

Similar to a cluster, most groups contain a dominant “brightest group galaxy” (BGG)
near the halo center, usually where the X-ray-traced IGrM peaks in brightness. In con-
trast to brightest cluster galaxies (BCGs), BGGs are observed to less likely be quenched
early-type galaxies (ETGs; e.g., [11,12]), and more likely to have disc-like morphologies
(e.g., [13]). Understanding the—likely intimate—connection between the BGG and IGrM
involves studying how the galactic baryon cycle (the interplay of gas accretion, outflows,
and recycling that is understood as fundamental for the co-evolution of field galaxies and
their circumgalactic medium; [14,15]) transitions to the cluster version of precipitation,
jet-driven active galactic nuclei (AGN) feedback, and chaotic cold accretion (e.g., [16,17]).

The IGrM also includes cool and warm (T ∼ 105–106 K) gas phases. Although sub-
dominant to the hot IGrM component by mass as simulations clearly demonstrate (e.g., [18,19]),
these phases are thought to represent the link between the IGrM and individual group galax-
ies: from them, gas can accrete onto the BGG and fuel further star formation (e.g., [20,21]),
whereas gas stripped from satellite galaxies (e.g., [22–24]) or ejected from them through
superwind feedback (e.g., [25]) is also initially less hot than the virialized IGrM halo. Fur-
thermore, observations of quasar absorption lines in the UV indicate a substantial reservoir
of H I and metals in the IGrM at temperatures of 104–105.5 K [26,27], and 21-cm emission
shows extended IGrM structures, at least for more compact, spiral-rich groups [28]. The
theoretical modeling of cool/warm gas is crucial to understand for how groups diverge
from clusters owing to their lower temperatures promoting more cooling.

Lower IGrM pressures and galaxy velocities process satellite galaxies differently than
in clusters: simulations find both the atomic hydrogen and star forming gas is removed less
rapidly after infall [29], providing an explanation for observed group galaxies being less H I

deficient than in clusters [30] and having lower quenched fractions (e.g., [11,12]). However,
the lower velocity dispersion of group satellites makes dynamical friction more efficient,
so that mergers—in particular between satellites and the BGG—are more common [31].
Finally, although groups are (typically) dynamically older than clusters, their galaxies are
more likely to have been accreted directly from the field, rather than via an intermediate
“pre-processing” phase in a lower-mass halo (e.g., [32]). The total time that z = 0 galaxies
have spent as satellites is therefore ≈50% shorter for groups than massive clusters (ca. 4
vs. 6 Gyr; [33], see also Donnari et al. [34]).

Relative to clusters, the ∼10× higher number density of groups (e.g., [35]) combined
with their shallower potential wells—which make it easier for AGN feedback to eject
baryons—gives groups particular significance for cosmological parameter estimates that
rely on the total mass distribution, for example, lensing measurements, cosmic shear,
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and redshift space distortions. The distribution of baryons in halos corresponding to groups
(1013−14 M�) is known to be significantly affected by feedback processes. Therefore, the self-
consistent modeling of the entire baryonic (gas+stellar) and dark matter distributions of
groups, in way that realistically captures the effects of galaxy formation, is a necessary tool
for precision cosmology.

In this review, we focus on how groups process their baryons in a cosmological context,
and therefore discuss predominantly cosmological simulations that contain groups. Entire
separate reviews could be written about idealized simulations and analytical models at
the group scale, but these are not able to confront the intersection of galaxy formation
and cosmology. We will, however, refer to idealized simulations and other methods
simulating important physics when they are relevant to groups, especially in regards to
how cosmological simulations can improve. Ultimately, our understanding of how gas and
galaxies evolve together to create the observed distribution of groups would not be as far
along without these tools.

Throughout this review, we use a theorist’s definition of a group as a system of galaxies
and gas hosted by a halo within a certain mass range. Following common convention, we
define these masses as MΔ, the sum of all matter species (i.e., dark matter and baryons)
within a spherical aperture rΔ inside which the mean density equals Δ times the critical
density of the universe; we adopt the value Δ = 500 as commonly used in X-ray studies
of the IGrM/ICM and thus define a group halo as one with M500(c) = 1013–1014 M�
(r500(c) ≈ 340–600 kpc) 1. This definition places groups between lower-mass galactic
halos (M500 � 1013 M�) and more massive clusters (M500 	 1014 M�). For the benefit
of readers more used to masses within other overdensity thresholds, we note that in this
halo mass range masses calculated within spheres of average density equal to 200 times
the critical, or 200 times the mean, density (M200 and M200m, respectively), or to the virial
overdensity Δvir ≈ 18π2 + 82(Ω(z)− 1)− 39(Ω(z)− 1)2 [36] that is based on the analytic
solution of spherical top-hat collapse (Mvir), are offset from M500 by +0.16 dex (M200), +0.31
dex (M200m), and +0.25 dex (Mvir), respectively (and the corresponding radii from r500 by
factors of 1.5, 2.6, and 2.1) 2. A typical group with mass of M500 = 1013.5 M� has a radius
R500 = 480 kpc, a virial temperature TX ∼ 1 keV, and a velocity dispersion σ ≈ 440 km s−1

at z = 0.
This review is organized into sections as follows: We begin with an overview of the

cosmological simulations we discuss in Section 2. The methods used in simulation of
groups are discussed in a series of subsections throughout Section 3. Section 4 comprises
the results of current simulations creating groups, and is divided into five main subsections:
the baryonic content of groups (Section 4.1), the connection between the central galaxy
and the IGrM (Section 4.2), the multiphase IGrM (Section 4.3), satellite galaxies in groups
(Section 4.4), and the impact of galaxy group astrophysics on LSS cosmology (Section 4.5).
We discuss future directions in Section 5 and make a short final statement in Section 6.

2. Overview of Simulations That Model Groups

Cosmological simulations use a variety of hydrodynamics schemes, span many orders
of magnitude in mass and spatial resolution, and model volumes of vastly different sizes
and contents. This rich diversity in modeling approaches reflects the wide range of astro-
physical processes and objects that different simulations attempt to model. In Table 1, we
list recent simulations that include galaxy groups and are therefore of particular interest to
our review.

103



Universe 2021, 7, 209

Table 1. Modern cosmological hydrodynamic simulations with groups that run to z = 0.

Simulation Simulation Hydrodynamic Baryon Volume AGN fgas,500 at f∗,500 at
Code Scheme Resolution (Mpc3) Feedback M500 = M500 =

(M�) Scheme 1013.5M� 1013.5M�

cosmo-OWLS a GADGET-3 Classical SPH 1.2 × 109 2.1 × 108 Thermal 0.05
Illustris b AREPO Moving Mesh 1.3 × 106 1.2 × 106 Dual 0.01 0.04
EAGLE c GADGET-3 Modern SPH 1.8 × 106 1.0 × 106 Thermal 0.11 0.01
Liang et al. [37] GADGET-2 Classical SPH 9.0 × 107 2.9 × 106 None 0.09 0.06
Horizon-AGN d RAMSES AMR 1 × 107 2.9 × 106 Dual 0.09
BAHAMAS e GADGET-3 Classical SPH 1.2 × 109 2.1 × 108 Thermal 0.04 0.02
C-EAGLE/Hydrangea f GADGET-3 Modern SPH 1.8 × 106 30 zooms Thermal 0.08 0.02
FABLE g AREPO Moving Mesh 9.4 × 106 2.0 × 105 + 6 zooms Dual 0.07 0.02
The Three Hundred h GADGET-3 Modern SPH 3.5 × 108 324 zooms Dual 0.10 0.02
IllustrisTNG100 i AREPO Moving Mesh 1.4 × 106 1.4 × 106 Dual 0.08 0.02
IllustrisTNG300 j AREPO Moving Mesh 1.1 × 107 2.8 × 107 Dual 0.08
ROMULUS k CHANGA Modern SPH 2.1 × 105 1.5 × 104 + 3 zooms Thermal 0.11 0.04
SIMBA l GIZMO Meshless Finite Mass 1.8 × 107 2.9 × 106 Dual 0.04 0.02
IllustrisTNG50 m AREPO Moving Mesh 8.5 × 104 1.4 × 105 Dual 0.09
Magneticum-Box2/hr n GADGET-3 Modern SPH 1.4 × 108 1.3 × 108 Dual

a Le Brun et al. [7]; b Vogelsberger et al. [38]; c Schaye et al. [39]; d Dubois et al. [40]; e McCarthy et al. [41]; f Bahé et al. [42], Barnes
et al. [43]; g Henden et al. [44]; h Cui et al. [45]; i Pillepich et al. [46]; j Nelson et al. [47]; k Tremmel et al. [48,49]; l Davé et al. [50];
m Nelson et al. [51]; n http://www.magneticum.org (accessed on 10 June 2021).

This list encompasses simulations with three broad classes of hydrodynamics schemes,
as indicated in the third column of Table 1. Adaptive Mesh Refinement (AMR; [52]) uses
a fixed (Eulerian) grid whose cells are locally and dynamically (de-/)refined, typically
depending on the local gas density. Smoothed Particle Hydrodynamics (SPH; [53,54]),
on the other hand, is a Lagrangian scheme in which gas mass is discretized into a finite
number of particles that move under the influence of gravity and hydrodynamic forces;
the latter are calculated by smoothing over neighboring particles. The third class is a
hybrid of these two: in the “moving mesh” approach [55], an unstructured grid is used that
moves with the local gas flow, whereas in “meshless finitie mass” simulations ([56], see
also [57]), mass is discretized into particles like in SPH, but with explicit accounting of mass
flows between neighboring particles 3. We note that, as we discuss in Section 3.1, early
SPH implementations suffered from systematic problems that have motivated improved
“modern” formulations of SPH (see e.g., [58–61]); most SPH simulations that we discuss
use one of these modern variants.

Many simulations listed in Table 1 evolve periodic, cosmological cubes with side
length ≈100 Mpc, large enough to contain at least several dozen groups. In addition to
modeling hydrodynamics and gravity, they all contain “subgrid” prescriptions for astro-
physical processes that originate on unresolved scales, such as gas cooling, the formation
of stars and black holes, and feedback associated with it (see Section 3). The “galaxy
formation model” formed by these prescriptions is nowadays often calibrated to reproduce
a particular set of galaxy properties. The Illustris [38], EAGLE (Evolution and Assembly of
GaLaxies and their Environments; [39]) 4, and Horizon-AGN [40] simulations are represen-
tative examples of this approach. Their ability to (broadly) reproduce galactic stellar mass
functions, galaxy colors and star formation rates (SFRs), and even galaxy morphologies
signified a transformational advance over previous generations of simulations. Particularly
relevant for groups, almost all the simulations listed in Table 1 model the accretion of gas
onto SMBHs, and the resulting AGN feedback. In some recent simulations, including
the IllustrisTNG project [46,47] 5 and SIMBA [50], these models are explicitly calibrated
against gaseous properties of group-scale halos.

Simulations using the same or slightly modified codes as in some of the above-
mentioned projects target volumes 	106 Mpc3, with the aim to model clusters and/or
LSS. For example, the C-EAGLE/Hydrangea simulations [42,43] extend EAGLE with 30
“zoom-in” simulations centered on clusters with M200 = 1014.0–1015.4 M�, 24 of which
(the Hydrangea suite) with high-resolution regions that extend to 10 r200 at z = 0 [42].
The zoom technique allows these simulations to reach the same resolution (≈2×106 M�
for baryons) as the 100 Mpc EAGLE “Reference” run, but with slightly adjusted AGN
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feedback parameters for more realistic gas fractions in groups as we detail in Section 3.8.
The only simulation that reaches a comparable resolution in a full 	106 Mpc3 volume is the
TNG300 run of the IllustrisTNG suite: it evolves a (≈300 Mpc)3 volume with a baryon mass
resolution of ≈1.1×107 M�, that is, ≈6 or 8 times lower resolution than (C-)EAGLE or the
≈100 Mpc TNG100 simulation, respectively. We note that, irrespective of this resolution
difference, all TNG simulations use the same subgrid model and parameters. The degree of
numerical convergence between these different resolution levels is discussed in for exam-
ple, Pillepich et al. [67] and Donnari et al. [68]; we refer to Schaye et al. [39] for the opposite
“weak convergence” approach of re-calibrating parameters for different resolution levels.

The cosmo-OWLS [7] and BAHAMAS (BAryons and HAloes of MAssive Systems) [41]
simulations run larger periodic volumes at lower resolution. cosmo-OWLS varied different
aspects of the subgrid models, switching different physics models on and off as well
as changing the efficiencies of stellar and AGN feedback. No attempt was however
made to calibrate the simulations to match observations, even though the default model
reproduces different aspects of groups relatively well. BAHAMAS, on the other hand,
explicitly calibrated the stellar and AGN feedback to reproduce the gas fractions of galaxy
groups and the galaxy stellar mass function in order to ensure a realistic treatment of
the effects of baryons on the matter power spectrum. The Magneticum simulations [69]
are a series of volumes that mainly concentrate on LSS and cluster astrophysics. We list
their Box2/hr simulation in Table 1, described in Castro et al. [70], which is capable of
resolving a statistical sample of groups in a volume 500 Mpc on a side 6. Lower resolution,
Gpc-scale Magneticum volumes employ a strategy of calibrating subgrid modules to a
Planck cosmology, and then exclusively varying cosmological parameters to explore the
impact on baryonic properties. The Three Hundred project [45] simulated 324 clusters
with Mvir(z = 0) 	 1.2 × 1015 M� out to a radius of 15 h−1Mpc; similar to Hydrangea,
the simulations therefore also contain many groups in the periphery of the central clusters.

We also list the Liang et al. [37] simulations and the Henden et al. [44] FABLE (Feed-
back Acting on Baryons in Large-scale Environments) simulations, both of which were run
at lower resolution than their contemporary counterparts but with the aim to reproduce
properties of groups and clusters. The former is an example of a simulation suite that
does not include AGN feedback. In contrast, FABLE calibrated their subgrid models to
reproduce the galactic stellar mass functions and, specifically, the gas and stellar contents of
M500 ≈ 1013−15 M� halos. They simulated one smaller volume, supplemented by 6 zoom
simulations extending up to a M500 = 1015 M� cluster.

Finally, we will also discuss two higher-resolution simulations that include groups:
the ROMULUS suite [48,49,72,73] and the IllustrisTNG50 (TNG50; [51,74]) simulation.
ROMULUS includes a small-volume run, ROMULUS25, and three group/cluster zooms
called ROMULUSG1, ROMULUSG2 and ROMULUSC, all at a baryon mass resolution of
2.1 × 105 M�. TNG50 is a larger volume, ≈50 Mpc on a side, which contains 20 halos with
M500 > 1013 M� and reaches an even higher mass resolution of 8.5 × 104 M� for baryons.

Many other simulations have modeled groups from cosmological initial conditions,
often with the zoom-in approach. These include the three 1013 M� group zooms by
Feldmann et al. [75], which focus on the evolution and morphology of the central group
galaxy; the 10 EAGLE-CGM zooms of ∼1013 M� groups by Oppenheimer et al. [76] to
understand how the circumgalactic medium (CGM) around passive galaxies differs from
star-forming galaxies at 10× lower halo mass, and the Joshi et al. [77] 2–3× 1013 M� zoom
to study environmental processing of satellite galaxies.

These simulations span a factor of 10,000 in both mass resolution and volume, and were
run to study objects on a wide range of scales—from M� < 108 M� dwarf galaxies to the
	Mpc scale LSS. However, they all overlap at the mass scale of our fiducial intermediate-
mass group with M500 = 1013.5 M�. In Table 1, we therefore list the approximate total gas
and stellar mass fractions inside R500, defined as

fgas,500 ≡ Mgas(< R500)

Mtot(< R500)
(1)
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and

f�,500 ≡ M�(< R500)

Mtot(< R500).
(2)

For a more detailed discussion of these fractions, and their dependence on halo mass, we
refer the interested reader to Figures 14 and 15 in the companion review by Eckert et al. [78].

3. Computational Methods Relevant for Simulations of Groups

The cosmological simulations we discuss are N-body+hydro simulations beginning
from cosmological initial conditions at z 	 100. They all contain cooling, star forma-
tion, and stellar feedback, which are necessary to form realistic galaxies. All but the
Liang et al. [37] simulation include the SMBH seeding, SMBH accretion, and AGN feed-
back, which are necessary to reproduce key properties of groups. All Magneticum simula-
tions include a passive magnetic field [79] and IllustrisTNG uses a magnetic hydrodynamic
(MHD) solver that self-consistently follows the magnetic field, which is initially seeded in
the initial conditions [80]. Separate code modules are written for these different aspects
and while our discussion here is not an exhaustive list of code modules in every simulation,
we focus on specific methods, prescriptions and subgrid models that impact the group
scale, while providing some additional context.

3.1. Hydrodynamics

Historically, the choice of hydrodynamic scheme has had significant effects on the
appearance of simulated clusters, in particular the entropy profiles near cluster centers.
Grid-based, Eulerian mesh codes tend to produce higher entropy, flatter cores than particle-
based schemes as first shown by Frenk et al. [81]. This behavior is believed to be a result of
numerical diffusion and over-mixing in mesh codes and/or the absence of heat diffusion
in “classical” SPH simulations [82]. Mitchell et al. [6] explored these phenomena using
idealized cluster merger simulations in both FLASH (grid-based) and GADGET-2 (SPH),
finding that the former creates flatter high-entropy cores by mixing entropy through
vortices and turbulent eddies. They argued that the suppression of mixing and fluid
instabilities (e.g., Kelvin-Helmholtz) in SPH simulations appear to preserve the entropy
low of individual gas particles resulting in a power-law entropy distribution reminiscent
of a cool core cluster.

Recent numerical improvements in modern SPH and AMR codes have greatly im-
proved their ability to recreate a wider range of entropy profiles. For example, adding
artificial conduction to GADGET-3 simulations allowed for the creation of cored profiles
in SPH simulations by mimicking thermal diffusion, resulting in the production of both
cool core (CC) and non-cool core (NCC) entropy profiles across a sample of massive clus-
ter simulations [83]. Hahn et al. [84] ran a set of RAMSES AMR simulations which also
produced the dichotomy of CC/NCC clusters. The nIFTy simulation code comparison
project compared one 1015 M� cluster [85], finding that modern SPH methods could create
entropy cores just as grid-based and moving mesh methods do. These updated SPH im-
plementations, such as ANARCHY [59] used by EAGLE and the Beck et al. [60] scheme
used by Magneticum, often include a combination of pressure-entropy formulations of
SPH, higher-order SPH kernels, and new treatments for thermal conduction and artificial
viscosity. Cluster simulation comparison projects using modern SPH schemes (like the
nIFTy project and The Three Hundred project [45]) now find that hydrodynamic scheme
makes less of a difference than the inclusion of subgrid models on the appearance of
entropy cores. While the appearance of entropy cores does not necessarily depend on the
AGN feedback scheme at the cluster scale, the lower potentials of galaxy groups may yield
a different answer.

The majority of the simulations explored here use either AREPO moving mesh or
GADGET-2/GADGET-3 SPH, either classical or modern as listed in Table 1. The CHANGA
code has a number of SPH updates putting it in the modern category.
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3.2. Gas Cooling and Heating

All simulations we discuss include radiative cooling and photoionization heating
by the meta-galactic UV/X-ray background (UVB, for e.g., [86]). A module accesses
cooling/photo-heating rate tables usually as a function of density, temperature and redshift.
These lookup tables are usually calculated from CLOUDY [87] models element-by-element,
where the redshift dependence accounts for the evolving UVB. Most of the GADGET-
3 simulations use Wiersma et al. [88] rates calculated for 11 elements, SIMBA uses the
GRACKLE library [89] that tabulates self-shielding from the UVB for dense gas, and the
AREPO-based simulations track additional photo-heating from local AGN that suppresses
cooling in nearby gas [90].

For IGrM temperatures and densities that emit in the X-ray, cooling is driven by the
balance of recombination and collisional ionization, with photo-ionization/heating usually
playing an insignificant role. Often ionization equilibrium is assumed, but some simula-
tions follow non-equilibrium rates of primordial elements (e.g., SIMBA). Cen and Fang [91]
integrated non-equilibrium tracking of high oxygen ions (O V − O IX) in uniform mesh
simulations, following how these ion species could deviate from equilibrium condi-
tions when the recombination time became significant compared to the cooling time.
Oppenheimer et al. [76] ran zoom SPH simulations following all ions from 11 metal species
and including collisional [92], photo-ionization [93], Auger ionization and charge ex-
change [94] processes in low-mass groups. While non-equilibrium processes involving
metals are not likely to significantly alter dynamics of cooling at IGrM temperatures,
they can have an impact on the observational diagnostics, such as O VII and O VIII line
emission [92,94]. Further exploration of IGrM simulations integrating non-equilibrium
ionization and cooling is necessary in light of the coming launch of XRISM that will allow
the measurement of line emission in the IGrM and ICM.

In contrast to simulations with radiative cooling, non-radiative (or adiabatic) simu-
lations do not contain gas cooling (or any galaxy or SMBH formation). Frenk et al. [81],
Lewis et al. [95], and Voit et al. [96] ran such simulations, finding that a baseline K ∝ R1.1

entropy profile is created in the absence of cooling, feedback, and other processes related
to galaxy formation. 7.

We also note that the ROMULUS simulations do not include metal-line cooling at
T > 104 K [48].

3.3. Star Formation, Stellar Evolution, and Nucleosynthetic Production

The formation of stars, their evolution and the release of elements are included in
subgrid models for all the simulations we discuss. The multi-phase ISM is never resolved in
separate phases, but relies on applying subgrid models that encompass multiple phases in
a single gas parcel. A density threshold, above which the multi-phase ISM forms, is often
the only criterion used for determining if gas can form stars. Different subgrid ISM models
(e.g., [99–101]) use different motivations for their choices of unresolved phases, but all are
calibrated to reproduce the Kennicutt [102] SFR surface density as a function of gas surface
density relation. Star particles are spawned from gas parcels probabilistically and represent
a population of individual equal-age stars, since they are at minimum ∼105 M�. Stellar
death is modeled as a time-dependent return of a star particle’s mass to surrounding gas as a
function of star particle age, based on expectations from stellar evolution. The initial mass
function (IMF) determines the proportion of stars that die and can induce a systematic shift in
the stellar mass formed per amount of stellar luminosity emitted. Fortunately, the simulations
used in the comparisons of M∗ in Section 4.2 use either a Kroupa [103] IMF (ROMULUS) or
a Chabrier [104] IMF (every other simulation), which are fairly similar in their shapes.

The release of elements from stars is the source for the enrichment of the IGrM, about
which an entire review by Gastaldello et al.[105] is written in this Special Issue “The Physical
Properties of the Groups of Galaxies”. In their Section 3.2, they include a discussion of
chemical evolution models in cosmological hydrodynamic simulations. We note here that
the simulations we discuss frequently all use chemical evolution models that include the
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elemental yields taken from stellar evolution models of Type II Supernovae (SNe), Type
Ia SNe, and AGB stars. We note that yields have a great deal of uncertainty associated
with them as explained in Wiersma et al. [106]. Uncertainties arise in the production of
iron from Type Ia SNe since the Type Ia rate is not well constrained, in the transition stellar
mass from Type II SNe to AGB stars, in the shape of the IMF, and in the calculations of the
elemental yields themselves. These uncertainties can directly affect the rates of gas cooling
(Section 3.2), which can be dominated by metal-line emission at many IGrM temperatures
(i.e., between T ≈ 104.5–106.5 K for a Z = 0.3 Z� plasma, [92,94]).

3.4. Metal Spreading

The distribution of metals in the IGrM depends on (1) how metals are released from
star particles into the surrounding gas; and (2) how metals diffuse between gas elements.
This is a separate issue from stellar feedback that applies mechanical feedback energy to
gas elements, which we discuss in the next section.

Metal enrichment to large distances can occur without mechanical feedback if the
number of enrichment neighbors extends over a large volume, which may unrealistically
enrich diffuse environments. In cases where the number of neighbors is large and/or the
resolution is low, simulated star particles may artificially enrich diffuse environments like
the IGrM without superwinds. This effect is most obvious in the uniform mesh simulations
of Cen and Fang [91], where O VII and O VIII absorption statistics of diffuse gas remain at
similar levels with and without superwinds. Modern simulations typically release metals
over several dozen neighboring gas elements, based on either the smoothing kernel in the
case of SPH simulations (e.g., [39]), or mesh cells in the case of moving mesh simulations
(e.g., [46]), which appear capable of enriching diffuse environments in simulations without
invoking superwind feedback (e.g., [107]). Tornatore et al. [108] tested the effect of the
number of neighboring SPH particles on ICM properties, finding only moderate effects
on the ICM metallicity. On the other hand, the Davé et al. [109] simulations spread metals
over very few (i.e., 3) neighboring SPH particles, resulting in much lower IGrM oxygen
metallicity arising from Type II SNe without mechanical feedback in contrast to their stellar
feedback runs that have ∼1 dex higher oxygen levels that better agree with observational
constraints [110]. However, the Davé et al. [109] IGrM iron enrichment remains similar
with and without stellar feedback, indicating enrichment from a different source—Type Ia
SNe from older intracluster stars. Higher IGrM/ICM enrichment levels can also be achieved
through increased numerical resolution as reviewed in Section 2.1.2 of Biffi et al. [111],
owing primarily to the ability to resolve metal-enrichment from smaller halos at high-z.

While metal diffusion occurs naturally in mesh-based codes via advection between
gas cells, metal diffusion between gas elements must be explicitly modeled in modern
SPH implementations. The EAGLE simulations use SPH kernel-smoothed metallicities
to calculate cooling rates [106] to estimate the dynamical effects of metal spreading in a
manner that is consistent with the SPH formalism. The ROMULUS simulations apply the
Shen et al. [112] metal diffusion algorithm to mimic turbulent diffusion based on the veloc-
ity shear between particles. Variations of metal mixing implementations are explored using
GIZMO meshless finite mass codes in the FIRE-2 simulations [113] and the Rennehan [114]
simulations, which found that the mixing algorithm significantly affects the resultant CGM
and warm-hot IGM metallicity distributions.

In summary, the algorithm that describes how stars release metals into surrounding
gas, the simulation resolution, and the metal mixing algorithm (if any is applied), are im-
portant considerations when simulating IGrM metallicities as discussed in the companion
review by Gastaldello et al.[105].

3.5. Stellar Feedback

Stellar feedback, directly associated with stellar mass loss and enrichment, is discussed
independently and is usually modeled by separate subgrid prescriptions. This owes to its
uncertainty and range of possible outcomes that dramatically change the properties and
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appearances of galaxies in cosmological simulations (e.g., [62,115–119]). Stellar feedback
has been identified as a key component of the overall solution to the overcooling problem
whereby gaseous baryons are too efficiently converted into stars (e.g., [120]). Additionally,
this feedback provides a pathway to enriching the high-redshift intergalactic medium
(IGM; e.g., [121–126]), which is observed to have metal absorption far from the locations
of galaxies (e.g., [127–131]). The enriched high-z IGM certainly contributes to the IGrM
metal content of simulated z ∼ 0 groups that show enrichment levels consistent with
observations (e.g., [109,132,133]).

Early cosmological simulations took the expected energy from Type II SNe and imparted
velocity kicks to gas articles in star-forming regions [99]. Oppenheimer and Davé [134] ap-
plied a momentum-driven wind scaling [135] to their simulations to mimic the acceleration
of dust-driven winds by stellar UV radiation pressure, resulting in greater mass-loading
for lower-mass galaxies. The large range of stellar feedback prescriptions explored in the
OWLS (OverWhelmingly Large Simulations; [116]) project, including varying the wind
mass-loading (as a proportion of the SFR), wind velocity (vwind), and attempting thermally
heated wind prescriptions, demonstrated very different outcomes for galaxies and gas.

Many modern cosmological simulations treat stellar feedback explicitly as a tunable
subgrid model to reproduce key observations of galaxies including the galactic stellar mass
function, galaxy sizes, and their central SMBH masses. Different physical motivations are
used to justify parameter choices, but the resultant models are often far from the physical
mechanisms of feedback. EAGLE tunes their feedback to heat SPH particles to 107.5 K [39],
justifying the choice of temperature to prevent catastrophic cooling and allow feedback
to efficiently apply mechanical work [136]. IllustrisTNG uses a group finder to estimate
the dark matter halo velocity dispersion (σDM) based upon Oppenheimer and Davé [137],
and scale their kinetic wind velocities in proportion to σDM and the mass loading (i.e., the
proportion of mass launched relative to SFR) in inverse proportion to σDM to a power that
was calibrated [46]. SIMBA applies the wind velocity and mass loading scalings derived
by Muratov et al. [138] from FIRE zoom simulations [139] that followed multiple sources
of stellar feedback (radiation pressure, SNe, stellar winds, and photo-ionization from stars)
in their kinetic wind model [50].

The complexity of these modern subgrid stellar feedback prescriptions can be quantified
in the amount of energy returned per unit of stellar mass formed. Davies et al. [140] calcu-
lated that EAGLE dumps 1.74 × 1049 erg M−1� via thermal heating, and IllustrisTNG dumps
1.08 × 1049 erg M−1� with 90% going to a velocity kick and 10% going to thermal heating.
This is the approximate energy injection rate expected if all SNe energy input into winds,
that is, the expectation if there is ∼1 SN with 1051 ergs per 100 M� formed. SIMBA limits
their wind velocity to the total supernova energy available, which applies only to high-z
small galaxies. The ROMULUS simulations apply the Stinson et al. [141] ‘blastwave’ feedback
model at an efficiency of ≈0.75, with cooling temporarily disabled to prevent radiative losses.

It should also be noted that metal mass loading is treated differently than total mass
loading in some simulations. Illustris and the TNG simulations apply reduced metal-loading
that is 2.5× lower than mass-loading, because Vogelsberger et al. [90] argued that winds
punch through low-density cavities in the ISM, reducing the metallicity of the ejected
material. Alternatively, SIMBA applies higher metal loading that can be up to a factor of
twice as high but is more typically 10%–20% higher.

While stellar feedback can reduce the efficiency of galaxy formation at lower masses, this
mechanism becomes inefficient at preventing star formation in halos greater than 1012 M�
(e.g., [115,142,143]), which is one of the key motivations for applying SMBH feedback.

3.6. Black Hole Seeding

Subgrid implementations of black hole (BH) seeding (Section 3.6), accretion (Section 3.7),
and AGN feedback (Section 3.8) in simulations are introduced in Section 5.1 of the compan-
ion review by Eckert et al. [78], which we expand upon here with discussions of specific
implementations applied in the simulations listed in Table 1. Most of these use a ver-
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sion of the Booth and Schaye [144] BH seeding module, which applies a friends-of-friends
group finder to identify halos, originally performed by Di Matteo et al. [145], then seeding
10−3Mgas sink particles in halos resolved with 100 dark matter particles (as in OWLS,
Cosmo-OWLS, and BAHAMAS).

Illustris and EAGLE add 105 h−1M� BH seeds in 1010 h−1M� halos, while IllustrisTNG
uses larger seeds, 8 × 105 h−1M� to avoid the need for boosted Bondi accretion (see next
Section). SIMBA seeds 104 h−1M� BHs when M∗ > 109.5 M�, skipping the attempt to
follow BH accretion in low-mass halos. In general, dynamical friction is insufficiently
resolved, therefore the default of these models is to continually re-position BHs to the local
potential minimum (with the exception of Magneticum; see [146]).

The ROMULUS simulations instead seed SMBHs based on local gas properties: they
can form whenever and wherever (i) gas density is 15 times the threshold for star formation;
(ii) the local metallicity is low (Z < 3 × 10−4); and (iii) the temperature is just below the
limit for atomic cooling. Consequently, SMBHs appear in ROMULUS at a higher redshift
and in lower mass halos (108–109 M�) than in the other models discussed above. Moreover,
SMBHs are not pinned to the local potential minimum; instead, the effects of unresolved
dynamical friction are captured with a subgrid model [147]. This degree of freedom alters
the SMBHs’ growth and feedback trajectories [48,49].

3.7. Black Hole Growth

Once seeded, black holes primarily grow through the accretion of gas, but can also
grow through SMBH-SMBH mergers. For accretion, the most common implementation
uses the Bondi-Hoyle accretion rate limited to the Eddington luminosity. As discussed in
Section 5.1 of the companion review by Eckert et al. [78], initial implementations boosted
the Bondi-Hoyle accretion rate by a large constant factor (≈100) to compensate for the lack
of dense gas in early low-resolution simulations [148]. Instead, Booth and Schaye [144]
introduced a density-dependent boost to the Bondi-Hoyle accretion rate that only affects
black holes surrounded by gas with an (unresolved) dense phase.

The Booth and Schaye [144] boost formula is used by many simulations, including
cosmo-OWLS, BAHAMAS, Horizon-AGN, ROMULUS, while Illustris and FABLE use
the older constant Springel et al. [148] boost. Magneticum uses a temperature-dependent
boost [149] that increases for cooler gas to approximate turbulent-driven chaotic cold
accretion rates [150]. (C-)EAGLE and IllustrisTNG forgo the need for boosted Bondi at
their higher resolutions. The former modify their accretion rates by an additional viscous
timescale to account for the angular momentum of infalling gas [151], with the intention
to significantly reduce SMBH growth in low-mass halos. In this model, a longer viscous
timescale due to high angular momentum of gas around the black hole delays accretion
and translates into a higher M� threshold where the SMBH accretion rate approaches
the ∝ M2

BH Bondi limit ([62], but see [143]). A similar motivation is used in ROMULUS
to modify the Bondi rate to account for gas rotation in addition to the relative velocity
between the gas and the SMBH [48].

SIMBA calculates black hole accretion rates from cool gas with the ‘torque-limited ac-
cretion’ model [152,153], in an attempt to diverge from the self-regulated nature of Bondi
accretion [144]. This model results in a much shallower dependence on MBH than the Bondi
formula [154], while also recognizing that there are preferred orientations for accretion in addi-
tion to feedback. Accretion from hot gas is modeled with the standard Bondi-Hoyle formula,
but the torque-limited mode from cool gas generally dominates SMBH growth in SIMBA.

3.8. AGN Feedback

Groups provide some of the best evidence that AGN feedback significantly transforms
the distribution of baryons, both in terms of the bulk transport of gas outward and the
reduction in star formation [44,132]. Figure 1 demonstrates how adding AGN feedback
using the Booth and Schaye [144] AGN prescription both reduces the gas fraction within
R500 and the luminosities of galaxies [132].
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Figure 1. Figure panels adapted with permission from McCarthy et al. [132] showing OWLS simulations, with only stellar
feedback (REF, blue triangles) and with additional AGN feedback (AGN, red squares). (Left) The AGN feedback provide a
better fit to the Sun et al. [2] observationally derived f500 data (black points) as a function of X-ray temperature; (Right) AGN
feedback reduces the integrated K-band luminosity within R500 to observable values compiled by Lin and Mohr [155].

Simulations usually apply an AGN feedback model that uses an AGN feedback
efficiency term, ε, such that the feedback power is defined as ĖAGN = εṀBHc2. Physically,
ε is a product of two efficiencies, the radiative efficiency (εr), and the feedback efficiency
(ε f ). The radiative efficiency is the energy radiated away from the accretion onto the black
hole, and is often assumed to be 10% based on the accretion onto a Schwarzschild BH [156].
The feedback efficiency is the fraction of the radiated energy that is imparted to the gas
either thermally and/or kinetically.

A number of simulations that we list in Table 2 use a single-mode thermal model
assuming ε f = 0.15 (i.e., resulting in ε = 0.015), based on the value calibrated by Booth
and Schaye [144] to reproduce the SMBH mass-halo mass relation derived from observa-
tions. The EAGLE Reference simulations apply a temperature increase of ΔT = 108.5 K to
a neighboring SPH particle, once enough SMBH feedback energy has been accumulated
to heat at least one SPH particle. The C-EAGLE/Hydrangea simulations run at the same
resolution use a ΔT = 109.0 K, which leads to less frequent, more bursty feedback that
becomes more effective when heating gas above the virial temperatures of massive clus-
ters [158]. The multiple cosmo-OWLS simulations varied ΔT while keeping ε = 0.015 [7].
Their spatial resolution, nearly 1 dex lower than EAGLE, makes their heating temperature
not directly comparable to the EAGLE ΔT, since heating a single particle involves injecting
a much larger amount of energy. In both cases, however, larger ΔT leads to a higher effi-
ciency in transporting baryons beyond the virial radius. In BAHAMAS, feedback energy is
accumulated until multiple gas particles can be heated simultaneously; McCarthy et al. [41]
found that heating 20 SPH particles (∼2 × 1010 M�) to ΔT = 107.8 K, which was chosen
as a calibration to prevent over-efficient assembly of intermediate-mass galaxies (see their
Figure 3).

ROMULUS, with its higher resolution, uses a much lower efficiency (ε = 0.002), which
was selected from a parameter search performed by Tremmel et al. [48] using galaxies in
1011−12 M� halos and not group/cluster-mass objects. Unlike stellar feedback, AGN
feedback in ROMULUS is not subject to cooling shutoff.

Sijacki et al. [159] introduced the dual AGN model, with a “quasar” mode injecting
thermal energy at high accretion rates, which is often defined as a relative fraction of
the Eddington accretion rate, fEdd ≡ ṁEdd/ṁBH where ṁEdd is the Eddington accretion
limit, and a “radio” mode injecting mechanical energy in the form of bubbles at lower
accretion rates. The radio mode (at low Eddington ratios) has more energy to impart
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into the gas since it bypasses the (inefficient) conversion from thermal to kinetic energy.
Illustris switches to this mode when fEdd < 0.05, and releases built-up bubble events with
sizes ∼100 kpc when the BH grows by 15% (δMBH = 0.15). The aggressiveness of this
scheme over-evacuates the IGrM [160]. FABLE applied the same algorithm with similar
energy efficiencies, but using smaller bubble events and a lower fEdd = 0.01 transition
to radio mode that were the result of tuning their AGN feedback to reproduce IGrM gas
fractions and galaxy stellar masses. Finally, more recent Magneticum simulations use
the Steinborn et al. [149] thermal AGN feedback model that smoothly transitions between
radio-mode and quasar-mode based on the fractional Eddington accretion rate.

Table 2. AGN feedback modules used in simulations.

Simulation Mode Injection Energy Dump Efficiency (ε) Frequency Loading Factor

cosmo-OWLS – Thermal 108.0 K 0.015 Build-up 1 particle
Illustris Quasar Thermal – 0.01 Continuous
– Radio Bubble – 0.07 δMBH = 0.15
EAGLE – Thermal 108.5 K 0.015 Build-up 1 particle
Horizon-AGN Quasar Thermal 107 K 0.015 Build-up
– Jet Kinetic 104 km s−1 0.10 Continuous
BAHAMAS – Thermal 107.8 K 0.015 Build-up 20 particles
C-
EAGLE/Hydrangea – Thermal 109.0 K 0.015 Build-up 1 particle

ROMULUS – Thermal – 0.002 Continuous
FABLE Quasar Thermal – 0.01 δt = 25 Myr
– Radio Bubble – 0.08 δMBH = 0.01
IllustrisTNG “High” Thermal – 0.02 Continuous

– “Low” Kinetic “Pulse” – ≤ 0.2 Build-Up Weinberger et al. [157]
Equation (13)

SIMBA “Radiative” Kinetic 1000 km s−1 0.003 a Continuous
– “Jet” Kinetic “Jet” 8000 km s−1 0.03 a Continuous

a Values for a 109M� SMBH.

Several simulations attempt to simulate jets or jet-like feedback at low Eddington rates.
Horizon-AGN uses the Dubois et al. [161] bipolar kinetic jet aligned with the spin of the
SMBH. IllustrisTNG integrates the Weinberger et al. [157] model, where randomly-oriented,
directional kinetic “pulses” predominantly take over once a SMBH grows above a certain
mass based on their Equation (5). In practice, this choice yields significant implications
as TNG100 SMBHs growing above a threshold mass of MSMBH ≈ 108.1 M� at late times
leads to a sharp transition of galaxy properties (reduced SFRs, quenched galaxies, redder
colors) and gaseous halo properties (lower fgas) [162,163]. Low Eddington ratio feedback in
SIMBA uses a bipolar kinetic jet perpendicular to the angular momentum of the local disc
that has a constant momentum input rate (20× the radiative luminosity of the accretion disc
divided by the speed of light). This is meant to complement the preferred orientation of
the Davé et al. [50] torque-limited accretion model. This model also decouples for 10−4 of a
Hubble time, which can transport launched jet particles over ∼10 kpc.

3.9. Transport Processes and Magnetic Fields

It is fair to say that the effects of viscosity, thermal conduction, and turbulence (which
we collectively refer to as ‘transport processes’) on the IGrM have received significantly
less attention in comparison to, for example, the overall gravitational and hydrodynamical
evolution of groups and the impact of processes associated with galaxy formation (such
as radiative cooling and feedback processes). Indeed, from the cosmological simulations
standpoint, the vast majority of existing simulations completely neglect the roles of viscosity
and conduction (treating the IGrM as an inviscid and non-conducting fluid), while the
effects of turbulence are generally only captured on relatively large, well-resolved scales.

