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ABSTRACT

Galaxy clusters as the densest and most prominent regions within the large-scale structure can be
used as well characterizable laboratories to study astrophysical processes on the largest scales. X-ray
observations provide currently the best way to determine the physical properties of galaxy clusters and
the environmental parameters that describe them as laboratories. We illustrate this use of galaxy clus-
ters and the precision of our understanding of them as laboratory environments with several examples.
Their application to determine the matter composition of the Universe shows good agreement with
results from other methods and is therefore a good test of our understanding. We test the reliability of
mass measurements and illustrate the use of X-ray diagnostics to study the dynamical state of clusters.
We discuss further studies on turbulence in the cluster ICM, the interaction of central AGN with the
radiatively cooling plasma in cluster cooling cores and the lessons learned from the ICM enrichment by

heavy elements.
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I. INTRODUCTION

Galaxy clusters are the largest well defined objects
in the hierarchy of structures in the Universe. In con-
trast to their name, which characterizes them rather
as collections of objects, they show up as unit entities
in X-rays, as shown in Fig. 1. They have been formed
from the densest regions in the large-scale matter distri-
bution of the Universe at scales of the order of 10 Mpc
and have collapsed to form matter aggregates that have
reached an approximate dynamical equilibrium. They
are best seen as large gravitational potentials holding
mostly dark matter, hot thermal plasma, and galaxies
together, roughly in proportions of 87%, 11%, and 2%,
respectively. Here an throughout the paper we adopt
a Hubble constant of Hy = 70 km s~! Mpc~! if not
stated otherwise.

Thus galaxy clusters are the largest objects in the
Universe which have a characteristic form, which can
be well assessed by observations and well described by
theoretical modeling. With these properties they also
form the largest astrophysical laboratories, in which
the physical environmental conditions can be well ob-
served and described. As the most prominent regions
in the large-scale structure distribution of the Universe
they form therefore perfect laboratory sites for detailed
studies of the processes which are the topic of this con-
ference, magnetic fields and cosmic particle generation,
on the largest scales.

The aim of this contribution is therefore to give an
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overview on how well we currently understand these
galaxy cluster laboratories, by providing a background
of the observational characterization of clusters and by
illustrating the degree of our understanding by some
prime examples which partly also relate to the topic of
this meeting.

Fig. 1.— The Coma cluster of galaxies as seen in X-rays
in the ROSAT All-Sky Survey (underlaying red color) and
the optically visible galaxy distribution in the Palomar Sky
Survey Image (galaxy and stellar images from the digitized
POSS plate superposed).
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As mentioned above, X-ray observations play cur-
rently a prime role in the observational studies of the
structure and astrophysics of clusters of galaxies. This
is due to the hot intracluster medium (ICM), a hot
thermal plasma that fills the whole cluster volume, has
temperatures in the range of 10 to 100 Million Kelvin,
and emits the maximum of its thermal radiation in the
soft X-ray band - just the energy range in which we can
build and operate imaging X-ray telescopes. Galaxy
clusters are therefore among the most rewarding ob-
jects for X-ray imaging studies next to supernova rem-
nants. Since the X-ray emission is proportional to the
squared plasma density, the ICM density can be recon-
structed from the observed X-ray images if we make
some presumptions on the three-dimensional geometry
of the clusters that allows us the deprojection of the
surface brightness distribution. Also the temperature
of the ICM can be determined by X-ray spectroscopy.
The thermal emission leads to optically thin radiation
in which every electron-ion collision leads to an emit-
ted photon. The spectral form is independent from the
normalization only dependent on the temperature and
chemical composition of the plasma and both pieces of
information can be reliably determined from the spec-
tral appearance. The only remaining ambiguities are
again that the observed spectrum is a projection of
thermal emission along the line of sight and the exis-
tence of a range of different temperatures can not easily
and unambiguously unfolded. Thus we observe what is
often called an ”emission measure weighted tempera-
ture” and further assumptions play a role in the unfold-
ing and deprojection of the measurement. However, the
best observed spectra, e.g. in the X-ray halo of M87
(Matsushita et al. 2002) provide good support for an
uncomplicated scenario with a good approximation of
ionization equilibrium, local isothermality, and smooth
temperature variations as a function of radius, which
allows us a good assessment of the structure of the ICM.
The knowledge of the density and temperature struc-
ture also yields information on the pressure and entropy
distribution. And if we can assume approximate pres-
sure equilibrium - an assumption that we also discuss
later - we can use the pressure distribution in the ICM
to infer the structure of the gravitational potential and
the mass distribution of the cluster.

