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Galaxy clusters in the early Universe

Scientific objectives

• Determine the age of the Universe at which 
cluster galaxies acquired most of their stellar 
content through bursts of star formation.

• Determine when the red-sequence in clusters 
was first established and how do cluster galaxies 
populate the red-sequence.
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PART I

Introduction
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Galaxy clusters in the early Universe

Galaxy formation

• The central Mpc of clusters is dominated by 
early-type galaxies (ETGs).

• Two main views for the formation of giant ETGs: 
1) A protogalactic monolithic collapse with 
dissipational star formation.
2) A product of mergers in a hierarchical 
scenario of structure formation.

• Clusters contain a large number of galaxies. 
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method as described in x 3, and this can be thought of as a
limiting case in which Ncj reduces to a LF of two magnitude
bins. We show the evolution of the luminous-to-faint ratio in Fig-
ure 3. A simple linear fit with redshift is sufficient, /z! with
! ¼ 0:94 " 0:18.

This trend appears to be robust to changes in the exact choice
of magnitude limits for the two bins, provided that the break
point is chosen to be MV # $21 or fainter.

4.2. Cluster Mass Dependence of Luminosity Function

With our large cluster sample, we can examine the LF for sub-
samples of our data of varying richness. For this test we choose
to split the sample into two bins usingBgcR cuts of 300 < BgcR %
500 and BgcR > 800. These subsamples are denoted ‘‘poorer’’
and ‘‘richer,’’ respectively. The typical error on BgcR is #20%Y
30%, so these limits ensure that the bins are as independent as
possible, while maintaining reasonable numbers in each. In
Figure 4 we show the evolution of the luminous-to-faint ratio, as
in Figure 3, but this time split by richness. The linear fit from
Figure 3 is overplotted as the solid line for reference. We see a
trend in the direction that, at lower redshifts, richer clusters have
a lower luminous-to-faint ratio than poorer clusters at the same
redshift. At higher redshifts, z # 0:6, the value of the ratios be-
comes indistinguishable within the errors, and may even reverse
in the last bin.

Incompleteness in the cluster catalog is a function of both
redshift and richness. We examine its effects using completeness
estimates from Gladders (2002). For clusters of BgcR & 800, the
incompleteness is negligible, and so the richer bin is unaffected.
However, for the poorest clusters at the highest redshift consid-
ered, the incompleteness can reach #20%. To quantify the in-
completeness, we integrate over themeasured distribution of BgcR

in the poorer subsample at each redshift, applying the complete-
ness corrections, and compare the measured mean BgcR in each
bin with the expected value allowing for incompleteness. To
z # 0:7 the bias in the mean BgcR in the poorer bin isP10%, but
by z ¼ 0:9 the cluster sample is biased 25% richer than ex-
pected. This bias may wash out some of the intrinsic difference
between richer and poorer clusters at the high-redshift end, if the
difference seen at lower redshifts still exists there. Lowering the
BgcR > 300 criterion to mitigate the effect of this bias would

likely introduce larger systematics, as the false-positive rate is
expected to significantly increase below this richness.

A potentially more serious selection effect concerns the use of
BgcR cuts. The clusters are selected by the number of galaxies on
their red sequence within a fixed physical radius. The magnitude
limit adopted for theBgcR measurement corresponds to#M? þ 2
or the 100% completeness limit, whichever is brighter. This is
faint enough to be affected by the decreasing fraction of fainter
red-sequence galaxies at higher redshifts. If clusters naturally
exhibit a monotonic sequence of luminous-to-faint ratios that
increases with decreasing richness, and we select clusters based
on the total number of galaxies on the red sequence, then this
might impose a limit to the maximum luminous-to-faint ratio we
can measure for the poorest clusters. This occurs since the
poorest clusters appear to have a greater deficit of faint red mem-
bers, and thus, such systems with high luminous-to-faint ratios
( low fractions of faint galaxies) will be systematically excluded
from our sample. The fact that the two or three highest redshift
bins for the poorer clusters show approximately constant luminous-
to-faint ratios suggests that we might be seeing such a bias in our
sample.