However, there are no a priori compelling physical reasons for neglecting these pro-
cesses, as the IGrM and the ICM are both plasmas where, generally speaking, one expects
such transport processes to be active [164]. To include their effects in cosmological sim-
ulations is non-trivial, though, as the hydro solvers that normally evaluate the standard
(inviscid) hydrodynamic equations must be replaced with more complex solvers capable of
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evaluating the full Navier Stokes equations in a stable fashion, at least if one wishes to model
the effects of viscosity (e.g., [165]). Furthermore, since the transport of heat by viscosity
and conduction preferentially occurs along magnetic field lines (and is strongly suppressed
perpendicular to the field lines), it really only makes sense to include their effects in the
context of MHD simulations that self-consistently follow the evolution of the magnetic
fields. While there is a growing interest in the inclusion of anisotropic thermal conduction,
viscosity and magnetic fields in simulations (e.g., [55,166]), we are presently unaware of any
large-scale cosmological simulations that include both and have evaluated their impacts on
the plasma in groups and clusters 8. In terms of modeling turbulence, modern hydrody-
namical solvers accurately follow the cascade of energy, momentum, and mass down to the
effective resolution scale of the simulations but generally not below this. Thus, there are
ongoing efforts to model the turbulent cascade to smaller scales using physically-motivated
subgrid models (e.g., [112,168]). Whether turbulence plays a large role or if viscosity is
able to strongly damp the cascade depends on the dimensionless Reynolds number but,
at present, this is a very poorly constrained quantity for the IGrM and ICM.

What impact might we expect from including anisotropic conduction, viscous heating
and/or small-scale turbulence in simulations of the IGrM? After the launch of Chandra there
was much excitement with the discovery of large bubbles of relativistic plasma that appear,
at least in some cases, to remain structurally intact even after buoyantly rising to relatively
large distances from their inflation points (e.g., [169]). This is difficult to understand from
an unmagnetized, inviscid (and therefore highly turbulent) fluid standpoint, as the bubbles
should have been rapidly destroyed/mixed via Kelvin-Helmholtz and Rayleigh-Taylor
instabilities. High-resolution idealized simulations of viscous and/or magnetized clusters,
however, demonstrated that the bubbles were much more structurally stable and long-
lived when these processes were included (e.g., [170,171]). Thus, how and where bubbles
transmit their energy to the IGrM will likely be impacted by the inclusion of transport
processes and magnetic fields. In addition, damping of sound waves (e.g., produced during
the inflation of bubbles) via the viscous friction has been proposed as another way in which
the central AGN might couple its energy to the gas over a large volume (e.g., [172,173]).
The evolution of satellite galaxies (i.e., when and how fast they are stripped) may also
be strongly affected by the inclusion of conduction, viscosity, magnetic fields and/or
small-scale turbulence (see, e.g., Figure 8 of [165] for a dramatic demonstration of viscous
stripping in clusters). While, theoretically, we expect thermal conduction and viscous
dissipation to be considerably more important in massive clusters compared to groups,
as the transport coefficients have strong temperature dependencies, much depends on
the geometry of the magnetic field lines and, at present, the impact of these transport
processes on the evolution of the IGrM and the satellites in groups remains an important
unknown. The advent of new codes such as AREPO and GIZMO that are capable of
accurately incorporating their effects is a promising step in the right direction and we
expect to see important progress in answering these questions in the coming years.

3.10. Cosmic Rays

Although cosmic ray (CR) physics has not yet been included in cosmological simula-
tions of groups or clusters, recent advancements in CR hydrodynamics and results from
both idealized simulations of massive galaxies and cosmological simulations of lower mass
galaxies demonstrate that cosmic rays may be an important source of pressure and energy
in galaxy groups. In this subsection we briefly describe existing approaches to modeling
CR physics and their expected effects in galaxy groups.

In hydrodynamics galaxy simulations, cosmic rays are typically modeled as a relativis-
tic fluid of GeV protons, separate from the thermal gas [174–176]. This CR fluid advects
with the gas and can provide non-thermal pressure support, inject momentum, or heat the
gas. Additionally, cosmic rays can move relative to the gas through diffusion or streaming,
both of which are approximations of the bulk flow of CR energy density along magnetic
field lines (see [177,178] for a comprehensive review). Unfortunately, there is no empirical
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or theoretical consensus on the CR pressure in galaxy groups or on the correct model for
CR hydrodynamics. For this reason, quantitative predictions of galaxy, outflow, and halo
properties from simulations can vary by orders of magnitude depending on the model
parameters [179–181]. However, there are several qualitative ways in which cosmic rays
alter galaxy and halo properties that are consistently demonstrated in simulations.

(1) Cosmic ray transport (either streaming or diffusion) can drive galactic outflows [182–186].
Cosmic rays are injected into the ISM during stellar feedback events (typically ∼10%
of the total supernova energy). CR transport redistributes CR pressure out of the
galaxy, creating a non-thermal pressure gradient that exerts a force opposing gravity.
If the force exerted by the CR pressure gradient is sufficiently strong, it will trigger
galactic outflows. Relative to thermally driven winds, CR driven winds are cooler,
smoother, and more mass-loaded [187]. Additionally, since cosmic rays do not suffer
radiative losses, CR-driven winds may continue accelerating gas at large distances
from the galactic disc. However, since the gravitational force is stronger in more
massive galaxies, CR-driven winds may become inefficient in galaxy groups [188].

(2) Streaming cosmic rays impart energy to heat the surrounding gas. In massive
galaxies, this CR heating rate can efficiently balance radiative cooling, preventing
a cooling catastrophe (e.g., [189–192]). CR heating may also be a key aspect in the
self-regulated AGN feedback cycle. As cosmic rays lose energy, gas cools more
efficiently, fueling AGN feedback which re-injects CR energy into the IGrM [193].

(3) CR pressure qualitatively alters the structure of multiphase gas in galactic halos
(e.g., [180,194–196]). Non-thermal pressure support enables cool gas to exist at
lower densities than expected from purely thermal equilibrium. Figure 2 demon-
strates how the density contrast between cold and hot gas in a two-phase medium
diminishes with increasing CR pressure support. In the extreme case of a CR
pressure-dominated galaxy halo, cool and hot gas can exist at the same densities.
However, CR pressure is unlikely to be the dominant source of pressure in the halos
of massive galaxies. Therefore, the likely effect of cosmic rays in the IGrM is a
modest decrease of cool cloud and cool filament densities [197,198].

Figure 2. The average density contrast between cold and hot gas phases as a function of cosmic ray
pressure support in the cold gas [199]. Each point represents a time-averaged measurement from an
idealized simulation of thermal instability with varying initial conditions and cosmic ray physics.
The black lines show different analytical predictions for various degrees of coupling between cosmic
rays and gas. With increasing cosmic ray pressure, the density of cool gas decreases. However,
the detailed quantitative predictions are sensitive to the invoked cosmic ray transport model.
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4. Results of Simulations at the Group Scale

4.1. The Baryonic Content of Group Halos

The intermediate scale of group halos between galactic halos and clusters provides
a unique lever arm on the nature of superwind feedback. Unlike most galactic halos,
the temperature, density, and metallicity of their gaseous baryons can be probed via soft
X-ray emission without stacking, while their shallower gravitational potential wells relative
to clusters allow energetic feedback to remove a significant fraction of baryons. Twenty
years ago, IGrM observations from missions including ROSAT provided only singular data
points per group, which were then compiled into the LX − TX relation. The steep LX ∝ T4.9

X
relation observed for groups [200] relative to clusters [201] indicated a significant deviation
from the LX ∝ T2

X relationship expected for virialized gaseous halos retaining all their
baryons in hydrostatic equilibrium (e.g., [202], see companion review by Lovisari et al. [1]).

With the launch of more powerful X-ray missions, such as Chandra and XMM-Newton,
hot gas profiles around groups could be resolved. This revealed that the IGrM had far
fewer gaseous baryons than the cosmic ratio, fb ≡ Ωb/ΩM � 0.16, inside R2500 and a
still low proportion inside R500 [2,5]. Altogether these results indicated that many of the
baryons are removed from the hot phase. Earlier theoretical work argued that more efficient
line cooling at cooler group temperatures, as opposed to clusters where Bremsstrahlung
cooling dominates (Λcool ∝ T0.5), could more efficiently build the stellar component of
galaxies [203,204]. While Gonzalez et al. [205] measured that the integrated group stellar
masses from the BGG, the intragroup light (IGrL), and satellite galaxies could account for
the missing gaseous baryon resulting in a groups retaining all baryons inside R500, this was
later challenged. Balogh et al. [206] argued that groups could not be far more efficient than
clusters in converting their gas to stars due to the hierarchical requirement that clusters
are assembled from progenitor groups. More recent compilations of group stellar masses
summed from BGGs, satellites and IGrL [207] find lower stellar mass fractions, strongly
suggesting that groups are missing baryons.

Cosmological volume simulations with periodic volumes 100–150 comoving Mpc on a
side contain populations of groups that can be statistically compared to observations. Initial
simulations by Davé et al. [109], including only stellar superwind feedback, were able to
enrich the IGrM to observed levels [200] and additionally add entropy to group halos as
observed [208]; however the continued late-time star formation in these groups is a telltale
sign that these simulations fail to solve the cooling flow problem [209]. Liang et al. [37]
used GADGET-2 SPH simulations similar to Davé et al. [109] to successfully fit a range
of X-ray observations, including IGrM masses inside R500. Nevertheless, the total stellar
masses exceeded observations by at least a factor of two, and the total baryon content
(gas+stars) of groups exceeded 80% of the cosmic fraction. These simulations demonstrated
that it is possible to reproduce a wide range of IGrM properties, while assembling the
wrong galaxies, which in these cases had too much late-time star formation.

McCarthy et al. [132] made the case for AGN feedback by using simulations from the
OWLS [116] suite of simulations by comparing to Chandra observations from Sun et al. [2]
that resolved X-ray emission profiles out to R500 in group-scale objects. Comparing OWLS
simulations without and with Booth and Schaye [144] AGN feedback, McCarthy et al. [132]
demonstrated that the latter could much better reproduce fgas(R500), the LX − TX relation,
as well as the stellar K-band luminosity of the BGG and all stars within R500 for the ap-
proximately 200 group-sized objects in 100 h−1Mpc boxes with gas element resolution of
1.2 × 108 M� (see Figure 1). We refer the reader to the Eckert et al. [78] companion review
(their Section 5.2) for a discussion of a broader range of simulations and their baryon
fractions within R500.
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4.1.1. Gaseous and Stellar Masses in Recent Simulations

One can consider as “contemporary” intermediate resolution simulations those that re-
solve gas resolution elements at ∼106 M� mass resolution in ∼106 Mpc3 volumes. The first
simulations to satisfy these criteria were Illustris [38] and EAGLE [39]. Both simulations
follow SMBH growth and AGN feedback, and are tuned to match the z = 0 stellar mass
function, some other galaxy characteristics such as galaxy sizes, and SMBH demographics.
However, they both were not tuned to reproduce the properties of X-ray emitting halos,
and fail to reproduce gaseous properties of groups and poor clusters. Genel et al. [160]
showed that Illustris severely underpredicts the IGrM mass within R500, by as much as a
factor of 10× compared to observations by Giodini et al. [210]. EAGLE produces group
halos with much higher gas fractions, exceeding 80% of fb at M200 > 1013.5 M� [211]. We
plot gas, stellar, and baryon fractions inside R200 as a function of M200 in Figure 3 for
EAGLE and other contemporary simulations 9. Schaye et al. [39] found the IGrM masses
derived from virtual X-ray observations to be too high by a factor of two and the LX − TX
relationship to be too luminous for a given TX. This reveals that simulations tuned to fit
galaxies can deviate significantly for gaseous properties on group scales, which is why accu-
rately simulating the IGrM can provide orthogonal constraints on the processes governing
galaxy formation and evolution.

BAHAMAS explicitly tuned their AGN feedback prescriptions to reproduce prop-
erties of groups/clusters and massive galaxies as explained in Section 3.8. The FABLE
simulations ([44], not shown in Figure 3) also explicitly tuned their feedback to reproduce
massive halos, at ∼100× higher mass resolution than BAHAMAS but in a 1000× smaller
volume that is augmented by a series of zooms extending up to cluster masses. These
simulations have fgas,500 for a M500 = 1013.5 M� between 0.04 and 0.07 in Table 1, which
reflects the uncertainty in the Sun et al. [2] and Lovisari et al. [5] observations (see Figure 5
of the companion review by Eckert et al. [78]).

The C-EAGLE/Hydrangea zooms [42,43] use the EAGLE model with a higher AGN
heating temperature (ΔT = 109.0 K). As shown by Schaye et al. [39], this change lowers (i.e.,
improves) fgas,500 in M500 � 1013.5 M� groups, but more massive objects remain too baryon
rich, especially in the regime of rich groups/poor clusters [43]. Similarly, the IllustrisTNG
AGN feedback was calibrated to fgas, 500 of groups at TNG100 resolution [157], though the
simulations still predict fbar, 200 	 0.12 for halos with M200 > 1013.5 M�, substantially
higher than the explicitly calibrated BAHAMAS simulation (see the right-hand panel
of Figure 3). SIMBA [50] predicts fgas,200 ≈ 0.05 at M500 = 1013.5 M� and agrees well
with BAHAMAS in this metric within the overlapping halo mass range. Interestingly,
the companion review by Eckert et al., however, shows that fgas,500 in SIMBA increases
more rapidly with halo mass in SIMBA compared to BAHAMAS (their Figure 15), so that
more baryons are contained near the center of poor clusters with M500 = 1014−14.5 M�.
We will return to the importance of the radial range for assessing the baryon content of
simulated groups below.

Higher resolution simulations (mbar ∼ 105 M�) currently contain at best a handful
of group halos, but still yield constraining results. The ROMULUS suite [48,49] predicts
fgas,200 = 0.10 − 0.12 between M200 = 1012.5−14.0 M� and a higher f∗,200 than all the afore-
mentioned simulations (orange lines in Figure 3). These halos therefore retain nearly all
their baryons, in strong conflict with the observational evidence outlined above. It is
unlikely that this shift is a direct consequence of the higher resolution, since the higher-
resolution simulation of the IllustrisTNG family, TNG50 [51], predicts fgas,500 rising from
0.06 to 0.12 over the mass range M500 = 1013.0−14.0 M� (not shown), in excellent conver-
gence with TNG100 (we find a similar result for the lower-resolution version, TNG300).
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Figure 3. Gas, stellar and combined baryon fractions inside R200 from a variety of widely-used, contemporary cosmological
hydrodynamic simulations. Medians and 1-σ spreads are shown with lines and shading up to a mass where individual
objects are plotted as points. The cosmic baryon fraction fb = Ωb/ΩM is plotted in the right-hand panel for the given
simulation cosmology. IGrM measurements rarely extend to R200, therefore this plot does not include observations. It
is notable that stellar contents do vary by a factor of more than 3× between different simulations in the group regime,
and more than double between EAGLE and IllustrisTNG. ROMULUS retains almost all of its baryons within R200 while
BAHAMAS and SIMBA eject more than half their baryons at M200 � 1013.5 M�. For reference, M500 is typically 0.16 dex
lower than M200 for this halo mass range.

The determination of IGrM properties within R500 is physically motivated, but mea-
surements within fixed apertures are observationally more straightforward. In Figure 4,
we therefore show the integrated IGrM masses as a function of halo mass as predicted by
EAGLE, SIMBA, and the three IllustrisTNG boxes out to fixed radii of 100, 200, and 400 kpc
in the 3 subpanels. For comparison, we obtain the equivalent masses from the observations
of Sun et al. [2] and Lovisari et al. [5] by integrating their measured electron density pro-
files out to the same radii. While the relative differences between the simulations shown in
Figure 4 are consistent across the three radial cuts—remarkably close agreement between
the three TNG runs, with EAGLE and SIMBA offset by ≈ +0.1 and −0.5 dex, respectively,
at M500 = 1013.5 M�—the comparison to the observations reveals additional details in each
panel. Close to the group center (r ≤ 100 kpc), EAGLE shows promising agreement with
the observations, owing to its comparatively less aggressive AGN feedback. SIMBA, on the
other hand, despite having calibrated its AGN model to match the IGrM fraction inside
R500, is evacuating the central region too efficiently. Within the larger 400 kpc aperture
(right-hand panel), the IGrM masses of EAGLE are higher than observed, while SIMBA is
at least marginally consistent with the observations at the high-mass end (M500 	 1014 M�).
The IGrM masses of IllustrisTNG are consistent with the observations across radii, al-
beit with a tendency of being too low in the center (r < 100 kpc) of low-mass groups
(M500 � 1013.5 M�).

117



Universe 2021, 7, 209

Figure 4. IGrM masses (gas at T ≥ 106 K) within three fixed 3D apertures plotted for EAGLE (purple), SIMBA (red), and all
three IllustrisTNG volumes (dark blue, cyan, and yellow). Medians and 1σ scatter are indicated by lines (dotted for TNG50
and TNG300, solid for others) and shaded regions, respectively. Different panels correspond to limiting radii of 100 kpc
(left), 200 kpc (middle), and 400 kpc (right). Observed IGrM masses of individual groups within these radii, obtained from
the (3D) profiles of Sun et al. [2] and Lovisari et al. [5], are shown as black symbols. While differences between simulations
are approximately consistent across the three limiting radii, the agreement with observations differs noticeably between the
group center (left-hand panel) and outskirts (right-hand panel).

4.1.2. Gaseous Profiles in Recent Simulations

We have seen above that even simulations that were calibrated to match gas and stellar
fractions within the virial radius can make discrepant predictions about the IGrM content
within other radii. A more challenging test of the simulations is therefore provided by their
predicted IGrM profiles, which are plotted for z ≈ 0 groups of M500 = 1013.5 − 1014.0 M�
from EAGLE, TNG100, SIMBA, and ROMULUS 10 in Figure 5. In the top left panel, we show
stacked profiles of electron density ne, calculated as ne = ρIGrM/(μe mH) with ρIGrM the
density of the hot IGrM gas (here defined as T > 106 K), μe = 1.14 the mean molecular weight
per free electron, and mH the proton mass. Stacked IGrM temperature profiles are shown in
the top-right panel. In both cases, we compare to observed profiles of individual groups in
the same mass range from thin dashed lines color-coded by mass (Sun et al. [2]); for density
we also plot the stacked observed profile of black dash-dotted lines (Lovisari et al. [5]).

All simulations (except ROMULUS, which may be affected by its small sample size)
agree closely with each other for the temperature profile beyond ≈0.1 R500, and are broadly
consistent with the observations of Sun et al. [2]. This similarity is interesting in the context
of AGN feedback prescriptions that heat the gas differently resulting in similar temperature
profiles throughout most of the IGrM, indicating that virialization primarily sets the
IGrM temperature. Significantly more variety is seen in the density profiles (top-left); all
simulations predict a comparable and realistic density around R500, the increase towards
smaller radii is substantially stronger for ROMULUS, and weaker for SIMBA, than observed.
TNG100 and EAGLE, on the other hand, agree quite closely with each other and the
observations, albeit with a slight (�0.2 dex) excess of gas towards the outskirts—especially
for EAGLE—and a more substantial deficit (≈0.2–0.5 dex) near the center that is stronger
for TNG100.

Of particular interest are two physically motivated combinations of density and
temperature: the IGrM pressure P ≡ ne T and its entropy K ≡ T/(n2/3

e ). These not only
highlight additional discrepancies between simulations and observational data, but reveal
imprints of the subgrid prescriptions, most notably AGN feedback schemes. We show their
radial profiles, normalized to their analytically expected values within R500: for pressure,
P500 ≡ kBT500ne,500 and for entropy, K500 ≡ kBT500(ne,500)

−2/3, where T500 is taken as the
virial temperature kBT500 ≡ GM500μmH/R500 with mean molecular weight μ = 0.59 and
the electron density ne,500 as the ideal value of ne,500 ≡ 500 fbρcrit/(μemH) in the bottom
row of Figure 5.
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Figure 5. Mass-weighted 3D radial profiles of IGrM density (top left), temperature (top right), pressure (bottom left) and
entropy (bottom right) in groups with M500 = 1013.5 − 1014.0 M� from the EAGLE (N = 18 groups, purple), TNG100
(N = 35, cyan), SIMBA (N = 80, red), and ROMULUS (N = 1, orange) simulations. For the first three, we show profiles at
z = 0, while for ROMULUS we have stacked the profiles obtained from the single group in this mass range at five snapshots
with z ≤ 0.36. Running medians within each simulation are plotted as solid lines, with shaded bands representing the
1σ scatter. For comparison, profiles of individual groups in the same mass range derived from X-ray observations [2] are
shown as thin dashed lines in three panels, colored by (temperature-derived) halo mass; for pressure, we instead show the
SZ-based profiles of the same groups by Sun et al. [212] as black dash-dotted lines (thick and thin ones for the median and
1σ scatter, respectively). In the top-left panel, the stacked density profile from X-ray observations of Lovisari et al. [5] is
shown in the same fashion, while the grey dotted line in the bottom right panel represents the “base line” K ∝ r−1.1 entropy
profile seen in non-radiative simulations (e.g., Lewis et al. [95], Voit et al. [96]). With the exception of temperature at large
radii, there is little agreement between simulations. The entropy profiles in particular are also clearly different from what is
observed in all four cases, even for simulations such as EAGLE and TNG100 that approximately reproduce the observed
pressure profile. In general, stronger AGN feedback prescriptions raise entropies and reduce densities and pressures.

At large radii, all simulations follow a power-law entropy profile with an index close
to 1.1, as expected from accretion and associated shocks [213] and as found in non-radiative
simulations (e.g., [95,96]). Within ≈0.3 R500, the median profiles of three simulations
(SIMBA, TNG and EAGLE) flatten to an extended entropy core, while ROMULUS entropy
profiles keep decreasing and only flatten in the very center. The magnitude of these
simulated entropy cores appears to scale broadly with the aggressiveness of the AGN
feedback. A factor of 100 difference in the energy coupling efficiency ε of AGN feedback
progressively raises the entropy levels from ROMULUS (ε = 0.002) to TNG (ε = 0.2 for
their pulse mode). SIMBA, however, exemplifies that the situation is more complex; it
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has the highest entropy core levels (	K500 beyond 0.03 R500) despite an AGN coupling
efficiency comparable to EAGLE (see Table 2). It is plausible that the high entropy core of
SIMBA is, at least in part, due to its decoupled kinetic AGN feedback scheme [50], which
can efficiently inject entropy at large radii. At the same time, it still allows transport of
low-entropy gas towards the center, leading to the strong drop in central entropy (which,
to a lesser extent, is also seen for EAGLE).

Although the core entropy levels in TNG100 and EAGLE are lower than for SIMBA,
their AGN feedback schemes—randomly-oriented, pulsed feedback [157] and highly en-
ergetic thermal injection [39], respectively—are still creating extended cores. The only
simulation without a clear high-entropy core is ROMULUS, which injects AGN energy ther-
mally but with a much lower temperature increase. As we have seen above, this low entropy
injection correlates with higher group baryon fractions than in the other simulations.

A comparison of these predictions to the Sun et al. [2] profiles clearly reveals that none
of the scaled entropy profiles from any of the simulations resemble the observations. The latter
do not have large extended plateaus; they typically scale with radius as R0.7 for R < R500
(see also Figure 10 of Sun et al. [2] and Figure 4 of O’Sullivan et al. [8] for the CLoGS group
sample). This is despite reasonable agreement in terms of the pressure profiles (especially
for EAGLE and TNG100), which indicates that the simulated IGrM remains approximately
in pressure equilibrium throughout the (significant) AGN energy and entropy injection [43].
The FABLE simulations (not shown [44]) show more promising agreement of IGrM profiles
(including entropy), although Henden et al. [44] discuss that even their explicitly calibrated
(bubble) feedback might be too energetic at late times, since the z = 0 FABLE groups fall
within the scatter, but mostly below the median, of the Sun et al. [2] density profiles (see
their Figure 11). It will be interesting to see whether future simulations can overcome
this shortcoming with more sophisticated AGN feedback models and higher resolution,
or whether observational selection biases (i.e., preferential inclusion of cool-core systems
with dense, bright centers in X-ray selected samples as discussed by, e.g., Henden et al. [44])
are responsible for at least part of the discrepancy (see Section 5).

For deeper insight into the predicted IGrM entropy profiles, it is instructive to consider
them in context with their more massive cluster counterparts. This comparison is shown
in the left panel of Figure 6, where we plot scaled z ≈ 0 entropy profiles in analogy to
the bottom-left panel of Figure 5 but over a wide range of halo mass, M500 = 1013.0−15.0.
For clarity, only IllustrisTNG (TNG100 and TNG300 combined, with TNG300 dominat-
ing because of its larger volume; solid lines) and ROMULUS (dashed lines) are shown,
with halos median-stacked within 0.5 dex bins in M500. These are compared to three obser-
vational samples that together span a similar mass range: the Sun et al. [2] and (lower-mass)
CLoGS [8] groups as well as clusters from the ACCEPT survey [9].

There are two features of this comparison that are particularly worth highlighting.
First, the median entropy profiles of IllustrisTNG feature prominent entropy cores that
are significantly higher than observed across the selected mass range, from poor groups
(purple) to massive clusters (yellow). The same is true for EAGLE and SIMBA clusters
(not shown). On cluster scales, these high-entropy cores corresponding to non-cool-core
(NCC) systems have previously been highlighted by C-EAGLE (Barnes et al. [43]), Illus-
trisTNG (Barnes et al. [214]), and SIMBA (Robson and Davé [215]); in the case of Illus-
trisTNG, Barnes et al. [214] found a rapid decline in the fraction of cool-core (CC) systems
at z < 1 and identified the cause to be the AGN feedback implementation, which appears
too efficient at removing baryons from the inner 0.01R500.

Second, there is a clear trend towards lower (normalized) entropy with increasing
halo mass at fixed radius, in both the observations and the IllustrisTNG simulations 11.
We speculate that these features may be a signature of quantized feedback dumping a
fixed amount of entropy per AGN feedback event; further investigation of this topic is
clearly warranted.
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Figure 6. (Left) Normalized mass-weighted 3D entropy profiles at z ∼ 0 for groups and clusters with M500 = 1013–1015 M�
in TNG100 and TNG300 (combined, thick solid lines) and ROMULUS (thick dashed lines). We show median-stacked
profiles of halos in 0.5 dex bins, with 264 (7), 110 (5), 91, and 15 halos per bin for TNG (ROMULUS) in order of increasing
mass, color-coded by mass from low-mass groups (purple) to massive clusters (yellow). For TNG, we also indicate their 1σ

scatter with shaded bands. These predictions are compared to individual halos from three observed samples, all colored
analogously by halo mass: low-mass CLoGS groups (dashed lines [8]), massive groups (dotted lines[2]), and a random
20% subset of the ACCEPT clusters (dash-dotted lines [9]). The gray dotted line indicates the K ∝ r1.1 scaling found in
non-radiative simulations [96]. In agreement with observations, TNG (but not ROMULUS) predicts higher normalized
entropy at lower mass, but with higher-entropy cores than observed. In contrast, ROMULUS groups have steeper and lower
entropy profiles that are more typical of observed massive clusters. (Right) Normalized mass-weighted 3D entropy profiles
of M500 = 1013.25–1014.25 M� groups predicted by OWLS simulations with different subgrid models [116], reproduced with
permission from McCarthy et al. [158] (note that their symbol for astrophysical entropy is S, rather than K). Simulations
include a run without any cooling or feedback (blue); without feedback but with star formation and cooling without (yellow)
or with (red) the contribution from metal lines; with the addition of SNe feedback (cyan and green, respectively); and with
AGN feedback added in addition to metal-line cooling, star formation, and SNe feedback (brown). The black-hatched band
indicates the 1σ scatter of the Sun et al. [2] observations, the black dotted line a r1.1 power law. While AGN feedback has a
clear effect on the IGrM, the entropy profiles are also sensitively affected by cooling, star formation, and SNe feedback.

Interestingly, such a trend is not seen in ROMULUS, although the small number of
groups and absence of massive clusters prevents strong conclusions here. If anything,
the lower-mass groups (blue dashed line) have entropy profiles that are even closer to
observed CC clusters, plausibly also because of a late-time merger in the more massive
ROMULUSC group [49]. As discussed further below, it is plausible that this CC-like
behaviour of ROMULUS groups is due to the absence of metal-line cooling—which may
limit the removal of low-entropy gas from its IGrM—as well as the highly collimated nature
of their AGN-driven outflows.

There are additional reasons why the ubiquitous conversion from CC to NCC halos in
most simulations is problematic. McCarthy et al. [216] showed that the cost, in energy, is
much greater than the typical jet power of an AGN outburst [217], with most of the energy
being expended to lift the gas rather than raise its entropy. This suggests that the AGN
outbursts in the simulations are likely injecting much more energy than observed radio
AGNs in galaxy clusters. Observations also show little evidence of AGN feedback affecting
CC-to-NCC transformations. The entropy profiles of NCC as well as CC CLoGS groups
(with and without observed jet activity) are all, to first order, similar in shape and normal-
ization [2,8]. Moreover, none of the clusters showing evidence of having experienced an
extreme AGN feedback event in the recent past—e.g., MS 0735.6+7421 [218] and Hydra
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A [217,219]—have core entropies as high as the median value in the simulations. We there-
fore speculate that the action of the AGN feedback models in SIMBA, TNG, and (C-)EAGLE
may be too aggressive in the low-z Universe (see also the discussion in Barnes et al. [43]).
Although we are comparing individual observed profiles to medians from simulations,
our examination of simulated individual profiles (not shown) indicates that the median
profiles are fairly representative, so that this is unlikely a source of significant bias.

Given the mismatched entropy profiles in contemporary simulations, it is helpful
to refer to McCarthy et al. [158], who demonstrated using multiple OWLS simulations
that adding cooling to non-radiative simulations can alter the entropy slopes as much
as feedback (Figure 6, right panel). While non-radiative simulations fall on the baseline
K ∝ R−1.1 relationship, adding only cooling without feedback “cools out” low-entropy
gas, raising the entropy of the remaining IGrM. Metal-line cooling, which is comparatively
more important for groups than clusters, raises entropy even more. Adding SNe feedback
without metal-line cooling actually lowers the entropy nearly to the R1.1 line, which may
explain the ROMULUS entropy slopes that have weak AGN feedback that is more similar to
SNe feedback and no metal-line cooling. While McCarthy et al. [158] confirm that adding
AGN feedback indeed increase the entropy (cf. orange vs. green lines), the difference
is smaller than changing the cooling physics. Furthermore, they showed that the AGN-
induced entropy increase is, for the largest part, also an indirect effect: in their simulation,
it is not (primarily) caused by heating gas that remains in the IGrM, but by the selective
ejection of low-entropy gas from the less tightly bound z ≈ 2–4 progenitor halos.

We end our discussion of IGrM properties by pointing out that even radial profiles
convey only a simplified view of the processes shaping the gaseous halos of groups. This
is exemplified particularly clearly by high-resolution simulations such as ROMULUSC,
for which we show 2D maps of the gas temperature and density near the center of its most
massive group at z = 0.53 in Figure 7 (adapted from Figure 10 of Tremmel et al. [49]). A bi-
conical jet is clearly seen in the temperature map, which emerges naturally by collimation of
their (intrinsically isotropic) AGN feedback by a central gas disc. This jet evacuates bubbles
in the vicinity of the group center—not unlike X-ray cavities observed in real clusters
(e.g., Hlavacek-Larrondo et al. [220])—but does not strongly affect gas away from its axis,
thus preserving a steep R1.1 entropy slope down to 0.04R500 in a spherically averaged sense
(Figure 6).

Figure 7. Wind-blown bubbles driven by AGN feedback from the central galaxy in the ROMULUSC simulation at z = 0.53,
adapted with permission from Tremmel et al. [49]. This M500 = 1013.6 M� group produces a cool core that is elusive in
other simulations, although the central gas densities are high compared to observations. This AGN feedback is a thermal
dump model without explicit collimation, and is the most obvious example of bubble-driven feedback at the group scale
found in the cosmological simulations we explore.

122



Universe 2021, 7, 209

4.2. Brightest Groups Galaxies

For more than two decades, attempts to model the formation and evolution of galaxy
groups and to identify the role of different physical processes that shape these systems
have focused primarily on the properties of the hot IGrM/ICM ( e.g., [202,213,216,221–223],
and references therein). Even with the advent of cosmological simulations, this tendency
has largely continued [7,37,39,44,109,132,204,215,224]. However, observational studies find
that a number of BGG properties (e.g., stellar mass, size, morphology, the nature of the
surface brightness and stellar velocity dispersion profiles, whether the BGG is a fast or slow
rotator, etc.) are also correlated with the properties of their host system [155,225–231]. Such
correlations are not entirely unexpected given that BGGs are typically found at the bottom
of their host halo’s gravitational potential well. As such, the BGGs are thought to have
experienced numerous mergers and close tidal encounters with other group galaxies over
cosmic time. Simulations suggest that such interactions result not only in the growth of the
BGGs’ total stellar mass but also, induce structural and kinematic transformations [232–237].
Mergers can also potentially transport in cool gas and fuel in-situ star formation in disc-like
structures. Additionally, as explicitly demonstrated by Lewis et al. [95] using the first hy-
drodynamic cosmological simulation of a rich galaxy group/poor cluster that allowed for
radiative cooling, any gas cooling out of the IGrM/ICM flows towards the group center and
ends up in the central galaxy. Consequently, the study of the BGGs, their properties, and the
existence of any correlations between the latter and the properties of the host groups offer
a complementary window onto the physical processes underlying the evolution of galaxy
groups. Just as importantly, in the context of the present review, detailed comparisons of the
observed BGG properties and the characteristics of those in numerical simulations offers an
equally powerful opportunity for testing the efficacy of latest generation of cosmological
simulations. In recent years, a handful of papers have assessed the characteristics of BGGs
forming in hydrodynamic simulations (e.g., [7,39,43,48–50,238]) although this was done as
part of a broad survey of the general properties of simulated galaxies. There are however
notable recent exceptions, like Davison et al. [239], Henden et al. [240], Jackson et al. [241],
Pillepich et al. [67], Katsianis et al. [242], Remus et al. [243], Tacchella et al. [244] and
Jung et al. [73], that have treated BGGs as a distinct class, investigating both the structural
and the kinematic properties of the simulated BGGs and comparing these to observations.

4.2.1. Central Galaxy Stellar Masses

The first BGG (and BCG) property we consider is their stellar mass−halo mass
(SMHM) relationship. This is shown in Figure 8, where we plot M�/M200 against M200. M�

is the mass of the stars associated with a BGG/BCG. Stellar observations show that once
the light from individual resolved galaxies other than the central BGG/BCG is excluded,
the resulting surface brightness can be separated into two components: that due to light
from a localized concentration of stars usually identified with the BGG/BCG proper and
that due to light from a diffuse, often extended, component: the intragroup/intracluster
light (IGrL/ICL) (e.g., see [245]). The M� we quote here is the sum of the mass in the two
components. The SMHM offers a window onto not just the efficiency with which the gas
in the central galaxies is turned into stars but also the tug-of-war between heating and
cooling in the group cores as well as the role of mergers in the build-up of the central plus
IGrL stellar mass.

For the purposes of clarity, we plot the simulation results across the three panels in
Figure 8 but for reference and comparison, we show the same set of nine representative
observationally determined SMHMs 12 in all three panel. All of the observed results are
based on the projected stellar light distribution and correspond to the central+IGrL stellar
mass within a cylinder aligned along the line of sight with some aperture of radius R
(i.e., M�,R,2D). This mass estimate explicitly excludes the contribution from resolved satellite
galaxies. The dashed, dotted and solid curves are results from Girelli et al. [247], Yang
et al. [248,249], Moster et al. [250], van Uitert et al. [251], Erfanianfar et al. [252]. There are
two sets of Kravtsov et al. [207] datapoints: the filled stars are based on M�,50,2D and the
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open stars are based on “total” aperture masses, derived by extrapolating and integrating
the ICL profiles to large radii in the sky (M�,tot,2D). The blue crosses with error bars are
total aperture masses from Loubser et al. [231] and Kolokythas et al. [253]: points with
log(M200/M�) < 14.0 are for BGGs from the high richness subset of CLoGS groups [8]
while the BCG results are from the Multi Epoch Nearby Cluster Survey and the Canadian
Cluster Comparison Project (MENeaCS and CCCP, respectively [254–259]). There is a
considerable spread in the published observationally derived SMHM results. This spread
is due to a variety of factors, including (i) the groups and clusters are sourced from
deep targeted observations as well as large surveys (e.g., SDSS, COSMOS and GAMA) of
varying depth; (ii) the use of apertures of different sizes; (iii) the use of different strategies
to estimate the background around large massive galaxies in crowded environments [207],
as well as to model and extrapolate their observed light profiles of interest; (iv) the use of
different estimates s of M�/L ratio to convert measured light distribution into stellar mass;
and (v) the use of different approaches for estimating the halo mass, ranging from the use
of X-ray observations under the assumption of hydrostatic equilibrium and abundance
matching, to weak gravitational lensing estimates. The observational results shown in
Figure 8, taken together, show how M�/M200 scales with M200. We interpret the spread
in the SMHM determinations as a measure of the uncertainty when comparing to the
simulation results.

As for the simulations, we first consider the results from the ROMULUS simulations
(i.e., ROMULUS25 [48], ROMULUSC [49,72,73], ROMULUSG1 and ROMULUSG2 [73]). These
are plotted in the first (top left) panel. Following Liang et al. [37], Robson and Davé [215],
and Jung et al. [73], we identify systems with log(M200/M�) ≥ 12.5 as groups/clusters;
these are shown as filled yellow circles. The lower mass systems are plotted as open yellow
circles. The M� for ROMULUS systems is the projected stellar mass within an R = 50 pkpc
aperture (i.e., M�,50,2D). The M�/M200 for the ROMULUS groups is in very good agreement
with the observations; however, the overall trend suggests a drop with increasing M200
that is not as steep as the observed trend.

In the same panel, we also show the results for TNG100 (cyan line/band; [67]) and
FABLE (magenta line/band; [240]) simulations. The available TNG stellar masses are
M�,30,3D, that is, stellar mass within a sphere of radius R = 30 pkpc. We have corrected these
masses to stellar mass within a 50 pkpc sphere using mass profiles from Pillepich et al. [67].
We suggest that it is preferable to compare this corrected stellar mass to the observed
aperture masses. The FABLE results are M�,50,2D, like ROMULUS. The thick solid line is the
median SMHM relationship and the shaded region encompasses 95% of the systems. Both
TNG and FABLE results are in very good agreement with the observations on the group and
low-mass cluster scales (i.e., log(M200/M�) < 14.0 for TNG and log(M200/M�) < 14.3
for FABLE). However, neither the TNG nor the FABLE median curve decreases as steeply
as the observed relationship on the cluster scales. We also note that in the case of TNG,
the median curve may become shallower still if one were to use a cylindrical volume.

In the second (top right) panel, we show the results from SIMBA (red line/band; [50])
and The Three Hundred project (brown line/band; [45]). Both results are M�,50,2D. Con-
sidering the SIMBA results first, we find that on the group scale, that is, log(M200) =
[12.5, 13.8], the distribution of M�/M200 points for individual SIMBA BGGs (not explicitly
shown) is consistent with the observations. The median curve, however does not have
as steep a slope as the SMBHs based on observations. Consequently, the SIMBA central
galaxies on the cluster scale (BCGs) have larger stellar mass than their observed counter-
parts and the discrepancy grows with increasing halo mass. Overall, SIMBA is in modest
agreement with the observations when compared with observational results across the
entire span, from low mass groups to massive clusters. The Three Hundred SMHM does
not extend to low mass groups but over the mass range covered (log(M200) = [13, 15]),
the relationship is in excellent agreement with the observations.
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Figure 8. Figure adapted from Jung et al. [73]: The z = 0 stellar mass−halo mass relationship (M�/M200) versus M200 for
central galaxies in observed and simulated galaxy groups and clusters. The top left panel shows results for TNG100
(turquoise line/band and dots; [67]), FABLE (magenta line/band; [240]), and ROMULUS suite of simulations (open
and filled yellow points; [49,72,73]). The thick solid lines are the median SMHM; the shaded region spans 95% of the
systems. The top right panel shows results for SIMBA (red line/band and dots; [50]) and The Three Hundred project
(brown line/band; [45]). The bottom left panel shows results for the EAGLE (purple line/band and dots; [39]) and
C-EAGLE (purple crosses; [42]). We identify systems with log(M200/M�) ≥ 12.5 (to the right of the dotted vertical
line) as groups/clusters. The ROMULUS, FABLE, SIMBA, C-EAGLE and The Three Hundred project stellar masses
are M�,50,2D ; EAGLE and TNG stellar masses are M�,30,3D corrected to M�,50,3D . For comparison, we also plot the same
nine observationally determined SMHMs in all three panels. These are described in the text. There is considerable
spread between the nine relationships but jointly, they show how M�/M200 scales with M200. We interpret the spread
as a measure of the uncertainty.

The third (bottom left) panel shows the results from C-EAGLE (purple crosses Bahé
et al. [42]) and the EAGLE reference run (purple line/band; [39]). The C-EAGLE stellar
masses are M�,50,2D. The results for the lowest mass C-EAGLE systems are consistent with
the observations but in massive clusters, as Bahé et al. [42] notes, the C-EAGLE stellar masses
exceed the M�,50,2D (filled stars) from Kravtsov et al. [207] by up to 0.6 dex. As for EAGLE,
the reported M� is M�,30,3D; we used a mean stellar mass-dependent correction factor, derived
from plots in Schaye et al. [39] and McCarthy et al. [41], to map M�,30,3D to M�,50,3D. The cor-
rection factor is negligible for galaxies with log(M�,30,3D/M�) < 10.7 [39]; on the other hand,
the stellar mass in the most massive BGG/BCGs approximately doubles. Over the mass
range log(M200) = [13, 14], the distribution of individual M�/M200 EAGLE points (not
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explicitly shown) is consistent with the observed SMHM results; however, like the SIMBA
results, the EAGLE median curve is shallower than the observed trend. Consequently,
for log(M200/M�) < 13, more than half of EAGLE BGGs fall below Moster et al. [250] line,
which is the lowest of the observationally-derived SMHM curves. Overall, the EAGLE
SMHM is in modest agreement with the observations across the entire span, from low
mass groups to massive clusters. Finally, we point out that the EAGLE median curve in
Figure 8 is flatter than that in Schaye et al. [39] because of the mass-dependent correction,
and we expect that the corresponding results based on R = 50 pkpc aperture mass will be
shallower still since our correction maps to a sphere, not a cylinder.

