iversity

The Open

Un

Open Research Online

The Open University's repository of research publications
and other research outputs

The age spread of quiescent galaxies with the
NEWFIRM Medium-Band Survey: identification of the
oldest galaxies out to z 2

Journal ltem

How to cite:

Whitaker, Katherine E.; van Dokkum, Pieter G.; Brammer, Gabriel; Kriek, Mariska; Franx, Marijn; Labbé,
Ivo; Marchesini, Danilo; Quadri, Ryan F.; Bezanson, Rachel; Illingworth, Garth D.; Lee, Kyoung-Soo; Muzzin,
Adam; Rudnick, Gregory and Wake, David A. (2010). The age spread of quiescent galaxies with the NEWFIRM
Medium-Band Survey: identification of the oldest galaxies out toz 2. Astrophysical Journal, 719(2) pp. 1715-1732.

For guidance on citations see FAQs.

(© 2010. The American Astronomical Society
Version: Version of Record

Link(s) to article on publisher's website:
http://dx.doi.org/doi:10.1088,/0004-637X/719/2/1715

Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright
owners. For more information on Open Research Online's data |policy on reuse of materials please consult the policies

page.

oro.open.ac.uk


http://oro.open.ac.uk/help/helpfaq.html
http://dx.doi.org/doi:10.1088/0004-637X/719/2/1715
http://oro.open.ac.uk/policies.html

THE ASTROPHYSICAL JOURNAL, 719:1715-1732, 2010 August 20
© 2010. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

doi:10.1088/0004-637X/719/2/1715

THE AGE SPREAD OF QUIESCENT GALAXIES WITH THE NEWFIRM MEDIUM-BAND SURVEY:
IDENTIFICATION OF THE OLDEST GALAXIES OUT TO z ~ 2

KATHERINE E. WHITAKER!'8, PIETER G. VAN DokkUM' %, GABRIEL BRAMMER!"3, MARISKA KRIEK?8, MARUN FRANX?,
Ivo LaBBE*®, DANILO MARCHESINT '8, RYAN F. QUADRI*®, RACHEL BEZANSON!, GARTH D. ILLINGWORTH®, KYOUNG-S00 LEE!,

ApaM Muzzin'-8, GREGorYy RUDNICK’-®, AND DAVID A. WAKE'
1 Department of Astronomy, Yale University, New Haven, CT 06511, USA; katherine.whitaker @yale.edu
2 Department of Astrophysical Sciences, Princeton University, Princeton, NJ 08544, USA
3 Sterrewacht Leiden, Leiden University, NL-2300 RA Leiden, The Netherlands
4 Carnegie Observatories, Pasadena, CA 91101, USA
5 Department of Physics and Astronomy, Tufts University, Medford, MA 02155, USA
6 UCO/Lick Observatory, Pasadena, CA 91101, USA
7 Department of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA
Received 2010 February 11; accepted 2010 June 25; published 2010 August 3

ABSTRACT

With a complete, mass-selected sample of quiescent galaxies from the NEWFIRM Medium-Band Survey, we study
the stellar populations of the oldest and most massive galaxies (>10'! M) to high redshift. The sample includes
570 quiescent galaxies selected based on their extinction-corrected U — V colors out to z = 2.2, with accurate
photometric redshifts, o, /(1 + z) ~ 2%, and rest-frame colors, oy_y ~ 0.06 mag. We measure an increase in the
intrinsic scatter of the rest-frame U — V colors of quiescent galaxies with redshift. This scatter in color arises from
the spread in ages of the quiescent galaxies, where we see both relatively quiescent red, old galaxies and quiescent
blue, younger galaxies toward higher redshift. The trends between color and age are consistent with the observed
composite rest-frame spectral energy distributions (SEDs) of these galaxies. The composite SEDs of the reddest
and bluest quiescent galaxies are fundamentally different, with remarkably well-defined 4000 A and Balmer breaks,
respectively. Some of the quiescent galaxies may be up to four times older than the average age and up to the age
of the universe, if the assumption of solar metallicity is correct. By matching the scatter predicted by models that
include growth of the red sequence by the transformation of blue galaxies to the observed intrinsic scatter, the
data indicate that most early-type galaxies formed their stars at high redshift with a burst of star formation prior to
migrating to the red sequence. The observed U — V color evolution with redshift is weaker than passive evolution
predicts; possible mechanisms to slow the color evolution include increasing amounts of dust in quiescent galaxies
toward higher redshift, red mergers atz < 1, and a frosting of relatively young stars from star formation at later times.

Key words: cosmology: observations — galaxies: evolution — galaxies: formation

Online-only material: color figures

1. INTRODUCTION

Massive galaxies with strongly suppressed star formation
exist out to and beyond a redshift of z ~ 2 (e.g., Labbé et al.
2005; Daddi et al. 2005; Kriek et al. 2006, 2009; Fontana
et al. 2009), and these red, quiescent galaxies form well-defined
color-mass and color-magnitude relations, known as the red
sequence (e.g., Kriek et al. 2008). The scatter in the color of red
sequence galaxies provides a natural marker for the variation
in star formation histories. Galaxies with stellar populations
that formed at different epochs will have an intrinsic scatter in
their colors, and this scatter will decrease as these red sequence
galaxies evolve.

In simple models, the scatter in the observed color of red
sequence galaxies increases with redshift as the fractional age
differences between the galaxies become larger (Bower et al.
1992; Ellis et al. 1997; van Dokkum et al. 1998). In more
complex models that include morphological transformations,
the scatter can be constant or even decrease with redshift (van
Dokkum & Franx 2001; Romeo et al. 2008). Directly probing

8 Visiting Astronomer, Kitt Peak National Observatory, National Optical
Astronomy Observatory, which is operated by the Associations of Univerities
for Research in Astronomy (AURA) under cooperative agreement with the
National Science Foundation.
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the scatter in color (as well as the scatter in age) as a function
of redshift will constrain these models.

The intrinsic scatter in the U — V colors of local early-type
galaxies in the Coma Cluster is ~0.03 mag (Bower et al. 1992).
Most of the work at higher redshifts has been done only in
clusters, finding a roughly constant internal U — V scatter of
~0.08 £ 0.03 mag at 0.05 < z < 0.8, increasing to ~0.15
at z = 1.6 (van Dokkum et al. 2000; Holden et al. 2004;
Mclntosh et al. 2005a; Lidman et al. 2008; Mei et al. 2009;
Ruhland et al. 2009; Hilton et al. 2009; Papovich et al. 2010).
To date, there are no measurements of the intrinsic scatter in the
color—magnitude relations (CMRs) for field galaxies at z 2 1,
because this requires accurate rest-frame colors and methods of
separating star-forming and quiescent galaxies.

At high redshift, the color—mass relation is “diluted” by dusty
star-forming galaxies, and the dust complicates the measure-
ments of the intrinsic color scatter of red, old galaxies. This com-
plication is less important at low redshift because ~70%—-80%
of red galaxies have very little dust (Bell et al. 2004a; Wolf
et al. 2005). Furthermore, dusty contaminants can be visually
identified using morphological information out to z ~ 1 (e.g.,
Mclntosh et al. 2005b; Ruhland et al. 2009), whereas at higher
redshifts the galaxies are too faint to resolve with current tech-
nology. However, these dusty systems can be identified using
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additional information: e.g., UVJ rest-frame colors (Williams
et al. 2009), the visual dust extinction from spectral energy dis-
tribution (SED) modeling (Brammer et al. 2009), or mid-IR
imaging (Papovich et al. 2005; Franx et al. 2008; Fontana et al.
2009).

Currently, the best estimates for the ages of stellar populations
in massive high-redshift galaxies come from Kriek et al.
(2008), who combine broadband multiwavelength imaging with
NIR spectroscopy for a K-selected sample. They find that
red sequence galaxies at z ~ 2.3 typically have 0.5-1 Gyr
populations with moderate amounts of dust. However, older
galaxies may have been missed due to the magnitude limits
of the K-selection. To understand the properties of quiescent
galaxies, a large systematic study is required to connect and
confirm the limited knowledge we have of galaxies at z ~ 2
with the observed properties of local early-type galaxies.

High-redshift studies of galaxies are either based on small,
accurate spectroscopic samples that are biased due to the
methods of selection, or large photometric samples limited
by the accuracy of the photometric redshifts and depth of the
survey. To address the problems associated with each method,
the NEWFIRM Medium-Band Survey (NMBS; van Dokkum
et al. 2009) was designed to improve the photometric redshift
accuracies while maintaining a large sample of galaxies. For the
first time, we are able to determine the color scatter of galaxies
on the red sequence for a complete, mass-selected sample with
accurate photometric redshifts.

In this paper, we study the properties of a mass-selected
sample of galaxies from the NMBS over four redshift intervals,
focusing on the properties of the quiescent galaxies residing
on the red sequence. Here, we will use the term “quiescent”
to signify old stellar populations with red rest-frame colors
(U —V 2 1.4) that are not vigorously forming stars. Following
Brammer et al. (2009), we correct the rest-frame U — V colors
for dust reddening allowing a clean separation of the red and
blue sequences. As expected, the star formation rates (SFRs) of
these “quiescent” galaxies from SED modeling are typically low
(the median SFR is 0.2 M, yr—'), although some probably have
ongoing star formation up to the level of ~10 M, yr~'. Probing
the internal scatter for the first time at z 2 1, we show trends of
U — V color with the relative ages of the stellar populations and
the composite rest-frame SEDs of all quiescent galaxies. We
show that the results would be similar if we used the UVJ color
selection of Williams et al. (2009). Finally, we place constraints
on the star formation histories for passive evolution given the
observed intrinsic scatter as a function of redshift.

We assume a ACDM cosmology with Qy = 0.3, Q) =
0.7, and Hy = 70 km s~! Mpc~! throughout the paper. All
magnitudes are given in the AB system.

