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ABSTRACT

We present new measurements of the evolution in the Lyman break galaxy (LBG) population between z � 4
and z � 6. By utilizing the extensive multiwavelength data sets available in the GOODS fields, we identify
2443 B, 506 V, and 137 i ′-band dropout galaxies likely to be at z ≈ 4, 5, and 6. For the subset of dropouts
for which reliable Spitzer IRAC photometry is feasible (roughly 35% of the sample), we estimate luminosity-
weighted ages and stellar masses. With the goal of understanding the duration of typical star formation episodes
in galaxies at z � 4, we examine the distribution of stellar masses and ages as a function of cosmic time. We find
that at a fixed rest-UV luminosity, the average stellar masses and ages of galaxies do not increase significantly
between z � 6 and 4. In order to maintain this near equilibrium in the average properties of high-redshift LBGs,
we argue that there must be a steady flux of young, newly luminous objects at each successive redshift. When
considered along with the short duty cycles inferred from clustering measurements, these results may suggest
that galaxies are undergoing star formation episodes lasting only several hundred million years. In contrast to
the unchanging relationship between the average stellar mass and rest-UV luminosity, we find that the number
density of massive galaxies increases considerably with time over 4 � z � 6. Given this rapid increase of UV
luminous massive galaxies, we explore the possibility that a significant fraction of massive (1011 M�) z � 2–3
distant red galaxies (DRGs) were in part assembled in an LBG phase at earlier times. Integrating the growth in
the stellar mass function of actively forming LBGs over 4 � z � 6 down to z � 2, we find that z � 3 LBGs
could have contributed significantly to the quiescent DRG population, indicating that the intense star-forming
systems probed by submillimeter observations are not the only route toward the assembly of DRGs at z � 2.
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1. INTRODUCTION

The detailed study of various classes of distant galaxies has
enabled great progress in understanding the star formation and
mass assembly history of normal field galaxies (for recent
reviews, see Hopkins & Beacom 2006; Ellis 2008; Wilkins
et al. 2008). Multiwavelength probes have been particularly
effective in revealing the coexistence of diverse categories of
galaxies with redshifts z � 2–3. These include the relatively
unobscured star-forming “Lyman break” galaxies (LBGs, e.g.,
Steidel et al. 1996; Shapley et al. 2005), the infrared-selected
massive “distant red” galaxies (DRGs; e.g., Franx et al. 2003;
van Dokkum et al. 2006) and heavily obscured submillimeter
galaxies which contain both intensely star-forming and active
components (SMGs; e.g., Smail et al. 1998; Chapman et al.
2005). The collective study of these populations has revealed
that the redshift range 1 < z < 3 is a formative one when the
bulk of the stars in present-day massive galaxies was produced
(Hopkins & Beacom 2006).

8 Hubble Fellow.

Understanding the inter-relationship between these various
sources is an important goal and intense efforts are now
underway to address this issue (e.g., van Dokkum et al. 2006;
Reddy et al. 2008). A relevant aspect of this discussion concerns
the assembly history of objects observed during the redshift
interval 4 < z < 6, corresponding to a period only 1 Gyr earlier.
Such data may provide valuable insight into the connection
between actively star-forming and passive populations as well
as define the mode of star formation in typical massive galaxies.

Over the last five years, deep multiwavelength surveys have
resulted in the discovery of large samples of LBGs at z � 4–6
(Bouwens et al. 2007). Despite early controversies (Bunker et al.
2004; Stanway et al. 2003; Giavalisco et al. 2004a; Beckwith
et al. 2006), it now seems clear that the star formation density
declines with redshift beyond z � 3. Recent evidence also
suggests the characteristic luminosity is also fading (Yoshida
et al. 2006; Bouwens et al. 2007; McLure et al. 2009). Bouwens
et al. (2007) attribute this evolutionary pattern to the simple
hierarchical assembly of galaxies. Unfortunately, because of the
transient nature of star formation probed by the rest-frame UV
luminosity function (LF), these studies alone provide only an
approximate measure of the evolutionary processes occurring
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during 3 < z < 6. Key to testing the mode of assembly of
galaxies in this early period is additional information on the
physical properties, such as the associated stellar mass and the
inferred age of the stellar populations. The availability of deep
IRAC data for many of the Hubble Space Telescope (HST) fields
enables such an approach (Egami et al. 2005; Eyles et al. 2005;
Yan et al. 2005).

In this paper, we aim to improve our understanding of galaxy
evolution during the first 2 Gyr by systematically tracking the
evolving stellar content of star-forming galaxies in uniformly
selected samples spanning three separate redshift intervals
between z � 4 and 6. By adding the additional physical
parameters of stellar mass and luminosity-weighted ages, we
can break degeneracies associated with studies that rely only on
the UV LF.

An important issue is how and when the quiescent subset of
DRGs seen at z � 2–3 (van Dokkum et al. 2006; Kriek et al.
2006) assembled their mass. Contemporary models of galaxy
formation suggest that the number density of massive galaxies
increases continuously with cosmic time over 2 � z � 5 (Bower
et al. 2006), a picture supported by the relatively young ages
of massive DRGs at z � 2 (Kriek et al. 2006). Alternatively,
it is potentially feasible that the bulk of the most massive
systems at z � 2 formed their mass at much earlier times
(e.g., z � 5) which in turn would imply little evolution in the
number density of massive galaxies over 3 � z � 6. We seek to
constrain the formation epoch of quiescent DRGs by studying
the evolving stellar mass function of star-forming galaxies over
4 � z � 6. Moreover, we wish to understand whether most
DRGs were assembled entirely in intense, dust-enshrouded star
formation episodes (probed by higher redshift SMGs), or if a
significant fraction were formed in less vigorous star-forming
systems traced by higher redshift LBGs. By determining the
number density of massive galaxies in the LBG phase at each
redshift interval, we hope to estimate the fraction of DRGs
whose progenitors formed a significant component of their mass
in relatively unobscured systems with moderate star formation
rates (SFR) typical of the LBG population (e.g., Shapley et al.
2001, 2005).

A further question of significance in characterizing the mode
of early galaxy assembly is understanding the duration of star
formation episodes in high-redshift galaxies. In the context
of models in which gas accretion dominates galaxy growth
at high redshift (e.g., Birnboim & Dekel 2003; Kereš et al.
2005; Finlator et al. 2007) leading to rapid and steady star
formation, one might imagine that the LBGs seen at z � 4 have
evolved relatively smoothly since their formation at an earlier
epoch, creating stars at a near constant rate. If their assembly
timescales are long enough, we would thus expect similarly
luminous z � 5 and 6 LBGs to be less evolved versions than their
z � 4 descendants with lower stellar masses and younger ages.
Alternatively, it is conceivable that this era witnesses a rapid
increase in the intensity of star formation in individual galaxies,
as has been predicted for the early stages of galaxy growth
(Kereš et al. 2005; Finlator et al. 2007). In this case, galaxies
would grow along a locus of points (or “main sequence”) in
the M�–SFR plane. Thus, if viewed at fixed UV luminosity, the
observed stellar populations would not vary significantly from
one redshift to another. Finally, in contrast to these “sustained”
star formation histories, we may expect star formation episodes
to occur on much shorter timescales. If the past duration of star
formation is sufficiently short (�300 Myr), then each dropout
sample would be dominated by newly emerged systems, and

we would not necessarily expect to see significant growth in the
M�–SFR plane over the redshift range studied.

Earlier work in this direction has been promising but the
data sets have been limited. Drory et al. (2005) traced the mass
assembly of galaxies to high redshift using K-band selected
samples. However since their study did not include IRAC data,
reliable stellar masses could only be derived to z � 4.5. Verma
et al. (2007) used HST and IRAC data to compare the stellar
mass and age distribution of a small, robust sample of z � 5
LBGs to those derived by Shapley et al. (2001) at z � 3.
Most recently, McLure et al. (2009) computed the stellar mass
function of LBGs at z � 5 and 6 by scaling the UV LF by the
average mass/light ratio of the LBG population at high redshift.
Also, Yabe et al. (2009) examined the stellar populations of
a large sample of UV-selected galaxies at z ∼ 5, concluding
that galaxies at z ∼ 5 have lower stellar masses than those
at similar rest-UV luminosities at z ∼ 2. While these efforts
have improved our understanding of the stellar content of high-
redshift galaxies, none has yet systematically traced the evolving
stellar populations of galaxies over the full redshift range,
using large and uniformly selected samples with no scaling
assumptions.

A plan of the paper follows. In Section 2, we describe the
GOODS data used in our analysis. In Section 3, we discuss the
color selection used to identify dropouts, and criteria used to
remove contaminants from our sample. We close the section
by assessing the evolving surface densities of the dropouts.
In Section 4, we consider the mid-infrared properties of the
dropouts and in Section 5, we discuss the population synthesis
models used to infer stellar masses and ages and comment on the
uncertainties in the derived properties. In Section 6, we examine
the redshift evolution in the stellar masses and ages of dropouts
at a fixed UV luminosity. Using this information, we discuss
the implications for the star formation histories of galaxies at
high redshift. In Section 7, we study the evolving stellar mass
functions of LBGs over 4 � z � 6 and estimate the fraction of
LBGs that evolve into quiescent massive galaxies at z � 2–3.
Finally, in Section 8, we compute the stellar mass densities of
the B, V, and i ′-drop samples.

Throughout the paper, we adopt a Λ-dominated, flat universe
with ΩΛ = 0.7, ΩM = 0.3 and H0 = 70 h70 km s−1 Mpc−1. All
magnitudes in this paper are quoted in the AB system (Oke &
Gunn 1983).

2. DATA

2.1. The GOODS Fields

We focus our analysis on the data from the Great Observa-
tories Origins Deep Survey (GOODS). Detailed descriptions
of the data sets are available in the literature (Giavalisco et al.
2004b), so we only provide a brief summary here. The GOODS-
S and GOODS-N survey areas each cover roughly 160 arcmin2

and are centered on the Chandra Deep Field South (CDF-S;
Giacconi et al. 2002) and the Hubble Deep Field North
(HDF-N; Williams et al. 1996). Extensive multiwavelength ob-
servations have been conducted in each of these fields. In this
paper, we utilize optical imaging from the Advanced Camera for
Surveys (ACS) on board the HST. Observations with the ACS
were conducted in F435W, F606W, F775W, and F850LP (here-
after B435, V606, i ′775, z′

850) toward GOODS-S and GOODS-N
(Giavalisco et al. 2004b). The average 5σ limiting magnitudes
in the v1 GOODS ACS data (correcting for the flux that lies
outside the 0.′′5 diameter photometric aperture) are B435 = 27.8,
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V606 = 28.0, i ′775 = 27.2, and z′
850 = 27.0. We also make

use of U-band observations of GOODS-N taken with the Kitt
Peak National Observatory 4 m telescope with the MOSAIC
prime focus camera (Capak et al. 2004) and of GOODS-S taken
with the Wide-Field Imager mounted on the 2.2 m MPG/ESO
telescope (Arnouts et al. 2001).

In the near-infrared, we utilize publicly available deep J-
and K-band observations of GOODS-S (PI: C. Cesarsky) us-
ing the ISAAC camera on the Very Large Telescope (VLT).
The sensitivities vary across the field depending on the effec-
tive integration time and seeing FWHM. Average 5σ magnitude
limits (corrected for the amount of flux that falls outside of the
1′′ diameter aperture) are J � 25.1 and Ks � 24.6. Toward
GOODS-N, we make use of a new Subaru K-band mosaic of the
field (Bundy et al. 2009) using the MOIRCS camera (Ichikawa
et al. 2006). The specifics of the observations are described in
detail in Bundy et al. (2009). The 5σ limiting magnitude varies
between Ks = 23.9 and 24.1 (after aperture correction) across
the mosaic.