Over the redshift range 0:4P zP0:8, De Lucia et al. (2007),
when splitting their sample by velocity dispersion, found a trend
in the opposite direction to that which we see: they suggested
that more massive clusters exhibited higher luminous-to-faint
ratios than less massive clusters. We note that the 600 km s$1

division they usedwould correspond to a richness of BgcR ( 600
(Blindert et al. 2007), which is very close to the dividing line
between our richer and poorer clusters.

4.3. Total Cluster Luminosity Functions

Next we consider LFs for galaxies of all colors. In order to
more fairly compare bluer galaxies with their red-sequence coun-
terparts, we apply additional corrections to the former to remove
type-dependent star formation differences so that the z0 magni-
tudes more closely sample the underlying old stellar populations.
Otherwise, blue galaxies temporarily brightened by ongoing star
formation would enter our sample and then fade out again at
lower redshift as their star formation rate decreases. This is akin
to deriving a pseudostellar mass function, with the luminosity
due to star formation removed. First, we infer a k-correction by

Fig. 3.—Evolution of the ratio of luminous-to-faint red-sequence galaxies
with redshift. Horizontal error bars represent redshift range used in each bin. The
solid line is best linear fit accounting for errors. The diamond shows a low-
redshift comparison point (not included in the fit) built from Barkhouse et al.
(2007) data, discussed in x 5.1.

Fig. 4.—Same as Fig. 3, but splitting the cluster sample into richer (BgcR >
800, circles) and poorer (300 < BgcR % 500, squares) bins. The solid line is the
best fit from Fig. 3 showing the fit to the whole sample, and the dotted line is a
linear fit to the poorer clusters. The dashed line shows a (1þ z)! fit to the rich
clusters including a low-redshift rich composite cluster based on Barkhouse et al.
(2007) data, discussed in x 5.4.
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L/F ratio =
Nluminous

Nfaint
Terlevich et al. (2001)

CMR in each of the data sets (see Fig. 7). We use the techniques
described in Section 4 to ascertain the scatter about the main ridge
line of the CMR, as well as the scatter in the total sample.
Throughout the rest of the paper we use the 13-arcsec diameter
aperture magnitudes and colours (resulting from their low photo-
metric errors) or colours measured within theDV diameter (in order
to define colours within an aperture that scales in galaxy size).
In order to verify whether the findings of the following sections

can be attributed to variations in the CMR, rather than selection
biases in the sample, we have investigated luminosity and morpho-
logical segregation within the samples. Using a Kolmogorov-
Smirnov (K-S) test, we find that the late-type and S0 samples have

statistically indistinguishable luminosity distributions, but that the
early-type sample is on average 1mag brighter. We also find no
correlation between luminosity and angular distance from NGC
4874, nor any significant difference between the luminosity
distribution of the E&S0 inner and E&S0 outer data sets (see
Fig. 11 later).

5.1 Morphological dependence of the CMR

In this section we examine variations in the CMR of galaxies of
different morphological types. We use the broad morphological
types defined in Table 4. The dividing line between the various

Figure 5. The colour magnitude relation for all galaxies with recession velocity within 3000 km s21 of 7000 km s21 (data set 1). The magnitudes are estimated

total V magnitudes (VT). Different colour symbols represent different morphological types as determined from Andreon et al. (1996, 1997). The solid line

shows the best fit to the data using the biweight minimization technique (see text). The solid line is a best fit to all the data points. The dashed lines show the 1s
and 3s scatter.

Figure 6. V-band images of the late-type galaxies that lie bluewards of the measured CMR for late-type galaxies (data set 7) by more than 3s. The four galaxies
to the left of the plot are the four (out of a total of seven) from the Bothun & Dressler (1986) sample of blue disc galaxies in our surveyed environment. Out of

these four, NGC 4856 is the only galaxy not to have Ha in emission. Bothun & Dressler conclude that these galaxies are undergoing a short burst of star

formation activity. Additionally, NGC 4853 is a post-starburst galaxy identified by Caldwell et al. (1993), and is included here with the late-types, as it has

peculiar asymmetries in its light profile (Andreon et al. 1997). The circle in each figure represents the 13-arcsec diameter aperture used in the measurements of

both the colours and the magnitudes for the results in Table 6. The line in the lower left of each panel shows the width of the seeing disc in each image.
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Red-sequence

