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Abstract. We present ROSAT/HRI and ASCA observations,
combined with optical multi-object spectroscopy and photom-
etry of A 521, a rich galaxy cluster at z=0.247.

The ROSAT/HRI image of A 521 shows an irregular mor-
phology with two peaks separated by∼ 500h−1

50 kpc. A Wavelet
analysis of the X-ray image reveals the presence of two cluster
components: a diffuse main cluster, with an emission peak off-
set from the BCG position and a compact less massive cluster
in the North West, probably in an early merger phase with the
main cluster. The surface brightness profiles of both compo-
nents are well fitted by two independent isothermalβ-models.
The overall cluster temperature derived from the ASCA spectra
is 6.4 ± 0.8 keV.

The density of the galaxies in the cluster central part fol-
lows an irregular, nearly cross-like, structure. Two main ridges
S1 (NE/SW) and S2(NW/SE) cross south of the BCG and be-
long to the cluster from our velocity measurements. Whence
the position of the X-Ray center of the main cluster roughly
coincides with the intersection of the optical ridges S1 and S2,
the segregation between the gas and the galaxies subclustering
is extremely severe. This is an indication of a very particular
dynamical state.

Several interesting alignments are apparent. The center of
the two X-ray sub-clusters are aligned with the S2 direction as
well as the BCG major axis, whereas the main X-Ray cluster is
elongated along the ridge axis S1. This last feature, together with
the extremely large X-Ray core radius of the main cluster and
the very high velocity dispersion within the ridge S1, suggests
that a more ancient merger already occurred along direction S1.
At larger scale, the ridges S1 and S2 point in the direction of
the nearest angular neighbors among Abell clusters: A517 and
(A528/A518) respectively.

The observed alignment effects can be most naturally ex-
plained if A521 is a young cluster currently forming at the
crossing of two filaments, one pointing towards A517 and the
other in the direction of A528/A518, along which the cluster is
accreting material. The intersection of filaments are thought to
be the natural place of rich cluster formation and A521 might
be the first observed evidence for this hypothesis.

Send offprint requests to: M. Arnaud

Key words: galaxies: clusters: general – galaxies: clusters: in-
dividual: A521 – cosmology: dark matter – X-rays: general

1. Introduction

In hierarchical models of structure formation, the formation of
bound objects occur from the collapse of initial density fluctua-
tions that grow under the influence of gravity, and are built from
smaller structures that have previously formed. This virialisa-
tion process is ongoing now at cluster scale, as indicated by the
observed variety of dynamical states of these objects (e.g. Buote
& Tsai 1996). Cluster properties therefore still depend on the
details of structure formation scenario and their study provides
a unique diagnostic on the conditions in the early Universe.

Many analytical and numerical calculations show that the
present rate of cluster growth depends strongly on the density
parameterΩ of the Universe. This cosmological parameter can
thus be constrained in principle from the frequency of substruc-
ture in the present day cluster population (e.g. Richstone et al.
1992), provided that subclustering is a reliable indicator of youth
or recent accretion and that ‘substructure’ is suitably quantified.
In practice recent attempts to constrainΩ from statistical stud-
ies of cluster X-ray spatial morphologies (e.g. Mohr et al. 1995;
Buote & Xu 1997) have yield some contradictory results and
the reliability of this method is debated (see e.g. Nakamura et
al. 1995). It is essential that we understand better the physics of
merger events (in particular the intracluster medium relaxation
timescale) and their effect on observable cluster properties.

Similarly detailed studies of sub-structures in non relaxed
clusters and cluster orientation give us clue to the formation
process it-self. In numerical simulations of hierarchical cluster-
ing, clusters form preferentially through anisotropic accretion
of sub-clusters along large scale filaments (Katz & White
1993; West et al. 1991). The evidence from X-ray data, that
subclusters tend to be arranged along a linear structure within
clusters, co-aligned with the matter distribution on supercluster
scale, gives strong support to that scenario (West et al. 1995).
Filamentary structures up to scales of∼ 100 h−1 Mpc have
been unraveled in the cluster distribution (Batuski et al. 1999).
Direct evidence of matter infall along a filamentary structure
has been given for the first time by Durret et al. (1998)
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from their dynamical analysis of the A85/87/89 complex. A
related and much debated issue is the general elongation of
clusters and their tendency to be aligned with their neighbors.
Numerical simulations of van Haarlem & van de Weygaert
(1993) suggest that the orientation of a cluster at a given
time is fixed more by the direction of the last merger than
by the matter distribution at large scale. Thus cluster-cluster
alignments would indicate highly anistropic accretion along
a main filament, connecting the clusters. On the other hand
a cluster accreting matter more istropically at the crossing
of several filaments would have an orientation highly vari-
able with time, independently of the orientation of its neighbors.

In this paper we present a study of a highly unrelaxed cluster,
A 521. Our analysis revealed very particular morphological and
dynamical properties. We discuss possible explanation and its
implication for cluster formation.

A 521 is a distant (D=6), relatively rich (R=1), Southern
Abell cluster, of Bautz-Morgan Type III (Abell et al. 1989). It
is known from the HEAO-1 survey to be a bright X-ray source
(Kowalski et al. 1984). It has been observed with the IPC on
board the Einstein satellite with a flux of0.21 10−11 erg/s/cm2

in the energy band of 0.7-3.5 keV (Ulmer et al. 1986). It has
been suggested (Ulmer et al. 1985) that it could form a binary
cluster with its neighbour A518. Radio emission has been found
in the area of the cluster (Hanisch & Ulmer 1985). Optical anal-
ysis of this cluster has begun very recently with the discovery of
a strong gravitational arc candidate in the core of the cluster at
CFHT (Maurogordato et al. 1996). We have then undertaken an
observational campaign, in order to perform multi-object spec-
troscopy and multi-band imaging of this cluster. Optical spectro-
scopic data and a dynamical study based on radial velocities for
41 cluster members is presented by Maurogordato et al. (2000).
This study confirmed that A 521 is a moderately distant cluster
(z = 0.247) and indicates that this cluster is presently undergo-
ing strong dynamical evolution. The two brightest knots of the
arc candidate are shown to be at the velocity of the cluster, mak-
ing the gravitational lensing interpretation for the bright curved
structure very improbable. A detailed analysis of the orientation
of the galaxies within the cluster is undergoing (Plionis et al.
1999). Here we present ROSAT/HRI and ASCA data and ana-
lyze them at the light of the optical spectroscopic data and new
photometric data to assess in details the dynamical state of the
cluster.

The outline of the paper is as follows: the cluster X–ray mor-
phology and gas distribution is presented in Sect. 2. A wavelet
analysis of the HRI image is performed to filter out the noise,
unravel significant substructures and separate the various clus-
ter components. The density distribution and mass of the sub-
clusters are derived from aβ-model fit to their surface bright-
ness profiles. The ASCA data are used to derive the overall gas
temperature. Optical imaging data are presented in Sect. 3. We
computed the galaxy iso-density and iso-luminosity map of the
cluster, as well as its optical luminosity in the V-band. A de-
tailed comparison of X-ray and optical morphology, as well as
a new analysis of the galaxy velocities is made Sect. 4 to com-

Fig. 1. A deep (45 ks) ROSAT/HRI X-ray image centered on A 521.
The pixel size is5′′ × 5′′. Only photons in channels 2 to 10 are used.
The raw image has been smoothed by a gaussian filter ofσ = 15′′.
The isocontours are logarithmically spaced by 0.05 digits, the lowest
contour corresponds to 1.25 ct/pixel.

pare the galaxy and gas subclustering and study the kinematic
and dynamics of the main structures. The dynamical state and
formation history of the cluster are discussed in Sect. 5. The
main conclusions and implications of our analysis are summa-
rized in Sect. 6. All numbers are expressed as a function ofh50,
the Hubble constant in units of50 km/s/Mpc. A deceleration
parameterq0 = 0.5 is used in the following. All the errors are
at the68% confidence level for one interesting parameter and
computed following the method described by Avni (1976).

2. X-ray data analysis

2.1. ROSAT/HRI image

We observed A 521 with the ROSAT High Resolution Imager
(∼ 5′′ angular resolution) for a total of 44.5 ksec between March
10 and 18, 1996.

An image was constructed from the HRI event data, using
10′′ × 10′′ pixels binning and selecting only channels 2 to 10 to
minimize particles background. The exposure and particle back-
ground maps were constructed using the analysis techniques for
extended objects developed by Snowden (1995, 1998).

The HRI image of the27.5′ × 27.5′ field centered on the
cluster and smoothed with a gaussian filter (σ = 15′′) is shown
on Fig. 1. The cluster morphology is irregular. There is a strong
peak in the North, offset from the cluster center, and possibly a
secondary peak, located south of the main peak. It is thus not
obvious from this image if the cluster should be classified as a
offset-center cluster or as a bimodal cluster.
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Fig. 2.Restored X-ray image from the wavelet analysis of the HRI raw
image. The significance level has been set to3σ. The isocontours of
the cluster are logarithmically spaced by 0.15 digits, the lowest contour
corresponds to2.2 10−2 ct/pixel.

