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Abstract Four decades ago, the firm detection of an Fe-K emission feature
in the X-ray spectrum of the Perseus cluster revealed the presence of iron
in its hot intracluster medium (ICM). With more advanced missions success-
fully launched over the last 20 years, this discovery has been extended to
many other metals and to the hot atmospheres of many other galaxy clusters,
groups, and giant elliptical galaxies, as evidence that the elemental bricks of
life – synthesized by stars and supernovae – are also found at the largest
scales of the Universe. Because the ICM, emitting in X-rays, is in collisional
ionisation equilibrium, its elemental abundances can in principle be accurately
measured. These abundance measurements, in turn, are valuable to constrain
the physics and environmental conditions of the Type Ia and core-collapse su-
pernovae that exploded and enriched the ICM over the entire cluster volume.
On the other hand, the spatial distribution of metals across the ICM consti-
tutes a remarkable signature of the chemical history and evolution of clusters,
groups, and ellipticals. Here, we summarise the most significant achievements
in measuring elemental abundances in the ICM, from the very first attempts
up to the era of XMM-Newton, Chandra, and Suzaku and the unprecedented
results obtained by Hitomi. We also discuss the current systematic limitations
of these measurements and how the future missions XRISM and Athena will
further improve our current knowledge of the ICM enrichment.

Keywords Galaxies: clusters · Galaxies: abundances · X-rays: galaxies:
clusters

1 Introduction: the origin of metals

Since the first complete theories of stellar nucleosynthesis in the 1950’s (Cameron
1957; Burbidge et al. 1957), it is well established that chemical elements heav-
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ier than helium are almost entirely the result of thermonuclear processes in
stars at various stages of their lifetimes. This has a profound impact on our
way to consider astronomy, as it means that all these building blocks of mat-
ter – necessary to the formation of new stars, rocky planets, and even life
– have been once synthesised in the core of stars and/or during supernova
(SN) explosions. Because all these heavy elements, or metals, have different
atomic masses, hence different binding energies, they do not all originate from
the same stellar sources. Instead, whereas carbon (C) and nitrogen (N) are
mostly produced by low-mass stars in their asymptotic giant branch (AGB)
phase, elements of intermediate atomic number (8 ≤ Z ≤ 30) are primarily
produced by core-collapse supernovae (SNcc) and Type Ia supernovae (SNIa)
(for recent reviews on stellar nucleosynthesis, see Nomoto et al. 2013; Thiele-
mann et al. 2018). A large fraction of heavier elements (Z > 30), on the other
hand, is thought to be produced via either the rapid neutron-capture process
(r-process) mostly in neutron star mergers (for a review, see Thielemann et al.
2017), or the slow neutron-capture process (s-process) mostly in AGB stars
(for a review, see Käppeler et al. 2011).

1.1 Core-collapse supernovae (SNcc)

Massive stars (& 10M�) leave their main sequence when about 10% of their
hydrogen has burned into helium (He). In order to keep a balance between self-
gravity and internal pressure, heavier elements are successively synthesised,
then burned in turn, thereby forming concentric layers of burning elements
in the stellar core. When the nuclear fusion of iron (Fe) and nickel (Ni) into
heavier elements is reached, the process becomes endothermic. Consequently,
their end-of-life nucleosynthesis stops at the Fe-peak elements, most of which
remain locked in the collapsing core. In other words, SNcc eject mainly oxygen
(O), neon (Ne), magnesium (Mg), silicon (Si), and sulfur (S), but very few
amounts of heavier elements. The relative importance of these yields, however,
is very sensitive to

1. the initial mass of the parent massive star;
2. the initial metallicity (Zinit) of the parent massive star;
3. details on how the explosion is driven.

If one considers a simple stellar population instead of a single massive star,
the yields should be integrated over the initial mass function (IMF) of such
a population. In this case, assuming different IMFs – e.g. either ”Salpeter”
(i.e. a power-law with a slope index of -1.35; Salpeter 1955) or ”top-heavy” (a
shallower slope index of, e.g., -0.95; Arimoto and Yoshii 1987) – will produce
different amounts of integrated yields. Such a dependency of SNcc yield models
on Zinit and the IMF is illustrated in the upper panel of Fig. 1, where various
SNcc models adapted from Nomoto et al. (2013, and references therein) and
Sukhbold et al. (2016) predict different X/Fe abundance ratios. Commonly
used SNcc yield models from the literature include for example Chieffi and
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Limongi (2004), Nomoto et al. (2006) and Kobayashi et al. (2006) – whose
models were summarised and slightly updated in Nomoto et al. (2013) – and
Sukhbold et al. (2016). Recent updates have also been published by Pignatari
et al. (2016) and Ritter et al. (2018).

1.2 Type Ia supernovae

When a low-mass star (. 10M�) ejects its upper layers at the end of its life,
a dense core of degenerate matter remains (i.e. a white dwarf, WD). Unlike
main-sequence stars, the internal pressure of WDs does not depend on their
temperature. Consequently, if a WD gains sufficient mass, it may result into
an explosive nucleosynthesis (starting from C) that will entirely disrupt it and
eject even its heaviest produced elements. For this reason, in addition to Si and
S, SNIa release large amounts of argon (Ar), calcium (Ca), chromium (Cr),
manganese (Mn), Fe and Ni on one hand, and relatively small amounts O, Ne,
and Mg on the other hand.

As an unsolved mystery, the precise nature of SNIa progenitors, as well as
their subsequent explosion mechanism, is yet to be clarified (for recent reviews,
see e.g. Howell 2011; Maoz and Mannucci 2012; Maoz et al. 2014). In fact, the
explosive C-burning of the WD might result from either a gentle accumulation
of material from a main-sequence companion (the single-degenerate scenario)
or from a merger with another WD (the double-degenerate scenario). The
former and latter scenarios are often associated with an explosive nucleosyn-
thesis starting when the total WD mass is, respectively, close to (near-MCh)
and well below (sub-MCh) the Chandrasekhar mass. This whole picture, how-
ever, may be more complicated as in some cases near-MCh SNIa may also be
considered in the double-degenerate scenario while sub-MCh SNIa may also be
single-degenerate (e.g. Nomoto et al. 2013).

In the near-MCh case, the burning flame in the WD may either propagate
always subsonically – referred to as deflagration explosion – or start subsoni-
cally before reaching supersonic velocities when propagating below a specific
density – referred to as delayed-detonation explosion (for a recent review, see
Nomoto and Leung 2018). In the sub-MCh case, a violent WD-WD merger is
thought to trigger an always supersonic burning flame (referred to as detona-
tion explosion). Interestingly, all these different explosion mechanisms provide
different yields, as illustrated in the lower panel of Fig. 1. In fact, while de-
flagration models produce Ni in larger quantities, delayed-detonation models
produce less Ni but more intermediate elements due to the incomplete burning
stages in the SNIa explosion. Commonly used SNIa yield models from the lit-
erature include for example Iwamoto et al. (1999, near-MCh, 1D calculations),
Maeda et al. (2010, near-MCh, 2D calculations), Pakmor et al. (2012, sub-
MCh, 1.1+0.9M� WD merger), Seitenzahl et al. (2013) and Fink et al. (2014,
near-MCh, 3D calculations), Leung and Nomoto (2018, near-MCh, 2D calcu-
lations, with an extra dependence on the progenitor initial metallicity), and
Shen et al. (2018, sub-MCh, detonation of one of the two WDs in the context
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Fig. 1 Abundance ratios predicted by SNcc and SNIa yield models from the literature. The
abundances of F and Na are not shown here because they are mainly produced in AGB stars.
Top: SNcc yield models from Nomoto et al. (2013) and Sukhbold et al. (2016, N20 model,
including neutrino transport), assuming different values for Zinit. A comparison between
different integrated IMFs – ”Salpeter” (slope index of -1.35) vs. ”top-heavy” (slope index
of -0.95) – is also shown. Bottom: SNIa yields. The N100 (delayed-detonation) and N100def
(deflagration) models are calculated by Seitenzahl et al. (2013) and Fink et al. (2014),
respectively. The 300-1-c3-1 (delayed-detonation) and 300-1-c3-1P (deflagration) models are
calculated by Leung and Nomoto (2018). Whereas the four above models are near-MCh, the
sub-MCh models of Pakmor et al. (2012, 1.1+0.9M� WD merger) and Shen et al. (2018,
for 1 M�, C/O=50/50, Zinit = 0.02, 12+16=1.0) are also shown.
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of ”dynamically-driven double-degenerate double-detonation” – or DDDDDD
– scenario).

1.3 Asymptotic giant branch stars

Most metals lighter than O – in particular C and N – as well as fluorine (F) and
sodium (Na) are predominantly synthesised by low-mass stars at the end of
their life, i.e. during their asymptotic giant branch (AGB) phase (e.g. Karakas
2010). Such elements are then easily released into the surrounding interstellar
medium (and beyond) via powerful winds generated by these stars. As for
SNcc, elemental yields originating from AGB stars are sensitive to the initial
mass (or IMF) and metallicities of their stellar progenitors.

2 Detecting metals (and measuring their abundances) in the ICM

The presence of metals extends well beyond galactic scales, and even reaches
the largest gravitationally bound structures of the Universe that are galaxy
clusters. Specifically, the hot (∼106–108 K), optically thin plasma (or intra-
cluster medium, ICM1) pervading galaxy clusters, groups, and giant elliptical
galaxies is rich in chemical elements, which can be detected at X-ray energies
via their emission lines (for recent reviews, see Werner et al. 2008; Böhringer
and Werner 2010; de Plaa 2013; de Plaa and Mernier 2017).

2.1 Spectral lines and abundance diagnostics

Diagnostics of elemental abundances in the ICM are based on measurements of
the flux in spectral lines as compared with that of the continuum. Specifically,
there are three processes that are responsible for the formation of thermal
continuum radiation of any plasma: (i) bremsstrahlung emission (free-free),
(ii) radiative recombination (free-bound), and (iii) two-photon emission (see
Kaastra et al. 2008, for a review). At typical temperatures of a hot ICM
plasma, the main contribution to the X-ray continuum spectra is made by the
bremsstrahlung emission (free-free process). Indeed, at temperatures above 1
keV, radiation produced via electrons scattering off of protons and He nuclei
dominates the whole X-ray range (see e.g. Mewe et al. 1986). Thus the emis-
sivity (the emitted energy per unit time, energy and volume) of the continuum
radiation is given by

εcont(E) ∼ εff ∝ ne T−1/2 e−E/kT
∑
i

ni Z
2
i gff

∼ n2e T−1/2 e−E/kT (1 + 4x)/(1 + 2x), (1)

1 Formally, ”ICM” should be restricted to the hot gas pervading galaxy clusters only.
For convenience, however, in the following we use this acronym to designate also the hot
atmospheres pervading galaxy groups and isolated, massive ellipticals.
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where T and ne are the electron temperature and density, and E is the energy
of the emitted photon. The factor gff (T,Zi, E) is a dimensionless quantity of
order of unity (the Gaunt factor). The sum is over all ions (with density ni and
charge Zi of an ion) present in the ICM. The last expression in Eq. 1 assumes
that the sum is dominated by hydrogen and helium and ne ≈ np + 2nHe =
np(1 + 2x), where x = nHe/np stands for the helium-to-hydrogen ratio.

