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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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