2.2. Wavelet analysis

Wavelet-based technics have been shown to be very fruitful for
the analysis of galaxy clusters, in particular for the X-Ray emis-
sion (Slezak et al. 1994; Biviano et al. 1996; Pislar et al. 1997;
Lima-Neto et al. 1997; Pierre & Starck 1998; Lemonon et al.
1997; Dantas et al. 1997; Vrtilek et al. 1997) and for the de-
tection of sub-structures in optical galaxy catalogs (Slezak et
al. 1990; Escalera et al. 1992; Gambera et al. 1997). Such a
multi-scale approach allows one to remove noise by taking into
account only significant structures at different spatial scales.
A clean image can thus be obtained where structures (objects)
of different scales are identified. We have analyzed our HRI
image with the Multi-scale Vision Model (MVM) package de-
veloped at OCA since several years; a complete description of
this method can be found in Bijaoui & Rué (1995), and Rúe &
Bijaoui (1997). As in Slezak et al. (1994) we explicitly take into
account the Poisson statistics and the significance level was set
to 3σ.

2.2.1. Point sources

We first detected point sources using an algorithm which in-
volves the amplitude of the wavelet coefficients. Point sources
are defined as objects detected at scale 1 or 2 (comparable to
the HRI PSF). They are listed in Table 1. We cross correlated
their position with the position of the APS objects in the field.
Proposed identifications are given in the table. This information
will be used below to check the astrometry of the HRI image.

2.2.2. Cluster

The detection of large scale diffuse objects mixed with smaller
ones is quite difficult when these latter are much more brighter

Fig. 3. Restored X-ray image of the cluster from the wavelet anal-
ysis of the HRI raw image. The significance level has been set to
3σ. The iso-intensity contours of the reconstructed main cluster (dot-
ted line) and of the compact sub-cluster (full line) are superimposed.
The image has been corrected for exposure. The isocontours are log-
arithmically spaced by 0.3 digits, the lowest contour corresponds to
5.7 10−5ct/s/arcmin2.

and compact than the former. For that purpose the wavelet strat-
egy has to be modified by normalizing the coefficients by their
energy (Rúe & Bijaoui 1997). We used this technique on the
image, obtained after subtraction of previously reconstructed
point sources. Only one structure was detected, which clearly
corresponds to the cluster (see Fig. 2).

To extract possible sub-components, we applied again the
multiscale analysis on the (5′ × 5′) inner part of the recon-
structed cluster. A compact substructure is detected, which is
centered on the cluster main peak, atα(J2000.0) = 4h54m5.8s,
δ(J2000.0) = −10◦13′04′′. One notes however that its emis-
sion is asymmetric, with a tail towards the NE. After subtraction
of this component, the cluster appears regular and slightly el-
liptical in shape. A fit of this image with an ellipsoid gives a PA
angle (defined anti-clockwise from North) of57◦. It is centered
atα(J2000.0) = 4h54m8.6s, δ(J2000.0) = −10◦14′39′′

In summary our wavelet transform analysis of the X-ray
image revealed the presence of two sub-clusters (see Fig. 3): a
diffuse main cluster (hereafter A521S) in the southeast centered
on the second X-ray peak (hereafterXS) and a compact smaller
cluster (hereafter A521N) corresponding to the brightest peak
(hereafterXN).

2.3. Intra-cluster medium model

To quantify the gas distribution of the two components, we con-
structed their azimuthically averaged surface brightness profile,
S(θ), whereθ is the angular distance to the center of the compo-
nent considered. The surface brightness profile was calculated
directly from the event file in order to be as accurate as possible
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Table 1. Point sources detected in the ROSAT/HRI image and possible identification

ROSAT source Proposed optical counterpart

Name α(J2000.0) δ(J2000.0) Rate APS α(J2000.0) δ(J2000.0) Class Magn. D
(ct/s) Number

APSO−898−

RXJ0454.2-1002 04h54m14.82s −10◦02′20.4′′ 7.27 178355 04h54m14.9s −10◦02′26.5′′ star 18.92 6.1′′

RXJ0454.7-1025 04h54m42.39s −10◦25′13.2′′ 2.49 245025 04h54m42.4s −10◦25′11.9′′ star 17.83 1.3′′

RXJ0453.9-1026 04h53m54.16s −10◦25′54.0′′ 2.06 243729 04h53m54.3s −10◦25′53.0′′ galaxy 19.98 2.3′′

RXJ0453.8-1006 04h53m47.44s −10◦06′09.5′′ 1.86
RXJ0453.6-1008 04h53m33.28s −10◦07′47.7′′ 1.43 206734 04h53m33.7s −10◦07′55.0′′ star 16.63 9.5′′

RXJ0454.5-1015 04h54m30.18s −10◦15′22.8′′ 0.98 207719 04h54m30.2s −10◦15′26.5′′ star 11.44 3.7′′

RXJ0454.5-1016 04h54m31.19s −10◦15′50.0′′ 1.02 207737 04h54m31.3s −10◦15′52.2′′ star 20.83 2.2′′

RXJ0454.3-1026 04h54m18.52s −10◦25′43.1′′ 1.10 244342 04h54m18.6s −10◦25′44.2′′ star 20.20 1.5′′

RXJ0454.1-1011 04h54m08.91s −10◦11′03.5′′ 1.14
RXJ0453.8-1028 04h53m50.47s −10◦28′19.1′′ 0.79
RXJ0454.8-1015 04h54m49.03s −10◦15′11.4′′ 0.67 208038 04h54m49.0s −10◦15′16.8′′ galaxy 20.47 5.3′′

RXJ0454.1-1010 04h54m05.10s −10◦10′28.5′′ 0.62
RXJ0453.5-1012 04h53m31.71s −10◦12′12.2′′ 0.61 206709 04h53m32.2s −10◦12′18.5′′ galaxy 20.34 6.3′′

RXJ0454.3-1024 04h54m18.87s −10◦23′46.9′′ 0.59
RXJ0453.4-1016 04h53m23.55s −10◦16′20.9′′ 0.55

and to have a cross-check of the above MVM decomposition
of the cluster in two components. We selected, as above, only
data corresponding to channel 2 to 10 to maximize the signal to
noise ratio. We excluded from our sample circular regions cen-
tered on the individual point sources and with a radius equal to
their angular extent FWHM. The particle background was then
subtracted using the background surface brightness profile ob-
tained from the background map. The error on this background
level (statistical error) was added quadratically to the statistical
error in each radial bin. After particle background subtraction,
the profiles are corrected for exposure, using the exposure map.

2.3.1. Main component: A521S

We first considered the main component: we constructed the
surface brightness profile centered onXS, excluding the region
of the sub-cluster as defined by our wavelet analysis.

The X–ray diffuse background was then estimated using
data in the outer part of the field of view (5.5′ < θ < 12.5′). An
analysis of the shape of the non-subtracted surface brightness
profile showed that the cluster contribution is clearly negligi-
ble in that region. The possible systematic error on the back-
ground (due to contribution of unresolved point sources. . . )
was estimated from the fluctuations (1σ value) in the back-
ground from ring to ring. The background level was found to
be9.8 ± 0.8 10−4ct/s/arcmin2.

We then binned the data to insure about1σ significance at
least for the count rate in each ring, after X–ray background
subtraction. The resulting background subtracted profile is dis-
played on Fig. 4. The cluster emission is significantly detected
up to 1.5 h−1

50 Mpc at the68% confidence level. At this ra-
dius the cluster brightness is equal to respectively18% of the
background level.

We also constructed the surface brightness profile of the
image of the main cluster, as reconstructed by the MVM. It is in
excellent agreement with the profile directly derived from the
event file (see Fig. 4).

We tried to fit the surface brightness profile,S(θ), with the
so calledβ model (Jones & Forman 1984):

S(θ) = S0

[
1 +

(
θ

θc

)2
]−3β+ 1

2

(1)

whereθ is the angular distance to the cluster center andθc is the
core radius. For an isothermal ICM, this corresponds to a gas
density distribution versus radiusr given by:

ngas(r) = n0

[
1 +

(
r

Rc

)2
]−3β/2

(2)

We have taken into account the finite spatial resolution of the
HRI by convolving the model with the HRI PSF (David et al.
1993) at the center of the cluster.

The surface brightness profile is well fit by the isothermal
β-model (See Fig. 4). The best fit is obtained forβ = 0.72,
Rc = 630 h−1

50 kpc with a χ2 of 3 for 12 degrees of freedom.
These parameters are poorly determined (see Table 2), essen-
tially because the emission is only traced out to less than 2.5
core radii. This is consequence of the exceptionally large value
of the core radius, which is further discussed in Sect. 5.

2.3.2. Sub-cluster: A521N

We then considered the sub cluster: we constructed the surface
brightness profile centered onXN, using the same procedure
as above. However we also have to subtract the contribution of
the main cluster. For that purpose a synthetic image of our best
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Fig. 4a and b.The X-ray surface brightness profiles of the main cluster (left) and the compact sub cluster (right), corrected for vignetting effect
and after background subtraction. The crosses correspond to the data points with error bars derived from the event file. The full line corresponds
to the best fitβ model:β = 0.71, Rc = 690 h−1

50 kpc for the diffuse main cluster andβ = 0.52, Rc = 110 h−1
50 kpc for the compact subcluster.

The dotted line is the profile derived from the wavelet reconstructed images of each component respectively.

fit main clusterβ model was generated. Its surface brightness
profile, centered onXSwas computed and subtracted from the
overall profile. We crudely took into account the errors on this
model, assuming it is equivalent to the statistical errors in each
bin of the model number counts. The subcluster emission is
detected up to2.5′ (730 h−1

50 kpc) from its center and within
that radius the count rate (0.1-2.4 keV) is1.5 10−2 cts/s. As
can be seen in Fig. 4, the emission of the sub-cluster is much
more peaked that the emission of the main cluster. Its central
surface brightness is higher than the main cluster one, although
its count rate is only∼ 22% of the main cluster count rate.