2. DATA

The NMBS employs a new technique of using medium-
bandwidth near-IR filters to sample the Balmer/4000 A break
from 1.5 < z < 3.5 at a higher resolution than the standard
broadband near-IR filters (van Dokkum et al. 2009), thereby
improving the accuracy of the photometric redshifts. We briefly
summarize the survey here, the full details of the reduction,
source detection, and generation of the photometric catalogs
will be described in K. E. Whitaker et al. (2010, in preparation).
The NMBS survey is based on a concept similar to the optical
medium-band filters used in the COMBO-17 survey (Wolf
et al. 2003). A custom set of five medium-bandwidth filters
in the wavelength range of 1-1.7 um were manufactured for the
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NEWFIRM camera on the Kitt Peak 4 m telescope for the survey.
Data were taken over the 2008 A, 2008B, and 2009A semesters,
for a total of 75 nights (45 nights through the NOAO Survey
Program and an additional 30 nights through a Yale-NOAO
time trade).

The survey targets two ~0.25 deg® fields within the
Cosmological Evolution Survey (COSMOS) and the All-
wavelength Extended Groth Strip International Survey
(AEGIS), chosen to take advantage of the wealth of publically
available ancillary data over a broad wavelength range. We com-
bine our five medium-band near-IR images and a broadband
K-band image taken with the NEWFIRM camera with opti-
cal images in the ugriz broadband filters of both survey fields,
made publically available through the CFHT Legacy Survey,’
using images reduced by the CARS team (Erben et al. 2009;
Hildebrandt et al. 2009). Additionally, we include deep Subaru
images with the B; V;r*i*z* broadband filters in the COSMOS
field (Capak et al. 2007). Finally, we include IR images in the
Spitzer-IRAC bands over the entire COSMOS pointing that are
provided by the S-COSMOS survey (Sanders et al. 2007), and
partial coverage of the AEGIS pointing (~0.15 deg?) overlap-
ping with the Extended Groth Strip (Barmby et al. 2008).

In this study, we use a K-selected catalog generated from
the 2008A and 2008B semesters only. The AEGIS catalog
contains 15 filters and the COSMOS catalog contains 21 filters
(u—8 um). The optical and near-IR images were convolved to the
same point-spread function (PSF) before performing aperture
photometry, so as to limit any bandpass-dependent effects. The
photometry was done with the SExtractor (Bertin & Arnouts
1996) in relatively small color apertures chosen to optimize the
signal to noise. We determine an additional aperture correction
from the K-band image that accounts for flux that falls outside
of the AUTO aperture, thereby enabling us to calculate total
magnitudes (see, e.g., Labbé et al. 2003). We use an alternative
source fitting algorithm especially suited for heavily confused
images for which a higher resolution prior (in this case, the
K-band image) is available to extract the photometry from
the IRAC images.'? This method is described in more detail
in the appendix of Marchesini et al. (2009).

Using the EAZY photometric redshift and rest-frame color
code (Brammer et al. 2008), we find the photometric redshifts in
COSMOS to be in excellent agreement with the spectroscopic
redshifts made publically available through the zCOSMOS
survey (Lilly et al. 2007), with o,/(1 + z) = 0.016 for 632
objects at zgpee < 1. We also find excellent agreement between
the photometric and spectroscopic redshifts for a larger sample
of 2313 objects at zgee < 1.5 in AEGIS from the DEEP2
survey (Davis et al. 2003) with o,/(1 + z) = 0.017. Both
fields have very few catastrophic failures, with only 3% >50
outliers. Spectroscopic redshifts also exist for 125 Lyman break
galaxies (LBGs) at z ~ 3 within the AEGIS field from Steidel
et al. (2003), for which we find o,/(1 + z) = 0.045, with
10% >50 outliers. However, we note that LBGs are very
faint in the rest-frame optical (observer’s near-IR) and their
spectra have relatively weak Balmer/4000 A breaks. There is
excellent agreement between the NMBS photometric redshifts
and the Gemini/GNIRS redshifts from Kriek et al. (2006),

9 http://www.cfht hawaii.edu/Science/CFHTLS/

10 Through visual inspections of the residual IRAC images (after subtracting
the modeled K-detected objects), we estimate that flux contributions from
undetected K-band sources may influence the IRAC photometry for less than
5% of the entire quiescent sample studied in this work at a level greater than
the formal error bars.
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Figure 1. Rest-frame U — V color with the slope of the CMR removed using a non-evolving slope from Bell et al. (2004b; top panels) as well as a correction
for the dust content (bottom panels) as a function of stellar mass. Those quiescent galaxies with stellar masses >10'! Mg on the red sequence are black, filled
circles, and the dusty galaxies with obscured star formation are green stars. Small red circles indicate galaxies with MIPS detections >20 ulJy. The vertical dashed
lines identify the lower limit of the mass-selected sample and the horizontal dashed lines are the mean selection limits in each redshift bin. The gray lines in the top
panels are the 90% completeness levels for Ky > 22.8 AB mag at the maximum redshift of the bin. The completeness lines for z < 1.4 fall off the plot, with masses
<10'92 M. Nearly all massive galaxies are red (top panel), but some of these galaxies have red U — V colors due to dust reddening from obscured star formation.
When we correct the U — V colors for the amount of dust (from SED modeling), we see a bimodal color distribution at all redshifts.

(A color version of this figure is available in the online journal.)

with a biweight scatter in (Zphot — Zspec)/(1 + Zspec) Of only
0.010, albeit this is only for four galaxies (see van Dokkum
et al. 2009). The photometric redshift accuracies range from
0./(1 +z) ~ 0.01 for galaxies with stronger Balmer/4000 A
breaks to o, /(1+z) ~ 0.05 for galaxies with less defined breaks.
The lack of spectroscopic redshifts above z ~ 1 highlights
the necessity for both follow-up spectroscopy at high redshift,
as well as the innovation of new techniques to accurately
diagnose the reliability of the photometric redshifts (see Quadri
& Williams 2009).

From the best-fit EAZY template, we compute the rest-frame
U — V colors following the method used by Wolf et al. (2003)
in the COMBO-17 survey. We measure the rest-frame U — V
color from the best-fit template, using the filter definitions of
Maiz Apellaniz (2006). When using closely spaced medium-
band observed filters, the template fluxes are found to be more
robust than interpolating between observed filters (see G. B.
Brammer et al. 2010, in preparation). The resulting U — V colors
have average uncertainties of ~0.058 £ 0.008 mag for the
entire sample of massive (>10'! M) galaxies, as determined
from both systematic uncertainties and Monte Carlo simulations
(described in detail in Section 3.2).

We fit the photometry with stellar population synthesis
templates using FAST (Kriek et al. 2009), fixing the redshift to
the EAZY output (or the spectroscopic redshift where available),
and determine the best-fit age, dust extinction, star formation
timescale, stellar mass, and SFR. The models input to FAST
are a grid of Maraston (2005) models that assume a Kroupa
(2001) initial mass function (IMF) with solar metallicity and
a range of ages (7.6—10.1 Gyr), exponentially declining star
formation histories (7 < t < 10inlog years) and dust extinction
(0 < Ay < 4). The dust content is parameterized by the

extinction in the V band following the Calzetti et al. (2000)
extinction law.'!

In this paper, we select massive (>10'! M) galaxies in four
redshift bins from the NMBS that sample roughly equal co-
moving volumes (with the exception of the lowest redshift bin).
Within this sample of massive galaxies, we are interested in
understanding galaxies that are on the red sequence because
they have old, evolved stellar populations. At high-z, where
we currently lack morphological information, we must devise a
method for selection of dusty, star-forming galaxies masquerad-
ing as red, quiescent galaxies.

3. THE AGE SPREAD OF QUIESCENT GALAXIES
3.1. Selecting Quiescent Galaxies

The color—mass relation is shown in the top panels of Figure 1.
Clearly, the majority of massive galaxies with masses >10'! M,
are red at all redshifts to z = 2. However, a significant fraction
of these galaxies are red because of dust, and not because they
have old, evolved stellar populations (e.g., Wyder et al. 2007;
Cowie & Barger 2008; Brammer et al. 2009).

Following Brammer et al. (2009), we select quiescent galaxies
by requiring

(U—-VY —=Ayy — (2.03-0.77 - t/ty) > —0.4, €))
where (U — V) is the rest-frame U — V color with the slope
of the CMR removed using the non-evolving slope from Bell
et al. (2004b) and Ayy is the dust reddening correction factor
of 0.47Ay (the visual extinction) as derived using the Calzetti

1 We note that different dust attenuation laws have little effect on quiescent
galaxies (see Muzzin et al. 2009).
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Figure 2. Sample SEDs normalized to 1 um from the highest redshift bin, showing the effects of increased dust content for galaxies with red observed U — V colors.
The red points are the medium-band filters in addition to the full #—8 pum data (black points), with the best-fit FAST template in gray. The two galaxies have similar
U — V colors but different amounts of dust reddening; the quiescent galaxy in the left panel has a strong 4000 A break and a peaked SED, while the dusty galaxy in
the right panel has a much more gradual slope in the Balmer-break region, rising to a peak at ~1 pm.

(A color version of this figure is available in the online journal.)

et al. (2000) extinction law. The final term accounts for a mean
linear color evolution with time, where 715 is the lookback
time and 7y is the Hubble time. The average selection given
by Equation (1) corresponds to the dashed horizontal line at
each redshift interval. The selection method removes dusty, star-
forming galaxies based on their extinction thereby leaving us
with the red sequence. This selection is similar to and more
conservative than the UVJ selection of Labbé et al. (2005) and
Williams et al. (2009; see Appendix A).

Comparing the observed U—V color to the color with
an additional dust-correction Ayy (top and bottom panels in
Figure 1, respectively), we find that not all massive red galaxies
are old, as there is a significant population of dusty and
star-forming massive galaxies at z > 1 (see Brammer et al.
2009). Those star-forming galaxies that are dusty interlopers
are marked as green stars in the bottom panels of Figure 1
and removed from the sample through the above selection
method. Additionally, those galaxies that have MIPS detections
(>20 ulJy) are indicated with small red circles, but are not
removed from the sample;'? these objects likely host active
galactic nuclei (AGNs) or may be forming stars (see also
Daddi et al. 2007). We note that the scatter measured in U — V
decreases by ~0.03 mag at z ~ 0.5 and ~0.01-0.02 at higher
redshifts when removing all MIPS-detected quiescent galaxies.
The extinction correction effectively reduces the number of
galaxies in the transition zone between the blue cloud and red
sequence, revealing distinct populations with bimodal intrinsic
colors up to at least z ~ 2.

