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ABSTRACT

Aims. The goal of this work is to devise a description of the enrichment process in large-scale structure that explains the available
observations and makes predictions for future measurements.
Methods. We took a spartan approach to this study, employing observational results and algebra to connect stellar assembly in star-
forming halos with metal enrichment of the intra-cluster and group medium.
Results. On one hand, our construct is the first to provide an explanation for much of the phenomenology of metal enrichment
in clusters and groups. It sheds light on the lack of redshift evolution in metal abundance, as well as the small scatter of metal
abundance profiles, the entropy versus abundance anti-correlation found in cool core clusters, and the so-called Fe conundrum, along
with several other aspects of cluster enrichment. On the other hand, it also allows us to infer the properties of other constituents of
large-scale structure. We find that gas that is not bound to halos must have a metal abundance similar to that of the ICM and only
about one-seventh to one-third of the Fe in the Universe is locked in stars. A comparable amount is found in gas in groups and
clusters and, lastly and most importantly, about three-fifths of the total Fe is contained in a tenuous warm or hot gaseous medium in or
between galaxies. We point out that several of our results follow from two critical but well motivated assumptions: 1) the stellar mass
in massive halos is currently underestimated and 2) the adopted Fe yield is only marginally consistent with predictions from synthesis
models and SN rates.
Conclusions. One of the most appealing features of the work presented here is that it provides an observationally grounded construct
where vital questions on chemical enrichment in the large-scale structure can be addressed. We hope that it may serve as a useful
baseline for future works.
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1. Introduction

Over the last two decades, we have accumulated a wealth of
observational constraints on the enrichment process in large-
scale structure. We have measured Fe abundance profiles in the
hot gas in clusters, the so called intracluster medium (ICM), and
(to a lesser extent) in the hot gas in groups, namely the intragroup
medium (IGrM, Gastaldello et al. 2021; Mernier & Biffi 2022,
and refs. therein). We have measured how the metal abundance
in the ICM varies with cosmic time (e.g., Ettori et al. 2015;
McDonald et al. 2016; Liu et al. 2020). We have estimated abun-
dance ratios between different elements for the core and circum
regions of mostly relaxed low mass clusters (e.g., Mernier et al.
2017).

The key question we address in this paper is whether we can
come up with a description of enrichment in large-scale struc-
ture that explains the wealth of available observations and pos-
sibly makes predictions on future measurements. In undertaking
this study, we must begin by making a connection with the stel-
lar assembly process. The metals we detect in the hot gas halos
of massive systems have been produced in stars and it is only by
linking star formation with enrichment that we are able to gain an
understanding of the process. The available measurements pro-
vide important constrains that can help us in making the con-

nection. Metal abundances, in the outer regions1 of systems with
halo masses of Mh & 5×1013 M�, appears to be largely indepen-
dent of mass, redshift, and radius (see Gastaldello et al. 2021;
Mernier & Biffi 2022, for the group and cluster radial profiles,
and McDonald et al. 2016 for the redshift dependence). Indeed,
a case can be made for a “universal” abundance, with all sys-
tems investigated thus far, from local groups to distant clusters,
which is consistent with featuring the same metal abundance in
their outer regions. We note that no other ICM/IGrM observable
displays a behavior that is anywhere as self-similar as the metal
abundance. Moreover, while self-similarity in the radial profiles
of astrophysical quantities (e.g., pressure or entropy) requires the
application of a renormalization process (referred to as scaling),
no such operation is needed for the metal abundance. This is
all the more surprising since self-similarity is the hallmark of
scale-free gravitational processes (Kaiser 1986; Evrard & Henry
1991) and the enrichment process is, by its very nature, non-
gravitational. Thus, for metal abundance, self-similarity must
somehow be achieved not in spite of non gravitational pro-
cesses but because of them. In this work, we consider where this

1 Within the scope of this paper, outer regions are defined by the rela-
tion R & 0.3R500, where R500 is the radius within which the mean density
is 500 times the critical density.
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feedback driven self-similarity comes from and what mechanism
produces constant and low scatter abundance profiles in clusters
and groups.

The observed self-similarity of metal abundance profiles
suggests the processes at play can be modeled in simple terms.
Thus, we address the issue of cluster enrichment with a spartan
approach, using mostly observational results and algebra (we do
indulge in the occasional bit of calculus here and there). More
specifically, we make a connection between stellar assembly in
dark matter (DM) halos and observed properties of the metal
abundance of the hot gas in massive systems. In the age of peta
byte simulations, such an approach may be viewed with skep-
ticism. However, we begin by pointing out that metals are pro-
duced in stars, mostly supernovae (SNe), and, as such, they are
the result of feedback processes occurring on scales that are
many orders of magnitude smaller than those captured by sim-
ulations. Typically, interactions occurring on these scales are
not described in terms of elementary physical processes, they
are introduced through semi-analytical recipes (e.g., Biffi et al.
2018, and refs therein). In light of these considerations, an
approach such as the one followed here is highly complemen-
tary. One of the difficulties related to simulation-based studies is
that it can be very challenging to extricate results based on well
understood physical laws embedded in the simulation from oth-
ers that arise from sub grid recipes. This is particularly true when
investigating metals whose synthesis occurs at subgrid scales. As
can be easily understood, this is not the case for the approach we
take here. The arguments we make and the equations we use here
lead to predictions that will either be confirmed or disproved,
leaving little doubt as to what works and what does not. In keep-
ing with this approach, we also refrain from using simulation-
based results to guide or justify our choices, in those instances
where feedback plays a key role.

To help readers navigate through the many ramifications of
the paper, we provide a rather detailed description of its struc-
ture. We start off with a brief review of the literature on baryon
assembly and derive a simple description of star formation and
enrichment from the point of view of massive systems, which
we refer to as “apex” accretors. We highlight how the bulk of
the stars in these systems are synthesized in smaller halos which
are later accreted onto the more massive ones (Sect. 2). Our
next step is to make a connection between star-forming halos
and apex accretors (see Sect. 3). This allows us to perform an
assessment of the efficiency with which stars produce metals
(see Sect. 3.1). By framing the similarity of metal abundance
between galaxy groups and clusters within an evolutionary sce-
nario, we infer that the large reservoir of gas outside halos is
not pristine, but enriched in metals to a degree similar to the
one in massive halos (see Sect. 3.2). In Sect. 3.3, following a
similar approach, we show how the small scatter in metal abun-
dance in clusters originates from the large ratio in mass between
accretor and accreted. In Sect. 3.4, by noting the concomitant
lack of redshift evolution in metal abundance and stellar fraction,
in groups and clusters, from z ∼ 1.3, we expose the tight con-
nection between the stellar assembly and enrichment processes
across cosmic time. In Sect. 3.5, we propose an explanation for
the entropy versus abundance anti-correlation found in cool core
clusters. In Sect. 3.6, we further explore the connection between
chemo and thermo-dynamic properties of groups and clusters.
In Sect. 3.7, we propose an explanation for the lack of gradients
in abundance ratios observed in cluster radial profiles. In Sect. 4,
we provide a solution to the long standing “missing stellar mass”
problem in clusters; namely, that the measured Fe mass is sig-
nificantly larger than the stellar mass required to synthesize it.

In Sect. 5, we take advantage of the census of metals we have
made in massive systems to present a metal budget for the Uni-
verse. In Sect. 6, we discuss possible developments, emphasizing
the role played by future high resolution and wide field-of-view
experiments, such as those on XRISM (Tashiro et al. 2018) and
ATHENA (Nandra et al. 2013). Finally, in Sect. 7, we provide a
summary of our main findings.

Throughout the paper, we assume a Λ cold dark matter cos-
mology with H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7.
We also adopt solar abundances from Asplund et al. (2009).
Across the scope of this work, the terms “metal abundance”
and “Fe abundance” are to be considered interchangeable (unless
otherwise stated).

2. Baryon assembly

Here, we provide a brief review of the literature, our goal is to
motivate the simplified enrichment model discussed at the end of
the section. Since metals are produced in stars, we shall start by
looking at the stellar mass function and how it connects to the
dark matter dominated halo assembly process. We then move
onto the issue of metal production and dispersal. Finally, we
make use of the material summarized in previous subsections to
construct a description of stellar formation and metal enrichment
processes from the point of view of massive systems.

2.1. Stellar mass function

The galaxy stellar mass function (GSMF), as measured by many
observers (see Weaver et al. 2023 for a recent example and
Behroozi et al. 2019 for a compilation), features a characteristic
stellar mass of ∼1011 M�. Galaxies appear to have considerable
difficulty in growing beyond it and, quite importantly, this find-
ing seems to be independent of redshift up to z ∼ 2. The break in
the GSMF is associated with quenching. It is expected to begin
at an earlier time in more massive systems (Dekel & Birnboim
2006). For instance, Behroozi et al. (2019, see their Fig. 13) have
found that star formation is largely stopped at z ∼ 2 for massive
halos, Mh > 1013 M�, and at z ∼ 0.5 for Mh > 1012 M�.

2.2. Linking star formation to halo assembly

Over the last decade, considerable progress has been made in
linking observations of galaxy stellar mass and star formation
rates to dark matter (DM) halos across cosmic history. A rich
and diverse data set, combined with simulation results, have
been used to provide a comprehensive description of how stel-
lar mass, M?, is assembled on different scales and at differ-
ent times (e.g., Leauthaud et al. 2012; Coupon et al. 2012, 2015;
Behroozi et al. 2013, 2019; Moster et al. 2013; Cowley et al.
2018; Legrand et al. 2019; Girelli et al. 2020; Shuntov et al.
2022). Here, we briefly review some of the most salient fea-
tures, keeping in mind that our focus is on massive systems,
Mh > 1013 M�, and late times, z < 0.1.

Matching DM-dominated halos with galaxies has
been achieved by different methods: abundance matching
(Behroozi et al. 2010), halo occupation density (Leauthaud et al.
2012), and empirical matching (Behroozi et al. 2019). Abun-
dance matching performs a match of observed galaxies with
simulated DM halos, the latter two making use of auto and
cross-correlation functions. All these methods broadly converge
on a stellar-to-halo mass relation (SHMR) characterized by
a peak at Mh ∼ 1012 M�, with stellar mass over halo mass,
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Fig. 1. Stellar mass over halo mass as a function of halo mass. Shaded
regions indicate total stellar fractions, dotted and dashed lines cen-
tral and satellite contributions respectively. Results from Coupon et al.
(2015), van Uitert et al. (2016) and Shuntov et al. (2022) are reported in
red, green and blue respectively.

M?/Mh, decreasing both at smaller and larger halo masses. This
scenario appears to change only moderately with cosmic time,
for z < 4 (e.g., Leauthaud et al. 2012; Coupon et al. 2012, 2015;
Behroozi et al. 2013, 2019; Moster et al. 2013; Cowley et al.
2018; Legrand et al. 2019; Girelli et al. 2020; Shuntov et al.
2022). In Fig. 1, we show the stellar-to-halo mass relation from
three different low-redshift samples. In all cases, we see the
stellar mass over halo mass, M?/Mh, peaks at Mh ∼ 1012 M�
and declines both at lower and higher halo masses.

From the SHMR, Behroozi et al. (2013, 2019) and Shuntov
et al. (2022), under the reasonable assumption that bary-
onic mass accretion rate is proportional to the DM accre-
tion rate (see van de Voort et al. 2011; Wright & Lagos 2020;
Mitchell & Schaye 2022), found that star formation efficiency
(SFE), defined as the ratio of star formation rate to baryon accre-
tion rate, depends only weakly on cosmic time for z < 4. In other
words the bulk of star formation occurs in a narrow halo mass
range around Mh ∼ 1012 M� and this does not change much with
cosmic time.

An important distinction ought to be made between in situ
stellar assembly, namely, stars that are produced within the halo,
and ex situ assembly, namely, stars that are produced in another
halo and are later accreted onto the massive halo under consider-
ation. Generally, in situ assembly operates at early times in cen-
tral galaxies, while ex situ assembly is associated with the late
times infall of satellite galaxies. We note that infall may lead to
some in situ star formation, therefore, not all stellar mass in satel-
lites is associated with ex situ assembly. Since, for Mh > a few
1012 M�, star formation is largely quenched, systems that evolve
well beyond such a mass (i.e., groups and clusters of galaxies)
increase their stellar mass by accreting it as they accrete other
types of matter (baryonic or otherwise). As shown in Fig. 1,
Coupon et al. (2015), van Uitert et al. (2016), and Shuntov et al.
(2022) all found that for Mh & 3 × 1013 M�, the accreted stel-
lar mass becomes dominant over the one synthesized within the
halo itself (see also Fig. 27 in Behroozi et al. 2019). On the scale
of massive clusters (Mh ∼ 1015 M�), the stellar mass synthesized
within the halo is no more than a few percent of the accreted one
(again, see Fig. 1).

2.3. Metal production and dispersal

All elements heavier than H, excluding He and (in part) Li,
are produced in stars, with the bulk coming from supernovae
explosions. We refer to Hoyle (1946) for a seminal work and
Rauscher & Patkós (2011) for a more recent review. Essentially
all core collapse supernovae (SNcc) explode within a few tens
of Myr of their formation (and therefore closely track the star
formation process). Moreover, about half type Ia supernovae
(SNIa) explode within less than 1 Gyr (Maoz & Graur 2017;
Freundlich & Maoz 2021). Given the relative contribution of
SNIa and SNcc to Fe production, it can be shown that more than
90% of the Fe is produced within ∼3 Gyr2.

A detailed characterization of the enrichment process of the
gas in star forming halos cannot be achieved through obser-
vations; indeed, the gas distributed outside the galaxy, but
within the halo, the so called circumgalactic medium (CGM,
see Tumlinson et al. 2017, for a recent review) is very hard to
detect, let alone characterize (e.g., Comparat et al. 2022). We
consider what we can assume on the basis of our relatively scarce
knowledge and elementary considerations. First, we know that
the same process that injects metals in the CGM also injects
energy, which eventually leads to the ejection of a part of the
CGM from the DM halo. We prudently assume that the process
of mixing and ejection each operate on its own timescale. If the
mixing timescale is much shorter than the ejection timescale, the
gas ejected from the CGM will have the same metallicity of the
one that is not ejected. If the mixing timescale is much longer
than the ejection timescale, the ejected gas will have a much
lower metallicity of the one that is retained. These two extreme
scenarios lead to significantly different enrichment scenarios. In
the first case, metals are shared equally between the two compo-
nents, whereas in the second case, they are retained by the non-
ejected gas. Of course, if the timescales are comparable, we will
end up with an intermediate solution where the metal abundance
of the ejected gas will be smaller by some multiplicative factor
of that of the non ejected one. For the time being, we leave this
unknown factor as a free parameter in our model and we return
to it in Sect. 3.2.