4.2.2. Central Galaxy Star Formation Rates

Figure 9 shows the second trend that we consider here: the star formation rate−stellar
mass relationship (hereafter, SFR−M�). The SFR is based on star formation within a
R = 30 pkpc sphere centered on the BCG (very little star formation is observed beyond
30 pkpc) while the M∗ is the same as that in Figure 8. We first consider the four sets of
observational data points that appear in all three panels: (i) results based on combined data
from XMM–LSS, COSMOS, and AEGIS surveys for BGGs and BCGs hosted by X-ray bright
galaxy groups and clusters (green pluses; [229]); (ii) results for BCGs in Mittal et al. [260]
sample of CC clusters (grey crosses); (iii) results for the high richness subset of the CLoGS
sample (blue crosses; [8,231,253]), which consists of groups containing at least 4 optically
bright (log(LB/L�) ≥ 10.2) galaxies, of which the central galaxy is an ETG; and (iv) results
for BCGs from the COSMOS survey (magenta squares; [261]).

The Gozaliasl et al. [229], Loubser et al. [231], Cooke et al. [261] and Mittal et al. [260]
data collectively illustrate the approximate dichotomy in the population of BGGs and BCGs
with respect to their star formation properties. On the cluster scale, this phenomenon
has been widely discussed (e.g., [255,263], and references there in) and linked to the
CC/NCC dichomotomy in the X-ray properties, including the X-ray luminosity at fixed
halo mass, the core entropy value and the core hot gas cooling time as highlighted by
Cavagnolo et al. [9], McCarthy et al. [216,264] and others. Essentially, not all BCGs are “red
and dead”; there exists a population of star-forming BCGs that reside in strong cool core clus-
ters [255]. These BCGs’ SFRs are such that they are distributed within approximately ±0.75 dex of
the extension of the observed z < 0.5 star forming main sequence (SFMS) of Whitaker et al. [262].
The star-forming BCGs comprise ∼25%–30% of all BCGs; this is also the fraction of strong
CC clusters [256,265]. Gozaliasl et al. [229] find that this dichotomy is also present on the
group scale and the fraction of star-forming BCGs is comparable to that of star-forming
BCGs; that is, 20%–25%. The majority of the observed central galaxies in Figure 9 have SFRs
less than 0.75 dex below the SFMS. We refer to these as “quenched” BGGs/BCGs.

As for the simulations, we restrict ourselves to groups and clusters whose BGG/BCG
satisfy log(M�/M�) � 12.0; there are too few systems with higher stellar masses. We classify
the simulation BGGs/BCGs in the same way as the observed systems: We designate all
simulation BGGs/BCGs with SFRs less than 0.75 dex below the observed z < 0.5 SFMS [262]
as “quenched” systems, and the rest of the galaxies as star-forming. The numbers at
the bottom of the panels specify the fraction of quenched galaxies in 0.5 dex M∗ bins
for TNG100, SIMBA, and EAGLE simulations. Many of the quenched galaxies have
low/unresolved SFRs. In order to display these galaxies in the panels, we assign them an
SFR of log(SFR/M�yr−1) = −4. To the extent that it is of interest, we find that the number
of galaxies with very low/unresolved SFRs relative to the total number varies considerably
from simulation to simulation. However, we do not differentiate between quenched
galaxies with low/unresolved SFRs and those with low but measurable SFRs, and there is
there is no observational basis for doing so. Measuring low SFRs using observationally
accessible diagnostics is extremely challenging [266–271], and strictly speaking, very low
published SFRs ought to be treated as upper limits.
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Figure 9. Figure adapted from Jung et al. [73]: Comparison of the z = 0 star formation rate (SFR)-M� relationship for
observed and simulated BGGs and BCGs. Arranged as Figure 8, each panel plots the same four sets of observational
results (see text for details). The top left panel shows the results for ROMULUS (yellow filled and open circles; filled circles
represent systems we identify as groups/clusters) and TNG100 simulations (cyan); the top right panel shows the results for
SIMBA (red); and the bottom left panel shows the results for EAGLE (purple). The simulation SFRs are extracted from a
sphere of radius 30 pkpc encompassing the central BGG/BCG while the stellar masses as the same as in Figure 8. The line
connecting the open circles with error bars shows the star forming main sequence (SFMS) for TNG100, SIMBA, and EAGLE
from Davé et al. [154]. The shaded regions, and the handful of individual points to the left and right, show where the
simulation BGGs/BCGs with measurable SFR lie on this plot. BGGs/BCGs with unresolved/too low SFRs are assigned
log(SFR/M�yr−1) = −4 and plotted accordingly. We identify all simulation BGGs/BCGs with SFRs 	 0.75 dex below the
observed z < 0.5 SFMS of Whitaker et al. [262] as “quenched”. For TNG100, SIMBA, and EAGLE, we specify the fraction
of quenched galaxies in 0.5 dex M∗ bins at the bottom of the panels. We do not differentiate between quenched systems
with low but measurable SFRs and those with very low/unresolved SFRs. Measuring very low SFRs using observationally
accessible diagnostics is extremely challenging; strictly speaking, the corresponding published SFRs ought to be treated as
upper limits.

Considering the ROMULUS results (yellow points) in the top left panel first, we find
that this model gives rise to both star-forming and quenched BGGs; however, the corre-
sponding fractions are inverse of the observed fractions: ∼60% of the ROMULUS BGGs
are star-forming and ∼40% are quenched. The top left panel also shows the entire TNG100
population of BGG/BCGs. Only 17% of these are star-forming. This is lower than the
observed fraction. The SIMBA results in the top right panel are similar to TNG100 and
also on the low side: only about 14% of all the SIMBA BGGs/BCGs are star-forming.
The fraction of EAGLE BGGs (lower left panel) that are star-forming is ∼40%, which is
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higher than the observed fraction though not as high as the ROMULUS fraction. We will
return to these results in Section 4.2.4.

4.2.3. Central Galaxy Morphologies

The final trend we consider is the stellar mass-morphology relationship for the cen-
tral galaxies. Qualitatively, the observed morphologies of central galaxies span the full
continuum, from disk dominated to pure spheroids. Weinmann et al. [228] found that ap-
proximately 50% of the BGGs in low-mass SDSS groups are late-type galaxies (see also [272]);
this fraction drops to ∼10% in rich groups/poor clusters. Conversely, the fraction of early-
type central galaxies rises from ∼30% in low-mass groups to 70% in high-mass systems.
The morphological mix of the ROMULUS BGGs, which are from mainly low-mass groups,
is consistent with Weinmann et al. [228] results in that nearly a half are disky and star form-
ing [73]. Similarly, a visual inspection of the images of BCGs from the 20 most massive
TNG100 systems with halos masses between 9 × 1013 M� and 4 × 1014 M� ( [67]) also
suggests that their morphological types are also compatible with Weinmann et al. [228]
results for low-mass clusters: A significant fraction are ellipsoidal or S0-like and appear to
be red.

More quantitatively, a galaxy’s morphology is commonly characterized by the fraction
of its total stellar mass that is in the spheroidal component; that is, its spheroidal-to-total
ratio (S/T). This ratio has been computed using photometric observations, by decom-
posing the 2D projected light profile into disc and spheroidal components, but it can
also be derived using stellar kinematics to identify the spheroidal component. The two
approaches do not also give similar results. Simulation studies have shown that pho-
tometrically derived S/Ts tend to be significantly lower than the kinematic S/Ts [273],
with Bottrell et al. [274] finding that the former leads to a higher likelihood of a galaxy
being classified as “disky even when stellar kinematics show no ordered rotation”. In effect,
the Scannapieco et al. [273] and Bottrell et al. [274] studies show that it is not sufficient to
only consider the BGG/BCG properties derived from photometric data. There is much to
be learnt from examining the galaxies’ kinematic properties.

In Figure 10, we show the kinematic S/T ratios for the central galaxies from ROMU-
LUS [73], TNG100 [244] and EAGLE [238], as a function of galaxy stellar mass. We use
comparable apertures as Tacchella et al. [244] to compute ROMULUS S/T ratios: For BGGs
with log(M∗/M�) ≤ 10.9, S/Ts are computed using star particles within spheres of radius
R = 15–20 pkpc; for more massive BGGs, we use spheres of radius R = 25–30 pkpc. We
also use the same criterion to define the spheroidal component as Tacchella et al. [244]: the
mass of the spheroid is the sum of the mass of stellar particles with εJ < 0.7 and the 15%
of the stellar particles with εJ > 0.7, where εJ = Jz/Jcirc(E), Jz is a z-component of the
specific angular momentum of a stellar particle, z is the net spin axis of a galaxy, and Jcirc(E)
is a specific angular momentum of the stellar particle on a circular orbit with the same
orbital energy.

The EAGLE criterion for determining S/T ratios differs slightly but we have con-
firmed that the two criteria give comparable results. Figure 10 also shows the S/T for
central galaxies in the GAMA groups sample derived using photometric data (orange
points; [13]), as well as the kinematic S/T for BGG/BCGs from the CALIFA survey (red
points; [275]). We use the same prescription as Tacchella et al. [244] to compute the CALIFA
S/Ts. The simulation results should be comparable to the CALIFA results.

Overall, there is a broad agreement between the three simulation results and for
M∗ 	 1011 M�, all three simulation results are consistent with the CALIFA results. In these
galaxies, the spheroidal component dominates: S/T rises from approximate 0.7 to 0.9 with
stellar mass. Towards lower M∗, however, the median TNG100 and EAGLE curves diverge
from the CALIFA results. At present, it is unclear how much weight this divergence ought
to be given. Firstly, there is a considerable spread in the simulation results and the CALIFA
results are well within the shaded region; secondly, the CALIFA sample is known to be
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increasingly incomplete towards at lower masses. It is possible that the trend in the CALIFA
results reflects this incompleteness.

Figure 10. Figure adapted from Jung et al. [73]: The z = 0 spheroidal-to-total (S/T) for central galaxies
in simulated galaxy groups and clusters from three simulations (ROMULUS, TNG100, and EAGLE),
juxtaposed against results from two observational studies. The yellow filled and open circles show
the ROMULUS kinematically derived results. (As in previous two figures, filled circles correspond to
systems we identify as groups and clusters.) The cyan and purple curves show the median kinematically
derived S/T results for TNG100 [244] and EAGLE [238], respectively. The purple shaded region
indicates the 10–90% range while the cyan shaded region spans the 16%–84% range. The ROMULUS
and TNG100 S/T are computed using the same criterion while the EAGLE results are based on a
slightly different criterion. The two criteria, however, give very similar results. Of the two observational
results shown, the CALIFA data are kinematically derived [275] while the GAMA results are based
on photometry [13]. The two approaches are not equivalent. We discuss this further in the text.
The simulation results should, in the first instance, be compared to the CALIFA results.

Finally, we note that S/T is not the only kinematic measure that is correlated with
either the central galaxies’ stellar mass or the host systems’ properties. Other measures
less commonly discussed in the galaxy formation literature include (i) the shape of the
velocity dispersion profiles and whether they rise or fall with radius; (ii) the “anisotropy
parameter” Vrot/σ0, which characterizes the global dynamical importance of rotation and
random motions of stars in a galaxy; and (iii) whether the galaxy is a fast or slow rotator.
Jung et al. [73] investigates some of these measures for ROMULUS galaxies and compare
them to observations and we refer interested readers to that paper for further details
and discussion.
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4.2.4. The Link between the BGG and IGrM

The properties reported in Figures 8–10 are the observable byproducts of a myriad
of physical processes that the BGGs and BCGs are subject to over the course of cosmic
time. These properties are also sensitive to the details of the subgrid prescriptions used
to model those processes that cannot be directly resolved in the simulations. All three of
the properties discussed in this subsection are related to each other and more importantly,
they are all correlated with the the current or the recent state of the IGrM/ICM in the
group and cluster cores. Here, we briefly elaborate on this relationship, focusing on the
SFR-M� results.

As highlighted throughout this review, among the most important present-day chal-
lenges in simulating galaxy groups and clusters is (i) preventing strong radiative cooling
flows from forming in the IGrM/ICM and (ii) ensuring that the resultant population of
groups and clusters span the spectrum from CC to NCC systems. Nearly two decades
ago, Babul et al. [213], Valageas and Silk [276], Nath and Roychowdhury [277] advocated
for AGN feedback as the key mechanism for addressing these challenges. The current
generation of simulation models of galaxy formation/evolution (see Table 2) all allow for
SMBH seeding and growth as well as AGN feedback although the manner in which these
are implemented vary from one simulation to another.

To examine how well the current models fare, we first consider the ROMULUS simula-
tions. As noted previously, the fact that nearly 60% of the ROMULUS BGGs are star-forming
(Figure 9) means that while AGN feedback in ROMULUS may temper cooling, it does not
entirely halt it and consequently, a majority of the systems sustain some degree of cooling
flow in their cores. A closer examination of the ROMULUS entropy profiles, such as those
shown in Figure 6, offer some insights. For the most part, ROMULUS groups behave like
CC clusters, not CC groups. Their entropy profiles are ∼2–3× lower than the Sun et al. [2]
profiles at large radii, and the profiles themselves are steeper (R1.1 versus R0.7). We suspect
this is the result of a combination of AGN feedback being too weak and metal-line cooling
being absent. ROMULUS simulations do not produce stable NCC systems although once
in a while, they do produce weak NCC systems [72] and during this phase, the BGG is
quenched [73]. This phase typically arises when the BGG suffers a sizable merger that
elevates the core entropy; however, the phase is temporary, lasting � 2 Gyrs.

Turning to the TNG and SIMBA simulations, we find that 78% and 91% of the BCGs,
respectively, with log(M∗/M�) ≥ 11.3 are quenched. Such high fractions are not surprising
given that the vast majority of the z = 0 TNG and SIMBA clusters are NCC systems with
high entropy cores (see, for example, the orange and yellow curves in Figure 6). Neither
TNG nor SIMBA produce clusters with typical CC cluster entropy profiles, and in both
cases, the main reason appears to be that feedback is both too efficient, resulting in larger
and higher entropy central cores than observed (c.f. [214,215]).

The main takeaway, therefore, is that while all of the simulation models appear to find
reasonable agreement with a subset of the available observations of galaxy groups and
clusters, none of them correctly describe galaxy groups and clusters in a comprehensive
manner. It is very likely that the problems with the entropy profiles and quenched/star-
forming BGGs/BCGs are due to either a problem with the physical models that inform
the subgrid modeling of the various aspects of SMBH formation and evolution, and/or
due to the implementation these models in the simulations. All simulation models have
ad hoc features embedded within their subgrid prescriptions and when the models run
into difficulties, quite reasonably a common response is to attempt to patch one or more of
the subgrid schemes in the hope that that fixes the problem without causing any breakage
elsewhere. In the case of AGN feedback, we assert that minimal patches have generally
not led to a realistic population of simulated galaxy groups and clusters. This should be
seen as a clear invitation to revisit the treatment of SMBHs and AGNs in the simulations.
We offer some thought on the subject in Section 5.3.

130



Universe 2021, 7, 209

4.3. The Multiphase IGrM

Observations of the IGrM are dominated by the X-ray emission from hot, dense
gas surrounding the BGG. Since X-ray emission scales with the square of gas density,
diffuse warm and cool phases of the IGrM are prohibitively difficult to observe directly in
emission. While several groups have pioneered efforts to characterize the warm and cool
IGrM/ICM with UV absorption specifically targeting group environments [27,278,279], the
Virgo [280,281] and Coma [282] clusters, other clusters [26,283], cluster outskirts [284,285],
as well as low-mass group halos hosting ETGs [286], such studies are limited by the
available number of background sources with existing instrument sensitivities. For this
reason, simulations of groups offer a unique insight into the multiphase structure of the
IGrM and the physical origins of its different components. Because warm and cool gas
is expected to form structures that are significantly smaller than the volume-filling hot
phase, simulations that aim to accurately model the multiphase IGrM require extremely
high resolution. Recent advancements in the resolution of group-scale simulations (like
RomulusC and TNG50) have allowed for unprecedented insights into the nature of the
multiphase IGrM. Figure 11 demonstrates the multiphase gas structure in the ROMULUSC
simulation at z = 0.31. The top row shows 5 × 5 Mpc (9.5 × 9.5 R500) projections of gas
density, temperature, and metallicity. The bottom row shows synthetic X-ray emission
and UV absorption maps, roughly calibrated to the sensitivity of existing instruments.
This figure clearly demonstrates that X-ray emission and UV absorption studies probe
highly complementary regions of the IGrM. Additionally, it highlights the rich multiphase
structure of the IGrM that exists out to the edges of the group outskirts.

We quantify the fractional breakdown of multiphase gas throughout the extended
IGrM for z = 0 snapshots of ROMULUSC, EAGLE, SIMBA, and TNG100, in Figure 12. Gas
is divided into “hot” (T ≥ 106K), “warm” (105K ≤ T < 106K), “cool” (104K ≤ T < 105K),
and “cold” (T ≤ 104K). The IGrM is clearly dominated by the hot phase all the way out
to and beyond 4R500, and the cooler phases are not dramatically different between the
4 simulations. SIMBA has the least amount of multi-phase gas, and by total mass even
less inside R500, since the IGrM is most evacuated in this simulation. ROMULUSC has
the most warm-hot gas at large radii, but far less than at z = 0.31 where Butsky et al. [19]
showed more multi-phase gas that was disrupted by a 1:8 merger [72]. The properties of
this hot inner region are intimately tied to the feedback from the central BGG. In particular,
the temperature and entropy of the IGrM near the BGG depends on the recent AGN activity.
After periods of relatively low AGN activity, the entropy profile of the inner 0.04 R500 is
low and susceptible to thermal instability, which fuels star formation and AGN activity.
After vigorous AGN activity, the inner 0.2 R500 develops hotter temperatures and a steeper
entropy profile [72]. The metallicity of the hot phase is around 0.3 Z� and remains relatively
constant throughout the inner region [19]. The prevalence and uniformity of metals in the
hot phase implies that the hot phase was primarily enriched over time by diffuse gas in the
group outskirts and mergers with group satellites (e.g., [111,287]).

The statistical samples of EAGLE, SIMBA, and TNG100 show more similar patterns
of cool gas inside R500 including a fractional increase inside 0.25R500, which we detail
below. Further out, warm gas begins to constitute a substantial fraction of the IGrM mass
and beyond ∼2.5R500, but unlike the smooth, large volume-filling hot phase, the cool
gas distribution is patchy and traces gas that is stripped from satellite galaxies as they
move through the IGrM. In the most extreme cases, the satellite galaxies and their stripped
tails are referred to as “jellyfish galaxies” as seen in ROMULUSC O VI and H I maps in
Figure 11. In ROMULUSC, gas stripped from satellite galaxies tends to be cooler and
more metal-enriched than the ambient IGrM gas in the group outskirts, leading to a wider
distribution of metallicities traced by cool and warm gas. ROMULUSC satellite galaxy
CGMs (i.e., gas within � 150 kpc of satellites) show decreasing covering fractions of O VI,
C VI and H I at lower IGrM radii with a significant decline inside 3R500 [19]. Eventually,
the stripped halo gas mixes with the rest of the IGrM. Constraining this mixing rate will be
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important for understanding how galaxies lose their gas and how the group environment
is important for galaxy evolution.

Figure 11. The ROMULUSC simulation at z = 0.31 [19]. The top row shows the projected density, temperature, and metallicity.
The bottom row shows the predicted X-ray emission as well as the O VI and H I column densities. Each image spans 5 Mpc
across and the white dashed circle has a radius of 3R500. X-ray emission probes the inner hot, dense region of the IGrM. UV
absorption of ions like O VI and H I provide a highly complementary view of the IGrM, tracing the filamentary structure of
cool and warm gas as it is stripped from its host galaxies.

In addition to being stripped from satellite galaxies, cool gas can also form through
thermal instabilities, which is prevalent at a ∼10−2 fraction in the inner 0.25R500 of most
simulations of ∼1014 M� groups. When the local cooling time (tcool) of gas is roughly less
than 10× the gravitational freefall time (tff) [288], small perturbations can seed a runaway
cooling effect through which cool gas condenses out of the background medium and
precipitates onto the central BGG. This process of local thermal instability in a globally
stable atmosphere is self regulating and maintains a global cooling to freefall time ratio
(tcool/tff) � 10–20 throughout the IGrM (e.g., [289,290]). Any gas with tcool/tff ≤ 10 will
form cool filaments, lowering the density (and cooling time) of the remaining hot IGrM.
This cool gas is accreted onto the central BGG and can trigger stellar or AGN feedback,
driving the baryonic feedback cycle and maintaining global thermal stability in the IGrM.
This process of thermal instability promoting the formation of clumps of cool gas was
traced by Nelson et al. [291] using TNG50, which we check show very similar fractional
values as TNG100 for the two most massive group halos in that 503 Mpc3 box.

Finally, we show the mass trend of fractional IGrM phases for changing group halo
mass bins in the subpanels on the bottom right of Figure 12 for TNG100. The uptick in cool
gas inside 0.25R500 goes from 2%, to nearly 20%, to over 30% as one progresses down the
mass scale from M500 = 1013.9 to 1013.1 M�. Thus it should not be surprising that ions like
H I, Si III, and C IV in halo gas around relatively isolated ETGs that may occupy ∼1013 M�
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halos [286,292]. However, surveys targeting more massive groups show very little cool
(H I) or warm (O VI) gas inside Rvir [27].

Figure 12. The total mass fraction of hot (T ≥ 106K), warm (105K ≤ T < 106K), cool (104K ≤ T < 105K), and cold
(T ≤ 104K) gas as a function of distance from the group center at z = 0 for halos at M500 ≈ 1013.9 M� for ROMULUS
(ROMULUSC in this case), EAGLE (N = 7 groups), SIMBA (N = 39), and the inner regions of TNG100 for this bin (left
subpanel, N = 13) and two lower mass halo bins (middle, M500 = 1013.3−13.7 M�, N = 41; & right, M500 = 1012.9−13.3 M�,
N = 105). Although hot gas dominates the mass fraction within 4R500 of the BGG in all cases, cool gas never constitute less
than 10−3 of the total gas mass within R500.

4.4. Satellite Galaxies in Groups

Group satellites have been studied extensively in observational surveys, not least
because groups are more than an order of magnitude more common than massive clus-
ters [35]; even medium-size surveys such as GAMA therefore include more than a thousand
of them [293]. Although each individual group contains fewer satellite galaxies than a
rich cluster, collectively they still host 	2 times as many satellites (see Figure 13). These
observations generally place group satellites between clusters and the field with, for exam-
ple, quenched fractions of ≈60% [11] and H I mass fraction ratios (MH I/M�) of ≈0.15 [30]
at M� = 2 × 1010 M�, (extended) X-ray detection fractions of bright ETGs as high as
≈90% [294], and elliptical galaxy fractions of ≈50% [295].

In simulations, stripping of the (extended) warm-hot gas halos of group satellites
is robustly predicted (e.g., Butsky et al. [19], Bahé et al. [296], Zinger et al. [297]), even for
galaxies that are still (well) beyond the virial radius of the group. Ram pressure is strong
enough to explain this gas loss, in particular for galaxies that (temporarily) move through
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a denser part of the IGrM or with a higher velocity than typical at a given radius [298].
As discussed above, this gas loss is simultaneously predicted to be an important route of
IGrM enrichment [19].
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Figure 13. Fraction of satellite galaxies in the IllustrisTNG300 simulation that are hosted by galaxy-
scale halos (M500c < 1013 M�, light blue), groups (M500c = 1013–1014 M�, thick purple), and clusters
(M500c > 1014 M�, light red), respectively, as a function of their stellar mass. Groups host around
a third of low-mass satellites, and more than half of those with M� ≈ 1011 M�; their contribution
exceeds that of clusters at all stellar masses shown here.

To our knowledge, no simulation that stretches up to group scales is currently able to self-
consistently model the evolution of atomic and molecular hydrogen (see e.g., Hopkins et al. [113],
Applebaum et al. [299] for examples of such simulations on smaller scales). Some authors have,
however, modelled H I in post-processing with theoretically and/or empirically motivated re-
lations (e.g., Blitz and Rosolowsky [300], Rahmati et al. [301], Gnedin and Draine [302]) to de-
rive H I and H2 masses of group satellites. For EAGLE, Marasco et al. [303] demonstrated
agreement with ALFALFA observations and found that H I loss on group scales was driven
by a complex mixture of tidal stripping, ram pressure, and satellite–satellite encounters.
Stevens et al. [304] created detailed H I mock observations of the TNG100 simulation, show-
ing that this step was critical in achieving a match to the observed H I mass fractions of
Brown et al. [30]. They also found, however, that the H I loss in TNG100 parallels the
decline in SFR, contrary to the observations that show lower H I mass fractions even at
fixed sSFR [30].

In Figure 14, we compare the H I deficiency of group galaxies ΔH I =
log10(MH I,sat/MH I,cen) (where MH I,sat and MH I,cen are the total H I masses of group
satellite and central galaxies in a narrow range of M�) as predicted by the Illustris, Illus-
trisTNG, and Hydrangea simulations. For the first two, we take the H I masses computed
by Diemer et al. [305] on a cell-by-cell basis with the Gnedin and Draine [302] H I/H2 par-
tition; for Hydrangea the H I have been computed in analogy to Bahé et al. [306] with the
empirical Blitz and Rosolowsky [300] H I/H2 partition. Despite the variety of simulations,
resolutions, and H I models, the predictions are remarkably uniform: all simulations (except
for Illustris) predict an H I deficiency of ΔH I ≈ 0.9 at the low-mass end (M� ≈ 109.5 M�),
and a less extreme difference at high masses (ΔH I ≈ 0.2).

Stevens et al. [307] investigated the molecular (H2) masses of satellite galaxies in
TNG100 through a similar mock imaging approach as Stevens et al. [304]. Despite the lack
of a directly modelled cold ISM phase in these (and other) simulations, they obtained an
H2 mass fraction for group satellites that is ≈0.6 dex lower than in the field, consistent with
data from the xCOLD GASS survey [308].
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Figure 14. Atomic hydrogen (H I) deficiency of group satellites compared to centrals of the same
stellar mass, as predicted by the Illustris (green), IllustrisTNG (shades of blue), and Hydrangea
(orange) simulations (computed following Diemer et al. [305] and Bahé et al. [306], respectively).
Solid lines show the difference between mean H I masses in each bin, shaded bands the corresponding
1σ uncertainties obtained from bootstrapping. All simulations predict H I-deficient group satellites,
with the difference generally largest (almost 1 dex) for the least massive galaxies. Note that for
IllustrisTNG300 (light blue), H I masses are only computed for all galaxies with M� > 5 × 1010 M�.

The impact of this gas loss on star formation is arguably the most well-studied aspect of
simulation works on group galaxies. Unanimously, simulations predict that the quenched
(or red) fractions of group galaxies are significantly higher than for equal-mass field
galaxies (e.g., Donnari et al. [34], Bahé et al. [42], Tremmel et al. [49]). In simulation suites
that include groups, as well as more massive clusters (Hydrangea/C-EAGLE, IllustrisTNG),
clear trends with halo mass are seen, at least for M� � 1011 M� (see Figure 15): quenched
fractions in groups are below those for clusters by up to a factor of ≈2 [34,42]. When only
considering satellites that were directly accreted onto their z = 0 host and not quenched
already, however, Donnari et al. [34] report that this trend reverses for M� 	 3 × 1010 M�:
at the massive end, the quenched fraction of this subset of satellites is highest for groups
(up to 80%) and lowest in massive clusters (40%). Donnari et al. [34] interpret this “host
rank inversion” as a result of AGN feedback: while this still operates efficiently for massive
satellites in groups, it is suppressed in more massive clusters and therefore does not quench
massive galaxies as efficiently.

A second indicator of changes to the baryon cycle in group galaxies, their ISM metal-
licity, was investigated by Genel [309], Bahé et al. [310], and Gupta et al. [311] with the
Illustris, EAGLE, and TNG100 simulations, respectively. All three studies found elevated
metallicities of satellites compared to the field, a difference that is more pronounced for
lower M� and higher halo mass, in qualitative agreement with observations [312]. For EA-
GLE, Bahé et al. [310] showed that this enhancement also agrees quantitatively with the
observations, and is also predicted for stellar metallicities. Together, these studies identified
three mechanisms that contribute to the elevated metallicities. Firstly, ram pressure strip-
ping removes predominantly gas at larger radii, where the metallicity is lower [309,310].
Secondly, suppressed inflows of pristine gas within satellites [313] prevent the dilution
of the ISM [310]. Finally, Gupta et al. [311] showed that the gas that is still replenishing
the satellite ISM has higher metallicity than for isolated galaxies. Both TNG and EAGLE
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predict that this enhancement is not restricted to satellites within the virial radius of their
group, but already affects galaxies during their infall [310,311].
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Figure 15. Quenched fractions fq of central galaxies (left) and of satellites in groups (M500 = 1013 − 1014 M�, (middle)) and
clusters (M500 > 1014 M�, (right)) as predicted by different simulations. For (C-)EAGLE, Illustris, and IllustrisTNG, these are
computed directly from the simulation outputs; the quenched fractions for RomulusC are taken from Tremmel et al. [49].
Especially on the low stellar mass end (M� � 2 × 1010 M�), different simulations agree closely for centrals ( fq ≈ 0) and
clusters ( fq ≈ 1), whereas predictions on group scales show a much larger diversity ( fq between 0.6 and 1). Observational
data from Wetzel et al. [11] are shown for approximate guidance, but neither the satellite selection nor the host mass ranges
are matched to their analysis.

While ram pressure is acting on group galaxies, it distorts their gas into long “jellyfish”
tails. In TNG100, these have been studied by Yun et al. [23] through visual inspection. De-
pending on group mass, these authors found that ≈25–45% of gas-bearing satellites show
evidence of such tails in their (total) gas density maps, only moderately lower than the
equivalent fraction for clusters (≈65%). Even when considering only the (observable) H I

component in TNG100, Watts et al. [314] find statistically significant asymmetries that visu-
ally resemble observed H I tails (e.g., Chung et al. [315]), with a slightly higher occurrence
(21 vs. 28%) amongst group galaxies compared to those in lower-mass halos.

While the stripping of gas is the clearest predicted effect of ram pressure, simulations
have also begun revealing second-order effects due to the compressive effect on the leading
edge of group satellites. In RomulusC, for instance, Ricarte et al. [316] demonstrated a
correlation between ram pressure and black hole accretion rates as well as star formation
rates, evidence for which has also been seen in recent observations [317]. A compression-
induced enhancement of star formation has also been described in the EAGLE simulations
by Troncoso-Iribarren et al. [318]. A caveat applicable to both simulations, however, is that
stars are formed directly from the tenuous ISM phase rather than from dense molecular
gas that may have a different susceptibility to the effect of ram pressure, at least in detail.

The high resolution of contemporary galaxy group simulations has also enabled
studies of their (stellar) morphology. Feldmann et al. [319] studied the transformation
from disc to elliptical galaxy morphologies in one zoom-in simulation, and identified major
mergers prior to accretion as the key driver of this change. More recently, Joshi et al. [320]
presented a detailed analysis of galaxy morphology in groups and low-mass clusters from
the TNG50 and TNG100 simulations. They found that up to 95% of (satellite) disc galaxies
are transformed into non-discs by z = 0, with redistribution of stars by tidal shocks during
pericentric passages as the dominant mechanism behind the transformation.

Even more fundamentally, simulations have investigated the tidal stripping of dark
matter and stars from group satellites. With the caveat that this stripping may be artificially
enhanced by numerical artefacts (van den Bosch and Ogiya [321], but see Bahé et al. [31]),
the clear prediction is that dark matter stripping far outweighs that of stars: for exam-
ple, Joshi et al. [77] found in an individual zoom-in simulation of a galaxy group that stellar
stripping at a >10% level typically only occurs after the loss of ≈80% of their dark mat-
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ter halo. This relatively minor role of stellar stripping, also borne out by EAGLE [310]
and IllustrisTNG [322], leads to a stellar-to-halo mass relation with a much higher peak
ratio (≈0.15) for group satellites than centrals (≈0.02). The most extreme form of satellite
stripping, their complete disruption, is even predicted to be somewhat more common in
groups than clusters (≈65 vs. 50% of all accreted satellites with a total mass of ∼1012 M�),
due to the higher efficiency of dynamical friction driving satellites towards their dense
centers [31].

Finally, we note that simulations are also increasingly demonstrating the importance
of groups for the evolution of cluster satellites: around 50% of all z = 0 satellites in massive
clusters of the TNG300 simulation were quenched in a group before being accreted onto
their final host [34]; Pallero et al. [323] came to a similar conclusion with the Hydrangea/C-
EAGLE simulations. Similarly, Jung et al. [324] found that almost half of all M� 	 109 M�
galaxies accreted onto clusters as (group) satellites are already gas poor at the time of cluster
infall, compared to only 6% of central galaxies. Even where groups and their galaxies
have not (yet) joined a cluster, they therefore contribute to the large-scale environmental
dependence of galaxy properties far beyond the “edge” of the cluster [325].

4.5. Simulating the Impact of Galaxy Group Astrophysics on Large-Scale Structure Cosmology

Measurements of the growth of large-scale structure (LSS) can provide powerful
tests of our cosmological framework [326–330]. Importantly, they are independent of,
and complementary to, constraints from analyses of fluctuations in the cosmic microwave
background (CMB) and geometric probes, such as Type Ia SNe and baryon acoustic os-
cillations (BAOs). Generally speaking, the different LSS tests (e.g., Sunyaev-Zel’dovich
power spectrum, cosmic shear, group and cluster number counts, redshift space distortions,
etc.) are just different ways of characterising the ‘lumpiness’ of the matter distribution
on different scales. On very large scales, perturbation theory is sufficiently accurate to
calculate this distribution reliably. However, most existing LSS tests probe well into the
non-linear regime. The standard approach is therefore either to calibrate the ‘halo model’
(e.g., HMcode package; [331]) using large N-body cosmological simulations, or to use such
simulations to correct linear theory empirically (e.g., HALOFIT package; [332]).

If the matter in the universe were composed entirely of dark matter, these approaches
would likely be sufficient. However, baryons contribute a significant fraction of the mat-
ter density and work by a number of different groups has shown, using cosmological
hydrodynamical simulations, that feedback processes associated with galaxy formation
can have a significant effect on the matter distribution on scales of up to a few tens of
megaparsecs [66,333–335]. Therefore, while such effects are typically ignored or treated in
a simple way as a first step when modelling LSS data, it is of critical importance to under-
stand their impact, as they can introduce significant biases in the inferred cosmological
parameters in upcoming surveys if no action is taken (e.g., [70,336,337]).

Galaxy groups (taken here to be bound systems with total masses of ∼1013−14 M�)
play a particularly important role in LSS cosmology. This is simply because a sizeable
fraction of the galaxies, baryons, and overall matter in the Universe resides in groups.
Consequently, LSS cosmology tests that probe more ‘typical’ environments (such as cosmic
shear, galaxy-galaxy lensing, galaxy clustering, redshift space distortions, CMB lensing, etc.),
as opposed to tests that sample only the most massive systems (such as the SZ effect power
spectrum and current cluster count surveys), will be sensitive to the abundance of galaxy
groups and the spatial and kinematical distributions of matter within and around them.

A quantitative demonstration of the importance of the galaxy groups on LSS cos-
mology can be provided by examining the contribution by halo mass to the total matter
power spectrum, P(k). Note that, at present, virtually all current LSS tests probe cosmol-
ogy through its effects on the matter power spectrum. In the left panel of Figure 16 we
show the contribution to the dimensionless matter power spectrum by halos of different
mass, as calculated in Mead et al. [338] using the HMCODE halo model. Note that the
dimensionless matter power spectrum, Δ2(k), is related to P(k) via a multiplicative factor
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4π(k/2π)3 and k is the wavenumber related to the comoving size scale (λ) by k = 2π/λ.
The curves show the resulting power spectrum when integrated up to different choices
for the maximum halo mass. The results demonstrate that halos corresponding to galaxy
groups contribute the majority of the power on the scales relevant for most LSS probes
(typically k � 10 hMpc−1). This conclusion is consistent with previous simulation-based
findings presented in van Daalen and Schaye [339].

A clear ramification of groups contributing a large fraction of the signal to current LSS
tests of cosmology is that theoretical models/simulations must be able to predict the abun-
dance of groups and the matter distribution within them to a very high level of precision on
average. For example, the upcoming Rubin Observatory (formerly LSST), Euclid, and Ro-
man Space Telescope surveys are expected to measure the matter power spectrum to better
than a few percent accuracy over a very wide range of scales, implying that the theoretical
uncertainties in predicting P(k) should be smaller than this to avoid biasing cosmologi-
cal parameter constraints (e.g., Huterer and Takada [340], Hearin et al. [341]). As already
noted, because baryons contribute a non-negligible fraction of the matter density, this
means an accurate theoretical description of the baryons within groups (and their back
reaction on the dark matter) is also required.

Given the complexity of the physical processes involved in setting the thermodynamic
properties of the IGrM and the difficulty in simulating the full range of scales at play (see
Section 3), the prospects for accurately (to typically percent level) describing the impact
of baryons and group astrophysics on LSS would at first sight seem daunting, if not alto-
gether hopeless at present. Indeed, previous simulation work has shown that variations of
the parameters associated with the efficiencies of feedback processes even within plausi-
ble bounds can lead to relatively large differences in the predicted properties of groups
(e.g., [7,132,133,342]). Variations in resolution and method of solving the hydrodynamic
equations may also produce important changes (e.g., [84]), though they are arguably of
secondary importance compared to changes in the subgrid modelling associated with
feedback (e.g., [85]). A consequence of these large simulation-to-simulation variations in
the predicted properties of groups are relatively large study-to-study variations in the
predicted impact of baryons on the matter power spectrum (see the simulation comparisons
in [343,344]).

The study-to-study variation in the predicted properties of groups and the impact
of baryons on P(k) is not unexpected. It is a consequence of not being able to derive
the efficiencies for the relevant feedback processes from first principles (see discussion
in [39]). This problem is made particularly challenging in the context of simulations with
finite resolution and approximations for other (coupled) physical phenomena. As we
cannot derive the efficiencies from first principles, the feedback in simulations must be
calibrated in order to ensure they reproduce particular quantities, after which the realism of
the simulations can be tested against other, independent quantities. For LSS cosmology,
the main problem we are trying to solve is to accurately model the impact of baryons on
P(k). One way this could be achieved is to directly measure P(k) from observations (e.g.,
via cosmic shear or galaxy-galaxy lensing and galaxy clustering) and compare this with the
P(k) predicted in the absence of baryon physics to measure the impact of baryons. However,
such an approach is generally a non-starter, as to predict P(k) in the absence of baryons
requires that we assume a cosmology and therefore the process of deriving the impact of
baryons on P(k) becomes explicitly dependent on cosmology and we would have adopted
a circular line of reasoning in our aim to constrain cosmology with LSS measurements.
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Figure 16. (Left) The contribution to the dimensionless matter power spectrum for halos of different mass. The curves show
the resulting power spectrum when integrated up to different choices of the maximum halo mass. Here we can see that halos
corresponding to galaxy groups (1013−14 M�) contribute a very large fraction of the power over the range of wavenumbers
probed by LSS measurements (typically k � 10 hMpc−1). This figure was reproduced with permission from Mead et al. [338].
(Right) The effect of galaxy formation on the matter power spectrum at the scale k = 0.5 hMpc−1 as a function of the mean
normalized baryon fraction in ∼ 1014 M� halos. Shown are simulations from cosmo-OWLS and BAHAMAS (grey and red),
EAGLE (purple), Illustris (blue), TNG100 and TNG300 (cyan and green) and Horizon-AGN (orange). Baryon fractions were
calculated within r500c for halos in the mass range M500c = [6 × 1013, 2 × 1014] M�. The dashed curve shows that at this k,
a simple exponential function of the baryon fraction fits the predictions for the suppression of power of all simulations to
within 1% (grey band). The vertical green band shows a range of mean group-scale baryon fractions roughly consistent
with observations. These results demonstrate that the differences in the simulation predictions for the impact of baryons on
P(k) can be understood to high accuracy based on differences in the baryon fraction on the group scale and that calibration
to observed baryon fractions is a promising tool for constraining feedback processes in the simulations. This figure was
reproduced with permission from van Daalen et al. [344].

An alternative approach is to modify the gravity-only predictions with simple,
physically-motivated prescriptions for baryon physics that have some number of associated
free parameters and to jointly constrain the cosmological and feedback parameters through
comparisons to LSS observables. Examples of this approach include the halo model ap-
proach HMCODE of Mead et al. [331,338] and the ‘baryonification’ approaches (which directly
modifies the outputs of gravity-only simulations) of Schneider and Teyssier [334], Schneider
et al. [345] and Aricò et al. [346]. The advantages of these approaches include: (i) they are
considerably cheaper than running full cosmological hydrodynamical simulations; (ii) the
baryon prescriptions are generally flexible and easy to adjust/improve; (iii) they can be
straightforwardly incorporated within existing pipelines based on gravity-only simulations
or the halo model. The disadvantage of these approaches are that the modeling of baryon
physics and its back reaction on dark matter is simplistic and generally not self-consistent
and that, unless the impact of baryons is very different than the cosmological variations
being explored, one expects there to be important degeneracies between the cosmological
and feedback ‘nuisance’ parameters and a degrading of cosmological constraining power
(due to marginalization over uncertain baryon physics).