This selection method is enabled by the increased resolution
provided by the near-IR medium-bandwidth filters. The im-
proved sampling of the SEDs enable robust constraints on both
the photometric redshifts (~2% accuracies compared to the
~6%—7% accuracies of broadband zph,« When using all avail-
able spectroscopic redshifts) as well as the dust content of the
stellar populations (see Brammer et al. 2009). The typical up-
per and lower 68% confidence intervals on the dust extinction

(for both quiescent and star-forming galaxies) range from *$3

1224 um fluxes from Spirzer-MIPS images provided by the S-COSMOS and
FIDEL surveys; see Brammer et al. (2009) for a full description.

atz ~ 0.5 to t%?l at z ~ 2. Furthermore, the inclusion of IRAC
data helps constrain the overall shape of the SED and signifi-
cantly improves the confidence intervals of the dust extinction
for the individual galaxies (e.g., Labbé et al. 2005; Wuyts et al.
2007; Muzzin et al. 2009). About 20% of the quiescent galaxies
have no IRAC coverage as we did not make any restrictions
in our selection method, which may imply that their classifica-
tion as quiescent is less robust (see, e.g., Labbé et al. 2005).
We verified that these 20% of objects do not deviate system-
atically from the trends we see for the sample of objects with
IRAC coverage. We note that this selection method is consis-
tent with the UVJ selection, which does not depend on models
(see Appendix A).

In Figure 2, we show two example SEDs from the highest
redshift bin normalized at 1 um to highlight both the improved
sampling of the SED as well as the fundamental differences be-
tween the SEDs of the quiescent and dusty galaxies. Although
both galaxies have red observed U — V colors, we see clear dis-
tinctions in the continuum shapes of the SEDs. The dusty galaxy
(right panel) has a more gradual slope than the intrinsically red,
older stellar population (left panel), which shows a well-defined
4000 A break with a peaked SED. With the increased resolu-
tion of the medium-band data, we are able to distinguish the
continuum shapes and properties of galaxies residing on the red
sequence to remove dusty contaminants such as the galaxy in
the right panel.

The issue of the ongoing star formation in these galaxies
is ambiguous, as this depends on the definition of a “quies-
cent” galaxy and is very model dependent: for an individual
quiescent galaxy the 1o range of specific star formation rates
(sSFRs) from the SED modeling described in Section 2 is on
average 0-0.004 Gyr~' out to z = 2 (see also Kriek et al. 2008).
Degeneracies between the age, dust, and mass in models com-
plicate matters when selecting “quiescent” galaxies based on
their sSFRs. The observational selection of quiescent galax-
ies in this work is less model dependent than Romeo et al.
(2008), for example, who select quiescent galaxies by sSFR <
0.01 Gyr~! from their simulations. About ~35% of our qui-
escent galaxies at 1.8 < z < 2.2 appear to have sSFRs >
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0.01 Gyr~!, with a maximum sSFR of ~0.06 Gyr~! (as deter-
mined from SED modeling). This fraction decreases to ~14%
by 0.2 < z < 0.9, with a maximum sSFR of 0.02 Gyr~'. A
sample of quiescent galaxies selected solely on best-fit sSSFR
would be biased against including the blue tail of the distri-
bution of galaxies that may be the most recent additions to
the red sequence. In Appendix A, we repeat key parts of the
analysis using an alternative selection of quiescent galaxies,
the UVJ method of Labbé et al. (2005) and Williams et al.
(2009). This method naturally isolates a distinct sequence of
“red and dead” galaxies in the rest-frame U — V versus V—J
diagram. We find that the results remain essentially unchanged
when this selection is used, but note that the UVJ selection
includes a slightly higher number of blue galaxies at high
redshift.

3.2. Deriving the Intrinsic Scatter in Quiescent Galaxies

In Figure 3, we show that the observed scatter in the U —V
color (green) increases with redshift for this sample of massive,
quiescent galaxies. We note that the scatter is measured from
the actual colors of the quiescent sample, not the dust-corrected
colors shown in Figure 1, as there are degeneracies in the
models that limit the level of accuracy of Ay. To interpret
this increase, we need to correct for the scatter introduced by
photometric errors, thereby measuring the intrinsic scatter. For
each quiescent galaxy, the observed u—8 um fluxes were each
perturbed by a normally distributed, pseudo-random number
from a Gaussian distribution with a mean of zero and a standard
deviation of the photometric error for each respective filter. From
these perturbed flux values, we generate 50 simulated catalogs
and use EAZY to re-determine U — V, refitting the photometric
redshifts. We take the biweight sigma of the U — V distribution
for each galaxy to signify the uncertainty in the color. The
average uncertainty in the colors due to photometric error for
all massive (>10'! M) galaxies ranges from 0.008 mag at z =
0.5 to 0.05 mag at 7 = 2.1*

We calculated the contribution of the photometric error to
our measurement in the scatter of U — V by creating a sample
of mock galaxies with an intrinsic scatter of O (in other words,
all galaxies have the same U — V color). Each mock galaxy
is assigned a value for the scatter in U — V that comes from
our simulations as described above, and we then perturb the
colors by an amount that is drawn from a Gaussian distribution
with width equal to the color uncertainty. The scatter of colors
in the resulting sample is then taken to be the contribution of
photometric errors to the overall observed scatter. Finally, in
order to reduce random uncertainties, we repeat this procedure
100 times. The contribution to the observed U — V scatter from
photometric error increases with z, as one might expect, from
0.007 £ 0.005 mag at 0.2 < z < 0.9 up to 0.05 £ 0.02 mag
at 1.8 < z < 2.2, but it is significantly less than the observed
color scatter at all redshifts. We note that the uncertainties in the
U — V colors are smaller than the observed flux error bars that
sample the rest-frame U and V regions. The rest-frame U and V
fluxes are typically calculated from 2 to 3 medium-band filters,
which reduces the uncertainties.

The errors in the photometry are very small at low redshift;
therefore any perturbation of the fluxes does not significantly
change the photometric redshift and the U — V color. There
are however systematic uncertainties that will contribute to the

13 In Appendix B, we address the possible concern that our photometric errors
have been greatly underestimated.

THE AGE SPREAD OF QUIESCENT GALAXIES WITH NMBS 1719
(T T " [ " T T T T ]
| Observed Scatter
Intrinsic Scatter
0.20 __ A Bower et al. (1992) (Coma cluster)
| ¥ van Dokkum et al. (2008) (clusters)
| ™ This Work -
0.15F - i
fz\ [ D ,’,
©o10r g .
: ’,/ eosuremer\l scatter -
0.05 ) .
2.4t
> 20¢F
- C
1.6
L
0.0

4

Figure 3. Observed (green) and intrinsic (black) scatter in the rest-frame U — V
colors of the most massive, quiescent galaxies selected by their extinction-
corrected U—V colors. The scatter due to measurement errors (blue) is
subtracted from the observed scatter in quadrature. The vertical black error
bars mark the 68% confidence intervals due to photometric errors and the gray
filled region indicates how oyy_y changes when we raise and lower the horizontal
selection limitin Figure 1 by +0.2 mag. The dashed line is the expected evolution
of the intrinsic scatter due to passive evolution for galaxies that started forming
stars at z = 3 with a characteristic timescale for transformation into an early-type
galaxy of 1.4 Gyr, with a large burst of star formation before transforming. The
observed U — V data points used to calculate the color scatter as a function of
redshift are plotted in the bottom panel. We find that the scatter in U — Vincreases
toward higher redshift, where the intrinsic scatter is significantly higher than the
scatter introduced by photometric and systematic errors at z ~ 2.

(A color version of this figure is available in the online journal.)

measured scatter. To assess the effects of systematic errors,
we use the 75 quiescent galaxies at 0.2 < z < 0.9 that have a
spectroscopic redshift. We compared the U — V colors measured
for these quiescent galaxies from the photometric redshifts to
the color measured using the spectroscopic redshifts. The error
in redshift is strongly correlated with the resulting error in color,
where an underestimate in zppo; 0f 0.1, leads to a U — V color that
is ~0.2 mag redder (see Appendix C). The normalized median
absolute deviation of (U — V)spec—(U — V)por is 0.05 mag. We
conservatively assume that the contribution to the measured
scatter due to systematic uncertainties is 0.05 mag at all
redshifts, but note that this may decrease at higher redshifts as
our medium-band filters sample the rest-frame U and V filters at
z > 1. The scatter in the color due to measurement error is taken
to be the systematic and photometric errors added in quadrature
(blue points in Figure 3).

To measure the internal scatter in U — V in Figure 3 (black),
we subtract the scatter due to measurement error (blue) in
quadrature from the observed scatter. The vertical black error
bars are the uncertainties in the median value of the photometric
scatter and the horizontal black error bars are the bin size. The
gray filled region indicates the range of oy _y values we measure
when we raise and lower the horizontal limit in Figure 1 by
0.2 mag, thereby changing the number of quiescent galaxies
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selected. Regardless of the selection limit, we find an increasing
intrinsic scatter with redshift. We compare our measurements to
work done by Bower et al. (1992) in the Coma Cluster, as well
as a study of the massive (Mgy, > 10'! M) early-type galaxies
in seven clusters from z = 0.18 to 0.84 (van Dokkum 2008). We
find that the scatter at z = 0.5 is similar to the intrinsic scatter
of field galaxies recently measured by Ruhland et al. (2009),'*
but a factor of 2 higher than that measured previously in clusters
at these redshifts. This may reflect a systematic difference
between field and cluster galaxies or some unrecognizable
error contribution within our data. We note that if we limit
the quiescent sample to the 75 galaxies with a spectroscopic
redshift between 0.2 < z < 0.9, we find a very similar
(somewhat larger) scatter. van Dokkum & van der Marel (2007)
found that the massive red sequence galaxies in clusters are
typically ~0.4 £ 0.2 Gyr older than field galaxies. If quenching
in the cluster environment occurred 0.4 Gyr before quenching
in the field, our models (described in Section 5) suggest that
the intrinsic scatters should be lower by only ~0.02 mag,
rather than the ~0.05 mag difference shown in Figure 3.