On the other hand, most X-ray lines are usually excited by collisional
excitation by electrons. The integrated emissivity due to a collisionally excited
line is given by

∫
εline(E)dE ∝ n(Xi)neE T

−1/2Ω(T ) e−∆E/kT

∝
[
n(Xi)

nX

] [
nX
np

] [
np
ne

]
n2e EΩ(T )T−1/2 e−∆E/kT , (2)

where ∆E is the excitation energy above the ground state of the excited level
and Ω(T ) is the collision strength, which usually varies only weakly with tem-
perature (see e.g. Kaastra et al. 2008, for a review). Since the ICM is in, or
very close to collisional ionisation equilibrium (CIE), the ionization fractions
–
[
n(Xi)/nX

]
for an element X – depend only on the electron temperature

T , and are independent of the ICM density. Consequently, the emissivity of
a line is proportional to the square of the density and to the abundance of
the relevant element [nX/np]. At typical ICM (low) densities, the ratio of the
line emission to the bremsstrahlung continuum is thus independent of the den-
sity, but keeps a direct proportionality to the abundance of the corresponding
element. Since the electron temperature T of the ICM can be derived from
line ratios or the shape of X-ray continuum spectrum, this line-to-continuum
ratio (namely, the equivalent width of the line) can be easily converted into
an elemental abundance.

In practice, elemental abundances in the ICM of clusters, groups, and el-
lipticals can be measured by fitting their X-ray spectra with models of CIE
emitting plasma. The two spectral codes that are commonly found in the lit-
erature are AtomDB2 (used in the model APEC as part of the XSPEC fitting
package; Foster et al. 2012) and SPEXACT3 (as part of the SPEX fitting
package; Kaastra et al. 1996). A detailed discussion on the uncertainties re-
lated to these two codes (and their subsequent atomic databases) is addressed
in Sect. 7.2.

Since [nX/np] is of the order 10−4–10−7 for elements typically detected in
the ICM, it is convenient to report abundances with respect to the Solar value.
Here we choose to normalize all quoted abundances in the proto-solar units of
Lodders et al. (2009), unless stated otherwise.

2 http://www.atomdb.org
3 https://www.sron.nl/astrophysics-spex
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Fig. 2 Left (from Mitchell et al. 1976, reprinted with permission): X-ray spectrum of the
Perseus cluster core seen by the MSSL collimated proportional counter onboard Ariel V.
Right (from Hitomi Collaboration et al. 2017, reprinted with permission): X-ray spectrum
of the Perseus cluster core seen by the SXS instrument onboard Hitomi.

2.2 Metals in the ICM: a brief history

The first spectral signature of metals in the ICM was detected more than four
decades ago, via the Fe-K emission line complex seen in nearby clusters by
Ariel V (Mitchell et al. 1976, Fig. 2, left) and OSO-8 (Serlemitsos et al. 1977).
Later on, the Einstein observatory allowed the detection of other elements,
such as O (Canizares et al. 1979), Si (Mushotzky et al. 1981), Mg, S, and
Ar (Lea et al. 1982). Despite these important detections, the breakthrough in
abundance studies came with the ASCA observatory. In addition to providing
the first hints of the detection of Ca and Ni, ASCA also allowed a first robust
constraint of the Si, S, and Fe abundances (Mushotzky et al. 1996; Fukazawa
et al. 1998; Matsushita et al. 2000; Baumgartner et al. 2005).

The next generation of X-ray observatories, including Chandra, XMM-
Newton and Suzaku, considerably increased the accuracy of these measure-
ments (see e.g. Böhringer et al. 2001; Molendi and Gastaldello 2001; Finoguenov
et al. 2002; Buote et al. 2003; Sanders and Fabian 2006a; Werner et al. 2006b;
de Plaa et al. 2006; Matsushita et al. 2007; de Plaa et al. 2007; Rasmussen and
Ponman 2007; Simionescu et al. 2009; De Grandi and Molendi 2009; Bulbul
et al. 2012; Sasaki et al. 2014; Konami et al. 2014; Mernier et al. 2015, 2016a;
Thölken et al. 2016). The Reflection Grating Spectrometer (RGS) instrument
onboard XMM-Newton allowed to formally identify C (Werner et al. 2006a),
N, and Ne (Xu et al. 2002) emission lines in the ICM. In addition, the CCD-
type European Photon Imaging Cameras (EPIC, onboard XMM-Newton) and
X-ray Imaging Spectrometer (XIS, onboard Suzaku) allowed significant de-
tections and measurements of Cr (Werner et al. 2006b; Tamura et al. 2009;
Mernier et al. 2016a, with >2σ, >4σ, and >8σ, respectively) and Mn (Tamura
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et al. 2009; Mernier et al. 2016a, with >1σ and >7σ, respectively) abundances
in clusters for the first time.

To date, the most spectacular abundance measurements have decidedly
been achieved in the core of the Perseus cluster thanks to the exquisite spec-
tral resolution of the micro-calorimeter Soft X-ray Spectrometer (SXS) on-
board the Hitomi mission (Hitomi Collaboration et al. 2017, Fig. 2, right). In
particular, the Cr, Mn, and Ni emission lines could be better identified and
their abundances could be constrained with unprecedented accuracies (see also
Sect. 4.2). This Hitomi observation, however, was performed with the gate
valve unopened (which consists of a 262-µm Be filter) because it was still in
the initial operation phase. This substantially attenuated soft X-ray photons,
limiting the SXS bandpass to above ∼1.8 keV (Fig. 2, right). Detection with
micro-calorimeters of the lighter elements, such as C, N, O, Ne, and Mg, as well
as Fe-L emission is expected to be achieved with future observatories such as
the X-ray Imaging and Spectroscopy Mission (XRISM, formerly XARM ) and
the Advanced Telescope for High-ENergy Astrophysics (Athena) (see Sect. 8).

Regrettably, the K-shell transitions of elements heavier than Ni (presum-
ably produced by r− and s−processes; see Sect. 1) occur at higher energies
(E > 10 keV), which are not accessible with sufficient spectral resolution using
current and upcoming X-ray telescopes. Therefore, this review does not cover
these nucleosynthesis channels in further detail.

3 Distribution of metals

Because the presence of chemical elements beyond galaxies is the signature of
a direct interaction between sub-pc (stars and SNe) and Mpc (galaxy clus-
ters) astrophysical scales, investigating the spatial distribution of metals in
the ICM can reveal invaluable information on several aspects: (i) at which
cosmic epoch, (ii) from which astrophysical locations, and (iii) via which trans-
port process(es) clusters and groups were chemically enriched. Perhaps even
more importantly, this allows to better understand the interplay between for-
mation, growth, kinetic and thermal feedback, and metal enrichment of the
largest gravitationally bound structures in the Universe. Because, presumably,
enrichment via SNIa and SNcc are two distinct components occurring on dif-
ferent time scales after a starburst event, probing the distribution of both Fe
and the other elements is of high interest.

Whereas observations alone can provide interesting constraints on the above
questions, comparing them to cosmological hydrodynamical simulations is cru-
cial to complete the picture. This aspect is reviewed in detail in the companion
review by Biffi et al. (2018, in this topical collection).

3.1 Central abundance distribution

The ASCA observatory was the first satellite that made possible the spatial
investigation of metallicity in the bright cool-cores of relaxed nearby clusters.
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Early observations of the Centaurus cluster (Allen and Fabian 1994; Fukazawa
et al. 1994) revealed a decreasing radial gradient of Fe from the centre to
the outskirts. Later on, observations of larger samples using BeppoSAX (De
Grandi and Molendi 2001) and XMM-Newton (De Grandi et al. 2004) estab-
lished that central Fe peaks are found in cool-core clusters4 while non-cool-
core clusters exhibit significantly flatter central profiles (Lovisari and Reiprich
2019, see also the recent study by). Since these first results, such gradients
have been routinely measured in cool-core clusters, groups, and ellipticals (e.g.
Buote et al. 2003; de Plaa et al. 2006; Rasmussen and Ponman 2007; Leccardi
and Molendi 2008; Sanderson et al. 2009; Million et al. 2010; Lovisari et al.
2011; Matsushita 2011; Sasaki et al. 2014; Mernier et al. 2015; Sanders et al.
2016; Mernier et al. 2017; Lovisari and Reiprich 2019), and most of the efforts
have been devoted to the interpretation of central Fe peaks in cool-core sys-
tems. A compilation of recent radial measurements of Fe in cool-core clusters
– including the central peak extending out to ∼0.5 r500 can be seen in Fig. 3.
Measurements within this radius are taken from Thölken et al. (2016), Ezer
et al. (2017), Mernier et al. (2017), and Simionescu et al. (2017).

At first glance, such central Fe peaks in cool-core clusters were naturally
thought to be explained by the low-mass stellar population from the central
brightest cluster galaxy (BCG) as, unlike our Milky Way, the latter is usually
red-and-dead with very few massive stars at present times. In fact, the metal
mass estimated to be ejected from BCGs was found to correlate with the
amount of Fe of the central ICM phase (De Grandi et al. 2004). In parallel,
pioneer observations of the radial distribution of elements rather produced by
SNcc (O, Mg, Si; Böhringer et al. 2001; Tamura et al. 2001; Finoguenov et al.
2002; Matsushita et al. 2003; Werner et al. 2006a) reported flatter profiles
than for Fe. This result naturally suggested that the Fe peak would originate
from delayed (and still ongoing) SNIa in the central cD galaxy, while the bulk
of the SNcc enrichment occurred earlier and mixed more efficiently in the
ICM (Böhringer et al. 2004). A radial increase of the Si/Fe ratio was also
reported by Chandra in galaxy groups (Rasmussen and Ponman 2007, 2009),
strengthening that initial idea of a secular evolution of the SNIa enrichment
with respect to the SNcc enrichment.

With time, however, the improvement of instrumental calibrations com-
bined with a better understanding of the background gradually revealed a
completely different picture of the central ICM enrichment. Several recent
studies on individual systems indeed reported a central peak not only in Fe-
peak elements, but also in elements produced predominantly by SNcc (de Plaa
et al. 2006; Sato et al. 2009a,b; Simionescu et al. 2009; Murakami et al. 2011;
Bulbul et al. 2012; Mernier et al. 2015), thereby challenging the interpretation
of a late central enrichment coming from the SNIa explosions of the BCG.
This was further confirmed by Mernier et al. (2017), who investigated the
abundance radial profiles of 44 cool-core systems – the CHEmical Enrichment

4 Cool-core clusters are usually characterised by a centrally peaked surface brightness,
together with a stratified ICM entropy and a cooling time that is shorter than the Hubble
time (Molendi and Pizzolato 2001).
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Fig. 3 Measured radial Fe abundance profile in cool-core clusters compiled from recent
works. The conversion r500 ' 0.65 r200 is adopted from Reiprich et al. (2013). The blue cir-
cles and the blue shaded area show respectively the XMM-Newton EPIC measurements of 23
clusters from the CHEERS sample (Mernier et al. 2017) and the Suzaku XIS measurements
in the outskirts of 10 clusters (Urban et al. 2017). From the same respective studies, the red
circles and the red shaded area show the intrinsic scatter of the measurements (following
the method of Mernier et al. 2017). The black dotted line, the yellow triangles, the green
squares, and the black stars show respectively the Suzaku XIS measurements of the outskirts
of the Perseus cluster (Werner et al. 2013, averaged value), the UGC 03957 group (Thölken
et al. 2016), the A 3112 cluster (Ezer et al. 2017), and the Virgo cluster (Simionescu et al.
2017, azimuthally averaged along the N, S, and W arms). All the abundances are rescaled
with respect to the proto-solar values of Lodders et al. (2009).

Rgs Sample (CHEERS), including clusters, groups, and massive ellipiticals
– and showed that their azimuthally averaged SNIa-to-SNcc contribution re-
mains remarkably uniform out to at least ∼0.5 r500. The facts that, even in
the very center of cool-core systems, the abundance ratios remain very sim-
ilar to that of the Milky Way (Sect. 4; see also de Plaa et al. 2017; Hitomi
Collaboration et al. 2017; Simionescu et al. 2019b; Mernier et al. 2018b) and
that the abundance pattern measured by Hitomi within and offset of the core
were found to be similar within uncertainties (Simionescu et al. 2019b) further
support this picture.