What about using cosmological hydrodynamical simulations directly for LSS cosmol-
ogy predictions? The approach of the BAHAMAS program [41,347] (see also the recent
FABLE simulations; Henden et al. [44]), is to explicitly calibrate the feedback efficiencies
so that they reproduce the observed baryon fractions of galaxy groups. Except for an
explicit dependence on the universal fraction, Ωb/Ωm, the baryon fractions of groups
should be insensitive to changes in cosmology [348] and therefore they represent a highly
useful metric on which to calibrate. Furthermore, since the growth of matter fluctuations is
fundamentally a gravitational process, by ensuring the simulations have the correct baryon
fractions on the scale of groups and gravitational forces are computed self-consistently,
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the impact of baryons on P(k) should be strongly constrained by this calibration approach.
Indeed, van Daalen et al. [344] have recently shown that one can understand the differ-
ences in the predicted impact of baryons on P(k) from different simulations at the percent
level in terms of the differences in baryon fraction in the various simulations at a mass scale
of ∼ 1014 M� (see right panel of Figure 16). It is worth noting here that the simulations
analysed in that study varied in resolution by more than a factor of 1000 in mass, used
different hydro solvers, and assumed different baseline cosmologies.

The implication of this recent development is that, through calibration of feedback
efficiencies on the observed baryon fractions of galaxy groups, we strongly limit the ways
in which feedback can affect P(k) (in other words we have a very strong prior on the
impact of baryons). This, in turn, means much stronger (and more robust) cosmological
constraints from LSS. However, before claiming victory, a number of important issues
require further attention. Firstly, as the calibration is reliant on observations of galaxy
groups, the uncertainties in the observed baryon fractions need to be properly included in
any cosmological analysis. It goes without saying that the selection function of the group
calibration data set must be also reasonably well understood and accounted for (otherwise
we risk miscalibrating the feedback). In addition, while the results of van Daalen et al. [344]
look very promising, we need to explicitly verify that different kinds of simulations (e.g.,
that vary how feedback, star formation, and so forth are implemented, resolution, how the
hydro equations are solved, etc.) that are calibrated in the same way to the same precision
actually produce the same P(k). In other words, we need to check whether differences in
the details and evolution of the simulations affect the end state (e.g., P(k) at z = 0) if some
aspect of that end state has an imposed boundary condition (the baryon fractions at z = 0).
We also have precious few observational constraints on the baryon fractions of groups
beyond z ∼ 0.3 and it is therefore unclear to what extent the simulations calibrated at z = 0
remain ‘well behaved’ at significantly earlier times. Finally, the level of degeneracy between
the various cosmological parameters and the parameters governing feedback efficiency
needs to be fully quantified. As already noted, there is an explicit dependence on the
universal baryon fraction, Ωb/Ωm, but there may well be other less obvious degeneracies
that require understanding in order to obtain percent level constraints on parameters such
as the dark energy equation of state. Thus, while a promising start has been made in
addressing this complex challenge, a number of important steps remain in order to fully
account for the impact of group astrophysics on high-precision LSS cosmology.

Finally, we note that, in this section, we have discussed the impact of group astro-
physics on LSS cosmology, with a focus on the non-linear matter power spectrum, P(k),
which is the basis of many precision LSS probes of cosmology including cosmic shear, CMB
lensing, galaxy clustering, and so on. We have not specifically discussed the impact of
group astrophysics on attempts to use the abundances (number counts) of galaxy group
themselves to constrain cosmology. Of course, one advantage that groups have over clus-
ters in this regard is that they are much more numerous, potentially allowing for stronger
cosmological constraints than what might be obtained by clusters alone (e.g., [349–352]).
The challenge is that they are more difficult to detect and to model, as already discussed.
These issues are particularly pertinent for group counts, as they affect the cosmological
observable in a much more direct way than, for example, cosmic shear. Nevertheless, as our
observational picture and ability to model galaxy groups improves, we expect galaxy group
counts to play an increasingly important probe of cosmology and one that is complementary
to constraints coming from cosmic shear, CMB lensing, and other LSS probes.
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5. Future Directions

5.1. Using Simulations to Make Predictions for Existing and Future Missions and Telescopes

Cosmological simulations are widely used to make predictions for future missions, of-
ten in such a capacity that a mission’s approval or rejection may hinge on these predictions.
It is therefore incumbent upon simulators to generate mock observations that do not suffer
from numerical effects, poorly implemented modules, or insufficient resolution. However,
simulation predictions that are later refuted are not necessarily the result of numerical
problems: instead, such discrepancies may also reveal new physical processes. This applies
in particular to the complex interplay of non-gravitational physics and dynamics in groups.

A near-term example relevant for groups covers predictions of X-ray line emission
from the EAGLE simulation that should be observed by several future missions, including
XRISM to be launched in 2022. Figure 17 from Wijers et al. (in prep) demonstrates that
XRISM should be able to detect O VII and Mg XII emission tracing the approximate tem-
peratures of virialized IGrM gas. This prediction follows on from the “virial temperature
thermometer” model of Oppenheimer et al. [76] and Wijers et al. [353] that specific metal
ions should trace the volume-filling virialized halo gas corresponding to the temperature of
the ion’s peak collisional ionization fraction. While (UV-band) O VI traces outer virialized
galactic halo gas at 3 × 105 K, O VII and O VIII in the X-ray spectrum are predicted to trace
≥ 106 K IGrM in groups. Figure 8 of [353] predict that O VIII absorption is strongest in poor
groups with M500 ∼ 1013 M� and Fe XVII in intermediate groups with M500 ∼ 1013.5M�.

XRISM should measure the significant metal and (for an assumed metallicity), baryon
contents of the IGrM out to 100 kpc from the central galaxy as predicted by the EAGLE
simulations in Figure 17. Micro-calorimeters on Athena and Lynx should be able to resolve
the interior metal emission of the IGrM at superb (<10 eV) spectral resolution and signal
to noise ratio. If, however, XRISM does not detect O VIII or Mg XII at the levels predicted in
this figure, this might point to one of the following scenarios. Firstly, the IGrM might not
be as metal-enriched as EAGLE predicts, for example, because the nucleosynthetic yields
assumed by the simulation are too high, or due to a higher-than-predicted fraction of metals
being retained within galaxies. Secondly, EAGLE might over-predict the IGrM baryon
content, and hence the gas density and emission line luminosity 13. A third possibility is
that metals in real groups are distributed more (or in principle also less) homogeneously
than in EAGLE, which would affect the radially averaged cooling rates, and hence line
emission luminosities—metal-line emission is highly sensitive to the distribution of gas
density and metallicity distributions on both the macro and micro IGrM scales. Finally, non-
equilibrium ionization [94] and/or dual temperature electron-ion plasmas [354] could alter
simulation predictions that almost always assume ionization equilibrium and equipartition
between electrons and ions.

When simulators generate mock observations, it is important to present their pre-
dictions in a manner that accurately showcases the capabilities of existing and proposed
instruments. Often it is advisable to work with instrumentalists and observers. An example
of an attempt to fairly compare capabilities of existing and future missions appears in
Figure 18 for a TNG100 M500 = 1013.6 M� halo at z = 0.05. Each panel shows a mock
100ksec X-ray image based on the instrument capability at launch (Cycle 0 for Chandra),
but the leftmost panels show mock observations without any noise. We apply a forward
modeling technique using the packages pyXSIM 14 [357] and SOXS 15; the SIXTE simulation
software [358] is used to create the eROSITA mock.
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Figure 17. X-ray line emission predictions from the EAGLE simulation via Nastasha Wijers (in prep.) demonstrating
the detectability by XRISM, Athena, & Lynx space-borne micro-calorimeters as a function of impact parameter from the
central galaxy. Lines are colored by halo mass with light green and yellow corresponding approximately to low-mass and
high-mass groups. Faded vertical stripes indicate R200 for each halo mass. High-mass groups are detectable by XRISM in
O VIII and Mg XII at 100 kpc, while low-mass groups are detectable only in O VIII. Athena and Lynx should measure IGrM
line emission for all group halos with high spatial resolution.

We choose surface brightness units (counts s−1 arcmin−2) to show the relative through-
put of the detectors. At launch, Chandra was able to detect groups out to R500 in � 100 ksec,
which appears consistent with the longest exposed groups of Sun et al. [2]. eROSITA can
detect extended emission out to a good fraction of R500, although it will only approach
such exposures at the ecliptic poles during its eRASS:8 4-year survey [359], and will require
targeted follow-up on most groups in the sky to achieve such depth. Biffi et al. [360] simu-
lated eROSITA observations of clusters/groups between z = 0.1–2.0 from the Magneticum
Box2/hr run, inputting AGN to determine if the underlying ICM/IGrM emission can be
separated from AGN contamination. Oppenheimer et al. [361] simulated the stacking of
galactic halos assuming 2 ksec exposures aimed at 50 z = 0.01 galaxies with an average
halo mass of M500 = 1012.5 M� to show that the eRASS:8 survey should be able to resolve
the stacked profile out beyond 100 kpc. Their forward modeling analysis used EAGLE
and TNG100 galaxies as inputs, added in noise and attempted to subtract it, and excised
mock point sources from the cosmic X-ray background. However, Biffi et al. [360] and
Oppenheimer et al. [361] still did not attempt to mock the scanning mode of the 8 indi-
vidual all-sky surveys, instead assuming single pointed exposures with the object placed
at the center, which likely under-estimates sources of systematic errors. Future data col-
lected from eROSITA will need to be compared to simulations applying the same scanning
exposures used by the eRASS:8 survey.

Continuing on the lower panels of Figure 18, Athena will be able to distinguish IGrM
structure associated with the central galaxy and satellites. Finally, Lynx should be able to
clearly resolve azimuthal dependence, a variety of satellite interactions, and sharp shock
fronts bow shocks associated with infalling satellite as seen to the left of the simulated central.
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Figure 18. Simulated 100 ksec surface brightness maps of the same TNG100 M500 = 1013.6 M� group placed at z = 0.05 by
CCD detectors on Chandra (Cycle 0 capability), eROSITA, Athena, & Lynx. The two left panels show Chandra and Athena
mocks without noise, while all the other panels add noise from the instrument, the Milky Way foreground, and a randomly
generated cosmic X-ray background (CXB). The field of view covers out to R500. All detectors use the color scale on the right.
A. Simionescu collaborated on the production of this figure. Note: the CXB is differently randomly generated in each panel.

5.2. Observations and Simulations in Support of Each Other

It is clear that the increasing wealth of observational data on galaxy groups has led to
continual improvement in cosmological simulations, as we gain increased knowledge about
the physical processes at play and constraints on their ‘efficiencies’, both of which help
inform the simulations. However, an important caveat to bear in mind is that observations
themselves are subject to considerable uncertainties which should not be ignored when
comparing with simulations, particularly if one intends to calibrate aspects of the simu-
lations on said observations. While good strides have been made in generating realistic
synthetic X-ray, thermal Sunyaev-Zel’dovich (tSZ), optical, and so forth, ‘observations’ of
simulated groups to enable like-with-like comparisons (e.g., [7,357,362–364]), to date much
less attention has been devoted to ensuring a consistent method of selection. While the use
of mock catalogs is standard practice in galaxy surveys to quantify the selection function
(e.g., [365–367]), the use of realistic mocks to quantify the selection function of groups
selected on the basis of their hot gas properties (particularly X-ray and tSZ) has lagged
behind. Instead very simplistic models (e.g., spherical beta models) are still regularly
employed in characterizing the selection function. There is also often a key difference in
the way observers speak about the selection function (which they normally cast in terms of
observable quantities such as flux, surface brightness, or signal-to-noise ratio) and what
a theorist or simulator would regard as the selection function (which is almost always
with respect to halo mass). Ultimately, what is required is an iterative process involving
simulations and observations, whereby mock surveys of the simulations are used to inform
a consistent definition of the selection function. A like-with-like comparison is then made
between the simulations and observations, shortcomings of the simulations are identified,
new simulations are produced, and the cycle repeats. Each cycle yields not only an im-
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proved simulation and physical picture (hopefully), but also informs our knowledge of
how biased observational methods are in selecting groups and estimating their physical
parameters. Of course, the realism of the simulations must also be tested against indepen-
dent observations which are not part of the calibration process (e.g., evolution of galaxy
groups, environmental effects on galaxies, etc.).

While the heterogeneous nature of most pointed X-ray observations with Chandra and
XMM-Newton do not naturally lend themselves to the development of simple selection
functions, upcoming eROSITA observations should be much more tractable in this regard,
given the homogeneity of the survey. Likewise, wide-field tSZ observations should benefit
from mock surveys based on large hydrodynamical simulations, to complement existing
work based on simple spatial templates (e.g., [368]), which are not expected to hold deep
into the group regime [369].

5.3. Timely Research Topics for Simulations of Groups

Arguably, simulations of 1013–1014 M� halos have so far received less attention than
neighboring halo mass ranges, which might be due to the current difficulty in the obser-
vational identification and characterization of groups, as well as the complexity in their
theoretical modeling. On the observational side, breakthroughs are imminent on multiple
fronts: deep and highly complete spectroscopic galaxy redshift surveys such as the 4MOST
Wide-Field Vista Extragalactic Survey (WAVES) will deliver robust group catalogues; IGrM
probes with linear dependence on gas density—such as UV and X-ray absorption, kinetic
Sunyaev-Zeldovich (kSZ), and fast radio bursts [370,371]—instead of the ρ2 scaling of X-ray
emission will map the diffuse IGrM out to large radii. Below, we therefore list a selection of
timely open research topics in the field of group simulations.

• The relationship between the central SMBH and properties of the IGrM/ICM/CGM:

The strong correlations between the mass of the central SMBH in a group (MSMBH)
and the temperature and X-ray luminosity (TX and LX) of the IGrM/ICM [372,373],
provide fundamental tests of AGN feedback in simulations (see also Section 4 of the
companion review by Lovisari et al. [1]). On the one hand, the MSMBH scaling with
Mhalo, assuming TX measures Mhalo, is a natural expectation of the SMBH growth
being controlled by the binding energy of the halo [374]. The EAGLE simulation
prediction that LX scales inversely with MSMBH at fixed halo mass and most strongly for
the CGM (i.e., galactic halo masses below the group scale; Davies et al. [162] suggests
the opposite, inverse trend, which is also seen in TNG100 [140]. As the latter paper
explains, the CGM LX is reduced in response to the integrated SMBH feedback lifting
baryons out of galaxy halos, lowering the density, and significantly increasing cooling
times. However, by group masses, the Gaspari et al. [372] correlations appear repro-
duced by TNG100 with TX(< R500) showing surprisingly little scatter for quenched
galaxies with MSMBH > 108.2 M� [375]. This link between MBH and halo-wide TX,
which is the best X-ray observational proxy for halo mass, indicates that simulations
predict a fundamental relationship between MBH and Mhalo transmitted through the
virialization of halo gas. The nature of this relationship contains both the virial tem-
perature being set by hierarchical growth of group/cluster-scale halos (as discussed
by [375]), and the mechanisms of gas accretion and AGN feedback determining SMBH
growth, which span scales from the SMBH radius to Rvir (as discussed in Section 4.1 of
the companion review by [78]. and in [376]). Bassini et al. [377] explored GADGET-3
cluster zoom simulations, finding that they were able to reproduce the observed
T500 − MSMBH and other correlations in the group and cluster regime. We emphasize
the need for more simulations to explore the rich and diverse astrophysics contained
in the relationship between group properties and their central SMBHs.

• Cooling flows or cold rain?: One of the key phenomenon that links the IGrM/ICM to
the BGG/BCG and ultimately, to the SMBH hosted by the central galaxy is the flow of
gas from the former to the latter two, particularly in CC clusters. During the cooling
phase, the conventional view is that the gas typically flows inwards subsonically and en
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masse, meaning that if gas is multiphased, then all phases move inwards in a comoving
fashion. This is how cooling flows were originally conceived ([378]; see also reviews
by [379,380]); this is what pre-AGN feedback simulations found (see Figures 17 and 19
of [95]); and recently, this is how the inflow is thought to behave during times when
the central AGN is quiescent (or in quadrants about the cluster center where cooling
is dominant). Recent very high resolution simulations of idealized galaxy groups and
clusters [150,381–386] find that when the ratio tcool/tff in a cooling group/cluster core
drops below some threshold (nominally ∼10), local density perturbations can become
thermally unstable [288,290], leading to the formation of cold dense clouds. These
clouds then separate from the rest of the CGM and stochastically rain down upon
central galaxy and its SMBH. This “cold rain” fuels both star formation events as well
as AGN outbursts.

There are number of problems with the conventional Bondi accretion model indi-
cating that it is untenable (see, e.g., [384,385,387,388]), which the cold rain model
appears to resolve. We argue that this warrants further investigation of the cold
rain model within the context cosmological hydrodynamics simulations of the for-
mation/evolution of massive galaxies, groups, and clusters. Two potential directions
of study stand out: Firstly, current insights about the cold rain phenomenon come
from idealized simulations that neither have satellite galaxies moving through the
IGrM/ICM and inducing perturbations in their wakes, nor do they allow for interac-
tions, like ram pressure stripping of these satellite galaxies. How these complications
alter the thermal instability/cold rain picture remains unexplored. Secondly, it is not
currently feasible to directly model the cold rain phenomenon in cosmological hydro-
dynamics simulations because that would require being able to resolve spatial scales
approaching ∼1 pc ( see [389] for further details). This however means that there is
an opportunity for developing innovative subgrid models that can capture the most
important elements of the cold rain model. There is precedence for the second option
in that the torque-limited accretion subgrid model of Anglés-Alcázar et al. [153] was
created to encompass idealized simulations of gas-rich accretion discs from 10 kpc to
0.1 pc [390].

• New models for AGN feedback: Non-spherical, jet-like feedback appears necessary
to impart energy to the IGrM/ICM while not over-evacuating the inner region, as dis-
cussed in Section 4 of the Lovisari et al. [1] companion review where they show in their
Figure 7 results from an idealized simulation by Gaspari et al. [391] demonstrating a
self-regulated jet capable of preserving the cool core (see also [382–386]). Collimated
jet feedback is currently inadequately modeled in cosmological simulations; however,
thermal blast feedback should not be dismissed as a potential mode operating at
late times until it is confirmed that cored NCC underluminous groups do not exist.
Meece et al. [392] found a hybrid kinetic jet with thermal heating in idealized hydro
simulations could best achieve self-regulation and produce a cool core, whereas a
thermal-only jet results in a cored profile that rapidly radiates energy away lead-
ing to a cooling catastrophe. Their kinetic-only model also achieves self-regulation,
but appears too steady compared to observed AGN duty cycles.

The failure of cosmological simulations to reproduce the observed thermal structure
of the IGrM (Section 4.1.2) may be related to cosmological simulation’s inability to
model narrow, high momentum flux, jet outflows. Narrow beams are better able to
drill their way out through a highly pressurized IGrM/ICM that can easily stall an
isotropic outflow, preventing the deposition of energy where it is needed. Nonethe-
less, narrow outflows have their own challenges, which become apparent through
running idealized simulations. Firstly, as shown by Vernaleo and Reynolds [393] and
confirmed by Cielo et al. [394], jets that fire in a fixed direction tend to deposit their
energy at increasing larger distances and ultimately, end up doing so beyond the
group/cluster core. As a result, such jets only delay the onset of catastrophic cool-
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ing, not prevent it. The second and equally vexing problem concerns the coupling
between the narrow jets and the IGrM/ICM: how do narrow, bipolar jets manage
to heat gas in the group/cluster cores in a near-isotropic fashion? This motivated
Babul et al. [395] to argue for tilting jets, which change direction every so often as
evidenced by observations detailed in this paper. Cielo et al. [394]—and most re-
cently, Su et al. [396]—found that not only is tilting necessary, but the angle between
jet events must also be reasonably large, and furthermore heated jets work better
than cold jets. In effect, the desired outflows are those that have the appropriate
energy/momentum flux, create near-spherical cocoons because these optimize energy
transfer in transverse directions relatively to the jets, and in a time-averaged sense,
distribute their energy in a near-isotropic fashion within the group/cluster core.

• X-ray detectability of new classes of groups: The largest number of diffuse object
detections by eROSITA will be groups (e.g., [352]). The complete eRASS:8 survey
should detect groups with M500 > 1013 M� out to z = 0.05 [397]. While simulations of
EAGLE and TNG100 eRASS:8 stacking show galactic-scale halos at M500 < 1013 M�
will not be individually detected [361], eROSITA should observe groups in the local
volume covered by CLoGS. Simulations will provide necessary guidance in the inter-
pretation of any prospective cored NCC under-luminous groups and/or coalescing
groups that have yet to virialize. It may well be that significantly under-luminous
groups potentially exist as Pearson et al. [398] cannot detect with Chandra two of their
10 optically selected groups, which do not show signs of being unvirialized. The near
future holds promise to detect new potential classes of groups—poor, under-luminous,
and coalescing—in X-rays.

• Multi-phase gas stripping from group satellites: A shortcoming in common to all
simulations that we have discussed in this review is the lack of a cold (T 
 104 K)
and dense molecular phase in the ISM of galaxies. Both observations (e.g., [399]) and
idealized hydrodynamic simulations (e.g., [400]) clearly indicate that ram pressure has
a different effect on the dense molecular phase from which stars are formed than the
more tenuous, warmer components traced by H I and H II. Although post-processing
can be used to estimate the molecular content of group satellites (albeit with strong
assumptions; [307]), it cannot capture the different dynamical evolution of the two
phases. Simulations with direct modeling of molecular gas—as is now often done
in high-resolution zooms of individual galaxies (e.g., [113,299])—would therefore
reveal a fundamentally new aspect of the interaction between the IGrM and satellite
galaxies. Recent advances in subgrid cooling models [401] make such large-scale cold
ISM simulations possible, but the high resolution required to resolve giant molecular
clouds at least marginally (�104 M�) makes them unfeasible on cluster scales for the
foreseeable future. Galaxy groups, on the other hand, would be perfectly suited to
exploring this additional facet of the baryon cycle in a full cosmological setting.

• The Sunyaev-Zel’dovich Effect: SZ stacking is already measuring the pressure and
density profiles of groups from large radii inward. Cross-correlating large spectro-
scopic surveys (e.g., BOSS [402]) with high-resolution maps of the CMB from the
Atacama Cosmology Telescope (ACT) has measured the extended pressure and den-
sity profiles of groups via the tSZ and kSZ effect respectively. Amodeo et al. [403]
detected elevated gas pressure profiles outside R200 of z = 0.55 M200 = 1013.5 M�
groups indicating that feedback energy equivalent to double the gaseous halo binding
energy needs to coupled directly to the IGrM, which is significantly above predic-
tions from TNG100 simulations and even more so the EAGLE simulations [140].
Schaan et al. [404] showed that z = 0.31 M200 = 1013.7 M� groups are far more
devoid of baryons in kSZ measurements than a Navarro et al. [405] (NFW) pro-
file. Lim et al. [406] tested groups in Illustris, EAGLE, TNG300, and Magneticum
simulations against Planck Collaboration et al. [407] stacks, finding that the M500 ∼
1013.0−13.5 M� scale provides a very promising scale to constrain the nature of AGN
feedback. The measurements of pressure, density, and, through division, temperature
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profiles of groups will dramatically increase in the 2020’s as the Rubin Telescope
comes on line and the Roman and Euclid Telescopes are launched, providing spectro-
scopic surveys to cross-correlate further CMB observations from the ACT, the Simons
Observatory, the Large Millimeter Telescope, and CMB-S4. These future SZ surveys
will provide standard calibrations against which simulated groups are compared.

6. Final Statement

Cosmological hydrodynamic simulations provide an aggregate picture of groups
that is not yet available observationally. Some of the latest state-of-the-art simulation
projects can reproduce key stellar observations of galaxies, while others are able to match
essential gaseous properties of clusters and large scale structure. We approach the break-
through when a single high-resolution cosmological simulation suite can match gaseous
and stellar properties of both galaxies and clusters. The simulated groups in the inter-
mediate range provide true testable predictions for upcoming observational datasets that
include comprehensive galaxy surveys, all-sky X-ray maps, and deep radio surveys. Future
observed group datasets synthesizing galaxy catalogues down to dwarf galaxies, X-ray
emission extending beyond R500 and to masses below M500 < 1013.5 M�, thermal and
kinetic Sunyaev-Zel’dovich measurements, and UV absorption compilations plus 21-cm
maps accounting for warm and cool gas component will provide creative new stress tests
of the non-gravitational, baryonic physics in cosmological simulations.
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Notes

1 In the remainder of this review, we omit the ‘c’ suffix that identifies the overdensity as measured with respect to the critical,
rather than for example, mean, density of the universe

2 All conversions are median differences obtained from the IllustrisTNG300 simulation
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3 We note that the ability of particles to move through the simulation volume is not particular to this approach, and is also an
integral feature of the SPH approach

4 See also Crain et al. [62]. for calibration and McAlpine et al. [63] for public release
5 See also Marinacci et al. [64], Naiman et al. [65], Springel et al. [66]
6 We note the work of Ragagnin et al. [71] who measured the “fossil-ness” of Magneticum groups in the even larger 900 Mpc

Box2b/hr volume, which apparently ran to z = 0
7 The ∼R1.1 scaling of the gas entropy profile is set by gravitational infall-related processes, including accretion shocks and

subsequent thermalization. As shown by Lewis et al. [95], it echoes the pseudo-phase space density profile of the dark matter:
ρ(R)/σ3(R) ∝ R−1.8 [97,98]. The entropy scaling is ∝ [σ3/ρ(R)]2/3

8 IllustrisTNG does include anisotropic thermal conduction (and magnetic fields), though the impact on the evolution on hot gas
in groups has not yet, to our knowledge, been examined in detail. However, Barnes et al. [167] have examined the impact of
anisotropic thermal conduction on more massive clusters, concluded that it has the effect of making cool cores more prevalent

9 The companion review by Eckert et al. [78], Figures 14 and 15, plots gas fractions, fgas,500, as a function of M500, which are more
evacuated for a given halo than fgas,200 as plotted here. The gas, stellar, and baryon fractions within R200 are less well constrained
due to group X-ray measurements not extending out to R200 yet, and therefore represent predictions for future observations

10 For EAGLE, TNG100, and SIMBA, all profiles shown are at z = 0; for ROMULUS we combine five snapshots at z ≤ 0.36 because
the simulation contains only a single halo in this mass range

11 At first sight, this offset may be surprising given the explicit normalization of our profiles by the integrated K500. The reason for
this apparent contradiction lies in the definition of K500, which is calculated under the assumption that the baryon fraction within
R500 is equal to the cosmic average fb. As shown in Figure 3, the actual gas fraction, and hence electron density, is lower by a
factor of up to ≈3 at M500 = 1013 M� even within R200, so that <K>> K500

12 readers interested in seeing a more complete set of available SMHMs results are referred to Figure 10 of
Coupon et al. [246] or Figure 9 of Girelli et al. [247]

13 As discussed in Section 4.1.1, there is already evidence for this, although at least the central regions of EAGLE groups appear to
reproduce current observations (see Figure 5)

14 http://hea-www.cfa.harvard.edu/~jzuhone/pyxsim/ (accessed on 10 June 2021) pyXSIM is an implementation of the PHOX
algorithm [355,356]

15 http://hea-www.cfa.harvard.edu/~jzuhone/soxs/ (accessed on 10 June 2021)
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Abstract: Galaxy groups host the majority of matter and more than half of all the galaxies in the
Universe. Their hot (107 K), X-ray emitting intra-group medium (IGrM) reveals emission lines typical
of many elements synthesized by stars and supernovae. Because their gravitational potentials are
shallower than those of rich galaxy clusters, groups are ideal targets for studying, through X-ray
observations , feedback effects, which leave important marks on their gas and metal contents. Here,
we review the history and present status of the chemical abundances in the IGrM probed by X-ray
spectroscopy. We discuss the limitations of our current knowledge, in particular due to uncertainties
in the modeling of the Fe-L shell by plasma codes, and coverage of the volume beyond the central
region. We further summarize the constraints on the abundance pattern at the group mass scale and
the insight it provides to the history of chemical enrichment. Parallel to the observational efforts, we
review the progress made by both cosmological hydrodynamical simulations and controlled high-
resolution 3D simulations to reproduce the radial distribution of metals in the IGrM, the dependence
on system mass from group to cluster scales, and the role of AGN and SN feedback in producing
the observed phenomenology. Finally, we highlight future prospects in this field, where progress
will be driven both by a much richer sample of X-ray emitting groups identified with eROSITA,
and by a revolution in the study of X-ray spectra expected from micro-calorimeters onboard XRISM
and ATHENA.

Keywords: galaxies:abundances; galaxies:clusters:intracluster medium; X-rays:galaxies

1. Introduction

Two major astrophysical discoveries have provided key answers to the fundamental
question of the origin of the chemical elements in the past century: the discovery that
stellar nucleosynthesis is responsible for the production of all the heavy elements from
lithium to uranium [1–3] and the detection of line emission due to highly ionized iron
in the X-ray spectra of the intra-cluster medium (ICM) [4,5]. The impact of these two

Universe 2021, 7, 208. https://doi.org/10.3390/universe7070208 https://www.mdpi.com/journal/universe

165



Universe 2021, 7, 208

discoveries was extraordinary. The first one demonstrated that all the elements (with the
exception of hydrogen, helium, and traces of lithium and berillium produced by the Big
Bang nucleosynthesis) are forged in the cores of stars and in supernovae (SNe) and that
when a star explodes as a supernova it enriches the surrounding interstellar medium with
freshly created elements. The second one showed that galaxies lost part of their synthesized
elements and that there has been a considerable exchange of chemical elements between
stars, galaxies and the hot plasma surrounding them. This also means that the chemical
elements trace the formation and evolution of structure which is shaped by the physical
processes occurring on a very wide range of spatial scales, from the size of single supernova
remnants to cosmological volumes.

The improvements in the stellar and supernova nucleosynthesis theory and modeliza-
tion (e.g., References [6,7] and references therein) established that the major astrophysical
sources of the chemical elements are: (i) Core-collapse supernovae (SNcc) and their mas-
sive progenitors (	8–10 M�) synthesize most of the O, Ne, and Mg of the Universe and
a considerable fraction of Si and S (collectively called α elements as they are the result
of fusion process involving the capture of α particles); (ii) Type Ia supernovae (SNIa),
whose progenitors are generally believed to be exploding white dwarfs in binary systems,
synthesize Ar, Fe, and the other Fe-peak elements, such as Cr and Ni, and the remaining
fraction of Si and S; (iii) Asymptotic giant branch (AGB) stars produce mainly C, N which
are ejected through stellar winds.

In astrophysics, the term ”metals” refers to all the elements heavier than helium,
in contrast to the terminology adopted in other scientific disciplines, in part because all
these elements make up a small contribution in number and mass with respect to H and
He. A considerable fraction of the metals (and most of the iron) do not reside in the
galaxies of groups and clusters and they have been expelled in their surrounding X-ray
emitting hot atmospheres (for the purpose of this review, we will define the hot atmosphere
of groups as intra-group medium, IGrM). Indeed, the iron share, i.e., the ratio of iron
in the hot atmosphere and the iron locked up in stars in the galaxies, ranges from 1 up
to 10 (see, for recent measurements, References [8,9]). Therefore, the key question is to
understand the main transport mechanisms responsible for that unbalance (see, for a more
detailed discussion, References [10,11]). There are two broad categories of mechanisms: (i)
extraction by ram pressure stripping and galaxy-galaxy interactions; (ii) ejection by galactic
winds powered from inside the galaxies themselves either by SNe (stellar feedback) or
by the supermassive black hole (SMBH) at their center (in the so-called active galactic
nucleus, AGN, feedback). Other important processes redistributing the metals within the
hot atmospheres are the central AGN uplift of metals (see the reviews by References [12–15]
and the companion review by Eckert et al.) and sloshing, i.e., the offset of the bulk of central
part of the hot atmosphere from its hydrostatic equilibrium in its gravitational potential
and the subsequent oscillations that may broaden the original distribution at larger scales
(see the reviews by References [16,17]). Another source of metals could be the diffuse stellar
component not associated to any single galaxy but to the global halo of the cluster or group
(also know as intra-cluster light, ICL) polluting the ICM and the IGrM in situ [18].

The purpose of this paper is to review the status of the metal abundance measurements
in the IGrM and the progress made by simulations to reproduce and interpret those
measurements. It is a companion of the other reviews in this series addressing the scaling
relations of these systems (Lovisari et al.), the impact of AGN feedback (Eckert et al.),
the overall insight provided by simulations (Oppenheimter et al.), and the properties of the
particular class of fossil groups (Aguerri et al.).

Groups of galaxies (which can be defined as objects with total masses M500 in the range
1013–1014 M�, though see Lovisari et al. for the unavoidable ambiguity of the definition
of a galaxy group) bridge the mass spectrum between L* galaxies and galaxy clusters.
They are known to host a significant fraction of the number of galaxies in the Universe
(e.g., References [19,20]), they form in the filaments of the cosmic web and not only in the
nodes (e.g., Reference [21]), and they are bright enough to be relatively easily observable in
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X-rays, while having low enough masses such that complex baryonic physics (e.g., cooling,
galactic winds, AGN feedback) begins to dominate above gravity, making these objects
more than simple scaled down versions of galaxy clusters (e.g., References [22,23] and
the aforementioned reviews in this series). Groups of galaxies appear as critical systems
to understand the process of structure formation, the dynamical assembly of baryons in
the dark matter halos, and the complex physical processes affecting both the gas and the
stellar components. For all the above reasons, it is important to study metals in groups: if,
for example, it is more controversial with respect to clusters that they can be considered
as ”closed box”, they can provide key information on the processes, resulting in the
redistribution and loss of metals, and it is clearly instructive to investigate the metal budget
in different types of systems (see the interesting discussion in the review by Reference [24]).

Many excellent reviews exist already focusing either on the more general topic of X-ray
spectroscopy, mainly of the ICM, or directly on metal abundances both observationally
and theoretically [10,11,25–32] that ease our work which will then focus on the topics more
directly related to the recent updates about metal abundances in galaxy groups. In this
respect the only reviews of the topic are about the early history of the metal abundance
measurements in the IGrM described in Reference [19] and a more recent update including
the Chandraand XMM-Newton data can be found in Reference [33]. A comparison of the
metal budget in groups compared to the one in clusters and elliptical galaxies has been
discussed in Reference [31].

The review is organized as follows. In Section 2, we review the observational measure-
ments, from the early ROSAT and ASCA results to the more recent Chandra, XMM-Newton
and Suzaku CCD and high spectral resolution (with the RGS instrument on board XMM-
Newton) results. In Section 3, we discuss the theoretical framework and the insight from
numerical simulations. In Section 4, we discuss the most relevant upcoming missions which
will provide a key contribution to the field, and ,in Section 5, we present our final remarks.

2. X-ray Observations

2.1. The Observational Signatures of Metals in the IGrM

The X-ray spectra of the hot, diffuse gas that fills the dark matter halos of galaxies,
galaxy groups, and galaxy clusters, is typically described as an optically thin plasma in
collisional ionization equilibrium (CIE), composed mainly of primordial hydrogen and
helium gas but containing trace amounts of heavier elements from C up to Ni. These
approximations usually provide a sufficient description of the bulk of the emission, al-
though subtle effects due to various deviations from a simple thermal model can sometimes
become relevant—we refer the reader to Gu et al. [34] for a review.

There are two noteworthy differences between the X-ray emission from the ICM and
IGrM. Firstly, in the hot ICM of clusters of galaxies, the free-free bremsstrahlung contin-
uum is the dominant radiation process (see, e.g., Reference [35]). Conversely, for plasma
temperatures around and below 1 keV, which are typical of galaxy groups, increasing
contributions to the continuum level come also from (i) recombination radiation, caused
by the capture of an electron by an ion, leading to a spectral shape characterized by sharp
ionization edges, and (ii) the slow transition from the 2 s to the 1 s state, which is forbidden
by angular momentum conservation but can happen as a very slow two-photon process
giving rise to continuum emission (see, e.g., Figure 6 of Reference [28]). This makes it more
difficult to determine the equivalent width of a given spectral line (EW1), a quantity that
serves as a main diagnostic of the abundance of the chemical element from which that
line originates.

Secondly, at higher plasma temperatures (∼4 keV and above), abundance measure-
ments are typically driven by the signal obtained from the Fe XXV He-α line at 6.7 keV
(rest frame). By comparison, below temperatures of around 2 keV, i.e., in the low-mass
cluster and group regime, the most prominent diagnostic of the metallicity comes instead
from the Fe-L line complex at 0.7–1.2 keV. This blend of emission lines originating from the
L-shell transitions of Fe XVII–Fe XXIV is completely unresolved at the spectral resolution
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of CCD cameras; the lines are so closely spaced together that, in many cases, they remain
blended even for the XMM-Newton RGS and the upcoming high-spectral resolution mi-
crocalorimeter onboard XRISM. Next to the dominant Fe-L lines, emission from Ne X and
the L-shell of Ni at similar energies is also blended within the same spectral structure.

In practice, elemental abundances are usually estimated by fitting the X-ray spectra
with models of CIE emitting plasma, that account for the presence of various emission lines
within the Fe-L blend (as well as the recombination and two-photon continua). The two
plasma radiation codes most commonly used today in X-ray astronomy are AtomDB [36,37]
and SPEXACT [38,39]. These models have evolved considerably over the last 4 decades,
since the Fe-L emission was first discovered with the Solid-State Spectrometer onboard the
Einstein satellite [40,41].

In Figure 1, we illustrate the historic development of these two model ’flavors’ over
time, using the specific example of a 1 keV plasma with Solar elemental composition,
folded through the spectral response of a CCD camera. Simply and perhaps simplistically
put, transitions belonging to lower ionization states of Fe (whose emission lines lie at lower
energies within the Fe-L ’bump’) require more complex computations and were, therefore,
not fully accounted for in earlier models. This is why, both for AtomDB and SPEX, the shape
of the lower energy wing of the Fe-L blend particularly appears to evolve significantly,
and great care must be taken when discussing results obtained with older precursors of
these plasma emission codes. It is encouraging that the models seem to be converging in
recent years and, at least at CCD-level spectral resolution, the latest versions of AtomDB
and SPEX only differ at about the ∼5–10% level for a 1 keV plasma. Nevertheless, larger
differences still remain for lower temperatures (up to 20% at kT < 0.4 keV when folded
through a CCD response), and when viewing the models at higher spectral resolution,
where the brightest lines in the Fe-L complex can be distinguished from the blend (for a
general and up-to-date discussion of the discrepancies of the two plasma codes, see the
discussion in Reference [42]).

Figure 1. Historic evolution of the two most commonly used plasma emission models. For illustration, we focus on
the specific case of a 1 keV plasma with Solar composition (following the Solar abundance units of Asplund et al. [43]).
All models have the same emission measure

∫
nenHdV and have been folded through the XMM-Newton MOS detector

response. (Left) AtomDB [37] can be viewed as the replacement for/development of the Raymond-Smith code [44]. (Right)
SPEXACT originated from the ’meka’ model developed by Rolf Mewe and Jelle Kaastra, which later became the ’mekal’
model; the addition of the final ’l’ comes from Duane Liedahl who calculated the atomic parameters for a large number of
Fe L-shell ions [35,45,46].

Observationally speaking, the Fe-L complex is both a blessing and a curse. On one
hand, as mentioned above, it involves modeling the emission of Fe ions with many re-
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maining electrons, which is significantly more difficult than H- or He-like transitions.
On the other hand, because these lines are very bright, the total 0.5–2.0 keV flux of a
kT = 0.6–0.8 keV IGrM plasma with a Solar composition is more than three times brighter
than a 4 keV ICM plasma with the same emission measure (defined as

∫
nenHdV). Quite

literally, metals make the IGrM shine, and emission from Fe, in particular, is crucial for
detecting what would otherwise be extremely faint and diffuse plasma in galaxy groups.
However, this also means that, unlike the case of the ICM, a knowledge of the metallicity
in the IGrM is indispensable for converting the observed X-ray flux into a particle num-
ber density. Furthermore, since the total flux and shape of the Fe-L bump are extremely
sensitive to the plasma temperature (e.g., see the difference between the Fe-L model for a
0.6 versus a 1.2 keV plasma in Figure 2), significant biases arise when a spectrum contain-
ing multiple temperature components (for instance due to projection effects or radiative
cooling in the core of a group) is approximated by a single-temperature model. This effect,
dubbed ’the Fe bias’, is discussed in detail already in References [47,48] using ASCA data
of elliptical galaxies and galaxy groups. In that work, and many subsequent references
thereto, it is consistently shown that, if the abundance measurements are driven by the
Fe-L signal, a two-temperature model can yield best-fit metallicities more than twice higher
than a single temperature approximation. Although this conclusion was originally reached
with old versions of the Fe-L plasma emission, it remains true today, as we illustrate in
Figure 2. It is also worth mentioning in passing that, at least at CCD spectral resolution,
multi-temperature models can only be constrained if the abundances of the two compo-
nents are coupled to each other, which need not be true in nature. In addition, beside
the IGrM being intrinsically multi-phase, the unresolved emission from low-mass X-ray
binaries (LMXB) may be an important spectral component, at least near the center of the
brightest group galaxy (BGG) (e.g., Reference [49]); if unaccounted for, this may lead to
biases in the measured abundances as well.

As a last cautionary note in terms of interpreting various metal abundance measure-
ments quoted in the literature, it is important to remember that these are customarily
reported with respect to the Solar number ratio of that element compared to H; however,
this reference point, too, has evolved over the past few decades. While the Solar photo-
spheric units of Reference [50] are still the default in the Xspec fitting package and, therefore,
widely used, this reference value for Fe/H is between 43 and 48% higher than reported
by the more recent work of References [43,51], respectively. Hence, the Fe abundances
reported by various groups can be considerably different depending on the Solar units as-
sumed, and care must be taken when comparing the results. Here, we choose to normalize
all quoted abundances to the units of Reference [43].