From Figure 3, we see that the intrinsic scatter in the colors
of quiescent galaxies increases out to z ~ 1 and likely continues
to increase to z ~ 2, although there may exist selection biases
in this regime. It seems likely that the trend at 1 < z < 2 is real
given the recent results of Hilton et al. (2009), who measure an
intrinsic zgso—J scatter (close to the rest-frame U — V) of 0.123 £
0.049 mag for a cluster at z = 1.46, and Papovich et al. (2010),
who find oy_p = 0.136 £ 0.024 mag for a cluster at z = 1.62.
Furthermore, the color scatter is in qualitative agreement with
the predictions of simple passive evolution models that the
scatter in color should decrease as the galaxies evolve.

3.3. Origin of the Intrinsic Scatter in Quiescent Galaxies

To understand the origin of the intrinsic scatter in U —V,
we consider the properties of these stellar populations through
spectral synthesis modeling. The scatter in the red sequence
is thought to be determined by the scatter in both the age and
metallicity, where the scatter in relative ages is generally thought
to be the dominant driver (e.g., Bower et al. 1992; Gallazzi
et al. 2006). The range of metallicities observed for local red
sequence ellipticals from Sloan Digital Sky Survey (SDSS) DR2
is ~0.8-1.6 Z from the faintest to the brightest galaxies, with
a g — r color scatter of ~0.04-0.05 mag (Gallazzi et al. 2006).
In this work, we fix the metallicity to Zg, but we cannot exclude
that metallicity variations contribute to the scatter. We test the
effects of metallicity on the scatter in U — V color in Appendix E,
finding a weak and opposite trend for the color scatter due to
metallicity variations with redshift. Given the observed scatter
in Figure 3, it is unlikely that metallicity has a large effect on
this work.

The age as defined in stellar populations models strongly
depends on the choice of star formation history. To simplify, we
assume an exponentially decaying star formation history with
T = 0.1 Gyr and 0 < Ay < 3. Using the stellar population
synthesis code FAST (Kriek et al. 2009) with the Maraston
(2005) models and a Kroupa (2001) IMF, we fit for the age of
these stellar populations given the above constraints. Given our
assumptions, we effectively measure the relative ages (and dust)
of the quiescent galaxies, fixing all the other parameters.

14 We do not include the Ruhland et al. (2009) data in Figure 3 as that study
probes a different mass range.
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Figure 4. These panels contain the ages of quiescent galaxies (as derived from
spectral synthesis models in Section 3.2) as a function of rest-frame U — V color,
in four redshift bins. The reddest and bluest U — V quartiles are denoted by the
colors red and blue, respectively, while the gray points are the middle quartiles.
The dotted line signifies the maximum age of the universe within each redshift
bin. The bottom panels contain histograms of colors, where the red and blue
dotted lines in the bottom panels are the median colors of the two quartiles and
the black, dashed line is the median color over the entire redshift interval. The
general trend at all redshifts is that redder galaxies are typically older than bluer
quiescent galaxies.

(A color version of this figure is available in the online journal.)

Absolute ages may not be very meaningful given our model-
ing approach, but the relative ages of blue and red galaxies are
robust if we assume that they have similar star formation histo-
ries. In Figure 4, we plot the best-fit age of all quiescent galaxies
as a function of their rest-frame U — V color. The reddest galax-
ies have systematically older stellar populations than the bluest
galaxies at all redshifts. Given the assumption of solar metallic-
ity, there exist a few quiescent galaxies consistent with the age
of the universe (dotted horizontal lines) at z = 1. We include the
typical 68% confidence intervals in the ages in Figure 4 from
the modeling described in Section 2, rather than the modeling
in Section 3.3, as the average uncertainty is much smaller than
what we expect given our assumptions in the modeling due to
degeneracies between age and metallicity. Additionally, we plot
the typical random and systematic errors in the U — V color as
a function of redshift in Figure 4. At z < 1.5, the red and blue
quartiles have the same low level of dust reddening, whereas
at z > 1.5 the red quiescent galaxies have ~0.2 mag more
extinction.

3.4. Rest-frame SEDs of Quiescent Galaxies

We note that the general trends in Figure 4 do not prove that
we are measuring age differences, as bluer U — V colors will
force a lower age in the fit, even if the range in U — V is due to
photometric scatter only (see Appendix B for more details on
the effects of photometric scatter). In the previous section, we
just considered the U — V colors, we will now investigate the
shape of the full observed rest-frame SEDs of these galaxies to
see if there is a fundamental difference between the reddest and
bluest galaxies on the red sequence.
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Figure 5. Effect of resolution can be seen in this figure, where the thin black line
is the average best-fit model to the rest-frame composite SED from the medium-
band measurements of 46 reddest galaxies over the redshiftrange 0.9 < z < 1.4
(also shown in Figure 6). If this model is then smoothed with a Gaussian with
a width equal to the resolution of the medium-band filters, 0.15 um/(1 + z),
we see that the smoothed model at medium-band resolution (thick black line)
is smoother than the model at original resolution, but still follows the shape of
the Balmer/4000 A break region closely. Note that we mark the location of the
4000 A break with an arrow. We then smooth the models with a Gaussian that
has a width equal to the typical resolution of broadband filters, 0.4 um/(1 + z)
(dashed line). The Balmer/4000A break has become washed out due to the
poor resolution.

Stellar populations with ages of ~0.8 Gyr will have strong
Balmer breaks at 3646 A, whereas older populations will have
pronounced 4000 A breaks. Although the differences will be
subtle, the SEDs of galaxies with ages of ~0.8—1 Gyr should
be distinct from older stellar populations. This has not been
observed previously at high-z because the J, H, and K broadband
filters smooth over these spectral features. Figure 5 demonstrates
the importance of the spectral resolution by comparing the
composite SED of the reddest quartile at 0.9 < z < 1.4
(light gray points) to models smoothed to the resolution of the
medium- and broadband filters. For the first time, we are able to
distinguish these features with the NMBS due to the increased
sampling of the Balmer/4000 A break region by the medium-
band filters and the accurate photometric redshifts. We therefore
consider the rest-frame SEDs of these quiescent galaxies to
understand if the intrinsic scatter we measure is really due to the
ages of the galaxies. Specifically, we are interested in the SEDs
of the reddest and bluest quartiles (red and blue, respectively, in
Figure 4). If the scatter is due to age as implied from the spectral
synthesis modeling, we should see an increasing dichotomy in
the SEDs of these quartiles as we look to higher z, where we
observe an increasing internal scatter in color.

With the improved resolution and photometric redshift ac-
curacies of the medium-band filters, we are able to measure
the relative ages of a complete sample of massive galaxies
inhabiting the red sequence out to z ~ 2 for the first time.
The rest-frame SEDs of these massive galaxies are plotted in
Figure 6, including all individual observed fluxes from u—8 um
shifted to the rest-frame for all quiescent galaxies, normalized
at 7000 A. We consider the SEDs of the reddest and bluest quar-
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tiles in U — V (shown in the inset U — V histograms), where the
observed fluxes of the galaxies with the reddest colors are indi-
cated with red points and the bluest galaxies with blue points.
The median best-fit spectral synthesis model templates for the
reddest and bluest quartiles are the solid lines in Figure 6,
using the FAST settings as described in Section 3.3. The mod-
els are shown in Figure 6 with Gaussian smoothing by the
average rest-frame distance between the medium-band filters
of ~0.15 um/(1 + z). Note that there is more smoothing at
lower redshift (due to the dependence of the resolution on the
scale factor) and we therefore expect to resolve the Balmer/
4000 A break region with higher resolution at high-z because
the medium-band filters span a shorter wavelength range.

We see an increasing dichotomy between the SEDs of
the reddest, oldest galaxies and the bluest, youngest galaxies
relative to 7000 A with the increasing intrinsic scatter in color.
The SEDs are not only different in U — V, which is how they
are selected (and also template dependent), rather at all rest-
frame wavelengths. Furthermore, we plot all observed fluxes
for our sample of galaxies in the right panels of Figure 6
to demonstrate the robustness and fundamental differences
between the reddest and bluest galaxies on the red sequence.
The remaining 50% of the sample that have intermediate U — V
colors (gray points) bridge the gap between the SEDs of the
reddest and bluest quartiles at z ~ 2. With the composite rest-
frame SEDs, we sample the Balmer/4000 A break region with
sufficient resolution to distinguish between a Balmer or 4000 A
break. We note that the models do not fit the lowest redshift
galaxies very well, tending to force slightly larger differences
between the quadrants at 0.4 um < Ay < 0.6 pum than
observed. As a test, we have included different metallicities in
the modeling described in Section 3.3, and we find that they
reduce the discrepancy between the best-fit model and data
points seen for the reddest galaxies at z < 1.5 slightly, but not
entirely.

In the high-redshift bins, we see that the bluest, youngest
galaxies emit more radiation than the reddest galaxies at
all wavelengths <7000 A. In particular, the region around
0.4-0.5um and <0.3 um (blueward of the U band) shows
clear differences between the red and blue quiescent galaxies.
These galaxies that populate the blue tail of the distribution have
younger ages and bluer colors at higher redshifts. Focusing on
the rest-frame UV wavelength regime, we see a factor of >2
increase in the continuum emission for the blue quartile with
increasing redshift. Additionally, we see the flux in the Balmer-
break region grow in strength with increasing redshift.

While the SEDs of the bluest galaxies undergo significant
evolution from z = 0.2 to 2.2, the oldest galaxies remain virtually
unchanged. The old galaxies inhabit a very small range of U — V
colors with uniform spectral shapes at all redshifts. The rest-
frame UV continuum is very faint and the galaxies have strong
(smoothed) 4000 A breaks. We conclude that the increase in
the U — V scatter is driven by an increase in the dispersion of
spectral types; there is a significant population of younger, blue
quiescent galaxies at z ~ 2 that are nearly absent by z ~ 0.5.
The observed rest-frame SEDs confirm that the major driver of
the intrinsic scatter in color of the red sequence is the scatter in
age, as the stellar populations originate from varying epochs in
the universe. In Appendix B, we show that our results are robust
against severe underestimates of the photometric errors, and
against large systematic redshift errors. Additionally, we test
the effects of dust and ongoing star formation on the composite
SEDs in Appendix D.
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Figure 6. Composite rest-frame SED of massive, quiescent galaxies from z = 0.2 to 2.2 in four redshift bins (top to bottom), with the reddest and bluest U — V quartiles
selected in Figure 4 color-coded the same. From left to right, we see the reddest composite SED, the bluest composite SED and finally the composite SED of all
quiescent galaxies in gray with the two quartiles overplotted in the right panels. The solid lines are the median best-fit templates as derived from the spectral modeling
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are the histograms of (U — V), U — V with the slope of the color-magnitude relation removed. The spectral shapes of the reddest and bluest quartiles are very similar
at low redshift. At high redshift, there exist old quiescent galaxies (red) and young quiescent galaxies (blue) that lead to a relatively large observed intrinsic scatter
inU-V.

