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ABSTRACT

Large-scale structures (LSSs) out to z < 3.0 are measured in the Cosmic Evolution Survey (COSMOS) using
extremely accurate photometric redshifts (photoz). The Ks-band-selected sample (from Ultra-Vista) is comprised
of 155,954 galaxies. Two techniques—adaptive smoothing and Voronoi tessellation—are used to estimate the
environmental densities within 127 redshift slices. Approximately 250 statistically significant overdense structures
are identified out to z = 3.0 with shapes varying from elongated filamentary structures to more circularly symmetric
concentrations. We also compare the densities derived for COSMOS with those based on semi-analytic predictions
for a ΛCDM simulation and find excellent overall agreement between the mean densities as a function of redshift
and the range of densities. The galaxy properties (stellar mass, spectral energy distributions (SEDs), and star
formation rates (SFRs)) are strongly correlated with environmental density and redshift, particularly at z < 1.0–1.2.
Classifying the spectral type of each galaxy using the rest-frame b − i color (from the photoz SED fitting), we find a
strong correlation of early-type galaxies (E-Sa) with high-density environments, while the degree of environmental
segregation varies systematically with redshift out to z ∼ 1.3. In the highest density regions, 80% of the galaxies are
early types at z = 0.2 compared to only 20% at z = 1.5. The SFRs and the star formation timescales exhibit clear
environmental correlations. At z > 0.8, the SFR density is uniformly distributed over all environmental density
percentiles, while at lower redshifts the dominant contribution is shifted to galaxies in lower density environments.
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1. INTRODUCTION

The cosmic evolution of galaxies and dark matter is strongly
linked through both environmental influence and feedback due
to starbursts and active galactic nuclei (AGNs). Peng et al.
(2010) have recently shown that the quenching of star for-
mation (SF) activity in low-redshift Sloan Digital Sky Sur-
vey (SDSS) galaxies is clearly separable into galaxy-mass- and
environmental-density-dependent effects. A major motivation
for the Cosmic Evolution Survey (COSMOS) was to provide a
sufficiently large area to probe the expected range of environ-
ments (large-scale structure, LSS) with high sensitivity to detect
large samples of objects at high redshifts, and to minimize the
effects of cosmic variance. The COSMOS 2 deg2 survey samples
scales of LSS out to ∼50–100 Mpc and detects approximately
two million galaxies at z = 0.1–5 at I < 26.5 mag(AB). Ini-
tial identifications of LSS galaxy clusters in COSMOS were
compared with the total mass densities determined from weak-
lensing tomography and hot X-ray-emitting gas in the virialized
clusters/groups of galaxies at z < 1.1 (Scoville et al. 2007b;
Massey et al. 2007; Finoguenov et al. 2007); here we extend this
investigation to higher z and lower density LSS using deeper
photometry and high-accuracy photometric redshifts.

The identification of LSS from the observed surface density
of galaxies requires separation of galaxies at different distances
along the line of sight; otherwise, the superposition of LSS
at different redshifts would preclude a mapping of the struc-
ture morphology and the LSS overdensities would be diluted
by foreground and background galaxies. Ideally, redshift (or
distance discrimination) precision is desired at the level of the
internal velocity dispersions of the structures. For LSS map-
ping, line-of-sight discrimination is usually accomplished using
(1) color selection (e.g., using broadband colors to select red
sequence galaxies; Gladders & Yee 2005), (2) spectroscopic
redshifts (in COSMOS, e.g., Kovač et al. 2010; Peng et al.
2010), and (3) photometric redshifts derived from fitting the
broadband spectral energy distributions (SEDs) of the galax-
ies (van de Weygaert 1994; Postman et al. 1996; Schuecker &
Boehringer 1998; Marinoni et al. 2002). Color selection clearly
biases any correlation between environment and galaxy SED
or morphological type (Dressler et al. 1997; Smith et al. 2005)
since the resulting LSS are a priori based on a particular SED
type (e.g., early-type galaxies). In addition, the red early-type
galaxies must become rarer at early epochs, simply due to the
short cosmic age, and identification of clustering using the red
sequence is bound to become problematic at higher redshifts.
Spectroscopic redshifts are of course most desirable and have
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been used extensively in low-z studies with relatively bright
galaxies (e.g., SDSS); however, they are not presently feasible
for the samples of hundreds of thousands of high-redshift galax-
ies going fainter than IAB = 24 mag and galaxies lacking strong
emission lines. Spectroscopy of such faint galaxies requires the
largest telescopes and integration times of a few hours (Le Fèvre
et al. 2005; Gerke et al. 2005; Meneux et al. 2006; Cooper et al.
2006; Coil et al. 2006; Lilly et al. 2007).

In this paper, we identify LSS in the 2 deg2 COSMOS field
using the most recent COSMOS photometric redshifts (Ilbert
et al. 2009, 2013) to analyze the galaxy surface densities in
redshift slices out to z = 3.0, covering cosmic ages from 2.1
to 12 Gyr. These photometric redshifts are extremely accu-
rate (see Section 2) since they are based on deep thirty-band
UV–IR photometry and they cover all galaxy spectral types.
The galaxy sample used for this work and the associated stellar
mass limits are discussed in Section 2 and a similar sample is
generated from a ΛCDM simulation of size 1/64 of Millennium
(Section 2.3). We use two independent techniques—adaptive
smoothing (Scoville et al. 2007b) and two-dimensional (2D)
Voronoi tessellation (Ebeling & Wiedenmann 1993)—to mea-
sure the local density associated with each galaxy, and to map
and visualize coherent LSS in COSMOS (Section 3). Maps of
the LSS are presented in Section 4. The derived densities are
compared with predictions from the simulation (Section 5). We
analyze the evolution of the galaxy population with redshift and
environmental density in Section 6 and a simplified schematic
model for the evolution processes is presented in Section 6.5.

Adopted cosmological parameters, used throughout, are H0 =
70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. The AB magnitude
system is used throughout. For computing stellar masses and
star formation rates (SFRs), we adopt a Chabrier initial mass
function (IMF); for the Salpeter IMF, both the mass and SFR
estimates should be increased by a factor of 1.78.

