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1
Introduction

1.1 Coma’s large scale environment

In 1785 William Herschel already noticed a concentration of nebulae towards the constellation
of Coma Berenices. The first velocity measurements of a few of these nebulae were made in
1931 by Hubble & Humason. The velocities they measured were in the range from 5100
km s−1 to 8500 km s−1 and fit well in the current accepted range of Coma cluster members
(e.g. Colless & Dunn 1996). While examining the distribution of extragalactic nebulae Shane
& Wirtanen (1954) rediscovered the concentration of nebulae in the south-west of Coma, a
density enhancement which was already visible in maps by Wolf (1902). However, since not
many redshifts had been measured at that time it was not known whether this group was a
secondary feature of Coma or an independent aggregation.

Through modern, large scale redshift surveys our knowledge of the structures in the uni-
verse in general has been greatly increased. The environment of the Coma cluster clearly
shows large concentrations of galaxies in some parts and parts where hardly any galaxies are
detected, so-called voids. In Fig. 1.1 the environs of Coma projected on the sky are shown.
One can see filamentary structures connecting Coma to A1367 and A2197/A2199 with several
side branches in different directions. The first direct evidence that these filaments were real
three dimensional structures came from the pioneering redshift survey of Gregory & Thomp-
son (1978). The galaxy distribution around Coma as measured by the CfA redshift survey (de
Lapparent, Geller & Huchra 1986; Geller & Huchra 1989) showed a huge ∼ 170 h−1 Mpc
long structure sweeping along the entire survey region. This great chain of galaxies passing
through both Coma and A1367 is usually referred to as the Great Wall.

Along with the growing knowledge of the superstructures that surround Coma came an in-
creasing knowledge of the internal substructures of the cluster. Despite the earlier indications
that Coma has substructure, up to the early 1980’s Coma had a well established position in the
literature as the typical relaxed, spherically symmetric galaxy cluster. The view changed as
more evidence pointed towards a picture in which Coma is clearly not spherically symmetric
and dynamically fully relaxed (e.g. Colless & Dunn 1996; Biviano et al. 1996 and references
therein). X-ray satellites imaging the hot intracluster medium in Coma opened a new win-
dow on its structure and revealed substructures on various scales (White et al. 1993; Briel et
al. 2001; Arnaud et al. 2001). The emphasis has switched towards understanding the, now
generally accepted, irregular dynamics and dynamical history of the cluster. One of many
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Figure 1.1— The Coma cluster in relation to its surroundings. The distribution of 3649 galax-
ies contained in the RC3 (de Vaucouleurs et al. 1991) is shown. To highlight features in the
galaxy distribution, symbol sizes are proportional to the logarithm of the local galaxy density
around each galaxy. Circles denote clusters with redshifts ≤ 0.03. In order of increasing
right ascension they are Abell 779, 1367, 1656 (Coma) and 2197/2199. Courtesy M. J. West
(1994).

interesting questions that has been discussed in the literature is whether the group around the
cD galaxy NGC 4839, ∼ 40′ south-west of the cluster center, is on its first passage through
the cluster or has already made one pass through (Burns et al. 1994; Colless & Dunn 1996;
Bravo-Alfaro et al. 2000).

1.2 Properties of clusters and cluster galaxies

Clusters and superclusters of galaxies are the largest gravitationally bound systems in the
universe. Rich clusters, like Coma, are rare and have a density of ∼ 10−6 Mpc−3. They
are made up of baryonic (stars and gas) and non-baryonic components (dark matter). Of the
total mass of a typical rich cluster about 1–2% resides in optically luminous galaxies and up
to ∼ 10% resides in hot gas radiating predominantly in the X-ray regime (Forman & Jones
1982; Fabian 1994). It is evident that most of the gravitational force that binds the galaxies
in clusters together comes from unseen (dark) matter. The average density of galaxies within
a rich cluster is about 100 times that in the field. The galaxy distribution can typically be
represented by a modified isothermal sphere of the form n = n0(1 + r2/rc

2)−α. In Fig. 1.2
an image of the central part of the Coma cluster is shown. Table 1.1 gives an overview of
basic properties of rich clusters.

Galaxies in clusters can move on all kinds of orbits around or through the densely pop-
ulated cluster center and thereby constantly exert gravitational forces on each other. These
gravitational interactions can lead to heavily disturbed galaxy morphologies and even to merg-
ers. In general the neutral hydrogen (H I) gas disk of a galaxy extends to larger radii than the
optical disk. It is very well possible that the H I distribution is severely affected by an inter-
action while the distribution of starlight is undisturbed. Observations with radio telescopes
that are sensitive to the emission from the H I gas are therefore a very useful addition to op-
tical surveys in the search for signs of interactions. There can also be interactions with the
hot intracluster medium. In particular gas-rich spiral galaxies that move with high relative
velocities through the cluster have a high chance of being stripped of their H I gas, especially
in their outer parts. The extreme conditions in clusters make them perfect laboratories in
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Figure 1.2— Central area of the Coma cluster. Up to 90% of the galaxies are early-type
galaxies.

which we can study how galaxy properties depend on the environment that the galaxies are
experiencing.

In the next sections some important aspects of the observations of galaxies in clusters,
which are relevant for the work presented in this thesis, are discussed.

1.2.1 Morphology-density relation

It is by now common knowledge that late-type galaxies (i.e. spirals and irregulars) avoid
the high density regions of clusters and mainly populate the cluster outskirts and the field.
Early-type galaxies (i.e. ellipticals and S0s), on the other hand, are preferably found in the
high density cores of clusters (e.g. Dressler 1980; Whitmore et al. 1993). This is known
as the morphology-density (MD) relation. What physical mechanism is responsible for the
observed change in morphological composition as a function of cluster density is not yet fully
understood. In the past the extent and completeness of single cluster samples were too limited
for an accurate study of the MD relation and, therefore, superpositions of many clusters have
always been used. Many galaxies in clusters show an elongated spatial distribution along a
privileged direction. By “mixing” clusters this segregation with respect to a principal axis
goes undetected. In Coma, this direction is roughly coincident with the major axis of the
X-ray emission. This is also the direction of the NGC 4839 group which may be the cause
of the existence of a privileged direction in the first place. It would be interesting to be
able to measure the MD relation within single clusters. The results can then be compared to
composite clusters to assess the variation from cluster to cluster.

The observation that the main concentration of the Coma cluster (z = 0.023) is traced out
by the early-type galaxies suggests that the fraction of spiral galaxies is very low. At higher
redshifts (z ∼ 0.5), however, the fraction of spirals in rich clusters is larger and the fraction of
S0 galaxies lower (Dressler et al. 1997). This suggests that type transformations could have
taken place. With present-day wide field CCD cameras detailed images of the whole Coma
cluster can be obtained within reasonable integration times. In combination with the con-
tinuously growing amount of available redshifts new samples of confirmed cluster members
of unprecedented quality and quantity can be compiled. This allows accurate morphological
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Table 1.1— Properties of rich clusters.

Number of membersa 30-300 galaxies
Central density (n0) 500 h3

75 Mpc−3

Massb 1014 − 1015 h−1
75 M�

Radiusc (1 − 1.5) h−1
75 Mpc

Core radius (rc) (0.1 − 0.3) h−1
75 Mpc

Velocity dispersion (500 − 1200) km s−1

Blue luminosityb (5 − 50) × 1011 h−2
75 LB,�

〈M/LB〉 ∼ 250 h75 M�/LB,�

X-ray temperature (2-15) keV
X-ray luminosity (1043 − 1045) h−2

75 ergs s−1

a Number of galaxies with magnitudes between m3 (magnitude

of third brightest member) and m3 + 2 within 2 h
−1
75 Mpc of the

center of the cluster.
b Mass and luminosity estimates within 2 h

−1
75 Mpc.

c Radius where galaxy surface density drops to ∼ 1% of the

central core density.

studies which can be compared to old standards (in particular Dressler 1980) and to HST data
of clusters at intermediate redshifts.

1.2.2 Color-magnitude relation

It has long been known that elliptical and S0 galaxies in clusters obey a so-called color-
magnitude (CM) relation (e.g. Visvanathan & Sandage 1977), i.e. fainter galaxies tend to
be bluer. The slope of the correlation depends on the color and details of the measurement
procedures, but the relation seems to apply to early-type galaxies in the cores of clusters, in
groups and even in the general field. Although the exact origin of the CM relation still has to
be solved, it seems that it holds in a range of environments.

Recently, however, van Dokkum et al. (1998) found that in the rich cluster CL 1358+62
(z = 0.33) the CM relation of ellipticals is different from that of the S0s. In the central
parts of the cluster the CM relations are very similar for both types, but the scatter in the
colors of S0 galaxies in the outer parts of the cluster increases with a factor 2. The S0s also
have significantly bluer colors in the outer parts whereas ellipticals all have similiar colors,
independent of position in the cluster. A likely explanation is that clusters continue to accrete
galaxies from the field and star formation comes to a halt shortly after entry of a cluster.
The CM relations of the inner and outer parts of Coma would provide good low redshift
comparison samples.

1.2.3 Luminosity functions of galaxies

A luminosity function (LF) of galaxies, φT (M), is a probability distribution over absolute
magnitude in a volume (e.g. per Mpc3) of Hubble type T . For most clusters the number of
identified and classified members has been too low to derive accurate type-dependent LFs.
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However, statistical LFs for the total cluster population, so-called general LFs, have been
derived frequently.

The LF can be used as a tracer of environmental effects. Knowledge of the shape of the
LF (in different bands) is a powerful tool for studies of galaxy evolution. Specifically, one can
look for correlations between the shape of the general LF and cluster environment. Galaxies
in the cluster core are expected to have a different merger history than the galaxies that have
only recently entered the cluster environment. This should be reflected in the shapes of their
LFs. The LF of field galaxies drops steeply at bright magnitudes and rises gradually at fainter
magnitudes (Blanton et al. 2001), as described by a Schechter function (Schechter 1976). In
some clusters, however, clear deviations from a Schechter function are found, such as bumps
and steeply rising faint end slopes, possibly reflecting environmental influences. A detailed
study of the dependence of LFs on the radial distance to the cluster center requires accurate,
deep CCD photometry of a large physical area. The nearby Coma cluster is an excellent
candidate to undertake such a project.

1.2.4 Butcher-Oemler effect

An important result from optical studies is that clusters at higher redshift seem to have a
much larger fraction of blue galaxies than nearby clusters (Butcher & Oemler 1984) and this
is now commonly refered to as the Butcher-Oemler effect. The blue galaxy population has
tentatively been identified as galaxies that have recently entered the cluster environment. The
fraction of blue galaxies in clusters at z ∼ 0.5 is ∼ 20% (van Dokkum et al. 2001), but in
Coma, at z = 0.023, this has dropped to around 3%. Under the assumption that the clusters
observed at intermediate redshifts are the progenitors of the clusters in the nearby universe
this indicates significant evolution of the galaxy population in clusters with time. The original
measurements of blue fractions in clusters relied on a statistical removal of contaminating
field galaxies. Since Coma is often used as a low redshift reference sample it is crucial to
determine its blue galaxy fraction accurately. By now, there are enough redshift measurements
available so that we can determine Coma’s blue fraction based on a sample of confirmed
cluster members only.

1.2.5 H I in cluster galaxies

The environment in clusters leaves its imprint on the fragile H I disks of spiral galaxies.
Solanes et al. (2001) have investigated the H I content of spiral galaxies in 18 nearby clusters
and found that in two-thirds of these H I deficient galaxies populate their interiors. Detailed
H I observations of galaxies in the Virgo cluster have shown that the H I disks are clearly
affected by the intracluster medium (e.g. Cayatte et al. 1994). H I imaging of the brightest
spiral galaxies in Coma (Bravo-Alfaro et al. 2000; 2001) has revealed H I deficient galaxies
with a strong correlation in their H I properties as a function of radial distance to the cluster
center.

Spiral galaxies that populate the field tend to be rich in H I gas. These reservoirs of gas
provide fuel for star formation, but it is unclear what the ultimate fate of the gas in infalling
galaxies is. It could, for instance, be ram pressure stripped by the hot intracluster medium,
accreted by other galaxies or exhausted in one big starburst. Mapping the distribution and
line-of-sight velocity of the H I gas is an excellent tool to search for morphologically peculiar
systems and often reveals pecularities that are totally unexpected from the optical image alone.
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To get a better understanding of what gas removal mechanisms are at work it is necessary to
measure the gas content at various stages of infall. For this purpose a large and unbiased H I

survey which covers both the cluster core and its periphery is necessary. The combination
with a wide field optical survey would provide an excellent basis for a study of the evolution
of gas-rich galaxies in Coma.

1.3 This thesis

Various observations indicate that the cluster environment affects the structure and dynamics
of galaxies. Galaxy clusters provide laboratories in which we can study processes that drasti-
cally change the nature of a galaxy. The most basic galaxy properties, such as morphological
type, size and the distribution of mass, vary as a function of position within the cluster and
this should provide fundamental clues about the evolution of galaxies. Examples of the effects
that occur are: mergers, tidal stripping, triggering of starbursts etc. It is this laboratory aspect
of clusters that we want to use to explore the link between the properties of galaxies and their
environments.

Coma is the richest of the nearby clusters and appears to be a close equivalent to clusters
at higher redshift. The most remarkable similarity is the presence of blue disk galaxies and
galaxies with E+A type spectra. This makes Coma the perfect link between nearby and distant
clusters. There is increasing evidence that even Coma is not dynamically relaxed, but still in
the process of formation. The best example is the NGC 4839 group to the south-west of the
cluster core which is either currently falling into the cluster or may have already made one
pass through.

We have conducted a large multi-color wide field optical survey with the Wide Field Cam-
era (WFC) on the 2.5 m Isaac Newton Telescope (INT) covering 5.2 deg2 and compiled a cata-
logue with positional and photometric measurements for well over 130000 objects. From this
data set we extracted a uniform data set of 583 spectroscopically confirmed cluster members.
This sample provides an excellent low z comparison sample for studies of galaxies in distant
clusters. We have also begun to use the Westerbork Synthesis Radio Telescope (WSRT) to
start un unbiased census of the H I in galaxies in the Coma cluster. In this thesis we have
started to use these data sets to study the H I and optical properties of Coma galaxies with the
principal aim to investigate how these vary as a function of environment.

1.3.1 Outline

This thesis is organized as follows. In chapter 2 we present a deep multi-color CCD mosaic of
the Coma cluster along with a detailed description of the data reduction and the compilation
of the source catalogue. The data set is used to study the dependence of statistical LFs on
radial distance to the cluster center. The main conclusion is that LFs become systematically
steeper towards the cluster outer parts. This effect is most pronounced in the U band. The
result is consistent with the presence of a star forming dwarf population at a large distance
from the cluster center, which may be in the process of being accreted by the cluster.

Chapter 3 describes a simple analytic model which is used to deproject the two dimen-
sional LFs measured in chapter 2. It is demonstrated that although the shapes of the LFs
change after deprojection the corrections are not significant enough to change the previously
observed trend of increasing faint end slopes as the distances to the cluster center increase.

In chapter 4 a new multi-color catalogue which contains photometric data for 583 cluster
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members is presented. This data set provides an excellent low redshift comparison sample for
studies of galaxies in distant clusters. It is used to study the LF and its dependence on location
in the cluster. Comparison to results from statistically derived LFs shows good agreement
between both determinations of the LFs. The spatial and velocity distributions of early- and
late-type galaxies are examined. The results are consistent with the hypothesis that early-type
galaxies make up the main part of the virialized cluster population, whereas at least part of
the late-type galaxies are still falling into the cluster.

Chapter 5 describes H I synthesis observations of the south-west part of Coma. The sur-
vey resulted in 24 detections of which 14 are new H I detections. The galaxies span a range of
H I masses and are all late-type spiral galaxies with mainly blue colors. In particular the low
H I content and very disturbed H I morphology of NGC 4921 stongly suggests an interaction
with the intracluster medium. Overall, the cluster center is very deficient in galaxies with
measurable H I masses. The spatial and velocity distributions of the galaxies detected in H I

support the scenario of spiral galaxies being an infalling, non-relaxed, and gas-rich field pop-
ulation. By using known positions and velocities of galaxies in the volume sampled estimates
of mean H I contents of specific subsamples are made. We find that the galaxies in the NGC
4839 group and starburst and post-starburst galaxies all have low mean neutral gas contents.

In chapter 6 colors, the color-magnitude (CM) relation and their scatter as a function of
cluster radius are investigated. It is found that the scatter with respect to the best-fit CM rela-
tions systematically increase towards the cluster outskirts and this is caused by a population
of blue galaxies. Blue and red spiral galaxies have distinct spatial and velocity distributions.
The blue spirals are mainly late-type galaxies that have colors that become increasingly bluer
towards the cluster outer parts. These galaxies have a higher velocity dispersion than the
early-type spirals and elliptical and S0 galaxies and are completely absent close to the cluster
core. It is a subsample of this population that is detected in H I. Taken all together, the obser-
vations are consistent with the picture where late-type spirals are still falling into the cluster
where their properties are affected by the environment. The properties of early-type spirals
do not seem to be influenced by the environment they are in. The blue fraction in Coma is
around 5%, but depends mainly on the adopted sampling radius in the sense that sampling to
larger radii systematically increases the blue fraction.

Chapter 7 summarizes the main results from the analyses in the previous chapters. The
results are combined to discuss how they have improved our knowledge of the galaxy popu-
lation in the Coma cluster.
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2
U, B and r Band Luminosity Functions

of Galaxies in the Coma Cluster∗

M. Beijersbergen, H. Hoekstra, P. G. van Dokkum & J. M. van der Hulst

ABSTRACT — We present a deep multi-color CCD mosaic of the Coma cluster
(Abell 1656), covering 5.2 deg2 in the B and r bands, and 1.3 deg2 in the U band. This
large, homogeneous data set provides a valuable low redshift comparison sample for
studies of galaxies in distant clusters. In this chapter we present our survey, and study
the dependence of the galaxy luminosity function (LF) on passband and radial distance
from the cluster center. The U , B and r band LFs of the complete sample cannot be rep-
resented by single Schechter functions. For the central area, R < 245 h−1

100 kpc, we find
best-fitting Schechter parameters of M ∗

U
= −18.60+0.13

−0.18 and αU = −1.32+0.018
−0.028, M∗

B
=

−19.79+0.18
−0.17 and αB = −1.37+0.024

−0.016 and M∗
r = −20.87+0.12

−0.17 and αr = −1.16+0.012
−0.019.

The LF becomes steeper at larger radial distance from the cluster center. The effect is
most pronounced in the U band. This result is consistent with the presence of a star
forming dwarf population at large distance from the cluster center, which may be in the
process of being accreted by the cluster. The shapes of the LFs of the NGC 4839 group
support a scenario in which the group has already passed through the center.

∗based on Monthly Notices of the Royal Astronomical Society, 329, 385 (2002)
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2.1 Introduction

Clusters of galaxies are important laboratories for studies of galaxy evolution. The galaxy
population in clusters is very different from the population in the field, suggesting that galaxy
formation and evolution are a strong function of the environment.

The galaxy luminosity function (LF) should be an excellent tracer of environmental ef-
fects. Knowledge of the shape of the LF (in different bands) is a powerful tool for studies of
galaxy evolution. Specifically, one can look for correlations between the shape of the gen-
eral LF and environmental or cluster properties. In general the LF drops steeply at bright
magnitudes and rises gradually at fainter magnitudes as described by a Schechter function
(Schechter 1976). Sometimes, however, features such as bumps and a steeply rising faint part
are found, which cannot be adequately fitted by a single Schechter function. Galaxies in the
cluster core region are expected to have a different merger history than the galaxies populat-
ing the cluster outskirts where it blends into the field. This should be reflected in differently
shaped LFs for dense and less dense regions within a cluster. López-Cruz et al. (1997) pro-
pose that the flat faint end slopes found in rich clusters result from the disruption of dwarf
galaxies. Biviano et al. (1995) report a dip in the bright part of the general LF for rich clusters
which is not seen in LFs of poor clusters or in the field. Andreon (1998) verified the invariance
of the shape of the bright part of the type-dependent LF in a large range of environments from
the field to the cores of clusters several orders of magnitude denser. The determination of the
exact shapes of LFs is difficult as the faint ends suffer from uncertainties in the contamination
by field galaxies.

The Coma cluster (z = 0.023, richness class 2) is the richest of the nearby clusters and
ideal to study environmental effects (for a detailed overview of research on the Coma cluster
see Mazure et al. 1998). Previous large field studies of the photometric properties of the
galaxies in the Coma cluster have been based on photographic plates (e.g. Godwin et al.
1983; Lugger 1989). CCD studies yield better photometric precision, but have hitherto been
limited to relatively small areas, mainly focused on the central regions (e.g. Thompson &
Gregory 1993; Biviano et al. 1995; Bernstein et al. 1995; López-Cruz et al. 1997; Secker
et al. 1997; Lobo et al. 1997; de Propris et al. 1998; Trentham 1998a, 1998b; Mobasher
& Trentham 1998; Andreon 1999). We combine the benefits of wide field coverage with the
photometric accuracy attainable with CCDs, by using the Wide Field Camera (WFC) on the
Isaac Newton Telescope (INT) to image a large part of the Coma cluster from the dense core
to the outskirts of the cluster. Our data offers the interesting possibility to study the LF for a
large range of environments within the cluster. The primary goals of our survey are to study
the LF, the color-magnitude relation and to complement a large HI survey conducted with the
Westerbork Synthesis Radio Telescope (WSRT).

In this chapter we present our data and use our catalogue to construct U, B and r band LFs
for various regions of the Coma cluster area. Our study complements previous studies of the
LF of the Coma cluster by providing accurate, deep CCD photometry in three bands, covering
an area of 5.2 deg2. Our wide field U band data is of particular importance, because the U−R
color is a sensitive indicator of the presence of young stellar populations. Furthermore, the
rest frame U band remains in the optical window out to z ∼ 1.3, which makes the U band
observations very useful for comparison to high redshift clusters. Previous U band studies of
Coma were limited to small samples of individual galaxies (Bower et al. 1992). Our mosaic
has similar linear resolution (in kpc) and field size (in Mpc) as large HST WFPC2 mosaics of
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Figure 2.1— Layout of the four
science CCDs and the autoguider
CCD as used in our survey of
the Coma cluster (rotator angle at
270◦). The four science CCDs
cover an area of 34′ × 34′.

high redshift clusters (e.g. van Dokkum et al. 1998) and provides a valuable low z zeropoint
for studies of the evolution of galaxy morphology, color and luminosity. For the first time a
U band LF for such a large area of the Coma cluster is determined. In addition we study the
dependence of the LF on passband and projected distance from the cluster center.

Throughout this chapter we use H0 = 100 h100 km s−1 Mpc−1 and coordinates are given
in equinox J2000.0.

2.2 Observations

The data were collected during the nights of March 19–22 1999 with the Wide Field Camera
(WFC) on the Isaac Newton Telescope (INT), on Rogue de Los Muchachos on the island of
La Palma (Spain). The WFC consists of four 2048× 4100 pixels EEV CCDs and a fifth CCD
for autoguiding. The layout of the chips is shown in Fig. 2.1. It is designed to provide a large
field survey capability for the prime focus of the INT. The sky coverage is 0.29 deg2 with a
plate scale of 0.′′333 pixel−1. The camera covers 80 per cent of the unvignetted field of the
INT.

We have imaged a mosaic of 25 overlapping pointings covering a total area of ∼ 5.2 deg2

or 2.8 × 2.8 h−1
100 Mpc. Broadband filters RGO U, Harris B and Sloan r were used for the 6

pointings covering the core and the south-west group (containing NGC 4839). The other 19
pointings were observed with Harris B and Sloan r. For each pointing two exposures, offset
by ∼ 1′, were taken. This ensured that we would be able to determine the relative zeropoint
offsets between exposures and chips and there would be very few gaps in the final mosaic.
Furthermore, galaxies in the overlapping regions give us good estimates of the errors due to
photon noise and flatfielding. Integration times were 2×300 s in B, 2×600 s in r and 2×900
s in U . The layout of the field is shown in Fig. 2.2. Thick lines delineate pointings which
were observed in the U band, as well as B and r.

The overall weather was good with an average seeing during the first two nights of ∼
1.4′′ and ∼ 1.9′′ during the last two nights in the r band. The strategy was to observe the
central parts of the cluster in U, B and r under photometric conditions. During the first night
the standard Landolt (1992) fields Sa107-602 and Sa101-427 were also observed at similar
airmasses as the central fields. These standard fields contain many standard stars and give a
good spread over the four CCD chips. This is important for the absolute calibration, since no
two chips have exactly the same characteristics. In fact it is known that the WFC is non-linear.

The Coma fields were observed when the cluster had risen to an airmass < 1.8. At the
start of nights 3 and 4 we took exposures of an empty field (see Sect. 4.4). This field was later
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Figure 2.2— Layout of the 25 over-
lapping pointings covering an area of
∼ 5.2 deg2. Thick lines delineate
pointings which were observed in the
U band, as well as B and r. Point-
ing 11 served as reference field for
the photometric calibration. The po-
sition of NGC 4839 is indicated by
the square. Coordinates are given
relative to α = 12h59m43s, δ =
+27◦58′14′′.

used to correct U band galaxy counts for foreground/background contamination.

2.3 Initial reduction

2.3.1 Flatfielding

Prior to any reduction the images were inspected to judge their quality. For each chip the bias
frames per night were checked for repeating structures and count levels. The bias-structures
were also visible in the science images. We combined all bias frames to create an average
master bias frame for each night and each chip. After several tests we decided that the bias
subtraction had to be performed in two steps; we first subtracted the overscan level by fitting a
second order polynomial to the columns and then subtracted the (overscan subtracted) master
bias frames. The second step successfully removed the remaining bias structures for chips
1,2 and 4. Chip 3 suffered from a few bad columns. These were removed by interpolation or
by aligning and combining the images taken with a small offset. The rms noise level in the
master bias frame was negligible compared to the rms noise in the science frames.

Accurate flat field images were created from the science frames. We have obtained 52
science images of the Coma area per chip per band for the B and r bands. For the U band we
have 23 science images, including the empty fields. We constructed a B and r band masterflat
by scaling these images by the mode, rejecting the lowest 10 and highest 15 pixelvalues,
followed by median filtering. The U band masterflats were constructed in the same way, but
there we rejected the lowest 5 and highest 10 pixelvalues before median filtering.

As a test we compared our flatfields to the ones of the Wide Field Imaging Survey which
are available from the WFC archive∗. Differences between the flat fields were at the level of
10−4 or less, assuring that we have good quality flats.

After flatfielding, approximately 2.5 per cent of the area of chip 3 still suffers from ∼ 3
per cent variations in the background, because this chip is partly vignetted. Because of the

∗http://archive.ast.cam.ac.uk/wfsurvey/wfsurvey.html
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Figure 2.3— Astrometric and magnitude scatter in the r and U bands for objects in overlap-
ping regions. The circle denotes the astrometric accuracy σr ∼ 0.3′′.

overlap between neighbouring pointings this has very little impact on our final mosaic. On
average, the images are very flat with less than 0.8 per cent variations in the background.

2.3.2 Photometric calibration

The ultimate aim was to obtain a homogeneous photometric scale over the whole area cov-
ered. We dedicated the photometric anchor point to be chip 4 of pointing 11 (Fig. 2.2) at
airmass 1.000. This field was observed during the first night under photometric conditions at
a time close to when the standards were taken. First, we determined the photometric offsets
between the four chips of the WFC, using objects in overlapping regions between the two off-
set exposures for each pointing. For the U band the number of bright objects in overlapping
areas was low. Therefore, we could not use objects to determine the offsets, since this would
have given unreliable results. Instead, we used the skylevel to determine photometric offsets.
First, we made sky-images by filtering out all objects of the science images in the same way
as for the flatfields. Comparison of the mean skylevels of the sky images gave the offsets.
The resulting offsets are listed in Table 2.1. Errors indicate the uncertainty in the mean of all
independent measurements. The 1σ spread between independent measurements of pairs of
different pointings is much larger, and is caused by varying conditions between observations
of neighbouring pointings. The offsets depend on the passband, because the response curves
of the four CCDs are not identical.

We applied these offsets to bring all chips to the same scale. Only the first two nights
were photometric and we proceeded by determining the photometric offsets between neigh-
bouring pointings. The mean offset values are based on the 8 (or more) brightest objects in
the overlapping areas in order to guarantee a reliable determination. We found differences
of a few hundredths of a magnitude between fields taken at significantly different times (air-
masses, conditions) in B and r up to more than a tenth of a magnitude in U. We mapped all
the photometric offsets per pointing per band and scaled all pointings in such a way that the
errors were spread over the total observed region and did not accumulate towards the edges
of the covered area. The final result is that all B and r band images have the same zero-point
to ∼ 0.04 mag and the U band images to ∼ 0.06 mag. This is shown for the r and U bands in
the right panels of Fig. 2.3.

The photometric calibration was done using Landolt (1992) standard stars. We did not



CHAPTER 2. LUMINOSITY FUNCTIONS OF GALAXIES IN THE COMA CLUSTER 22

Table 2.1— Photometric offsets relative to chip 4.

Chip U ± σ B ± σ r ± σ

1 +0.347±0.015 +0.337±0.013 +0.446±0.011
2 +0.170±0.015 +0.410±0.013 +0.501±0.017
3 +0.016±0.015 +0.325±0.014 +0.376±0.011

Table 2.2— Average extinction coefficients for La Palma.

Band λeff extinction/airmass
[Å] [mag/airmass]

U 3610 0.45
B 4361 0.20
r 6216 0.08

have sufficient standard stars on all the chips to solve for the extinction coefficients so we
set the extinction coefficients to constant values. We used average extinction coefficients at
the effective wavelengths of the filter+CCD system, as listed in Table 2.2, to derive the color
terms and zero-points. The zero-points are listed in Table 2.3. The color terms were found
to be very small (∼ 0.01) and are neglected. Since Coma lies close to the galactic pole the
extinction is insignificant for our purposes (0.043, 0.034 and 0.021 mag in the U, B and r
bands respectively). Hence, we did not apply extinction corrections.

2.4 Object catalogues

The data volume is considerable and requires a fully automated pipeline for data handling.
After the standard reduction steps the processed images were presented to software imple-
mented at the Leiden Data Analysis Center (LDAC) for pipeline processing of overlapping
images (Deul 1998). The processing software is a series of programmes that, when run in a
chain, derive source parameters for any given set of input frames of a given passband. Only
the first step is an actual data reduction task in that it reduces the information to be processed
from image data to catalogue data (an object list). All but the last of the following pipeline
routines add information to the catalogue(s) increasing its size and information content. The
final step merges the catalogues to create a multi-color object catalogue with astronomically
meaningful source information. The pipeline processing is performed on the full data set.
Along the way we must decide on values for various parameters. We describe the pipeline
steps in more detail below.

Table 2.3— Zero-points (ZP) of chip 4 for night 1.

Band ZP±σ

U 23.157±0.026
B 24.918±0.031
r 24.822±0.073
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Figure 2.4— Histograms of the normalized raw r, B and U band number counts. Ntotal gives
the total number of catalogue entries for each passband.

2.4.1 Detection of objects

We used SExtractor to automatically detect objects on each chip individually. The complete
analysis of an image is done in six steps. First, a model of the sky background is built and
parameters describing the global statistics are estimated. Then the image is background-
subtracted, filtered and thresholded. Detections are then deblended, cleaned, photometered,
classified and written to the final catalogue. For specific details of each of these steps the
reader is referred to Bertin & Arnouts (1996) or the SExtractor user’s guide.

Objects were identified as the peaks in the (background subtracted) convolved images that
were higher than a given threshold above the local background. We used most of the standard
SExtractor settings except for the memory parameters which had to be increased in order to
detect the large cD galaxies successfully. The seeing parameter had to be adjusted for each
image individually for a good star/galaxy separation. For all objects positions, magnitudes,
basic shape parameters and star/galaxy (S/G) classifiers were determined and written to a
catalogue. SExtractor produced a catalogue for each image which was subsequently converted
to a format suitable for pipeline reduction. As a first pipeline processing step, all information
of the individual image source extractions plus all original FITS image header information is
combined into one single output catalogue per band.

2.4.2 Astrometry

Astrometric calibration was performed by pairing the input position catalogue (USNO-A2)
with the extracted object information. For multiple band processing intercolor pairing is done
first and between frames in overlap, overlap pairing is performed as well. The derived astro-
metric solution is then applied to all the objects in the set of frames. Sky coordinates (RA
and Dec), as well as corrected geometric parameters are calculated. The final precision of this
calibration depends on the accuracy of the source extractions, input catalogue accuracies and
the correctness of the functional description of the distortions. We find σr ∼ 0.3′′ as shown
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in the left panels of Fig. 2.3.

2.4.3 Final object catalogue

The final step in creating a catalogue containing useful multi-color astronomical data is to
merge all catalogues to get one source per position on the sky. All information referring to the
same astronomical object is gathered and merged. Position information is a weighted mean
of all detections where the weighting is based on detection signal-to-noise and detection en-
vironment conditions. Parameters governing the merging process can be tuned for optimal
performance. When the brightness contrast between overlapping galaxies is too low the soft-
ware is not able to deblend them correctly, resulting in an erroneous catalogue entry. On
the other hand, setting the deblend contrast parameter too low causes SExtractor to consider
bright star forming regions in a galaxy as separate objects. Then, there is the possibility that
deblended objects are merged by the pipeline software when creating the final object cata-
logue. This can happen in cases where objects are small compared to the errors in position
and shape parameters. We carefully inspected dense regions in our mosaic and conclude that
erroneous catalogue entries are rare and consequently do not affect our results.

Star/galaxy separation was performed based on SExtractor’s stellarity index. For bright
objects stars and galaxies are easily separated, but towards fainter magnitudes and for bad
seeing the division is not so clear. For most purposes we consider the objects with a S/G
classifier value smaller than 0.8 in the r band (best seeing) to be galaxies. Bright (saturated)
stars tend to have a S/G classifier smaller than this. We filtered these out by demanding a
S/G classifier < 0.1 for the brightest magnitudes. We visually inspected all bright objects to
conclude that there is no contamination by stars up to at least mr = 15. Beyond m ∼ 19 mag
we probably still have a fraction of stars in the sample, but for most purposes it is better to be
contaminated by a (small) fraction of stars than to reject compact galaxies. Histograms of the
catalogue’s raw number counts are shown in the panels of Fig. 2.4. Throughout this chapter
we use SExtractor’s MAG BEST as magnitude estimator. The final mosaic, composed of all
pointings observed in the B and r bands, is shown in Fig. 2.5.

2.4.4 Control fields

For a survey as large as ours, the contamination from foreground and background galaxies
can only be treated statistically. The main source of uncertainty in the determination of LFs
comes from number statistics and background variance. Usually, flanking fields are used to
get an estimate of the foreground/background correction and its variance. We expect that over
the large area of the WFC the effects of cosmic variance are not important.

For the U band we have used 4 × 900 s observations of an empty field located at α =
8h00m00s, δ = +50◦00′00′′ spanning ∼ 980 arcmin2. For both the B and r bands we have
made use of the Wide Field Survey (WFS) data archive to get images of random fields. The B
band control images are eight 600 s exposures, spanning ∼ 2000 arcmin2 and centered at α =
12h55m55s, δ = +27◦01′40′′ and α = 12h53m40s, δ = +26◦20′00′′. The r band control
images are four 600 s exposures, spanning ∼ 1000 arcmin2 centered at α = 16h04m26s, δ =
+54◦49′59′′. For the B and r band control fields we rely on the (photometric) reduction of the
four chips by the WFS team.

All control images were pipeline reduced to give control catalogues which were filtered
with the same criteria as the Coma fields. We applied relative extinction corrections (Schlegel
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Figure 2.5— Overview of the total area covered in the B and r band with annuli overlaid.
Radii are: I: 0-0.2, II: 0.2-0.3, III: 0.3-0.42, IV: 0.42-0.74 and V: 0.74-1.4 degrees (1◦ =
1.22 h−1

100 Mpc at Coma distance). The circular area centered on NGC 4839 has a radius of
0.15◦.
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Figure 2.6— Distribution of objects
with mB < 21.73. Coordi-
nates are given relative to α =
12h59m43s, δ = +27◦58′14′′.

et al. 1998) to bring the extinction in the control fields into agreement with the Coma extinc-
tion, not zero extinction.

2.4.5 Completeness

The histograms shown in Fig. 2.4 suggest that the limiting magnitude is ∼ 22.5 mag for all
bands. However, due to less than perfect conditions in the last two nights this limit does
not apply to the total observed area. To have uniform completeness for the total mosaic we
compute LFs up to mlim = 21.73. The positions of these objects, relative to the cluster center,
are plotted in Fig. 2.6. The cluster is visible as a density enhancement on top of a uniform
background. We have only considered clean detections (with good extraction flags) with more
than 5 connected pixels above the background threshold.

Detection limits in general depend on the interplay between scale length/effective radius,
magnitude and inclination, i.e. surface brightness. Edge-on galaxies of a certain magnitude
are easier to detect than their face-on counterparts. Deep surveys have shown the existence
of galaxies with surface brightnesses fainter than the night sky. These low surface brightness
(LSB) galaxies are more likely to be missed at a given magnitude and inclination than their
high surface brightness counterparts. Most of the LSB galaxies investigated in any detail are
either late-type and disk dominated (de Blok et al. 1995; McGaugh & Bothun 1994), or giant,
Malin-1-like galaxies (Sprayberry et al. 1995; Pickering et al. 1997).

In order to estimate these effects we followed two approaches. First we generated an r
band luminosity-surface brightness plot for all objects (mostly galaxies) in our catalogue. The
data in our catalogue do not contain estimates of the central surface brightnesses, but we can
compute mean surface brightnesses for all objects based on total flux and area above the anal-
ysis threshold. In Fig. 2.7 we show the resulting luminosity-surface brightness plot along with
the relevant magnitude and surface brightness selection boundaries we used. The dashed lines
represent the luminosity-surface brightness relations for objects with the minimum detectable
size (the seeing disk). We show minimum size detection lines for a seeing of 1.5′′ and 1′′,
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Figure 2.7— Mean surface bright-
ness versus luminosity plot. The se-
lection boundaries are indicated by
the solid lines. The dashed lines
represent the minimum size detection
lines for a seeing of 1.5′′ and 1′′ (from
left to right).

from left to right, and it can be seen that occasionally the seeing drops even below 1′′. The
mean isophotal limits for the U and B bands are 25.10 and 25.42 mag arcsec−2 respectively.
From this figure it is evident that we are not likely to miss galaxies due to their low surface
brightness. Second we generated artificial elliptical galaxies with de Vaucouleurs’ law (1948)
light profiles and spiral galaxies with exponential light profiles. We then added these galaxies
into empty regions of our Coma images and verified whether SExtractor could recover these
using the same selection criteria as for Coma fields. From our simulations we estimate that we
are able to detect ellipticals with effective radii re ∼ 3 h−1

100 kpc or re ∼ 9′′ down to ∼ 19.5,
∼ 19.5 and ∼ 19 mag in the U, B and r band respectively. Furthermore, we are able to detect
dwarf galaxies modelled as exponential disks with hd ∼ 1 kpc down to ∼ 19.5, ∼ 20 and
∼ 20 mag or µ0 = 23.8, 24.3 and 24.3 mag arcsec−2 in the U, B and r band respectively. At
the distance of Coma, m = 20 corresponds to M = −14.2. Disk dominated LSB galaxies
typically have hd ∼ 3 kpc and µ0,B ∼ 23.2 mag arcsec−2. Assuming typical colors as in the
de Blok et al. (1995) sample, this corresponds to µ0,U ∼ 23.1 and µ0,r ∼ 22.4 mag arcsec−2.
Our simulations show that such LSB galaxies are within our detection limits.

To illustrate the data quality we show examples of galaxies in Fig. 2.8. These have been
drawn from our catalogue for magnitude bins MB = −21 to -13 in steps of one magnitude,
two examples per bin.

2.5 Total luminosity functions

We constructed foreground/background corrected LFs by subtracting counts in the control
catalogues from the Coma counts. From Fig. 2.4 it is obvious that the number of fore-
ground/background counts is a strongly varying function of magnitude. Especially the faintest
points of the LFs are largely influenced by an inaccurate determination of the amount of con-
taminating galaxies. We used very large control fields, and large bin widths compared to the
photometric uncertainties. Therefore, effects caused by errors in the determination of fore-
ground/background counts will be suppressed. Furthermore, we carefully calculated effective
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Figure 2.8— Examples of galaxies drawn from our catalogue for magnitude bins MB = −21
to -13 in steps of one magnitude, two examples per bin.
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Figure 2.9— LFs for the total area observed. The solid lines represent best-fitting Schechter
functions with parameters as given in Table 2.5. The dashed lines correspond to the Sloan
Digital Sky Survey field LFs. To facilitate the comparison of luminosity function shapes
the SDSS LFs were renormalized by adding 2.8 to log φ(M) in all bands. Ntotal gives the
estimated number of Coma galaxies up to -15.2.

Figure 2.10— LFs for area I. Solid lines represent the best-fitting Schechter functions with
parameters as listed in Table 2.6. The insets show the 1, 2 and 3σ contour levels of the best
fitting Schechter function parameters. Ntotal gives the estimated number of Coma galaxies up
to -15.2.
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Table 2.4— Total cluster counts and field counts estimates per deg2.

Mag rtotal Btotal Utotal rfield Bfield Ufield

11.23 0 0 0 0 0 0
12.23 1.54 0 0 0 0 0
13.23 6.54 0.38 0 0 0 0
14.23 19.42 0.76 0.73 0 0 0
15.23 33.85 11.92 5.10 10.44 6.96 0
16.23 59.04 33.08 45.14 27.84 10.44 0
17.23 142.1 52.5 100.5 59.16 15.66 0
18.23 415.2 108.3 144.9 302.7 60.9 25.7
19.23 1127 245 274.5 1044 200.1 198.2
20.23 2634 631.3 752.1 2551 492.4 561.7
21.23 5444 1628 2294 5282 1529 1733

areas for all control fields and the Coma mosaic by counting unblotted pixels on each frame.
Pixels which reduced the area for object detection, e.g. dead columns, saturated stars etc.,
were blotted prior to the pixelcounting. The total cluster counts and the field counts estimates
are listed in Table 2.4.

In Fig. 2.9 the LFs for the complete data set are shown. Solid lines represent best-fitting
Schechter functions with parameters as listed in Table 2.5. The faint end slopes increase
towards shorter wavelengths. The best-fitting Schechter functions are rather poor represen-
tations of the data for all bands, with several points lying more than 1σ away from the best-
fitting values. The χ2 statistic confirms the eye’s impression that the LFs for the complete
data set cannot be represented by single Schechter functions. These are the first accurate de-
terminations of LFs for such large areas of a cluster. Furthermore, to our knowledge the U
band LFs presented here are the first ever published for the Coma cluster.

2.6 Dependence of luminosity functions on radial distance from the cluster cen-
ter

In order to study the dependence of the LF on radial distance from the cluster center we
defined five areas as annuli with varying widths and radii projected on the cluster center,
as shown in Fig. 2.5. For each of these areas we carefully determined the effective area
for galaxy detection and constructed the corresponding LFs. The contamination by fore-
ground/background galaxies becomes severe towards the outskirts of the cluster. Their num-
bers become equal or greater than the Coma counts at r > 19, r > 18 and r > 17 in annulus
I, III and IV, respectively.

We arbitrarily defined the core of the Coma cluster as the area with R < 245 h−1
100 kpc

(area I). This is comparable in size to the total observed areas in previous studies. In Fig. 2.10
we show the central LFs with best-fitting Schechter functions overplotted as solid lines. The
insets show the 68, 95 and 99 per cent confidence levels for the M ∗ and α parameters resulting
from the fit to the binned data. The best-fitting parameters are listed in Table 2.6. The bright
end of the B band central LF is not adequately represented by the Schechter function. The
faint end, however, is well represented by the Schechter fit. We do not confirm the dip,
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Table 2.5— Best-fitting Schechter parameters for the luminosity functions of the complete
sample.

Filter M∗ α φ∗ χ2
ν

[h2
100 Mpc−2]

U −19.39+0.33
−0.40 −1.54+0.036

−0.030 11.7 ± 1.05 27.8

B −19.09+0.36
−0.40 −1.32+0.056

−0.049 13.7 ± 0.02 5.35

r −20.63+0.26
−0.34 −1.22+0.034

−0.036 20.44 ± 0.48 2.87

Table 2.6— Schechter parameters for the central luminosity functions.

Filter M∗ α φ∗ χ2
ν

[h2
100 Mpc−2]

U −18.60+0.13
−0.18 −1.32+0.018

−0.028 135.1 ± 4.3 1.78

B −19.79+0.18
−0.17 −1.37+0.024

−0.016 61.7 ± 2.4 1.71

r −20.87+0.12
−0.17 −1.16+0.012

−0.019 130.3 ± 11.6 1.34

located at MB ∼ −17.2, reported by Biviano et al. (1995). We stress that our LF has been
determined with completely different data and methods, complicating any direct comparison
of results. Their estimate of the faint end slope (αB = −1.3± 0.1) is, however, in agreement
with our result. Comparison of our B band LF with the typical richness class 2 composite
cluster LF (Trentham 1998b) shows that the faint ends are consistent up to the completeness
limit. Beyond the completeness limit the composite LF rises more steeply than the LF we
have derived. Our value of the faint end slope of the central r band LF is in agreement with
Lugger (1989) (αR ∼ −1.19 ± 0.17), but somewhat shallower than the slopes derived for
Coma by e.g. Bernstein et al. (1995), López-Cruz et al. (1997) and Secker et al. (1997)
who all find αR ∼ −1.4. We stress that a direct comparison is hampered by the fact that
these authors use different areas or composite LFs. To demonstrate more clearly that the LF
is mainly shaped by the area we extracted Trentham’s (1998a) area and constructed B and r
band LFs. In Fig. 2.11 we compare the results of both determinations of the LFs. Up to the
completeness limits the LFs are very similar showing that not the methodology employed, but
the area chosen has the most crucial effect on the shape of the LF.

In general a single Schechter function is a reasonable representation of all the central LFs
with 2 points lying 1σ or more from the best-fitting value for all bands. It is expected from
LF studies of composite dense and loose clusters and of single rich and poor clusters that the
LF shape depends on environment. Below, we study the change in the shape of the LF as a
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Figure 2.11— Comparison of our data to those of Trentham (1998a), restricting our data to the
same area covered by the Trentham (1998a) survey. There is very good agreement between
the two independent determinations of the Coma LF in this small region.

function of position in the cluster. We will examine whether differences can be attributed to
effects of the local environment.

In the panels of Fig. 2.12 the LFs corresponding to the annuli II to V of Fig. 2.5 are shown
for all bands. It is clear that these LFs are not simply scaled versions of the central LFs.

The U band LFs are sensitive to star forming galaxies, and are therefore a poor indicator
of the underlying mass distribution. They show significant curvature and at some radii dips,
as reported for other bands (e.g. Biviano et al. 1995; Andreon & Pello 2000). Because of
these dips these LFs cannot be adequately fitted by single Schechter functions.

