the growth of the red-sequence
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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 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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respond to values after passive evolution to z = 0 and are indicate
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. Th
error bars have been estimated assuming Poisson statistics and, i
the case where cluster members are selected using a statistical sub
traction, they include the error contribution from the backgroun
field (this is however negligible given the large area used for th
subtraction). Circles in Fig. 5 correspond to the histograms plotte
in Fig. 4, where all the cluster members within ∼0.5 × R200 hav
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 membershi
and from different choices about the areasince
usedz for
the analysis
∼ 0.8
815
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Red-sequence

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

• de Lucia et al. (2007) studied the

Colour – magnitude relation for Coma galaxies

1553

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)

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 ,
Fig. 3.— Evolution of the ratio of luminous-to-faint red-sequence galaxies
respectively. Errors have been estimated using Poisson statistics. The solid
with redshift. Horizontal error bars represent redshift range used in each bin. The
and dashed lines show linear fits to the data obtained by selecting cluster
Figure
ratio for
as aerrors.
function
redshift.
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and tri
solid
line5.is Luminous-to-faint
best linear fit accounting
Theof
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shows
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et
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all
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(2007)
data,
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in
x
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∼0.74 Mpc from the BCG are selected. Black and red symbols correspon
details.)

• Gilbank et al. (2008) went one

to cluster membership based on photometric redshift and on statistical sub
traction. Symbols corresponding to the same redshift have been displace
weaker, also when a statistical field subtraction instead of photometmethod
as described in x 3, and this can be thought of as a
for A
clarity.
ric redshift information is used to determine cluster membership.

N
luminous
reduces
to
a
LF
of two magnitude
limiting
case
in
which
N
L/F ratio =
bins. We show the evolution of the luminous-to-faint ratio in Figure 3. A simple linear fit with redshift isN
sufficient,
/ z with
f aint
! ¼ 0:94 " 0:18.

step beyond and used a sample
of 500 clusters at 0.35<z<0.95Terlevich et al. (2001)
cj

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 using photometric redshifts, the coefficient is 0.69 with a significance
level of 0.001. It should be noted, however, that the error bars This
are trend appears to be robust to changes in the exact choice
of magnitude
limits for the two bins, provided that the break
quite large and that there are large cluster-to-cluster variations
at
21
e 5. The colour magnitude relation for all galaxies with recession velocity within 3000 km
ofredshift.
7000 km s21 (data set 1). The magnitudes
areisestimated
point
chosen to be MV # $21 or fainter.
anysgiven
note that thefrom
constraints
on the et
photometric
redshift
for blue
magnitudes (VT). Different colour symbols represent different morphological types as We
determined
Andreon
al. (1996,
1997).
The solid line
galaxies are usually worse than those for galaxies of the same magthe 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 4.2.
showCluster
the 1sMass Dependence of Luminosity Function
nitude but with a redder colour, because of their smoother SED.
Figure 4. Number of galaxies along the red sequence. Histograms have
s scatter.
With ourbeen
large
cluster sample, we can examine the LF for subThe statistical subtraction technique is also more uncertain for blue
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obtained by stacking individual clusters in three redshift bins. Black
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Fig. 5 shows the slope, α, as a function of redshift for the who
cluster sample, that is, for 28 clusters, of which 16 at z ! 0.
Marginalization accounts for the known correlation between p
rameters (e.g. M ∗ and α). For example, the large error of som
data points is due to the fact that many (M ∗ , α) pairs fit almo
equally well the data and thus a large range of α values is accep
able. α errors also account for differences in the galaxy backgroun
counts in the cluster and control field lines of sight, because, a
mentioned, we ‘solve’ for all parameters at once (technically, w
marginalize over other parameters). Table 2 lists the α and L/F value
found.
The data are in agreement with the lack of a deficit of faint re
galaxies suggested by Andreon (2006a) on the basis of a very sma
sample of clusters and reject some trends suggested in previou

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
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Figure 4. Relative abundance of faint and bright red galaxies,
parametrized by the luminous-to-faint ratio, for clusters with LFs measure
Roberto Muñoz
in this paper (solid dots) and in (open points De Lucia et al. 2007). Althoug
Galaxy clusters in theinearly
Universe
agreement,
our data indicate a shallower trend with redshift than that i
dicated by De Lucia et al. (2007) data points. Two points at z = 0.55 fall on

PART II
Data
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Cluster sample
• 21 cluster candidates with z

phot~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.
Roberto Muñoz
Galaxy clusters in the early Universe

viernes 13 de noviembre de 2009

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.

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

RC

• We

have deep Js and Ksband imaging of 15 clusters,
and F775W (i 775 ) and
F850LP-band (z850) imaging
for 5 of these clusters.
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0.8 h-1 Mpc

PART III
Formation epoch of cluster
galaxies
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• We built the K -band LF for the combined cluster
s

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
K s *=18.82±0.25 and
!=-0.42±0.28.
By fixing !=-0.9 we
obtained Ks*=18.39±0.10.

G2A='$"!<"H.IJ&*,"KG"1+'"(;$"3+)J2*$,"3:=.($'".&)%:$"&(">L!"M12::$,"32'3:$.N<"F;$"
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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

classification was
performed
with
MORPHEUS software
(Abraham et al., 2007), and
we could distinguish
between bulge and disktype galaxies.
Roberto Muñoz
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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

Background subtracted CMD

• We defined a regular grid in the observed colormagnitude 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
Roberto Muñoz
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.
N
L/F ratio =

De Lucia et al. (2007)
Gilbank et al. (2008)

luminous
faint

Nf aint
MV

− 20.0 < MV

luminous − 22.7 < MV

faint

− 20.7 < MV
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luminous

≤

≤

−20.0

−18.2

≤ −20.7

≤ −19.7

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.
Roberto Muñoz
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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).
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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 M >-20 depends strongly
V

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.
Roberto Muñoz
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