This surprising similarity between the distribution of SNIa and SNcc prod-
ucts for apparently very different systems looks more elegant to report but is
in fact less trivial to interpret. Two scenarios may compete:

– either the late, ongoing central enrichment from the BCG (assumed to be
associated with the central abundance peaks) is produced by both SNIa
and SNcc – or alternatively, by extremely α/Fe-rich stellar winds;
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– or the early-type stellar population (and their consequent SNIa explosions)
from the BCG does not contribute significantly to the central enrichment
of cool-core systems. In this case, the origin of the central abundance peaks
may not be related to the current stellar content of the BCG.

The recent mounting evidence that the bulk of the central Fe peak was
already in place at z ' 1, before its radial extent broadens with cosmic time
(De Grandi et al. 2014; Mantz et al. 2017, see also Sect. 5) would support the
BCG origin for the central enrichment. On the contrary, the moderate levels
of recent star formation within local BCGs (appearing red and dead at present
times; e.g. McDonald et al. 2018) tends to disfavour the former scenario. A
good compromise to this paradox would be the scenario of an early central
enrichment (at z > 1, i.e. before the Universe was half its age), occurring either
in situ (during the early BCG assembling via both important episodes of star
formation and short delay time SNIa) or via the infall of already enriched, low
entropy subhaloes towards the cluster core. Future detailed multi-wavelength
observations coupled to chemodynamical simulations tracing the formation
of BCGs would help to better understand this central enrichment picture in
cool-core systems.

Central abundance drops

While abundances are, on rather large scales, centrally peaked, several studies
reported an inversion in the very core (i.e. within a few tens of kpc or less) of
some systems. These central abundance drops were detected mostly in galaxy
groups or giant ellipticals (e.g. Rasmussen and Ponman 2007; Rafferty et al.
2013; Panagoulia et al. 2015; Mernier et al. 2017; Gendron-Marsolais et al.
2017), but sometimes also in more massive clusters (e.g. Sanders and Fabian
2002; Johnstone et al. 2002; Churazov et al. 2003, 2004; Million et al. 2010;
Mernier et al. 2017). In some cases, these drops are simply an artifact resulting
from a (too simplistic) single-temperature modelling for a multiphase plasma
(Werner et al. 2006b, see also Sect. 7.4). In some other cases, however, these
drops persist even when accounting for a more complex temperature structure
(Panagoulia et al. 2013, 2015; Mernier et al. 2017), thereby requiring additional
explanations.

Other fitting biases have been considered to explain this apparent lack
of central abundances. For instance, as shown by the Hitomi observations of
Perseus (Hitomi Collaboration et al. 2018b), the effect of resonant scattering
is the strongest at maximum surface brightness in the very core while usually
ignored in spectral models (see also Gu et al. 2018, in this topical collection).
Nevertheless, Sanders and Fabian (2006b) showed that such an effect could
not entirely explain the abundance drops (see also Gendron-Marsolais et al.
2017). The accurate spatial resolution of Chandra also allows to discard pos-
sible contamination of the spectra by the central AGN (e.g. Sanders et al.
2016) or by projection effects (Sanders and Fabian 2007), hence suggesting
that such abundance drops may be real. However, other spectral effects need
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to be further investigated (e.g. incorrect assumptions on the central helium
abundances and sedimentation, Mernier et al. 2017, see also Sect. 7.1).

Another possibility would be that in the most central, coolest, and lowest
entropy regions of the ICM, a significant fraction of metals deplete into dust
(thus becoming not visible in the X-ray window), before getting uplifted and
re-heated to the X-ray emission regime at larger radii via feedback processes
from the central AGN (Panagoulia et al. 2015). One key consequence of this
scenario is that Ne and Ar should not exhibit central drops as noble gases are
inefficient in getting depleted into dust. This prediction, however, might be
in tension with measurements of the Ar profile in cool-core clusters (Mernier
et al. 2017).

3.2 Metals in cluster outskirts

Cluster outskirts are undoubtedly a region of great interest as they contain
most of the cluster volume and provide direct information on how the ICM
forms, accretes and contributes to the growth of large scale structures (Walker
et al. 2019, in this topical collection). Due to the low X-ray surface brightness
of these outermost regions, however, metallicity measurements beyond one-
half of their virial radii remain sparse. Arguably, the best abundance mea-
surements at large radii so far have been provided by the Suzaku satellite,
which is less affected by particle background than XMM-Newton and Chan-
dra. Fujita et al. (2008) observed that the ICM between the merging clusters
Abell 399/401, close to their virial radii, is enriched to ∼0.3 of the proto-solar
level. Suzaku XIS observations of the Perseus cluster in 78 independent spatial
bins and along 8 azimuthal directions revealed a uniform iron abundance of
ZFe = 0.304±0.012 proto-solar, as a function of both azimuth and radius, out
to r200 (Werner et al. 2013). Very deep Suzaku observations of Abell 3112 (Ezer
et al. 2017) as well as the analysis of archival Suzaku data for the outskirts
of ten massive clusters (Urban et al. 2017) confirm the results of the Perseus
observations. Urban et al. (2017) find that, across their sample, the Fe abun-
dances are consistent with a constant value, ZFe = 0.306 ± 0.012 proto-solar,
which is remarkably similar to the value measured for the Perseus cluster. Ob-
servations of the outskirts of the lower mass group UGC 03957 with Suzaku
also reveal a metallicity that is consistent with 0.3 Solar (Thölken et al. 2016).
These measurements are summarised in Fig. 3, where the gradual flattening of
the Fe distribution beyond ∼0.5 r500 towards the uniform value of ∼0.3 Solar
can be seen. The situation is slightly different for the Virgo cluster (Simionescu
et al. 2017, see also Fig. 3), where the Fe profile flattens below ∼0.5 r500 and
converges at a lower level, towards 0.2 Solar. Deeper observations with future
instruments will help to clarify whether (and to which extent) the enrichment
in Virgo is really different from other clusters and groups.

If the bulk of Fe was added at relatively recent times – via e.g. ram-pressure
stripping, the relative inefficiency of mixing (due to the early stratification of
the entropy profile) would result in substantial radial gradients and azimuthal
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inhomogeneities of the metallicity distribution even in cluster outskirts (e.g.
Kapferer et al. 2006). Instead, the observed homogeneous distribution of metals
in the outskirts of clusters was among the first strong indications that most
of the enrichment of the ICM took place before the entropy gradient was
established, hence before cluster formation (at z > 2–3, i.e. as early as, or
even earlier than the central metal enrichment – see Sect. 3.1). Despite the
potential problems and systematics pointed out by Molendi et al. (2016), the
remarkable agreement between the Fe abundance measured in the outskirts of
various clusters suggests that these measurements are reliable. Moreover, these
observational results are in line with cosmological hydrodynamical simulations,
which indicate a pre-enrichment scenario as well. In fact, recent simulations
(Rasia et al. 2015; Biffi et al. 2017, 2018), predicting a uniform metallicity of
∼0.3 proto-solar, i.e. in remarkable agreement with the above observational
results, show that pre-enriched gas is expelled from the shallow potential wells
of early galaxies via AGN feedback and is distributed over large scales in
the proto-cluster region, before being later accreted into the forming cluster.
Further details on these predictions and their comparison with observations
are discussed in Biffi et al. (2018, in this topical collection).

In addition, deep Suzaku XIS observations of the Virgo cluster allowed
abundance measurements for elements other than Fe at large radii, revealing
also a uniform chemical composition throughout the cluster volume (Simionescu
et al. 2015). Specifically, these authors showed that the Mg/Fe, Si/Fe, and
S/Fe ratios – all reliably tracing the SNcc-to-SNIa contribution of the enrich-
ment – are remarkably flat out to ∼1.3 r200, confirming the previous hints
reported by Sasaki et al. (2014) for a sample of four galaxy groups (also ob-
served with Suzaku XIS). Furthermore, a pure SNcc enrichment (i.e. without
SNIa contribution) could be firmly ruled out in the Virgo outskirts with high
significance, even beyond half of the virial radius (Simionescu et al. 2015).
Combined with the results of, e.g., Ezer et al. (2017) and Mernier et al. (2017,
see also Sect. 3.1), the emergent picture is that the ICM is enriched with a
remarkably similar relative contribution of SNIa and SNcc products, from its
very core out to the limits of its virialised regions.

3.3 Inhomogeneities and redistribution of metals

Despite the remarkable average uniformity of metals reported in cluster out-
skirts, metals still act as passive tracers of gas motions, hence they are not ex-
pected to be distributed homogeneously everywhere in the ICM. In fact, mea-
suring accurately their 2D spatial distribution in clusters and groups is valu-
able to better understand (i) their transport and diffusion processes from the
interstellar medium (ISM) to the ICM, and (ii) the ICM (thermo-)dynamics
in general.

Several processes may affect the distribution of metals in the ICM (for a re-
view, see Schindler and Diaferio 2008). Among the most spectacular examples,
it was found that Fe follows remarkably well the (radio-emitting) jets of rela-
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Fig. 4 Left (from Simionescu et al. 2008, reprinted with permission): Fe metal map of the
giant elliptical M 87. Regions of most metal-rich gas coincide with the lobes of radio emission
(white contours), suggesting an efficient uplifting by the AGN feedback. Right (from Sanders
et al. 2016, reprinted with permission): Fe metal map of the Centaurus cluster, exhibiting a
central abundance redistribution at larger scales via sloshing. A central drop in Fe can also
be seen in the very core (see Sect. 3.1).

tivistic plasma ejected by the central AGN during its kinetic feedback mode.
These jets, which are thought to shape X-ray cavities in cool-core systems and
to provide a substantial source of re-heating to the radiatively cooling gas (for
a detailed review, see Werner et al. 2019, in this topical collection), are effi-
cient at redistributing metals on both kpc (e.g. M 87; Simionescu et al. 2008,
see Fig. 4 left) and Mpc scales (Kirkpatrick et al. 2009, 2011; Kirkpatrick and
McNamara 2015).

Another way to release metals from the ISM to the ICM could be achieved
via ram-pressure stripping of gas-rich galaxies falling into dense cluster cores
(for good examples of ram-pressure stripped X-ray subhalo in a cluster, see
e.g. Neumann et al. 2001; Sun et al. 2010; Eckert et al. 2014; Ichinohe et al.
2015; De Grandi et al. 2016; Su et al. 2017, see also Simionescu et al. 2019a,
in this topical collection). This could be the case of A 4059, in which an X-ray
bright, cool, metal-rich blob was found significantly offset from the BCG and
with no optical counterpart, thus perhaps originating from a neighboring late-
type galaxy that may have lost its gas during its passage close to the BCG
(Reynolds et al. 2008; Mernier et al. 2015).

At larger cluster-centric distances, gas sloshing may help to redistribute
metals that were already present in the ICM. Across cold fronts generated by
sloshing motions, which result from the encounter of a minor offset merger
(for a review, see Markevitch and Vikhlinin 2007), the metallicity is observed
to drop abruptly, in a comparable way to surface brightness and temperature
discontinuities (e.g. Simionescu et al. 2010; O’Sullivan et al. 2014; Ghizzardi
et al. 2014; Sanders et al. 2016, Fig. 4 right). This trend of the metallicity
to follow the sloshing pattern of the gas suggests that these motions may



16 F. Mernier et al.

redistribute metals within cold fronts, but are not efficient in mixing them
with the ambient ICM at larger radii.

Finally, inhomogeneities in recent cluster mergers may point towards an
effective mixing of metals during merging events (e.g. Lovisari et al. 2011).
Detailed studies on this aspect are still challenging because the high temper-
ature of such systems (∼7–15 keV) lowers the metal line emissivities in the
X-ray band.