2. PHOTOMETRIC REDSHIFTS
AND SAMPLE SELECTION

The COSMOS photometric catalog is derived from deep
ground- and space-based imaging in 37 broad and intermediate-
width bands. This includes HST-ACS F814W (Scoville et al.
2007a), the Suprime-Cam on Subaru (Taniguchi et al. 2007),
and CFHT-MegaCam/WIRCam (McCracken et al. 2010); near-
infrared imaging (Y, J, H, and Ks) from NOAO-4 m, UH88,
UKIRT (Capak et al. 2007; McCracken et al. 2010), and
Ultra-Vista (McCracken et al. 2012); Spitzer IRAC 3.6–8.5 µm
(Sanders et al. 2007), and GALEX NUV and FUV (Zamojski
et al. 2007). Typical sensitivities (5σ in a 3′′ aperture) are
26–27 mag (AB) in the optical and 25 mag (AB) in the
infrared (P. Capak et al. 2013, in preparation; McCracken
et al. 2012). The original COSMOS photometric catalogs were
based on primary source detections in the Subaru and CFHT
i-band imaging. A total of 2.1 million objects are included at
IAB < 26.5 mag (P. Capak et al. 2013, in preparation). The new
catalog we make use of here is based on primary source detection
in the Ultra-Vista Ks band and this provides significantly better
completeness at z > 1, especially for red or passive galaxies.

The COSMOS photometric redshift (photoz) catalog using
primary source selection in the Ks band is described in detail in
Ilbert et al. (2013). For these most recent photometric redshifts
the 30 broad, intermediate, and narrow bands include u∗, BJ,
VJ, r+, i+, z+, IA484, IA527, IA624, IA679, IA738, IA767,
IA427, IA464, IA505, IA574, IA709, IA827, NB711, NB816;
the four Spitzer IRAC bands; and four Ultra-VISTA bands
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(Y, J,H, and Ks). Photoz were derived for 218,000 galaxies
with Ks(AB) < 24 mag using a χ2 template fitting procedure
(Le Phare; Arnouts et al. 2002; Ilbert et al. 2006). The fitting
presumes 31 basic SEDs with dust extinctions varying from
AV = 0 to 1.5 mag with Calzetti et al. (2000) and Prevot et al.
(1984) extinction laws. Emission lines are included in the photoz
fitting.

Spectroscopic redshifts in COSMOS have been obtained
from the VLT-VIMOS zCOSMOS survey (Lilly et al. 2007)
for approximately 20,000 galaxies (IAB � 24.5 mag) and
Keck-DEIMOS (P. Capak et al. 2013, in preparation) for
approximately 3400 galaxies (IAB � 25 mag). The offsets
between the photometric and spectroscopic redshifts for 12,482
galaxies with high-reliability spectroscopic redshifts at z =
0.05–4 down to IAB � 24.5 mag yield σz/(1 + z) ≃ 0.9% with
a catastrophic (>2σ ) failure rate typically only 2% as shown in
Figure 1 (Ilbert et al. 2013).

2.1. Sample Selection

For this study, we adopt selection criteria requiring that the
galaxies be detected in the near-infrared band (Ks and in most
cases they are detected in IRAC1–3.6 µm)—in order to pro-
vide more reliable mass estimates from the long-wavelength
continuum. We exclude objects classified as stellar or
AGN-dominated as indicated by their measured size in the
HST-ACS images or an X-ray detection. We impose the fol-
lowing selection criteria on the Ultra-Vista Ks-selected photoz
redshift catalog:

z = 0.15–3.0 (1a)

Ks(AB) � 24 mag (1b)

M∗ � 109 M⊙ (1c)

149.◦4 < α2000 < 150.◦8 and 1.◦5 < δ2000 < 2.◦9. (1d)

The stellar mass (see Section 2.2) selection criteria were
imposed so that the LSS would be mapped using reasonably
massive galaxies; it has impact only at z < 0.5 since such
low-mass galaxies are not detected at higher redshifts. The last
selection by position was used to provide an approximately
square area for imaging LSS and to minimize the effects of
the irregular Ultra-Vista coverage at the field edges. These four
combined selection criteria yield a sample of 155,954 galaxies.
(All areas masked for proximity to a bright star were also
excluded, as shown in Figure 21.) A principal goal of this
study is to explore the correlation of galaxy properties with
environment and redshift. Thus, it is important to recognize that
we have avoided selection based on a specific type of galaxy,
i.e., using colors to select red sequence galaxies.

The above selection criteria were arrived at as a compromise
between two goals: (1) maintaining high accuracy in redshifts
to enable narrow redshift slices for delineating the LSS and
(2) providing large samples of galaxies in each slice so that the
LSS can be traced to lower densities. Trials with the simulation
mock catalogs (see Section 2.3) indicated that redshift slice
widths of ∆z ∼ 1%–2% at z = 1 and ∼5%–10% at z = 2 are
adequate for detecting the LSS without excessive contamination
or dilution of the LSS.

The spectroscopic/photometric redshift comparison shown in
Figure 1 is limited to a sample of only 12,482 galaxies (mostly
brighter objects). To extend our understanding of the photoz

Figure 1. Comparison of photometric and spectroscopic redshifts for a sample
of 12,482 galaxies down to IAB ∼ 24.5 mag in COSMOS (figure taken directly
from Ilbert et al. 2013). For this sample, the σz/(1 + z) = 0.9% and the
catastrophic failure rate is 2%. The dotted lines indicate the 2σ dispersions.
The COSMOS photometric redshifts are from Ilbert et al. (2013) and the
spectroscopic redshifts are from the zCOSMOS VIMOS bright (black squares)
and faint (blue ×’s) surveys (Lilly et al. 2007), the Keck DEIMOS survey (green
×’s; P. Capak et al. 2013, in preparation), the FORS2 survey (brown triangles;
Comparat et al. 2013), the FMOS survey (cyan stars; J. D. Silverman et al. 2013,
in preparation), the MOIRCS survey (red circles; Onodera et al. 2012), and the
WFC3 grism survey (red triangles; J. K. Krogager et al. 2013, in preparation).
Only galaxies with reliable (at least two spectral lines) spectroscopic redshifts
are used here.

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

uncertainties, we used the probability distribution function
(PDF) from the photometric redshift solutions for a more general
assessment of the redshift accuracies as a function of both
redshift and magnitude. As discussed in Ilbert et al. (2009),
the width of the highest peak in the PDF agrees well with that of
the specz-photoz comparison at redshifts and magnitudes where
there are sufficient spectroscopic redshifts for a comparison (see
Figure 9, Ilbert et al. 2009). Figure 2 shows σz/(1 + z) as a
function of redshift and galaxy magnitude from the Ks-selected
photoz catalog. For sources with spectroscopic redshifts, the
PDF yields uncertainty estimates in good agreement with the
dispersions between the spectroscopic and photometric redshifts
shown in Figure 1 (Ilbert et al. 2013).

Figure 2 shows that at Ks(AB) < 22.5 and low z, σz/(1 +
z) < 0.01 but the accuracy degrades significantly at fainter
magnitudes and above z ∼ 1.1. The black line in Figure 2
indicates the median-observed Ks magnitude of galaxies in our
sample as a function of redshift. At z = 1, a redshift slice of
width ∆z = 0.02 (∼2σz) is appropriate while at z = 2 the
width should increase to ∼0.2. In fact, these variable width
bins in redshift result in fairly similar spans in look-back time
(∆tLB = 0.17–0.42 Gyr).