We fitted the surface brightness profile of the subcluster with
aβ model. A good fit to the data is obtained with aχ2 of 2 for 6
degrees of freedom. The derivedβ and core radius are:β = 0.5
andRc = 95 h−1

50 kpc, typical of the values found for groups.
We also constructed the surface brightness profile of the

image of this subcluster, as reconstructed by the MVM. It is
again in excellent agreement with the profile directly derived
from the event file (see Fig. 4).

The good agreement between the profiles derived from the
event file and from the MVM reconstruction, together with the
fact that the profiles of both components are well fitted by clas-
sicalβ models, further support the presence of two X-ray clus-
ters: a large diffuse cluster A521S and a compact smaller cluster
A521N. We cannot tell however at that stage if these two com-
ponents are dynamically bound or are chance superposition of
physically independent clusters.

2.4. Temperature measurement using ASCA data

ASCA observation of A521 took place Feb. 11-13, 1996 for
∼100 ks. The useful exposure time, after classical filtering

based on the orbital paremeters, (elevation, earth occultation,
geomagnetic Cut off rigidity (COR)) and instrumental param-
eters, is 42 ks and 40 ks for the data taken with the two Gas
Imaging Spectrometers (GIS) and the two Solid-state Imaging
Spectrometers (SIS) respectively. The cut-off rigidity is an es-
timate of the momentum per elementary unit charge which a
particle must have to penetrate from infinity to a given point in
the Earth magnetosphere. The background induced by charged
particle varies with the satellite position, and is anti-correlated
with the Cut off Rigidity value. We have generated background
files using blank sky observations, weighted according to the
Cut Off Rigidity (in GeV/c) values; COR=10–12 for 40% of
the A521 data, COR=12–14 for 31% and COR=8–10 for 13%.
This weighting improves the accuracy of the background esti-
mate, which is important for a proper temperature determina-
tion. The total count rates of GIS2 and SIS0 are 0.08±0.0015
and 0.189±0.002 cts s−1, respectively.

The GIS image in Fig. 5 shows that the cluster morphology
is irregular. There is some indication of two peaks in the center,
in agreement with the HRI image. However the peaks are poorly
resolved with ASCA. Furthermore their positions appear about
40′′ offset from the HRI position, while the uncertainty in the
astrometry for this observation is about1.3′ due to errors in the
tracking reading. In view of the complex morphology of A521
revealed by the HRI observation and the ASCA astrometry un-
certainties, we did not attempt to estimate the temperature of the
two sub-clusters separately. The determination of the relevant
extraction region and the necessary correction for the finite PSF
would be highly uncertain. We concentrate in this paper on the
overall cluster spectrum. We considered a circular extraction
region, of5′ in radius, centered onα(J2000.0) = 4h54m4.3s,
δ(J2000.0) = −10◦14′10′′.
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Fig. 5. The smoothed ASCA GIS image of A521; the GIS2
and GIS3 images are combined. The contours are0.275 −
1.25 counts/s/arcmin2 and the difference between adjacent contours
is 0.0975. The image is smoothed by a gaussian filter withσ = 15′′.

Table 2. Physical parameters of the main and sub cluster as derived
from ROSAT/HRI data

Parameter Main Subcluster

HRI Count rate (ct/s) 6.8 10−2 1.5 10−2

SX (ergs/s/cm2)a 3.6 10−12 8.1 10−13

LX (h−2
50 ergs/s) 9.4 1044 2.1 1044

n0
H (h1/2

50 cm−3) 1.6 10−3 5.7 10−3

β 0.72+0.30
−0.15 0.50+0.14

−0.07
Rc (arcmin) 2.2+0.9

−0.6 0.32+0.18
−0.12

(h−1
50 kpc) 630+260

−170 95+50
−35

Rmax (arcmin) 5.3 2.5
(h−1

50 Mpc) 1.5 0.73
Mgas(≤ Rmax) (h−5/2

50 M�) 1.8 1014 2.6 1013

a: in the [0.1–2.4 keV] energy band

The GIS and SIS spectra are shown in Fig. 6. We fitted
these spectra simultaneously with a thermal redshifted emission
model. The normalization between the two spectra was let free
and the redshift was fixed at the optical value ofz = 0.247. We
obtained a best fit reducedχ2 of 1.1, a hydrogen column density
NH = 8.2±4. 1020 cm−2, a temperaturekT = 6.3±0.8 keV,
and a heavy element abundance of0.14 ± 0.12 relative to cos-
mic values. The given errors are at the90% confidence level. We
also fitted the GIS and SIS spectra independently. The derived
fit parameters from each detector well agree to each other. The
NH value is not well constrained and is consistent with the value
derived from the 21 cm measurement,NH = 5.4 1020 cm−2

(Dickey & Lockman 1990). If we adopt this value, a slightly

Fig. 6. The spectra of GIS and SIS of A521: the best spectral fit with
one-temperature thermal model is superposed, and the residual are also
shown.

higher best fit temperature is obtained,kT = 6.9 keV, which is
well within the90% confidence interval for this parameter.

2.5. Luminosity and gas mass

From the known HRI response and the observed count rates
we deduced the flux and luminosity of the two cluster compo-
nents, using a thermal redshifted emission model. We used the
ASCA determined temperature and the hydrogen column den-
sity deduced from 21 cm measurements. From the profile shape
parameters values obtained above from imaging data, we can
then deduce the central hydrogen density of each sub-cluster
and their gas mass. The results are summarized in Table 2. With
a total luminosity of more than1045 h−2

50 ergs/s, A521 is a lu-
minous cluster. We also note that the mass of the sub-cluster
is typical of the mass of a group and amount to a significant
fraction (about15%) of the main cluster mass.

The total flux in the [0.1-2.4] keV energy band determined
with ROSAT translates into a flux of0.38 10−11 ergs/s/cm2

in the Einstein [0.7-3.5] keV energy band, using the emission
model described above. This is nearly twice the value obtained
from the IPC data by Ulmer et al. (1986). However the IPC point-
ing was significantly offset, the cluster was positioned very close
to the IPC rib, in the heavily vignetted part of the field of view.
This could explain part of the discrepancy. The same computa-
tion in the ASCA [0.4-10] keV band gives an expected ASCA
flux (corrected for absorption) of0.71 10−11 ergs/s/cm2, 40%
higher than the measured value of0.5 10−11 ergs/s/cm2. Al-
though the ASCA extraction region is large, we could have
missed some cluster flux due to the large ASCA/PSF. More-
over several temperature components are probably present. In
particular if the sub-cluster is cooler than the main cluster, the
conversion factor between the HRI and the ASCA band may be
overestimated by our simple computation. However we cannot
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exclude that the systematically higher value of the flux obtained
with the ROSAT/HRI may be due in part to systematic errors in
the HRI data. A maximum error on the HRI flux of40% would
imply only an error of∼ 20% on the gas mass and thus the im-
pact on the determination of this parameter is small. Moreover
the HRI instrument is the most reliable to derive gas masses:
count rates are nearly independent on temperature and can be
readily translated into emission measure; no flux correction is
needed for the regions considered due to its excellent spatial
resolution. We thus keep the values given in Table 2 derived
from HRI data.

3. Optical imaging

3.1. Observations and data reduction

The optical data come from the analysis of a2048 × 2048
CCD exposure of 15 mn taken in theV band at CFHT with
MOS instrument in March 1997. The main characteristics of the
STIS2 CCD are: a pixel size of∼ 0.44′′ (21µm); gain factor and
read-out noise values equal to 4.52 electrons/adu and 8 electrons
respectively. The seeing conditions were quite excellent, with a
measured half-width at half-maximum for stars around 1 pixel.
The frame has been corrected for distortion, bias subtracted and
flat-fielded using a mean flat built from 10 exposures. It appears
that the borders of the bias-corrected and flat-fielded V image
suffers from vignetting. Incomplete detection with wrong shape
and flux estimates will result inside this area. To remove most
of this under-illuminated zone, the image has therefore been
trimmed to a central1312 × 1312 square corresponding to a
' 9.6′ × 9.6′ field of view. At last, a set of three bad columns
has been tentatively corrected by a linear interpolation across
the columns, both on the flat and on the astronomical exposures.
Photometric calibration has been done with standards measured
from the NGC 4147 field (Friel et al. 1987).

3.1.1. Object detection

Most galaxies has been found in the trimmed image using clas-
sical algorithms for the detection and classification. Let us sum-
marize hereafter the main steps of this approach (see Slezak et
al. 1998 for details).

First, an optimal smoothing has been performed in order i)
to decrease the background fluctuations which otherwise may
lead to spurious detections and ii) to improve the identification
of stars through more accurate shape and flux measurements of
ascribed gaussian-like objects.

Second, since each single object is defined as a set of adja-
cent pixels with intensity above the sky background higher than
a preset value, a background map was computed by interpolat-
ing mean values coming from intensity histograms inside boxes
large enough to be background dominated. This way, large-scale
background variations such as the low-intensity east-west gra-
dient we found in the flat exposure are taken into account, and
a homogeneous detection is insured across the whole field. Er-
roneous high background mean estimates occurring for boxes
where most pixels belong to very bright (hence large) objects

were replaced by the median of the undisturbed neighboring
estimates, so that detection of some faint galaxies around bright
stars was made possible. However, in most cases, the detection
of what can be named embedded objects is beyond reach of
such a mono-scale vision. A multithresholding technique may
help for deblending components (Bertin & Arnouts 1996), but
a total solution requires a real multiscale approach. So, to get a
complete catalogue, such a solution based on wavelets (Rué &
Bijaoui 1997) has been chosen when necessary.

