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Understanding the dynamical structure
and matter content of galaxy clusters

is crucial for many cosmological and
astrophysical applications. While opti-
cal studies provide information on the
distribution and dynamics of the galax-
ies, allowing for a tentative reconstruc-
tion of the cluster mass distribution,
X-ray observations provide complemen-
tary details through the study of the
hot, X-ray luminous intracluster plasma
which is confined by the cluster’s gravi-
tational potential well. To exploit the
avantage of such a combined approach
we have been conducting observa-
tions with VIMOS at the ESO-VLT, the
Wide Field Imager at the 2.2-m MPG/
ESO telescope at La Silla, and ESA’s
XMM-Newton X-ray observatory. In this
article we illustrate the power of the
combination of these instruments for
galaxy cluster studies.

Galaxy clusters are important astrophys-
ical laboratories and test objects for
cosmological research. The key for this
application of galaxy cluster research

is the knowledge of the cluster mass and
dynamical structure. For instance, the
cluster abundance and the statistics of
the cluster spatial distribution provide
the basis for tests of cosmological mod-
els (Bohringer et al. 1998; Schuecker

et al. 2003). Among many possible appli-
cations, the use of galaxy clusters as
laboratories involves (i) the determination
of the baryon-to-dark matter ratio, where-

by the clusters provide a representative
sample of matter of our Universe, and

(i) the determination of the mass-to-light
ratio, which is a measure of the efficiency
of galaxy formation. It is obvious that the
determination of the cluster mass and
internal mass distribution is an essential
prerequisite in such studies.

Cluster-mass measurements have so far
preferentially been performed on presum-
ably relaxed, regular systems. For gener-
al cosmological applications we need

to know the mass of clusters of any type.
To take one crucial example: the mass
function of galaxy clusters provides im-
portant information on the statistics of the
cosmic large-scale structure. It has been
suggested on the basis of some simu-
lations that the X-ray luminosity, the X-ray
temperature, and the galaxy velocity dis-
persion, all three important indicators

of the cluster mass, may be boosted to
high values during major mergers of gal-
axy clusters. Thus, in many important
surveys, where these measures of cluster
mass have been used without this pre-
caution, the high end of the mass func-
tion could be seriously distorted, thereby
leading to incorrect implications. This
and other important applications, which
rely on a precise knowledge of cluster
structure and mass, have led us to em-
bark on a systematic study of cluster
structure for representative cluster sam-
ples using detailed observations at X-ray
and optical wavelengths.

While deep X-ray images, which show
the distribution of the hot intracluster me-
dium (ICM) tracing the gravitational po-
tential of the cluster, reveal much of the
cluster structure as projected onto the
sky, the galaxy redshift distribution pro-
vides a complementary view of the clus-
ter dynamics projected onto the line-
of-sight. Thus, a major aim of the project
is to employ the combined X-ray/optical
information for the reconstruction of the
dynamical state of the cluster, to search
for the best strategy for the mass esti-
mate for each case, and to test the con-
sistency of the optical and X-ray mass
estimates. For this research Europe cur-
rently offers two superb instruments.

The XMM-Newton X-ray observatory with
its high throughput, good spatial resolu-
tion (8 arcsec), and simultaneous imaging
and spectroscopic capabilities is by far

the best instrument to study the density,
temperature, pressure and entropy struc-
ture of the ICM. This provides a very
good basis for mass estimates as well as
an understanding of the formation and
thermal history of the cluster and its ICM.
The VIMOS multiplexing spectrograph

at the ESO-VLT is the most efficient in-
strument (apart from IMACS at Magellan)
to collect sufficient numbers of redshifts
for a dynamical analysis. In addition

the Wide Field Imager (WFI) allows us to
map the optical emission from the cluster
galaxies on large scales. Further goals

of this programme involve the study of
the galaxy population and the star-forma-
tion activity as a function of environment
in and around the cluster, the relation

of the heavy element abundances in the
ICM with the properties of the galaxy
population, and the connection between
the thermal structure of the ICM and the
galaxy distribution and dynamics (which
can provide clues on the accretion history
of the cluster).

While we have already collected interest-
ing results on the X-ray and optical prop-
erties of the clusters in this project, the
overall data assessment and interpreta-
tion are still in progress. Here we would
therefore like to give an illustration of the
diagnostic power of the combined use
of VLT-VIMOS and XMM-Newton obser-
vations, in particular, and to describe our
observational approach.

