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Chapter

The Detection of a Red Sequence of
Massive Field Galaxies at z ~ 2.3 and its
Evolution to z ~ 0

Abstract:

The existence of massive galaxies with strongly suppressed star formation at z ~
2.3, identified in Chapter 3, suggests that a red sequence may already be in place
beyond z = 2. In order to test this hypothesis, we study the rest-frame U — B color
distribution of massive galaxies at 2 < z < 3. The sample is drawn from our near-
infrared (NIR) spectroscopic survey for massive galaxies. We find a statistically
significant (> 30) red sequence in the color distribution, which hosts ~ 60% of
the stellar mass at the high-mass end. The red-sequence galaxies have little or
no ongoing star formation, as inferred from both emission-line diagnostics and
the stellar continuum shapes. Their strong Balmer breaks and the location of the
galaxies in the rest-frame (U — B), (B — V) plane indicate that the star formation in
these galaxies has just recently been suppressed. In order to study the evolution
of the red sequence, we compare our sample with spectroscopic samples at 0.02 <
z < 0.045 and 0.6 < z < 1.0. Rest-frame U — B evolves by only ~ 0.16 mag from
z ~ 2.3 to the present at a given mass. Over the same redshift interval, the number
and stellar mass density on the high-mass end of the red sequence grows by factors
of ~ 8 and ~ 6 respectively. We explore simple models to explain the observed
evolution. Just aging of stellar populations predicts too strong A(U — B) and no
evolution in the number density. More complicated models that include aging,
quenching and red mergers provide reasonable fits to A(U — B) and the number
density evolution. However, the effects of dust, which cannot be fully assessed
with current data, complicate the interpretation.
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98 The Many Phases of Massive Galaxies

6.1 Introduction

ARLY TYPE GALAXIES with quiescent stellar populations form a well-defined color-
magnitude or color-mass relation at z ~ 0, known as the red sequence. They are
clearly separated from blue star-forming galaxies, which populate a different, less-
tight sequence, called the blue cloud. While the red sequence is primarily build up of
massive galaxies, blue galaxies have lower stellar masses (e.g, Kauffmann et al. 2003).

The appearance and evolution of the red sequence provide a powerful method to
study the star-formation and assembly history of massive galaxies (e.g., Bower et al.
1992; Schweizer & Seitzer 1992; van Dokkum et al. 1998). The red sequence exhibits
a tilt and spread which are thought to be primarily driven by metallicity and age dif-
terences, respectively (e.g., Faber 1973; Worthey 1994; Kodama & Arimoto 1997; Ko-
dama et al. 1999). Both the shape and the color of the red sequence evolve over cosmic
time. Several processes are responsible for this evolution. First, the color gradually
reddens due to aging of stellar populations. Second, the red sequence grows through
transformations of blue galaxies. These transformations change the mix of properties
of red-sequence galaxies and may cause the observed evolution of the red sequence
to deviate from the expectations from passive evolution. Third, mergers among red-
sequence galaxies change the red-galaxy mass function and may affect the color, slope,
and scatter of the red sequence (e.g., Bower et al. 1992). Thus, the evolution of the color,
the shape, the number and mass density of the red sequence sets direct constraints on
the assembly and star formation history of massive early type galaxies.

The evolution of the red sequence between z ~ 1 and z ~ 0 has extensively been
studied for this purpose. Overall, these studies find that the color evolution is consis-
tent with just aging of stellar populations (e.g., Bell et al. 2004), the mass on the red
sequence doubles in this redshift interval (e.g., Bell et al. 2004; Arnouts et al. 2007), and
the growth at higher masses is attributed to both red mergers and galaxy transforma-
tions (e.g., Bundy et al. 2007). As a significant part of the red sequence was already in
place at z ~ 1, we have to push our studies to higher redshift to trace the onset and first
build up of the red sequence.

Recent high-redshift studies report the detection of the red sequence up to z =2
(e.g., Arnouts et al. 2007). Moreover, developments in NIR instrumentation have en-
abled the first spectroscopic confirmations of quiescent galaxies without detected emis-
sion lines beyond z = 2 (see Chapters 3 and 4; Kriek et al. 2006a,b). In particular the
cross-dispersed mode of the Gemini Near-Infrared Spectrograph (GNIRS, Elias et al.
2006), with a wavelength coverage of 1-2.5 um allows systematic studies of massive
galaxies at z ~ 2.3. Using this instrument we have completed a NIR spectroscopic
study of 36 K-selected galaxies at 2z <3.

In this chapter we will use this survey to study the onset and color evolution of the
red sequence. The spectroscopic redshifts in combination with the accurate continuum
shapes as provided by the NIR spectra, allow for the first time accurate rest-frame
color determinations of quiescent, massive galaxies beyond z = 2. Throughout the
chapter we assume a ACDM cosmology with Q;, = 0.3, Qs = 0.7, and Hy = 70 km s !
Mpc~!, and a Salpeter (1955) initial mass function (IMF) between 0.1 and 100 M. All
broadband magnitudes are given in the Vega-based photometric system.
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6.2 Data

The data used in this work are extracted from our NIR spectroscopic survey for mas-
sive galaxies (Chapter 5; Kriek et al. 2007b). The full sample consists of 36 K-bright
galaxies observed with GNIRS in cross-dispersed mode (1.0-2.5 pm), between 2004
September and 2007 March (programs: GS-2004B-Q-38, GS-2005A-Q-20, GS-2005B-C-
12, G5-2006A-C-6, GS-2006B-C-5 and GS-2007A-C-9). The galaxies were originally se-
lected from the multi-wavelength survey by Yale-Chile (MUSYC, Gawiser et al. 2006;
Quadri et al. 2007), which provides us with accurate optical-to-NIR (UBVRIzJHK)
photometry. In Chapter 5 (Kriek et al. 2007b) we show that the sample is representa-
tive for a mass-limited sample at 2 < z < 3. Further details about sample completeness,
observations, reduction and extraction of the spectra can also be found in Chapter 5
(Kriek et al. 2007Db).