2.4. Stellar mass assembly & enrichment from an apex
accretor perspective

In this section, we provide a description of the stellar mass
assembly and enrichment process from the point of view of sys-
tems that are positioned at the vertex of the accretion chain. We
often refer to them as “apex accretors”, although they are more
widely known as clusters of galaxies.

The findings summarized in the previous subsections sug-
gest that a relatively simple description can be attempted. We
can envisage two major modes or phases of stellar mass assem-
bly in groups and clusters: assembly from star formation within
the forming halo (in situ) and from galaxies outside the halo (ex
situ). The first mode and phase (in situ) dominates at early times
when the core of the structure is being assembled. The second,
at later times, when the halo grows by accreting less massive
systems (ex situ). This phase occurs when star formation within
the progenitor halo has been mostly quenched and stellar assem-
bly is associated to the infall of galaxies onto the halo. We note

2 In this paper we do not consider enrichment from an early stellar
population, characterized by a significantly different initial mass func-
tion (IMF), so called Pop III stars. The possible role of this popula-
tion in the enrichment of the ICM has been explored by a few authors
Bregman et al. (2010), Loewenstein (2013), Blackwell et al. (2022).
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that some early mode star formation will continue around the
central galaxy. As we follow the structure formation process up
in mass, most of the halos are accreted. Clusters act as apex
accretors, that is, they accrete without being accreted, with only
a small fraction of stars assembled within the progenitor halo
and the bulk accreted from other halos (e.g., Coupon et al. 2015;
Behroozi et al. 2019; Shuntov et al. 2022).

Halos that evolve well beyond 1012 M�, experience a
decrease in star formation efficiency. For large halo masses, syn-
thesis of new stars (in situ star formation) rapidly falls off and
the total (in situ plus ex situ) SHMR flattens out (see Fig. 1).
This can be understood if we consider that at the high-mass end,
the stellar assembly process is nothing more than a transfer of
stellar mass from smaller to larger halos with no further synthe-
sis. We note that while there is a broad agreement on the shape
of the stellar fraction, M∗/Mh, as a function of halo mass, Mh,
there are also differences; for example, the reduction in M∗/Mh
with increasing halo mass appears to be significantly larger in
Shuntov et al. (2022) than in Coupon et al. (2015). Details can
also be seen in Fig. 1.

The gas enrichment process can be described through two
major modes and phases echoing star formation. In the first
mode or phase (in situ), metals synthesized within stars are
expelled via feedback mechanism and mixed in with gas
bound to the halo. In the second mode or phase (ex situ),
accreted sub-halos donate their pre-enriched gas. We note
that some in situ enrichment is likely to continue around
the central galaxy well into times dominated by ex situ
formation.

For halos that evolve well beyond 1012 M�, the decrease in
star formation efficiency will necessarily result in a decrease
in overall metallicity up to a few 1013 M�3. For larger halo
masses, the synthesis of new stars (in situ star formation)
rapidly falls off (see Fig. 1), as does the fraction of accreted
gas not associated to halos (see Eckert et al. 2021, and refs.
therein).

The two modes or phases of enrichment, as we have iden-
tified them, differ in some crucial aspects. In the first mode or
phase, the gas that is expelled by galaxies finds itself inside the
forming halo and does not experience an accretion shock. Its
entropy is raised only through feedback mechanisms. In the sec-
ond mode or phase, the gas finds itself outside the forming halo
and experiences an accretion shock when it eventually falls in
the halo. Its entropy is raised by feedback mechanisms and grav-
itational heating, with the latter providing the dominant contri-
bution for sufficiently massive halos (Mh > a few 1013 M�). This
has important consequences: shock heating of the gas in the sec-
ond mode guarantees that essentially all of this gas, whatever its
original physical state, ends up in the hot phase, be it the IGrM
or the ICM.

3. Connecting star forming halos to apex accretors

Metals are mostly produced in stars in halos with Mh ∼ 1012 M�;
conversely, gas abundances are measured in halos of Mh ∼

1015 M�, which are sufficiently massive to feature a baryon frac-
tion that is close to the cosmic one (see Eckert et al. 2021, and
refs. therein). In this section, we make a connection between
these two mass scales.

3 We use the term “overall” to denote the mean abundance over all
baryons irrespective of their physical state.

3.1. Massive halos

We start by connecting the metal abundance measurements of the
ICM of massive systems, as reported in Ghizzardi et al. (2021a),
with the stellar assembly and enrichment scenario that we sketch
in the previous section. As a first step, we derived a prediction for
the metal abundance and compared it with the measured value.
To this end, we made use of the Fe yield, YFe, introduced in
Greggio & Renzini (2011) and Renzini & Andreon (2014). It is
defined as the total Fe mass, which, for massive systems, is the
sum of the iron mass locked in stars, M?

Fe, and the iron mass
in the ICM, MICM

Fe , divided by the stellar mass, M?(0), that pro-
duced the iron:

YFe =
M?

Fe + MICM
Fe

M?(0)
. (1)

Since stars suffer significant mass loss, M?(0) is related to
the present mass in stars, M?, via the relation M?(0) = roM?,
where ro is the return factor, see Renzini & Andreon (2014)
and refs. therein for further details. We can rewrite Eq. (1) in
a slightly different form:

YFe =
Z?

Fe

ro

(
1 +

ZICM
Fe

Z?
Fe

MICM

M?

)
, (2)

where we have expressed Fe masses as Fe abundances times
ICM or stellar masses: M?

Fe = Z?
FeM?, MICM

Fe = ZICM
Fe MICM, note

that Z?
Fe and ZICM

Fe are respectively the mean stellar and ICM Fe
abundances for the halo and MICM refers to the total gas mass
bound to the halo.

Next we solve the equation for ZICM
Fe and rewrite MICM as

Mb − M?, where Mb is the total baryon mass4, as follows:

ZICM
Fe =

(
roYFe − Z?

Fe

) M?

Mb

1

1 − M?

Mb

. (3)

Finally, we express abundances and yield in solar units and
rewrite M?/Mb as f?/ fb, where f? and fb, defined as f? ≡
M?/Mh and fb ≡ Mb/Mh, are, respectively, the stellar and baryon
fraction and Mh is the halo mass:

ZICM
Fe,� =

(
roYFe,� − Z?

Fe,�

) f?
fb

1

1 − f?
fb

. (4)

To gain some insight into this expression, we can think of
roYFe − Z?

Fe as a stellar fraction to ICM metal abundance con-
version factor.

We estimate the ICM Fe abundance from Eq. (4) by taking
values of f? at the high mass end (Mh ∼ 1015 M�) from one of
the works reported in Fig. 1, namely Coupon et al. (2015)5. For
the baryon fraction, we assume, fb = 0.16 (see Coupon et al.
2015; Eckert et al. 2019; Shuntov et al. 2022). Errors on fb
are neglected as it always appears in combination with f?,
which is characterized by much larger uncertainties. The pre-
dicted ICM Fe abundance is compared to the one measured in
Ghizzardi et al. (2021a), see their Sect. 3.5, more specifically we

4 We are assuming that the mass lost through feedback effects can be
neglected at the massive cluster scale, we revisit this assumption in the
next section when we move to less massive systems.
5 One could alternatively measure f? directly from a sample of clus-
ters. We have pursued this approach in a previous paper (Ghizzardi et al.
2021a), and return to it in Sect. 4.
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Fig. 2. ICM Fe abundance as a function of stellar over baryon frac-
tion. The red shaded region show f?/ fb values for massive systems
as reported in Coupon et al. (2015). The gray shaded region represents
the Fe abundance measurements for massive clusters (Ghizzardi et al.
2021a). The dashed lines trace the minimum and maximum values of
roYFe,� − Z?

Fe,� for which the ICM abundance, predicted from f?/ fb,
through Eq. (4), agree with the measured one. A deeper red is adopted
to highlight the concordance region between predicted and measured
quantities.

make use of the mass weighted Fe abundance within R500 aver-
aged over the full sample and the associated scatter6. In Fig. 2,
we provide a graphical representation of the comparison, as we
can see, by imposing that the predicted Fe abundance match the
observed one, we restrict the roYFe,� − Z?

Fe,� factor in the range
of 3.8 < roYFe,� − Z?

Fe,� < 6.2.
It is enlightening to compare our estimate of the roYFe,� −

Z?
Fe,� factor with ones derived from stellar synthesis models and

SN rates. Without going into too much detail, YFe,� is com-
puted as the product of the Fe mass produced per SN explo-
sion and the number of SN events per unit mass of gas turned
into stars, both contributions from Ia and CC SN are consid-
ered as they are of the same order. Following Ghizzardi et al.
(2021b), who made use of work by Renzini & Andreon (2014)
and Freundlich & Maoz (2021), we estimated YFe,� < 3.0. We
assumed 1/ro to be between 0.58 and 0.70, where the former
and latter values have been obtained assuming a top heavy and a
Salpeter initial mass function (IMF) respectively (see Maraston
2005 and Renzini & Andreon 2014 for details). For the stellar
abundance, we assumed Z?

Fe,� = 1.2 ± 0.1 (see Gallazzi et al.
2014; Zahid et al. 2017; Saracco et al. 2023). From these esti-
mates, we derived roYFe,� − Z?

Fe,� < 4.1. The two values of
the roYFe,� − Z?

Fe,� factor (the one coming from application
of Eq. (4) and the one derived from stellar synthesis models)
are both poorly constrained, the former features larger values
than the latter, there is however a small region of overlap for
3.8 < roYFe,� − Z?

Fe,� < 4.1.
From the constraint of 3.8 < roYFe,� − Z?

Fe,� < 6.2, which is
based on the use of Eq. (4), and the one on the stellar Fe abun-
dance discussed above, Z?

Fe,� = 1.2 ± 0.1, we derived bounds
on the fraction of Fe mass in stars, defined as: M?

Fe/M
b
Fe, where

6 Note that the value reported here has been converted from the
Anders & Grevesse (1989) system used in Ghizzardi et al. (2021a) to
the Asplund et al. (2009) system adopted here.

Fig. 3. Gas Fe abundance as a function of stellar over baryon fraction.
The shaded gray region represents the Fe abundance measurements for
massive clusters. The red shaded region shows where f?/ fb values for
massive systems, as reported by Coupon et al. (2015), are consistent
with the measured Fe abundance. The shaded blue region shows how
constraints on roYFe,� − Z?

Fe,� allow us to estimate Fe abundance for
∼1012 M� halos from the value of the peak stellar fraction, as measured
by Coupon et al. (2015).

Mb
Fe is the total Fe mass produced by roM?; namely, the Fe mass

associated to all baryons. As we can see:

M?
Fe

Mb
Fe

=
Z?

Fe,�

roYFe,�
, (5)

from which we get: 0.15 < M?
Fe/M

b
Fe < 0.25. Thus, by relating

the observed ICM Fe abundance with the stellar mass fraction
from the SHMR, we derive that the amount of Fe locked in stars
is roughly bound between 1/7 and 1/4 of the total Fe. It is worth
pointing out that, in light of the overlap between the different
estimates of roYFe,�−Z?

Fe,� discussed above, the upper bound on
M?

Fe/M
b
Fe is consistent with an independent evaluation based on

stellar synthesis models and SN rates. It should also be noted that
a similar, albeit somewhat smaller, value of M?

Fe/M
b
Fe has been

derived by direct measurement of stellar mass and ICM metal
abundance (Ghizzardi et al. 2021a), we return to this difference
in Sect. 4. Finally, we note that corroborating evidence that the
bulk of metals are ejected from the galaxies they are produced
in comes from work on star forming galaxies (see Peeples et al.
2014; Sanders et al. 2023).

As discussed in Sect. 2, the bulk of star formation occurs in
halos with masses ∼1012 M�, and does not depend strongly on
redshift, the galaxies hosted by these halos are later accreted
by more massive systems and make up virtually all the stel-
lar mass in apex accretors. The upshot is that constraints on
the roYFe,� − Z?

Fe,� factor, derived at the high mass end, can be
applied to the ∼1012 M� mass range, because the process that is
being described is essentially the same. Indeed the central galax-
ies, that build up the bulk of their stellar mass when residing
in ∼1012 M� halos, are later accreted and end up as satellites
in massive, ∼1015 M�, halos. Thus, the roYFe,� − Z?

Fe,� factor,
despite being estimated at cluster scales, can be thought of as a
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Fig. 4. Gas Fe abundance as a function of stellar over baryon fraction.
The shaded gray region represents the Fe abundance measurements for
massive clusters. The red shaded region shows where f?/ fb values for
massive systems, as reported by Shuntov et al. (2022), are consistent
with Fe abundance measurements. The shaded blue region shows how
constraints on roYFe,� − Z?

Fe,� allow us to estimate Fe abundance for
∼1012 M� halos from the value of the peak stellar fraction, as measured
by Shuntov et al. (2022).

mean stellar fraction to gas7 metal abundance conversion factor,
where the averaging is over the halos ingested by the apex accre-
tor. There are two rather important consequences that follow. The
first is that the conclusion that the bulk of metals are to be found
in gas does not apply to massive accretors alone but to the Uni-
verse as a whole. We elaborate further on this point in Sects. 3.2,
3.3 and 5. The second is that we can place some interesting con-
straints on the ∼1012 M� mass scale. In Fig. 3 we see that by
making use of the range 3.8 < roYFe,� − Z?

Fe,� < 6.2 the peak
f? measured by Coupon et al. (2015), at Mh∼1012 M�, leads to
a gas abundance in the range 0.65–1.2 Z�, in ∼1012 M� halos.
This implies an Fe dilution, i.e. a reduction in Fe abundance, of
about 1.5–4.0, when going from ∼1012 M� to ∼1015 M� halos.
Note that, unlike the case of massive systems, where essentially
all baryons are within the halo, for ∼1012 M� halos, the fraction
of baryons lost through feedback effects is expected to be large
(see Tumlinson et al. 2017, and refs. therein). Thus, the Fe gas
abundance is intended as the mean abundance extended to all gas
accreted on the halo, of which a substantial part will have been
ejected. We revisit this issue in Sects. 3.2, 3.3, and 5.