• ETGs form a well defined sequence in the color-
magnitude diagram (CMD), which is known as 
the Red-Sequence (RS)

• de Lucia et al. (2007) studied the 
RS for a sample of 18 clusters at 
0.4<z<0.8, and they found a deficit 
of faint RS galaxies (MV>-20.0)

• Gilbank et al. (2008) went one 
step beyond and used a sample 
of 500 clusters at 0.35<z<0.95

The build-up of the CMR since z ∼ 0.8 815

Figure 3. Fraction of galaxies bluer than 0.3 mag from the best-fitting colour
magnitude relation as a function of redshift. Red and blue symbols are for
galaxy clusters with velocity dispersion larger and smaller than 600 km s−1,
respectively. Errors have been estimated using Poisson statistics. The solid
and dashed lines show linear fits to the data obtained by selecting cluster
members using their photometric redshifts and statistical subtraction, re-
spectively. Points are shown for the former selection criterion. (See text for
details.)

weaker, also when a statistical field subtraction instead of photomet-
ric redshift information is used to determine cluster membership. A
Spearman’s rank correlation test gives a coefficient of 0.50 with a
significance level of 0.036 in the case membership is defined using
statistical subtraction, while in the case membership is defined us-
ing photometric redshifts, the coefficient is 0.69 with a significance
level of 0.001. It should be noted, however, that the error bars are
quite large and that there are large cluster-to-cluster variations at
any given redshift.

We note that the constraints on the photometric redshift for blue
galaxies are usually worse than those for galaxies of the same mag-
nitude but with a redder colour, because of their smoother SED.
The statistical subtraction technique is also more uncertain for blue
galaxies because the field population that is used to perform the
subtraction has a colour distribution peaked towards blue colours.
In the following sections, we will concentrate on the distribution of
galaxies along the red sequence, where both the photometric red-
shift and the statistical subtraction method are expected to perform
better.

5 T H E R E D - S E QU E N C E G A L A X Y
D I S T R I BU T I O N

In De Lucia et al. (2004b), we analysed the distribution of galax-
ies along the CMR for four of the highest redshift clusters in the
EDisCS sample. As mentioned in Section 1, our analysis pointed
out a significant deficit of faint red galaxies compared to the nearby
Coma cluster. We interpreted this deficit as evidence for a large
number of galaxies having moved on to the red sequence relatively
recently, possibly as a consequence of the suppression of their SF
by the dense cluster environment. If the scenario we envisaged is
correct, then we should be able to see some evolution in the rela-
tive number of ‘faint’ and ‘luminous’ red galaxies as a function of
redshift within our EDisCS sample.

In Fig. 4 we show the number of galaxies along the red sequence
obtained by averaging the distributions of individual clusters in three
redshift bins. Black histograms are obtained by selecting all the

Figure 4. Number of galaxies along the red sequence. Histograms have
been obtained by stacking individual clusters in three redshift bins. Black
and red histograms correspond to cluster membership based on photometric
redshift and on statistical subtraction, respectively. The scale on the top of
each panel shows the rest-frame V-band magnitude that corresponds to the
I-band magnitude and has been passively evolved to z = 0. Vertical dashed
lines show our magnitude limit and the edge between ‘luminous’ and ‘faint’
galaxies. A small offset has been added between two histograms in each
panel for clarity. For each histogram, we give the luminous-to-faint ratio as
defined in the text.

galaxies for which our photometric redshift criterion gives a high
probability of cluster membership (Section 3.1). Red histograms
are obtained by selecting cluster members using a purely statisti-
cal subtraction (Section 3.2). In the latter case, we have averaged
over 100 Monte Carlo realizations of the statistical subtraction for
each cluster. For the histograms shown in Fig. 4, all the ‘mem-
bers’ within ∼0.5 × R200 and within ±0.3 mag of the best-fitting
relation are used. In the present analysis, we are neglecting the clus-
ters cl1227.9−1138 and cl1103.7−1245a for which the BCG lies
at the edge of the chip. Furthermore, we also neglect the cluster
cl1119.3−1129 which, as explained in White et al. (2005), shows a
very weak concentration of galaxies close to the selected BCG and
has a small value of R200. As a consequence, there are just a handful
of galaxies on the red sequence within the fraction of virial radius
we have adopted. In addition, we do not have IR data for this cluster.

