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1 INTRODUCTION

ABSTRACT

We develop amodel for the metal enrichment of the intracluster medium (ICM) that combines a
cosmological non-radiative hydrodynamical N-body/SPH (smoothed particle hydrodynamic)
simulation of a cluster of galaxies, and a semi-analytic model of galaxy formation. The novel
feature of our hybrid model is that the chemical properties of the diffuse gas in the underlying
simulation are dynamically and consistently generated from stars in the galaxies. We follow
the production of several chemical elements, provided by low- and intermediate-mass stars,
core collapse and Type Ia supernovae. We analyse the spatial distribution of metals in the ICM,
investigate the way in which the chemical enrichment proceeds and use iron emissivity as a
tracer of gas motions. The similar abundance patterns developed by O and Fe indicate that both
types of supernovae pollute the ICM in a similar fashion. Their radial abundance profiles are
enhanced in the inner 100/ ~! kpc in the last Gyr because of the convergence of enriched gas
clumps to the cluster centre; this increment cannot be explained by the metal ejection of cluster
galaxies which is quite low at the present epoch. Our results support a scenario in which part
of the central intracluster gas comes from gas clumps that, in the redshift range of z ~ 0.2 to
0.5, have been enriched to solar values and are at large distances from the cluster centre (from
~1to 6 h~' Mpc) moving at very high velocities (from ~1300 to 2500 km s~!). The turbulent
gas motions within the cluster, originated in the inhomogeneous gas infall during the cluster
assembly, are manifested in emission-weighted velocity maps as gradients that can be as large
as ~1000kms~! over distances of a few hundred kpc. Gradients of this magnitude are also
seen in velocity distributions along sightlines through the cluster centre. Doppler shifting and
broadening suffered by the Fe K,, 6.7-keV emission line along such sightlines could be used
to probe these gas large-scale motions when they are produced within an area characterized
by high iron line emissivity.
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shows considerable substructure, as revealed by high-resolution
simulations that follow cluster assembly (e.g. Springel et al. 2001
and references therein). These substructures are the surviving rem-

Clusters of galaxies are the largest virialized objects in the Universe.
Within the hierarchical structure formation scenario of the cold dark
matter (CDM) model, they arise from the rare highest peaks of the
initial density perturbation field. During cluster assembly, the dis-
sipative gas component is shock heated by the potential well of the
cluster, reaching very high temperatures (I ~ 1078 K). This hot and
diffuse gas radiates energy through thermal bremsstrahlung in the
X-ray band of the electromagnetic spectrum. The gravitationally
dominating collisionless dark matter component on the other hand
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nants of dark matter haloes that have fallen in at earlier times, and
plausibly mark the location of the cluster galaxies.

X-ray observations have first revealed the presence of hot gas
trapped in the potential well of galaxy clusters and provide a wealth
of information about the dynamical, thermal and chemical proper-
ties of clusters. A strong feature in their spectra is the presence of
line emission produced by highly ionized iron, mainly, the H- and
He-like iron lines at 6.9 and 6.7 keV. The content of iron in the intra-
cluster medium (ICM) is approximately one-third of the solar value
(Fukazawa et al. 1998; Ettori, Allen & Fabian 2001), suggesting
that some of its hot gas must have originated in the galaxies that
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reside in the cluster. The processes considered for the supply of
this enriched gas include galactic winds driven by supernovae ex-
plosions (White 1991; Renzini 1997), ram-pressure stripping (Mori
& Burkert 2000), early enrichment by hypernovae associated with
population type III stars (Loewenstein 2001) and intracluster stars
(Zaritsky, Gonzalez & Zabludoff 2004).

Spatially resolved maps of the temperature and metal abundance
distributions in the ICM have been obtained by X-ray surveys car-
ried out with ROSAT, ASCA, BeppoSAX (Finoguenov, David &
Ponman 2000; De Grandi & Molendi 2001; Finoguenov, Arnaud &
David 2001), and more recently with XMM-Newton and Chandra
(Finoguenov et al. 2002; Gastaldello & Molendi 2002; Sanders &
Fabian 2002; Matsushita, Finoguenov & Bohringer 2003; Tamura
et al. 2004). As a result, abundance profiles of several chemical
species with different origins have been obtained, namely for O
and Si generated by core collapse supernovae (SNe CC) and Fe,
mainly produced by Type Ia supernovae (SNe Ia). These profiles
reflect physical mixing processes in the baryonic component due
to gas cooling, star formation, metal production and energetic and
chemical feedback, all coupled to the hierarchical build up of the
galaxies and the clusters. These observations can therefore be very
valuable for constraining models of galaxy formation and chemical
enrichment of the ICM, allowing to evaluate the relative importance
of different types of supernovae for metal pollution. The spatial
distribution of metals obtained from models of the ICM chemical
enrichment can be analysed by constructing X-ray weighted metal
maps which trace the interactions between the ICM and cluster
galaxies; thus, when they are compared with observed metal maps,
they provide information about the mechanisms involved in the en-
richment process and may reveal the dynamical state of a galaxy
cluster (Domainko et al. 2005; Kapferer et al. 2006).

X-ray observations also provide important information about the
dynamics of the intracluster gas through radial velocity measure-
ments in clusters (Dupke & Bregman 2001), allowing in principle
further tests of structure formation models. Gaseous bulk flows af-
fect the characteristics of X-ray spectra of the ICM by Doppler
broadening and shifting of emission lines. The prominent Fe K,
6.7-keV iron emission line present in X-ray spectra of galaxy clus-
ters could be used as a tracer of these motions. This possibility was
evaluated by Sunyaev, Norman & Bryan (2003), who showed that
future X-ray missions like CONSTELLATION-X and XEUS, with
an energy resolution of a few eV, should be able to detect several
Doppler-shifted components of this emission line in the core of the
cluster.

All this wealth of data calls for a theoretical interpretation of the
ICM chemical enrichment in the framework of a detailed cluster for-
mation model. The approaches used so far to this end include semi-
analytic models of galaxy formation coupled to N-body simulations
of galaxy clusters (De Lucia, Kauffmann & White 2004, hereafter
DLO04; Nagashima et al. 2005), hydrodynamical simulations of clus-
ter formation which include, self-consistently, star formation, SNe
feedback and metal enrichment from SNe CC and Ia (e.g. Valdarnini
2003; Tornatore et al. 2004), and an intermediate approach that com-
bines N-body and hydrodynamic simulations together with a phe-
nomenological galaxy formation model and a prescription of the
effect under study, such as galactic winds and merger-driven star-
bursts (Kapferer et al. 2006) and ram-pressure stripping (Domainko
et al. 2005; Schindler et al. 2005). In this work, we present a dif-
ferent intermediate approach which combines a cosmological non-
radiative hydrodynamical N-body/smoothed particle hydrodynamic
(SPH) simulation of a cluster of galaxies with a semi-analytic model
of galaxy formation. The simplicity of the semi-analytic model has
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the advantage of reaching a larger dynamic range than fully self-
consistent hydro-simulations at a far smaller computational cost. In
particular, it allows us to more easily explore the range of parameters
that characterize appropriate chemical enrichment models.

The long cooling time of the bulk of the gas in rich clusters justi-
fies the assumption of a non-radiative gas (Evrard 1990; Frenk et al.
1999). However, this time-scale becomes smaller than the Hubble
time in the core of the cluster, where the densities are higher. Here is
where the semi-analytic model plays an important part, taking into
account radiative cooling, and models for star formation, chemical
enrichment and energetic feedback from galaxies. The semi-analytic
model used here is based on previous works (Springel et al. 2001;
DLO04), but was extended with a new chemical implementation that
tracks the abundance of different species resulting from mass loss
through stellar winds of low-, intermediate- and high-mass stars,
and from the explosions of SNe CC and SNe Ia. The principal new
feature of our model is, however, the link between semi-analytic
model results and the chemical enrichment of gas particles in the
underlying N-body/SPH simulation. We pollute gas particles with
metals ejected from the galaxies, consistent with the modelling of
the semi-analytic model. These metals are then carried around and
mixed by the hydrodynamic processes during cluster formation.
Thus, we are not limited to an analysis of mean chemical properties
of the intracluster gas, like in the original model of DL0O4. Instead,
the enrichment of gas particles allows a study of the spatial distri-
bution of metals in the ICM, and to use iron emissivity as a tracer
of gas motions.

The aim of our model is, on one hand, to understand the way
in which the chemical enrichment patterns characterizing the intr-
acluster gas develop, and, on the other hand, to detect the imprints
of gas bulk motions in the shape of X-ray emission lines, thus pro-
viding guidance for the interpretation of future spectroscopic X-ray
data. The first part of the present study is therefore devoted to an
analysis of chemical enrichment of the ICM, focusing on the spa-
tial distribution of different chemical elements. In a second part, we
analyse the link between the occurrence of multiple components in
the Fe K, 6.7-keV emission line and the range of velocities of the
gas that generates this emission. This is directly relevant to the ques-
tion whether metal emission-line-weighted (EW) velocity maps of
the cluster could be used to infer the spatial coherence of these bulk
motions. Gathering all the information available in the form of pro-
jected maps and detailed spectra along the lines of sight through the
ICM, we are able to extend the information in a two-dimensional
picture provided by observed projected distributions of gas tem-
perature, abundances and surface brightness to a three-dimensional
picture of the ICM properties.

This paper is organized as follows. Section 2 describes our hybrid
model used to study the ICM chemical enrichment, summarizes the
properties of the hydrodynamical simulation used and presents the
main features of the semi-analytic model. Section 3 contains the de-
tails of the chemical model implemented in the semi-analytic model.
It also describes the way in which metals released by stellar mass
losses and supernovae explosions are spread among gas particles
of the N-body/SPH simulation. In Section 4, we fix the parameters
that characterize our version of the semi-analytic model and com-
pare its results with local observations. The following three sections
present the main results of this work. Section 5 gives the radial abun-
dance profiles of different chemical elements, comparing them with
observations. In Section 6, we visualize the thermodynamical and
chemical properties of the ICM by projecting the corresponding
mass-weighted (MW) or EW related quantities. These two tech-
niques (radial profiles and projected maps) are used to analyse the
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history of the ICM chemical enrichment as well as the dynamical
evolution of the intracluster gas, as discussed in Section 7. Section 8
describes the use of Fe K, 6.7-keV emission line as a probe of the
ICM dynamics. Finally, in Section 9, we present a summary and
discussion of our results.

Throughout this paper, we express our model chemical abun-
dances in terms of the solar photospheric ones recently recalibrated
by Asplund et al. (2005). When necessary, we refer the chemical
abundances obtained in different observational works to these stan-
dard solar values.