4 Chemical composition of the ICM and stellar nucleosynthesis
yields

As already mentioned in Sect. 1, the abundance ratios of the yields produced
by SNcc and SNIa provide invaluable information on their environmental con-
ditions, their explosion mechanisms and/or their progenitors (Fig. 1). Unfor-
tunately, only a few tens of SN remnants are known in our Galaxy and the
complicated physics of such plasmas make their abundances difficult to derive
accurately (Vink 2012; Yamaguchi et al. 2014). On the other hand, as seen in
Sect. 2, the ICM has been enriched by billions of SNIa and SNcc (thus provid-
ing a better representation of all the SNe in the Universe) and its abundances
are much easier to constrain because the hot atmospheres pervading clusters,
groups, and ellipticals are in CIE. Naturally, the past discovery of metals in
the ICM opened an excellent opportunity to constrain SNcc and SNIa prop-
erties (and their relative contributions to the overall enrichment) by deriving
the abundance ratios of different elements in this gas. In order to reach good
statistics, and because metal emission lines are particularly prominent at mod-
erate ICM temperatures, such studies are often limited to the central regions
of cool-core clusters.

As stated in Sect. 3.1, cluster galaxies (and particularly BCGs) are usually
early-type and read-and-dead. Comparing the chemical composition (and the
corresponding SNIa-to-SNcc enriching contributions) of large structures like
galaxy clusters with that of our own Solar System is valuable also to under-
stand our particular relationship to the chemical history of the Universe.

4.1 Early results from previous (and ongoing) missions

A few years after the launch of ASCA, the pioneer attempts to compare ICM
abundances to nucleosynthesis models suggested an enrichment entirely com-
ing from SNcc (Loewenstein et al. 1994; Mushotzky et al. 1996; Loewenstein
and Mushotzky 1996). Later studies, however, suggested that SNIa also con-
tribute significantly to the enrichment (Fukazawa et al. 1998; Finoguenov and
Ponman 1999; Finoguenov and Jones 2000; Finoguenov et al. 2000). Overall,
the global trend inferred from the ASCA results was an increase of the SNcc
contribution with the mass of the system (Fukazawa et al. 1998; Baumgartner
et al. 2005).
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Fig. 5 Left (from Hitomi Collaboration et al. 2017, reprinted with permission): Same spec-
trum as Fig. 2 right, zoomed on the Ni-K band. For comparison, the same spectrum observed
by the XMM-Newton EPIC instruments is shown in blue. Right (from Mernier et al. 2018b,
reprinted with permission): Emission lines modelled for a kT = 3 keV CIE plasma using
SPEXACT v2.05 (red) and SPEXACT v3.04 (black). For clarity, the Fe and Ni transitions
are shown separately in the upper and lower panels, respectively.

With the XMM-Newton mission, the general picture somewhat changed
and became better clarified. In particular, the abundance ratios in the ICM
of 2A 0335+096 (Werner et al. 2006b) and Sérsic 159-03 (de Plaa et al. 2006)
suggested a ∼25–50% contribution of SNIa to the total enrichment, with no
need for invoking an additional contribution from Population III stars. More-
over, the Ca/Fe ratio was found to be underestimated by the assumed SN
yields. These results were later confirmed on a larger number of observations
(de Plaa et al. 2007, see also Sato et al. 2007 for results using Suzaku). Un-
like previous ASCA results, de Plaa et al. (2007) and De Grandi and Molendi
(2009) found no dependency between temperature and the abundance ratios,
suggesting that the SNIa and SNcc enrichment mechanism at play in mas-
sive and less massive clusters is very similar. Mernier et al. (2016a) used the
CHEERS catalogue (44 cool-core systems using XMM-Newton EPIC) to ex-
tend this conclusion to lower mass systems. Taking several sources of system-
atic uncertainties into account, they compiled the average X/Fe abundance
pattern, globally representative of the ICM in nearby cool-core systems. In a
second paper, and following the method of de Plaa et al. (2007), Mernier et al.
(2016b) compared these average ICM abundance ratios to various SNcc and
SNIa yield models available in the literature (e.g. Iwamoto et al. 1999; Nomoto
et al. 2013; Seitenzahl et al. 2013; Fink et al. 2014). In addition to Ca/Fe (see
above), the SNIa models also failed to reproduce the Ni/Fe ratio (found to be
super-solar, though suffering from large uncertainties due to discrepancies be-
tween the MOS and pn instruments) if only one type of explosion is assumed.
Above all, despite being the most comprehensive study to date on this aspect,
it was demonstrated that systematic uncertainties on the abundance ratios
clearly dominate over the statistical ones, stressing the need for higher energy
resolution observations.
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4.2 Hitomi (and spectral model improvements)

A breakthrough has been recently achieved with the Hitomi SXS observa-
tion of the core of the Perseus cluster. The left panel of Fig. 5 presents the
SXS spectrum in the 7.4–8.0 keV band, showing the He-like Ni resonance line
clearly separated from the stronger Fe Heβ line and other satellite emission.
In addition, and compared to previous studies, the database SPEXACT used
to fit this spectrum has undergone a major update, with the incorporation of
400 times more metal lines than in its previous version (up to 2016; see e.g.
de Plaa et al. 2017). Similar major improvements have been performed on the
database AtomDB since the first release of the Perseus spectrum observed by
Hitomi, with no less than seven updates from then till now (see e.g. Hitomi
Collaboration et al. 2018a). These model updates – in particular the SPEX-
ACT ones – have important consequences, especially around the 7.4–8.0 keV
band where CCD instruments cannot disentangle the Ni-K lines from other
particular Fe transitions (see the right panel of Fig. 5). Together, these two
major improvements (spectral resolution and atomic model) allowed the most
accurate measurement of the Ni/Fe abundance ratio in the ICM so far. As
mentioned in Sect. 2.2, the SXS also allowed the detection of weak resonance
lines from Cr and Mn with high statistical significance. Flux measurements of
these lines in individual objects have been more challenging to constrain with
CCD detectors because such weak features easily blend into the continuum
emission, yielding possible biases in their derived metal abundances.

Figure 6 compares the abundance ratios measured by several previous stud-
ies, including Hitomi (Hitomi Collaboration et al. 2017, red circles) and XMM-
Newton (de Plaa et al. 2007; Mernier et al. 2016a, black triangles and yellow
squares, respectively). While the Fe-relative abundances of Si, S, Ar and Ca
(whose K-shell emission lines are relatively strong) are consistent between the
two most recent studies (Mernier et al. 2016a; Hitomi Collaboration et al.
2017), the Hitomi measurement obtained significantly lower Cr/Fe, Mn/Fe
and Ni/Fe ratios, revealing for the first time the ICM abundance pattern to
be fully consistent with the solar composition. This new result suggests that
near-Chandrasekhar-mass SNIa significantly contribute to the cosmic chemical
evolution, at least in Perseus.

In a follow-up work, Simionescu et al. (2019b) attempted to provide the
most robust constraints of elemental ratios in the core of Perseus based on
high-resolution spectroscopy, and re-evaluating the confidence ranges for the
Si/Fe, S/Fe, Ar/Fe, Ca/Fe, Cr/Fe, Mn/Fe, and Ni/Fe ratios for Hitomi to
include uncertainties in the effective area calibration (Fig. 6, green stars).
The abundance pattern is confirmed to be remarkably consistent with the
Solar composition, but is challenging to reproduce with linear combinations of
existing supernova nucleosynthesis calculations, particularly given the precise
measurements of intermediate α-elements enabled by Hitomi. Despite some
degree of degeneracy that persists between several sets of models, Simionescu
et al. (2019b) suggest that, under the reasonable assumption that SNIa and
SNcc progenitors should have the same initial metallicity, including updates of
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Fig. 6 Abundance ratios measured in the ICM compiled from the recent literature. All the
ratios have been rescaled to the proto-solar values of Lodders et al. (2009). For comparison,
uncertainties on the proto-solar values are shown by the grey filled rectangles.

neutrino physics in the core-collapse supernova yield calculations may improve
the agreement with the observed pattern of α-elements in the Perseus Cluster
core. Further reduction of the current uncertainties on the measured ratios
and on the predicted nucleosynthesis by stars and SNe will help to place more
accurate constraints on the currently competing SNIa and SNcc models (see
also Mernier et al. 2016b, for similar conclusions).

Moreover, and interestingly, Simionescu et al. (2019b) and Mernier et al.
(2018b, Fig. 6, blue squares) found that the previous tension between the Hit-
omi results (Hitomi Collaboration et al. 2017) and the previous CCD measure-
ments (Mernier et al. 2016a) can be largely alleviated when refitting XMM-
Newton EPIC spectra with a consistent up-to-date version of SPEXACT
(v3.04). This strongly suggests that despite their modest spectral resolution,
CCD data are still able to constrain ICM abundances with acceptable reliabil-
ity, as long as appropriate updates of atomic code are applied and systematic
cross-calibration uncertainties are taken into account.

From Fig. 6, it is also remarkable to note that the level of accuracy reached
by these updated (micro-calorimeter and CCD) measurements of the ICM
is significantly greater than the current accuracy we have of the chemical
composition of our own Solar System. Despite these accurate, converging, and
encouraging measurements, it is useful to keep in mind that Hitomi was able to
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Fig. 7 Comparison between the abundances measured in the ICM of the Perseus cluster
(grey boxes; Simionescu et al. 2019b), stellar abundances in our Galaxy (circle and square
data points), and stellar abundances in early-type galaxies (solid, dashed, and dotted lines;
Conroy et al. 2014). Stellar Galactic abundances are estimated either via optical (Bensby
et al. 2014; Jacobson et al. 2015; Reggiani et al. 2017) or infrared (Hawkins et al. 2016)
observations. This figure is adapted from Simionescu et al. (2019b).

observe only one object within one specific spatial region. Better constraints
of SN models by measuring the ICM abundances in a comprehensive way
will require to study other clusters systematically with future high resolution
spectroscopy instruments.

4.3 Comparison with stellar abundances

Figure 7 compares the chemical composition of the ICM in Perseus with that
of stellar populations in our Milky Way (see also figure 6 in Simionescu et al.
2019b). As seen on the figure, metal-poor stars exhibit higher α/Fe ratios
(Jacobson et al. 2015; Reggiani et al. 2017) while, on the contrary, stars with
solar or super-solar metallicities show abundance patterns that are comparable
to that of the Sun and of the ICM (Bensby et al. 2014; Hawkins et al. 2016).
This trend is expected, because stellar metallicity correlates with age (Twarog
1980) and older stars naturally incorporate less SNIa products than younger
ones. For a complete review on recent stellar abundance measurements (and
the Galactic chemical enrichment), we refer the reader to Nomoto et al. (2013).
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Whereas a typical late-type galaxy like our Milky Way experiences multi-
ple episodes of star formation even at present times, galaxies in cluster and
groups – in particular their central BCG – are mainly early-type with a star
forming activity that has considerably quenched (see also Werner et al. 2019,
in this topical collection). At first glance, the chemical composition of the ICM
should thus be better compared to the stellar populations of these ”red-and-
dead” galaxies. As shown in Fig. 7 (solid, dashed, and dotted lines), the bulk
of stars in massive ellipticals exhibit super-solar α/Fe ratios (Thomas et al.
2005; Conroy et al. 2014). The main interpretation is that star formation in
the most massive ellipticals is shorter, hence SNIa explode too late for their
products to be efficiently incorporated into these stars. On the other hand,
very few SNcc are found in ellipticals at present times (Graham et al. 2012)
and products of recent enrichment in the interstellar medium of such galaxies
are thought to be dominated by SNIa (Mannucci et al. 2008). For this rea-
son, the remarkable similarity of the chemical composition of the ICM (and of
ellipticals hot atmospheres – see Sect. 6.3) with that of the Solar neighbour-
hood is surprising and not trivial to understand. This question becomes even
more difficult when considering that the bulk of the ICM enrichment likely
occurred at z & 2–3 (Sects. 3 and 5), i.e. when the relative SNcc-to-SNIa con-
tribution in the Universe was likely more important than today. A debatable
– though not fully excluded – possibility would be that enrichment by stellar
mass loss and by SNIa explosions compensate each other exactly to recover
the near-solar chemical composition measured in the core of Perseus (Hitomi
Collaboration et al. 2017; Simionescu et al. 2019b) and most other relaxed
systems (Mernier et al. 2018a). Alternatively, the relative contribution of late
time SNIa explosions to the enrichment could be negligible (see Sect. 3.1).