2.2. Galaxy Classification, Stellar Mass, and SFR

In the most recent COSMOS photoz catalog which is used
here, stellar masses and SFRs were derived from fitting the
template SEDs to BC03 models (Bruzual & Charlot 1993)
as discussed in Ilbert et al. (2013). These models assume a
Chabrier IMF (Chabrier 2003). The SFRs were estimated from
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Figure 2. Accuracy (σz/(1 + z) in %) for the photometric redshifts is shown
as a function of observed Ks-band magnitude and redshift. These uncertainty
estimates were derived from the dispersion in the photoz probability density
distributions (PDF) as discussed in the text. For bright galaxies at z < 1.2,
σz/(1 + z) < 1% but degrades by a factor of two at higher z and for fainter
galaxies. Also shown is the median magnitude, KsAB, for galaxies in our
sample—the widths of the redshift slices is chosen to approximately follow
the FWHM (=2σz) of the median galaxy at each z.

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

both the rest-frame UV continuum and the Spitzer 24 µm flux
(for galaxies with 24 µm detections). In cases where both IR
and UV SFRs were available, we used an SFR given by the
extincted UV continuum plus the IR SFR. For the IR-based

SFRs, the 24 µm fluxes were converted to total LIR using the
procedures of Lee et al. (2010) and using SFR(M⊙/yr) = 1.14×
10−10(LIR/L⊙). For galaxies lacking a 24 µm detection, the
SFR was estimated from the extinction-corrected UV continuum
derived from the photoz SED fitting, using the relations given
in Kennicutt (1998) and Schiminovich et al. (2005) scaled to
the Chabrier IMF, i.e., SFR = 1.0 × 10−28Lν(NUV) (cgs). In
order to study the impact of galaxy SED on our results, we
assigned a type to each of them according to their rest-frame
B − i color (including reddening), using the following types:
“SB1,” “Im,” “SB2,” “Sd,” “Sc,” “Sb,” “Sa,” “S0,” and “E,”
respectively (similar to the b − i color classes of Arnouts et al.
2005, but shifted slightly to account for the different COSMOS
filter bandpasses). For the analysis here we define three broad
classes with b − i color: >0.84 (E-Sa), 0.45–0.84 (Sab-Sd), and
<0.45 (IRR/SB).

Although color selection was not used for the sample, the
resultant mass limits differ for the red and blue galaxies as
a function of redshift. Figure 3 shows the stellar mass limits
for three characteristic SED types (early, spiral, and starburst)
resulting from the photometric selection criteria in Equation (1).
To compute the limiting mass curves shown in Figure 3,
we derived the mean mass-to-light ratios (using the observed
magnitudes in the Ks filter) for all the galaxies of each spectral
class as a function of redshift, and then scaled this ratio by
the limiting magnitude (24 AB). (These limits correspond to
∼75% completeness.) The number counts of the three basic
SED types with the combined selection criteria are also shown.
The mass limits clearly depend on the SED of the galaxy, but
having a catalog with primary source selection in Ks (rather than
optical bands) greatly reduces the bias against early types (Ilbert
et al. 2013). The starburst galaxies are relatively bright at short
wavelength, and therefore easier to detect in the observed optical
at high redshift, since their UV continua will be redshifted to
optical bands. In contrast, the early-type red galaxies become

Figure 3. For the sample selection with Ks < 24, yielding 155,954 galaxies, the stellar mass limits for early, spiral, and starburst galaxies are shown as a function of
redshift together with the number counts of each type in bins of width ∆z = 0.2. The lower mass limit for galaxy selection was 109 M⊙. The small breaks in these
curves are a result of the SED features redshifting through the COSMOS photometric bands which have varying sensitivities. The actual sample selection is given by
the joint criteria given in Equation (1). The gradual drop in the counts of red galaxies above z = 1.5 (right panel) is due to both their decreased numbers at high z and
the fact that the red galaxies have lower fluxes rest-frame blue which is redshifted to the Ks selection band. The decreases in total number counts at z < 0.5 are due
simply to the decreased cosmic volume. Extensive discussion of the mass completeness is provided in Ilbert et al. (2013).

(A color version of this figure is available in the online journal.)
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much more difficult to detect at high redshift (i.e., a higher
stellar mass is required) since they have relatively weak rest-
frame UV continua. This difficulty is alleviated to some extent
by the fact that at z = 1–2 the mass function of passive
(red) galaxies appears to have decreased numbers of low-mass
systems (<1010.8 M⊙) compared to higher masses (Ilbert et al.
2010, 2013); thus the lower mass red galaxies are intrinsically
rare above z = 1. The percentage of passive, intrinsically red
galaxies is of course also much lower at z > 1 (Ilbert et al.
2013).

The Ks-band photometric selection results in mass detection
limits: 0.3, 0.6, 0.8, and 1.5×1010 M⊙ at z = 0.5, 1, 1.5, and 2.5
for the E-Sa SED types. For the Irr-SB SED types, the equivalent
limits are <0.08, 0.1, 0.12, and 0.2×1010 M⊙ at z = 0.5, 1, 1.5,
and 2.5. (The explicit mass selection in Equation (1) removes
all galaxies with mass below 109 M⊙.) At z = 0.5–2, the knee
in the galaxy stellar mass function drops from log M∗ = 10.9
to 10.6 M⊙, i.e., from 8 to 4 × 1010 M⊙ (Ilbert et al. 2013)
for quiescent galaxies. For the blue galaxy SEDs, our selection
reaches more than an order of magnitude below these M∗ values,
even at the highest redshifts. For the red SEDs, the mass limit
reaches <0.2 M∗ all the way to z ∼ 3.

2.3. ΛCDM Simulation

One of the goals of this study is a comparison of the observed
evolution in the COSMOS LSS with current theoretical models.
For this, we make use of mock simulation catalogs generated
for an area and volume equivalent to the COSMOS survey.
The mock catalogs are based on ΛCDM simulations which
start at z = 127 evolved down to z = 0 (Wang et al. 2008).
For comparison with the COSMOS data we make use of their
WMAP3YC simulation, which adopts cosmological parameters
derived from a combination of third-year Wilkinson Microwave
Anisotropy Probe data on large scales, and Cosmic Background
Imager and extended Very Small Array data on small scales
(Spergel et al. 2007) (with ΩM = 0.226 and ΩΛ = 0.774).
Their mass and force resolution are the same as used in the
Millennium Simulation (Springel et al. 2005), while the volume
is smaller by a factor of 64.