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 374, 809–822

816 G. De Lucia et al.

Clusters have been combined in three redshift bins (we end up
with five clusters in each bin) correcting colours and magnitudes to
the central redshift of the corresponding bin. Corrections are based
on the single-burst model shown in Fig. 1 (results do not appreciably
change using a single-burst model with formation redshift 2 instead
of 3). The scale on the top of each panel in Fig. 4 shows the rest-frame
V-band magnitude corresponding to the observed I-band magnitude
after correcting for passive evolution between the redshift of the bin
and z = 0.

As in De Lucia et al. (2004b), we compute for each redshift
bin a ‘luminous-to-faint’ ratio. We classify as ‘luminous’ all galax-
ies brighter than MV = −20.0 and as ‘faint’ those galaxies that
are fainter than this magnitude and brighter than MV = −18.2. As
mentioned in the previous section, the faint limit has been chosen
because it corresponds to the limiting magnitude in the I band for
which all selected objects are above the 5σ detection limit in the
V band. As for the choice of the magnitude corresponding to the
edge between faint and luminous galaxies, we use −20 because, at
our highest redshift, it approximately equally divides the range of
cluster galaxy magnitudes covered down to −18.2. Both limits cor-
respond to values after passive evolution to z = 0 and are indicated
by vertical dashed lines in Fig. 4.

The values of the luminous-to-faint ratios computed for the his-
tograms shown in Fig. 4 are listed in each panel, along with the esti-
mated errors. Fig. 5 shows these values as a function of redshift. The
error bars have been estimated assuming Poisson statistics and, in
the case where cluster members are selected using a statistical sub-
traction, they include the error contribution from the background
field (this is however negligible given the large area used for the
subtraction). Circles in Fig. 5 correspond to the histograms plotted
in Fig. 4, where all the cluster members within ∼0.5 × R200 have
been used. Triangles are used in the case where all the cluster mem-
bers within a fixed physical distance (∼0.74 Mpc) from the BCG
are retained. Red and black symbols correspond to membership cri-
teria based on statistical subtraction and on photometric redshifts,
respectively.

The error bars shown in Fig. 5 are large, and some small differ-
ences arise from the use of different criteria for cluster membership
and from different choices about the area used for the analysis.

Figure 5. Luminous-to-faint ratio as a function of redshift. Circles and tri-
angles are used in the case where all galaxies within ∼0.5 × R200 or within
∼0.74 Mpc from the BCG are selected. Black and red symbols correspond
to cluster membership based on photometric redshift and on statistical sub-
traction. Symbols corresponding to the same redshift have been displaced
for clarity.

Overall, however, independently of the method employed and the
area used, the data indicate a decrease of the luminous-to-faint ra-
tio with decreasing redshift. Faint red galaxies become increasingly
important with decreasing redshift or, in other words, the faint end
of the CMR becomes increasingly populated with decreasing red-
shift. As noted in our previous paper, this finding is inconsistent
with a formation scenario in which all red galaxies in clusters today
evolved passively after a synchronous short-duration event at z !
2–3, and suggests that present-day passive galaxies follow different
evolutionary paths, depending on their luminosity.

It is now interesting to ask if this evolution in the luminous-to-faint
ratio depends on cluster properties, for example, mass or velocity
dispersion. In Fig. 6 we again show the distribution of galaxies along
the red sequence. This time, we have combined the clusters in two
redshift bins and, in each redshift bin, we have split the clusters
according to their velocity dispersions. Red and blue histograms
are for clusters with velocity dispersions larger and smaller than
600 km s−1, respectively. Black histograms are obtained by stacking
all the clusters in each redshift bin. Left-hand panels are for the case
where membership is based on photometric redshifts, while for the
histograms shown on the right-hand panels, membership is based on
a purely statistical subtraction. All cluster members within ∼0.5 ×
R200 from the BCG are used. In the lower redshift bin, we have
five clusters in each bin of velocity dispersion while in the higher
redshift bin we have two and three clusters in the larger and smaller
velocity dispersion bin, respectively. The behaviour shown in Fig. 6
is not significantly different if all galaxies within a fixed physical
radius from the BCG are used (see also Fig. 5).