Deep Spitzer imaging is available toward both GOODS
fields with the Infrared Array Camera (IRAC) as part of the
“Super Deep” Legacy program (M. Dickinson et al. 2009,
in preparation; R. Chary et al. 2009, in preparation). De-
tails of the observations have been described in detail else-
where (Eyles et al. 2005; Yan et al. 2005; Stark et al.
2007) so we do not discuss them further here. The 5σ
limiting magnitudes of the IRAC imaging are � 25.9 at
3.6 μm and � 25.5 at 4.5 μm using 2.′′4 diameter apertures
and applying an aperture correction (see Section 2.3).

In a later section (Section 3.3), we will revisit the sensitivity
limits of the GOODS data sets, utilizing completeness simula-
tions to determine magnitude limits for our survey.

2.2. Optical Photometry

ACS photometry was obtained from the GOODS team r1.1
catalog9 which was generated from the v1 GOODS ACS
reduction. The photometric zero points adopted in the catalog
are 25.653, 26.493, 25.641, and 24.843 for the B435 band, v606
band, i ′775 band, and z′

850 band, respectively. We have corrected
for the small amount of foreground Galactic extinction using
the COBE/DIRBE & IRAS/ISSA dust maps of Schlegel et al.
(1998); for the GOODS-S field, the color excess is given by
E(B − V ) = 0.008 mag; in GOODS-N, the color excess is
given by E(B − V ) = 0.012 mag. Colors are computed using
magnitudes measured 0.′′50 diameter apertures. As detailed
further in Section 3.1, total magnitudes are computed using a
combination of the aperture colors and MAG_AUTO SExtractor
parameter.

2.3. Near- and Mid-infared Photometry

Near-infrared fluxes were computed on each of the sources
in the GOODS r1.1 catalog. We utilized 1′′ diameter apertures
centered on the source positions in the ACS images. The seeing
varied across the GOODS-S and GOODS-N fields as different
tiles were taken over many nights, so we determined separate
aperture corrections from unresolved sources for each tile.
For the J- and Ks-band ISAAC images the seeing is typically
good (FWHM = 0.′′4–0.′′5), and the aperture corrections are
≈ 0.3–0.5 mag, determined from bright but unsaturated isolated
stars measured in 6′′ diameter apertures. Likewise, the MOIRCS

9 Available from http://archive.stsci.edu/prepds/goods.

GOODS-N Ks-band seeing was fairly constant at FWHM =
0.′′5; photometry was again computed in 1′′ diameter apertures
and the aperture corrections are typically 0.3–0.7 mag.

For the GOODS IRAC images, magnitudes are measured in
relatively small apertures (≈ 1.5 × FWHM which corresponds
to a diameter of 2.′′4) to maximize the signal-to-noise ratio
(S/N). We applied aperture corrections to compensate for the
flux falling outside the aperture: these were ≈ 0.7 mag for
the IRAC 3.6 and 4.5 μm data, as determined from bright but
unsaturated point sources in the images using large apertures.
The point-spread function PSF of IRAC leads to frequent
blending with nearby sources, so care must be taken to ensure
that the photometry is robust. We discuss our strategy for dealing
with this in Section 4.

3. SELECTION OF HIGH-REDSHIFT GALAXIES

The goal of this section is to compile a robust sample of
dropouts at z � 4, 5, and 6. In Section 3.1, we identify B, V, and
i ′ dropouts using standard selection criteria (e.g., Giavalisco
et al. 2004a; Beckwith et al. 2006; Bouwens et al. 2007).
We excise low-redshift and stellar contaminants from these
samples using a combination of photometric, spectroscopic,
and morphological techniques (Section 3.2). In Section 3.3, we
compute the completeness limits of our data and determine the
surface density of our samples.

3.1. Dropout Selection

Galaxies at z � 4, 5, and 6 are selected via the presence of the
Lyman-break as it is redshifted through the B435, V606, and i ′775
bandpasses, respectively. Selection of Lyman break galaxies at
these redshifts has now become routine (Stanway et al. 2003;
Giavalisco et al. 2004a; Bunker et al. 2004; Beckwith et al.
2006; Bouwens et al. 2007). In order to ensure a consistent
comparison of our samples to these previous samples, we adopt
color criteria which are identical to those used in Beckwith et al.
(2006) and very similar to those used by Bouwens et al. (2007).
These criteria have been developed to select galaxies in the
chosen redshift interval while minimizing contamination from
red galaxies likely to be at low redshift. We detail our color-
selection and S/N limit criteria for selecting dropouts below.

As mentioned in the previous section, galaxies are selected
from the GOODS version r1.1 ACS multiband source catalogs.
In these catalogs, source detection has been performed using the
z850-band images.

Conditions for selection as B435 drop :

B435 − V606 > (1.1 + V606 − z850) (1)

B435 − V606 > 1.1 (2)

V606 − z850 < 1.6 (3)

S/N(V606) > 5 (4)

S/N(i775) > 3. (5)

In addition we also examine each B drop for a detection in
the U-band images described in the previous section. B-band
dropouts at z � 3.5 should not show strong detections in the

http://archive.stsci.edu/prepds/goods.
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Figure 1. Histogram of z850 magnitudes for 2819 B drops, 615 V drops, and 166 i′ drops in GOODS-S and GOODS-N. In each panel, the open histogram corresponds
to the total sample of dropouts while the filled histogram corresponds to only those sources that are isolated in Spitzer (see Section 4.1).

U-band as it lies shortward of the dropout filter. We look at each
source with a U-band detection (2σ or more) to make sure that
the flux is not spurious or associated with another object. In
total, we excise four sources based on the presence of U-band
flux.

Conditions for selection as V606 drop:

V606 − i775 > 1.47 + 0.89(i775 − z850) or 2 (6)

V606 − i775 > 1.2 (7)

i775 − z850 < 1.3 (8)

S/N(z850) > 5 (9)

S/N(B435) < 2 or

B435 − i775 > V606 − i775 + 1 (10)

Conditions for selection as i ′775 drop:

i775 − z850 > 1.3 (11)

S/N(z850) > 5 (12)

S/N(V606) < 2 or

V606 − z850 > 2.8. (13)

In order to utilize these dropout criteria, we must compute
accurate colors and total magnitudes for each source in the
GOODS catalogs. The colors are computed using the aperture
magnitudes discussed in Section 2.2. We adopt the i ′775-band
MAG_AUTO magnitude as the total i ′775-band magnitude for
the B435 drops. Total magnitudes are subsequently computed in
the B435, V606, and z850-bands using the B435 − i ′775, V606 − i ′775,
i ′775 − z′

850 colors measured using aperture magnitudes (0.′′50
diameter). Similarly, total magnitudes are computed for the V606
and i ′775 drops taking the z850-band MAG_AUTO magnitude and
B435 −z′

850, V606 −z′
850, i ′775 −z′

850 colors. The S/N limits stated
above are determined from the measured flux and error in the
total magnitudes and vary depending on the noise background

at the location of the source. On average, these limits are well
represented by the magnitudes presented in Section 2.2.

We examine each source in the dropout catalogs, removing
diffraction spikes from bright stars, image artifacts, and spurious
features (primarily along the edges of the GOODS mosaic),
leaving a sample of 2819 B drops, 615 V drops, and 166 i ′ drops.
A histogram of the measured optical magnitudes for the three
dropout samples is presented in Figure 1. In the next section, we
seek to further refine these samples, identifying and removing
stellar and low-redshift interlopers.

3.2. Removal of Stellar and Low-z Contaminants

The Lyman-break selection is well known to include a
variety of interlopers in addition to the desired high-redshift
galaxies. Standard contaminants include cool stars and dusty
or old galaxies at lower-redshifts (e.g., Stanway et al. 2004;
Beckwith et al. 2006; Bouwens et al. 2006). We first seek to
morphologically identify and excise stellar interlopers from the
dropout catalogs. To assess the fraction of dropouts at low
redshift, we first mine the existing spectroscopic surveys for
known redshifts of our sample. We then proceed to compute
photometric redshifts for all the remaining dropouts without
spectroscopic redshifts and compute the uncertainty in the
photometric redshifts.

We identify stellar contaminants by their morphology, remov-
ing all bright (z850 < 26.0) sources with SExtractor stellarity
parameter greater than 0.80. We found that this value (very simi-
lar to those used in Bouwens et al.) was optimal in distinguishing
between spectroscopically confirmed galaxies and stars. Apply-
ing this criteria removes 51 B drops (20 in GOODS-S, 31 in
GOODS-N), 23 V drops (12 in GOODS-S, 11 in GOODS-N),
and eight i ′ drops (three in GOODS-S, five in GOODS-N) from
our sample. Faintward of this limit, the S/N of the GOODS
data is too low to reliably identify stars by their stellarity index.
Following the approach taken in Bouwens et al. (2006), we esti-
mate the number of faint stellar contaminants that remain in the
GOODS dropout catalog by examining dropout samples in the
Hubble Ultra Deep Field (HUDF); the exquisite data quality of
the HUDF enables point sources to be identified with sufficient
S/N for sources that would be located at the sensitivity limits of
the GOODS data. Using the same dropout criteria as in GOODS,
we select B, V, and i ′ drops in the HUDF using publicly avail-
able z850-band source catalogs (Coe et al. 2006). We find that
the fraction of dropouts with stellarity indices above 0.8 over
the magnitude interval 26 < z850 < 28 is very low for the B
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drops (0/171), V drops (0/35), and i ′ drops (0/21). These re-
sults support the findings of previous studies (e.g., Bunker et al.
2004; Pirzkal et al. 2005; Bouwens et al. 2006, 2007) that stellar
contaminants are most prevalent at relatively bright magnitudes
(e.g., z850 < 26).

Dropouts in the GOODS fields have been observed spectro-
scopically with VLT/FORS2 (Vanzella et al. 2002, 2005, 2008,
2009), Gemini/GMOS Nod & Shuffle (Stanway et al. 2004,
2007), and Keck/DEIMOS (Stanway et al. 2004). The results
of the VLT/FORS2 survey are made public in a large database
of 1165 total spectroscopic redshifts in GOODS-S (Vanzella
et al. 2008). We search the database (version 3.0) for each of the
dropouts using a 0.5 arcsec matching diameter. Thirty-seven B
drops have spectroscopic redshifts ranging between z = 3.19
and 4.73 with a median redshift of 3.7. We remove the one
B drop with a low-redshift (z = 1.54) identification from our
sample. Twenty-four V drops have spectroscopic redshifts at
z > 4 with a median redshift of 4.81. Finally, 20 i ′ drops have
spectroscopic redshifts at z > 5, while one i ′ drop (which we
subsequently remove) has a low-z identification (z = 1.32).

Photometric redshifts and their associated probabilities have
been determined for each remaining dropout by fitting the ob-
served SEDs against template galaxy SEDs of various ages,
spectral types, and redshifts using the Bayesian Photometric
Redshift (BPZ) software (Benı́tez 2000). We fit the observed
optical through near-IR SED against templates from Coleman
et al. (1980) and the starburst templates from Kinney et al. (1996)
and a very young (10 Myr) starburst template derived from the
Charlot & Bruzual 2007 (hereafter CB07) models assuming an
exponentially decaying star formation history with τ =
100 Myr, no dust, and a metallicity of 0.2 Z�. The code outputs
both a Bayesian and maximum-likelihood photometric redshift
(and associated probability).