(A color version of this figure is available in the online journal.)
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Figure 7. Binned U — V color and ages of all quiescent galaxies as a function of
their total K-band magnitudes. The dashed line is the median K-band magnitude
of the nine spectroscopically confirmed quiescent galaxies by Kriek et al. (2006)
and the dotted line is the limiting magnitude used by Kriek et al. to select their
sample. The reddest and oldest galaxies in the hashed region would therefore
not be included in the Kriek et al. magnitude-limited sample.

4. THE REDDEST GALAXIES AT z ~ 2

Kriek et al. (2006, hereafter KO6) were the first to show that
many massive high-z galaxies have no (strong) emission lines
and have strong Balmer/4000 A breaks within their spectro-
scopic sample of nine quiescent galaxies. The K06 sample of
quiescent galaxies had relatively young ages of 0.5-1 Gyr. Per-
haps the most striking feature of Figures 4 and 6 is that we see
evidence for very old galaxies at z ~ 2 that seem to have more
evolved stellar populations than the K06 sample, with higher
ML ratios.

Selection effects may explain why the K06 did not find the
more evolved galaxies we observe with the NMBS. The K06
NIR spectroscopic survey selected targets from the MUSYC
K-selected photometric catalog (Gawiser et al. 2006; Quadri
et al. 2007), choosing galaxies with photometric redshifts of
z ~ 2.3. The targets were selected to a limiting magnitude of
21.6 in AB magnitudes to ensure an adequate signal-to-noise
ratio for the NIR spectra.

In order to illustrate the difference between a magnitude-
limited sample and a mass-limited sample, in Figure 7 we show
the binned U — V colors and ages (as derived in Section 3.3)
as a function of the total K-band magnitude for all quiescent
galaxies with photometric redshifts between z = 1.8 and 2.2.
Brighter galaxies tend to have bluer colors and younger ages.
We also note that we are observing an inversion of the CMR. In
Figure 7, the dashed line is the median K-band magnitude of the
nine spectroscopically confirmed quiescent galaxies from K06
and the dotted line is the limiting magnitude of the spectroscopic
survey. Both limits have been increased by ~0.4 mag to account
for the difference in median redshift: z ~ 2.3 for KO6 and
z ~ 2 for our sample (assuming no evolution). The magnitude-
limited sample would not include galaxies that lie in the hashed
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Figure 8. Composite rest-frame SED of the reddest and bluest U — V quartiles of
massive, quiescent galaxies from z = 1.8 to 2.2 (red and blue points). The solid

lines are the median best-fit templates as derived from the spectral modeling
analysis with Gaussian smoothing to the medium-band resolution of 0.15 um/
(1 + z), compared to the median binned spectra of nine quiescent galaxies at
z ~ 2.3 from Kriek et al. (2006; dot-dashed line, also smoothed to the medium-
band resolution). The Kriek et al. sample matches the spectral shape of the
blue quartile. We also fit the Kriek et al. median spectra with a t-model (see
Section 4) and aged this best-fit model of 0.8 Gyr by +0.4 Gyr to evolve the
spectra to the average redshift of the medium-band data of z ~ 2 (black line).
The median, aged K06 spectra lie roughly between the extremes of our sample,
which implies that typical z ~ 2 quiescent galaxies may be the descendents of
the K06 sample.

(A color version of this figure is available in the online journal.)

region, thereby biasing the sample against the reddest and oldest
galaxies.

In Section 3.4, we showed that the spectral shapes of the
reddest and bluest galaxies on the red sequence are fundamen-
tally different at z ~ 2. We compare the SEDs of the spectro-
scopically confirmed quiescent galaxies from K06 to our mass-
selected sample in Figure 8. The median rest-frame spectra of
the K06 sample of quiescent galaxies binned to low resolu-
tion (gray shaded region) and smoothed with a Gaussian to the
medium-band resolution match the median SED of the bluest
quiescent galaxies in our sample.

We cannot exclude the possibility that the differences between
the spectra arise because we are comparing the K06 sample to
galaxies at a slightly lower redshift. Because the galaxies in
the spectroscopic sample will have aged by ~0.4 Gyr between
(z) = 2.3 and 2, we fit the K06 spectra with a T-model using
the settings described in Section 3.3 finding a best-fit age of
0.8 Gyr, and age this best-fit model by +0.4 Gyr (black line in
Figure 8). The median, aged K06 spectra lie roughly between
the two extremes of our sample, which implies that typical z =
2 galaxies could be descendants of the z ~ 2.3 galaxies of K06.
It will be interesting to see whether very old galaxies exist at
z ~ 2.5 and beyond.

Figures 7 and 8 illustrate the differences between mass-
limited and magnitude-limited samples. Although a simple
magnitude limit is practical, one must be aware of the ways
in which the limit can introduce biases into the galaxy sample.
With our complete, mass-limited simple, we are able to quantify
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Figure 9. Fraction of massive galaxies (>10'! M) that are quiescent (black
squares) and still star forming (green stars). Additionally, the quiescent galaxies
are broken down by those old galaxies that have stellar populations >1.5 Gyr
(red circles) and those that are younger with ages <1.5 Gyr (blue triangles),
as derived from the SED modeling described in Section 2. The black dashed
line is the expected evolution of the fraction of early-type galaxies from passive
evolution given the observed scatter in U — V. At z ~ 1.5-2, roughly half of the
most massive galaxies are quiescent.

(A color version of this figure is available in the online journal.)

the buildup of the massive end of the red sequence by using our
observations to constrain models.

5. BUILDUP OF THE RED SEQUENCE

Given the observed evolution in the U — V scatter and the
trends with age, we next look to simple models to explain the
buildup of the red sequence. In Figure 9, we see that the fraction
of massive galaxies with intrinsically red colors due to evolved
stellar populations increases with time. At higher redshift, there
is an increasing fraction of massive galaxies that are dusty and
star forming, inhabiting the region close to the green valley in the
CMR. About 90% of the most massive galaxies are quiescent at
z < 1. We note that our sample of massive galaxies is selected
with a fixed mass limit of 10'' My at all redshifts and will
therefore not account for mass evolution. To test how sensitive
the fractions are to the adopted mass limit, we also select a
sample of massive galaxies at a constant number density of
n = 2 x 107*Mpc3 following van Dokkum et al. (2010).
The resulting fraction of quiescent and active galaxies is nearly
identical to the fractions for a fixed mass limit. The uncertainty
in the fraction of quiescent galaxies due to mass evolution is
indicated with the error bars in Figure 9. We also show the range
of fractions that result when the selection limit (in Figure 1) is
varied by +0.2 mag (gray filled region).

Our results are consistent with many high-redshift studies,
which have found a significant fraction of quiescent galaxies in
place at z > 2 (e.g., Fontana et al. 2009; Williams et al. 2009).
We find that the most massive objects at z = 1.5-2 are divided
roughly equally between star-forming and quiescent galaxies,
the same results as Williams et al. (2009) and Fontana et al.
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(2009). Consistent with previous work (e.g., Kriek et al. 2008;
Damen et al. 2009; Fontana et al. 2009), we find that the massive,
quiescent galaxies observed at z ~ 2 assembled most of their
stellar mass at higher redshifts.

The observed evolution of the fraction of quiescent galax-
ies and the color scatter can constrain simple passive evolution
models with “progenitor bias.”!> The Passive Evolution Calcu-
lator'® (van Dokkum & Franx 2001) models the evolution with
three parameters: fyan, Tswop, and fi. The parameter fy is the
time when star formation starts and the parameter Tyqp is the
characteristic scale for the probability distribution of the times
when star formation stops. The variation of the SFR is accounted
for with the dimensionless parameter f,; the star formation his-
tory can include bursts and increasing or decreasing continuous
formation rates as a function of time. Once the star formation
is quenched in galaxies, the luminosity and color evolution is
well approximated by a single-age population of stars with the
same luminosity-weighted mean age (see van Dokkum & Franx
2001). The parameter f, can range between 0 and 1; the limiting
case of f, ~ O implies that most of the stars formed close to
the start of star formation, f, ~ 0.5 is a roughly constant star
formation history and when f, ~ 1, the luminosity-weighted
mean age of the stellar populations is dominated by a burst at the
end of the star formation history. These models can be applied
to observations of early-type galaxies, enabling fits to the early-
type galaxy fraction, the mean color evolution and the scatter in
the color—mass relation.!”

Here, we use the Passive Evolution Calculator to predict the
redshift evolution of U — V, the rms scatter in U — V, and the
fraction of today’s early types that are in place by redshift z
for early-type galaxies that started forming stars at z = 3. We
assume the timescale for transformation to quiescent galaxies
is zero (in other words, the truncation of star formation is
instantaneous) and vary the probability distribution of stop times
for transformation from star-forming galaxy to quiescent galaxy,
Tstop» and the form of the star formation history of the individual
galaxies, f,. By matching the predicted intrinsic scatterin U — V
to the observed scatter, we find a best-fit characteristic timescale
for transformation of Tye, = 1.41%_35 Gyr and a luminosity-

weighted formation time of the stars of f, = 0.92*%%. . The best-
fit model broadly reproduces the observed scatter in Figure 3
and the early-type fraction in Figure 9, although the fit is not
particularly good at high redshift.

The resulting best-fit values result in low values of 7yp, which
implies that the most massive early-type galaxies mainly formed
at high redshift. This result is consistent with Marchesini et al.
(2009), who find that there is very little evolution in the number
density of the most massive galaxies from z ~ 4 to 1.5, pointing
toward a high formation redshift for the most massive galaxies
in the universe. Furthermore, the relatively high values of f,
indicate that these galaxies experienced a burst of star formation
close to the end of the period of star formation. These results
indicate that massive, dusty galaxies with high SFRs may be the
progenitors of the most massive quiescent early-type galaxies.
According to this simple model, about ~20% of the massive,

15" At high-z, young early-type galaxies will drop out of samples creating a
biased subset of the low-z sample that contains only the oldest progenitors of
today’s early types. This effect is known as “progenitor bias” and leads to an
underestimate of the observed redshift evolution of the mean luminosity and
colors of early types.