X-ray morphology

As an example of this diagnostic power
we choose the case of the massive clus-
ter RXCJ 0014.3-3023 (Abell 2744), re-
produced in a composite colour WFI im-
age in Figure 1. This cluster is taken from
our complete sample of massive gal-

axy clusters (with X-ray luminosity above
2-10% hzl erg s™' for 0.1-2.4 keV) in

the redshift range from z=0.27 to 0.31 in
the southern sky, as identified in our
ROSAT Sky Survey-based REFLEX Clus-
ter Survey (Bohringer et al. 1998, 2004).
The X-ray-determined mass of the cluster
is about 7.4 - 10'* h7} M, inside a radi-

us 1.24 h3}, Mpc (i.e. half of the virial ra-
dius), excluding substructure (Zhang et
al. 2006). This cluster is also known as a
gravitational lens (Smalil et al. 1991). An
overlay of the X-ray contours (Figure 2)
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Figure 1: Colour composite image of the cluster
RXCJ 0014.3-3023 (A2744) obtained from B-

(blue, 4800 s exposure), V- (green, 3600 s), and R-
band (red, 3600 s) imaging with the Wide Field
Imager at the 2.2-m MPG/ESO telescope at La Silla.
The angular size of the field shown is 10" on a

side (2.7 h37}, Mpc for the ‘concordance’ cosmologi-
cal model). East is to the left and North up.

reveals two X-ray maxima belonging to
the main cluster to the South-East (SE)
and a considerable subcluster to the
North-West (NW), which are in the proc-
ess of merging.

Two signatures indicate that the NW sub-
cluster is still on its infalling track. Name-
ly: (1) the galaxies are preceding the intra-
cluster plasma of the subcluster, which is
stopped by the interaction with the main
cluster’'s ICM, and (2) a detailed Chandra
X-ray image shows signs of a bow shock
in front (i.e. to the SE) of the infalling
subcluster (Kempner and David 2004).
The latter signature is consistent with an
entropy enhancement in the region be-
tween the two maxima discovered from
our XMM-Newton observations (Figure 3,
Finoguenov et al. 2005).

Galaxy population

To study the galaxy population we cov-
ered the region of RXCJ 0014.3-3023
with three VIMOS fields, overlapping at
the cluster centre, aligned in the EW
direction. For each field (but one), we
designed one multi-object spectroscopy
(MOS) mask for a few bright galaxies
and one MOS mask for many faint galax-
ies. The total exposure time was about
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Figure 2: X-ray contour plot of the 0.5 to 2.0 keV
XMM-Newton image superposed on the R-band
WFI image for RXCJ 0014.3-3023. We clearly see
two X-ray maxima tracing the gravitational poten-
tial minima of the main cluster (to the SE) and a
subcluster (to the NW), both also marked by slight-
ly offset concentrations of massive galaxies.

1-arcmin

one hour per field including all overheads.
With the VIMOS Low-Resolution Blue
grism and a conservative 3 arcsec-wide
sky strip per slit, we obtained in total

871 spectra including 134 confirmed clus-
ter members. The targets were selected
from an /-band image with no colour
selection to obtain an unbiased view of
the galaxy population as a function of
star-formation activity. The MOS masks
cover the entire cluster slightly beyond
the virial radius (~ 2.5 h3}, Mpc), where
the cluster galaxy density becomes low.
Thus, the investment for covering this
important outer region is a reduction in
the overall efficiency.

Figure 4 shows typical galaxy spectra. At
the dispersion given by the coupling of
the low-resolution grism (a price paid for
the high multiplexing power of VIMOS)
with the 1-arcsec-wide slits adopted, the
galaxy velocities have relatively large
uncertainties (of the order of 300 km s~)
and the sensitivity for the detection of
emission lines is reduced with respect to
higher-resolution spectroscopy. However,
as we show below, we still obtain much
useful information. The sensitivity limit for
the detection of emission lines still cor-
responds to about 10 A in equivalent
width. Since one of our goals is the study
of the nature of the galaxy population

as a function of environment, we show

in Figure 5 (left hand) as an example the
cumulative ratio of emission-line galax-
ies versus galaxies with spectra typical of
passive stellar populations. We clearly
see an increase in star-formation activity
at larger cluster radii which has been
seen before (e.g. Kodama et al. 2001) and
in the Sloan Digital Sky Survey in near-
by clusters (Gomez et al. 2003). There is
a very clear signature that star forma-
tion is quenched inside the cluster and
this quenching sets in far outside the
virial radius. This implies that the interac-
tion with the hot cluster ICM (e.g. by
interstellar gas stripping effects) is not the
only mechanism that leads to a suppres-
sion of star formation in cluster galaxies.
Quenching effects must already be op-
erative in the infall region. The actual pro-
jected distributions of star-forming and
non-star-forming galaxies in the cluster
are shown in Figure 5 (right hand). There
is no obvious correlation between the
distribution of emission-line galaxies and
the merger structure of the cluster. Al-
so, we note that most of the emission-line
galaxies are found at large radii, ex-

cept for a striking compact group of three
emission-line objects near the cluster
centre, which could well lay off-centre
along the line-of-sight.