In Figure 2(a), we present the derived maximum-likelihood
photometric redshifts for the sample of dropouts with known
spectroscopic redshifts from FORS2. The root mean square
(rms) difference between the photometric and spectroscopic
estimates is 0.19, 0.25, and 0.18 for the B drops, V drops, and i ′
drops, respectively, excluding one spectroscopically confirmed
source with an anomalously low photometric redshift. We find
that the rms uncertainty in our BPZ photometric redshifts is
similar to that from the GOODS MUSIC catalog (Grazian
et al. 2006) for the subset of dropouts with spectroscopic
redshifts.

We next attempt to eliminate lower redshift contaminants
which made their way through the initial color cut, removing
those sources with photometric redshifts that lie below zphot < 3,
4, 5 in the B, V, and i ′ drops. In order to avoid removing vi-
able high-redshift sources, we only remove those sources whose
summed redshift probability distribution suggests that they are
very likely (� 70%) to lie at low redshift. Sources with near
equal maxima at low and high redshift cannot be confidently
included or excluded. However these sources are small in num-
ber. The inclusion or exclusion of this subset with ambiguous
photometric redshifts does not affect the observed optical or
infrared magnitude distribution. Following this approach, the
BPZ photometric redshifts require the removal of 258, 47, and
14 (10, 8, and 9%) of the B, V, and i ′ drop candidates from
the catalogs, leaving a sample of 2443, 506, and 137 B, V, and
i ′ dropouts across both GOODS fields. In general, the excised
sources are either marginally detected in the optical or very red
in their z850 − K colors, as would be expected for low-redshift
sources which satisfy the dropout criteria.
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Figure 2. Top: comparison of photometric and spectroscopic redshifts for
dropouts with redshifts measured with FORS2 from (Vanzella et al. 2008).
The center dashed line denotes the unity relationship, while the two additional
dashed lines correspond to Δz = zspec-zphot = 0.25. Bottom: distribution of
photometric redshifts in B, V, and i′ drop IRAC-clean samples, normalized to
the total sample size. The median inferred redshift is 3.96, 4.75, and 6.01 for
the B-, V-, and i′-drop samples, respectively.

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

In Figure 2(b), we present the distribution of photometric
redshifts from the remaining high-redshift samples in bins of
Δz = 0.4. The median and standard deviation photometric
redshifts of the resulting B-, V-, and i ′-drop samples are
zphot = 3.96 ± 0.29, 4.79 ± 0.25, and 6.01 ± 0.25, respectively.
These distributions are in rough agreement with those computed
in Bouwens et al. (2007).

3.3. Surface Densities and Effective Volume

The GOODS data sets allow sources to be selected down to
magnitudes fainter than mAB = 27; however, as is apparent in
Figure 1, the completeness begins to decline brightward of this
limit. Hence, to compute the correct density of dropouts, we
must account for this variation in completeness with apparent
magnitude.

To do this, we define a function p(m, z) that represents
the probability that a galaxy with apparent magnitude m and
redshift z is recovered in our data set. We compute this function
for each of the three dropout samples by putting thousands
of fake galaxies into the GOODS images and recreating a
photometric catalog for the new image using the selection
parameters described above. The apparent magnitudes of the
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fake galaxies span i ′775 = 21–28 (B drops), z′
850 = 22–28 (V

drops), z′
850 = 23–28 (i ′ drops) and their redshifts span the

interval 3.0 < z < 4.9 for the B drops, 4.0 � z � 5.9 for the V
drops, and 5.0 < z < 7.6 for the i ′ drops in steps of Δz = 0.1.
The sizes of the fake galaxies are chosen to be consistent with
distribution of half-light radii derived for z � 4–6 galaxies in
Bouwens et al. (2004). The colors of the fake galaxies depend
on the galaxy redshift and spectral energy distribution (SED).
In order to compute these colors, we use the SED of a CB07
model with constant star formation history, an age of 100 Myr,
and no dust as the intrinsic rest-frame SED of the fake galaxies.
Allowing for a younger age or a color excess of E(B−V ) = 0.1
in the fake galaxies’ SEDs alters the completeness by roughly
5%, which would not significantly change any of our results.
The colors are computed at each redshift after applying the
appropriate intergalactic medium absorption (e.g., Madau 1995)
to the SED. The probability function, p(m, z) is then given by
the fraction of fake galaxies with apparent magnitude, m, and
redshift, z, that satisfy the dropout color selection criteria defined
in Section 2.4.

We next determine the volume observed as a function of
apparent magnitude for each of the dropout samples following
the approach of Steidel et al. (1999) using

Veff(m) =
∫

dz p(m, z)
dV

dz
(14)

where p(m, z) is the probability of detecting a galaxy at redshift
z and apparent magnitude m, and dz dV

dz
is the comoving volume

per unit solid angle in a slice dz over the redshift interval
3.0 < z < 4.9 for the B drops, 4.0 � z � 5.9 for the V
drops, and 5.0 < z < 7.6 for the i ′ drops.

The effective volumes are subsequently computed as a func-
tion of apparent magnitude for the dropout samples following
Equation (14). In general, for the dropout samples in a single
GOODS field, the effective volumes drop from 4-5 × 105 Mpc3

at bright magnitudes (mAB = 23.5) to 2 × 105 Mpc3 at fainter
magnitudes (mAB = 27), reflecting � 50% completeness, on
average, at the limit of our samples. In Figure 3, we show the
derived surface densities of our dropouts, corrected using the
magnitude-dependent completeness p(m) derived in equation
above. The measured values are in excellent agreement (gener-
ally to within 1σ ) with previous measurements (Bouwens et al.
2007) at AB magnitudes brighter than 27. Faintward of this
limit, the completeness in the GOODS data is too low to enable
reliable density measurements.

4. MID-INFRARED PROPERTIES OF DROPOUTS

4.1. Construction of a Spitzer-Isolated Subsample

Mid-infrared photometry is the crucial component for esti-
mating the stellar populations of z � 4 galaxies. However, the
low spatial resolution of Spitzer results in frequent blending
between nearby sources, making accurate photometry of indi-
vidual objects difficult. To ensure that objects in our sample were
not contaminated by neighboring bright foreground sources, we
examined each dropout by eye and flagged sources that are
hopelessly confused with flux from bright, nearby sources.

Following Stark et al. (2007), we only apply population
synthesis models to those objects which are unconfused in the
IRAC images, which we define as having no bright (� 24–
25 mag), contaminating sources within a � 2.5 arcsec radius
around the position of interest. We find that � 35% of the
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Figure 3. Surface densities of dropout samples. Stars, artifacts, and low-z
galaxies have been removed from the initial sample as described in Section 3.2.
We place the remaining sample in magnitude bins spanning 0.5 mag and
adjust the measured densities for incompleteness (Section 3.3). Our samples
are sufficiently complete brightward of 27th magnitude (vertical dotted lines)
to enable reliable density measurements. The resulting surface densities are in
excellent agreement with previous measurements.

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

dropouts in our catalogs are sufficiently isolated to allow
accurate photometry. In Figure 1, we show the distribution of
i ′775 and z850 magnitudes of the dropouts in our “Spitzer-isolated”
subsample compared to the full dropout samples. The magnitude
distribution of this subsample is very similar to that of the parent
distribution albeit with a slightly greater proportion of UV bright
sources. We correct for the small bias this introduces into the
stellar mass functions in Section 7.
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Figure 4. Mid-infrared vs. optical flux for the B (top panel), V (middle panel),
and i′ drops (bottom panel). Individual galaxies are shown as small red circles;
the large black circles correspond to the median 3.6 μm magnitude in bins of
i775 or z850 magnitude. The dashed vertical lines correspond to our adopted
completeness limit for each dropout sample. Those objects that are brighter in
the optical are on average brighter in the mid-infrared. The relationship between
mid-infrared and optical flux is very similar for each of the three different redshift
ranges considered.

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

In Figure 4, we present the relationship between the IRAC
3.6 μm magnitude and i775 or z850 magnitude for each of our
dropout samples, foreshadowing the relationship between the
assembled stellar mass and the current SFR (uncorrected for

extinction). It is not necessarily obvious that the ongoing star
formation in any galaxy should bear any relation to the past
star formation history, yet immediately apparent is a correlation
between the average optical and mid-infrared flux: sources that
are brighter in the ACS bandpasses are, on average, brighter
in IRAC. Also noticeable is that the median IRAC flux for
a given i775 or z850 flux does not change significantly over
the redshift range probed by the three dropout samples. We
discuss the implications of these trends in more detail in
Section 6.

4.2. MIPS Detections

We have put considerable effort into removing low-redshift
contaminants from our data set. However, as is evident from
Figure 4, the dropout samples still contain red objects, some
of which are among the brightest sources detected in IRAC.
Considering the fact that very massive sources (with bright
IRAC fluxes) are likely much more common at z � 2 than
at z � 4, it is clear that these sources require more scrutiny
before proceeding.

We can gain some insight into the likely redshifts of this
population from 24 μm imaging with the Multiband Imaging
Photometer for Spitzer (MIPS) camera (Dickinson et al., in
preparation; Chary et al., in preparation). At z � 2, the MIPS
imaging passband probes the bright rest-frame 7.7 μm feature
from polycyclic aromatic hydrocarbons (PAHs). As a result,
dusty star-forming galaxies at z � 2 are commonly detected
with the MIPS (e.g., Reddy et al. 2006). Such PAH features
would not be detected in sources over the redshift range our
dropouts sample (4 � z � 6); hence if any of our sources are de-
tected with MIPS, it very well may indicate that they lie at z � 2.

In order to determine what fraction of our catalog is detected
at 24 μm, we visually examine the MIPS data of each dropout in
the Spitzer-isolated sample. While the total number of dropouts
with MIPS detections is small (12/800 B drops, 3/186 V drops,
and none of the i ′ drops), it is not negligible. As expected, each of
the sources detected with MIPS is quite red (z′

850 −m3.6 � 2) in
addition to being bright in the IRAC bandpasses. These sources
thus make up a significant fraction of the subset of our dropout
samples with bright IRAC fluxes (10/25, 2/4 of those with
m3.6 < 23 for the B and V drops, respectively) and are hence
sure to strongly affect attempts to derive the number density of
massive galaxies.

While we consider these sources as prime low-redshift
candidates, it is possible that some of these lie at z � 4. Cross-
correlating the 24 μm detected subset with our spectroscopic
sample, we find that one of the three MIPS-detected V drops has
a spectroscopically confirmed redshift of z = 4.76. Since there
are few strong PAH features that fall into the 24 μm filter at this
redshift, we propose that the 24 μm emission most likely comes
from a dusty active galactic nuclei, a conclusion consistent
with the point-like morphology in the observed optical-frame.
Importantly, this establishes that not all 24 μm detected dropouts
are foreground objects. The MIPS-detected subsample thus
places an upper limit (1.5% for the B drops and 1.1% for the V
drops) on the number of dusty low-z interlopers remaining in
our samples. In subsequent sections, we will derive the evolving
stellar populations of our dropout sample both with and without
the 24 μm detected sources.

5. DERIVATION OF PHYSICAL PROPERTIES

We infer stellar masses for the dropout sample by fitting
the latest CB07 stellar population synthesis models to the
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observed SEDs. These models include an improved treatment
of the thermally pulsing asymptotic giant branch (TP-AGB)
phase of stellar evolution, utilizing the Marigo & Girardi (2007)
evolutionary tracks and the Westera et al. (2002) stellar library.
In this section, we first describe the CB07 models and detail the
fitting process that we use to infer the stellar masses and ages
of the galaxies. We examine the effects of the TP-AGB stars
on the inferred masses and ages of the dropouts by comparing
the CB07 output to that from the Bruzual & Charlot (2003)
population synthesis models (Section 5.2). We then comment
on the uncertainties in the inferred properties of objects in
our samples and stack the infrared photometry of the faintest
sources to achieve a more reliable estimate of the average stellar
populations of this subset.