4.4 Nitrogen and enrichment from AGB stars

Using the RGS instruments on board XMM-Newton, a couple of studies also
detected significant signatures of N in the hot atmospheres of giant ellipticals
(Xu et al. 2002; Tamura et al. 2003; Werner et al. 2006a; Sanders et al. 2008,
2010; Grange et al. 2011; Sanders and Fabian 2011). To date, the most com-
plete study on N abundance in groups and ellipticals is presented in Mao et al.
(2019), where the authors reported significantly higher N/O and N/Fe abun-
dance ratios than those measured in various stellar populations of the Galaxy.
Their results also suggest that the bulk of the N enrichment seen in these hot
haloes predominantly originates from AGB stars rather than SNcc (see also
Sect. 1.3). Because the RGS is a grating spectrometer, however, metal lines
are broadened by the spatial extent of the source. For this reason, detecting
weak lines such as N in more extended sources than compact ellipticals (e.g.
clusters) remains very challenging with the current instruments.



22 F. Mernier et al.

Fig. 8 Redshift evolution of the Fe abundance within different radial bins in cool-core
clusters, compiled from recent works. For clarity, the scatter of the measurements are not
shown. All the abundances are rescaled with respect to the proto-solar values of Lodders
et al. (2009).

5 Chemical evolution with redshift

Since the first attempt to measure the average abundance of Fe in 18 hot galaxy
clusters out to redshift ∼ 1.3 (Tozzi et al. 2003), several studies (Balestra
et al. 2007; Maughan et al. 2008; Anderson et al. 2009; Andreon 2012; Baldi
et al. 2012; Ettori et al. 2015; McDonald et al. 2016; Mantz et al. 2017) have
tried to assess if, and to quantify by how much, the ICM metallicity evolves
both in the core and outer regions. We report here on the most recent works
that have addressed this issue both increasing the sample of spatially resolved
spectral measurements and the accuracy in the sample selection. The redshift-
metallicity trend for each of these studies is illustrated in Fig. 8.

Ettori et al. (2015) considered a hetereogenous sample of 83 objects with
sufficient signal in XMM-Newton exposures to resolve the metallicity mea-
surements in three radial bins (0–0.15, 0.15–0.4 and >0.4 r500) out to red-
shift 1.4. They showed that any significant evidence (>3σ) of evolution of the
metallicity with redshift is limited to the inner regions of cool-core clusters.
McDonald et al. (2016) selected about 150 clusters observed with Chandra,
XMM-Newton and Suzaku from a mass-selected SPT (South Pole Telescope)
sample and concluded that, since z = 1, the metallicity is changed by no more
than 40%, strongly suggesting an early (z > 1) enrichment. Evidence for evo-
lution in the central region of CC clusters was found, although with weaker
significance than previously reported. Mantz et al. (2017) used Chandra data
of 245 clusters selected from X-ray and Sunyaev-Zel’dovich (SZ) surveys up
to z = 1.2 and measured a moderate late-time increase at intermediate radii.
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This, combined with recent hints that central Fe peaks are on average sharper
at higher redshift (Liu et al. 2018), is consistent with ongoing mixing of metals
in central regions, possibly out to intermediate radii, through gas sloshing and
AGN feedback (see Sect. 3.3).

Altogether, these results tend to support the current picture of the early
enrichment scenario as introduced in Sect. 3.2, in which the metallicity in the
outskirts did not evolve in the last ∼6–9 Gyr. Observational results also point
towards a weak evolution of central metallicities with time, although conclusive
evidence is still lacking. On the other hand, the Fe abundance found in excess
with respect to the mean ambient value in the WARP-J1415 cluster (De Grandi
et al. 2014) suggests that even in cluster cores, most of the enrichment was
already in place at z ' 1 (see also Sect. 3.1).

It is quite remarkable to note that, following our current understanding of
the early enrichment scenario, the presence of metals at relatively high-z in the
inter-galactic medium could be only explained from a theoretical perspective
if early AGN feedback is taken into account (as stellar feedback alone is not
efficient enough to eject metals outside galaxies; Biffi et al. 2018, in this topical
collection, and references therein). In other words, probing the (absence of)
metallicity evolution from the ICM assembling epoch up to now is also an
indirect diagnostics of supermassive black hole activity in the early Universe.

One of the Science Goals for the next generation of the X-ray telescopes
such as Athena is, therefore, to provide more robust measurements of Fe and
especially α/Fe at high-z in order to further constrain the enrichment history
over cosmic time (Pointecouteau et al. 2013; Cucchetti et al. 2018, see also
Sect. 8).

6 Metal budget in galaxy clusters, groups, and elliptical galaxies

6.1 Is the ICM too enriched?

Whereas a significant fraction of metals are ejected from supernovae and escape
beyond their host galaxies, the remaining part remains locked in the local ISM
and directly contributes to the formation of the next generation of stars. Quite
surprisingly, comparisons between stellar light and ICM abundances suggest
that there are at least as much metals dispersed in elliptical/group/cluster
hot atmospheres than locked in stars (e.g. Renzini et al. 1993). Quantitatively,
reconciling such a large amount of intra-cluster metals – in particular Fe in
massive clusters – with what stars in galaxies could have reasonably produced
has constituted a serious challenge for several decades (e.g. Vigroux 1977;
Arnaud et al. 1992; Loewenstein 2006; Bregman et al. 2010; Loewenstein 2013;
Renzini and Andreon 2014).

Several possibilities were proposed to solve this metal budget paradox in
clusters. Among them, an incorrectly assumed IMF in clusters – being rather
”top heavy”, hence boosting the generation of massive stars – could help to
synthesize and release more Fe in the ICM via SNcc explosions (e.g. Portinari
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et al. 2004; Nagashima et al. 2005). The existence of such a ”top-heavy” IMF,
however, remains challenging to confirm or rule out via the ICM abundance
pattern because of the still large error bars of the abundance ratios of interest
(including O, Ne, and Mg; Mernier et al. 2016b, see also Fig. 1 top and Fig. 6).
Moreover, Matsushita et al. (2013) found that a top-heavy IMF is disfavoured
in the Perseus cluster because it would overproduce the Si mass-to-light ratio
(and presumably that of other α-elements). Finally, evidence is accumulating
towards a ”bottom-heavy” IMF in early-type galaxies (e.g van Dokkum and
Conroy 2010; Conroy and van Dokkum 2012; Goudfrooij and Kruijssen 2013),
thereby worsening the paradox.

Several alternative scenarios are also considered, among which underesti-
mated efficiencies for metals to be released into the ICM (however, see Loewen-
stein 2013, and references therein), higher SNIa rates with redshift (Perrett
et al. 2012, see however Sharon et al. 2010) and/or in cluster environments
(Maoz and Graur 2017; Friedmann and Maoz 2018), a significant contribution
of the ICM enrichment by Population III stars and/or pair-instability SNe
(e.g. Morsony et al. 2014), or an enriching stellar population which is distinct
from cluster galaxies (in particular the intracluster stars; e.g. Zaritsky et al.
2004; Gonzalez et al. 2007; Bregman et al. 2010). An interesting alternative
may be proposed again in the context of an early enrichment scenario. If this
is the case, only the lowest mass stars (with a lifetime of several Gyrs, i.e.
compatible with that early enrichment epoch) seen in cluster galaxies would
be related to the metals seen in the ICM today. However, they would not
be the dominant stellar population seen in optical images, and today’s stars
would have little to do with the bulk of the ICM enrichment. Qualitatively,
this scenario could explain this paradox while remaining in line with the early
enrichment scenario discussed above. Quantitatively, however, this needs to
be demonstrated via deeper stellar and/or ICM observations and numerical
simulations.

6.2 Are ellipticals and galaxy groups less enriched than clusters?

Metallicities in the central ICM regions of massive ellipticals, groups, and
clusters are often measured individually or in small samples belonging to one
of these three categories. Few studies, surprisingly, attempted to compare Fe
abundances (or abundances of any other element) within consistent regions for
all these different systems. Until recently, the main picture was that, within
∼r500 or less (depending on the studies), groups and ellipticals are significantly
less Fe-rich than clusters, with a positive correlation between the Fe abundance
and temperature (or mass) of less massive systems, whereas this dependence
became weaker in the cluster regime (Fukazawa et al. 1998; Rasmussen and
Ponman 2007, 2009; Sun 2012; Mernier et al. 2016a; Yates et al. 2017).

Such a difference of metallicity between hot, massive clusters and cool, less
massive systems was not easy to explain. Instead, theoretical predictions, e.g.
from simulations or semi-analytic models, show a very weak dependence of
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the metallicity on the system mass – not only in clusters but also in groups
and ellipticals, with a larger scatter at low masses (Biffi et al. 2018, in this
topical collection, and references therein). Tentative scenarios to explain this
tension between observations and simulations included for instance a depletion
of metal-rich material out of the X-ray phase (e.g. cold filaments), selective
removal of metals via powerful AGN feedback in shallower gravitational wells,
or even different star formation histories between clusters and less massive
systems (Rasmussen and Ponman 2009).

On the other hand, it should be kept in mind that the Fe abundance mea-
surements in clusters and groups/ellipticals are based on very different lines
and energy bands. While most of the Fe-K transitions (used to constrain Fe
in clusters) are now well understood (e.g. Hitomi Collaboration et al. 2018a),
the Fe-L complex (used to constrain Fe in groups and ellipticals) is unresolved
by CCD instruments and may easily bias the Fe abundance measurement in
many ways (Sect. 7). In particular, a major update of the spectral atomic code
SPEXACT, incorporating more than one million of new transitions (see also
Sect. 4.2), changes the (still unresolved) modelled shape of the Fe-L complex
in cool plasmas. As a consequence (Fig. 9, top), the Fe abundance of groups
and ellipticals within 0.1 r500 has been recently revised upwards and measured
to be very similar to those in clusters (Mernier et al. 2018a), thereby providing
a much simpler picture on this question (Truong et al. 2019).

The situation is less clear for isolated massive spiral/lenticular (S0) galax-
ies. Among the rare studies of the hot atmospheres surrounding S0s, metallici-
ties have been constrained in NGC 1961 (Anderson et al. 2016) and NGC 6753
(Bogdán et al. 2017), both with rather low central values (∼0.1–0.3 solar) com-
pared to more massive systems. In these two cases, however, the authors cau-
tion against systematic biases (e.g. the Fe-bias, Sect. 7.3) that may significantly
affect their measurements. In fact, when assuming a multi-temperature distri-
bution, Juráňová et al. (2019) find a metallicity of ∼0.7 Solar for NGC 7049,
consistent with the average value of more massive ellipticals, groups, and clus-
ters. More studies of S0s, however, are required to obtain a better picture of
their typical hot gas-phase enrichment.

Further exploration, confirmation, and limits of the mass-invariance of gas
metallicity are expected with better spectral resolution instruments onboard
future missions (e.g. XRISM, Athena; see Sect. 8). In particular, extending
these comparisons to the outskirts of all these systems will be of high impor-
tance.