The B band LF of annulus II still resembles the central LF, but in annuli III and IV the
faint end behaves differently. Even further out, in annulus V, the galaxies with MB ∼ −19 or
brighter become very rare and the faint end seems to steepen again, but only marginally.

The r band LF of annulus II is relatively flat. At larger radial distances from the cluster
center the LFs become much steeper.

We quantified these trends as follows. We fitted a power law function (b 10aM ) to the
faint ends of the LFs in order to study their dependence on radial distance from the cluster
center. The LFs were fitted for MU > −18, MB > −19 and Mr > −20, respectively. In
Fig. 2.13 we plot the power law slopes as a function of cluster radius. We omitted the slope of
the B band LF for area IV: the value of the slope is extremely sensitive to the fitting region,
and hence not well constrained. In general, the faint end slopes become steeper towards larger
cluster radii.

2.7 Comparison with field luminosity functions

In the field the galaxy density is orders of magnitudes lower than in the cores of clusters like
Coma. Galaxies in a dense cluster environment are likely to follow different evolutionary
paths than galaxies in low density fields. It is therefore interesting to investigate whether this
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Figure 2.12— LFs for the annuli of Fig. 2.5. In the top of each figure we indicate: filter,
annulus number and estimated number of Coma galaxies up to -15.2. The lines represent the
fits to the faint ends.
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Figure 2.13— Power law slopes a as
a function of cluster radius. The faint
ends of the LFs become somewhat
steeper towards the cluster outskirts.

Figure 2.14— (a) Filled hexagons represent galaxies with −23.5 < Mr < −19.5 (giants).
The 3 large hexagons represent NGC 4889, NGC 4874 and NGC 4839. (b) Crosses represent
galaxies with −19.5 < Mr < −16.5 (dwarfs). Overplotted are annuli with radii: 0-0.2,
0.2-0.3, 0.3-0.42, 0.42-0.53, 0.53-0.74, 0.74-1.1 and 1.1-1.4 degrees (1◦ = 1.22 h−1

100 Mpc at
Coma distance).
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Figure 2.15— (a) The number den-
sity of dwarf galaxies as a function of
distance from the cluster center. (b)
The number density of giant galax-
ies as a function of distance from the
cluster center. (c) The dwarf-to-giant
ratio (D/G) as a function of distance
from the cluster center. The NGC
4839 group is indicated by a square.
Dashed lines correspond to isother-
mal profiles. Horizontal error bars in-
dicate bin widths.

is reflected in their LF shapes. LFs of the field population have recently been measured by
a number of surveys (e.g. Loveday et al. 1992; Lin et al. 1996; Lin et al. 1997; Geller
et al. 1997; Marzke et al. 1998; Lin et al. 1999). Despite the large samples that were
used to measure the LFs, controversy on the shape remains. One of the largest local redshift
samples of galaxies selected from CCD images is provided by the Sloan Digital Sky Survey
(SDSS) (Blanton et al. 2001). The SDSS survey has multi-color u′, g′, r′, i′, z′ photometry,
whereas most of the older surveys measure LFs only for the B and R bands. We transformed
the SDSS LFs to our photometric system using the transformations given in Fukugita et al.
(1996). Similarly, values for the slopes in U , B, and r were obtained by interpolating between
the nearest SDSS filters. The resulting SDSS LFs are shown in Fig. 2.9 as dashed lines. For
clarity the LFs were renormalized by adding 2.8 to log φ(M) in all bands. The faint end
slopes of the field LFs increase towards shorter wavelengths, although less significantly than
in Coma. The faint end slopes of the r and B band LFs of field and Coma galaxies are very
similar. Interestingly, the faint end of the Coma U band LF appears to be steeper than that of
the field LF. This may indicate that dwarf galaxies at MB ∼ −13 in Coma have similar colors
as dwarf galaxies in the field.

2.8 Galaxy distribution

The best indicator of the underlying mass distribution in our data set is the r band, since it
is least influenced by episodic star formation. We use this band to investigate the projected
galaxy density distributions. Following Driver et al. (1998) we separate our sample into giant
and dwarf galaxies. We define giant galaxies as objects with −23.5 < Mr < −19.5 and
dwarf galaxies as objects with −19.5 < Mr < −16.5. In Fig. 2.14 we plot the projected
distributions of these two types on the sky. In panels (a) and (b) of Fig. 2.15 we plot their
foreground/background corrected projected densities and in panel (c) their ratio as a function
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Figure 2.16— LFs for the area around NGC 4839. The best-fitting Schechter functions of the
central luminosity functions are overplotted to emphasize shape differences.

of distance from the cluster center. In panels (a) and (b) we also show isothermal profiles
for comparison. The giant galaxies have a relatively small, sharply defined, area of high
overdensity limited to the central cluster area. At a distance of 0.37 h−1

100 Mpc from the cluster
center their density abruptly drops by ∼ 70 per cent and then decreases continuously. At
distances from the cluster center larger than 0.37 h−1

100 Mpc the dwarf-to-giant ratio (D/G)
could become somewhat larger than in the core of the cluster, but this is not significant given
the large uncertainties.

2.8.1 NGC 4839 group

It has long been known that at ∼ 40′ south-west of the cluster center a secondary concentration
of galaxies exists (e.g. Wolf 1901). This is the group associated with the cD galaxy NGC
4839. The presence of this group is clearly visible in Fig. 2.15: the group’s density lies well
above the average density at that cluster radius and is comparable to the central densities.
We used a circular area of 255 arcmin2 centered on NGC 4839 (Fig. 2.5) to determine LFs.
The LFs, shown in Fig. 2.16, are found to have different shapes than the central LFs (solid
lines). Mobasher & Trentham (1998) have derived a K band LF for the field around NGC
4839. However, due to a small field size (9.9 arcmin2) and large uncertainties in background
subtraction, their LF is essentially unconstrained. Lobo et al. (1997) have derived a V band
LF with a faint end slope comparable to their central LF, using an area of 117 arcmin2. We
find a B band LF which is much shallower than the central LF. The faint end of the U band
LF is also flatter, except for the last point. In the r band we have a lack of galaxies fainter
than Mr = −16, but the faint end slope is comparable to the slope of the central LF.

2.9 Discussion

In this chapter we have used a statistical method to determine in U , B and r the LF of the
galaxies in the Coma cluster and the dependence of the LF on projected distance from the
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cluster center. We did find changes in shape as a function of radius indicating changes in the
galaxy population in the cluster. At the same time this implies that comparison with other
work is difficult as the LF shape depends critically on the area chosen for study. The changes
in the LF shapes are very likely related to the local environment. We will accordingly discuss
this possibility in more detail here.

The α parameter of the Schechter function measures effectively the faint end slope of the
luminosity distribution and characterizes the intermediate and dwarf galaxy populations. A
flat faint end slope implies a relative lack of these low luminosity galaxies. López-Cruz et
al. (1997) observe the trend that steep faint end slopes are detected in poorer clusters and
the flatter slopes are, on average, found in richer clusters. This suggests that environmental
properties could dictate the faint galaxy population. In a scenario in which mergers, inter-
actions, tidal stripping, destruction of dwarfs, infall etc. play a role we expect to see a lack
of faint galaxies towards the regions of higher galaxy density. This should be reflected in a
flattening of the low luminosity end of the LF. We do observe this effect; e.g. the slope of the
faint end of the U band LF decreases from a = 0.20 at ∼ 0.7 h−1

100 Mpc to a = 0.13 in the
center. In terms of the slope of the Schechter function these values correspond to α = −1.5
and α = −1.32. The effect is also present in the B and r band LFs, and measured out to a
larger radius of R = 1.3 h−1

100 Mpc.
When comparing the faint end slopes of the Coma LFs with those from the SDSS the

most striking result is that the r and B band LFs are very similar. This is remarkable given
the differences in environment and galaxy populations. However, the U band slopes of Coma
are steeper than in the field so apparently there is a relation between the relative increase
in low luminosity systems in Coma and the color of the band. A possible interpretation is
that the (infalling?) dwarf galaxies in the outer parts of Coma are undergoing bursts of star
formation triggered by interactions with neighbour galaxies and/or the intracluster medium.
As a result the galaxies brighten, preferentially in the U band, causing a steepening of the
faint end slopes of the LFs. If correct, this is a clear sign that the Coma cluster is not a relaxed
system, but that, especially in its periphery, the cluster is still forming and inducing strong
evolution to the galaxy population. The flattening of all Coma LFs towards the cluster center
hints that there the galaxies have already lost most of their gas and enhanced star formation
has long ceased.

The group around NGC 4839 has been subject of debate in the literature, because it is not
clear whether it is falling into the cluster for the first time or has already made one pass through
(for scenarios see e.g. Colless & Dunn 1996; White et al. 1993; Burns et al. 1994). Bravo-
Alfaro et al. (2000) have done H I imaging of the Coma cluster and the NGC 4839 group.
From the nondetections in the close vicinity of NGC 4839 and the presence of several starburts
and post-starbust galaxies with very low H I content in that zone they conclude that it passed
at least once through the core. The LF of the field around NGC 4839 has a different faint
end slope than the central LFs which could be related to the dynamical history of this group.
The observed shape differences could be explained if during the passage a large fraction of
the dwarf galaxies has been stripped from the group and redistributed throughout the cluster
potential.

To explain the dependence of the shape of the LF on projected distance from the clus-
ter center we would need much more information. Knowledge of the galaxy morphologies,
redshifts, the morphology-density relation (Dressler 1980; Whitmore et al. 1993), the type-
dependent LFs, H I observations etc. are necessary to derive a complete scenario in which
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mergers, tidal stripping, infall etc. play a role. For instance, the observed dips and increasing
faint end slopes could be the combined result of Coma’s morphological composition together
with the shapes of the type-dependent LFs.

2.10 Summary and conclusions

We have presented the first results of a wide field photometric survey of the Coma cluster in
the U, B and r bands. The derivation of the source catalogue, along with the steps concerning
the pipeline reduction, have been discussed. Our high quality data provides a valuable low z
comparison sample for studies of galaxy morphology, color and luminosity at higher z.

In this chapter we have used the data to study the dependence of the galaxy LF on pass-
band and projected distance from the cluster center. The LFs of the complete data set cannot
be represented by single Schechter functions. The central U, B and r band LFs can be repre-
sented by Schechter functions with parameters as listed in Table 2.6. The expectation that the
shape of the LF depends on environment is confirmed. The LFs as a function of distance from
the cluster center have (very) different shapes than the central LFs and, therefore, no univer-
sal general LF exists. The faint ends of the LFs become steeper towards the outskirts of the
cluster. A steepening of the faint ends of the LFs towards less dense regions clearly supports
the existence of environmental effects. The difference in faint end slopes of the overall LFs
and those of the field is color dependent (strongest in U ) and can be attributed to enhanced
star formation in the dwarf galaxy population in the outer parts of Coma where evolution ap-
parently is still very strong. The LFs of the field around NGC 4839 support the idea that this
group has passed through the cluster center at least once.

We are in the process of creating a catalogue of all spectroscopically confirmed cluster
members. This will enable us to revise the Coma LFs and to check the quality of the statistical
method to determine LFs. We have also obtained Westerbork Synthesis Radio Telescope
(WSRT) H I mosaic data covering an total area of 2.94◦ × 2.05◦ in order to study the H I

properties as a function of environment and assess the importance of merging and stripping.
Combined with our optical data set this will greatly enhance the ability to study the structure
and dynamics of Coma, using a data set that is unrivalled by what is available for any other
cluster.

Acknowledgements

This work is based on observations with the Isaac Newton Telescope, operated on the island
of La Palma by the Isaac Newton Group in the Spanish Observatorio del Rogue de los Mucha-
chos of the Instituto de Astrofisica de Canarias. Part of the data was made publically available
through the Isaac Newton Groups’ Wide Field Camera Survey Programme. P. G. v. D. ac-
knowledges support by NASA through Hubble Fellowship grant HF-01126.01-99A awarded
by the Space Telescope Science Institute, which is operated by the Association of Universities
for Research in Astronomy, Inc., for NASA under contract NAS 5-26555.

References

Andreon, S. 1999, A&A, 351, 65

Andreon, S., & Pello R. 2000, A&A, 353, 479

Andreon, S. 1998, A&A, 336, 98



39 SUMMARY AND CONCLUSIONS

Bernstein, G. M., Nichol, R. C., Tyson, J. A., Ulmer, M. P., & Wittman, D. 1995, AJ, 110, 1507
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3
Deprojection of Luminosity Functions

of Galaxies in the Coma Cluster∗

M. Beijersbergen, W. E. Schaap & J. M. van der Hulst

ABSTRACT — We use a simple analytic model to deproject 2-d luminosity func-
tions (LF) of galaxies in the Coma cluster measured by Beijersbergen et al. (2002). We
demonstrate that the shapes of the LFs change after deprojection. It is therefore essential
to correct LFs for projection effects. The deprojected LFs of the central area have best-
fitting Schechter parameters of M ∗

U
= −18.31+0.08

−0.08 and αU = −1.27+0.018
−0.018, M∗

B
=

−19.79+0.14
−0.15 and αB = −1.44+0.016

−0.016 and M∗
r = −21.77+0.20

−0.28 and αr = −1.27+0.012
−0.012.

The corrections are not significant enough to change the previously observed trend of
increasing faint end slopes with increasing distance to the cluster center. The weighted
U , B, and r band slopes of the deprojected LFs show a slightly weaker steepening with
increasing projected cluster radius.

∗based on Astronomy & Astrophysics, 390, 817 (2002)
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3.1 Introduction

In the past large field studies of the photometric properties of galaxies in the Coma cluster
have been based on photographic plates (e.g. Godwin et al. 1983; Lugger 1989). More re-
cent studies have been made with CCD detectors which provide higher photometric accuracy.
However, a limitation of the use of CCDs has been the relatively small field of view. Con-
sequently, these studies have been limited to very small areas, ranging from ∼ 50 arcmin2

(e.g. Bernstein et al. 1995; Mobasher & Trentham 1998) to 1500 arcmin2 (e.g. Lobo et al.
1997), mainly focused on the cluster center. These small fields cannot be used to study the
dependence of the luminosity function (LF) on the projected distance from the cluster center.
Furthermore, lacking the photometric data at larger distances from the core it is not possible
to correct a central LF for projection effects. Accordingly, the published LFs of galaxies in the
Coma cluster are all projected and are, therefore, luminosity distributions rather than actual
LFs. It is important to test how well these correspond to the actual deprojected LFs.

Recently, Valotto et al. (2001) used numerical simulations to analyse systematic effects
in the determination of the galaxy luminosity function in clusters. They find that projection
effects conspire to produce artificially steep faint end slopes. Beijersbergen et al. (2002;
chapter 2, hereafter BHDH) presented statistical U , B and r band projected LFs for galaxies
in the Coma cluster in five annuli out to a projected radius of 1.4 degrees for the B and r bands
and 0.74 degrees for the U band. In total an area of 5.2 deg2 in B and r and 1.3 deg2 in U has
been surveyed. This data offers the interesting possibility to deproject actually observed LFs
and to obtain true 3-d LFs.

Here we use the information of all annuli to deproject the 2-d LFs. Our study extends the
work in BHDH by inferring for the first time deprojected LFs as a function of projected dis-
tance from the cluster center. In addition, we study how the shapes of the LFs are affected by
projection by measuring the faint end slopes as a function of distance to the cluster center and
compare this with results from numerical simulations. Throughout this chapter the projected
LFs are taken from BHDH and are called 2-d LFs. Deprojected LFs are named 3-d LFs.

3.2 Deprojection of luminosity functions

Extensive literature exists on the recovery of three-dimensional structure from observations
of projected quantities (see e.g. Zaroubi et al. 1998 and references there-
in). Usually methods have been described which were designed for a specific type of ob-
servation, in particular X-ray measurements. Here we use a very simple, analytic geometric
deprojection scheme (Fabian et al. 1981). This scheme has mainly been used for the analysis
of X-ray observations, but in principle it is suitable for any type of observation. We use this
projection scheme to deproject the observed 2-d luminosity distributions of the galaxies in the
Coma cluster to real, 3-d, luminosity functions. This scheme consists of assuming that the
galaxies are symmetrically distributed in a sphere. This sphere is divided up into a number of
concentric shells, in which the galaxy density per magnitude is assumed to be constant. The
value of the 3-d luminosity function in a particular shell can then be found by subtracting the
contributions from the other shells due to projection. In Fig. 3.1 we show an outline of this
model.

The number of projected galaxies per magnitude m, Ni,m, in annulus i, and the galaxy
density per magnitude, φm, are related as:
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Figure 3.1— Outline of the model
used to deproject 2-d luminosity
functions. The figure can be seen as a
cut through a sphere and as its projec-
tion as seen by the observer. The five
circles make up the projected annuli
as used in Beijersbergen et al. (2002).
Radii are: I: 0-0.2, II: 0.2-0.3, III:
0.3-0.42, IV: 0.42-0.74 and V: 0.74-
1.4 degrees (1◦ = 1.22 h−1

100 Mpc at
Coma distance).

Ni,m = φi,m F (Ri, Ri−1, Ri)

+
5

∑

j=i+1

φj,m

{

[F (Rj , Ri−1, Ri) − F (Rj−1, Ri−1, Ri)]

}

(3.1)

where Ri are the radii of the annuli and the function F is defined by:

F (α, β, γ) ≡ 4

3
π α3

[

(1 − β2/α2)
3/2 − (1 − γ2/α2)

3/2
]

(3.2)

With the available 2-d information we can solve for all φi,m, i.e. the true 3-d LFs. The
Ni,m are dependent on the areas of the annuli which are accurately known. However, the
outermost annuli are not entirely filled by data: annulus V is filled for ∼ 80% in B and
r and annulus IV is filled for ∼ 45% in U . We omitted annulus IV for the U band and
corrected N5,m for the B and r bands by assuming a constant projected density throughout
this annulus. The function F is solely dependent on geometry and has values of order 10−3

to 10−1. Figures 3.2 and 3.3 show both the 2-d (open symbols) and 3-d (solid symbols) LFs
for all bands and annuli (all magnitudes are corrected for atmospheric extinction). The error
bars of the 2-d LFs are not shown for clarity, but are somewhat smaller than the 3-d error
bars. The 2-d errors are estimates of the uncertainty in the subtraction of the number of field
galaxies. These estimates are based on very large control fields and therefore very accurate
(see BHDH for an extensive discussion). The 3-d errors have been calculated using Eq. 3.1.
The corresponding errors are therefore dependent on each other and fully determined by the
uncertainty in the subtraction of the number of field galaxies. The vertical scales represent
volume densities and the 2-d LFs are scaled as to match the bright ends of the 3-d LFs. This
simplifies the comparison of their shapes. In annulus V the galaxy density is much lower than
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Figure 3.2— Two and three dimensional luminosity functions of area I compared. Open sym-
bols represent 2-d luminosity functions and solid symbols represent 3-d luminosity functions.
The solid lines represent best-fitting Schechter functions to the 3-d data. For clarity the error
bars of the 2-d luminosity functions are not shown.

in the center, but still higher than in the field. That is to say, the derived 3-d B and r band
LFs still suffer from (minor) projection effects due to cluster galaxies at radii even larger than
1.7 h−1

100 Mpc. The contamination by projection for the 3-d U band LFs is larger since there
we miss photometric information for radii larger than 0.5 h−1

100 Mpc.

3.3 Discussion

In the literature LFs of galaxies in clusters are usually given in units of number of galaxies
per magnitude per area. What actually is measured is a luminosity distribution, denoted here
as 2-d LF. A luminosity function of a sample of galaxies has units of galaxies per magnitude
per volume. For observations of the entire projected volume of a cluster the two have the
same shape since for all luminosities the same volume is sampled. BHDH studied changes in
the LF as a function of distance to the cluster center. However, they did not correct for the
fact that fore- and background galaxies, residing in the outer parts of the cluster, are projected
onto the central cluster regions. The question is how much their results have been influenced
by this effect. Below we study how the shapes of the luminosity distributions given in BHDH
are affected by projection effects.

In the outermost annulus the projected area is converted to volume through a factor de-
pending on the adopted geometry (radii), i.e. for this annulus the shapes of the 2-d and 3-d
LFs remain identical. From all LFs of the inner annuli the contributions to the galaxy counts
from surrounding shells are subtracted using the model described in Sect. 2. The impact on
the resulting LFs can be seen in Figs. 3.2 and 3.3. When the 2-d and 3-d LFs are compared
binwise the differences, generally, are small. Yet, the error bars become larger and it should
be kept in mind that the scale is logarithmic. Our result can be explained by the small values
of the F integrals in Eq. 3.1 combined with the density profile of the cluster. In all expres-
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Figure 3.3— Two and three dimensional luminosity functions of areas II to V compared.
Open symbols represent 2-d luminosity functions and solid symbols represent 3-d luminosity
functions. For clarity the error bars of the 2-d luminosity functions are not shown.



CHAPTER 3. DEPROJECTED LUMINOSITY FUNCTIONS 46

Figure 3.4— Power law slopes a as
a function of cluster radius. The U
and r band slopes are offset in ra-
dius by -0.03 and +0.03, respectively.
The faint ends of the LFs become
steeper towards the cluster outskirts.
The overall trend is indicated by the
dashed line.

Table 3.1— Comparison of best-fitting Schechter parameters for 2-d and 3-d LFs. M ∗ is not
corrected for extinction.

Filter 2-d 3-d
α M∗ α M∗

U −1.32+0.018
−0.028 −18.60+0.13

−0.18 −1.27+0.018
−0.018 −18.31+0.08

−0.08

B −1.37+0.024
−0.016 −19.79+0.18

−0.17 −1.44+0.016
−0.016 −19.79+0.14

−0.15

r −1.16+0.012
−0.019 −20.87+0.12

−0.17 −1.27+0.012
−0.012 −21.77+0.20

−0.28

sions we find combinations of relatively high values of the integrals times low densities, and
vice versa, resulting in a minor net correction term. However, this correction term is different
for each magnitude bin causing the shapes of corrected and uncorrected LFs to be different.
Below, we quantify the differences by studying the change in the shapes of the 3-d LFs as a
function of position in the cluster. The results are compared to the exact same analysis for the
2-d LFs.

3.3.1 Dependence of luminosity functions on radial distance from the cluster center

BHDH found that the 2-d central LFs could be well represented by Schechter functions. In
Fig. 3.2 the best-fitting Schechter (1976) functions of the 3-d LFs are shown as solid lines.
In Table 3.1 we compare the best-fitting Schechter parameters, α and M ∗, for the 2-d and
3-d case. For the r and B bands the Schechter fits are again reasonable representations of
the data, though the best-fitting parameters have changed. The U band fit remains a poor
representation of the data.

One of the main results of BHDH was the finding of a significant steepening of the faint
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end slopes with increasing cluster radius. A straight line fit (sr + b), where r is the cluster-
centric radius, to the weighted U , B and r band slopes at each radius gives s = 0.11 ± 0.02
Mpc−1 for the 2-d LFs. In order to compare this with the situation where all 2-d LFs have
been corrected for projection we fitted power laws (b 10aM ) to the faint ends of the 3-d LFs
in Figs. 3.2 and 3.3. The infalling group around NGC 4839 (Neumann et al. 2001) does not
have a significant influence on any of the derived LFs. The LFs were fitted for Mr > −20,
MB > −20 and MU > −19. We omitted the slope of the B band LF for area IV since
there the LF is not well constrained. The results are shown in Fig. 3.4. A straight line fit
to the weighted slopes of the 3-d LFs at each radius gives s = 0.07 ± 0.04 Mpc−1 and is
indicated by the dashed line. Although this is a somewhat weaker trend than derived from the
2-d results, it is different at 1σ only and the trend is still clearly there.

Valotto et al. (2001) used a deep mock catalogue to analyse systematic effects in the
determination of the galaxy luminosity function in clusters. They find that projection effects
produce artificially steep faint end slopes. The cluster core suffers most from objects that are
projected onto it. The LFs of area I show similar (r and B band) or shallower (U band) faint
end slopes when they are corrected for projection. We conclude that the impact of projection
effects on the shapes of the 2-d LFs in Coma is not as severe as their simulations suggest.
However, the 2-d LFs derived for relatively small areas suffer from projection effects and
should therefore be properly corrected before one can reliably interpret their shapes.

3.4 Summary and conclusions

We have used a simple analytic model to deproject 2-d LFs of cluster galaxies. We have
applied this to the LFs of the galaxies in the Coma cluster measured by BHDH. Under the
assumptions of a spherically symmetric galaxy distribution and a constant galaxy density
in each shell the 2-d LFs have been corrected for projection effects. The main results are
summarized by Figs. 3.2 and 3.3. Projection effects affect the shapes of the 2-d LFs and in
general make the faint end slopes artificially steeper, although the differences are small. The
alterations are not significant enough as to arrive at different conclusions compared to those
inferred from 2-d LFs. Furthermore, the previously derived steepening of the faint end slopes
with increasing cluster radius is only slightly weakened when projection effects are taken into
account. Overall, we have demonstrated by using a simple model that before interpreting
shapes of 2-d LFs one needs to correct for projection.
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317, 385

Lugger, P. M. 1989, ApJ, 343, 572

Mobasher, B., & Trentham, N. D. 1998, MNRAS, 293, 315



CHAPTER 3. DEPROJECTED LUMINOSITY FUNCTIONS 48

Neumann, D. M., Arnaud, M., Gastaud, R., Aghanim, N., Lumb, D., Briel, U. G., Vestrand, W.
T., Stewart, G. C., Molendi, S., & Kittaz, J. P. D. 2001, A&A, 365, L74

Schechter, P. 1976, ApJ, 203, 297

Valotto, C. A., Moore, B., & Lambas, D. G. 2001, ApJ, 546, 157

Zaroubi, S., Squires, G., Hoffman, Y., & Silk, J. 1998, ApJ, 500, L87



4
A Catalogue of Galaxies in the Coma

Cluster
Morphologies, Luminosity Functions and Cluster Dynamics

M. Beijersbergen & J. M. van der Hulst

ABSTRACT — We present a new multi-color catalogue of 583 spectroscopically
confirmed members of the Coma cluster based on a deep wide field survey covering
5.2 deg2. This large, uniform data set provides an excellent low redshift comparison
sample for studies of galaxies in distant clusters. We use it to study the galaxy luminosity
function (LF) and its dependence on distance to the cluster center. Comparison to LFs
derived without spectroscopic membership information shows good agreement between
both determinations of the LFs. The spatial and velocity distributions of different galaxy
types are examined. It is found that the early-type galaxies have a Gaussian velocity
distribution, whereas the late-types have not. We find cz = 6926, σ = 893 km s−1

for early-type galaxies and cz = 7243, σ = 1077 km s−1 for late-types. This result is
consistent with the hypothesis that early-type galaxies are a virialized cluster population
and part of the late-types are still falling onto the cluster. In the cluster center the galaxy
composition is markedly different than in the cluster outer parts. The relative fractions
of early- and late-type galaxies in the cluster center are ∼ 90% and ∼ 10%, respectively,
versus ∼ 60% and ∼ 40% at all measured radii outside of the cluster core.
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4.1 Introduction

The Coma cluster (Abell 1656, z = 0.023) is the best studied rich cluster of galaxies in the
nearby universe. The amount of evidence for significant substructures has largely grown, in
particular through X-ray studies (e.g. White et al. 1993; Briel et al. 2001; Arnaud et al.
2001) and the once generally accepted view of Coma being a relaxed, virialized cluster must
be abandoned. The presence of two dominant central galaxies (NGC 4874 and NGC 4889),
with velocities significantly different from the cluster mean, indicates that the cluster is not
completely virialized. A third dominant galaxy (NGC 4839) is located 40′ south-west of the
cluster center and is either about to merge with the main cluster (e.g. Colless & Dunn 1996)
or has already made one pass through (e.g. Bravo-Alfaro et al. 2000). The Coma cluster has
a high galactic latitude (b = 88◦) and a low redshift which makes it best suited as z = 0
reference for studies of galaxy formation and evolution. But despite the large amounts of
data and numerous studies that focused on the Coma cluster there remains controversy on
many aspects of its galaxy population. It is therefore essential to have accurate CCD based
and uniform morphological classifications for as many members as possible (Fabricant et al.
2000).

Studies of the galaxy population in Coma have hitherto been based on morphological
classifications from either photographic plates (e.g. Dressler 1980) or from CCD observations
of relatively small samples (e.g. Andreon et al. 1996). We have obtained the largest uniform
multi-color catalogue of classified galaxies in the Coma cluster based on high resolution CCD
observations. The high data quality makes it perfectly suited to re-study properties of Coma’s
galaxy population based on an unprecedented sample of cluster members.

Published work on galaxy luminosity functions (LF) in Coma has been based on a statisti-
cal method (e.g. Lobo et al. 1997; Bernstein et al. 1995) or on samples of redshift confirmed
members (e.g. Biviano et al. 1995; Adami et al. 2000). Our data set offers the possibility
to directly compare the results from both methods for galaxies drawn from the same parent
distribution. Recent work by Adami et al. (2000) suggests that the number of faint galaxies
belonging to Coma estimated from spectroscopic data could be much smaller than estimated
by using a statistical field subtraction. Their result, however, is based on a very small region
located near the cluster center and we can now test this idea for much larger areas of Coma.

Until now relatively few attempts have been made to determine how LFs vary for different
galaxy types. Small samples of confirmed members are the main reason to compose so-called
composite clusters in order to obtain sufficiently high numbers of galaxies to determine the LF
for each galaxy type. Andreon (1998) presented improved type-dependent LFs (LFT) based
on a cluster composed of three poor and two rich clusters that supersede previous determi-
nations for such a large range of environments. The bright parts of the LFTs of galaxies in
Coma can be compared to his results to test their proposed universality (Binggeli et al. 1988;
Andreon 1998).

Colless & Dunn (1996) were the first to detect statistically significant substructure in
the galaxy line-of-sight velocity distribution. Based on the galaxy’s position in the color-
magnitude diagram they identified early- and late-type galaxies and studied their kinematics.
Their results support the hypothesis that the early-type galaxies are a virialized cluster popula-
tion and the late-type galaxies a freely infalling population. The new Coma catalogue allows
a much more accurate study of the kinematics of the different galaxy populations in Coma.

The morphological segregation in clusters was first demonstrated by Dressler (1980) and
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Figure 4.1— Low resolution, 10×10
binned, mosaic image with annuli
overlaid. Radii are: I: 0-0.2, II: 0.2-
0.3, III: 0.3-0.42, IV: 0.42-0.74 and
V: 0.74-1.4 degrees (1◦ = 1.22 h−1

100

Mpc at Coma distance). All spec-
troscopically confirmed cluster mem-
bers are enclosed in circles. The ob-
served area spans ∼ 5.2 deg2. North
is up and east is to the left.

seems to be a well established fact by now (Dressler et al. 1997; Whitmore et al. 1993).
Most studies searched for segregation with respect to density or radius by averaging data of
many clusters in order to obtain sufficiently large samples of each galaxy type. But in Coma,
surprisingly, Andreon (1996) failed to find any morphological segregation within 1 degree
from the cluster center. The new Coma data provides a more complete sample and allows to
study the morphological composition out to larger cluster radii.

We have used the Wide Field Camera (WFC) on the Isaac Newton Telescope (INT) to
obtain a large and uniform multi-color catalogue of the Coma cluster area. We identify 583
members and 219 non-members in our survey and extend the number of galaxies with reliable
morphological classifications down to fainter limits. Our catalogue provides an accurate low
z zeropoint for studies of the evolution of galaxy morphology, color and luminosity. In this
chapter, we use it to study the shapes of the general LFs. The LFs derived from the cluster
members can be directly compared to statistical results (Beijersbergen et al. 2002) and give
good estimates of the accuracy of the statistical method. In addition, we extend the work
by Adami et al. (2000) over a much larger area. Van Dokkum classified as many galaxies
as possible in our survey (for details see van Dokkum et al. 2002) and here we use these
classifications to construct type-dependent LFs and to examine the spatial and kinematical
distributions of the different galaxy types.

Throughout this chapter we use H0 = 100 h100 km s−1 and a distance modulus of 34.23.

4.2 Coma catalogue

4.2.1 Observations

We have undertaken a large photometric survey of the Coma cluster with the WFC on the INT.
The total area covered by the observations is ∼ 5.2 deg2 in the B and r bands and ∼ 1.3 deg2

in the U band. A complete description of the observations and the pipeline data reduction is
given in Beijersbergen et al. (2002). In short, we have used 25 overlapping WFC pointings
with broadband filters RGO U, Harris B and Sloan r to create a uniform multi-color catalogue
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Figure 4.2— Slice diagram display-
ing the spatial and velocity distribu-
tions of all identified Coma mem-
bers. The inset shows a magnification
of the central area where NGC 4889
(left) and NGC 4874 (right) are encir-
cled. Coordinates are given relative
to α = 12h59m43s, δ = +27◦58′14′′

and north is up and east is to the left.

Figure 4.3— Histograms of the size
and magnitude distributions of all ob-
served members.

of the Coma cluster area with a homogeneous photometric scale over the whole area down to
∼ 22.5 mag.

We used integration times of 2×600 s for the r band. Unfortunately, this has caused some
bright galaxies to be saturated at their central pixels. In order to correct the r band catalogue
entries affected by saturation we determined the colors of all galaxies in their cores and in
annuli just outside of their cores. The galaxies which are bluer in their cores are likely to
miss flux in the r band. We checked the light profiles of these galaxies for saturation and
corrected all r band magnitudes when necessary. We found that the corrections amount to
0.035, 0.06 and 0.09 mag at most for the total magnitude, the magnitude within 17′′ and the
magnitude within 10′′, respectively. These corrections are based on the assumption that there
is no significant color gradient within the central 5′′ and, therefore, provide upper limits to the
correct r band magnitudes.

4.2.2 Identification of members

Van Haarlem (2002) has measured redshifts for over 1000 galaxies between 0.75 and 2 de-
grees from the cluster center. He has measured new redshifts for 196 Coma members and
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Figure 4.4— Completeness as a
function of r, B and U band magni-
tude. Open symbols are for objects
within 245 h−1

100 kpc from the cluster
center (area I), solid symbols are for
the total sample. The arrows indicate
the 93% completeness limits for the
total sample.

improved the determination of the radial velocities of 67 previously known members∗. From
the literature we have extracted all known Coma redshifts in our observed area using NED
(NASA/IPAC Extragalactic Database) and added these to van Haarlem’s redshifts to compile
a catalogue of spectroscopically confirmed cluster members. A cross correlation of this cata-
logue with ours yields 583 cluster members for which B and r band photometric parameters
have been derived. For 367 of these U band photometric parameters have also been measured.
A mosaic of the total observed field is shown in Fig. 4.1. The distribution of all the cluster
members on the sky is traced out by the encircled galaxies. Figure 4.2 shows a slice diagram
of Coma. The inset shows a magnification of the central area where NGC 4889 (left) and
NGC 4874 (right) are encircled. Note that the number of galaxies seen in projection close to
NGC 4874 is larger than around NGC 4889. The sample’s size and magnitude distributions
are shown in Fig. 4.3. It is obvious that only the brightest galaxies have measured redshifts.
In Table 4.1 we list names, positions, radial velocities, magnitudes (corrected for atmospheric
extinction) and morphological classifications from NED and van Dokkum et al. (2002) (Type)
for all cluster members. To van Dokkum’s classifications we have assigned a quality: ∗ for
dubious, ∗∗ for highly dubious and the absence of any superscripts indicates that we are con-
fident of the classification. Table 4.2 lists all members sorted on increasing R.A. with R.A. in
hours, minutes and seconds and Dec in degrees, arcminutes and arcseconds. In this chapter
we have only used galaxies with classifications of which we are quite certain, i.e. those with-
out superscript and those with ∗. This applies to 346 galaxies in total and 237 galaxies have
unreliable or no classifications, mainly because they are too faint.

4.2.3 Completeness

We investigate the completeness of our sample by comparing the number of galaxies with
known redshifts to the total number of galaxies in our photometric catalogue in bins of 0.5
magnitude. The completeness as a function of r, B and U magnitude is shown in Fig. 4.4
for the central cluster area (open symbols) and for the total sample (solid symbols). The total
sample is 93% complete down to mr = 16.27, mB = 17.50 and mU = 18.15, indicated by
the arrows, with even higher completeness for the area within 245 h−1

100 kpc from the cluster
center.

∗Throughout the thesis, galaxies with radial velocities in the range 4000–10000 km s−1 are assumed to be
members of the Coma cluster.
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Figure 4.5— Fraction of classi-
fied galaxies from NED (dotted),
by Dressler (dashed) and by van
Dokkum (solid) as a function of r
magnitude.

4.2.4 Morphological classification

The data volume is considerable and therefore we first retrieved all existing morphological
classifications. For this purpose, we queried NED and the classifications by Dressler (1980).
The morphological classifications in NED mostly come from the Third Reference Catalogue
of Bright Galaxies (RC3; de Vaucouleurs et al. 1991). When available, physical classifications
from spectroscopy are also added, but unfortunately none of the classifications is specifically
referenced. The number of galaxies that has been assigned a morphological classification in
NED is rather low, with a steep decline towards the fainter magnitudes (Table. 4.1, column 11
(NED)). Furthermore, the classifications are very inhomogeneous and some are questionable
or too detailed.

We extracted Dressler’s classifications of galaxies in the Coma cluster by using the VizieR
catalogue access tool†. Before cross correlating Dressler’s catalogue with ours coordinates
were precessed to equinox J2000.0. Dressler’s data comes from photographic plates and the
galaxy positions have random and systematic errors both of typically 5′′–10′′. Our positions
are much more accurate (∼ 0.3′′) and we matched galaxies within 14.4′′. There are 216
galaxies satisfying this criterium so the number of classified galaxies is low and confined to
the brightest cluster members.

Comparison of the classifications from NED and Dressler (1980) shows disagreement for
a significant fraction of the classified sample. It is obvious from these inconsistencies and
the small samples of classified galaxies that the existing classifications cannot be reliably
used for, for instance, the differentiation of LFs with respect to type. Therefore, Pieter van
Dokkum visually classified as many galaxies as possible from the sample of 583 confirmed
Coma members. For each galaxy a 92′′×92′′ “postage stamp” was extracted from the mosaic
CCD image. We used B band images, rather than r, to be more sensitive to dust and star
forming regions. B band images are also more suitable for comparison to classifications of
high redshift galaxies (e.g. Fabricant et al. 2000; van Dokkum et al. 1998). In Fig. 4.15 1′×1′

†http://cdsweb.u-strasbg.fr/htbin/VizieR-2?-source=VII/174
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(20.3 × 20.3 h−1
100 kpc) color representations of all 583 galaxies are displayed. In Fig. 4.5 the

fractions of galaxies that have been classified as a function of r band magnitude are shown and
compared to NED and Dressler. Clearly, the quality of the WFC data has made it possible to
extend reliable morphological classification down to fainter limits. For a detailed discussion
of the classification and a comparison with existing classifications the reader is referred to van
Dokkum et al. (2002).

4.3 Luminosity functions

4.3.1 Luminosity functions of the total sample

In Fig. 4.6 general r, B and U band LFs of the total observed area are compared. Throughout
this chapter we use solid symbols and dotted error bars to represent LFs based on samples of
redshift confirmed members, and open symbols and solid error bars to represent the statisti-
cally derived LFs from Beijersbergen et al. (2002). For LFs of redshift confirmed members
error bars correspond to incompleteness corrections. These estimates are based on the as-
sumption that, per magnitude bin, the distribution over members/non-members for the sample
of galaxies with unknown redshifts is the same as for the sample of galaxies with known
redshifts, i.e.

Pmember(m) =
Nmember(m)

Nmember+non−member(m)
(4.1)

, where, at magnitude m, P (m) is the probability that a galaxy is a cluster member,
Nmember(m) is the confirmed number of members and Nmember+non−member(m) is the total
number of galaxies with available redshifts. The incompleteness corrections are calculated
for each area separately, so that the radial dependence of cluster membership is included. We
note that redshifts of compact galaxies are easier to measure than of extended low surface
brightness galaxies and our estimates do not correct for such selection effects. Also, due to
the decreasing number of galaxies with measured redshifts towards fainter magnitudes the
reliability of our incompleteness corrections also decreases. Yet, the densities and shapes of
the sampled parts of both determinations of the LFs are in excellent agreement for all bands.

4.3.2 Dependence of luminosity functions on distance from the cluster center

In order to study the dependence of the LF on radial distance from the cluster center we
followed the approach in Beijersbergen et al. (2002) and defined five annuli with varying
widths and radii projected on the cluster center, as shown in Fig. 4.1. In Fig. 4.7 the LFs of
area I are compared to the LFs of Beijersbergen et al. (2002). The two methods give similar
shapes and densities over the range for which we have redshift information. The agreement
in B is excellent whereas the faintest bins seem to be overestimated in r and U . Biviano et
al. (1995) have shown that there is a bump in the bright part of the B band LF of the central
48 × 25 arcmin2 region of the Coma cluster. This enhancement over the Schechter function
is not apparent in Fig. 4.7. However, when a bin width of 0.5 mag is used (following Biviano
et al. 1995) then a maximum, followed by a dip at MB = -17, appears. The r and U band
LFs both show a similar non-monotonic increase towards fainter magnitudes, regardless of
the bin size. Clearly, single monotonically increasing Schechter functions cannot reproduce
these dips.

Figure 4.8 shows the LFs for annuli II to V of Fig. 4.1. In general, in each of the areas the
shapes and densities of both types of LFs match each other well. Furthermore, the agreement
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Figure 4.6— r, B and U band LFs of the complete sample. Solid symbols and dotted error
bars represent the LFs of redshift confirmed members, open symbols and solid error bars
represent statistical LFs.

Figure 4.7— r, B and U band LFs of area I. Solid symbols and dotted error bars represent
the LFs of redshift confirmed members, open symbols and solid error bars represent statistical
LFs.

seems to become better with increasing size of the area in question.

4.3.3 Type-dependent luminosity functions

We have shown that the LFs vary as a function of distance to the cluster center and, therefore,
no universal general LF exists. Since these LFs are formed by the sum of the LFs of each
morphological type, it is important to study these LFTs. Some (e.g. Binggeli et al. 1988;
Andreon 1998) have suggested that LFTs may be universal and that differences in the mor-
phological mixes of environments are responsible for observed differences in the shapes of
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Figure 4.8— U , B and r band LFs
for the annuli of Fig. 4.1. Solid sym-
bols and dotted error bars represent
the LFs of redshift confirmed mem-
bers, open symbols and solid error
bars represent statistical LFs. In the
top of each figure we indicate: fil-
ter, annulus number and the number
of Coma members used for the plot.
Error bars are based on incomplete-
ness.

general LFs. Andreon (1998) showed that the bright parts of the LFTs of Virgo, Fornax, Cen-
taurus, Coma and Cl0939+4713 have similar shapes and constructed composite LFTs from
these. In Figs. 4.9a, b and c the LFTs of ellipical, S0 and spiral galaxies in our sample are
shown. For comparison, rescaled composite LFTs from Andreon (1998) are overplotted as
dashed histograms. Up to our 93% completeness limits there is agreement for 4 out of 5
magnitude bins for the LFs of elliptical and S0 galaxies. This is quite remarkable given all
uncertainties involved in calculating composite LFs and the different magnitudes and mor-
phological classifications used. However, the LFs of the spiral galaxies are inconsistent. A
possible explanation for our results could lie in the high data quality. Elliptical galaxies are
relatively easily identified regardless of data quality, but the distinction between S0 and spiral
galaxies sometimes depends more crucially on the resolution and depth of the images. With
increasing data quality more structure will be resolved and some galaxies classified as S0
in low resolution data will turn out to be spiral galaxies when viewed at higher resolution.
This may have consequences for the shapes of the type-dependent LFs depending on what
fraction of galaxies previously classified as S0 or spiral galaxies will change to a different
morphological class.

Figures 4.9d, e and f show the LFTs of ellipical, S0 and spiral galaxies plotted on a
logarithmic scale. It is evident that only a small fraction of the population of low-luminosity
galaxies has been classified. Beijersbergen et al. (2002; chapter 2) observed a steepening of
the faint ends of the general LFs towards the cluster outskirts and attributed this to enhanced
star formation in the dwarf galaxy population in the outer parts of Coma. Unfortunately, with
the present data we cannot assess which galaxy population is responsible for the observed
steepening. Recently, however, Magdwick et al. (2002) have shown that there is a systematic
steepening of the faint end slope as one moves from passive to active star forming galaxies.
This is consistent with the proposed explanation for the results in Coma.
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Figure 4.9— Top panels: type-dependent LFs of our sample (solid) compared to Andreon
(1998) (dashed). a) LFs of elliptical galaxies. b) LFs of S0 galaxies. c) LFs of spiral galax-
ies. Bottom panels: type-dependent LFs plotted on a logarithmic scale. d) LFs of elliptical
galaxies. e) LFs of S0 galaxies. f) LFs of spiral galaxies.

4.4 Cluster dynamics

4.4.1 Velocity distribution of the total sample

In Fig. 4.10 we show the distribution of radial velocities of all catalogued galaxies. A Gaus-
sian fit to the binned data (solid line) with < cz >= 6977±53 km s−1 and standard deviation
950 ± 39 km s−1 gives a χ2

ν = 1.58 for 20 degrees of freedom. Clearly, a single Gaussian
is not a good fit and is rejected at the 95% level. A better fit is obtained with a sum of two
Gaussians (dotted line). The best fit gives cz1 = 7501 ± 187 km s−1 , σ1 = 650 ± 216 km
s−1 and cz2 = 6640±470 km s−1, σ2 = 1004±120 km s−1 with a χ2

ν = 1.13 for 17 degrees
of freedom and is rejected with less than 68% confidence. This is consistent with Colless &
Dunn (1996) who interpreted these results as the first clear indication of the presence of sub-
structure in the radial velocity distribution. Apparently, the sample of Colless & Dunn (1996)
is already sufficiently large for a robust analysis, since the expansion of 25% with respect to
their sample does not lead to significant changes in the results from the fits.