The values listed in Fig. 6 show the same trend of an increasing
luminous-to-faint ratio as a function of redshift and also hint at a
dependence on cluster velocity dispersion. Clusters with large ve-
locity dispersion seem to have a larger fraction of luminous galaxies
with respect to the systems with smaller velocity dispersion. For the
highest redshift bin, the difference goes in the same direction but is
not statistically significant. The number statistics are, however, poor
and the error bars are large so that it is difficult to draw any definitive
conclusions. We find, however, similar results if we split the clus-
ters on the basis of a richness estimate similar to that used in White
et al. (2005), that is, based on the number of red-sequence galaxies.

In a recent study, Tanaka et al. (2005) have investigated the build-
up of the CMR using deep panoramic imaging of two clusters at
z = 0.83 and 0.55, respectively. Using photometric redshifts and
statistical subtraction, and using nearest neighbour density to char-
acterize the environment, these authors conclude that build-up of the
CMR is ‘delayed’ in lower density environments. This is in appar-
ent contradiction with our findings, although a direct comparison is
not straightforward as we use the cluster velocity dispersion and not
local density to differentiate environments. In addition, the conclu-
sions of Tanaka et al. (2005) are based only on two clusters and these
authors argue that their intermediate redshift cluster is ‘peculiar’.
Finally, one should keep in mind that cluster-to-cluster variations
are rather large (see Fig. 1). Further studies are therefore needed to
confirm or disprove the apparent trends.

6 T H E R E D - S E QU E N C E G A L A X Y
D I S T R I BU T I O N I N N E A R B Y C L U S T E R S

In the previous section, we have analysed the evolution of the
luminous-to-faint ratio over the redshift range sampled by our
EDisCS clusters. We want now to set the zero-point for this evolu-
tion by studying the distribution of galaxies along the red sequence
in nearby galaxy clusters. In order to carry out a comparative study

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 374, 809–822
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Increasing trend ?

• Andreon (2008) studied a sample of 28 clusters. 
Most of his z>0.5 clusters were selected from 
the MACS survey.

• He concluded that the 
abundance of faint RS 
galaxies is constant 
over 0<z<1.3

1048 S. Andreon

of view, and therefore we choose the largest radius that fit in the
fully exposed part of the image, consistently with the choices of
Andreon (2006a) and Smail et al. (1998), whose LFs are included
in this work, as mentioned.

The potential dependency of the LF slope on the considered clus-
ter portion has a small impact on our study, because we explicitly
allows the observed value of the slope to scatter around to its true
value by more than its uncertainty. In fact, in the next section we
we allow an intrinsic scatter in our model: see equation (1). This
argument is developed further in Section 4.2.

4 R E S U LT S

Fig. 3 shows the LF of a subset (to save space) of studied clusters.
Fig. 4 shows the luminous-to-faint ratio, L/F, as a function of

redshift for clusters with LFs measured in this paper (solid points).
Our data are in agreement with De Lucia et al. (2007) data (open
points), but our wider redshift coverage suggests a shallower trend
than the one hinted in De Lucia et al. (2007) from their data points.

In this work we refrain to perform inferences using L/F or its
reciprocal, F/L, for reasons detailed in sec 4.4, mainly of statistical
nature. The use of the faint end slope, α, is a measure of the faint-
to-luminous ratio, it is easier to deal with from a statistical point of
view, and has the further advantage that it uses all the data avail-
able, including data fainter than −18.2 mag that would be otherwise
wasted using L/F.

Fig. 5 shows the slope, α, as a function of redshift for the whole
cluster sample, that is, for 28 clusters, of which 16 at z ! 0.5.
Marginalization accounts for the known correlation between pa-
rameters (e.g. M∗ and α). For example, the large error of some
data points is due to the fact that many (M∗, α) pairs fit almost
equally well the data and thus a large range of α values is accept-
able. α errors also account for differences in the galaxy background
counts in the cluster and control field lines of sight, because, as
mentioned, we ‘solve’ for all parameters at once (technically, we
marginalize over other parameters). Table 2 lists theα and L/F values
found.