For this work we will use the 28 galaxies within the range 2 < zgpe. < 3. Stellar
masses and other population properties are derived by stellar population modeling as
described in detail in Chapters 2 and 5 (Kriek et al. 2006a, 2007b). In summary, we
fit the spectra together with the broadband optical photometry by Bruzual & Charlot
(2003) stellar population models, assuming an exponentially declining star formation
history, solar metallicity, the Calzetti et al. (2000) reddening law and the Salpeter (1955)
IMF between 0.1 and 100 M. We allow a grid of 41 values for Ay between 0 and 4 mag,
31 values for the characteristic star-forming timescale (7) between 10 Myr and 10 Gyr,
and 24 values for age (not exceeding the age of the universe). We leave redshift as a free
parameter for galaxies without emission lines. Uncertainties on the stellar population
properties are derived using 200 Monte Carlo simulations as described in Chapters 2
and 5 (Kriek et al. 2006a, 2007b).

Rest-frame U — B colors are also determined from the best-fit stellar population
models. In the same fashion as for the stellar population properties, confidence levels
are derived from Monte Carlo simulations. The colors are not measured directly from
the spectra, as for several galaxies the U-band is not covered completely by the NIR
spectrum, or the B-band falls partly in between the | and H atmospheric windows. As
our grid allows almost 30 000 different synthetic spectra, we do not expect the colors
to converge to certain best-fit templates. Nevertheless, in order to examine whether
using best fits may introduce systematics in the derived rest-frame colors, we directly
measure the colors from the NIR spectra in combination with the optical broadband
photometry. We find no systematic offset between the direct colors and those derived
from the best fits.

The unique aspects of this data set are the accurate spectroscopic redshifts, rest-
frame colors and masses. Although broadband photometric studies provide much
larger galaxy samples, they lack the accuracy needed for this study.

6.3 A Red Sequence atz ~ 2.3
6.3.1 The Detection of the Red Sequence at z ~ 2.3

Figures 6.1a and b present rest-frame U — B color versus stellar mass for the 2 < z < 3
massive galaxy sample. The colors are corrected for redshift differences within the
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Figure 6.1 — Rest-frame U — B vs. stellar mass (fop panels) and the color distribution along the z ~ 0.0
slope (bottom panels) for the 2 < z < 3 massive galaxy sample. The left and right panels indicate the
properties of the galaxies according to SED modeling and emission line diagnostics, respectively. The
black histograms in the bottom panels show a significant peak (> 30), indicating that a red sequence
was already in place at z ~ 2.3. The solid curve in the bottom panels represents the best fit to the
color distribution of the red-sequence galaxies. The resulting location of the red sequence is indicated
by the solid line in the top panels. All galaxies above the dotted line in the top panels are defined as
red-sequence galaxies in this work (U — B)y > (U — B)peak — 0.1). The symbols in panel 4 indicate the
best-fit specific SFRs, and in panel b we show whether we detected emission lines for the galaxies. For
the emission-line galaxies we discriminate between those for which the line emission is dominated by
star formation, or by AGN activity, following the selection criteria as presented in Chapter 4 (Kriek et
al. 2007a). The corresponding color distributions are presented in panel c, such that the solid symbols
correspond to the solid histograms, the open symbols to the diagonally hatched histograms, the asterisks
to the open dotted histograms and the pluses to the horizontally hatched histograms. The average 1o
confidence interval is given in the top left of the top panels. Both independent star formation indicators
imply that the red sequence at z ~ 2.3 is dominated by galaxies with little or no ongoing star formation.
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sample, as will be explained in § 6.4.2. These correction are very small (~ 0.002 mag),
and barely change the appearance of this plot. The distribution of galaxies in Fig-
ures 6.1a and b is striking, as there are many galaxies with similar, red colors. In order
to test whether a red sequence was already in place at this early epoch, we correct the
colors for the slope of the z = 0 red sequence (van der Wel et al. 2007) and examine the
residuals. The applied correction has the form

(U — B)y = (U — B) — 0.08 (logM /M., — 11) 6.1)

The residuals are shown by the black histograms in Figures 6.1c and d. The distribution
exhibits a conspicuous peak at (U — B) ~ 0.25 mag. We test the significance of the
red sequence by calculating the probability to obtain this peak when assuming a flat
distribution. If the true distribution is uniform the probability of finding > 9 galaxies
in any one of the 4 red bins is <0.0004, and we conclude that the detection of the red
sequence is significant at the ~ 3.30 level. This implies that a red sequence of massive
field galaxies was indeed already in place at z ~ 2.3.

We determine the location of the peak of the red sequence by fitting a Gaussian to
the color distribution. We average over many binning positions to obtain a distribution
that is not affected by the particular choice of binning. In order to avoid including
blue-cloud galaxies, we restrict the fitting region to all galaxies with (U — B)y > (U —
B)peak — 0.1. Hence, this procedures requires a few iterations. The best fit is indicated
by the solid curve in Figures 6.1c and d. The peak of the distribution is shown by
the solid line in Figures 6.1a and b. All galaxies above the dotted line ( [U — B]y >
[U — Blpeak — 0.1) are defined as red-sequence galaxies from hereon.