It is instructive to perform the same exercise depicted in
Figs. 2 and 3 using the measurements reported in Shuntov et al.
(2022). As we can see in Fig. 4, this leads to 5.9 < roYFe,� −

Z?
Fe,� < 12.5. From this, using Eq. (5) and assuming, as done

above, that the stellar Fe abundance is constrained between 1.1
Z� and 1.3 Z�, we assess 0.08 < M?

Fe/M
b
Fe < 0.18. In other

words, the fraction of Fe in stars is even smaller than the one
based on Coupon et al. (2015) estimates of f?. From the stel-
lar fraction, f?, measured by Shuntov et al. (2022) at ∼1012 M�,
we can estimate a gas abundance in the range 1.1–3.0 Z�, in
∼1012 M� halos and an Fe dilution of at least a factor of 2.6,
when going from ∼1012 M� to ∼1015 M� halos.

7 Although we are making use of Eq. (4), we describe the predicted
quantity as gas abundance rather than ICM abundance because the pre-
diction is being made at the 1012 M� mass scale.

Fig. 5. Cartoon representation of apex accretor and sub-units under-
going accretion. The color (metal abundance) of the sub-units varies
with size (halo mass), with the smaller being redder (metal richer) and
the larger bluer (metal poorer). Note: the apex accretor features a color
(metal abundance) that is a “mean” of the sub-units’ colors (metal abun-
dances).

There are other estimates of the SHMR in the literature.
Zu & Mandelbaum (2015) and Leauthaud et al. (2012) derive
values of f? at ∼1015 M� that are about 20% and 65% higher,
respectively, when compared to the one in Coupon et al. (2015).
Clearly such values would lead to a reduction in the roYFe,� −

Z?
Fe,� factor, modest in the former case and substantial in the lat-

ter. However, we are reluctant to make use of these estimates
because the associated SHMRs appear to be significantly off-
set from other measurements. For example, at ∼1012 M�, f? is
(respectively) about two and three times higher than more recent
estimates (see Behroozi et al. 2019, Fig. 34 for a compilation).
Another estimate of the SHMR is provided by van Uitert et al.
(2016), see Fig. 1. We do not use it its large uncertainty makes
it consistent with M?/Mh estimated by Coupon et al. (2015)
and Shuntov et al. (2022), thereby providing much weaker con-
straints on the roYFe,� − Z?

Fe,� factor.
Despite the substantial quantitative difference between metal

abundances we estimate for Mh ∼ 1012 M� halos from Figs. 3
and 4, the decrease in f?, with increasing halo mass, is common
to Coupon et al. (2015) and Shuntov et al. (2022) and, for that
matter, to van Uitert et al. (2016; see Fig. 1), Leauthaud et al.
(2012) and Zu & Mandelbaum (2015). It is this decrement that
ensures that gas in halos at the low mass end (∼1012 M�) will
always be richer in metal than at the high-mass end (∼1015 M�).
To understand the reason for this in a simple way it is best to
think of the metal abundance of massive halos as a weighted
mean of the metal abundance of gas previously accreted and
enriched in less massive halos, ranging from ∼1012 M� to a few
1013 M�, which is later reaccreted onto the halo under considera-
tion. Halos at the low-mass end (∼1012 M�) will contribute metal
richer gas than halos at the high-mass end (a few 1013 M�). A
somewhat unorthodox depiction of this process is presented in
Fig. 5.

3.2. Intermediate halos

Iron abundance is known to a lesser extent in less massive than
in more massive systems. Indeed, it has long been understood
that measuring Fe in cooler objects presents greater challenges
than in hotter ones. For one thing the L-shell blend measure-
ments are more prone to systematic errors than those based on
the Kα line (e.g., Buote 2000; Molendi & Gastaldello 2001). In
spite of these limitations, current measurements suggest that, to
first order, group and poor cluster abundance profiles are flat,
with a mean value similar to the one found in massive clusters,
and a scatter larger than that found in more massive systems
(see Gastaldello et al. 2021, for a recent review). However, in the
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absence of a systematic study like the one performed on massive
clusters, it is difficult to say how much of the difference between
groups and clusters is due to real dissimilarities in the objects or
to difficulties in the analysis.

When viewed within a structure formation scenario, the simi-
larity in metal abundance between massive clusters and groups is
surprising. Indeed, as halos evolve from the group to the massive
cluster scale, they increase their gas mass by more than an order
of magnitude and accrete a large amount of potentially pristine
gas, yet they appear to retain essentially the same Fe abundance.
To address this issue, we need to construct a model that pre-
dicts how metal abundance in the hot gas varies, as we go from
the group to the cluster mass scale. We do this by including, in
Eq. (2), a term that accounts for the Fe mass expelled from halos
through feedback:

YFe =
Z?

Fe

ro

1 +
Zgas

Fe

Z?
Fe

Mgas

M?
+

Zm
Fe

Z?
Fe

Mm

M?

 , (6)

where Mm is the mass of the “missing” gas, i.e. the gas that has
been ejected from the halo and Zm

Fe is its mean Fe abundance. As
done in Sect. 3.1, we solve for the gas abundance8, Zgas

Fe :

Zgas
Fe,� =

(
roYFe,� − Z?

Fe,� − Zm
Fe,�

fm
f?

)
f?
fb

1

1 − fm
fb
−

f?
fb

, (7)

where fm = Mm/Mh. We assume fb = 0.16 and derive fm by
imposing that the fraction of mass in the stellar, gas and missing
components add up to the baryon fraction:

fb = fm + fgas + f?, (8)

where fgas is adopted from Eckert et al. (2021), with a small
modification. We normalize at 1015M� rather than at 1014M�,
to allow for a larger scatter at lower masses:9

fgas = 0.113×1.05
/1.05 ×

(
Mh

1015M�

)0.22∓0.04

. (9)

The stellar fraction, f?, is taken from Coupon et al. (2015), see
Fig. 1, and a 10% uncertainty is assumed. As discussed in
Sect. 3.1, the term roYFe,� − Z?

Fe,� is assumed to be independent
of halo mass and will take on values derived at Mh = 1015 M�
(see Figs. 2 and 4).

We consider three different values for the metal abundance
of the ejected gas: Zm

Fe = 0, this represents the case where
the missing gas is metal free because its passage through less
massive halos has not led to metal enrichment, see Sect. 2.3;
Zm

Fe,� = ZICM
Fe,� , this represents the case where the missing gas

has previously been enriched in lower mass halos to an abun-
dance similar to the one found in the hot gas of massive halos
and Zm

Fe,� = 2ZICM
Fe,� , where the missing gas has previously been

enriched in lower mass halos to an abundance twice that found
in the hot gas of massive halos. The third option, while difficult
to justify, is, as we shall soon see, quite insightful.

Having written fgas, f? as a function of the halo mass, we
can use Eq. (7) to express Zgas

Fe,� as a function of Mh. In Fig. 6
we compare the metal abundance predicted by Eq. (7), with
measurements in clusters (Ghizzardi et al. 2021a) and groups

8 Note that we have substituted the term “ICM” adopted in Sect. 3.1,
e.g. Eq. (2), with the more generic “gas” as its application is here
extended to lower mass systems.
9 The use of the ∓ symbol instead of ± is intentional.

Fig. 6. Fe abundance of hot gas in massive halos as a function of halo
mass. Blue, gray, and red shaded regions represent predicted abun-
dances for different values of the metallicity of the missing gas, they
have all been derived using the SHMR reported in Coupon et al. (2015).
Green and gray rectangles are measured abundances for groups and
massive clusters, respectively.

(Lovisari & Reiprich 2019). At M = 1015 M�, fm ' 0, Eq. (7)
reduces to Eq. (3) and all 3 choices of Zm

Fe,� lead to the same esti-
mate for ZICM

Fe,� , which is consistent by construction, see Fig. 2,
with the measured one. As we move to lower halo masses, fm
increases and the three cases separate out. As easily understand-
able, if the missing gas is metal free, its accretion has the sole
effect of diluting the metal content of hot halos and, as we
move from lower to higher halo masses, the hot gas abundance
decreases. If the missing gas has a metal abundance similar to
that found in massive clusters, the predicted metal abundance of
the hot gas will not vary much with halo mass. Finally, if most
of the metals are in the missing gas, its accretion will lead to an
increase in the metal abundance of the hot gas. As can be seen,
the similarity between the abundance of the hot gas in groups and
massive clusters implies that the missing gas cannot be pristine,
a substantial, most likely dominant part, must have been previ-
ously accreted by less massive halos. The comparison described
here can be used to derive a crude estimate of the abundance
of the missing gas. By gradually varying Zm

Fe,�, we identify val-
ues for which the predicted region intersects the measured group
region. In doing so we find:

0.25 . Zm
Fe,� . 0.75. (10)

We have investigated the dependence of this result on the
specific choice of SHMR. In Fig. 7 we show the Fe abundance
of hot gas in massive halos predicted using the Shuntov et al.
(2022) SHMR rather than the Coupon et al. (2015) adopted in
Fig. 6. As we can see, the main result, namely, the impossi-
bility for the missing gas to be metal-free, remains unchanged.
Indeed, the very high Fe yield required to reproduce the observed
Fe abundance in massive clusters leads to an even larger dis-
crepancy between predicted and measured Fe abundance at the
group scale. The inescapable conclusion is that gas in the CGM
must have had the time to be significantly enriched before it was
ejected from the potential well of the dark matter halo.

The argument we have made and the constrain we have
derived on the missing gas metallicities are based on the assump-
tion that the metal abundance of the groups that evolve in the low
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Fig. 7. Fe abundance of hot gas in massive halos as a function of halo
mass. Predicted values are computed as in Fig. 6 except for the adopted
SHMR which, in this case, is taken from Shuntov et al. (2022).

redshift clusters we observe, is reasonably approximated by the
metal abundance of low redshift groups. There are good reasons
to expect this to be the case. The enrichment process is intimately
related to star formation and SHMR is essentially unchanged
since z ∼ 3 (see Behroozi et al. 2019, Figs. 34 and 35). Fur-
thermore, at the cluster scale, we have direct observational evi-
dence that the metal abundance of the ICM does not change at
least out to z ∼ 1.5 (see Baldi et al. 2012, Ettori et al. 2015,
McDonald et al. 2016, Mantz et al. 2017, Liu et al. 2020, and
Flores et al. 2021, as well as Sect. 3.4).

Looking beyond formulae and figures, the argument made
here is a very simple one: the only way we can retain the same
abundances, while increasing the mass of the halo by more than
an order of magnitude, is by requiring that the accreted gas,
much of which previously resided outside halos, be contami-
nated with metals in roughly the same proportion as the gas
already bound to the halo. To the best of our knowledge, this
is the first time that observational constraints on the metal abun-
dance of the unbound gas are presented. It is certainly true that
simulations predict the unbound gas to to be significantly con-
taminated by metals (e.g. Artale et al. 2022; Mitchell & Schaye
2022) and that the flat abundance profiles in cluster outskirts sug-
gest a similar scenario (Werner et al. 2013). It is also evident that
our approach is an indirect one and that constraints are quite
loose, as pointed out above the only thing we can say is that
the unbound gas is not pristine and that its abundance is “sim-
ilar” to that measured in groups and clusters. However, in the
absence of any other measurement, we believe this estimate to be
of some value. Indeed, in a much cited review, Tumlinson et al.
(2017) identify the question of whether metals are retained by
the CGM or leave the halo altogether as an important one. The
arguments presented here provides a first answer. It is also worth
mentioning that the method we have adopted can in principle
be used to provide stronger constraints. If (or more hopefully,
when) better measurements of the gas fraction, fgas, and hot gas
metal abundance, ZICM

Fe,� , as functions of the halo mass, Mh, and
redshift become available, it will be possible to derive improved
measurements of the unbound gas metal abundance.

In Sect. 3.1 we inferred that most of metals in the Universe
are in gas rather then locked in stars, we can go a little further by

saying that part of that metal rich gas is bound to DM halos and
part of it is not. We revisit this point in Sect. 5.

3.3. Scatter

Another important result from the analysis of the sample of mas-
sive clusters, is that the scatter around the mean abundance value
is small. In Ghizzardi et al. (2021a) we derived a total scatter
of ∼15% on the mass weighted abundance within R500. We did
not provide an estimate of the intrinsic scatter because a sizable
fraction of the total scatter is likely associated with systematic
errors which we could not quantify. Under such circumstances,
all that can be said is that the intrinsic scatter is smaller than the
total scatter; thus, this becomes the starting point of the present
analysis. Starting from Eq. (4), we connect the intrinsic scatter
in metal abundance in massive clusters with that in the 4 vari-
ables on the right hand side of the equation, namely: roYFe,�,
Z?

Fe,�, f?, and fb. To this end we apply the standard error propa-
gation technique: compute first-order derivatives with respect to
the four variables and express the square of the standard devia-
tion on the abundance, σZICM

Fe,�
, as the sum of the squares of the

standard deviations of the four variables weighted by the square
of the respective first-order derivatives (note: by doing so we
neglect the covariance and we return to this point later). After
some algebra we find:

σZICM
Fe,�

ZICM
Fe,�

=

( σroYFe,�

roYFe,� − Z?
Fe,�

)2
+

( σZ?Fe,�

roYFe,� − Z?
Fe,�

)2
+

( σ f?

f?(1 − f?
fb

)

)2
+

( σ fb

fb(1 − f?
fb

)

)2
1/2

. (11)

We now investigate how the upper limit on the left hand side of
Eq. (11):

σZICM
Fe,�

ZICM
Fe,�

< 0.15, (12)

derived in Ghizzardi et al. (2021a), impacts on terms on the right
hand side. The equation tells us that, neglecting covariance, each
and every term on the right hand side has a scatter that is limited
by the scatter of the term on the left hand side. For any given
right hand side term, the maximum scatter is obtained when scat-
ters on the other three terms are imposed to be equal to zero. Let
us consider the first term, if all others are set to zero, the upper
limit on the term on the left hand side applies to this term as well,
in mathematical form:

σroYFe,�

roYFe,� − Z?
Fe,�

< 0.15. (13)

Since the denominator is smaller than roYFe,�, this implies that
the relative scatter on roYFe,� will be smaller than 0.15. The
question of by how much depends on the exact value taken on
by roYFe,�−Z?

Fe,�. In the case of limiting values 3.8 and 6.2 (pre-
sented in Fig. 6) and assuming the range of values 1.1–1.3 for
Z?

Fe,� ( discussed in Sect. 3.1), we find σroYFe,�/roYFe,� < 0.13.
If we apply the same argument to the second term, we find that
the relative scatter on Z?

Fe,� is bound by an upper limit that is
larger than 0.15, because the denominator is larger than Z?