Figure 3 (above): Entropy structure of
the ICM in RXCJ 0014.3-3023 seen

in projection as derived from the XMM-
Newton spectro-imaging (Finoguenov
et al. 2005). While we expect the
entropy to steadily increase with radius
in a relaxed cluster, we here observe
low entropy gas (in blue) marking the
two subcomponent centres, whereas
the high entropy (in yellow/red) in the
region in-between implies energy dis-
sipation due to the merger shock.
Another interesting feature is the low-
entropy channel connecting the main
cluster centre with the southern edge
(in green). The overplotted contours
show the galaxy distribution (see Fig-
ure 7).

Figure 5 (below): Left: Radial distribu-
tion of the cumulative ratio of galax-
ies with and without emission lines in
their spectra. The central peak in the
blue line (all galaxies) is due to only
three galaxies (see right hand), which
are excised in the red curve. Right:
Projected distribution of the galaxies
with spectroscopic observations. Dif-
ferent colours mark the redshift re-
gions (blue: Av < —1321 km s~', green:
-1821 < Av < O km s7', yellow: 0 < Av
<1321 km s, red: Av > 1321 km s7)
and the asterisk symbol indicates
ongoing star formation activity. The
cluster centre is marked by a cross.
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Figure 4: Examples of VIMOS spectra (observed-
frame wavelength in A) of three cluster galaxies, in-
cluding a star-forming emission-line galaxy (top)
and two galaxies dominated by old, passively evolv-
ing stellar populations (middle and bottom). While
the upper two examples include two bright galaxies,
a galaxy near the detection limit of 22.5 I-mag is
shown at the bottom.
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The structure of the cluster merger

Figure 6 shows the (rest-frame) velocity
distribution of the galaxies in the cluster.
The overall velocity dispersion is very
large, with o, = 1321 km s-. Since there
is a clear signature of an infalling sub-
cluster in X-rays, we can use this informa-
tion to search for a velocity difference
between the two subcomponents. There-
fore Figure 6 also shows the velocity
distribution of the galaxies in the region
to the right and above a point interme-
diate to the two X-ray maxima. This sec-
tion nicely separates the infalling sub-
cluster from the main cluster. We note a
clear shift to higher velocities for the
infalling subcluster, with a mean velocity
difference of about 500 km s~'. Since
we see clear signatures in X-rays that
the two subcomponents are interacting
(e.g. a high entropy region in the X-ray
emitting plasma between the two X-ray
maxima, see Figure 3), we interpret the
higher redshift of the subcluster as indi-
cating that this subcomponent is infalling
from the front. We can further speculate
that the mutual attraction of the two
subcomponents with a combined mass
of about 10'® h7} M, allows a maximum
approach velocity at a separation of
about 1 Mpc (equivalent to a separation
of about 800 h37} kpc in projection) of
about 2200 km s~'. The low observed
line-of-sight velocity thus implies that the
merger axis is near the plane of the sky
with an angle of the order of about

15 degrees. The signature of a bow shock
seen in the Chandra data (Kempner and
David 2004) supports this picture of a
motion almost perpendicular to the line-
of-sight. A more detailed analysis of this
merger structure is in progress, and

we also plan to support our investigation
by comparison to tailored simulations.

The strategy we then adopted for the
mass analysis of the cluster is to use the
undisturbed sector of the main cluster
(see Zhang et al. 2006). Both the spectro-
scopic dynamical analysis and the X-ray
analysis were then performed excluding
the substructure. Our assumption of a re-
latively undisturbed sector of the cluster
is supported by the fact that we observe
a gently falling velocity dispersion profile
in this sector, as expected for a regular
cluster. Preliminary results based on the
sky and velocity distribution of the galax-
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Figure 6: Histogram and Gaussian fit
of the RXCJ 0014.3-3023 galaxy ve-
locity distribution from the VIMOS
spectroscopic observations. The blue
curves show the overall distribution,
while the red curves give the distribu-
tion of galaxies in the sector covered
by the infalling subcluster, showing

a higher recession velocity by about
500 km s~'. The green curves show
the velocity distribution of the remain-
ing galaxies.