The data are in agreement with the lack of a deficit of faint red
galaxies suggested by Andreon (2006a) on the basis of a very small
sample of clusters and reject some trends suggested in previous

Figure 4. Relative abundance of faint and bright red galaxies, as
parametrized by the luminous-to-faint ratio, for clusters with LFs measured
in this paper (solid dots) and in (open points De Lucia et al. 2007). Although
in agreement, our data indicate a shallower trend with redshift than that in-
dicated by De Lucia et al. (2007) data points. Two points at z = 0.55 fall one
on the top of the other.

Figure 5. Relative abundance of faint and bright red galaxies, as
parametrized by the faint slope α of the cluster LF for the whole sample
of 28 clusters studied here. The redshift dependence of the relative abun-
dance of bright red galaxies is small, if any. The point at z = 0.25 (z =
1.27) is the average of 10 (2) clusters. The shaded (yellow) region shows the
(highest posterior density) 68 per cent error region. The dashed lines delimit
the ±1σ intrinsic (i.e not accounted for measurement error) scatter. The
trends proposed by Stott et al. (2007) and fitted on De Lucia et al. (2007)
data are also marked with the solid lines (labelled by ‘S07’ and ‘DL07’,
respectively) up the largest studied redshift by them, and marked with the
dotted lines afterwards.

works. Let us consider: (i) our maximum-likelihood fit of the L/F
data points in fig. 9 of De Lucia et al. (2007) and (ii) the Stott et al.
(2007) F/L versus z fit. The two fits have been transformed in α

versus z trends using the L/F, F/L and α definitions. Fig. 5 shows
that at low and intermediate redshift the De Lucia et al. (2007)
trend, marked with ‘DL07’, is compatible with our data. However,
a constant, that is, a more economical model having one degree
of freedom less, also well describes our data (and also theirs, see
Fig. 5) over the common redshift range (z < 0.8) and, actually, also
above. Furthermore, neither De Lucia et al. (2007) nor our data
request a more complex model than a constant plus an intrinsic
scatter. The computation of the Bayes factor shows that the De
Lucia et al. (2007) trend is disfavored, with respect to ‘no trend at
all’ by our data with odds 14:1, that is, there is moderate evidence
against an increase of the luminous-to-faint ratio as large as pointed
out by De Lucia et al. (2007). We refrain, therefore, from fitting a
more complex model, and we adopt a constant model. Fig. 5 also
shows that the Stott et al. (2007) fit, marked with ‘S07’ in the figure,
nicely reproduces the observed values in the reduced redshift range,
0.5 " z " 0.6, where we share clusters and HST data with them, but
disagrees outside it, in particular at low redshifts. Furthermore, in
the local universe, the Stott et al. (2007) fit and data also disagree
with De Lucia et al. (2007) data and trend. Our data clearly discard
the trend proposed by Stott et al. (2007).

Using Bayesian methods (D’Agostini 2003, 2005) and uniform
priors, we ‘fitted’ the data point with a constant, accounting for errors
and allowing an intrinsic (i.e. not accounted for errors) Gaussian
scatter, N (0, σintr). We found

α(z) = −0.91 ± 0.06 + N (0, 0.13 ± 0.06) (1)

displayed in Fig. 5. Using our own data alone, that is, ignoring
the Smail et al. (1998) z = 0.25 composite cluster, we found an

C© 2008 The Author. Journal compilation C© 2008 RAS, MNRAS 386, 1045–1052
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Cluster sample

• 21 cluster candidates with zphot~1 were selected 
from the Red-sequence Cluster Survey catalogs 
(RCS-1; Gladders & Yee, 2005)

• We chose only those clusters which showed an 
overdensity in the redshift space at zspec~1 and 
had optical richness BgcR>300.

• The cluster sample used in this thesis work 
consists of 15 clusters located between redshifts 
0.85 and 1.10.
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VLT and HST data

• The observations were carried out at the ESO 
Very Large Telescope (VLT) with ISAAC, and at 
the Hubble Space Telescope (HST) with ACS.