6.3.2 Properties of Red-Sequence Galaxies

In the previous section we showed that a red sequence was already in place at z ~ 2.3.
The well-defined shape of the red sequence could be a consequence of the converging
colors of evolved galaxies. However, our sample is small, and dusty starburst galaxies,
known to be highly abundant at these redshifts (e.g., Webb et al. 2006; Papovich et al.
2006), may contribute to, or even dominate the red sequence at these early epochs. In
order to test whether these red-sequence galaxies indeed host quiescent stellar popu-
lation, we examine the star formation properties using several diagnostics.

In Figure 6.1a the galaxies are coded following their best-fit specific SFR derived
from modeling their stellar continua (see § 6.2 and Chapter 5; Kriek et al. 2007b). The
corresponding color distributions are presented in Figure 6.1c. Most red-sequence
galaxies are best-fit by specific SFRs less than 0.05 Gyr~!, and three have specific SFRs
between 0.05 and 0.5 Gyr~!. The uncertainties on the specific SFRs are about a factor
of ~ 3 on average (Chapter 5; Kriek et al. 2007b). Nevertheless, the large fraction of
galaxies with low specific SFRs suggests that red sequence is not dominated by dusty
starbursts.

A combination of two rest-frame colors, such that one isolates the optical break,
and the other color measures the slope of the spectrum redwards of the optical break
(e.g., Forster Schreiber et al. 2004; Labbé et al. 2005; Wuyts et al. 2007), may also be used
to discriminate between dusty star-forming galaxies and quiescent stellar populations.
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Figure 6.2 — Rest-frame U — B versus B — V for
the 2 < z < 3 massive galaxy sample. The symbols
indicate the emission line diagnostics, similar as in
Figure 6.1b. The colors indicate the best-fit specific
SFRs similar as in Figure 6.1a, such that the open
symbols, asterisks and solid symbols correspond to
the light gray, dark gray and black symbols, respec-
tively. The red-sequence galaxies are indicated by
the open diamonds. The average 1 ¢ confidence in-
terval is given in the top left. The dark gray curves
show the color evolution tracks of Bruzual & Char-
lot (2003) models for an SSP (dashed line), an expo-
nentially declining model with a 7 of 300 Myr (dot-
ted line), and a CSF model (solid line), all for solar
metallicity. The dashed, light-gray curve represents
an SSP model with Z = 2.5Z.. Ages in Gyr are in-
dicated along the tracks. The vector indicates a red-
dening of Ay = 1 mag for a Calzetti et al. (2000) law.
The B — V colors of the red-sequence galaxies may
infer a post-starburst phase.

In Figure 6.2 we show rest-frame U — B
versus B — V for all galaxies between
2 < z < 3. Color evolution tracks of
Bruzual & Charlot (2003) models show
that quiescent stellar populations have
a different locus than dusty starbursts.
As expected, the red-sequence galax-
ies are closer to the simple stellar pop-
ulation (SSP) model tracks. The re-
maining galaxies can roughly be di-
vided in those that have colors more
comparable to constant star forming
(CSF) models with dust, and galaxies
that will probably soon join the red se-
quence.

These results are supported by in-
dependent emission line diagnostics,
presented in Figure 6.1b and d. We di-
vide the sample according to whether
emission lines are detected in the rest-
frame optical spectra. Subsequently,
the emission-line galaxies are sorted
for the dominant origin of their line
emission: using primarily emission-
line ratios we identify active galactic
nuclei (AGNs) and H1I regions (Chap-
ter 4, Kriek et al. 2007a). For two
galaxies we have no information on
the line emission as the lines are ex-
pected at wavelengths with low atmo-
spheric transmission. 13 out of 15 red-
sequence galaxies have no detected
emission lines, or the line emission is
dominated by AGN.

Thus, both the stellar continua and the emission line diagnostics suggest that the
red sequence at z ~ 2.3 is dominated by galaxies with quiescent stellar populations.
In particular, 7 out of 9 previously identified galaxies with strongly suppressed star
formation presented in Chapter 3 (Kriek et al. 2006b) fall on this red sequence. The
rest-frame U — B colors of the two remaining galaxies with strongly suppressed star
formation are just below the cut-off value, and their locus in Figure 6.2 is near the SSP
track. Thus, they will most likely soon join the red sequence.

The rest-frame B — V colors indicate that the red-sequence galaxies at z ~ 2.3 are
likely in a post-starburst phase (Figure 6.2). This is further illustrated in Figure 6.3, in
which we show the stacked low-resolution spectrum of all red-sequence galaxies. For
comparison we show a 3 Gyr SSP model with a prominent 4000 A break in Figure 6.3
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have significant UV emission and are ®
thus still actively forming stars.
. . Figure 6.3 — Mean stack of the low-resolution
Furthermore, Figure 6.2 provides :
. g . . GNIRS spectra of the red-sequence galaxies at z ~
us with a clear illustration of the dif- 2.3 (black curve). Overplotted is the mean of all best-
ferent processes that may be respon- fits to the spectra in light gray. For comparison we

sible for the spread and the tilt of the =~ show a 3 Gyr SSP model in dark gray. This figure
red sequence at z ~ 2.3. U — B and shows that in contrast to the 3 Gyr model, the op-

B—_V sh 4 lation f tical break of the stacked spectrum is dominated by
— ¥ Show a posilive correlation ror the Balmer break, typical for post-starburst galaxies.

the red-sequence galaxies. The typical This may imply that the red sequence is just starting
1o confidence contour shows that ran- to build up atz ~ 2.3.

dom errors can not fully account for

the spread, and other effects are likely

to play a role. The two SSP tracks, indicated by the dashed lines, show that both age
and metallicity differences may be responsible for the spread and the tilt. Also the red-
shift spread of the red sequence galaxies, corresponding to 0.5 Gyr, will induce scatter
in colors. Finally, reddening by dust moves a galaxy in a similar direction as aging and
metallicity, and may also contribute to the spread and the tilt of the red sequence. The
importance of the different processes can not be addressed with the current data, and
independent dust, age, and metallicity constraints are required to break the degenera-
cies.