4.4.2 Galaxy infall

Clusters grow by the accretion of galaxies and groups that formed in the low density fields
surrounding the clusters. If a cluster is spherical and isolated and its galaxy population is
virialized then the kinetic energy should be equal to half the potential energy (virial theorem).
For a freely infalling population the kinetic energy should be equal to the potential energy.
Hence, the velocities of infalling galaxies should on average be

√
2 times larger than those of

the virialized population. Early-type galaxies (E and S0) make up ∼ 80–90% of a cluster’s
core population whereas the spiral fraction increases towards the outskirts of clusters, but
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Figure 4.10— The distribution of ra-
dial velocities of all 583 identified
Coma cluster galaxies (4000 < cz <
10000 km s−1). The solid curve is a
Gaussian with mean 6977 ± 53 km
s−1 and standard deviation 950 ± 39
km s−1. The dotted curve is the sum
of two Gaussians with cz1 = 7501 ±
187 km s−1, σ1 = 650 ± 216 km
s−1 and cz2 = 6640 ± 470 km s−1,
σ2 = 1004 ± 120 km s−1 and gives a
better fit to the observed distribution.
The radial velocities of the three dom-
inant galaxies are indicated.

never reaches values observed in the field. In the Virgo cluster the velocity dispersion of
spirals is

√
2 times that of the ellipticals (Huchra 1985). In Coma a similar result was found

by Colless & Dunn (1996) who used the color-magnitude diagram to separate early- from
late-type galaxies. Using only galaxies brighter than b = 18 they found 303 early- and 36
late-type galaxies. By comparing Godwin et al.’s (1983) b magnitudes with our B magnitudes
for galaxies in common we find B = b − 0.22 with σ = 0.17 mag. We have 378 galaxies
in our sample brighter than b = 18 which shows that we are more complete. When we
use our morphological classifications to identify early- and late-type galaxies we find a quite
different distribution. Down to our 93% limit at B = 17.5 we count 153 early- and 84 late-
type galaxies. Thus despite taking a less deep magnitude cutoff there are already twice as
many late-type galaxies. This shows that the color-magnitude diagram cannot be reliably
used to select certain morphological classes. This is also evident from examining the images
of Fig. 4.15. There are spiral galaxies with colors similar to early-type galaxies. As a result,
we do not confirm the claimed factor

√
2 difference in velocity dispersions for early- and late-

type galaxies. The velocity distributions of all 206 early- (including galaxies classified E/S0)
and 92 late-type galaxies in our Coma sample are shown in the panels of Fig. 4.11. From the
data we find cz = 6926, σ = 893 km s−1 for early-type galaxies and cz = 7243, σ = 1077
km s−1 for late-types. The best-fit Gaussians are overplotted with solid lines. The early-type
velocity distribution can be represented by the Gauss function, but the fit to the distribution of
the late-types is rejected at > 98%. For the total sample we find σlate = 1.2 σearly (estimated
from the data, not the fits) and the same result holds for the 93% complete sample. Therefore,
it seems that not the total late-type galaxy population is infalling, but only a part or that even
the early-type population is still not completely virialized, although its Gaussian velocity
distribution seems to argue against this.
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Figure 4.11— Velocity distribution of a) early-type galaxies and b) late-type galaxies with the
best-fit Gaussians overplotted as solid lines.

Figure 4.12— Velocity distributions for a) giant (B < 17.24) and b) dwarf galaxies (B ≥
17.24). The bin size is 100 km s−1 and the solid lines represent best-fit Gaussians.

4.4.3 Velocity distributions of giants and dwarfs

After formation of a gravitationally bound system a cluster relaxes through dynamical fric-
tion. Through encounters energy is exchanged between galaxies and after a complete relax-
ation time the cluster has moved towards equipartition. High mass galaxies then have lower
velocities than low mass galaxies and move deeper into the potential well. By studying the
velocity distributions of both groups we can look for direct evidence of equipartition. We
separated our sample into giants and dwarfs by using a magnitude cutoff of B = 17.24 to
obtain approximately equal sized samples. The giant sample is very (> 93%) complete, but
the dwarf sample is incomplete, especially outside of the cluster core where redshift measure-
ments get sparse. Edwards et al. (2002) have checked that such a spatial bias in the dwarf
sample does not significantly influence the results. The velocity distributions of the 293 giants
and 290 dwarfs are compared in Fig. 4.12. The sample of giants has reliable morphological
classifications for 249 galaxies and of these 56% are early-type galaxies and 30% are late-type
galaxies. The sample of dwarfs has reliable morphological classifications for only 97 galaxies
and of these 70% are early-type galaxies and 19% are late-type galaxies. A χ2-test shows that
a Gauss fit to the velocity distribution of the giants is rejected at 94%. The dwarf distribution,
on the other hand, can be represented by a Gaussian (rejected at only 42%). This is consistent
with the results by Edwards et al. (2002). From the data we find cz = 6928, σ = 991 km
s−1 for the giants and cz = 7027, σ = 989 km s−1 for the dwarfs. The dwarfs and giants
have equal velocity dispersions and this is inconsistent with the result of equipartition which
would produce quite different velocity dispersions for the two classes.
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Figure 4.13— Top panels: spatial
distributions of all ellipticals, S0 and
spiral galaxies. Middle panels: spa-
tial distributions of the bright halves
of the total samples. Bottom pan-
els: spatial distributions of the faint
halves of the total samples.

The set of redshifts used by Edwards et al. (2002) is a compilation of data from the lit-
erature combined with new redshift measurements. It comprises 745 Coma cluster members,
but lacks the necessary accurate CCD photometry to identify galaxies morphologically. Our
observations seem to indicate that the main part of the group of dwarf galaxies consists of
early-type galaxies, naturally explaining the acceptable representation by a Gauss function.
The population of giants is made up of a smaller part of early-type galaxies and the velocity
distribution of the late-type giants may therefore be responsible for the non-Gaussian velocity
distribution of the total sample of giants.

4.5 Spatial distributions

Fig. 4.13 shows the spatial distributions of the elliptical, S0 and spiral galaxies of the total
samples (top panels), the bright halves (middle panels) and the faint halves (bottom panels) of
the total samples. We applied magnitude limits of B = 16.13, 16.68 and 16.33, respectively,
to separate bright and faint galaxies. The samples of the bright galaxies are very complete,
but the faint halves (without upper magnitude limit) are very incomplete. The ellipticals
are concentrated most towards the cluster center whereas the spirals have the most uniform
distribution. The S0 galaxies have a spatial distribution precisely in between: a high density
in the cluster core, but there are still significant numbers at larger cluster radii. We find that
the relative fractions of ellipticals, S0s, spirals and mergers are 22%, 42%, 32% and 4%
respectively. In this calculation the galaxies classified as E/S0 and S0/a have been evenly split
between their neighboring types.

4.5.1 Morphology-radius relation

The distribution of galaxies in Fig. 4.13 basically demonstrates the classical morphology-
density relation as first demonstrated by Dressler (1980). Most studies of the dependence of
morphological fractions on radius or density since then used a large number of clusters in
order to get sufficiently high numbers of galaxies for each type (Dressler et al. 1997; Whit-
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Figure 4.14— a) Morphology-radius relation for E, S0, S and E+S0 (including E/S0) galaxies
based on 93% complete samples. b) B band density profile for the annuli of Fig. 4.1. In each
annulus the density of galaxies brighter than 17.50 mag (93% completeness level) has been
calculated.

more et al. 1993). In these composite morphology-radius and morphology-density relations
information on individual clusters is completely lost. The scatter in the individual relations
can be large and the relations themselves seem to depend on redshift (van Dokkum et al.
2000). Obviously, making one composite cluster out of 55 clusters (Dressler 1980; Whitmore
et al. 1993) at different redshifts with very incomplete redshift information and morphologi-
cal classifications from photographic plates introduces uncertainties. For Coma we can derive
the morphology-radius relation based on large and very complete samples with accurate mor-
phological classifications. The result is shown in Fig. 4.14a where we plot the fractions of the
E, S0, S and E+S0 (including E/S0) galaxies for the 93% complete sample (364 galaxies of
which 293 have reliable classifications) as a function of radius. The figure can also be read
as a morphology-density plot, since the density shows a gradual decrease with distance from
the cluster center (Fig. 4.14b). The fraction of ellipticals decreases from slightly above 30%
in the core to ∼ 10% in the cluster outskirts. The spirals show an almost opposite trend: their
fraction increases from ∼ 10% in the core to a roughly constant 40% at distances larger than
245 h−1

100 kpc from the cluster core. The S0 galaxies have the flattest relation and their fraction
scatters around ∼ 40% at all measured radii. Coma’s morphology-radius relation is consis-
tent with the result for 10 centrally concentrated, regular clusters at low redshift (Dressler et
al. 1997). The results are also in qualitative agreement with the morphology-density relation
for centrally concentrated, regular clusters at intermediate redshift presented by Dressler et al.
(1997). The relative fractions of the different galaxy types are, however, different. Coma has a
smaller fraction of elliptical and spiral galaxies and a larger fraction of S0 galaxies compared
to the intermediate redshift clusters. Dressler et al. (1997) suggested that the mechanisms
that produce morphological segregation may work at different rates depending on the mass of
the group or cluster. The large number of ellipticals seen at higher redshift suggests that the
creation of ellipticals occurs before the formation of rich clusters.

To make a detailed comparison of different clusters it is, however, necessary to analyse the
effects of differences in data quality and classifications methods so that these can be properly



63 SPATIAL DISTRIBUTIONS

Figure 4.15— Evolution of the
merger fraction in clusters. The
filled symbols represent Coma at
z = 0.02, CL 1358+62 at z = 0.33
(van Dokkum et al. 1998) and
MS 1054-03 at z = 0.83. In Coma
the fraction is a strong function of the
adopted magnitude cutoff.

taken into account. This will be discussed in detail in a forthcoming paper by van Dokkum et
al. (2002).

It is sometimes difficult to distinguish E from S0 galaxies and therefore the early-type
(E+S0+E/S0) fraction is much better defined than each of these individually. The early-type
fraction is very high (89%) in the center of Coma and remains at a ∼ 60% level for R >
245 h−1

100 kpc. We have checked that the bin size does not significantly affect these results.

4.5.2 Mergers

In total 13 galaxies (3.8%) have been classified as merger/peculiar. This galaxy type is as-
signed when all other types are not applicable. The median luminosity of this group is
MB = −17.64 with a median color of B − r = 0.93. The mergers and peculiar galaxies
in Coma are thus relatively faint (∼ 0.25 L∗) and blue. The spatial distribution of this pop-
ulation is very open and they are all located in the cluster outskirts (R > 360 h−1

100 kpc, or
annulus III or higher in Fig. 4.1).

Based on 7 morphological studies of cluster populations (5 from the literature and 2 from
their own work) van Dokkum et al. (1999) show that the merger fraction in clusters evolves
(increases) with redshift. At low redshift the merger fraction is below 1% (Dressler 1980),
but increases to ∼ 4% between 0.2 < z < 0.4 (Lavery & Henry 1988; Lavery et al. 1992;
Dressler et al. 1994; Couch et al. 1998). Van Dokkum et al. (1999) report a significantly
higher merger fraction of 17% in MS 1054-03 at z = 0.83. The large number of mergers in
MS 1054-03 implies strong evolution in the merger fraction as a function of redshift. Fur-
thermore, these mergers are much brighter and redder than typical mergers in low redshift
clusters.

However, the comparison of merger fractions from different studies is not straightforward.
Differences in sample selection, field size, data quality and classification method have to be
taken into account. For instance, in MS 1054-03 redshifts have only been measured for galax-
ies brighter than I ∼ 22, naturally resulting in a magnitude cutoff around L∗ at z = 0.83.
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In Coma the faintest galaxy classified as merger/peculiar has a luminosity of 0.05 L∗
B . Fur-

thermore, the fraction of merger/peculiar galaxies is a function of adopted magnitude cutoff,
dropping from 3.8% for the total sample towards ∼ 1% for the L > 0.67 L∗

B cluster popu-
lation. This is illustrated in Fig. 4.15 where we compare the merger/peculiar fraction for 3
clusters at different redshifts. The classification method for these clusters has been identical.
Clearly, more samples of wide field morphological studies of clusters at varying redshifts are
needed. To allow a thorough investigation of the evolution of the merger fraction with redshift
these should have uniform selection criteria, similar field size and identical merger definition.

4.6 Discussion

4.6.1 Total luminosity and luminosity functions

The total integrated B and r luminosities of all confirmed members are 1.2 × 1012 LB,� and
1.7 × 1012 Lr,�, respectively. The Schechter parameters that were derived for the LFs of the
complete sample in chapter 2 can also be used to estimate the cluster’s total luminosity. Inte-
grating these functions from infinite to zero luminosity yields 1.2×1011 LB,� and 1.8×1012

Lr,� for the cluster’s total B and r luminosity, respectively. The integrated r luminosity is
only slightly larger while there is a large discrepancy for B. Fig. 4.6b shows that, at the
bright end, the B band LF derived from the sample of confirmed members lies above the sta-
tistical estimate and therefore the LF derived without spectroscopic membership information
underestimates the total cluster luminosity. These results clearly demonstrate that the total
luminosity of a cluster is completely dominated by the bright galaxies. Our best estimate for
the total cluster luminosity is 1.2 × 1012 LB,� and 1.7 × 1012 Lr,� in B and r, respectively.
Inclusion of the missing dwarf galaxies would not significantly change these results.

Adami et al. (2000) suggested that the number of faint galaxies (R > 18.5) belonging
to Coma is overestimated when using a statistical method to derive the LF of Coma. We
note that the inconsistency they found is significant at 1σ only and found using a very small
and incomplete sample of galaxies with available redshifts. Using an area of 5.2 deg2 (330
times larger than the area observed by Adami et al. 2000) we find that the use of a statistical
method or a redshift confirmed sample give very similar results for the shape and density of
the LF. The shapes and densities of the LFs as a function of distance from the cluster center
are also similar for both methods. The areas of the annuli used increase from area I to V. In
general, the agreement between the LFs derived using both methods becomes better for the
larger areas. In area I and II the faintest bin for which there is redshift information gives a
lower estimate than the statistical method, but for area III to V both LFs are very similar. This
shows that the statistical method can be reliably used when sufficiently large areas (of cluster
and control fields) have been covered. Effects on the shape of the LF due to enhancements
in the Coma line-of-sight galaxy counts by superpositions of groups and clusters at higher
redshift will be heavily suppressed by the use of large areas. We conclude that the statistical
method gives good estimates of the number of galaxies belonging to Coma. The result of
Adami et al. (2000) must be the result of very small field sizes of both the science and control
fields for use of the statistical method as well as a very small and incomplete spectroscopic
sample.

Comparison of the type-dependent LFs of our sample with the composite LFTs given in
Andreon (1998) yields no conclusive result. While the bright parts of the early-type galaxy
LFs seem consistent, the spiral LFs are not. The determinations of the LFTs use different data



65 DISCUSSION

sets with classifications done by different authors, obviously complicating direct comparisons
of results. To assess the question of universality of LFTs properly high quality data should
be available for more clusters and the galaxy population should be classified by the same
morphologists.

4.6.2 Cluster dynamics

Expansion of the sample of confirmed cluster members with 118 new galaxies (a 25% in-
crease) compared to the sample presented in Colless & Dunn (1996) does not significantly
change their results on the line-of-sight velocity distributions. We therefore confirm the de-
tection of substructure in the galaxy line-of-sight velocity distribution. Their approach of sep-
arating early- from late-type galaxies, however, does result in conclusions inconsistent with
ours. By visually classifying the galaxies we find significantly more late-type galaxies than by
using the color-magnitude relation to distinguish these types. A possible explanation is that
the infall process has a stronger effect on the star formation rate (and hence the color) than
on the morphology, or that morphological changes occur on a longer time scale than changes
in the star formation rate. The Gaussian velocity distribution of early-type galaxies supports
the idea that they are a virialized population. However, the non-Gaussian and broader veloc-
ity distribution of the late-type galaxies does remain in qualitative agreement with Colless &
Dunn (1996) and Andreon (1996), though both find a larger difference between the velocity
dispersions of the two classes of galaxies. Colless & Dunn (1996) find the predicted value
for a freely infalling population (σlate =

√
2 σearly), but Andreon (1996) finds a factor

√
3

difference. The latter is especially interesting since the morphological fractions he derives are
very close to our results, yet we find σlate = 1.2 σearly.

4.6.3 Morphology-radius relation

Differences in classification methods and data quality inevitably result in scatter between
different sets of classifications (e.g. Fabricant et al. 2000). It is therefore not straightforward
to compare results from different studies involving galaxy types. Below we illustrate this with
two examples of studies of the morphology-radius relation.

The morphology-radius relation presented in Whitmore et al. (1993) is based on a com-
posite cluster with galaxy classifications from photographic plates. When the result is com-
pared to the morphology-radius relation derived in this chapter we find agreement for the
elliptical galaxies, but the gradients in the fractions of S0 and spiral galaxies are much larger
in Whitmore et al. (1993). To make both determinations of the morphology-radius relations
consistent some spirals in Whitmore et al. (1993) must be S0 galaxies. This seems unlikely,
since high quality CCD images enable much more structure to be resolved compared to pho-
tographic plates and in general lead to a higher fraction of galaxies being classified as spirals.

In Coma, Andreon (1996) failed to find a morphology-radius relation within 1 degree
from the cluster center based on morphological types from high resolution data. This is in-
consistent with the results derived in this chapter and clearly demonstrates the effect of scatter
between different sets of classifications. Alternatively, it may be that the correlation between
visual classifications and classifications based on surface brightness profiles brakes down in
the central parts of Coma. This could be tested by bulge-disk decompositions of the visually
classified galaxies in Coma. In particular, it will be interesting to see whether there are spiral
galaxies with large bulge-to-disk ratios.



CHAPTER 4. A CATALOGUE OF GALAXIES IN THE COMA CLUSTER 66

4.6.4 Future prospects

The Coma cluster is the most important z = 0 reference for studies of the evolution of galaxies
in rich clusters. Therefore, it is crucial to pin down the properties of its galaxy population
accurately. Even though large amounts of data on Coma exist there remains controversy on
some aspects of its galaxy population. When searching for evolution of galaxy populations
with redshift robust results can only be obtained if all galaxies are uniformly classified from
data of (equal) high quality. With the advent of larger telescopes and the HST is has become
possible to measure redshifts out to higher z and the resolution of CCD images is good enough
to visually classify cluster members. Our data has similar linear resolution (in kpc) and field
size (in Mpc) as large HST WFPC2 mosaics of high redshift clusters (e.g. van Dokkum et al.
1998). Hence, our data is perfectly suited to compare the properties of galaxies in rich clusters
at high z to the situation at z = 0. In a future study (van Dokkum et al. 2002) our Coma data
will be degraded (by binning to HST resolution at z = 0.5 and adding noise) and all galaxies
will be reclassified. This will resolve the uncertainties of comparing morphological studies of
clusters at different redshifts.

4.7 Conclusions

We have presented a uniform multi-color catalogue of 583 Coma cluster galaxies with new
morphological types based on a deep wide field survey. The total integrated B and r lumi-
nosities of all confirmed members are 1.2×1012 LB,� and 1.7×1012 Lr,�. Our data provide
an excellent low redshift comparison sample for studies of rich high redshift clusters.

We have used the sample to study the general galaxy LF and its dependence on distance
to the cluster center. The results have been compared to an exact same study of statistically
derived LFs of the same survey. There are no statistically significant differences between the
two independent determinations of the LFs over the area observed. The question of universal-
ity of type-dependent LFs remains unconfirmed. More deep cluster samples of high resolution
are required to assess this matter.

We detect substructure in the galaxy velocity distribution, confirming results by Colless
& Dunn (1996). However, we do not confirm the factor

√
2 difference between the early- and

late-type galaxy population. For our 25% larger sample we find a smaller difference of 1.2
suggesting that not the total late-type galaxy population is infalling. As an aside we remark
that the color-magnitude relation cannot be used reliably to separate early- from late-type
galaxies.

The high resolution of our data set has made it possible to extend the number of reliably
classified galaxies to fainter magnitudes. The fractions of ellipticals, S0s, spirals and mergers
are 22%, 42%, 32% and 4%, respectively. We confirm the trend of an increasing spiral fraction
with increasing data quality (Andreon 1996). A forthcomig study by van Dokkum et al.
(2002) of a full resolution and a degraded version of the Coma data set will resolve how
sensitively the morphological composition depends on differences in data quality.

By using a sample of 293 galaxies with accurate morphological type assignments we have
derived a morphology-radius relation. Clear morphological segregation takes place within
245 h−1

100 kpc from the cluster center where the early-type fraction increases to 89%, whereas
the late-type fraction drops to 11%. Outside of the core the early- and late-type fractions
remain roughly constant at 60% and 40%, respectively.

Overall, we have shown that before reliable comparisons between different galaxy sam-
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ples can be made, they have to be of equal quality and classified by an identical classification
method. Even for the well studied Coma cluster results of studies of its galaxy population
appear to depend on the quality of the samples used.
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Third Reference Catalogue of Bright Galaxies (New York: Springer)

Dressler, A. 1980, ApJ, 236, 351

Dressler, A., & et al. 1997, ApJ, 490, 577

Dressler, A., Oemler, A., Jr., Sparks, W. B., & Lucas, R. A. 1994, ApJ, 435, L23

Edwards, S. A., Colless, M, Bridges, T. J., Carter, D., Mobasher, B., & Poggianti, B. M. 2002, ApJ,
567, 178

Fabricant, D. G., Franx, M., & van Dokkum, P. G. 2000, ApJ, 539, 577

Godwin, J. G., Metcalfe, N.,& Peach, J. V., 1983, MNRAS, 202, 113

Huchra, J., 1985, The Virgo Cluster, ESO Workshop Proceeding No. 20, eds. Richter, O.,
& Binggeli, B., (Munich:ESO), p. 181

Lavery, R. J., & Henry, J. P. 1988, ApJ, 330, 596

Lavery, R. J., Pierce, M. J., & McClure, R. D., 1992, AJ, 104, 2067



CHAPTER 4. A CATALOGUE OF GALAXIES IN THE COMA CLUSTER 68

Lobo, C., Biviano, A., Durret, F., Gerbal, D., le Fèvre, O., Mazure, A., & Slezak, E. 1997, A&A,
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Table 4.1— Identification numbers, names, positions [degrees, J2000], velocities [km s−1],
photometry and morphological classifications of all identified Coma cluster members. The
X,Y positions correspond to those of Fig. 4.13.

Nr. Name α δ cz r B U X Y NED Type
268 NGC4889 195.0338 27.9770 6494 11.69 13.30 14.01 -0.092 0.006 cD,E4 E
565 NGC4921 195.3598 27.8863 5482 11.95 13.41 13.88 -0.380 -0.084 SB(rs)ab Sc
2 NGC4789 193.5792 27.0682 8237 12.19 13.73 - 1.203 -0.902 SA0: E
562 NGC4874 194.8988 27.9595 7224 12.19 13.81 14.42 0.028 -0.011 cD;Di E
564 NGC4839 194.3515 27.4979 7362 12.26 13.81 14.37 0.513 -0.473 cD;SA0 E
384 NGC4944 195.9582 28.1859 7111 12.49 13.93 - -0.906 0.215 SA0 S0∗

52 NGC4841A 194.3832 28.4771 6704 12.51 14.03 - 0.481 0.507 E+ pec E
334 NGC4911 195.2338 27.7909 7970 12.64 14.97 15.72 -0.269 -0.180 SAB(r)bc Sc
364 NGC4926 195.4740 27.6244 7892 12.70 14.27 - -0.482 -0.346 E E
4 NGC4798 193.7298 27.4130 7838 12.77 14.27 - 1.065 -0.558 S0-: E
14 NGC4819 194.1161 26.9876 6404 12.77 14.11 - 0.725 -0.983 (R’)SAB(r)a: Sa
381 NGC4931 195.7536 28.0325 5839 12.78 14.28 - -0.727 0.062 SA0 S0∗

284 NGC4895 195.0748 28.2024 8488 12.86 14.37 16.74 -0.128 0.232 SA0 pec sp S0∗

395 NGC4807 193.8714 27.5214 6934 13.06 14.54 15.11 0.939 -0.449 SAB0- pec: E
255 NGC4892 195.0148 26.8981 5895 13.12 14.55 - -0.076 -1.072 Sb S0/Sa∗

332 IC4051 195.2271 28.0077 4932 13.13 14.59 15.12 -0.262 0.037 E2,SN E
325 NGC4907 195.2035 28.1584 5879 13.14 14.52 14.87 -0.241 0.188 SB(r)b Sc
154 NGC4859 194.7578 26.8157 7052 13.16 14.74 - 0.154 -1.155 S0/a Sa∗

120 NGC4853 194.6467 27.5965 7660 13.20 14.40 14.68 0.251 -0.374 (R’)SA0-? Sa
156 NGC4860 194.7663 28.1238 7864 13.20 14.71 15.30 0.144 0.153 E2 E
181 NGC4865 194.8328 28.0843 4609 13.21 14.75 15.30 0.086 0.114 E6 S0
365 NGC4927 195.4900 28.0059 7735 13.23 14.81 - -0.494 0.035 SA0- E/S0
354 NGC4923 195.3826 27.8476 5409 13.28 14.83 15.36 -0.400 -0.123 (R’)SA(r)0-? E
248 NGC4881 194.9906 28.2468 6705 13.28 14.81 - -0.053 0.276 E E
54 NGC4841B 194.3911 28.4823 6230 13.31 14.77 - 0.474 0.512 E pec E
53 NGC4840 194.3869 27.6104 6055 13.33 14.84 15.38 0.481 -0.360 SAB0 E
88 NGC4848 194.5232 28.2431 7049 13.33 16.27 16.58 0.358 0.273 SBab: sp Sc
393 IC3900 193.9222 27.2508 7099 13.39 14.84 - 0.896 -0.720 SB0: S0/Sa∗

187 NGC4869 194.8474 27.9116 6788 13.41 14.96 15.45 0.073 -0.059 E3 E
328 NGC4908 195.2148 28.0429 8804 13.45 14.97 15.49 -0.251 0.072 E5 E/S0
359 IC4088 195.4308 29.0447 7101 13.46 14.81 - -0.438 1.074 Sab Sb
313 IC0842 195.1654 29.0196 7359 13.47 14.76 - -0.206 1.049 Sb Sb
346 NGC4919 195.3234 27.8092 7282 13.48 15.04 15.60 -0.348 -0.161 (R’)SA(r) S0∗

5 CGCG160-015 193.8546 27.7984 7489 13.49 15.10 15.67 0.951 -0.172 S.. Sa
257 NGC4882 195.0185 27.9876 6359 13.51 15.00 15.71 -0.078 0.017 E0 E
302 NGC4896 195.1283 28.3464 5834 13.51 15.00 - -0.175 0.376 S0- pec S0/a∗

329 CGCG160-091 195.2170 28.3661 7695 13.52 15.00 - -0.253 0.396 SB0 S0/a∗

36 UGC08069 194.2979 29.0452 7553 13.53 14.87 - 0.553 1.075 S0/a Sa∗∗

283 NGC4898NED01 195.0737 27.9553 6811 13.55 15.02 15.61 -0.127 -0.015 E E/S0∗∗

83 UGC08080 194.5100 26.8595 7410 13.56 14.94 - 0.375 -1.111 S0/a Sa
234 CGCG160-079 194.9465 27.7103 8342 13.63 15.05 15.47 -0.015 -0.260 S0/a S0/a∗

112 CGCG160-065 194.6259 28.0148 7198 13.64 15.11 15.52 0.268 0.044 E E
133 NGC4854 194.6976 27.6749 8364 13.65 15.13 15.57 0.206 -0.296 SAB0 E
324 IC4045 195.2028 28.0907 6896 13.69 15.20 15.74 -0.241 0.120 E/SA0 E/S0
56 NGC4842A 194.3994 27.4934 7343 13.70 15.27 15.85 0.471 -0.477 E/SA0 E
174 NGC4867 194.8136 27.9708 4793 13.71 15.19 18.24 0.103 0.000 E3 E/S0∗

392 NGC4821 194.1214 26.9571 7062 13.72 15.12 - 0.721 -1.013 E4: S0∗

201 NGC4871 194.8751 27.9564 6717 13.75 15.39 15.94 0.048 -0.014 SAB0/a S0
418 NGC4934 195.8177 28.0305 6009 13.75 15.14 - -0.784 0.060 SA0 S0/a
318 IC4042 195.1783 27.9714 6363 13.76 15.25 15.86 -0.219 0.001 SA0/a Sa∗

1 NGC4788 193.5668 27.3039 6460 13.77 15.21 - 1.211 -0.667 S? S0/a
455 CGCG1253.1+2756 193.8660 27.6562 7022 13.79 15.25 15.83 0.942 -0.314 S.. S0/a∗

134 IC3946 194.7031 27.8105 5916 13.79 15.27 15.82 0.201 -0.160 SAB0/a S0
104 NGC4850 194.5910 27.9678 5994 13.82 15.29 15.78 0.299 -0.003 SAB0 S0/a∗

3 CGCG159-114 193.6373 28.3767 7125 13.83 15.27 - 1.137 0.406 SB? Sa
203 IC3973 194.8785 27.8842 4692 13.85 15.37 15.94 0.045 -0.086 S0/a Sa
165 IC3959 194.7842 27.7842 7053 13.85 15.42 16.04 0.129 -0.186 E E
34 CGCG160-037 194.2894 27.4666 7444 13.86 15.38 15.94 0.568 -0.504 SB0 S0∗

326 UGC08122 195.2082 27.4059 6925 13.88 15.28 - -0.247 -0.565 S0/a Sa
50 UGC08071 194.3750 28.1881 7069 13.89 15.34 15.84 0.489 0.218 SA0 S0/a∗
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Table 4.1— (continued)

Nr. Name α δ cz r B U X Y NED Type
312 NGC4906 195.1657 27.9240 7494 13.90 15.41 15.99 -0.208 -0.047 E3 E
404 CGCG160-066 194.6516 27.1042 7996 13.91 15.41 - 0.248 -0.866 S0 S0∗

385 IC4133 195.9617 27.9883 6369 13.92 15.46 - -0.911 0.018 E E
208 NGC4873 194.8866 27.9837 5848 13.93 15.42 15.78 0.038 0.013 SA0 E
244 NGC4883 194.9835 28.0347 8071 13.93 15.52 17.05 -0.047 0.064 SAB0 S0/a∗∗

391 NGC4787 193.5231 27.0689 7565 13.94 15.30 - 1.253 -0.902 S0/a S0/a
153 CGCG160-214 194.7576 28.2254 7972 13.94 15.43 15.93 0.152 0.255 S0 S0/a∗

422 CGCG160-119 195.7906 28.5836 6842 13.95 15.44 - -0.756 0.613 SA0 S0
380 CGCG160-115 195.7199 27.8666 8170 13.95 15.51 - -0.698 -0.104 SA0 S0
425 CGCG160-125 196.0423 28.2479 5894 14.01 15.58 - -0.980 0.277 S0 E/S0∗

122 IC3943 194.6516 28.1138 6704 14.04 15.53 16.08 0.246 0.143 S0/a 999
209 NGC4872 194.8922 27.9469 7205 14.04 15.54 16.08 0.033 -0.024 SB0 S0
160 IC3955 194.7752 27.9968 7650 14.05 15.56 16.03 0.137 0.026 SB0/a S0/a∗

411 CGCG160-027 194.1109 27.8307 6252 14.06 15.55 16.04 0.724 -0.140 E E
230 NGC4876 194.9350 27.9125 6629 14.06 15.59 16.12 -0.004 -0.058 E5 S0∗

421 NGC4943 195.9374 28.0844 5542 14.06 15.58 - -0.889 0.114 SAB0 S0
24 ARK395 194.2132 26.8990 6304 14.12 15.33 - 0.639 -1.072 E E∗∗

373 CGCG160-110 195.5897 28.2308 5721 14.12 15.58 - -0.581 0.260 Sa S0
379 CGCG160-114 195.6702 28.3713 7441 14.12 15.56 - -0.651 0.401 S0 S0∗

27 CGCG160-035 194.2567 29.0626 7469 14.13 15.53 - 0.588 1.092 E? Sa
410 ABELL1656:[GMP83]5397 194.1242 27.9401 6689 14.13 15.61 - 0.712 -0.030 E E/S0∗

67 CGCG160-048NED01 194.4504 27.8830 5805 14.14 15.56 16.01 0.424 -0.088 SA0 E/S0
405 CGCG160-074 194.8072 27.4025 5703 14.14 15.56 15.89 0.109 -0.568 SA0 S0∗

369 NGC4926A 195.5332 27.6486 7188 14.16 15.31 - -0.534 -0.322 S0 pec? Sb
412 CGCG160-023 194.0825 27.7512 6894 14.18 15.66 16.20 0.750 -0.219 E E
409 CGCG159-119 193.7237 28.4170 7413 14.21 15.47 - 1.061 0.446 E E/S0
352 KUG1259+289 195.3546 28.6772 8762 14.22 15.33 - -0.373 0.707 Irr Sc
200 IC3976 194.8726 27.8502 6817 14.23 15.82 16.32 0.051 -0.120 SA0 S0
363 CGCG160-100 195.4594 27.8936 7556 14.23 15.81 - -0.468 -0.077 E/SAB0 E∗

164 IC3960 194.7832 27.8550 6650 14.24 15.80 16.31 0.130 -0.116 SB0 E
427 CGCG160-058 194.5391 28.7087 7447 14.24 15.39 - 0.343 0.738 Sbc Sb/c
403 CGCG160-045 194.4294 26.8525 6371 14.25 15.64 - 0.447 -1.118 S0 S0
484 ABELL1656:[GMP83]5599 194.0413 27.8443 7563 14.26 15.76 16.26 0.786 -0.126 - Sa
426 KUG1254+291 194.2111 28.9299 8024 14.26 15.45 - 0.629 0.959 S0/a Sa
159 MRK0058 194.7724 27.6443 5554 14.26 15.18 15.28 0.140 -0.326 SBa Sbrst Sc
294 IC4026 195.0924 28.0471 8220 14.28 15.74 16.20 -0.143 0.077 SB0 Sa∗

171 CGCG160-223 194.8080 28.0763 7790 14.29 15.71 16.12 0.108 0.106 E/SA0 E∗

320 CGCG160-089 195.1844 28.3373 7997 14.30 15.79 - -0.224 0.367 SAB0 S0
430 NGC4949 196.0748 29.0296 6842 14.31 15.80 - -1.001 1.059 - S0∗

15 NGC4824 194.1425 27.5390 7105 14.32 15.84 16.44 0.698 -0.432 - E∗

336 CGCG160-261 195.2470 27.8999 6828 14.33 15.82 16.32 -0.280 -0.071 S0a S0/a∗

85 CGCG160-052 194.5134 26.9160 7976 14.34 15.79 - 0.371 -1.055 S0 S0
82 MCG+05-31-036 194.5066 27.4898 7648 14.34 15.71 16.12 0.376 -0.481 SBb Sa
233 IC3998 194.9449 27.9739 9401 14.36 15.91 16.37 -0.013 0.003 SB0 S0/a∗

218 NGC4875 194.9080 27.9074 8056 14.38 15.94 16.44 0.019 -0.063 SAB0 E/S0
400 CGCG160-031 194.2070 27.0940 6938 14.38 15.84 - 0.644 -0.877 Sa Sa
47 CGCG160-040 194.3576 27.5462 5475 14.42 15.84 16.29 0.507 -0.424 SA0 S0
163 IC3957 194.7813 27.7678 6345 14.42 15.94 16.42 0.132 -0.203 E E∗

137 IC3947 194.7171 27.7851 5702 14.42 15.89 16.38 0.188 -0.185 SA0 S0
315 IC4041 195.1703 27.9967 7056 14.43 15.92 16.41 -0.212 0.026 SA0 S0∗

266 IC4012 195.0333 28.0786 7196 14.45 15.95 16.51 -0.091 0.108 E E/S0
68 CGCG160-049 194.4528 28.1804 7352 14.46 15.93 16.37 0.421 0.210 SB0 Sa
310 IC4040 195.1581 28.0575 7840 14.47 15.55 15.58 -0.201 0.087 Sdm: Sb/c
561 NGC4851 194.5905 28.1488 7907 14.47 15.93 16.42 0.299 0.178 SBa M/P∗

560 ABELL1656:[GMP83]4866 194.3685 28.1765 8193 14.49 15.96 16.46 0.495 0.206 SAB0 S0∗

420 IC4111 195.7358 28.0705 7780 14.50 15.95 - -0.711 0.100 SA0 S0
374 CGCG160-111 195.5902 28.2561 7137 14.50 15.99 - -0.582 0.286 SA0 S0∗

311 RB110 195.1616 28.0147 7537 14.50 15.93 16.42 -0.204 0.044 S0 Sa
351 ABELL1656:[D80]204 195.3452 28.1963 7667 14.51 16.03 16.43 -0.366 0.226 Epec E/S0∗

95 CGCG160-057 194.5627 28.1259 7506 14.52 15.89 16.36 0.324 0.155 SA0 999
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Table 4.1— (continued)

Nr. Name α δ cz r B U X Y NED Type
394 IC3913 194.1191 27.2916 7527 14.53 15.51 - 0.721 -0.679 Sc Sc
86 CGCG160-053 194.5146 27.8150 7095 14.53 15.97 16.38 0.367 -0.156 SA0 S0
496 ABELL1656:[GMP83]5160 194.2358 28.6234 6452 14.54 15.95 - 0.609 0.653 SA0 S0
414 CGCG160-016 193.8440 28.4680 7056 14.54 15.80 - 0.955 0.497 E S0/a∗

279 IC4021 195.0615 28.0413 5689 14.54 16.00 16.50 -0.116 0.071 SA0 E∗

259 CGCG160-240 195.0231 27.8078 6568 14.56 16.04 16.53 -0.082 -0.163 SA0 S0
401 ABELL1656:[GMP83]5395 194.1336 27.0556 6113 14.57 15.97 - 0.709 -0.915 - S0
317 RB113 195.1786 27.9632 8366 14.57 16.05 16.54 -0.220 -0.007 SB0 Sa
290 NPM1G+27.0395 195.0797 27.5538 5891 14.58 16.05 16.40 -0.133 -0.417 E E/S0
35 FOCA0829 194.2949 27.4050 6215 14.59 15.98 16.24 0.564 -0.566 Sa S0/a
366 KUG1259+280 195.5006 27.7828 7203 14.59 15.79 - -0.505 -0.188 SA0 S0∗

308 CGCG160-251 195.1484 28.1462 5441 14.61 16.02 16.34 -0.193 0.176 SA0 S0
402 ABELL1656:[GMP83]4793 194.4023 27.0314 7327 14.61 16.10 - 0.470 -0.939 - Sa∗

270 NGC4895A 195.0380 28.1704 6756 14.61 16.14 16.56 -0.095 0.200 SAB0 S0
340 CGCG160-092 195.2885 27.8184 5976 14.62 16.07 16.48 -0.317 -0.152 E E/S0
143 IC3949 194.7342 27.8337 7378 14.62 15.81 15.36 0.173 -0.137 SA0 pec sp Sc∗

65 CGCG160-047 194.4471 27.8333 6118 14.64 16.03 16.49 0.427 -0.137 SA0 S0
16 [U76]125410.2+283246 194.1467 28.2755 6946 14.65 16.09 - 0.690 0.305 SB0 Sa∗

232 CGCG160-235 194.9421 27.8572 8009 14.66 16.20 16.62 -0.011 -0.113 SA0 S0
285 NGC4898NED02 195.0754 27.9566 6371 14.68 16.15 16.59 -0.128 -0.014 E S0∗∗

341 CGCG160-093 195.2946 27.8029 6664 14.68 16.18 16.60 -0.323 -0.168 SA0 S0/a∗

407 KUG1302+275 196.1108 27.3044 5497 14.70 15.57 - -1.049 -0.666 Sc M/P
124 MRK0057 194.6553 27.1765 7666 14.71 15.55 15.29 0.244 -0.794 Irr Sc/d
280 NGC4894 195.0688 27.9676 4634 14.71 16.09 16.55 -0.123 -0.003 SA0 S0
387 KUG1301+290 196.0948 28.8108 8047 14.72 15.49 - -1.021 0.840 Sb HII Sc
419 ABELL1656:[GMP83]0960 195.8557 28.0141 7954 14.72 16.14 - -0.817 0.044 S0s Sa
371 KUG1259+284 195.5535 28.2151 8311 14.72 15.67 - -0.549 0.244 Sb Sb/c
377 ABELL1656:[D80]113 195.6451 27.9491 5779 14.73 16.15 - -0.632 -0.021 SB0 S0
147 ABELL1656:[D80]042 194.7422 27.5949 5967 14.73 16.22 16.68 0.166 -0.376 SAB0 S0
481 ABELL1656:[GMP83]6043 193.8335 27.8668 6986 14.74 16.13 16.58 0.969 -0.104 SA0 E∗∗

428 ABELL1656:[GMP83]1892 195.4332 28.9996 6384 14.74 16.15 - -0.440 1.029 - S0∗

262 IC4011 195.0266 28.0042 7245 14.76 16.19 16.66 -0.085 0.034 E E/S0∗

44 ABELL1656:[D80]076 194.3479 27.7664 9132 14.76 16.16 16.51 0.515 -0.204 SA0/a Sa
309 KUG1258+278 195.1489 27.5743 5097 14.76 16.08 18.12 -0.194 -0.396 Sbc Sc
300 RB100 195.1184 27.9725 7679 14.77 16.25 16.72 -0.166 0.002 SA0 S0/a∗

397 MRK0053 194.0254 27.6780 4888 14.78 15.59 15.37 0.801 -0.293 Sa HII E∗∗

118 ABELL1656:[D80]008 194.6382 27.3643 6996 14.79 16.18 16.61 0.259 -0.606 SBa Sa
7 ABELL1656:[GMP83]5799 193.9542 27.9060 6729 14.80 16.25 - 0.862 -0.065 - S0/a∗

513 KUG1257+288A 194.8986 28.5514 7573 14.81 16.24 - 0.028 0.581 S0 S0
276 RB087 195.0536 28.0755 7493 14.81 16.29 16.75 -0.109 0.105 SA0/a S0
383 ABELL1656:[GMP83]0983 195.8450 27.9359 6200 14.82 16.30 - -0.808 -0.035 S0s M/P
57 NGC4842B 194.4006 27.4849 7234 14.83 16.33 16.81 0.470 -0.486 SA0 S0
77 KUG1255+283 194.4908 28.0614 8299 14.85 16.65 16.19 0.388 0.091 Sb Sbrst M/P∗∗

155 NGC4858 194.7587 28.1158 9436 14.85 15.75 15.65 0.151 0.145 SBb Sbrst Sc
226 RB045 194.9322 27.9948 6665 14.85 16.37 16.80 -0.002 0.024 E E
416 ABELL1656:[GMP83]5191 194.2215 27.9296 6223 14.86 16.33 - 0.626 -0.041 E/SA0 S0
297 TT41 195.1119 27.5157 7825 14.87 16.36 16.63 -0.161 -0.455 E E
386 TT19 196.0769 28.4683 7773 14.87 16.29 - -1.008 0.498 E S0∗

408 KUG1301+277 196.0468 27.4905 5383 14.88 16.35 - -0.991 -0.480 S Sa∗∗

517 ABELL1656:[GMP83]2259 195.2878 28.3598 6888 14.89 16.27 - -0.315 0.389 SB0 Sa∗∗

331 ABELL1656:[D80]062 195.2257 27.7839 8279 14.89 16.26 16.12 -0.262 -0.187 S0 S0
190 RB230 194.8540 27.7389 6033 14.91 16.42 16.94 0.067 -0.232 SA0 S0/a∗∗

117 ABELL1656:[D80]020 194.6337 27.4564 7053 14.91 16.34 16.76 0.263 -0.514 SA0 S0
437 ABELL1656:[GMP83]6669 193.4758 26.9663 6129 14.92 16.34 - 1.296 -1.004 - Sa∗

72 ABELL1656:[D80]022 194.4767 27.4907 5003 14.92 16.19 16.56 0.402 -0.480 SBb Sa
539 ABELL1656:[GMP83]0709 195.9785 28.1877 6799 14.92 16.34 - -0.924 0.217 S0 999
306 KUG1258+279A 195.1404 27.6379 7476 14.93 15.69 15.51 -0.186 -0.333 Sb Sbrst Sc
299 RB099 195.1166 27.9561 6984 14.93 16.40 16.92 -0.165 -0.014 SB0 Sa∗

246 RB064 194.9863 27.9303 7904 14.93 16.40 16.80 -0.050 -0.040 Sa Sa∗

335 KUG1258+279B 195.2435 27.6522 5233 14.94 16.31 - -0.278 -0.318 SBa Sb
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Table 4.1— (continued)

Nr. Name α δ cz r B U X Y NED Type
551 ABELL1656:[GMP83]4213 194.6261 28.8589 7977 14.95 16.38 - 0.266 0.888 SA0/a Sa
71 ABELL1656:[D80]238 194.4748 28.4998 7338 14.95 16.41 - 0.400 0.529 E 999
361 ABELL1656:[D80]115 195.4426 27.9579 4706 14.97 16.42 16.89 -0.453 -0.013 E S0/a∗

242 RB155 194.9797 28.1284 7566 14.97 16.50 16.97 -0.044 0.158 SB0 E/S0∗∗

417 CGCG160-048NED02 194.4610 27.8795 7003 14.97 16.45 16.87 0.415 -0.091 SA0/a S0∗

26 ABELL1656:[GMP83]5136 194.2572 27.3722 7012 14.98 16.41 16.81 0.597 -0.598 S0 Sa
378 IC4106 195.6596 28.1142 7443 14.99 16.34 - -0.644 0.144 SBa? Sa
46 MRK0055 194.3553 27.4047 4811 14.99 16.03 16.05 0.510 -0.566 SB0 Sbrst M/P∗

184 RB006 194.8341 27.8860 6429 15.00 16.43 16.77 0.085 -0.085 E/SA0 S0∗

367 ABELL1656:[D80]048 195.5045 27.6530 7102 15.00 16.45 - -0.509 -0.318 SB0 S0/a∗

413 ABELL1656:[GMP83]5678 194.0064 28.0385 5979 15.01 16.27 - 0.815 0.068 - Sb
389 ABELL1656:[GMP83]0251 196.2606 28.7391 8444 15.01 16.48 - -1.167 0.769 - S0∗

135 RB252 194.7116 28.0840 6018 15.02 16.44 16.90 0.193 0.113 SA0 S0
186 RB008 194.8443 27.8969 5126 15.02 16.50 16.91 0.076 -0.074 SB0 S0
194 RB014 194.8564 27.9733 6082 15.02 16.50 16.99 0.065 0.003 SA0 S0/a∗

323 RB119 195.1975 27.9222 8571 15.05 16.55 17.01 -0.236 -0.048 S0i Sa
139 ABELL1656:[D80]196 194.7228 28.1262 6976 15.05 16.52 16.99 0.183 0.156 SA0/a Sa∗

390 ABELL1656:[vCG93]2587 196.4536 28.1066 7313 15.06 16.67 - -1.344 0.136 - E
406 MRK0056 194.6474 27.2648 7363 15.06 15.88 15.80 0.251 -0.706 S0 Sbrst M/P
382 ABELL1656:[GMP83]1134 195.7718 27.7843 7666 15.07 16.56 - -0.745 -0.186 - S0∗

142 RB257 194.7304 27.9648 5631 15.09 16.56 17.00 0.176 -0.006 E/SA0 E
396 NGC4807A 193.8777 27.5443 7039 15.09 16.46 16.91 0.933 -0.426 - S0/a∗