Moreover, the absolute values of, e.g., O/H (often assumed to be Solar, with the
implied variations/uncertainties just stated above), also affect the way that absorption
edges from our own Milky Way influence the spectrum; since most of the emission from
the IGrM is in the soft band, using the correct Galactic nH (see, for example, the discussion
in Reference [52]), as well as the correct chemical composition of the absorbing gas, is
important for obtaining a robust characterization of the spectral properties of the IGrM.

Armed with this overview of the spectral characteristics and potential pitfalls of
modeling the IGrM, in the following sub-sections, we discuss how our observational
picture of metals in galaxy groups has evolved over the past several decades.
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Figure 2. Simulated XMM-Newton MOS observations of a multi-temperature plasma, illustrating the effect of the Fe
bias. A mix of 0.6 and 1.2 keV plasmas with emission measures in a proportion of 1:10, Solar abundances in the units of
Asplund et al. [43], and a total flux similar to that of NGC5846 (integrated within 0.05r500), was simulated using SPEXACT
v3.0.6. Despite the fact that the low temperature component has only 1/10th of the emission measure of the hotter gas,
a single temperature fit results in a best fit metallicity that is half of the value input to the simulation. The bottom panel
shows the fit residuals for a 1T and 2T model for the 10 ks observation; while there is still a hint that the 1T model does
not perfectly describe the data (given the positive residuals around 0.7 keV), this could easily be missed for fainter/more
distant targets or when using smaller extraction regions for creating radial profiles or maps.

2.2. The Early Measurements of Global Metallicity

The first milestone discoveries of a true detection of the IGrM in the two galaxy
groups NGC 2300 [53] (see Figure 3) and HCG 62 [54] done with ROSAT pointed to a
surprisingly low abundance of the plasma of 0.09 Solar for NGC 2300 and 0.22 Solar for
HCG 62, assuming the RS thermal plasma model [44]. The entire detectable extent of the
emission was fitted in a single aperture (25′ for NGC 2300 and 18′ for HCG 62, in the
case of the analysis of NGC 2300 excluding the emission around the central galaxy itself).
The ROSAT observation of NGC 5044 [55] made it possible to measure spatially resolved
temperatures and abundances, with super-Solar abundances in the inner 6′ and beyond
that radius consistent with a uniform distribution of 1.2 Solar. Very low abundance, <0.12,
was reported in the NGC 4261 group from a fit with a RS model to a spectrum extracted
from 40′ [56]. In the first sample of HCGs [57], a solid detection of extended emission in 3
of them (the already mentioned HCG 62, HCG 92, and HCG 97) and a possible detection in
another 3, were all well fitted by a RS model with very low metal abundances. Additional
ROSAT observations allowed spatially resolved measurements for NGC 2300 confirming
the low abundance, less than 0.16 Solar [58]. In a more complete survey of 85 HCGs
with either deeper pointed (in 32 cases) or survey ROSAT PSPC observations, extended
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emission from an IGrM was detected in 22 of them, including in the group emission also the
emission spatially located on the dominant central elliptical [59]. The metallicity derived
for the 12 spectra of enough quality within an aperture of 200 kpc (in their cosmology)
all pointed to a low abundance with a weighted mean of 0.27 Solar. Interestingly enough,
Ponman et al. [59] commented to treat these results with caution because the inferred low
metal abundances rely heavily on the isothermal assumption: when temperature variations
in the gas are taken into account, metallicities several times higher can be inferred [60],
extending the search for ROSAT observation of galaxy groups beyond HCGs with other
optical catalogues in a sample of an additional 14 groups, finding emission from 4 of them,
and extending the census of the IGrM to 25 of the 48 groups analyzed at that time. Some
conclusions were starting to be made, with the general lower abundance of the IGrM with
respect to the ICM, despite the more equal share between gas and stellar mass, possibly
suggesting that the IGrM may be largely primordial.

Figure 3. The ROSAT X-ray spectrum of the group NGC 2300 plotted together with the beat-fit
Raymond-Smith model (a) and residuals from the best fit model (b). Figure reproduced with
permission from Reference [53].

However, concerns were starting to increase about the ability to model the dominant
Fe-L emission in the IGrM by the available plasma codes. The first ASCA CCD spectra
(with the SIS instrument) of the cores of cool core clusters, Perseus, Abell 1795, and the
Centaurus cluster exposed the limitations of both the RS and MEKA [35,45] models [61],
causing a major revision of the modeling of the Fe-L shell emission [46] which later was
incorporated in the MEKAL code. These concerns were reinforced by the discrepancy
between the low metallicity found also in the inter-stellar medium of elliptical galaxies and
the super-Solar abundances expected just by stellar mass loss [62,63].

ASCA measurements also reported a great scatter in the metallicity of the IGrM.
The ASCA study of NGC 5044 and HCG 51 reported metal abundances significantly higher
than those of NGC 2300 and HCG 62 (also performed with ASCA) and more similar to
clusters [64]. Ref. [65] analyzed ASCA data for 17 groups with single apertures ranging
from 4′ to 30′, finding, in general, low abundances in the range 0.15–0.6 Solar. The higher
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temperature and mass objects with ASCA measurements reported by Reference [66] showed
an average abundance of 0.44 Solar consistent with that observed in rich clusters and,
therefore, clearly highlighting the 1 keV regime as the one showing the spread to lower
values of the abundance measurement.

The overall summary as done by Mulchaey [19] is that of a surprising scatter in
the measured metallicities in groups, from low (0.15–0.3 Solar) to higher than the values
determined in clusters in those days (0.7–0.9) with ROSAT and ASCA.

A key insight was provided by a series of papers showing the biases introduced by
fitting with a single isothermal model complex spectra with multi-temperature components.
In the spectra extracted from large apertures in the bright cores of galaxy groups and
ellipticals, temperature and abundance gradients are present [47,48,67,68]. The very sub-
Solar abundances obtained from previous studies were an artefact of fitting isothermal
models and two-temperature models provided better fits to the data and higher metallicities.
This is the Fe-bias also described in the previous section and demonstrated by means of
simulations of ASCA spectra [48]. The discovery of the Fe bias highlighted the importance
of the ability of performing spatially resolved spectroscopy and the difficulties in the
modelization of the thermal and abundance structure in the cores of galaxy, groups and
clusters, as it was shown at those times by the early results of M87 with XMM-Newton [69].

The last influential paper dealing with single measurements of metal abundances is
Baumgartner et al. [70], presenting an analysis of the ASCA spectra of 273 groups and
clusters with the largest possible aperture collecting all the detectable flux and stacked
in bins of temperature. That work found a constant Fe abundance value of 0.3 Solar for
hot clusters and for groups with an increase up to a factor of 3 with respect to the average
value in the range 2–4 keV. This is a manifestation of the ”inverse” Fe-bias [71–73] which
overestimates the abundances in multi-temperature plasma (ranging from about 1–2 keV
to about 5 keV) resulting in a mean global temperature in the range 2–4 keV as found
by Baumgartner et al. [70]. Although, in practice, when this occurs, the spectra show the
presence of both Fe-L and Fe-K lines, the inverse Fe-bias is essentially weighted by the
higher statistics of the Fe-L complex. In this regime, the fitting procedure increases the
estimated Fe abundance to overcome the weaker Fe-lines expected in the single temperature
plasma (for more details, see Reference [73]).

2.3. The Spatial Distribution of the Metals in the IGrM

Succeeding the ROSAT and ASCA eras, which allowed to set a first light on global
metallicities of the IGrM, the advent of CCD instruments offered by the generation of early
2000s X-ray observatories (Chandra, XMM-Newton, Suzaku) brought a significant progress.
They allowed not only to reveal the spatial distribution of metals across galaxy groups,
but also to focus on elements other than Fe—hence exploring groups’ chemical history
with respect to its SNIa and SNcc components. In the following sub-sections, we tackle
these two aspects in more detail.

2.3.1. Radial Profiles of Iron Abundance

The essence of this sub-section is summarized in Figure 4, where we show a few recent
radial metallicity (i.e., Fe) profiles of galaxy groups (from both individual and sample
measurements), with comparison with typical cluster profiles. These profiles, along with a
number of other ones reported in the literature, are further discussed below.

Radial metallicity profiles of individual sources have been in fact investigated by many
authors using either XMM-Newton, Chandra, or Suzaku (or even earlier with ROSAT [48]).
This is the case for systems, such as NGC 5044 [74,75], RX J1159+5531 [76,77], AMW 4 [78],
HCG 62 [75,79–81], MKW 4 [75,82], NGC 1399 [83–85], and UGC 03957 [86].

The vast majority of these studies show a gradual metallicity increase towards the core
of the systems, with the maximum value spanning from half a Solar to slightly super-Solar
values. This picture is qualitatively in line with the centrally peaked Fe abundance profiles
that are typically found in relaxed clusters (e.g., References [9,52,87–89]). Quantitatively,
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samples including groups and clusters are valuable to provide comprehensive comparisons.
For instance, Johnson et al. [90,91] studied 28 galaxy groups and concluded that (i) systems
with lower level of feedback impact are on average more metal rich within ∼0.03R500,
and (ii) systems classified as ”cool-cores”2 are, on average, more enriched in their cores
(∼0.1R500) than clusters. Similar conclusions were reached for 43 Chandra groups (re-)
analyzed by Sun [33], although a significant increase of average metallicity with group
temperature (hence, mass) was also reported. More recently, results from the CHEERS
sample—consisting of 21 ”groups/ellipticals” and 23 ”clusters”3—suggest for instance a
similar decreasing profile for both types, with the former being on average slightly less
enriched than the latter [89]. On the other hand, Lovisari and Reiprich [52] analyzed a sam-
ple of 207 systems and concluded that, despite their scatter, on average ”groups/ellipticals”
(defined in the same way) have a slightly higher metallicity than clusters within 0.1Rr500.
A recent re-analysis of the CHEERS sample within 0.1R500 using an updated SPEX version
(v3.0.4, also more consistent with the apec v3.0.9 version used in Lovisari and Reiprich [52])
find more consistent results, with groups being at least as enriched as clusters within that
limit [92]. More detailed discussions and interpretations on the absolute metallicities
in groups versus more massive systems is addressed in Section 2.4 (observations) and
Section 3.2.1 (cosmological simulations).

In addition, quite remarkably, Figure 4 suggests that the sample-averaged metallicity
gradient measured from these different authors all have a similar slope. One notable excep-
tion (not shown here) is perhaps the sample of 15 nearby groups observed with Chandra
by Rasmussen and Ponman [93,94], whose average profile exhibits a significantly sharper
central peak (as already pointed outby Reference [33]). This difference might originate
from spectral modeling (including outdated atomic data and/or multi-temperature biases),
instrumental calibration, or subtle background effects, which were all less understood at
that time.

It is worth noting that the metallicity does not always increase with decreasing radius.
In fact, for a number of systems, the Fe abundance was found to peak a few kpc outside
of the core while decreasing towards its very center. Although historically discovered and
investigated in the Centaurus cluster [95], these drops are more commonly found in lower-
mass systems (e.g., References [79,80,89,93,96]). Whether the presence of these drops is
truly related to mass of the system (and/or the strength of their cool core) is not clear yet.
Indeed, abundance drop detections might be affected by selection biases—originating from
either the usually larger distance of clusters (resulting in a poorer spatial resolution, hence
no detected drop), or the selection itself of the currently most studied systems.

Such low abundances are in fact surprising and intriguing, as they cannot be easily
explained by classical models of IGrM formation and enrichment. Although, in some cases,
drops were found to be the result of spectroscopic biases (e.g., multi-temperature bias [97]),
no evidence points toward the latter as being the sole explanation. Similarly, resonant
scattering seems to be excluded from the culprit list in at least a few specific cases [98],
and possible helium sedimentation—leading to an incorrect estimate of the continuum—
should provide limited effects only, if not largely inhibited by thermal diffusion [99,100] and
references therein). Interestingly, however, probing the chemical composition in the central
low-Fe regions of these systems may provide an interesting hint toward the physical nature
of these drops. This is further discussed in Section 2.3.2.

Another important open debate concerns the comparison of clusters’ and groups’
metallicities in their outskirts (∼R500 and beyond). Whereas there is now striking evidence
for clusters having their metallicity flattening with radius and converging toward an
universal value of ∼0.3 Solar [9,101,102], groups and elliptical galaxies have sometimes
been measured with an uninterrupted decrease of metallicity down to at most 0.1–0.2 Solar
(e.g., References [77,84,103,104]). The trend seems to be followed by the sample results
of Rasmussen and Ponman [93,94] and of Sun [33]. These results, however, should be
interpreted with caution, given how recent atomic codes improvements changed our view
on the Fe-L complex, its modeling at moderate resolution, and its associated abundance
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(Section 2.1). Moreover, some past measurements may have been affected by the Fe-bias
discussed above, as moderate exposures available per source did not necessarily allow
to model outer regions with more than one temperature. We note, for instance, that the
more recent sample measurements of Mernier et al. [89] and Lovisari and Reiprich [52]
show hints of a flattening beyond ∼0.3R500 that remains formally consistent with the 0.3
Solar value reported in clusters (References [9,102]; see Figure 4). These results are in
agreement with Thölken et al. [86], who reported that the metallicity profile of the group
UGC 03957 does not decrease further below 0.3 Solar, even at distances beyond R200. Other
measurements, on the other hand, show in-between results, with evidence of a flattening
though around 0.2 Solar, i.e., below the universal value. This is the case for the galaxy group
RX J1159+5531 [77], as well as (perhaps even more intriguingly) for the Virgo cluster [105].

Figure 4. Fe abundance radial profiles in various galaxy groups (and clusters) from the literature. (Left) The recent average
profiles of (Reference Mernier et al. [89], the 21 CHEERS groups) and (Reference Lovisari and Reiprich [52], 13 groups—
excluding systems overlapping with the CHEERS observations) are compared with those of (Sasaki et al. [75], 4 groups)
and (Sun [33] 27 groups—below kT500 = 1.9 keV), as well as with independent measurements of UGC 03957 [86] and
RX J1159+5531 (Reference [77], azimuthally averaged). (Right) The same two average group profiles are compared with
measurements of more massive systems—i.e., the XCOP sample (Reference [9], 12 clusters), the Fe abundance in cluster
outskirts (Urban et al. [102], with averaged and single measurements shown, respectively, below and beyond r500—also
including the outermost Perseus value from Werner et al. [101]), as well as the (azimuthally averaged) profiles of the Virgo
cluster [105]. For consistency, the scatter envelope of the samples of Urban et al. [102] and Lovisari and Reiprich [52] have
been computed following that of the CHEERS sample Mernier et al. [89]. All measurements have been re-scaled into radial
units of r500 (following the values given in the corresponding papers and/or the conversion proposed by Reference [106])
and into Solar units of Asplund et al. [43].

The question of whether groups and clusters have their outskirts enriched at sim-
ilar levels is of crucial importance. Besides the fact that outskirts represent by far the
largest volume of these systems (hence, the bulk of their metal masses), they are direct
witnesses of freshly accreted gas through the gravitational potential of these systems and,
thus, constitute a fossil record of the enrichment of these systems at their formation epoch.
In fact, the (radially and azimuthally) uniform metallicity distribution measured in clusters
outskirts constitutes by far our best evidence in favor of an ”early-enrichment” scenario,
in which supermassive black hole feedback played a fundamental role in ejecting and
mixing freshly produced metals out of their galaxy hosts during or before their assem-
bly into larger scale structures and the formation of their hot ICM, i.e., at z 	 2–3 (for
recent reviews, see, e.g., References [31,107]). Quite remarkably, this redshift range also
corresponds to the peak of star formation activity (for a review, see, e.g., Reference [108]),

174



Universe 2021, 7, 208

as well as to an epoch of enhanced AGN accretion and activity—not only at cosmic scale
(for a review, see, e.g., Reference [109]) but also (and especially) in clusters and groups
(e.g., References [110–112]), naturally leading to the picture of their higher feedback to
efficiently stir the freshly produced metals. Robust measurements revealing a uniform
metal distribution in the IGrM as in the ICM will constitute decisive evidence towards
this scenario and its ”universal” 0.3 Solar value. On the contrary, significantly lower abun-
dances measured in the IGrM outside ∼R500 would challenge this scenario and would
require to rethink our global picture of chemical enrichment at galactic scales and beyond.
High resolution spectroscopy coupled to high throughput will be essential to bring our
current measurements up to the required accuracy (Section 4).

2.3.2. Chemical Composition and Its Radial Dependence

Since Fe has the strongest emission lines in the IGrM, it typically dominates the abun-
dance measurements reported in the literature. For low-statistics spectra, it is common to
assume that the abundances of other elements with respect to Fe follow the Solar ratio. How-
ever, important information about the metal enrichment history of the IGrM is encoded in
its chemical composition, in particular since the O/Fe, Mg/Fe, and/or Si/Fe ratios are good
tracers of the relative contribution of SNcc and SNIa. This relative contribution is expressed in
various ways throughout the relevant literature, for example as the ratio between the numbers
of different supernova explosions (either Ncc/NIa or f Ia = NIa/NIa+Ncc); or as the fraction of
Fe supplied by SNIa, fFe,Ia = NIa ∗ yIa,Fe/(Ncc ∗ ycc,Fe + NIa ∗ yIa,Fe), where ySN,i represents
the mass of element i produced by a supernova of type SN. The details of this decomposition
depend on the exact model yields ySN,i, which are subject to remaining uncertainties in stellar
astrophysics, and furthermore rely on various assumptions about the initial metallicity and
mass function of the supernova progenitors. Nevertheless, the general trend wherein light-α
elements are almost exclusively produced by SNcc, while Fe-group elements are mainly
supplied by SNIa is robust among the current chemical evolution models, lending credibility
to this type of analysis.

Back to the ROSAT and ASCA era, Finoguenov and Ponman [113] reported from a
sample of four galaxy groups that SNcc products (i.e., Si and Mg) were found to be more uni-
formly spread, while SNIa products (namely, Fe) showed a more peaked distribution. These
results were naturally interpreted as the bulk of SNcc having exploded, gotten mixed with,
and enriched their surroundings earlier than the bulk of SNIa (the latter being more likely
to originate from long-lived low-mass star populations in the red-and-dead central domi-
nant galaxy). That interpretation was later supported by Rasmussen and Ponman [93,94]
who measured a radial increase of the Si/Fe ratio with Chandra observations of 15 groups.

However, these initial conclusions do not appear to have stood the test of time. Some
early XMM-Newton data already provided results that conflicted with the initial paradigm
of a relatively uniform α-element and peaked Fe distribution in the IGrM: no gradient
in Si/Fe was seen in NGC5044, comparing the regions within and beyond 48 kpc from
the BGG [74]; a constant and close to Solar α/Fe out to at least 100 kpc was reported
in NGC507 [114]; and Xue et al. [115] found that all measured abundances (O, Mg, Si,
S, and Fe) in the group RGH80 showed a monotonic decrease with radius. In all these
three cases, fFe,Ia was inferred to be in the range of 70–85%, assuming a model consisting
of simple linear combinations of SNIa and SNcc. Therefore, although most Fe is being
supplied indeed by SNIa, there did not appear to be a significant change in fFe,Ia with
radius, or from system to system. Similar conclusions were starting to be reached in galaxy
clusters, as well (e.g., Reference [72,97,116,117]).

The low instrumental background of Suzaku, and the superior low-energy response of
the XIS CCDs particularly in the first few years after launch, shed additional light on this
topic: the radial profiles of Mg/Fe, Si/Fe, and S/Fe were consistently shown to remain
uniform (i.e., all four elements showed a radially decreasing profile) in HCG 62 [118], NGC
5044 [119], NGC 507 [120], and NGC 1550 [121] over the entire area probed by the Suzaku
observations. A sample of 4 groups consisting of MKW4, HCG62, NGC1550, and NGC5044,
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was covered by Suzaku out to as far as 0.5 r180, confirming that the Mg/Fe and Si/Fe ratios
remain nearly constant and close to the Solar ratio (assuming the units of Reference [122])
out to a significant fraction of the virial radius [75]. All these measurements are consistent
with an Ncc/NIa of 3–4 [119,121,123]. For the supernova yields assumed in these works,
Ncc/NIa = 3 corresponds to a fFe,Ia of 80%, in line with the XMM-Newton results discussed
in the previous paragraph. A point of contention in the Suzaku results remained the O abun-
dance, that seemed to have much shallower radial gradients than all other α-elements (a
conclusion shared by all references mentioned earlier in this paragraph). This would imply
increasing O/Mg and O/Si ratios as a function of radius; since all these three elements are
predominantly produced by SNcc, it is impossible to reconcile these measurements with
a simple model where the relative contribution from SNIa and SNcc varies with distance
from the BGG. It is likely that residuals in modeling the Galactic absorption and/or OVIII
foreground emission, or issues related to Solar Wind Charge Exchange (whose strongest
emission also comes from O), may have affected the measurements.

More recently, results from the XMM-Newton CHEERS sample reported similar radial
distributions of the O, Mg, Si, S, Ar, Ca, and Fe abundances in clusters and groups sepa-
rately. While the covered radial range does not extend as far as that from Suzaku studies,
the agreement between the radial trends of all measured elemental abundances, together
with the larger sample size, provides solid and cohesive evidence for a lack of significant
spatial variation of the SNcc versus SNIa contributions to the enrichment across the mass
scale [89].

With the latest advancements in our knowledge of spectral modeling, multi-temperature
biases, and/or instrumental calibration, current measurements, thus, favor a uniform chem-
ical composition over the entire volume of clusters and groups, as early suggested for the
cores of both systems (and ellipticals) by de Grandi and Molendi [124]. Interestingly, in both
regimes the chemical composition is also remarkably close to that of our own Solar System.
Indeed, Hitomi confirmed that all the investigated X/Fe ratios of the Perseus Cluster are
consistent with Solar at very high precision [125,126] and detailed investigations of the
CHEERS sample found the same trend for groups and ellipticals, as well [127,128]. This is
further illustrated in Figure 5, where we compiled the average chemical composition of the
21 CHEERS low-mass systems.

It is worth noting that the chemical composition of the ICM/IGrM must, therefore, be
markedly different than that of the stars in the BCG/BGG: as shown by References [129,130],
massive early-type galaxies (ETGs) with a velocity dispersion above 200 km/s typically
have high α/Fe ratios up to twice the Solar value, which is inconsistent with the abundance
pattern of the hot diffuse gas in their immediate vicinity (see Figure 5). High values of α/Fe
are usually associated with a very short starburst: BCG/BGGs may have made most of their
stars before SNIa had time to explode, so that very few Fe-group elements are incorporated
into the stars themselves. Nearly all SNIa later polluted the central ICM/IGrM instead,
gradually lowering its α/Fe ratios.

But although the SNIa contribution cannot have come too quickly (else the stars in
the central galaxy would not have such a high α/Fe), it also cannot have happened too
slowly, or else the observed radial distribution of Fe should follow the present-day stellar
light, which is not observed (Section 2.4). A significant late-time input of SNIa products
would also modify the radial trends of α/Fe in the ICM/IGrM, contradicting the constant
near-Solar α/Fe ratios measured throughout the volumes of clusters and groups.

This suggests that most (if not all) SNIa contributing to the enrichment exploded
not much later than the peak of cosmic star formation (z � 2–3 [108]). Several studies
of the SNIa delay-time distribution in fact support this picture, finding that a signifi-
cant number of such explosions occur as early as 100 Myr after a star formation event
(Totani et al. [131], Maoz et al. [132]; for a review on SNIa delay-time distribution and its
interpretations, see Maoz et al. [133]).
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Figure 5. Average chemical composition (expressed as X/Fe abundance ratios in units of
Reference [43]) within the central 0.05r500 of the 21 galaxy groups and massive ellipticals from
the CHEERS sample (defined as kTmean < 1.7 keV). The O/Fe and Ne/Fe ratios (including their
intrinsic scatter) were measured using the XMM-Newton RGS instruments, while the other ratios
are measured using the XMM-Newton EPIC MOS and pn instruments. To be conservative, the EPIC
”combined” measurements cover the entire MOS-pn discrepancies, which fully accounts for the
intrinsic scatter, as well. Comparison with the average chemical composition of clusters shows values
that are similar and near-Solar in both regimes. For comparison, Solar uncertainties are also shown,
as well as stellar abundances in ETGs measured for different bins of stellar velocity dispersion σ [129].
Adapted from Mernier et al. [128].

Nevertheless, the confirmation (or rejection) of this new paradigm will be crucial
to achieve with future missions. Metal abundances determined with CCD spectrom-
eters in clusters of galaxies are still subject to systematic uncertainties in the range of
∼20% [124,126]; given the still ongoing challenge to derive accurate abundances from
unresolved line complexes, these uncertainties may be even more important for the IGrM.
Ultimately, the stellar population histories of typical central dominant galaxies are funda-
mentally different from that of the Milky Way. Future measurements using high-resolution
spectroscopy will reach percent-level accuracy in determining the abundance of numerous
chemical elements in gaseous halos of varying mass; it would be nothing short of a stun-
ning cosmic conspiracy if, as smaller and smaller spatial scales start to be probed at such a
level of precision, the central abundances in groups and clusters remain in agreement with
the Solar composition.

Besides quantifying the relative contribution of SNIa and SNcc to the enrichment of
the IGrM, elemental abundance ratios may also reveal the nature of the so far unexplained
abundance drops that are sometimes observed (see Section 2.3.1) in the very inner centers
of groups and clusters. Under the assumption that these abundance drops have an astro-
physical origin, an interesting scenario proposed by Panagoulia et al. [80,134] considers
that IGrM-phase metals may deplete into dust and then become invisible to the X-ray
window. As a second step, AGN jets and buoyantly rising bubbles may contribute to
move this dust mass away, before eventually re-heating it to the X-ray phase outside of
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the very core. If true, an interesting corollary of this scenario concerns the Ne and Ar
abundance. As these two elements are noble gases, they cannot be incorporated into dust;
hence, they should not exhibit any central decrease. Although a few authors have investi-
gated this issue [89,135,136], no real consensus is established yet given the sensitivity of
the measurements to systematic effects. Ar and Ne lines should be easily measurable with
future micro-calorimeters (Section 4). Provided that atomic codes continue to converge
(Section 2.1) in the years to come, Athena (and possibly XRISM for very nearby systems)
will provide a definitive answer to this question.

Clarifying these outstanding issues will allow us to identify which combinations
of theoretical supernova yield models, ySN,i, provide the best fit to the observations of
the ICM and IGrM (avoiding regions affected by dust depletion if applicable), offering
important clues about open aspects of stellar astrophysics. For instance, it was realized
very early on that abundance ratios measured from X-ray spectra of the ICM could be used
to distinguish between various SNIa explosion mechanisms, preferring a deflagration over
a delayed detonation model [137]. Similar conclusions were tentatively reached for the
IGrM [74,123]. It is becoming clear, however, that both an improvement in the data quality
and increased accuracy in the yield models are necessary before robust conclusions can
be drawn (de Grandi and Molendi [124], Mernier et al. [138], Hitomi Collaboration [125],
Simionescu et al. [126]; for a review, see Mernier et al. [31]). Significant progress is expected
to be driven in this sense by upcoming high-resolution X-ray spectroscopy studies.

2.3.3. 2-Dimensional Metallicity Maps

In addition to the radial dependence of the metal abundances, important information
can be inferred also from the azimuthal substructure revealed by 2D maps; typically, these
are of course only available for very deep observations of the brightest systems. Early work
by Finoguenov et al. [139] presented a systematic analysis of the metallicity distribution
in NGC5846, NGC4636, and NGC5044 using XMM-Newton. It was shown that, while the
profiles are consistent with a linear decrease with radius, the scatter of the data points was
as high as 30–50%. This pointed towards a patchiness of the 2D metal abundance using
typical spatial resolution elements of 2–10 kpc, which cannot be explained solely by the
satellite subhalos. Later studies revealed that, very generally speaking, the main physical
mechanisms responsible for such a 2D metallicity substructure are related either to AGN
feedback or to ongoing mergers.

In terms of AGN feedback, in the case of clusters of galaxies, it is now well estab-
lished that the buoyantly rising bubbles produced by the activity of the supermassive
black hole in the BCG are able to uplift metals in their wake, leading to an abundance
enhancement along the axis corresponding to the radio jets compared to the perpendicular
direction [72,140–142]. Given the shallower gravitational potential wells of galaxy groups,
one might expect this effect to be even more pronounced, and even more important for the
physical evolution of the IGrM, as metals produced in the BGG may even escape the group
halo through the action of the AGN. However, to our knowledge, a systematic study of the
metal asymmetry in groups (i.e., an equivalent to the sample study of References [141,142]
which focused primarily on galaxy clusters) is still lacking. The main impediment is likely
related to the fact that the region of uplift is also generally expected to be multi-phase (see,
especially, Reference [140]) which, as discussed in Section 2.1, significantly complicates the
determination of an exact Fe budget in a given spatial region.

Nonetheless, hints that the relativistic radio lobes of the central AGN do have an im-
pact on the metallicity distribution in groups have been obtained in a few objects. Perhaps
the clearest example so far is that of AWM 4, where O’Sullivan et al. [143] found a metal
enhancement along the inner jet of the central dominant galaxy, NGC6051, corresponding
to an excess mass of iron in the entrained gas of ∼1.4 × 106 M�. Another case is that of
NGC4636, where O’Sullivan et al. [144] report a plume of cool, metal-rich gas extending
beyond a known AGN lobe to the southwest of the galaxy center, and interpret this to be the
product of metal entrainment by past AGN activity. Less clear is the scenario in NGC4325;
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here Laganá et al. [145] reported an elongated Fe-rich filament to the south/southeast
of the central galaxy which could be due to metal entrainment by the AGN; however,
no X-ray cavity is found in this system that would confirm this interpretation. Finally,
there are the interesting examples of rather clearly detected anticorrelations, i.e., a low
metallicity corresponding to the radio lobes in NGC5813 [146] and inner radio lobes of
M49 [96]—although, in both cases, only a single-temperature fit was used to create the 2D
maps; hence, the Fe bias may be the reason for these results.

Mergers on the other hand typically result in tails and arcs of enhanced metallicity in
the IGrM, depending on the merger stage and geometry. In a simple case where a subgroup
is falling towards a larger cluster of galaxies, a ram-pressure stripped tail exhibiting an
orderly head-tail morphology is often seen; as metals are stripped from the central group
galaxy, the elemental abundances in this tail are expected to be higher than those of the
surrounding diffuse medium. This has been confirmed by X-ray spectral mapping of the
metallicity in a handful of cases. One of the clearest examples is that of the M86 group falling
into the Virgo Cluster; this is a very rare case where a metal abundance map from a two-
temperature model is available for the IGrM [147], showing a long, 100–150 kpc tail of near-
Solar abundance (in units of Grevesse and Sauval [148]) trailing M86. The abundance in
the ram-pressure stripped tail is about twice higher than the off-tail regions, demonstrating
how infalling groups contribute to the metal budgets of the ICM. Another remarkable
system is the northeastern group falling into Abell 2142, which exhibits a long, straight,
narrow tail that flares out after about 300 kpc from the BGG. The metallicity map published
in Eckert et al. [149] shows a significant enrichment along most of the narrow tail, with the
transition between the straight tail and the irregular diffuse tail corresponding to a marked
abundance drop. Recent spectral maps by O’Sullivan et al. [150] also show tails of cooler,
lower entropy, metal-enriched gas behind both cores in a group-group (as opposed to
group-cluster) merger in NGC 6338.

In later merger stages, after the first pericenter passage of the sub- and main halo,
internal gas sloshing or tidal (also known as ’slingshot’) tails [151,152] can instead be recog-
nized as arc-shaped high metallicity ’fronts’. Internal gas sloshing is likely responsible for
the high abundance arc in HCG 62 [79,81,153,154] and for the abundance map asymmetry
in NGC5044 [155]; although no 2D metal abundance map is available, radial profiles of
an azimuthally resolved wedge in the NGC 7618–UGC 12491 pair [156] suggest a metal
enhancement that was originally attributed to ram-pressure stripping but later recognized
as rather due to a slingshot tail [152].

Of course, mergers and AGN feedback can work in unison. For instance, in M49,
the 2D Fe abundance map derived by Su et al. [157] using XMM-Newton (covering a
significantly larger field than that in Reference [96] discussed above) suggests both the
presence of a metal enriched tail to the southwest, and a metal enhancement aligned
with two outer ghost X-ray cavities along the NE-SW axis on smaller spatial scales (see
Figure 6). The authors conclude that the tail gas can be traced back to the cooler and
enriched gas uplifted from the BGG center by buoyant bubbles, implying that active
galactic nucleus outbursts may have intensified the stripping process. On the other hand,
Sheardown et al. [152] argue instead that M49 may host a slingshot rather than a ram-
pressure tail. A similar case may be that of NGC507; again, no 2D metal abundance map is
available, but Kraft et al. [158] report a gradient in the elemental abundance across a sharp
arc-like X-ray surface brightness discontinuity with opening angle of 125 deg. Because that
discontinuity is aligned with a low surface brightness radio lobe, the authors conclude that
this ’abundance front’ can be explained by the transport of high-abundance material from
the center of the galaxy due to the transonic inflation of the radio lobe; however, it was
subsequently realized (e.g. see previous paragraph) that classical cold fronts are likely to
produce such abundance arcs as well. The abundance feature in NGC507 is therefore not
unusual and could be simply due to classical sloshing, or to an interaction between AGN
feedback and past merging activity.
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Figure 6. XMM-Newton spectroscopic map of the Fe abundance in M49 in units of the Solar abundance
of Reference [43], derived assuming a single temperature model. X-ray contours in the 0.7–1.3 keV
energy band are overlaid in black. The Fe distribution is elongated in the direction of the AGN ghost
cavities (denoted by white dashed circles), with an additional extension towards the west/southwest
on larger scales, likely related to a ram-pressure or slingshot tail as the galaxy is falling into the Virgo
Cluster. Figure reproduced with permission from Reference [157].

2.4. Metal Budgets

In the previous sections, we reviewed the measurements of the abundances probing a
fraction of the IGrM volume. As pointed out early by Arnaud et al. [159], the physically
meaningful quantity for the study of the IGrM (and of the ICM) are the metal (iron or other
chemical elements) mass and stellar mass present in the groups (and clusters). The ratio
of the iron mass and stellar mass is directly linked to a fundamental quantity in chemical
evolution models, the iron (or other chemical elements when measured) yield which is the
ratio of the total iron mass released by stars to the total stellar mass formed for a given
stellar population (see References [8,9,160] and references therein):

YFe =
Mstar

Fe,500 + MFe,500

Mstar,500(0)
, (1)

where MFe,500 is the iron mass enclosed within r500 in the ICM/IGrM, Mstar
Fe,500 is the iron mass

locked into stars, Mstar,500(0) is the mass of gas that went into stars whose present mass is
reduced to Mstar,500 by the mass return from stellar mass loss, i.e., Mstar,500(0) = ro Mstar,500,
where ro is the return factor. We take ro = 1/0.58 following Renzini and Andreon [8] and
Maraston [161]. A caveat should be made that the iron yield can be matched to a theoretical
prediction only if we are able to make a full inventory under the assumption of a closed

180



Universe 2021, 7, 208

system. If iron can leave the system or just does not reside within the radius used to make the
estimate, we cannot draw a conclusive inference. This is particularly the case at the scale of
groups as we discuss further in this section.

One can then measure MFe,500 either by multiplying a representative deprojected
gas-mass weighted iron abundance times the total gas mass of the system within r500 [8] or
by taking fully into account the radial dependence of the deprojected iron abundance and
gas mass [9,162]:

MFe(< R) = 4πAFemHZ�
∫ R

0
Zdepro(r) nH(r) r2dr, (2)

where Zdepro is the deprojected abundance profile, AFe is the atomic weight of iron, and mH
is the atomic unit mass. The hydrogen density nH is derived from the gas density ngas
through the usual relation ngas = (1 + ne/nH)nH = 2.21nH, where ne is the electron
density; ngas is obtained through deprojection. In the latter case MFe,500 = MFe(< r500).
For the measurement of Mstar

Fe,500 it is usually assumed that the average iron abundance
in clusters and groups stars is solar (for the validity and limitations of this assumption,
see, for example, Reference [163] and references therein). This iron abundance of the
stars is then multiplied by the total stellar mass enclosed within r500. The latter value can
again be estimated through two approaches. The first one performs a flux measurement
for each galaxy in a given optical band and calculates the mass of the galaxy through
the Spectral Energy Distribution (SED) fitting, the mass of the galaxies are then summed
together [9,164]. The second approach calculates the total luminosity in a given optical band
by integrating the luminosity function of the red cluster galaxies, summing the contribution
of the BCG and possibly of ICL and then multiply for an assumed stellar-mass-to-light
ratio in the same optical band (see, for example, Reference [8] and references therein). Both
quantities are deprojected assuming a generalized or a simple Navarro-Frenk-White (NFW)
distribution for the galaxy and optical light distribution. These observational estimates can
be compared with the expected theoretical estimate based on the current understanding of
stellar nucleosynthesis. We take the values reported in Ghizzardi et al. [9] for the YFe based
on the derivation by Renzini and Andreon [8] and Maoz and Graur [165]. YFe is computed
as the product of the Fe mass produced by a SN explosion, y, and the number of SN events
produced per unit mass of gas turned into stars, k. Both contributions from Ia and CC SN
are considered. Thus, YFe can be written as:

YFe = yIa · kIa + yCC · kCC, (3)

where Ia and CC subscripts refer to the two different SN types. For Ia, we assume
yIa = 0.7 M� and kIa = 1.3 × 10−3 M−1� . Renzini and Andreon [8], as well as Greggio
and Renzini [166], suggest a possible higher kIa value of 2.5 × 10−3 M−1� . For CC SN we
assume yCC = 0.074 M� and kCC = 1.0 × 10−2 M−1� . Substituting the above values in
Equation (3) and dividing by the solar abundance we get YFe,� = 0.93 Z�. An higher esti-
mate can be obtained by assuming that SNIa rate is higher in clusters with respect to the
field [165,167,168]. If, following Freundlich and Maoz [168], we assume a SNIa rate per unit
mass of kIa = 3.1 ± 1.1 × 10−3 M−1� , we derive YFe,� = 2.34 ± 0.62 Z�.

We report in Figure 7 the effective iron yield for the sample of clusters studied in
Ghizzardi et al. [9], for the sample of groups studied in Renzini and Andreon [8] with
iron abundance measurements in the IGrM derived by Sun [33] and for the objects in
Sasaki et al. [75]. This plot seems to show apparently that for groups there is no discrepancy
with the theoretical expectations as it is dramatically the case at the cluster scale. The large
amount of intra-cluster iron is difficult to reconcile with the metal production of stars seen
in clusters today and it is posing a long standing challenge, with several unconventional
solutions proposed, such as a very different IMF in clusters or a significant contribution
by pop III stars or pair-instability supernovae (see the review by Reference [31] and
references therein). However, these results should be treated with caution as not only
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the measurement of YFe,� is prone to systematic errors (see the exhaustive discussion in
Reference [9]) but also the different trends of stellar and gas mass as a function of total
mass play a fundamental role. In particular, the low baryonic fraction of groups within
r500 with respect to the cosmic baryon fraction does not allow to draw strong conclusions.
Clearly, this plot should be more populated, particularly at the mass scale of groups with
robust measurements of the iron abundance consistently out to r500.

Figure 7. Effective iron yield YFe,� for the clusters in the sample of Ghizzardi et al. [9] (circles),
for the groups in the sample of Renzini and Andreon [8] (squares) and for the additional objects
(NGC 1550, MKW 4, Hydra A, Perseus, and Coma in order of increasing mass) in the sample of
Sasaki et al. [75] (triangles) as a function of the total mass of the system. We estimated stellar masses
for the objects of Sasaki et al. [75] converting their LK optical luminosities to stellar masses, assuming
a stellar mass-to-light ratio in the K-band of 1 consistent with stellar population models for a Kroupa
IMF [161] and with observational results [169–171]. The yellow band shows the expected value
computed through the SN yields derived from Maoz and Graur [165] and Renzini and Andreon [8];
the brown band represents the expected value derived assuming a higher SNIa rate in galaxy clusters
than in the field, following Freundlich and Maoz [168].

Indeed, both the iron abundance and to a lesser extent the total iron mass in the IGrM
do not depend only on the total amount of iron produced, but also on its dilution with
pristine gas, its ejection due to non-gravitational feedback by AGN and SN and the different
phases in the gas. All these effects should be taken into account (e.g., Reference [172]).

Another related quantity exploits directly the luminosity of the system either in the
optical (B) or infrared (K) bands: it is the ratio of the iron mass to the total light of the
cluster/group (IMLR [62,173]). If different metals in addition to iron are measured then the
specific element MLR can be estimated, like, for example, O and Si MLRs. These quantities
are even more important to consider given the trends of stellar and gas fractions (and their
sum, the baryon fraction) as a function of total mass which clearly mark the scale of groups
as a crucial one in comparison with clusters. The derived baryon fraction for rich clusters is
consistent with the cosmic baryon fraction, Ωb/ΩM ∼ 0.15 [174] as obtained with X-ray, op-
tical and infra-red observations (e.g., References [175–181]; also see the companion reviews
by Lovisari et al. and Eckert et al.) On the other hand, groups are characterized by higher
stellar mass and lower IGrM mass fractions than rich clusters, and the number of baryon
fraction tends to be lower with smaller groups (e.g., References [8,182–184]). Explanations
of this discrepancy are suggested in the above references as follows: 1. different physical
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processes depending on the system mass, like, for example, a different efficiency of baryon-
to-stars conversion; 2. observational data missing for fainter sources (as, for example, the
intra-cluster light component) and for the IGRM at large radii; 3. systematic errors for the
mass estimations; 4. non-gravitational heating and metal mixing by AGN feed back (e.g.,
Reference [172,185]; see Eckert et al.), but a definitive solution has not been reached yet.
As for the non-gravitational effect, such as AGN feedback, the entropy profiles are a good
probe to estimate for each group and cluster, and we describe it in the following paragraph.