Finally, we stress that, although the star formation activity in the red-sequence
galaxies appears low, the galaxies may still be reddened by fair amounts of dust. Best-
tit stellar population models indicate an average dust content of Ay = 0.8 mag (using
the Calzetti reddening law). However, due to degeneracies between age and dust,
Ay is poorly constrained with typical uncertainties of 0.5 mag (Chapter 5; Kriek et al.
2007b), and dust-free models provide almost equally good fits to the spectra (Chapter
3; Kriek et al. 2006b). Metallicity (Z) further complicates this degeneracy, and as it is
fixed to Z during fitting, the lack of appropriate metallicities may have been com-
pensated by adjusting age or Ay. Independent indicators, such as mid-infrared (MIR)
imaging or Balmer decrements are needed to better constrain the dust content in these
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red-sequence galaxies. MIR imaging will also reveal whether obscured starburst re-
gions may have been missed. However, large amounts of dust seem unlikely, as that
would have broadened the red sequence.

6.4 Measuring the Evolution of the Red Sequence

In order to measure the rest-frame U — B evolution of the red sequence, we will com-
pare our z ~ 2.3 results with those of lower redshift samples in this section. We use two
spectroscopic massive galaxy samples (> 10" M) at 0.02 < z < 0.045and 0.6 < z < 1.0,
extracted from the Sloan Digital Sky Survey (SDSS, York et al. 2000), Data Release 5
(DR5; Adelman-McCarthy et al. 2007) and the Great Observatories Origins Deep Sur-
vey (GOODS; Giavalisco et al. 2004) respectively.

6.4.1 Spectroscopic Samples at Lower Redshifts

For our lowest redshift sample we use a complete, mass-selected, volume-limited sam-
ple of galaxies at redshifts 0.02 < z < 0.045, extracted from the SDSS. See van der Wel
et al. (2007) for more details about the extraction and completeness of the sample. The
SDSS u — g and g — r colors are used to derive rest-frame U — B colors. M /L are derived
from the g — r colors (corrected for galactic extinction and redshift) using the relation
by Bell et al. (2003). The inferred stellar masses are increased by 0.15 dex to account
for differences in the IMF. The final massive (> 10" M) galaxy sample consists of 903
galaxies.

For the intermediate redshift sample at 0.6 < z < 1.0, we use a mass-selected,
volume-limited galaxy sample, constructed from GOODS-south. A detailed descrip-
tion of the extraction of the sample and completeness can be found in van der Wel et
al. (2007). rest-frame U — B and B — V colors for the 0.6 < z < 1.0 sample are derived
from the F606W, I775W and F850LP ACS photometry. Subsequently, B — V provides us
with stellar masses, using the empirical relations by Bell et al. (2003). Again, the stellar
masses are increased by 0.15 dex. Of this sample, 137 galaxies have masses > 10" M.
Spectroscopic redshifts are known for 70% of this sample (Le Févre et al. 2004; Mignoli
et al. 2005; van der Wel et al. 2005; Vanzella et al. 2006). As this spectroscopic sam-
ple is not fully representative for the total sample, we will include the galaxies with
photometric redshifts (S. Wuyts et al. 2007 in preparation) when appropriate.

6.4.2 The Color Evolution of the Red Sequence

For an accurate measurement of the U — B color evolution, it is crucial to derive the
color of the red sequence in a similar fashion as for our z ~ 2.3 sample. In the top
panels of Figure 6.4 we show rest-frame U — B versus stellar mass for all three mas-
sive galaxies samples. The colors are corrected for redshift differences within each
subsample, in a self-consistent way, by using the evolution of the red-sequence color
with time derived below. Next, we subtract equation (6.1) from the data and determine
the peak of the color distribution in the same way as was done the z ~ 2.34 sample.
The extracted color distribution along the z ~ 0.0 slope is presented in the lower pan-
els. Galaxies with colors (U — B)u,; > (U — B)peak — 0.1 are defined as belonging to
the red sequence. The peak locations are indicated by solid lines in Figure 6.4. For
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Figure 6.4 — In the top panels we show rest-frame U — B color versus stellar mass for the three galaxy
samples. Galaxies without spectroscopic redshifts in the 0.6 < z < 1.0 sample are indicated in gray.
The U — B colors are corrected for redshift differences within the sample using equation (6.2). In the
bottom panels we show the color distribution, extracted along the z ~ 0.03 slope (0.08 mag dex!). The
peak of the red sequence is represented by the solid black and gray lines in the top and bottom panels
respectively. All galaxies above the gray dotted lines in the top panels are defined as red-sequence
galaxies. The dotted and dashed lines in the bottom panels indicate random and total 1o uncertainties.

the 0.6 < z < 1.0 galaxies we exclude the 30% without spectroscopic redshifts when
deriving the peak of the red sequence, as these galaxies have less accurate rest-frame
colors.

Random errors on the location of the red sequence are determined using bootstrap-
ping, and are represented by the dotted lines in the lower panels of Figure 6.4. The
use of different samples and different method to derive rest-frame colors and stellar
masses may introduce additional systematic errors. In order to correctly interpret the
observed evolution, we examine the following effects.