Third, once detected, we measured each object using i) the
low-order moments of its (intensity-weighted) pixel distribution
to get basic shape information (center, ellipticity, position angle)
and ii) an intensity profile computed from the pixel values in-
side elliptical annuli with increasing semi-major axis to obtain:
an accurate estimate of the local sky background, more sophis-
ticated shape indicators (equivalent radii, gradients, concentra-
tion indices, distances to a theoretical stellar profile), and more
flux information (peak, central and average brightness, aperture
and isophotal magnitudes, asymptotic total magnitude).

3.1.2. Object classification

Finally, objects have to be classified with respect to a synthetic
classifier according to expected values or established behavior
for each kind of sources, either interactively or in a fully auto-
mated way. Before, one must i) select criteria on their ability to
discriminate among morphological classes, especially at faint
flux levels, ii) remove correlation between indicators to increase
the decision robustness, and iii) take into account the statisti-
cal errors on the measurements to properly handle each object.
Besides, since morphological classes merge unavoidably as the
differences between the objects soften with decreasing size and
flux, a choice between competing completeness and purity of the
final catalogues has to be made according to subsequent stud-
ies. Based on these various considerations, the petrossian total
magnitude (see Sandage & Perelmuter 1990) and a shape indi-
cator involving the central brightness together with an isophotal
radius and the related isophotal magnitude (see Le Fèvre et al.
1986) appeared to bring most of the relevant information for
identifying galaxies among stars and image defects (e.g. cosmic
rays). So, we decided to classify objects in this two-dimensional
parameter space mostly. The test is straightforward since the
shape parameter can be normalized to unity for a gaussian-like
object whatever its total magnitude is.

3.1.3. Multi-scale approach

Close objects are merged into one single large object when the
detection threshold used in the classical approach is lower than
the intensity of the saddle point linking the two sets of pixels. Be-
sides, this detection threshold considers background values in-
terpolated from a background map computed with a given scale
and not the true local background value related to each object
whatever its scale is; it results that the detection peak intensity
limit may slightly vary from place to place. Both problems can
be overcome by means of a wavelet-based image processing,
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Fig. 7. Magnitude distribution in the V band of the galaxy candidates
in our CCD field. Note that the objects fainter than V=24 have not been
classified.

as described within the Poisson statistics case in Slezak et al.
(1994). According to this multiscale approach, an object with a
given size is detected at the spatial scale where its wavelet coef-
ficients are the greatest taking into account values expected from
the noise at each scale. This allows one to bypass the background
map computation in the detection process and to detect every
members in a set of overlapping objects. In order to recover the
information missed or merged by the classical detection tech-
nique, we therefore applied this method to get another catalogue
of astronomical sources. By cross-checking this catalogue and
the former one, genuine new objects were identified as well as
previously embedded ones. Only their coordinates were recov-
ered this way. For both kind of objects, the shape information
required to compute the azimutally-averaged intensity profile
needed for photometry and classification has been obtained by
fitting an ellipsis on the object radii along twelve directions.
These radii result from a dedicated algorithm processing the
luminosity profiles for these peculiar angles. Then, the classi-
fication procedure described for the isolated objects has been
used in a straightforward way since the same photometric and
morphological information as before was available.

3.1.4. The catalog

In order to get a catalogue including most of the objects within
the image (galaxies as well as stars), the object detection has
been performed using the usual segmentation technique with
a 1.5σ threshold above the sky background. Almost 2,500 ob-
jects were identified using this classical approach, out of which
about 110 appeared to be merged objects. The multiscale strat-
egy we applied after disentangled these overlaps into 268 single
sources, while also exhibiting 212 new faint sources. The effi-
ciency of the morphological classifiers we used appear to break

down aroundV ∼ 24, about one magnitude and a half above
the faintest objects detected (V ' 25.5). Taking into account
uncertainties in the flux and shape information, we therefore
classify only objects brighter thanV = 24 into several mor-
phological classes: nebular object, stellar object, faint object,
cosmic and false detections. The stellar population was found
to be 114 objects, while 520 objects fainter thanV = 24 re-
mained unclassified. Merging the nebular and faint classes in
order to be conservative, we were able to define a catalogue of
1,521 galaxies, including 5 nuclei features within the halo of
the central bright galaxy of the A 521 galaxy cluster. A final
check against the APS database has been performed. It allowed
us to remove 8 APS stars which appear elongated on our CCD
frame and were therefore correctly misclassified as nebular ob-
jects from our package. Hence, our catalogue of galaxies for
A 521 includes 1513 objects brighter thanV = 24. The differ-
ential luminosity distribution of the list of non star-like objects
indicates that this sample of galaxies is quite complete down to
the classification limit, ie. theV = 24 magnitude (see Fig. 7).

3.2. Astrometry

The astrometry of the CFHT image has been performed thanks
to the GASP package under STDAS. We have retrieved from
the APS a catalog of 112 objects with equatorial coordinates
guaranteed with a precision better than0.5′′ within the CFHT
field. From this catalog, we have selected a sub-sample of 41
stars or starlike objects, preferentially non saturated and with a
circular symmetry, that we have then identified on our CFHT
image. We have then run a plate solution program, and obtained
the values of the conversion matrix which indicates a small
rotation of 1.8 degree. We have therefore rotated the CFHT
image and reiterated the previous sequence. The final r.m.s. on
the coordinates is of∼ 1′′. We have checked that this value does
not vary systematically within the field.

3.3. The galaxy distribution in optical

The galaxy distribution within and around A 521 has been first
examined by means of number galaxy maps built from our pho-
tometric catalogue complete down toV ' 24. We made use of
the algorithm first described by Dressler (1980) where the local
density value at each location is obtained from the distance en-
compassing a fixed number of nearest galaxies. Hence, the same
statistical weight is given to each density value, but density en-
hancements with different spatial scales are more or less exhib-
ited according to the chosen numberNgal of neighbors. For our
galaxy catalogue, it appeared thatNgal = 10 was well suited to
map structures at intermediary scales; the corresponding den-
sity maps for several magnitude limits (V = 22, 23 and 24)
are displayed in Fig. 8. Edge effects were taken into account by
means of the area actually available for the computation of the
Dressler density.

As a general result at all magnitudes, the overdensity region
known as A 521 looks highly anisotropic. We do not detect any
smooth or regular structure up to the largest scales available
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Fig. 8. Galaxy iso-density contours for different cut in magnitudes:V < 22 (top left),V < 23, (top-right),V < 24 (bottom-left). The lowest
contour corresponds to1σ level above the mean density in the field, the contours are spaced by0.5σ. The iso-luminosity contours are also shown
(bottom-right). The iso contours are logarithmically spaced by 0.15 digits. These maps are derived from an analysis (see text) of the9.6′ × 9.6′

optical image in V-band obtained at CFHT in March 1997. The main giant elliptical galaxies of the cluster are identified as g1(BCG), g2, and
g3, and the positions of the X–Ray maximaXNandXSare displayed as crosses.

from our field of view. The top-left panel of Fig. 8, involving all
galaxies brighter thanV = 22, can be directly compared to the
adaptative kernel map obtained in Maurogordato et al. (2000).
The various clumps identified by the 3-group KMM partition are
clearly present. The central structure identified as the KMM2
partition appears here, thanks to the higher resolution of the
maps, to be composed of various clumps.

Going deeper in magnitudes (V = 23, Fig. 8 top–right) al-
lows to better define the general pattern of the cluster. South of
the BCG and extending from North-East to South-West, there
exists a well-defined ridge of galaxies (S1), while a set of over-
densities merging together (S2) spreads linearly from North-
West to South-East. The former is roughly centered on the Abell
coordinates of the cluster, while the latter seems to extend up
to the edges of our CCD frame (∼ 3 Mpc at the redshift of the
cluster). These two perpendicular features intersect in a cross-
like shape south of the BCG at roughly the Abell center for the
cluster. S1 shows clearly at least two main clumps at the various
magnitude cutoffs investigated. The structure S2 exhibits in its

North-West part a large high-density structure made of galaxies
with 22 < V < 23, with the BCG at its North-East border. The
region around the BCG is of course more clustered when the
nuclei features within its halo are introduced in the computation.
Several clumps of galaxies can also be evidenced across most
of the field. Their relationship with the main structural compo-
nents is still pending due to the lack of available redshifts inside
these regions.

The main characteristics of this peculiar distribution remain
much more the same when galaxies fainter thanV = 23 are
included (bottom-left panel of Fig. 8) with only an increased
contrast between low- and high-density regions. However, one
must notice that a well-defined new clump of these faint galaxies
appears North-West of the BCG in structure S2, centered on
α(J2000.0) = 4h54m5.1s, δ(J2000.0) = −10◦13′00′′, very
close toXN.

We have calculated the optical barycenter from our photo-
metric catalog in the V-band. It is located atα(J2000.0) =
4h54m8s, δ(J2000.0) = −10◦13′56′′ for theV < 23 galaxies.
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The barycenter computed with other magnitude limits differ by
less than5′′. The barycenter does not coincide with the location
of the BCG, as it could have been expected, but lies between this
galaxy and the second brightest galaxy g2. It is slightly above
the crossing of the linear structures S1 and S2.