The galaxy formation model of De Lucia & Blaizot (2007)
was adopted to calculate the galaxy properties. This model has
been able to reproduce many aspects of local galaxy populations
(e.g., Croton et al. 2006; De Lucia & Blaizot 2007) and high-
redshift galaxy properties (Kitzbichler & White 2007; Q. Guo &
S. D. M. White 2009, private communication). For WMAP3, two
sets of parameters are found to reproduce the local observational
data (see Wang et al. 2008; De Lucia & Blaizot 2007; Croton
et al. 2006; Springel et al. 2005). The simulations track halo
dark matter masses, SFRs, and stellar masses.

This simulation was extremely valuable for evaluating the
effectiveness of our techniques for identifying LSS in the
presence of redshift errors similar to those of the COSMOS
photoz, and for analysis of the scaling between the derived
2D surface densities of galaxies and the 3D volume density of
galaxies, for the range of LSS expected to be present at high
redshift.

The mock catalog includes photometric magnitudes in the
COSMOS filter passbands from FUV to IRAC1–4 and rest-
frame absolute magnitudes, with and without dust extinction.
Galaxies were selected from the simulation using the same
photometric cuts/limits as used for COSMOS (Equation (1)).
Redshifts from the simulations were also scattered with a
dispersion identical to those in the COSMOS photometric

Figure 4. Redshift distributions for COSMOS (blue) and simulation galaxies
(red) are shown for the adopted selection criteria (Ks < 24 AB mag at z =

0.15–3.0). The width ∆z of the redshift slices varies with redshift to match the
photoz accuracy (Figure 2), i.e., larger width bins at high z. These are the same
bin widths used in the LSS mapping, giving 1000 to 10,000 galaxies in each
redshift slice at z > 0.5. Note that these bins are spaced by half a bin width so
the total number counts are half of the sums obtained from this figure.

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

redshifts, as a function of magnitude and redshift (see Figure 2).
A known problem with the simulation is an overabundance of
low stellar mass galaxies (see Figure 1 in Guo et al. 2011);
to alleviate this problem, we imposed a stellar mass limit of
2 × 109 M⊙ (instead of 109 M⊙) to yield similar sample sizes
to the observed galaxy sample. In each mock catalog, two
dust extinction curves (“dust1” and “dust2”) were employed
to relate the dust extinction to the surface density of H i and
the metallicity of the interstellar medium (ISM). The major
difference between the two dust models is that the “dust2”
model has weaker dependence on redshift (Q. Guo & S. D.
M. White 2009, private communication) to better reproduce
the observed counts of Lyman break galaxies (Q. Guo & S.
D. M. White 2009, private communication). In this paper, we
compare observational results with the WMAP3YC model using
the magnitudes computed with the “dust2” extinction curve.

The redshifts of the galaxies from the simulation were then
dispersed with the same uncertainties as for the COSMOS
photoz catalog (Figure 2). The LSS in the simulation was
also measured with the same routines used for the COSMOS
galaxy sample (Section 3). Figure 4 shows a comparison
between the redshift distributions of galaxies in the mock and
in the COSMOS sample used here. Overall, there is very good
correspondence in the two redshift distributions.

3. GALAXY ENVIRONMENTAL DENSITIES

The environmental density for each galaxy was derived from
the local surface density of galaxies within the same redshift
slice (Section 3.1) based on the high-accuracy COSMOS pho-
tometric redshifts for the 155,954 galaxies. (We note that Knobel
et al. (2009, 2012) provide a catalog of galaxy groups and Kovač
et al. (2010) the density field, both based on the zCOSMOS spec-
troscopic redshifts for 16,500 galaxies.) Two techniques were
employed here to map the LSS: adaptive spatial smoothing and
Voronoi 2D tessellation (Section 3.2).
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Figure 5. Environmental densities obtained from the adaptive smoothing and
Voronoi techniques are compared for the sample of 150,852 galaxies. Contours
are at 0.0005, 0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, and 0.5. Over
almost three orders of magnitude in the surface density, the two techniques give
similar results following a line of 1:1 correspondence along the ridge line with
the highest number of objects. The deviation seen on the outermost contour
on the left side is due to the fact that the adaptive smoothing is designed to
detect only statistically significant overdensities in each redshift slice whereas
the Voronoi densities are derived everywhere.

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

3.1. Redshift Slices

For mapping LSS, it is vital that the binning in redshift be
matched to the accuracy of the redshifts to provide optimum
detection of the overdensities associated with LSS. Using red-
shift bins that are finer than the redshift uncertainties distributes
the galaxies from a single structure over multiple redshift slices
and thus reduces the signal-to-noise ratios in each slice. Con-
versely, bins of width larger than the redshift uncertainties will
increase the shot noise associated with foreground and back-
ground galaxies, relative to the LSS signal, i.e., galaxies from
neighboring redshifts are superposed on the LSS at the redshift
of interest.

For the adaptive smoothing algorithm discussed in Scoville
et al. (2007b), each galaxy is distributed in z according to
its photoz PDF (probability density function); for the Voronoi
tessellation, each galaxy is placed at the maximum likelihood
photometric redshift. (Rather than using the minimum chi square
photoz, we use the median of the marginalization of the redshift
probability distribution.) If the uncertainties in the galaxy
redshifts were a Gaussian distribution, the optimum smoothing
or binning in redshift would be a Gaussian of FHWM ≃ 2σz

(if there are approximately equal densities of galaxies in LSS,
and a uniformly distributed field population). The width of
this optimum redshift binning should increase as the number
of randomly superposed “field” galaxies is decreased. In the
following, we adopt redshift bin widths of ∆z = 2σz where
σz/(1 + z) is shown in Figure 2 as the line corresponding to
the expected uncertainty at the median magnitude of sample
galaxies as a function of redshift. The adjacent redshift slices
are spaced by half of the width of the slices at each redshift. The
result is a total of 127 redshift slices ranging from z = 0.15 to

3.0 which are analyzed for significant LSS. This results in the
bins having galaxy counts as shown in Figure 4.

3.2. Galaxy Density Measurements

Two techniques are used here to image the LSS environments
in the galaxy surface density distribution in the 127 redshift
slices: adaptive spatial filtering and Voronoi 2D tessellation.
The former was developed and tested in our previous analysis
of COSMOS LSS (see Scoville et al. 2007b); the latter has
been used in many earlier investigations of galaxy LSS (van de
Weygaert 1994; Ebeling & Wiedenmann 1993; Marinoni et al.
2002; Gerke et al. 2005). Both techniques are used here since
each has clear advantages and disadvantages and the generally
good agreement in the derived density fields provides confidence
in the results of both (see Figure 5). The sample numbers shown
in the figures below are less than the total sample of 155,954
galaxies, since galaxies at the edge of the survey area do not
have closed Voronoi polygons.