— Aperture differences Elliptical galaxies exhibit color gradients (e.g., Franx & Illing-
worth 1990). Thus, differences in the apertures that were used to measure rest-frame
U — B may introduce systematics in the color evolution. For both the z ~ 0.03 and
z ~ 0.73 sample the rest-frame U — B colors are derived for an aperture which is about
equivalent to the half-light radius. For the z ~ 2.3 sample we use the NIR spectra
to measure rest-frame U — B. The aperture sizes are rectangular and depend on the
slitwidth (of 02675), the extraction aperture, and extraction method. We use a weighted
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(with S/N) extraction and include spatial elements that have a flux larger than 0.25
times the maximum flux (Chapter 5; Kriek et al. 2007b). Thus, the total aperture size is
dependent on the light distribution of the galaxy. The average effective aperture of the
z ~ 2.34 sample is comparable to a circular aperture of ~ 8.2 kpc.

In order to quantify possible systematics in rest-frame U — B determinations of red-
sequence galaxies between the z < 1 and z ~ 2.3 samples, we measure rest-frame U — B
for all galaxies in the z ~ 0.73 sample using an aperture of 1”(~7.6 kpc at z ~ 0.73)
instead of 0:5. This aperture size is comparable to that used for the z ~ 2.3 sample.
For the increased aperture the U — B color of the z ~ 0.73 red sequence is 0.01 mag
bluer. In order to correct for this effect, we reduce the colors of the 0.02 < z < 0.045
and 0.6 < z < 1.0 galaxies by 0.01 mag.

— Zero points Uncertainties in zero points directly result in systematic uncertainties
in the derived rest-frame colors. The uncertainty on individual zero points is < 0.01
mag for both the 0.02 < z < 0.045 ! and 0.6 < z < 1.0 (Sirianni et al. 2005) samples.
Thus, the resulting uncertainty on U — B is < 0.02 mag. For the z ~ 2.3 sample we
use AV O-type stars for the calibrating the spectra. This results in a uncertainty on
rest-frame U — B of ~ 0.03 mag. For this sample the broadband photometry provides
us with an independent check on the zero points. In Chapter 5 (Kriek et al. 2007b)
we find a systematic offset of ~ 0.01 mag between rest-frame U — V derived from the
photometry (using zgpec) and the NIR spectra. This shows that the zero points probably
introduce no large systematics for the z ~ 2.3 sample.

— Rest-frame color determinations The determination of rest-frame colors may also
result in systematic errors. For the low and intermediate redshift samples we use the
photometry in combination with spectroscopic redshifts. This method may result in
systematics of ~ 0.01 mag and ~ 0.03 mag for the 0.02 < z < 0.045 and 0.6 < z <
1.0 samples, respectively. For the z ~ 2.3 sample we have higher resolution spectral
shapes, provided by the NIR spectra. In the previous paragraph and in § 6.2 we dis-
cussed two tests to assess the rest-frame U — B determinations, and neither of them
showed significant systematics (~ 0.01 mag).

— Stellar mass determinations Although the stellar masses are all determined for the
same IMF, the different methods used for the z < 1 and z ~ 2.3 samples may have
introduced systematic errors. We tested this by determining the stellar masses for the
z ~ 2.3 galaxies using the same method as for the lower redshift samples. This yielded
stellar masses which are typically 0.14 dex less than the best-fit stellar masses. This
may be due to younger and dustier stellar populations of the z ~ 2.3 massive galaxies.
As the slope of the red sequence is 0.08 mag dex !, this may result in a systematic error
of ~0.01 mag on the observed color evolution. Furthermore, this effect may also alter
the cut-off value of 10" M., and consequently the selection of massive red-sequence
galaxies. Increasing the mass cut-off value by 0.14 dex would not change the peak
location of the red sequence. However, the number and mass fractions of massive
galaxies on the red-sequence would increase by ~20% and ~10%, respectively.

— Completeness The z ~ 0.03 sample is volume limited, and thus completeness ef-
fects are not expected to play a role. For the z ~ 0.73 sample we use just the spectro-

thttp:/ /www.sdss.org/
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scopic subsample to estimate the red-sequence color, as photometric redshifts results
in less accurate rest-frame colors. However, including all galaxies, would give a rest-
frame U — B color which is 0.01 mag less. Thus, completeness effects may result in a
systematic error of ~ 0.01 for the z ~ 0.73 sample.
The z ~ 2.34 sample is much

smaller and not volume limited. In .

Chapter 5 (Kriek et al. 2007b) we find 00 9.5 Lo 29 49
that the distributions of rest-frame U — i
V color, observed R — K and | — K
color and redshift for the spectroscopic
sample at 2 < z < 3 are similar as
for a photometric mass- and volume-
limited sample at the same redshift
interval. Unfortunately, we can only
compare the photometric properties in 0.0
order to investigate whether the sub-
sample is representative, and thus sys-

(U=B)rest-trame

tematics in photometric studies may Bl ]
jeopardize the real completeness. For I

example, in Chapter 5 (Kriek et al. T E—
2007b) we identified systematics be- ' ' time '

tween photometric redshift and SED

Figure 6.5 — U — B color versus time for all galax-

type, such that dusty, young galaxies
were generally placed at too high red-
shifts. As these dusty galaxies scat-
tered to lower redshift, they are not
included in the sample used in this
work. Dusty galaxies with 2 < zgpe. <3
may not be properly represented in the
sample, as they were initially placed
at too high redshift. Although this
possible incompleteness may not alter
our findings of the color of the red se-
quence, it should be kept in mind that
the sample may not be complete and

ies in the three massive galaxy samples (> 10" M.).
The rest-frame U — B colors for the individual galax-
ies in this plot are corrected for the slope in the
U — B vs. stellar mass relation (0.08 mag dex?),
and given for a stellar mass of 10" M. The red-
sequence galaxies are indicated by the small filled
dots, and the gray open squares represent the re-
maining galaxies. The colors of the red sequence
for the three samples are indicated by the big filled
symbols. The gray dotted line represents the best
linear fit through the red-sequence locations. This
relation is used to correct U — B colors for redshift
differences within the samples.

representative for the total population of 2 < z < 3 galaxies. We estimate that com-
pleteness effects may result in a systematic error of ~ 0.03 mag on the rest-frame U — B

color of the z ~ 2.3 red sequence.