261 ABELL1656:[GMP83]2942 195.0262 27.6853 7537 15.09 16.55 16.92 -0.085 -0.285 E E
281 RB091 195.0710 28.0639 6141 15.09 16.59 17.10 -0.124 0.093 SB0 S0/a
169 RB224 194.7930 27.6200 5691 15.10 16.51 16.90 0.121 -0.351 E E∗

225 CGCG160-233 194.9262 27.9248 6907 15.10 16.59 17.01 0.003 -0.046 Ed E∗

39 ABELL1656:[D80]056 194.3200 27.6185 7257 15.12 16.56 17.05 0.541 -0.352 E Sa
271 MRK0060NED01 195.0380 27.8663 5136 15.13 16.20 16.39 -0.095 -0.104 SABa Sa∗∗

512 ABELL1656:[GMP83]3234 194.9222 28.5072 8260 15.13 16.50 - 0.007 0.537 S0 Sb/c
486 ABELL1656:[GMP83]5801 193.9490 28.2562 8147 15.14 16.58 - 0.864 0.286 - Sb
362 ABELL1656:[D80]036 195.4517 27.6040 8223 15.14 16.60 - -0.462 -0.367 S0 S0∗

477 ABELL1656:[GMP83]1060 195.8070 27.3691 6389 15.15 16.62 - -0.779 -0.601 - S0∗∗

514 ABELL1656:[GMP83]2969 195.0184 28.6035 6815 15.15 16.50 - -0.078 0.633 - S0/a∗∗

105 IC0839 194.5924 28.1521 6696 15.15 16.58 16.99 0.298 0.182 SA0 M/P∗

158 RB262 194.7694 27.9110 6396 15.15 16.58 17.00 0.142 -0.060 SA0 S0
399 KUG1254+274 194.1444 27.2277 7145 15.16 16.31 - 0.699 -0.743 S S0/a∗

125 ABELL1656:[D80]028 194.6601 27.5442 5962 15.17 16.61 17.03 0.239 -0.426 E/S0 E/S0∗∗

192 RB013 194.8556 27.9680 7683 15.18 16.68 17.15 0.066 -0.003 SA0 S0
343 ABELL1656:[D80]037 195.3014 27.6045 7513 15.19 16.64 - -0.329 -0.366 S0 S0
263 RB077 195.0256 27.9783 7816 15.19 16.54 16.69 -0.084 0.008 SA0 S0∗∗

454 ABELL1656:[GMP83]5641 194.0269 27.6482 7716 15.20 16.51 16.88 0.800 -0.322 - S0∗

43 ABELL1656:[D80]112 194.3407 27.8805 7428 15.21 16.48 16.80 0.521 -0.090 SB0 Sa∗

321 RB116 195.1861 28.1006 6628 15.22 16.64 17.10 -0.226 0.130 S0 S0
222 RB040 194.9152 27.9540 8001 15.22 16.75 17.17 0.013 -0.017 SA0 S0∗

198 RB022 194.8697 28.0405 5569 15.23 16.69 17.15 0.053 0.070 E S0
301 KUG1258+277 195.1219 27.5150 7651 15.24 16.13 16.20 -0.170 -0.456 S0p M/P∗

544 KUG1302+288A 196.1488 28.6278 6622 15.25 16.20 - -1.070 0.657 Sa HII E/S0
482 ABELL1656:[GMP83]5926 193.8921 27.8418 6969 15.26 16.70 17.19 0.918 -0.129 - S0∗

40 FOCA0728 194.3244 27.8110 7084 15.26 16.36 16.64 0.536 -0.160 SA0 S0/a∗∗

111 KUG1256+278A 194.6184 27.5594 7554 15.26 16.42 16.71 0.276 -0.411 S0 Sa
558 ABELL1656:[GMP83]0611 196.0426 29.0154 6625 15.27 16.67 - -0.973 1.045 - E/S0∗

13 ABELL1656:[GMP83]5434 194.1096 27.7274 6836 15.28 16.75 17.28 0.726 -0.243 - E∗

488 ABELL1656:[GMP83]5572 194.0456 28.1632 8693 15.30 16.57 - 0.780 0.193 - Sa∗

510 KUG1256+287A 194.7339 28.4637 5869 15.31 16.30 16.53 0.172 0.493 SB0/a Sb
227 RB046 194.9342 27.9584 6892 15.31 16.74 17.07 -0.004 -0.012 S0 S0
304 ABELL1656:[D80]063 195.1355 27.7662 6708 15.34 16.81 17.19 -0.182 -0.204 S0/a Sa∗∗

20 ABELL1656:[GMP83]5283 194.1814 27.0348 5656 15.35 16.69 - 0.667 -0.936 - S0∗

487 ABELL1656:[GMP83]5590 194.0397 28.3109 7933 15.35 16.71 - 0.784 0.340 - E/S0∗

344 RB129 195.3069 27.9144 5852 15.35 16.83 17.21 -0.333 -0.056 E E∗

220 RB038 194.9096 27.9872 6812 15.36 16.81 17.18 0.018 0.017 SA0/a Sa∗
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Table 4.1— (continued)

Nr. Name α δ cz r B U X Y NED Type
490 ABELL1656:[GMP83]5813 193.9448 28.1441 6083 15.36 16.67 - 0.869 0.174 - S0/a∗∗

522 ABELL1656:[GMP83]1582 195.5492 28.1729 8890 15.37 16.78 - -0.546 0.202 Irr Sc/d∗

288 RB094 195.0782 27.9371 5410 15.38 16.76 17.06 -0.131 -0.033 SB0/a S0/a∗

116 RB243 194.6331 28.0497 5705 15.39 16.81 17.15 0.262 0.079 SAB0 E
489 ABELL1656:[GMP83]5688 193.9998 28.1870 5592 15.39 16.77 - 0.820 0.216 - E∗∗

353 RB133 195.3632 27.9993 7558 15.42 16.90 17.39 -0.382 0.029 E E∗

275 ABELL1656:[D80]064 195.0526 27.7818 6992 15.42 16.77 17.02 -0.108 -0.189 E E/S0∗

221 KUG1257+278 194.9159 27.5769 5050 15.43 16.32 16.28 0.012 -0.394 Irr Sa∗

196 RB018 194.8608 27.9985 6665 15.45 16.95 17.30 0.061 0.028 SB0 S0∗

525 ABELL1656:[GMP83]1001 195.8399 28.3091 5575 15.45 16.86 - -0.801 0.339 E/S0 S0/a∗

258 RB074 195.0225 28.0245 5922 15.46 16.78 17.03 -0.082 0.054 SA0 S0∗

31 FOCA2009 194.2690 27.7730 7544 15.46 16.73 16.94 0.585 -0.198 S0/a Sa/b
183 RB136 194.8342 28.1979 9439 15.46 16.93 17.25 0.084 0.227 SA0 S0
138 RB209 194.7211 27.8135 5496 15.46 16.88 17.33 0.185 -0.157 SA0 S0∗∗

204 RB234 194.8778 27.7915 7811 15.46 16.92 17.23 0.046 -0.179 E E∗

224 RB042 194.9177 27.9683 7514 15.49 17.03 17.55 0.011 -0.002 S0 S0/a∗∗

22 ABELL1656:[D80]017 194.1992 27.4211 7762 15.49 16.80 17.05 0.649 -0.549 S0 SO∗∗

541 ABELL1656:[GMP83]0322 196.2058 28.2695 6836 15.50 16.90 - -1.124 0.299 S0 E∗∗

469 ABELL1656:[GMP83]3100 194.9766 26.8200 8054 15.51 16.66 - -0.042 -1.151 - E/S0∗∗

493 ABELL1656:[GMP83]5461 194.0909 28.4870 6605 15.52 16.85 - 0.737 0.516 - Sa∗

151 RB260 194.7504 27.9675 8320 15.53 16.97 17.36 0.159 -0.003 E E
530 ABELL1656:[GMP83]0901 195.8803 28.0924 6330 15.53 17.00 - -0.838 0.122 - S0
480 ABELL1656:[GMP83]5912 193.8988 27.7672 6697 15.54 16.85 17.23 0.912 -0.203 - S0∗

146 RB214 194.7402 27.7854 6894 15.55 16.92 17.28 0.168 -0.185 SA0 S0
531 ABELL1656:[GMP83]1428 195.6333 28.4393 6028 15.56 16.97 - -0.618 0.469 S0/a Sa
415 ABELL1656:[GMP83]5256 194.1912 28.0516 6931 15.57 16.88 - 0.652 0.081 SB0 999
475 ABELL1656:[GMP83]1411 195.6365 27.2956 7577 15.60 17.03 - -0.628 -0.675 S0 S0∗∗

269 RB166 195.0364 28.1599 7447 15.60 17.07 17.30 -0.094 0.189 disk Sb
494 ABELL1656:[GMP83]5650 194.0150 28.4349 6870 15.60 16.88 - 0.805 0.464 - S0∗

9 ABELL1656:[GMP83]5696 193.9990 27.9552 6827 15.61 16.93 - 0.822 -0.015 - S0
423 ABELL1656:[GMP83]0612 196.0320 27.9649 5918 15.62 16.95 - -0.973 -0.006 - E∗

273 ABELL1656:[D80]040 195.0435 27.5951 5589 15.63 17.02 17.31 -0.101 -0.375 S0 S0∗

8 ABELL1656:[GMP83]5721 193.9894 27.9050 6687 15.64 17.01 - 0.831 -0.066 - S0/a∗

442 ABELL1656:[GMP83]6219 193.7534 27.4835 6997 15.66 16.96 - 1.044 -0.487 - Sa∗

272 MRK0060NED02 195.0426 27.8639 9902 15.66 16.93 17.20 -0.100 -0.107 SB0 E/S0∗∗

559 ABELL1656:[GMP83]6227 193.7309 29.0124 6416 15.68 16.98 - 1.049 1.042 - Sa/b∗∗

29 ABELL1656:[GMP83]5100 194.2678 27.7301 8881 15.68 16.97 17.24 0.586 -0.240 S0: Sb∗

219 ABELL1656:[GMP83]3298 194.9078 27.7769 6554 15.70 17.07 18.40 0.020 -0.194 - S0∗

474 ABELL1656:[GMP83]1635 195.5231 27.2973 7255 15.71 17.21 - -0.527 -0.673 S0 S0
182 RB271 194.8343 28.0744 7125 15.72 17.27 17.60 0.084 0.104 SB0 E/S0∗∗

523 ABELL1656:[GMP83]1564 195.5599 28.1016 6001 15.72 17.01 - -0.556 0.131 S0 S0/a∗

563 ABELL1656:[GMP83]3618 194.8196 27.1062 8604 15.74 17.12 - 0.098 -0.864 Sc+ Sbrst Sa
100 KUG1255+275 194.5778 27.3108 7389 15.76 16.69 16.49 0.313 -0.660 Irr Sbrst Sd∗∗

152 ABELL1656:[GMP83]3829 194.7568 27.5371 8539 15.77 17.19 17.45 0.154 -0.433 - E/S0∗

287 ABELL1656:[GMP83]2783 195.0774 27.8156 5294 15.80 17.18 17.50 -0.130 -0.155 - E/S0∗∗

157 RB261 194.7674 27.9592 6905 15.81 17.26 17.69 0.144 -0.011 E/SA0 S0∗

532 ABELL1656:[GMP83]1017 195.8326 28.6174 6016 15.81 17.21 - -0.792 0.647 - S0
376 ABELL1656:[D80]114 195.6329 27.9355 6637 15.81 17.20 - -0.621 -0.035 S0 S0∗∗

12 ABELL1656:[GMP83]5546 194.0610 27.5064 7451 15.82 17.20 17.66 0.771 -0.464 S0 S0∗

424 ABELL1656:[GMP83]0743 195.9605 28.0545 6412 15.82 17.13 - -0.909 0.084 - S0
236 RB055 194.9588 27.9249 9833 15.82 17.34 17.76 -0.025 -0.046 S E/S0∗∗

21 ABELL1656:[GMP83]5254 194.1976 27.2923 7787 15.83 17.28 - 0.651 -0.678 - E/S0∗

64 ABELL1656:[D80]201 194.4446 28.1408 6424 15.83 17.18 17.43 0.428 0.170 SAB0/a S0∗

548 ABELL1656:[GMP83]0159 196.3022 28.1526 6528 15.84 17.25 - -1.210 0.182 - S0
73 ASIAGO2236 194.4845 27.5813 4999 15.84 16.45 16.46 0.395 -0.389 Sa Sc/d
101 RB183 194.5800 27.7621 5434 15.84 17.16 17.41 0.310 -0.208 SA0 S0/a∗∗

506 ABELL1656:[GMP83]4470 194.5244 28.3710 7685 15.86 17.18 - 0.357 0.400 SA0/a S0
305 ABELL1656:[D80]083 195.1391 27.8243 8181 15.87 17.18 17.48 -0.185 -0.146 S0 S0/a∗

533 ABELL1656:[GMP83]0806 195.9369 28.5459 7726 15.87 17.32 - -0.884 0.575 - E/S0∗∗

254 RB160 195.0126 28.2403 7684 15.87 16.97 - -0.073 0.270 Sa Sc
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Table 4.1— (continued)

Nr. Name α δ cz r B U X Y NED Type
339 RB128 195.2893 28.0332 7128 15.88 17.28 17.64 -0.317 0.063 E E/S0
491 ABELL1656:[GMP83]5407 194.1186 28.0825 6936 15.89 17.23 - 0.716 0.112 E/S0 S0∗

431 UCM1256+2701 194.6662 26.7596 7424 15.90 16.61 - 0.236 -1.211 Irr HII Sd∗

109 FOCA0554 194.6064 28.1290 8473 15.92 16.93 16.97 0.285 0.158 - Sb
30 ABELL1656:[D80]034 194.2681 27.5260 8328 15.93 17.28 17.52 0.587 -0.445 S0 S0∗

295 ABELL1656:[GMP83]2721 195.0934 27.6237 7579 15.94 17.31 17.54 -0.145 -0.347 - S0∗

445 ABELL1656:[GMP83]6109 193.8078 27.7090 6660 15.94 17.31 17.66 0.993 -0.262 - S0∗∗

529 ABELL1656:[GMP83]1076 195.8026 28.1725 7250 15.95 17.35 - -0.769 0.202 S0 S0∗

37 ABELL1656:[GMP83]5032 194.2999 27.1034 7272 15.96 17.32 - 0.561 -0.867 - S0∗

81 ABELL1656:[GMP83]4519 194.5072 27.8536 5638 15.96 17.35 17.61 0.374 -0.117 S0 E/S0∗∗

63 ABELL1656:[D80]014 194.4405 27.4293 8318 15.97 17.20 17.47 0.434 -0.541 S0 S0∗∗

555 ABELL1656:[GMP83]2181 195.3158 28.8723 7096 15.98 17.39 - -0.338 0.902 - S0∗∗

238 RB060 194.9626 27.8331 7905 15.98 17.43 17.79 -0.029 -0.137 S0 S0∗

185 RB007 194.8392 27.9736 6411 15.98 17.36 17.64 0.080 0.003 SA0 S0∗∗

557 ABELL1656:[GMP83]1399 195.6482 28.7454 6127 15.98 20.22 - -0.630 0.775 - S0∗

89 ABELL1656:[GMP83]4479 194.5254 27.4190 5749 15.98 17.31 17.56 0.359 -0.552 S0 S0
93 ABELL1656:[GMP83]4420 194.5477 27.9400 8509 15.99 17.37 17.64 0.338 -0.031 E/S0 E∗

439 KUG1251+275 193.4395 27.2498 6900 16.02 17.30 - 1.325 -0.721 S S0∗

545 ABELL1656:[GMP83]0329 196.2054 28.6613 7837 16.03 17.33 - -1.119 0.691 - S0∗

103 RB239 194.5917 27.8923 7337 16.03 17.48 17.84 0.299 -0.078 S0 S0
432 ABELL1656:[GMP83]4463 194.5386 26.6643 7430 16.04 16.95 - 0.350 -1.306 - Sa
241 ABELL1656:[D80]085 194.9786 27.7960 8247 16.05 17.46 17.83 -0.043 -0.175 E E∗

213 ABELL1656:[D80]086 194.9041 27.8259 6231 16.06 17.47 17.77 0.023 -0.145 E E∗

461 ABELL1656:[GMP83]4961 194.3396 27.0230 8079 16.07 17.37 - 0.526 -0.948 - E/S0∗

473 ABELL1656:[GMP83]2235 195.2947 27.2465 6181 16.07 17.31 - -0.324 -0.724 - Sa/b∗∗

239 RB059 194.9646 28.0735 7457 16.08 17.49 17.86 -0.031 0.103 - E/S0∗∗

90 ABELL1656:[GMP83]4469 194.5285 27.5770 7452 16.08 17.42 17.69 0.356 -0.394 S0 Sb
229 RB047 194.9342 27.8677 6196 16.08 17.49 17.83 -0.004 -0.103 S0 E/S0∗∗

61 ABELL1656:[GMP83]4714 194.4302 27.5777 7209 16.09 17.42 17.69 0.443 -0.393 E/S0 E∗

537 ABELL1656:[GMP83]0631 196.0198 27.8506 6384 16.09 17.47 - -0.964 -0.120 - S0∗

515 ABELL1656:[GMP83]2719 195.0947 28.5746 6442 16.10 17.43 - -0.145 0.604 - Sb∗∗

360 ABELL1656:[GMP83]1885 195.4341 28.2144 7802 16.10 17.57 17.90 -0.444 0.244 S0 S0∗∗

141 RB210 194.7277 27.7957 6448 16.10 17.55 18.00 0.179 -0.175 - 999
333 ABELL1656:[GMP83]2385 195.2283 27.8421 7092 16.11 17.53 17.81 -0.264 -0.128 S0 S0∗

319 FIRSTJ130042.9+282455 195.1828 28.4163 6392 16.11 17.51 - -0.222 0.446 E 999
168 IC3960A 194.7902 27.8674 6892 16.11 17.56 17.96 0.124 -0.103 - E∗

398 ABELL1656:[GMP83]5362 194.1424 27.6875 6924 16.12 17.51 17.92 0.697 -0.283 E S0∗∗

66 ABELL1656:[D80]074 194.4495 27.7696 5809 16.12 17.44 17.74 0.425 -0.201 E 999
345 ABELL1656:[GMP83]2185 195.3137 27.6693 7085 16.12 17.50 - -0.340 -0.301 - S0∗

253 ABELL1656:[GMP83]3012 195.0063 27.7312 8064 16.13 17.23 17.50 -0.068 -0.239 - Sa∗∗

211 RB031 194.8971 27.8637 6417 16.14 17.57 17.88 0.029 -0.107 - E∗

440 ABELL1656:[GMP83]6690 193.4441 27.3859 8457 16.15 17.41 - 1.319 -0.585 - Sa/b∗

91 ABELL1656:[D80]029 194.5405 27.5495 7002 16.15 17.53 17.93 0.345 -0.421 E S0∗∗

114 ABELL1656:[GMP83]4210 194.6292 28.2337 7292 16.16 17.55 17.63 0.265 0.263 - E/S0∗

108 ABELL1656:[GMP83]4294 194.6056 27.2001 8045 16.16 17.41 17.68 0.289 -0.770 E/S0 Sa∗∗

245 FOCA0546 194.9841 27.7466 8865 16.16 17.08 17.21 -0.048 -0.224 S0/a Sa∗

177 ABELL1656:[GMP83]3588 194.8269 27.5136 6076 16.18 17.46 17.67 0.091 -0.457 S0 Sa/b
438 ABELL1656:[GMP83]6613 193.5249 27.0191 8505 16.18 17.55 - 1.252 -0.951 - S0∗∗

216 RB144 194.9062 28.1662 5714 16.20 17.59 17.81 0.021 0.196 Sb E/S0∗∗

278 RB090 195.0569 27.8672 7451 16.22 17.68 17.90 -0.112 -0.103 - 999
542 ABELL1656:[GMP83]0407 196.1539 28.2505 5467 16.23 17.63 - -1.078 0.280 S0 S0∗

173 FOCA0449 194.8122 28.2509 7483 16.23 17.16 17.36 0.104 0.280 - M/P∗

466 ABELL1656:[GMP83]4383 194.5650 27.0872 7754 16.24 17.55 - 0.325 -0.883 - S0/a∗

127 RB245 194.6625 27.9539 5978 16.25 17.58 17.92 0.236 -0.017 - S0/a∗

518 ABELL1656:[GMP83]2055 195.3613 28.4359 5776 16.27 17.66 - -0.379 0.465 - S0∗

453 ABELL1656:[GMP83]5742 193.9846 27.6100 6773 16.30 17.63 18.03 0.838 -0.361 - Sa∗∗

526 ABELL1656:[GMP83]0924 195.8752 28.2746 6682 16.30 17.68 - -0.832 0.304 S0 S0∗

167 RB226 194.7895 28.0410 7220 16.30 17.73 18.06 0.124 0.070 S0 S0∗

80 ABELL1656:[GMP83]4535 194.5033 27.4540 7653 16.31 17.70 18.10 0.379 -0.517 E/S0 E∗

429 CG0963 195.6071 28.8583 6681 16.31 17.15 - -0.593 0.888 Sb HII M/P
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Table 4.1— (continued)

Nr. Name α δ cz r B U X Y NED Type
128 RB198 194.6698 27.8270 6202 16.32 17.68 17.92 0.230 -0.144 SA0 S0∗

193 RB140 194.8576 28.1870 7718 16.32 17.73 18.00 0.064 0.216 E E∗

327 ABELL1656:[GMP83]2421 195.2131 27.7430 8126 16.33 17.65 18.82 -0.251 -0.228 S0 S0∗∗

505 ABELL1656:[GMP83]4296 194.5988 28.3290 8199 16.34 17.75 18.04 0.292 0.358 - E/S0∗

247 RB066 194.9902 28.0651 5798 16.35 17.77 18.04 -0.053 0.095 - E/S0∗

459 ABELL1656:[GMP83]5345 194.1498 27.7190 6614 16.37 17.65 17.92 0.691 -0.252 - Sa/b∗

497 ABELL1656:[GMP83]4872 194.3646 28.4398 7760 16.38 17.56 - 0.497 0.469 - S0∗∗

87 ABELL1656:[GMP83]4502 194.5147 27.6825 7209 16.38 17.83 18.23 0.368 -0.288 S0: S0∗

538 ABELL1656:[GMP83]0747 195.9602 28.1788 6483 16.39 17.78 - -0.908 0.208 - S0/a∗∗

520 FOCA0158 195.3786 28.5576 6809 16.39 17.40 - -0.394 0.587 - Sc∗

524 ABELL1656:[GMP83]1201 195.7474 28.2751 7784 16.40 17.85 - -0.720 0.305 S0 S0∗∗

260 RB165 195.0258 28.2521 7259 16.40 17.29 16.96 -0.084 0.282 - Sd
162 ABELL1656:[GMP83]3750 194.7786 27.7724 6339 16.41 17.83 18.29 0.134 -0.198 - E/S0∗∗

356 ABELL1656:[GMP83]1961 195.4022 27.7080 7915 16.42 17.75 - -0.418 -0.263 - S0∗

145 RB213 194.7359 27.8221 8535 16.44 17.68 17.87 0.172 -0.148 - S0/a∗∗

76 FOCA0636 194.4861 27.9919 4649 16.44 17.03 16.55 0.392 0.021 I Sc
191 RB011 194.8556 27.9346 7604 16.45 17.87 18.10 0.066 -0.036 - E/S0∗∗

298 ABELL1656:[GMP83]2659 195.1153 27.6253 5876 16.45 17.77 18.01 -0.164 -0.345 - E/S0∗∗

462 ABELL1656:[GMP83]5361 194.1501 26.9049 7909 16.45 17.72 - 0.696 -1.066 - S0/a∗∗

355 ABELL1656:[GMP83]1986 195.3910 27.9115 6327 16.45 17.77 18.28 -0.407 -0.059 - Sb∗∗

58 ABELL1656:[GMP83]4774 194.4050 28.0404 6414 16.46 17.74 17.88 0.463 0.070 - Sa/b∗∗

471 FOCA0762 194.9554 26.9746 6995 16.46 17.48 - -0.023 -0.996 - M/P∗∗

540 ABELL1656:[GMP83]0713 195.9767 28.3101 8016 16.46 17.16 - -0.922 0.340 - Sd
217 RB037 194.9083 28.0011 4924 16.47 17.86 18.18 0.019 0.030 - E/S0∗

546 ABELL1656:[GMP83]0140 196.3147 28.6266 6633 16.47 17.54 - -1.215 0.656 Sb E/S0∗∗

470 ABELL1656:[GMP83]2977 195.0192 27.0325 6841 16.48 17.76 - -0.079 -0.938 - S0∗

435 ABELL1656:[GMP83]3538 194.8421 26.7972 6380 16.49 17.69 - 0.078 -1.173 - S0∗∗

451 ABELL1656:[GMP83]5989 193.8608 27.6041 6824 16.49 17.80 18.14 0.947 -0.366 - S0∗∗

74 ABELL1656:[GMP83]4578 194.4855 27.3823 5193 16.49 17.76 18.18 0.395 -0.588 E/S0 E∗∗

292 ABELL1656:[GMP83]2753 195.0842 27.8435 7704 16.49 17.85 18.06 -0.136 -0.127 - S0∗∗

240 RB058 194.9658 28.0986 7601 16.51 17.95 18.27 -0.032 0.128 - E/S0∗∗

197 RB231 194.8638 27.7851 6618 16.51 17.89 18.14 0.059 -0.186 - S0∗

19 ABELL1656:[GMP83]5284 194.1766 27.5483 7573 16.51 17.76 17.99 0.668 -0.422 S0 S0
267 FOCA0514 195.0334 27.7733 8664 16.52 17.39 17.52 -0.092 -0.197 - S0/a∗∗

129 RB199 194.6777 27.7605 8686 16.53 17.25 17.41 0.223 -0.210 - M/P∗

70 ABELL1656:[GMP83]4602 194.4715 27.7073 6444 16.53 17.84 18.11 0.406 -0.263 - S0∗∗

507 ABELL1656:[GMP83]4328 194.5807 28.6987 5848 16.55 17.80 - 0.306 0.728 - S0/a∗∗

322 RB118 195.1893 27.8356 8765 16.56 17.91 18.11 -0.229 -0.135 S0 S0∗∗

237 RB153 194.9597 28.1444 6729 16.56 17.95 18.27 -0.026 0.174 - S0∗∗

511 ABELL1656:[GMP83]3537 194.8376 28.4415 6510 16.56 17.91 18.36 0.081 0.471 - S0∗

28 ABELL1656:[GMP83]5120 194.2608 27.6568 6788 16.57 17.84 18.10 0.593 -0.314 - Sa∗∗

349 RB131 195.3306 27.8606 8220 16.57 17.68 17.88 -0.354 -0.110 - E/S0∗∗

449 ABELL1656:[GMP83]5644 194.0288 27.3326 8125 16.58 17.93 18.25 0.801 -0.638 - Sb∗∗

348 ABELL1656:[GMP83]2145 195.3294 28.1282 6834 16.58 17.95 18.22 -0.352 0.158 - S0∗∗

102 ABELL1656:[GMP83]4330 194.5857 27.4295 7578 16.60 17.82 18.03 0.306 -0.541 S0: S0∗

536 ABELL1656:[GMP83]1266 195.7136 28.4824 7063 16.60 18.04 - -0.689 0.512 S0 S0∗

98 ABELL1656:[GMP83]4355 194.5725 28.0401 6205 16.61 17.93 18.13 0.316 0.070 - E/S0∗∗

550 ABELL1656:[GMP83]5821 193.9344 28.7549 8224 16.62 17.25 - 0.873 0.784 - Im∗∗

337 RB126 195.2702 27.8918 5774 16.62 18.09 18.51 -0.301 -0.079 - Sa∗

358 ABELL1656:[GMP83]1931 195.4129 28.2460 7599 16.65 17.99 19.26 -0.425 0.275 S0 S0∗

149 RB001 194.7479 27.9345 5722 16.65 18.02 18.37 0.161 -0.036 - S0/a∗∗

170 RB267 194.7982 28.0093 6942 16.65 18.04 18.31 0.116 0.039 - E/S0∗∗

49 ABELL1656:[GMP83]4888 194.3647 27.6363 8042 16.66 17.89 18.09 0.501 -0.334 - S0∗

41 ABELL1656:[GMP83]4967 194.3317 27.6139 7776 16.66 17.81 18.01 0.530 -0.357 - S0∗∗

51 ABELL1656:[GMP83]4852 194.3775 27.5431 7648 16.66 18.07 18.45 0.490 -0.427 - E/S0∗

500 FOCA0592 194.4594 28.1705 6925 16.67 17.28 17.09 0.415 0.200 - Sc∗

457 ABELL1656:[GMP83]4879 194.3674 27.7008 6469 16.68 19.22 18.25 0.498 -0.270 - S0∗∗

274 ABELL1656:[GMP83]2879 195.0464 28.0653 7387 16.69 18.05 18.30 -0.103 0.095 - E∗

516 ABELL1656:[GMP83]2565 195.1550 28.6643 7239 16.70 17.88 - -0.197 0.694 - S0∗∗

178 RB266 194.8266 27.7158 6681 16.70 18.03 18.36 0.092 -0.255 - E∗∗
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Table 4.1— (continued)

Nr. Name α δ cz r B U X Y NED Type
465 FOCA0827 194.6613 27.0134 7013 16.70 17.69 - 0.239 -0.957 - Sa∗

527 ABELL1656:[GMP83]0885 195.8905 28.2394 8149 16.72 18.65 - -0.846 0.269 S0 S0/a∗

296 ABELL1656:[GMP83]2692 195.1034 27.9267 7955 16.73 18.12 18.33 -0.153 -0.044 - Sa∗∗

99 ABELL1656:[GMP83]4348 194.5760 27.8485 7576 16.74 17.58 17.69 0.313 -0.122 - S0/a∗∗

84 ABELL1656:[GMP83]4510 194.5120 27.9784 6609 16.74 18.12 18.28 0.369 0.008 - S0∗∗

179 ABELL1656:[GMP83]3585 194.8274 27.5937 5779 16.75 17.65 17.78 0.091 -0.377 - E/S0∗∗

293 RB095 195.0904 27.8986 4890 16.75 18.12 18.41 -0.142 -0.072 - E/S0∗∗

45 ABELL1656:[GMP83]4937 194.3482 27.5500 6039 16.76 18.03 18.31 0.516 -0.421 - S0∗

55 ABELL1656:[GMP83]4815 194.3946 27.3103 7442 16.77 18.08 19.47 0.476 -0.660 - 999
528 ABELL1656:[GMP83]0864 195.9000 28.1671 6615 16.79 18.17 - -0.855 0.197 S0 S0∗∗

534 ABELL1656:[GMP83]1107 195.7910 28.4896 5385 16.80 18.08 - -0.757 0.519 S0 S0/a∗∗

499 ABELL1656:[GMP83]5288 194.1683 28.2177 8477 16.81 17.79 - 0.671 0.247 - S0/a∗∗

188 ABELL1656:[GMP83]3500 194.8525 27.5175 5882 16.82 18.03 18.18 0.069 -0.453 - E/S0∗∗

519 FOCA0195 195.3126 28.5218 8408 16.82 17.71 - -0.336 0.551 - Sb/c
38 ABELL1656:[GMP83]5012 194.3087 27.2539 5174 16.84 18.19 18.47 0.552 -0.717 S0 E/S0∗∗

252 RB071 195.0039 27.9456 6784 16.84 18.17 18.40 -0.065 -0.025 - E/S0∗∗

166 ABELL1656:[GMP83]3719 194.7879 27.8976 7812 16.85 18.22 18.50 0.126 -0.073 - 999
189 ABELL1656:[GMP83]3489 194.8544 27.9968 5507 16.86 18.24 18.59 0.067 0.026 - E/S0∗∗

250 RB068 194.9978 27.9406 6439 16.86 18.22 18.56 -0.060 -0.030 - E∗∗

468 ABELL1656:[GMP83]3593 194.8263 26.8898 5461 16.86 18.12 - 0.093 -1.081 - 999
289 ABELL1656:[GMP83]2777 195.0788 28.0094 6202 16.87 18.27 18.66 -0.131 0.039 - E
552 ABELL1656:[GMP83]3405 194.8756 28.7003 7112 16.88 18.23 - 0.048 0.730 - E
286 ABELL1656:[GMP83]2784 195.0774 28.0971 7838 16.88 18.25 18.40 -0.130 0.127 - 999
131 ABELL1656:[GMP83]4035 194.6898 27.7538 6665 16.88 18.17 18.47 0.213 -0.217 - E/S0∗∗

463 ABELL1656:[GMP83]4340 194.5846 26.9206 6957 16.88 18.01 - 0.308 -1.050 - S0∗∗

444 KUG1251+277A 193.4450 27.4876 5080 16.89 17.70 - 1.317 -0.483 S Sa/b∗∗

23 ABELL1656:[GMP83]5217 194.2118 27.6280 8113 16.90 18.11 18.33 0.636 -0.343 - E∗∗

492 ABELL1656:[GMP83]5486 194.0849 28.0508 7632 16.91 18.25 - 0.746 0.080 - E∗∗

370 ABELL1656:[GMP83]1599 195.5392 27.5894 6444 16.92 18.26 - -0.540 -0.381 - E∗∗

123 ABELL1656:[GMP83]4129 194.6533 27.8495 5991 16.94 18.38 18.72 0.245 -0.121 - E∗

503 ABELL1656:[GMP83]5329 194.1538 27.8849 6362 16.96 18.29 18.63 0.686 -0.086 - S0∗

447 ABELL1656:[GMP83]6057 193.8366 27.1498 6342 16.96 18.25 - 0.973 -0.821 - E/S0∗

106 RB240 194.5929 27.8845 4366 16.96 18.28 18.62 0.298 -0.086 - M/P∗

547 ABELL1656:[GMP83]0223 196.2772 28.6415 5451 16.96 17.98 - -1.182 0.671 Sb M/P∗

25 ABELL1656:[GMP83]5178 194.2332 27.4625 7627 16.98 18.31 18.55 0.618 -0.508 - E∗∗

368 ABELL1656:[GMP83]1636 195.5252 27.7652 7251 16.98 18.37 - -0.527 -0.205 - E∗

48 FOCA0748 194.3590 27.6594 5095 16.98 17.80 17.81 0.506 -0.311 - S0/a∗∗

180 ABELL1656:[GMP83]3565 194.8323 27.9735 7140 16.99 18.38 18.55 0.086 0.003 - E/S0∗∗

509 ABELL1656:[GMP83]3991 194.7040 28.5401 6216 17.00 18.22 - 0.199 0.570 - E/S0∗∗

206 ABELL1656:[GMP83]3383 194.8829 27.8614 4640 17.00 18.37 18.61 0.042 -0.109 - E∗∗

478 ABELL1656:[GMP83]1392 195.6451 27.4374 5468 17.01 18.17 - -0.635 -0.533 S0/a S0/a∗

543 ABELL1656:[GMP83]0597 196.0547 28.5427 8095 17.03 17.73 - -0.988 0.572 Sc Sb∗

307 ABELL1656:[GMP83]2585 195.1476 27.9429 7317 17.04 18.33 18.48 -0.192 -0.028 - S0∗∗

97 ABELL1656:[GMP83]4366 194.5689 27.8026 5715 17.04 18.41 18.67 0.319 -0.168 - S0/a∗∗

316 ABELL1656:[GMP83]2529 195.1718 28.0451 8826 17.05 18.39 18.71 -0.213 0.075 - E∗

228 ABELL1656:[GMP83]3204 194.9340 28.1764 8212 17.05 18.43 18.74 -0.004 0.206 - E∗

485 ABELL1656:[GMP83]5831 193.9392 27.7963 6856 17.05 18.36 19.88 0.876 -0.174 - E/S0∗∗

434 ABELL1656:[GMP83]3713 194.7924 26.7204 7411 17.06 18.02 - 0.123 -1.250 - Sb∗∗

119 ABELL1656:[GMP83]4175 194.6408 27.8368 4681 17.06 18.37 18.56 0.256 -0.134 - S0∗∗

256 RB163 195.0178 28.1559 6693 17.07 18.46 18.98 -0.077 0.185 - 999
75 ABELL1656:[GMP83]4577 194.4864 27.4427 7724 17.10 18.13 18.20 0.394 -0.528 - Sa∗∗

553 ABELL1656:[GMP83]2254 195.2898 29.0655 8288 17.10 17.80 - -0.315 1.095 - Im∗∗

476 ABELL1656:[GMP83]0968 195.8478 27.3070 5538 17.10 17.96 - -0.816 -0.664 - 999
483 ABELL1656:[GMP83]6050 193.8298 27.9252 6411 17.11 18.41 - 0.972 -0.045 - E/S0∗∗

32 ABELL1656:[GMP83]5095 194.2705 27.6775 7924 17.14 18.40 18.56 0.584 -0.293 - S0∗∗

33 ABELL1656:[GMP83]5076 194.2820 27.3406 7288 17.14 18.52 18.70 0.576 -0.630 - E/S0∗∗

556 ABELL1656:[GMP83]1698 195.4972 28.7094 5959 17.15 18.45 - -0.497 0.739 - E/S0∗∗

347 ABELL1656:[GMP83]2158 195.3244 28.0971 8030 17.16 18.50 18.86 -0.348 0.127 - S0/a∗∗

357 ABELL1656:[GMP83]1953 195.4056 28.0158 7179 17.16 18.55 18.85 -0.420 0.045 - E/S0∗∗

42 ABELL1656:[GMP83]4956 194.3404 27.4750 6902 17.17 18.56 18.86 0.523 -0.496 E E∗
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Table 4.1— (continued)

Nr. Name α δ cz r B U X Y NED Type
17 ABELL1656:[GMP83]5320 194.1603 27.5710 7596 17.18 18.42 18.65 0.682 -0.400 S0 S0/a∗∗

205 ABELL1656:[GMP83]3387 194.8817 28.1006 7420 17.19 18.50 18.81 0.043 0.130 - 999
11 ABELL1656:[GMP83]5673 194.0176 27.2857 5800 17.19 18.25 - 0.811 -0.685 - E/S0∗

338 ABELL1656:[GMP83]2289 195.2736 28.0621 7405 17.20 18.31 18.51 -0.303 0.092 - 999
231 FOCA0557 194.9431 27.7462 9811 17.20 18.08 18.28 -0.012 -0.224 - Sa∗∗

330 ABELL1656:[GMP83]2411 195.2189 27.8050 6966 17.22 18.61 18.77 -0.256 -0.166 - S0∗∗

521 ABELL1656:[GMP83]1730 195.4835 28.2890 7395 17.23 18.21 - -0.487 0.318 - S0/a∗∗

388 US0220 196.1308 28.3020 7795 17.24 18.09 - -1.057 0.331 - E∗∗

464 FOCA0834 194.6291 26.9948 7425 17.24 17.90 - 0.268 -0.976 - Sm
458 ABELL1656:[GMP83]4995 194.3140 27.7298 5535 17.24 18.46 18.66 0.545 -0.241 - Sa/b∗∗

350 ABELL1656:[GMP83]2129 195.3334 27.9611 7891 17.24 18.58 18.77 -0.356 -0.009 - E/S0∗∗

18 ABELL1656:[GMP83]5296 194.1707 27.4479 7310 17.24 18.57 18.89 0.674 -0.523 S0 S0/a∗∗

10 ABELL1656:[GMP83]5681 194.0081 27.6648 6148 17.24 18.40 18.55 0.816 -0.306 - 999
176 ABELL1656:[GMP83]3615 194.8177 27.9864 6317 17.25 19.06 19.24 0.099 0.016 - 999
277 ABELL1656:[GMP83]2856 195.0559 28.0533 8135 17.26 18.41 18.54 -0.111 0.083 - S0/a∗∗

303 ABELL1656:[GMP83]2626 195.1292 28.1084 5203 17.28 18.57 18.79 -0.176 0.138 - 999
172 ABELL1656:[GMP83]3645 194.8110 27.8956 6450 17.28 18.74 19.18 0.105 -0.075 - E∗

223 FOCA0430 194.9174 28.1794 5437 17.28 18.46 18.44 0.011 0.209 E Sa/b∗∗

161 ABELL1656:[GMP83]3765 194.7764 27.4937 8159 17.30 18.60 18.81 0.136 -0.477 - E
441 ABELL1656:[GMP83]6398 193.6543 27.3178 7522 17.31 18.64 - 1.133 -0.653 - 999
92 ABELL1656:[GMP83]4424 194.5463 27.8603 6873 17.33 18.75 18.99 0.339 -0.110 - E∗∗

235 ABELL1656:[GMP83]3166 194.9456 27.9919 8360 17.33 18.70 19.38 -0.014 0.021 - S0∗∗

69 ABELL1656:[GMP83]4630 194.4616 27.4910 7335 17.34 18.76 19.22 0.416 -0.480 E E∗

265 ABELL1656:[GMP83]2929 195.0312 27.9581 6267 17.35 18.37 19.45 -0.089 -0.012 - 999
132 ABELL1656:[GMP83]4029 194.6923 27.8608 8805 17.35 18.67 18.95 0.210 -0.110 - 999
450 ABELL1656:[GMP83]5465 194.0974 27.5441 7313 17.37 18.66 18.87 0.738 -0.426 - E∗∗

207 ABELL1656:[GMP83]3376 194.8838 27.9211 6815 17.38 18.84 18.97 0.041 -0.049 E S0∗∗

126 ABELL1656:[GMP83]4108 194.6609 27.9433 5575 17.40 19.41 19.93 0.238 -0.027 - Sa∗∗

130 ABELL1656:[GMP83]4034 194.6896 27.8800 8415 17.40 18.78 18.99 0.212 -0.091 - 999
136 ABELL1656:[GMP83]3969 194.7119 28.0071 7469 17.40 18.79 18.92 0.193 0.037 - E∗∗

375 ABELL1656:[GMP83]1471 195.6044 27.9722 7154 17.41 18.79 - -0.596 0.002 - Sa/b∗∗

501 FOCA0637 194.2702 28.2097 5128 17.42 18.03 - 0.581 0.239 - Sc/d∗

436 ABELL1656:[GMP83]3242 194.9232 26.7284 6973 17.42 18.76 - 0.006 -1.242 - 999
210 ABELL1656:[GMP83]3340 194.8966 27.9348 4193 17.45 18.75 18.94 0.030 -0.036 - E/S0∗∗

554 ABELL1656:[GMP83]1866? 195.4447 29.0764 6804 17.46 17.25 - -0.450 1.106 - M/P∗

472 ABELL1656:[GMP83]2656 195.1162 27.2718 7704 17.49 18.86 - -0.165 -0.699 - 999
443 ABELL1656:[GMP83]6299 193.7139 27.4945 6951 17.50 19.44 - 1.079 -0.476 - 999
115 ABELL1656:[GMP83]4215 194.6320 27.3950 7554 17.50 18.51 18.67 0.265 -0.576 S0 S0∗∗

342 ABELL1656:[GMP83]2232 195.2968 27.7425 7383 17.51 18.90 19.00 -0.325 -0.228 - S0∗∗

94 ABELL1656:[GMP83]4421 194.5486 27.5426 7152 17.52 18.78 19.04 0.338 -0.428 - Sa∗∗

79 ABELL1656:[GMP83]4539 194.4995 27.8525 7171 17.52 18.80 19.00 0.381 -0.118 - 999
59 ABELL1656:[GMP83]4768 194.4114 27.4553 7588 17.58 18.84 19.06 0.460 -0.515 - E/S0∗∗

291 ABELL1656:[GMP83]2764 195.0821 28.1215 6659 17.58 18.94 18.96 -0.134 0.151 - 999
214 ABELL1656:[GMP83]3312 194.9042 28.0186 7293 17.59 18.96 19.19 0.023 0.048 - E/S0∗∗

110 ABELL1656:[GMP83]4268 194.6129 27.7067 7001 17.60 18.89 19.11 0.281 -0.264 - E/SO∗∗

195 ABELL1656:[GMP83]3473 194.8603 27.8570 5061 17.62 18.97 19.12 0.062 -0.114 - E∗∗

96 ABELL1656:[GMP83]4381 194.5638 27.4649 7625 17.62 18.95 19.27 0.325 -0.506 - 999
140 ABELL1656:[GMP83]3939 194.7242 27.3887 7654 17.62 18.63 18.75 0.183 -0.582 - 999
460 ABELL1656:[GMP83]5343 194.1562 27.0706 9059 17.62 18.51 - 0.689 -0.900 - 999
508 ABELL1656:[GMP83]4025 194.6910 28.5431 6406 17.64 18.26 - 0.210 0.573 - Sa∗∗

144 ABELL1656:[GMP83]3898 194.7349 27.8036 7864 17.64 18.99 19.22 0.173 -0.167 - 999
215 ABELL1656:[GMP83]3311 194.9050 27.8706 6189 17.66 19.04 19.36 0.022 -0.100 - E/S0∗∗

467 FOCA0807 194.7095 27.0814 7929 17.67 18.63 - 0.196 -0.889 - 999
202 ABELL1656:[GMP83]3406 194.8762 28.0209 7166 17.68 19.02 19.32 0.047 0.050 - 999
282 ABELL1656:[GMP83]2799 195.0735 27.9876 6136 17.69 19.00 19.27 -0.127 0.017 - 999
495 ABELL1656:[GMP83]5237 194.1953 28.3594 6979 17.70 19.07 - 0.646 0.389 - 999
452 ABELL1656:[GMP83]5768 193.9709 27.5728 8296 17.70 18.65 18.72 0.850 -0.398 - 999
264 ABELL1656:[GMP83]2931 195.0296 27.9311 7726 17.71 19.08 19.29 -0.088 -0.039 - E∗∗

199 ABELL1656:[GMP83]3425 194.8720 27.8069 6710 17.71 19.02 19.24 0.051 -0.164 - 999
446 ABELL1656:[GMP83]6075 193.8308 27.0576 7274 17.71 19.04 - 0.979 -0.913 - 999
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Table 4.1— (continued)

Nr. Name α δ cz r B U X Y NED Type
113 ABELL1656:[GMP83]4217 194.6296 27.8956 6804 17.76 19.12 19.33 0.265 -0.075 - 999
433 ABELL1656:[GMP83]4453 194.5422 26.7768 6760 17.82 19.08 - 0.346 -1.194 - 999
212 ABELL1656:[GMP83]3325 194.8998 27.9062 8940 17.88 19.25 19.53 0.027 -0.064 - 999
6 ABELL1656:[GMP83]5909 193.9066 27.3415 6332 17.89 19.18 19.36 0.909 -0.629 - 999
535 FOCA0089 195.7261 28.5044 8205 17.94 18.48 - -0.700 0.534 - 999
60 ABELL1656:[GMP83]4749 194.4173 27.5411 7206 17.96 19.16 19.39 0.455 -0.429 - 999
502 ABELL1656:[GMP83]5257 194.1924 27.8179 5791 17.99 18.54 19.05 0.652 -0.153 - Sd∗

251 ABELL1656:[GMP83]3018 195.0042 27.9917 7619 17.99 19.43 19.93 -0.066 0.021 - 999
479 ABELL1656:[GMP83]6268 193.7215 27.8863 7061 18.00 18.64 - 1.068 -0.084 - 999
249 ABELL1656:[GMP83]3038 194.9969 27.6034 6635 18.01 19.10 19.18 -0.059 -0.367 - 999
456 ABELL1656:[GMP83]4887 194.3654 27.5371 7947 18.08 19.36 19.55 0.501 -0.433 - E∗∗

243 ABELL1656:[GMP83]3080 194.9822 27.9177 6677 18.09 19.50 19.79 -0.046 -0.053 - E∗∗

62 ABELL1656:[GMP83]4703 194.4374 27.1556 7191 18.09 19.40 19.59 0.438 -0.815 - 999
107 ABELL1656:[GMP83]4312 194.5937 27.5325 4776 18.10 19.34 19.43 0.298 -0.438 - S0/a∗∗

78 ABELL1656:[GMP83]4557 194.4926 27.6751 5291 18.10 19.36 19.49 0.387 -0.295 - S0∗∗

148 ABELL1656:[GMP83]3863 194.7476 27.4138 6584 18.11 19.70 19.89 0.162 -0.557 - 999
498 ABELL1656:[GMP83]5021 194.2956 28.4078 8089 18.13 19.50 - 0.558 0.437 - 999
372 ABELL1656:[GMP83]1543 195.5705 27.8457 7651 18.21 19.52 - -0.566 -0.125 - 999
150 ABELL1656:[GMP83]3848 194.7517 27.6441 8043 18.35 19.15 18.93 0.158 -0.326 - E∗∗

549 ABELL1656:[GMP83]5541 194.0493 28.9169 6890 18.48 19.44 - 0.771 0.946 - 999
504 ? 194.2703 27.7537 6784 18.69 21.46 - 0.584 -0.217 - 999
314 KUG1258+287 195.1694 28.5200 8907 19.21 19.48 - -0.210 0.549 S Sd∗

175 ABELL1656:[GMP83]3616 194.8138 27.7681 6315 19.38 19.72 19.99 0.103 -0.202 - 999
121 ABELL1656:[GMP83]4155 194.6471 27.4840 6443 19.50 19.96 19.62 0.251 -0.487 - 999

Table 4.1— Additional members from the Sloan Digital Sky Survey spectroscopic commis-
sioning survey.