Finally, the major axis of the three brightest elliptical galax-
ies g1 (BCG), g2, g3, are found to be aligned with the orientation
of the filamentary structure S2, following its progressive bend-
ing in the West part of the frame.

The distribution of the galaxies has also been investigated
using luminosity density maps computed from theirV magni-
tude. To do so, we decided to simply add the individual lumi-
nosities inside identical square areas. Obviously, high-density
peaks in localV luminosity were located on the brightest ellip-
tical galaxies within the field. We have dropped out the bright
galaxy at coordinates (73.577,-10.236), which was identified as
a foreground object by spectrometry (Maurogordato et al. 2000),
as its strong luminosity strongly contaminated the isoluminos-
ity map and led to a misleading clump in the Eastern region.
Besides, it appeared that the luminosity distribution delineates
roughly the same structural features as those seen in the number
density maps (bottom–right panel of Fig. 8).

3.4. Total luminosity

We have then calculated the total luminosity of the cluster in the
maximum area covered by the CCD field with reliable estimate
of the magnitudes. For this purpose, we have to take into account
several delicate problems as the subtraction of the background,
the correction for limiting magnitude and the K-correction.

As our field is too small to reach sufficent large scales to
measure the background from our data, we have estimated the
projected number of field galaxies by 0.5 magnitude bin from
the deep counts,Nf (V ) of the ESO-Sculptor Redshift Survey
(Arnouts et al. 1997). In order to correct for the field contami-
nation, we have used a large number of ‘background corrected’
catalogs for the cluster, created from our original galaxy cata-
log by rejecting randomlyNf (V ) objects in each bin of mag-
nitude, and estimated the luminosity for each realization, by
summing the individual luminosity of the remaining objects
up to the limiting magnitude of our sample (Vlim = 24). The
magnitude of the remaining objects have been K-corrected and
absorption-corrected following Maurogordato et al. (2000), as-
suming they belong to the cluster. This procedure has been re-
iteratedNtrial = 1000 times, and the final luminosity is esti-
mated as the mean of the luminosities for theNtrial realizations,
with a3σ rejection. This procedure should statistically eliminate
the contribution to the total luminosity from the field galaxies.

We have then multiplied the result by the following ratio
in order to take into account the faint end of the luminosity
function:

S =

∫ ∞
MVlim

Lφ(L)dL∫ ∞
−∞ Lφ(L)dL

(3)

For this purpose, we have used the luminosity function in the
V-band measured in the ESO-Sculptor Survey (Galaz 1997)

with the following parameters for the Schechter function:α =
−1.14, M∗

v = −20.61 + 5log(h50), Φ∗ = 0.0229 h3
50 Mpc−3.

At our limiting magnitude ofVlim = 24, corresponding to
M∗

v + 3.2, we should reach92% of the total luminosity of
the cluster. This gives a total interpolated V luminosity in-
side1.3 h−1

50 Mpc centered onXS of LV(< 1.3 h−1
50 Mpc) =

1.17 1013 ± 1.09 1011h−2
50 L�. This corresponds, assuming a

typical mean mass over luminosity ratio of< M/L > = 5, to
a total stellar mass within a sphere of radius1.3 h−1

50 Mpc of
Mstar = 4.22 1013 h−1

50 M�. We have here converted the mass
estimate in a cylinder derived from the luminosity estimate into
a mass estimate within a sphere, using a King model for the
galaxy distribution with a core radius derived from the X-Ray
analysis (Table 2.). Using the method described in Sect. 2 to
calculate the gas mass in the same region we obtainedMgas =
1.45(h−5/2

50 M�). This leads toMgas/Mstar ∼ 3.4 h−3/2
50 in the

central area of radius1.3 h−1
50 Mpc. This value is typical of rich

clusters (Arnaud et al. 1992).

4. Combined X–ray and optical analysis

4.1. Optical - X–ray relative astrometry precision

To check the astrometric precision of the X–ray image of A 521,
confirmed optical counterparts of the X–ray point sources are
needed. In the field of view of the CFHT image we found only
one such source, RXJ0454.1-1011 (Table 1) which coincides
with two interacting galaxies (labelled gA in Fig. 10). The X–
ray source has two maxima and is clearly elongated in the direc-
tion of the interaction axis of the galaxies thus the identification
is secure. The offset between the X–ray position and the optical
position of gA, determined from our astrometry of the CFHT
image, is∼ 2′′. With only one source we cannot check in-
dependently rotation and translation errors. Outside the CFHT
image the most secure identification is RXJ0454.5-1015 with
APS0−898−207719, which is a very bright star. The offset be-
tween the X–ray position and APS position is3.7′′.

In conclusion we can safely consider that the X–ray as-
trometry is accurate to better than∼ 4′′. The precision of the
superposition of the HRI image to the CFHT image is probably
slightly better.

4.2. Optical and X–ray subclustering

Fig. 9 permits a direct confrontation of the optical and X–ray
isocontours maps. The first evidence is that the gas and galaxy
distributions are very dissimilar. The galaxy distribution (many
clumps organized along 2 nearly perpendicular ridges) is much
more irregular than the gas distribution (an essentially regular
cluster with a compact sub-cluster) and there is no obvious coin-
cidence between X–ray and optical substructures. We will now
examine these points in details.

The BCG is located on the line defined by the X–ray peaks
XN–XS, 26′′ South-East ofXN, and1.3′ North-West ofXN.
These values are too large as compared to the precision of our
astrometry (see Sect. 4.1) to be allowed to attribute the observed
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Fig. 9.Galaxy iso-density contours (V < 23
black line) and X–ray iso-intensity (white
line) are superimposed to the optical image
in V-band obtained at CFHT. Contour levels
are as in Fig. 2 and Fig. 8 respectively. The
direction towards the clusters A517, A528
and A518 are also indicated.

offset of the BCG from any of the X–ray maxima to astromet-
rical uncertainties. These angular values correspond, at the red-
shift of the cluster to respectively158 h−1

50 and475 h−1
50 kpc.

On the other hand the center,XS, of the main diffuse X–ray
component, A521S, is located roughly at the intersection of the
optical ridges S1 and S2. In other words the optical and X–ray
overall centroids seem to be coincident.XS is also very close
to the second brightest galaxy g2, at a distance of only89 h−1

50
kpc South. However the X–ray distribution is very flat in that
region (see Fig. 4) and it is difficult to say if this offset is real or
not.

There is no optical counterpart in our galaxy iso-density
map of the main diffuse and nearly circular symmetric X–ray
component which spread all over the CFHT image. However it
must be emphasized that the existence of such a diffuse galaxy
distribution at large scale is difficult to assess with our present
optical data. This is due to the limited field of view of our optical
image and the poorer contrast of optical imaging as compared
to X–ray imaging, which scales as the density squared. We note
however that the main X–ray structure A521S is aligned with
S1.

Fig. 10 displays a zoom on the CFHT V-band image centered
on the compact X–ray substructure, A521N, with ROSAT/HRI
iso-intensity contours superimposed. As discussed in Sect. 2.3
the X–ray emission morphology is typical of a poor cluster. The
maximum of the X–ray emission,XN is nearly centered on two
faint galaxies30′′ North of the BCG and shows a tail towards
North-East with no particular optical counterpart. Galaxy iso-
density maps at brighter magnitudes thanV = 23 do not show

any strong maximum in this area (Fig. 9), except for the sys-
tem around the BCG when the various knots are taken into
account. However, when taking into account fainter galaxies at
23 < V < 24, one notices a strong (> 4σ) maximum nearly
centered onXN (Fig. 10) corresponding to the clump mentioned
in Sect. 3.3.

Finally we note that, except possibly for the above clump,
the various optical clumps apparent in the ridges S1 and S2
have no specific X-ray counterparts. In particular there is no X–
ray counterpart of the North-West extension of S2 around the
bright elliptical galaxy g3. Similarly the well-defined clumps in
the South-East region of S2 corresponding to KMM2 south and
KMM3 have no X–ray counterparts.

4.3. Alignment effects

Whereas the optical and X-ray substructures are not coincident,
they are not distributed at random. Several strong alignments
effects are quite striking and define two privileged axes. The
first axis corresponds to S1, coaligned with the orientation of
the main X–Ray cluster. The second one corresponds to the
alignment between S2, the directionXN–XS, the axis of the
BCG galaxy, and the axis of the g2 galaxy at the intersection of
S1 and S2.

Subclustering orientation has been shown to be frequently
correlated with supercluster environment (West et al. 1995). In
view of the privileged directions evidenced by both the distribu-
tion of galaxies and gas within this cluster, we have investigated
the distribution of Abell clusters around A 521. Six Abell clus-
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Fig. 10. The region of the X–Ray com-
pact sub-cluster: A521N. Iso-contours cal-
culated on the ROSAT/HRI image are su-
perimposed on the CFHT V-image. The
isocontours are logarithmically spaced by
0.1 digits, the lowest contour corresponds
to 2.8 10−4ct/s/arcmin2. The iso-density
contours of galaxies with23 < V < 24 are
plotted in dashed lines. The lowest contour
corresponds to1σ level above the mean den-
sity in the field, the contours are spaced by
0.5σ.