The various effects discussed above result in total systematic uncertainties of 0.03,
0.04 and 0.05 mag for the z ~ 0.0, z ~ 0.7 and z ~ 2.3 red-sequence colors respectively.
We assume that the random and systematic errors are independent and can be added

in quadrature.

The color evolution of massive galaxies is shown in Figure 6.5. The small filled dots
show individual red-sequence galaxies, and the large filled symbols with errorbars
show the peak locations for galaxies on the red sequence. The dotted line is a simple
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linear fit to the large symbols, of the form:
(U—-B),=0.17+0.23¢ (6.2)

with ¢t the fractional age of the universe. The fit was used to apply differential color
corrections to account for redshift differences within each sample (see above), and pro-
vides a remarkably good fit.

Table 6.1 lists the rest-frame U — B color and the width of the red sequence for the
three samples. The color of the red sequence evolves slowly, by ~0.16 mag between
between z ~ 2.3 and z ~ 0.0. In § 6.5 we will attempt to explain this evolution using
simple models.

6.4.3 Evolution of the Mass and Number Density

In addition to A(U — B), the evolution of the number and mass density of red-sequence
galaxies places constraints on the build up of the red sequence. The densities for the
z < 1 samples follow directly from the used samples, as both are volume limited. To
obtain the relative fractions at z ~ 0.73 we use the full 0.6 < z < 1.0 sample, including
galaxies with photometric redshifts, in combination with the red-sequence location as
derived from the spectroscopic sample.

The galaxies at 2 < z < 3 do not form a complete sample. We use the MUSYC
deep survey (1030, 1256 and HDF-South, Quadri et al. 2007) to estimate the total num-
ber of massive galaxies (> 10"M,) at 2 < z < 3 (see § 6.2). Note that most galaxies
of our spectroscopic sample are extracted from this survey. We correct the obtained
density for systematics in photometric redshifts as derived in Chapter 5 (Kriek et al.
2007b). We find a total number density of massive galaxies of p (M > 10"M.) =
2.0 x 10* Mpc>. This value is consistent with the value found by van Dokkum (2006)
of 2.2756 x 10~* Mpc 2 for the same mass-cut and IMF. Subsequently we use the mass
and number fractions, as estimated from the spectroscopic sample to derive the mass
and number densities of red-sequence galaxies. We find a number density of massive
red-sequence galaxies at z ~ 2.3 of 1.170} x 107* Mpc 3.

All number and mass densi-
ties are given in Table 6.1. The

Table 6.1 — Properties of the Red Sequence (> 10 M) uncertainties on the fractions

z~003 z~073 z~234 are determined by bootstrap-
Slope (dex™1) 0.082 0.08° 0.08" ping (see § 6.4.2). For the num-
U — Bat10"M, 0.3910:03 0274004 0234005 ber and mass densities, the un-
oU—p) 0.04870004 (04940014 0 08 +0.009 certainties include cosmic Va.ri-
Ngs / Niotal 0.770:52  0.7073%  0.567013 ance, random errors, uncertain-
Mgs / Myt 0.78+0%2  0.76+08  0.62+0% ties on the fractions, and un-

certainties introduced by differ-
ent mass estimators. The frac-
tion of the total massive galaxy
population that is on the red se-
quence has evolved by only ~
40% from z ~ 2.3 to the present.

pn (1074 Mpc=3) 8.9211%2  7.3872% 111700
pm (108 Mo Mpc™®)  1.637027  1.357021  0.267058
2 Adopted from van der Wel et al. (2007)

bz ~ 0.03 slope assumed
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Similarly, the fraction of the total stellar mass in galaxies with M > 10! M, that is on
the red sequence has evolved by ~ 25%. However, the total number and total mass
of red sequence galaxies has increased by factors of ~ 6 and ~ 8 respectively over this
time.

6.5 Modeling the Evolution of the Red Sequence

In the previous section we derived the evolution of rest-frame U — B color and the
number density for the massive end (> 10" M,) of the red sequence between z ~ 2.3
and the present. In this section we attempt to explain this evolution using simple
models.

6.5.1 Aging of Stellar populations

The red-sequence galaxies at z ~ 2.3 have no or very little ongoing star formation and
thus are expected to evolve passively over time. Therefore, simple aging of stellar pop-
ulations seems the most straightforward explanation for the observed color evolution.
In Figure 6.6a we compare the measured U — B color evolution to single burst models
(Bruzual & Charlot 2003) with different formation redshifts. Although IMF and metal-
licity affect the absolute colors, they will barely change the evolution. Therefore, the
observed colors are set to zero at z ~ 0.0.

Figure 6.6a shows that only models with high formation redshifts may provide
reasonable fits to the observed evolution. This seems in contradiction to our previous
results (§ 6.3), that the star formation in the z ~ 2.3 red-sequence galaxies has just
recently been suppressed (~0.5-1.0 Gyr). Perhaps more importantly, this model does
not predict any evolution in the density of galaxies on the red sequence, in clear conflict
with the observations (see solid curve in Fig. 6.7). Therefore, the evolution of the red
sequence is more complicated than just aging. In the following sections we will discuss
different processes that may have flattened the color evolution.