II. MATTER COMPOSITION OF GALAXY
CLUSTERS

The new X-ray satellite observatories XMM-Newton
(ESA) and CHANDRA (NASA) now provide advanced
observational capabilities to derive spatially resolved
spectroscopic information that allows us to reconstruct
the density and temperature distribution of the ICM
in the way described above. The CHANDRA observa-
tory provides a superior angular resolution of less than
one arcsec showing many important details in the ICM
distribution like cold fronts (Vikhlinin et al. 2002),
shock waves (Markevitch et al. 2002), and X-ray cavi-
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Fig. 2.— Upper panel: Surface brightness profile of
the galaxy cluster Abell 1413 determined from an XMM-
Newton observation by Pratt & Arnaud (2002). Lower
panel: Temperature profile of the ICM of the galaxy cluster
Abell 1413 from an XMM-Newton observation by Pratt &
Arnaud (2002). The temperature profile extends to a radius
of about 7500.

ties blown by AGN radio lobes (Bohringer et al. 1993,
Fabian et al. 2003). The large X-ray collecting power of
XMM-Newton provides good photon statistics that al-
lows to construct X-ray spectra from different regions
and features seen in the X-ray images giving a good
overview on the temperature structure of the clusters.
In addition the highly sensitive reflection grating in-
struments, RGS, on board of XMM have given us the
most detailed line spectra of the cluster ICM. It is also
with XMM-Newton that we get the best information
on the low surface brightness region in the outer parts
of the clusters.

Fig. 2 gives an example of one of the best X-ray
studies of a galaxy cluster with XMM-Newton so far,
of Abell 1413 (Pratt & Arnaud 2002). The figure shows
the accuracy of the determination of the cluster surface
brightness profile and the temperature profile. The
temperature profile extends to about a radius of an
overdensity of 500 over the critical density of the Uni-
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Fig. 3.— ICM gas mass fraction in the galaxy cluster
Abell 1413 from an XMM-Newton observation by Pratt &
Arnaud (2002).

verse, rs00, which is about 60% of the radius of the
dynamical edge of the virialized galaxy cluster (e.g.
Evrard 1997, Voit 2004). From these data the grav-
itational mass and gas mass profile can be determined.
The ratio of the two gives the gas mass fraction. The
result for the gas mass fraction profile for this cluster
is shown in Fig. 3. In the outer region the gas mass
fraction is asymptotically approaching a value of about

11%h%2 (note that the results in the figure are given for

a Hubble constant of hsg = Ho/(50kms™ 'Mpc™!) = 1).
Together with the stellar mass in the cluster galaxies
of about 2% this mass of about 13% is believed to ac-
count for the vast majority of the baryonic mass in
the galaxy cluster. The rest of the mass, the so called
”missing mass” since the time of Zwicky (1937), is at-
tributed to dark matter. Other studies of the cluster
baryon fraction based on CHANDRA observations by
Allen et al. (2003, 2004) and Ettori et al. (2003) and
earlier determinations with less precise data (Briel et
al. 1991, Bohringer et al. 1993, Evrard 1997, Mohr
et al. 1999, Ettori & Fabian 1999, Ettori et al. 2001)
yield very similar results.