5.1. CB07 Models

The CB07 models utilize 220 age steps from 105 to 2×1010 yr,
approximately logarithmically spaced. For each source, we do
not include age steps in excess of the age of the universe at
z � 4, 5, and6 for the B, V, and i ′ drops, respectively. We also
exclude unphysically low age steps (e.g., below the dynamical
timescale for LBGs at high redshift), which we take to be
� 20 Myr adopting measurements of the mean half-light radii
(Bouwens et al. 2004) and typical velocity dispersions (Erb et al.
2006) of LBGs at high redshift.

The CB07 models only include templates with the Chabrier
(2003) and Salpeter (1955) initial mass functions (IMFs). For
consistency with previous efforts, we choose to focus on the
Salpeter IMF in our analysis. The effects of utilizing a Chabrier
IMF have been discussed in detail elsewhere, including our
previous work (Eyles et al. 2005; Stark et al. 2007).

We use the high resolution (FWHM 3 Å) and 1 Å pixels evenly
spaced over the wavelength range of 3300–9500 Å (unevenly
spaced outside this range). From the full range of metallicities
offered by the code, we considered both solar and 0.2 Z� models.
From several star formation histories available, we utilize the
constant star formation history and exponentially decaying (τ )
SFR models with e-folding decay timescales τ = 100 and
300 Myr. We also utilize a model with a linearly increasing SFR,
with a slope set to match the observed brightening in the UV
LF between z � 6 and 4 (0.74 mag at 1500 Å over � 620 Myr).
The CB07 spectra are normalized to an SFR of 1 M� yr−1 for
the continuous star formation model. For the exponential decay
models, the galaxy mass is normalized to M −→ 1M� as
t −→ ∞.

We also consider the effects of dust on the integrated SEDs,
adopting the reddening model of Calzetti (1997).10 At each
age step, the model SED was folded in with each of five
different reddening curves corresponding to color excesses of
E(B − V ) = 0.0, 0.03, 0.1, 0.3, 1.0.

For each of the galaxies in our sample, the model SEDs were
interpolated onto each of the filters’ wavelength scales after
correcting the latter to the rest-frame wavelengths using the
redshift appropriate for each object. Rather than simultaneously
fitting the mass, age, dust, and redshift, we fixed the redshift
at the best-fit photometric redshift specified by BPZ. Where
possible, we instead utilized spectroscopic redshifts. We discuss

10 The Calzetti reddening is an empirical law given in terms of color excess
E(B − V ) with the wavelength dependence of the reddening expressed as:
k(λ) = 2.656(−2.156 + 1.509λ−1 − 0.198λ−2 + 0.011λ−3) + 4.88 for
0.12 μm � λ � 0.63 μm, and k(λ) = [(1.86 − 0.48λ−1)/λ − 0.1)]λ + 1.73 for
0.63 μm � λ � 1.0 μm and the flux attenuation is given by: Fobs(λ) =
F0(λ)10−0.4E(B−V)k(λ).

the effects of holding the redshift fixed later in Section 5.3. To
assess the uncertainty in the inferred parameters (e.g., mass,
age, dust) due to redshift error, we perform the SED fitting at
three redshifts: z = zphot − 0.25, zphot, zphot + 0.25.

To account for Lyα forest absorption, we decrement the flux
shortward of 1216 Å (rest-frame) by a factor of exp[−(1+z)3.46]
(Madau 1995). We further assume the flux shortward of 912 Å
(rest-frame) is zero due to Lyman-limit absorption.

The resulting template SEDs are folded through each of
the filter transmission curves to produce optical, near-IR, and
mid-IR magnitudes for each model. Comparing the observed
magnitudes and their associated errors11 to the derived model
magnitudes, we compute a reduced χ2 value for each set of
parameters (age, E(B − V ), normalization). For individual
sources, nondetections were set to the 1σ detection limit and
the flux error was set at 100% (we also consider the average
properties of this faint sample via a stacking analysis in
Section 5.2)

The fitting routine returned the parameters for each model
which were the best fit to the broadband photometry (i.e.,
minimized the reduced χ2). In addition to selecting those
parameters which provide the best fit, we also compute the
range of ages, normalizations, and E(B − V ) values that result
in an SED with reduced χ2 values within Δχ2

reduced = 1 of
the minimum value; we take these as the 1-σ uncertainties
associated with each parameter. This normalization was then
converted to the appropriate units and subsequently used to
calculate the corresponding best-fit stellar and total mass (and
the corresponding 1σ errors). The conversion factor between
normalization and mass for a given age and star formation
history was obtained from the “4color” files in the CB07
population synthesis output.

5.2. The Effect of TP-AGB Stars on Inferred Properties at z � 4

The TP-AGB stars contribute significantly to the integrated
rest-frame near-infrared light. Maraston (2005) has shown that if
the contribution from this phase of evolution is underestimated
for galaxies at z � 2, the stellar masses and ages inferred
from models are typically overestimated. Note that this is not
necessarily the case at z � 4, since at these redshifts the first
two IRAC channels only probe as far redward as the rest-
frame optical, where the contribution from TP-AGB stars is
less dominant than the rest-frame near-infrared. In this section,
we investigate the effect of the TP-AGB stars on the inferred
properties of the B, V, and i ′ drops by comparing the model
output of CB07 and BC03 models.

In Figure 5(a), the stellar masses of the B-, V-, and i ′-drop
samples inferred from BC03 and CB07 are plotted against one
other for solar metallicity. In computing the masses and ages,
we fix the redshift at the derived photometric redshift and the
color excess is fixed to E(B − V ) = 0. In spite of the addition
of TP-AGB stars, the inferred masses from BC03 and CB07 are
in very good agreement. The median stellar mass of the BC03
i ′ drops is less than 1% greater than that for the CB07 i ′ drops.
As expected the effect of TP-AGB is more pronounced at lower
redshifts, but nevertheless we still find only a 9% difference
between the median of the BC03 and CB07 B-drop samples.

At subsolar metallicity, the contribution from TP-AGB stars
is significant (�20–30% of luminosity for 1.3 Gyr instantaneous
burst) in the rest-frame optical (Bruzual 2007); hence, we expect

11 We increase the observed magnitude errors to 0.1 when they are less than
this value to account for calibration uncertainties.
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Figure 5. Comparison of the model output from Bruzual & Charlot (2003)
(BC03) and the updated models presented in Bruzual 2007 (CB07) which now
include the contribution of TP-AGB stars. The upper panel shows B drops (blue
circles), V drops (green triangles), and i′ drops (yellow squares) for a solar
metallicity τ = 100 Myr exponential decay model. The lower panel is identical
but with subsolar (Z = 0.2 Z�) metallicity. The dotted line in both panels
indicates the one-to-one relationship between the BC03 and CB07 mass. The
discrepancy between the BC03 and CB07 models increases at lower redshifts
and lower metallicities.

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

the CB07 models to return lower masses than the BC03 models
for the 0.2 Z� templates. Indeed, we find that in each dropout
sample the variations between the two models is more extreme
than in the solar metallicity case (Figure 5(b)). In the most
discrepant case (the B drops), the median mass inferred from
the BC03 models is � 30% greater than that inferred from
CB07.

5.3. Systematic Uncertainties in Derived Properties

Before examining the results in detail, we explore the relia-
bility with which we can determine the stellar populations of
z � 4 galaxies. There is ample discussion of the systematic
uncertainties inherent in population synthesis modeling in the
literature (e.g., Papovich et al. 2001; Shapley et al. 2001; Yan
et al. 2005; Eyles et al. 2005; Shapley et al. 2005). We direct
the reader to these works for detailed discussion and only pro-
vide a brief discussion below on the typical uncertainties in the
inferred masses, ages, and extinction for our dropout samples.

First we must consider whether fixing the redshift at a single
value biases our determination of the mass and its associated

uncertainty. To test this, we compute the best-fit parameters for
the small subset of sources with spectroscopic redshifts using
two different methods: (1) fixing the redshift at the photometric
redshift determined by BPZ and (2) allowing the redshift to
float simultaneously with mass, age, and dust. Comparing these
to the parameters inferred when the redshift has been fixed at
its true spectroscopic value gives some indication of the error
that may be introduced by not allowing the redshift to float. We
find that the best-fit stellar masses inferred by method 1 (fixing
the redshift at its BPZ photometric redshfit) are similar to those
determined when the redshift is fixed at its spectroscopic value
(the standard deviation in the fractional difference between the
two mass estimates is 17%). Varying the redshift simultaneously
with other parameters does not result in better agreement
with the masses inferred from the spectroscopic redshifts (the
standard deviation in the fractional difference between the two
mass estimates is 19%). Moreover, we find that the uncertainty
in the stellar mass that is found by perturbing the redshift by
Δz = ±0.25 from its best-fit BPZ photometric redshift and
allowing the dust and age to vary (42% error) is very similar to
that determined by allowing the redshift to float simultaneously
with dust and age (48% error). These results suggest that our
method of using fixed redshifts in our SED fitting analysis
will not strongly bias the mass determinations or decrease the
inferred mass error.

We now move on to quantify the uncertainty in the derived
parameters for sources in our dropout samples. The SED fitting
procedure is clearly most effective at fitting sources that are
bright enough to be detected with sufficiently high S/N (� 10)
in the rest-UV and rest-optical. For the bright z′

850 = 24.3
dropout presented in Figure 6 (typical of bright B drops in our
sample), acceptable fits (within Δχ2

reduced = 1 of the best fit) are
found for models with ages between 180 and 321 Myr, color
excesses between E(B − V ) = 0.0 and 0.1, and stellar masses
between 2.0 and 2.8 × 1010 M�. If we allow the redshift to
vary by ±0.25 and consider the range of models that produce a
reduced χ2 within 1 of minimum reduced χ2 at the central BPZ
photometric redshfit, the inferred stellar masses vary by less
than 5% and ages change by less than � 30%. Variations in the
form of the star formation history do change the absolute values
quoted above (see Shapley et al. 2005 for detailed discussion),
with best fit stellar masses increasing by 35% and ages reaching
1.4 Gyr for a constant star formation model. Nevertheless the
relative stellar masses and ages within our samples should be
reasonably well determined for equally bright dropouts, unless
the star formation history varies considerably within the sample.

Extracting robust information from the SEDs of faint dropouts
is more difficult than for the bright sources discussed above,
largely because the near- and mid-infrared data sets are not deep
enough to detect very faint objects. Sources that are undetected
in IRAC have a median mass of 2 × 108 M� and age of 80 Myr
for the τ = 100 Myr exponential decay model, but their SEDs
have acceptable masses and ages spanning a factor of 10. In
general, we find that in order to achieve reasonably reliable
masses for individual objects, we must limit our sample to those
dropouts with � 109.5 M�. In Figure 7, we present the SED of
a typical object near this mass limit (best fit stellar mass of 5 ×
109); acceptable CB07 fits for the τ = 100 Myr exponentially
decay star formation history are found using models with stellar
masses between 2.4 and 7 × 109 M�, ages between 21 Myr and
360 Myr, and color excesses between E(B − V ) = 0 and 0.3.
While the data allow a wide range of ages and dust extinctions,
the stellar mass can be determined reasonably well.
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Figure 6. SED of a B drop (typical of bright sources in our sample) compared with a range of CB07 model SEDs that fit the data. Left: adopting a model with an
exponentially decaying star formation history with τ = 100 Myr, we find that the SED is best fit by an age of 286 Myr and a stellar mass of 2.3 × 1010 M� with
E(B − V ) = 0 (green curve). Allowing the dust content to vary, we find acceptable fits for stellar masses ranging between 2.0 and 2.8 × 1010 M� and ages between
180 and 321 Myr. The model with the lower mass and age is shown as the red curve (and has E(B − V ) = 0.1); the model that provides the upper bound to the mass
and age is shown in purple (and has E(B − V ) = 0). Right: perturbing the photometric redshift by Δz = ±0.25, we find that the higher redshift solution (red curve)
provides a significantly less accurate fit to the data (Δχ2

reduced = 3.06) than that provided by the Δz = −0.25 SED (green curve) and the SED derived using the best
fit photo-z. The inferred stellar mass in the lower redshift model (2.3 × 1010 M�) is within 5% of the best-fit value at the best-fit BPZ photometric redshift and the
inferred age (203 Myr) is within 30%.