6.5.2 Growth of the Red Sequence

Not all galaxies stop forming stars at high redshift, and the red sequence will be con-
stantly supplemented by newly quenched galaxies. Galaxies that move to the red se-
quence at later times will be bluer than the galaxies that already reside on the red
sequence, and subsequently will flatten the total color evolution. This effect is known
as the progenitor bias (van Dokkum & Franx 2001). Qualitatively, such models can
reduce the apparent color evolution even though there is rapid density evolution and
a constant influx of relatively young galaxies to the red sequence.

We apply a simple model in order to test whether including progenitor bias can
explain the observed evolution. We assume a formation period of 100 Myr around
Zgorm in Which all galaxies are formed. The individual galaxies are quenched at fgp,
following the probability distribution of Typ:

P(tstop) X exp(_t/Tstop) (63)

We use Bruzual & Charlot (2003) models to construct the composite evolution from the
color evolution of individual galaxies. We simulate 10 000 galaxies and determine the
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Figure 6.6 — In this figure we attempt to explain the observed rest-frame U — B color evolution of the
red sequence by comparison with simple models. In panel (a) we examine whether the observations are
consistent with passive evolution. We show three SSP models (Bruzual & Charlot 2003) with different
formation redshifts. The evolution is reasonably well-fitted by a SSP model with z¢,;, = co. However,
this is irreconcilable with our result that the red-sequence galaxies at z ~ 2.3 are in a post-starburst
phase. In panel (b) we examine more complicated models. The dotted curve represents a model in which
newly quenched galaxies are constantly joining the red sequence. The galaxies have the same fg,yt, but
a different burst length. In the model represented by the dashed line we vary tgrt as well. So for this
model, galaxies are constantly formed and quenched. In the model represented by the dashed-dotted
line the evolution is further flattened due to red mergers. To match our observations, all models have a
minimum formation redshift such that on average the red-sequence galaxies at z ~ 2.34 have stopped
forming stars for 1 Gyr. The combination of all effects provides a reasonable fit to the observed data.
However, the unknown dust content in the z ~ 2.3 red-sequence galaxies complicates this interpretation.
The open symbol represents the color of the z ~ 2.3 red sequence, corrected for the median best-fit Ay.

red-sequence color using the same method as used for the data (see § 6.4.2). In contrast
to van Dokkum & Franx (2001), we assume a constant SFR between f,,x and qp.

In Figure 6.6b we examine whether the supply of newly quenched galaxies can
explain the observed U — B evolution. The dotted curve represents the evolution for
a constant quenching model (7, = 00). The formation time has been set such the
z ~ 2.3 red-sequence galaxies have stopped forming stars for ~1 Gyr. This model
reduces A(U — B) compared to just aging (solid line), but neither matches the observed
color evolution. However, Figure 6.7 shows that this model provides a good fit to the
observed number density evolution.

The color evolution can be further reduced by varying t.. in addition to fp. The
probability distribution of the formation time of the galaxies is defined as

P(tstart) X exp(_t/Tstart) (64)

The dashed curve in Figure 6.6b represents the model with constant formation and
quenching rates (Tstart = 00 and Tgop = 00). Also for this model we assume a mini-
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mum formation redshift such that on average red-sequence galaxies at z ~ 2.3 have
quenched their star formation 1 Gyr ago.

Although this model provides a better fit to A(U — B) than the previous two models,
it predicts too much evolution in the number density (see Fig. 6.7). In order for this
model to fit the number density evolution, the characteristic timescales 7yt and Tgop
should be shorter. However, this would provide a less well fit to the color evolution.

6.5.3 Red Mergers

Mergers on the red sequence may also
alter the color evolution (e.g., Bower
et al. 1998). Assuming that no star- 0 0.5 L 2 4
formation is triggered or other ma- :
jor processes take place, merging of -3.0 ** 1
two red sequence galaxies will in- R l ]
crease the stellar mass, but leave the l
color unchanged. Thus red galaxy 4
mergers will shift the red sequence to
higher masses, and consequently flat-
ten the color evolution when measured I .
at fixed mass. .
The dashed-dotted curve in Fig- —4.0F -
ure 6.6b represents the color evo- |
lution when including red mergers,
in addition to aging and a varying T T e T T T e e
tart and fyop.  We assume a con- ' '  time ' '
stant merger rate, normalized such

log ( N / Mpc®)
&b
3]
—
|

that red-sequence galaxies experience
one equal mass merger between z ~ 1
and the present. Figure 6.6b shows
that the combined model provides a
reasonable fit to the observed evolu-
tion.

Observational evidence for red
mergers (e.g., van Dokkum 2005; Tran
et al. 2005; Bell et al. 2006) validates

Figure 6.7 — The evolution of the number density
of red-sequence galaxies more massive than 10* M,
(for a Salpeter IMF). The evolution tracks corre-
spond to the models in Figure 6.6b. Simple aging
models (solid curve) do not match the evolution. The
observed evolution is well fitted by models with a
large value for 7stop and small values for T (dotted
curve), or the other way around. However, if both
Tstop and Tiorm are large (dashed curve), the predicted
evolution is too strong. These curves ignore the ef-
fect of red mergers on the number density evolu-

this explanation. However, the cor- tion.
responding decline in the rest-frame
U — B color evolution in this study might be overestimated. First, our assumed merger
rates between z ~ 1 and ~ 0 may be too high, as accurate observational constraints
are still lacking. Furthermore, not all major mergers are equal mass mergers, and for
example a 3:1 merger (A[U — B]=0.020 mag) has less impact on the evolution than a 1:1
merger (A[U — B]=0.024 mag).