The adaptive smoothing procedure has a clearly specified
level of significance, and structures of lower statistical signifi-
cance are simply not detected. On the other hand, the adaptive
filtering which makes use of a variable width Gaussian spatial
smoothing function is less appropriate than the Voronoi tessel-
lation for detection of elongated and irregular structures. The
latter technique locates the polygon area closest to each galaxy
and is therefore not making an assumption of structure shape.
For the adaptive smoothing, the tests, run on a “redshift slice,” in
which 50% of the galaxies were in modeled overdense concen-
trations and 50% were randomly distributed, showed extremely
good proportionality between the recovered densities and the
models, with virtually no spurious features when compared to
the input model (see Appendix in Scoville et al. 2007b).33

A second difference between these techniques arises from
the fact that adaptive smoothing searches a defined range of
angular scales, whereas the Voronoi tessellation is unrestricted.
For the former, the data are spatially binned in 600 × 600 pixels
(0.′2) across the 2◦ field and smoothing filters from 1 to
60 pixels (FWHM) are searched for significant overdensity. The
filtering width thus corresponds to 0.′2 to 0.◦2, corresponding
to comoving scales of 200 kpc to 12 Mpc at z = 1. Thus,
one anticipates that the Voronoi technique can yield higher
densities on scales smaller than 0.′2 or in elongated structures.
The Voronoi technique will also provide a density estimate for
all galaxies independent of whether the environmental density
is statistically significant. The latter can be an advantage or a
disadvantage depending on how the density estimates are to be
employed, so we feel it is beneficial to have both density fields.

Both techniques yield the 2D surface density of galaxies in
each redshift slice rather than the true 3D volume density of
galaxies. Direct determination of the 3D volume densities would
require more precise redshifts and a means of correcting for
non-Hubble flow streaming and increased velocity dispersion
due to LSS mass concentrations. The accuracy of the redshifts
would need to be a factor of ∼10 higher to resolve the
cluster velocity dispersions. In very dense environments, the
increased velocity dispersions may actually indicate that the 2D
surface densities provide a more robust measure of the galaxy

33 For the adaptive smoothing, the two adjustable parameters in the algorithm
were the same as those used in Scoville et al. (2007b). Specifically, at a given
spatial filter width, the smoothed surface density was required to be detected at
a significance of 2.5σPoisson and the gradient detection significance (see
Scoville et al. 2007b) was set to 0.5σPoisson (where σPoisson is the Poisson noise
level calculated from the mean surface density in the redshift slice).
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Figure 6. Galaxy density field is shown for a sample redshift slice at z = 0.93 with the width (∆z = 0.03) of the slice matching the accuracy of the photometric
redshifts for the selected galaxy sample. The Voronoi 2D polygons outline the area closest to each individual galaxy. In the tessellation diagrams, the individual
galaxies are shown as red or blue points depending on the SED type of the galaxy (early and late, respectively), clearly showing the correlation of early-type galaxies
with denser environments at these redshifts. (Green points indicate galaxies on the outside of the area for which the Voronoi polygons are not closed.) The sparse
region in the lower left corner is a masked area where the Ultra-Vista coverage was incomplete (see Figure 21). The first animation shows the galaxies distribution
which was the basis for the derived densities and full sets of the Voronoi plots for the 127 redshift slices are available in the second animation in the online version.

(Animations and a color version of this figure are available in the online journal.)

environment (provided this surface density is mostly dominated
by the LSS in the slice with little foreground and background
contamination). In general, one expects proportionality between
the derived projected 2D and true 3D densities as long as
the redshift slices are fine enough that there are few galaxies
superposed from other redshifts. To test the proportionality,
we have run both the adaptive smoothing and Voronoi 2D
tessellation algorithms on the simulation mock catalog. Since
the simulation has accurate 3D positions, we were also able to
evaluate the 3D densities using a 3D tessellation. We found
that for the galaxy densities and redshift uncertainties in our
samples, the 2D projected densities were monotonically related
to the true 3D volume densities with a ∼0.67 power law as
expected for linear structures.

3.3. Comparison of Adaptive Smoothing and Voronoi Densities

The adaptive smoothing and Voronoi techniques give esti-
mates for the local surface densities of galaxies which are in rea-
sonable correspondence, given their very different approaches
and assumptions (as discussed above in Section 3.2). Figure 5
shows the distribution of the Σadap versus Σvor for the sample of
150,852 galaxies. This number of galaxies is slightly less than
the sample number quoted earlier since the Voronoi polygons
are not closed at the outer edges of the field and no area and
density estimate is obtained for those galaxies. Over ∼3 orders
of magnitude in the surface density the two techniques give sim-
ilar results with the ridge line for the highest number of objects
tilted somewhat, relative to the shown 45◦ equality line. The tilt

offset is due to the fact that the adaptive smoothing algorithm
only recovers densities at a smoothing scale length such that the
density is statistically significant, whereas the Voronoi densities
do not have this restriction. Deviations can also be seen in the
outer four contours at level 1/256 of the peak: these are due to
the ability of the Voronoi to go to effectively higher resolution
at higher densities. The maximum resolution in the adaptive
smoothing is set at 1/600 of the field or ∼10.′′8.

In the following, we use the densities derived from the
Voronoi tessellation for correlating galaxy properties with envi-
ronmental density. The tessellation provides an estimate of the
environment of all galaxies even if these are not significantly
overdense. On the other hand, the adaptive smoothing is more
appropriate for the identification of statistically significant LSSs
if that is required (although not the subject of the work here).

The environmental density estimates in the COSMOS
field as derived here are available for download from the
IPAC/IRSA COSMOS archive at http://irsa.ipac.caltech.edu/
data/COSMOS/.

4. COSMOS LSS

Figures 6–8 show the derived density fields of galaxies and
overdensities for the selected redshift slices. From the tessella-
tion analysis, both the Voronoi polygons for each galaxy (color
coded red for early-type SEDs and blue for late-type or star-
burst SEDs) and the derived density fields are shown. Statisti-
cally significant overdensities are revealed from the adaptively
smoothed surface densities in Figure 8. These figures illustrate
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Figure 7. Density field estimated from the inverse area of each galaxy shown in Figure 6. The vertical bar in the lower right indicates the comoving scale length of
6 Mpc. Contours are at 1, 2, 5, 10, 20, 50, 100, 200, and 500 times the density units (per deg2 and per Mpc2) given in the upper legend of the plot. Full sets of these
plots for the 127 redshift slices are available in the animation in the online version.

(An animation and a color version of this figure are available in the online journal.)

Figure 8. Statistically significant overdense regions (relative to the mean density at the same redshift) are shown from adaptively smoothing the spatial distribution of
galaxies in redshift slice at z = 0.93 (see Figure 6). The vertical bar in the lower right indicates the comoving scale length of 6 Mpc. Contours are at 0.5, 1, 2, 5, 10,
20, 50, 100, 200, and 500 times the density units (per deg2 and per comoving Mpc2) given in the upper legend of the plot. The mean density given by Σ0 in the upper
legend has been removed before computing the overdensity. Full sets of these plots for the 127 redshift slices are available in the animation in the online version.