Fe,�.
As before, an estimate can be achieved from the limiting values
3.8 and 6.2 on roYFe,� −Z?

Fe,� and the 1.1, 1.3 range for Z?
Fe�. We

estimate a much weaker constraint, σZ?Fe,�
/Z?

Fe,� < 0.7, this is a
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direct consequence of the fact that most of the Fe is in the gas and
not locked in stars, thus even a large scatter in the distribution of
Z?

Fe,� will have a modest impact on σZICM
Fe,�
/ZICM

Fe,� . A certain degree
of correlation might be present between the first two terms. We
may imagine that the total production of Fe, encoded in the first
term, is correlated with the metallicity of stars described by the
second term. For example, halos where overall metal produc-
tion is larger could feature metal richer stars and vice versa. In
such a case, the small scatter on ZICM

Fe,� may result from large,
but co-varying, scatters in roYFe,� and Z?

Fe,�. Fortunately, we
have an independent estimate of the scatter on Z?

Fe,� of ∼15%
(see Gallazzi et al. 2014; Zahid et al. 2017; Saracco et al. 2023),
this suggests that any covariance between roYFe,� and Z?

Fe,� pro-
vides a contribution to the scatter in either roYFe,� or Z?

Fe,� that
is smaller than our current upper limits.

In the case of the third term, assuming scatter in all other
terms is zero, we find σ f?/ f? < 0.15, the same holds true for the
fourth term: σ fb/ fb < 0.15. As pointed out earlier, this analy-
sis does not account for covariance between the variables. How-
ever, it is not difficult to imagine that a halo where baryons are
accreted in quantities larger than average may end up produc-
ing more stars than average and, of course, vice versa. In such
a case, the small scatter on ZICM

Fe,� may result from larger but co-
varying scatters in f? and fb. Fortunately, we have an indepen-
dent estimate of the upper limit of the scatter on fb from XCOP
(Eckert et al. 2019): σ fb/ fb < 0.18, this tells us that any covari-
ance between f? and fb is related to a scatter in either f? and fb
that is significantly smaller than our current upper limits.

It is interesting to compare our upper limit on scatter on f?
with measurements available in the literature. Chiu et al. (2018)
derive an intrinsic scatter of ∼70%. We suspect this may result
from an underestimation of systematic errors on stellar mass cal-
culation, possibly arising from a disparity of treatment between
objects coming from different samples. Interestingly, Andreon
(2012), with a smaller and more homogeneous sample, ends up
with an upper limit on intrinsic scatter similar to ours, namely:
15%.

There are at least three reasons why having a small scat-
ter is important. First, it provides a strong justification for our
approach, which describes the enrichment process, that is with-
out doubt characterized by many fascinating and complicated
details, through simple averages over large populations. Sec-
ond, at present, several of the average quantities, roYFe,�, f?,
and so on, are poorly constrained, more accurate measurements
can lead us to a clearer picture of the enrichment process, even
within a model as simple as this one. Finally, the average values
of roYFe,� and f? that we derived bear strong connections with
average properties of the halos, where the bulk of these stars and
metals are created. In other words, it may be possible to work
our way back and constrain CGM properties starting from apex
accretors. We return to this point in Sect. 5.

Although our analysis of the scatter on ZICM
Fe,� allows us to

derive constraints on important quantities, it does not answer the
question of why the scatter is small. As previously discussed, the
vast majority of metals in the ICM, or more generally in clus-
ters, is synthesized in halos of mass of roughly 1012 M�, simi-
larly the bulk of the gas in the ICM was originally accreted in
similar, perhaps a little more massive, halos. As we have seen
when discussing groups, the metal rich gas expelled by small
size halos is later re-accreted by massive ones. By taking the
ratio of halo masses between massive clusters(∼1015 M�) and
star forming halos (∼1012 M� to a few ∼1013 M�), we see that the
re-accreted gas in each massive cluster must have been enriched

in several hundred smaller halos. Furthermore, its mean metal
abundance, which is essentially the ICM abundance measured
beyond the core region, will feature a scatter that is about 20-
30 times smaller than that characterizing the individual halos,
where the enrichment process occurred. From this argument and
the 15% upper limit on the intrinsic scatter on ZICM

Fe,� , we can work
out that the dispersion on the metal abundance in the popula-
tion of halos later accreted by massive clusters cannot be larger
than ∼250%. This admittedly poor constraint could be improved
upon through more precise measurements of the metallicity in
the ICM of massive clusters.

In simple terms, the reason why scatter on ZICM
Fe,� is small is

because it arises from the averaging of hundreds of independent
enrichment events (see Fig. 5 for an evocative representation or
look up “central limit theorem” on wikipedia for a more the-
oretical perspective). Of course, as we move from the massive
cluster scale to the poor cluster and even more the group scale,
the number of enrichment events become fewer and the averag-
ing effect will be reduced. Thus, at the group scale, the scatter
should increase by a factor of a few with respect to what is mea-
sured in massive clusters. This is a simple prediction that future
observations might be able to test (more on this is Sect. 6).

3.4. Redshift evolution

Early results by Balestra et al. (2007) were indicative of a sub-
stantial decrease in metal abundance at high redshift. These find-
ings were not confirmed by later measurements. The results from
Baldi et al. (2012), Ettori et al. (2015), McDonald et al. (2016),
Mantz et al. (2017), Liu et al. (2020), Flores et al. (2021) are all
consistent, with no evolution of metal abundance in core excised
clusters (see more in Table 1). The broad range in mass and red-
shift (Table 1) suggests these systems have formed and evolved
over different cosmic times. Low-redshift (z ∼ 0.01−0.1) and
low-mass (Mh ∼ 1014 M�) systems are young, with about half of
their mass having been accreted since z = 1, conversely massive
(Mh ∼ 1015 M�) high-redshift (z ∼ 1) systems must have formed
much earlier, about half of their mass has been accreted before
z = 2, yet they appear to have very similar abundances. This
requires the enrichment process, which for these core excised
measurements is dominated by ex-situ enrichment, to be similar
in a broad redshift range, at least up to 2, when the age of the
Universe was ∼1/4 of what it is now, and in an equally substan-
tial mass range: 1014−1015 M�.

We go on to examine how the lack of redshift evolution
for metal abundance can be accommodated within the baryon
enrichment picture we have outlined in this paper. As discussed
in Sect. 3.1, for massive halos (Mh & 5 × 1013 M�) in the local
Universe, metal abundance outside the core is determined by an
averaging process: less massive halos, where star formation effi-
ciency peaks, Mh ∼ 1012 M�, contribute metal richer gas than
more massive systems, Mh ∼ 1013 M�, where star formation is
less efficient. As pointed out by several authors (Behroozi et al.
2013, 2019; Legrand et al. 2019; Shuntov et al. 2022) the depen-
dence of star formation efficiency on halo mass described above,
is not limited to the local Universe but actually extends back in
time to z ∼ 4. This suggests that the enrichment process of the
hot gas in massive halos should be similar up to relatively high
redshifts z ∼ 2: this is indeed what we observe.

Striking confirmation of this picture comes from observa-
tions at longer wavelengths. As discussed in Sects. 3.1 and 3.2
(and highlighted in Eqs. (4) and (7)) in the simple model we
propose here, the metal abundance of the hot gas in groups and
clusters should be proportional to the stellar fraction found in
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Table 1. Redshift dependence of metal abundance and stellar mass
fraction.

z range M500 range R500 range γ (a) Ref.
1014 M�

<1.2 1 < M < 10 R > 0.4 −0.26 ± 0.61 Et15
<1.3 3 < M < 20 0.15 < R < 0.5 −0.41 ± 0.25 Mc16
<0.8 2 < M < 20 0.5 < R < 1.0 −0.30 ± 0.91 Ma17
<1.0 1 < M < 20 R < 1.0 −0.28 ± 0.31 Li20
<1.7 1 < M < 20 0.3 < R < 1.0 −0.5+0.4

−0.3 Fl21
<1.3 0.4 < M < 20 R < 1.0 +0.05 ± 0.27 Ch18

Notes. (a)Slope defined from relation: X ∝ (1 + z)γ, where X is ZICM
Fe for

the first 4 entries and f? for the last.
References. (Et15) Ettori et al. (2015); (Mc16) McDonald et al. (2016);
(Ma17) Mantz et al. (2017); (Li20) Liu et al. (2020); (Fl21) Flores et al.
(2021); (Ch18) Chiu et al. (2018).

these systems. Thus, if the metal abundance is independent of
redshift and mass, the same should hold true for the stellar frac-
tion, f?. This is indeed what is observed: Chiu et al. (2018) find
that f? ∝ (1 + z)0.05±0.27, for 5 × 1013 M� < M500 < 2 × 1015 M�
and z < 1.3 (see also their Fig. 6 and Table 1).

In simple words we may conclude that just as the lack of
redshift dependence for metal abundance argues in favor of an
enrichment process that is self similar in a broad redshift range,
the lack of redshift dependence for the stellar mass fraction
argues in favor of a stellar assembly process that is self-similar
in a broad redshift range.

The findings reported in this section suggest we may be on
the verge of a shift in paradigm; thus far, the accepted interpreta-
tion for abundance measurements in the outskirts has been that:
“enrichment must have occurred early on in the proto-cluster
phase” (e.g., Gastaldello et al. 2021, and refs. therein). Compar-
isons of low-redshift and low-mass systems with high-redshift
and high-mass systems may force us to abandon this conclusion
for an even stronger one, positing that: “enrichment efficiency is
essentially the same from z ∼ 2 to today”. A more quantitative
assessment than the one presented here can come from follow-up
works on a dedicated sample.

3.5. Entropy vs. abundance anti-correlation

In this subsection, we provide the first explanation for the
entropy versus abundance anti-correlation observed in clusters
and groups. To do this, we must first take a step back and address
issues related to the physics of the ICM.

Over the last two decades, we have accumulated a consid-
erable body of evidence that favors suppression of thermal con-
duction, (see Molendi et al. 2023 for a recent review). For exam-
ple, in the case of substructures falling into A2142 (Eckert et al.
2014, 2017) and Hydra A (De Grandi et al. 2016) and in the
case of coronae (Sun et al. 2007), the difference in temperature
between the infalling structure or the corona and its environ-
ment is accompanied by a difference in metal abundance sug-
gesting that the same mechanism inhibiting conduction is also
operating on mixing. The evidence for suppression of mixing
is perhaps not as strong, however, some of the cases that have
been used to argue in favor of suppression of conduction can
also be used to claim inhibition of mixing. Moreover, recent
work (Zhuravleva et al. 2019) finds evidence for the suppression
of a directly related quantity, namely, the viscosity. Assuming
thermal conduction and mixing are inhibited (see Molendi et al.

2023, and refs. therein), the ICM stratifies according to entropy
and metals do not diffuse much.

Under the circumstances described above, we expect the two
phase enrichment process discussed in Sect. 2.4 to leave an
imprint on the ICM and IGrM; this will mainly be visible on the
two variables that are most affected by feedback, that is, metal-
licity and entropy. The lower entropy gas expelled via the first
mode or phase in the progenitor will be concentrated at the cen-
ter. Its abundance will be high because it is enriched at a time
when the stellar fraction is at its peak and, to a lesser extent,
because star formation in the central galaxy continues, albeit at
a reduced rate, well after the major star assembly phase is over.

Moreover, as the progenitor halo grows, the low entropy
high metallicity gas at its center is augmented through donations
from sub-halos whose cores survive disruption onto the major
halo10. This process has been documented in clusters. In A2142
(see Eckert et al. 2014) and Hydra A (see De Grandi et al.
2016) we observe subhalos whose metal rich and low entropy
cores have survived intact down to R500. It is also consis-
tent with predictions from hydro-dynamical simulations, (see
Ascasibar & Markevitch 2006; Sheardown et al. 2018). More
specifically Figs. 10 and 15 of Sheardown et al. (2018) show
that, while the bulk of the gas is stripped from the infalling struc-
ture, its low entropy core can be preserved and end up in the core
of the host halo. It is also worth noting that, in light of its nature,
the donation process should also play a role in the formation of
cluster BCGs. This has indeed been observed, in a recent paper,
Kluge & Bender (2023), by comparing the properties of BCGs
with those of other luminous ellipticals, find that the former
show excess emission at large radii, which they explain through
a process that is very similar to the one we have just outlined.
Infalling massive galaxies that, thanks to their deep potential
wells, survive the merger process, are stripped once they reach
the cluster center, where they contribute to the build up of the
BCG.

Further out, accreted gas is shock heated, its entropy increas-
ing as halo mass rises. The metallicity of this gas is deter-
mined by enrichment occurring in the first phase in smaller halos
later accreted by the one under consideration. As pointed out in
Sect. 3.1, the abundance of this gas is a weighted mean of the
abundance of the gas enriched in halos ranging from ∼1012 to a
few 1013 M�, with the former contributing metal richer gas than
the latter. Thus, the abundance of this gas will be lower than that
of the gas bound to the central galaxy. These processes lead to a
scenario where the low entropy central gas is metal richer than
the higher entropy gas located further out.

While a detailed quantification of the metallicity gradient
between the low entropy and high entropy gas is hard to make,
a rudimental calculation can be attempted. The metallicity of
the high entropy gas has been discussed in Sect. 3.1 and illus-
trated in Figs. 2 and 4. There we showed that the mean metal
abundance of massive clusters, which is almost indistinguishable
from that measured beyond the core and circum core regions (see
Ghizzardi et al. 2021a), can be reproduced by the f?/ fb ratio of
massive halos, for a range of values of the roYFe,� − Z?

Fe,� fac-
tor. Based on the arguments presented here, we can estimate the
metal abundance of the core to be roughly associated with the
f?/ fb ratio of less massive halos (∼1012 M�) and the same range
for the roYFe,� − Z?