6.3 Origin and chemical composition of ellipticals’ hot atmospheres

Thanks to the state-of-the-art cosmological simulations, the primordial ori-
gin of the ICM of the largest scale structures – i.e. accreting baryons getting
rapidly thermalised via shocks and enriched early in their history – starts to
be well established (see Biffi et al. 2018, in this topical collection). The origin
of the hot atmospheres surrounding isolated elliptical galaxies, however, is less
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Fig. 9 Top: Observations (CHEERS sample) vs. simulations of central (≤ 0.1 r500) Fe
abundances in the ICM of systems including ellipticals, groups, and clusters. The filled
area corresponds to the 68% confidence region of the simulated systems (Truong et al.
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obvious. The reason is that at these smaller scales (less easily reachable by
cosmological simulations) and shallower gravitational wells, stellar and AGN
feedback might start to play a significant role. Specifically, the relative con-
tribution of infalling gas vs. stellar mass loss giving rise to the observed hot
atmospheres in ellipticals is not well known. Whereas the origin of this (X-
ray emitting) interstellar medium had long been attributed mainly to stellar
mass loss (e.g. Mathews 1990; Ciotti et al. 1991; Sarzi et al. 2013), the current
emerging picture instead suggests that early infall is of first importance (e.g.
Goulding et al. 2016; Forbes et al. 2017, Werner et al. 2019, in this topical
collection).

Interestingly, the observed chemical composition of these hot atmospheres
can also help to probe their origin. Although, like for absolute metallicities
(Sect. 6.2), very few comparisons have been established between the chemical
composition of ellipticals and that of groups/clusters, Mernier et al. (2018b)
found that X/Fe abundance ratios are very close to solar for each of the
CHEERS systems, independently on their mass (Fig. 9, bottom). In line with
the recent results reported above, this remarkable similarity in the chemical
composition of ellipticals, groups, and clusters also suggests a similar origin
and formation of the hot gas in all these systems. A similar approach could be
extended to massive spiral/lenticular (S0) galaxies. However the weak X-ray
luminosity of their hot interstellar medium requires very deep exposures, and
to our our knowledge, only absolute metallicity measurements have been re-
ported so far (Anderson et al. 2016; Bogdán et al. 2017; Juráňová et al. 2019,
Sect. 6.2).

As illustrated here and in Sect. 6.2, the extension of chemical enrichment
studies to hot atmospheres of lower mass systems will undeniably be a topic
of higher interest in the near future.

7 Current uncertainties and biases in measuring abundances

Although deriving and constraining elemental abundances in the ICM is, in
principle, relatively simple (Sect. 2.1), in practice such estimates may be af-
fected by several systematic effects and biases. In this section we enumerate a
(non-exhaustive) list of known effects which may significantly bias abundance
measurements that have been reported in the literature so far.

7.1 Effect of possible He sedimentation on the other abundance
measurements

As was mentioned in Sect. 2.1, the spectroscopic inference of elemental abun-
dances is essentially based on a comparison of the strength of metal lines
with the underlying continuum. Implicitly, this procedure involves an assump-
tion about abundances for the elements that contribute significantly to the
continuum. While an incorrect line modelling (due to, e.g., atomic data uncer-
tainties, see Sect. 7.2) may evidently result in incorrect abundance estimates,
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an incorrectly calculated continuum level caused by a non-solar abundance
distribution may equally affect the corresponding equivalent width, hence the
absolute abundance of the investigated element. Here we discuss this latter
source of uncertainties.

At typical X-ray temperatures the free-free continuum is essentially domi-
nated by thermal bremsstrahlung (Sect. 2.1). For a fully ionized plasma with
solar composition, H and He contribute to the X-ray free-free continuum with
a ratio of about 2:1, while the contributions from other elements are much
smaller. At lower temperatures, however, bound-free processes are also impor-
tant, in which emission from C, N and O is noticeable (besides H and He).
As seen from Eq. 1, the thermal bremsstrahlung emissivity depends on the He
abundance as follows:

εff ∝ ne(np + Z2
HenHe) ≈ n2p(1 + 2x)(1 + 4x), (3)

where np, nHe, ne are the plasma H, He and electron densities and x = nHe/np
is the He abundance.

It is well known that the He abundance in the ICM can not be directly
measured by spectroscopic means, because both H and He are fully ionized
at ICM temperatures and produce no spectral lines. For this reason, the He
abundance is unknown and, in practice, is usually assumed to be equal to its
primordial value (or to the proto-solar value, which is 4 % smaller for the set of
Lodders et al. 2009). According to the big bang nucleosynthesis (BBN) theory,
the majority of He, along with hydrogen and a small admixture of other light
nuclides, were produced during the first few minutes of the Universe (see Coc
and Vangioni 2017, for a review). Recently, the predictions of the standard
BBN model for primordial plasma composition have reached unprecedented
level of precision, thanks to anisotropy measurements of the cosmic microwave
background (CMB) by the Planck space observatory (Planck Collaboration
et al. 2016). Now the primordial He mass fraction is constrained to within
a tenth of a per cent: Y BBN

p = 0.2484 ± 0.0002 (Coc and Vangioni 2017)
(which corresponds to x = 0.0827), that is in general agreement with direct
measurements (Izotov et al. 2014; Aver et al. 2015). Since that primordial
epoch, the primordial plasma composition in most places of the Universe over
time has been modified by stellar evolution. However, the effect of the latter
on the He abundance in the ICM is rather small, bearing in mind that the
mass of primordial He is comparable to the total stellar mass in a cluster.

Significantly larger changes in the He abundance may be caused by sedi-
mentation of elements heavier than hydrogen in a cluster’s gravitational po-
tential. A straightforward method to estimate the He sedimentation ampli-
tude is based on solving Burgers’ equations (Burgers 1969) for a 1D cluster
model with no magnetic fields (Fabian and Pringle 1977; Gilfanov and Syun-
yaev 1984; Ettori and Fabian 2006; Shtykovskiy and Gilfanov 2010; Medvedev
et al. 2014). Based on diffusion calculations with such a model for a set of
parameters of cool-core clusters from Vikhlinin et al. (2006), the average He
abundance inside r2500 (' 0.4 r500) grows at a rate of about 3% in 1 Gyr at
the same radius for a cluster of 1014M� of total mass (Medvedev et al. 2017).
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The effect increases almost linearly with cluster mass and time. The change
in the He abundance becomes more prominent at smaller radii. In the cluster
inner core (. 0.05 r500), however, the efficiency of He sedimentation can be
suppressed by thermal diffusion. Instead, He may peak at the intermediate
radii ∼0.1–0.2 r500, where its abundance enhancement can reach 20% after
1 Gyr of the diffusion (Medvedev et al. 2014). At the same time, sedimen-
tation can be inhibited by several mechanisms. As is well known, transport
processes in the ICM may be suppressed by tangled magnetic fields (Chandran
and Cowley 1998; Narayan and Medvedev 2001). The effects of the latter are
usually parametrized by a constant suppression factor of diffusion coefficients
(Chuzhoy and Loeb 2004; Peng and Nagai 2009). However, this approach does
not allow to investigate a wide variety of instabilities that can play an impor-
tant role in the plasma dynamics (see Berlok and Pessah 2015, 2016).

Since for a CIE plasma the most important excitation process is colli-
sions with free electrons, the line emissivity of an element X is ∝ nenX ∼
(1 + 2x)npnX (see Eq. 2). Then fixing the observable line-to-continuum ra-
tio, the dependence of the derived abundance nX/np on the assumed helium
abundance can be estimated as:

nX/np ∝ (1 + 4x). (4)

It implies that an underestimation of the He abundance in a model fitting will
mimic an underabundance of metals. For instance, an error of -50% in the
assumed He abundance results in ∼10% bias in metal abundances. Finally,
we note that He sedimentation can similarly affect various cosmologically im-
portant measurements with galaxy clusters, such as determinations of the gas
mass, total mass and angular distance (Ettori and Fabian 2006; Markevitch
2007; Peng and Nagai 2009; Medvedev et al. 2014).

7.2 Atomic code uncertainties

The atomic codes that are being used for the analysis of X-ray spectra and
the derivation of the abundances in the hot gas show significant differences
and have considerable uncertainties. This was shown in detail for the Hitomi
spectrum of the Perseus cluster (Hitomi Collaboration et al. 2018a).

While the latest versions of the two main plasma codes, APEC and SPEX-
ACT, were updated to deal with the high spectral quality of the Hitomi data
(see also Sect. 4.2), they needed substantial improvements to obtain the best
results. In retrospect, most of these updates had to do with outdated atomic
data or software bugs, which however are hard to find systematically due to
the large amount of calculations that is involved.

But even the updated codes result in some relatively subtle but noticeable
differences. Starting with the element with the strongest lines, namely Fe, it
was found that the Fe abundance as derived from the APEC code is 15% lower
compared with SPEXACT. The main reason is the use of different data sets
for collisional excitation, and at this moment it is hard to say what the true
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excitation rate should be. Moreover, the Fe abundance is not determined from
one line, but from several lines, some of which also suffer from other astro-
physical effects like resonant scattering, that needs to be taken into account
properly. Without accounting for resonant scattering (e.g. Hitomi Collabora-
tion et al. 2018b), the derived Fe abundance in the core of Perseus would be
11% lower.

For the other elements measured by Hitomi (Si, S, Ar, Ca, Cr, Mn and
Ni), the differences for the derived abundances when using both codes typically
range between 5–10%, again due to different collisional excitation rates. Like
Fe, which shows significant code-related discrepancies, it should be noted that
the differences for these other elements are in general larger than the statistical
uncertainties on their abundances.

While the abundances of the Perseus cluster core with Hitomi were derived
from the relatively simple K-complexes of the relevant elements, measurements
with other satellites (either past, operational or future) also incorporate the
Fe-L band. It is well known that there are several uncertainties in predicted
line powers for the strongest lines in that wavelength region, which may be up
to tens of percents. It is unclear how much that will affect precisely the derived
abundances, but preliminary studies (Mernier et al. 2018a, see also Sect. 6.2)
show that the effects can be large and affect our interpretations on the ICM
enrichment.

Clearly, stronger and more focused efforts to improve the atomic data for
plasma codes in this regime are required.

7.3 The Fe-bias and inverse Fe-bias

The Fe-bias tends to underestimate significantly the Fe abundance in galaxy
groups and ellipticals if only one single-temperature plasma is assumed (Buote
and Canizares 1994; Buote and Fabian 1998; Buote 2000). Given that the
(mostly central) ICM region under investigation is never isothermal (because
of projection effects on temperature gradients and a possible instrinsic multi-
phaseness of the gas), this bias is easy to understand (Fig. 10, top). Assuming
for simplicity that the gas in a galaxy group is actually made of two single-
temperature components (say, kT1 ' 0.8 keV and kT2 ' 1.2 keV), the cooler
(hotter) component excites in priority lower (higher) energy transitions of the
Fe-L complex. The overall shape of the Fe-L complex, combining these lower
and higher components, will thus appear flatter, more extended, and centred
on transitions of intermediate energies. Such an overall spectral shape will
be naturally reproduced by an isothermal model of intermediate temperature
(roughly 0.9 keV) and with lower Fe abundance.

Like the Fe-bias, the inverse Fe-bias is also due to the (overly simplistic) as-
sumption of a single-temperature gas component to model the ICM. Compared
to the former, however, the inverse Fe-bias concerns hotter systems (with, typ-
ically, kT ' 2–4 keV) in which both the Fe-L complex and the Fe-K transitions
contribute equally to the Fe estimation, and results in an overestimation of
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Fig. 10 Illustration of the Fe-bias (top) and the inverse Fe-bias (bottom). In both bases,
a two-temperature plasma (2T; with temperatures kT1 and kT2) is simulated through an
EPIC MOS spectrum, which is then re-fitted using a single-temperature component (1T).
In both cases, the 2T and 1T fits (blue and red lines, respectively) provide very similar
spectra, yet with different Fe abundances.
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the Fe abundance (Rasia et al. 2008; Simionescu et al. 2009; Gastaldello et al.
2010). This bias is also easy to understand in the case of a two-temperature
plasma (with, say, kT1 ' 2 keV and kT2 ' 5 keV) modelled with one single-
temperature component (Fig. 10, bottom). While in the lower-temperature
component the Fe abundance is reflected mainly through the Fe-L complex, a
similar Fe abundance is observed in the high-temperature component via the
Fe-K transitions. Consequently, the only way to reproduce simultaneously the
boosted emissivities of these two spectral features with one single-temperature
component is to (incorrectly) increase the best-fit Fe abundance parameter.