(An animation and a color version of this figure are available in the online journal.)
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(a)

Figure 9. (a) Overdense regions at z = 0.14–0.5 are shown for the adaptive smoothing (top) and Voronoi (bottom) techniques. The images were made by summing
the derived overdensities measured from the individual redshift slices. The numbers on the lowest uncolored contour correspond to the projected density in Mpc−2.
(b) Overdense regions at z = 0.5–1.0 are shown for the adaptive smoothing (top) and Voronoi (bottom) techniques. The most massive structure in COSMOS at z =

0.73 can be seen here in the top center (Guzzo et al. 2007; Cassata et al. 2007). (c) Overdense regions at z = 1.0–1.5 are shown for the adaptive smoothing (top)
and Voronoi (bottom) techniques. (d) Overdense regions at z = 1.5–2.0 are shown for the adaptive smoothing (top) and Voronoi (bottom) techniques. (e) Overdense
regions at z = 2.0–2.5 are shown for the adaptive smoothing (top) and Voronoi (bottom) techniques. (f) Overdense regions at z = 2.5–3.0 are shown for the adaptive
smoothing (top) and Voronoi (bottom) techniques. (g) Overdense regions for the full redshift range at z = 0.15–3.0 are shown for the adaptive smoothing (top) and
Voronoi (bottom) techniques.

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

Figure 9. (Continued)

well the spatial clustering of the galaxies which can be seen in
COSMOS using accurate photoz to remove foreground and
background galaxies for each redshift. In each redshift slice,
many overdense structures are seen—both dense “circular
clumps” and elongated filamentary structures. The routine de-
tection of the filamentary structures at most redshifts is a new
feature provided by COSMOS—enabled by the large galaxy
samples having high-accuracy photometric redshifts. The very
large samples of galaxies available through photometric red-

shifts enable the mapping of structures even at relatively low
densities. (Areas masked due to bright stars contaminating the
photometry are shown in Figure 21 and these appear as blank
regions in the LSS at all redshifts.)

In Figure 9, the adaptively smoothed and Voronoi projected
surface densities are shown for selected ranges of redshift.
These images were made by summing the densities over the
range of redshifts specified on each plot. In general, there is
extremely good correspondence between the structures derived
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(c)

Figure 9. (Continued)

using the two techniques after allowing for their different
objectives and strengths: the adaptive smoothing picks up
only statistically significant overdensities while the Voronoi
technique shows all overdensities and is less shape and scale
dependent. Approximately 250 significantly overdense regions
are detected with scales 1–30 Mpc (comoving). We did not
attempt to catalog the separate structures—tracing their full
extent and deciding whether multiple peaks are really part of
a single larger structure becomes quite subjective. (Automated
delineation of the structures was attempted with only limited

success; the parameters appropriate to different redshifts must
be changed as a function of redshift due to the varying levels
of confusion, and thus the resulting catalogs are non-uniform in
their selection biases.)

5. EVOLUTION OF COSMOS LSS AND
COMPARISON WITH THE SIMULATION

Figure 10 shows the range of environments for the COSMOS
sample as a function of redshift. The contours indicate relative
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(d)

Figure 9. (Continued)

numbers of galaxies as a function of environmental density and
redshift. Overall, we find excellent correspondence between the
COSMOS sample and that from the simulation—both in the
relative number of galaxies at different environmental densities
and the variation of the structure densities with redshift (see
below).

The LSS seen in COSMOS and those in the ΛCDM simulation
can be compared by measuring the fractional area occupied
by environments of varying overdensities. For the simulation,
the redshifts were given the same dispersion as the COSMOS

photoz (see Figure 2) and the structures were measured using the
same techniques as discussed in Section 2.3. In Figure 11, this
area filling percentage is shown as a function of overdensity
for four redshift ranges. This figure clearly illustrates the
increasing range of overdensities seen at low redshift compared
to higher redshifts. The figure also shows extremely good
correspondence in the area filling fractions and their evolution
with redshift between COSMOS and the simulation. This area
filling percentage is analogous to a spatial power spectrum,
but perhaps more easily visualized. The relative frequency of a
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(e)

Figure 9. (Continued)

given overdensity at each redshift is more directly apparent than
would be the case for a power spectrum.

6. CORRELATION OF GALAXY
PROPERTIES WITH ENVIRONMENT

A major motivation of this study is the exploration of the
environmental influence on galaxy properties—their SED types,
SFRs, and stellar masses. Given the well-known correlation of
early-type massive galaxies with dense/cluster environments at
low redshifts, we can now investigate at which redshifts these

influences develop, and explore in more detail the dependence
on environmental density, using the enormous galaxy samples
in COSMOS. And since similar processing has been employed
on the simulation, we can compare in detail the observations
with the semi-analytic model predictions.

6.1. Galaxy Colors and SED Types

In Figure 12, the correlations of galaxy SED type (Section 2.2)
with density and redshift are shown. For each redshift–density
cell, the color fractions are proportional to the fraction of
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(f)

Figure 9. (Continued)

each galaxy type. In the left panel, the galaxy number fraction
is shown and in the right panel each galaxy is weighted by
its mass. As noted earlier, the correspondence between the
rest-frame b − i color and the galaxy type is taken from Arnouts
et al. (2007) and the stellar mass from the COSMOS photoz
catalog was estimated using a color-dependent mass-to-light
ratio (see Ilbert et al. 2009).

Numerous studies have shown a strong dependence of the
red galaxy fraction on environmental density at low redshift
(e.g., at z < 0.1; Baldry et al. 2006). Figures 12 and 14 clearly

show a strong preference for the early-type galaxies to inhabit
the denser environments out to z ∼ 1.2 although their total
percentage decreases systematically with increasing z. Beyond
z ∼ 1.2, the early-type galaxies are much less numerous and the
strong environmental correlation disappears. Iovino et al. (2010)
analyzed the blue galaxy fraction in galaxy groups defined
from the zCOSMOS spectroscopic sample and found a strongly
increasing blue fraction at higher redshifts.

To more clearly show the correlations with relative density
as a function of redshift, we classify each galaxy by where
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(g)

Figure 9. (Continued)

it falls within the distribution of LSS densities at its redshift.
At each redshift, the distribution of environmental densities is
calculated and each galaxy’s percentile within that distribution
is determined. This effectively normalizes out the lower range
of environmental densities at high redshift and the redshift
dependence of the mean environmental density. The translation
between these density percentiles and absolute surface density
is shown in Figure 13.