Nr. Name α δ cz r B U X Y NED Type
566 ABELL1656:[GMP83]1368 195.6557 27.1761 5497 14.74 16.32 - -0.646 -0.794 - -
580 ABELL1656:[GMP83]6503 193.5928 27.0844 8427 14.75 16.40 - 1.191 -0.886 - -
578 ABELL1656:[GMP83]5526 194.0696 27.4462 6386 14.83 16.25 17.22 0.764 -0.524 SB0/a -
577 ABELL1656:[GMP83]4582 194.4862 27.0375 7419 15.06 16.47 - 0.395 -0.933 - -
569 ABELL1656:[GMP83]3622 194.8184 27.1581 6692 15.07 16.47 17.17 0.099 -0.812 - -
574 ABELL1656:[GMP83]3238 194.9222 27.6599 6742 15.14 16.55 17.40 0.007 -0.311 Sa -
571 ABELL1656:[GMP83]2948 195.0263 27.3008 7858 15.23 16.61 - -0.086 -0.670 S0/a -
576 ABELL1656:[GMP83]4209 194.6318 27.6736 6910 15.36 16.81 17.64 0.264 -0.297 E -
572 ABELL1656:[GMP83]2601 195.1398 27.5042 5602 15.70 16.54 16.74 -0.186 -0.466 I -
567 ABELL1656:[GMP83]2278 195.2759 27.3980 8109 15.74 17.11 - -0.307 -0.573 E -
582 ABELL1656:[GMP83]6474 193.6031 27.3641 7833 15.84 17.11 - 1.178 -0.606 - -
583 ABELL1656:[GMP83]6390 193.6561 27.6921 8453 16.05 17.41 - 1.128 -0.278 - -
573 ABELL1656:[GMP83]2688 195.1050 27.5524 7258 16.10 17.45 18.09 -0.155 -0.418 - -
570 ABELL1656:[GMP83]3310 194.9056 27.3361 6953 16.11 17.45 19.59 0.022 -0.634 S0 -
584 ABELL1656:[GMP83]6701 193.4337 27.7810 6640 16.13 17.43 - 1.324 -0.190 - -
581 ABELL1656:[GMP83]5676 194.0166 27.1506 7337 16.22 17.59 - 0.813 -0.820 - -
568 ABELL1656:[GMP83]2639 195.1219 27.3335 8408 16.23 17.09 - -0.170 -0.637 - -
579 ABELL1656:[GMP83]5850 193.9346 27.7167 7138 16.32 17.69 18.62 0.881 -0.254 - -
585 ABELL1656:[GMP83]6479 193.5947 27.7445 7102 16.32 17.62 - 1.182 -0.226 - -
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Table 4.2— Positions [J2000], identification numbers and names of all identified Coma clus-
ter members sorted on increasing R.A. Units of R.A. and Dec are hours, minutes and seconds
and degrees, arcminutes and arcseconds, respectively.

R.A. Dec Nr. Name R.A. Dec Nr. Name
12 53 44.08 27 46 51.4 584 ABELL1656:[GMP83]6701 12 56 14.63 27 30 23.0 12 ABELL1656:[GMP83]5546
12 53 45.49 27 14 59.1 439 KUG1251+275 12 56 16.70 27 26 46.3 578 ABELL1656:[GMP83]5526
12 53 46.57 27 23 9.3 440 ABELL1656:[GMP83]6690 12 56 19.79 27 45 4.1 412 CGCG160-023
12 53 46.79 27 29 15.5 444 KUG1251+277A 12 56 20.37 28 3 2.8 492 ABELL1656:[GMP83]5486
12 53 54.19 26 57 58.7 437 ABELL1656:[GMP83]6669 12 56 21.81 28 29 13.2 493 ABELL1656:[GMP83]5461
12 54 5.53 27 4 7.8 391 NGC4787 12 56 23.36 27 32 38.8 450 ABELL1656:[GMP83]5465
12 54 5.98 27 1 8.7 438 ABELL1656:[GMP83]6613 12 56 26.31 27 43 38.6 13 ABELL1656:[GMP83]5434
12 54 16.02 27 18 14.0 1 NGC4788 12 56 26.60 27 49 50.4 411 CGCG160-027
12 54 19.01 27 4 5.5 2 NGC4789 12 56 27.85 26 59 15.3 14 NGC4819
12 54 22.26 27 5 3.8 580 ABELL1656:[GMP83]6503 12 56 28.46 28 4 57.1 491 ABELL1656:[GMP83]5407
12 54 22.73 27 44 40.2 585 ABELL1656:[GMP83]6479 12 56 28.57 27 17 29.6 394 IC3913
12 54 24.74 27 21 50.8 582 ABELL1656:[GMP83]6474 12 56 29.13 26 57 25.4 392 NGC4821
12 54 32.94 28 22 36.1 3 CGCG159-114 12 56 29.81 27 56 24.3 410 ABELL1656:[GMP83]5397
12 54 37.03 27 19 4.2 441 ABELL1656:[GMP83]6398 12 56 32.06 27 3 20.0 401 ABELL1656:[GMP83]5395
12 54 37.46 27 41 31.5 583 ABELL1656:[GMP83]6390 12 56 34.18 27 41 15.1 398 ABELL1656:[GMP83]5362
12 54 51.33 27 29 40.3 443 ABELL1656:[GMP83]6299 12 56 34.19 27 32 20.5 15 NGC4824
12 54 53.16 27 53 10.5 479 ABELL1656:[GMP83]6268 12 56 34.65 27 13 39.7 399 KUG1254+274
12 54 53.69 28 25 1.1 409 CGCG159-119 12 56 35.19 28 16 31.7 16 [U76]125410.2+283246
12 54 55.14 27 24 46.6 4 NGC4798 12 56 35.94 27 43 8.3 459 ABELL1656:[GMP83]5345
12 54 55.42 29 0 44.6 559 ABELL1656:[GMP83]6227 12 56 36.01 26 54 17.5 462 ABELL1656:[GMP83]5361
12 55 0.82 27 29 0.6 442 ABELL1656:[GMP83]6219 12 56 36.91 27 53 5.6 503 ABELL1656:[GMP83]5329
12 55 13.88 27 42 32.3 445 ABELL1656:[GMP83]6109 12 56 37.48 27 4 14.3 460 ABELL1656:[GMP83]5343
12 55 19.14 27 55 30.7 483 ABELL1656:[GMP83]6050 12 56 38.46 27 34 15.6 17 ABELL1656:[GMP83]5320
12 55 19.38 27 3 27.2 446 ABELL1656:[GMP83]6075 12 56 40.38 28 13 3.6 499 ABELL1656:[GMP83]5288
12 55 20.02 27 52 0.3 481 ABELL1656:[GMP83]6043 12 56 40.97 27 26 52.3 18 ABELL1656:[GMP83]5296
12 55 20.77 27 8 59.3 447 ABELL1656:[GMP83]6057 12 56 42.38 27 32 53.9 19 ABELL1656:[GMP83]5284
12 55 22.56 28 28 4.8 414 CGCG160-016 12 56 43.54 27 2 5.2 20 ABELL1656:[GMP83]5283
12 55 25.09 27 47 54.3 5 CGCG160-015 12 56 45.89 28 3 5.8 415 ABELL1656:[GMP83]5256
12 55 26.60 27 36 14.6 451 ABELL1656:[GMP83]5989 12 56 46.17 27 49 4.5 502 ABELL1656:[GMP83]5257
12 55 27.82 27 39 22.2 455 CGCG1253.1+2756 12 56 46.87 28 21 33.9 495 ABELL1656:[GMP83]5237
12 55 29.12 27 31 17.0 395 NGC4807 12 56 47.41 27 17 32.3 21 ABELL1656:[GMP83]5254
12 55 30.63 27 32 39.4 396 NGC4807A 12 56 47.80 27 25 16.1 22 ABELL1656:[D80]017
12 55 34.10 27 50 30.4 482 ABELL1656:[GMP83]5926 12 56 49.67 27 5 38.3 400 CGCG160-031
12 55 35.72 27 46 1.9 480 ABELL1656:[GMP83]5912 12 56 50.65 28 55 47.7 426 KUG1254+291
12 55 37.58 27 20 29.5 6 ABELL1656:[GMP83]5909 12 56 50.82 27 37 40.7 23 ABELL1656:[GMP83]5217
12 55 41.33 27 15 3.0 393 IC3900 12 56 51.17 26 53 56.4 24 ARK395
12 55 44.26 28 45 17.4 550 ABELL1656:[GMP83]5821 12 56 53.14 27 55 46.5 416 ABELL1656:[GMP83]5191
12 55 44.29 27 43 0.1 579 ABELL1656:[GMP83]5850 12 56 55.95 27 27 45.1 25 ABELL1656:[GMP83]5178
12 55 45.39 27 47 46.8 485 ABELL1656:[GMP83]5831 12 56 56.59 28 37 24.3 496 ABELL1656:[GMP83]5160
12 55 46.75 28 8 38.6 490 ABELL1656:[GMP83]5813 12 57 1.61 29 3 45.4 27 CGCG160-035
12 55 47.75 28 15 22.4 486 ABELL1656:[GMP83]5801 12 57 1.73 27 22 19.8 26 ABELL1656:[GMP83]5136
12 55 49.00 27 54 21.5 7 ABELL1656:[GMP83]5799 12 57 2.59 27 39 24.4 28 ABELL1656:[GMP83]5120
12 55 53.01 27 34 22.0 452 ABELL1656:[GMP83]5768 12 57 4.27 27 43 48.4 29 ABELL1656:[GMP83]5100
12 55 56.29 27 36 35.9 453 ABELL1656:[GMP83]5742 12 57 4.35 27 31 33.6 30 ABELL1656:[D80]034
12 55 57.45 27 54 17.9 8 ABELL1656:[GMP83]5721 12 57 4.56 27 46 22.9 31 FOCA2009
12 55 59.76 27 57 18.6 9 ABELL1656:[GMP83]5696 12 57 4.84 28 12 34.8 501 FOCA0637
12 55 59.94 28 11 13.3 489 ABELL1656:[GMP83]5688 12 57 4.87 27 45 13.2 504 ?
12 56 1.54 28 2 18.7 413 ABELL1656:[GMP83]5678 12 57 4.92 27 40 38.8 32 ABELL1656:[GMP83]5095
12 56 1.95 27 39 53.3 10 ABELL1656:[GMP83]5681 12 57 7.68 27 20 26.1 33 ABELL1656:[GMP83]5076
12 56 3.60 28 26 5.4 494 ABELL1656:[GMP83]5650 12 57 9.45 27 27 59.6 34 CGCG160-037
12 56 3.97 27 9 2.0 581 ABELL1656:[GMP83]5676 12 57 10.78 27 24 18.1 35 FOCA0829
12 56 4.22 27 17 8.5 448 ABELL1656:[GMP83]5673 12 57 10.94 28 24 27.9 498 ABELL1656:[GMP83]5021
12 56 4.22 27 17 8.5 11 ABELL1656:[GMP83]5673 12 57 11.48 29 2 42.7 36 UGC08069
12 56 6.09 27 40 40.8 397 MRK0053 12 57 11.97 27 6 12.2 37 ABELL1656:[GMP83]5032
12 56 6.46 27 38 53.5 454 ABELL1656:[GMP83]5641 12 57 14.08 27 15 13.9 38 ABELL1656:[GMP83]5012
12 56 6.91 27 19 57.4 449 ABELL1656:[GMP83]5644 12 57 15.36 27 43 47.3 458 ABELL1656:[GMP83]4995
12 56 9.53 28 18 39.4 487 ABELL1656:[GMP83]5590 12 57 16.79 27 37 6.5 39 ABELL1656:[D80]056
12 56 9.90 27 50 39.5 484 ABELL1656:[GMP83]5599 12 57 17.85 27 48 39.5 40 FOCA0728
12 56 10.95 28 9 47.6 488 ABELL1656:[GMP83]5572 12 57 19.59 27 36 49.8 41 ABELL1656:[GMP83]4967
12 56 11.84 28 55 0.7 549 ABELL1656:[GMP83]5541 12 57 21.50 27 1 22.9 461 ABELL1656:[GMP83]4961
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Table 4.2— (continued)

R.A. Dec Nr. Name R.A. Dec Nr. Name
12 57 21.69 27 28 30.0 42 ABELL1656:[GMP83]4956 12 58 9.25 26 39 51.5 432 ABELL1656:[GMP83]4463
12 57 21.76 27 52 49.7 43 ABELL1656:[D80]112 12 58 9.37 28 42 31.3 427 CGCG160-058
12 57 23.50 27 45 58.9 44 ABELL1656:[D80]076 12 58 9.71 27 32 58.2 91 ABELL1656:[D80]029
12 57 23.56 27 32 59.8 45 ABELL1656:[GMP83]4937 12 58 10.12 26 46 36.5 433 ABELL1656:[GMP83]4453
12 57 24.35 27 29 52.5 564 NGC4839 12 58 11.11 27 51 36.9 92 ABELL1656:[GMP83]4424
12 57 25.26 27 24 16.8 46 MRK0055 12 58 11.45 27 56 24.0 93 ABELL1656:[GMP83]4420
12 57 25.82 27 32 46.1 47 CGCG160-040 12 58 11.66 27 32 33.2 94 ABELL1656:[GMP83]4421
12 57 26.15 27 39 33.9 48 FOCA0748 12 58 15.04 28 7 33.2 95 CGCG160-057
12 57 27.50 28 26 23.2 497 ABELL1656:[GMP83]4872 12 58 15.30 27 27 53.5 96 ABELL1656:[GMP83]4381
12 57 27.52 27 38 10.7 49 ABELL1656:[GMP83]4888 12 58 15.60 27 5 14.0 466 ABELL1656:[GMP83]4383
12 57 27.68 27 32 13.5 456 ABELL1656:[GMP83]4887 12 58 16.53 27 48 9.4 97 ABELL1656:[GMP83]4366
12 57 28.17 27 42 2.9 457 ABELL1656:[GMP83]4879 12 58 17.40 28 2 24.5 98 ABELL1656:[GMP83]4355
12 57 28.43 28 10 35.3 560 ABELL1656:[GMP83]4866 12 58 18.24 27 50 54.6 99 ABELL1656:[GMP83]4348
12 57 29.98 28 11 17.0 50 UGC08071 12 58 18.67 27 18 38.7 100 KUG1255+275
12 57 30.59 27 32 35.0 51 ABELL1656:[GMP83]4852 12 58 19.20 27 45 43.6 101 RB183
12 57 31.97 28 28 37.5 52 NGC4841A 12 58 19.36 28 41 55.4 507 ABELL1656:[GMP83]4328
12 57 32.84 27 36 37.2 53 NGC4840 12 58 20.29 26 55 14.2 463 ABELL1656:[GMP83]4340
12 57 33.85 28 28 56.1 54 NGC4841B 12 58 20.55 27 25 46.0 102 ABELL1656:[GMP83]4330
12 57 34.70 27 18 37.1 55 ABELL1656:[GMP83]4815 12 58 21.72 28 8 55.5 561 NGC4851
12 57 35.85 27 29 36.2 56 NGC4842A 12 58 21.83 27 58 4.0 104 NGC4850
12 57 36.13 27 29 5.7 57 NGC4842B 12 58 21.99 27 53 32.2 103 RB239
12 57 36.56 27 1 53.0 402 ABELL1656:[GMP83]4793 12 58 22.17 28 9 7.5 105 IC0839
12 57 37.20 28 2 25.5 58 ABELL1656:[GMP83]4774 12 58 22.29 27 53 4.1 106 RB240
12 57 38.73 27 27 19.0 59 ABELL1656:[GMP83]4768 12 58 22.49 27 31 56.8 107 ABELL1656:[GMP83]4312
12 57 40.15 27 32 27.9 60 ABELL1656:[GMP83]4749 12 58 23.71 28 19 44.2 505 ABELL1656:[GMP83]4296
12 57 43.05 26 51 9.0 403 CGCG160-045 12 58 25.34 27 12 0.3 108 ABELL1656:[GMP83]4294
12 57 43.24 27 34 39.7 61 ABELL1656:[GMP83]4714 12 58 25.53 28 7 44.4 109 FOCA0554
12 57 44.98 27 9 20.0 62 ABELL1656:[GMP83]4703 12 58 27.09 27 42 24.0 110 ABELL1656:[GMP83]4268
12 57 45.72 27 25 45.6 63 ABELL1656:[D80]014 12 58 28.41 27 33 33.8 111 KUG1256+278A
12 57 46.70 28 8 26.7 64 ABELL1656:[D80]201 12 58 30.22 28 0 53.4 112 CGCG160-065
12 57 47.31 27 50 0.0 65 CGCG160-047 12 58 30.27 28 51 32.2 551 ABELL1656:[GMP83]4213
12 57 47.88 27 46 10.4 66 ABELL1656:[D80]074 12 58 30.97 26 59 41.3 464 FOCA0834
12 57 48.08 27 52 58.9 67 CGCG160-048NED01 12 58 30.99 28 14 1.2 114 ABELL1656:[GMP83]4210
12 57 48.66 28 10 49.5 68 CGCG160-049 12 58 31.10 27 53 44.0 113 ABELL1656:[GMP83]4217
12 57 50.25 28 10 13.7 500 FOCA0592 12 58 31.62 27 40 24.9 576 ABELL1656:[GMP83]4209
12 57 50.63 27 52 46.2 417 CGCG160-048NED02 12 58 31.68 27 23 41.9 115 ABELL1656:[GMP83]4215
12 57 50.77 27 29 27.5 69 ABELL1656:[GMP83]4630 12 58 31.95 28 2 58.9 116 RB243
12 57 53.14 27 42 26.3 70 ABELL1656:[GMP83]4602 12 58 32.09 27 27 22.8 117 ABELL1656:[D80]020
12 57 53.96 28 29 59.4 71 ABELL1656:[D80]238 12 58 33.15 27 21 51.6 118 ABELL1656:[D80]008
12 57 54.41 27 29 26.6 72 ABELL1656:[D80]022 12 58 33.80 27 50 12.4 119 ABELL1656:[GMP83]4175
12 57 56.28 27 34 52.7 73 ASIAGO2236 12 58 35.20 27 35 47.3 120 NGC4853
12 57 56.52 27 22 56.2 74 ABELL1656:[GMP83]4578 12 58 35.30 27 29 2.2 121 ABELL1656:[GMP83]4155
12 57 56.65 27 59 30.7 76 FOCA0636 12 58 35.38 27 15 53.2 406 MRK0056
12 57 56.68 27 2 14.8 577 ABELL1656:[GMP83]4582 12 58 36.38 28 6 49.5 122 IC3943
12 57 56.74 27 26 33.6 75 ABELL1656:[GMP83]4577 12 58 36.39 27 6 15.0 404 CGCG160-066
12 57 57.78 28 3 40.9 77 KUG1255+283 12 58 36.79 27 50 58.1 123 ABELL1656:[GMP83]4129
12 57 58.21 27 40 30.3 78 ABELL1656:[GMP83]4557 12 58 37.26 27 10 35.3 124 MRK0057
12 57 59.89 27 51 9.0 79 ABELL1656:[GMP83]4539 12 58 38.42 27 32 39.0 125 ABELL1656:[D80]028
12 58 0.78 27 27 14.5 80 ABELL1656:[GMP83]4535 12 58 38.62 27 56 35.8 126 ABELL1656:[GMP83]4108
12 58 1.58 27 29 23.3 82 MCG+05-31-036 12 58 38.70 27 0 48.0 465 FOCA0827
12 58 1.72 27 51 12.8 81 ABELL1656:[GMP83]4519 12 58 38.99 27 57 14.0 127 RB245
12 58 2.39 26 51 34.2 83 UGC08080 12 58 39.88 26 45 34.3 431 UCM1256+2701
12 58 2.87 27 58 42.3 84 ABELL1656:[GMP83]4510 12 58 40.76 27 49 37.2 128 RB198
12 58 3.20 26 54 57.6 85 CGCG160-052 12 58 42.64 27 45 37.8 129 RB199
12 58 3.50 27 48 53.8 86 CGCG160-053 12 58 45.50 27 52 47.8 130 ABELL1656:[GMP83]4034
12 58 3.53 27 40 56.9 87 ABELL1656:[GMP83]4502 12 58 45.55 27 45 13.7 131 ABELL1656:[GMP83]4035
12 58 5.56 28 14 35.1 88 NGC4848 12 58 45.84 28 32 35.2 508 ABELL1656:[GMP83]4025
12 58 5.85 28 22 15.5 506 ABELL1656:[GMP83]4470 12 58 46.14 27 51 39.0 132 ABELL1656:[GMP83]4029
12 58 6.09 27 25 8.3 89 ABELL1656:[GMP83]4479 12 58 47.42 27 40 29.4 133 NGC4854
12 58 6.84 27 34 37.1 90 ABELL1656:[GMP83]4469 12 58 48.73 27 48 37.7 134 IC3946
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Table 4.2— (continued)

R.A. Dec Nr. Name R.A. Dec Nr. Name
12 58 48.95 28 32 24.2 509 ABELL1656:[GMP83]3991 12 59 22.11 26 47 49.7 435 ABELL1656:[GMP83]3538
12 58 50.28 27 4 53.0 467 FOCA0807 12 59 22.63 27 53 48.9 186 RB008
12 58 50.79 28 5 2.4 135 RB252 12 59 23.37 27 54 41.8 187 NGC4869
12 58 50.85 28 0 25.5 136 ABELL1656:[GMP83]3969 12 59 24.59 27 31 2.9 188 ABELL1656:[GMP83]3500
12 58 52.11 27 47 6.2 137 IC3947 12 59 24.96 27 44 19.8 190 RB230
12 58 53.05 27 48 48.5 138 RB209 12 59 25.05 27 59 48.5 189 ABELL1656:[GMP83]3489
12 58 53.47 28 7 34.2 139 ABELL1656:[D80]196 12 59 25.34 27 58 4.8 192 RB013
12 58 53.79 27 23 19.1 140 ABELL1656:[GMP83]3939 12 59 25.35 27 56 4.4 191 RB011
12 58 54.63 27 47 44.3 141 RB210 12 59 25.53 27 58 23.9 194 RB014
12 58 55.28 27 57 53.1 142 RB257 12 59 25.82 28 11 13.1 193 RB140
12 58 56.12 28 27 49.4 510 KUG1256+287A 12 59 26.47 27 51 25.0 195 ABELL1656:[GMP83]3473
12 58 56.21 27 50 1.4 143 IC3949 12 59 26.60 27 59 54.6 196 RB018
12 58 56.37 27 48 12.9 144 ABELL1656:[GMP83]3898 12 59 27.31 27 47 6.1 197 RB231
12 58 56.62 27 49 19.5 145 RB213 12 59 28.73 28 2 25.9 198 RB022
12 58 57.63 27 47 7.6 146 RB214 12 59 29.28 27 48 24.9 199 ABELL1656:[GMP83]3425
12 58 58.12 27 35 41.6 147 ABELL1656:[D80]042 12 59 29.42 27 51 0.6 200 IC3976
12 58 59.41 27 24 49.8 148 ABELL1656:[GMP83]3863 12 59 30.03 27 57 22.9 201 NGC4871
12 58 59.50 27 56 4.3 149 RB001 12 59 30.14 28 42 0.9 552 ABELL1656:[GMP83]3405
12 59 0.09 27 58 3.1 151 RB260 12 59 30.28 28 1 15.4 202 ABELL1656:[GMP83]3406
12 59 0.40 27 38 38.6 150 ABELL1656:[GMP83]3848 12 59 30.66 27 47 29.2 204 RB234
12 59 1.62 27 32 13.6 152 ABELL1656:[GMP83]3829 12 59 30.84 27 53 3.0 203 IC3973
12 59 1.82 28 13 31.3 153 CGCG160-214 12 59 31.61 28 6 2.0 205 ABELL1656:[GMP83]3387
12 59 1.86 26 48 56.6 154 NGC4859 12 59 31.90 27 51 40.8 206 ABELL1656:[GMP83]3383
12 59 2.08 28 6 56.9 155 NGC4858 12 59 32.11 27 55 15.9 207 ABELL1656:[GMP83]3376
12 59 3.91 28 7 25.7 156 NGC4860 12 59 32.78 27 59 1.1 208 NGC4873
12 59 4.17 27 57 33.1 157 RB261 12 59 34.12 27 56 48.9 209 NGC4872
12 59 4.66 27 54 39.6 158 RB262 12 59 35.18 27 56 5.2 210 ABELL1656:[GMP83]3340
12 59 5.37 27 38 39.6 159 MRK0058 12 59 35.29 27 51 49.3 211 RB031
12 59 6.05 27 59 48.3 160 IC3955 12 59 35.66 28 33 5.0 513 KUG1257+288A
12 59 6.33 27 29 37.2 161 ABELL1656:[GMP83]3765 12 59 35.71 27 57 34.3 562 NGC4874
12 59 6.86 27 46 20.7 162 ABELL1656:[GMP83]3750 12 59 35.96 27 54 22.2 212 ABELL1656:[GMP83]3325
12 59 7.50 27 46 4.0 163 IC3957 12 59 36.97 27 49 33.1 213 ABELL1656:[D80]086
12 59 7.96 27 51 17.9 164 IC3960 12 59 37.01 28 1 7.1 214 ABELL1656:[GMP83]3312
12 59 8.21 27 47 2.9 165 IC3959 12 59 37.19 27 52 14.1 215 ABELL1656:[GMP83]3311
12 59 9.08 27 53 51.3 166 ABELL1656:[GMP83]3719 12 59 37.35 27 20 9.9 570 ABELL1656:[GMP83]3310
12 59 9.48 28 2 27.4 167 RB226 12 59 37.48 28 9 58.2 216 RB144
12 59 9.64 27 52 2.7 168 IC3960A 12 59 37.86 27 46 36.7 219 ABELL1656:[GMP83]3298
12 59 10.18 26 43 13.3 434 ABELL1656:[GMP83]3713 12 59 37.91 27 54 26.6 218 NGC4875
12 59 10.31 27 37 12.0 169 RB224 12 59 38.00 28 0 3.7 217 RB037
12 59 11.56 28 0 33.5 170 RB267 12 59 38.31 27 59 13.9 220 RB038
12 59 13.72 27 24 8.9 405 CGCG160-074 12 59 39.64 27 57 14.2 222 RB040
12 59 13.93 28 4 34.6 171 CGCG160-223 12 59 39.82 27 34 36.8 221 KUG1257+278
12 59 14.63 27 53 44.3 172 ABELL1656:[GMP83]3645 12 59 40.17 28 10 45.7 223 FOCA0430
12 59 14.93 28 15 3.1 173 FOCA0449 12 59 40.25 27 58 5.7 224 RB042
12 59 15.25 27 58 14.8 174 NGC4867 12 59 41.33 27 39 35.5 574 ABELL1656:[GMP83]3238
12 59 15.32 27 46 5.2 175 ABELL1656:[GMP83]3616 12 59 41.33 28 30 26.0 512 ABELL1656:[GMP83]3234
12 59 16.24 27 59 11.0 176 ABELL1656:[GMP83]3615 12 59 41.57 26 43 42.2 436 ABELL1656:[GMP83]3242
12 59 16.42 27 9 29.2 569 ABELL1656:[GMP83]3622 12 59 42.29 27 55 29.2 225 CGCG160-233
12 59 16.70 27 6 22.3 563 ABELL1656:[GMP83]3618 12 59 43.72 27 59 41.1 226 RB045
12 59 18.30 26 53 23.2 468 ABELL1656:[GMP83]3593 12 59 44.15 28 10 34.8 228 ABELL1656:[GMP83]3204
12 59 18.38 27 42 56.8 178 RB266 12 59 44.21 27 52 3.6 229 RB047
12 59 18.45 27 30 49.0 177 ABELL1656:[GMP83]3588 12 59 44.21 27 57 30.2 227 RB046
12 59 18.57 27 35 37.2 179 ABELL1656:[GMP83]3585 12 59 44.41 27 54 44.9 230 NGC4876
12 59 19.74 27 58 24.7 180 ABELL1656:[GMP83]3565 12 59 46.11 27 51 26.0 232 CGCG160-235
12 59 19.87 28 5 3.5 181 NGC4865 12 59 46.33 27 44 46.3 231 FOCA0557
12 59 20.19 27 53 9.6 184 RB006 12 59 46.78 27 58 26.0 233 IC3998
12 59 20.20 28 11 52.5 183 RB136 12 59 46.95 27 59 31.0 235 ABELL1656:[GMP83]3166
12 59 20.22 28 4 27.9 182 RB271 12 59 47.16 27 42 37.1 234 CGCG160-079
12 59 21.03 28 26 29.5 511 ABELL1656:[GMP83]3537 12 59 49.29 26 58 28.7 471 FOCA0762
12 59 21.41 27 58 24.9 185 RB007 12 59 50.10 27 55 29.5 236 RB055
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Table 4.2— (continued)

R.A. Dec Nr. Name R.A. Dec Nr. Name
12 59 50.32 28 8 39.8 237 RB153 13 0 21.68 27 53 54.8 293 RB095
12 59 51.01 27 49 59.2 238 RB060 13 0 22.17 28 2 49.4 294 IC4026
12 59 51.50 28 4 24.7 239 RB059 13 0 22.41 27 37 25.2 295 ABELL1656:[GMP83]2721
12 59 51.79 28 5 54.9 240 RB058 13 0 22.71 28 34 28.3 515 ABELL1656:[GMP83]2719
12 59 54.38 26 49 12.1 469 ABELL1656:[GMP83]3100 13 0 24.82 27 55 36.2 296 ABELL1656:[GMP83]2692
12 59 54.86 27 47 45.7 241 ABELL1656:[D80]085 13 0 25.19 27 33 8.4 573 ABELL1656:[GMP83]2688
12 59 55.13 28 7 42.1 242 RB155 13 0 26.86 27 30 56.3 297 TT41
12 59 55.72 27 55 3.7 243 ABELL1656:[GMP83]3080 13 0 27.67 27 37 31.0 298 ABELL1656:[GMP83]2659
12 59 56.03 28 2 5.0 244 NGC4883 13 0 27.88 27 16 18.3 472 ABELL1656:[GMP83]2656
12 59 56.19 27 44 47.7 245 FOCA0546 13 0 27.98 27 57 21.8 299 RB099
12 59 56.71 27 55 48.9 246 RB064 13 0 28.41 27 58 20.8 300 RB100
12 59 57.63 28 3 54.3 247 RB066 13 0 29.24 27 30 53.9 301 KUG1258+277
12 59 57.75 28 14 48.4 248 NGC4881 13 0 29.24 27 20 0.4 568 ABELL1656:[GMP83]2639
12 59 59.26 27 36 12.1 249 ABELL1656:[GMP83]3038 13 0 30.78 28 20 46.9 302 NGC4896
12 59 59.48 27 56 26.3 250 RB068 13 0 30.99 28 6 30.2 303 ABELL1656:[GMP83]2626
13 0 0.92 27 56 44.1 252 RB071 13 0 32.53 27 45 58.2 304 ABELL1656:[D80]063
13 0 1.01 27 59 30.1 251 ABELL1656:[GMP83]3018 13 0 33.38 27 49 27.5 305 ABELL1656:[D80]083
13 0 1.50 27 43 52.2 253 ABELL1656:[GMP83]3012 13 0 33.55 27 30 15.0 572 ABELL1656:[GMP83]2601
13 0 3.02 28 14 25.0 254 RB160 13 0 33.69 27 38 16.4 306 KUG1258+279A
13 0 3.54 26 53 53.2 255 NGC4892 13 0 35.41 27 56 34.4 307 ABELL1656:[GMP83]2585
13 0 4.28 28 9 21.2 256 RB163 13 0 35.61 28 8 46.4 308 CGCG160-251
13 0 4.40 28 36 12.7 514 ABELL1656:[GMP83]2969 13 0 35.73 27 34 27.5 309 KUG1258+278
13 0 4.44 27 59 15.3 257 NGC4882 13 0 37.18 28 39 51.4 516 ABELL1656:[GMP83]2565
13 0 4.61 27 1 57.1 470 ABELL1656:[GMP83]2977 13 0 37.95 28 3 26.8 310 IC4040
13 0 5.40 28 1 28.2 258 RB074 13 0 38.78 28 0 52.8 311 RB110
13 0 5.54 27 48 27.9 259 CGCG160-240 13 0 39.68 29 1 10.5 313 IC0842
13 0 6.14 27 58 41.8 263 RB077 13 0 39.75 27 55 26.4 312 NGC4906
13 0 6.19 28 15 7.4 260 RB165 13 0 40.64 28 31 12.0 314 KUG1258+287
13 0 6.28 27 41 7.0 261 ABELL1656:[GMP83]2942 13 0 40.88 27 59 48.0 315 IC4041
13 0 6.31 27 18 2.9 571 ABELL1656:[GMP83]2948 13 0 41.23 28 2 42.4 316 ABELL1656:[GMP83]2529
13 0 6.38 28 0 15.0 262 IC4011 13 0 42.80 27 58 16.9 318 IC4042
13 0 7.10 27 55 51.8 264 ABELL1656:[GMP83]2931 13 0 42.86 27 57 47.6 317 RB113
13 0 7.48 27 57 29.2 265 ABELL1656:[GMP83]2929 13 0 43.87 28 24 58.7 319 FIRSTJ130042.9+282455
13 0 7.99 28 4 42.8 266 IC4012 13 0 44.24 28 20 14.3 320 CGCG160-089
13 0 8.02 27 46 23.7 267 FOCA0514 13 0 44.67 28 6 2.2 321 RB116
13 0 8.11 27 58 37.3 268 NGC4889 13 0 45.43 27 50 8.2 322 RB118
13 0 8.74 28 9 35.4 269 RB166 13 0 47.39 27 55 19.8 323 RB119
13 0 9.11 28 10 13.4 270 NGC4895A 13 0 48.67 28 5 26.6 324 IC4045
13 0 9.12 27 51 58.8 271 MRK0060 13 0 48.84 28 9 30.3 325 NGC4907
13 0 10.23 27 51 50.1 272 MRK0060NED02 13 0 49.96 27 24 21.3 326 UGC08122
13 0 10.43 27 35 42.4 273 ABELL1656:[D80]040 13 0 51.13 27 44 34.6 327 ABELL1656:[GMP83]2421
13 0 11.13 28 3 54.9 274 ABELL1656:[GMP83]2879 13 0 51.56 28 2 34.4 328 NGC4908
13 0 12.62 27 46 54.6 275 ABELL1656:[D80]064 13 0 52.08 28 21 58.1 329 CGCG160-091
13 0 12.87 28 4 31.8 276 RB087 13 0 52.54 27 48 18.0 330 ABELL1656:[GMP83]2411
13 0 13.40 28 3 11.9 277 ABELL1656:[GMP83]2856 13 0 54.16 27 47 1.8 331 ABELL1656:[D80]062
13 0 13.64 27 52 1.8 278 RB090 13 0 54.49 28 0 27.6 332 IC4051
13 0 14.75 28 2 28.7 279 IC4021 13 0 54.79 27 50 31.5 333 ABELL1656:[GMP83]2385
13 0 16.51 27 58 3.3 280 NGC4894 13 0 56.10 27 47 27.2 334 NGC4911
13 0 17.04 28 3 50.1 281 RB091 13 0 58.43 27 39 8.0 335 KUG1258+279B
13 0 17.65 27 59 15.4 282 ABELL1656:[GMP83]2799 13 0 59.27 27 53 59.7 336 CGCG160-261
13 0 17.68 27 57 19.1 283 NGC4898NED01 13 1 4.83 27 53 30.6 337 RB126
13 0 17.94 28 12 8.7 284 NGC4895 13 1 5.65 28 3 43.7 338 ABELL1656:[GMP83]2289
13 0 18.09 27 57 23.7 285 NGC4898NED02 13 1 6.21 27 23 52.7 567 ABELL1656:[GMP83]2278
13 0 18.57 28 5 49.6 286 ABELL1656:[GMP83]2784 13 1 9.06 28 21 35.3 517 ABELL1656:[GMP83]2259
13 0 18.58 27 48 56.0 287 ABELL1656:[GMP83]2783 13 1 9.25 27 49 6.2 340 CGCG160-092
13 0 18.75 27 56 13.6 288 RB094 13 1 9.44 28 1 59.3 339 RB128
13 0 18.90 28 0 33.6 289 ABELL1656:[GMP83]2777 13 1 9.55 29 3 55.8 553 ABELL1656:[GMP83]2254
13 0 19.12 27 33 13.8 290 NPM1G+27.0395 13 1 10.71 27 48 10.4 341 CGCG160-093
13 0 19.69 28 7 17.4 291 ABELL1656:[GMP83]2764 13 1 10.73 27 14 47.4 473 ABELL1656:[GMP83]2235
13 0 20.21 27 50 36.6 292 ABELL1656:[GMP83]2753 13 1 11.23 27 44 33.1 342 ABELL1656:[GMP83]2232



83 COMA CLUSTER GALLERY

Table 4.2— (continued)

R.A. Dec Nr. Name R.A. Dec Nr. Name
13 1 12.33 27 36 16.1 343 ABELL1656:[D80]037 13 3 0.85 28 1 57.1 381 NGC4931
13 1 13.64 27 54 51.7 344 RB129 13 3 5.23 27 47 3.3 382 ABELL1656:[GMP83]1134
13 1 15.01 28 31 18.6 519 FOCA0195 13 3 9.75 28 35 0.8 422 CGCG160-119
13 1 15.28 27 40 9.4 345 ABELL1656:[GMP83]2185 13 3 9.84 28 29 22.5 534 ABELL1656:[GMP83]1107
13 1 15.79 28 52 20.4 555 ABELL1656:[GMP83]2181 13 3 12.61 28 10 21.0 529 ABELL1656:[GMP83]1076
13 1 17.62 27 48 32.9 346 NGC4919 13 3 13.67 27 22 8.6 477 ABELL1656:[GMP83]1060
13 1 17.85 28 5 49.4 347 ABELL1656:[GMP83]2158 13 3 16.24 28 1 49.7 418 NGC4934
13 1 19.05 28 7 41.6 348 ABELL1656:[GMP83]2145 13 3 19.82 28 37 2.6 532 ABELL1656:[GMP83]1017
13 1 19.34 27 51 38.2 349 RB131 13 3 21.56 28 18 32.9 525 ABELL1656:[GMP83]1001
13 1 20.00 27 57 39.9 350 ABELL1656:[GMP83]2129 13 3 22.80 27 56 9.2 383 ABELL1656:[GMP83]0983
13 1 22.83 28 11 46.6 351 ABELL1656:[D80]204 13 3 23.47 27 18 25.1 476 ABELL1656:[GMP83]0968
13 1 25.10 28 40 38.0 352 KUG1259+289 13 3 25.35 28 0 50.8 419 ABELL1656:[GMP83]0960
13 1 26.35 27 53 10.5 565 NGC4921 13 3 30.04 28 16 28.6 526 ABELL1656:[GMP83]0924
13 1 26.70 28 26 9.2 518 ABELL1656:[GMP83]2055 13 3 31.26 28 5 32.5 530 ABELL1656:[GMP83]0901
13 1 27.16 27 59 57.3 353 RB133 13 3 33.72 28 14 21.9 527 ABELL1656:[GMP83]0885
13 1 30.85 28 33 27.3 520 FOCA0158 13 3 35.99 28 10 1.4 528 ABELL1656:[GMP83]0864
13 1 31.83 27 50 51.2 354 NGC4923 13 3 44.84 28 32 45.3 533 ABELL1656:[GMP83]0806
13 1 33.83 27 54 41.2 355 ABELL1656:[GMP83]1986 13 3 44.97 28 5 3.7 421 NGC4943
13 1 36.52 27 42 28.9 356 ABELL1656:[GMP83]1961 13 3 49.97 28 11 9.0 384 NGC4944
13 1 37.35 28 0 56.9 357 ABELL1656:[GMP83]1953 13 3 50.44 28 10 43.7 538 ABELL1656:[GMP83]0747
13 1 39.08 28 14 45.5 358 ABELL1656:[GMP83]1931 13 3 50.52 28 3 16.2 424 ABELL1656:[GMP83]0743
13 1 43.39 29 2 40.8 359 IC4088 13 3 50.81 27 59 18.0 385 IC4133
13 1 43.97 28 59 58.6 428 ABELL1656:[GMP83]1892 13 3 54.41 28 18 36.3 540 ABELL1656:[GMP83]0713
13 1 44.18 28 12 51.7 360 ABELL1656:[GMP83]1885 13 3 54.85 28 11 15.6 539 ABELL1656:[GMP83]0709
13 1 46.21 27 57 28.4 361 ABELL1656:[D80]115 13 4 4.75 27 51 2.1 537 ABELL1656:[GMP83]0631
13 1 46.73 29 4 35.0 554 ABELL1656:[GMP83]1866? 13 4 7.68 27 57 53.5 423 ABELL1656:[GMP83]0612
13 1 48.40 27 36 14.2 362 ABELL1656:[D80]036 13 4 10.14 28 14 52.5 425 CGCG160-125
13 1 50.25 27 53 36.9 363 CGCG160-100 13 4 10.23 29 0 55.6 558 ABELL1656:[GMP83]0611
13 1 53.75 27 37 27.9 364 NGC4926 13 4 11.23 27 29 25.7 408 KUG1301+277
13 1 56.03 28 17 20.4 521 ABELL1656:[GMP83]1730 13 4 13.13 28 32 33.5 543 ABELL1656:[GMP83]0597
13 1 57.60 28 0 21.2 365 NGC4927 13 4 17.94 29 1 46.5 430 NGC4949
13 1 59.32 28 42 33.7 556 ABELL1656:[GMP83]1698 13 4 18.44 28 28 5.7 386 TT19
13 2 0.15 27 46 57.9 366 KUG1259+280 13 4 22.74 28 48 38.7 387 KUG1301+290
13 2 1.07 27 39 10.9 367 ABELL1656:[D80]048 13 4 26.59 27 18 15.9 407 KUG1302+275
13 2 5.55 27 17 50.3 474 ABELL1656:[GMP83]1635 13 4 31.38 28 18 7.0 388 US0220
13 2 6.04 27 45 54.6 368 ABELL1656:[GMP83]1636 13 4 35.72 28 37 40.2 544 KUG1302+288A
13 2 7.97 27 38 54.8 369 NGC4926A 13 4 36.94 28 15 1.8 542 ABELL1656:[GMP83]0407
13 2 9.39 27 35 21.7 370 ABELL1656:[GMP83]1599 13 4 49.29 28 39 40.8 545 ABELL1656:[GMP83]0329
13 2 11.81 28 10 22.3 522 ABELL1656:[GMP83]1582 13 4 49.39 28 16 10.1 541 ABELL1656:[GMP83]0322
13 2 12.83 28 12 54.1 371 KUG1259+284 13 5 2.54 28 44 20.6 389 ABELL1656:[GMP83]0251
13 2 14.37 28 6 5.7 523 ABELL1656:[GMP83]1564 13 5 6.52 28 38 29.2 547 ABELL1656:[GMP83]0223
13 2 16.92 27 50 44.5 372 ABELL1656:[GMP83]1543 13 5 12.53 28 9 9.2 548 ABELL1656:[GMP83]0159
13 2 21.53 28 13 50.8 373 CGCG160-110 13 5 15.53 28 37 35.5 546 ABELL1656:[GMP83]0140
13 2 21.65 28 15 21.8 374 CGCG160-111 13 5 48.87 28 6 23.6 390 ABELL1656:[vCG93]2587
13 2 25.05 27 58 19.9 375 ABELL1656:[GMP83]1471
13 2 25.69 28 51 29.7 429 CG0963
13 2 31.90 27 56 7.8 376 ABELL1656:[D80]114
13 2 31.98 28 26 21.5 531 ABELL1656:[GMP83]1428
13 2 32.75 27 17 44.1 475 ABELL1656:[GMP83]1411
13 2 34.81 27 56 56.7 377 ABELL1656:[D80]113
13 2 34.81 27 26 14.6 478 ABELL1656:[GMP83]1392
13 2 35.57 28 44 43.4 557 ABELL1656:[GMP83]1399
13 2 37.36 27 10 34.0 566 ABELL1656:[GMP83]1368
13 2 38.30 28 6 51.0 378 IC4106
13 2 40.84 28 22 16.6 379 CGCG160-114
13 2 51.25 28 28 56.7 536 ABELL1656:[GMP83]1266
13 2 52.77 27 51 59.8 380 CGCG160-115
13 2 54.25 28 30 15.7 535 FOCA0089
13 2 56.59 28 4 13.7 420 IC4111
13 2 59.37 28 16 30.4 524 ABELL1656:[GMP83]1201
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364           004         014          381          284          395          255         332

268           565         002          562          564          384          052         334

325           154         156           120         181          365          354         248

346           005         257          302          329          036          283         083

054           053         088          393          187          328          359         313

234           112         133          324          056         174          392           201

418          318          001          455          134          104          003         203

165          034          326          050          312          404          385         208

244          153          391          422          380          425          122         209

160          421          230          411          024          379          373          027

Figure 4.16— Color representations of all spectroscopically confirmed cluster members. The
images span 1′ × 1′ or 20.3 × 20.3 h−1

100 kpc.
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 410          067         405          369          412         409          352          363

 200          164         427          403          484         159          426          294

 171          320         430          015          336         085          082          233

 400          218         047          137          163         315          266          068

 561          310         560          420          311         374          151          095

 394          086          414          279         496          259          401          317

   290           035         366          402         270          308          143          340

 065           016         232          341         285          407          124          280

 419           387         371          147         377          481          428          262

 044           309         300          397         118          007          276          513

Figure 4.16— (continued)
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383          057        226           155          077         416          386          297

408          517        331           190          117         539          072          437

246          306        299           335          071         551          242          417

361          026        378           046          367         184          389          413

194          186        135           323          139         406          390          382

261          396        142           281          225         169          039          271

512          486        362           105          158         514          477          399

125          192        263           343          454         043          222          321

198          301        544           482          111         040          558          013

488          510        227           304          344         487          020          220

Figure 4.16— (continued)
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 490          522          288         489          116          275          353          221

 196          525          138         031          204          258          183          022

 224          541          469         493          530          151          480          146

 531          415          269         494          475          009          423          273

 008          442          272         029          559          219          474          182

 523          563          100         152          287          532          376          157

 236          424          012         021          064          101          073          548

 506          254          305         533          339          491          431          109

 030          445          295         529          081          037          063          238

 555          185          089         557          093          439          103          545

Figure 4.16— (continued)
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432          241          213          473          461          239          229          090

061          537          360          141          515          168          333          319

398          066          345          253          211          440          091          245

114          108          438          177          216          278          173          542

466          127          518          526          453          167          429          080

193          128          327          505          247          459          497          087

538          520          524          260          162          356          076          145

462          191          355          298          471          058          540          217

546          470          451          435          074          292          240          197

019          267          070          129          507          511          237          322

Figure 4.16— (continued)
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 028          349          449         348          102          536          098          337     

 550          358          170         149          051          049          041          500     

 457          274          465         178          516          527          298          099     

 084          179          293         045          055          528          534          499     

 188          519          252         038          166          250          468          189     

 289          552          463         286          131          444          023          492     

 370          123          503         447          106          547          025          048     

 368          180          509         206          478          543          097          307     

 485          228          316         119          434          256          476          075     

 553          483          033         032          556          357          347          042     

Figure 4.16— (continued)
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017           448          205          011         231          338          330          521

464           458          388          350         010          018          176          277

223           172          303          161         441          235          092          069

265           132          450          207         126          136          130          375

501           436          210          554         472          115          443          342

094           079          059          291         214          110          460          195

096           140          508          144         215          467          202          282

495           452          446          199         264          113          433          212

006           535          060          502         251          479          249          456

062           243          107          078         148          498          372          150

Figure 4.16— (continued)
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549           504          314          175          121

Figure 4.16— (continued)

  566          580          578         577          569         574           571         576  

  572          567          582         583          573         570           584         581  

  568          579          585       

Figure 4.16— Additional members from new redshift measurements of the Sloan Digital Sky
Survey spectroscopic commissioning survey.
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5
A Blind H I Survey of the Coma Cluster

of Galaxies
M. Beijersbergen & J. M. van der Hulst

ABSTRACT — We have begun to use the Westerbork Synthesis Radio Telescope
(WSRT) to start an unbiased census of the H I in galaxies in the Coma cluster. Observa-
tions of 2.94×2.05 degrees covering the south-west quadrant have yielded 24 detections.
For 14 galaxies this is their first detection in H I and for 11 galaxies cluster membership
is established for the first time. The detected galaxies span a range of H I masses from
5 × 108 h−2

70 M� to 1.6 × 1010 h−2
70 M� and have quite different global properties. In

particular the low H I content and very disturbed H I morphology of NGC 4921 strongly
indicates an interaction with the intracluster medium. Overall, the cluster center is defi-
cient in galaxies with measurable H I masses and we observe a weak trend of increasing
H I masses at larger distances to the cluster center. The velocity distribution of the galax-
ies detected in H I has a bimodal shape. Most galaxies are found to have either a higher or
a lower velocity than the mean cluster velocity. The H I data seem to support a scenario
of spiral galaxies being an infalling, non-relaxed and gas-rich field population. By using
known positions and velocities of galaxies in the volume surveyed we stacked spectra of
specific subsamples. The NGC 4839 group has a mean H I content below 3.7× 108 h−2

70

M�. Episodes of star formation in the starburst (SB) and post-starburst (PSB) galaxies
have lowered the mean H I content of these galaxies below 5× 108 h−2

70 M�. We extract
spectra of galaxies with morphological types later than S located within the boundaries
set by our survey parameters and find an average H I mass of (1.0± 0.3)× 108 h−2

70 M�.



CHAPTER 5. A BLIND H I SURVEY OF THE COMA CLUSTER OF GALAXIES 94

5.1 Introduction

Clusters of galaxies are important in many ways. Galaxy clusters can be seen as laboratories
in which many of the processes that drastically change the nature of a galaxy take place.
Examples of the effects that occur are: mergers – thought to be responsible for morphological
changes of galaxies – but also less dramatic interactions such as tidal stripping or triggering
of starbursts. It is this laboratory aspect of the Coma cluster that we want to use for a study
addressing the evolution of gas-rich (disk) galaxies.