2 HYBRID MODEL OF THE ICM CHEMICAL
ENRICHMENT

Our hybrid model for studying the chemical enrichment of the ICM
consists of acombination of a non-radiative N-body/SPH simulation
of a galaxy cluster and a semi-analytic model of galaxy formation.
Dark matter haloes and substructures that emerge in the simulation
are tracked by the semi-analytic code and are used to generate the
galaxy population (Springel et al. 2001). The key additional com-
ponent of our model is that we also use the diffuse gas component
of the hydrodynamical simulation to follow the enrichment process.
By enriching the gas particles locally around galaxies, we can ac-
count for the spreading and mixing of metals by hydrodynamical
processes, thereby obtaining a model for the evolution of the spatial
distribution of metals in the ICM. This in turn allows a more detailed
analysis of the ICM metal enrichment than possible with previous
models based on semi-analytic techniques (Kauffmann & Charlot
1998; DL04). In this section, we provide a detailed description of
both parts of the modelling.

2.1 Non-radiative N-body/SPH cluster simulation

In the present study, we analyse a non-radiative hydrodynam-
ical simulation of a cluster of galaxies. The cluster was se-
lected from the German—Israeli Foundation for Scientific Re-
search (GIF) ACDM model (Kauffmann et al. 1999), character-
ized by cosmological parameters 2, = 0.3,82, = 0.7 and Hy =
100 A km s~ Mpc™!, with 4 = 0.7; it has spectral shape I' = 0.21,
and was cluster-normalized to g = 0.9. The second most mas-
sive cluster in this parent cosmological simulation (of mass M ,;; =
8.4 x 10™ 57! M) was resimulated with higher resolution in the
Lagrangian region of the object and its immediate surroundings
(Springel et al. 2001), with a number, Ngg = 1999978, of high-
resolution particles. Within this region, each particle was split into
dark matter (mpy = 1.18 x 10° 27! M) and gas (m4,, = 1.82 x
108 171 M) according to §2, = 0.04 and Qpy = 0.26, consistent
with the baryon density €2p4? = 0.02 required by big bang nucle-
osynthesis constraints. However, the identification of dark matter
haloes for the semi-analytic model was based only on the dark matter
particles, with their mass increased to its original value. The bound-
ary region, where mass resolution degrades with increasing dis-
tance from the cluster, extends to a total diameter of 141.3 2! Mpc.
The simulation was carried out with the parallel tree N-body/SPH
code GADGET (Springel et al. 2001; Springel 2005). The starting
redshift and the gravitational softening length are zy,; = 50 and
& = 3.0 h ™! kpc, respectively. We note that this simulation did not
include gas cooling. This is a reasonable approximation for cluster
simulations since the bulk of the halo gas has very long cooling
times. However, the cooling time becomes shorter than the age of
the Universe in a central region with radius ~100-200 kpc, from
where the bulk of X-ray radiation is emitted (Sarazin 1986).

2.2 Semi-analytic model of galaxy formation

The properties of galaxies in the semi-analytic model are determined
by the included physical processes. We consider the effects of cool-
ing of hot gas due to radiative losses, star formation, feedback from
supernovae explosions, metal production and merging of galaxies.
Except for the metal production, the parametrization of these phys-
ical processes corresponds to the model described by Springel et al.
(2001). However, we modified the model to track the enrichment
cycle of metals between the different baryonic components of the
haloes, i.e. cold gas, hot diffuse gas and stars, in the most consistent
way possible within our framework. Our specific chemical imple-
mentation is similar to the semi-analytic model discussed by DL04.
In the present work, we refine the chemical enrichment prescription
of DLO4 by tracking the mass evolution of different chemical ele-
ments as provided by three kinds of sources: low- and intermediate-
mass stars, SNe CC and SNe Ia. The first group of sources yields
metals through mass losses and stellar winds. In the following, we
briefly summarize the details of the semi-analytic code. In Section 3,
we then describe the new chemical implementation we introduce in
this work.

Based on the merging trees, the mass of hot gas is calculated at
the beginning of the evolution between consecutive outputs of the
simulation. We assume that the hot gas always has a distribution that
parallels that of the dark matter halo, whose virial mass changes from
one output to another due to the hierarchical growth of structure.
Once a fraction of hot gas has cooled and star formation and feedback
processes are triggered, the mass of hot gas is given by

Mhot = fb Mvir - Z I:Ms(:e)llar +Mc(:;)1dj|’ (1)
where M .;; is the virial mass of the dark matter halo, M, is the mass
of the hot gas associated with it, and M gep., and M .4 are the masses
of stars and cold gas of each galaxy contained in the halo. The virial
mass is given by M ,;, = 100 H? R3,_/G. This is the mass enclosed
by the virial radius R, which is defined as the radius of a sphere
with mean density 200 p centred on the most bound particle of
the group. Here, oy is the critical density. The virial velocity is
given by V%ir = GM ;i /R ;.

The mass of hot gas that cools at each snapshot is given by the
cooling rate

dM, cool 2 dr cool
dr cool dr
where p, is the density profile of an isothermal sphere that has been
assumed for the distribution of hot gas within a dark matter halo,
and 7. 18 the cooling radius. The local cooling time is defined
as the ratio of the specific thermal energy content of the gas and
the cooling rate per unit volume A(7, Z). The latter depends quite
strongly on the metallicity Z of the hot gas and the temperature
T =35.9(V;,/kms™!) of the halo, and is represented by the cooling
functions computed by Sutherland & Dopita (1993).

The star formation rate (SFR) is given by

dM, * aM cold
= =
dr Tom

; 2

= 4dmp,r

; 3

where Zi;n =0.1 Ryi;/V 4 is the dynamical time of the galaxy, and «
is adimensionless parameter that regulates the efficiency of star for-
mation. We adopt the variable star formation efficiency introduced
by DL04 that depends on the properties of the dark halo, «(V ;) =
ao(Vir /220 km s71Y?, with ¢ and 7 as free parameters.

Each star formation event generates a stellar mass AM, =
M*AT/Nsteps, where N geps = 50 are time-steps of equal size used
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to subdivide the intervals between simulation outputs, A7, and to
integrate the differential equations that describe the changes in mass
and metals of each baryonic component over these time-spans. Each
solar mass of stars formed leads to a number 7ncc of SNe CC. This
class of supernovae includes those of Types Ib/c and II, the former
being generated when the progenitor loses its hydrogen-rich enve-
lope before the explosion. Ordinary Type II explosions are the most
abundant ones however. The energy E sycc released by each SN CC
is assumed to reheat some of the cold gas of a galaxy, with a mass
of

4 nee Esnce
e
3 V2

vir

AMienear = AM,, C))
where € is a dimensionless parameter that regulates the efficiency
of the feedback process.

The fate of the reheated gas is quite uncertain. We adoptamodel in
which the transfer from the cold to the hot phase does induce galactic
outflows, i.e. the reheated mass is kept within its host halo. This
model is referred to as retention model. The resulting cycle of metal
enrichment is consistent with the way in which metals provided by
the semi-analytic model are deposited in the gas particles around
each galaxy in the underlying N-body/SPH simulation, described
in Section 3.2. The effect of other feedback schemes (ejection and
wind models) on the chemical enrichment of the ICM is discussed
by DLO0O4. They found that these three prescriptions (including the
retention model) predict a similar time evolution of the ICM metal
pollution, which mainly occurs at redshifts larger than 1. As we
show in the present study, gas dynamical processes driven during the
cluster assembly occurring at present epochs contribute significantly
to determine the spatial distribution of metals in the ICM, very likely
erasing any signature of the feedback scheme involved.

Inahierarchical scenario of structure formation, mergers of galax-
ies are a natural consequence of the accretion and merger processes
of dark matter haloes in which they reside. We directly use the sim-
ulation outputs to construct the merger histories of dark haloes. To
this end, we first identify dark haloes as virialized particle groups
by a friend-of-friend (FOF) algorithm. The SUBFIND algorithm
(Springel et al. 2001) is then applied to these groups in order to find
self-bound dark matter substructures, and the resulting set of grav-
itationally bound structures is tracked over time to yield merging
history trees.

In this subhalo scheme, we distinguish three types of galaxies
when tracking galaxy formation along the merging trees. The largest
subhalo in a FOF group hosts the ‘central galaxy’ of the group; its
position is given by the most bound particle in that subhalo. Central
galaxies of other smaller subhaloes that are contained in a FOF group
are referred to as ‘halo galaxies’. The (sub)haloes of these galaxies
are still intact after falling into larger structures. The third group
of galaxies comprises ‘satellite’ galaxies. This type of galaxies is
generated when two subhaloes merge and the galaxy of the smaller
one becomes a satellite of the remnant subhalo. These galaxies are
assumed to merge on a dynamical time-scale with the halo—galaxy
of the new subhalo they reside in (Springel et al. 2001; DL04). In
these previous versions of the semi-analytic model, satellite galaxy
positions were given by the most-bound particle identified at the
last time they were still a halo galaxy. In the present work, we
instead assume a circular orbit for these satellite galaxies with a
velocity given by the virial velocity of the parent halo and decaying
radial distance to the corresponding central galaxy. This provides
a more robust estimate of the position of satellite galaxies, consis-
tent with the dynamical friction formula used (Binney & Tremaine
1987).
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With respect to the spectro-photometric properties of galaxies,
we apply the calculations made by DL04, considering evolutionary
synthesis models that depend on the metallicity of the cold gas from
which the stars formed (Bruzual & Charlot 1993). Our morpholog-
ical classification of galaxies is based on the criterion adopted by
Springel et al. (2001), who used ‘shifted’ values of the Hubble-type
T of galaxies to obtain a good morphology density relation. Thus,
we classify those with 0 < 7' < 5 as SO galaxies, and as elliptical and
spirals galaxies those with lower and higher values, respectively.

3 CHEMICAL IMPLEMENTATION

One of the main aims of this work is to reach a better understanding
of how the chemical enrichment of the ICM proceeds by establishing
a connection between the spatial distribution of several properties of
the ICM, such as surface mass density, temperature, X-ray surface
brightness and chemical abundances.

Recent observations of radial abundance profiles of different
elements (Finoguenov et al. 2000; De Grandi & Molendi 2001;
Gastaldello & Molendi 2002; De Grandi et al. 2003; Tamura et al.
2004) provide valuable constraints on the physical processes in-
volved, especially those related to the feedback mechanisms that
inject metals into the diffuse phase. The available observational
data call for a model that can explain the spatial distribution of
different chemical elements. Thus, it is essential to implement a
chemical model that takes into account several different elements,
and discriminates between different sources, such as SNe CC and
SNe Ia.

In our model, information about the spatial distribution of the
ICM properties can be obtained from the gas particles in the hydro-
simulation. However, the non-radiative simulation used only give the
thermodynamic properties of the diffuse hot gas. In order to obtain
the chemical properties of gas particles, we have to establish a link
between the chemical implementation in the semi-analytic model
and the metal enrichment of the gas particles. In the following, we
will first describe in detail how we model the enrichment cycle
of metals among the different baryonic components in the semi-
analytic model, and then explain how these quantities are tied to the
gas dynamics in the simulation.