Fe,� factor. The predicted metal abundance of

10 The reason for the survival of the metal rich low entropy core, which
makes up no more than a few percent of the total gas in structure, is that
the energy associated with the free fall of the subhalo is channeled into
the heating and stripping of its outer regions.
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Fig. 8. Fe abundance versus entropy for cool core clusters. Abun-
dance measurements are taken from Leccardi et al. (2010), they have
been converted to Asplund et al. (2009) solar abundances. Entropy
measurements come from the ACCEPT archive of Chandra data
(Cavagnolo et al. 2009). The sample comprises the 12 cool core systems
identified in Leccardi et al. (2010) for which adequate entropy measure-
ments could be found in ACCEPT.

the gas in such halos is shown in Figs. 3 and 4, in the form of blue
shaded regions, for the case of f?/ fb estimated by Coupon et al.
(2012) and Shuntov et al. (2022) respectively. In the former case
the metal abundance is in the range 0.65 < ZICM

Fe,� < 1.2 and in the
latter 1.1 < ZICM

Fe,� < 3.0.
It is interesting to compare these considerations with actual

measurements in groups and clusters. Indeed, whenever an abun-
dance gradient is measured, it is accompanied by a variation in
entropy. The most striking anti-correlations (e.g De Grandi et al.
2004; Rossetti & Molendi 2010; Ghizzardi et al. 2014) are
found in a subclass of groups and clusters known as cool cores
(CC, see Molendi & Pizzolato 2001, for a definition), which fea-
ture a strong central gradient in entropy and abundance. In Fig. 8,
we report the abundance versus entropy curves for a sample
of 12 CC clusters, the anti-correlation is observed in each and
every system (see the figure caption for more details). More-
over, the abundances associated with the lowest entropy regions
of CC systems, see Fig. 8, are in broad agreement with those
predicted from values of f?/ fb at peak star formation efficiency.
We note that the entropy versus abundance anti-correlation is
also found in so called cool core remnants (CCR, see Fig. 3 in
Rossetti & Molendi 2010), where the gradients are not as strong.
As we discussed in a recent publication (Molendi et al. 2023),
merging systems, which do not show evidence for such gradi-
ents, may well settle back to a configuration characterized by
the entropy versus abundance anti-correlation once the disrup-
tion caused by the merger subsides.

From data reported in Figs. 13 and 14 of Ghizzardi et al.
(2021a), we estimate that, for XCOP CC clusters, the excess
metal mass in the core exceeds by a factor of 5–10 what would
be expected if only the progenitor contributed to it. From the
same data, we infer that the iron mass in the core is only a few
percent of the Fe mass integrated within R500. We conclude that
the donation process we discussed earlier in this section plays a
dominant role in the enrichment of the core and a very modest
one in that of the cluster. In light of the very crude nature of our

quantitative estimates we defer a more detailed comparison with
observations to future work.

3.6. Entropy stratification

Having reviewed how the gas outside the core and circum core
regions has a metal abundance that depends weakly if at all with
the mass (see Sects. 3.1 and 3.2) and the redshift (Sect. 3.4) of
the halo, we attempt to connect these properties with the thermo-
dynamic structure of the ICM.

In massive systems, gas undergoing accretion is shock heated
to the virial temperature of the halo, as the halo mass increases
so does the virial temperature. The gas stratifies according to
entropy with the gas accreted earlier located closer to the center
and the gas accreted later further out. If conduction and mixing
are heavily suppressed, as discussed in Sect. 3.5, then the strati-
fication may well persist and even survive major merger events,
as it very likely does in the core (see Molendi et al. 2023). If this
is indeed the case, then we can look at abundance radial pro-
files very much like geologists look at layers of rock. More to
the point, the absence of substantial radial abundance gradients
beyond core regions in massive clusters would result from the
lack of a halo mass and redshift dependence of metal abundance,
see Sect. 3.4.

3.7. Abundance ratios

Currently, evidence points to a lack of variation in abundance
ratios as we move from the central BCG dominated region
to more external regions; the most constraining measurements
come from the Si/Fe ratio (e.g. Mernier et al. 2017), see also
Biffi et al. (2018). Since α elements should be mostly produced
by SNcc and Fe should be primarily synthesized in SNIa (e.g
De Grandi & Molendi 2009, and refs. therein), a radial abun-
dance gradient could be interpreted as evidence of a different
contribution of SNIa and SNcc to core and outskirts. However,
as pointed out in Sect. 2.3, the bulk of SNIa explosions occur
within a few Gyr of their formation. Thus metal enrichment in
star forming halos should be characterized by a roughly con-
stant α over Fe ratio. Under these circumstances, the lack of
abundance ratio gradients is not very surprising. We expect it
to extend to larger radii where measurements are currently either
unavailable or unconstraining.

There is one simple prediction we can make on the basis of
our model. Since the metal mass at the center originates from a
much smaller number of star forming halos (see Sect. 3.5) then
in the outskirts (see Sect. 3.3) we expect the scatter in abundance
ratios to decrease as we move out from the core.

4. The missing stellar mass problem

Over the last decade there have been several attempts to
take a census of metals in galaxy clusters (i.e. Loewenstein
2013; Renzini & Andreon 2014; Ghizzardi et al. 2021a). In all
instances, the Fe mass measured in the ICM has been found to be
in excess of what could be produced by the cluster stellar popu-
lation. While for the earlier results the problem could be ascribed
to systematics in the estimate of the Fe mass (see Molendi et al.
2016), the thorough work presented in Ghizzardi et al. (2021a),
where stellar masses and ICM metal abundances were consis-
tently and homogeneously measured out to a well defined radius
in a representative sample of massive systems, is much harder to
explain away.
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Fig. 9. Iron yield vs. halo mass, data points are shown as filled sym-
bols (see Gastaldello et al. 2021, for details). The blue thick line repre-
sents the relation reported in Eq. (16) and the lighter shaded blue region
associated uncertainties. Predicted yields for two different estimates of
SN rates (see Renzini & Andreon 2014; Freundlich & Maoz 2021) are
shown as yellow and brown shaded regions, respectively.

An important point is that the stellar mass fraction can vary
substantially from object to object: Chiu et al. (2018) estimate an
intrinsic scatter of ∼70% on f?, suggesting that the lack of stellar
mass could different substantially from object to object. How-
ever, other work on a smaller sample with homogeneously mea-
sured stellar masses (Andreon 2012) suggests it could be much
smaller: σ f?/ f? ∼ 0.15. Moreover, as discussed in Sect. 3.3,
the combination of limits on scatter on the ICM metallicity,
σZICM

Fe,�
/ZICM

Fe,� < 0.15, and on baryon fraction σ fb/ fb < 0.18, sug-
gests the scatter in f? should be of the same order, σ fb/ fb . 0.2.
These contradictory results can be reconciled if we postulate that
stellar mass estimates in clusters are characterized by large sys-
tematic uncertainties. This is quite likely the case: in Sect. 4.2
of Ghizzardi et al. (2021a) we performed a detailed comparison
of stellar masses reported in Lin et al. (2012), Chiu et al. (2018)
and van der Burg et al. (2015) finding a systematic discrepancy
of ∼50%–60% between the latter and the former two. In light of
these considerations we do not address the issue of scatter in our
proposed solution of the so called Fe “conundrum”.

Working within the enrichment framework presented in this
paper, we start off by rewriting Eq. (2) in a slightly modified
form:

YFe,� =
1
ro

(
Z?

Fe,� + Zgas
Fe�

fgas

f?

)
. (14)

Next, we take available measurements of the dependence of
fgas and f? on the halo mass, and plug them into Eq. (14). We
perform our estimate at on overdensity of 500 and assume a
power-law dependence of fgas,500 and f?,500 on M500. For the stel-
lar fraction: for the high mass range 1014 < M500 < 1015 M�,
we consider more direct measurements (Eckert et al. 2016;
Chiu et al. 2018; Ghizzardi et al. 2021a); for the low mass range
1013 M� < M500 < 1014 M�, we make use of Leauthaud et al.
(2012), Coupon et al. (2015), Behroozi et al. (2019), which are
based on the SHMR, see Sect. 2.2 for details. This leads to a
parametrization of the form:

f?,500 = (1.1 × 10−2)×1.3
/1.3 ×

(
M500

1014 M�

)−0.18±0.02

. (15)

For the gas fraction, fgas,500, we adopt the parametrization
based on Eckert et al. (2021) and presented in Eq. (9). As in

Sect. 3.1: for the stellar metal abundance we assume Z?
Fe,� =

1.2 ± 0.1, for the abundance of the hot gas Zgas
Fe,� = 0.37 ± 0.05,

and for the return factor we take the value 1/ro = 0.64 ± 0.06.
Inserting all these elements into Eq. (14), we come up with an
equation relating YFe,�,500 with M500, which is well fit by the
following formula:

YFe,� = (0.79+0.14
−0.19) + (1.6 ± 0.7)

(
M500

1014 M�

)0.56−0.04
+0.08

. (16)

It is only fair to point out that a similar parametrization has been
proposed several years ago by Renzini & Andreon (2014). The
main difference is that the above authors go through the r-band
luminosity, rather than the stellar mass, however their end result,
see their Fig. 2, is not at all unlike ours.

In Fig. 9, we report the relation described in Eq. (16). As
we can see, the yield estimated following the parametrization
described above is broadly consistent with currently available
direct measurements. At the high mass end both direct measure-
ments and estimates based on Eq. (16) are in excess of yield
expectations based on SN rates (see Renzini & Andreon 2014;
Freundlich & Maoz 2021) highlighted by the yellow and brown
shaded regions.

The successful outcome of the exercise we have just per-
formed provides much needed insight into the nature of the Fe
conundrum, in simple terms: the discrepancy between the yield
measured from clusters with the one predicted from stellar syn-
thesis models and SN rates (as well as the agreement for groups),
must be connected to how the observed distribution of stars and
hot gas varies as a function of halo mass. With this consideration
in mind, we address the Fe conundrum within the framework of
the model we sketched in Sect. 2.4. The first point we need to
make is that, on the basis of the discussion presented in Sect. 3.1
(see Sect. 5 for a more detailed version), we do not expect YFe,�
to vary with halo mass. Thus, the behavior reported in Eq. (16)
and graphed in Fig. 9 is likely the result of some observational
bias.

During the first phase or mode, stellar mass is assembled
from stars forming inside the halo (in situ), in the case of the
progenitors of massive systems this stellar mass will end up
mostly in the BCG or brightest group galaxy (BGG), there
is considerable observational evidence that is consistent with
this scenario (e.g., Edwards et al. 2020; Chu et al. 2021, 2022).
During the second phase or mode, stellar mass is accreted in
the form of galaxies from less massive halos falling into the
main halo (ex situ). Part of this stellar mass will be stripped
and will contribute to diffuse emission, so called intra clus-
ter light (ICL, see Contini 2021, for a recent review), and part
will remain in the form of satellite galaxies. Within the first
mode or phase the stellar mass rapidly builds up at early times
until quenching stops almost completely further growth. This
is confirmed from observations where the stellar mass is found
to grow with halo mass up to M? ∼ 2−3 × 1011 M� roughly
corresponding to Mh ∼ 1013 M� and rapidly saturates there-
after (e.g. Coupon et al. 2015; Behroozi et al. 2019, see also
Fig. 1). The contribution of accreted stellar mass becomes pro-
gressively more important with growing halo mass and, starting
from ∼3 × 1013 M�, is the dominant contribution to stellar mass
within the halo (e.g. Leauthaud et al. 2012; Coupon et al. 2015;
Shuntov et al. 2022).

Since the process by which stellar mass is assembled in the
two modes is different, we do not expect them to follow the
same radial distribution. Indeed, the stellar mass profile asso-
ciated to the BCG is much more centrally concentrated than that
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of satellite galaxies, or of the ICL, (e.g. Zhang et al. 2019, see
their Fig. 12). A consequence of the observational facts out-
lined above is that the fraction of stellar mass within a given
overdensity, say f?,500, differs significantly for halos of different
mass. Within less massive halos (1013−1014 M�), f?,500 will be
larger than in more massive ones (Mh > 1014 M�), this is actually
consistent with a wealth of observational data (e.g. Eckert et al.
2019, and refs. therein, see also their Fig. 12). It should also
be mentioned that in situ and ex situ components are likely
to suffer differently from detection biases. Indeed, the much
more diffuse distribution of the latter (this is particularly true for
ICL) favors flux underestimation. The ensuing differential bias
likely contributes to the steepening of the observed f? versus Mh
relation.

For the hot gas in groups and clusters, the situation is the
opposite, more massive systems feature more centrally peaked
gas distribution than less massive ones. We note that outside the
core (R > 0.25R500), this is true for both CC and non cool core
(NCC) systems (Pratt et al. 2022). This is because, in lower mass
systems, AGN feedback, contending with a shallower potential
well, can redistribute gas to significantly larger radii and, per-
haps, expel it altogether. As a consequence of this, the fraction
of gas within a given overdensity, say fgas,500, will differ signif-
icantly for halos of different masses. Within less massive halos,
1013−1014 M�, fgas,500 will be smaller than in more massive ones,
Mh > 1014 M�. This is actually consistent with a wealth of obser-
vational data (e.g. Eckert et al. 2021, and refs. therein, see also
their Fig. 7). Thus, by computingYFe within a fixed overdensity,
we do not sample the same fraction of gas and stellar mass and
the difference depends on the mass scale and specific overden-
sity at whichYFe is computed. This is in agreement with work by
Sarkar et al. (2022), who find that, for a small sample of groups,
the measured yield increases by about 1/3 when computation is
extended from R500 to R200.

The negative slope of the f?,500 versus M500 relation, based
on direct estimates of the stellar fraction in massive halos, see
Eq. (15), is at variance with the one derived from the SHMR,
see Fig. 1, Coupon et al. (2015) and Shuntov et al. (2022). The
latter is consistent with being flat for halo masses larger than
∼1014 M�. If we assume that the correct dependence of f?,500
on M500 is the one found from SHMR and that the bias on
the stellar mass fraction derived from direct observations in
groups and clusters is zero somewhere between 3× 1013 M� and
3 × 1014 M�, we come up with a correction to f?,500(1015 M�)
of (10×3

/3 )0.18 ∼ 1.5×1.2
/1.2 . If we apply this correction factor to the

f?,500(1015 M�) estimated in Eq. (15), we get f c
?(1015 M�)/ fb =

0.064×1.4
/1.4 , which is in agreement with the f?(1015 M�)/ fb derived

by Coupon et al. (2015), see also Fig. 2. Plugging f c
?(1015 M�)

into Eq. (14), we get a corrected yield, Yc
Fe,� = 3−6.

Yc
Fe,� has been obtained by applying a correction to the stel-

lar fraction, at a mass scale where corrections to the gas frac-
tion can be neglected. In accord with the assumption discussed
earlier in this section and in Sects. 3.1 and 5 that the yield
does not vary with halo mass, we take Yc

Fe,� as an estimate of
the true yield. We show it in Fig. 10 as a shaded horizontal
region along with corrected data points obtained by applying the
same correction to the original ones. Note that, for low mass
systems, the change from measured to corrected yield derives
mostly from having substituted the observed gas fraction with
the baryon fraction. The solution we propose is based on the
Coupon et al. (2015) stellar fraction, a similar one can be derived
from the Shuntov et al. (2022) stellar fraction. The major differ-
ence between the two is that the latter implies an even larger

Fig. 10. Corrected iron yield vs. halo mass. Original data points and
yield vs. halo mass relation are shown as semi-transparent. Filled
data points and region are obtained by correcting the original ones as
described in the text.

yield and significant tension with estimates based on synthesis
models and SN rates.