H I studies of different environments from dense clusters, through superclusters, low den-
sity regions and voids (Cayatte et al. 1994; Szomoru et al. 1996; Verheijen 1997; Bravo-
Alfaro et al. 2000, 2001, hereafter BA2000 and BA2001) have already revealed a huge
range in galaxy properties and evolutionary states. Coma, the richest of the nearby clus-
ters (z = 0.023), appears to be a close equivalent to clusters at higher redshift. The presence
of blue disk galaxies and galaxies with E+A type spectra (Caldwell et al. 1993; Quillen et al.
1999), make Coma the perfect link between distant and nearby clusters. The once generally
accepted view of Coma being a relaxed, virialized cluster can no longer be upheld. A number
of studies have shown that Coma is still in the process of formation. X-ray satellites imag-
ing the hot intracluster plasma in Coma opened a new window on its structure and revealed
substructures on various scales (White et al. 1993; Briel et al. 2001; Arnaud et al. 2001).
The best example of Coma still being in the process of virialization is the group of galaxies
surrounding NGC 4839 located ∼ 40′ south-west from the cluster center. This group is either
falling in for the first time (Colless & Dunn 1996; White et al. 1993; Neumann et al. 2001)
or may already have made one pass through the center (Burns et al. 1994; BA2000).

Despite numerous observations, many aspects of both the dynamics of the Coma cluster
and of its galaxy population remain unexplained. Most studies to date have focused on the
inner regions. One of the most notable pieces of information that is as yet unavailable, is a
proper, unbiased, H I survey of the entire Coma area. The central 1.2 × 1.2 degrees have re-
cently been observed with the Very Large Array (VLA) by BA2000 and BA2001 with pointed
observations positioned on the brightest spiral galaxies with a relatively small bandwidth of
6.25 MHz. The 19 detected galaxies already show quite a variety in their properties: stripped
H I disks, blue disk galaxies with quite a range in H I content and galaxies with low surface
brightness companions. Although this study is biased towards optically bright galaxies and
only covers a small fraction of the entire volume that Coma entails, it clearly shows the power
of H I imaging for the study of disk galaxies in various environments.

We have used the upgraded Westerbork Synthesis Radio Telescope (WSRT) to begin a
blind survey in the redshifted H I line of over 2.94 × 2.05 degrees of the Coma cluster area.
Our H I survey complements a large photometric survey of Coma conducted with the Wide
Field Camera (WFC) on the Isaac Newton Telescope (INT) (Beijersbergen et al. 2002). H I

observations often add crucial information to a picture based on optical photometry. H I imag-
ing provides unique information such as gas fractions and gas surface density distributions and
is an excellent tracer, in combination with optical data, of the evolutionary state of a galaxy
and the effects of the environment (ram pressure stripping, gravitational interactions). Our H I

data set is unique in that it provides a uniform H I database for a range of environments and
can be used to address a large number of interesting questions. In this chapter we focus on the
neutral hydrogen contents of the galaxies in the Coma cluster from the core to the periphery of
the cluster. We analyze the H I data in relation to the local environment and optical properties
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Table 5.1— Positions of the 9 fields (J2000).

Field α (h m s) δ (d m s)
1 12 57 51.00 27 50 10.0
2 12 57 51.00 27 14 56.8
3 12 57 51.00 26 39 43.6
4 12 53 52.03 27 50 10.0
5 12 53 53.30 27 14 56.8
6 12 53 54.54 26 39 43.6
7 12 49 53.05 27 50 10.0
8 12 49 55.60 27 14 56.8
9 12 49 58.07 26 39 43.6

of the galaxies.

5.2 Observations and reduction

We surveyed 2.94 × 2.05 degrees of the Coma cluster with the WSRT in mosaicing mode.
We observed 9 fields of 12 pointings each with ∆δ, ∆α steps of 0.3 degrees (approximately
0.5 FWHM) (Fig. 5.1). The coordinates of all field positions are listed in Table 5.1. Each field
was observed four times; 1) starting at pointing 0 centered at v = 6153.5 km/s, 2) starting at
pointing 0 centered at v = 8019.4 km/s, 3) starting at pointing 6 centered at v = 6153.5 km/s
and 4) starting at pointing 6 centered at v = 8019.4 km/s, all with 128 channels of 78.125
KHz giving a total bandwidth of 10 MHz per observation. For calculations of heliocentric
velocities we adopt the optical definition. Each field was cycled through once per 12 minutes
for a period of 12 hours giving a total effective integration time per pointing of 50 min. The
data were calibrated using two of the external calibrator sources 3C147, 3C286, 3C48 and
3C295 which were observed before and after each 12 hour observation. The total integration
time for the survey completed so far amounts to 372 hours with an effective bandwidth of
over 17 MHz over 220 channels. A summary of global observing parameters is provided
in Table 5.2. The layout of the observations is shown in Fig. 5.2 where the filled symbols
represent WSRT pointings and spectroscopically confirmed Coma galaxies identified in our
photometric survey are indicated as boxes. We also sketch the extent of the X-ray emission
in the 0.5–2 keV band from Vikhlinin et al. (1997). Note that the H I survey extends to much
larger cluster radii than the optical survey and the X-ray emission.

The calibration and imaging was done using the NEWSTAR package. In total the obser-
vations resulted in 372 data cubes that after calibration had to be flagged for shadowing, bad
telescopes, electromagnetic interference (EMI) etc. This is very time consuming, since only
strongly polarized EMI can be found and removed in an automated fashion by comparing
the data in the two polarized channels. In the end all data sets were inspected and flagged
manually.

For each pointing a model of the strongest continuum sources in the field was made and
subtracted before the Fourier inversion. Inspection of these cubes already yielded the detec-
tion of the ∼ 10 most massive galaxies.

High quality U , B and r band photometry was taken from a survey with the WFC on the
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Figure 5.1— Layout of the WSRT fields as
used in our survey. Each field consists of 12
pointings indicated by the hexagons. The
circles indicate the WSRT primary beam.
The cross indicates the specified coordinate
of a field as listed in Table 5.1.

Table 5.2— Observing parameters.

Dates of observations May-June 2000
Total integration time (hours) 372
Nr. of interferometers 91
Baselines (min,max,increment) (m) 36,2700,72
Synthesized beam (α × δ)∗ arcsec 29.82 × 42.64
Bandwidth (total, increment) (MHz) 17.1875, 0.078125
Velocity coverage
(min,max,increment) (km s−1) 5127,8909,17.26
Nr. of channels 220
rms noise per channel∗ mJy 0.80
∗ average

2.5 m INT. Details concerning the data acquisition, pipeline reduction and data quality are
given in Beijersbergen et al. (2002). In short, we have used 25 overlapping WFC pointings,
covering 5.2 deg2, with broadband filters RGO U , Harris B and Sloan r to create a uniform
multi-color catalogue of the Coma cluster area with a homogeneous photometric scale over
the whole area down to ∼ 22.5 mag. For only 8 galaxies detected in H I there was overlap with
the optical survey. Therefore, in March 2002 we have imaged the remaining 16 galaxies in
order to obtain complete optical information. Unfortunately, the observing conditions during
these last observations were very poor so that we were limited to the B and r filters. The
images were placed on the same photometric scale as the high quality data by observations
of reference fields from the survey described in Beijersbergen et al. (2002). The final result
is that the additional observations have increased the number of images for which WFC data
is available to a total of 21 galaxies and for the remaining 3 we have used DSS-red images.
Due to rapidly varying weather conditions the photometry of only 7 of the galaxies of the last
observing run was reliable enough to be useful.
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5.2.1 Mosaicing

The total observed area spans 2.94×2.05 degrees covered by 108 pointings. The cubes of each
field were flagged as uniformly as possible to give similar synthesized beams which is impor-
tant for the CLEAN process. However, for overlapping fields the synthesized beams can be
different and this complicates the CLEAN-ing as the effective synthesized beam at each loca-
tion in the combined image is a weighted average of the individual synthesized beams of each
pointing added into the combined image. This weighted average then is position dependent
and the standard CLEAN algorithm does not account for this. The strongest detections which
were already identified in single 50 minutes observations were therefore already CLEAN-ed
before combining overlapping fields. For this purpose we created maps of the synthesized
beams at the appropriate channels and fitted these with two dimensional Gaussians. As ex-
pected, the dirty beam shape parameters were very similar for pointings of the same field,
but could be different for different fields. Each pointing containing a strong detection was
CLEAN-ed and restored with the average of the dirty beams. After combining the multiple
observations, subtracting the strongest continuum sources, CLEAN-ing the strongest detec-
tions and correcting for primary beam attenuation we combined overlapping fields in order to
achieve the highest possible sensitivity. The data from individual fields were combined using
a weighting which is inversely proportional to the primary beam attenuation in each field. The
cubes of each individual pointing had to be placed onto the same grid before combining. All
cubes were therefore made with pointing 6 of the most central field as reference position. Due
to file size limitations we created a total of eight “supercubes” for the high and low velocity
sides for further analysis.

5.3 Analysis

The reduction and analysis of the image datacubes was done with the Groningen Image Pro-
cessing SYstem (GIPSY∗). First we removed the residual continuum emission by fitting a
third order polynomial to all profile baselines in the datacube. The continuum free cubes were
then visually inspected for H I emission. The cubes were smoothed to spatial resolutions of
13′′, 30′′ and 60′′ and up to two times Hanning smoothed. From all possible combinations a
spatial resolution of 30′′ and a velocity resolution of ∼ 35 km s−1 proved to be optimal for
detecting galaxies. In total we detected 24 galaxies at 5σ or more. After visual inspection of
all cubes we used the GIPSY routine OBJECTS to automatically find isolated three dimen-
sional structures. The program searched for connected pixels above a 5σ threshold over at
least 3 channels with a minimum size per channel of 3 pixels (30′′). As a result we retrieved
all the objects we had already identified by eye and no extra detections were found this way.
Due to missing UV data for some pointings and the combination of differently sampled fields
the noise is not uniform over the area imaged, but depending on effective integration time
per pointing and number of pointings combined into a subfield it ranges from 0.50 to 1.64
mJy/beam for the areas where the detected galaxies are located. All detections were iden-
tified by using the NASA/IPAC extragalactic database (NED) and for each single detection
10′ × 10′ cubes were extracted from the continuum-unsubtracted “supercubes”. The line
emission free channels of these cubes were fitted with first order polynomials to subtract the
continuum. The data cubes were not CLEAN-ed any further, since the H I emission was too
weak to show the effects of side-lobes.

∗http://www.astro.rug.nl/˜gipsy/
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Figure 5.2— Layout of the mosaic observations of the south-west quadrant of Coma. Solid
symbols represent WSRT pointings, open squares represent all known Coma members iden-
tified in our optical survey and crosses indicate the positions of galaxies detected in H I. The
inset shows a magnification of the central area. The contours sketch the X-ray emission as
observed by ROSAT. Coordinates are given relative to α = 12h59m43s, δ = +27◦58′14′′

(J2000.0).

For each cube containing a galaxy we determined the extent of the H I signal in both the
spatial and velocity directions and measured the flux density of the H I emission. In Fig. 5.13
all global profiles are shown. We checked that using a resolution of 60′′ gives the same flux
values so we do not miss extended low-level emission. Furthermore, flux measurements with
a synthesis array may miss extended flux due to missing short baselines. In our measurements
the shortest baseline is 36 m and we are therefore insensitive to emission regions larger than
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Figure 5.3— Distribution of H I

masses. The arrows (from left to
right) indicate the estimated com-
pleteness limit of 1.6 × 109 h−2

70 M�

and the typical H I mass of an L∗

galaxy, respectively.

20′. All of the galaxies in Coma are much smaller and therefore we expect the fluxes to be
accurate. Total H I masses were derived using a distance of 100 Mpc (H0 = 70 h70 km s−1

Mpc−1) for all galaxies. Table 5.3 lists some observational parameters for each galaxy and in
Table 5.4 all the detections and their measured H I properties are given. The (X,Y) positions
correspond to those in Fig. 5.2. The systemic H I velocity (vsys) is defined to be the velocity
of the central channel displaying emission. The velocity width (∆v) is determined by the
number of channels containing emission and the channel separation.

5.3.1 Comparison with previous work

Four of the galaxies (IC 3913, MRK 0057, KUG 1255+275 and NGC 4921) we detected were
also recently studied by BA2000 and BA2001. We obtain excellent agreement on the H I flux
for MRK 0057 and somewhat lower (∼ 30%) fluxes for the other three. The galaxies KUG
1248+276, UGC 08017, UGC 08013 and IC 0837 were previously detected by Haynes et al.
(1997). We find somewhat higher fluxes (∼ 30%) than their single-dish observations. KUG
1246+276 and KUG 1250+276 are listed in Huchtmeier & Richter (1989) with 30–50% lower
fluxes than we measure. The remaining 14 galaxies are all new H I detections and for 11 of
these this is the first time that their cluster membership is established.

5.3.2 Completeness

We have conducted a blind survey and before drawing conclusions from such a detection
experiment it is essential to have a good idea down to which H I masses we are sensitive over
the surveyed area. Due to missing observations and varying amounts of bad data the noise is
not uniformly distributed over the full 6 square degrees. To calculate to which H I mass we
are sensitive we have divided the survey area (noisy edges excluded) in areas of 36′ × 26′

and determined the average noise in each of these. The noise levels varied from < 0.5 to 0.9
mJy/beam yielding a completeness limit of ∼ 1.6 × 109 h−2

70 M� for a 5σ detection with an
average profile width of 150 km s−1. This is more than a factor 4 less than the typical H I
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Table 5.3— Observational parameters.

Name α2000 δ2000 Beam rms K-mJy conversion
[arcsec] [mJy channel−1] [K mJy−1 beam−1]

(1) (2) (3) (4) (5) (6)
(1) KUG 1248+276 12 51 3.54 27 22 10 30.29 × 41.03 0.75 0.51
(2) A1656:[GMP83] 6025 12 55 24.2 26 51 40 30.80 × 48.48 0.50 0.42
(3) NGP9 F323-0977237 12 56 46.1 27 49 02 30.16 × 40.37 0.77 0.52
(4) RB 165 13 00 06.1 28 15 07 29.25 × 41.47 0.97 0.52
(5) KUG 1249+278 12 52 16.2 27 31 59 28.92 × 40.93 0.66 0.53
(6) MAPS-NGP O 322 1506975 12 52 39.6 27 35 26 28.92 × 40.93 0.66 0.54
(7) IC 3913 12 56 28.5 27 17 28 30.52 × 40.29 0.60 0.52
(8) UGC 08017 12 52 53.5 28 22 17 30.36 × 40.17 0.77 0.51
(9) UCM 1256+2701 12 58 39.9 26 45 33 30.18 × 48.46 0.59 0.44
(10) UGC 08013 12 52 36.3 26 44 59 29.85 × 41.62 0.57 0.50
(11) MRK 0057 12 58 37.2 27 10 34 30.24 × 40.93 0.60 0.51
(12) FOCA 0834 12 58 30.9 26 59 40 30.20 × 49.32 0.54 0.42
(13) KUG 1250+276 12 52 48.9 27 24 06 29.74 × 41.77 0.66 0.51
(14) MAPS-NGP O 323 1382245 13 00 30.8 26 29 23 29.76 × 48.07 1.15 0.45
(15) KUG 1246+276 12 48 59.2 27 22 32 28.84 × 41.23 1.40 0.53
(16) MAPS-NGP O 322 1647174 12 49 11.8 27 23 04 28.84 × 41.23 1.40 0.53
(17) MAPS-NGP O 322 1646693 12 49 01.5 27 10 54 29.99 × 47.37 1.64 0.44
(18) MAPS-NGP O 322 1651394 12 50 31.7 27 18 51 29.08 × 42.90 0.65 0.51
(19) KUG 1255+275 12 58 18.6 27 18 38 30.22 × 40.90 0.60 0.51
(20) IC 0837 12 57 31.3 26 30 42 29.78 × 42.04 0.98 0.51
(21) MAPS-NGP O 322 1497182 12 49 44.3 27 40 10 30.01 × 41.16 0.82 0.52
(22) KUG 1249+272B 12 52 06.8 27 01 35 30.29 × 47.58 0.73 0.44
(23) KUG 1251+284 12 53 53.9 28 11 12 30.30 × 40.20 0.49 0.52
(24) NGC 4921 13 01 26.1 27 53 10 28.94 × 42.03 1.06 0.52

mass of an L∗ galaxy (Zwaan et al. 1997). We therefore assume to be complete for masses
down to this limit, although the exact limit down to which one can detect a galaxy depends
on the true extent of the H I emission, both spatially and in velocity space. This is illustrated
by the fact that two galaxies (MAPS-NGP O 322 1647174 and IC 0837), which are detected
in the noisy outer parts of the surveyed area, have H I masses below the completeness limit
of our sample, but are still detected since the H I emission extends over only small ranges in
velocity (Fig. 5.13). This implies that the emission originates from H I disks that have small
inclination angles with respect to the sky and it explains why these signals are still clearly
visible in the relatively high noise levels. The distribution of H I masses for the total sample
is shown in Fig. 5.3. The completeness limit is indicated by the arrow. We have also indicated
the H I mass of an L∗ galaxy (M∗

HI)

5.4 H I and optical morphologies

Contour plots of H I surface densities overplotted on optical r band images are shown in
Figs. 5.14. For 21 of these galaxies we have high quality U , B and r band photometry from
Beijersbergen et al. (2002) or B and r band photometry from an additional survey conducted
in March 2002. For the remaining 3 galaxies we used DSS-red images from the digitized
sky survey (DSS). The images are ordered from small to large projected distances to the
cluster center. A number of measured properties of the galaxies for which high quality data
is available are given in Table 5.5. For each galaxy the name, morphological type, r, B
and U total magnitudes, U − B and B − r total colors, MHI/LB , expressed in solar units
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Table 5.4— Galaxies detected in HI.

Name X Y vsys ∆v H I flux MHI

[degrees] [degrees] [km s−1] [km s−1] [Jy km s−1] [109 h−2
70 M�]

(1) (2) (3) (4) (5) (6) (7)
(1) KUG 1248+276 1.92 -0.60 8299 174 6.66 ± 0.14 16 ± 0.31
(2) A1656:[GMP83] 6025 0.96 -1.11 5930 120 1.58 ± 0.05 3.7 ± 0.1
(3) NGP9 F323-0977237 0.65 -0.15 5785 103 0.69 ± 0.06 1.6 ± 0.1
(4) RB 165 -0.08 0.28 6325 120 1.57 ± 0.09 3.7 ± 0.2
(5) KUG 1249+278 1.65 -0.43 5494 171 1.08 ± 0.06 2.5 ± 0.2
(6) MAPS-NGP O 322 1506975 1.56 -0.38 5391 103 0.62 ± 0.05 1.5 ± 0.1
(7) IC 3913 0.72 -0.67 7533 225 0.82 ± 0.06 1.9 ± 0.1
(8) UGC 08017 1.50 0.40 7213 259 1.67 ± 0.09 3.9 ± 0.2
(9) UCM 1256+2701 0.23 -1.21 7438 242 1.61 ± 0.07 3.8 ± 0.2
(10) UGC 08013 1.58 -1.22 7872 417 3.06 ± 0.10 7.2 ± 0.2
(11) MRK 0057 0.24 -0.79 7655 225 1.00 ± 0.06 2.4 ± 0.1
(12) FOCA 0834 0.26 -0.97 7447 87 0.22 ± 0.03 0.51 ± 0.07

(13) KUG 1250+276 1.53 -0.56 7733 174 0.92 ± 0.06 2.2 ± 0.2
(14) MAPS-NGP O 323 1382245 -0.17 -1.48 8368 52 0.69 ± 0.07 1.6 ± 0.2
(15) KUG 1246+276 2.38 -0.59 6265 241 1.30 ± 0.12 3.1 ± 0.3
(16) MAPS-NGP O 322 1647174 2.33 -0.58 6282 206 0.60 ± 0.09 1.4 ± 0.2
(17) MAPS-NGP O 322 1646693 2.37 -0.78 5982 189 1.35 ± 0.14 3.2 ± 0.3
(18) MAPS-NGP O 322 1651394 2.04 -0.65 8002 261 1.42 ± 0.08 3.4 ± 0.2
(19) KUG 1255+275 0.31 -0.66 7447 191 0.47 ± 0.05 1.1 ± 0.1
(20) IC 0837 0.49 -1.45 7291 121 0.48 ± 0.06 1.1 ± 0.2
(21) MAPS-NGP O 322 1497182 2.21 -0.30 7611 277 0.92 ± 0.08 2.2 ± 0.2
(22) KUG 1249+272B 1.69 -0.94 6489 103 0.32 ± 0.04 0.77 ± 0.10

(23) KUG 1251+284 1.28 0.21 7706 226 0.42 ± 0.04 0.99 ± 0.10

(24) NGC 4921 -0.37 -0.08 5484 188 0.50 ± 0.07 1.2 ± 0.2

and, if available, the number of confirmed neighbours within 5′ are listed. The galaxies from
Beijersbergen et al. (2002) were visually classified by Pieter van Dokkum. Galaxies from
the additional survey have not been classified, but it is clear that these are also all late-type
(disk) galaxies. We used NED and as yet unpublished redshifts from van Haarlem (2002)
(hereafter referred to as the optical catalogue) to look for the number of nearest neighbours of
each galaxy. Unfortunately, velocity information in the databases is incomplete (especially in
the cluster outskirts) and therefore only few neighbours can be confirmed. The sample is too
small to investigate whether there is a correlation between galaxy color (and presumably star
formation) and local galaxy density (giving rise to galaxy-galaxy interactions).

Although the H I emission in most cases is not resolved and the typical positional accu-
racy of the WSRT is a fraction of the beam below we will briefly describe H I and optical
morphologies of the galaxies displayed in Figs. 5.14 and search for environmentally induced
signatures.

RB 165
This blue Sd galaxy (mUV − b = −1.47 (Donas et al. 1995), U −B = −0.33) is located

closest (in projection) to the cluster center. The H I distribution looks very regular. Donas et
al. (1995) report a velocity of 7259 km s−1 which differs considerably from the H I velocity
of 6325 km s−1 found here. The optical morphology is asymmetric with the peak intensity
located in the south and spiral arms extending mainly to the north, away from the cluster cen-
ter. Its location inside the X-ray emitting area does not seem to affect its H I morphology. It
is one of the more massive systems in our sample with an MHI/LB of ∼ 2. The regular H I

morphology suggests a physical location that is further from the cluster center than seen in
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Table 5.5— Properties of galaxies detected in H I.

Name Type r B U U − B B − r MHI/LB Nr. of neighbours
RB 165 Sd 16.40 17.29 16.96 -0.33 0.89 1.96 5
NGC 4921 Sc 11.95 13.41 13.88 0.47 1.46 0.02 10
NGP9 F323-0977237 Sd 17.99 18.54 19.05 0.51 0.55 2.68 4
KUG 1255+275 Sd 15.76 16.69 16.49 -0.20 0.93 0.34 3
MRK 0057 Sc/d 14.71 15.55 15.29 -0.26 0.84 0.26 2
IC 3913 Sc 14.53 15.51 - - 0.98 0.20 3
FOCA 0834 Sm 17.24 17.90 - - 0.66 0.47 2
UCM 1256+2701 Sd 15.90 16.61 - - 0.71 1.08 1

KUG 1246+276 - 15.23 16.25 - - 1.02 0.63
MAPS-NGP O 322 1647174 - 16.51 17.32 - - 0.81 0.76
MAPS-NGP O 322 1646693 - 15.08 15.81 - - 0.73 0.43
MAPS-NGP O 322 1497182 - 16.59 17.87 - - 1.28 1.99
MAPS-NGP O 322 1651394 - 15.85 16.95 - - 1.10 1.32
KUG 1248+276 - 14.33 15.38 - - 1.05 1.46
UGC 08013 - 14.35 15.76 - - 1.41 0.93

projection.

NGC 4921
This is the largest spiral galaxy in Coma and has an undisturbed optical appearance, de-

spite its location in a very high density environment. It is one of the brightest members of
Coma and is located very close to the cluster center, well within the X-ray contours. Along
the spiral arms bright H II regions are seen, but no H I signal is present there. The galaxy is
not very blue (mUV − b = 1.35) and has a very low MHI/LB of 0.02. The H I morphology is
very disturbed with an H I distribution smaller than the optical disk and offset by ∼ 0.7′. Both
its location with respect to the X-ray emission and its high velocity (∼ 1500 km s−1) relative
to the mean cluster velocity suggest that ram pressure stripping is the most likely mechanism
at work.

NGP9 F323-0977237
This is the first measurement of the radial velocity of this disk galaxy. It shows a regular

optical and H I morphology and has an MHI/LB of 2.68. The high relative velocity with re-
spect to the main cluster (∼ 1200 km s−1) may be responsible for the observed shift between
H I and optical position, if real.

KUG 1255+275
This blue Sd galaxy (mUV − b = −0.92, U − B = −0.20) has an MHI/LB of 0.34 and

shows a regular H I distribution. Because of its low relative velocity and location outside of
the X-ray contours this is not surprising.

MRK 0057
This blue Sc/d galaxy (mUV − b = −0.90, U − B = −0.26) does not show any pecular-

ities in its optical or H I morphology. The MHI/LB of this galaxy is 0.26.
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IC 3913
This blue Sc galaxy (mUV − b = −0.46) shows no morphological irregularities. We

determine an MHI/LB of 0.20. Whether the optical and H I disks are slightly offset cannot
be said within the positional accuracy of the H I measurement, but results by BA2001 suggest
that there is a good match between the peaks of H I emission and starlight.

FOCA 0834, UCM 1256+2701, KUG 1251+284, A1656:[GMP83] 6025 and MAPS-NGP
O 323 1382245

For all galaxies except UCM 1256+2701 this is the first time that their cluster member-
ship is established. These galaxies are all located between 1◦ and 1.5◦ distance to the cluster
center. FOCA 0834 (mUV − b = −2.79) and UCM 1256+2701 are both blue disk galax-
ies. FOCA 0834 shows an asymmetric, arc-like shape and UCM 1256+2701 shows signs of
global star formation (see also Gallego et al. 1996). A1656:[GMP83] 6025 and MAPS-NGP
O 323 1382245 both have a very low surface brightness and, therefore, their optical mor-
phologies cannot be reliably established. All H I morphologies look regular, as expected at
these distances to the cluster center and in the absence of nearby neighbours.

IC 0837, UGC 08017, MAPS-NGP O 322 1506975, KUG 1250+276, KUG 1249+278 and
KUG 1249+272B

For MAPS-NGP O 322 1506975 and KUG 1249+278 this is the first time that their clus-
ter membership is established. All these galaxies are located far from the cluster center and
the hot intracluster medium, between 1.5◦ and 2◦ distance to the cluster center. At 30′′ resolu-
tion all H I morphologies seem regular and in the optical no pecularities are seen either. UGC
08017 and KUG 1249+278 seem to have offset H I disks with respect to the optical disks. The
object near UGC 08017 seems to be a star and the peak of H I emission of KUG 1249+278
coincides with a peak in starlight only visible on the B band image.

UGC 08013, KUG 1248+276, MAPS-NGP O 322 1651394, MAPS-NGP O 322 1497182,
MAPS-NGP O 322 1647174, KUG 1246+276 and MAPS-NGP O 322 1646693

For all galaxies, except UGC 08013 and KUG 1248+276 this is the first time that their
radial velocities are measured. All galaxies are at projected distances larger than 2◦ from
the cluster center. At these distances from the cluster center, and in the absence of nearby
neighbours, no environmental influences are expected and the optical and H I morphologies
are quite regular. KUG 1248+276 may have an asymmetric H I distribution with most of the
gas in the south-east. Its high velocity (∼ 1300 km s−1) relative to the cluster center may be
responsible for the observed morphology.

Given the distance of the Coma cluster and the resolution of the H I data it seems not
too surprising that, overall, the H I morphologies look quite regular, since the H I is hardly
resolved. Observed with much higher resolution and sensitivity this picture would proba-
bly change. We investigated the apparent shifts between the optical and H I positions in the
overlays of Figs 5.14 and typically find (5.4 ± 2.7)′′ (excluding NGC 4921). We note that
the offsets have no correlation with distance from the cluster center and there are no major
displacements, with the exception of NGC 4921.

The displacements between the optical and H I distributions are intruiging, since they
could point to a population of anomalous galaxies. However, a thorough investigation of the
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radio data shows that random offsets of these magnitudes are also present in the continuum
maps. Therefore, the positional accuracy of the H I measurements does not allow firm state-
ments about the possible anomaly of some of the galaxies.

5.5 Tully-Fisher relation

We can check whether the galaxies that are detected in H I and for which we also have good
optical photometry define a Tully-Fisher (Tully & Fisher 1977) relation (TFR). Usually, H I

line profile widths are taken at 20% or 50% of peak intensity, but here we simply use ∆v of
Table 5.4 and correct for inclination. We estimate inclinations by fitting ellipses to the outer
regions of galaxies. In all cases r band images were used, because the old stellar population
should give the best idea of the overall shape of a galaxy. Before any fitting the images
were smoothed and stars, H II regions etc. were blotted. We note that the main assumption
in this procedure is that disks are intrinsically circular although this is probably not correct
(Andersen et al. 2001). In Fig. 5.4a we show the relation between absolute r band magnitudes
and widths of the H I signals. The best fit is given by the solid line. The scatter in this TFR
is large, σr ∼ 1 mag, but this is not too surprising given the small sample size and the
uncertainties in H I velocity widths and inclinations.

5.6 H I mass-to-light ratios

A rough tracer of the state of evolution of a galaxy is given by the amount of H I gas relative
to the amount of stellar light, MHI/L. In Fig. 5.4b we plot B band MHI/L versus B − r
colors for the sample of Tully-Fisher galaxies. The MHI/L values were calculated by using
MB,� = 5.48. The colors are in the normal range for late-type and low surface brightness
galaxies (e.g. de Blok et al. 1995). In Figs. 5.5 we show MHI/Lr and MHI/LB as a function
of distance to the cluster center. The majority of the galaxies have normal MHI/LB values
, i.e. < 1. There are, however, extremes to both sides. The reddest galaxy, NGC 4921, has
an H I mass-to-light ratio which is a factor 15 lower than typical for Sc galaxies (Roberts &
Haynes 1994), but since this galaxy’s H I distribution is highly disturbed this is not a surprise.
There are a few galaxies with MHI/LB > 1. Although extreme, these galaxies are in the same
range as, for example, the sample of late-type dwarfs observed by Swaters (1999). There is
no clear correlation between MHI/L and position in the cluster.

5.7 Average H I masses of Coma galaxies

To improve the sensitivity to H I emission further we used the known positions and redshifts
of 418 galaxies that fall within our surveyed space, both spatially and in velocity. This sample
was compiled from our optical catalogue. For this sample, and subsamples thereof, spectra
were extracted, shifted along the velocity axis to ensure that any H I signal appears around
the middle channel, and co-added. Information on individual galaxies is completely lost,
but the H I mass threshold is lowered considerably and limits to the average H I masses of
cluster members can be derived. This method has been previously used by Zwaan (2000) and
Chengalur et al. (2001) and has proven to be succesful.

To ascertain how well this method works we first extracted spectra of the 10 galaxies in
Table 5.4 that lie outside of the noisy edges and have a velocity entry in NED. Most of these
spectra showed H I emission exactly around the band center, since in general the velocities in
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Figure 5.4— a) Tully-Fisher relation for the sample of 15 galaxies with good photometry.
The solid line shows the best fit and the dashed lines indicate the 1σ scatter about the best fit.
b) Log MHI/LB versus B − r color for the Tully-Fisher sample.

Figure 5.5— Gas mass-to-light ratios as a function of distance to the cluster center. Left: gas
mass normalized to r band luminosity. Right: gas mass normalized to B band luminosity.

NED are the same as our central H I velocities to within 25 km s−1 (Fig. 5.6). However, we
find significant differences for UGC 08017, KUG 1249+272B and RB 165 of 152, 181 and
934 km s−1 , respectively, between our derived H I velocities and the values listed in NED.
Co-addition of these not perfectly aligned spectra leads to a weaker signal in the averaged
spectrum. The average spectrum is shown in Fig. 5.7a. The positive signal at ∆V = 0 cor-
responds to an H I mass of (3.0 ± 0.3) × 109 h−2

70 M�, whereas averaging the H I masses
of the appropriate galaxies in Table 5.4 gives 4.2 × 109 h−2

70 M�. This proves that we can
estimate average H I masses to within a factor ∼ 1.5 from the true value. Even better agree-
ment is obtained when H I input velocities are used. The derived average H I mass is always
underestimated as the input velocities are not always accurate enough and this will dilute any
averaged signal. Furthermore, the success of amplifying signals depends on the shapes of
the global profiles which can also be quite different (Fig. 5.13). However, in the calculations
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Figure 5.6— Comparison of sys-
temic velocities with those listed in
NED. In general the velocities match
each other well.

below we only quote the results derived from the spectra and it should therefore be kept in
mind that these can still be too low. In short, the above confirms that reasonable estimates of
the average H I masses can be obtained with this method. Below we employ the method to
derive limits to the average H I masses of selected subsamples of all known Coma galaxies,
excluding the galaxies listed in Table 5.4.

We start by extracting spectra of all 418 Coma galaxies and at first we disregard their
morphological types. In the calculations of H I mass limits below it is assumed that galaxies
have a profile width of 150 km s−1 and that the detection is significant at 5σ. The assumption
on the velocity width is somewhat arbitrary since we do not know what the typical velocity
widths of undetected galaxies in a cluster environment are, but for small, low mass galaxies
in the field this is reasonable (e.g. Swaters 1999). The average spectrum of the total sample
is shown in Fig. 5.7b. There is no apparent signal at a noise level of 0.05 mJy beam−1. From
this averaged profile we conclude that the average H I mass of all Coma galaxies is below
8.8 × 107 h−2

70 M� and the corresponding average MHI/LB upper limit is 0.04. Such a low
average H I content was expected since by far most galaxies in Coma are of early-type (E and
S0) with intrinsically low H I content. The small fraction of large spiral galaxies is very H I

deficient, especially towards the cluster center. Next we excluded galaxies near the cluster
center and averaged only the spectra of 189 galaxies at projected cluster radii larger that 0.5
degrees (0.87 h−1

70 Mpc), i.e. avoiding the most intense X-ray emitting area. The resulting
spectrum is shown in Fig. 5.7c. Again, there is no signal at a noise level of 0.07 mJy beam−1.
Therefore, the average H I mass of these galaxies must be below 1.2 × 108 h−2

70 M� with a
corresponding average MHI/LB upper limit of 0.06. Finally, in panel d) of Fig. 5.7, we show
the average profile of the 17 faintest (mr > 17) and bluest (B − r < 1.18) galaxies. This
spectrum has a noise level of 0.19 mJy beam−1 and, since there is no detectable H I emission,
indicates an average H I mass below 3.4×108 h−2

70 M� corresponding to an average MHI/LB

upper limit of 0.62. The fact that we are unable to detect an average H I signal from any of the
above samples must result from Coma’s morphological mix, although one would expect faint
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Figure 5.7— Average H I spectra. a) Average spectrum of 10 galaxies known to have H I

emission. b) Average spectrum of all 418 galaxies that fall within our survey space. c) Average
spectrum of 189 galaxies at a distance larger than 0.5 degrees from the cluster center. d)
Average spectrum of 17 galaxies having an r magnitude fainter than 17 and a B − r color
bluer than 1.18.

and blue galaxies to be of late morphological types only. The average gas mass-to-light ratios
and the observed change of their values for different samples are consistent with Roberts &
Haynes (1994). Even in hostile cluster environments the bulk of H I mass resides in (large)
spiral galaxies (Solanes et al. 2001). The fraction of these systems is low and therefore any
signal will be heavily diluted. Below we focus on the H I contents of some more appropriately
chosen subsamples.

5.7.1 Average H I content of the NGC 4839 group

A secondary peak of X-ray intensity is located some 40′ south-west of the cluster center
(e.g. White et al. 1993) and is associated with the group of galaxies surrounding NGC
4839. The systemic velocity of this group is 7339 ± 329 km s−1 (Colless & Dunn 1996).
We extracted spectra of the 18 galaxies with a distance less than 0.15◦ from NGC 4839 and a
radial velocity within the ±3σ boundaries set by the group. The average H I spectrum of these
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Figure 5.8— Average H I spectra. a) Average spectrum of 18 galaxies belonging to the NGC
4839 group. b) Average spectrum of 13 abnormal spectrum galaxies (Caldwell et al. 1993;
1997) that fall within our survey space.

group members is shown in Fig. 5.8a. From the noise level of 0.21 mJy beam−1 we estimate
that the average H I mass of the galaxies in this group is below 3.7 × 108 h−2

70 M� and the
average MHI/LB upper limit is 0.25 (excluding NGC 4839). This is not too surprising since
the group consists of 14 E/S0 and 3 Sa galaxies (one galaxy is unclassified), all quite early-
type galaxies with, in general, a low H I content. If we restrict ourselves to the 3 spirals we
derive an upper limit to the H I mass of 8.3×108 h−2

70 M�. BA2000 have observed four group
members (all classified S0) and also detected none. We conclude that the NGC 4839 group
has a very low H I content.

5.7.2 Average H I content of abnormal spectra galaxies

Caldwell et al. (1993; 1997) report that roughly 30% of all galaxies in a field located at 40′

south-west of the cluster center have spectra indicative of recent star formation or nuclear
activity. The averaged H I spectrum of 13 of these galaxies is shown in Fig. 5.8b. The average
H I mass derived from this spectrum is below 5× 108 h−2

70 M� and the corresponding average
MHI/LB upper limit is 0.09. Nine of these systems are of morphological types E and S0.
The 4 spirals with abnormal spectra have an average H I mass less than 7.8 × 108 h−2

70 M�.
BA2000 and BA2001 pointed with the VLA at 11 of these so called post-starburst (PSB) and
3 starburst (SB) galaxies and detected none of these objects in H I. They derive upper limits
to their H I masses ranging from 6 × 107 h−2

70 to 3 × 108 h−2
70 M�. Their limits apply to a 6σ

signal over only one channel and it is very unlikely that a galaxy has H I emission over such a
small velocity range. Assuming an average velocity width of 150 km s−1 and a 5σ detection
these limits become 3.3 × 108 h−2

70 to 1.7 × 109 h−2
70 M� with an median of 7.0 × 108 h−2

70

M�. This is consistent with the limits we derive statistically. We conclude that the SB and
PSB galaxies in Coma have low H I contents.

5.7.3 Average H I content of late-type galaxies

To increase our chance of finding a positive H I signal we narrow our search by choosing
subsamples that in quiescent environments are known to be gas-rich. We have made use
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Figure 5.9— Average H I spectrum
of 22 late-type galaxies showing a
statistical H I detection. The con-
trol spectrum has randomized ve-
locity shifts and is offset by +0.7
mJy. Both spectra have been boxcar
smoothed with a 150 km s−1 filter.

of the LEDA database† to extract all galaxies with morphological types later than S located
within the boundaries set by our survey parameters. In total we find 22 late-type galaxies
satisfying our criteria. The spectra of KUG 1255+283, MRK 0056, NGC 4911, IC 4040,
KUG1258+279A and MRK 0058 all show marginal signals at ∆V = 0 km s−1, insufficient
to be noticed in the channel maps as solid detections. However, adding all these 22 spectra
results in the average H I spectrum shown in Fig. 5.9 where we also show a spectrum where
random velocity shifts have been applied. A positive signal at ∆V = 0 km s−1 appears only
when correct velocity shifts are applied. The average H I mass corresponding to the signal is
(1.0 ± 0.3) × 108 h−2

70 M�. BA2000 have observed NGC 4911, IC 4040 and MRK 0058 and
found H I masses of 9.3, 3.3 and 2.0×108 h−2

70 M�, respectively.
High quality Hubble Space Telescope (HST) imaging of galaxies has revealed that galax-

ies can be easily misclassified from ground-based images (e.g. Caldwell et al. 1999). Al-
lowing for such uncertainties in morphological classifications by also including the spectra of
S0 galaxies gives a null result. Interestingly enough, Chengalur et al. (2001) observed Abell
3128 and find exactly the opposite: only when S0 galaxies are included a positive signal is
found in the average spectrum and no significant signal is found when only types S and later
are considered.

5.8 Discussion

5.8.1 H I masses

We estimate to be complete down to an H I mass of 1.6 × 109 h−2
70 M�. Unfortunately, the

survey is not sensitive enough to assess what happens at the low-mass end of the H I mass
distribution. The H I masses of the galaxies we detected are, with the exception of KUG
1248+276 and UGC 08013, well below 7 × 109 h−2

70 M�, the typical H I mass of a field L∗

galaxy (Zwaan et al. 1997). A similar result was found by BA2000 and BA2001 for their

†http://leda.univ-lyon1.fr
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Figure 5.10— Panels a) and b) show the projected distributions of the low (solid dots) and
high (solid squares) mass galaxies of our sample respectively. The cluster center is denoted by
the plus sign. Panel c) shows the log of H I mass as a function of radius. Their correlation is
indicated by the solid line. Low MHI systems are more strongly clustered around the cluster
center.

sample of the brightest spiral galaxies in Coma.