3.1 Enrichment cycle of chemical elements
in the semi-analytic model

In our model, stars can contaminate the cold and hot gas because
of mass loss during their stellar evolution and metal ejection at the
end of their lives. The hot gas has primordial abundances initially
(76 per cent of hydrogen and 24 per cent of helium), but becomes
chemically enriched as a result of the transfer of contaminated cold
gas to the hot phase due to reheating by supernovae explosions. This
chemical enrichment has a strong influence on the amount of hot
gas that can cool, since we are using metal-dependent cooling rates.
This process in turn influences the star formation activity which is
ultimately responsible for the chemical pollution.

Our semi-analytic model considers mass losses by stars in differ-
ent mass ranges, from low- and intermediate-mass stars to quasi-
massive and massive stars, taking into account stellar lifetimes. Mas-
sive stars give rise to SNe CC. Ejecta from SNe Ia are also included.
The cold gas component of each galaxy becomes gradually more
chemically contaminated as star formation proceeds and, conse-
quently, new stars that are formed are progressively more metal
rich. This fact calls for the use of metallicity-dependent stellar
yields. However, variations of yields with stellar metallicities are
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very small, so we only consider the mass dependence of stellar
yields. We adopt yields of different chemical elements estimated
for stars with solar heavy element abundance.

Thus, for each stellar mass AM 4 formed, we determine the frac-
tion of mass of stars contained in a given mass range by assuming
an initial mass function (IMF) ®(M). The mass of chemical element
Jj ejected by stars with masses in the range centred in »1,, with lower
and upper limits m. and m}, is given by
AMY = [R. X7 +Y/1AM,, 3)
where X/ is the solar abundance of element j, and R, and Yi are the
recycled fraction and the yield of element j for the kth mass range,
respectively. The recycled fraction is given by

u

T
R, = / S(M)r,dM,

1

&

with 7, defined as the difference between the mass m, of the star
at birth and its remnant mass after mass loss due to stellar winds
and/or supernova explosions. The yield of chemical element j newly
formed is

Y] = / ' O(M) pldM,
m

where pf{ is the stellar yield of a chemical element j produced by
a star with mass in the range centred around m,. The variable j
may refer to H, He or chemical species with atomic number larger
than 2. )

The mass of species j ejected by each SN Ia is labelled m{,. In this
case, we are dealing with the total mass ejected because this type of
supernovae leaves no remnants, thus

AMg,, = i, mi, AM,, (©6)

where 51, is the number of SNe Ia per stellar mass formed in the
mass interval k, which depends on the model adopted for this type
of SNe. Note that SNe Ia do not contribute to H or He, hence M éj(la)k
is zero when referring to these two chemical elements.

The transport of different chemical species between hot gas, cold
gas and stars can be expressed as variation of the mass of the chem-
ical element j present in each baryonic component, namely

AM}{m = _AMcoolAﬁol + AMreheatAgolw (7)

AMc{old = +AMcoolAﬁm - AM*Agold(SF) @)
+ AMejj + AMe]j(Ia) - AMreheatA{;o]dﬂ

AMsj;ellar = +AM*A£old(SF) - RAgtar AM,, )

where Aé =M é /Mg is the abundance of different chemical ele-
ments in each baryonic component, which involves the total mass of
the baryonic component Mg and the mass of species j contained in
it, Mé. The suffix B may refer to hot gas, cold gas or stars; A’ cold(SF)
denotes the abundance of the element ; in the cold gas at the time
of birth of AM x. The above set of equations takes into account the
accumulated contribution of different mass ranges that affect the
baryonic components at a given time as a result of the combination
of the SFR of each galaxy and the return time-scale of the ejecta
from all sources considered.

3.2 Injection of metals in the diffuse gas

We describe now the procedure used to distribute the chemical ele-
ments generated by the galaxies in the semi-analytic model among

the gas particles of the N-body/SPH simulation. For each snap-
shot, we identify the gas particles contained within spheres of ra-
dius 100 2! kpc centred on each galaxy. Once the set of N g, gas
particles around a given galaxy is found, we apply our chemical en-
richment model to them, based on the semi-analytic computation of
galaxy formation. The mass of chemical element j transferred to the
hot phase is evenly distributed among the set of N, gas particles
as

Amj =+ AMreheatAgol& (10)

ga N gas
This prescription arises from equation (7), which involves the hot
gas componentof the semi-analytic model. Note that the effect of gas
cooling on gas particles is suppressed in our model because of the
use of a non-radiative simulation. This process should, however, not
change the mass fraction of different species, since cooling would
reduce the mass in them proportionally to their abundances.

The increment of the masses of chemical elements in a gas par-
ticle in principle modifies its total mass. However, the mass of gas
particles does not change in the N-body/SPH simulation. Since we
are interested in the resulting chemical abundances of gas particles
after this enrichment process, we redefine the masses of species
J contained in gas particles such that their sum gives the original
mass of the gas particle m,,;, as given in the simulation, and the
mass fraction of each chemical element keeps the value reached
after the contribution given by equation (10) has been added.

The chemical elements injected into gas particles are redistributed
among neighbouring particles simulating a small-scale mixing pro-
cess. We apply a smoothing technique to the chemical properties
of the gas particles within the virial radius of the cluster, consider-
ing 32 neighbours around each of them. The radius of the sphere
containing these neighbouring particles is less than ~100 2~ kpc,
therefore the large-scale distribution of metals in the ICM is not
affected by this procedure. After smoothing, the mass of chemical
species j of particle i is given by

32
mgas,z = ngas,l/pgas,l W(rlu hz)7 (11)

=1

where m/ gas,; and p g, 7 are the mass of species j of the /th neighbour
and its density, respectively. W (r, h;) is the kernel used, r; is the
relative distance between particles and %, is the smoothing length
of particle i for which the smoothed quantity is being estimated.
The smoothing kernel is the one used for SPH calculations in the
N-body/SPH simulation (Springel, Yoshida & White 2001) that has
been obtained from a B-spline. This procedure is applied at every
output of the simulation.

4 CHARACTERISTICS OF THE
SEMI-ANALYTIC MODEL

Our semi-analytic model is characterized by several parameters that
regulate the way in which gas cooling, star formation, supernovae
feedback and galaxy mergers proceed. A small number of them are
considered free parameters and their appropriate values are deter-
mined by observational constraints. These are the star formation
efficiency « and the feedback efficiency €, which regulate the SFR
and the SNe CCrate, respectively, and aparameter characterizing the
contribution of SNe Ia. This section describes the fixed parameters
adopted and the conditions we impose to determine the free ones.
We then compare some properties of our model with observational
results.

© 2006 The Author. Journal compilation © 2006 RAS, MNRAS 368, 1540-1560



4.1 Fixed parameters of the model

Our chemical implementation involves an IMF and stellar yields of
different species. We do not analyse the impact of changing these
parameters on the chemical enrichment of the ICM; they are con-
sidered fixed as well as the baryon fraction f4. For the latter, we
adopt a value of 0.13, which was chosen to match that used in the
N-body/SPH simulation.

We consider a Salpeter IMF, normalized by fixing the fraction & of
stars with masses larger than 1 M, which are the major contributors
to the chemical enrichment (Portinari, Chiosi & Bressan 1998).
Thus, we obtain the condition

My
/ SM)HMAM =&, (12)
Mey
with the upper limit //, = 100 M. The lower limit M, is deter-
mined by the value of & adopted, such that the integration between
M, and M, equals unity. We adopt & = 0.5, a high enough value to
reach the right metallicity in all baryonic components.

For low- and intermediate-mass stars (0.8Mgp < M < 5-
8Me), we adopt the stellar yields of Marigo (2001), and for
quasi-massive (SMg < M < 8Mg) and massive stars (8 Mg
S M S 120Mg), we use yields from models of Portinari et al.
(1998). The first two ranges of masses eject mainly ‘He, 12C, N,
and possibly 1°0, through stellar winds. The last two stellar mass
ranges contribute to the chemical enrichment of the interstellar
medium by stellar winds, and supernovae explosions triggered by
core collapse. SNe CC are the main contributors of «-elements. In
our calculations, we follow the production of eight chemical el-
ements (H, *He, 12C, *N, 1°0, 24Mg, 381, 56Fe) generated by stars
with masses distributed in 27 mass ranges, from 0.8 to 100 M¢,.
The mass of the rest of the elements produced is stored in a separate
variable.

Since we consider yields from stars with solar metallicity, and tak-
ing into account that the solar heavy element abundance has been
recalibrated to Z = 0.0122 (Asplund et al. 2005), we estimate
average yields from those given for metallicities 0.02 and 0.008
by Marigo (2001) and Portinari et al. (1998). Taking into account
that the combination of standard IMF and yields does not satisfy
observational constraints, such as abundances in solar neighbour-
hood stars, metallicity—mass relation and ICM metallicity (Moretti,
Portinari & Chiosi 2003), and considering the uncertainties that af-
fect the stellar yields (Gibson, Loewenstein & Mushotzky 1997), Mg
and O are increased by a factor of 4 and 1.5, respectively. When all
mass ranges are considered, we get a net yield of 0.043 (~3.5Z¢)),
and a corresponding recycled fraction of 0.39.

Integrating the normalized IMF between 8 and 100 M, which is
the mass range of stars leading to SNe CC, gives ncc = 0.009. The
energy ejected by each SN CC is set to 1.2 x 10!, following the
results by Woosley & Weaver (1995), on which the nucleosynthesis
calculations of total ejecta of massive stars made by Portinari et al.
(1998) are based.

We include the contribution of SNe Ia which are characterized
by high iron production (~0.6 M) and long delay time from the
formation of the progenitor to the supernova explosion. The cur-
rently accepted scenarios for the occurrence of SNe Ia are, on one
hand, carbon deflagration in C—O white dwarfs in binary systems
(single degenerate systems), and, on the other hand, mergers of two
white dwarfs (double degenerate systems). The former would ac-
count for ~80 per cent of the events, with mean time delays of
0.5-3 Gyr, while the latter would constitute the remaining ~20 per
cent, with lower time delays of ~0.3 Gyr (Tutukov & Yungelson
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1994; Yoshii, Tsujimoto & Nomoto 1996; Ruiz-Lapuente & Canal
1998; Hachisu, Kato & Nomoto 1999; Greggio 2005). We adopt
the single degenerate model to estimate the SNe Ia rate, following
the scheme of Greggio & Renzini (1983), where SNe Ia originate
in binary systems whose components have masses between 0.8 and
8 M. Calculations are based on the formalism described in Lia,
Portinari & Carraro (2002), but assuming that SNe CC originate
from single stars with masses larger than 8 M. For the chemical
contribution of SNe Ia, we adopt the nucleosynthesis prescriptions
from the updated model W7 by Iwamoto et al. (1999).