Historically, Arnaud et al. [159] found that the total iron mass in the ICM is propor-
tional to the total luminosity of the early type galaxies in the clusters. And the IMLR
in the B-band had larger values in clusters than in groups, mainly caused by the biased
low early global abundance measurements (see Section 2.2) at the group scale (e.g., Ref-
erences [186,187]). The current state of the art of measurements of the IMLRs is achieved
by combining near-infrared (K-band) luminosities (more directly related to the bulk of the
stellar mass in early type galaxies [171,188]) obtained with the two micron all sky survey
(2MASS) and the measurements performed by Suzaku extending to the outer regions of
nearby clusters and groups (e.g., References [120,121,189]). Figure 8 reports the IMLRs
thus obtained: there is a general increase with radius and poorer clusters and groups also
have lower IMLRs within the 0.2 r180 region. On the other hand, the IMLRs of groups and
clusters in the outer region at r > 0.5 r180 seem to be closer to each other. Figure 8 suggests
that poorer systems (groups and clusters with fewer member galaxies) could not hold the
gas including metals due to the relatively shallower potential in their assembly process.
In a following work, Sasaki et al. [75] showed that the same systems have lower IMLRs
and larger entropy excess, which is a signature of the non-gravitational energy input in the
central regions of groups during the assembly stage.

Figure 8. (Left) Radial IMLR profiles with Suzaku X-ray observations and K-band luminosity of the member galaxies from
2MASS data [75,120,121,189–191]. (Right) Temperature dependence of the IMLRs for groups and clusters in 0.2 or 0.5 r180

with Suzaku.

Abundance ratios of silicon to iron in clusters and groups look similar to each other
in r < r500 (see Section 2.3.2), and the silicon mass in poorer systems has a lower value
than those in larger systems (the same trend as for the iron mass, caused by the lower
gas mass). Because significant fractions of oxygen and silicon are mainly synthesized
by SNcc, they are good indicators to estimate the amount of massive stars in the past.
Renzini [192] calculated the oxygen and silicon MLRs under the assumption of the Salpeter
initial mass function with the slope of the power-law shape to be −2.35. If we assumed the
silicon to iron abundance ratios to be ∼1 up to the virial radius (e.g., References [89,189]),
the expected silicon mass to light ratios (SiMLR) in rich clusters agree with the estimate
derived by Renzini [192], as shown in Matsushita et al. [189] and Sasaki et al. (2021).
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However, for groups, neither iron nor silicon have been observed yet out to and beyond
r500 with the exception of a handful of systems. To study the metal enrichment history
of the ICM and IGrM, we need to measure oxygen profile, mainly produced by SNcc,
to the virial radius and beyond since the whole clusters and group include the metals
synthesized in the cluster and group formation phase. To summarize, in order to progress
in the understanding of the chemical enrichment of both groups and clusters, we need to
measure the gas and metal MLRs to the virial radius for both clusters and groups to high
redshift of z ∼ 2 with the next generation of X-ray instruments (see Section 4).

2.5. High Resolution Spectroscopy: Current Observational Results with RGS

Undoubtedly, the need for high spectral resolution (particularly the capability to
resolve the Fe-L complex) is absolutely crucial to provide accurate constraints on chem-
ical abundances (and the physics of the enrichment) in groups and elliptical galaxies.
While waiting for the exploitation of micro-calorimeters onboard XRISM and Athena, one
should keep in mind the valuable potential of the Reflection Grating Spectrometer (RGS)
instrument onboard XMM-Newton to deliver high resolution spectra. Formally, the RGS
has a spectral resolution of ∼3 eV. In the case of extended sources, however, the slit-less
characteristic of this instrument induces a convolution of a given line profile with the
spatial distribution of its surface brightness along the dispersion direction of the detector.
Although this makes the RGS abundance measurements of extended clusters rather chal-
lenging (yet still feasible, e.g., Reference [126]), groups are by definition more compact and
are less affected by this instrumental broadening. The spectral window of the instrument
(typically ∼6–30 Å, corresponding to ∼0.4–2 keV) is both an advantage—as it covers the O
VIII (and O VII), N VII, and even C VI lines which are difficult or impossible to detect with
CCD instrumental responses—and a drawback—as the continuum is challenging to con-
strain within this band. Consequently, the power of RGS resides less in the measurements
of the IGrM absolute abundances than in the measurements of their (relative) N/Fe, O/Fe,
Ne/Fe, and Mg/Fe ratios. Although discrepancies of absolute Fe measurements between
RGS and CCD-like instruments may in principle lead to discrepancies in their respective
X/Fe ratios, we note a generally good agreement in the latter case (e.g., Reference [127]).

Abundances measured using RGS have been, for instance, reported on individual
poor systems [193–195], as well as in larger samples [196–198]. The CHEERS sample,
which was constructed specifically to ensure a >5σ detection of the O VIII line in each
system, provided interesting measurements in this respect. Mao et al. [199] obtained
reliable constraints (>3σ) on the N/Fe ratio in six galaxies (M 49, NGC 4636, NGC 4649)
and groups (NGC 5044, NGC 5813, and NGC 5846), as well as in M 87 and one cluster
(A 3526). Unlike all the other ratios known in the IGrM which are typically close to
Solar (Section 2.3.2 and Figure 5), the average N/Fe is clearly super-Solar. This strongly
suggests that the bulk of nitrogen originates from an enrichment channel that is separate
from the usual SNcc and SNIa contributions—very likely AGB stars. The O/Fe ratio was
investigated (in groups and ellipticals, but also in more massive systems) by de Plaa et al.
[200], and was found to be consistent with Solar, thus being in line with the picture of
the hot gas chemical composition remaining uniform with mass (Section 2.3.2), despite a
significant scatter from system to system.

Despite the valuable ability of RGS to measure accurately important ratios (particularly
N/Fe and O/Fe, see Figure 9), its limited spectral window—coupled to its sensitivity to the
spatial extent of the source and the difficulty to perform spatial spectroscopy (see, however,
Reference [201,202])—makes this instrument taken at its best advantage when combined
with CCD measurements. Nevertheless, RGS offers the unique advantage to reveal a
glimpse of the main transitions populating the Fe-L complex at groups (and clusters) tem-
perature regime(s). This is particularly essential, not only to refine our science prediction
expected with micro-calorimeter instruments, like Resolve onboard XRISM (Section 4.2),
but also to pursue the improvement of our spectral models in this crucial spectral band
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even before the release of XRISM, particularly by comparing updated atomic calculations
with (i) laboratory measurements and (ii) state-of-the-art observational data [203,204].

Figure 9. An example of RGS spectrum from a deep observation of NGC 5846, with indication of its main emission lines
(and the stellar origin of their corresponding element). Spectra from the RGS 1 and RGS 2 instruments were combined
before successive fits assuming models with one temperature (1 CIE), two temperatures (2 CIE), and a Gaussian-like
multi-temperature structure (GDEM). Residuals are shown in the right panels. Figure reproduced with permission from
de Plaa et al. [200].

3. Theoretical Framework and Simulations

3.1. High-Resolution Hydrodynamical Simulations and Small-Scale Astrophysics

While Section 3.2 focuses on the large-scale metal origins and evolution from the
high-z universe via cosmological particle simulations, here we discuss the metal abundance
evolution in terms of small-scale (astro)physics and tracer advection by means of high-
resolution (HR) hydrodynamical (HD) grid simulations in single halos. Resolutions in
such simulations can reach down to the pc scale and often employ adaptive/static mesh
refinement, together with finite-volume Godunov methods with third-order (or higher)
accuracy. Given the high resolution (and small timesteps), such simulations are mainly
focusing on the cores of galaxy groups (r < 0.1 R500) and are well suited to track the
turbulence mixing, shocks, entrainment, and detailed feedback/feeding imprints, such as
AGN cavities and thermal instabilities. We note that, in this section, Section 3.1, we take a
more physically-oriented approach, rather than following an historical sequence.

Before tackling typical HD simulation results, it is worth to review a few common physi-
cal and numerical properties of metals leveraged by investigations of different groups. A key
small-scale feature of metals is that they are passive tracers of the hydrodynamical evolution;
thus, they can be used akin to dyes/pollutants in fluid dynamics studies (e.g., Reference [205]).
In hydrodynamics (e.g., Reference [206]), the equation describing the temporal rate of change
of the metal tracer density is given by (in the Eulerian/grid framework):

∂ρZ
∂t

+∇ · (ρZv) = SZ, (4)
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where SZ is a general metal abundance source term; in Equation (6) and the related
paragraph below, we will unpack such a source term, which, in the IGrM, is mainly shaped
by stellar feedback processes, such as supernovae and stellar winds. In fluid dynamics,
Equation (4) is also known as a conservation equation. In the weak compressibility case,
the metals are purely advected along the Lagrangian stream, reducing Equation (4) to

dρZ
dt

≡ ∂ρZ
∂t

+ v ·∇ρZ = SZ. (5)

We note that, in localized IGrM regions with ∇ · v �= 0, the pollutants may also experi-
ence compressions or rarefactions, hence tracing not only smooth bulk processes (subsonic
turbulent eddies) but also nonlinear in-situ features (shocks and cold fronts). In the HD
grid simulations, such iron density is implemented via a normalized scalar Z ∈ [0, 1] tied to
each cell gas density, such as ρZ = Z ρ (see Reference [207]). Ought to high-order Godunov
schemes, such as the Piecewise-Parabolic Method (PPM; Colella and Woodward [208]),
numerical diffusion is kept at low levels compared with physical diffusion, e.g., due to tur-
bulence. Further, despite the large diversity of elements, IGrM HR numerical studies often
use the approximation Z ≈ ZFe, since iron has one of the strongest line emissions among
heavy elements—especially in hot plasma halos—which can be robustly constrained via
X-ray spectra (Section 2). We note that, while metals are a dynamical passive tracer, they
contribute significantly to the line cooling of the gas below T < 1 keV (e.g., Reference [209]),
hence accelerating the IGrM condensation cascade.

Typical HR HD simulations focus on the group core, where the central galaxy con-
tributes to a substantial amount of metals later dispersed in the diffuse IGrM, which are
mainly produced via supernovae (SN) explosions and winds from red giant stars (SWs).
An exemplary and well modeled system is the nearby galaxy group NGC 5044, with the
homonymous central galaxy dominating over the many smaller satellites. In several
ETGs/BGGs analytic studies and non-cosmological HD simulations (e.g., Loewenstein and
Mathews [210], Ciotti et al. [173], Renzini and Ciotti [62], Brighenti and Mathews [211],
Brighenti and Mathews [212], Mathews and Brighenti [213], Gaspari et al. [214], Gas-
pari et al. [215], Pellegrini et al. [216]), a common implementation of Equation (5) is to
recast it in terms of the astrophysical IGrM abundance of the ith-element (by mass in
Solar unit):

dZi
dt

= ( N∗ α∗︸ ︷︷ ︸
stellar winds

+ NSN αSN︸ ︷︷ ︸
supernovae

)
ρ∗
ρ

, (6)

where the two normalization factors related to stellar winds and supernovae are, respectively,
N∗ = Z∗,i − Zi (with Z∗,i the stellar abundance) and NSN = ySN,i/(Zi,�MSN) (with ySN,i the
SN yield in M� and MSN the ejected supernova mass). The BGG stellar density ρ∗ is usually
modeled via a de Vaucoulers profile [217]. The specific injection rates due to SWs and SN are
α∗ ≈ 4.7 × 10−20(t/tnow)−1.3 s−1 and αSN � 3.2 × 10−20 rSN(t)(MSN/M�)Υ−1

B s−1, where
Υ−1

B is the optical stellar mass-to-light ratio in the B band (e.g., References [213,218–220]),
respectively. As introduced above, iron is one of the best metals to leverage as dynami-
cal tracer in HR simulations: in BGGs/ETGs (which have star-formation histories peaked
at early times) SNII are mostly consumed at high redshifts, while SNIa—exploding in bi-
nary systems with a white dwarf—drive the BGG long-term iron enrichment. The local
SNIa rate is rSNIa ∼ 0.1(t/tnow)−1.1 SNU (per 100 year and stellar luminosity 1010 LB,�, e.g.,
Greggio [218], Mannucci et al. [219], Humphrey and Buote [220]). The iron normalization val-
ues for the SNIa (MSNIa = 1.4 M�) are ySNIa,Fe = 0.7 M� ∼ 10 ySNII,Fe and
ZFe,� = 1.83 × 10−3.

We now review the results of HD simulations leveraging the metal tracing frame-
work. In HR HD simulations, metals are a crucial tool to unveil and understand the
kinematics of major physical processes, such as AGN feedback, SMBH feeding, and IGrM
turbulence. While the detailed AGN self-regulation thermodynamics (cooling and heating
cycle) is tackled in the companion Eckert et al. review (also see the unification diagram
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in Gaspari et al. [221]), here, we focus on the main IGrM cores kinematics features. The
SMBH/AGN at the center of each BGG or ETG is fed recurrently via chaotic cold ac-
cretion (CCA [222]), i.e., the filamentary/cloudy condensation rain that is generated via
nonlinear turbulent thermal instability in the IGrM hot halo (Gaspari et al. [223], Voit [224];
also see McCourt et al. [225], Sharma et al. [226] for linear thermal instability simula-
tions). Such frequent CCA clouds trigger the AGN feedback response by re-ejecting
substantial amount of mass and energy via ultrafast outflows and relativistic jets (e.g.,
References [227,228]). At the macro scale of tens kpc, such entrained outflows/jets use
their mechanical ram pressure to generate a diverse range of astrophysical phenomena
(buoyant X-ray cavities, weak transonic shocks, turbulent eddies), which recurrently re-
heat the IGrM halo and quench cooling flows/star formation throughout the several Gyr
evolution (e.g., Churazov et al. [229], Brüggen [230], Brighenti and Mathews [231], McNa-
mara and Nulsen [12], McNamara and Nulsen [13], Gitti et al. [15], Gaspari et al. [232],
Barai et al. [233], Yang et al. [234]).

The macro-scale AGN feedback deposition channels are difficult to disentangle
through simple temperature or surface brightness maps. The metal tracers are instead
able to unveil in a clear manner such feedback features. Indeed, while the BGG produces
a continuous reservoir of metals/iron in the core of the galaxy group, the self-regulated
AGN outflows uplift them (Equation (4)) outwards, on top of the low-Z background, thus
creating key contrast patterns and imprints. Figure 10 exemplifies this during a typical
HR HD simulation [215] of AGN feedback—self-regulated via CCA—in a galaxy group
akin to NGC 5044 (with a central BGG M∗ � 3.4 × 1011 M�). In the right panel, the meso
AGN outflows have just uplifted the iron generated in the core of the BGG (magenta) up
to several tens kpc. The pattern is highly anisotropic and the enhancement can reach up
to ∼2× values compared with the pristine background (<0.3 Z�, e.g., Ghizzardi et al. [9]).
Inhomogeneities are also visible, particularly the thin metal-rich rim that envelopes the
inflated buoyant bubble. At variance, in the left panel, as the AGN outflows subside
and CCA feeding is quenched via the previous AGN outburst, the cascading subsonic
turbulence drives mixing, eventually washing out the inhomogeneities (cavity, cocoon,
jet channel) and restoring the azimuthally symmetric IGrM halo ’weather’. Subsequently,
this enables another phase of gradual IGrM precipitation and, hence, boosted accretion,
with the triggering of another AGN feedback cycle via the condensed material. Both the
above-shown anisotropic metal outflows and turbulent distributions have been found by a
wide range of hot halo observations involving mechanical AGN feedback (Section 2.3.3)
and a diverse range of HD numerical studies and groups [207,235–240]. We note that
galactic SN-driven outflows, albeit weaker and difficult to spatially detect, can enhance the
anisotropic enrichment, especially in low-mass halos (e.g., References [241,242]).

Metal maps not only give us constraints on the effects of AGN feedback, but can
also constrain different AGN feeding modes. Figure 11 shows two HR HD simulations
testing two different models of AGN self-regulation and feeding in a massive galaxy group
with extended IGrM (Lx ∼ 1043 erg s−1). In the left panel, CCA feeding/cold mode self-
regulation drives a very intermittent duty cycle tightly related to the recent cooling rate
in the group core (typically with pink-noise time power spectrum; Gaspari et al. [223]).
The rapid flickering of the AGN enables the formation of characteristic AGN feedback
imprints, such as buoyant bubbles and cocoon shocks that are encased by metal-rich rims
(cyan) protruding on top of the low abundance background. In addition, the buoyant
bubble can dredge out trailing filaments of metals via the hydrodynamical Darwin [243]
effect (Vtrail ∼ 0.5 Vb, where Vb is the bubble volume). Conversely, hot-mode feeding
(e.g., Bondi or ADAF; Bondi [244], Narayan and Fabian [245]) drives a continuous AGN
feedback evolution with a perennial, monolithic, wide and uniform cylinder of metals,
without any signs of cavities or shocks. As for the thermodynamics (cf. the companion
Eckert et al. review), observational constraints favor the former intermittent bubble duty
cycle (via cold mode/CCA), rather than the latter quasi-continuous triggering mode (Bondi
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or hot-mode feeding)—Simionescu et al. [140], Hlavacek-Larrondo et al. [246], McNamara
and Nulsen [13], Gitti et al. [15], Liu et al. [247], Gaspari et al. [248].

Figure 10. Emission-weighted iron abundance during a typical HR HD 3D simulation of self-regulated AGN feedback in a
median 1 keV galaxy group akin to NGC 5044 (adapted from Gaspari et al. [215]), showing two typical stages. The black
regions denote the diffuse, primordial iron background (ZFe < 0.3 Z�). (Left) turbulence-driven period, during which
mixing dominates, gradually washing out the anisotropic features and restoring azimuthal symmetry. (Right) the meso-scale
(sub-kpc) AGN outflows have inflated a common X-ray cavity in the IGrM, generating a thin metal-rich rim (coincident
with the compressive cocoon shock) and anisotropic iron uplift from the BGG outwards in the extended IGrM.

Figure 11. The iron abundance projected maps can differentiate between different models of AGN feeding triggering and
self-regulation, here in a common HR HD simulation of a massive galaxy group (adapted from Gaspari et al. [214]). (Left)
CCA feeding mode, driving intermittent and frequent AGN features, such as cavities with metal-rich rims and trailing
filaments. (Right) Bondi feeding mode, driving a perennial, wide monolithic cylinder of metals into the group core (with no
bubbles or cocoons).

As introduced above, a key component of the metal circulation is turbulence, either
generated by the AGN feedback or by the large-scale cosmological evolution (Section 3.2),
which is worth to further dissect. Remarkably, turbulent motions generate two (seemingly)
contrasting effects, but on different scales. On the one hand, turbulent motions promote
the diffusion of metals, tending to equalize the radial abundance profile from a negative
to null gradient (e.g., References [249,250]). On the other hand, turbulence induces local
chaotic relative density fluctuations δρ/ρ. As per the above Equation (5), metals can be
considered on average akin to passive tracers of the HD density field; thus, δρZ/ρZ ∼ δρ/ρ.
As shown by numerical and analytic studies (e.g., References [251,252]), such stratified
hot-halo fluctuations are linearly tied to the turbulent Mach number Mat; hence, the
relative metal abundance can help us to constrain the level of turbulence in the IGrM too,
δρZ/ρZ ∝ Mat, with the slope of the Fourier spectrum constraining plasma processes,
such as thermal conduction [253]. In the IGrM, the inferred 3D sonic Mach number of
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turbulence is Mat ∼ 0.3–0.5 [254,255], i.e., σv of a few 100 km s−1. This can complement
upcoming spectral X-ray IFU studies carried out via XRISM and Athena (see Section 4),
with detailed synthetic observations already highlighting unprecedented features of metals
and turbulence in hot halos [256–259]. Moreover, constraining the turbulent metal evolution
in the IGrM plasma phase enables to assess the kinematics of the top-down multiphase rain,
since the condensed warm (Hα+[NII]) filaments and cold (CO, HI) clouds share analogous
ensemble velocity dispersion [260–263].

While the large-scale cosmological evolution is discussed in the upcoming Section 3.2,
it is worth to note here that at r >∼ 100 kpc (and with Gyr frequency), the infalling sub-
structures and interacting galaxies (particularly dry dark matter halos; see the HD simula-
tion review by Zuhone and Roediger [17]) can induce significant amount of sloshing in the
IGrM, hence creating large-scale metal anisotropies and tails that are often correlated with
cold fronts/contact discontinuities or ram-pressure stripping features [149,155,264–269].
For the observational insights on related metallicity maps, we refer the interested reader to
Section 2.3.3.

3.2. Cosmological Simulations and Large-Scale Evolution

The metal content of cosmic structures has been addressed via complex large-scale
cosmological hydrodynamical simulations, as well [32]. Cosmological simulations [270]
allow us to study and predict the formation and evolution of galaxies and galaxy systems,
such as groups and clusters, within the large-scale cosmological framework [271,272], while
consistently accounting for a large variety of physical processes shaping the baryonic matter
component—from gas cooling, to star-formation and BH evolution, to energy feedback.
In particular, chemical evolution models are needed to consistently follow the production
and evolution of the metal content in the stellar and gaseous components, which has
important consequences on the cooling properties of the gas, on the conversion of gas into
stars, and, therefore, is linked to the thermo-dynamical structure of galaxy systems. Given
the large dynamical ranges spanned in simulations of cosmological volumes, chemical
evolution is typically treated via a sub-resolution model, similarly to other small-scale
physical processes (like star formation or energy feedback).

Chemical evolution models have been introduced in cosmological simulations starting
from the 1990s [273,274]. While early studies including chemical enrichment mainly
focused on galaxies [273,275], soon Smoothed-Particle Hydrodynamics (SPH) simulations
of large-scale structure and galaxy clusters started to include chemical evolution models as
well [276–278]. Despite different level of complexity, already in the early implementations,
the metal production associated to both SNIa and SNcc was included, and the metal content
of the gas was taken into account in the cooling process (e.g., References [279,280]). In
Reference [278], the contribution to chemical enrichment due to low- and intermediate-
mass stars undergoing the AGB phase, as well as the treatment of metallicity-dependent
stellar yields and mass-dependent stellar life-times were also included [281]. Starting from
the initial models that focused on total metallicity or iron abundance, an increasing level
of detail has been reached over the years, with modern simulations typically following
the production and evolution of several metal species separately (e.g., oxygen, silicon,
etc.). Chemical enrichment models are typically based on three fundamental pillars: the
initial mass function (IMF) (e.g., References [282–284]), and mass-dependent stellar life-
times (e.g., References [285–288]) and metal yields (e.g., References [6,289–292]). In SPH
simulations [293], in particular, chemical evolution models are coupled directly with the
star formation model, where every stellar particle is representative of a simple stellar
population (SSP), that is a population of stars all characterized by the same age and
metallicity. The assumptions on the IMF and on the stellar yields are required to predict the
amount of metals generated by each SSP and the time-scale on which different enrichment
channels (primarily SNIa, SNcc and AGB stars) release the metal mass into the surrounding
gas elements (e.g., References [294,295], for more details on the principal equations that
describe the stellar evolution and metal production).
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Results from cosmological hydrodynamical simulations on the chemical enrichment of
cosmic structures, from galaxies to groups and clusters, can be very sensitive to the specific
assumptions on the IMF or of stellar yields. In particular, these can affect the normalization
of metallicity profiles and the value of global abundances. Changes in the underlying
IMF functional form, affect directly the final ICM metallicity and abundance ratio profiles,
for instance, due to different relative amounts of low- and high-mass stars [281,288,296].
The yield tables are also an important source of uncertainty [289] in the predicted integrated
level of enrichment, as well as the supernova rates (see a recent investigation based on the
Illustris Simulations by Reference [297]). More importantly, the complex interplay with
other gas thermal and dynamical processes treated in the simulations, such as energetic
feedback or merging processes, can substantially impact the spatial distribution of metals
and, therefore, the gradients of the radial profiles, as further discussed in Section 3.2.1 (also
see Section 3.1).

In the last decade, more and more cosmological simulation codes have combined
chemical enrichment models with many other important physical processes describing the
evolution of gas and stars, with the principal aim of reaching an increasingly detailed and
realistic picture of cosmic structures, from galaxies to galaxy clusters and cosmic filaments,
to be compared against observational findings [172,297–303].

Nonetheless, most of the numerical studies based on cosmological simulations so
far have concentrated on the case of (massive) galaxy clusters, for which the impact of
resolution, feedback processes and interplay with the member galaxy population can be
better constrained. Given their special position at the crossroad between smaller-scale
physics and cosmic evolution, galaxy groups represent in fact a rather challenging, albeit
crucial, target: capturing correctly the effects of feedback from central galaxies and BHs,
given the shallower potential wells of groups compared to clusters, is of great importance.
This has been in fact the main source of discrepancy in the comparison with observational
findings, and consequently one of the crucial testbeds for cosmological simulations and the
physical models therein included (for a thorough discussion, see the companion review by
Oppenheimer et al.).

3.2.1. Results from Cosmological Simulations

Cosmological simulations can be extremely powerful resources to study and predict
the detailed enrichment history of the gas in cosmic structures, as well as to investigate the
expected spatial distribution of metals. It is, therefore, crucial to assess their reliability by
comparing simulated results to observational findings.

As a consequence of the interplay of different physical and dynamical processes,
especially energetic feedback, simulations allow us to explore the expected observable
signatures on the resulting distribution of metals in the IGrM gas. Numerical investigations
showed, for instance, that feedback from AGNs is crucial to reproduce the large-scale
homogeneous enrichment observed in the outer periphery of galaxy systems, such as
groups and clusters [107]. In such simulations, metallicity profiles show a relatively flat
trend out to large distances from the center in clusters, and a very similar enrichment level
in smaller structures, as well. Consistent findings emerge from recent observational studies,
as discussed in detail in Section 2.3.1 [31].

This effect of early AGN feedback promoting a more homogeneous enrichment and
shallower radial profiles, was already observed in the simulations by Reference [172],
for both massive clusters and lower temperature systems. At the group regime (T � 3 keV),
they found that the flat profile of iron abundance in the outskirts of the simulated groups
was in contrast with the observational results by Reference [93], employed for compari-
son (also see Reference [300]). The simulation results are instead more in line with recent
observational data, e.g., by Reference [52,89]. Already in Reference [172], it was shown
that also the the silicon-to-iron abundance ratio in simulations was found to be flat out to
large distances from the center in groups, as well as in clusters, indicating also a similar
contribution of SNIa and SNcc to the gas metal enrichment. A relatively flat silicon-to-iron
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ratio was also confirmed by independent results obtained by Reference [23] on a set of
simulated galaxy groups extracted from the OverWhelmingly Large Simulations (OWLS)
project [304], despite finding typically more pronounced radial gradients of the IGrM metal-
licity. Several independent simulation studies converge on the idea that energy feedback
solely due to supernova winds typically produces clumpier distributions of α-elements,
like oxygen or silicon, and steeper, decreasing radial metallicity profiles. The reason for the
different metal distribution can be related to the origin of the α-elements, mostly produced
by SNcc and, therefore, confined in the vicinity of star-formation sites, where they can be
efficiently locked back into newly formed stars unless an efficient mechanism intervenes
to quickly distribute them far enough. The steeper profiles in absence of AGN feedback
was also mildly noted in Reference [305], although the galactic outflow model used in
their cosmological simulations was able to reproduce the global iron content in group-size
halos, together with various observations of cosmic chemical enrichment. Those authors
concluded, as well, that an efficient outflow mechanism, able to displace pre-enriched gas
out of galaxies, must be in place already at early times, in order to explain the observed
chemical enrichment of the inter-galactic medium at z ∼ 6 (also see Reference [280]).

These general trends have been also confirmed by following simulation
campaigns [297,298,306]. In addition to consistent results on the relation between AGN
feedback effects and the enrichment level at large distances from the center (i.e., beyond
∼0.3 R500), these recent simulations also finally reproduced the diversity of thermal and
chemical properties found in the core (�0.1 × R500) of observed systems [303,306]. Some
differences, e.g., on the metallicity profile normalization and, thus, on the global enrichment
level, is nonetheless still present depending on the specific set of simulations analyzed [301],
and consequently on the set of stellar yields and supernova rates adopted. In addition,
the modeling of dust and metal spreading within cosmological simulations can further
impact the details of the spatial distribution of metals that remain in the gaseous phase,
for which further dedicated studies are needed.

When comparing simulation results with observations, it is important to pay attention
to the way quantities are evaluated in simulations. In particular, estimates of metallicity (as
well as other thermal properties) can be derived in different ways depending on the weight
w used to compute the average Z value, that is Zw =

∫
wZdV/

∫
wdV. Typical weights

are the mass of the gas or its emissivity in the X-ray band. In general, flatter metallicity
profiles in simulations are better reproduced when a projected emission-weighted estimate
is pursued, whereas the mass-weighted three-dimensional metallicity typically shows
a somewhat steeper decrease with radius [107]. In this perspective, the issue of a fair
comparison between gas properties in simulations and observations has also been tackled
via the generation of detailed X-ray synthetic observations out of numerical simulations,
properly taking into account the specific characteristics of X-ray telescopes. With such
techniques, Ref. [71] showed that an observational-like reconstruction of the iron and
oxygen abundances with mock XMM-Newton observations of simulated clusters and
groups is in good agreement with the intrinsic simulation value. More recently, Ref. [257]
employed synthetic observations of the X-ray Integral Field Unit (X-IFU) on board the
next-generation European X-ray observatory Athena to reconstruct chemical properties of
the ICM from simulated galaxy clusters. The authors showed that the metallicity values
obtained from X-IFU spectra match well the emission-measure-estimate computed directly
from the simulations.

The homogeneous enrichment of the intra-cluster and intra-group gas on large scales,
as indicated by the little scatter around very shallow radial profiles in the outskirts, is also
strongly connected to the history of the chemical enrichment. The so-called pre-enrichment
scenario implies that the gas enriched within proto-groups and proto-cluster galaxies has
been displaced beyond their shallower potential wells by some efficient mechanism at early
times (z 	 3)—while stellar feedback alone is not sufficient, many recent state-of-the-art
cosmological simulations identify the responsible mechanism with early AGN feedback.
This allows the bulk of the diffuse inter-galactic gas to be pre-enriched and then re-accreted
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into the assembling galaxy group or cluster. This further supports the idea that a significant
fraction of the gas chemical enrichment happens at those early times, as confirmed by the
little evolution of the gas metallicity below z ∼ 2, especially on the large scales, found
in observations (e.g., References [307–309]) and also in simulation studies [107,297,298].
At the group scale, cosmological simulations predict a gas metallicity evolution below
z � 1–2 that is very similar to the one found, and observed, in more massive clusters.
Consistently with the results discussed above, simulations including AGN feedback find
a shallow dependence on redshift, especially when the global metallicity within R500 or
the enrichment level in the outer regions (	0.3 × R500) is concerned. Ref. [299] show
that the evolution of the metallicity in different radial range is similarly mild at groups
scales, as well, unless only stellar feedback is included in the simulations. In that case,
they note again an effective reduction of the gas iron and oxygen content which is more
severe particularly in the group regime. This is interpreted as a more substantial, un-
suppressed, star formation activity which efficiently, and preferentially, consumes metal-
rich gas. In the galactic-outflow model by Reference [305] a higher growth rate, with respect
to observations, was in fact observed in the simulated groups.

The similarities between chemical enrichment of the IGrM in lower-temperature
groups and the ICM in massive objects is further supported by the shallow dependence
of gas global metallicity on the system mass (or temperature). In contrast to observa-
tional findings, where lower iron abundances were typically observed in group-size sys-
tems compared to clusters, Ref. [310] report a shallow, mildly anti-correlating, metallicity-
temperature relation, employing semi-analytic models of galaxy evolution. Simulation
results, like those presented in References [297,302], also predict a shallow anti-relation
between metallicity and temperature, that extends without breaks from clusters down to
groups. More recently, Reference [299] compared the relation between temperature and
iron abundance in the core (i.e., <0.1 R500) of simulated groups and clusters with recent
results from the CHEERS sample [92], also finding a shallow anti-correlation overall, with a
mass-invariance of the IGrM and ICM iron abundance in cool-core clusters, as shown in
Figure 12. In the figure, in particular, the simulated data (star symbols) are reported to-
gether with the best-fit relation for the whole sample, and for the CC and NCC subsamples,
with the former in better agreement with the CHEERS results (also see Reference [31]).

Ref. [302] show that a flat relation with temperature applies, as well, when abundance
ratios relative to iron are investigated (e.g., O/Fe, Si/Fe, S/Fe, etc.). Interestingly, this is
also in line with recent observational findings (e.g., Reference [128]; also see discussion in
Section 2.3.2).

So far, the main limitation to study simulated groups of galaxies in more detail has
been the lack of simulations within cosmological context able to consistently resolve and
match the stellar and gas properties of massive galaxy clusters and galaxies, simultane-
ously. Groups, in this respect, have often rather served as crucial testbed for assessing the
prediction power of physical models embedded into cosmological simulations, especially
related to feedback from central galaxies (see the companion reviews by Oppenheimer et al.
and Eckert et al.). Nonetheless, given the recent encouraging results obtained on the
chemical and thermal properties of the diffuse gas in various cosmic structures, especially
with improvements in the description of chemo-energetic feedback from galaxies in group
and cluster cores, more dedicated studies specifically focusing on the group regime in
cosmological simulations are definitely needed to explore the details of their formation
and evolution.
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Figure 12. Relation between gas iron abundance and temperature in the core (r < 0.1R500) of groups
and clusters. Comparison between cosmological simulations (empty stars) and X-ray observational
results from the CHEERS sample (filled circles). We also report best-fit relations for the whole
simulated sample (solid grey line), and for the CC and NCC subsamples (blue dot-dashed and red
dashed lines, respectively), as well as the relation determined from the CHEERS data (turquoise line
and shaded area, for the associated 68.3% confidence region). Consistently with previous sections,
iron abundances, relative to hydrogen, are reported with respect to the Solar reference value by
Reference [43]. Adapted from Reference [299].

4. Future X-ray Missions

Beyond the impressive observational efforts provided by the community to best
characterize metals in the IGrM using the past and current fleet of X-ray observatories
(Section 2.2 and 2.3), it is clear that the next generation of X-ray missions is essential to
overcome the current limitations and to advance our knowledge. As we further discuss in
this section, higher spectral resolution, higher throughput, and larger sky coverage will be
key factors.

4.1. eROSITA

The present knowledge of the physical properties of the IGrM, both thermodynamical
and chemical, is limited to archival studies with known systems mainly at the high end
of the mass and luminosity ranges. X-ray selection provides a more reliable way than
optical selection of identifying virialized groups with a bona fide IGrM, but groups are
typically at the limit sensitivity of the ROSAT All Sky Survey (RASS) and their detection is
biased towards peaked surface brightness objects (the X-ray cool-core bias [311,312]). Even
though the advent of XMM-Newton and Chandra made available deep surveys of limited
areas providing less biased samples of groups, these systems are typically at moderate
redshifts and they lack even global abundance measurements (e.g., References [313,314]).
Optically selected systems with a dedicated X-ray follow-up can circumvent some of the
biases of the RASS X-ray selection and provide some partial answer to the characteristic
of the general population of groups (see, for example, Reference [315] and the interesting
discussion therein).

Spectrum Roentgen Gamma (SRG, launched in 2019) hosts the eROSITA instrument,
a set of seven co-aligned soft X-ray telescopes covering the 0.2–10 keV band, with a field of
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view of 1◦ and ∼15′′ spatial resolution equipped with CCDs with spectral resolution of
60–80 eV in the 0.5–2 keV band [316]. At the end of 2023, after four years surveying the
whole sky once every 6 months, eROSITA will build up an all-sky survey 25× deeper than
RASS in the 0.5–2 keV band [316,317].

eROSITA will, therefore, provide for the first time a large, homogeneously selected X-
ray sample of groups for detailed studies with future generations of X-ray instruments (Ref-
erence [315,317,318], and also see the companion reviews, particularly Eckert et al.) detailed
in the next sections and for the pointed phase of eROSITA itself, in a similar fashion as
ROSAT. In particular, given the large field of view, pointed observations of eROSITA will
provide valuable information for the outer regions of groups and their metallicity. These
upcoming data sets are all the more interesting in the context of the expected spectral
model improvements driven by microcalorimeter data, which will further ensure that the
results derived from lower-spectral resolution CCD observations are robust.

4.2. XRISM

Non-dispersive, high-spectral resolution X-ray micro-calorimeters will enable a giant
leap in our understanding of the metal content of the diffuse IGrM. The next such detector
slated for launch is the Resolve instrument onboard the X-ray Imaging and Spectroscopy
Mission (XRISM), a JAXA-led satellite with contributions from NASA and ESA [319] with
a launch expected around 2023. The XRISM/Resolve instrument, covering a 3 × 3 arcmin
field of view with 35 micro-calorimeter pixels, will carry forward the seminal observations
begun by the Hitomi/SXS on the ICM of the Perseus Cluster [125]. With each pixel deliv-
ering a spectral resolution of <7 eV, more than 10 times better than conventional CCDs,
and given its non-dispersive nature meaning that the spectra of extended sources are not
blurred by the size of the target, XRISM/Resolve will reveal emission lines from various
chemical elements in the IGrM with unprecedented sharpness (see, for example, Figure 13).
Due to the relatively modest spatial resolution (with a HPD of 1.7 arcmin) and effective
area, XRISM observations are ideally suited for studying the centers of nearby clusters
and groups. Using these targets, together with dedicated laboratory measurements driven
by these new observations (e.g., Reference [204,320]), it is expected that remaining un-
certainties and differences between AtomDB and SPEXACT in modeling the Fe-L line
emission will be ironed out early during the lifetime of the mission, whose expected launch
is currently set for Japanese fiscal year 2022.

For the bright, line-rich cores of galaxy groups, 100 ks observations with XRISM/
Resolve can determine the abundances of Fe, O, Ne, Mg, Si, and S with statistical precisions
of 5% and systematic uncertainties that are far reduced compared to those from fitting
CCD spectra. Weaker lines from other elements like N, Al, Ar, Ca, and Ni (based on the
Ni L-shell emission) may also be detected in the IGrM. This will provide a fantastic and
stringent test of the current picture that the chemical composition of the ICM/IGrM is
consistent with the Solar values (see Section 2.3.2).

Furthermore, precise measurements of the metal abundance patterns of the ICM and
IGrM are expected to offer new tests of stellar astrophysics. Elemental abundances in the
Sun and in the stars in the Local Group have so far been the most commonly used points
of comparison in order to check whether or not current theoretical nucleosynthesis yields
provide a self-consistent picture that can appropriately describe Galactic chemical evolution
(see, e.g., Reference [7,321]). High-resolution X-ray spectroscopy with XRISM, followed
by the Athena X-IFU (see Section 4.3) will provide complementary measurements of the
enrichment history of the hot-diffuse gas, with a precision rivaling optical and infrared
stellar spectroscopy, ushering in a new era of extra-galactic archaeology.
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Figure 13. A comparison between existing archival XMM-Newton data of the central regions of the galaxy group NGC1550,
and predictions for XRISM/Resolve using a similar exposure time and spectral model. (Top panel) The RGS spectrum
extracted from a 3.4 arcmin-wide stripe in the cross-dispersion direction; spectra from RGS1 and RGS2 and from the three
different existing observations have been stacked for display purposes (for details of the data reduction, see Reference [322]).
The blue curve shows the best-fit 2T model using SPEXACT v3.0.6, including the effect of line broadening due to the
extent of the source. (Bottom panel) The XMM-Newton-MOS1 spectrum from the central 0.05 r500 region of NGC1550
(adapted from Reference [128]) is shown in blue. This region roughly corresponds to the FoV of XRISM/Resolve. In red,
we show the predicted model obtained by re-scaling the 2T RGS model from the top panel to match the XMM-Newton-
MOS1 flux, and folding this through the XRISM/Resolve response. This re-scaling is necessary because the absolute flux
determined by XMM-Newton-RGS for an extended source is uncertain, since technically a region up to 10 arcmin along
the dispersion direction can contribute to the observed count rate. A simulated 100 ks XRISM/Resolve spectrum using
this model is shown in black. The 5 brightest Fe lines, and lines from all elements other than Fe with a line flux exceeding
5 × 10−17 photons/s/cm3, are labeled.

4.3. Athena

In the continuation of the high resolution spectroscopy era to be settled by XRISM,
the future European mission Athena will be a game changer for our understanding of the
chemical enrichment of hot halos pervading large-scale structures, from individual galaxies
to rich clusters. Currently planned to be launched around 2033, Athena will embark two
revolutionary instruments: the Wide Field Imager (WFI [323,324]) and the X-ray Integral
Field Unit (X-IFU [325,326]). The former consists of a DEPFET (depleted p-channel field-
effect transistor) camera able to perform imaging and moderate-resolution spectroscopy
over an impressive field of view of 40′ × 40′, whereas the latter is a cryogenic spectrometer
made of a ∼5′ diameter array of more than 3000 TES (transition edge sensors)—each of
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which offering an exquisite spectral resolution of 2.5 eV over a required spatial resolution
of 5 arcsec half energy width (thus allowing to probe the spatial substructure if the IGrM at
levels comparable to XMM-Newton). Concretely, both instruments will be nicely comple-
mentary. While the WFI is expected to discover a large number of high-redshift clusters and
groups, the X-IFU will be able to investigate them spectroscopically with unprecedented
resolving power. The promises of the latter have been thoroughly demonstrated in the case
of clusters, in terms of spatial distribution of metals (Reference [257]; also see Section 3.2.1)
but also of chemical composition and underlying stellar sources [259].