Figure 7: Projected distribution of gal-
axies with R <22 mag (without z-cut)
in the cluster RXCJ 0014.3-3023

and its surroundings. Top: The X-ray
surface brightness map with the
galaxy number density superposed as
a contour plot. Colours from white to
green correspond to decreasing X-ray
surface brightnesses. The maximum
of the galaxy distribution clearly marks
the centre of the main cluster. In the
outer contours we recognise exten-
sions to the NW and to the S. Bottom:
The galaxy distribution on scale that is
twice as large (entire WFI field-of-view)
and to lower overdensity thresholds
(decreasing from yellow to black). The
extensions of the top panel now find
their continuation in possible filaments
of galaxy overdensities leading further
away from the cluster.



ies give a value for the mass of the main
cluster that is in agreement with the X-ray
estimate.

The surroundings

The large field-of-view of the WFI cam-
era (34’ x 33') allows us to image the
whole cluster together with its infall re-
gion. Figure 7 (top) shows a contour plot
of the projected galaxy density distri-
bution down to R ~ 22 mag (no z-cut
being applied) superposed on the X-ray
image, and (bottom) a large-scale map
of the galaxy distribution extending even
outside the virial radius of RXCJ 0014.3-
3028. The maximum of the galaxy densi-
ty distribution is centred on the main
cluster. The extensions in the galaxy dis-
tribution and the X-ray surface brightness
distribution to the NW and to the South
(S) in Figure 7 (top) find their continua-
tion in a possible large-scale filamentary
structure in the bottom panel of this fig-
ure, where the galaxy distribution is re-
produced with a lower threshold for the
density contours. There is a very inter-
esting correspondence between the fila-
ments and the internal structure of the
cluster, although a spectroscopic confir-
mation is needed. The main subcluster
is falling into the system from the NW.
The extension to the S is connected to a
low entropy channel linking the possi-
ble filament with the cluster centre (Figure
3). We have seen analogous features in
other clusters of our sample and we inter-

pret them as the signature of a previous
infall of galaxy groups, with a low entropy
intergroup medium, from the surround-
ing large-scale filamentary structure. Thus
we are obtaining a glimpse of the accre-
tion history of this cluster. The fact that
RXCJ 0014.3-3023 exhibits a giant radio
halo (see Kempner and David 2004),
which was most probably formed by cos-
mic-ray acceleration in a previous merger
shock, is a further confirmation that this
cluster has recently suffered from other
mergers in addition to the one observed
here.

Outlook

Similar results to those shown here have
been obtained in the past from deep opti-
cal and X-ray studies. The point here is
that the power of XMM-Newton and VLT-
VIMOS makes such observations a rou-
tine enterprise which can be applied to a
larger, representative sample of galaxy
clusters. We are currently exploiting these
two facilities to study two representative
cluster samples, one comprised of the
most massive, southern galaxy clusters in
the redshift range from z = 0.27 to 0.31,
all observed with XMM-Newton, from
which the above example was taken, and
for more than half of which we have re-
cently collected VIMOS data. The other
sample, covering the whole mass range
of clusters in a homogeneous way, was
designed from the REFLEX sample in

the redshift range from z = 0.055 to 0.2.

For all 33 clusters of this sample deep
XMM-Newton observations have been
conducted, and now we inspect a wide
spectrum of cluster morphologies. So

far only few optical data are available but
systematic observations are planned.

As spectroscopy at medium redshift and
low resolution on a wide field is time-
demanding, complements to VIMOS will
be considered at no loss of efficiency

or science throughput. Both samples are
becoming benchmark samples, for which
observations based on the Sunyaev
Zel'dovich effect are scheduled, and lens-
ing studies are planned. With this rich
information on cluster structure we will
significantly improve our calibration

of cluster mass measurements, as these
first results illustrate.
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The centre of the globular cluster Messier 12 as

observed with the FORS1 multi-mode instrument on
ESO’s Very Large Telescope. The picture covers a
region of about 3.5 arcmin on a side, corresponding
to about 23 light years at the distance of Messier 12.
It is based on data in five different filters: U, B, V,

R and Ha.. The observations were obtained with very
good conditions, the image quality (‘seeing’) being
around 0.6 arcsec. (ESO PR Photo 04/06)
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