(A color version of this figure is available in the online journal.)
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Figure 7. SED of a B drop typical of sources at the adopted 109.5 M� stellar
mass limit. Adopting a model with an exponentially decaying star formation
history with τ = 100 Myr, we find that the SED is best fit by an age of 320 Myr
and a stellar mass of 4.8 × 109 M� with E(B−V ) = 0 (red curve). Allowing the
dust content to vary, we find acceptable fits for stellar masses ranging between
2.4 and 6.7 × 109 M� and ages between 21 and 360 Myr. The model with the
lower mass and age is shown as the green curve (and has E(B − V ) = 0.3);
the model that provides the upper bound to the mass and age is shown in purple
(and has E(B − V ) = 0).

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

To obtain an estimate of the average properties of galaxies less
massive than this limit, we perform a stacking analysis on the
low S/N infrared data. For each of the three dropout samples,
we select all sources that are undetected and unconfused at
3.6 μm, amounting to 171 B drops, 29 V drops, and 17 i ′
drops. For each of the dropout samples, the median z850-
band magnitude of this faint subset is � 26.7. Following the
techniques discussed in Eyles et al. (2007), we stack the IRAC
data of each of the undetected dropouts (excluding those with

Table 1
Photometry of Stacked Images

J Ks m3.6 μm m4.5 μm

B drops (z � 4)

27.03(0.15) 26.51(0.15) 26.79(0.31) 27.29 (0.17)

V drops (z � 5)

26.7(0.34) 26.55(0.48) 26.89(0.21) 27.71(0.57)

i′ drops (z � 6)

26.69(0.32) 26.43(0.42) 27.23(0.33) 27.64(0.87)

Note. The photometric errors of the stacked images are provided in parenthesis
next to the measured magnitudes.

� 65 ks of exposure time) using a median combine with no
weighting to reduce the effect of contamination by neighboring
sources. We follow a very similar approach in stacking the near-
IR data, limiting our sample to the objects in GOODS-S given
the slightly deeper images in that field.

The stacking procedure described above resulted in near
and mid-IR detections for the B, V, and i ′ drops (see Table 1
for photometry). The model fit to the composite faint B-drop
subsample SED is displayed in Figure 8. For the exponential-
decay (τ = 100 Myr) model, the best-fit solar metallicity model
has a stellar mass of 1.7 × 108 M� (acceptable fits range between
6.2 × 107 and 3.2 × 108 M�) and age of 48 Myr. We find similar
best fitting models for the stacked V drops (1.5 × 108 M� and
25 Myr) and i ′ drops (2.6 × 108 M� and 38 Myr). In all cases,
the SED is actually slightly better fit by a subsolar metallicity
model (Δχ2 � 0.4–0.6) in agreement with the results of Eyles
et al. (2007); however, the returned stellar masses and ages do
not change significantly from those obtained using the solar
metallicity models (Figure 8). Importantly, the inferred masses
and ages of the stacked SEDs are consistent with what we would
have obtained by merely taking the average of the masses and
ages of the individual galaxies included in the stack, suggesting
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Figure 8. Fit to composite SED of faint B-drop stack. The best-fitting
exponential decay τ = 100 Myr model with solar metallicity (red SED)
has a stellar mass of 1.7 × 108 M� and age of � 50 Myr. Using a subsolar
metallicity, z = 0.2Z�, template (green SED), we find a marginally better fit to
the data (Δχ2 = 0.5) with similar inferred masses and ages (2.4 × 108 M� and
� 70 Myr).

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

that in spite of the large uncertainties, we can still use the inferred
properties of this faint subset and be confident that the average
properties are robust.

6. NEW INSIGHT INTO THE HISTORY OF
HIGH-REDSHIFT STAR FORMATION

One of the most basic questions in the study of galaxy
formation is how galaxies grow over cosmic time. Observations
have now revealed vast populations of vigorously assembling
galaxies at z � 4, but it remains unclear how star formation
proceeds in these objects. On the one hand, it is possible
that z � 4 LBGs assemble their mass at a constant rate,
growing continuously between z � 6 and 4. This “steady
growth” scenario may be expected if high-redshift galaxies are
constantly fueled by cold gas which is in turn rapidly converted
into stars. Alternatively, galaxies may undergo punctuated
star formation episodes lasting only several hundred Myr or
less, such that those LBGs seen at z � 5, for example, are
not necessarily related to those seen at later times (e.g., at
z � 4) or at earlier times (e.g., z � 6). This “independent
generations” scenario could arise if relatively rare events (e.g.,
major mergers, instabilities) are predominantly responsible for
sparking luminous star formation at z � 4, or alternatively
if feedback effects act to shut off star formation after several
hundred Myr.

Testing the validity of these scenarios has proven difficult
with rest-UV observations alone, as these studies only probe
recent star formation activity, revealing little about the physical
properties of the galaxies being assembled. But it is the evolution
of such properties (i.e., stellar mass, age, dust) which can
potentially illuminate the relationship between galaxies at z � 4
and z � 6. If the LBGs seen at z � 4 have been forming stars
at a constant rate since z � 5–6, then the higher redshift objects
of a given luminosity should appear as “scaled-down” versions
of those at z � 4, with lower masses, ages, and reduced dust
content. In contrast, if the LBG population at z � 4 is dominated

by galaxies which were either quiescent or forming stars less
vigorously at z � 5 and 6, then we would not necessarily expect
the stellar populations to show signs of growth between the two
different epochs.

In this section, we attempt to distinguish between these
various scenarios by exploring the evolution of the relationship
between the stellar mass and UV luminosity (hereafter the M�–
M1500 relation). For a given galaxy, this diagnostic illuminates
the ratio of the past and present star formation. At lower
redshifts, this relationship has been used effectively to constrain
stellar mass growth in galaxies (Noeske et al. 2007; Daddi
et al. 2007). Studying the redshift evolution of this relation
for a large sample of high-redshift dropouts reveals whether the
typical specific SFR (SFR/M�) and stellar mass of UV luminous
galaxies changes significantly between z � 4 and 6, allowing
new constraints to be placed on the past star formation history.

In Figure 9, we present the inferred stellar masses of the B, V,
and i ′ drops as a function of absolute magnitude at rest-frame
1500 Å (M1500). We compute the absolute magnitude from the
observed i ′-band magnitudes for the B drops, and the z′-band
magnitudes for the V and i ′ drops using photometric redshifts
where spectroscopic confirmation is not available. Ideally we
would correct the absolute magnitudes for dust extinction, but
doing so can introduce considerable error into the relation. For
example, using the Meurer relation (Meurer et al. 1999) we find
that the extinction at 1600 Å, A1600, is related to the rest-UV
color for dropouts at z = 4 by the following relation: A1600 =
0.415 + 10.9(i ′775 − z850). This indicates that photometric
uncertainties as small as 0.1 mag in the rest-UV color translate
to more than 1 mag of uncertainty in the extinction correction.
Further error arises from uncertainty in the redshifts and, to a
lesser extent, the ages of the dropouts, both of which alter the
relation between extinction and color derived above. Together,
these sources of error would undoubtedly add significant random
scatter to the M�–M1500 relation, quite possibly washing out
any trends that may exist with luminosity or redshift. We thus
limit our analysis to the relationship between stellar mass and
emerging luminosity (i.e., the luminosity inferred from the flux
that escapes the galaxy) and comment below on the specific
effects that not correcting for dust extinction may have on our
results.

For each of the dropout samples, we find that the median
stellar mass increases monotonically with increasing emerging
UV luminosity (forming a so-called “main-sequence”), albeit
with very significant scatter in each magnitude bin. Similar
relations are commonly seen at lower redshifts (e.g., Daddi et al.
2007) and are predicted to arise at high redshift in hydrodynamic
simulations (e.g., Finlator et al. 2006). In the idealized scenario
in which the bright dropout population emerges at z � 6.5 and
steadily grows in stellar mass via constant star formation (with
no new galaxies emerging as luminous dropouts), we would
expect the typical dropout stellar masses to increase by a factor
of � 7 in the time between z � 6 and 4.

Examining the top, middle, and bottom panels of Figure 9,
we do not see such a systematic increase in the normalization
of the M�–M1500 relation between z � 6 and 4 (Table 2).
While the lowest luminosity bin above our completeness limit
may show some signs of marginal stellar mass growth between
z � 6 and 5 (i.e., a ×1.3 − 2.0 increase in the median stellar
mass), this same bin shows no growth between z � 5 and 4
in spite of the improved mass estimates and statistics available
at the lower redshifts. The most luminous bins actually show a
slight decrease in the average stellar mass with cosmic time. As
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Figure 9. Stellar mass vs. absolute magnitude at 1500 Å (uncorrected for dust
extinction) over z � 4–6. Small red circles correspond to inferred stellar masses
and rest-UV absolute magnitudes for individual B drops (top), V drops (middle)
and i′ drops (bottom) assuming a τ = 100 Myr exponential decay model.
The dark solid circles are the median stellar mass in each magnitude bin. The
relationship at z � 4 is overlaid on the z � 5 and z � 6 panels as a black solid
dashed line. The vertical solid lines represent the adopted completeness limits
for each sample. The median stellar mass increases monotonically with M1500
in each dropout sample; however, at a fixed M1500, the median stellar mass does
not decrease significantly with increasing redshift, as may be expected in simple
steady growth models.

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

Table 2
Evolution of Galaxy Properties over 4 � z � 6

MUV Num M� (τ = 100) M� (CSF) Age
(mag) (108 M�) (108 M�) (Myr)

B drops (z � 4)

−22.5 15 144 (31-410) 223 180
−21.5 73 77 (24-380) 114 203
−20.5 227 29 (4.0-130) 38 181
−19.5 370 5.5 (2.0-42) 7.3 143

V drops (z � 5)

−22.5 3 304 (180-830) 520 286
−21.5 20 109 (5.4-234) 112 227
−20.5 67 27 (2.2-158) 36 181
−19.5 . . . . . . . . . . . .

i′ drops (z � 6)

−22.5 0 . . . . . . . . .

−21.5 8 160 (24-530) 226 286
−20.5 41 13 (1.3-90) 27 102
−19.5 . . . . . . . . . . . .