The outstanding scientific potential offered by Athena for exploring the metal content
of the IGrM is illustrated in Figure 14, where we simulated 100 ks of WFI and X-IFU
exposures (in comparison to that of XMM-Newton/pn) for the core (<0.05 r500) of a typical
NGC 1550-like group assumed at various redshifts. Whereas, for this specific case, pn
cannot provide significant metal constraints at z = 0.5 and beyond, we calculate that the
WFI and the X-IFU should be able to track the overall metallicity up to z = 1 within ∼40%
or less. An interesting feature immediately visible from this figure is the possibility of
performing spectroscopy on high-redshift groups with the WFI. As the effective spectral
resolution of any instrument naturally tends to deteriorate with decreasing flux (in order to
keep enough meaningful statistics per spectral bin), at z = 1 typical WFI and X-IFU spectra
of groups are expected to deliver very similar spectral information. Combined with its
ability to detect and image several groups simultaneously over a large region of the sky
(more than 10,000 systems at z > 0.5 with M ≥ 1013M� over the nominal four years of
the mission [327]), this will make the WFI a highly valuable instrument to trace the metal
content of many (local and distant) groups at once. This actually provides a unique synergy
with the X-IFU, as the latter will be invaluable to resolve a plethora of metal lines at low
and moderate redshifts (in order to derive absolute and relative abundances with exquisite
accuracy, but also to further refine atomic calculations and make the available spectral
codes further converge).

Figure 14. Simulated (100 ks) spectra of the core of a typical NGC 1550-like group (L0.3−2keV � 2.1× 1042 erg/s, kT � 1.3 keV,
Fe � 0.6 Solar) set at various redshifts, as seen by the XMM-Newton/pn, Athena/WFI, and Athena/X-IFU instruments. Each
spectrum has been appropriately re-binned for clarity.

Another particularly interesting possibility offered by the X-IFU instrument resides in
the determination of the abundances ratios. By giving us access to even more metals with
even fainter lines than XRISM, the X-IFU will offer the best diagnostics of the SN explosion
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mechanisms, initial metallicity of the progenitor stars contributing to the enrichment of the
cosmos, and especially the slope of the IMF, with the aim to contribute in a significant way
to the debate about its universality. Higher line emissivities of a few key elements (e.g., O,
Mg) at the groups regime are critical for constraining the IMF and will nicely complement
the case of clusters, which will be thoroughly studied, as well (see, e.g., Reference [259]).

Although more tailored WFI and X-IFU predictions (including, e.g., cosmological
evolution of groups, the effects of the background and its reproducibility and/or other
instrumental effects) are left for future dedicated work, it is clear that Athena will push
our understanding of the chemistry of large-scale structures to the next level, even at and
below groups scales.

4.4. HUBS and Super DIOS

While XRISM and Athena will lead to significant advancements in our understanding
of the precise chemical make-up of the centers of galaxy groups and its redshift evolution,
the high spectral resolution IFUs onboard both of these future missions have a limited
field of view. This means that studies of the metal abundance ratios in the outskirts of
groups and clusters would be very expensive in terms of observing time: nearby objects
would be too large on the sky, and require mosaics composed of an unwieldy number
of pointings, while high-redshift objects whose outskirts do fit within the FoV would be
significantly dimmer. To give a concrete example, covering the entire area between 1–1.5
R500 of NGC 58464 would require no less than 423 observations with the Athena/X-IFU.

Two future missions currently under study promise to address this issue by offering
capabilities that are complementary to those of Athena: the Hot Universe Baryon Surveyor
(HUBS) [329], which is a project of the Chinese National Space Administration (CNSA),
and the JAXA-led Super DIOS (”Diffuse Intergalactic Oxygen Surveyor”, Sato et al. [330])
mission. Both have expected launch dates in the 2030s. By prioritizing a shorter mirror
focal length (which implies a smaller on-axis effective area) but using larger pixels and
covering a larger field of view (of order ∼1 deg2), these future satellites will be able to
survey a wider area of the sky more efficiently while maintaining a high spectral resolution
(ΔE � 2 eV). Due to the shorter focal length and their planned deployment in low-Earth
orbit which both help to minimize the detector background, these missions are optimized
to enable detailed high-resolution spectroscopy of the faint outskirts of nearby groups and
clusters of galaxies, among several other science topics. In Figure 15, we summarize the
capabilities and advantages of planned X-ray IFUs over the next ∼decade. Remarkable
to note is that the Super DIOS concept plans to employ nearly an order of magnitude
more TES pixels than Athena with developments of a new TES readout system, enabling
a 10–15 arcsec resolution over 0.5–1 deg2; while HUBS has a similar number of pixels as
Athena (and, therefore, a poorer spatial resolution of ∼1 arcmin over a 1 deg2 FoV), it
carries a central 12 by 12 arcmin sub-array with an energy resolution of 0.6 eV, that will be
the first detector to reach a resolving power of E/ΔE > 1000 around the Fe-L complex.
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Figure 15. Summary of the capabilities of future missions and mission concepts carrying high-
spectral resolution X-ray integral field unit detectors, using the XMM-Newton EPIC/pn as a reference
value of 1 along each axis. The grasp is defined as the effective area Ae f f integrated over the
field of view; plotted along the ’low NXB’ axis are the non-dimensional figures of merit FNXB for
detector-background-limited observations (also known as non-X-ray background), expressed as
FNXB = Ae f f /(F2B) with F the mirror focal length and B=1 in low-Earth orbit and 4 for high orbits,
as defined by, e.g., Reference [331].

4.5. Arcus

Arcus is a proposed NASA Medium Explorer mission that aims to significantly im-
prove our spectroscopic capabilities using soft X-ray gratings. With spectral resolution
R > 2500 between 12–50 Å, the Arcus proposal possesses the ability to resolve the ab-
sorption of a diverse range of metal species in the extended halos of galaxies, groups,
and clusters along sight lines toward distant quasars [332]. X-ray grating spectroscopy
provides a critical complementary probe to planned micro-calorimeters by having ∼10×
greater resolution and probing the diffuse hot gas comprising the majority of missing
metals and baryons [333,334]. Arcus is designed to achieve a 10-fold increase in sensitivity
(i.e., square root of effective area times resolution) over existing grating spectrometers on
Chandra and XMM-Newton.

According to cosmological simulations [335], the IGrM has the greatest potential to
show a rich variety of ion species. O VIII should be the most detected species within group
virial radii, while O VII should be detected in lower mass groups at M500 � 1013.5M�.
In its main mission, Arcus should detect the T = 105.4–6.8 K IGrM in at least 10 group halos
at a 3 mÅ equivalent width threshold (at 5σ) for O VII and O VIII. Interestingly, the Fe XVII
should be detectable within R500 for groups, probing gas up to ≈107 K for at least 5 group
halos. Integrating longer on the brightest X-ray quasars opens up the possibility to detect
more species using a 1 or 2 mÅ detection threshold, including Ne IX and Ne X. C V and C
VI (and maybe N VII) may also be detectable in the group outskirts for deeper observations
probing gas down to 105 K. Sensitive UV absorption line spectroscopy brought about by
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the Cosmic Origins Spectrograph on Hubble discovered that the objects with the richest
and most diverse set of species probing gaseous halos are star-forming, L∗ galaxies [336].
It is expected that groups will be the analogous richly detected, multi-species objects to be
probed via X-ray absorption line spectroscopy.

4.6. Lynx

The Lynx mission concept [337] proposed to the US 2020 Decadal Survey is designed
to carry a new generation of X-ray telescopes enabling a sub-arcsecond resolution over a
22′ × 22′ field of view and an effective area of 2 m2 at 1 keV. It is designed to be equipped
with three complementary instruments. An active pixel array (the high-definition X-ray
imager, HDXI) that would provide wide-field CCD-like spectral imaging, but with 0.3′′
pixels to take advantage of the exquisite spatial resolution. The Lynx X-ray Microcalorime-
ter (LXM) which would bring 3 eV spectral resolution on 1′′ spatial scales over a 5′ field of
view (0.3 eV in a ultra-high resolution sub-array). Finally, an X-ray grating spectrometer
(XRG) with an effective area of 4000 cm2 and resolving power greater than 5000 to exploit
the better spectral resolution of gratings for point sources in the soft energy band. The key
improvements Lynx will bring if approved concern the ability to resolve the metal abun-
dance structure of the gas near and outside the virial radius of groups at low redshift by
combining a study of emission and absorption against background AGNs. Lynx will also
push the realm of enrichment studies in the IGrM to the z = 2–3 range where strong trends
are expected. Lynx is specifically targeting observations of high-redshift groups down to
a mass scale of M500 = 2 × 1013 M� at z > 3 (https://www.lynxobservatory.com/report,
accessed on 21 June 2021. [338]).

5. Concluding Remarks

Throughout this review, we have seen how crucial the case of galaxy groups is in
order to complete our understanding of the journey of metals—from stars and supernovae
to the largest scales of our Universe. Groups are in fact a unique piece of the puzzle
to relate chemical enrichment at (sub-) galactic scales and at cluster scales (Section 2.4),
making IGrM abundance studies particularly valuable in this respect. As we have also
discussed, however, such studies are still in their pathfinder steps, and enrichment in
groups remains much less explored (hence, understood) than in clusters. The reasons are
diverse, and include notably on the observational side: (i) the intrinsic faintness of the
IGrM with respect to the ICM, making observational studies more demanding in terms of
exposure time; (ii) the lack of well defined samples of groups in the X-ray band, marking
again a stark contrast with respect to clusters; (iii) our lack of spectral knowledge of the
Fe-L complex (ruling almost all the X-ray emission of the IGrM) and of the likely multi-
temperature structure of the gas (Section 2.1). As we have seen in Section 4, in the next few
years, each of the above limitations will be tackled by higher quality data in terms of sizes
of the sample of groups to be targeted and available high-throughput and high-resolution
spectra. Those data will be coupled with an improved theoretical understanding of the
spectral modeling. It is also essential to continue the efforts to improve the accuracy of
the theoretical SN yields and the measurements of SN rates as a function of the cosmic
time. On the simulation side, the main challenge will be to reproduce key stellar and
gaseous properties on both galactic and Mpc scales, simultaneously including micro-
scale physics and the large-scale cosmological context (Sections 3.1 and 3.2). With the
ongoing exponential high-performance computing advancements, we are getting closer
to a quantum leap in terms of a single high-resolution hydrodynamical cosmological
simulation reaching this goal, thus providing more detailed predictions for the regime of
galaxy groups. It is a reasonable bet to forecast the coming era as a golden age of maturity
for the study of metal abundances in galaxy groups.
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Notes
1 EW =

∫
(Iν−I0

ν )/I0
ν d(hν), where I0

ν is the continuum intensity without the line
2 In Johnson et al. [90], a ”cool-core” group is defined as such when its temperature profile shows a clear central

decrease out to at least ∼0.1R500. This definition is of course arbitrary and may differ from other proposed ones.
3 In Mernier et al. [89], a ”group/elliptical” is defined as such when the mean temperature of the system within

0.05R500 does not exceed 1.7 keV. Here, again, this definition is arbitrary and a given rich group could be defined as a
poor cluster in other studies.

4 For the R500 value in Reference [328].
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Abstract: We review the formation and evolution of fossil groups and clusters from both the theo-
retical and the observational points of view. In the optical band, these systems are dominated by
the light of the central galaxy. They were interpreted as old systems that had enough time to merge
all the M* galaxies within the central one. During the last two decades, many observational studies
were performed to prove the old and relaxed state of fossil systems. The majority of these studies
that spans a wide range of topics including halos global scaling relations, dynamical substructures,
stellar populations, and galaxy luminosity functions seem to challenge this scenario. The general
picture that can be obtained by reviewing all the observational works is that the fossil state could be
transitional. Indeed, the formation of the large magnitude gap observed in fossil systems could be
related to internal processes rather than an old formation.

Keywords: fossil galaxy groups; galaxy clusters; galaxy groups; X-ray and optical observations;
hydrodynamical simulations

1. Introduction

The Lambda cold dark matter scenario (ΛCDM) predicts that structures in the Uni-
verse form following a hierarchical evolution: small objects collapsed first under their
self-gravity and are then merged continuously to build larger structures. In this scenario,
galaxy formed first, then merged in small groups and the process continues until the
creation of massive galaxy clusters [1,2].

Ponman and Bertram [3] firstly suggested, while studying compact groups, that this
building scenario could be taken to the extreme consequences. They predicted that, in
some cases, all the main galaxies of a group could merge with one another, creating a giant
galaxy embedded in an X-ray halo typical of a group. This prediction was supported, one
year later, by the discovery of RX 11340.6 + 4018, an apparently isolated elliptical galaxy,
at redshift z = 0.171, found in an extended X-ray halo. The estimated X-ray mass was
2.8 × 1013 M�, making it a typical group-sized object [4]. These systems were named as
“fossil groups” (FGs). They were thought to be the latest stage in the evolution of galaxy
groups. For this reason, they were supposed to be old and dynamically relaxed systems [3].

The spatial density and fraction of FGs were estimated in different studies, both
theoretically and observationally. The agreement on the spatial density is quite good, with
estimations in the range ∼1–3 ×10−6 h3

50 Mpc−3, see, e.g., in [5–7]. On the other hand, the
fraction of FGs with respect to the total amount of clusters and groups is more debated.
A comparison between different works can be found in Table 1 of Dariush et al. [8]: the
estimated fractions varies between 1% and 40%, with a large scatter, and a mean value can
be found at about ∼10–15%.

In this review, we show the main observational and theoretical works related to FGs
written during the last three decades. Our aim is to show that these systems are fixed well
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in the current theory of structure formation in the Universe. They are just extreme systems
produced following this theory. This review is structured in the following way: in Section 2,
we will describe the search for FGs in the last ∼20 years and their observational definitions.
In Section 3, we will present the theoretical scenarios proposed to describe these systems.
In Section 4, we will discuss the properties of the intra-cluster medium and of the galaxy
populations. Then, we will describe the possible progenitors of FGs in Section 5. Finally, in
Section 6, we will propose a sample of “genuine” FGs and draw our conclusions.

2. The Search for Fossil Systems

Since their discovery in 1994, a strong observational effort was done to find FGs.
Despite their supposed frequency, more than 10 years were needed before producing
reasonably large catalogues of some tens of candidates. In this sense, one of the main
obstacles for the community was to agree on a practical definition. In fact, at the beginning,
the search was limited to isolated galaxies surrounded by an X-ray halo, but this definition
was too loose [5]. More rigorous definitions, involving photometry, spectrocopy and
X-ray data, were proposed and are actually used. We will discuss them in Section 2.1.
However, these rigorous definitions had important observational limitations. The result of
these constraints was that fossil samples were not selected in a homogeneous way and, in
Section 2.2, we will discuss the strength and weaknesses of the different approaches
adopted in the literature.

2.1. Operational Definitions of Fossil Groups

The most common operational definitions of FGs are based on the magnitude gap
between the brightest member galaxy of the group/cluster and other galaxy sorted by
their magnitude (Δm1,j, where j represents the j-th ranked galaxy). In particular, Jones
et al. [9] suggested that a group or a cluster of galaxies should be classified as fossil if the
magnitude gap between its two brightest members (Δm12) is larger than two magnitudes
in the r−band. In addition, they also imposed that the two brightest galaxies should be
located within half the (projected) virial radius (defined as r200, the radius of a sphere whose
mean density is 200 times the critical density of the Universe). Another common definition
is the one presented in Dariush et al. [10]: a group/cluster of galaxies is classified as fossil if
the magnitude gap between its first and fourth brightest member galaxies (Δm14) is larger
than 2.5 magnitudes in the r−band and within half the (projected) virial radius. Both
definitions also require the presence of a diffuse X-ray halo, with LX ≥ 1042 h−2

50 erg s−1.
This last criterium ensures that the system is located in a potential well similar in mass
to groups or clusters of galaxies. An example of a typical FG and the color-magnitude
diagram of its galaxy population is shown in Figure 1.

The original name and definition were thought to describe only galaxy groups. How-
ever, many studies, e.g., [11–13], found the existence of fossil clusters. This is due to the
lack of an upper limit for the X-ray luminosity in both of the most common operational
definitions. As a consequence, when describing the general properties of the population,
fossil groups and fossil clusters are interchangeable in the literature. In addition, a more
general fossil systems is also widely used. We invite the reader to consider these three
definitions as equivalent along this review.
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Figure 1. Left panel: SDSS image with X-ray contours of Abell 1068. Right panel: color-magnitude diagram of the same
object. Green triangles are system members, whereas red triangles are those that are not. The redshift, Δm12, and Δm14 are
reported in the right panel. The original image can be found in Harrison et al. [14]; in particular, it corresponds with their
Figure B7.

2.2. Catalogues

We already mentioned that the prototype of FGs is RX 11340.6 + 4018, presented in
Ponman et al. [4]. A few years later, Vikhlinin et al. [5] studied a sample of four X-Ray
Overluminous Elliptical Galaxies: the authors claimed that these objects could have been
part of the fossil category, but it was just a suggestion, since no operational definition was
available until Jones et al. [9] proposed the use of the magnitude gap as the discriminating
factor between fossils and non-fossils, proposing a sample of 5 FGs in their work.

Other studies presented small numbers of FGs candidates [11,12,15–18], amongst oth-
ers, whereas the first large sample of FG candidates was presented in Santos et al. [6]: in
this work, the authors selected 34 galaxy aggregations obtained from the Sloan Digital
Sky Survey Data Release 5, SDSS DR5, [19] by cross matching the sample of SDSS Lu-
minous Red Galaxies [20] with sources in the ROSAT all-sky bright source catalogue [21].
The result of the cross match was a list of elliptical galaxies surrounded by an X-ray halo.
Then, the magnitude gap was computed within a fixed radius (500 kpc) and in a fixed
redshift range (Δz = 0.002 when spectroscopic redshift is available, Δz = 0.035 when
only photometric redshift is known). These 34 FG candidates were then studied in detail
by the Fossil Group Origins (FOGO) project [13]. This observational project produced a
set of results analyzing the properties of these systems. In the framework of this project,
Zarattini et al. [22] confirmed that 15+8

−5 of the candidates are FGs according to the
Jones et al. [9] or Dariush et al. [10] definitions. The uncertainties in the number of con-
firmed FGs reflect those on the definition of r200. The large difference between the proposed
candidates and the confirmed fossils can be explained with a stricter implementation of the
definition criteria (e.g., differences in the search radius and membership definition). From
the comparison between Santos et al. [6] and Zarattini et al. [22], it seems clear that three
types of observations are needed in order to strictly define an FG: (i) X-ray data, required to
estimate the mass of the system and define the virial radius, (ii) multi-object spectroscopy,
in order to identify the real members of the FG, removing fore- and background objects,
and (iii) an optical image, needed to measure the magnitude of each galaxy and to compute
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the magnitude gap between the brightest galaxy and the other members. The combination
of the strong observational effort together with the demanding observational definition
is probably the main limit for the building of a large and homogeneous dataset of fossil
systems. However, the number of known FGs kept growing in the last decade. Without
intending to be exhaustive, La Barbera et al. [7] used SDSS-DR4 and ROSAT to build a
sample of 25 FG candidates, Tavasoli et al. [23] found 109 FGs obtained from SDSS-DR7
using a friend-of-friend algorithm, Makarov and Karachentsev [24] presented a catalogue
of 395 nearby groups and claimed that ∼25% of those are FGs, Harrison et al. [14] presented
a sample of 17 FG candidates, and Gozaliasl et al. [25] presented a catalogue of 129 groups,
of which 22 ± 6% are fossils. While the number of candidates is rising, it become more and
more complicated to have dedicated multi-object spectroscopic observations to constraint
membership. The main drawback of this strategy is that the purity of the sample is difficult
to control and non-fossil systems can dilute the statistical relevance of the results. It is thus
complicated to estimate the number of “genuine” FGs, namely those that strictly accomplish
the operational definitions, known up to date. However, in the last section of this review,
we will try to define a sample of such genuine systems.

3. Theoretical Framework

Numerical simulations of the number of satellites in galaxy groups predict the presence
of a huge number of dwarf galaxies, e.g., [26]. However, these predictions are not confirmed
in observations. In fact, if the number of bright galaxies is in agreement with these
predictions, the number of observed dwarfs is up to two orders of magnitude lower than
expected, e.g., [27]. This is the so-called missing satellite problem. D’Onghia and Lake [28]
pointed out that FGs could scale up the missing satellite problem at the mass scales of
more massive galaxies. In particular, they compared the number of satellites predicted by
ΛCDM at different halo mass scales and concluded that FGs shown smaller number of
galaxies such as the Milky Way and the Large Magallanic Cloud than those predicted by
the structure formation theory. They claimed that the reason of this lack of bright galaxies
was due to over merging processes occurred in FGs. These early findings made FG extreme
objects in the structure formation of the Universe. The over merging processes in FGs could
be explained in terms of differences in the orbital structure between fossil and non-fossil
systems. Sommer-Larsen [29] used cosmological TreeSPH simulations to study the orbital
structure of the intra-group (IG) stars for a set of clusters with masses ∼1014 M�. He
concluded that the velocity distribution of the IG stars was significantly more radially
anisotropic for fossil than for non-fossil systems. This pointed out that the initial velocity
distribution of the group galaxies could play an important role in defining the fossil status
of the system.

Several works have focused on the theoretical study of the mass assembly history
of fossil and non-fossil systems. One of the first papers on this topic was done by
D’Onghia et al. [30] where they analysed the mass assembly of systems with Mvir ∼ 1014

M�. They found a correlation between Δm12 and the formation time of the group defined
as the redshift at which 50% of the total mass of the system at z = 0 is already in place (z50).
In particular, they found that FGs have assembled more than half of their present mass at
z > 1, with a subsequent growth by minor mergers alone. This early assembly gave enough
time to FGs to merge their M∗ galaxies (where M∗ is the characteristic magnitude of the
luminosity function, see Section 4.2.3 for details) and produce the large magnitude gaps ob-
served at z = 0. The mass assembly of the low-mass group regime (Mvir ∼ 1013 − 1013.5M�)
was analysed by using the Millenium Simulation by Dariush et al. [8,10]. In particular,
these authors found that the selection of the systems using their magnitude gap alone does
not guarantee the selection of early formed systems. They observed that the majority of
the objects that have assembled more than 50% of their halo mass at z = 1 are not fossil
systems today. A similar result was found in Deason et al. [31]: 20% of the groups selected
from the Millenium Simulation with large mass gap (similar to fossil systems) turned to
be young objects. Raouf et al. [32] proposed that a combination of three observational
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parameters (magnitude gap, luminosity of the brightest cluster galaxy and its offset from
the group luminosity centroid) considerably improve the selected rate of dynamically old
systems. In Figure 2, it can be seen that the probability for a system with Δm12 > 2.0 and
Δm14 > 2.5 to be old grows when the absolute magnitude of the BCG is smaller. In this case,
Raouf et al. [32] defined a group as old if its halo has over 50% of its final mass at z = 1 and
young if this fraction is less than 30%. Indeed, these plots demonstrate that Δm14 works better
than Δm12, when combined with the absolute magnitude of the central galaxies, in finding
old systems. This result was recently confirmed in Zhoolideh Haghighi et al. [33], since the
authors found a clear correlation between Δm12, the offset of the luminosity centroid, and
the dynamical age of a group/cluster. However, this criterium is less used in the literature,
probably because it is newer than the Jones et al. [9] and Dariush et al. [10] ones.

Figure 2. Distribution of the galaxy groups in the plane of luminosity gap Δm12 (left panel) and Δm14 (right panel) within
0.5 r200 and the r−band magnitude of the brightest group galaxy, in the Millennium simulations with Guo et al. (2011)
semi-analytic model. Data points are colour-coded according to the ratio of the group halo mass at redshift z∼1 to its mass
at z = 0. The plane has been sub-divided into blocks within which the probability that the halo is old or young is given. In
this diagram, panels (5), (9), and (10) contain mostly old systems while the panels (3), (4), and (8) are mostly occupied by
young systems. The image is taken from Raouf et al. [32]; in particular, it corresponds to their Figure 1.

In addition, the Illustris Simulation was used to analyse the properties of the FGs
in the mass regime 1013 − 1013.5M� [34]. The authors found that the magnitude gap of
FGs identified at z = 0 were on average created about 3 Gyr ago. In addition, the fossil
central galaxies became more massive than non-fossil ones. This difference was explained
as due to differences in the mass acquired through mergers between z = 0.1–1, as can
be seen in the left panel of Figure 3. Fossil BCGs also have a larger number of major
mergers than non-fossil ones (right panel of Figure 3). Indeed, the last major merger of
fossil BCGs was later (e.g., at lower redshift). No differences were found in the distribution
of the time formation (z50) of fossil and non-fossil halos. The group mass assembly of
fossils and non-fossils differs only in the recent group accretion history, in particular in
the formation time of the 80% of the mass of the halo. However, semi-analytical models
studied the dynamical evolution of galaxies in groups with different formation epochs [35].
They found that BCGs of dynamically-young groups suffered the last major galaxy merger
∼2 Gyr more recently than their counterparts in dynamically old groups and that FGs are
somewhere in the middle between the other two populations. However, these authors
found a lack of recent major mergers in FGs that is in agreement with the evolution of their
old systems.
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Figure 3. Left panel: average stellar mass assembly history for central galaxies within r200. Shaded areas are 1σ errors
calculated from 1000 bootstrap resamplings. Right panel: average number of cumulative major mergers occurred at the
central galaxy across z. In both panels, fossil and non-fossil systems are represented in red and blue, respectively. The image
is taken from Kundert et al. [34], in particular from their Figures 6 and 7.

Raouf et al. [36] also used the Illustris Simulation to study some properties of fossil
systems. They found that this simulation overproduce FGs in comparison with observations
and semi-analytical predictions. They also obtained that the intra-group medium (IGM) in
dynamically evolved groups is hotter, for a given halo mass, than that in still evolving ones.

Several studies found that the fossil phase of a system could be transitional. Galaxy
clusters and groups pass through fossil and non-fossil phases along their evolution.
von Benda-Beckmann et al. [37] found a population of groups that presented a fossil
phase at high redshift which is terminated later by the accretion of new bright galax-
ies. The transitional phase of the fossil status is also reported by other simulations like
Kundert et al. [34]. These fluctuations in the magnitude gap could be related with the
large-scale environment in which the systems are located. Indeed, Diaz-Gimenez et al.
found that, in the Millenium Simulation, the environment was different for fossil and
non-fossil systems with similar masses. They showed an increase in the local density
profile of galaxies at ∼2.5 rvir from the group centers. This increment was more noticeable
in fossil than in non-fossil systems and was linked with the earlier formation time of fossil
groups. We will discuss in Section 5 what is found in observations that can be linked to the
transitional fossil phase.

The properties of the galaxy populations in fossil and non-fossil systems have also been
analysed using cosmological simulations. Romeo et al. [38] reported from cosmological
hydrodynamical simulations and semi-analytical models that fossil and non-fossil systems
show different star forming rates at low z, being indistinguishable at z > 0.5. In contrast,
Kundert et al. [34] found no differences in the stellar age, metallicity, and star formation
rates of BCGs in fossil and non-fossil systems from the Illustris Simulation. Raouf et al. [36]
analysed the properties of the black holes developed in the center of the BCGs for fossil and
non-fossil systems. They found that the mass of the black holes hosted in BCGs is larger in
dynamically evolved groups with a lower rate of mass accretion a result confirmed also in
Khosroshahi et al. [39].

Kanagusuku et al. [40] found that fossil and non-fossil systems selected from the
Millennium Simulation showed different galaxy populations. In particular, at early times,
FGs comprised two large brightest galaxies surrounded by faint ones. At the faint end of
the luminosity function, fossil systems turned to be denser at early times that non-fossil
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ones. This trend reverses at a later time and became similar before z = 0. This was caused
by an increase at a constant rate of the number of faint objects in non-fossil systems. In
contrast, the number of faint galaxies reached a plateau at z∼0.6 in FGs, and then grows
faster towards z = 0. The evolution of the galaxy luminosity function as a function of
redshift for fossil and non-fossil systems was studied by Gozaliasl et al. [25]. They build
up luminosity functions of galaxy aggregations based on the Millennium Simulation. They
found that the bright end of the galaxy luminosity function strongly evolved for fossil
systems from z = 0.5 to z = 0, with changes in M∗∼1.2 mag. This suggests that the
mergers of the M∗ galaxies in fossil systems have a significant impact in the formation
of the bright cluster galaxies. In contrast, the faint-end slope of the luminosity function
shows no considerable redshift evolution in fossil systems, unlike in non-fossil ones where
it grows by 25–42% towards low redshifts.

4. Observational Properties

In this section, we review the observational properties of FGs. In Section 4.1, we
describe the properties of the intra-cluster medium; in particular, we present global scaling
relations, mass and entropy profiles, cool cores, halo concentrations, and metallicities. In
Section 4.2, we analyse the galaxy population and, in particular, FGs’ luminosity functions,
galaxy substructures, stellar populations, central galaxies, and large scale structures.

4.1. Properties of the Halos

The intra-cluster medium (ICM) is the largest baryonic component in galaxy clusters,
responsible for ∼10% of the total mass of the cluster, e.g., in [41]. In fact, galaxy formation
is inefficient and only ∼10% of the gas is converted in stars and galaxies [42], leaving the
vast majority adrift in the intra-cluster space. This gas is trapped in the deep potential well
of the cluster and heated to X-ray-emitting temperatures through shocks and adiabatic
compressions [43].

Gravitational collapse predicts tight scaling relations between ICM and cluster mass,
according to the so-called self-similar model [44,45]. Moreover, cosmological simulations
predict that the scaled thermodynamical profiles of galaxy clusters are nearly universal, e.g.,
in [46]. For these reasons, the ICM is a powerful tool to study the formation and evolution
of galaxy clusters: deviation from the gravitational collapse predictions can be used to
investigate non-gravitational physics, such as cooling and feedback from supernovae and
active galactic nuclei (AGN).

4.1.1. Global Scaling Relations

In the left panel of Figure 4, we show the correlation between X-ray temperatures and
luminosities for various samples of FGs and non-FGs. It can be seen that both types of
objects are found in the same, tight, correlation. We won’t enter into a detailed discussion
of purely X-ray relations and their meaning, we refer the reader to the companion review
by Lovisari et al. for a description of X-ray scaling relations in galaxy groups. The result
presented in the left panel of Figure 4 can be extended to all those relations that only
involve X-ray data: FGs and non-FGs are usually found in the same correlations. This
seems to indicate that FGs and non-FGs are formed in a similar way.

However, discussion arose in those studies focused on the comparison between X-ray
and optical properties of FGs and non-FGs. In fact, Jones et al. [9] and Khosroshahi et al. [47]
found FGs to be over luminous in X-rays using samples of five and seven FGs, respectively.
They claimed FGs to be a factor 5–10 brighter than regular groups or clusters in the X-ray.

On the other hand, more recent studied found no differences in the statistical proper-
ties of FGs and non-FGs samples [14,48,49]. In particular, these authors claimed that it is
crucial to use homogeneous data and procedures to analyse both the FG and the control
samples. According to their statements, this could be the source of the excess of X-ray
luminosity (or the lack of optical luminosity) found in the previous studies.
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Figure 4. Left panel: The X-ray temperature versus the bolometric X-ray luminosity as presented in Kundert et al. [50].
Grey triangles and squares are groups and clusters, respectively. Systems labeled with K+ are taken from Kundert et al. [50],
Z14 from Zarattini et al. [22], G14 from Girardi et al. [49], M12 from Miller et al. [51], P11 from Proctor et al. [52], KPJ from
Khosroshahi et al. [47], and H12 from Harrison et al. [14]. The plotted lines are the orthogonal BCES fits to the fossil sample
(dashed line) and to the sample of groups and clusters (solid line) computed in the same range of parameters. Right panel:
the total r−band luminosity versus the bolometric X-ray luminosity as presented in Kundert et al. [50], with the same lines
of colour code as in the left panel, see the Figure 5 of [50] for details.

Nevertheless, Khosroshahi et al. [53] discussed a sample of groups, one of which
defined as fossil that lies above the LX − Lopt relation of non-fossil systems, reopening the
debate on fossil system scaling relations.

The (possible) final point of this debate was put by Kundert et al. [50]: as well as
demonstrating that no differences are found between fossils and non-fossils in their sample
of 10 groups and clusters observed with specific Suzaku follow up, they recomputed the
luminosities of the FGs from Khosroshahi et al. [47] and Proctor et al. [52] in a homogeneous
way. In the right panel of Figure 4, we show the relation presented in Kundert et al. [50].
The authors concluded that the discrepancies in the literature can be reconciled if X-ray
and optical luminosities were computed using the same bands and radii, pointing out
that many differences could be due not only to the low statistics but also the lack of
homogeneous datasets.

In parallel with the discussion on the LX − Lopt relation, a debate on the mass-to-light
(M/L) ratio of FGs arose. In fact, if there is a chance that FGs are under luminous in the
optical bands, they should have larger M/L ratios than non-FGs [47]. Again, the studies
available in the literature are somewhat contradictory. Sun et al. [11], Khosroshahi et al. [12,16]
found normal values for their samples of FGs, compatible with non-fossil systems, although
if marginally darker for a fixed mass. On the other hand, Vikhlinin et al. [5] found a high
M/L for their sample of overluminous elliptical galaxies (OLEGs, about three times larger).
The same result was found by Proctor et al. [52] in analysing a sample of 10 FG candi-
dates. The authors suggested that FGs are simply dark clusters: they are characterised
by a mass and a central galaxy that are typical of galaxy clusters, but embedded in a
poor environment, so that the richness and the total optical luminosity are below the
non-fossil ones. Finally, Yoshioka et al. [15] also found high M/L ratios for their sample
of “isolated X-ray overluminous elliptical galaxies.” However, we suggest that incon-
sistencies in the measured M/L ratios could be due to differences in the methodology
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and quality of the data. For example, the optical luminosities of Vikhlinin et al. [5] and
Khosroshahi et al. [12] are computed in the R band and within r200 for every object in
the sample, those of Proctor et al. [52] in a variable radius of 500–1000 kpc, whereas
Sun et al. [11] estimated a normal M/L ratio from the gas fraction profile out to 450 kpc,
and Yoshioka et al. [15] uses the B-band luminosity of the BCG as the total luminosity of the
system. Thus, it seems reasonable that the disagreement between different results could be
healed only with a homogeneous study of a large sample of FGs. As we already mentioned
for other topics, such a study is far from being performed.

4.1.2. Mass and Entropy Profiles

The study of mass profiles in clusters is an important tool to confirm the ΛCDM
paradigm. In fact, this model predicts a universal mass profile that does not depend on the
mass of the cluster, and it is usually assumed to have the shape of a Navarro–Frenk–White
profile NFW [54].

Mass profiles were studied mainly for individual FGs, or small samples, making
difficult to extrapolate general conclusions. Possibly the first mass profiles of FGs to be
computed were those of NGC 6482 [16], RX J1416.4 + 2315 [12], and ESO 3060170 [11]. The
first two systems shows a mass profile well described by an NFW, with a high central
concentration that was interpreted as a sign of early formation. On the other hand, the mass
profile of ESO 3060170 showed a flattening in the external regions not compatible with
numerical simulations and also confirmed in Su et al. [55] out to the virial radius. Yoshioka
et al. [15] studied the mass profiles of four FG candidates, finding no differences with
normal groups/clusters. In addition, Gastaldello et al. [56] studied the mass profile of ESO
3,060,170, within a sample of 16 relaxed groups and clusters: they found a good agreement
with a NFW profile, but it must be noticed that their data reached R∼200 kpc, whereas
Sun et al. [11] and Su et al. [55] data reached R∼500 kpc and R∼1000 kpc, respectively. The
three mass profiles are comparable within R∼200 kpc and differences with the standard
NFW profiles rose in the most external regions. This clarifies again the complexity of the
comparison when individual FGs are studied using data from different sources, within
different radii, and treated with different techniques. Another two mass profiles for the
FGs RXC J0216.7-4749 and RXC J2315.7-0222 were studied in Démoclès et al. [57]. Only
the latter has a good profile, well fitted, out to R500, by a NFW profile plus a central
stellar component.

Entropy is also of great interest because it controls ICM global properties and records
the thermal history of a cluster, since it is conserved in adiabatic processes. Entropy is
therefore a useful quantity for studying the effects of feedback on the cluster environment
and investigating any breakdown of cluster self-similarity. Most of the studies cited
for the discussion of the mass profiles were also able to compute an entropy profile.
Again, since only individual systems were studied, the results are somewhat controversial
and it is not trivial to generalise the conclusions to the entire FG category. In particular,
Démoclès et al. [57] found that the entropy profiles out to R500 of their two FGs show
a considerable excess above the expectations from non-radiative simulations, especially
for RXC J0216.7-4749. This is expected if significant non-gravitational processes affect
the ICM. Su et al. [55] found and entropy profile that is in agreement with simulations
out to ∼0.9 R200 and then flattens in the outskirts, due to gas clumpiness and outward
redistribution. Humphrey et al. [58] studied RXJ 1159+5531 combining Suzaku, Chandra,
and XMM observations to find no evidence of the flattening in the entropy profile outside
∼R500. A similar results was also found in Su et al. [59] for the same cluster: its entropy
profile is consistent with predictions from gravity-only simulations.

The urge for a systematic study of a large sample of FGs in the X-rays appears as
necessary to constrain the average mass and entropy profiles of these objects. However,
it seems difficult to realise, due to the small number of nearby FGs that can be deeply
observed with current X-ray facilities. An improvement on this side is expected with the
next all-sky survey that will be taken by eROSITA and Athena missions. The former is
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expected to find ∼105 X-ray clusters and groups, and the latter will take advantage of its
high-resolution for better constraint radial profiles of, for example, temperature, density,
and mass.

4.1.3. Cool Cores

Early observations of the gas in galaxy clusters found that it was so dense in the central
regions that its cooling time was much shorter than the Hubble time, e.g.,
in [60]. The majority of the clusters studied in the literature show these cool cores, CC, e.g.,
in [61,62]. CCs are usually associated with relaxed clusters, since mergers easily erase them.
For this reason, it appeared as natural to look for CCs in FGs, in order to confirm their old
and dynamically relaxed status.

The first study on CCs for a sample of FG candidates was done by Vikhlinin et al. [5].
In their work, the authors studied four isolated elliptical galaxies selected from ROSAT
X-ray data and confirmed as fossil systems with a dedicated optical follow up. It is worth
noting that the authors suggested that these objects could be FGs, but, at the time, no
operational definition was available, so no Δm12 is computed in their paper. However, at
least three out of four were later confirmed as FGs in other publications, confirming the
accuracy of their approach. Vikhlinin et al. [5] results indicated the presence of CCs in the
central regions of these objects.

Later works were focused on deeper studies of individual FGs and found con-
troversial results: Khosroshahi et al. [12,16] found no central drop in NGC 6482 and
RX J1416.4 + 2315. On the other hand, Sun et al. [11] found a CC in ESO 3060170, as well
as Démoclès et al. [57] for RXC J0216.7-4749 and RXC J2315.7-0222 and Su et al. [59] for
RXJ1159 + 5531. It is interesting to note that Miraghaei et al. [63] studied three of the cited
clusters (NGC 6482, RX J1416.4 + 2315, and ESO 3060170) using radio observations, finding
signs of recent AGN activity only in the first two. However, the AGN power computed
was not sufficient to remove CCs from these clusters.

The need for larger samples was partly satisfied only recently, when Bharadwaj et al. [64]
studied a sample of 17 FGs for which Chandra archival data were available. They defined
three different diagnostics to evaluate the presence of CCs, and they found that ∼80% of
FGs showed clear hints of the presence of CCs (e.g., at least two diagnostics compatible with
the CC).

It seems, thus, reasonable to claim that FGs are mostly cool-cored. However, the
fraction of FGs with a CC is similar to that of non-FGs. For example, Hudson et al. [62]
studied a large sample of 64 galaxy clusters for which high-quality X-ray data from Chandra
were available, finding that ∼70% of their clusters host a CC. It thus seems that this is not a
peculiar behaviour of FGs.

4.1.4. Halo Concentration

One of the main parameters of the NFW model is the concentration, usually computed
as cΔ = rΔ/rs, where rΔ represents the radius of a sphere of mean interior density ρΔ and
rs is the scale radius of the NFW profile. Typical values of Δ are 200 (often assumed to be
equivalent to the virial radius) or 500.

Navarro et al. [54] pointed out that the concentration parameter reflects the density of
the Universe when the halo formed. In particular, older halos formed in higher-density
environments and tend to have larger concentrations. Several theoretical studies found that
FGs assembled half of their mass at earlier epochs than non-fossil ones, see, e.g., in [30,37].
In this framework, it is expected that FGs would be located in high concentrated halos.
Different numerical models are used in the literature to compute halo concentration in
clusters, e.g., in [65,66]. Thus, observational results can be easily compared with theoretical
predictions to test the formation scenario of FGs.

From an observational point of view, various methods can be used to compute the c
parameter. A first approach to derive the central concentration of DM halos is to measure
the gas mass profile in the X-rays out to r200 or r500, fit with an NFW profile and then use
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the derived rs to compute the concentration. Using this approach, Khosroshahi et al. [16]
Khosroshahi et al. [12] Khosroshahi et al. [47], and Buote [67] found concentration values
higher than expected for their samples of individual FGs Other authors, like Démoclès et al. [57]
and Pratt et al. [68], found normal concentrations in a total of six FGs. Again, comparing
results with such small statistics and taking into account non-homogeneities in the analytic
procedures makes it difficult to reach a final conclusion that can be applied to the mean
FG population.

However, other approaches can be used to measure halo concentration. In particular,
Vitorelli et al. [69] stacked ∼1000 systems from the CS82 survey in different magnitude-
gap bins, the larger of which has mean Δm12∼1.7. They cross-correlate weak lensing
measurements with NFW parametric mass profiles to measure masses and concentrations
of their sample. They found that halos in the Δm12∼1.7 bin have a higher probability to be
more concentrated and, thus, probably formed earlier.