16 http://www.astro.yale.edu/dokkum/old.index.html

17 The parameter Az in van Dokkum & Franx (2001) is set to zero, as we are
not concerned with the time when a galaxy is morphologically identified as
early type.
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Figure 10. Mean rest-frame color with the slope of the CMR removed, (U — VY,
as a function of redshift. The color evolution from simple passive evolution
models that include growth of the red sequence by transformation of blue
galaxies predicts too strong a color evolution, especially the best-fit model to
the color scatter (dashed line). The color evolution of a single stellar population
forming at infinity (dash-dotted line) disagrees at high redshift, where the mean
color flattens between z ~ 1.5-2. Other mechanisms such as dust, dry mergers,
or “frostings” of young stars may be important to slow the color evolution.

dusty star-forming galaxies at z ~ 2 have sSFRs > 1 Gyr~'.
This reservoir of massive dusty star-forming galaxies will likely
soon quench and migrate to the red sequence at lower redshifts.

The evolution of the red sequence may involve more compli-
cated processes beyond simple passive evolution. For example,
we see that the observed fraction of quiescent galaxies evolves
more strongly beyond z ~ 1.5 in Figure 9, the same epoch
where the color evolution seems to be inconsistent with passive
evolution. The predicted evolution of the early-type fraction
from passive evolution (dashed line in Figure 9) is less steep
than the observed evolution at z 2 1.5. Using a very similar
selection of galaxies from the NMBS, van Dokkum et al. (2010)
calculate that the SFR drops by a factor of 20 from z = 2 to
z = 1.1, whereas the stellar mass grows only by a factor of 1.4
in the same redshift interval. This rapid evolution implies that
more complicated processes may govern the quenching of star
formation. Additionally, once galaxies have moved to the red
sequence there may still be other physical mechanisms acting
aside from simple passive evolution.

We plot the mean U — V color as a function of redshift in
Figure 10 and compare this with the predictions from the models,
which are forced to agree with the mean U — V color at z =
0.5. It is interesting that there is no evolution in color between
z = 2 and 1.6, as this implies that this epoch is where the red
sequence is most heavily supplemented with newly quenched
galaxies. Although the oy_y and early-type fractions appear
consistent with passively evolving galaxies with a range of
truncation times at z < 1.5, the observed color evolution is
clearly inconsistent. Even the most extreme case of the color
evolution of a single stellar population (SSP) formed at a redshift
of infinity is inconsistent with the z ~ 2 mean color. The gray
filled region shows the selection effect of changing the color
limit by £0.2 mag. Reducing the lower boundary of the U — V
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color selection will result in a bluer mean color at z ~ 2, but it
cannot reconcile the difference between the data and the best-fit
model from the color scatter (although the extreme case of an
SSP formed at z = oo does agree for the lowest magnitude
selection limit only). This discrepancy between the observed
color evolution and the predictions from passive evolution has
been noted in other studies (e.g., Kriek et al. 2008), and there
are several mechanisms that may slow the color evolution of
galaxies. Galaxies may be dustier at higher redshift, which will
redden the intrinsic colors. A visual extinction of ~0.2-0.3
(which would be consistent with the observed SEDs) will redden
the U —V color by ~0.1 mag, which is similar to the offset
we see at z ~ 1-1.5 between our observed color and that
predicted from passive evolution given the observed color scatter
(dashed line in Figure 10). The median visual extinction, Ay,
from the spectral synthesis modeling described in Section 2 of
the quiescent galaxies in our sample is 0.3 mag. Regardless,
Kriek et al. (2008) find that dust does not provide a solution
as the absolute color evolution for solar metallicity shows that
the z ~ 2 galaxies are not too red, rather the z ~ 0 galaxies
are too blue. We note that in this paper we simply normalize the
colors at z = 0.5 and do not consider the absolute values. We
explore the effects of dusts on the spectral shapes in more detail
in Appendix D, finding that dust may be a secondary effect on
the composite SEDs in Figure 6.

In addition to dust extinction, a plausible mechanism to
weaken the color evolution of these quiescent galaxies includes
recent low-level bursts of star formation. If these galaxies have
experienced a recent burst of star formation, a frosting of young
stars should be evident in the SEDs of these galaxies. The
continuum shape would appear to be a composite of an old stellar
population with a strong 4000 A break and a young component
visible in the rest-frame UV. We see some evidence for this
amongst a fraction of these quiescent galaxies; roughly 10% of
the highest redshift galaxies have negative slopes in the rest-
frame UV, parameterized by F; o< A?. However, a frosting of
young stars may be too transient a feature to effect the mean
color evolution. We test how ongoing star formation would affect
the composite SEDs in Appendix D, finding that a more complex
star formation history cannot reproduce the trends of spectral
shape with U — V color.

Following the work of Kriek et al. (2008), another possible
mechanism that would slow the color evolution of quiescent
galaxies is red mergers. With deep observations of a sample
of nearby bulge-dominated early-type galaxies, van Dokkum
(2005) and Tal et al. (2009) find morphological signatures of
tidal interactions and infer that red mergers may lead to a factor
22 evolution in the stellar mass density of luminous red galaxies
at z < 1. Red (dry) major mergers of two red sequence galaxies
will shift the galaxies toward higher masses for the same color
and ages. While the mean ages of the stellar populations are
unchanged, red mergers will therefore slow the color evolution
and probably become significant at z < 1-1.5. It is unclear what
the dominant mechanism is that slows the color evolution of red
sequence galaxies, perhaps all of the methods described above
are important at different epochs.

6. SUMMARY AND CONCLUSIONS

In this work, we have selected a complete, mass-selected
sample of quiescent galaxies out to z = 2.2 through a selection
based on extinction corrections to the U — V colors (Brammer
et al. 2009). We first demonstrate that we can measure accurate
rest-frame colors at z = 1-2 using the medium-band filters. We
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Table 1
Data Results Summary
Redshift Number Observed Scatter ~ Measurement Scatter  Intrinsic Scatter Mean Quiescent
of Galaxies oy—vy (mag) oy—y (mag) oy—v (mag) u-vy Fraction
02<2z<09 203 0.108 0.050 0.095 1.883 0.91
09<z<14 175 0.153 0.052 0.144 1.726 0.85
l4<z<18 138 0.178 0.056 0.168 1.623 0.70
1.8<z<22 54 0.200 0.069 0.188 1.628 0.38

find that the intrinsic scatter in the rest-frame U — V color of
quiescent galaxies increases with redshift, measuring a scatter
that is 22 times larger than previous cluster measurements at
z ~ 0.5 (see Table 1 for a data summary). This measurement
implies a potential real difference between the evolution of the
scatter in the field and in the cluster environment. If confirmed,
this may suggest that quiescent cluster galaxies are older than
quiescent field galaxies, although the difference would be
somewhat larger than found previously from the fundamental
plane (see Section 3.2). The scatter can be explained by trends
of U — V with the relative ages of the stellar populations. Those
galaxies with intrinsically redder U — V colors have older stellar
populations than those galaxies in the blue tail of the distribution.
To bolster the argument, we show the composite rest-frame
SEDs for all galaxies in the sample. The rest-frame SEDs
highlight the usefulness of the NIR medium-bandwidth filters in
sampling the Balmer/4000 A break region at a higher resolution
than the tradition broadband filters. The observed SEDs show a
very clear trend of an emerging spread between quiescent red,
old galaxies and quiescent blue, younger quiescent galaxies that
exists up to and beyond z ~ 2.

The main result from our paper is that we find both young
and old quiescent galaxies at z ~ 2, leading to a relatively large
scatter in the U — V colors of massive, quiescent galaxies at
these redshifts. The presence of a large population of young,
quiescent galaxies implies that galaxies were strongly forming
stars shortly before star formation ended. As shown in Section 5,
parameterizing the star formation history by f,, which describes
the luminosity-weighted formation time of the stars for a model
that includes progenitor bias and passive evolution, we find
fo = 0.92*9% This star formation history predicts massive
galaxies with high sSFRs, which are seen at z ~ 2 in Figure 1.
We suspect that these massive, star-forming galaxies at z ~ 2
are the progenitors of massive galaxies at lower redshifts and a
few may possibly be detected as submillimeter sources.

The significant population of old galaxies at z ~ 2 pushes
back the star formation epoch of the oldest massive galaxies.
Galaxies with dominant 4000 A breaks (not post-starburst)
comprise ~20% of the total population of massive galaxies
at z ~ 2. It is interesting to speculate whether the z = 7-8
star-forming galaxies that have been found recently in the
Hubble Ultra-Deep Field (Bouwens et al. 2009; Oesch et al.
2010) could be the progenitors of these galaxies. Their stellar
masses are 10°-10'° M, (Labbé et al. 2010), which may imply
that substantial growth would be necessary between z = 6 and
z = 2. It may also be that more massive galaxies exist than have
been found so far in the fields studied at these high redshifts.

Using our high-quality SED modeling (including optical
through IR photometry, medium-band NIR photometry, and
accurate photometric redshifts), we find galaxies that appear
to be nearly the age of the universe, even at these high redshifts.
The oldest galaxies observed in this study may have been under-
represented in the spectroscopic studies of red sequence galaxies

at z ~ 2.3 by Kriek et al. (2006, 2008). Kriek et al. draw their
targets from a larger sample of galaxies selected to a limiting
K-band magnitude of 21.6 in the AB magnitude system. Because
they use a magnitude limit, they may have missed the oldest
galaxies in the universe. However, deep follow-up spectroscopy
of one quiescent galaxy shows that this galaxy, which was
initially classified as a post-starburst system, was actually much
older and dominated by a 4000 A break (Kriek et al. 2009).
Although we have good reason to believe this galaxy is not
representative of the full sample (see Kriek et al. 2009), this
case illustrates that caution is required. It is also possible that
the differences with the Kriek et al. sample may simply be
due to the slightly different mean redshifts. In any case, this
work highlights the importance of understanding how a simple
magnitude limit can introduce biases into a galaxy sample. With
increasing numbers of high-quality surveys becoming public, it
is important to select samples to some limiting mass to probe
the full range of properties of galaxies.