Notes. The stellar masses and ages are inferred from models using a Salpeter
IMF and solar metallicity. In Column 3, we present the median stellar masses
(and the range of masses spanned by the middle 80% of the distribution)
determined from an exponentially declining star formation history with τ =
100 Myr. In Column 4, we provide the median stellar masses inferred assuming
a constant star formation history. In Column 5, we present the median ages
inferred for the τ = 100 Myr models.

shown in Table 2, the absence of a systematic increase in the
average stellar masses is not strongly dependent on the chosen
star formation history. Overall these results seem to imply that
the ratio of median stellar mass to emerging UV luminosity does
not evolve significantly for LBGs over z = 4–6. A galaxy with a
given M1500 at z � 6 will, on average, have the same assembled
mass (to within a factor of � 2) as a galaxy seen at z � 4 with
the same M1500. This suggests that the specific SFR evolves
weakly over 4 � z � 6, indicating that the typical duration of
past star formation for a galaxy of a given luminosity does not
vary significantly between z � 6 and 4.

While the inclusion of a dust correction would shift the
M�–M1500 relation brightward (i.e., to the left in Figure 9), it
would likely not lead to an increase in the normalization of the
M�–M1500 relation over time. As has been shown elsewhere
(e.g., Stanway et al. 2005; Bouwens et al. 2007) galaxies
at M1500 < −19.8 do potentially become marginally dustier
between z � 6 and 4 which would cause the z � 4 M�–M1500
relation to shift slightly more than the z � 5 and 6 relations.
Since a relative shift brightward is roughly the same as a shift
toward lower stellar masses at fixed M1500, this would actually
have the effect of slightly decreasing the normalization of the
M�–M1500 relation over the 4 � z � 6 redshift range.

6.1. Testing the Steady Growth Scenario

We now attempt to place the M�–M1500 relation presented in
Figure 9 in the context of the steady growth scenario discussed
at the outset of this section. To approximate this scenario,
we assume that galaxies follow a constant SFR. Using solar
metallicity templates and allowing the dust content to freely
vary, we find that the typical implied star formation lifetimes
of the B drops are in excess of 700 Myr in the two brightest
bins (Figure 10), implying that the precursors of the majority
of B drops would have been equally luminous in V- and
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Figure 10. Ages inferred for the B-dropout sample from constant star formation
scenario as a function of absolute magnitude at 1500 Å (uncorrected for dust).
The solid red circles give the median inferred age for CB07 models with solar
metallicity while the blue circles give the median ages for models with 20%
solar metallicity. The error bars on each data point correspond to the 25th (lower
bar) and 75th (upper bar) percentile in the distribution of ages in each absolute
magnitude bin. The horizontal dashed line denotes the amount of time spanned
between z � 4 and 5. Thus if the inferred ages are above the dashed line, it
indicates a large fraction of the B drops began forming stars beyond z � 5,
implying an abundant precursor population with scaled-down masses relative
to those measured at z � 4. The lack of evolution in the normalization of the
M�–M1500 relationship over z � 4–6 (Figure 9) casts doubt on this scenario.

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

i ′-drop samples. We therefore would have expected to see a
steady decline in the typical stellar masses and ages of UV
luminous galaxies at z � 5 and 6. The fact that the z � 6 LBGs
are, on average, quite similar in mass and age to those of similar
luminosity at z � 4 suggests that the precursors of most of the
z � 4 LBGs were not at the same UV luminosity (or perhaps
were even quiescent) at z � 6. Similar arguments are arrived at
by considering the observed UV LF of the dropouts over this
redshift interval (Bouwens et al. 2007). The large implied ages
mentioned above combined with the constant past SFR suggest
that the number density of galaxies at a given M1500 should not
fall off significantly with increasing redshift, in sharp contrast
to the observed trend. Indeed, the distribution of ages implied
by this constant SFR scenario is such that the number density of
galaxies at M1500 < −21.5 should not decrease by more than a
factor of � 2 over 4 � z � 6, in marked contrast to the observed
×10 decline in the bright end of the LF at M1500 � −21.5 over
this redshift interval (Bouwens et al. 2007).

We therefore argue that in order to explain the constancy in
the M�–M1500 relationship and the decline in the UV LF, we
require a star formation model that implies that a significant
fraction of UV-luminous galaxies at z � 4 emerged at their
present UV luminosity recently enough such that they would
not have been visible as dropouts at the same UV luminosity
just � 300 Myr earlier (e.g., the time corresponding to Δz � 1
at 4 � z � 6). With a constantly increasing flux of newly
luminous galaxies, the galaxy population at each epoch would
likely be dominated by relatively young (� 300 Myr) objects.
Hence the main sequence of the M�–M1500 relation would not
necessarily grow significantly with cosmic time as one would
expect in the steady growth scenario.

We note that this requirement of a young population is not
inherently inconsistent with constant, sustained star formation
in galaxies. Indeed, if each of the z � 4 dropout populations
is dominated in number by newly emerged luminous galaxies,
it is possible that systems which are UV luminous at z � 6

remain luminous to z � 4, but make up such a small fraction
(by number) of the z � 4 LBG population so as not to affect
the main sequence of the M�–M1500 relation. The key problem
with this picture, as hinted by our results above, is that constant
star formation models struggle to produce young enough ages
to be consistent with the need to have each epoch (i.e., z � 4)
dominated by systems that were not present at the previous
epoch (i.e., z � 5).

It is valuable to consider the systematic uncertainties that
could arise following degeneracy in deriving both age and
dust extinction measures from our photometric data. If our
dust estimates are systematically too low, then the ages quoted
above are likely overestimates. In addition, if we adopt lower
metallicity templates in our models (e.g., 0.2 Z�) as may
be appropriate for z � 4, we find ages that are a factor of
� 2 lower than those in Table 2 (Figure 10). Thus while the
relatively large ages implied by the constant SFR scenario do
cause some tension with the observed evolution in the M�–M1500
relation and UV LF, there are feasible steady growth scenarios
that are potentially consistent with the observations. Improved
spectroscopic completeness and infrared photometry will soon
enable us to lessen the uncertainty in the dust content and to
provide estimates of the metallicities, both of which will help
test the feasibility of these scenarios.

A possible variant on the “steady growth” scenario is a
situation where star formation grows increasingly vigorous as
galaxies grow in mass at early times. While such star formation
histories are not typically used in fitting high-redshift galaxies,
they are predicted in SPH simulations (Finlator et al. 2006) and
have successfully been used to infer the properties of two z � 6
galaxies (Finlator et al. 2007). In this case, galaxies would grow
along the “main sequence” of the M�–M1500 relation of Figure 9,
which results in little evolution of the normalization of the M�–
M1500 relation over 4 � z � 6, similar to the observed trend.
This picture is also able to explain the observed LF evolution.
If galaxies in the luminosity range probed by our study steadily
brighten by � 0.7 mag at 1500 Å in the � 620 Myr between
z � 6 and 4 (matching the evolution seen in the characteristic
UV luminosity, M�), then this scenario would be fully consistent
with the observed evolution in the UV LF.

Importantly, a significant obstacle for each of the “steady
growth” scenarios described above comes from observations of
the clustering of dropouts at z � 4 (Ouchi et al. 2004; Lee et al.
2006, 2009). By linking the dropouts of a given UV luminosity to
a dark matter halo mass, constraints can be placed on the fraction
of halos which are UV-bright, from which a star formation duty
cycle can be determined. Using this approach, Lee et al. (2009)
concluded that the typical duration of star formation activity in
the dropouts at z � 4 must last no longer than � 400 Myr.
Hence according to these results, those galaxies that are active
at z � 6 would no longer be active at z � 4, in direct conflict
with the sustained activity inherent to this picture.

In summary, we find that it is difficult to reconcile the
observed data (UV LF, stellar populations, and clustering)
with a scenario in which the galaxies observed at z � 4
have been steadily growing at a fixed UV luminosity since
z � 6. Instead the data require z � 4 dropout galaxies to
have been less luminous several hundred million years prior to
the redshift at which they are observed. Hence we find that
a promising means of reconciling the steady growth model
with the observations could be a scenario whereby the SFRs
of galaxies are, on average, growing more vigorous as their
mass grows, as proposed by Finlator et al. (2006).
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6.2. Testing the Independent Generations Model

We now consider the feasibility of the “independent genera-
tions” model mentioned at the outset of this section. In this pic-
ture, the galaxies we observe at z � 4 undergo shorter timescale
star formation episodes lasting no more than � 300–400 Myr.
In order to achieve these relatively punctuated episodes of lumi-
nous activity, each star formation event must eventually decline.
We model this behavior using the simple exponential decay
models discussed in Section 5.3. The typical inferred ages for
B drops using solar metallicity models with decay constants of
τ = 100 (300) Myr range from 140 (230) to 200 (450) Myr
at M1500 < −19.5, significantly lower than the constant star
formation models discussed above. These ages are comparable
to the time between z � 4 and 5, indicating that with these
assumptions the z � 4 dropout population is dominated by
sources which were not actively forming stars at z � 5, as
required based on our discussion above. Unless the cold gas
reservoirs present in newly emerged galaxies at a given UV lu-
minosity vary strongly between z � 4 and 6, we would expect
to see very little evolution in the M�–M1500 relation, similar to
the observations presented in Figure 9.

Since the inferred ages of the dropouts in this episodic star
formation scenario are typically small enough such that they
would not have been active in higher-redshift samples, there
is no inconsistency with the observed decrease in the number
density of luminous sources at z � 4. The only requirement
is that whatever process initiates the star formation activity
must steadily produce more vigorous episodes over cosmic time.
Given the expected growth in the underlying dark matter halos
hosting the dropouts, this is not an unreasonable requirement.

Unlike the “steady growth” scenario discussed previously, the
exponentially declining models predict that the dropouts will
grow progressively fainter over time. Assuming models with
decay constants of 100 Myr, the sources will become nearly
3 mag fainter in M1500 in just 300 Myr, and thus would almost
certainly escape selection in future dropout samples with similar
magnitude limits unless new star formation episodes have been
initiated. The short (� 500 Myr) star formation timescales
implied by this scenario are clearly in much better agreement
with those inferred from the clustering analysis previously
discussed (Lee et al. 2009).

A potential drawback of the exponentially decaying models
discussed above is that in order to reproduce the observed SEDs
of the dropout populations in the required short timescales, we
require the past UV luminosities to exceed those measured
presently. For the τ = 100 Myr models, we would expect
the typical galaxy to have been a factor of � 3 brighter at
1500 Å just 150 Myr earlier (with this very luminous phase
lasting for a duration of � 50 Myr). This implies an abundant,
precursor population of very young, luminous objects, which
are seemingly not present in sufficient number in the observed
dropout sample. This problem could potentially be explained
if this luminous phase is generally heavily extincted by dust.
Indeed, Shapley et al. (2001) found that the most luminous z � 3
LBGs tend to be very young and dusty. Further spectroscopy and
higher S/N near-IR data will soon help test this possibility.

One prediction from this episodic star formation model is
that there should be a significant repository of stellar mass in
objects which underwent a UV luminous phase at an earlier
epoch but are currently not actively forming stars. A careful
comparison of rest-UV and rest-optical selected samples at
z � 4 could thus yield significant insight into the mode of
star formation that is dominant at z � 4. By examining the

range of SFRs present in galaxies of fixed stellar mass, we
should be able to distinguish between the steady growth and
independent generations scenarios. The reliability of this test
relies on having samples with secure redshifts and accurate
extinction corrections, requiring both additional spectroscopy
and improved IR photometry.

Before concluding this section, we must comment on several
caveats that apply to our discussion. The first is the possibility
of an evolving IMF (Davé 2008; van Dokkum 2008) in which
the characteristic stellar mass increases toward higher redshifts.
As explained in detail in Davé (2008), this would alter the
current SFRs and the inferred stellar masses in such a way
to decrease the normalization of the M�–M1500 relation at
progressively earlier times. Clearly this does not help reconcile
the observations with the steady growth picture. The second
caveat is our neglect of the contribution of galaxy mergers to
stellar mass growth. While minor mergers are expected to be
very common at high redshift, they are likely to be gas-rich
interactions. Such merger events would help provide galaxies
with the gas required for star formation; however, the established
stellar mass gained in a gas-rich merger would likely not be
significant compared to the stellar mass growth that is occurring
due to star formation. This view is supported by simulations
which predict that galaxy growth is dominated by star formation
and not mergers at the high redshifts we are considering (Kereš
et al. 2005).