Finally, the halo concentration can be estimated using the velocity of member galaxies
as tracers of the underlying mass distribution. This was done in Zarattini et al. [70], where
the authors analysed a sample of ∼100 clusters and groups, dividing them into different
magnitude-gap bins. For each bin, they stacked all the available galaxies to increase
the statistic. They found c200 = 2.5 ± 0.4 for the bin with the largest magnitude gap
(defined as Δm12 > 1.5). These values are in agreement, within the uncertainties, with their
results in the other three magnitude-gap bins, as well as with other similar work in the
literature of non-fossil clusters, e.g., in [71,72] and references therein. However, the large
uncertainties typical of this observational technique prevented the authors from reaching a
strong conclusion.

4.1.5. Metallicity

The hot intra-group gas contains elements that are typically synthesized in stars and
SNe. For general details on this topic, we refer the reader to the companion review of
Gastaldello et al. Here, we focus on the single study conducted on metal abundances in
FGs, presented in Sato et al. [73]. The authors get Suzaku data out to 0.5 r180 for NCG
1550 and were able to confirm that the abundance ratios O/Fe, Mg/Fe, Si/Fe, and S/Fe
are similar to those of other poor groups observed with the same satellite. Moreover, the
number ratio of type-I and type-II SNe computed in Sato et al. [73] is also similar to that
obtained for non-fossil groups. As a consequence, their work can be included in those that
are not finding differences between FGs and non-FGs.

4.2. Galaxy Population

The study of the galaxy population in FGs is mainly done in the optical range. In this
section, we will firstly discuss the observational properties of the central galaxies. We will
then move to the luminosity functions, galaxy substructures, and the large-scale structure
around FGs.

4.2.1. Central Galaxies: Formation Scenarios

Central galaxies in clusters are a unique class of objects. They are usually the largest
and most luminous member galaxies, and they lie very close to the peak of the cluster
X-ray emission, e.g., in [71,74]. Moreover, in the velocity space, they sit near the rest frame
velocity of the cluster [75–77]. These characteristics imply that the BCGs are located at the
minimum in the cluster potential well. Zarattini et al. [70] found that there is a dependence
of the velocity segregation on the magnitude gap. This result means that BCGs in FGs are
located closer to the minimum of the cluster’s potential well, when compared to BCGs in
non-fossil systems. This difference is not found for satellite galaxies, independent from
their mass.

The formation of central galaxies in FGs is thought to be the end result of the group
evolution [4,9]. The main actor, in this scenario, would be dynamical friction. However,
Sommer-Larsen [29] suggested that the main difference between FGs and non-FGs has to
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be found in the initial velocity distribution. In particular, he found that satellite galaxies
in FGs should be located on more radial orbits than in non-FGs. This would favour low
angular momentum mergers, for which dynamical friction could be more effective [78].

Méndez-Abreu et al. [79] analysed the photometric properties of central galaxies in
FGs. They studied the position of the central galaxies in FGs in the fundamental plane
and its projections to explain the formation of these objects (see Figure 5). Central galaxies
in FGs results in having large K-band luminosities. The Ks luminosity is a good proxy of
the total stellar mass since the typical M/L ∼1 for an old stellar population [80]. Thus, it
seems clear that central galaxies in FGs are amongst the most massive galaxies known.
The left panel of Figure 5 shows the correlations between the Ks−band luminosities and
the central velocity dispersion, Faber–Jakson relation in [81]. Similarly, the right panel
of Figure 5 shows another projection of the fundamental plane, the Ks−band luminosity
vs. effective radius (re). In both relations, BCGs in FGs are found slightly outside the
correlations: this bend was found for the first time in Bernardi et al. [82] for early-type
galaxies, and it can be interpreted in terms of the formation scenario of the BCGs. In
particular, if major dissipationless mergers between galaxies are the main mechanisms to
build up the mass of the BCGs, the final size is expected to increase, but not its central
velocity dispersion; however, if minor dry mergers are the predominant mechanism, they
are expected to change both the size and velocity dispersion of the BCGs. Thus, the results
presented in Méndez-Abreu et al. [79] seem to favour the first scenario for these massive
galaxies. This is also supported by new results obtained from numerical simulations.
Kundert et al. [34] investigated the origin of FGs in the Illustris simulation. With respect to
the stellar mass assembly of the BCGs, they found (see their Figure 6) that the accretion is
similar at high-redshifts for fossil and non-fossil systems, whereas a clear difference starts
to appear at z∼0.3. From this point, BCGs systematically accreted more mass in FGs than
in non-FGs.

Figure 5. Left panel: distribution of the BCGs of Méndez-Abreu et al. [79] red stars and large black points and the early-type
galaxies of Pahre et al. [83] small blue points in the log σ0 vs log Lks plane. The BCGs in the Pahre et al. [83] sample are
marked by blue open triangles. Right panel: same as the left panel, but in the log re vs. log LKs plane. The solid line
represents the best fit to the galaxies in the luminosity range 3 × 1010 < LKs/L� < 2 × 1011. The bottom panels represent
the residuals from the best fit. The original image can be found in Méndez-Abreu et al. [79] and corresponds to their Figures
9 and 10.

However, this formation scenario is in contradiction with the one proposed by Khos-
roshahi et al. [12]: in fact, these authors found disky isophotes in their central regions of
BCGs, in contrast with most BCGs in non-fossil systems [84]. This result seems to favour
a scenario in which mergers in FGs were rich in gas, thus including large M∗ spirals. A
similar result was found also by Eigenthaler and Zeilinger [85], since they found many

224



Universe 2021, 7, 132

shells around central galaxies in FGs. These shells were likely formed recently via major
mergers of spiral galaxies [86].

Signs of recent mergers were indeed found by Alamo-Martínez et al. [87] while
analysing the surface brightness profiles of three FGs. However, this work was mainly
focused on the study of globular clusters in FGs. These objects are powerful tools to study
galaxy assembly, since they are old and dense enough to survive galactic interactions.
Alamo-Martínez et al. [87] results seem to point out that globular clusters in BCGs formed
in a similar way in fossil and non-fossil systems. In terms of the formation scenario of the
BCGs, this can be take as a confirmation that similar processes are at work in the formation
of BCGs in fossil and non-fossil systems, although more statistics is needed to generalise
this conclusion. A similar result, in terms of the formation scenario, is found also in
Madrid [88] and Madrid and Donzelli [89], in which the authors compared the properties of
ultra-compact dwarf galaxies (UCDs) in FGs and in the Coma cluster. UCDs are considered
the bright-and-massive tail of the globular cluster distribution. Their results showed that
UCDs are likely to be a common occurrence in all environments.

The presence of AGNs can also be used to study the formation scenarios of BCGs. In
fact, AGNs need major mergers to form, since they use the gas provided by the merger as
their fueling mechanism. On the other hand, if no other merger occurred, they are destined
to end this fuel and inactivate. Hess et al. [90] studied the sample of 34 FG candidates from
Santos et al. [6] using radio observations in order to detect the presence of AGNs in FGs.
They found that 67% of these FG candidates contain a radio-loud AGN. This result seems
in contrast with the old formation expected for FGs: in fact, AGN should have run out of
fuel since FGs’s last major merger. For this reason, Hess et al. [90] suggested that other
mechanisms, such as minor mergers, cooling flows, or late time accretion should be invoked
to keep the AGNs alive in FGs. However, it is worth noting that the Santos et al. [6] sample
was not pure and about half of the sample was formed by non-fossil systems [22].

4.2.2. Central Galaxies: Stellar Populations Properties

We already mentioned that the formation scenario proposed by Ponman et al. [4] sup-
posed that FGs formed at high redshift, with few interactions with the large-scale structure
along their lives. This would leave enough time for the M∗ galaxies to merge with the BCG,
thus forming the Δm12 gap. On the other hand, Mulchaey and Zabludoff [91] suggested the
so-called failed group scenario, in which the BCG is formed as a local over density and no other
bright galaxy formed within the group.

However, these two scenarios should also leave clear imprints in the stellar popu-
lations of the BCGs. In fact, in the failed group scenario, the central galaxy formed via
monolithic collapse that is expected to create large radial metallicity gradients in the distri-
bution of the stars. On the other hand, in the merging scenario, the BCG suffered various
major mergers that have the power to erase those gradients, since they mix up the stars
and gas during the merging process, e.g., in [92].

La Barbera et al. [7] were the first in using stellar populations to investigate difference
between FG’s BCGs and regular elliptical galaxies. They used spectra from the SDSS DR4
for their sample of 25 BCGs in FGs and 17 field elliptical galaxies that act as the control
sample. They searched for the single-stellar-population model that best fits the spectra,
thus computing mean ages, metallicities, and α−enhancement for the two populations of
BCGs. The authors showed that no significant difference is found in these parameters and
concludes that BCGs in FGs did not form earlier than the other galaxies.

Harrison et al. [14] select a sample of 17 FG candidates by combining XMM obser-
vations with SDSS DR7 data. They analyse the stellar populations of the BCGs of these
systems using SDSS spectra and the Starlight code [93]. Their results showed no significant
differences in stellar star formation rates, age, and metallicities between FGs and their two
control samples, one built by optically-selected BCGs, the other with X-ray-selected BCGs.

Eigenthaler and Zeilinger [94] studied the presence of such gradients in age and
metallicity for a sample of six BGCs in FGs using longslit spectroscopy from the 4.2 m
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William Herschel Telescope (WHT). They found that the metallicity gradient is flatter
with respect to the predictions of the monolithic collapse (∼−0.2 instead of −0.5), thus
indicating the presence of mergers during the life of the BCGs. On the other hand, the age
gradient is, on average, negligible.

A similar study was performed by Proctor et al. [95] for a sample of two central
galaxies in FGs, using longslit spectroscopy obtained with the 8 m Gemini North telescope.
The authors found different results for the two BCGs: SDSS J073422.21 + 265133.9 showed
a strong metallicity gradient and a slightly positive age gradient, suggesting a relatively
recent episode of stellar formation in the centre. NGC 2484, on the other hand, showed an
old stellar population (∼10 Gyr) and a flat central metallicity that was interpreted as the
evidence of an inside-out stellar formation, at least in the final episode of stellar formation.

Trevisan and Mamon [96] studied a large sample of 550 groups to characterise the
dependence of the stellar populations of the BCGs and the second brightest galaxies with
the magnitude gap. They did not find differences in the distribution of colours, star-
formation rates, α−enhancement, age, metallicities, and star-formation histories in systems
with different Δm12.

Corsini et al. [97] studied both the stellar populations and radial gradients for a sample
of two BCGs in FGs using the 10.4 m Gran Telescopio Canarias (GTC) telescope. They
confirmed the results of La Barbera et al. [7] and Eigenthaler and Zeilinger [94] out to the
effective radius. They found an underlying and diffuse older stellar population, with a
younger one located near the centre of the galaxies. This was interpreted as the sign of the
last major merger with gas, which occurred ∼5 Gyr ago. Corsini et al. [97] also found a
radial metallicity gradient in agreement with the Eigenthaler and Zeilinger [94] one.

Finally, Raouf et al. [98] divided a sample of groups from the Galaxy and the Mass
Assembly (GAMA) survey into relaxed and unrelaxed, using Δm12 and the luminosity
offset as the relaxation indicators. They found that BCGs in unrelaxed systems are bluer,
more star forming, and with non-elliptical morphologies than those in relaxed systems.
They conclude that the higher rate of recent mergers expected in unrelaxed groups could
be responsible for these differences. A similar result was also found in Pierini et al. [99].
These authors claimed that there are few star-forming galaxies in FGs, making them more
mature then coeval and similar mass groups.

Very recently, Raouf et al. [100] studied the kinematic of gas and stars in 154 central
galaxies taken the Sydney-AAO Multi-object Integral field (SAMI) galaxy survey. In partic-
ular, they divided this sample into low and high luminosity gap system, with the latter that
can be assimilated as FGs. They found that there is a weak statistical difference (at approx.
1−σ level) between the magnitude gap and the gas-star kinematics misalignment. In addi-
tion, a similar difference was observed between the magnitude gap and the regularity of
the stellar rotation of the BCGs. In particular, systems with high magnitude gaps are found
to be more regular rotators and with a smaller fraction of gas-star misaligned kinematics.

These studies did not find relevant differences in the stellar populations of central
galaxies in fossil and non-fossil systems. The imprint of monolithic collapse is not found, all
the observations point towards the creation of FGs via the merging scenario, in which the gap
is created via major mergers of M∗ galaxies. The possibility of the existence of a fossil phase
in the life of a cluster is supported also by the presence of younger stellar populations in the
centre of galaxy, probably due to recent major mergers with gas. In the top panel of Figure 6,
we show the relation between central velocity dispersion and central metallicity for a sample
of ten FGs taken from Eigenthaler and Zeilinger [94], Proctor et al. [95], Corsini et al. [97] and
compared with the sample of normal and dwarf early-type galaxies of Koleva et al. [101]. In
the lower panel of the same figure, the comparison is done for the central ages of the same
samples. It can be seen that in both cases FGs are found in the same correlations as normal
early-type galaxies. This plot again confirms that central galaxies in FGs are amongst the
most massive known in the Universe.
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Figure 6. Central metallicity (top panel) and central age (bottom panel) as a function of the central
velocity dispersion. Red diamonds are taken from Corsini et al. [97], green open circles from
Eigenthaler and Zeilinger [94], green filled circles from Proctor et al. [95], open and filled squares are
the early-type normal and dwarf galaxies with σ > 50 km s−1 from Koleva et al. [101]. The original
image can be found in Corsini et al. [97] (see their Figure 8).

4.2.3. Luminosity Functions

The luminosity function (hereafter LF) is one of the most powerful tools to study
the galaxy population of a group/cluster of galaxies. It is given by the number density
of galaxies per luminosity interval and it is usually described parametrically with the
Schechter function [102]. The main parameters are the characteristic magnitude (M∗) and
the faint-end slope (α). The former describes the bright part of the LF, whereas the latter
is related to the dwarf galaxy population. A debate is ongoing on the universality of the
LF: in fact, photometric studies found that LFs in clusters are steeper than in the field,
−2.0 < α < −1.8 in clusters and −1.5 < α < −1.3 in the field, see [103,104]. On the
other hand, spectroscopic studies found no differences in the α parameters of the field and
clusters, finding a general value of α ∼−1.3 [105] and references therein.

The study of LFs in FGs was mainly focused on individual FGs, due to their paucity.
As a consequence, most of the first results were contradictory. Mendes de Oliveira et al. [18]
found, for the FG called RX J1552.2+2013, M∗ = −21.18 ± 0.57 and α = −0.77 ± 0.37 using
spectroscopically-confirmed members, or M∗ = −21.27 ± 0.62 and α = −0.64 ± 0.30 for
photometrically-selected galaxies in the r−band. In the same year, Khosroshahi et al. [12]
computed M∗ = −20.40 ± 0.22 and α = −1.23 ± 0.28 for RX J1416.4+2315, a fossil system
with a mass similar to RX J1552.2 + 2013. In addition, Trentham et al. [106] presented an
LF for a single FG (NGC 1407), finding α = −1.35. The difference, especially in the faint-
end slope, is important. In fact, α = −1 indicates a flat LF, in which the number of dwarf
galaxies is not changing with magnitude. On the other hand, in a steeper function like that of
Khosroshahi et al. [12], the number of dwarf galaxies is rapidly growing and, in a flatter
one like that of Mendes de Oliveira et al. [18], it is decreasing.

Zibetti et al. [107] also studied the photometric LF of a sample of five FGs. They found a
faint-end slope in agreement with the one of regular clusters presented in Popesso et al. [103].
However, it is worth noting that Popesso et al. [103] found an upturn at fainter magnitudes, so
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that their LF can be fitted with a double Schechter function. This behaviour is not found on the
already-cited LF of FGs because none of these are deep enough. However, Lieder et al. [108]
computed a very deep LF for NGC 6482 using spectroscopic data from the Subaru/Suprime-
Cam, finding α = −1.32 ± 0.05. They did not fit a double Schechter function; however, a
change in the faint-end slope is present also in their Figure 12.

Aguerri et al. [13] presented the LF of RX J105453.3 + 552102, a massive FG at z = 0.5.
They found M∗ = −20.86 ± 0.26 and α = −0.54 ± 0.18, thus confirming a flatter trend
for the dwarf galaxy population. Adami et al. [109] also computed the LF for two FG,
finding that their faint-end slope is relatively flat, but without giving numbers. Finally,
Aguerri et al. [110] studied the spectroscopic LF of RXJ075243.6 + 455653, finding
α = −1.08 ± 0.33.

The first systematic study of the dependence of the LF on the magnitude gap was
presented in Zarattini et al. [111]. The authors selected ∼100 clusters and groups spanning
a wide Δm12 range and dividing their analysis in four bins of Δm12. Their study was
based on a hybrid method for computing the LF, in which the bright part was treated as a
quasi-spectroscopic LF, whereas, in the faint end, photometric data were dominant. The
authors computed a classical LF and one in which the magnitudes of each systems are
referred to the magnitude of the central galaxy (e.g., Mr − Mr, BCG, called relative LFs).
The latter permits to compare directly the differences due to the magnitude gap, and the
authors found that this technique offers the best results for highlighting the differences
between their four subsamples. These relative LFs are shown in the left panel of Figure 7.
Zarattini et al. [111] found that both M∗ and α changes with the magnitude gap. In
particular, systems with Δm12 < 0.5 have the brightest M∗ and the steepest α slope,
whereas systems with Δm12 > 1.5 have the faintest M∗ and the flattest α. The differences
are larger than 3σ between the two most-extreme cases and the trend with Δm12 is clearly
visible in the right panel, where the values of the relative M∗ and α are shown for the
four subsamples.

Figure 7. Left panel: relative LFs for the four subsamples presented in Zarattini et al. [111]. Empty black squares are
systems with Δm12 < 0.5, filled red circles are systems with 0.5 < Δm12 < 1.0, empty violet circles are systems with
1.0 < Δm12 < 1.5, and filled green circles are systems with Δm12 > 1.5. Right panel: Uncertainty contours for the Schechter
fits of LFs in the left panel. Contours represent 68%, 95%, and 99% c.l. and the colour and symbol codes are the same as in
left panel. The original image can be found in Zarattini et al. [111]; in particular, the left panel corresponds to their Figure 7,
the right panel to Figure 8.
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The discussion is usually focused on the faint end of the LF, since differences in
the bright part between fossils and non-fossils can be easily explained with the same
mechanisms that are responsible for the creation of the magnitude gap. Moreover, the
presence of the gap itself as a selection criteria implies differences in the bright part of
the LFs.

On the other hand, the debate on the differences in the faint-end slope is more complex.
In fact, dwarf galaxies can not be merged into the BCG in a reasonable time, since the merg-
ing time scale is inversely proportional to the mass of the satellite. A possible explanation
is that dwarf galaxies are located in radial orbits passing close to the centre of the cluster.
This will result in their disruption, accounting for a part of the missing population. This
explanation was also invoked as a possible reason for the high merging rate of FGs. It can
also justify the formation of the magnitude gap, since Lacey and Cole [78] showed that the
merging timescale for satellite on radial orbits is shorter than for tangential ones. Another
possibility is that FGs could lack dwarf galaxies for differences in their accretion time. In
fact, Aguerri et al. [110] found that the large-scale environment of FGS03 is very rich, so the
flat LF found could be explained if the dwarf populations are still trapped in nearby groups,
awaiting to be merged with the FG. In this context, FGs would be systems in early stages
of their mass assembly. We will discuss in more detail the large-scale structure of FGs in
Section 4.2.5.

Differences in the accretion history of dwarf galaxies were indeed found also in
Kanagusuku et al. [40] while studying the bright and dwarf galaxy populations in fossil
and non-fossil clusters in the Millennium simulation. They found that FGs had a denser
dwarf population at an early time (z > 0.7); then, the trend reverses (0.5 < z < 0.3), and,
finally, it becomes similar at z = 0.

To finally solve the issue of the observed lack of dwarf galaxies in FGs, deep and
extended spectroscopy would be needed. We will discuss in Section 6.2 the expected impact
on this topic of the next-generation spectroscopic surveys.

4.2.4. Galaxy Substructures

If the old and relaxed model is correct, one should expect to find a smaller amount of
galaxy substructures in FGs than in non-FGs. The only study on this topic was done in
Zarattini et al. [112]. They analysed the sample of 34 FG candidates of the FOGO project
to compute the fraction of FGs with signs of substructures using a variety of methods. In
particular, the entire sample was studied with a two-dimensional approach, able to detect
substructures in the projected space of the cluster. Moreover, for a subsample of candidates
for which an extended spectroscopic follow up was available, they also applied a series of
one- and three-dimensional tests (e.g., the Dressler–Schectman test).

Zarattini et al. [112] results depend critically on the adopted tests, but the comparison
with a control sample shows that galaxy substructures are present in a similar fraction in
fossil and non-fossil systems. This presence of substructures in FGs is hardly compatible
with an old formation, followed by a passive evolution, with no major interactions with the
surrounding large-scale structure. Indeed, the small number of genuine FGs in the sample
prevent reaching a definitive conclusion.

4.2.5. Large Scale Environment

Differences in the large-scale environment and in the way in which it interacts with FGs
were invoked as a possible cause of the different evolution of FGs and non-FGs [4,30,113].
Observational results are scarce on this topic, since only few individual FGs were studied
so far.

Adami et al. [114] studied the large-scale structure around the FG RXJ1119.7 + 2126
using spectroscoic data. They conclude that this FG is located at the centre of a low galaxy
density bubble.
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Pierini et al. [99] found controversial results in their analysis of two FGs. One of the
two is found in an isolated environment, whereas the second one is located in a dense
environment, with 27 other groups or clusters in the surroundings.

In addition, Adami et al. [109] studied the environments of other three FGs using
photometric and spectroscopic data. They found that one system (1RXS J235814.4 + 150524)
is in a poor environment, though its galaxy density map shows a clear signature of the
surrounding cosmic web. The second FG (RX J1119.7 + 2126) is very isolated, whereas the
third one (NGC 6034) is embedded is a very rich environment.

Finally, Díaz-Giménez et al. [113] analysed the large-scale structure in FGs and non-
FGs from both the theoretical and observational points of view. We already mentioned
their theoretical results in Section 3, here we focus on their observational tests. In fact,
they used four FGs selected from Voevodkin et al. [48] and coming from the 400d cluster
survey [115] and a control sample of non-FGs from the same survey. Their observational
results confirmed the peak found in numerical simulations in the local density profile of
galaxies around groups as a function of the normalised group-centric distance. This peak,
located at about 2.5r/rvir at z = 0, is more prominent in FGs. However, the difference is
clearer in numerical simulations than in observations, probably again due to the small
sample of FGs available.

More extended studies on larger samples are thus generally needed to confirm if FGs
are characterised by a special large-scale environment.

5. Past and Future of Fossil Systems Evolution

If FGs are the end product of groups/clusters evolution, a question should naturally
arise: are their progenitors regular groups/clusters or do they belong to some particular
class? A possible answer that we will discuss in the first part of this section is that
the progenitors could be found in compact groups. In fact, in these systems, various
bright galaxies are cooped up in a small area, making them ideal candidates for fast and
efficient mergers.

However, von Benda-Beckmann et al. [37] suggested that the fossil status may be only
a transitional phase in the life of a regular cluster. If this is the case, there is no need to find
a special category of progenitors, since the acquisition of the fossil status could happen
to any group/cluster in the period between the last major merger and the subsequent
arrival of another bright galaxy from the cosmic web. We will discuss this topic from an
observational point of view in the second part of this section.

5.1. Compact and Loose Groups as Progenitors of Fossil Systems

The discussion on the progenitors of FGs started even before the actual discovery of
these systems. In fact, Ponman and Bertram [3] suggested that compact groups were the
result of orbital decay in larger systems and that they should culminate in a final merger, in
which all the bright galaxies would merge at the centre of the system. They also added that
a new category of “fossil groups” were awaiting discovery in the ROSAT all-sky survey. A
year after this claim, they announced the discovery of the first FG [4].

Since then, many studies looked for FG’s progenitors, using a variety of techniques.
Miles et al. [116] studied a sample of 25 clusters in the X-ray, finding that some of them are
dimmed in luminosity. Their interpretation of the result was that, according to a specific
toy simulation, groups with dimmed X-ray luminosity have lower velocity dispersion. This
would lead to the formation of FGs, since low-velocity encounters between massive galaxies
are the most efficient in terms of merging time scale. This result was also confirmed by the
analysis of a compact group at z = 0.22 studied in Mendes de Oliveira and Carrasco [117].
In fact, these authors showed that this system has many characteristics in common with
FGs and, in particular, the merging of the four brightest members would lead to the
formation of a BCG of Mr∼−23, a typical value of central galaxies in FGs. A similar
result was also found in the study of galaxy pairs [118]. In this case, the author claims
that E + S pairs could be the last step in the formation of FGs, thus a sort of transition
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between compact groups and FGs. In addition, Pierini et al. [99] found evidence that
compact groups are favoured as progenitors over the early assembly. On the other hand,
Yoshioka et al. [15] found a M/L ratio for FGs that is too high if compared with compact
groups, thus claiming that these systems are not the ideal progenitors.

A novel technique to search for FG’s progenitors is the use of strong gravitational
lensing in galaxy groups. Johnson et al. [119] investigated the fraction of FGs in lensed and
non-lensed galaxy groups, finding that the fraction of FGs is larger in lensed systems (13%
versus 3%). They also identified 12 possible FG progenitors that were later investigated in
detail in Johnson et al. [120] using Chandra and the Hubble Space Telescope. Their results
showed that the X-ray temperatures of the candidate progenitors are higher than those of
the control sample. They also find hints of differences in the LFs of FGs and non-FGs, but
these differences are erased when BCGs are removed. Finally, Schirmer et al. [121] studied
the strong-lensed FG J0454-0309 that is found behind a well-studied non-fossil poor cluster.
Their analysis supports a scenario in which the fossil system is falling into the poor cluster
and where the central galaxy of the FG will become the brightest galaxy of the new system.

Another approach was proposed by Tovmassian [122]: they compared the K−band
absolute magnitudes of BCGs in regular clusters and FGs, finding that the latter are sys-
tematically fainter. The author concluded that FG progenitors are likely poor groups.
Moreover, it is interesting to note that Tovmassian et al. [123] studied “the properties
of Hickson’s compact groups and of the Loose Groups within which they are Embedded.” In
this work, no link with FGs is suggested, but the result could be seen under a dif-
ferent light after the Tovmassian [122] study, confirming the idea that poor compact
groups could be the ideal progenitors of FGs. However, this result apparently collides
with what was presented in Section 4.2, where we cited various studies claiming that
BCGs in FGs are amongst the most-massive galaxies in the Universe. On the other hand,
Farhang et al. [124] analysed the mass assembly histories fo compact and fossil systems in
the Millennium simulation and associated semi-analytical models. They found that only
30% of FGs could originate from compact groups. They conclude that most of the fossil
and compact groups follow different evolutionary paths.

Finally, Buote and Barth [125] suggested that compact elliptical galaxies (CEGs) sur-
rounded by an X-ray halo should be considered as FGs. In fact, detailed X-ray observations
of two of these systems found that mass and entropy profiles and concentration are compat-
ible with other FGs studied in the literature. In this case, the progenitors are expected to be
the so-called “red-nuggets”, compact galaxies found a z∼2 [126]. This case is indeed pecu-
liar: the authors did not study FGs in order to find their progenitors, but better suggested
that a new type of galaxy should be considered in the fossil category.

5.2. Transitional Fossil Phase

We already mentioned in Section 3 that von Benda-Beckmann et al. [37] suggested that
FGs are only a transitional phase in the life of a regular group/cluster. They claimed that this
phase would happen just after a major merger and before other bright galaxies are accreted
to the group. An example of such a process is found in Irwin et al. [127]: the Cheshire Cat
galaxy group is formed by two smaller groups, dominated by one bright galaxy each. These
groups are experiencing a line-of-sight merger that will end up in approximately one Gyr
with the merging of the two structures. The authors suggested that the resulting structure
will be a massive fossil group, dominated by a large Mr = −24 galaxy.

A similar case is the one presented in Aguerri et al. [110]: RX J075243.6 + 455653 was
found to actually accomplish the fossil definition of Δm12 > 2 within half the virial radius;
however, another galaxy almost as bright as the BCG is found just outside that radius.
Depending on its orbit, RX J075243.6 + 455653 became fossils in the very last part of its life,
or, in the opposite case, it will become non-fossils in the near future.

The existence of a fossil phase may thus explain some of the controversial results
presented along this review. It is possible that the observational definition based on the
magnitude gap alone is not sufficient to clearly separate the population of real FGs to
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that of non-FGs dominated by a massive central galaxy. This would confirm the results of
Raouf et al. [32], since the authors suggested that other observational quantities (like the
luminosity of the BCG and its separation from the luminosity centroid of the group) should
be used to create a sample dominated by purely old FGs. We thus suggest to start using
this new definition in the search for FGs as a way for creating a sample of old systems.
However, using these additional observational constraints could dramatically reduce the
number of identified systems. In Section 6.1, we will give a list of the most-secure FGs up to
date: only one out of 18 FGs for which the absolute magnitude of the BCG is available will
survive the application of the Raouf et al. [32] criterium (Δm12 > 2.0 and Mr,BCG > −22.5).

6. Discussion and Conclusions

In this section, we propose a sample of genuine FGs that can be the starting point for
new follow ups of these objects. Then, we discuss what we presented along the review and
draw our general conclusions.

6.1. Sample of Genuine Fossil Groups

In Table 1, we present a list of confirmed FGs in the literature. The goal is to offer to the
reader a sample as pure as possible for future follow ups. The list is probably not complete,
but we did our best to select FGs applying a rigorous criterium on the Δm12 parameter. In
particular, we consider as fossils those systems with Δm12 ≥ 2.0 within half the (projected)
virial radius. Moreover, we exclude FGs for which membership was done using a fixed
cut in Δz, except when no ambiguous galaxy was found within half the (projected) virial
radius. The magnitude gap between the first and fourth brightest galaxies (Δm14) is also
given, when available, but it was not used for the selection, since it was computed only in
the most recent studies. The absolute r−band magnitude of the BCG is included, when
available, to simplify the application of the Raouf et al. [32] criterium. Moreover, we also
list the mass of the system, when available. However, we note that the mass is computed
in a very inhomogeneous way (different methods and radii), and our goal is to offer an
at-a-glance reference to the reader. Finally, the redshift is given for all FGs listed in the
table.

Table 1. A non-exhaustive list of confirmed FGs for which at least Δm12 ≥ 2 (and eventually Δm14 ≥ 2.5) is computed
within half the virial radius in the literature.

Name Δm12 Δm14 Mr,BCG z Mass [1014 M�] Reference

RX J1340.6 + 4018 * 2.3 / / 0.171 0.28 Ponman et al. [4]
RXJ1119.7 + 2126 >2.5 / −22.8 0.061 / Jones et al. [9]
RXJ1331.5 + 1108 2.0 / −23.6 0.081 / Jones et al. [9]
RXJ1416.4 + 2315 2.4 / −25.0 0.137 / Jones et al. [9]

RXJ1552.2 + 2013 ** 2.3 / −24.7 0.135 / Jones et al. [9]
NGC 6482 2.06 / −22.7 0.0131 0.042 Khosroshahi et al. [16]

ESO 3060170 2.61 / −24.4 0.0358 1–2 Sun et al. [11]
UGC 842 2.99 / −23.0 0.045 0.4 Voevodkin et al. [128]
AWM 4 2.23 / / 0.0317 1.4 Zibetti et al. [107]

J0454-0309 2.5 / −24.1 † 0.26 0.75–0.90 Schirmer et al. [121]
RXC J0216.7-4749 >2.21 / / 0.064 0.8 Démoclès et al. [57]

CXGG 095951+0140.8 2.10 / −24.9 † 0.372 0.95 Pierini et al. [99]
CXGG 095951 + 0212.6 2.32 / −23.9 † 0.425 0.19 Pierini et al. [99]

SDSS J0906+0301 3.09 / / 0.1359 1.3 Proctor et al. [52]
SDSS J1045+0420 2.00 / / 0.1539 2.2 Proctor et al. [52]

1RXS J235814.4 + 150524 >2.0 / / 0.178 / Adami et al. [109]
DMM2008 IV 2.4 3.0 / 0.0796 / Harrison et al. [14]

WHL J083454.9 + 553421 2.4 3.0 / 0.2412 / Harrison et al. [14]
A0963 2.2 2.7 / 0.2056 / Harrison et al. [14]
A1068 2.3 3.1 / 0.1381 / Harrison et al. [14]

BLOX J1230.6 + 1113.3 ID 2.1 3.5 / 0.1169 / Harrison et al. [14]

232



Universe 2021, 7, 132

Table 1. Cont.

Name Δm12 Δm14 Mr,BCG z Mass [1014 M�] Reference

XMMXCS J123338.5 + 374114.9 2.6 3.2 / 0.1023 / Harrison et al. [14]
ZwCl 1305.4 + 2941 2.6 3.1 / 0.2406 / Harrison et al. [14]

MaxBCG J197.94248 + 22.02702 2.1 2.7 / 0.1715 / Harrison et al. [14]
XMMXCS J134825.6 + 580015.8 2.0 2.6 / 0.1274 / Harrison et al. [14]
XMMXCS J141657.5 + 231239.2 2.8 3.1 / 0.1159 / Harrison et al. [14]
XMMXCS J160129.8 + 083856.3 2.4 3.1 / 0.1875 / Harrison et al. [14]

FG12 >2.0 / / 0.089 0.6 La Barbera et al. [129]
FGS02 >2.21 >2.28 −25.0 0.23 18.7 Zarattini et al. [22]
FGS03 2.09 2.55 −22.6 0.052 0.42 Zarattini et al. [22]
FGS08 >2.12 >2.17 −24.2 0.409 / Zarattini et al. [22]
FGS10 2.12 2.24 −25.3 0.468 8.32 Zarattini et al. [22]
FGS20 2.17 >2.46 −23.6 0.094 1.63 Zarattini et al. [22]
FGS28 >3.28 >3.68 −21.3 0.032 / Zarattini et al. [22]

2PIGG 2515 3.4 / −23.4 0.062 0.37 Khosroshahi et al. [53]
2PIGG 2868 2.5 / −23.1 0.067 0.25 Khosroshahi et al. [53]

Notes. Column (1): System name, as presented in the cited publication. Column (2): Magnitude gap between the two brightest member
galaxies. Column (3): Magnitude gap between the first and fourth brightest member galaxies. Column (4): r−band absolute magnitude of
the BCG. (5): redshift. (6): Mass. Column (7) Reference paper. It is worth noting that we only cite minimal references for each FG and the
same object can be also found in other publications. Moreover, we only cite systems for which Δm12 is strictly larger than 2, in order to
propose a sample of genuine fossil systems. * This system is disqualified as a fossil in Mendes de Oliveira et al. [130] using i− and g−bands.
** This system is disqualified as a fossil in Zibetti et al. [107]. † Computed in the i−band.

We note that, if contradictory information is available, we always choose to apply the
Jones et al. [9] criteria in the most severe way. For example, in Proctor et al. [52], the sample
of Miller et al. [51] was studied in more detail, computing r200 in two different ways: one
obtained from weak lensing analysis and the other from X-ray data. The latter is found to
be ∼50% larger than the former. As a consequence, the number of FGs found using the
smallest radius is 10, a number that reduces to 3 if the largest radius is used. In order to
provide the cleanest sample of genuine FGs, we include in Table 1 only the three obtained
with the largest r200, citing only Proctor et al. [52], even if most of the candidates were also
present in Miller et al. [51]. This choice is done in order to direct the reader to the most
up-to-date and/or relevant information.

It is worth noting that some famous FGs are excluded from the list. As an example,
we discuss the prototype of this category, NGC 1132 [91], for which we were not able to
find Δm12. There are indeed information on the fainter galaxies, e.g., in [131], but not
a clear computation of the magnitude gap. However, Kim et al. [131] claimed that the
second brightest galaxy is NGC 1126, a spiral galaxy located at 8.4 arcminutes or 230 kpc
in projection. The virial radius of this group is estimated to be r200∼800 kpc; thus, this
galaxy should be inside 0.5 r200. The difference in the velocity space is Δv = 438 km s−1,
as obtained using the Nasa Extragalactic Database (NED), so the two galaxies can be part
of the same group, although a precise dynamical study should be done to confirm the
membership. In Kim et al. [131], NGC 1126 is described as “seven times fainter in B”. We
check in the SDSS DR16 the magnitudes of both NGC 1132 and NGC 1126: the former
has mr = 12.20, the latter mr = 14.01, leading to a Δm12 = 1.81, rejecting it as a genuine
FG. However, as we already mentioned, an accurate study of the membership of NGC
1126 to the group of NGC 1132 should be done and errors in SDSS magnitudes can not
be excluded (NGC 1126 is flagged with “unreliable photometry”, as many other bright
galaxies, mainly due to an over estimation of the sky around bright objects). In conclusion,
with this example, we aim at demonstrating that also the definition of the most commonly-
accepted FGs may be not rigorous, or may need deeper studies to include them in a sample
of genuine FGs.

233



Universe 2021, 7, 132

6.2. Conclusions and Future Prospects

Along this review, we analysed the most-studied topics on FGs. The aim of these
studies was to test the so-called merging scenario, which predicts that fossil systems formed
earlier than non-fossils, having enough time to merge all the bright galaxies with the
BCG and remaining somewhat isolated from the cosmic web (e.g., they did not receive
other bright galaxies from the merging with other groups/clusters). However, the general
framework that can be obtained from this review is that FGs probably formed and evolved
in a similar way as non-FGs. In particular, we show that early differences reported in
global properties such as the scaling relations and M/L ratios of the halos of fossil systems
can be reconciled when homogeneous datasets are used. Probably, an analogous result
would be obtained for the differences observed in the mass and the entropy profiles in some
individual systems. A more homogeneus and large sample is required to be analysed in this
case. Moreover, no differences are found in the fraction of galaxy substructures identified
in FGs and non-FGs. This again indicates that the halos of FGs are not significantly older
than those from non-FGs.

The central galaxies in fossil groups show similar stellar ages and metallicities than
BCGs in the center of non-fossil systems. In addition, the location of these galaxies in the
fundamental plane and its projections indicate a formation process driven by dissipationless
mergers in a similar way to other bright early type galaxies.

The similarities found in the formation of fossil and non-fossil systems seem to indicate
that the large magnitude gap could just be a transient phase in the evolution of groups and
clusters, as reported by different numerical simulations. This magnitude gap would be
more connected with recent major mergers rather than with an old formation.

If this is the case, one should find an explanation for those differences that can not be
reconciled with inhomogeneities in the data. We already mentioned that Sommer-Larsen [29]
proposed that more radial orbits for galaxies in fossils could be responsible for the formation
of the gap. This idea is supported also by Lacey and Cole [78]: the merger timescale with
the central halo is shorter for M∗ galaxies on radial orbits than for galaxies on tangential
orbits (see their Equation (4.2)). From an observational point of view, hints of this difference
are found in Zarattini et al. [132]. The authors studied the orbital structure of a sample of
∼100 groups and clusters, dividing them in four bins of Δm12. Their larger magnitude gap
bin (Δm12 > 1.5) shows the presence of radial orbits in the external regions (0.8–1 r200) that
is not found in the other three bins, all with Δm12 < 1.5. However, the results should be
confirmed with a larger sample of genuine FGs, as we already mentioned along this review
for a significant part of the discussed topics.

The other main topic that remains open is the difference found in the faint-end slope
of FGs LFs. This is difficult to explain within the current models of formation and evolution
of clusters. In fact, most of the studies point towards a sort of global value for the faint-end
slope in clusters and groups. It is worth noting, however, that the majority of the studies
of LFs in FGs used photometric data and that, in the literature, significant differences
were found even in regular clusters when only photometric data were used. Thus, the
next step in this discussion awaits the use of large spectroscopic datasets that will become
available with the next generation of astronomical instruments (e.g., WEAVE, 4MOST,
DESI). However, we can tentatively say that the presence of radial orbits could give an
answer also to the problem of the faint-end slope of the LF: in fact, if massive galaxies
on radial orbits have a shorter timescale to be merged within the central galaxy, dwarf
galaxies could be more easily disrupted on such orbits, if they pass near the BCG [133].
Another possible explanation for the differences in the galaxy populations between FGs
and non-FGs could be found in the surrounding environment, since hints of different large-
scale structures are found in some individual studies. In particular, we can not exclude
that FGs are still in the process of accreting dwarf galaxies, but the general picture remains
to be clarified.

The creation of a large and strict sample of genuine FGs and a homogeneous follow
up will be the key to the characterisation of FGs in the near future. For this reason, we gave
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in Section 6.1 a table with the most-secure FGs to date. The computation of the Δm12 is not
a real issue with surveys like SDSS, DES, or Pan-STARRS1, already available for 3/4 of the
sky. The arrival of new facilities will be useful for the confirmation of the FGs candidates
found with these photometric surveys. New X-ray data will be available with the new
all-sky surveys like eROSITA (we refer the reader to the companion review of Ekert et al.
for a detailed description on the impact of eROSITA and other X-ray surveys on the study
of galaxy groups). In addition, the spectroscopic follow up will be possible with extended
spectroscopic surveys like WEAVE, 4MOST, and DESI or with precise photometric redshifts
surveys like J-PAS. The firm identification of at least 50/100 FGs will be the main scientific
goals in this field for the next decade. This will be easily achieved in the near future, since
eROSITA is expected to find ∼105 groups/clusters. For comparison, the REFLEX cluster
catalogue has ∼1500 groups/clusters. Most of these new clusters will have dedicated
spectroscopic follow ups with the next generation multi-object spectrographs.
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