0

5

10

15

20

v (km/s)

BCG

Fig. 11. The radial velocity histogram (binning 1000 km/s) for the
two regions centered respectively onXN (full line) andXS (dashed
line). The region centered onXS is 30′′ in radius and includes the
BCG galaxy plus the three components,A1, C, and D, identified by
Maurogordato et al. (2000) and associated with it. The continuous line
corresponding to the Gaussian fit for the whole distribution (Mauro-
gordato et al. 2000) is superimposed.

ters of richnessR ≥ 0 are found within a circle of 2 degrees
centered on A 521, of which four withR ≥ 1. In Table 3 are
listed the properties of these clusters. The columns are as fol-
lows: Columns (1) (2) (3) and (4): identification name, Right
ascension and Declination (J2000.0) and richness of the cluster
in the ACO catalog (Abell et al. 1989); Columns (5) (6) and (7):
redshift estimate, number of redshifts measured by cluster, and

reference; Column (7) gives the angular distance of each cluster
to A 521 in arcmin and Column (9) the corresponding distance
in h−1

50 Mpc, assuming all the clusters are at as the same redshift
z ∼ 0.25. Column (10) gives the distance to A521 calculated
using the measured redshift given in Column (5).

The directions towards these clusters are indicated on Fig. 9:
the striking result is that the direction of S1 is aligned with
the axis A521/A517, and S2 with the axes A521/A518 and
A521/A528. Comparing then the value of the local to the mean
projected density of Abell clusters on the sky, overdensities of
∆σ/σ of 4.2 and7.5 are reached respectively for theR ≥ 0 and
R ≥ 1 clusters. This suggests that A 521 might be located in a
region of high density such as a supercluster. This has however
to be verified in redshift space. The values of the distances to
A 521 based on the present redshift measurements listed in Col-
umn (10) are quite large. In particular A516 and A513 are very
probably foreground clusters. However, the redshifts quoted for
most cluster corresponds to very few galaxies (1 to 4 in the best
case), and can then be considered to be uncertain. Distances to
A 521 assuming that the clusters are at the same redshift lies
within ∼ 20 − 40 h−1

50 Mpc. These values are typical of super-
clusters (Batuski & Burns 1985; Batuski et al. 1995). In order
to clear up if a real overdensity do exist, the measurement of at
last ten galaxy redshifts by cluster allowing a definitive estimate
of the mean redshift of each cluster is required.

4.4. The velocity dispersion and the X-ray temperature

The measured velocity dispersion (1386+206
−136 km/s, Mauro-

gordato et al. 2000) can be compared to the value expected from
the meanσ–TX relation. Under the hypothesis that the gas and
the galaxies are in dynamical equilibrium within the cluster po-
tential, the ratio between their specific energies is expected to
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Table 3.Main optical properties of ACO clusters in the periphery of A 521

Abell Number α(J2000.0) δ(J2000.0) R z Nz Ref θ (arcmin) D1 (h−1
50 Mpc) D2 (h−1

50 Mpc)

A 521 04h54m10.1s −10◦15′11′′ 1 0.2470 41 4 0.0 0 0
A 518 04h51m21.6s −10◦42′59′′ 2 0.1804 4 1 49.9 18.0 300
A 517 04h50m29.3s −09◦13′56′′ 2 0.2244 1 1 81.9 29.8 102.8
A 513 04h48m10.8s −09◦42′46′′ 0 0.1491 1 1 94.2 34.4 448.8
A 516 04h50m05.8s −08◦48′54′′ 1 0.1411 2 3 105.2 —- 490.2
A 528 04h59m17.5s −09◦00′32′′ 0 0.2896 1 2 106.4 38.8 183.6

References: 1. Struble & Rood (1987); 2. Strubble & Rood (1991); 3. Quintana & Ramirez (1995); 4. Maurogordato et al. (2000)

be constant and equal to:βspec = σ2/(kT/µmP), whereµ is
the mean molecular weight andmP is the proton mass.

Using the value of X-ray temperature determined from
ASCA,kT = 6.3±0.8 keV, we are led toβspec = 1.9+0.8

−0.5. This
value is high as compared to the mean valueβspec = 0.94±0.08
obtained by Lubin & Bahcall (1993) from a sample of 41 clusters
with more than 20 redshifts of galaxies measured by cluster. The
expected value of the velocity dispersion using our measurement
of kT and assumingβspec = 1 would beσ = 1017 ± 65 km/s.
The high velocity dispersion as compared to the ICM temper-
ature suggests that A 521 is far from equilibrium, as discussed
in more details in Sect. 5.2

4.5. Dynamics of the galaxies within the high-density regions

In the previous section, several high density regions have been
evidenced both in X-Ray and in optical. Using the measured
velocities of galaxies we now study their kinematic and internal
dynamics. The redshift analysis of the three substructures in the
optical distribution identified by the kernel map and the KMM
analysis can be found in Maurogordato et al. (2000).

An important question is whether the two X–ray compo-
nents, A521N and A521S are dynamically bound or are chance
superposition of independent clusters. We have thus split the
redshift data into two sets associated to each region and studied
their redshift distribution.

For A521N, we have considered all the galaxies with mea-
sured redshifts within a given area around its X-ray centerXN.
We have first focused on the inner part, within30′′ of the center.
This region includes 6 galaxies within the cluster, among them
the BCG galaxy and the two small galaxies nearbyXN. All these
galaxies have magnitudes brighter thanV = 22 so this do not
involve the galaxies contributing to the strong peak evidenced at
V > 23. Applying the ROSTAT package (Beers et al. 1990), we
derived values ofvBI = 74363+170

−260 km/s andσBI = 500+160
−60

km/s. These values are very tentative as the number of red-
shifts is very small. We have then re-calculated these quantities
adding the three components A1, C, and D, close to the BCG,
identified by Maurogordato et al. (2000) and which were shown
to have secure redshifts within the cluster. The results remains
stable:vBI = 74303+63

−425 km/s andσBI = 416+120
−92 We have

also taken into account a larger area (up to∼ 1′) to gain a few
objects. This however increases the risk of including members
candidate of the main cluster. We obtainedvBI = 73974+314

−218

km/s andσBI = 765+250
−140. This is consistent with the values ob-

tained for the KMM1 partition, which corresponds to a region
of similar size, slightly offset North-West:vBI = 74124+289

−232
km/s andσBI = 806+682

−240 km/s (Maurogordato et al. 2000). As
expected from the small number of objects considered, the val-
ues of the velocity dispersion are fluctuating significantly and
more velocities are necessary to converge to the real estimate.

For A521S, we considered the whole set of cluster members
centered onXS, excluding the first set associated toXN. This
results in a sample of 32 galaxies, with a location ofvBI =
74170+240

−345 km/s and a very high velocity dispersion ofσBI =
1550+220

−170 km/s.
Our data indicate that, within the errors, there is no signif-

icant velocity offset between the galaxies in the A521N and
A521S regions.

The mean velocity is also consistent with the BCG, which
is at the mean velocity of the whole system (Maurogordato et
al. 2000). On the other hand the velocity dispersion around
XN seems to be significantly smaller than aroundXS. These
results are clearly illustrated by the histogram of velocities dis-
played in Fig. 11. The precision of our analysis is of course
limited by the small number of velocities measured in theXN re-
gion.

We then considered the two density ridges S1 and S2 and
isolated the galaxies with measured redshifts in these structures.
For S1, the selected galaxies are those used in the KMM2 North
partition. Values obtained by Maurogordato et al. (2000) are
vBI = 74122+552

−650 km/s andσBI = 1995+330
−230. For S2 we

avoided the central region, which crosses S1, and were left
with 18 galaxies. We obtainedvBI = 73867+175

−292 km/s and
σBI = 900+360

−110, which is consistent with the values for KMM1
and KMM2 South, which are included in S2. It appears that
S1 and S2 have the same mean velocity within the errors. S1
presents a huge velocity dispersion, about twice the value ob-
tained for S2.

5. Discussion

5.1. Which structures do belong to the A521 cluster?

The measured mean velocity of the high density ridges S1 and
S2 are not significantly different (Sect. 4.5). They are thus both
substructures of the A521 galaxy cluster. However we have not
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enough velocity measurements to say if some of the individual
clumps along the ridges are chance superpositions.

Although its morphology is very different from the galaxy
distribution, we can reasonably consider that the X-ray main
structure A521S corresponds to the ICM associated with A521
galaxies. The fact that its maximum is located at the crossing
of the 2 optical ridges (Sect. 4.2) is consistent with this idea,
as well as the corresponding overall gas mass over luminosity
ratio, typical of a rich cluster (Sect. 3.4).

The X-ray compact substructure A521N could correspond
to a foreground or background cluster or to a sub-cluster dynam-
ically linked to A521. We have thus investigated which optical
counterpart could be physically associated to it.