In summary, the episodic star formation model (approximated
by a single component exponentially declining star formation
history with luminous lifetimes of 300–500 Myr) can explain
the evolution in the M�–M1500 relation, the UV LF, and the
clustering properties at z � 4. If this mode of star formation
is dominant at z � 4, it would signal a potential shift from
the mode thought dominant at z � 0.5–2, where the lack
of significant scatter in the dust-corrected SFRs of galaxies
at fixed stellar mass (Noeske et al. 2007; Daddi et al. 2007)
argues against the feasibility of star formation being dominated
by short-timescale episodes (Davé 2008). However, given the
minimal spectroscopic completeness and low S/N of the IR
data at z � 4, it is too premature to rule out the sustained mode
of star formation for z � 4 galaxies. With new IR imaging
and extensive spectroscopic surveys for high-redshift dropouts
currently underway, it will soon be possible to improve the
fidelity of the results presented here as well as to robustly
test several of the additional predictions of the episodic star
formation mode described above, both of which should lead
to further progress in our understanding of the history of star
formation at z � 4.

7. CONNECTING THE z � 4 MASS ASSEMBLY HISTORY
TO QUIESCENT GALAXIES AT z � 2

The assembly history of massive galaxies at high redshift
(z � 2) has been a very active area of research in recent
years. Near-infrared photometry of rest-UV selected objects
at z � 2–3 has revealed a significant population of massive
galaxies at high redshift (Shapley et al. 2001, 2005). In addition,
near-infrared color selected samples have proven very effective
at isolating large samples of DRGs (e.g., Franx et al. 2003).
The red colors of these objects likely arise from evolved stellar
populations or dust (or some combination of the two). The
addition of Spitzer photometry (e.g., Labbé et al. 2005; Webb
et al. 2006; Papovich et al. 2006; Reddy et al. 2006) and very
deep spectra (van Dokkum et al. 2004; Kriek et al. 2006) has
enabled the passively evolving subset of DRGs to be separated
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from the dusty subset, providing more robust constraints on
the physical properties and evolution of massive � 1011 M�
galaxies at z � 2. These studies have allowed much more
accurate constraints to be placed on the epoch of formation
of the population of massive galaxies at z � 2.3. Kriek et al.
(2006) find that the near-infrared spectra of a small sample of
z � 2.3 DRGs are best fit by ages of � 1.3–1.4 Gyr, suggesting
that most of these systems started forming their stars between
z � 3 and 4.

While the formation epoch of the massive galaxies at high
redshift is becoming increasingly better defined, it is still unclear
what are the precursors of these massive systems. Submillimeter
galaxies (Chapman et al. 2003; Smail et al. 1998; Capak et al.
2008) are convincing candidates since their intense SFRs allow
a substantial amount of mass to be assembled in a short period
of time (see Cimatti et al. 2004; McCarthy et al. 2004). But
submillimeter sources may not provide a complete sample of
the precursors to high-redshift massive and passive systems.
Indeed, Shapley et al. (2005) have shown that for reasonable
assumptions the most massive objects in z � 2 rest-UV selected
samples are likely to evolve into quiescent systems by z � 1.7,
with space densities that are virtually identical to those of the
passive population at that redshift (Cimatti et al. 2004). Objects
may of course spend portions of their assembly history in both
a SMG and LBG phase. Our goal in this section is to extend
the efforts of Shapley et al. (2005) to quantify the fraction of
massive galaxies at z � 2–3 that form a significant portion of
their mass in an LBG phase at z � 3.5 and may be missed by
current submillimeter galaxy surveys.

We thus set forth to compute the number densities of massive
objects in our B, V-, and i ′-drop samples. To derive the stellar
mass functions, we group the dropouts by stellar mass in bins
of Δlog10M = 1.0, spanning between 107.5 and 1011.5 M� and
then compute the number density of dropouts in each mass
bin, accounting for the variation of the effective volume with
apparent magnitude. We also apply a correction to account for
the galaxies which are not included in the SED-fitting analysis
due to being blended with foreground sources in the IRAC
images. As we discussed in Section 5.1 (see also Figure 1),
the fraction of sources that are blended varies with i ′775 or
z′

850 apparent magnitude. We account for this slight bias by
applying a magnitude-dependent correction: after computing
the number density of galaxies in a given stellar mass and
apparent magnitude bin, we correct this density by dividing by
the fraction of high-redshift objects in that magnitude bin which
were included in the SED-fitting analysis. In order to provide
a consistent comparison of the mass function over z = 4–6,
we impose an absolute magnitude limit of M1500 = −20. This
ensures that each dropout sample is sufficiently complete to
make a reliable measurement (see Figure 9).

The resulting mass functions are shown in Figure 11. Also
shown on the plot (purple data points) are the inferred densities
if we include sources detected at 24 μm in the mass function
analysis. As expected, the 24 μm detections slightly increase
the number densities of the B and V drops in the most mas-
sive bins, but generally do not increase them by more than the
Poisson uncertainties in that bin. As discussed in Section 4.2,
the inferred stellar mass uncertainties for individual galaxies be-
come considerable for fainter sources with masses � 109.5 M�.
Although the average properties of sources less massive than
this limit are reliable, we nevertheless choose to focus our anal-
ysis on the more robustly determined objects contained in bins
109.5 M� and above.

The number densities derived here agree reasonably well with
previous measurements. We plot the recent McLure et al. (2009)
estimate of the z � 5 and 6 LBG stellar mass functions over our
curves in Figure 11 (after adjusting their masses to be consistent
with a Salpeter IMF). In spite of their approximate way of
determining the stellar mass function (the McLure et al. mass
function is derived by scaling the LF by the average stellar mass
to light ratio), the two estimates agree to within a factor of 2
over the mass range probed, with our determination predicting a
larger density of the most massive galaxies. The results also are
in reasonable agreement with the massive end of the stellar mass
function determined from the cosmological SPH simulations
discussed in Nagamine et al. (2008). The observed mass function
becomes shallower than the model predictions at � 1010.0 M�.
This may be due, in part, to observational incompleteness at
low mass limits. However a similar “knee” in the galaxy mass
function is seen in the Drory et al. (2005) data suggesting that
the simulations may be underpredicting low-mass galaxies, as
suggested by Nagamine et al. (2008).

In contrast to the weakly evolving mass function at z � 1,
the increase in stellar mass between z � 6 and 4 occurs
over the entire stellar mass range considered. Between z � 6
and z � 4, we find a factor of 5–6 increase in density for
the bins ranging between 109.5 and 1010.5 M�. There is some
evidence that the number density grows more rapidly for the
most massive galaxies. While the uncertainties are significant,
the mass functions suggest that the number density in the bin
centered at 1011 M� increases by a factor of 17 between z = 6
and z = 4, nearly three times greater than the growth in less
massive bins. It seems likely that we are witnessing a formative
period of massive galaxy formation.

We finally turn to whether the observed number densities of
massive LBGs at z � 2 can account for a significant component
of the largely quiescent population of DRGs at z � 2. At
z � 4, we find that the number density of dropouts with mass
greater than 1011 M� (excluding MIPS-detected sources) is
� 2×10−5 Mpc−3 (Figure 12). We find no overlap between these
sources and the massive, submillimeter detected objects recently
discovered in GOODS-N (Daddi et al. 2009). If these massive
LBGs become quiescent on a timescale of less than 1 Gyr, then
we would expect them to appear as red galaxies with little star
formation at z � 2. Indeed if we evolve the colors and rest-UV
luminosities of these massive LBGs forward in time to z � 2
assuming the simple exponential decay models considered in
Section 6, we derive colors and optical apparent magnitudes
that are consistent with the observed properties of DRGs
(van Dokkum et al. 2006). Comparing the observed density
of massive LBGs at z � 4 to the number density of quiescent
1011 M� systems at z � 2–3 (1.1 × 10−4 Mpc−3, Kriek et al.
2008) indicates that at least � 20% of the z � 2–3 population
of quiescent 1011 M� galaxies formed a large fraction of their
stellar mass at z � 3.5.

Given the expectation that dust-enshrouded “bursts” of star
formation seen in the submillimeter are largely responsible
for assembling massive galaxies by z � 2–3 (Cimatti et al.
2004; McCarthy et al. 2004), it is interesting to extend our
estimates of the number density of massive LBGs down to
z � 2 in order to compute the total fraction of massive galaxies
that were formed through objects present in rest-UV selected
samples. Shapley et al. (2005) estimate that the number density
of UV luminous galaxies with masses in excess of 1011 M�
at z � 2 is �10−4 Mpc−3. We make our own estimate by
constructing a sample of rest-UV selected (z′ � 26.5) galaxies
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Figure 11. Stellar mass function of B drops (upper left panel), V drops (upper right panel), and i′ drops (bottom panel) with M1500 < −20. The green swath and
associated solid black data points corresponds to the mass function determined from a large sample of dropouts in GOODS-S and GOODS-N. As discussed in
Section 5.1, stellar masses are determined for individual galaxies by fitting the data against CB07 population synthesis models. This plot is constructed from models
with exponentially decaying star formation histories with τ = 100 Myr, solar metallicity, and a Salpeter IMF. The purple data points (slightly offset from the central
mass bin for clarity) correspond to the densities inferred if 24 μm detected sources are included. The vertical dotted lines represent the mass limit above which the
inferred masses are reliable for individual galaxies. The black dotted lines overlaid on the V- and i′-dropout mass functions (upper right and bottom panels) correspond
to the stellar mass function estimated in McLure et al. (2009) by multiplying the LF by the average M/L ratio of the dropout population. The red dashed line overlaid
on the i′-drop sample (bottom panel) corresponds to the predictions of the z � 6 stellar mass function from the cosmological SPH simulations presented in Nagamine
et al. (2008). The black solid curves overlaid in the upper right and bottom panel show the mass function determined in the B-drop sample (upper left panel).

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

in GOODS-S with photometric redshfits between z = 2 and
2.4 using redshifts and photometry from the GOODS-MUSIC
z′-band selected catalog (Grazian et al. 2006). We follow the
same procedures described earlier for computing stellar masses,
completeness as a function of magnitude, and effective volumes.
The derived number densities are corrected for incompleteness
(the sample is roughly 90% complete at z′ = 26), resulting in
final number density estimates of � 9×10−5 Mpc−3, very close
to the measurement from Shapley et al. (2005). These densities
suggest that at z � 2, the number density of UV-bright massive
galaxies is roughly comparable to the density of systems that
have already become quiescent.

Computing the contribution of rest-UV selected z � 2
galaxies to the density of quiescent z � 2 systems is nontrivial
as it depends strongly on the timescale over which star formation
is quenched in the LBGs. The shorter the timescale, the larger
the implied number density of quiescent objects at z � 2. If we
assume that massive LBGs join the red sequence over a period
of 500 Myr, then we can estimate a quiescent number density by
integrating over the growth in UV luminous massive galaxies

over 2 � z � 6 (Figure 12). Following this approach, we
find that rest-UV selected galaxies would produce a quiescent
galaxy density of 7 × 10−5 Mpc−3 by z � 2.5, increasing to 2 ×
10−4 Mpc−3 at z � 2. If the quenching timescale is longer (i.e.,
1 Gyr), then the implied quiescent number density decreases to
� 5 × 10−5 Mpc−3 at z � 2. Hence, these simple assumptions
suggest that star formation in rest-UV selected z � 2 galaxies
accounts for the assembly of at least 50% of the total quiescent
population of massive galaxies at z � 2.