We use the stellar lifetime given by Padovani & Matteucci (1993)
to model the return time-scale of the ejecta from all sources consid-
ered, being especially relevant for the single stars in the low- and
intermediate-mass range and for the progenitors of SNe Ia. In the
last case, the mass range of secondary stars in binary systems gives
explosion times for SNe Ta comprised between ~2.9 x 107 and
~1.4 x 10' yr, with the SNe Ia rate reaching a maximum within
~0.1-0.7 Gyr for a single stellar population.

This chemical model shares similar characteristics with that im-
plemented in the semi-analytic code developed by Nagashima et al.
(2005), being an improvement with respect to other semi-analytic
models (Kauffmann & Charlot 1998; Cole et al. 2000; Somerville,
Primack & Faber 2001; DL04) which typically consider both the
fraction of metals ejected by the stars formed and the recycled mass
that has been locked in stars at their birth and re-ejected as free
parameters.

4.2 Parameters governing the SF and SNe CC

The parameters involved in the star formation and feedback pro-
cesses have a strong influence on the SFR. The SNe CC rate closely
resembles the SFR density because it is dominated by high-mass
stars with short lifetimes (<3 x 107 Gyr). The value of the index »
involved in the star formation law adopted (equation 3) is set equal
to the value suggested by DL04, n = 2.2. However, the values of
«¢ and € used by DL04 for the retention model do not constitute
the best option for our semi-analytic model. The different chemi-
cal model implemented in our study demands a new determination
of the appropriate values. As observational constraints, we use the
Milky Way properties, the luminosity function, the Tully—Fisher,
colour—magnitude and mass—metallicity relations (Kauffmann et al.
1999; Springel et al. 2001; DL04), obtaining the best fit for

(i) ap=0.1,
(i) € =0.2.

The agreement of our model results with the observational data used
to constrain these free parameters is quite similar to that showed by
the models of DLO04; therefore we refer the reader to their paper for
further discussion on this topic.

The evolution of SFR in our model is broadly consistent with the
observational results recently compiled by Somerville et al. (2001),
with the peak of the SFR, however, shifted to higher redshifts. This
behaviour is similar to results for the cosmic star formation history
in hydrodynamic simulations by Springel & Hernquist (2003) (see
their fig. 12), although the normalization is less certain in our model
here since our estimate of the comoving volume is made uncer-
tain by the irregular shape of our high-resolution zone within the
simulated volume, which is used to estimate SF and SNe density
rates.

We note that our simulation method is really quite different from
that applied by Springel & Hernquist (2003). The present work is
based on a non-radiative simulation combined with a semi-analytic
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model, while Springel & Hernquist (2003) use a fully dissipative formation and feedback efficiencies are almost insensitive to the
simulation with a subresolution model for the ISM and feedback value of A. This value has to satisfy other kind of requirements.
effects. However, despite the huge differences in methodology, the During the last five years, great efforts have been made to detect
principal qualitative results are pretty similar, which is an encour- SNe over cosmological distances, with the aim of studying the evo-
aging consistency. Even though our simulation is similar in volume lution of SNe CC and SNe Ia rates with redshift (Pain et al. 1996;
to simulation ‘G5’ of Springel & Hernquist (2003), the SFR den- Cappellaro, Evans & Turatto 1999; Hardin et al. 2000; Pain et al.
sity obtained from the semi-analytic model is higher than in ‘G5’, 2002; Madgwick et al. 2003; Tonry et al. 2003; Dahlen et al. 2004;
especially at higher redshifts, being in better agreement with their Strolger et al. 2004). We adopt A = 0.1 in order to reproduce this
simulations with higher mass resolution (see their fig. 10). One set of observations and to achieve the observed iron distribution in
possibility to explain this is that the semi-analytic model is less af- the ICM, which will be discussed in detail in Section 5.

fected by resolution effects all the way down to the mass resolution The combination of the SF history of the model and the scenario
limit of the haloes, while this is not the case for the full hydro- chosen for the origin of SNe Ia naturally leads to SNe CC and SNe
simulations. While a halo with ~30 particles will be able to yield Ia rates whose ratio evolves with redshift. The ratio between the
a good representation of the SFR when the semi-analytic model is number of SNe Ia and SNe CC has a fairly constant value of ~0.4
applied, one has to go substantially above the halo detection thresh- to z ~ 0.7, similar to the behaviour suggested by observations of
old in the full hydrodynamical simulations in order to recover a Dahlen et al. (2004). The time delay in SNe Ia explosions makes this
numerically converged result for the hydrodynamics. Effectively, ratio smaller at higher redshifts. We find that it decreases to ~0.25
this means that the dynamic range of the semi-analytic method is at z ~ 2.5, where SNe Ia rate reaches its maximum, and continues
higher. decreasing afterwards, manifesting the minor contribution of SNe

A convergence test of cluster simulations similar to the one used Ia at large lookback times.

in the present study has been done by Ciardi, Stoehr & White (2003).
They analysed the redshift evolution of the total SFR, normalized to
the total baryonic mass, obtained by applying a semi-analytic model
to simulations ‘S1-S4° performed by Springel et al. (2001). They 4.4 Comparison of model results with observations
show that simulation ‘S2’, with the same mass resolution than our
hydrodynamical simulation, converged at z ~ 9 to the higher reso-
lution simulation ‘$3” (mpy = 2.4 x 10® 27! M) which already
accounts for all significant star formation. Therefore, the simula-
tion used in our hybrid model is suitable for studying the chemical

Having specified the parameters that define our model, we make
further comparisons with observations in order to check that it pro-
duces a proper circulation of metals among the different baryonic
components.

An important constraint on cluster chemical models is the frac-

enrichment of the ICM. tion of heavy elements ejected by both types of SNe which end up
in stars and in the intergalactic medium. A recent study of metal
. enrichment of early-type galaxies based on the X-ray properties ob-
4.3 Parameters governing the SNe la rate tained with Chandra has been done by Humphrey & Buote (2006).
The contribution of SNe Ia to the metal production of the model is The sample of galaxies spans ~3 orders of magnitude in X-ray lu-
characterized by the fraction A of binaries originating this type of minosity (Lx), from group-dominant to low-Lx galaxies. We apply
supernovae. Apart from the iron content, this parameter does not this selection criterion to the central galaxies in our simulation and
significantly affect the properties of the baryonic components in estimate the iron abundance Z. of the hot gas contained in the dark
the model, hence the constraints imposed for determining the star haloes in which they reside. The three panels in Fig. 1 present the
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Figure 1. Hot gas iron abundance, Z, as a function of the X-ray luminosity, Lx (left-hand panel), B-band luminosity of the galaxy, Lp (middle panel) and
iron abundance of their stars [Fe/H] (right-hand panel). Filled circles represent central galaxies in the simulation, selected according to the X-ray luminosities
of their associated hot gas [39.8 < log (L x) < 43.5], as the range span by the sample of galaxies analysed by Humphrey & Buote (2006). Their observational
results are represented by empty squares and triangles, where the latter indicate lower limit determinations of iron abundances. The observational points are
consistent with the Zp.(gas) = [Fe/H](stars) line, plotted in the right-hand panel, within their error bars, which are not included in these plots for clarity (we
refer the reader to figs 5 and 6 of Humphrey & Buote 2006).
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dependence of Zg, with luminosities Lx [which calculation is based
on the formula presented by Valdarnini (2002)] and Lg, and the iron
metallicity [Fe/H] of their stars; they are compared with the val-
ues reported by Humphrey & Buote (2006). The general trend of
the properties of our model galaxies is consistent with that showed
by their observational results. On one hand, there is no evidence
of a correlation between Zg. and Lx or Lg. On the other hand, the
iron abundance for the gas and stellar components of each of our
model galaxies closely follows the Zg.(gas) = [ Fe/H ](stars) line,
around which many of the observed galaxies are clustered. This
fact strongly supports the circulation of metals among the different
baryonic components achieved by our model.

The fraction of iron in hot gas and stars that is synthesized by
different types of SNe is indicative of the different time-scales of
star formation and of pollution of the hot gas with SNe Ia products.
Adopting standard SNe Ia and CC stellar yields and performing
a fitting analogous to that of Gastaldello & Molendi (2002) and
Humphrey & Buote (2006) infer a SN Ia iron enrichment fraction
of ~0.66 in the hot gas of their observed galaxies, and ~0.35 in their
stars. The model galaxies considered in Fig. 1 are characterized by
similar fractions; from the total amount of iron originated in SNe Ia,
~65 per cent is contained in the hot gas of these galaxies, while the
remaining ~35 per cent is locked in the stars. The corresponding
fractions for iron produced by SNe CC are ~62 and 38 per cent
for the hot gas and stars, respectively. We see that the iron mass
fraction in stars is a bit higher if we consider iron from SNe CC
instead of that produced by SNe Ia. This fact reflects the increment
of the ratio between the number of SNe Ia and SNe CC to lower
redshifts, thus the hot gas continues being polluted by SNe Ia ejecta
after most of the stars have been formed. However, the bulk of the
star formation has occurred when the hot gas have already been
considerably polluted by SNe Ia products, as it is evident from the
small difference between these fractions.

A similar conclusion can be obtained from the fraction of iron
originated in different sources that end up in the baryonic compo-
nents of our simulated cluster. We have that ~78 per cent of the iron
produced by SNe Ia is contained in the hot gas and ~21 per cent is
locked in the stars, while for SNe CC we get ~72 and 28 per cent for
hot gas and stars, respectively. The interpretation about the influence
of the evolution of SNe rates on these percentages becomes clearer
from the inspection of Fig. 9 and the associated discussion, which
focalize on the ejected iron mass rate for both types of supernovae
produced by the cluster galaxies.

Our simulated cluster has cold baryon fraction f.qs =
Mstellar/(M stellar MICM) ~ 00817 iron yleld Ycls,Fe = MFe/M stellar
=My +ME /M genar ~ 3.2 times solar and iron mass fraction
Fr=Mp/My~53 % 1073, where M gepar is the mass of stars of
the cluster galaxies, M ¢y is the mass of the intracluster hot gas, and
MEe, and MTS,, are the masses of iron contained in these two bary-
onic components. These values are compared with estimates from a
combination of near-infrared properties of galaxies within clusters
for which X-ray imaging data are available (Lin, Mohr & Standford
2003). The properties of galaxies are obtained from the 2-Micron
All Sky Survey (2MASS). Lin et al. (2003) present several relations
for low-redshift clusters (0.016 < z < 0.09), spanning a range of
X-ray EW temperatures of 2.1keV < kg Tx < 9.1keV (with kp
the Boltzmann constant) that corresponds to about an order of mag-
nitude in cluster virial mass (0.8—9 x 10™ Mg). The simulated
cluster has a virial temperature of kg 7" ~ 7.2 keV. The approx-
imate values of the quantities mentioned previously, obtained by
Lin et al. (2003) for a cluster with this temperature, are g, ~
0.09, Y gs,re ~3.5 times solar and fp. ~9 X 107%. Model values are
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lower than these but are within the error bars of the observations
(see fig. 9 of Lin et al. 2003).