Since galaxy clusters are formed essentially by grav-
itational collapse which samples all forms of matter al-
most indiscriminently into the cluster potential, this

Table 1. Baryon mass density fraction in the Universe de-
termined by different methods: galaxy cluster composition,
nucleosynthesis combined with the observed primordial deu-
terium abundance, and the relative heights of the peaks in
the cosmic microwave background fluctuation power spec-
trum (from WAMP).

method

cluster

baryon fraction

(assuming that

nucleosynthesis

& primordial

deuterium

WMAP CMB

fluct. spectrum

Qb h2 Qb for h =0.7

Q,, =0.3) 0.0390

0.0205(+0.0019) 0.0407

0.0224(=£0.0009) 0.0444

ratio should give a measure of the ratio of baryons to
dark matter of the Universe. This cosmic ratio has
also been measured by other means, like the fluctu-
ation spectrum of the cosmic microwave background
(e.g. Spergel et al. 2003) or the primordial deuterium
abundance in connection with nucleosythesis calcula-
tions (Burles et al. 2001) with results summarized in
Table 1. There is good agreement within the quoted er-
ror limits of about 10% among all three methods. This
provides good support for the reliability of the mass
and gas mass determination in galaxy clusters.

III. EXPLORATION OF CLUSTER STRUC-
TURE

(a) Mass Determination

Fig. 4 shows the mass profile determined from the
same data as above (Pratt & Arnaud 2002). The mass
profile can be reasonably well fit by a NF'W mass profile
(Navarro et al. 1996). This has also been found in
a series of detailed inspections of mass profiles from
XMM-Newton and CHANDRA (e.g. Allen et al., 2003
Buote & Lewis 2004), with the conclusion that most
well relaxed appearing clusters follow this description,
but clusters showing some distortion, most probably
due to recent merger activity, have cores which are too
flat to be described by NFW profiles (e.g. Pratt et al.
2004).
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Fig. 4.— Mass profile of the cluster Abell 1413 deter-
mined from XMM-Newton observations by Pratt & Arnaud
(2002). The figure illustrates how well the profile can be fit-
ted by the proposed, theoretically derived mass models by
Navarro et al. (1996) and Moore et al. (1999).

One of the urgent questions is of course how reliable
the determined masses are. The answer to this question
has far reaching consequences for several cosmological
applications of galaxy clusters as for example the use
of the baryon fraction for cosmological tests, but also
for the use of galaxy clusters to assess the cosmic large-
scale structure in the matter distribution (e.g. Collins
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et al. 2000, Schuecker et al. 2001, 2002, Bohringer
et al. 2002a). Like the baryon fraction studies also
the latter cosmological application has given us some
confidence in the determined cluster masses.

(b) Comparison to Lensing Studies

One possibility to test the mass measurement with
an independent method is the comparison to the grav-
itational lensing effect of clusters. The more massive
and compact galaxy clusters reach the critical projected
mass density in the center necessary for the strong grav-
itational lensing effect, which gives rise to spectacular
arcs (e.g. Mellier 1999), but all clusters are expected to
show weak gravitational shear. It has been pointed out
in a series of publications, that the masses inferred from
gravitational lensing tend to be larger than those deter-
mined from X-ray observations (e.g. Wu 2000). Mag-
netic fields and cosmic rays producing an additional
ICM pressure were among the effects proposed to over-
come this discrepancy (Loeb & Mao 1995) which seems
worth mentioning within the context of the present con-
ference.

We have studied a series of famous lensing clusters
with new X-ray observations. A first example is Abell
2390, which has a very compact and symmetric ap-
pearance with a slight ellipticity and a very prominent
cooling core. The cluster has a prominent tangential
and radial arc (Pierre et al. 1996) and shows a well
detected weak lensing effect on large scale (Squires et
al. 1996). The cluster has also been subject of very de-
tailed spectroscopic studies in the optical by Carlberg
et al. (1996) from which a mass profile was determined
from the galaxy dynamics. Combined deep X-ray stud-
ies with ROSAT and ASCA provide a good X-ray mass
measurement (Bohringer et al. 1998) which was later
also exactly confirmed with CHANDRA data (Allen et
al. 2001). A comparison of all these mass profile results
given in Fig 5 shows that there is excellent agreement.

1018

(10%x14 Msun)

mass

107 I I
0.1 1.0
radius  (Mpc)

Fig. 5.— Radial mass profile of A2390 determined from
X-ray data (lines, Bohringer et al. 1998), strong lensing
(asterisk, Pierre et al. 1996) and Weak lensing (diamonds,
Squires et al. 1996).