It thus appears reasonable that a significant fraction of the
passively evolving subset of z � 2–3 galaxies with 1011 M�
assembled their mass in UV luminous star formation episodes
at higher redshifts. While it is possible that these rest-UV
selected galaxies would be detectable in deeper submillimeter
observations, or alternatively that these galaxies may have
undergone short-duration submillimeter luminous bursts of star
formation in their past, these results appear to indicate that the
ultraluminous submillimeter galaxies such as those presented in
Capak et al. (2008) and Daddi et al. (2009) do not necessarily
provide the only route toward assembling massive, quiescent
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Figure 12. Evolving number density of massive galaxies at high redshift. Top:
solid black circles (and associated blue swath) show the evolution in the number
density of actively forming galaxies more massive than 1010 M� derived in this
paper. The green asterisk correspond to the total number density of galaxies more
massive than 1010 M� at z = 2.5 identified in a Ks-band selected survey (Drory
et al. 2005). The vertical dotted line demarcates the redshift range covered in this
paper. Bottom: same as top panel but for galaxies more massive than 1011 M�.
The black circles give the number density of rest-UV selected galaxies more
massive than 1011 M�; the upper data point at z = 4 corresponds to the number
density inferred if the B drops with 24 μm detections are truly at high redshift.
The red asterisk shows the number density of galaxies more massive than
1011 M� that are quiescent at z = 2.3 (Kriek et al. 2008).

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

galaxies by z � 2. Constructing a complete sample of the
precursors of this massive population of red galaxies must
include both rest-UV and submillimeter samples.

8. STELLAR MASS DENSITIES AT z � 4, 5, AND 6

We now estimate the stellar mass densities implied by our
dropout samples. By integrating the mass functions presented
in Figure 11, we compute the stellar mass density brightward of
the adopted rest-UV magnitude limit (taken to be M1500 = −20
for each of the dropout samples). This absolute magnitude limit
corresponds to apparent magnitude limits of i775 � 26.0 for
the B drops, z850 � 26.4 for the V drops, and z850 � 26.7
for the i ′ drops. Using the τ = 100(300) Myr exponential
decay models, we obtain 1.1(1.4) × 107 M� Mpc−3, 3.7(4.9)
× 106 M� Mpc−3, and 1.6(2.3) × 106 M� Mpc−3 for the B,
V, and i ′ drops, respectively (Figure 13). Including all MIPS-
detected dropouts sources increases the derived mass densities
to 1.6(1.9) × 107 M� Mpc−3 for the B drops and 4.7(6.2) ×
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Figure 13. Stellar mass density of B, V, and i′ drops. The red rectangles
demarcate the stellar mass densities derived from our dropout sample with an
adopted magnitude limit of M1500 = −20. The circles (triangles) denote mass
densities and associated Poisson error determined using CB07 models with an
exponentially declining star formation history with a decay factor of τ = 100
(300) Myr. See the Figure 11 caption and Section 5.1 for further discussion of the
assumptions used in deriving the stellar masses. Purple squares demarcate rough
estimates of the total stellar mass density of galaxies brighter than M1500 = −10.
These values are determined by extrapolating the average relationship between
stellar mass and M1500 (Figure 9) to luminosities below the detection limits of
the GOODS data set.

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

106 M� Mpc−3 for the V drops with the τ = 100(300) Myr star
formation history. The range of mass densities quoted above
are consistent with our previous measurements at z � 5 (5 ×
106 M� Mpc−3, Stark et al. 2007) and z � 6 (2.5 × 106 M�
Mpc−3, Eyles et al. 2007).

As the total stellar mass density of galaxies at high redshift
provides a unique constraint on the past star formation history
of the universe, it is of interest to estimate the contribution
from galaxies that are fainter than the adopted rest-UV absolute
magnitude limit of M1500 = −20. For the B and V drop samples,
this magnitude limit is brighter than allowed by the S/N limits
of the data (see vertical lines in Figure 9). If we compute
the mass density of the B-drop sample including all sources
brighter than the 5σ limit of M1500 � −19.1, we derive a mass
density of 1.7(2.1) × 107 M� Mpc−3. Likewise, integrating the
stellar mass function of the V-drop sample including all sources
brighter than the 5σ limit of M1500 � −19.5, we find a mass
density of 4.4(5.9) × 106 M� Mpc−3. Both estimates exclude
the contribution of MIPS-detected sources.

In order to constrain the mass density of the population even
fainter than these limits, we need to know the average stellar
mass to UV luminosity ratio for galaxies below our detection
thresholds. We can estimate this by extrapolating the trends
present in the M�–M1500 relation of Figure 9. Fitting a linear
model to the observed trend for our B-drop sample, we find
the following relation: log10M� = −0.26 to 0.47(M1500). By
extrapolating this function to fainter magnitudes and integrating
the observed UV LF (Bouwens et al. 2007) to determine the
number density of galaxies at each M1500, we can compute a
rough estimate the contribution of typical faint UV sources to
the total stellar mass density.

Following this approach, we find that the entire population of
typical faint B drops (e.g., those with average stellar masses in
the magnitude range −19 � M1500 � −10) comprises � 49%
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of the total stellar mass density. This increases the total stellar
mass density in B drops to � 3.3(4.1)×107 M� Mpc−3 for the
τ = 100(300) Myr exponential decay models. Applying the
same procedure to the V drops (assuming the same relationship
between stellar mass and M1500 holds at z � 5), we derive total
stellar mass densities of 1.0(1.4) × 107 M� Mpc−3 for sources
brighter than M1500 = −10. We refrain from making a similar
extrapolation for the i ′ drops given the larger uncertainties in
this population’s M�–M1500 relation.

9. SUMMARY

We have studied the growth of galaxies over 4 � z � 6 with
the goal of improving our understanding of galaxy evolution
in the first 2 billion years of cosmic history. Using the deep
HST data available in the two GOODS fields, we compiled
samples of 2819 B dropouts, 615 V dropouts, and 166 i ′
dropouts. The superior quality of the multiwavelength data
in GOODS (including optical data from HST spanning four
filters, near-infrared data from the VLT and Subaru, and mid-
infrared data from Spitzer) greatly helps identify foreground
galaxies and stars which lurk in Lyman break dropout samples.
Great care was taken to identify and remove these objects from
our sample, using HST morphologies to excise point sources
likely to be bright stellar contaminants and broadband SEDs
spanning from the optical to the infrared to remove low-redshift
galaxies.

Our final high-redshift sample consists of 2443 B dropouts,
506 V dropouts, and 137 i ′ dropouts. From this sample of
galaxies, we constructed sub-samples of dropouts which are
sufficiently unblended with nearby foreground objects in the
deep Spitzer data to allow accurate photometry. In general,
this corresponds to � 35% of the total samples. We used the
CB07 population synthesis models to estimate stellar masses and
ages for this “Spitzer clean” subset. We compared the inferred
properties to those derived from BC03 models, finding general
agreement for solar metallicity models when the redshift is
above 5. Below this redshift, the mid-IR data begin to probe
the rest-frame near-infrared (which is affected by TP-AGB
stars), and the CB07 models therefore return masses which are
typically 10% lower than those from BC03 models.

Using this large database of stellar masses and rest-UV
properties of B, V, and i ′ dropouts, we examine the evolution of
star-forming galaxies between z � 4 and 6. We summarize our
main results below.

1. We find that the typical stellar masses and ages of galaxies
of a fixed UV luminosity (uncorrected for dust extinction)
do not evolve strongly between z � 6, 5, and 4. This argues
against the notion that the B drops are made up of galaxies
that have been steadily growing at fixed UV luminosity
since z � 6. Instead, these data suggest that each successive
epoch studied in this survey (e.g., z � 4, 5, and 6) is likely
dominated by galaxies that have only recently (within the
last � 300 Myr) emerged at their present luminosity. This is
consistent with the observed decline in the UV LF between
z � 4 and 6 (Bouwens et al. 2007).

2. The evolution in the M�–M1500 relation and the UV LF
is potentially difficult to reconcile if the galaxies ob-
served at z � 4 assembled their stars with a constant
SFR. In this scenario, the inferred ages of galaxies at
one epoch are sufficiently large to violate the required de-
cline in the UV LF and the lack of strong evolution in
the M�–M1500. However if lower metallicity templates are

adopted, the ages are lowered and the discrepancy reduced.
Deeper infrared photometry will be of significant benefit in
improving constraints on the inferred stellar populations.

We also considered a steady growth scenario in which
star formation is becoming steadily more vigorous with
increasing cosmic time between z � 6 and z � 4, as
predicted in the simulations of Finlator et al. (2006). In
this case, the inferred ages of the galaxies remain large, but
since their precursors are fainter in the past, they do not
violate the observed evolution in the UV LF and M�–M1500
relation. The only problem that potentially stands in the way
of this model is that it is inconsistent with the short duty
cycles implied by measurements of the clustering of z � 4
LBGs (Lee et al. 2009). Additional spectroscopy and new
multiwavelength imaging in independent fields are required
to confirm these clustering measurements.

3. We argue that episodic star formation may provide the best
fit to the wide range of observations considered in this
paper. In this picture, each epoch is dominated by recently
emerged sources, which remain luminous for no more than
� 500 Myr on average. If the UV luminous periods become
more intense with cosmic time between z � 6 and 4, then
this scenario could explain the evolution of the M�–M1500
relation and the UV LF. If this is the dominant mode of
star formation at z � 4, then there should be a significant
population of relatively massive, quiescent sources that are
in between star formation episodes. Future efforts at z � 4
should help clarify whether this is the case.

4. The stellar mass function of UV luminous sources grows
significantly from z ≈ 6 to z ≈ 4, typically increasing by
more than a factor of six in number density over the entire
stellar mass range considered. There is some evidence that
the growth in the most massive LBGs (M� � 1011±0.5)
is a factor of three greater than in less massive systems,
implying that this redshift range likely corresponds to the
beginning of massive (1011 M�) galaxy formation era.

5. The rapid growth in the assembly of massive galaxies at
z � 4 indicates that at least � 20% of the z � 2–3
quiescent massive galaxies assembled their stellar mass
at z � 3.5. Fitting the increase in number density of
UV luminous, massive galaxies between z � 6 and 2,
we estimate that it is feasible that more than 50% of
quiescent z � 2–3 massive galaxies were assembled in
higher redshift LBGs. These results imply that the high
SFR, dust-obscured submillimeter galaxies are not the only
route toward assembling quiescent 1011 M� systems by
z � 2–3.

6. Using the CB07 models with solar metallicity and a
exponentially declining star formation history with a decay
factor of τ = 100(300) Myr, we derive the stellar mass
density of rest-UV selected dropouts brighter than M1500 =
−20: ρ� � 1.1(1.4) × 107 M� Mpc−3 at z � 4, 3.7(4.9) ×
106 M� Mpc−3 at z � 5, and 1.6(2.3) × 106 M� Mpc−3 at
z � 6. These measurements are certain to underpredict
the total stellar mass density since they do not include
the contribution from sources that either do not satisfy
are color selection criteria or lie faintward of the absolute
magnitude limit. By extrapolating the M�–M1500 relation
from Figure 9 to M1500 = −10 and integrating the UV LFs
of Bouwens et al. (2007), we estimate that the population
of faint galaxies may increase the mass density estimates
quoted above by a factor of 3–5×.
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