The number abundance of iron relative to hydrogen for the ICM
with respect to the solar value is [ Fe/H J;cy ~ 0.28, close to the lower
limit of observed ICM abundances which range from ~0.3 to 0.5
(e.g. Ettori et al. 2001). The iron mass-to-light ratio is ~0.014 ",
well within the range obtained by Renzini (1993) for # = 0.7, that
is, 0.0085-0.017 ' .

The total B-band luminosity of the cluster is L5 = 3.5 x 102 Lo.
The B- and V-band mass-to-light ratios are I'g ~ 437" and 'y ~
345T @, respectively. Observational determinations of these quan-
tities give yv ~ 175-252 (Carlberg et al. 1996; Girardi 2000), and
y g ~ 200400 (Kent & Gunn 1983; Girardi 2000). The intracluster
mass-to-light ratio of our cluster is M cm/Lg ~ 40 'y, quite sim-
ilar to the typical observed value of ~36 I indicated by Moretti
et al. (2003).

The analysis of the physical properties of gas particles included
in the hybrid model provides more detailed features of the ICM,
regarding the spatial distribution of different chemical elements, and
the connection between the X-ray spectra generated by the diffuse
gas with its large-scale motions, as we will show in the following
sections.

5 METAL DISTRIBUTION IN THE ICM

The increase of spectral and spatial resolution of the last generation
of X-ray satellites, such as ASCA and BeppoSAX, and more recently,
Chandra and XMM-Newton, has provided a great deal of informa-
tion about cluster centres. In particular, it has become possible to
obtain detailed abundance measurements of several chemical ele-
ments within radial bins, allowing the determination of their spatial
distribution (Finoguenov et al. 2000; De Grandi & Molendi 2001;
Gastaldello & Molendi 2002; De Grandi et al. 2003; Tamura et al.
2004). Radial distributions of these abundances support the presence
of metallicity gradients in the ICM, a feature that has been shown to
be common in groups and clusters of galaxies. These radial profiles
are of great importance to infer the origin of the different species
found in the cluster.

In our approach, the spatial distribution of chemical and thermo-
dynamical properties of the ICM is provided by the gas particles
in the N-body/SPH simulation. The hybrid model combines the dy-
namics of gas particles with the chemical information supplied by
the semi-analytic model. Thus, at each snapshot, gas particles carry
the information about masses of H, He and heavy elements, with the
possibility of isolating the contribution due to SNe CC and SNe Ia.
These data are analysed by estimating radial profiles of the chemical
element abundances.

Radial profiles are constructed by taking into account the gas
particles lying inside the virial radius of the cluster. We then di-
vide the volume limited by this radius into concentric spherical
shells centred on the dominant cluster galaxy, each of them con-
taining the same number N$! of particles. For each shell, we
estimate the MW and X-ray EW mean abundance relative to hy-
drogen for several species. The latter is estimated using the Fe K,
6.7-keV emission line; calculation for each gas particle is described
in Section 6. These quantities are then expressed in terms of the so-
lar value. These mean abundances are assigned to the mean radius
of each shell.

Fig. 2 shows the radial distributions of Fe K, 6.7-keV EW iron,
oxygen and silicon abundances by number for our model, which are
preferred to MW ones in order to compare with observations. The
radius is normalized with R.;;. These results are characterized by



1548 S.A. Cora

0.5
0.0

[Fe/H]

-0.5

-1.0

TT T T TTTT]

0.5
0.0

[O/H]

-0.5
-1.0

[SitH]

o
o
=

0.10
R/Ry;

Figure 2. Fe K, 6.7-keV EW abundance profiles of Fe, O and Si relative
to H, referred to the solar value (Asplund et al. 2005). Total abundances,
with the contribution of both types of SNe, are given by solid lines; rms
standard deviations are indicated by dotted lines. Separate contributions of
SNe CC and SNe Ia are shown by dashed and dash—dotted lines, respectively.
Symbols with error bars are observational data from Tamura et al. (2004) for
hot clusters (kgT 2 6 keV; filled circles) and medium-temperature clusters
(3 S kT < 6keV; open diamonds).

the presence of negative gradients in the radial distribution of all
the chemical elements considered. The EW values are ~0.1-0.15
dex higher than MW abundances, especially in the inner region
(501 R/Rvir)-

There are ambiguous results regarding the dependence of iron
abundance on cluster temperature. Baumgartner et al. (2005) find
decreasing abundances from ~0.7 to ~0.3 (Fe/H) in the tem-
perature range kgT ~ 3-10 keV, while a roughly constant value
of ~0.3 (Fe/H) is claimed by Renzini (2003). An intermediate
behaviour was detected previously by Fukazawa et al. (1998) and
Finoguenov et al. (2001), with iron abundances of ~0.3 (Fe/H)
for cool clusters and ~0.2 (Fe/H)c, for hotter ones. Thus, it is better
to compare observed and simulated results on cluster abundances
within the same temperature range.

Tamura et al. (2004) analysed XMM—-Newton observations of 19
galaxy clusters. They obtained accurate abundance distributions
from deprojected spectra for clusters in different temperature ranges,
and for three spherical regions with radii between 0 and 50, 50 and
200, and 200 and 500 A~! kpc. Our simulated cluster has temper-
atures of the order of kgT ~ 7.5 keV (see mass- and EW maps
in Figs 3 and 4). Then, results from our model are compared with
data for hot clusters (kgT 2 6keV) and intermediate-temperature
clusters (3 < kT < 6keV), represented in Fig. 2 by filled cir-
cles and open diamonds, respectively. The latter set of clusters is
used since their abundances are better determined, providing better
constraints to the behaviour of O and Si. Following De Grandi &
Molendi (2001), we estimate R,; for observed data from an ICM
temperature-dependent formula.

From Fig. 2, we can see that the contribution of SNe Ia (dash—
dotted lines) is necessary to recover the observed Fe abundance
distribution. The contribution of Si from SNe Ia is not as large as
for the Fe production, but helps to reach the mean observed values.

However, the error bars in the Si determinations are much larger
than those for Fe and do not establish a reliable constraint for the
model parameters. This is also the case for O; the large observational
uncertainties in the determination of these chemical abundances
for hot clusters allow any type of behaviour of the radial profiles,
while data points for medium-temperature clusters are consistent
with a flat profile with a slight increasing trend with radius. Note that
the model abundances show radial profiles with negative gradients
for all the elements considered. However, the uncertainties both
in observed and in simulated abundances do not allow us to infer
strong constraints from the comparison at this point. Only the slopes
of iron abundance profiles are better established by observational
data. The good agreement between the iron abundance distribution
in our model and that observed in hot clusters makes this model
suitable for further analysis. We now carry out a deeper inspection
of our results in order to gain insight in the enrichment history and
dynamical evolution of the ICM.

6 MAPS OF ICM PROPERTIES

Our hybrid model for investigating the ICM metal enrichment pro-
vides information about the chemical and thermodynamical proper-
ties of the diffuse intracluster gas in terms of the gas particle proper-
ties (positions, velocities, density p and internal energy per unit mass
u) of the underlying hydrodynamic simulation. From these quanti-
ties, we can obtain their temperature as T = pum,/kg(y — Du,
where 1 = 0.6 is the mean molecular weight, m,, the proton mass
and y = 5/3 the adiabatic exponent. We can learn about the density,
temperature and abundance distributions, and velocity structure of
the ICM by constructing maps of these properties using planar pro-
jections of the gas particles within the cluster virial radius. This kind
of analysis is matched to the recent progress in X-ray observations
with Chandra and XMM-Newton, which provides temperature and
abundance maps of cluster cores (Sanders & Fabian 2002; Schmidt,
Fabian & Sanders 2002; Fukazawa, Kawano & Kawashima 2004;
Sanders et al. 2004). In order to compare with other observations,
we will analyse not only mass-averaged properties, but also X-ray
EW ones. As a result of the high temperature and low density of the
ICM, the most prominent feature in its X-ray spectrum is a blend of
emission lines from iron (mainly Fe Xxv and Fe xxvI1) with photon
energies between 6.7 and 7 ke V.

The first step in computing line-emission-weighted properties of
the ICM from our simulations is to estimate the intensity of the Fe K,
6.7-keV emission line for each gas particle. The atomic processes
involved in the generation of the emission are quite sensitive to
the hydrogen volume density ny, temperature 7 and chemical abun-
dances of the gas. Following the procedure performed by Furlanetto
et al. (2004), we build a grid where these quantities are varied, and
we compute the intensity of the emission line for each point in the
grid. For this purpose, we use the radiative-collisional equilibrium
code cLouDpyY (Ferland 2000; Ferland et al. 2001). Given the ther-
modynamical conditions of the ICM, we can well approximate it as
a low-density hot plasma in collisional equilibrium, without being
affected by an ionizing background. Therefore, photoionization is
discarded in the models we generate with CLOUDY.

The iron line emissivity of the gas particles that make up the ICM
is obtained by interpolating the emissivities assigned to our grid
of gas states, where the parameters defining the three-dimensional
grid in density, temperature and iron abundances cover the range of
values exhibited by the gas inside the virial radius of the cluster at
z=0. Animportant detail of our chemical implementation is that we
follow the evolution of the abundances of several species. Hence,
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Figure 3. Projection of MW properties of gas particles contained within a sphere of radius 12~ Mpc centred on the dominant cluster galaxy: hydrogen number
density (top-left panel), temperature (top-right panel), iron abundance by number Fe/H referred to the solar value (bottom-left panel) and emissivity of the Fe
Ky 6.7-keV emission line normalized with the maximum MW emissivity /, (bottom-right panel).
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Figure 4. Projection of Fe K, 6.7-keV EW properties of gas particles contained within a sphere of radius 1 2~! Mpc centred on the dominant cluster galaxy:
hydrogen number density (left-hand panel), temperature (middle panel) and iron abundance by number Fe/H relative to the solar value (right-hand panel).
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instead of assuming solar metallicity for gas particles, or varying
this quantity as a global parameter like in other works (e.g. Suther-
land & Dopita 1993; Furlanetto et al. 2004), our grid of models
depends on sets of abundances of the chemical elements considered
in the semi-analytic model. As gas particles become more metal rich,
the abundances of all elements increase roughly proportionally to
each other. We take advantage of this feature to construct the sets
of abundances characterized by the mean value of iron abundance
within a certain range of values. Since we only consider the most
abundant elements in our semi-analytic model, the code cCLOUDY au-
tomatically gives solar values [meteroritic abundances of Grevesse
& Anders (1989) with extensions by Grevesse & Noels (1993)] for
the rest of the elements.