Further prominent lensing clusters for which no
good agreement has been obtained comprise for exam-
ple Abell 2218, Abell 1689 and CL0024+17. Fig. 6
shows a comparison of the X-ray and lensing result for

CL0024+17 (Zhang et al. 2004a, Soucail et al. 2000,
Bohringer et al. 2000). The X-ray image of this cluster
shows some complex asymmetric features in the clus-
ter core region, but gives no direct clue on the reason
for these disturbances. The explanation comes from
the study of the galaxy velocity distribution in these
clusters (Czoske et al. 2002), which clearly indicates
that the cluster is a configuration where two major sub-
clusters are merging in the direction very close to the
line-of-sight.

The cases of Abell 1689 (King et al. 2002, Czoske
2003) and Abell 2218 (Pratt et al. 2004, Girardi et al.
1997) turn out to be similar line-of-sight mergers. Such
well oriented configurations captured in the special mo-
ment of collapse should be rare, and thus should not
concern the mass determination in the average cluster.
But due to the extra mass in the filament projected
onto the cluster surface in the line-of-sight, they appear
as such spectacular lensed objects and have preferen-
tially been selected as lensing study targets. Thus the
discrepancies in the determined masses is not a defect
in the method, but very different masses are assessed.
While the X-ray mass measurement provides a result
on the mass of the collapsed and partly relaxed core
of the clusters, the lensing measurement provides an
account of the matter filament in which the cluster is
embedded.
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Fig. 6.— Projected mass profile of the cluster CL0024+17
(thick line) from XMM-Newton observations compared to
strong gravitational lensing results (Zhang et al. 2004a).

(c) Self-Similarity of Cluster Structure and
Structure Diagnostics

The examples of well relaxed and merging clusters
encountered in the last subsection show that galaxy
clusters come with a variety of shapes. In this context
it is important to know how much self-similarity there
is between clusters as a function of mass. After all,
the formation of galaxy clusters through gravitational
collapse is a self-similar processes in which only the
substructure in the initial conditions introduces some
smaller differences. A knowledge of the cluster self-
similarity and its scatter allows us to predict within
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Fig. 7.— Redshift distributio;l of the galaxies in the clus-
ter CL0024+417 from Czoske et al. (2002)

certain limits cluster properties from one or a few ob-
servables (e.g. to get a mass estimate from an X-ray
luminosity).

Fig. 8 shows for example a set of surface bright-
ness and temperature profiles for a statistical sample
of massive galaxy clusters at redshifts around z ~ 3
from the ROSAT All-Sky Survey (Zhang et al. 2004b).
The temperature structure and the gas density profiles
are pretty similar, with the largest diversity in the cen-
tral regions where we can distinguish cooling core and
non-cooling core clusters.
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Fig. 8.— Surface brightness and temperature profiles of X-
ray luminous REFLEX clusters (REFLEX-DXL, Zhang et
al. 2004b) which illustrate the large degree of self-similarity
of galaxy clusters. The profiles are scaled by the estimated
virial radius and the temperature axis on the right panel by
the bulk temperature. The grey region shows the tempera-
ture profiles from Markevitch’s (1998) ASCA analysis.

As a further diagnostics of the cluster structure the
spectral imaging capabilities of XMM and CHANDRA
allow us to produce projected temperature, density,
pressure and entropy maps. While the entropy map
provides a good insight into the history of cluster for-
mation, the pressure map is diagnostics of disturbances
of the hydrostatic equilibrium. Fig. 9 provides a partic-
ularly interesting example of a high speed merger where
a small subclump is shot through the main cluster and
is preceded by a bow shock, seen as bright feature in the
entropy map in the NW of the cluster (Finoguenov et
al. in preparation). The lesson learned from the study
of a series of such diagnostic maps is that the pressure
maps usually appear quite regular (as in the present
case where it is the most symmetric map) which sup-

ports the assumption of approximate hydrostatic equi-
librium in the cluster mass determination.

Fig. 9.— Temperature (T), entropy (E), pressure (P) and
surface brightness (S) map of the cluster RXCJ0658-5557
(Finoguenov et al. in preparation) constructed from XMM-
Newton imaging and spectroscopic data.