• We have deep Js and Ks-
band imaging of 15 clusters, 
and F775W ( i775) and 
F850LP-band (z850) imaging 
for 5 of these clusters.

!"#$%&'()*(+,%,-.,'

RCS0439.6-2905

z=0.97

0.8 h-1 Mpc
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Formation epoch of cluster 
galaxies
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Ks-band LF

• We built the Ks-band LF for the combined cluster 
sample at z=1 through the application of the B+Z 
method (Muñoz et al 2009).

• It can be described by a 
Schechter function with 
Ks*=18.82±0.25 and 
!=-0.42±0.28.
By fixing !=-0.9 we 
obtained Ks*=18.39±0.10.
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Evolution of Ks*

• We adopted the passive evolution models by 
Kodama & Arimoto (1997) in order to reproduce 
the observed evolution of Ks* as function of z.

• We concluded that 
bright cluster galaxies 
formed most of their 
stellar content at 
zf=3.5.
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PART IV 

Growth of the red-sequence 
in clusters since z=1
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CMR of early-type

• The ACS morphological catalogs of 5 RCS-1 
clusters were kindly provided by Benjamin 
Koester.

• The c lass ificat ion was 
p e r f o r m e d w i t h 
MORPHEUS so f twa re 
(Abraham et al., 2007), and 
we c ou l d d i s t i n g u i s h 
between bulge and disk-
type galaxies.

RCS2319.9+0038
z = 0.90

RCS0439.6-2904
z = 0.94

RCS0220.9-0333
z = 1.03

RCS2345.5-3633
z = 1.04

RCS2156.7-0448
z = 1.08

Composite cluster
z = 1.0

best-fit straight line 
" (J-K) / " K = -0.05

viernes 13 de noviembre de 2009



Roberto Muñoz
Galaxy clusters in the early Universe

Background subtracted CMD

• We defined a regular grid in the observed color-
magnitude space at z=1 of bin size 0.5 mag in 
KTOTAL and 0.18 mag in J-KCOLOR.

2-D grid on the CMD used to compute 
the background-subtracted CMD. CMD for the combined cluster sample at 

z=1.  Best-fit relation was subtracted.
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L/F ratio of RS

• In order to study how cluster galaxies populate 
the RS, we computed the ratio between the 
number of bright and faint RS galaxies, hereafter 
L/F ratio.

L/F ratio =
Nluminous

Nfaint

De Lucia et al. (2007)   

Gilbank et al. (2008)

luminous MV ≤ −20.0
faint − 20.0 < MV ≤ −18.2

luminous − 22.7 < MV ≤ −20.7
faint − 20.7 < MV ≤ −19.7
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Evolution of L/F ratio

Evolution of the L/F ratio of RS galaxies 
since z=1 for the magnitude limits defined 
by De Lucia et al. (2007).

Evolution of the L/F ratio of RS galaxies 
since z=1 for the magnitude limits defined 
by Gilbank et al. (2008).
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REDGROWTH model

• We developed a toy-model for the color 
evolution of cluster galaxies since z=1. This model 
predicts the change in the number of RS galaxies 
as function of redshift.

• REDGROWTH consists of a set of model galaxy 
SEDs computed using the population synthesis 
code by Bruzual and Charlot (2003) for two SF 
histories: a single burst SF at zf=3 and an 
exponentially declining SF of e-folding timescale 
#=1, 2, and  7 Gyr.
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REDGROWTH results

Predicted evolution of the L/F ratio of RS galaxies since 
z=1, following the magnitude limits defined by De Lucia 
et al. (2007).

viernes 13 de noviembre de 2009



Roberto Muñoz
Galaxy clusters in the early Universe

Conclusions

• That bright cluster galaxies formed most of their 
stellar content at zf=3.5.

• That progenitors of present-day MV>-20 RS 
galaxies have undergone a recent burst of star 
formation at z=1.

• That the SF histories of MV>-20 depends strongly 
on galaxy luminosity:  19.5<Ks<20.2 have a delay 
time of 1.5 Gyr, while 20.9<Ks<21.5 have a delay 
time of 2.9 Gyr.
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