Figure 14 shows the variation in the percentage of early-type
galaxies (with SED corresponding to E-Sa galaxies) with density

percentiles for eight redshift ranges. This plot clearly shows the
steep increase in the fraction of early-type galaxies at z < 1.2
and the development of strong environmental dependence at
the same time, starting at z ∼ 1.2 in the observed galaxies.
For the simulation galaxies, the environmental dependence for
the early-type galaxies persists all the way out to z = 3, albeit
with reduced strength (Figure 14, right). The flattening of the
density dependence in the early-type fraction at the highest
redshifts is likely due in part to the reduced dynamic range of
environmental densities at high z (see Figure 13) and the fact that
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Figure 10. Densities measured with the Voronoi technique are shown for the
sample of 150,852 COSMOS galaxies from z = 0.14 to 3.0. At low z, these
densities extend over three orders of magnitude, typically from 0.1 to over
100 Mpc−2 and at the highest z approximately two orders of magnitude. The
contours, showing the relative numbers of galaxies at each density and redshift,
decrease by a factor of two for a full range of 1/4096 at the outermost contour
level. At high redshift, the decrease in the number of galaxies at high densities
is due to cosmic evolution of the density field (see Figure 3).

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

at early epochs the evolution is driven by environment on smaller
scales. Another notable difference between the COSMOS and
simulation samples is the overall lower fraction of early-type
galaxies in the simulation at z > 1.5. In summary, the most
notable difference between the simulation and the COSMOS
galaxies is that the simulation shows higher percentages of early-
type galaxies in the dense environments and smoother and more
regular variations—probably an expected result of the strictly
prescriptive semi-analytics.

In the following, we refer to this transition in the density
dependence for the observed galaxies as the “emergence of the
red sequence.” This is not to imply that red sequence galaxies
do not exist at higher redshift, simply that they do not exhibit
the clear density dependence seen at z < 1.2. The span of
cosmic age over which this emergence takes place is only
∼1 Gyr. It is important to emphasizes that the simulation, which
was subjected to the same redshift uncertainties, photometric
selection, and LSS mapping techniques, did in fact show
environmental dependence all the way to z= 3, so the emergence
of the environmental dependence in the observed galaxies only
at z ∼ 1.4 is not due to any selection or measurement effect.

6.2. Star Formation Activity

The SFRs for each of the galaxies were estimated from
the rest-frame NUV continuum of their SEDs and corrected
for extinction, combined with SFR estimates from Spitzer
24 µm data as described in Section 2.2. In Figure 15, the
median SFRs and SF timescales (τSF = M∗/SFR) are shown
as a function of redshift and environmental density. For both

Figure 11. Percentage of area on the sky occupied as a function of environmental
overdensity for selected redshift ranges is compared between the COSMOS
data and WMAP3YC simulation for areas with significant overdensity. The
simulation very accurately reproduces the relative amounts of structure as
function of both environmental density and the evolution of this structure.

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

quantities, extremely strong environmental dependence is seen
at low redshift with a factor of 10 change in both the SFR and
timescale between the average at low z and that seen in the
densest environments. As with the early-type galaxy fraction,
the environmental segregation falls off and disappears above
z ∼1. In Figure 15, it can be seen that the median SFRs perhaps
show some a very mild environmental dependence out to z ∼ 3
but it certainly not as significant as the correlation at low z. At
z < 0.1 using SDSS, Kauffmann et al. (2004) found a strong
dependence of the specific SFR (sSFR = SFR/M∗ = 1/τSF)
with environment—a factor 10 decrease in the sSFR going from
low- to high-density environments.

In Figure 16, the median SFRs are shown for the COSMOS
and simulation galaxies as a function of environmental density
and redshift. The observed galaxies exhibit a significantly
stronger increase in SFRs with redshift than those in the
simulation, but somewhat weaker environmental dependence
at the lowest redshifts. The COSMOS SFRs increase by a factor
of ∼40 from z = 0.1 to 2.5 while the galaxies in WMAP3YC
show median SFRs up by a factor of ∼25 over the same range.
Both the observed galaxies and those in the simulation also
exhibit strong environmental dependence out to z ∼ 1.0 and 1.2,
respectively. Figure 17 shows the variation in the characteristic
SF timescale (i.e., the median τSF)—this SF timescale by an
order of magnitude increase from z = 3.0 to 0.15 in less
dense environments and two orders of magnitude decrease in
the denser environments.

In recent work, there has been major divergence regarding
the dependence of the SFR in galaxies on their environment at
z ∼ 0.8–1. In the local universe, several investigations find the
mean SFR of galaxies in dense environments to be much less
than those of galaxies in lower density regions (Gómez et al.
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Figure 12. Galaxy percentages in COSMOS (classified as early-type (E-Sa), Spiral (Sab-Sd), and IRR/SB on the basis of their rest-frame reddened b − i colors) are
shown as a function of environmental density and redshift. The left panel shows the percentage by number and the right panel weights each galaxy by its mass.

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

2003; Balogh et al. 2004; Kauffmann et al. 2004). Elbaz et al.
(2007) and Cooper et al. (2008) have suggested a reversal at
z = 0.8–1 of the SFR–density relation (i.e., higher SFRs at
higher densities); however, Patel et al. (2009) found no such
reversal for a cluster and its environment at z = 0.1274. We see
no evidence of the claimed reversal in the density dependence
using our sample of galaxies which is larger by a factor of
10–100 than those in the above studies and with consistent
density estimators for the entire redshift range. (The basis of the
reversal noted by Cooper et al. (2008) is hard to assess since
the effect shown in their Figure 12(d) is not clearly evident in
Figure 12(b) which plots the observed points from which
Figure 12(d) is derived.) As noted by Patel et al. (2009), the
reversal claimed by Elbaz et al. (2007) actually occurs only in
a narrow range of density and not at the very highest density.
Using zCOSMOS data, Cucciati et al. (2010) and Bolzonella
et al. (2010) also see no reversal. Using [O ii] emitters at
z ∼ 1.2 detected in narrowband imaging in COSMOS, Ideue
et al. (2012) found that the average SFR of star-forming galaxies
was independent of both stellar mass and environmental density,
consistent with our results at this and higher redshifts.

6.3. Environmental Dependence of
the Star Formation Rate Density

It is now well established that the total SFR per unit of
comoving volume or SFR density (SFRD) evolves strongly
with cosmic time, decreasing by a factor of ∼20 from z =
2 to 0 (see Karim et al. 2011, and references cited there).
Using the environmental densities derived here, it is possible
to investigate how the SFRD at each epoch is distributed with
environment. In Figure 18, the relative contributions to the total
measured SFR(z) of galaxies in the different density percentiles
are shown. Since there are, by construction, equal numbers of
galaxies in each density percentile bin, this plot normalizes out
the redshift variation of the number of galaxies in different
density regimes. Figure 18 shows that the SFRD is uniformly
distributed among the density percentiles at all redshifts z > 0.6,

Figure 13. Correspondence between the density percentiles (used in
Figures 14–18) and the absolute surface density per comoving Mpc2 is shown
for seven redshift ranges in COSMOS.