The range of values covered by the grid parameters is 1 x 10°
< T < 1 x 10°K for gas temperature, and 3.16 x 107¢ < ny <
0.1 cm~3 for the hydrogen volume density. This last range of values
is estimated from the density o of gas particles in the N-body/SPH
simulation and from their hydrogen abundance Agas in our model. In
general, this quantity ranges from the initial value of 0.76 to ~0.70,
which is reached by the most metal rich particles. Iron abundances
by number range from Fe/H ~ 5 x 1078 to ~5 x 107>, which are
~1.8 x 1072 and ~1.8 times the solar value, respectively.

We choose density spacings Alog(ny/cm ™) = 0.25. Since emis-
sivities are quite sensitive to temperature variations, we adopt tem-
perature spacings of Alog(T/K) = 0.1, for 107 K < T < 108°K,
and Alog(T/K) = 0.25 otherwise. We consider seven bins for the
iron abundances with spacings Alog(Fe/H) = 0.5 from log (Fe/H) =
—7.75 to —4.25. In order to produce the whole grid of models in a
systematic way, we use a user-friendly package of DL routines that
facilitates the use of the code cLOUDY (in version C96B4), called
MICE (MPE DL cLOUDY Environment), developed by Henrik Spoon.

Fig. 3 shows the projected MW maps of hydrogen density (top-left
panel), temperature (top-right panel), iron abundance (bottom-left
panel) and emissivity of the Fe K, 6.7-keV line normalized with the
maximum MW emissivity /, (bottom-right panel) for gas particles
within a radius of 1 4~! Mpc from the cluster centre at z = 0. From
the first three maps, we can connect the iron abundances with the
distributions of gas density and temperature in the ICM. We can
see that those regions with high levels of chemical enrichment are
associated with cool and high-density areas; this fact is particularly
evident in the small substructures in the outskirts of the cluster that
have been recently accreted. These substructures do not produce
strong X-ray emission due to their low temperature (fourth map),
and the line emission map results in a rather smooth map, following
mainly the coarse features of the density distribution.

Fig. 41is equivalent to Fig. 3, but the Fe K, 6.7-keV EW quantities
are shown instead. We can see that the denser, cooler and more metal-
rich substructures found in the outskirts of the MW maps of Fig. 3
do not appear in the corresponding plots of Fig. 4, since the intensity
of the lines emitted from these regions is very low (see bottom-right
panel of Fig. 3).

7 ENRICHMENT HISTORY AND DYNAMICAL
EVOLUTION OF THE ICM

In order to understand the way in which the chemical enrichment
patterns characterizing the intracluster gas develop, we analyse the
temporal evolution of maps of the projected chemical properties
of the gas and the corresponding radial abundance profiles. This
allows us to evaluate the relative contribution of SNe CC and Ia
to the metal enrichment, as well as to investigate the dynamical

evolution of the intracluster gas which plays a fundamental role in
the spatial distribution of metals.

For this purpose, we first consider gas particles lying within
500 4! kpc from the cluster centre at z = 0 and trace their proper-
ties back in time. Thus, we follow the chemical enrichment of small
substructures forming at high redshift and study how they progres-
sively become a part of the cluster and contribute to establishing its
final distribution of metals. Figs 5 and 6 show MW iron abundances
by number relative to the Sun, Fe/H (left-hand column), the corre-
sponding Fe K, 6.7-keV EW abundances (middle column), and the
MW temperature of the gas (right-hand column) for five different
redshifts from z ~ 1 to 0.1. At each redshift, the cluster centre is
defined as the centre of the most massive progenitor of the cluster
at z = 0, and the distances from it are estimated using comoving
coordinates. We can see that the ICM at z = 0 is formed by the ac-
cretion and merger of small substructures that at early times (z ~ 1)
are spread within an extended region of radius ~9 2 ~! Mpc. These
gaseous building blocks are already considerably contaminated by
that time, with iron abundances that reach values of Fe/H ~0.3.

From these figures, we can also infer interesting aspects about
the dynamics of the contaminated gaseous clumps. Those that are
at ~6 =1 Mpc from the cluster centre at z ~ 0.5 need to move at
more than ~1000km ™! to get inside 0.547! Mpc by z = 0. A
quantitative analysis of the dynamics of these gaseous clumps is
presented in Fig. 7, which shows the dependence of the velocity
of gas particles with their clustercentric distances and its evolution
with redshift. We identify the gas particles contained within spher-
ical shells of 0.5 #~! Mpc of thickness, centred at the most massive
progenitor of the cluster at z ~ 0.5, and estimate their mean ve-
locities and clustercentric distances at lower redshifts. In this way,
we follow the evolution of these properties as the cluster is being
assembled. The different symbols denote the redshifts considered,
and the lines connect the sets of gas particles defined according to
their clustercentric distance at z ~ 0.5. There are many aspects to
emphasize from this plot. Atz ~ 0.5, gas particles have very high
velocities, which range from ~1300 to 2500 km s~!. The highest
velocities correspond to gas particles lying between ~1 and ~2 ™!
Mpec. This is the same for redshifts z ~ 0.3 and 0.2, although the
velocities acquired are smaller. If we follow the evolution with red-
shift of gas particles lying more than 4 2~! Mpc at z ~ 0.5, we see
that they are accelerated till they achieve the highest velocities at
z ~ 0.3 and ~0.2. This occurs at a distance corresponding to the
virial radius of the main progenitor, which is of the order of 147!
Mpc at z ~ 0.5 and increases to ~1.52~! Mpc at z = 0. Thus, de-
spite shell crossing, it is evident that the dynamics of gas particles
are characterized by a general behaviour in which they are acceler-
ated till they reach the main cluster shock radius, at a distance of the
order of its virial radius, and once they have been incorporated to
it they converge to the centre with velocities of ~300kms~!. This
turbulent velocity reached inside the virial radius and the infall that
dominates the gas outside it are consistent with the results obtained
by Sunyaev et al. (2003) based on the analysis of cluster simulations
at z = 0 (Norman & Bryan 1999). The complex dynamics of gas
particles acquired during the hierarchical formation of the structure
helps to explain the way in which the metallicity profiles develop,
as we discuss later in this section.

Fig. 8 shows the evolution of iron and oxygen abundance profiles,
which are determined for gas particles lying within the innermost
comoving 1 4~! Mpc atz =0 and at each of the redshifts considered
in Figs 5 and 6. The first three rows show the shape of the profiles
for the combined effect of both types of SNe, and for the separate
contributions of SNe Ia and CC, respectively. The plot in the last
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Figure 5. Evolution of iron abundance and temperature of gas particles that lie within 500/~ kpc from the cluster centre at z = 0. The plots show the
projection of MW iron abundance by number relative to hydrogen, Fe/H, with respect to the solar value (left-hand column), the corresponding Fe K, 6.7-keV
EW abundance (middle column) and the MW temperature of the gas (right-hand column). We present the results for three redshifts: z ~ 1 (lookback time of
7.8 Gyr; first row), z ~ 0.5 (lookback time of 4.9 Gyr; second row) and z ~ 0.3 (lookback time of 3.6 Gyr; third row). At each redshift, the spatial coordinates

are centred at the most massive progenitor of the cluster at z = 0 and are expressed in comoving scales.

row gives the evolution of the O/Fe ratio profile resulting from the amount of iron ejected by SNe Ia, while the latter is only determined
influence of the combined effect of both types of SNe. The way by the SNe CC contribution. This fact leads to an almost flat O/Fe
in which the iron and oxygen abundance profiles develop is quite ratio profile at z = 0, with a slight increasing trend at large radii.
similar, even though the former is mainly determined by the large The central abundances of both Fe and O, and the almost flat O/Fe
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Figure 6. Same as Fig. 5, but for redshifts: z ~ 0.2 (lookback time of 2.4 Gyr; first row) and z ~ 0.1 (lookback time of 1.2 Gyr; second row).

ratio, show that both types of SNe contribute in a similar fashion
to every part of the cluster, that is, without a preference for SNe
Ia to chemically enrich the inner regions of the cluster, and for
SNe CC to pollute its outskirts, as inferred from some observations
(Finoguenov et al. 2001). The main change in the profiles occurs
in the central region (<X 100 A" kpc) at late times by a progressive
increase of the chemical abundances.

The evolution of the radial abundance profiles of the main SNe Ia
and CC products (iron and oxygen, respectively) fromz ~1toz=0
can be explained by taking into account the history of metal ejection
of the cluster galaxies as well as the dynamics of the gas associated
to them, while galaxies are being accreted on to the cluster.

Fig. 9 shows the iron mass ejection rate as a function of redshift
produced by SNe Ia (top panel) and SNe CC (bottom panel) that are
contained in galaxies that lie within the shells of different distances
from the cluster centre at z = 0. Since we are focusing on a set
of galaxies in the z = O cluster, the contribution of SNe CC to
the ICM chemical enrichment peaks at higher redshifts (z ~ 5-7)
than the SFR of the whole simulation [see fig. 1 of Ciardi et al.
(2003) for a comparison of the redshift evolution of the SFR for
field region simulations and for cluster simulations]. As we have
already mentioned, the SNe CC rate closely follows the SFR since
the lifetimes of the stars involved are quite short. Instead, the ejection

rate of elements produced by SNe Ia reaches a maximum at z ~ 3—
5, due to the return time distribution resulting from the adopted
model for SNe Ia explosions. The peaks in the mass ejection rates
are followed by a strong decline at lower redshifts for both types of
SNe, such that the ongoing chemical contamination is quite low at z
= 0. This behaviour is more pronounced for those galaxies that are
nearer to the cluster centre at the present time.

Considering the accumulated mass of iron in the ICM atz =0, we
find that SNe Ia are responsible for ~75 per cent of the iron content
of the ICM. Interpretation of observed profiles of abundance ratios
extends this percentage up to ~80 per cent (Gastaldello & Molendi
2002). However, both results are quite dependent of the assumed
SNe Iamodel. The point that we have to emphasize is that the relative
contribution of SNe CC and SNe Ia to the iron content of the cluster
is already one-third at z ~ 2, when the accumulated iron masses
provided by both sources peak. The lack of metal contribution by
SNe explosions at late times from galaxies that are near the cluster
centre cannot explain the increase of abundances in the inner 100 27!
kpe since z ~ 0.1, suggesting that dynamical processes are playing
an important role in the development of abundance profiles.