IV. PROBING TURBULENCE IN THE CL-
USTER ICM

One of the open questions concerning the structure
of the ICM is how much pressure and kinetic energy
content is present in the form irregular gas motions
and turbulence. The main driver for turbulence is the
enormous amount of energy released in cluster mergers
and turbulence is one possible driver for the generation
of cosmic rays. A detailed XMM-Newton X-ray obser-
vation of the Coma Cluster, which is believed to be in
a post-merger stage, has now given us a first clue on
the observation of turbulence (Schuecker et al. 2004).
The most direct description of turbulence is of course
through the velocity field. A consequence of the ran-
dom velocities are pressure fluctuations which can be
traced in the pressure maps that can be constructed
from the observed surface brightness and temperature
distribution of the X-ray emitting plasma (Fig. 10).

For turbulence we expect to see three characteristic
features in the pressure, temperature and density distri-
bution of the ICM. For developed turbulence the pres-
sure fluctuations should be Gaussian, which is shown
for the Coma ICM in Fig. 11 For subsonic turbulence
the density and temperature fluctuations should fol-
low the equation AT/T = (An?/n?)*3 which is ap-
proximately fulfilled as shown in Fig... Finally the
three-dimensional Fourrier spectrum of the fluctuations
should follow a power law AP o k~7/3 given by the
theory of Kolmogorov (1941) and Oboukhov (1941).
Fig. 13 shows that such a power law is actually ob-
served (in projection) in Coma for scales from 2.8 Mpc
down to about 20 kpc (for details see Schuecker et al.
2004). Other signatures of turbulence in the cluster
ICM have been found and discussed by Inogamov &
Sunyaev (2003) and Vogt & En8lin (2003).
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145kpc

Fig. 10.— Image of the projected pressure distribution
of the Coma cluster (Schuecker et al. 2004). The scale of
145 kpc corresponds to the largest size of turbulent eddies
indicated by the power spectrum.
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Fig. 11.— Histogram of the pressure fluctuations with an
approximate Gaussian shape.

V. COOLING AND HEATING OF THE ICM
AND AGN-ICM INTERACTION

X-ray observations of galaxy clusters more than 25
years ago showed that the cooling time in the central
ICM of some clusters is shorter than the Hubble time.
The most direct conclusion is that the hot plasma in
the central region is cooling and condensing, causing
an influx of gas from the outer regions, the scenario of
cooling flows (Fabian & Nulsen 1977). The reheating of
the gas seemed implausible since the heating source has
to be fine tuned not to disperse the gas and to provide
enough energy input to counteract the radiative cooling
(Fabian 1994). New observations with XMM-Newton
and CHANDRA lead to a revision of this scenario. The
high resolution CHANDRA images now show various
examples of interaction effects of central AGN with the
cluster ICM providing direct evidence of energy input
into the radiatively cooling ICM (e.g. McNamara et
al. 2000, Birzan et al. 2004, Forman et al. 2004) as
shown in Fig 14 (Fabian et al. 2003). The high res-
olution spectroscopy with the RGS instruments (e.g.
Peterson et al. 2001) and the spatially resolved spec-
troscopy of the EPIC cameras (e.g. Matsushita et al.
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Fig. 12.— Correlation of the density and temperature
fluctuations with an annroximatelv adiabatic signature.
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Fig. 13.— Power spectrum of the pressure fluctuations
in the turbulent ICM of the Coma cluster (Schuecker et al.
2004).

2002) on board of XMM-Newton showed that a con-
tinuous coverage of the temperature range down to low
temperatures as expected for continued cooling of the
central ICM is not observed in the spectra. These two
new pieces of information have lead to the new emerg-
ing picture of cluster cooling cores, where the fine tuned
reheating of the cooling central ICM is achieved by the
cycle of feeding a central AGN with cooling flow gas
until the energy output of the AGN is limiting (regu-
lating) the further cooling of the ICM, such that the
gas condensation rates are reduced by factors of proba-
bly tens to hundreds (e.g. Churazov et al. 2000, 2001,
Bohringer et al. 2002).