The simplest hypothesis one can do is that A521N is as-
sociated with the structure of faint galaxies at23 < V < 24,
which is nearly centered on the X-ray peakXN (Sect. 4.2 and
Fig. 10). Unfortunately we do not have redshift measurement
for any of these galaxies. Let us first assume that this struc-
ture belongs to the cluster. We have then calculated the lumi-
nosity of galaxies fainter thanV = 23 in an area of radius
1 arcmin centered onXN. The radius size has been chosen in
order to cover the maximum possible extent of A521N with-
out crossing the optical ridge S1. The value of the luminosity
obtainedLV = 6.18 1010 h−2

50 L� (LV = 7.03 1010 h−2
50 L�

without background correction) is very low. This corresponds
to a stellar mass estimateMstar = 2.35 1011 M�. However, at
these faint magnitudes the background subtraction is essential.
Background correction has been performed as in Sect. 3.4 us-
ing the deep V-counts by Arnouts et al. (1996). This assumes
that the cluster is located in a region which is representative of
the field. If it belongs to a local over-density as for instance a
supercluster, the background will be under-estimated, and the
luminosity over-estimated (the opposite situation would occur
if it is located in a low-density region). The following measure-
ments of the luminosities are then tentative as long as we do not
have estimates of the local background at the periphery of the
cluster. We can thus infer that the estimate of the stellar mass
as compared to the gas mass estimate is too low to attribute
the X-Ray emission A521N only to the optical overdensity at
23 < V < 24: the gas mass calculated in the same radius
Mgas = 5.5 1012 h−5/2

50 M� would lead to an unreasonably

high ratioMgas/Mstar ∼ 23 h−3/2
50 . We have shown in Sect. 4.3

that there are some pieces of evidence that A521 belongs to a
supercluster. This would increase the previousMgas/Mstar dis-
crepancy.

The second hypothesis we have investigated is that A521N
is still linked to the23 < V < 24 structure but that this excess of
faint galaxies is produced by a background cluster. In this case
the visible mass corresponding to the integrated luminosity of
the previous galaxies would be greatly enhanced as a result of the
highest redshift, but this effect would in principle be strongest
for the gas mass. However, as the redshift increases, one expects
that the galaxies with23 < V < 24 sample the luminosity
function of the cluster more at the brightest end. As a matter
of fact, the factor one has to multiply the integrated luminosity

of galaxies brighter thanV = 24 in order to recover the total
luminosity of the cluster (which is very near to unity atz =
0.25) becomes very important at high redshift. It is therefore
not possible from our present data, to exclude the possibility of
a background high redshift (z > 0.5) cluster on the basis of the
comparison of the stellar and of the gas mass. Deep, multi-band
exposures associated to more sophisticated counts taking into
account the evolutionary effects are necessary to test this last
hypothesis.

The last possibility is that A521N is associated to the whole
set of galaxies around the BCG galaxy including the previous
western overdensity of faint galaxies. In that case A521N would
be a component of A521, the bright galaxies of that region be-
ing at the mean cluster redshift (Sect. 4.5). This hypothesis nat-
urally explained the fact thatXN is located on S2, a region of
galaxy overdensity, whereas if A521N is a background clus-
ter such a coincidence is unlikely. The inferred luminosity is
LV = 1.2 1012 h−2

50 L�. This value lead to a reasonable ratio

Mgas/Mstar ∼ 1.3 h−3/2
50 which is within the range expected

for a poor cluster of galaxies (Arnaud et al. 1992). The velocity
dispersion in that region (which is considered as a preliminary
result in view of the small number of galaxies involved) is sig-
nificantly smaller as compared to the main cluster (Sect. 4.5)
and is too typical of a poor cluster. The only may be surprising
fact in that scenario is that the Brightest Galaxy is associated
with the sub-cluster instead of the main cluster. In conclusion
we think that the most likely picture in view of the present data
set is that A521N is indeed a subcluster of A521.

5.2. A521 a dynamically young cluster

There are clear indications that A521 is dynamically young. The
first obvious evidence is the the irregular morphology of the gas
and galaxy distribution. The second is the high velocity disper-
sion andβspec value. If the cluster is far from equilibrium, both
σ and T can be biased indicators of the potential. For instance,
the gas may be not fully thermalized as shown in simulations in
the case of merging processes, thermal gradients are expected,
and the presence of velocity subclustering can strongly overes-
timate the velocity dispersion. The large value,∼ 600h−1

50 kpc,
obtained for the core radius of the main cluster is another indica-
tion that the system is far from being relaxed (Jones & Forman
1999), as well as the presence of numerous radio sources (see
Appendix).

In the following section we propose a tentative scenario to
explain the very peculiar morphology of A 521, in particular
the strong segregation between the X-ray gas and the galaxies,
together with the alignment observed. The X-ray bimodal
morphology, with two well defined cluster-like components,
suggests a classical picture where a group, A521N, is falling
onto a main cluster, A521S. On the other hand the galaxy distri-
bution suggests that we are seeing a cluster currently forming at
the crossing of 2 filaments, along which the cluster is accreting
material. This would naturally explain the irregular cross-like
structure (many clumps organized along two nearly perpendic-
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ular ridges) and the alignment observed with the direction of
nearby clusters. The dynamical analysis of Maurogordato et al.
(2000) also favor this scenario. An obvious question is whether
these scenario for the gas and the galaxies are consistent.

5.3. A tentative formation scenario

The large core radius of the main X-ray cluster A521S is typical
of clusters, like A2256 (Briel & Henry 1994) or A2255 (Burns
et al. 1995), which are thought to have recently undergone a
merger event. It is natural to assume that if a recent merger
has indeed occurred in A521S, the collision axis is one of the
direction privileged in the optical map, i.e. along S1 or S2.

Although the recent history of the ICM in A521S is certainly
more complex that the merger of two isolated initially relaxed
sub-clusters, we can tentatively compare our observation with
numerical simulations of such events (Schindler & Muller 1993;
Roettiger et al. 1997). As indicated by these simulations, the
behavior of the collisional gaseous component is very different
from the behavior of the collisionless dark matter (or galaxies)
components (see Fig. 23 in Roettiger et al. 1997). While the
galaxy distribution is always elongated along the merger axis
(see also Haarlem & de Weygaert 1993), the elongation of the
gas varies with time. It is elongated perpendicular to the merger
axis soon after core passage and generally parallel later on. After
core passage, the X-ray centroid lies between the centroids of the
two DM components, while they remain distinct before settling
into a relaxed common configuration.

The first hypothesis we examined is that A521S is the result
of the recent merger, along S2, of two subclusters centered on the
two brightest galaxies g1 (BCG) and g2. This is consistent with
the elongation of A521S perpendicular to S2. However this is
in contradiction with the hypothesis, supported in Sect. 5.1, that
the BCG is associated with A521N. Furthermore the position
of the X-ray center,XS, is not located between g1 and g2, as
would have been expected in this scenario.

Alternatively we can be witnessing the later stage of a
merger which occurred along S1, in agreement with the elonga-
tion of A521S parallel to this axis. We further note thatXS lies
in between the two main clumps apparent in the S1 ridge, which
could correspond to the galaxy merging sub-units. Additional
support to this last scenario is given by the very large velocity
dispersion in the S1 ridge, as discussed in Maurogordato et al.
(2000). After the collision epoch the velocity dispersion along
the merger axis reaches its maximum value, which can be twice
the equilibrium value (Schindler & B̈ohringer 1993). The ve-
locity data can be explained if the collision axis, projected on
the sky in the direction S1, presents a significant (e.g.∼ 45 deg)
angle with the plane of sky.

The subcluster A521N still appears as a clearly distinct
unit in X–ray and the corresponding velocity dispersion is
small. A521N is probably in a pre-merger phase with A521S.
The alignment between the direction defined by the two X–ray
peaks,XN–XS, the orientation of the BCG (assumed to be
associated with A521N) and the filamentary structure S2 is natu-

rally explained if the collision occurs along S2. Furthermore the
merging must occur nearly in the plane of the sky, otherwise one
should expect to detect a signature of the merging velocity on
the radial velocities. In this scenario, we can further speculate
on the offset between the X-ray peak,XN, and the BCG. The
BCG is likely to follow the DM dynamics during infall. On the
other hand, the gaseous component is submitted to ram pressure
by the ICM of the main cluster and might lag behind the DM
component. This would qualitatively explain the relative posi-
tion of XN, XS and the BCG along the S2 axis. However, one
would also expect a bunching of the iso-photes along S2 in the
S-E, due to ram pressure. Only a slight compression perpendic-
ular to S2 in the S-W is observed instead. Similarly this scenario
fails to explain the N-E tail of X-ray emission in the A521N im-
age, which is nearly perpendicular to the assumed collision axis.
Such tail, which has been observed for instance in the core of
Coma, could arise during the interaction of the merging group
with the main cluster, as the gas is ram pressure stripped or
the dark matter is tidally disrupted (Vikhlinin et al. 1997). One
would thus expect that such tail lies paralell to the collision axis,
behind the falling group. Thus although the A521N isophotes
seem distorded as expected if A521N is an infalling group, their
orientation remain puzzling. We must emphasize however that
the exact morphology of A521N is still uncertain: the number
of detected counts is still small (∼ 700) and the derived mor-
phology might depend on the exact reconstruction of the main
cluster.

In summary, there is evidence that A521 is accreting both
gaseous and galaxy material along the S1 and S2 structures. A
reasonable assumption is that the X-ray subcluster A521N is
falling along S2, while the main cluster has formed recently by
mergers along S1. Both the X-ray and optical data do favor a
scenario where A521 is forming at the crossing of two filaments.