7.4 Other biases and uncertainties

Among the potential other biases and sources of uncertainty affecting the
current measurements, one can also mention the following items.

(i) Although the instrumental calibration of XMM-Newton, Chandra, and
Suzaku has considerably improved with years, it should be kept in mind that no
instrument is perfectly calibrated or understood. Cross-calibration mismatches
are known to affect the measured temperature of clusters (Schellenberger et al.
2015), which in turn may affect abundance measurements. In addition, imper-
fections of the effective area may locally under- or overestimate the continuum
around specific metal lines. Since the flux of the continuum is directly used
to calculate the equivalent width of the lines, this can substantially bias the
inferred abundances. One approach to limit this effect is to fit the emission
measure and the abundance of each element locally, i.e. within a narrow energy
band centred on its K-shell transitions, while keeping all the other parameters
fixed to their best broad-band fit values (e.g. Mernier et al. 2015, 2016a).

(ii) Background-related issues may also significantly affect the measure-
ments. This is especially true in the outskirts, where a slightly incorrect back-
ground subtraction may dramatically bias the temperature, hence the abun-
dances (e.g. de Plaa et al. 2007). On the contrary of point sources, the X-ray
emission of most low-redshift clusters covers the entire detector field-of-view;
it is thus impossible to extract a pure background spectrum within the imme-
diate neighbourhood of a diffuse source like the ICM. Because every selected
ICM observed region is basically an addition of source and background counts,
the best way to deal with background-related issues is probably to model all
its individual components in the spectra (e.g. Bulbul et al. 2012; Mernier et al.
2015; Ezer et al. 2017). Details on how to best implement this approach differs
between instruments and/or missions, as all of them are not equally sensitive
to the same components (for the case of XMM-Newton EPIC, see e.g. Snowden
et al. 2008). For abundance studies (among many other aspects) of the ICM,
it is essential for future missions to understand and reduce the instrumental
background as much as possible.

(iii) Finally, SN yield models also constitute an additional source of bias if
one wants to compare them with ICM abundance ratios (Sect. 4). Indeed, these
models suffer from uncertainties as predicted yields calculated by different
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groups with very similar assumption may sometimes vary by a factor of 2
(e.g. Wiersma et al. 2009). As a consequence, derived estimates such as the
relative contribution of SNIa to the total enrichment should be interpreted
very carefully (De Grandi and Molendi 2009).

8 Future missions and concluding remarks

As we have seen throughout this review, a better understanding of the chemical
history of the largest gravitationally bound structures of the Universe would
require more accurate abundance measurements. Apart from the systematic
uncertainties discussed in Sect. 7, the main limitation we currently encounter
is the moderate spectral resolution of CCD instruments on board operational
X-ray missions. Grating spectrometers like XMM-Newton RGS provide a bet-
ter resolution of the Fe-L complex, but are limited by other factors such as (i)
a relatively narrow spectral window, (ii) the subsequent difficulty to estimate
correctly the continuum level (which is essential for deriving absolute abun-
dances), and (iii) the instrumental broadening of the lines due to the spatial
extent of the source.

Undoubtedly, the next achievement in accuracy of measuring abundances is
done via micro-calorimeters. Although, regrettably, Hitomi could only observe
the Perseus cluster before its loss of contact, the success of in-flight micro-
calorimeters in measuring ICM abundances has been remarkably demonstrated
(Hitomi Collaboration et al. 2017, Sects. 2.2 and 4.2). The re-flight mission
XRISM (Tashiro et al. 2018) will pursue these achievements as it will include
the same SXS instrument as on board Hitomi. In this respect, unveiling the
Fe-L complex at a few eV resolution will be invaluable to (i) better understand
all the radiative processes at play in the ICM and, consequently, improve even
further the spectral codes used to fit the spectra, (ii) alleviate many biases
and degeneracies which may affect the Fe abundance in groups and ellipticals,
and (iii) dramatically improve the accuracies of specific abundances, such as
O, Ne, or Mg.

Whereas XRISM will constitute a major breakthrough in our knowledge of
nearby systems, its spatial resolution (∼1.2 arcmin of point spread function)
and the effective area of SXS (comparable to XMM-Newton RGS at 1 keV)
makes this observatory not optimised for studying higher-z systems. On the
contrary, the Athena observatory is expected to have an effective area of about
one order of magnitude larger than those of the current X-ray missions. Its
X-ray Integral Field Unit (X-IFU) instrument will have a spatial resolution
comparable to the XMM-Newton EPIC instruments, with a spectral resolution
of ∼2.5 eV (Barret et al. 2018). It will allow to study high-z, still forming clus-
ters and groups and probably to provide the first direct evidence of the early
enrichment scenario and to derive abundance maps in lower redshift clusters
with unprecedented accuracy, even in the outskirts (Pointecouteau et al. 2013;
Cucchetti et al. 2018). To illustrate the potential capabilities of Athena, we
compare in Fig. 11 mock spectra of a z = 1 cluster (with kT = 3 keV and
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Fig. 11 Simulated 250 ks spectrum of the core of a distant cluster (kT = 3 keV, z = 1) with
the Athena X-IFU instrument. For comparison, similar simulated spectra are also shown for
the XMM-Newton pn, Chandra ACIS-I, and Hitomi/XRISM SXS instruments. For clarity,
the data points have been rebinned.

proto-solar abundances) simulated for 250 ks of exposure, convolved succes-
sively with the ACIS-I (Chandra), EPIC pn (XMM-Newton), SXS (XRISM ),
and X-IFU (Athena) instruments. Even at such distance, it will also be pos-
sible to significantly detect and constrain the abundances of elements other
than Fe.

In order to enable XRISM and Athena to push our understanding of the
evolution of the ICM enrichment to the next level, it is absolutely necessary
that some of the current systematic limitations are reduced and better under-
stood in parallel. This includes, for instance, improvements in:

1. spectral codes and atomic data;
2. stellar and SNIa/SNcc nucleosynthesis models and yields;
3. hydrodynamical simulations and their convergence in key predictions that

will eventually be observable (Biffi et al. 2018, in this topical collection).

Assuming that the synergy between instrumental and theoretical improve-
ments will be pursued and even strengthened, the future of abundances mea-
surements in the ICM (and of their astrophysical interpretation) will be bright.
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using the He I λ10830 Å emission line: cosmological implications. MNRAS 445, 778–793
(2014). doi:10.1093/mnras/stu1771

H.R. Jacobson, S. Keller, A. Frebel, A.R. Casey, M. Asplund, M.S. Bessell, G.S. Da
Costa, K. Lind, A.F. Marino, J.E. Norris, J.M. Peña, B.P. Schmidt, P. Tisserand, J.M.
Walsh, D. Yong, Q. Yu, High-Resolution Spectroscopic Study of Extremely Metal-Poor
Star Candidates from the SkyMapper Survey. ApJ 807, 171 (2015). doi:10.1088/0004-
637X/807/2/171

R.M. Johnstone, S.W. Allen, A.C. Fabian, J.S. Sanders, Chandra observations of Abell 2199.
MNRAS 336, 299–308 (2002). doi:10.1046/j.1365-8711.2002.05743.x
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F. Käppeler, R. Gallino, S. Bisterzo, W. Aoki, The s process: Nuclear physics, stel-
lar models, and observations. Reviews of Modern Physics 83, 157–194 (2011).
doi:10.1103/RevModPhys.83.157

A.I. Karakas, Updated stellar yields from asymptotic giant branch models. MNRAS 403,
1413–1425 (2010). doi:10.1111/j.1365-2966.2009.16198.x

C.C. Kirkpatrick, B.R. McNamara, Hot outflows in galaxy clusters. MNRAS 452, 4361–4376
(2015). doi:10.1093/mnras/stv1574

C.C. Kirkpatrick, B.R. McNamara, K.W. Cavagnolo, Anisotropic Metal-enriched Outflows
Driven by Active Galactic Nuclei in Clusters of Galaxies. ApJ (Lett.) 731, 23 (2011).
doi:10.1088/2041-8205/731/2/L23

C.C. Kirkpatrick, M. Gitti, K.W. Cavagnolo, B.R. McNamara, L.P. David, P.E.J. Nulsen,
M.W. Wise, Direct Evidence for Outflow of Metal-Enriched Gas Along the Radio Jets
of Hydra A. ApJ (Lett.) 707, 69–72 (2009). doi:10.1088/0004-637X/707/1/L69

C. Kobayashi, H. Umeda, K. Nomoto, N. Tominaga, T. Ohkubo, Galactic Chemical Evolu-
tion: Carbon through Zinc. ApJ 653, 1145–1171 (2006). doi:10.1086/508914

S. Konami, K. Matsushita, R. Nagino, T. Tamagawa, Abundance Patterns in the Inter-
stellar Medium of Early-type Galaxies Observed with Suzaku. ApJ 783, 8 (2014).
doi:10.1088/0004-637X/783/1/8

S.M. Lea, R. Mushotzky, S.S. Holt, Einstein Observatory solid state spectrometer observa-
tions of M87 and the Virgo cluster. ApJ 262, 24–32 (1982). doi:10.1086/160392

A. Leccardi, S. Molendi, Radial metallicity profiles for a large sample of galaxy clus-
ters observed with XMM-Newton. A&A 487, 461–466 (2008). doi:10.1051/0004-
6361:200810113

S.-C. Leung, K. Nomoto, Explosive Nucleosynthesis in Near-Chandrasekhar-mass White
Dwarf Models for Type Ia Supernovae: Dependence on Model Parameters. ApJ 861,
143 (2018). doi:10.3847/1538-4357/aac2df

A. Liu, P. Tozzi, H. Yu, S. De Grandi, S. Ettori, Spatial distribution of metals in the ICM:
evolution of the iron excess in relaxed galaxy clusters. MNRAS 481, 361–372 (2018).
doi:10.1093/mnras/sty2294

K. Lodders, H. Palme, H.-P. Gail, Abundances of the Elements in the Solar System. Landolt
Börnstein (2009). doi:10.1007/978-3-540-88055-4 34

M. Loewenstein, On Iron Enrichment, Star Formation, and Type Ia Supernovae in Galaxy
Clusters. ApJ 648, 230–249 (2006). doi:10.1086/505648

M. Loewenstein, Perspectives on Intracluster Enrichment and the Stellar Initial Mass Func-



42 F. Mernier et al.

tion in Elliptical Galaxies. ApJ 773, 52 (2013). doi:10.1088/0004-637X/773/1/52
M. Loewenstein, R.F. Mushotzky, Measurement of the Elemental Abundances in Four Rich

Clusters of Galaxies. II. The Initial Mass Function and Mass Loss in Elliptical Galaxies,
Enrichment, and Energetics in the ICM. ApJ 466, 695 (1996). doi:10.1086/177542

M. Loewenstein, R.F. Mushotzky, T. Tamura, Y. Ikebe, K. Makishima, K. Matsushita, H.
Awaki, P.J. Serlemitsos, Discovery and implications of very low metal abundances in
NGC 1404 and NGC 4374. ApJ (Lett.) 436, 75–78 (1994). doi:10.1086/187636

L. Lovisari, T.H. Reiprich, The non-uniformity of galaxy cluster metallicity profiles. MNRAS
483, 540–557 (2019). doi:10.1093/mnras/sty3130

