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ABSTRACT. The baryonic composition of galaxy clusters and groups is dominated by a hot, X-ray
emitting Intra-Cluster Medium (ICM). The mean metallicity of the ICM has been found to be roughly
0.3 + 0.5 times the solar value, so a large fraction of this gas cannot be of purely primordial origin.
Indeed, the distribution and the amount of metals in the ICM is a direct consequence of the past history
of star formation in the cluster galaxies and of the processes responsible for the injection of enriched
material into the ICM. We here briefly summarize current views on the chemical enrichment, focusing
on the observational evidence in terms of metallicity measurements in clusters, spatial metallicity
distribution and evolution, and expectations from future missions.
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1. INTRODUCTION

In recent decades a strong effort has been made to
shed light on the metal enrichment processes in galaxy
clusters, but although interesting results have been
obtained we are still far from a full understanding of
the enrichment history of these clusters.

Thanks to their deep potential wells, galaxy clus-
ters and groups retain most of the gas released by the
member galaxies, making them excellent laboratories
for the study of the metal enrichment. The accumula-
tion of the enriched material in clusters can be used
as a probe of: a) the source of metals; b) the mech-
anisms that injected the elements into ICM; ¢) the
different importance of various classes of SNe; d) the
star formation history of the Universe. In this context,
the study of galaxy groups is of extreme importance,
because low mass systems are the most effective en-
vironment for the conversion of baryons into stars
(e.g. [10)).

All elements apart from Hydrogen and Helium have
been synthesized by the stars, which reside mainly
in galaxies. In particular, C and N are produced by
intermediate mass stars, O, Ne, Mg are mainly pro-
duced by core-collapse SNe, and Fe and Ni by SN Ia.
The intermediate a-elements (e.g. Si, S, Ca, Ar) are
produced by both SNe in similar proportions, so the
relative ratio between these elements can provide infor-
mation about the Initial Mass Function (IMF) shape.
Most of the metals that we observe have been pro-
duced within the galaxies, and later they have been
transported by various interaction processes from the
galaxies to the ICM. There is not a single mechanism
that always dominates the enrichment, and the effi-

ciencies of the processes vary strongly with galaxy
and environmental properties. A list of the proposed
processes is the following: ram-pressure stripping [12],
galactic winds [6], AGN outflows [7], galaxy—galaxy in-
teractions (e.g. [I1]), intra-cluster supernovae (e.g. [9])
and gas sloshing (e.g. [I8]). This list is certainly not
complete, and further processes may also contribute
in a small fraction to the metal enrichment of the
ICM.

Simulations show that all these processes yield
abundance distributions with many inhomogeneities
that are not dispersed immediately but are gradually
spread out (see [20] for a review). Different processes
yield different metal distributions and different time
dependences of the enrichment. For example, ram-
-pressure stripping is more efficient at low redshifts
and in the center of the clusters, where the densities of
the ICM and the galaxy velocity are higher. However,
galactic winds are suppressed in the regions of high
density.

X-ray spectra are the only measure for the metal-
licity of the ICM, and can hence give information on
the origin of the metals in the clusters. With the
first generation of satellites (e.g. ASCA, BeppoSAX),
it was just possible to determine the azimuthally av-
eraged metallicity profiles. However, thanks to the
high quality of the X-ray observations from of the
current generation of satellites it is now also possible
to measure in detail the 2D distribution of the metals
in the ICM.
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FicUure 1. Radial metallicity profiles for 20 galaxy
groups with k7" < 3keV (Lovisari et al. in prep.).
Abundances are expressed in [1] solar values and radii
in units of Rso0.