Even in the framework of our interpretation, one could be
surprised that the galaxy distribution still follows a filamentary
structure in the very central part of the cluster. The fact that the
galaxy distribution is much more clumpy than the gas distribu-
tion is also puzzling. First we must be cautious in view of the
limitations in our data. As already mentioned, the two ridges
may well be embedded in a diffuse galaxy component at large
scale, which could not be detected with our present optical data.
Similarly faint sub-structures in the X-ray map might have been
missed by the HRI, due to its limited sensitivity. Second linear
structures are not uncommon in observed galaxy clusters. The
S2 structure, which comprises the three brightest galaxies, ar-
ranged approximately collinearly with clumps around them, is
reminiscent of the morphological type L (line) in the classifica-
tion of Strubble & Rood (1982). About20% of nearby clusters
falls in this category. Finally the interaction between collisional
components is more violent and disruptive than between colli-
sionless components (see e.g. Roettiger et al. 1997). This might
qualitatively explain the longer survival of optical substructures
and their alignment along a filamentary structure if the accretion
occurs along a privileged direction (i.e. along a filament present
at larger scale).
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6. Conclusions

We have presented new X-ray and optical data on the distant
cluster A521. This cluster has unique properties, indicative of a
very particular dynamical state. In X-ray it appears as a classical
bimodal cluster, but the brightest peak is associated with the less
luminous component. The optical morphology is very peculiar,
with two elongated high density clumpy ridges defining a cross
like structure. The BCG, although at rest within the potential of
the cluster, is not centered on any of the two X-Ray maxima. It
is also significantly offset from the optical barycenter. The seg-
regation between the gas and galaxy subclustering is extremely
severe. On the other hand strong alignment effects, from galaxy
to supercluster scale, are observed. They define two privileged
axes, along the two optical ridges, pointing in the direction of
the nearest angular neighbor clusters.

From a combined morphological and dynamical analysis we
argue that the structures observed are not simply due to chance
superposition of physically independent units. Our interpreta-
tion of the present data is that A521 is a very young cluster cur-
rently forming at the intersection of two filaments, along which
the cluster is accreting both gaseous and galactic material. The
intersection of filaments are thought to be the natural place of
rich cluster formation (e.g Katz & White 1993) and A521 might
be the first observed evidence for this hypothesis. Its study can
thus give us crucial information for our understanding of cluster
formation.

Further observations, both in X-ray and optical, are required
to confirm our interpretation and fully understand the physics
of this exceptional cluster. Planned AXAF observation will al-
low us to study the gas thermal structure, which is a strong
indicator of the evolutionary state. In particular the collision
of two subclusters should manifest itself by characteristic fea-
tures in the temperature maps. We will also be able to resolve
more accurately the morphology of the gas distribution, and thus
understand better the segregation between the different cluster
components.
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Appendix A: Comparison to radio 20 cm map

The analysis of the radio-emission properties of the cluster
brings a complementary information which can be used to study
the dynamical connection between the hot gas and the relativis-
tic electrons. A comparison of radio and X-Ray properties of a
sample of 41 clusters has been done by Burns et al. (1994), who
showed the existence of an angular correlation between X-Ray
sub-clumps and radio galaxies, and between the presence of a
WAT associated to the BCG and an elongation of the central
X-Ray emission.

Several cases of galaxy clusters showing evidence of merg-
ing processes at the optical and X-Ray wavelengths, have been
shown to reveal very interesting radio features as for instance
the presence of distorted or tailed objects (A 2555, Feretti et
al. 1997; A 2634, Pinkney et al. 1993). The orientation of these
objects can be used to shed some light on the distribution of the
orbits of galaxies inside the cluster. In very rare cases (Coma,
Perseus, A 2255. . . ), a cluster-wide radio halo has been de-
tected, whose interpretation is still under debate, but in which
merger processes have been recently suggest to play a key role
(Feretti & Giovannini 1996).

As mentioned by Hanisch & Ulmer (1985), the region of
A 521 is rich in radio sources. We have searched the NVSS
Source Catalog produced by the 1.4 GHz NRAO VLA Sky Sur-
vey (Condon et al. 1996). This survey has detected 19 radio-
sources brighter than 2.5 mJy in a 30’ field centered on the po-
sition of the BCG. This corresponds roughly to the inner Abell
radius of the cluster. Table A.1 lists in Column 1 the identifica-
tion number of the source for this paper, in Columns 2 and 3 right
ascension and declination in J2000.0 as listed from NVSS, and
in Column 3 the integrated flux density in a Gaussian centered
on each source provided by the NVSS, as well as the decon-
volved values of the Major and minor axes in Columns 4 and 5.
Column 6 gives the NVSS identification of the source. We have
extracted via the WEB from the NVSS (Condon et al. 1998)
the Stokes I corrected image of this field. The radio image has
a θ = 45′′ FWHM resolution, and is sampled with a 5” pixel
spacing. Fig. A.1 shows a superposition of the corresponding
radio isocontours with a 30’ optical frame extracted from the
Digitized Sky Surveys. Sources are numbered according to Ta-
ble A.1. Several extended/distorted radio sources are apparent
in the field. The more prominent complex is composed of the
elongated structure at the North containing 13, 11, 7 and 5 which
seems to join with the double structure 6/8. This complex was
allready detected as a triple source by Hanisch & Ulmer (1985).
At the very North, another double/tailed system is identified at
the limit of the field extending North of source 3 towards source
20 at the immediate vicinity of the field. The second remarkable
extended system consists of sources 15/14/12 tracing a curved
structure which seems to embed source 10. At lower contrast,
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Table A.1. Radiosources with a peak excess brighter than 2.5 mJy/beam detected by the NVSS in a 30’ field around A 521

Number α(J2000.0) δ(J2000.0) flux a b NVSS identification
(mJy)

1 04h53m26.80s −10◦14′20.7′′ 47.1 19.3 19.0 NVSSJ045326-101420
2 04h53m44.51s −10◦26′5.5′′ 14.4 30.2 20.6 NVSSJ045344-102605
3 04h53m53.28s −09◦59′22.3′′ 21.3 127.2 33.2 NVSSJ045353-095922
4 04h54m2.46s −10◦02′14.6′′ 5.8 45.1 30.6 NVSSJ045402-100214
5 04h54m4.80s −10◦07′55.2′′ 16.7 20.7 18.7 NVSSJ045404-100755
6 04h54m10.78s −10◦04′18.4′′ 6.1 65.6 36.4 NVSSJ045410-100418
7 04h54m10.84s −10◦06′51.3′′ 16.9 30.1 25.9 NVSSJ045410-100651
8 04h54m11.74s −10◦02′59.9′′ 3.4 41.1 41.0 NVSSJ045411-100259
9 04h54m15.45s −10◦27′10.6′′ 9.2 33.8 24.1 NVSSJ045415-102710
10 04h54m16.21s −10◦16′6.6′′ 15.9 25.5 22.9 NVSSJ045416-101606
11 04h54m16.28s −10◦06′16.4′′ 42.7 43.5 20.5 NVSSJ045416-100616
12 04h54m18.77s −10◦17′55.1′′ 4.1 76.2 38.4 NVSSJ045418-101755
13 04h54m19.87s −10◦05′37.9′′ 9.0 127.3 35.3 NVSSJ045419-100537
14 04h54m20.23s −10◦17′1.6′′ 4.2 100. 64.4 NVSSJ045420-101701
15 04h54m21.84s −10◦15′48.0′′ 7.0 72.0 53.4 NVSSJ045421-101548
16 04h54m29.80s −10◦13′9.6′′ 3.7 53.7 39.5 NVSSJ045429-101309
17 04h54m41.17s −10◦01′37.3′′ 10.8 34.5 23.0 NVSSJ045441-100137
18 04h54m46.55s −10◦20′27.8′′ 3.0 83.0 45.6 NVSSJ045446-102027
19 04h54m55.36s −10◦13′50.7′′ 1.8 36.8 NVSSJ045455-101350
20 04h53m52.16s −09◦57′54.8′′ 23.5 47.0 24.6 NVSSJ045352-095754

Fig. A.1. Radio contours at 1.4 GHz computed from the NVSS are
superimposed to the DSS 30’ field centered on the BCG of A 521. The
FWHM of the Gaussian synthesized beam isθ = 45′′. Contour levels
are:20, 21/2, 21, 23/2,22,25/2,23,... mJy/beam. The noise r.m.s. in the
radio map is 0.45 mJy/beam.

source 19 seems to consist in reality in two tailed sources. A
comparison to the X-Ray map shows that no significant peak
in X-Ray do correspond to any of the previous radio-sources.
There is no strong radio peak centered on neither of the two X-
ray maxima. Looking at the isodensities maps do not show any

Fig. A.2. Radio contours at 1.4 GHz computed from the NVSS are
superimposed to the V image obtained at CFHT. The FWHM of the
Gaussian synthesized beam isθ = 45′′. Contour levels are:20, 21/2,
21, 23/2,22,25/2,23,... mJy/beam. The noise r.m.s. in the radio map is
0.45 mJy/beam.

significant correlation between the orientation of these radio-
sources and the previous detected ridges. However, most of the
sources detected by NVSS are outside the CFHT central field, at
about 7’ of the BCG, except the 10/12/14/15 complex. Fig. A.2
shows a close-up of the radio-contours superimposed on the
CFHT field previously studied. Most high density peaks in the
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South-East part of the optical field are embedded within the
10/12/14/15 complex. Several clumps at North too are likely
to correspond to local excesses of radio emission. The bright
radio-source 10 has an optical counterpart with unfortunately
no velocity measured. A2σ enhancement in the NVSS image
can be detected in the BCG. An interesting feature is that the
radio isocontour shows the same North-East elongation as the
HRI contour (Fig. 10). However, the radio-emission is well cen-
tered on the BCG whence the X-Ray has been shown to be offset
of about 30”. From this analysis, it seems that A521 presents
numerous radio properties of possible interest, but radio obser-
vations of the field with a better resolution are required in order
to better characterize these sources and to be able to constrain
the dynamical state of the cluster.
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