The effects of red mergers on the number density evolution are difficult to estimate
using the simple models presented in this work. The merger rate may be dependent
on mass, and accurate mass functions are needed to understand the growth of the red
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sequence due to red mergers (see Bundy et al. 2007).

6.5.4 Other Influences

Although a combination of aging, quenching, and red mergers provides a reasonable
fit to data, there are other possible explanation for the slow color evolution. One major
concern is the unknown dust content of red-sequence galaxies, especially at z ~ 2.3.
The well-defined shape of the z ~ 2.3 red-sequence makes large dust contents implau-
sible. However, as these galaxies recently stopped forming stars, they may still be in
the process of losing their dust. The red-sequence galaxies have a median best-fit Ay of
0.8 mag. But the constraints are poor with typical 1o errors of 0.5 mag. Furthermore, as
explained in § 6.3.2, the degeneracy with metallicity may introduce an additional sys-
tematic error. An Ay of 0.8 mag corresponds to A(U — B) of 0.16 mag for a Calzetti et al.
(2000) reddening law. We show the dust-corrected value in Figure 6.6 by the open cir-
cle. The significant shift of the z ~ 2.3 red-sequence color provides a much better con-
sistency with several models. Although this high dust-content in z ~ 2.3 red-sequence
galaxies can explain the observed evolution, independent dust constraints are needed
to draw any firm conclusions.

New starbursts in red-sequence galaxies, for example triggered by mergers, may
also reduce the evolution. Birnboim et al. (2007) suggest that quenched galaxies may
undergo a second starburst due to gas accretion. This starburst will move the galaxies
back to the blue cloud. Once the star formation is quenched for the second time, the
galaxy will move again to the red sequence. Compared to just passive evolution, the
galaxy will be bluer due to younger ages of the newly formed stars. In this context
it is interesting to note that Labbé et al. (2007) find that episodic star forming models
provide the best explanation of the evolution of the blue sequence.

Also an evolving IMF or metallicity may alter the rest-frame U — B evolution of the
red sequence. For example, in case metallicity is lower for galaxies that quench at later
times, A(U — B) will be slower. However, there is no observational evidence for such
an effect.

Finally, we note that the used stellar population models (Bruzual & Charlot 2003)
might be incomplete, and the evolution in the models may be too strong.

6.6 Summary and Conclusions

Our recent discovery of galaxies with quiescent stellar populations beyond z = 2 sug-
gests that a red sequence is already in place at these redshifts. We examined this sug-
gestion using our NIR spectroscopic survey of massive galaxies at 25z <3. The com-
bination of spectroscopic redshifts and detailed continuum shapes as provided by the
NIR spectra, allows the first accurate rest-frame color and stellar mass determinations
for a massive galaxy sample beyond z = 2.

The distribution of galaxies in the rest-frame U — B color versus mass diagram
demonstrates the existence of a red sequence at z ~ 2.3, with a significance of > 30.
The red sequence hosts ~ 60% of the stellar mass at the high mass end (> 10" M,) at
z ~ 2.3. We study the stellar populations of the red-sequence galaxies using emission
line diagnostics, and stellar population modeling. The stellar continua, as provided
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by the NIR spectra, of nearly all red-sequence galaxies are best-fit by specific SFRs less
than 0.05 Gyr—!. Furthermore, in contrast to the blue galaxies, they have no detected
rest-frame optical emission lines (e.g., Ha), or the line emission is dominated by AGN
activity. Thus, both independent diagnostics imply that the red sequence is dominated
by galaxies with quiescent stellar populations.

By combining rest-frame U — B with B — V, we find that the star formation in
the red-sequence galaxies has just recently been suppressed (~ 0.5 —1 Gyr). This
finding is supported by the strong Balmer break in the stacked spectrum of all red-
sequence galaxies. Overall, this implies that the red sequence is primarily driven by
post-starburst galaxies at this epoch, and has just started to build up at z ~ 2.3.

We study the rest-frame U — B color evolution of massive galaxies by comparing
our sample with spectroscopic galaxy samples at z ~ 0.03 and z ~ 0.73. Remarkably,
rest-frame U — B evolves slowly, by only ~ 0.16 mag between z ~ 2.3 and the present.
The fraction of massive galaxies (> 10" M) on the red sequence increases by only
~ 40% between z ~ 2.3 and z ~ 0.0. Similarly, the fraction of the total stellar mass of
massive galaxies on the red-sequence increases by only ~ 25%. However, the number
and mass density of the massive (> 10" M,,) red-sequence galaxies grows by a factor
of ~ 8 and ~ 6 over the same redshift interval.

Overall, we show that the slow color evolution of the red sequence does not allow
a straightforward explanation. Presumably, the evolution is a combination of aging,
red mergers, newly quenched galaxies and an evolving dust content of red-sequence
galaxies. Simple passive aging of galaxies formed at z ~ 7 or beyond is ruled out, both
because of the post-starburst nature of the z ~ 2.3 galaxies and because such models
cannot reproduce the strong density evolution of galaxies on the red sequence that we
measure here. The spread (oy_p) can be used to set further constraints on the build-up
of the red sequence. Due to the significant errors on the rest-frame colors and the small
size of the z ~ 2.3 spectroscopic sample, we do not use oy;_p in this work. However,
we note that none of the models discussed here violate the constraints imposed by the
observed scatter.

As long as independent dust constraints for our z ~ 2.3 galaxies are missing, the
color evolution is not well-suited to constrain the build-up of the red sequence. More-
over, in particular at z < 1 the color evolution is well fit by all models. Thus, we are
dependent on the evolution of the number density and mass function for more detailed
studies of the growth of the red sequence.
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