2. RADIAL PROFILES

There is a general consensus that the metal distribu-
tion peaks in the center of cool-core clusters, while
beyond ~ 0.2R.;, the metallicity is consistent with
being flat, similar to the distribution of non cool-core
systems (e.g. [4]). This flattening seems to hold even
out to Ryiy [8]. The mean profiles agree well among dif-
ferent instruments (i.e. XMM, Chandra, BeppoSAX,
see [I3]). Since it is expected that the metals in the
ICM originate from stars in galaxies, one would expect
the abundance profiles to follow the c¢D light profile.
However, the light profiles are much steeper than the
metal profiles, suggesting that there must be a mixing
of the injected metals, a process which may help to
diffuse them to larger radii (e.g. [I7]).

The abundance profiles of massive clusters have
received considerable attention, while the situation in
the low mass regime is much less clear, despite their
greater importance for the cosmic baryon and metal
budgets. In Fig. [I| we show the radial metallicity
profiles for a sample of galaxy groups (kT < 3keV,
Lovisari et al. in prep.). The profiles have a large
scatter, especially at large radii, but they show a
universal decrease with radius similar to the decrease
observed for massive clusters (see [13]). Although, the
overall mean metallicity is ~ 0.3, as for hot clusters,
and the profiles peak in the center, as for the cool
core systems, the abundance at large radii is lower
than in massive objects and the intrinsic scatter is
most prominent in the core, where non-gravitational
processes are expected to be important.

3. 2D DISTRIBUTION

Metal profiles are useful for studying central enhanced
metallicities due to cool cores or cD galaxies, on the
one hand, and the overall decrease with radius, on
the other. The profiles, however, fail to detect the
local inhomogeneities of the metals, so a detailed
metal map scan would be even more instructive than
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FIGURE 2. Metallicity map of the AWM4 galaxy group,
based on spectra extracted from a region centered on,
but larger than, the pixels themselves (Lagand et al.,
in prep.). Although they are not independent, the
map can be used for a qualitative study. The colors
range from blue (~ 0.2Zy) to red (~ 0.9Z5).

the radial profiles. Although it is not easy to de-
rive them, because a lot of photons are required, it
was possible to derive detailed metallicity maps for
several objects (e.g. [14] [15] 19} 2T], 22]). The metal-
licity distribution appears very inhomogeneous for all
the analyzed clusters, even the relaxed clusters, with
high metallicity clumps both in the center and in the
outskirts (e.g. [I5]). Several maxima that are not as-
sociated with the cluster center are usually visible in
the metallicity distribution. Simulations suggest that
these maxima are typically in places where galaxies
just have lost a lot of gas. The range of metallicities
measured in a cluster from minimum to maximum
comprises a factor of at least two or three. The spa-
tial distribution of metals in groups shows a similar
non-spherical symmetric distribution as in the clus-
ters (see Fig. 2, Lagand et al. in prep.) suggesting
that the same mechanisms are acting at all the mass
scales, although their efficiency can deviate for differ-
ent masses.

4. EVOLUTION

In addition to the metal distribution, also the evolu-
tion of the metallicity is also interesting. The com-
parison of the metallicity values between local and
high redshift clusters can help to distinguish between
the enrichment processes, as different processes have
individual time dependences. Furthermore, the ob-
served evolution of metal abundances can trace the
star formation rate and the element ratios, e.g. the
ratio of Fe and o-elements can be used to obtain infor-
mation on the different types of supernovae that have
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FIGURE 3. Measured abundance as a function of

redshift for a sample of 39 clusters, including the
emission from the whole cluster at R < Rsoo (top)
and excising the core (bottom). The error bars in Z
are at 1o, while the shaded areas show the weighted
mean of the abundance, with its error (blue) and rms
dispersion (cyan) in three redshift bins. Although the
data are consistent with the no evolution scenario,
there is some hint of evolution. Figure adopted from
Baldi et al. [2].

contributed to the metal enrichment. It is challenging
to measure metal abundances in distant clusters, is
challenging, and it requires very high quality data.
Only a handful of works (e.g. [2, B]) have tackled the
evolution of metal abundance in the ICM, and the
situation remains very clear. Balestra et al. [3] found
that the metal abundance changes by a factor of 2
between redshift zero and ~ 1.3. A similar evolu-
tion of metal abundance with redshift was confirmed
by Maughan et al. [I6], but recently Baldi et al. [2]
failed to find any significant abundance evolution (see
Fig. |3).