In summary, we have come up with a self consistent picture
where the conundrum is solved if the following conditions are
met: 1) about one-third of the total stellar mass in massive halos
has thus far eluded detection; 2) the gas mass fraction of less
massive halos (< a few 1014 M�) is significantly underestimated;
and 3) the yield is only marginally consistent with predictions
from synthesis models and SN rates, and is largely independent
of halo mass. While it can be argued that there is already sub-
stantial evidence for the second point, the same cannot be said
for points one and three. In simpler terms, our proposal for this
conundrum will stand as an applicable solution if our assump-
tions are addressed through further observational work and
verified.

5. A metal budget for the Universe

Here we put together several results disseminated through
Sects. 3 and 4 to provide a coherent picture of the distribution of
metals in the Universe. As pointed out in Peeples et al. (2014),
the major problem in carrying out an estimate of the metal bud-
get for the Universe is the uncertainty on the quantity of met-
als that galaxies produce. We approach this issue in Sect. 3.1,
by deriving an estimate of the Fe yield, or more specifically
of the roYFe,� − Z?

Fe,� factor, in clusters of galaxies, where we
have a reliable estimate of both the Fe mass and the stellar mass
that has been responsible for its production. Despite the rela-
tively large uncertainties in the estimated factor, it allows us to
infer that no more than ∼1/4 of the Fe synthesized in stars cur-
rently resides in them. By making use of the description of the
assembly and enrichment process provided in Sect. 2, we extend
this result to the Universe. Since this is a rather important point,
we go over the argument once more and elaborate upon it. The
roYFe,� − Z?

Fe,� factor, which can be thought of as a stellar frac-
tion to gas metal abundance conversion factor, see Eq. (4), is
estimated in clusters of galaxies, but, since virtually the entire
stellar mass in clusters has been synthesized in smaller halos, it
describes the Fe production efficiency in the latter. More specif-
ically, it is a mean of the values that it takes on in the many
galaxies currently residing in clusters. One could argue that the
distribution of subhalos that are accreted by the apex accretor
is significantly different from the distribution of halos in the
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Universe and that this might, at least in principle, lead to a biased
estimate of the conversion factor derived from clusters. However,
this is not the case, indeed the shape of the sub-halo mass func-
tion (see Grylls et al. 2019, and refs. therein) is quite similar to
that of the halo mass function (HMF) (e.g. Tinker et al. 2008).

Galaxies in clusters are mostly passive and have not pro-
duced metals for some time, conversely, those found in lower
density environments continue to synthesize heavy elements
today. If, for some reason, the efficiency characterizing metal
production depends on cosmic time, the value we estimate in
clusters might be biased. As shown in Behroozi et al.(2019, see
their Fig. 16), star formation peaks at earlier times in more mas-
sive halos, however significant contribution to star formation
occurs over a broad range in cosmic time in all environments
that provide a substantial contribution to the overall stellar mass
in the current universe, suggesting that late contributions even if
characterized by a different efficiency will provide a modest con-
tribution. Indeed only about one-third of the total stellar mass in
the Universe is synthesized at z < 1 (Madau & Dickinson 2014,
see their Fig. 11).

Having proved to ourselves, and hopefully to our readers,
that our measurement of the yield in clusters provides a reason-
able estimate for the one in the Universe, we proceed to discuss
the budget. We start by defining, Zb

Fe, the Fe abundance averaged
over all baryons within a given halo: Zb

Fe ≡ Mb
Fe/Mb. It is easy to

see that:

Zb
Fe,�(Mh) = ro(Mh)YFe,�(Mh)

f?(Mh)
fb

. (17)

To estimate the metal abundance of the Universe we average
Zb

Fe,� over the distribution of mass in the Universe:

〈Zb
Fe,�〉 =

∫
Zb

Fe,�(Mh) Mh dn/dMh dMh∫
Mh dn/dMh dMh

, (18)

where, dn/dMh is the HMF. By substituting Eqs. (17) into (18)
and assuming the dependence of ro(Mh)YFe,�(Mh) on halo mass,
if any, is modest, we get:

〈Zb
Fe,�〉 =

roYFe,�

fb

∫
f?(Mh) Mh dn/dMh dMh∫

Mh dn/dMh dMh
, (19)

where we estimate the uncertainty on roYFe,� from Fig. 2, by
accounting for limits on the stellar Fe abundance, Z?

Fe,� = 1.2 ±
0.1, and by augmenting the relative uncertainty from 20% to
35% to account for eventual variations of the efficiency with halo
mass. Furthermore, by adopting the Tinker HMF (Tinker et al.
2008) and taking f?(Mh) from Coupon et al. (2015), see also
Fig. 1 and Sect. 4, we get:

0.35 < 〈Zb
Fe,�〉 < 0.77. (20)

Ours is not the first estimate of the metallicity of the Uni-
verse. We are aware of estimates in Fukugita & Peebles (2004),
Shull et al. (2014) and Maoz & Graur (2017). Converted into
Asplund et al. (2009) solar abundance units, the measurements
presented in the above papers are 〈Zb

Fe,�〉 ∼ 0.1, with uncer-
tainties, largely dominated by systematics which we estimate
to be ∼50% (see Table 2). This implies a discrepancy of a fac-
tor between 2 and 8 with ours. Unsurprisingly, the mismatch is
explained by the difference in metal yield. Indeed, Shull et al.
(2014) and Maoz & Graur (2017) adopted yields from measured
SN rates and nucleo-synthesis models which are a factor of a few

Table 2. Metal abundance of the Universe.

Fu04 (a) Sh14 Ma17 Tw

〈Zb
Fe,�〉 0.08 ± 0.04 0.11 ± 0.07 0.08 ± 0.01 0.56 ± 0.21

Notes. (a)When no uncertainty has been provided in original work, we
assume a 50% error.
References. (Fu04) Fukugita & Peebles (2004); (Sh14) Shull et al.
(2014); (Ma17) Maoz & Graur (2017); (Tw) this work.

smaller than the one we use here. Comparison with the metal-
licity of the Universe estimated by Fukugita & Peebles (2004)
provides further insight. These authors perform their estimate
by taking stock of the metal content of different environments,
with major contributions coming from: stars in galaxies, cool
gas, hot gas in groups and clusters and warm gas in IGM and
CGM (see their Table 3). A critical point is that the warm/hot
gas in IGM and CGM, which accounts for a sizable fraction of
baryons in the Universe, is assumed to feature a very modest
metallicity ∼3% of solar. A metallicity of ∼1/3 would take their
estimate from a value that is comparable to the one estimated
by Shull et al. (2014) and Maoz & Graur (2017) to another that
is consisted with ours. In other words, we have two competing
scenarios: the first is characterized by a small yield (YFe,� ∼ 1),
a metallicity of the Universe of ∼0.1, and requires the bulk of
metals to be in stars; the second features a substantially larger
yield (YFe,� ∼ 3−6), a metallicity of the Universe in the range
0.3–0.8 and the bulk of metals are in the warm or hot gas.

Having derived the mean metal abundance of the Universe,
we now estimate how Fe is shared between different con-
stituents. The fraction of metals locked in stars, φ?, assuming
the stellar fraction derived in Coupon et al. (2015) and includ-
ing the augmented uncertainty on the yield described above, is
φ? = 0.15−0.28, the remainder has to be in gas, either bound
to halos or not. We point out that we favor the stellar fraction
estimated in Coupon et al. (2015) over the one in Shuntov et al.
(2022), because it plays an important part in a self consistent
description of the distribution of metals in clusters discussed
at the end of Sect. 4. That said, we note that by adopting the
Shuntov et al. (2022) stellar fraction we get an even smaller frac-
tion of metals in stars: φ? = 0.06−0.20, see Sect. 3.1.

We estimate the fraction of metals in groups and clusters,
φICM+IGrM

Fe , as:

φICM+IGrM =
ZICM+IGrM

Fe,�

〈Zb
Fe,�〉

Fgas(Mh > 5 × 1013 M�)
fb

, (21)

where Fgas(Mh > 5 × 1013 M�) is the fraction of the gas fraction
associated to halos with Mh > 5 × 1013 M�, it is defined as:

Fgas(Mh > 5 × 1013 M�) ≡∫ 2×1015 M�
5×1013 M�

fgas(Mh) Mh dn/dMh dMh∫ 2×1015 M�
1011 M�

Mh dn/dMh dMh

. (22)

Formally, the upper integration limit for numerator and denomi-
nator and the lower integration limit for the denominator should
be set to infinity and zero respectively, we selected high and
low values and made sure that Fgas(Mh > 5 × 1013 M�) depends
very weakly on them. Although the boundary for galaxy group
masses is typically set at 1013 M�, in light of the dearth of gas
fraction measurements at the low mass end, we halted our inte-
gration at 5 × 1013 M�. We take fgas from Eq. (9) and, from
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Fig. 11. Cosmic iron budget: the fraction of Fe locked in stars and in
the hot gas in massive halos are shown in red and blue respectively.
The fraction associated to gas required to reach the baryon fraction in
massive halos (Mh > 5 × 1013 M�) is plotted in green. In gray we show
the unaccounted fraction, this Fe must reside in gas either in the halos
of low mass systems (CGM) or outside them.

Eq. (22), estimate Fgas(Mh > 5 × 1013 M�) = 0.19−0.23. We
plug this into Eq. (21), along with ZICM+IGrM

Fe,� = 0.33 ± 0.07,
a weighted mean of the cluster (Ghizzardi et al. 2021a) and
group (Lovisari & Reiprich 2019) measurements, and 〈Zb

Fe,�〉

from Eq. (20) and derive φICM+IGrM = 0.08−0.19.
As discussed in Sect. 3.2, comparison of cluster with group

metal abundances allows us to infer that the unbound gas must
be enriched with metals to a degree similar to the bound one.
By assuming that the missing gas on group and cluster scales,
i.e. the gas required to reach the cosmic baryon fraction on such
scales, has a metal abundance comparable to that of gas bound to
those systems, we estimate that a small fraction of Fe resides in
gas outside halos, i.e. φl(Mh > 5×1013 M�) = 0.02−0.08. This is
likely a very conservative lower limit to the Fe content of gas out-
side halos as we do not include the contribution of the unbound
gas required to reach the baryon fraction for halos smaller than
5 × 1013 M�. This leaves us with anywhere between two-fifths
and four-fifths of the cosmic Fe to be divided between low mass
halos and the unbound gas required to reach the cosmic baryon
fraction for them, φl(Mh < 5 × 1013 M�) + φCGM = 0.40−0.79.
Although we cannot say which of these two components dom-
inates, since the metallicity of the bound and free gas are not
likely to be dissimilar, the issue of whether the bulk of metals
in the Universe is bound or not is intimately connected to the
one of whether most of the gas in the Universe is bound or not.
In Fig. 11 we show, in graphic form, the split of the cosmic Fe
between different constituents.

There are two main conclusions to be drawn from the analy-
sis presented in this section. First: about half of the metals in the
Universe have yet to be measured, they are most likely in a tenu-
ous, ionized and gaseous medium either in or between galaxies;
second, our first conclusion provides much needed observational
support to one of the most common assumptions that have been
made to get to this gas, namely that metal lines, either in emis-
sion (see Parimbelli et al. 2023, and refs. therein), or absorp-
tion (see Nicastro et al. 2023, and refs. therein), are associated
to it. The lines have to be there because the metals are there. On
average metallicities need to be at about one-third solar in the

unbound gas and higher, likely close to solar, in the CGM, see
Sect. 3.1.

It is of some interest to compare our estimate of the cosmic
metal budget with others. Peeples et al. (2014), by performing a
detailed evaluation of the metal yields for different sources and
elements at z ∼ 0, estimate the fraction of metals in stars, for
stellar masses ranging from 109 M� to 3×1011 M�, to be between
10% and 40% (see their Fig. 5). Recently, Sanders et al. (2023)
found a similar result at z ∼ 2 albeit with a somewhat improved
statistics. Quite remarkably, these estimates are consistent with
ours, which is based on an entirely independent approach and
focuses on one element only, namely, Fe.

Péroux & Howk (2020), by adopting the yields derived by
Peeples et al. (2014), came up with an estimate of the fraction of
one-half for the metal content in stars (see their Fig. 9), which is
more than twice the value inferred by Peeples et al. (2014). What
is also puzzling is that Péroux & Howk (2020) simply stated
that: “at z ∼ 0.1, half of the metals are in stars”, without pro-
viding any estimate on the uncertainties. Lehner et al. (2019), by
characterizing the metallicities and physical properties of cool,
photo-ionized gas presumably located in and around halos, esti-
mated that this gas contains no more than a few percent of the
metals expelled from galaxies. By comparing this estimate with
ours, namely, about one-half of the metals in gas in and around
low mass halos, we conclude, as other authors have done pre-
viously (e.g. Tumlinson et al. 2017; Lehner et al. 2019), that the
missing metals likely reside in a low density and high ionization
gas, which cannot be traced through optical/UV spectroscopy.
We do want to highlight that, as far as we know, this is the first
time such a conclusion has been reached on the basis of obser-
vational, albeit indirect, evidence, rather than on simulations or
theoretical considerations.

6. Future prospects

In this work we have made a connection between stellar assem-
bly in DM halos and observed properties of the Fe abundance
to derive a description of the enrichment process in apex accre-
tors. The construct we have built is simple and novel, however,
as such, it is susceptible to confirmation and, of course, falsifica-
tion. There are several lines of research worthy of further inves-
tigation and we take a look at the most promising ones below.