L. Lovisari, S. Schindler, W. Kapferer, Inhomogeneous metal distribution in the intracluster
medium. A&A 528, 60 (2011). doi:10.1051/0004-6361/201015400
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P.E.J. Nulsen, Metal transport by gas sloshing in M87. MNRAS 405, 91–99 (2010).
doi:10.1111/j.1365-2966.2010.16450.x

A. Simionescu, N. Werner, O. Urban, S.W. Allen, Y. Ichinohe, I. Zhuravleva, A Uniform Con-
tribution of Core-collapse and Type Ia Supernovae to the Chemical Enrichment Pattern
in the Outskirts of the Virgo Cluster. ApJ (Lett.) 811, 25 (2015). doi:10.1088/2041-
8205/811/2/L25



Enrichment of the hot intracluster medium: observations 47

A. Simionescu, N. Werner, A. Mantz, S.W. Allen, O. Urban, Witnessing the growth of the
nearest galaxy cluster: thermodynamics of the Virgo Cluster outskirts. MNRAS 469,
1476–1495 (2017). doi:10.1093/mnras/stx919

A. Simionescu, J. ZuHone, I. Zhuravleva, E. Churazov, M. Gaspari, D. Nagai, N. Werner,
E. Roediger, R.E.A. Canning, D. Eckert, L. Gu, F. Paerels, Constraining Gas Motions
in the Intra-Cluster Medium. arXiv e-prints, 1902–00024 (2019a)

A. Simionescu, S. Nakashima, H. Yamaguchi, K. Matsushita, F. Mernier, N. Werner, T.
Tamura, K. Nomoto, J. de Plaa, S.-C. Leung, A. Bamba, E. Bulbul, M.E. Eckart, Y.
Ezoe, A.C. Fabian, Y. Fukazawa, L. Gu, Y. Ichinohe, M.N. Ishigaki, J.S. Kaastra, C.
Kilbourne, T. Kitayama, M. Leutenegger, M. Loewenstein, Y. Maeda, E.D. Miller, R.F.
Mushotzky, H. Noda, C. Pinto, F.S. Porter, S. Safi-Harb, K. Sato, T. Takahashi, S.
Ueda, S. Zha, Constraints on the chemical enrichment history of the Perseus Cluster
of galaxies from high-resolution X-ray spectroscopy. MNRAS 483, 1701–1721 (2019b).
doi:10.1093/mnras/sty3220

S.L. Snowden, R.F. Mushotzky, K.D. Kuntz, D.S. Davis, A catalog of galaxy clusters ob-
served by XMM-Newton. A&A 478, 615–658 (2008). doi:10.1051/0004-6361:20077930

Y. Su, P.E.J. Nulsen, R.P. Kraft, E. Roediger, J.A. ZuHone, C. Jones, W.R. Forman, A.
Sheardown, J.A. Irwin, S.W. Randall, Gas Sloshing Regulates and Records the Evolution
of the Fornax Cluster. ApJ 851, 69 (2017). doi:10.3847/1538-4357/aa989e

T. Sukhbold, T. Ertl, S.E. Woosley, J.M. Brown, H.-T. Janka, Core-collapse Supernovae
from 9 to 120 Solar Masses Based on Neutrino-powered Explosions. ApJ 821, 38 (2016).
doi:10.3847/0004-637X/821/1/38

M. Sun, Hot gas in galaxy groups: recent observations. New Journal of Physics 14(4), 045004
(2012). doi:10.1088/1367-2630/14/4/045004

M. Sun, M. Donahue, E. Roediger, P.E.J. Nulsen, G.M. Voit, C. Sarazin, W. Forman, C.
Jones, Spectacular X-ray Tails, Intracluster Star Formation, and ULXs in A3627. ApJ
708, 946–964 (2010). doi:10.1088/0004-637X/708/2/946

T. Tamura, J.A.M. Bleeker, J.S. Kaastra, C. Ferrigno, S. Molendi, XMM-Newton observa-
tions of the cluster of galaxies Abell 496. Measurements of the elemental abundances in
the intracluster medium. A&A 379, 107–114 (2001). doi:10.1051/0004-6361:20011317

T. Tamura, J.S. Kaastra, K. Makishima, I. Takahashi, High resolution soft X-ray spec-
troscopy of the elliptical galaxy NGC 5044. Results from the reflection grating
spectrometer on-board XMM-Newton. A&A 399, 497–504 (2003). doi:10.1051/0004-
6361:20021775

T. Tamura, Y. Maeda, K. Mitsuda, A.C. Fabian, J.S. Sanders, A. Furuzawa, J.P. Hughes,
R. Iizuka, K. Matsushita, T. Tamagawa, X-ray Spectroscopy of the Core of the Perseus
Cluster with Suzaku: Elemental Abundances in the Intracluster Medium. ApJ (Lett.)
705, 62–66 (2009). doi:10.1088/0004-637X/705/1/L62

M. Tashiro, H. Maejima, K. Toda, R. Kelley, L. Reichenthal, J. Lobell, R. Petre, M.
Guainazzi, E. Costantini, M. Edison, R. Fujimoto, M. Grim, K. Hayashida, J.-W. den
Herder, Y. Ishisaki, S. Paltani, K. Matsushita, K. Mori, G. Sneiderman, Y. Takei, Y. Ter-
ada, H. Tomida, H. Akamatsu, L. Angelini, Y. Arai, H. Awaki, I. Babyk, A. Bamba, P.
Barfknecht, K. Barnstable, T. Bialas, B. Blagojevic, J. Bonafede, C. Brambora, L. Bren-
neman, G. Brown, K. Brown, L. Burns, E. Canavan, T. Carnahan, M. Chiao, B. Comber,
L. Corrales, C. de Vries, J. Dercksen, M. Diaz-Trigo, T. Dillard, M. DiPirro, C. Done, T.
Dotani, K. Ebisawa, M. Eckart, T. Enoto, Y. Ezoe, C. Ferrigno, Y. Fukazawa, Y. Fujita,
A. Furuzawa, L. Gallo, S. Graham, L. Gu, K. Hagino, K. Hamaguchi, I. Hatsukade, D.
Hawes, T. Hayashi, C. Hegarty, N. Hell, J. Hiraga, E. Hodges-Kluck, M. Holland, A.
Hornschemeier, A. Hoshino, Y. Ichinohe, R. Iizuka, K. Ishibashi, M. Ishida, K. Ishikawa,
K. Ishimura, B. James, T. Kallman, E. Kara, S. Katsuda, S. Kenyon, C. Kilbourne, M.
Kimball, T. Kitaguti, S. Kitamoto, S. Kobayashi, T. Kohmura, S. Koyama, A. Kubota,
M. Leutenegger, T. Lockard, M. Loewenstein, Y. Maeda, L. Marbley, M. Markevitch, H.
Matsumoto, K. Matsuzaki, D. McCammon, B. McNamara, J. Miko, E. Miller, J. Miller,
K. Minesugi, I. Mitsuishi, T. Mizuno, H. Mori, K. Mukai, H. Murakami, R. Mushotzky,
H. Nakajima, H. Nakamura, S. Nakashima, K. Nakazawa, C. Natsukari, K. Nigo, Y.
Nishioka, K. Nobukawa, M. Nobukawa, H. Noda, H. Odaka, M. Ogawa, T. Ohashi, M.
Ohno, M. Ohta, T. Okajima, A. Okamoto, M. Onizuka, N. Ota, M. Ozaki, P. Plucin-
sky, F.S. Porter, K. Pottschmidt, K. Sato, R. Sato, M. Sawada, H. Seta, K. Shelton,



48 F. Mernier et al.

Y. Shibano, M. Shida, M. Shidatsu, P. Shirron, A. Simionescu, R. Smith, K. Someya,
Y. Soong, Y. Suagawara, A. Szymkowiak, H. Takahashi, T. Tamagawa, T. Tamura, T.
Tanaka, Y. Terashima, Y. Tsuboi, M. Tsujimoto, H. Tsunemi, T. Tsuru, H. Uchida, H.
Uchiyama, Y. Ueda, S. Uno, T. Walsh, S. Watanabe, B. Williams, R. Wolfs, M. Wright,
S. Yamada, H. Yamaguchi, K. Yamaoka, N. Yamasaki, S. Yamauchi, M. Yamauchi, K.
Yanagase, T. Yaqoob, S. Yasuda, N. Yoshioka, J. Zabala, Z. Irina, Concept of the X-ray
Astronomy Recovery Mission, in Society of Photo-Optical Instrumentation Engineers
(SPIE) Conference Series, vol. 10699, 2018, p. 1069922. doi:10.1117/12.2309455

F.-K. Thielemann, M. Eichler, I.V. Panov, B. Wehmeyer, Neutron Star Mergers and Nu-
cleosynthesis of Heavy Elements. Annual Review of Nuclear and Particle Science 67,
253–274 (2017). doi:10.1146/annurev-nucl-101916-123246

F.-K. Thielemann, J. Isern, A. Perego, P. von Ballmoos, Nucleosynthesis in Supernovae.
Space Sci. Rev. 214, 62 (2018). doi:10.1007/s11214-018-0494-5

S. Thölken, L. Lovisari, T.H. Reiprich, J. Hasenbusch, X-ray analysis of the galaxy
group UGC 03957 beyond R200 with Suzaku. A&A 592, 37 (2016). doi:10.1051/0004-
6361/201527608

D. Thomas, C. Maraston, R. Bender, C. Mendes de Oliveira, The Epochs of Early-
Type Galaxy Formation as a Function of Environment. ApJ 621, 673–694 (2005).
doi:10.1086/426932

P. Tozzi, P. Rosati, S. Ettori, S. Borgani, V. Mainieri, C. Norman, Iron Abundance in the
Intracluster Medium at High Redshift. ApJ 593, 705–720 (2003). doi:10.1086/376731

N. Truong, E. Rasia, V. Biffi, F. Mernier, N. Werner, M. Gaspari, S. Borgani, S. Planelles,
D. Fabjan, G. Murante, Mass-Metallicity Relation from Cosmological Hydrodynami-
cal Simulations and X-ray Observations of Galaxy Groups and Clusters. MNRAS, 166
(2019). doi:10.1093/mnras/stz161

B.A. Twarog, The chemical evolution of the solar neighborhood. II - The age- metallicity
relation and the history of star formation in the galactic disk. ApJ 242, 242–259 (1980).
doi:10.1086/158460

O. Urban, N. Werner, S.W. Allen, A. Simionescu, A. Mantz, A uniform metallicity in
the outskirts of massive, nearby galaxy clusters. MNRAS 470, 4583–4599 (2017).
doi:10.1093/mnras/stx1542

P.G. van Dokkum, C. Conroy, A substantial population of low-mass stars in luminous ellip-
tical galaxies. Nature 468, 940–942 (2010). doi:10.1038/nature09578

L. Vigroux, On the Iron Abundance in Clusters of Galaxies. A&A 56, 473 (1977)
A. Vikhlinin, A. Kravtsov, W. Forman, C. Jones, M. Markevitch, S.S. Murray, L. Van

Speybroeck, Chandra Sample of Nearby Relaxed Galaxy Clusters: Mass, Gas Fraction,
and Mass-Temperature Relation. ApJ 640, 691–709 (2006). doi:10.1086/500288

J. Vink, Supernova remnants: the X-ray perspective. Astronomy and Astrophysics Review
20, 49 (2012). doi:10.1007/s00159-011-0049-1

S. Walker, A. Simionescu, D. Nagai, N. Okabe, D. Eckert, T. Mroczkowski, H. Akamatsu,
S. Ettori, V. Ghirardini, The Physics of Galaxy Cluster Outskirts. Space Sci. Rev. 215,
7 (2019). doi:10.1007/s11214-018-0572-8
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