Future studies combining the NMBS with Hubble Space
Telescope (HST) WFC3 imaging will enable more detailed
studies of the sizes and morphologies of the most massive
galaxies at high redshift. It would be interesting if there exists
a relationship between U — V and the size of these galaxies,
where the reddest quiescent galaxies may also be the most
compact. Or perhaps the earliest compact, quiescent galaxies
may have had time to grow through mergers between z ~ 3
and 2 and are therefore larger than the recently “quenched”
galaxies (Mancini et al. 2010). Whatever the case may be, size
measurements of this sample of quiescent galaxies will provide
constraints on galaxy evolution scenarios linking the known
compact, quiescent systems at high redshift (e.g., Trujillo et al.
2006; van Dokkum et al. 2008; Cimatti et al. 2008) to the early-
type galaxies in the local universe.
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APPENDIX A
UVJ SELECTION OF QUIESCENT GALAXIES

In this paper, we select galaxies based on their extinction-
corrected U—V colors. We show here that this selection
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Figure 11. Left: the U — V vs. V — J color—color diagram for all galaxies in the NMBS sample (gray scale). Those galaxies that are both massive (>10'! M) and
have rest-frame U — V colors within the selection window of Williams et al. (2009) are shown as black, filled circles and those galaxies that are selected based on their
U — V colors corrected for dust reddening in this paper are red, filled circles. Right: the color-mass diagram for all galaxies in the NMBS sample (gray scale) with the
quiescent sample that would be selected following the UVJ method of Williams et al. (2009) in black and the dust extinction-corrected color selection in red.

(A color version of this figure is available in the online journal.)

method is similar to a selection based on the rest-frame U — V
and V—J colors used by Labbé et al. (2005) and Williams
et al. (2009). This alternative color selection has been shown
to cleanly separate quiescent and star-forming galaxies. Two
distinct populations exist in the U — V versus V — J color space;
the red, quiescent galaxies tend to lie in a clump, while the
star-forming galaxies follow a well-separated track that extends
from blue to red U — V colors with increasing amounts of dust
extinction.

We applied the same selection method as used in Williams
et al. (2009) to separate the star-forming and quiescent galaxies,
independent of the method used in this paper. The resulting
samples of massive, quiescent galaxies are very similar; the
fraction of quiescent galaxies agrees within 5% at all redshifts. In
Figure 11(a), the massive, quiescent galaxies do indeed cleanly
separate from star-forming galaxies in the UVJ color—color plot.
A few of the quiescent galaxies selected in the UV.J method have
large amounts of dust reddening, as seen in Figure 11(b) by
plotting the extinction-corrected U — V colors as a function of
mass. These blue quiescent galaxies will increase the measured
intrinsic scatter at high redshift while making the mean color at
these redshifts bluer by ~0.2-0.4 mag.

We have repeated the analysis as described in Section 3 for
this new sample of quiescent galaxies. In Figure 12, we show that
the measured intrinsic scatter of the UVJ sample of quiescent
galaxies rises even more steeply at z > 1. These trends in
the color scatter imply even shorter characteristic timescales
for star formation as well as luminosity-weighted ages that
are dominated by star formation close to the end of their star
formation histories. This may be due to contamination by star-
forming galaxies; whatever the cause, we note that our selection
is more conservative

In Figure 13, we show the composite rest-frame SED
of the UVJ-selected sample of quiescent galaxies, derived
using the same method as described in Section 3.4. Compar-
ing the distribution of colors from the UVJ-selection criterion
to the histograms in the inset panels of Figure 7, we see that
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Figure 12. Observed (green) and intrinsic (black) scatter in the rest-frame
U — V colors of the most massive, quiescent galaxies selected by their U —V
and V — J colors. The scatter due to measurement errors (blue) is removed from
the observed scatter. The vertical black error bars mark the 68% confidence
intervals due to photometric errors and the larger green error bars are systematic
errors due to the selection method. The dashed line is the expected evolution
of the intrinsic scatter due to passive evolution for galaxies that started forming
stars at z = 3 with a characteristic timescale for transformation into an early-type
galaxy of 1.4 Gyr, with a large burst of star formation before transforming.

(A color version of this figure is available in the online journal.)

the galaxies selected here extend to bluer U — V colors and
have broader distributions. We also see that the bluest quiescent
galaxies from this selection method show stronger rest-frame
UV emission and there is a more pronounced clump of blue
points that lie above the model around 5000-6000 A in the
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Figure 13. Composite rest-frame SED of massive, quiescent galaxies from z = 0.2 to 2.2, selected based on their U — V and V —J colors. The reddest and bluest
U — V quartiles are color-coded as red and blue, and the solid lines are the median best-fit templates as derived from the spectral modeling analysis. The sub-panels in
each redshift range are the histograms of (U — V'), U — V with the slope of the color-magnitude relation removed. The total number of galaxies in each bin is labeled
in the top left of each panel. There is an even larger difference between the composite SEDs of the red and blue quartiles at z ~ 2, compared to our more conservative

sample in Figure 6.

(A color version of this figure is available in the online journal.)

highest redshift bin. This may be evidence for emission lines
in these blue galaxies. Emission lines are generally too weak to
affect the SED modeling, although their signal is (just) strong
enough to identify in the average, de-redshifted spectrum of
star-forming galaxies with the NMBS (G. B. Brammer et al.
2010, in preparation). These quiescent galaxies with even bluer
colors that enter the sample at z ~ 2 are the massive galax-
ies just below our selection limit. Most of these galaxies also
have MIPS detections and may therefore have some recent star
formation or host AGN. In general, our selection based on the
extinction-corrected U — V colors is in fact more conservative
than a UVJ selection.

In summary, a selection of quiescent galaxies based on
their U—V and V—J colors yields a very similar sample
of galaxies. Both methods result in the same fundamental
differences between the reddest and bluest quiescent galaxies.

APPENDIX B
THE EFFECTS OF PHOTOMETRIC SCATTER

We consider what the rest-frame SEDs would look like if the
scatter in color was in fact due solely to photometric errors of a
single-age population. We find the median SED for all quiescent
galaxies in the highest redshift bin and use this template to derive
what the observed flux would be if these galaxies all had the
same age but a range of redshifts between 1.8 < z < 2.2.
Next we perturb the fluxes by increasing factors of the observed
error bars and remeasure the rest-frame colors until the scatter
in the rest-frame U — V color matches our observed scatter of
oy—y ~ 0.15-0.17. The error bars have to be increased by
a factor of 8 to yield an observed scatter consistent with our
observations.

Although it is doubtful that our photometric errors are
underestimated by a factor of 8, we plot the SEDs of all
simulated fluxes for a single-age stellar population (black
model) with scatter that results from the increased photometric
errors in Figure 14 to see if we find similar trends to Figure 8.
We plot all simulated fluxes and indicate those galaxies with
the reddest U — V colors in red and those with the bluest U — V
colors in blue, exactly as we have done in Figure 8. We see
that the median best-fit spectral synthesis model for the bluest
quartile does emit slightly more radiation at all wavelengths
than the reddest quartile blueward of 7000 A (as we have
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Figure 14. Simulated fluxes of a single-age stellar population (black model)
with scatter due solely to photometric errors. The error bars had to be scaled up
by a factor of 8 to measure a scatter in U — V comparable to our results. The
red and blue models are the median spectral synthesis models of the composite
rest-frame SED shown here as points. The reddest and bluest quartiles in U — V
are the red and blue points, respectively.

(A color version of this figure is available in the online journal.)

selected them). Although the models are well behaved, the
important result is that the observed fluxes are incoherent. These
simulations show that the trends we observe cannot be the result
of photometric errors alone.

Another concern is that the photometric redshifts suffer from
both random and systematic errors. To understand the effects
of random uncertainties in the photometric redshifts on the
composite SEDs, we perturbed the redshifts of all quiescent
galaxies in the highest redshift bin by their 68% confidence level
uncertainties and refit the photometry. Although some scatter is
introduced to the SEDs, we still find that the reddest galaxies
emit systematically lower flux than the bluest galaxies on the red
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Figure 15. Composite rest-frame SEDs of the red and blue quartiles at 1.8 <
z < 2.2, systematically offsetting the photometric redshifts by Az = £0.12,
thereby shifting the blue stack to longer wavelengths and the red stack to shorter
wavelengths (top panel). The black model is the average best-fit model from the
blue and red quartiles. The residuals of the observed fluxes with respect to the
average model are shown in the bottom panel, with the running median for each
quartile shown as a dot-dashed line.

(A color version of this figure is available in the online journal.)

sequence at all wavelengths <7000 A. Although our results hold
strong against random uncertainties in the photometric redshifts,
systematic uncertainties may have a more severe effect.
Recently, Kriek et al. (2009) took a follow-up deep 30 hr
spectra of a massive quiescent galaxy and derived a spectro-
scopic redshift of zg,ec = 2.186. This galaxy was selected from
the original sample of nine quiescent galaxies from Kriek et al.
(2006), where the spectroscopic redshift with a 6 hr integra-
tion was Zgpee = 2.31.0 The error in zgee of 0.12 in redshift
space shifted the 4000 A break to shorter wavelengths resulting
in a continuum shape that appeared to instead have a strong
Balmer break and therefore a younger stellar population. If the
photometric redshifts of the blue quiescent galaxies have been
systematically underestimated and the photometric redshifts of
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the oldest galaxies have been systematically overestimated, we
could falsely produce the spread of ages found in this work.
To test how systematic errors would change the results, we as-
sumed that the photometric redshifts of the bluest quartile were
all underestimated by Az = 0.12 and the reddest quartile were
overestimated by Az = 0.12 and refit the models. For this ex-
treme case, the residuals between the average model of all of the
data and the two quartiles overlap in the Balmer/4000 A break
region, however, the rest-frame UV and rest-frame NIR show
clear differences (see Figure 15). If we relax the systematic
shifts from Az = 0.12 to 0.06, the residuals once again show a
clear difference over the entire wavelength regime. Although we
cannot rule out that systematic effects may significantly affect
our results, our photometric redshift errors would need to con-
spire quite drastically to wash out the fundamental differences
between the SEDs of the reddest and bluest galaxies on the red
sequence.