As discussed in Sect. 3.3 the scatter on the metal abun-
dance in the outer regions of massive clusters is smaller than
15%. This number comes from the analysis of the XCOP sam-
ple (Ghizzardi et al. 2021a); more specifically, it is a mea-
sure of the total scatter. In that paper we did not provide
an assessment of the intrinsic scatter because we estimated
that the systematic errors on our measurements could bias
it substantially. A major contributor to these systematics is
the limited knowledge of the instrumental background. Cur-
rent activities within the framework of the CHEX-MATE her-
itage program (CHEX-MATE Collaboration 2021) are leading
to a significant reduction in background associated systemat-
ics on surface brightness (Bartalucci et al. 2023) and tempera-
ture (Rossetti et al. 2024) measurements. If, as we hope, these
improvements will have an impact on abundance measurements
as well, it may be possible to revisit the XCOP cluster measure-
ments and provide an actual estimate of the scatter. This will
allow us to provide better estimates on the dispersion of param-
eters such as f?, fb, and roYFe and, in turn, to constraint the
properties of the low mass halos where the bulk of metals are
synthesized, see Sect. 3.3.
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Further progress will become possible through high resolu-
tion spectroscopy over a large (∼1 sq. deg.) solid angle, some-
thing that in the foreseeable future can only be attempted through
missions like ATHENA that combine a high-resolution spec-
trometer (XIFU, Barret et al. 2023) and a wide-field imager
(WFI, Meidinger et al. 2020). The XIFU will allow for the
thermal structure to characterized, thereby permitting the con-
struction of a detailed and largely unbiased spectral model of
the ICM. The WFI can then be used to apply such a model
to larger regions. As for current instrumentation, background
associated systematics will need to be kept under tight control
(see Molendi 2017). Unlike current instrumentation, both XIFU
(Cucchetti et al. 2018; Lotti et al. 2021) and WFI (Miller et al.
2022) have been designed from the start to maximize back-
ground reproducibility. Unfortunately, it appears that, within the
current ATHENA reformulation process, a key element in the
background characterization strategy, the Athena High Energy
Particle Monitor (AHEPaM) may be canceled. This would result
in a substantial reduction in background reproducibility impact-
ing this and many other science cases.

As discussed in Sect. 3.2, the metal abundance in less
massive systems, namely, poor clusters and groups, is known
to a lesser extent than in more massive ones. In this case,
improvements will come from a better characterization of the
foregrounds and by breaking the degeneracy between nor-
malization and L-shell derived abundance (e.g., Buote 2000;
Molendi & Gastaldello 2001). While some progress on the first
issue can be made with currently available data (Riva et al. in
prep.), the second can only be addressed through higher spec-
tral resolution observations afforded by the soon-to-be-launched
XRISM (Tashiro et al. 2018) and XIFU (Barret et al. 2023). A
key point that will have to be addressed is whether the metal
abundance profiles of groups in outer regions are flat, as those
observed in clusters, or feature a sudden and significant decre-
ment, as observed in a few systems (Lovisari & Reiprich 2019;
Sarkar et al. 2022). Flat profiles would be in agreement with the
model presented here while steeply declining ones would prob-
ably not.

Possibly the most powerful and at the same time easily tested
prediction of the model presented in this paper is the “Universal
abundance” prediction, that is that metal abundance in the out-
skirts is roughly the same for all masses and all redshifts respec-
tively above and below a given threshold. This can be tested by
comparing the abundance of local poor clusters with that of high
redshift (z ∼ 1) massive clusters.

In Sect. 5, we have shown, for the first time on the basis of
observations, that the ionized gas in and between galaxies con-
tains roughly half of all the metals in the Universe. This result
highlights the need for instruments such as XIFU (Barret et al.
2023) and the line emission mapper probe (LEM; Kraft et al.
2022) capable of performing the first direct measurements of
these metals.

From the stellar side, improved constraints on the SHMR
for centrals and satellites at z > 1 would be quite important.
As noted in Shuntov et al. (2022), current measurements of ex-
situ component are not very constraining. Better data would help
improve constraints on the enrichment process of high redshift
halos. Direct measurements of stellar mass in massive halos as
a function of redshift would also be very useful. They would
allow confirmation of the work by Chiu et al. (2018) and hope-
fully help test the limits of the simple construct we provide
here.

7. Summary

In this work, we present a construct connecting stellar assembly
in DM halos with observed properties of the Fe abundance of the
hot gas in massive systems. Our main findings may be summa-
rized as follows.

– By requiring consistency between predicted and measured
Fe abundances in massive clusters, we derive constraints on
the efficiency with which stars produce iron. This, in turn,
allows us to estimate that only between a 1/7 and 1/4 of the
Fe produced in stars is still locked within them, the bulk is
dispersed in gas.

– The similarity between metal abundance in clusters and
groups implies that gas accreted on the latter as they grow
into the former cannot be pristine. That is to say, it must
have been previously accreted and enriched in lower mass
halos, namely, of ∼1012 M�. This leads to the unavoidable
conclusion that the gas not bound to halos must have a metal
abundance that is similar to the one measured in clusters.

– Although quantities such as f? and roYFe, from which metal
abundance in massive clusters have been estimated, are cur-
rently characterized by significant measurement uncertain-
ties, the small scatter observed in the Fe abundance suggests
that they too must be characterized by a modest intrinsic dis-
persion. This result underscores the validity of an approach
such as ours which is based on simple equations relating pop-
ulation averaged properties.

– The small scatter in metal abundance in clusters arises from
the averaging of hundreds of independent enrichment events
originally occurring in halos with masses in the 1012 M� ,
1013 M� range.

– We provide the first explanation for the Fe abundance ver-
sus entropy anti-correlation observed in cluster and groups.
The high-entropy, low-abundance gas in the outskirts was
previously enriched in smaller halos and acquired its high
entropy as it was shock-heated during the accretion onto the
main halo. The high-metallicity, low-entropy gas originates
from the enrichment process within the progenitor and a few
other star-forming halos. This gas did not suffer shock heat-
ing, either because it was enriched in the progenitor halo or
because it was originally within the core of an accreted sub-
halo that was not shock heated by the merging process.

– Lack of redshift evolution in cluster outskirt abundance is
explained in terms of the self similarity of star formation
and the associated enrichment process over a broad redshift
range. The proportionality between stellar mass fraction and
Fe abundance, on which we base much of our work, implies
that the lack of variation of ZICM

Fe on z should also hold true
for f? on z. This has indeed been observed.

– If, as accumulating evidence suggests, mixing and conduc-
tion are heavily suppressed in clusters, we can look at abun-
dance radial profiles very much like geologists look at lay-
ers of rock. Within this framework, the absence of substan-
tial radial abundance gradients beyond core regions in mas-
sive clusters results from the lack of halo mass and redshift
dependence of the metal abundance.

– Lack of substantial abundance ratio differences between core
and circum-core regions are the consequence of the relatively
rapid expulsion of both SNcc and SNIa ejecta. Moreover,
since the metal mass at the center originates from a much
smaller number of star-forming halos then in the outskirts,
we expect the scatter in abundance ratios to decrease as we
move out from the core.
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– We provide a solution to the so called Fe conundrum,
namely, the difference between measured and predicted Fe
yield at cluster scales, by requiring that: 1) the stellar mass
fraction in massive halos is underestimated; 2) the gas mass
fraction of less massive halos (< a few 1014 M�) is also
underestimated; and 3) the yield is only marginally consis-
tent with predictions from synthesis models and SN rates and
is largely independent of halo mass.

– Several arguments suggest that the efficiency of Fe produc-
tion measured in massive halos also applies to less massive
ones. By following this approach we find that in the Uni-
verse, no more than ∼1/3 of the Fe is locked in stars, while
about 1/2 has yet to be measured. It likely resides in a tenu-
ous warm or hot gaseous medium either in or between galax-
ies.

– We highlight the connection between metal yield, universe
abundance and enrichment of the warm and hot gaseous
medium. A small yield (YFe,� ∼ 1), assumed in previous
studies, is associated to a metallicity of the Universe of ∼0.1
and the bulk of metals in stars; the larger yield (YFe,� ∼ 3−6),
which we propose, is associated to a metallicity of the Uni-
verse in the range 0.3–0.8 and the bulk of metals in warm
and hot gas.

The connection, that we have built between stellar assembly in
small mass halos and Fe abundance of apex accretors is rich
in terms of its predictive power. As such, it is susceptible to
confirmation (or, conversely, invalidation) through further obser-
vational work at X-ray and longer wavelengths. On the X-ray
side, although some progress can be made with currently avail-
able data, key measurements (particularly for groups) will only
become possible with the advent of high resolution spectrome-
ters such as those on board XRISM and ATHENA.

In closing this paper, we go back to the questions formulated
in the introduction. With respect to where the feedback-driven
self similarity comes from, the answer lies in the efficiency of
the enrichment process which, within the bounds in redshift and
halo mass that current data allows us to explore, is consistent
with being constant. With respect to the mechanism that pro-
duces constant and low scatter abundance profiles in cluster and
groups, we find that the lack of radial gradients in cluster and
group profiles is likely to be associated with the roughly constant
abundance of the accreted gas. The low scatter follows from the
large ratio between the mass of the halos under investigation and
that of those responsible for the bulk of star formation.

Acknowledgements. We are grateful to Dan Maoz, Alvio Renzini, Aurora
Simionescu and Francois Mernier for useful comments. We thank the referee for
valid suggestion that helped improve our work. S.M. thanks Nico Molendi for
the artwork. We acknowledge financial support from INAF mainstream project
No.1.05.01.86.13. We acknowledge use of the ACCEPT Archive.

References
Anders, E., & Grevesse, N. 1989, Geochim. Cosmochim. Acta, 53, 197
Andreon, S. 2012, A&A, 548, A83
Artale, M. C., Haider, M., Montero-Dorta, A. D., et al. 2022, MNRAS, 510, 399
Ascasibar, Y., & Markevitch, M. 2006, ApJ, 650, 102
Asplund, M., Grevesse, N., Sauval, A. J., & Scott, P. 2009, ARA&A, 47, 481
Baldi, A., Ettori, S., Molendi, S., et al. 2012, A&A, 537, A142
Balestra, I., Tozzi, P., Ettori, S., et al. 2007, A&A, 462, 429
Barret, D., Albouys, V., den Herder, J.-W., et al. 2023, Exp. Astron., 55, 373
Bartalucci, I., Molendi, S., Rasia, E., et al. 2023, A&A, 674, A179
Behroozi, P. S., Conroy, C., & Wechsler, R. H. 2010, ApJ, 717, 379
Behroozi, P. S., Wechsler, R. H., & Conroy, C. 2013, ApJ, 770, 57
Behroozi, P., Wechsler, R. H., Hearin, A. P., & Conroy, C. 2019, MNRAS, 488,

3143
Biffi, V., Planelles, S., Borgani, S., et al. 2018, MNRAS, 476, 2689
Blackwell, A. E., Bregman, J. N., & Snowden, S. L. 2022, ApJ, 927, 104

Bregman, J. N., Anderson, M. E., & Dai, X. 2010, ApJ, 716, L63
Buote, D. A. 2000, MNRAS, 311, 176
Cavagnolo, K. W., Donahue, M., Voit, G. M., & Sun, M. 2009, ApJS, 182, 12
CHEX-MATE Collaboration (Arnaud, M., et al.) 2021, A&A, 650, A104
Chiu, I., Mohr, J. J., McDonald, M., et al. 2018, MNRAS, 478, 3072
Chu, A., Durret, F., & Márquez, I. 2021, A&A, 649, A42
Chu, A., Sarron, F., Durret, F., & Márquez, I. 2022, A&A, 666, A54
Comparat, J., Truong, N., Merloni, A., et al. 2022, A&A, 666, A156
Contini, E. 2021, Galaxies, 9, 60
Coupon, J., Kilbinger, M., McCracken, H. J., et al. 2012, A&A, 542, A5
Coupon, J., Arnouts, S., van Waerbeke, L., et al. 2015, MNRAS, 449, 1352
Cowley, W. I., Caputi, K. I., Deshmukh, S., et al. 2018, ApJ, 853, 69
Cucchetti, E., Pointecouteau, E., Barret, D., et al. 2018, in Space Telescopes and

Instrumentation 2018: Ultraviolet to Gamma Ray, eds. J. W. A. den Herder,
S. Nikzad, & K. Nakazawa, SPIE Conf. Ser., 10699, 106994N

De Grandi, S., & Molendi, S. 2009, A&A, 508, 565
De Grandi, S., Ettori, S., Longhetti, M., & Molendi, S. 2004, A&A, 419, 7
De Grandi, S., Eckert, D., Molendi, S., et al. 2016, A&A, 592, A154
Dekel, A., & Birnboim, Y. 2006, MNRAS, 368, 2
Eckert, D., Molendi, S., Owers, M., et al. 2014, A&A, 570, A119
Eckert, D., Ettori, S., Coupon, J., et al. 2016, A&A, 592, A12
Eckert, D., Gaspari, M., Owers, M. S., et al. 2017, A&A, 605, A25
Eckert, D., Ghirardini, V., Ettori, S., et al. 2019, A&A, 621, A40
Eckert, D., Gaspari, M., Gastaldello, F., Le Brun, A. M. C., & O’Sullivan, E.

2021, Universe, 7, 142
Edwards, L. O. V., Salinas, M., Stanley, S., et al. 2020, MNRAS, 491, 2617
Ettori, S., Baldi, A., Balestra, I., et al. 2015, A&A, 578, A46
Evrard, A. E., & Henry, J. P. 1991, ApJ, 383, 95
Flores, A. M., Mantz, A. B., Allen, S. W., et al. 2021, MNRAS, 507, 5195
Freundlich, J., & Maoz, D. 2021, MNRAS, 502, 5882
Fukugita, M., & Peebles, P. J. E. 2004, ApJ, 616, 643
Gallazzi, A., Bell, E. F., Zibetti, S., Brinchmann, J., & Kelson, D. D. 2014, ApJ,

788, 72
Gastaldello, F., Simionescu, A., Mernier, F., et al. 2021, Universe, 7, 208
Ghizzardi, S., De Grandi, S., & Molendi, S. 2014, A&A, 570, A117
Ghizzardi, S., Molendi, S., van der Burg, R., et al. 2021a, A&A, 646, A92
Ghizzardi, S., Molendi, S., van der Burg, R., et al. 2021b, A&A, 652, C3
Girelli, G., Pozzetti, L., Bolzonella, M., et al. 2020, A&A, 634, A135
Greggio, L., & Renzini, A. 2011, Stellar Populations. A UserGuide from Low to

High Redshift (Wiley-VCH-Verlag)
Grylls, P. J., Shankar, F., Zanisi, L., & Bernardi, M. 2019, MNRAS, 483, 2506
Hoyle, F. 1946, MNRAS, 106, 343
Kaiser, N. 1986, MNRAS, 222, 323
Kluge, M., & Bender, R. 2023, ApJS, 267, 41
Kraft, R., Markevitch, M., Kilbourne, C., et al. 2022, arXiv e-prints

[arXiv:2211.09827]
Leauthaud, A., Tinker, J., Bundy, K., et al. 2012, ApJ, 744, 159
Leccardi, A., Rossetti, M., & Molendi, S. 2010, A&A, 510, A82
Legrand, L., McCracken, H. J., Davidzon, I., et al. 2019, MNRAS, 486, 5468
Lehner, N., Wotta, C. B., Howk, J. C., et al. 2019, ApJ, 887, 5
Lin, Y.-T., Stanford, S. A., Eisenhardt, P. R. M., et al. 2012, ApJ, 745, L3
Liu, A., Tozzi, P., Ettori, S., et al. 2020, A&A, 637, A58
Loewenstein, M. 2013, ApJ, 773, 52
Lotti, S., D’Andrea, M., Molendi, S., et al. 2021, ApJ, 909, 111
Lovisari, L., & Reiprich, T. H. 2019, MNRAS, 483, 540
Madau, P., & Dickinson, M. 2014, ARA&A, 52, 415
Mantz, A. B., Allen, S. W., Morris, R. G., et al. 2017, MNRAS, 472, 2877
Maoz, D., & Graur, O. 2017, ApJ, 848, 25
Maraston, C. 2005, MNRAS, 362, 799
McDonald, M., Bulbul, E., de Haan, T., et al. 2016, ApJ, 826, 124
Meidinger, N., Albrecht, S., Beitler, C., et al. 2020, SPIE Conf. Ser., 11444,

114440T
Mernier, F., & Biffi, V. 2022, in Handbook of X-ray and Gamma-ray

Astrophysics, eds. C. Bambi & A. Santangelo, (Springer Living Reference
Work) 12

Mernier, F., de Plaa, J., Kaastra, J. S., et al. 2017, A&A, 603, A80
Miller, E. D., Grant, C. E., Bautz, M. W., et al. 2022, J. Astron. Telesc. Instrum.