Recently, surveys of the clusters ACO 3627 (Vollmer et al. 2001) and Abell 3128 (Chen-
galur et al. 2001) show that the spiral galaxies in the inner cluster regions are H I deficient.
Both conclude that this deficiency must be related to the influence of the hot, X-ray emitting,
intracluster gas. Figs. 5.10a and b show the projected positions of the high and low-mass
galaxies in the Coma cluster. We detect only two galaxies with a projected position within
the X-ray contours and conclude that the cluster center is void of galaxies with detectable H I

content, exactly as seen in above clusters. In Fig. 5.10c we show all observed H I masses as
a function of distance to the cluster center where we indicate the typical H I mass of a field
L∗ galaxy by the dotted line. We find a weak (91.9% significance) correlation of increasing
mean H I masses at larger distances to the cluster center. The H I masses of galaxies closest
to the cluster center are roughly a factor 2 lower than those of galaxies at radii larger than 2◦.

Solanes et al. (2001) showed that in H I deficient clusters the proportion of gas-poor
spirals continuously increases towards the cluster center. We have measured the H I deficiency
by dividing the H I content of an isolated galaxy of the same morphological type and optical
diameter by the H I content of the galaxy that is observed. The H I deficiency is then defined
as the log of this ratio so that positive values indicate H I deficiency. Figure 5.11a shows the
relation between the H I mass and squared optical diameter for our sample where the solid line
gives the best-fit relation for isolated field galaxies (Haynes & Giovanelli 1984). The resulting
H I deficiencies are plotted in Fig. 5.11b as solid symbols. There is no significant trend of
deficiency with distance to the cluster center in our data. When we include the galaxies from
BA2000 that are located in our surveyed volume (open symbols), however, it becomes clear
that most H I deficient galaxies are found closer to the cluster center. We have not detected
these galaxies, since they all have H I masses below our detection limit. This shows that
future blind surveys should be more sensitive to low mass galaxies, since there evolution is
apparently strongest. The H I deficiency inside 0.5◦ from the cluster center roughly coincides
with the extent of the X-ray emission and clearly suggests that the intracluster medium is
responsible for stripping H I from galaxies.
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Figure 5.11— a) Relation between the H I mass and squared linear optical diameter. The
solid line represents the relation for isolated galaxies given in Haynes & Giovanelli (1984).
b) H I deficiency as a function of distance to the cluster center. Filled symbols represent our
measurements and open symbols are observations from BA2000.

The trend that appears could be due to selection effects given the small and biased area
that BA2000 have covered and the fact that our survey is not sensitive enough to detect the
low-mass galaxies that seem to be affected most. We therefore investigated the probability
of missing deficient galaxies at radii larger than 0.5◦ by extracting all spiral galaxies from
our optical survey (Beijersbergen & van der Hulst 2002; chapter 4) that lie within the volume
surveyed. We find that there are at least 53 undetected spiral galaxies and we derived estimates
of their H I masses by assuming MHI/LB = 0.1 and MHI/LB = 0.4 for early- (Sa/b) and
late-type (Sc/d) spiral galaxies (Roberts & Haynes 1994), respectively. There are 11 galaxies
which we should have detected if they had normal H I content. Five of these are among
the deficient galaxies observed by BA2000, shown in Fig. 5.11b as open symbols. Three of
the remaining galaxies lie within the X-ray emitting area so that there remain only 3 (early-
type) spiral galaxies for an analyis. We conclude that our current survey is not sensitive
enough to assess whether the strong correlation between H I deficiency and location in the
cluster is limited to the X-ray emitting area only. There are simply not enough galaxies with
estimated H I masses above our completeness limit to properly investigate the relative lack of
H I deficient galaxies at distances larger than 0.5◦ from the cluster center.

5.8.2 Cluster kinematics

In general H I observations can help to elucidate a cluster’s accretion history. The locations
of H I rich disk galaxies both spatially and in velocity space give a handle on a cluster’s three
dimensional structure, since undisturbed galaxy systems are not likely to be in the core and are
also not likely to have gone through the center in the recent past. In Abell 2670 (z = 0.0767),
for example, van Gorkom (1996) found an H I rich group of (spiral) galaxies that enters the
cluster environment and in this way identified substructure in the cluster. In Coma, an X-ray
study by Neumann et al. (2001) suggests that the group associated with the giant galaxy NGC
4839 is on its first passage through the cluster core. This group consists mainly of early-
type galaxies and the 3 (early-type) spirals have too low H I contents to be detected in our
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Figure 5.12— a) Distribution of he-
liocentric velocities as derived from
the H I signals. The shaded histogram
represents the velocity distribution of
the H I sample. The Gaussian is the
best-fit to the velocity distribution of
583 confirmed members from our op-
tical catalogue. b) Velocity as a func-
tion of distance to the cluster center.
The dotted line indicates the mean
cluster velocity. c) Spatial distribu-
tion of all detections. Solid sym-
bols represent galaxies with Vhel <
7000 km s−1, open symbols represent
galaxies with Vhel > 7000 km s−1.

current survey. Unfortunately, this group has an intrinsically low H I content and therefore H I

observations are not helpful to answer the question whether the group has already made one
pass through the cluster center.

Kinematical information of cluster member galaxies can be used to provide insights on
the dynamical state of a cluster. The morphology-density relation (ellipticals are found pri-
marily in regions of high galaxy density, spiral galaxies in regions of lower density) is a well
established fact (e.g. Whitmore et al. 1993; Dressler et al. 1997). Colless & Dunn (1996)
found that the late-type galaxies in Coma have a velocity distribution with a dispersion ∼

√
2

times larger than the early-type galaxies, exactly as predicted for an infalling population. The
photometric sample of Coma members in Beijersbergen & van der Hulst (2002; chapter 4)
is larger and of superior quality. Therefore, the morphological classifications are more reli-
able (Colless & Dunn used the color-magnitude relation to distinguish early from late-type
galaxies) and more complete than in any previous work. They find that the E+S0 velocity
distribution can be represented by a Gauss function whereas the velocity distribution of the
spiral population is clearly (>98% significance) non-Gaussian. Hence, they also conclude
that the early-type galaxies define the relaxed cluster population whereas the spiral galaxies’
velocity distribution clearly indicates a non-relaxed, possibly infalling population. In Coma
all of our detected galaxies are of late morphological types (S and later). It is now inter-
esting to investigate whether gas-rich spiral galaxies differ dynamically from the optically
bright galaxies. The velocity distribution of H I detected galaxies is shown in Fig. 5.12a as
the shaded histogram. The overplotted Gaussian gives the velocity distribution of 583 cluster
members (confirmed via optical redshifts). The velocity distribution of the galaxies detected
in H I has a bimodal shape. Where the distribution of optically bright galaxies peaks there is
a lack of galaxies detected in H I. Most galaxies detected in the redshifted H I line are thus
found to have either a higher or a lower velocity than the mean cluster velocity. Most galaxies
have velocities around 7500 km s−1, although this may not be very significant. Nevertheless,
it is interesting that this is very similar to the result by Donas et al. (1995) for their sample
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of 61 cluster members detected in the UV (λ ∼ 2000Å) band. They find a concentration of
19 blue (mUV − b < 1) galaxies with radial velocities around 7555 ± 318 km s−1. Also,
Beijersbergen & van der Hulst (2002; chapter 4) find a broad, non-Gaussian velocity distribu-
tion for 92 spiral galaxies in Coma with two peaks: one around the cluster mean velocity at
6900± 150 km s−1 and one around 7500± 150 km s−1. From Fig. 5.12c one can notice that
the 10 galaxies with v < 7000 km s−1 mainly lie on a line in the NE-SW direction. This is
the same direction as the filament connecting Coma and A1367, along which the NGC 4839
group appears to be falling in. The velocity distribution of H I rich galaxies clearly supports
the idea that (part of) this population is not virialized and therefore supports a scenario of spi-
ral galaxies being an infalling, non-relaxed field population. The fact that we observe lower
H I masses closer to the cluster core suggests that infalling galaxies loose gas on their path
through the cluster, indicating that gas removal mechanisms become more effective.

An interesting question is whether galaxies prefer to fall in on an individual basis or in
groups. In the very outskirts of Coma KUG 1249+278 and MAPS-NGP 0 322 1506975 are
close together, both spatially and in velocity space. The four galaxies UCM 1256+2701,
FOCA 0834, MRK 0057 and KUG 1255+275 located to the south of the cluster center, all
at x ∼ 0.3 in Fig. 5.2, have radial velocities between 7400 and 7700 km s −1 and may be
infalling along a filament. Apart from these two possible substructures the other galaxies
are randomly distributed over the survey area per velocity interval and we do not find clear
evidence for galaxies to fall in as groups.

5.8.3 Average H I masses from stacked spectra

From the average H I content of galaxies in the Coma cluster we estimate that the total H I

content of all undetected cluster galaxies has an upper limit of 3.7 × 1010 h−2
70 M�. This is

roughly half of the total H I content of all detected galaxies. The 24 direct (> 5σ) detections
are all galaxies of late morphological types. Stacking up spectra of appropriately chosen
subsamples of cluster members gives estimates of the average H I masses. We find that the
galaxies belonging to the NGC 4839 group have a mean H I content below 3.7×108 h−2

70 M�.
For the SB and PSB galaxies we find an average H I mass below 5 × 108 h−2

70 M�, consistent
with results by BA2000 and BA2001. This result is also in qualitative agreement with Chang
et al. (2001) who do not detect H I in two E+A galaxies located in a cluster environment
(albeit with higher upper mass limits).

Addition of spectra of known cluster members gives a positive signal when the sample is
restricted to late-type galaxies only. Recent studies of two clusters at higher redshift seem to
give a different picture. In Abell 3128, at z = 0.06, an average H I signal is only found when
the spectra of S0 galaxies are included. When the sample is restricted to late-type galaxies
only no significant signal is detected. The average H I mass derived for the late-types, thus
including S0 galaxies, is (9.8 ± 2.5) × 108 h−2

70 M�. We note that this cluster is richer than
Coma, but its X-ray luminosity in the 0.5–2 keV band is with 9.14 × 1043 ergs s−1 (David et
al. 1999) a factor 4 less than what is measured for Coma. Therefore, the intracluster medium
is probably less hostile and gas removal mechanisms are likely to be less effective than in
Coma. Zwaan et al. (2001) observed the distant cluster Abell 2218 at z = 0.18 and were the
first to detect H I emission from a galaxy at cosmological distance. Besides this spiral galaxy,
residing in the cluster outskirts, no other direct detections were made. They did, however,
statistically detect an average H I signal by stacking up 45 spectra of known cluster members
without regard to their morphological types. In fact, since redshifts have only been measured
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for galaxies in the cluster center most of them are likely to be early-type galaxies. The average
H I mass of these galaxies is (6± 2.4)× 108 h−2

70 M�. Abell 2218 has richness class 4 (Abell
et al. 1989) and is therefore richer than Coma. Also, its X-ray luminosity in the 0.5–2 keV
band is with 4.59 × 1044 ergs s−1 (David et al. 1999) 20% higher than what is measured for
Coma. Therefore, it is not too surprising that no large H I rich spirals are found in this cluster.

In the nearby universe the Virgo cluster has been extensively studied with the VLA by
Cayatte et al. (1994; 1990). Even though this is a less rich cluster and the intracluster medium
is less dense than in Coma the H I morphologies have clearly been affected by the cluster
environment. Vollmer et al. (2001) showed, using N-body simulations, that the scenario
where ram pressure stripping is responsible for the disturbed morphologies is consistent with
all observations.

5.9 Summary and conclusions

The observed volume of the Coma cluster hosts galaxies of very low H I contents. In a total
surveyed area of ∼ 6 square degrees only two spiral galaxies with H I masses typical or above
that of field L∗ galaxies are found. Furthermore, the projected distribution of galaxies is such
that the low-mass galaxies are, on average, found closer to the cluster center than the galaxies
with higher H I masses, similar to what is observed in other rich clusters. Overall, the cluster
center is deficient in galaxies with measurable H I masses and for the main cluster we derive
an upper limit to the total H I content of all undetected galaxies of 3.7 × 1010 h−2

70 M�.
The best example of the impact of environmental effects on galaxy evolution is NGC

4921. This prominent spiral galaxy is very H I deficient and has a very disturbed H I mass
distribution. Both its location with respect to the X-ray emission and its high velocity (∼
1500 km s−1) relative to the mean cluster velocity suggest that ram pressure stripping is the
most likely mechanism at work. UGC 08017 also seems to have a larger mismatch between
its optical and H I disk positions than can be accounted for by positional inaccuracies.

The velocity distribution of the galaxies detected in H I is bimodal; there are very few
galaxies around the mean cluster velocity. Besides the galaxy pair KUG 1249+278/MAPS-
NGP 0 322 1506975 the galaxies UCM 1256+2701, FOCA 0834, MRK 0057 and KUG
1255+275 are located relatively close to each other in phase space, possibly indicating an
infalling population. The other 18 detected galaxies do not seem to trace out any substruc-
tures.

By using known positions and velocities of galaxies in the volume surveyed we stacked
up spectra of specific subsamples. We found the NGC 4839 group to have a low mean H I

content. The SB and PSB galaxies in Coma are also found to be deficient in H I. Apparently,
the episodes of star formation exhausted the H I gas below measurable levels. For late-types
galaxies we measured an average H I mass of (1.0 ± 0.3) × 108 h−2

70 M�.
Our H I survey of the south-west quadrant of the Coma cluster contains the NGC 4839

group which may be falling into Coma along a filament and a filament farther out connecting
Coma and the cluster Abell 1367. Therefore, this is a somewhat special area which could
be reflected in the (H I) properties of its galaxy population. More and deeper observations of
other quadrants are needed to improve statistics when studying properties as a function of en-
vironment and for a comparison of our results to a more typical cluster region. Furthermore,
completion of the full 5.88×4.1 degrees (4 quadrants) would provide valuable information on
the distribution of gas deficiency throughout the complete Coma cluster. Based on the detec-
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tions and non-detections a scenario could then be sketched concerning the cluster’s merging
history.
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Figure 5.13— Global H I profiles of all detections. The vertical scales display flux densities
in mJy and the horizontal scales display heliocentric velocities. Note the different vertical
scales. All fluxes are corrected for primary beam attenuation.



CHAPTER 5. A BLIND H I SURVEY OF THE COMA CLUSTER OF GALAXIES 118

Figure 5.13— (continued).
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Figure 5.14— a) H I surface density contours of RB 165 superposed on an r band gray scale
image. Contour levels are: 2.4, 3.4, 4.4, 5.4 and 6.5×1020 cm−2. The synthesized beam
shape is shown as hatched ellipse.

Figure 5.14— b) H I surface density contours of NGC 4921 superposed on an r band gray
scale image. Contour levels are: 1.2, 2.1, 3.0 and 3.9×1020 cm−2. The synthesized beam
shape is shown as hatched ellipse.
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Figure 5.14— c) H I surface density contours of NGP9 F323-0977237 superposed on an r
band gray scale image. Contour levels are: 1.9, 2.5, 3.0, 3.6 and 4.0×1020 cm−2. The
synthesized beam shape is shown as hatched ellipse.

Figure 5.14— d) H I surface density contours of KUG 1255+275 superposed on an r band
gray scale image. Contour levels are: 1.4, 2.2, 2.9 and 3.6×1020 cm−2. The synthesized
beam shape is shown as hatched ellipse.
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Figure 5.14— e) H I surface density contours of MRK 0057 superposed on an r band gray
scale image. Contour levels are: 1.6, 2.8, 4.1, 5.3, and 6.6×1020 cm−2. The synthesized
beam shape is shown as hatched ellipse.

Figure 5.14— f) H I surface density contours of IC 3913 superposed on an r band gray scale
image. Contour levels are: 1.5, 2.4, 3.4, 4.3 and 4.9×1020 cm−2. The synthesized beam
shape is shown as hatched ellipse.
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Figure 5.14— g) H I surface density contours of FOCA 0834 superposed on an r band gray
scale image. Contour levels are: 1.1, 1.3, 1.5 and 1.7×1020 cm−2. The synthesized beam
shape is shown as hatched ellipse.

Figure 5.14— h) H I surface density contours of UCM 1256+2701 superposed on an r band
gray scale image. Contour levels are: 1.2, 2.8, 4.3, 5.9, 7.4 and 9.0×1020 cm−2. The synthe-
sized beam shape is shown as hatched ellipse.
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Figure 5.14— i) H I surface density contours of KUG 1251+284 superposed on an r band
gray scale image. Contour levels are: 1.2, 1.6, 2.0 and 2.4×1020 cm−2. The synthesized
beam shape is shown as hatched ellipse.

Figure 5.14— j) H I surface density contours of Abell 1656:[GMP 83] 6025 superposed on
a DSS-red gray scale image. Contour levels are: 1.0, 1.8, 2.5, 3.3 and 4.9×1020 cm−2. The
synthesized beam shape is shown as hatched ellipse.
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Figure 5.14— k) H I surface density contours of MAPS-NGP O 323 1382245 superposed on
an r band gray scale image. Contour levels are: 2.0, 2.6 and 3.3×1020 cm−2. The synthesized
beam shape is shown as hatched ellipse.

Figure 5.14— l) H I surface density contours of IC 0837 superposed on an r band gray scale
image. Contour levels are: 2.0, 2.6, 3.2 and 3.8×1020 cm−2. The synthesized beam shape is
shown as hatched ellipse.
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Figure 5.14— m) H I surface density contours of UGC 08017 superposed on an r band gray
scale image. Contour levels are: 1.9, 3.6, 5.4, 7.2, 8.9 and 10.7×1020 cm−2. The synthesized
beam shape is shown as hatched ellipse.

Figure 5.14— n) H I surface density contours of MAPS-NGP O 322 1506975 superposed
on an r band gray scale image. Contour levels are: 1.7, 2.2, 2.7 and 3.2×1020 cm−2. The
synthesized beam shape is shown as hatched ellipse.
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Figure 5.14— o) H I surface density contours of KUG 1250+276 superposed on an r band
gray scale image. Contour levels are: 1.6, 2.6, 3.7, 4.7 and 5.8×1020 cm−2. The synthesized
beam shape is shown as hatched ellipse.

Figure 5.14— p) H I surface density contours of KUG 1249+278 superposed on a DSS-red
gray scale image. Contour levels are: 1.6, 2.9, 4.1, 5.4 and 6.7×1020 cm−2. The synthesized
beam shape is shown as hatched ellipse.
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Figure 5.14— q) H I surface density contours of KUG 1249+272B superposed on a DSS-red
gray scale image. Contour levels are: 1.2, 1.7, 2.2 and 2.7×1020 cm−2. The synthesized
beam shape is shown as hatched ellipse.

Figure 5.14— r) H I surface density contours of UGC 08013 superposed on an r band gray
scale image. Contour levels are: 1.3, 2.7, 4.0, 5.4, 6.7 and 7.9×1020 cm−2. The synthesized
beam shape is shown as hatched ellipse.
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Figure 5.14— s) H I surface density contours of KUG 1248+276 superposed on an r band
gray scale image. Contour levels are: 1.8, 3.1, 4.4, 5.7, 7.0 and 7.5×1020 cm−2. The synthe-
sized beam shape is shown as hatched ellipse.

Figure 5.14— t) H I surface density contours of MAPS-NGP O 322 1651394 superposed on
an r band gray scale image. Contour levels are: 1.6, 2.9, 4.2, 5.6 and 6.9×1020 cm−2. The
synthesized beam shape is shown as hatched ellipse.
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Figure 5.14— u) H I surface density contours of MAPS-NGP O 322 1497182 superposed
on an r band gray scale image. Contour levels are: 2.0, 3.5, 4.9 and 6.2×1020 cm−2. The
synthesized beam shape is shown as hatched ellipse.

Figure 5.14— v) H I surface density contours of MAPS-NGP O 322 1647174 superposed
on an r band gray scale image. Contour levels are: 2.9, 3.8, 4.8 and 5.8×1020 cm−2. The
synthesized beam shape is shown as hatched ellipse.
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Figure 5.14— w) H I surface density contours of KUG 1246+276 superposed on an r band
gray scale image. Contour levels are: 2.9, 3.8, 4.8, and 5.7×1020 cm−2. The synthesized
beam shape is shown as hatched ellipse.

Figure 5.14— x) H I surface density contours of MAPS-NGP O 322 1646693 superposed on
an r band gray scale image. Contour levels are: 2.8, 4.0, 5.2, 6.4, 7.6 and 8.8×1020 cm−2.
The synthesized beam shape is shown as hatched ellipse.
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Colors, the Color-Magnitude Relation
and the Blue Galaxy Fraction in the

Coma Cluster of Galaxies
M. Beijersbergen & J. M. van der Hulst

ABSTRACT — We investigate colors, the color-magnitude (CM) relation and their
scatter as a function of cluster radius and galaxy morphology for a subsample of 583
spectroscopically confirmed cluster members. In addition, we investigate the depen-
dence of the fraction of blue galaxies on cluster radius and applied magnitude limit. The
CM relations of ellipticals have systematically shallower slopes at all measured radii
compared to those of S0 galaxies. The inner and outer halves (relative to the cluster
center) of the elliptical and S0 galaxy samples have CM relations which are indistin-
guishable within the measurement accuracies. The scatter with respect to the best-fit CM
relations systematically increases towards the outskirts of the cluster and this is caused
by a population of blue galaxies. Blue and red spirals have distinct spatial and velocity
distributions. The red spirals have a median cz = 7327, σ = 967 km s−1 and the blue
spirals have a median cz = 7447, σ = 1187 km s−1. Late-type spirals located close to
the cluster center are redder, on average, than their counterparts located in the cluster out-
skirts. The early-type spirals do not show such a trend. Furthermore, the late-type spirals
are completely absent within ∼ 0.25◦ from the cluster center, but early-type spirals do
still occur there. The properties of late-type spirals suggest that they are still falling into
the cluster and as they propagate deeper into the cluster’s potential well star formation
comes to a halt and the galaxies that come too close to the cluster center are destroyed
or transformed into earlier type galaxies. We use different approaches to approximate
the original sample of Butcher & Oemler (1984) to derive Coma’s blue fraction, fb, and
arrive at fb ∼ 5% which is very similar to the original result. The fb, however, depends
quite sensitively on the adopted sampling radius in the sense that sampling within larger
cluster radii systematically increases fb to ∼ 17% within the largest radius possible.
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6.1 Introduction

It has been long known that elliptical and S0 galaxies in clusters obey a so-called color-
magnitude (CM) relation (Baum 1959; Visvanathan & Sandage 1977): fainter galaxies tend
to be bluer. The exact origin of the CM relation has still to be uncovered, but results by
Vazdekis et al. (2001) suggest that it is primarily driven by an increase in metallicity with
luminosity. When measured with high photometric accuracy the scatter in the CM relation is
found to be very small, implying a very homogeneous galaxy population. The CM relation has
been measured out to z ∼ 0.9 for clusters (Stanford et al. 1998) and for early-type galaxies in
the field (Kodama et al. 1999). In clusters at high redshift the relation is still amazingly tight
and can be used as a tool to constrain the formation epochs and star formation histories of the
galaxies (Ellis et al. 1997; van Dokkum et al. 1998).

Most of the studies of high redshift clusters are limited by small field sizes and incomplete
membership information. Since blue galaxies are preferably found in the outskirts of clusters
(e.g. Butcher & Oemler 1984, hereafter BO84; Abraham et al. 1996) is it important to also
cover the clusters’ outer parts. Van Dokkum et al. (1998) used a large multi-color Hubble
Space Telescope (HST) Wide Field Planetary Camera 2 (WFPC2) mosaic of CL 1358+62
at z = 0.33 to study the B − V CM relation in this cluster based on 194 spectroscopically
confirmed cluster members. They found a very small scatter for the elliptical galaxies at all
radii, but the scatter in the CM relation of S0 galaxies roughly doubles at large cluster radii.
The proposed explanation is that field galaxies continue to be accreted from the field and after
they enter the cluster environment star formation ceases. The result for the ellipticals suggests
that star formation in these galaxies must have ceased even before. To compare these results
to the situation at z = 0, a wide field study of the Coma cluster would be well suited.

Recently, two studies addressing the CM relation for galaxies in the Coma cluster ap-
peared in the literature. Scodeggio (2001) used a sample of 48 early-type Coma galaxies
brighter than MB = −18 to study the CM relation using different approaches. His results
show shallower CM relations with a larger spread in the colors when measuring colors within
effective radii (not corrected for seeing) with respect to using fixed apertures. In fact, the pre-
sented results hint at a flat CM relation, i.e. all early-type galaxies have similar colors within
the scatter at all measured magnitudes. The sample, however, is very heterogeneous since it
is compiled from different sources in the literature. Furthermore, the sample is very small,
allowing no distinction between the elliptical and S0 CM relations, and is restricted to rather
bright magnitudes.

Terlevich et al. (2001) used a larger sample of 129 classified cluster members drawn from
a catalogue which covers 0.93 deg2 of the Coma area, centered on the core. This sample
allowed to investigate how the slope and scatter of the CM relation change as a function of
environment and galaxy morphology. As expected, the galaxies become systematically bluer
towards the cluster outskirts, but, surprisingly, the scatter in the CM relation decreases in
contrast with earlier results at higher redshift by van Dokkum et al. (1998). However, they
did not separate elliptical from S0 galaxies so a direct comparison with van Dokkum et al.
(1998) is not possible.

In this chapter we use the Coma catalogue presented in Beijersbergen & van der Hulst
(2002; chapter 4) to study galaxy colors and CM relations as a function of cluster radius and
morphological type. Our study extends all previous studies by providing the largest homoge-
neous data set of a sample of 583 cluster members with CCD photometry in the U , B and r
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Table 6.1— Aperture colors as a function of cluster radius.

B − r
17.65′′ 10′′ 8.33′′

area median mean σ median mean σ median mean σ nr. of galaxies
I 1.42 1.42 0.09 1.43 1.43 0.09 1.44 1.44 0.10 109
II 1.40 1.36 0.19 1.41 1.37 0.19 1.42 1.37 0.19 71
III 1.36 1.30 0.24 1.38 1.30 0.26 1.38 1.31 0.26 58
IV 1.35 1.29 0.25 1.36 1.30 0.25 1.36 1.30 0.25 151
V 1.34 1.29 0.36 1.35 1.31 0.31 1.36 1.31 0.30 183

U − r
17.65′′ 10′′ 8.33′′

area median mean σ median mean σ median mean σ nr. of galaxies
I 1.79 1.80 0.22 1.82 1.82 0.22 1.84 1.83 0.22 107
II 1.75 1.71 0.41 1.80 1.74 0.43 1.82 1.75 0.43 69
III 1.64 1.56 0.44 1.66 1.58 0.46 1.67 1.58 0.47 57
IV 1.63 1.59 0.42 1.66 1.61 0.42 1.67 1.61 0.42 90
V 1.67 1.63 0.41 1.67 1.63 0.42 1.68 1.63 0.43 42

U − B
17.65′′ 10′′ 8.33′′

area median mean σ median mean σ median mean σ nr. of galaxies
I 0.37 0.38 0.16 0.38 0.39 0.15 0.38 0.39 0.15 107
II 0.35 0.35 0.26 0.38 0.37 0.28 0.40 0.38 0.29 69
III 0.28 0.26 0.23 0.30 0.27 0.23 0.31 0.28 0.24 57
IV 0.31 0.31 0.27 0.32 0.32 0.27 0.33 0.32 0.28 90
V 0.35 0.33 0.25 0.35 0.32 0.25 0.35 0.31 0.26 42

bands down to MB ∼ −15. The data quality and surface brightness of 346 of these galaxies
were such that reliable morphological classification was possible. We have good classifica-
tions for a sufficient number of galaxies so that we can study the CM relation for E and S0
galaxies separately. Also, the physical area covered is comparable to the areas covered in
studies of high z clusters (particularly van Dokkum et al. 1998) so that a good comparison is
possible.

Throughout this chapter we use H0 = 100 h100 km s−1 Mpc−1. Colors have been cor-
rected for atmospheric extinction and in all figures showing relative (∆α, ∆δ) positions north
is up and east is to the left.

The presented work is arranged as follows. A short description of the data is given in
section 2. In section 3 we investigate the environmental and morphological dependence of
galaxy colors. The CM relations of elliptical and S0 galaxies and their dependence on radial
distance to the cluster center are presented in section 4. In section 5 we concentrate on the
population of spiral galaxies and focus in particular on the color-radius relation and the blue
fraction of galaxies. The results are discussed in section 6 and summarized in section 7.

6.2 Data

The sample used in the present study was compiled from the catalogue presented in Beijers-
bergen & van der Hulst (2002; chapter 4). We refer the reader to Beijersbergen et al. (2002)
and Beijersbergen & van der Hulst (2002; chapter 4) for a detailed description of the photo-
metric survey, the reduction process and the compilation and classification of the catalogue
of members. In short, by cross-correlating an object catalogue containing U , B and r band
photometry of objects over an area covering 5.2 deg2 centered on the Coma cluster with all
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Table 6.2— Aperture colors of bright and faint galaxies as a function of cluster radius.

B − r (bright) B − r (faint)
17.65′′ 10′′ 8.33′′ 17.65′′ 10′′ 8.33′′

area median mean σ median mean σ median mean σ nr. of galaxies median mean σ median mean σ median mean σ nr. of galaxies
I 1.46 1.46 0.09 1.48 1.47 0.09 1.48 1.48 0.09 56 1.37 1.38 0.08 1.37 1.39 0.08 1.38 1.40 0.08 53
II 1.46 1.43 0.12 1.48 1.44 0.11 1.48 1.45 0.11 39 1.34 1.27 0.22 1.34 1.28 0.23 1.34 1.28 0.23 32
III 1.44 1.40 0.24 1.45 1.41 0.26 1.46 1.41 0.27 25 1.33 1.23 0.22 1.33 1.23 0.23 1.34 1.23 0.24 33
IV 1.42 1.37 0.18 1.43 1.37 0.18 1.43 1.37 0.18 69 1.30 1.23 0.28 1.31 1.24 0.28 1.31 1.25 0.28 81
V 1.42 1.36 0.18 1.43 1.38 0.18 1.43 1.38 0.18 96 1.28 1.23 0.49 1.29 1.23 0.39 1.29 1.23 0.38 87

U − r (bright) U − r (faint)
17.65′′ 10′′ 8.33′′ 17.65′′ 10′′ 8.33′′

area median mean σ median mean σ median mean σ nr. of galaxies median mean σ median mean σ median mean σ nr. of galaxies
I 1.92 1.92 0.21 1.96 1.94 0.22 1.96 1.96 0.22 54 1.67 1.67 0.14 1.69 1.70 0.13 1.70 1.71 0.13 53
II 1.93 1.89 0.36 1.96 1.93 0.37 1.98 1.94 0.37 38 1.59 1.49 0.35 1.63 1.51 0.38 1.65 1.52 0.39 31
III 1.83 1.72 0.44 1.88 1.74 0.49 1.89 1.75 0.50 24 1.55 1.44 0.41 1.58 1.45 0.41 1.60 1.46 0.41 33
IV 1.84 1.75 0.38 1.86 1.76 0.39 1.87 1.76 0.40 35 1.59 1.51 0.40 1.63 1.52 0.40 1.63 1.53 0.40 54
V 1.84 1.65 0.51 1.86 1.66 0.53 1.87 1.66 0.53 22 1.58 1.59 0.27 1.62 1.61 0.27 1.62 1.60 0.28 20

U − B (bright) U − B (faint)
17.65′′ 10′′ 8.33′′ 17.65′′ 10′′ 8.33′′

area median mean σ median mean σ median mean σ nr. of galaxies median mean σ median mean σ median mean σ nr. of galaxies
I 0.45 0.46 0.16 0.47 0.47 0.16 0.47 0.48 0.16 54 0.29 0.29 0.11 0.31 0.31 0.08 0.30 0.31 0.08 53
II 0.47 0.46 0.28 0.48 0.49 0.29 0.50 0.49 0.29 38 0.25 0.21 0.16 0.28 0.23 0.19 0.29 0.23 0.20 31
III 0.42 0.32 0.23 0.44 0.34 0.26 0.45 0.35 0.26 24 0.23 0.21 0.23 0.25 0.23 0.21 0.25 0.23 0.21 33
IV 0.42 0.39 0.23 0.43 0.41 0.25 0.44 0.41 0.25 35 0.26 0.26 0.27 0.26 0.27 0.27 0.27 0.27 0.27 54
V 0.44 0.34 0.28 0.43 0.33 0.30 0.44 0.33 0.30 22 0.24 0.31 0.21 0.27 0.31 0.21 0.27 0.30 0.21 20
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Figure 6.1— Median B−r, U−r and
U − B colors within an 17.65′′ aper-
ture as a function of cluster radius.

redshifts available in the literature we composed the largest homogeneous data set for the
Coma cluster to date. From all 583 spectroscopically confirmed cluster members we selected
all elliptical, S0 and spiral galaxies which were given a reliable classification and extracted
their positional and photometric information. The galaxies are spread over an enormous area
and have the same photometric zero-point to ∼ 0.04 mag for B and r and ∼ 0.06 mag for U .

6.3 Dependence of galaxy colors on environment and morphology

6.3.1 Dependence of colors on distance to the cluster center

Several studies have shown that blue galaxies are more abundant at larger distances from
the cluster center (e.g. BO84; Abraham et al. 1996). To investigate this in Coma we defined
radial bins with radii: 0-0.2, 0.2-0.3, 0.3-0.42, 0.42-0.74 and 0.74-1.4 degrees from the cluster
center (1◦ = 1.22 h−1

100 Mpc at Coma distance) and measured median and mean B − r,
U − r and U − B colors as well as their scatter in each of the annuli using three different
apertures: 17.65′′, 10′′ and 8.33′′ (1′′ = 0.34 h−1

100 kpc at Coma distance). The results are
listed in Table 6.1. We then divided the galaxy sample into a bright and a faint sample,
both of approximately equal size, and calaculated the median, mean and scatter of their color
distributions. The results are listed in Table 6.2. The same systematic trends apply to all
aperture sizes; on average colors get slightly redder going to smaller apertures and this can
be attributed to color gradients within galaxies. We have visualized the radial dependence of
the median colors measured within the arbitrarily chosen aperture of 17.65′′ in Fig. 6.1 for
the total sample (heavy dots), the bright sample (heavy squares) and the faint sample (open
hexagons).

Clearly, the spread in colors is lowest in the cluster center and increases towards the cluster
outskirts with at least a factor ∼ 2 for all apertures and colors. At all radii bright galaxies are,
on average, redder than faint galaxies which already reveals the existence of a CM relation
even though no separation according to galaxy type has been made. Note that the sample size
for B − r in the outermost bin is larger than in the cluster center, but smaller for the U − r
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Table 6.3— Colors and scatter as a function of galaxy type and position within the cluster.

Color Sample Number Mean σ

B − r E inner 31 1.47 0.07
B − r E outer 31 1.47 0.08
B − r S0 inner 56 1.44 0.07
B − r S0 outer 55 1.40 0.08
B − r S inner 43 1.20 0.31
B − r S outer 47 1.20 0.29

U − B E inner 25 0.44 0.13
U − B E outer 26 0.43 0.11
U − B S0 inner 30 0.42 0.09
U − B S0 outer 29 0.37 0.11
U − B S inner 23 0.20 0.34
U − B S outer 22 0.29 0.21

U − r E inner 25 1.91 0.20
U − r E outer 26 1.89 0.17
U − r S0 inner 30 1.89 0.14
U − r S0 outer 29 1.77 0.19
U − r S inner 23 1.43 0.61
U − r S outer 22 1.50 0.46

and U − B samples. Yet, the same increase in scatter is observed. It is evident that the use
of a mixed bag of galaxy types intoduces too much scatter to reveal any trends of color with
radius. The combination of the morphology-density relation (Dressler 1980; Whitmore et al.
1993) with the scatter in each of the CM relations of ellipticals, S0s, spirals and irregulars
(e.g. van Dokkum et al. 1998) naturally accounts for the observed increase of the spread in
colors.

6.3.2 Dependence of colors on morphology

In this section we examine the variations of galaxy colors for different morphological types
as a function of distance to the cluster center. To retain sufficiently large samples for each
of the morphological types (elliptical, S0 and spiral) we divided the sample into two radial
bins. Each bin size was chosen such that it contains approximately equal numbers of galax-
ies. Given the different spatial distributions of each morphological type and the non-uniform
coverage of the U , B and r band photometric survey (Beijersbergen et al. 2002; chapter 2)
different radii had to be used for each galaxy type and color. The results are listed in Table 6.3.
The colors of ellipticals in the core are very similar to those of the ellipticals further out in
the cluster. S0 and spiral galaxies could have a slight difference in their mean inner and outer
colors, although this seems not significant given the magnitude of the scatter. The differences
in scatter seem to be very much color-dependent; the largest changes are observed for colors
involving the U band which is very sensitive to star formation.

Thusfar we have not taken the luminosities of the galaxies into account. That is to say,
galaxies in the cluster center are, on average, slightly brighter than galaxies in the cluster
periphery and the change in the spread of their mean colors may be driven by e.g. only the
faint galaxies. In the next section we will take the luminosities of the galaxies into account
by focussing on the well known relation between the color of an early-type galaxy and its
luminosity.
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Table 6.4— Derived color-magnitude relations.

Sample [(color), magnitude)] Slope Zero-point Scatter

E [B − r, B] −0.037 ± 0.004 2.08 ± 0.07 0.049
E [B − r, B] < 0.29◦ −0.038 ± 0.005 2.09 ± 0.09 0.041
E [B − r, B] > 0.29◦ −0.038 ± 0.007 2.08 ± 0.12 0.057
S0 [B − r, B] −0.053 ± 0.007 2.30 ± 0.11 0.062
S0 [B − r, B] < 0.58◦ −0.052 ± 0.009 2.32 ± 0.14 0.054
S0 [B − r, B] > 0.58◦ −0.054 ± 0.009 2.30 ± 0.15 0.063
E [U − B, B] −0.066 ± 0.008 1.53 ± 0.13 0.078
E [U − B, B] < 0.24◦ −0.076 ± 0.010 1.70 ± 0.17 0.072
E [U − B, B] > 0.24◦ −0.057 ± 0.013 1.37 ± 0.20 0.083
S0 [U − B, B] −0.096 ± 0.011 1.99 ± 0.18 0.067
S0 [U − B, B] < 0.26◦ −0.094 ± 0.015 1.96 ± 0.24 0.056
S0 [U − B, B] > 0.26◦ −0.094 ± 0.017 1.95 ± 0.29 0.079
E [U − r, r] −0.103 ± 0.010 3.44 ± 0.15 0.102
E [U − r, r] < 0.24◦ −0.115 ± 0.012 3.64 ± 0.18 0.089
E [U − r, r] > 0.24◦ −0.091 ± 0.016 3.25 ± 0.24 0.110
S0 [U − r, r] −0.163 ± 0.016 4.30 ± 0.24 0.104
S0 [U − r, r] < 0.26◦ −0.145 ± 0.023 4.06 ± 0.35 0.089
S0 [U − r, r] > 0.26◦ −0.161 ± 0.024 4.25 ± 0.38 0.116

6.4 Color-magnitude relation

Given the considerable size of the sample and the automated reduction process we have at our
disposal only those photometric parameters that SExtractor (Bertin & Arnouts 1996) mea-
sures. Our catalogue contains estimates of aperture magnitudes for six apertures, ranging
from 3.3 to 17.65 arcsec, and estimates of the total amount of light for each galaxy (SExtrac-
tor’s MAG BEST). CM relations can be determined in a number of ways, e.g. by using fixed
apertures to measure colors and magnitudes or by using fixed light fractions. The derived CM
relations below were found by using total colors of the galaxies. In this way we circumvent
the determination of effective radii and the problem of varying seeing for which otherwise
corrections have to be made. In addition, results by Scodeggio (2001) and van Dokkum et al.
(1998) show that the use of fixed apertures mainly affects the slope, but trends do apply for all
apertures (also confirmed by tables 6.1 and 6.2 for our data). Since we are mainly interested
in the scatter of the CM relation as a function of galaxy type and radial distance from the
cluster center we proceed by using total colors.

The CM relations for all ellipitcal, S0 and spiral galaxies are shown in the panels of
Fig. 6.2 for different colors. Early-type galaxies all lie within a well defined band extending
over more than 5 magnitudes. Late-type galaxies also show a CM relation, albeit much less
tight and with much larger scatter. Note that outliers all lie bluewards of the CM relation.
We determined CM relations for the ellipticals and S0 galaxies separately and the results are
plotted in the appropriate panels of Fig. 6.2 and listed in Table 6.4. The solid lines represent
the best-fit lines to the data and the dashed lines indicate the 3σ scatter about the best-fit lines.
The S0 galaxies have systematically steeper slopes than the ellipticals, independent of color.

6.4.1 Dependence of the color-magnitude relation on radial distance to the cluster cen-
ter

To investigate how the CM relation changes as a function of distance to the cluster center we
divided our sample in the same way as explained in section 6.3.2. In the panels of Fig. 6.3
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Figure 6.2— Color-magnitude relations for different morphological types, indicated in the
bottom-left corner of each panel. Top: B − r CM relations. Middle: U − B CM relations.
Bottom: U − r CM relations.

we compare the CM relations of ellipticals and S0s in the inner and outer parts of Coma. The
best-fit lines are indicated by solid lines and the 3σ scatter limits about the best-fit lines are
shown as dashed lines. The slopes and zero-points of all best-fit lines and the scatter are given
in Table 6.4. The scatter with respect to the CM relations is lower than the scatter listed in
Table 6.3, as should be for a CM relation with a non-zero slope. We observe the trend that, for
all colors, the scatter about the best-fit CM relation is always largest for the outer galaxies,
for both morphological types and all colors.

We investigate which galaxies are driving the observed trend by studying the residuals
with respect to the B − r CM relation as a function of distance to the cluster center. The
slopes and zero-points of the CM relations for the total, inner and outer elliptical and S0
samples in B − r are identical and therefore we calculate residuals with respect to the best-fit
CM relations of the total samples. We use B−r since this will provide the largest samples and
best statistics. The results for ellipticals (left panel) and S0 galaxies (right panel) are shown
in Fig. 6.4. There is a clear trend for the S0 galaxies to have bluer mean colors at larger
distances from the cluster center. The trend for ellipticals is very similar, but statistically less
significant (59%), since this sample is smaller and it contains one red outlier in the cluster
outskirts. These blue galaxies in the outer parts of Coma are responsible for the increase in
scatter about the mean CM relation.

In Figs. 6.5a and b we show the spatial locations of elliptical and S0 galaxies that lie within
1σ from the best-fit CM relation (called red galaxies hereafter) and the spatial distribution of
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the bluest elliptical and S0 galaxies. Blue galaxies seem to avoid the cluster center and have
an open distribution. Furthermore, the distribution appears unrelaxed; there are more blue
galaxies west of the cluster center. Panels c) of Fig. 6.5 show comparisons of the velocity
distributions of both galaxy groups. The number of blue galaxies is too small to investigate
whether the red and blue galaxy populations differ dynamically.

Figure 6.3— Comparisons of color-magnitude relations of elliptical and S0 galaxies for the
inner and outer parts of the cluster. Top: B − r CM relations. Middle: U − B CM relations.
Bottom: U − r CM relations. The scatter in the CM relations for all colors and both galaxy
types systematically increases towards the cluster outskirts.

Figure 6.4— Dependence of the residuals from the best-fit B − r CM relation, ∆(B − r), on
distance to the cluster center for elliptical galaxies (left panel) and S0 galaxies (right panel).
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Es on CM relation Blue Es

S0s on CM relation Blue S0s

Figure 6.5— Spatial distributions of elliptical and S0 galaxies. Panels a) show galaxies within
1σ of the best-fit CM relations. Panels b) show galaxies > 1σ bluewards of the best-fit CM
relations. Panels c) show the velocity distributions of the galaxies on the CM relation (solid
lines) and those of the galaxies 1σ bluewards of the CM relation (shaded).

6.5 Spiral galaxies

Spiral galaxies are an inhomogeneous population and occupy a large range in color. Even
though part of the spiral galaxy population seems to define a CM relation it is much less tight
and has a large fraction of galaxies bluewards of the relation. The main part of the spiral
population has similar colors and magnitudes as the population of S0 galaxies and follows
their CM relation. We, therefore, searched for trends by studying the residuals with respect
to the B − r CM relation of S0 galaxies as a function of distance to the cluster center, but
found no evidence for a correlation. We do, however, find that of the 8 galaxies detected in
H I (chapter 5), that are included in this analysis, 7 belong to the group of galaxies that are
more than ∼ 0.5 mag bluer than the CM relation. Furthermore, galaxies that lie closest to
the CM relation are preferably early-type spirals whereas the galaxies with the largest offsets
are mainly late-type spirals. These results support the idea that the bluest spiral galaxies
experience bursts of star formation which are fueled by their H I gas reservoirs. These bursts
can make the galaxies’ colors ∼ 0.5 mag bluer (Bicker et al. 2002). We investigate this further
in section 6.5.1 where we look at the color-radius relation for both types of spiral galaxies.

We proceeded by dividing the spirals in two equal-sized samples by selecting galaxies
bluer and redder than B − r = 1.3. The spatial distributions of these samples are shown in
panels a) and b) of Fig. 6.6. The blue spirals avoid the cluster center. The velocity distributions
of blue (shaded) and red (solid) spirals are given in Fig. 6.6c. Both distributions are relatively
flat due to the low numbers of galaxies (46 in each sample). The velocity distribution of
the red spirals peaks around 7000 km s−1, the mean cluster velocity, with a secondary peak
around 7400 km s−1. The blue spirals’ first and secondary peak are found between 7300–
7700 km s−1. We find a median cz = 7327, σ = 967 km s−1 for the red spirals and a median
cz = 7447, σ = 1187 km s−1 for the blue spirals. We checked that the spatial and velocity
distributions do not crucially depend on color.
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Red spirals Blue spirals

Figure 6.6— Spatial distributions of blue and red spiral galaxies. a) red spirals, b) blue spirals
and c) velocity distributions of the red (solid) and blue (shaded) spirals.

6.5.1 Color-radius relation

We look at radial distributions of different types of spiral galaxies by separating the spi-
ral population into early- and late-type spirals. To be able to identify any trends we have
used B − r color and defined the early-types to be Sa+Sab+Sb and the late-types to be
Sbc+Sc+Scd+Sd+Sm galaxies to obtain sufficiently large samples. The results are shown
in Fig. 6.7 where the dotted lines represent the trends. The late-type spiral galaxies have on
average bluer colors than early-type spiral galaxies. The trend of bluer colors towards later
morphological types has long been known (e.g. de Jong 1996; de Blok et al. 1995) and
is attributed to a larger fraction of the light coming from young stellar populations in these
systems. Furthermore, it seems that the early-types have smaller scatter around the mean
trend, indicating a more homogeneous population, although it has to be kept in mind that
the early-type sample is twice as large. We observe that the late-type spirals located in the
cluster outskirts are preferentially bluer than their counterparts in the cluster center. Most
importantly, there is a sharp boundary within which no late-type spirals exist. The early-type
spirals on average have similar colors at all cluster radii. The velocity distributions of early-
and late-type spirals (not shown here) are very similar to the velocity distributions of the red
and blue spiral samples, respectively. In conclusion, blue spirals can be identified as the late-
type spiral population, which strongly avoid the cluster center and have a velocity distribution
markedly different from the elliptical and S0 galaxies. Red spirals form a more homogeneous
population with spatial and velocity distributions more similar to those of early-type galaxies.