APPENDIX C

THE EFFECTS OF TEMPLATE SETS ON THE
PHOTOMETRIC REDSHIFTS AND REST-FRAME
COLORS

In this section, we briefly discuss how the template sets
used to fit photometric redshifts and rest-frame colors can
have important systematic effects. The optimized template set
used for the EAZY photometric redshift code contains six
templates, which is large enough to span a broad range of galaxy
colors, while minimizing color and redshift degeneracies. The
default template set is described in detail in Brammer et al.
(2008); the set includes five templates generated based on the
PEGASE models and calibrated with synthetic photometry from
semianalytic models, as well as an additional young and dusty
template added to compensate for the lack of extremely dusty
galaxies in semianalytic models (we call this “Template Set 2”
here). “Template Set 1,” which is the template set used in this
paper, includes an additional template for a very old galaxy. This
old, red template is from the Maraston (2005) models, with a
Kroupa (2001) IMF and solar metallicity for a stellar population
that has an age of 12.6 Gyr.

Figure 16 shows how the additional old (red) template affects
both the photometric redshifts measured as well as the U —V
colors. In the left panel, the difference between the spectro-
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Figure 16. Left: the difference in redshift (zspec —2zphot) for photometric redshifts measured using Template Set 1 (which includes an additional old, red template,
shown in gray) and Template Set 2 (the default set of EAZY templates, shown in black). The photometric redshifts of the reddest galaxies are systematically under
estimated if the additional old template is not included. Middle: the difference in measured rest-frame U — V colors, (U — V)spec— (U — V)phot, as measured using the
photometric redshifts from Template Set 1 (gray) and Template Set 2 (black). The systematic offset of ~0.05 in redshift space results in an offset of ~0.1 mag in color
when using Template Set 2. Right: the U — V distributions as measured from the spectroscopic redshifts (gray) and the photometric redshifts measured using Template
Set 1 and 2. When the additional very old template is not included, the color distribution is artificially narrowed, and very peaked relative to the broader distribution

of colors from the spectroscopic redshifts.
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scopic and photometric redshifts is strongly correlated with the
difference in the U — V colors measured from these respective
redshifts. The trend results in a systematic uncertainty in the
U — V color (as seen by the spread of the A(U — V) distribution
in the middle panel) of 0.05 mag.'® In addition to this systematic
uncertainty, there can be a systematic offset if the template set
does not span the entire range of colors of the galaxies. In this
case, Template Set 2 does not include a red enough template and
therefore tends to overestimate the photometric redshifts of the
reddest galaxies (the black histogram in the left panel is offset).
Furthermore, this overestimate of the redshift leads to colors
that are too blue (see the middle panel). Finally, if we compare
the U — V colors as measured from the spectroscopic redshifts
and the photometric redshifts with the two template sets, we see
that the color distribution is artificially peaked for Template Set
2. In other words, when the template set does not span the full
range of galaxy colors, the scatter in color will be significantly
underestimated.

APPENDIX D

THE EFFECTS OF DUST AND STAR FORMATION ON
THE COMPOSITE SEDs

In Section 3.4, we concluded that the trends of spectral shape
with the U — V colors were mainly due to the spread in age of the
quiescent galaxies. However, if the reddest galaxies are simply
dustier versions of the bluest galaxies, we also might expect
similar trends to result. Here, we explore if the features we see
in the composite SEDs in Figure 6 result not because the reddest

18 We note that the rest-frame U — V color accuracy has a weak dependence
on mass and luminosity evolution, <0.02 mag.
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Figure 18. Effect of ongoing star formation on the red composite SED, as
compared to the blue composite SED. We add Gaussian-smoothed Maraston
(2005) models with T = 0.1 Gyr, Zp, and a Kroupa (2001) IMF for ages of
0.001, 0.1, and 0.4 Gyr normalized at 0.2 um to the red composite SED, re-
normalizing at 0.7 um. A more complex star formation history does not result
in a spectral shape similar to the blue composite SED; we are able to match the
rest-frame UV of the bluest galaxies but not the Balmer-break region.

rest

(A color version of this figure is available in the online journal.)

quartile is older than the bluest quartile, but rather because the
reddest galaxies are dustier. To test this, we take the smoothed
best-fit model to the bluest quartile at 1.8 < z < 2.2 and apply
the Calzetti et al. (2000) dust extinction law to the spectrum with
increasing amounts of dust to see if we can recover the shape
of the reddest composite spectrum. From Figure 17, we see that
for values of Ay ~ 1.0 mag match the data blueward of 0.4 pum,
Ay ~ 0.5 mag matches the slope between ~0.4 and 0.7 um,
and values of Ay ~ 0.2 mag agree with the IRAC data. There
is no single extinction that is consistent over the full SED. We
know that the red quiescent galaxies at z > 1.5 are ~(0.2 mag
dustier on average than the blue quiescent galaxies, however,
it does not appear that the trends we see in Figure 6 can be
explained by dust alone. With that said, we cannot rule out the
possibility that dust has a second-order effect on the trends of
spectral shape with age.

Along the same lines, we suspect that some of these quiescent
galaxies likely have ongoing star formation. The reddest quies-
cent galaxies probably have no recent star formation, whereas
the bluest galaxies may have a more complicated star formation
history that includes a recent burst of star formation. To un-
derstand how ongoing star formation would affect the spectral
shapes, we add Gaussian smoothed Maraston (2005) models
with T = 0.1 Gyr, Zg, and a Kroupa (2001) IMF for a range of
ages from 1 Myr to 0.4 Gyr to the composite SED of the reddest
quartile. Recent star formation will have the largest contribution
in the rest-frame UV, so we normalize these spectra to the ob-
served flux of the bluest quartile composite SED at 0.2 um. We
add a 0.001, 0.01, 0.1, and 0.4 Gyr stellar population to the red-
dest quartile composite spectrum and re-normalize the spectrum
at 7000 A. Tn Figure 18, we see that Balmer/4000 A break re-
gion remains effectively unchanged regardless of the age of the



No. 2, 2010 THE AGE SPREAD OF QUIESCENT GALAXIES WITH NMBS 1731
T T T T T T T T T T T ’I.O T T T T T
@10 Gyr]
~ 880G 08Ff
-85 8"
- 0.6
:I> ® 2 Gyr] 8
0.4+
g 0.2+
L 0.0 1 1 1 1 1
0 2 4 6 8 10-04 0.0 0.4 0.8 0 2 4 6 8 10
Age (Gyr) log Z/Z6 Age (Gyr)

Figure 19. Left: the U — V color as a function of the age of the stellar population from the Maraston (2005) models for a range of metallicities. The U — V colors are
redder for higher metallicity and older stellar populations. The scatter in U — V is roughly constant for stellar populations older than ~3 Gyr. Middle: the U — V color
as a function of metallicity, from the Maraston (2005) models shown in the left panel. The points are fit linearly for five different ages (dotted lines), showing that the
slope («) increases with age. Right: the slope of the relation between U — V and metallicity as a function of the age of the stellar population.

young component we add to the red composite SED, while the
slope in the rest-frame UV steadily rises blueward of ~0.3 um.
From this simple analysis, we conclude that the difference be-
tween the blue and red composite SEDs cannot be the result
of ongoing star formation in a subset of the quiescent galaxies.
This does not mean that the quiescent galaxies have no ongoing
star formation, rather that the trends we see in Figure 6 are not
likely caused by more complex star formation histories.

APPENDIX E

THE EFFECTS OF METALLICITY VARIATIONS ON THE
INTRINSIC U — V SCATTER

In this paper, we assume that U—V color scatter and
variations in SED shapes are due to age variations between
galaxies. However, metallicity variations could also contribute
to the measured intrinsic scatter in U —V color. Here, we
quantify this effect by using the Maraston (2005) models to
predict how the U — V scatter should evolve with redshift if the
scatter is caused solely by metallicity variations (and not a spread
in age). In the left panel of Figure 19, we see that red U —V
colors result from both older stellar populations and higher
metallicities. Furthermore, the scatter in metallicity depends
on the age of the stellar population. For ages 23 Gyr, the scatter
in U — V due to metallicity variations is roughly constant, with
a smaller scatter for ages <3 Gyr. The relation between U — V
and metallicity is shown in the middle panel of Figure 19, and is
roughly linear with an age-dependent slope «. To characterize
how the slope of the color—-metallicity relation evolves with
the age of the stellar population, we fit the U — V color for
four metallicities with a linear function and plot the slope as a
function of the age in the right panel of Figure 19.

Given the evolution of the slope of the color—metallicity
relation, we can predict how we expect the scatter in U —V
to evolve with redshift for a given scatter in metallicity. We
first assume the age of the stellar population at z = 0, which
determines the slope of the color—metallicity relation from
the right panel of Figure 19. We will further assume that
oy_y = 0.03 at z = 0, as determined in the Coma Cluster
(Bower et al. 1992). Given « and the scatter in U — Vat z = 0,
we can predict the scatter in U — Vdue to log Z/Z,

oy_y(z=0)-a(z=0)
o(2) '

oy_v(z) = (ED)

"l This Work |
0.20 FA Bower et al. (1992) (Coma cluster) 7]
Y% van Dokkum et al. (2008) (cluters) 1

0.05 Evolution in o,_, due to’]

/ Metallicity variations

0.00

1.0 1.5 2.0
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Figure 20. Intrinsic scatter in U — V as a function of redshift as measured in
clusters (Bower et al. 1992; van Dokkum 2008), as well as in this work. We
compare the measured values to the expected evolution in oy_y if the color
scatter is solely due to metallicity variations for a single-aged stellar population.
Metallicity variations will increase the scatter in U —V for older ages and
therefore lower redshifts, opposite to the trends found in this work.

(A color version of this figure is available in the online journal.)

The scatter due to metallicity, oy_y(z = 0) - a(z = 0), is
constant for a given age. However, the slope «(z) will change
as the population evolves, leading to an evolving color scatter.
In Figure 20, we find that the scatter in U — V due to metallicity
variations alone will stay roughly constant for the oldest stellar
populations and eventually decrease. This trend in opy_y is
opposite to the measured evolution of the intrinsic scatter
in U —V with redshift. We therefore expect that metallicity
variations will not have a large effect on this work.
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