Syst., 8, 018001
Mitchell, P. D., & Schaye, J. 2022, MNRAS, 511, 2600
Molendi, S. 2017, Exp. Astron., 44, 263
Molendi, S., & Gastaldello, F. 2001, A&A, 375, L14
Molendi, S., & Pizzolato, F. 2001, ApJ, 560, 194
Molendi, S., Eckert, D., De Grandi, S., et al. 2016, A&A, 586, A32
Molendi, S., De Grandi, S., Rossetti, M., et al. 2023, A&A, 670, A104
Moster, B. P., Naab, T., & White, S. D. M. 2013, MNRAS, 428, 3121
Nandra, K., Barret, D., Barcons, X., et al. 2013, arXiv e-prints

[arXiv:1306.2307]
Nicastro, F., Krongold, Y., Fang, T., et al. 2023, ApJ, 955, L21

A88, page 17 of 18

http://linker.aanda.org/10.1051/0004-6361/202346918/1
http://linker.aanda.org/10.1051/0004-6361/202346918/2
http://linker.aanda.org/10.1051/0004-6361/202346918/3
http://linker.aanda.org/10.1051/0004-6361/202346918/4
http://linker.aanda.org/10.1051/0004-6361/202346918/5
http://linker.aanda.org/10.1051/0004-6361/202346918/6
http://linker.aanda.org/10.1051/0004-6361/202346918/7
http://linker.aanda.org/10.1051/0004-6361/202346918/8
http://linker.aanda.org/10.1051/0004-6361/202346918/9
http://linker.aanda.org/10.1051/0004-6361/202346918/10
http://linker.aanda.org/10.1051/0004-6361/202346918/11
http://linker.aanda.org/10.1051/0004-6361/202346918/12
http://linker.aanda.org/10.1051/0004-6361/202346918/12
http://linker.aanda.org/10.1051/0004-6361/202346918/13
http://linker.aanda.org/10.1051/0004-6361/202346918/14
http://linker.aanda.org/10.1051/0004-6361/202346918/15
http://linker.aanda.org/10.1051/0004-6361/202346918/16
http://linker.aanda.org/10.1051/0004-6361/202346918/17
http://linker.aanda.org/10.1051/0004-6361/202346918/18
http://linker.aanda.org/10.1051/0004-6361/202346918/19
http://linker.aanda.org/10.1051/0004-6361/202346918/20
http://linker.aanda.org/10.1051/0004-6361/202346918/21
http://linker.aanda.org/10.1051/0004-6361/202346918/22
http://linker.aanda.org/10.1051/0004-6361/202346918/23
http://linker.aanda.org/10.1051/0004-6361/202346918/24
http://linker.aanda.org/10.1051/0004-6361/202346918/25
http://linker.aanda.org/10.1051/0004-6361/202346918/26
http://linker.aanda.org/10.1051/0004-6361/202346918/27
http://linker.aanda.org/10.1051/0004-6361/202346918/28
http://linker.aanda.org/10.1051/0004-6361/202346918/29
http://linker.aanda.org/10.1051/0004-6361/202346918/30
http://linker.aanda.org/10.1051/0004-6361/202346918/31
http://linker.aanda.org/10.1051/0004-6361/202346918/32
http://linker.aanda.org/10.1051/0004-6361/202346918/33
http://linker.aanda.org/10.1051/0004-6361/202346918/34
http://linker.aanda.org/10.1051/0004-6361/202346918/35
http://linker.aanda.org/10.1051/0004-6361/202346918/36
http://linker.aanda.org/10.1051/0004-6361/202346918/37
http://linker.aanda.org/10.1051/0004-6361/202346918/38
http://linker.aanda.org/10.1051/0004-6361/202346918/39
http://linker.aanda.org/10.1051/0004-6361/202346918/40
http://linker.aanda.org/10.1051/0004-6361/202346918/41
http://linker.aanda.org/10.1051/0004-6361/202346918/42
http://linker.aanda.org/10.1051/0004-6361/202346918/43
http://linker.aanda.org/10.1051/0004-6361/202346918/43
http://linker.aanda.org/10.1051/0004-6361/202346918/44
http://linker.aanda.org/10.1051/0004-6361/202346918/45
http://linker.aanda.org/10.1051/0004-6361/202346918/46
http://linker.aanda.org/10.1051/0004-6361/202346918/47
http://linker.aanda.org/10.1051/0004-6361/202346918/48
http://linker.aanda.org/10.1051/0004-6361/202346918/49
http://linker.aanda.org/10.1051/0004-6361/202346918/49
http://linker.aanda.org/10.1051/0004-6361/202346918/50
http://linker.aanda.org/10.1051/0004-6361/202346918/51
http://linker.aanda.org/10.1051/0004-6361/202346918/52
http://linker.aanda.org/10.1051/0004-6361/202346918/53
https://arxiv.org/abs/2211.09827
http://linker.aanda.org/10.1051/0004-6361/202346918/55
http://linker.aanda.org/10.1051/0004-6361/202346918/56
http://linker.aanda.org/10.1051/0004-6361/202346918/57
http://linker.aanda.org/10.1051/0004-6361/202346918/58
http://linker.aanda.org/10.1051/0004-6361/202346918/59
http://linker.aanda.org/10.1051/0004-6361/202346918/60
http://linker.aanda.org/10.1051/0004-6361/202346918/61
http://linker.aanda.org/10.1051/0004-6361/202346918/62
http://linker.aanda.org/10.1051/0004-6361/202346918/63
http://linker.aanda.org/10.1051/0004-6361/202346918/64
http://linker.aanda.org/10.1051/0004-6361/202346918/65
http://linker.aanda.org/10.1051/0004-6361/202346918/66
http://linker.aanda.org/10.1051/0004-6361/202346918/67
http://linker.aanda.org/10.1051/0004-6361/202346918/68
http://linker.aanda.org/10.1051/0004-6361/202346918/69
http://linker.aanda.org/10.1051/0004-6361/202346918/69
http://linker.aanda.org/10.1051/0004-6361/202346918/70
http://linker.aanda.org/10.1051/0004-6361/202346918/70
http://linker.aanda.org/10.1051/0004-6361/202346918/71
http://linker.aanda.org/10.1051/0004-6361/202346918/72
http://linker.aanda.org/10.1051/0004-6361/202346918/72
http://linker.aanda.org/10.1051/0004-6361/202346918/73
http://linker.aanda.org/10.1051/0004-6361/202346918/74
http://linker.aanda.org/10.1051/0004-6361/202346918/75
http://linker.aanda.org/10.1051/0004-6361/202346918/76
http://linker.aanda.org/10.1051/0004-6361/202346918/77
http://linker.aanda.org/10.1051/0004-6361/202346918/78
http://linker.aanda.org/10.1051/0004-6361/202346918/79
https://arxiv.org/abs/1306.2307
http://linker.aanda.org/10.1051/0004-6361/202346918/81


Molendi, S., et al.: A&A, 685, A88 (2024)

Parimbelli, G., Branchini, E., Viel, M., Villaescusa-Navarro, F., & ZuHone, J.
2023, MNRAS, 523, 2263

Peeples, M. S., Werk, J. K., Tumlinson, J., et al. 2014, ApJ, 786, 54
Péroux, C., & Howk, J. C. 2020, ARA&A, 58, 363
Pratt, G. W., Arnaud, M., Maughan, B. J., & Melin, J. B. 2022, A&A, 665, A24
Rauscher, T., & Patkós, A. 2011, in Handbook of Nuclear Chemistry, eds. A.

Vértes, S. Nagy, Z. Klencsár, R. G. Lovas, & F. Rösch, 611
Renzini, A., & Andreon, S. 2014, MNRAS, 444, 3581
Rossetti, M., & Molendi, S. 2010, A&A, 510, 83
Rossetti, M., Eckert, D., Gastaldello, F., et al. 2024, A&A, in press https://
doi.org/10.1051/0004-6361/202348853

Sanders, R. L., Shapley, A. E., Jones, T., et al. 2023, ApJ, 942, 24
Saracco, P., Barbera, F. L., De Propris, R., et al. 2023, MNRAS, 520, 3027
Sarkar, A., Su, Y., Truong, N., et al. 2022, MNRAS, 516, 3068
Sheardown, A., Roediger, E., Su, Y., et al. 2018, ApJ, 865, 118
Shull, J. M., Danforth, C. W., & Tilton, E. M. 2014, ApJ, 796, 49
Shuntov, M., McCracken, H. J., Gavazzi, R., et al. 2022, A&A, 664, A61
Sun, M., Jones, C., Forman, W., et al. 2007, ApJ, 657, 197

Tashiro, M., Maejima, H., Toda, K., et al. 2018, in Proc SPIE, 10699, 1069922
Tinker, J., Kravtsov, A. V., Klypin, A., et al. 2008, ApJ, 688, 709
Tumlinson, J., Peeples, M. S., & Werk, J. K. 2017, ARA&A, 55, 389
van de Voort, F., Schaye, J., Booth, C. M., Haas, M. R., & Dalla Vecchia, C.

2011, MNRAS, 414, 2458
van der Burg, R. F. J., Hoekstra, H., Muzzin, A., et al. 2015, A&A, 577, A19
van Uitert, E., Cacciato, M., Hoekstra, H., et al. 2016, MNRAS, 459, 3251
Weaver, J. R., Davidzon, I., Toft, S., et al. 2023, A&A, 677, A184
Werner, N., Urban, O., Simionescu, A., & Allen, S. W. 2013, Nature, 502,

656
Wright, R. J., Lagos, C., & d. P., Power, C., & Mitchell, P. D., 2020, MNRAS,

498, 1668
Zahid, H. J., Kudritzki, R.-P., Conroy, C., Andrews, B., & Ho, I. T. 2017, ApJ,

847, 18
Zhang, Y., Yanny, B., Palmese, A., et al. 2019, ApJ, 874, 165
Zhuravleva, I., Churazov, E., Schekochihin, A. A., et al. 2019, Nat. Astron., 3,

832
Zu, Y., & Mandelbaum, R. 2015, MNRAS, 454, 1161

A88, page 18 of 18

http://linker.aanda.org/10.1051/0004-6361/202346918/82
http://linker.aanda.org/10.1051/0004-6361/202346918/83
http://linker.aanda.org/10.1051/0004-6361/202346918/84
http://linker.aanda.org/10.1051/0004-6361/202346918/85
http://linker.aanda.org/10.1051/0004-6361/202346918/86
http://linker.aanda.org/10.1051/0004-6361/202346918/87
http://linker.aanda.org/10.1051/0004-6361/202346918/88
https://doi.org/10.1051/0004-6361/202348853
https://doi.org/10.1051/0004-6361/202348853
http://linker.aanda.org/10.1051/0004-6361/202346918/90
http://linker.aanda.org/10.1051/0004-6361/202346918/91
http://linker.aanda.org/10.1051/0004-6361/202346918/92
http://linker.aanda.org/10.1051/0004-6361/202346918/93
http://linker.aanda.org/10.1051/0004-6361/202346918/94
http://linker.aanda.org/10.1051/0004-6361/202346918/95
http://linker.aanda.org/10.1051/0004-6361/202346918/96
http://linker.aanda.org/10.1051/0004-6361/202346918/97
http://linker.aanda.org/10.1051/0004-6361/202346918/98
http://linker.aanda.org/10.1051/0004-6361/202346918/99
http://linker.aanda.org/10.1051/0004-6361/202346918/100
http://linker.aanda.org/10.1051/0004-6361/202346918/101
http://linker.aanda.org/10.1051/0004-6361/202346918/102
http://linker.aanda.org/10.1051/0004-6361/202346918/103
http://linker.aanda.org/10.1051/0004-6361/202346918/104
http://linker.aanda.org/10.1051/0004-6361/202346918/104
http://linker.aanda.org/10.1051/0004-6361/202346918/105
http://linker.aanda.org/10.1051/0004-6361/202346918/105
http://linker.aanda.org/10.1051/0004-6361/202346918/106
http://linker.aanda.org/10.1051/0004-6361/202346918/106
http://linker.aanda.org/10.1051/0004-6361/202346918/107
http://linker.aanda.org/10.1051/0004-6361/202346918/108
http://linker.aanda.org/10.1051/0004-6361/202346918/108
http://linker.aanda.org/10.1051/0004-6361/202346918/109

	Introduction
	Baryon assembly
	Stellar mass function
	Linking star formation to halo assembly
	Metal production and dispersal
	Stellar mass assembly & enrichment from an apex accretor perspective

	Connecting star forming halos to apex accretors
	Massive halos
	Intermediate halos
	Scatter
	Redshift evolution
	Entropy vs. abundance anti-correlation
	Entropy stratification
	Abundance ratios

	The missing stellar mass problem
	A metal budget for the Universe
	Future prospects
	Summary
	References