Fig. 10 shows the evolution of MW iron abundances of gas parti-
cles contained within 1 4~! Mpc from the cluster centre at redshifts
z~1,~0.5,~0.3,~0.2, ~0.1, and z = 0. We clearly see from these
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Figure 8. Evolution of the radial profiles of iron and oxygen abundances
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to the solar value. The profiles are determined for the gas contained within
the innermost comoving 1h! Mpc at z ~ 1 (dash dot dot line), z ~ 0.5
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solid line) and z = O (thick solid line). The first row shows the contributions
of both types of SNe (CC and Ia) to the Fe and O abundances, while the
second and third rows show the separate contributions of SNe Ia and CC,
respectively. The last row presents the O/Fe abundance ratios when both
types of SNe are considered.
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Figure 9. Iron mass ejection rate as a function of redshift produced by SNe
Ia (top panel) and SNe CC (bottom panel), contained in galaxies that lie
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line), galaxies within the spherical shells between 0.5 and 1. 2~ Mpc (dash—
dotted line) and between 1.0 and 1.5 47! Mpc (dash dot dot dot line).

plots that highly enriched gas clumps are already present in the out-
skirts of the cluster at z ~ 0.3 and that the iron abundance profile
starts to settle down at z ~ 0.2. The contaminated gas clumps lo-
cated near y ~ 350 4~! kpc at z ~ 0.2 and close to y ~ 200/4~!
kpc at z ~ 0.1 seem to converge to the cluster centre at z = 0 con-
siderably increasing the iron abundance in the inner 100 4~! kpc.
Thus, gas particles bound to the dark matter substructures of ‘halo
galaxies’ (see definition in Section 2.2) have been mainly enriched
at early epochs, when the metal ejection rates from these galaxies
were higher, and have then fallen to the inner regions of the cluster
driven by the haloes of infalling galaxies. This dynamical effect is
quite likely taking into account the analysis of gas dynamics based
on Fig 5-7. A simple test of finding the position of the progenitor
of the central galaxy at different redshifts reveals that these galaxies
are at ~100 4! kpc at z ~ 0.5, reinforcing our conclusion based on
gas dynamics.

The scenario of chemical enrichment considered in our model
indicates that gas dynamical effects play an important role in the de-
velopment of abundance patterns. However, there are other sources
of chemical elements not included in our model that may help to
interpret the observational results, such as intracluster stellar popula-
tions and ram-pressure stripping. There is increasing evidence of the
presence of intracluster stars based on observations of diffuse light
(Feldmeier 2004; Zibetti et al. 2005) and individual stars between
cluster galaxies (Durrell et al. 2002; Feldmeier 2003; Gal-Yam
et al. 2003). High-resolution N-body/SPH simulations are starting
to yield predictions of the spatial and kinematic distributions for
these stars (Murante et al. 2004; Willman et al. 2004; Sommer-
Larsen, Romeo & Portinari 2005) which hold important informa-
tion about the assembly history of a galaxy cluster. These numerical
works show that a fraction of at least ~10 per cent of unbound stars
accumulate within the cluster as a result of stripping events and
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infall of galaxy groups that already contain unbound stars. The im-
pact of intracluster stars in the chemical enrichment of the ICM has
been explored by Zaritsky et al. (2004) by using a simple model.
They demonstrate that this stellar component makes a significant
contribution to the iron content of the ICM. The metal pollution
due to ram-pressure stripping has been recently investigated by
Schindler et al. (2005) and Domainko et al. (2005). These authors
argue that the efficiency of this enrichment mechanism is higher
than that of supernovae-driven galactic winds, producing a centrally
concenfrated metal distribution in massive clusters.

8 PROBING THE ICM DYNAMICS
WITH METALS

In the previous section, we have showed how the complex dynam-
ical evolution of intracluster gas influences the development of the
abundance patterns of the ICM. We now discuss the potentiality of
spectroscopic observations for detecting such strong gas bulk mo-
tions, shedding light on our understanding of gas dynamics during
the cluster formation.

The spatial and spectral resolution of X-ray telescope detectors
onboard the present satellite missions allow the measurement of
metallicity maps and of high-resolution emission line spectra. The

combination of these data contributes enormously to improving
our knowledge about the ICM properties. For example, Fe K, 6.7-
keV EW maps contain valuable information about thermodynam-
ical and chemical properties of the intracluster gas, as discussed
in Section 6. We can also learn about the kinematics of the intr-
acluster gas and its spatial correlation with other properties from
maps of EW line-of-sight (LOS) velocities and from Fe K,, 6.7-keV
emission line spectra generated by the gas along LOSs through the
cluster.

Fig. 11 shows projections of Fe K, 6.7-keV EW LOS velocities
of the gas particles on to the three orthogonal planes x—y, y—z and
z—x. Velocities are relative to the cluster centre, being colour-coded
such thatred and yellow areas correspond to gas moving towards the
observer, and green and blue represent gas receding from it. Only
material contained within a sphere of radius 1 2~! Mpc centred on
the dominant galaxy of the cluster has been included. These maps
exhibit steep azimuthal and radial gradients, revealing a much more
complex structure than those depicted by the density, temperature
and iron abundance distributions, indicating the presence of large-
scale turbulent motions generated by inhomogeneous infall. This
is consistent with our results on the evolution of the dynamics of
gas particles based on the analysis of Fig. 7. The sharp edges de-
fined by red and green colours near the cluster centre are contact
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discontinuities between gas that originated in different clumps.
Note that this is not a projection effect of gas particles ly-
ing far from the cluster centre. These contact discontinuities are
also seen in the projection of particles well inside the cluster
(<50 = kpe).

The gradients visible in the velocity maps of Fig. 11 can be as
large as ~1000km s~ over distances of a few hundred kpc. They
are of the same order of magnitude as those obtained from accu-
rate observations of the Centaurus cluster (Abell 3526; Dupke &
Bregman 2001). We note that this cluster is a very good candidate
for this kind of studies, being one of the closest X-ray bright clus-
ters of galaxies with an optical redshift of 0.0104. Its core has been
spatially resolved by the Chandra Observatory, using the Advanced
CCD Imaging Spectrometer (ACIS-S) detector (Sanders & Fabian
2002), leading to temperature and abundance maps. However, there
is not enough information in the spectrum to isolate spectral lines
and perform accurate gas velocity measurements. This task is pos-
sible with the Gas Imaging Spectrometer (GIS) onboard ASCA. The
gas velocity distribution determined with this instrument (Dupke &
Bregman 2001) shows a region associated with the subcluster Cen
45, at ~130 A~! kpc from the main group Cen 30 (centred on the cD
galaxy), with a radial velocity higher than the rest of the cluster by
~1700km s~!. These radial velocity measurements obtained from
X-ray observations support the optically determined velocity differ-
ence between Cen 45 and Cen 30 of ~1300km s~! (Stein, Jerjen &
Federspiel 1997).

These gradients in radial velocities are observationally detected
by the Doppler shifting of the metal lines used to perform the spec-
tral fits, which are mainly driven by the Fe K, complex. However,
a higher spectral resolution would allow us to detect the different
components in which a certain line is split due to the bulk motions of
different magnitude along a LOS through the cluster. Future X-ray
missions promise a substantial increase in energy resolution, paving
the way for the construction of a full three-dimensional picture of
the ICM dynamics. Sunyaev et al. (2003) analyse this possibility
by calculating the synthetic spectra of the Fe K, 6.7-keV emission
line along sightlines through a simulated cluster (Norman & Bryan
1999). They show that this emission line is split into multiple com-
ponents over arange of energy AE ~ +15eV as aresultof turbulent
and bulk motions of the gas. They estimate that a spectral resolution
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of 4 eV, similar to the one planned for future missions, would be
enough for the detection of dynamical features in the ICM based on
emission line spectra.

Following the study made by Sunyaev et al. (2003), we analyse
the way in which the special features of the gas motion that become
evident in the velocity maps of Fig. 11 are reflected in the Fe K,, 6.7-
keV emission line spectra generated by the gas along LOS through
the cluster. The spectra are computed by dividing the sightlines
in bins of width 20 27! kpc along directions perpendicular to the
projection planes. The thermodynamical, kinematical and emission
properties assigned to each bin are obtained from the 64 closest gas
particles to the bin centres using the SPH smoothing technique. The
energy of the iron line emitted from each bin along the sightline
is Doppler shifted proportionally to the smoothed LOS velocity
inferred from the gas around the bin. Combining these shifted energy
values with the corresponding intensities of the line emission, we
obtain the iron emission line spectra along the LOS. On top of this,
we consider the broadening suffered by each line due to thermal
motions of the gas.

Figs 12 and 13 show the resulting synthetic spectra for six LOSs
along the z-axis through the x—y projection of the simulated cluster.
Like in the construction of maps, the computation of the spectraonly
comprises gas particles within the virial radius of the cluster. Solid
thick lines correspond to spectra that are affected by both Doppler
shifting and thermal broadening. For comparison, we also include in
each panel the iron emission line affected only by thermal broaden-
ing (dash—dotted lines). The maximum values of these last ones are
used to normalize both kinds of iron emission lines, with and with-
out Doppler shifting. The ratios of these maxima with respect to the
one corresponding to the cluster centre, referred to as /™ /J7*%, are
also given in each of the panels that show the spectra, together with
the location where the LOSs intercept the ICM. Below these panels,
both Figs 12 and 13 display the distribution of gas properties along
the corresponding sightlines: EW LOS velocities used to generate
the spectra, and MW hydrogen density, temperature, iron abundance
and normalized emissivity of the K, 6.7-keV emission line. These
distributions allow us to see how gas components characterized by
different thermodynamical and chemical properties move at differ-
ent velocities, as well as which parts of the LOS contribute most to
the spectral lines.
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An inspection of these distributions indicates that the gas reaches
high iron abundances at high-density and low-temperature regions,
as is also shown by the maps of Fig. 3. This situation is especially
clear in the cluster core and in a subclump moving at high speed
located at ~500 4~! kpc from the cluster centre, as it is evident from
the first and second columns of Fig. 12. The Doppler shifting and
split of the emission line at the cluster core are produced by the
large-scale turbulent motions of the gas, which produces a LOS
velocity gradient from ~200 to —400 km s~! around the middle of
the sightline. This motion is reflected in the spectra because the
intensity of the iron emission line is larger than 10 per cent of the
central value within a radius of ~100 4~! kpc from the cluster centre.
However, this intensity decays quite abruptly at larger radii and
becomes undetectable (see also the MW emission map in Fig. 3). For

this reason, the subclump moving at —800 km s~! from the cluster
centre does notproduce any signature in the first two Doppler-shifted
spectrum shown. If the emissivity were higher at the location of this
substructure, apeak would appear at ~6685 eV. The second and third
spectrain Fig. 12 are produced by sightlines that intercept the cluster
at a distance of 100 and 360 h~! kpc from its centre, respectively.
Note how the ratio /™ /17" decreases as we get further from the
cluster core. The second spectrum shows a clear Doppler shifting
and broadening of the line, while the third one is only slightly altered
with respect to the reference broadened line, in agreement with the
LOS velocity distributions within the inner ~100 #2~! kpc.