VI. HEAVY ELEMENT ABUNDANCE DI-
AGNOSTICS

The central ICM of cooling core clusters is also char-
acterized by a central heavy element abundance peak
(Fig. 15: see also De Grandi & Molendi 2001) which
provides interesting insights into the heavy element
production and further diagnostics of the history of the
cooling core regions. We know two sources for the en-
richment of the ICM with heavy elements: core collapse
supernovae, type II, which produce a broad spectrum of
element masses with a bias towards the lighter elements
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Fig. 14.— Interaction of the AGN in NGC1275 with
the ICM of the Perseus cluster observed with CHANDRA
(Fabian et al. 2003). The left picture shows the X-ray emis-
sion with the radio image as contour lines. We see that the
radio lobe plasma has displaced the thermal gas. The right
picture is an unsharp masked image of the X-ray emission
showing ”ripples” caused by the AGN energy input into the
ICM.
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Fig. 15.— Relative abundance distribution of Fe in the
ICM of four nearby clusters as deduced from XMM-Newton
observations (Bohringer et al. 2004).

like O and Mg, and type Ia supernovae, thermonuclear
explosions of white dwarfs, which dominantly yield Fe
group elements and lighter elements like Si and S but
very little O and Mg. A close inspection of the com-
position of the central abundance peak shows that it is
traced by the heavier SN Ia products but not by the
lighter elements like O and Mg (Fig. 16, Matsushita
et al. 2003). This is consistent with the picture that
SN II activity happens in the early history of cluster
formation when the stellar populations of the cluster
galaxies are still young and SN IT products become well
mixed. SN Ia are still observed in the present day clus-
ter ellipticals. The more recent yields obviously lead to
more local enrichment, in particular the massive stellar
population of the cD galaxies dominating the centers
of cooling core clusters are responsible for the central
enrichment.

(a) Enrichment Times

The central abundance peak extends much further
than the central 10 kpc region inside the central galaxy.
Since the central galaxy dominates the stellar popula-
tion out to radii of the order of 100 kpc and is therefore
responsible for most of the secular heavy elements in
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Fig. 16.— Abundance profiles of O and Si in the X-ray
halo of M87 in the Virgo cluster as deduced from XMM-
Newton observations (Matsushita. et al. 2003).
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Fig. 17.— Enrichment ages of the central iron abundance
peak in the four galaxy clusters, M87/Virgo, Centaurus,
Perseus, and A1795. The enrichment times were calculated
on the basis of a SN Ia rate of 0.15 SNU (Capellaro et al.
1999) and an additional contribution by stellar mass loss.
Left panel: with constant SN Ia rate, Right panel: with
increasing SN Ia rate in the past described by a power law
with time exponents s = —2 (thick lines) and s = —1.1.
(thin lines).

this zone, this implies some transport of the centrally
enriched ICM to larger radii and large enrichment times
to produce all the iron in the entire abundance peak.
With an Fe production with a supernova rate of 0.15
SNU (Cappelaro et al. 1999) and stellar mass loss rates
of 2.5-10711 x Ly (Ciotti et al. 1991) we can calculate
the enrichment times of the Fe in the abundance peak
as a function of radius, with results shown in Fig. 17.
In a second, alternative model the SN Ia rate is assumed
to be larger in the past. Even for the second model we
find quite large enrichment times of 5 —9 Gyrs for radii
around 50 kpc and 7 to 12 Gyrs for 100 kpc. If the es-
timates are correct these results imply that the central
regions of the clusters and their ICM can not have suf-
fered major disturbances during these times and that
the ICM experiences only mild turbulent redistribu-
tion. The central regions of cooling flow clusters must
therefore be rather old. This scenario would not allow
the inclusion of cooling flows with the large previously
inferred mass deposition rates, since this would make
the accumulation of the large observed central excess
Fe masses of the order of 10° M impossible.

VII. CONCLUSION

The broad range of topics described illustrate the
rich knowledge gained on galaxy clusters as astrophys-
ical laboratories with a large, very recent progress
thanks to the X-ray observatories CHANDRA and
XMM-Newton.
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