Since the photon flux is reduced at high redshift,
only the Iron-K line emission can be revealed with
the current instruments, such that global metallicity
and Iron abundance have the same meaning. As we
will discuss in the next section, it will be possible in
the near future to obtain abundance measurements
for different elements up to redshift 0.5 with Astro-H.

5. FUTURE MISSIONS

Although eROSITA is not designed for metallicity
studies, the large amount of data will enable us to
study the metal enrichment as a function of the galaxy
cluster mass and redshift. While the low exposures
of the individual clusters (a few ks) compared to the
study with the current satellites does not allow accu-
rate measurements of the metallicity, the advantage
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FIGURE 4. The relative uncertainty on the abundance
measurements as a function of redshift and masses
for a 20 ks exposure time with eROSITA. The median
values for 1000 realizations are shown, and the 68 %
errors are taken from the distributions (Borm et al. in

prep.).

of eROSITA is the very large number of objects that
will be studied. This high statistic together with the
dedicated pointed cluster follow-up data will allow
us to put constraints on the enrichment processes,
on their efficiencies and on the metal evolution with
time. In Fig.[d] we show the relative uncertainty on the
abundance measurements that we expect to obtain
with a 20 ks eROSITA observation (such exposure will
be obtained, e.g. around the poles).

On the contrary to eROSITA, one of the Astro-H
mission goals is to determines abundances of key diag-
nostic elements that are currently inaccessible because
of their low equivalent widths (i.e., N, Al, Ca, Ar) or
blended with the Fe-L shell transitions (Ne and Mg).
In particular, N is a very good diagnostic of the stellar
Initial Mass Function (IMF), while the Ca/Ar ratio is
sensitive to the Type Ia explosion mechanism [5]. For
the first time, the abundance measurements of O, Ne,
and Mg will be accurate to £10% up to z ~ 0.2 and
to £20% up to z ~ 0.4. At the same time, Fe and
Si will be determined in bright clusters with a good
accuracy even at z > 1. All these measurements to-
gether, will enable us to distinguish between different
enrichment mechanisms, to constrain models of the
IMF, and to determine key characteristics of Type la
supernovae, such as their progenitor formation, the
explosion mechanisms and their efficiency to enrich
the ICM.

6. SUMMARY

Measurements of the content, distribution and evo-
lution of the metals in the ICM provide invaluable
insights on the interactions between the different com-
ponents in clusters and about the processes that inject
enriched gas into the ICM. While the production of
metals is related to the star formation rate, their dis-
tribution is associated with many metal enrichment
mechanisms that are determined by different physical
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effects. Although the current generation of satellites
can measure the distribution of the metals in the ICM
with a relatively good accuracy, it is not known yet,
which of the processes is most efficient, what the time
variations are and how much these factors depend
on other parameters like e.g. the mass of the clus-
ter/group. The advent of Astro-H on one side and
eROSITA on the other will allow us to measure metal
abundance distributions with a very good accuracy
and their time evolution, so that we will soon get
answers on the importance of the different enrichment
processes.
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DISCUSSION

Maurice H.P.M. van Putten — In your last-but-one
slide, you mentioned your goal of identifying the type la
SNe mechanism with astro-H. Does this include identifying
their progenitors?

Lorenzo Lovisari — One of the main goals is to provide
stringent constraints on the contribution of SN explosions
to the metal enrichment of the ICM and the evolution
of the SN Ia rate, which is one of the most promising
methods for unveiling SN Ia progenitors.

James Beall — Is there an association between the
clumpiness you show in the clusters and the central AGN
jets?

Lorenzo Lovisari — The metallicity maps show a rela-
tion between the direction of highly enriched gas and the
cavity/jet angle. Furthermore, there is a strong correlation
between the power of the AGN and the maximum radius
at which a significant enhancement in metallicity has been
detected.
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