Fig. 13 presents three more synthetic spectra generated from lines
of sight that intercept the cluster through areas with large offset ve-
locities near its centre (see Fig. 11). The first one shows a split of
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Figure 13. Same as Fig. 12 for other set of LOSs that intercept the ICM through areas with large offset velocities present near the cluster centre as depicted

by Fig. 11.

the emission line in two components arising from the central ve-
locity gradient from ~ —200 to 100km s~!. The line in the second
spectrum is widely Doppler shifted as a result of high bulk motions
of ~500km s~! in the central parts of the sightline. In the third
emission line spectrum, a second component becomes apparent as a
result of gas moving at ~ —500 km s~!. As we noted in the previous
set of spectra in Fig. 12, the strong gas motions of ~ —500 and
~ —700kms~! occurring at ~3500 2~! Kpc from the centre of the
lines of sight considered in the second and third columns are not
imprinted in the corresponding spectra because of the low emissiv-
ity that characterizes this region. The shifts and splits observed in
all these spectra are of the order of ~10-15eV. This effect is too
small to be resolved by present instruments, since, for example, the
spectral resolution of the European Photon Imaging Camera (EPIC)
pn detector for the Fe K, 6.7-keV emission line is 150 eV.

From this analysis, we can conclude that only gas motions that
produce absolute values of LOS velocities higher than ~400 km s~
around the cluster core, where the iron line emissivity is larger than
10 per cent the central value, could become observable by future
X-ray missions through the shifting and split of the line in two
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components due to Doppler effects. Lower energy lines like the Fe
L-blend centred around 1 keV could be also used for the present
purpose. In principle, they should show much more structure since
they are strongly emitted in lower temperature gas. However, gas
with this characteristic lies far from the centre of our hot cluster, and
the low line emissivity in these areas prevent us from getting more
information from these lines than that provided by the Fe K, line
at 6.7 keV. These lines are probably much more useful in a lower
temperature cluster.

We would like to note that the hydrodynamical simulation con-
sidered by Sunyaev et al. (2003) ignores radiative cooling, which
affects the thermal structure in cluster cores, and they assume con-
stant iron abundances to calculate the iron emission line spectra.
Our simulation suffers from the first drawback as well; however, the
critical advantage of our hybrid model over approaches like the one
used by Sunyaev et al. (2003) is that the chemical abundances of
gas particles are dynamically and consistently generated from the
stars in the galaxies.

Taking into account the information supplied by LOS velocity
maps and by spectra along selected sightlines, we can connect the
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global features of bulk motions in the gas with the multiple compo-
nents in the spectra that originate as a result of these motions. Note
that the latter feature can be more easily observationally detected
and quantified. Thus, our results can constitute valuable help for the
interpretation of observational data.

9 SUMMARY AND CONCLUSIONS

We have presented a hybrid model for the chemical enrichment of
the intracluster gas that allows a detailed analysis of the spatial dis-
tribution of chemical, thermodynamical and kinematical properties
of the ICM. Our model combines a cosmological non-radiative hy-
drodynamical N-body/SPH simulation of a cluster of galaxies, and
a semi-analytic model of galaxy formation. The spatial distribution
of metals in the ICM can be accounted for by the chemical enrich-
ment of the gas particles in the underlying N-body/SPH simulation.
This enrichment results from the metals ejected by the galaxy pop-
ulation, which are generated by applying the semi-analytic model
to the dark matter haloes detected in the outputs of the simulation.
This link between semi-analytic model results and the chemical en-
richment of gas particles leads to a consistent chemical enrichment
scheme for the intracluster gas, being the key ingredient to carry out
the present project.

The parameters that characterize our model are chosen accord-
ing to several observational constraints. The proper circulation of
metals among the different baryonic components leads to a spatial
distribution of chemical elements in the intracluster gas that closely
resemble observed abundance patterns, as can be seen from the com-
parison of the radial abundance profiles with data from Tamura et al.
(2004) (Fig. 2). The corresponding mean iron abundance of the ICM
at z = 0 is [Fe/H] ~0.28. It has been reached with the contribution
of SNe Ia that provide ~75 per cent of the total ICM iron content at
z = 0. While this percentage is quite dependent on the parameters
that characterize the chemical model implemented, what reflects
the circulation of metals is the fraction of elements from different
sources that end up in the ICM as opposed to in stars. The fraction
of iron originated in SNe Ia that is contained in the ICM is ~0.78
while that locked in the stars of cluster galaxies is ~0.21. These
fractions are slightly different for the iron ejected by SNe CC, being
~0.72 and ~0.28 for hot gas and stars, respectively. The increment
of the proportion of SNe CC products in stars reflects the relative
time-scales for star formation and metal pollution by different types
of supernovae.

After showing that our model reproduces the distribution of met-
als in the ICM at z = O reasonably well, we analyse the evolution of
chemical and dynamical properties of the intracluster gas in order
to understand the physical processes involved in the determination
of its final abundance patterns. The aim of this study is also to pro-
vide hints that help in gaining information about the characteristics
of gas bulk motions from spectroscopic observations. We analyse
the rich information provided by our hybrid model in the following
three ways:

(i) by constructing radial abundance profiles of the ICM,

(ii) by building projected MW and Fe K, 6.7-keV EW maps
of chemical, thermodynamical and kinematical properties of the
diffuse gas and

(iii) by calculating synthetic spectra of the Fe K,, 6.7-keV emis-
sion line along sightlines through the simulated cluster.

The spatial distribution of chemical elements leads to radial abun-
dance profiles with negative gradients, irrespective of the type of
source from where they originated. The central enhancement of the

Fe and O abundance profiles and the flat profile of the O/Fe ratio
support the notion that the intracluster gas is polluted in the same
way by both types of SNe. From the analysis of the evolution of
these radial abundance profiles and the projected MW iron abun-
dance of gas particles at different redshifts, we find that a high level
of enrichment of the ICM is already reached at z ~ 1. Despite the
delay time for the ejection of metals inherent to SNe Ia, the contri-
bution of both types of SNe to the ICM chemical enrichment peaks
atz ~ 2.

The lack of evolution of mean iron abundances up to z ~ 1 is in
agreement with observations of distant clusters (Tozzi et al. 2003).
However, the final abundance profile of the cluster gets steeper
within the inner ~100~~! Kpc during the last Gyr (see the incre-
ments between z ~ 0.1 and z = 0 in Fig. 8). This cannot be accounted
for the metal production of the cluster galaxies. The peaks in the rates
of the ejected iron mass from these galaxies are followed by a strong
decline towards lower redshifts for both types of SNe, such that the
ongoing chemical contamination at z = 0 is quite low; this behaviour
is more pronounced for galaxies that are nearer to the cluster centre
at the present time. The combination of all these results indicates
that the enhancement of central abundances produced at low redshift
cannot be explained by metals ejected during this time interval from
galaxies that lie close to the cluster centre. Indeed, galaxies within a
sphere of radius 500 £ ! kpc centred on the dominant cluster galaxy
do not contribute to the metal enrichment at recent epochs. Instead,
a scenario appears favoured in which gas particles are primarily
enriched at high redshifts, and are subsequently driven to the clus-
ter centre by bulk motions in the intracluster gas. Hence, the main
cause that confributes to this central abundance enhancement is the
dynamical evolution of gas particles during the cluster formation.

Gas particles develop very high velocities ranging from ~1300
to ~2500km s~! when they are farther than ~14~! Mpc from the
cluster centre at z > 0.2. Once these high-velocity gas clumps cross
this typical cluster shock radius, which correspond approximately
to the virial radius of the most massive progenitor of the cluster at
these redshifts, they slow down ending up within the inner ~500 /!
Kpc of the cluster at z = 0. The inhomogeneous gas infall produces
contact discontinuities that are manifested as sharp edges in the EW
LOS velocity maps. These maps provide useful information about
the gas dynamics in the ICM and its dependence on spatial position
within the cluster. They reveal a quite complex structure of the gas
dynamics, including the presence of strong radial and azimuthal gra-
dients with values as large as ~1000 km s~!. Gradients of this mag-
nitude are also seen in velocity distributions along sightlines through
the cluster centre. Doppler shifting and broadening suffered by the
Fe K, 6.7-keV emission line along sightlines could be used to probe
these gas bulk motions when they are produced within an area char-
acterized by high iron line emissivity. Velocities of ~400kms™',
typically found within a radius of 100 ™! kpc from the cluster core,
produce Doppler shifts of the line of the order of ~10-15eV. The
line can be split in multiple components depending on the structure
of the velocity field. We find that the higher velocities reached by the
intracluster gas beyond 500 2! kpc, or those acquired by infalling
subclumps located at such large distances from the cluster centre do
not produce a detectable signature in the spectral lines because of
the rather low iron line emissivity in the outskirts of the cluster.

The combination of all these results strongly supports the fact
that abundance patterns of the ICM are the result of gas mixing be-
cause of hydrodynamical processes during cluster formation, being
a considerable amount of the gas mainly enriched at high redshifts,
before the cluster have time to virialize. The central enhancement of
Fe and O abundance profiles might be considered as produced by a
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particular situation taking place in our simulation, in which two big
highly enriched gas subclumps converge at the cluster centre at the
present epoch. However, this kind of behaviour is consistent with
the hierarchical formation scenario, in which accretion and merging
of substructures constitute the main processes driving the formation
and evolution of clusters of galaxies. Thus, the specific shape of
metallicity profiles might well be a consequence of the combination
of two time-scales, one related to the metal production of galaxy
clusters and the other to the metal mixing. In this last case, both
the effect of gas dynamics, galaxy mergers and the efficiency in the
diffusion of metals due to energetic and chemical feedback associ-
ated with the star formation process play an important role. Other
enrichment processes not taken into account in our model, such as
metal pollution by intracluster stars and ram-pressure stripping, may
contribute significantly to recover the observed abundance patterns
reinforcing the effect of gas dynamics discussed here.

Our analysis techniques in this study yield a three-dimensional
picture of the chemical and dynamical properties of the ICM. The
information about the latter can be extracted from the metal con-
tent of the intracluster gas. Our results show that gas bulk mo-
tions are imprinted in the shape of X-ray lines of heavy ions.
Since thermal broadening is small, these features could be detected
with the high-resolution spectrographs of future X-ray missions
(CONSTELLATION-X and XEUS). Such observations should be
very important in determining the physical processes involved in
the formation and evolution of galaxy clusters, contributing with
clues that allow us to verify the enrichment scenario inferred from
our model in which gas dynamics have a crucial effect.

Finally, even though all the processes considered in our hybrid
model are tuned to satisfy numerous observational constraints, the
implied global level of iron enrichment we find is on the low side
of the generally accepted observed range, which is around one-
third the solar value. This may in part be due to the uncertainties
in the stellar yields and to our poor knowledge of the strength and
nature of the feedback processes involved, but could also point to
a systematic problem with the observational estimates. Our model
so far only accounts for the effect of SNe-driven outflows, but it
should be possible to include other sources of feedback, like those
from active galactic nucleus (AGN), as well. This is left for future
work, and may perhaps provide a solution to some of the puzzles
still present in understanding the observed cluster metallicities.
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