6.5.2 Blue fraction

The color representations of all identified Coma cluster members presented in Beijersbergen
& van der Hulst (2002; chapter 4) show a large fraction of blue, mainly late-type, galaxies.
This prompted us to look at the fraction of blue galaxies in more detail. Inspired by the pro-
cedures described in BO84 we derived B − r color distributions for different galaxy samples.
BO84 calculated the fraction of blue galaxies within 22′ from the cluster center. In Fig. 6.8 we
show color distributions of galaxies within 22′ from the cluster center (shaded histogram) and
of all galaxies (solid line). We have used similar, but not identical, definitions to compute the
blue fraction, fb. We have only used galaxies brighter than mB = 17.5 (93% completeness
limit) and corrected the distributions for the CM relation of elliptical galaxies. To determine
fb we calculated the number of galaxies with B− r colors at least 0.2 mag bluer than those of
elliptical galaxies of equal luminosity. We find fb ∼ 10% for the galaxies within 22′ from the
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Figure 6.7— B − r color as a func-
tion of distance to the cluster center
for a) early- and b) late-type spiral
galaxies. Trends are indicated by the
dotted lines.

cluster center and ∼ 16% when there is no restriction on distance to the cluster center. The
results are very similar when the colors are calculated with respect to the CM relation of S0
galaxies. Therefore, we find that fb increases as a function of radius, as expected, since there
are relatively more blue galaxies at large cluster radii.

6.6 Discussion

6.6.1 Colors and color-magnitude relations

The results presented show that if one is interested in trends of color with, for instance, cluster
radius or galaxy morphology the size of the aperture used to measure the color is not of
critical importance, provided that the sample is large. The derived CM relations of early-type
galaxies depend on color and morphology. S0 galaxies have systematically steeper slopes than
elliptical galaxies, contrary to the findings of Terlevich et al. (2001) who measure a steeper
slope for the ellipticals. The determinations of the CM relations as a function of distance to the
cluster center show that, for each morphology separately, the CM relations of the inner and
outer samples are identical within the measurement errors. The scatter, however, increases
systematically towards the cluster outskirts, again contrary to the results of Terlevich et al.
(2001). Agreement, however, exists on the observed trend of systematically bluer galaxy
colors with increasing projected radius from the center of the cluster.

Van Dokkum et al. (2000) searched for evolution of the slope of the CM relation of early-
type galaxies as a function of redshift by comparing results from different clusters and found
no evidence that the slope depends on redshift. For Coma the U − V CM relation of Bower
et al. (1992) was taken and transformed to U − B colors. Colors were measured within
apertures of 10 h−1

50 kpc. To approximate the procedures in Bower et al. (1992) we derived
the U − B CM relation for early-type galaxies within apertures of 17.65′′ and found a slope
of −0.079±0.012. Although steeper, this result is still within 3σ from the slope measured by
Bower et al. (1992). However, if instead of the result by Bower et al. (1992) our result would
have been used to search for evolution of the slope as a function of redshift the conclusion in
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Figure 6.8— B−r color distributions
of galaxies with mB < 17.5, cor-
rected for the CM relation of elliptical
galaxies. The shaded histogram rep-
resents the color distribution of galax-
ies within 22′ from the cluster cen-
ter. The solid histogram represents
the color distribution of all galaxies.

van Dokkum et al. (2000) of a constant slope with redshift would have to be changed.
For the determination of colors and CM relations and their trends as a function of galaxy

type and cluster radius the accuracy of the relative photometric calibration is more important
than the absolute calibration. Over the whole area covered all B and r band zero-points agree
within σ = 0.04 mag and all U band zero-points within σ = 0.06 mag (Beijersbergen et
al. 2002). Therefore, good estimates of the minimum observational scatter are 0.056 mag
for B − r and 0.072 mag for U − B and U − r. The discrepancies of determinations of
luminosities of multiply observed objects in overlapping regions increases towards fainter
objects. One might then be concerned that the observed trends of increasing scatter with
respect to the best-fit CM relations at larger cluster radii are driven by the samples’ magnitude
distributions. It could be that there are relatively more faint galaxies in the outer samples and
therefore the observational scatter would increase naturally. To investigate this possibility we
plot in Fig. 6.9 distributions of B and r band magnitudes of the inner and outer elliptical
and S0 galaxies. Inspection of the panels shows that for the ellipticals all distributions are
very similar. The B band distributions of the S0 galaxies are similar for the inner and outer
samples, but the r band distributions differ with more faint galaxies at larger cluster radii.
However, the distributions over B and r band magnitudes of the ellipticals show, if anything,
the opposite: there are more faint galaxies in the inner samples. We conclude that the observed
trend of an increase of the scatter in the CM relations must therefore be real.

The photometric accuracy attainable with HST is much better than with our ground-based
observations. We could have never detected the subtle difference in the scatter of elliptical
and S0 galaxies in CL 1358+62 (van Dokkum et al. 1998). Still, we observe a systematic
increase of the scatter of both galaxy types which is not seen in CL 1358+62.

6.6.2 Galaxy infall

Clusters continue to grow by accretion of galaxies from the surrounding field. After a field
galaxy has fallen into the cluster environment its star formation is disrupted, possibly with
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Figure 6.9— B and r band magni-
tude distributions of the inner (solid
line) and outer (shaded histogram) el-
liptical and S0 galaxies.

an associated final starburst, and hereafter the galaxy will fade and redden (Poggianti et al.
1999; Ellingson et al. 2001). This population of infalling field galaxies should be observable
as a group of relatively blue galaxies mainly located in the transition region of cluster and
field. The observed increase in scatter in the CM relations towards the cluster periphery can
be explained by the presence of a population of blue outliers at large cluster radii. The blue
early-type galaxies that we observe there may therefore be part of a population of recently
accreted galaxies.

The spatial and velocity distributions of the blue spiral galaxies are consistent with them
being a non-virialized cluster population. The lack of blue spirals in the cluster center and the
higher velocity dispersion compared to the red spiral population strongly suggest that they
are still falling into the cluster. This hypothesis is supported by the fact that 13 out of the
15 galaxies detected in H I (chapter 5) for which we have good optical data classify as blue
spiral galaxies. This suggests that this population has most recently been accreted from the
field. The separation of spirals according to morphological type reproduces the well known
correlation of color with Hubble type; on average, late-types are bluer than early-types. But
on top of that we observe a radial gradient in the colors of late-type spirals. The late-type
spirals at large distances to the cluster center tend to be bluer than their counterparts located
more towards the cluster center. This trend may be the result of the effect of the hostile cluster
environment on the galaxies’ gas contents which are used for star formation. The late-type
spirals that are the latest arrivals in the cluster have had their star formation terminated upon
entry and are still relatively blue. The galaxies that proceeded deeper into the cluster potential
have already started to fade and redden. The early-type spiral galaxies do not show such a
trend. Early-type spirals have intrinsically lower H I contents and star formation rates and
therefore the effect of the cluster environment on their colors may be less significant.
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6.6.3 Galaxy destruction

The morphology-density relation revealed that the fraction of spiral galaxies rapidly declines
towards the cluster center (Dressler et al. 1997; Dressler 1980; Whitmore et al. 1993). This re-
sult was based on composite clusters, without spectroscopic confirmation of cluster member-
ship for all individual galaxies. Recently, Thomas & Katgert (2002) studied the morphology-
radius and morphology-density relation for a sample of 800 spectroscopically confirmed clus-
ter members from the ESO Nearby Abell Cluster Survey (ENACS). They distinguished early-
from late-type spirals and found that the late-type spirals avoid the densest region and are
therefore almost absent in the cluster core. This result is again based on a composite cluster,
composed of 23 clusters, and since information on individual clusters is completely lost, this
raises the question whether this result may be driven by just a few clusters in the sample. Our
sample is large enough to derive the morphology-radius relation for Coma only (Beijersber-
gen & van der Hulst 2002; chapter 4) and when separating early- from late-type spirals we
indeed find that the late-type spirals strongly avoid the cluster core (Fig. 6.7). More detailed
photometric and spectroscopic observations of other clusters are needed to investigate how
common this phenomenon is throughout different clusters.

Our results support the idea that in the Coma cluster late-type spiral galaxies that cross the
cluster core could be destroyed or transformed into early-type spirals, as proposed by Thomas
& Katgert (2002). They have shown that there is a group of early-type spirals with bulges
as faint as those of late-type spirals, but these early-type spirals are only found in the central
regions of clusters. Since late-type spirals are not found in the center this suggests that part
of this population has been transformed into early-type spirals. Early-type spirals are more
compact and it may be that they are stable enough to survive in the cluster center or populate
orbits on which they spend little time in the cluster core.

6.6.4 Blue fraction

The original definition of the blue galaxy fraction, fb, of BO84 is somewhat arbitrary. Galax-
ies are counted to an absolute magnitude MV < −20 within the radius which encompasses
30% of the cluster population. The fraction of galaxies more than 0.2 magnitudes bluewards
of the B − V CM relation of early-type galaxies defines fb of the particular cluster. The sam-
ple of BO84 lacks the redshift determinations to ascertain cluster membership, hence their
procedure suffers from uncertainties due to the statistical removal of field galaxies. Here we
try to establish whether this has a significant influence. According to BO84 the radius that
encompasses 30% of Coma’s galaxy population corresponds to 22′ and, within this radius, 94
galaxies were used to determine fb. Here we use similar, but not identical, definitions to com-
pute fb using different selection limits to attempt to approximate the sample of BO84. We do
not correct colors and magnitudes for atmospheric extinction when comparing to BO84. First
we tuned the B magnitude limit to arrive at a total of 94 galaxies within 22′. This criterium
was met at mB = 17.02 and we find fb = 0.04 ± 0.02. Second, we assumed B − V = 0.9
for early-type galaxies and found fb = 0.06 ± 0.03 when applying a magnitude limit of
MB = −19.1. Both approaches result in fb values consistent with those derived by BO84,
who found fb = 0.03 ± 0.01. It appears that BO84 applied accurate corrections for field
galaxy contamination.

Next we investigate the robustness of fb to the defined selection limits. In Fig. 6.10
we illustrate the dependence of fb on cluster radius and magnitude cutoff for two examples;
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Figure 6.10— Blue fraction calcu-
lated within 4 cluster radii and two
magnitude limits: a) for mB < 16.5
and b) for mB < 17.5.

brighter than mB = 16.5 (top panel) and brighter than mB = 17.5 (bottom panel). The
values of fb seem not very sensitive to the applied magnitude limit, except in the very center
of the cluster. Sampling within larger cluster radii, however, produces systematically higher
fb values. This is consistent with results by Ellingson et al. (2001) for their sample of 15
clusters at redshifts 0.17 < z < 0.55. Furthermore, they showed that for evolution studies it
is crucial to sample radii well outside of the cluster cores to calculate fb.

6.7 Summary and conclusions

We have used a subsample of 583 spectroscopically confirmed cluster members to investigate
colors, the CM relation and their scatter as a function of cluster radius and morphology. In
addition we have determined the fraction of blue galaxies by using different approaches.

The dependence of galaxy colors on cluster radius and aperture size already revealed the
existence of a CM relation independent of color, size of the aperture or position in the cluster.
We separated the sample into elliptical, S0 and spiral galaxies to determine CM relations as
a function of color, morphology and distance to the cluster center. The CM relations of el-
lipticals have systematically shallower slopes at all measured radii, but the CM relations of
the inner and outer samples are indistinguishable within the measurement accuracies for each
galaxy type separately. The scatter with respect to the best-fit CM relations systematically
increases towards the outskirts of the cluster. Blue galaxies that are mainly located at rela-
tively large cluster radii are responsible for the increase of the spread of galaxy colors. This
population of galaxies may be the most recent arrivals in the cluster and experiencing a final
starburst before fading and reddening sets in.

The heterogeneous spiral galaxy population occupies a large range in color and has an
untight CM relation. Blue and red spirals have distinct spatial and velocity distributions. The
red spirals have a median cz = 7327, σ = 967 km s−1 and the blue spirals have a median
cz = 7447, σ = 1187 km s−1. The spatial and velocity distributions of the spirals suggest
that the blue spirals are the population that is least virialized. This is supported by the fact
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that part of the blue spiral population is still relatively gas-rich and has been detected in H I

(chapter 5) suggesting that they are recent arrivals in the cluster. The separation of early-
and late-type spirals reveals that the late-types are bluer on average. From the color-radius
relations we infer that the late-type spirals close to the cluster center are redder, on average,
than their counterparts located in the cluster outskirts. The early-type spirals do not show
such a trend. Furthermore, the late-type spirals are completely absent within ∼ 0.25◦ from
the cluster center, but early-type spirals do still occur there. In conclusion, the properties
of the late-type spirals suggest that they are still falling into the cluster and as they propagate
deeper into the cluster’s potential well the effect of the hostile environment becomes apparent.
Star formation comes to a halt and the galaxies that come too close to the cluster center are
destroyed or transformed into earlier type galaxies.

We used different approaches to approximate the sample of BO84 and to derive its blue
fraction, fb. We arrive at fb ∼ 5% which is very similar to the result of BO84 and suggests
that the applied field corrections were accurate. The fb, however, depends quite sensitively on
the adopted sampling radius. Sampling within larger cluster radii systematically increases fb

to ∼ 17% within the largest radius possible. The applied magnitude limit seems to play only
a minor role.
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7
Summary and Future Prospects

ABSTRACT — Results from large optical and H I surveys presented in the previous
chapters are summarized. We combine the results from the analyses of the separate
projects to discuss how these have improved our knowledge of the galaxy population in
the Coma cluster. Proposals for future observations are discussed.

7.1 Introduction

The Coma cluster is the richest of the nearby clusters and appears to be a close equivalent
to clusters at higher redshift. The most remarkable similarity is the presence of blue disk
galaxies and galaxies with E+A type spectra. This makes Coma the perfect link between
nearby and distant clusters. The galaxy densities range from ∼ 103 h2

100 Mpc−2 at the cluster
center to ∼ 10 h2

100 Mpc−2 towards the cluster outskirts. Thus, Coma provides a range
of environments and is therefore an ideal laboratory for a study addressing the evolution of
galaxies and to explore the link between galaxy properties and their environments.

We have used the Wide Field Camera (WFC) on the 2.5 m Isaac Newton Telescope (INT)
to perform a large multi-color wide field optical survey covering 5.2 deg2. We compiled a
catalogue with positional and photometric measurements for well over 130000 objects. From
this data set we extracted a uniform data set of 583 spectroscopically confirmed cluster mem-
bers. We have also begun to use the Westerbork Synthesis Radio Telescope (WSRT) to start
un unbiased census of the H I in galaxies in the south-west quadrant of the Coma cluster. The
main results are summarized below.

7.2 Coma: a testbed for galaxy evolution

7.2.1 Luminosity functions

Statistical determinations of luminosity functions (LF) are accurate when both the science
and control fields are large. We demonstrated that LFs are mainly shaped by the area that is
used for the calculations and not by the methodology that is employed. The LFs of galaxies
in Coma all depend on environment in the sense that the faint end slopes of the LFs become
steeper towards less dense regions, independent of filter. This rules out the existence of a
universal LF and clearly supports the existence of environmental effects. The differences in
faint end slopes of the overall LFs and those of the field, as measured by the Sloan Digital
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Sky Survey (SDSS) (Blanton et al. 2001), are filter-dependent (strongest in U ) and can be
attributed to enhanced star formation in the dwarf population in the outer parts of the cluster
where evolution is apparently still strong. We checked that the calculated LFs and the trends
we have derived are not significantly affected by projection effects.

7.2.2 Galaxy morphologies

The high resolution and depth of our optical survey has made it possible to extend the number
of classified galaxies and to classify galaxies down to fainter limits. This has significant
consequences for some evolutionary studies in which Coma has been taken as low z anchor
point. Based on our data roughly half of the morphologies listed in Dressler (1980) shift
towards later type, directly affecting morphology-radius and morphology-density relations,
as well as the relative fractions of each galaxy type. The new estimates of the fraction of
blue galaxies, however, are still consistent with the original calculation from almost 20 years
ago (Butcher & Oemler 1984), but depends quite sensitively on the adopted sampling radius.
Sampling within larger cluster radii rapidly increases the blue fraction up to a factor ∼ 3
compared to the original sampling radius.

7.2.3 Effects of the environment

The spatial and velocity distributions of early- and late-type galaxies are different. The results
seem to indicate that the elliptical and S0 galaxies really define the cluster. The population
of spirals is least virialized and from its velocity distribution we infer that at least part of it
is still falling into the cluster. Within the spiral population we can identify two groups: red
and blue spirals. The spatial and velocity distributions of blue spirals point to an unvirialized
population whereas the red spirals are more similar to the S0 galaxy population.

Clear morphological segregation takes place in the inner cluster region where we observe
a significant decrease of the late-type galaxy fraction balanced by an increase of the early-
type fraction. Furthermore, the late-type spiral galaxies seem most affected by the cluster
environment, since they strongly avoid the region within ∼ 0.25◦ from the cluster center.

The distance to the cluster center also seems to affect the colors of galaxies. The scatter
with respect to the best-fit color-magnitude relations of elliptical and S0 galaxies systemat-
ically increases towards the outskirts of the cluster. This is caused by a population of blue
galaxies located at large cluster radii. It is again the late-type spiral population that stands out
most clearly. For this group we directly observe a significant blueing towards the outer parts
of the cluster.

The results from the optical survey support a scenario where the Coma cluster is still
growing by accreting galaxies from the field. We observe the recently accreted galaxies as
blue galaxies far from the cluster center. Spiral galaxies, and in particular the late-types, are
most affected by the hostile environment. As they proceed deeper into the cluster potential
star formation ceases and the galaxies start to fade and redden. When they get too close to the
core they are destroyed or transformed to early-type spirals.

7.2.4 H I perspective

The H I survey yielded the detection of 24 galaxies with H I masses in the range from 5 ×
108h−2

70 to 1.6 × 1010h−2
70 M�. The cluster center contains no galaxies with detectable H I
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and over the total area covering ∼ 6 deg2 only two spiral galaxies with H I masses typical or
above that of field L∗ galaxies are found.

We clearly found signs of ongoing interactions with the cluster environment. The best
example of the impact of environmental effects is NGC 4921. This prominent spiral galaxy
is very deficient in H I and has a very disturbed H I mass distribution. Both its location with
respect to the X-ray emission and its high velocity (∼ 1500 km s−1) relative to the mean
cluster velocity suggest that ram pressure stripping is the most likely mechanism at work.

By using known positions and velocities of galaxies in the volume surveyed we stacked
spectra of specific subsamples to improve the average detection limit. This way we found that
the NGC 4839 group has a low mean H I content. The starburst and post-starburst galaxies
in Coma also appear deficient in H I. Apparently, episodes of star formation have lowered
the H I content below measurable levels. The average signal from a selected group of 22
spiral galaxies that are located outside of the cluster core indicates an average H I mass of
∼ 1 × 108h−2

70 M�.
The galaxies that were detected in H I are spiral galaxies of late morphological type. These

gas-rich galaxies differ dynamically from the virialized early-type galaxy population. Their
velocity distribution is bimodal and peaks around 7500 km s−1, similar to what is observed
for galaxies detected in the UV band (Donas, Milliard & Laget 1995) and for the blue spiral
galaxies (chapter 5). The results from the H I survey support the hypothesis that (part of) the
population of late-type galaxies is not virialized.

7.3 Future prospects

7.3.1 Optical surveys

The wide field photometric survey presented in this thesis has provided the largest uniform
multi-color catalogue of the area centered on the Coma cluster. The catalogue complements
and extends previous wide field surveys by providing deep and accurate CCD photometry for
the U , B and r bands. The U band photometry is of particular importance for comparisons
with high z clusters and its sensitivity to star formation processes. To reach similar depths
as the B and r band photometry, however, long integration times are necessary and therefore
the present survey has a limited U band coverage of only 1.3 deg2. Even though we have
sampled to large cluster radii, the galaxy densities are still above field values. Extending the
survey to even larger cluster radii, especially in U , would therefore be useful. We could then
investigate how the LFs change in the transition region with the field and derive more accurate
deprojected LFs.

The catalogue that we have compiled contains positional and photometric information
for objects in a 5.2 deg2 area centered on Coma and as faint as ∼ 23 mag. Only a tiny
fraction of these have measured redshifts. Extending the number of redshift measurements
towards fainter galaxies and galaxies located in the cluster’s periphery would certainly be
valuable. Comparisons of statistical LFs with those of spectroscopically confirmed cluster
members could then be made over a larger luminosity range and larger areas. Furthermore,
since the data quality has made it possible to extend reliable morphological classification
down to fainter limits, deeper and more accurate type-dependent LFs could be derived as
well.

With a larger and more complete sample of cluster galaxies the kinematical properties of
various subsamples of the cluster population could be studied in more detail. In particular,
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it would be interesting to investigate whether field galaxies fall in on an individual basis
or prefer to fall in as a group or along filaments. The studies of the morphology-density
and color-magnitude relations would both benefit from better statistics and larger sampling
radii. Overall, more observations would help to strengthen Coma’s position as low z reference
cluster for studies of the evolution of galaxies in rich clusters.

7.3.2 H I surveys

The stacking method that we applied in our H I survey lowered the detection threshold for
H I emission to ∼ 9 × 107h−2

70 M�, i.e. almost a factor 18 less than the estimated 5σ com-
pleteness limit for a direct detection. The success of the stacking method depends on the
number of measured redshifts for the cluster under investigation. This means that for clusters
at higher z the decrease of the detection threshold will be less impressive, but still significant.
Extension of blind H I surveys of clusters towards higher redshifts would enable the study
of the evolution of the average H I mass of cluster members. At higher redshifts clusters are
contained within a single WSRT primary beam and the increased sensitivity and availability
of the new wide band capability of the upgraded WSRT allow H I surveys at intermediate z
within reasonable integration times. Studies of the gas content and gas mass-to-light ratios
of galaxies in these clusters and their surrounding field as a function of cluster radius, color,
morphology and velocity could be compared to results at z = 0, presented in this thesis. The
results would help to constrain galaxy evolution models.

With the new wide band capability of the WSRT we could observe, for instance, the
north-east quadrant within half of the time needed to complete the present survey or sample
the complete cluster’s velocity distribution, including part of the field, in the same amount of
time with higher sensitivity. New, and preferably deeper, observations are necessary, since
the results obtained thusfar are interesting, but not sufficient to draw hard conclusions about
the general H I properties of the cluster population. The main reasons are that the number
of detections is relatively low and that the surveyed area may be affected by the presence of
the infalling group of galaxies around NGC 4839. Furthermore, most of the evolution seems
to occur in the low-mass range where the current survey is not sensitive enough. With new
observations of at least one extra quadrant we would be able to improve the detection statistics
by a factor 2 and allow a firmer determination of the studied radial trends. The evaluation of
the averaged H I properties of groups of galaxies could be extended. Especially when we
subdivide the galaxies into smaller groups such as starburst, post-starburst, early-type, late-
type and dwarf galaxies we quickly run out of objects with known redshifts and additional
optical information with the present sample. Comparison with a cluster region less affected
by selection effects allows to check the significance of environmental influences.

It will be clear that observations of the full 5.88 × 4.1 degrees (4 quadrants) would even-
tually provide the best and most valuable information on the distribution of the gas deficiency
throughout the entire Coma cluster area. In combination with the large wide field optical
survey, and possible future surveys, this would be the ideal data base for reconstructing the
cluster’s merging history.
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Nederlandse Samenvatting

Ons sterrenstelsel: de Melkweg

Tijdens een onbewolkte winterse nacht zijn er aan de hemel met het blote oog een paar duizend
sterren te zien. Met een verrekijker of telescoop worden dat er zelfs miljoenen, die allen be-
horen tot het sterrenstelsel waarvan wij deel uitmaken. Ver weg van storend stadslicht kan
men een band van licht waarnemen die als een ring rond de hemelbol loopt. Die witte band
wordt veroorzaakt door een enorm aantal sterren die met het blote oog niet afzonderlijk kun-
nen worden waargenomen en daarom samensmelten tot een sliert van licht: de Melkweg. De
grillige vorm en donkere plekken van de Melkweg worden veroorzaakt door tussen de sterren
gelegen stof dat licht van erachter gelegen sterren absorbeert. Mede dankzij waarnemingen
met radiotelescopen die straling opvangen die niet door stof wordt tegengehouden hebben
we de grootte en vorm van onze Melkweg kunnen bepalen. We weten nu dat we leven in
een roterend systeem van zo’n 200 miljard sterren die door de zwaartekracht bijeen worden
gehouden. De meeste sterren bevinden zich in een relatief vlakke schijf met in het centrum
daarvan een verdikking. Wij cirkelen met onze aarde rond een van die sterren, de zon, ergens
in een buitengebied van de Melkweg. Wanneer we in het vlak van de Melkweg kijken zien we
verreweg de meeste sterren en dit veroorzaakt dan ook die wazige band aan de nachthemel.
De Melkweg is een sterrenstelsel en behoort vanwege zijn vorm tot de groep van spiraalstel-
sels. Van boven gezien lijkt de Melkweg namelijk op een draaikolk: de helderste sterren
vormen structuren die spiraalarmen genoemd worden. Van opzij gezien lijkt de Melkweg op
een CD met op de plaats van het gat een dikke knikker. Spiraalstelsels worden onderverdeeld
in verschillende subtypes. De dikte van de knikker ten opzichte van de grootte van de schijf
en de compactheid van de spiraalstructuur bepalen onder andere welk subtype wordt toege-
kend. Naast sterren en stof is waterstofgas een belangrijke component van spiraalstelsels,
want hieruit kunnen nieuwe sterren geboren worden. Waterstofatomen bevinden zich in koude
en ijle gaswolken en zenden electromagnetische straling uit met een golflengte van 21.1 cm.
Die straling is ongevoelig voor absorptie door stof en kan met radiotelescopen in kaart worden
gebracht.

Naast spiraalstelsels bestaan er ook elliptische stelsels: min of meer bolvormige verza-
melingen van sterren. Elliptische stelsels kunnen ook worden onderverdeeld en de mate van
afplatting bepaalt hier welk subtype precies wordt toegekend. Alle voorkomende typen ster-
renstelsels maken deel uit van een continu spectrum en er zijn daarom veel overgangstypes.
De belangrijkste daarvan is het type S0. Deze stelsels hebben de vorm van een rugby bal, maar
bevatten ook een schijfcomponent. Ze vormen daarom de overgang tussen elliptische stelsels
en spiraalstelsels. Elliptische en S0 stelsels hebben over het algemeen maar weinig water-
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Figuur 7.1— Voorbeelden van de verschillende typen sterrenstelsels. Van links naar rechts:
elliptisch, S0 en spiraalstelsel.

stofgas. In figuur 7.1 zijn voorbeelden van de verschillende types afgebeeld. Het toekennen
van types aan sterrenstelsels is geen triviale zaak en de betrouwbaarheid hangt onder andere
af van de hoek waaronder we de stelsels zien. Het is bijvoorbeeld moeilijk om spiraalstelsels
van S0 stelsels te onderscheiden wanneer men deze van opzij waarneemt.

Sterrenstelsels in clusters

Een cluster bestaat uit enkele tientallen tot meer dan duizend sterrenstelsels die door gravi-
tatiekracht (zwaartekracht) bijeen worden gehouden. Rijke clusters, zoals de Coma cluster,
behoren tot de grootste gravitationeel gebonden structuren in het heelal. Van de totale massa
van een cluster bevindt zich slechts 1–2% in de sterrenstelsels en tot ongeveer 10% in heet
gas, dat voornamelijk röntgenstraling uitzendt en zich tussen de sterrenstelsels bevindt. De
rest van de massa is onzichtbaar en wordt daarom donkere materie genoemd. Het onderzoek
naar deze materie en de identiteit van haar massadragers is een speciaal vakgebied binnen de
sterrenkunde. In dit proefschrift concentreren we ons op de straling die de sterrenstelsels in de
Coma cluster uitzenden bij zowel optische als radiogolflengten. Figuur 7.2 toont een opname
van het centrale deel van deze cluster.

Zoals de planeten zich in bepaalde banen om de zon bewegen, zo bewegen sterrenstelsels
in een cluster zich op verschillende banen rond of door het centrum van de cluster. Het is
daarom waarschijnlijk dat vroeg of laat ergens in de cluster stelsels dicht bij elkaar komen.
Onder invloed van de gemeenschappelijke zwaartekracht zullen de stelsels continu elkaar
aantrekken en ze kunnen zelfs samensmelten tot een groter stelsel, meestal met een zeer on-
regelmatige vorm. Ook wanneer de interactie niet tot samensmelting leidt laat het vaak wel
zijn sporen na, bijvoorbeeld in de vorm van lange staarten van sterren en gas die van het ene
naar het andere stelsel wijzen. Over het algemeen is de verdeling van het waterstofgas veel
uitgebreider dan die van het sterlicht. Het is mogelijk dat de verdeling van het waterstof-
gas al zeer verstoord is, terwijl er aan de verdeling van het sterlicht nog niets ongewoons te
herkennen valt. Waarnemingen met radiotelescopen zijn daarom een nuttige aanvulling op
optische waarnemingen om op zoek te gaan naar tekenen die wijzen op interacties. Een goed
voorbeeld hiervan is weergegeven in Fig. 7.3. Behalve met andere stelsels kan er ook inter-
actie plaatsvinden met het zeer hete gas in de cluster, het zogenaamde intracluster medium.
Vooral gasrijke spiraalstelsels die met hoge snelheid door dit intracluster medium bewegen
hebben een grote kans dat ze een deel van het waterstofgas in de buitenste delen verliezen.
De condities in een cluster hebben dus een duidelijke uitwerking op de eigenschappen van de
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Figuur 7.2— Een opname van het centrale deel van de Coma cluster. De meeste objecten
zijn sterrenstelsels met uiteenlopende afmetingen en helderheden. In het centrum vindt men
vooral elliptische en S0 stelsels.

sterrenstelsels. Een cluster kan men zich daarom voorstellen als een soort proeftuin waarin
men kan bestuderen hoe eigenschappen van sterrenstelsels worden beı̈nvloed door de omgev-
ing waarin ze zich bevinden.

Sterrenstelsels in clusters zijn niet gelijkmatig verdeeld over de verschillende types. De
elliptische en S0 stelsels zijn veel prominenter aanwezig dan de spiraalstelsels, met name in
het centrum van clusters. Van studies van clusters op verschillende afstanden weten we dat
deze verdeling bovendien verandert als functie van afstand en dus als functie van tijd. Im-
mers, aangezien de lichtsnelheid 300 000 km s−1 bedraagt heeft het licht van ver weg gelegen
clusters er langer over gedaan om de telescoop te bereiken dan van clusters in het nabije hee-
lal en kijken we dus verder in het verleden. Dat betekent dat hoe verder een object weg staat
hoe jonger we het zien en dat maakt het mogelijk onderzoek te doen naar de ontwikkelings-
geschiedenis van bijvoorbeeld sterrenstelsels in clusters. Op basis van het huidige onderzoek
lijkt het percentage elliptische stelsels binnen clusters redelijk constant te zijn als functie van
tijd, maar gaande naar het heden verandert de verhouding tussen spiraalstelsels en S0 stelsels.
Het percentage spiraalstelsels neemt af en het percentage S0 stelsels neemt tegelijkertijd toe.
Dit zou kunnen betekenen dat sommige spiraalstelsels worden getransformeerd tot S0 stelsels.
De evolutie van sterrenstelsels lijkt dus naast de directe omgeving van de stelsels ook af te
hangen van het type.

Dit proefschrift

In dit proefschrift bestuderen we eigenschappen van de sterrenstelsels in de Coma cluster.
Deze cluster bestaat uit zeer veel sterrenstelsels en met behulp van waarnemingen met opti-
sche en radiotelescopen zoeken we naar verbanden tussen de eigenschappen van deze stelsels
en hun posities in de cluster om zo de invloed van de omgeving op de stelsels in kaart te
brengen.

Optische waarnemingen

Met de optische Isaac Newton Telescoop op La Palma hebben we een groot deel van de
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Figuur 7.3— De figuur toont twee opnamen van hetzelfde stukje hemel, maar bij twee ver-
schillende golflengten. Links: de sterrenstelsels M81, M82 en NGC 3077 zoals wij dat met
het oog door de telescoop zouden zien. Rechts: hetzelfde, maar dan zijn ook contouren die de
verdeling van het waterstofgas aangeven getekend. Uit de gasverdeling blijkt duidelijk dat er
tussen de stelsels interacties plaatsvinden. (Yun, M. S., Ho, P. T. P., & Lo, K. Y. 1994, Nature,
372, 530)

Coma cluster met behulp van een grote CCD camera gefotografeerd. Door alle afzonder-
lijke waarnemingen aan elkaar te plakken onstaat een digitale foto van de cluster met een
oppervlakte van 5.2 vierkante graden aan de hemel. De cluster is waargenomen door drie
verschillende filters: U , B en r (ongeveer blauw, groen en rood). Dit geeft waardevolle in-
formatie, omdat ieder filter gevoelig is voor een ander deel van het licht dat de sterrenstelsels
uitstralen. Het r filter is bijvoorbeeld het meest gevoelig voor de straling die oudere sterren
uitstralen, terwijl U vooral gevoelig is voor straling van jonge sterren. De verhouding van de
hoeveelheid licht die we door de verschillende filters krijgen bepaalt de kleur van een stelsel
en die zegt op zijn beurt iets over de verdeling van jonge en oude sterren in het betreffende
stelsel.

We hebben de optische waarnemingen geanalyseerd en een catalogus van alle (ruim
130000) gedetecteerde objecten samengesteld. Deze catalogus bevat informatie over o.a.
posities, helderheden, kleuren en de vormen van de objecten en dient als basis voor het onder-
zoek van de optische eigenschappen van sterrenstelsels in de Coma cluster. Hieronder worden
kort de resultaten beschreven.

Helderheidsfuncties

Een helderheidsfunctie geeft informatie over hoeveel stelsels er bij iedere helderheid zijn.
Men kan deze functie zien als een grafische voorstelling van een soort van volkstelling van
sterrenstelsels. De vorm van de functie en hoe deze verandert voor verschillende gebieden in
de cluster reflecteert veranderingen in de sterrenstelsel populatie. Helderheidsfuncties geven
daarom waardevolle statistische informatie over hoe de omgeving de eigenschappen van de
sterrenstelsels beı̈nvloedt.
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We hebben Coma in vijf gebieden verdeeld en van elk gebied de helderheidsfunctie
bepaald. Deze zijn alle verschillend van vorm hetgeen op de eerste plaats betekent dat er geen
universele helderheidsfunctie kan bestaan, zoals in het verleden weleens werd geopperd. De
helderheidsfuncties stijgen bovendien steeds sneller aan de kant van de minst heldere stelsels
naarmate de afstand tot het centrum groter wordt. Een vergelijking met helderheidsfuncties
van stelsels buiten clusters laat zien dat vooral de U band functies aan de kant van de minst
heldere stelsels verschillen; in Coma is de functie daar steiler, m.a.w. er zijn daar relatief meer
zwakke stelsels. Dit zou kunnen worden verklaard door aan te nemen dat er nog steeds (vooral
zwakke) stelsels van buiten de cluster door de zwaartekracht de cluster worden ingetrokken.
Door de wisselwerking met stelsels in de cluster en/of het intracluster medium treden er tij-
delijk extra periodes van stervorming op waardoor de stelsels gedurende enige tijd helderder
worden, voornamelijk in de U band, en dit veroorzaakt een steilere helderheidsfunctie aan de
minst heldere kant van de verdeling. Als dit correct is betekent dat dat Coma nog steeds aan
het vormen is en vooral in de buitenste delen nog steeds grote invloed uitoefent op de evolutie
van zijn sterrenstelsel populatie.

Sterrenkundige opnames laten altijd de aan de hemel geprojecteerde verdeling van ob-
jecten zien. Een stelsel dat we rond het centrum waarnemen kan zich dus in werkelijkheid
in de buitendelen bevinden, ver voor of achter het centrum. We hebben de invloed van pro-
jectie effecten onderzocht en komen tot de conclusie dat die geen significante invloed op de
gevonden resultaten hebben.

Stelsels in de Coma cluster

We hebben een catalogus samengesteld met in totaal 583 cluster leden waarvoor we beschik-
ken over goede fotometrische metingen in verschillende filters. Pieter van Dokkum heeft aan
346 cluster leden types toegekend, de overige 237 zijn niet betrouwbaar te classificeren, voor-
namelijk omdat ze te zwak zijn. Door de hoge resolutie en de gevoeligheid van onze gegevens
was het mogelijk het aantal betrouwbaar geclassificeerde stelsels uit te breiden, vooral voor
zwakke stelsels. Het heeft er echter ook toe geleid dat veel stelsels een ander type toegekend
hebben kregen dan op basis van eerdere gegevens. Dit heeft belangrijke consequenties voor
studies die de evolutie van de populatie van sterrenstelsels in clusters als functie van tijd (af-
stand) onderzoeken. Het percentage spiraalstelsels is in onze gegevens bijvoorbeeld hoger
dan in oude studies, zodat de trend van een duidelijk afnemend percentage spiraalstelsels als
functie van tijd herzien moet worden.

In Coma zijn de verschillende types van stelsels duidelijk verschillend over de ruimte
verdeeld. Rond het cluster centrum zijn 9 van de 10 stelsels elliptische of S0 stelsels. Buiten
het centrum neemt het percentage elliptische stelsels af, het percentage S0 stelsels blijft
ongeveer gelijk en het percentage spiraalstelsels neemt eerst flink toe om vervolgens con-
stant te blijven. De ruimtelijke verdeling van spiraalstelsels laat een vrij uniforme verdeling
van stelsels over de hemel zien zonder voorkeur voor bepaalde gebieden. Als de lage fractie
van spiraalstelsels in het dichtbevolkte cluster centrum veroorzaakt wordt door transformaties
naar bijvoorbeeld S0 stelsels, dan zou dit moeten gebeuren voordat ze het centrum bereikt
hebben, want de zogenaamde mergers bevinden zich allen buiten het centrum.

Voor elliptische en S0 stelsels bestaat er een zeer nauwe relatie tussen de kleur en de
helderheid van de stelsels en wel zo dat zwakkere stelsels blauwer zijn. Voor beide types
hebben we deze relatie bepaald voor het binnenste en buitenste gedeelte van de cluster. We
vinden geen significante verschillen tussen beide helften. De relaties voor beide types zijn
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echter niet identiek, want de S0 stelsels hebben systematisch steilere hellingen. De belang-
rijkste conclusie is echter dat de gemiddelde afwijkingen ten opzichte van de relatie groter
worden op grotere afstanden van het centrum van de cluster. Dit wordt veroorzaakt door
relatief blauwe stelsels in de buitendelen van de cluster. Dit zouden stelsels kunnen zijn die
recent in de cluster gearriveerd zijn en door de interactie met de cluster omgeving nog een
laatste periode van stervorming doormaken.

Voor de gehele groep van spiraalstelsels bestaat er geen nauwe relatie tussen de kleur en
de helderheid van de stelsels. We hebben de spiralen daarom verdeeld in vroeg- en laat-type
stelsels: laat-type spiraalstelsels zijn de stelsels met de meest open spiraalstructuur en kleinste
verdikkingen in het centrum en voor de vroeg-type spiraalstelsels geldt het omgekeerde. De
laat-type spiraalstelsels zijn blauw t.o.v. de vroeg-type stelsels, maar worden gemiddeld roder
naarmate ze dichter bij het cluster centrum in de buurt komen. Het is opmerkelijk dat er binnen
een straal van ∼ 0.25◦ geen enkel laat-type spiraalstelsel meer te vinden is. De eigenschappen
van de groep vroeg-type stelsels lijken veel op die van de S0 stelsels en het zijn dus vooral de
laat-type spiraalstelsels die duidelijk beı̈nvloed worden door de cluster omgeving. Nadat ze de
cluster zijn binnengekomen zijn ze nog relatief blauw, maar ze verliezen, onder invloed van
de omgeving, op weg naar het centrum hun waterstofgas, zodat stervorming sterk vermindert
en ze langzaam roder worden bij gebrek aan jonge, blauwe sterren.

Dynamica

De vorm van de snelheidsverdeling van alle stelsels die bij de cluster horen is niet wat je
verwacht voor een cluster die al helemaal gevormd is. Wanneer we onderscheid maken tussen
de verschillende prominente types, nl. elliptische, S0 en spiraalstelsels, blijkt dit vooral te
worden veroorzaakt door de groep van spiraalstelsels en in het bijzonder door de blauwe
spiraalstelsels. De blauwe spiraalstelsels hebben gemiddeld hogere snelheden dan hun rode
soortgenoten en beide hebben hogere gemiddelde snelheden dan het cluster gemiddelde. Deze
bevindingen ondersteunen de hypothese dat de elliptische en S0 stelsels de oudste leden van
de cluster zijn met een snelheidsverdeling die qua vorm typisch is voor een volledig gevormde
cluster. De spiraalstelsels zijn pas later, waarschijnlijk geleidelijk, aan de cluster toegevoegd.
De rode spiraalstelsels zijn dan vermoedelijk gemiddeld eerder dan de groep blauwe spiralen
in de cluster gearriveerd, omdat hun snelheidsverdeling al iets meer lijkt op die van de ellip-
tische en S0 stelsels.

Tijdens ontmoetingen van sterrenstelsels wordt bewegingsenergie uitgewisseld en dit zorgt
ervoor dat uiteindelijk de zwaarste stelsels het langzaamste bewegen en zich meer rond het
cluster centrum ophouden. Uit de snelheidsverdelingen van heldere (zware) en zwakke (lichte)
stelsels blijkt echter dat ze gemiddeld nog even snel bewegen, hetgeen wederom tot de con-
clusie leidt dat de cluster nog niet “tot rust” is gekomen.

Waarnemingen met de radiotelescopen van Westerbork

Wanneer waterstofatomen in rust zijn geven ze straling af met een golflengte van 21.1 cm.
We meten echter een langere golflengte als het gas zich van ons af beweegt en een kortere
golflengte als het gas op ons afkomt. Denk aan het veranderen van toonhoogte als er bijvoor-
beeld een politieauto met de sirene aan voorbij rijdt. We zijn begonnen met het inventariseren
van de hoeveelheid H I in alle stelsels die deel uitmaken van de Coma cluster. We doen dit
volkomen blind, dwz. door de apparatuur zo in te stellen dat we gevoelig zijn voor straling
van een groot bereik in golflengte (snelheid) en door het meten van de intensiteit op iedere
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positie in de cluster, ongeacht of en wat voor stelsel zich daar bevindt. We hebben op die
manier 24 (spiraal)stelsels ontdekt die genoeg gas bevatten om boven de detectielimiet van
onze waarnemingen te komen. Van 14 van deze stelsels was de hoeveelheid waterstofgas nog
niet eerder gemeten en van 11 stelsels was nog niet bekend dat ze bij de cluster horen. Er zijn
nog zeker tientallen spiraalstelsels die niet waarneembare hoeveelheden H I gas hebben. We
detecteren geen enkel elliptisch of S0 stelsel, maar dat is niet verwonderlijk omdat van deze
stelsels bekend is dat ze weinig gas hebben.

We vinden duidelijk aanwijzigingen van de invloed die de cluster omgeving op de stelsels
heeft. Het beste voorbeeld is NGC 4921, een prominent spiraalstelsel met een veel lager
dan verwachtte H I massa en een duidelijk verstoorde verdeling van het gas. De positie ten
opzichte van het hete intracluster medium en de hoge snelheid (∼ 1500 km s−1) ten opzichte
van de gemiddelde cluster snelheid suggereren dat het waterstofgas hierdoor uit het stelsel
wordt geduwd. De verdeling van het waterstofgas in de overige stelsels zien er veel minder
spectaculair uit, maar dit heeft waarschijnlijk ook te maken met de enorme afstand waarop
de cluster zich bevindt, waardoor slechts zeer globaal de verdeling van het gas kan worden
gemeten.

De snelheidsverdeling van gasrijke spiraalstelsels onthult dat deze stelsels snelheden rond
het cluster gemiddelde mijden en bij voorkeur hogere of lagere snelheden hebben. Een groot
deel van de stelsels die we met de telescopen van Westerbork gedetecteerd hebben behoren
tot de groep van blauwe spiraalstelsels. De Westerbork waarnemingen zijn consistent met het
eerdere resultaat dat deze subgroep vrij recentelijk aan de cluster populatie is toegevoegd.

Door gebruik te maken van bekende posities en snelheden van cluster leden kunnen we
de signalen van die posities optellen. Op die manier krijgen we een gemiddeld signaal van al
die stelsels met een lager ruis niveau dan van ieder afzonderlijk signaal. Door deze methode
kan men de detectielimiet verlagen en kleinere H I massa’s toch waarnemen. Wij hebben
deze methode gebruikt om van een aantal interessante subgroepen in Coma de gemiddelde
H I massa’s te bepalen. De NGC 4839 groep is een groep sterrenstelsels die waarschijnlijk
voor de eerste keer de cluster binnenvalt. Van deze groep kunnen wij geen gemiddeld H I

signaal detecteren, maar dit komt omdat de groep vooral uit elliptische en S0 stelsels bestaat.
Ook de groep stelsels waarvan bekend is dat er nog hevige stervorming in plaatsvindt of net
heeft plaatsgevonden heeft een niet waarneembaar gemiddeld H I signaal. Het meeste gas is
in die stelsels gebruikt om sterren te vormen en er is te weinig over om met onze gevoeligheid
te kunnen meten. We vinden alleen een positief H I signaal voor een groep spiraalstelsels die
te lage H I massa’s hebben om afzonderlijk gedetecteerd te worden. We concluderen dat de
stelsels in de Coma cluster over het algemeen arm aan waterstofgas zijn.

Conclusies

We hebben eigenschappen van de sterrenstelsels in de Coma cluster onderzocht en in het
bijzonder de invloed van de omgeving op die eigenschappen. Hiervoor hebben we gebruik
gemaakt van een enorme hoeveelheid gegevens die zijn verkregen door waarnemingen met
een optische telescoop op La Palma en de radiotelescopen van Westerbork. In beide sets zijn
duidelijke aanwijzigingen aanwezig dat de omgeving invloed uitoefent op de sterrenstelsels
in de cluster. De meeste evolutie lijkt plaats te vinden in de buitendelen en in de populatie
van spiraalstelsels, en dan met name de laat-type spiralen. Het is van essentieel belang dat de
gegevens ook de gebieden ver van het cluster centrum beslaan om de significantie van trends
te kunnen vaststellen. Een uitbreiding van de optische gegevens zou het mogelijk maken het
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overgangsgebied tussen cluster en veld nader te bestuderen. Om een volledig beeld te krijgen
van de hoeveelheid waterstofgas in de stelsels in Coma zouden de Westerbork waarnemingen
moeten worden uitgebreid. De combinatie van beide sets van gegevens zou dan een ideale
basis vormen om de dynamische geschiedenis van de cluster te reconstrueren.
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