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

while below that redshift the SFRD shifts strongly to galaxies
in lower density environments. Remarkably similar behavior is
seen in the COSMOS (left panel) and simulation galaxies (right
panel).

The preferential shift of the SFRD to lower density LSS
is probably a result of two factors: (1) the galaxies in the
high-density regions evolved earlier and (2) the shutdown of
resupply of star-forming gas in the dense environments (where
the galaxy velocity dispersions are higher, and feedback could
halt the diffuse gas accretion, see Section 6.5). It is worth noting
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Figure 14. Percentage of early-type galaxies (E-Sa) as a function of environmental density percentiles is shown for eight redshift ranges for COSMOS galaxies (left)
and simulation (right). At each redshift, the distribution of environmental densities is calculated and each galaxy’s percentile within that distribution is determined.
This effectively normalizes out the lower range of environmental densities at high redshift and the redshift dependence of the mean environmental density. The error
bars show the dispersion in the median estimates for the sample in each bin; when the error bars are not shown, they are smaller than the symbol. The uncertainties
shown in these and subsequent figures are calculated by bootstrap resampling. The translation between density percentile and actual surface density of galaxies is
shown in Figure 13.

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

Figure 15. Median SFR (left) and star formation timescale (τSF = M∗/SFR) (right) for COSMOS galaxies are shown as a function of environmental density and
redshift.

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

that since the mean stellar masses of galaxies in the dense
environments are significantly higher, even above z = 0.6, the
mass-weighted SFRD would show even earlier environmental
variation than the number-weighted SFRDs shown in Figure 18.

6.4. Buildup of Stellar Mass in Passive
and Star-forming Galaxies

The SEDs of galaxies at z < 3 are separable into two distinct
classes: the so-called red sequence (early-type) galaxies with

relatively low rates of on-going SF, hence called passive galax-
ies; and the blue cloud (late-type) galaxies with high SFRs.
In color–magnitude diagrams, there is a much lower num-
ber of galaxies in the green valley between the red sequence
and blue cloud. Rather than the standard color–magnitude di-
agram, we show in Figure 19 this bifurcation of galaxy popu-
lations in more physical units: the maturity, µ = τSF/τcosmic =
(M∗/SFR)/τcosmic where τcosmic is the age of the universe at
each redshift. Since we are interested in the relative maturity
of galaxy stellar populations over a range of redshift, we have
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Figure 16. Median SFR as a function of environmental density percentile for eight redshift ranges for COSMOS galaxies (left) and Millennium (right). The error bars
show the dispersion in the median estimates for the sample in each bin; when the error bars are not shown, they are smaller than the symbol.

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

Figure 17. Characteristic SF timescale (τSF = M∗/SFR) is shown for eight redshift ranges for COSMOS galaxies (left) and Millennium (right). The error bars show
the dispersion in the median estimates for the sample in each bin; when the error bars are not shown, they are smaller than the symbol.

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

normalized the SF timescales by the cosmic age at each red-
shift. The SF timescale is estimated using the SFRs (from the
UV continuum plus the IR; see Section 2.2) and stellar masses;
hence, the maturity responds rapidly to changes in the SFRs.
(The UV continuum at ∼1800 Å is produced by OB stars. For
an instantaneous starburst with a Kroupa stellar IMF, the UV
will fall by a factor of 10 within 30 × 106 yr after the starburst
ends (Scoville & Li 2011).) Figure 19 shows the variation of the
galaxy populations as a function of environmental density (left
panels, low density and right panels, high density) and redshift
(the rows) from z = 0.15 to 3.0. The dashed line in the figures
is the approximate color-dependent mass limit corresponding to
the photometric selection function.

At low z, Figure 19 shows very clear separation of the red
sequence (maturity µ > 10) and blue cloud (µ � 2) and an
enhancement of the red sequence in the denser environments
(right panel). In the green valley, between the red sequence
and the blue cloud, the number density of galaxies (in the
mass–maturity plane) is as low as 30% of the peaks on
either side. This enhancement of the red sequence in denser
environments persists but with diminishing amplitude out to z

= 1. In these plots, the red sequence clearly extends to lower
mass galaxies at decreasing redshift. In fact, comparing the
plot for z = 0.15–0.35 and z = 0.35–0.60 (Figure 19(a)),
a major development is the appearance of the low-mass red
galaxies at z = 0.15–0.35, which were not very apparent at
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Figure 18. Percentage of the star formation rate measured at each redshift attributed to different percentiles of the environmental density. The left panel shows the
COSMOS data; the right panel shows the simulation SFRD. At high redshift the SFRD is distributed equally across the density percentiles, but at z < 0.6 the major
contributions arise in the lower density environments.

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

z = 0.35–0.60. This strongly implies that such galaxies are
the result of environmental quenching processes (such as ram
pressure stripping or starvation of gas accretion) rather than dry
merging since the lower mass red galaxies were not present in
sufficient abundance at the earlier epoch. This corresponds to
the environmental quenching as discussed by Peng et al. (2010).

The mass limit cutoff shown by the dashed line in each panel
is at significantly lower mass than the mass at the peak of the
red sequence, and therefore the disappearance of environmental
dependence of the red sequence at z > 1.1 is not due simply to
insufficient mass sensitivity for passive galaxies. Additionally,
we note that such effects would not differentiate between
low- and high-density environments. Thus, we conclude that
environmental differentiation decreases at the higher redshifts.

A more complete analysis of the galaxy mass function
evolution is provided by Ilbert et al. (2009). The red sequence
shows an obvious tilt in maturity as a function of stellar mass
(Figure 19(a)), implying that the lower mass red galaxies were
built up at later times than the high-mass red galaxies. This
behavior is seen in the COSMOS study of galaxy mass functions
(Ilbert et al. 2010) and is commonly referred to as downsizing.
Above z = 1.25, the minimum corresponding to the green
valley disappears and the red sequence appears more as a
plume extending out of the high-mass end of the blue cloud
(see Figure 19(c)). At z > 1.1, one can still see a very mild
environmental segregation of the red sequence galaxies (i.e., a
slightly higher density of such galaxies in the right panel of each
redshift range).

6.5. The Rapid Development of Passive
Galaxies in Dense Environments

The mean cosmic ages at z = 1 and 1.3 are 5.7 and 4.7 Gyr, so
the abrupt development of environmental segregation for passive
galaxies must take place in ∼1 Gyr. A number of mechanisms
have been suggested for such environmental differentiation:
galaxy–galaxy harassment, tidal and ram pressure stripping

of the disk gas, shutoff of fresh gas accretion from the outer
halo by ram pressure (“strangulation”), and feedback from
starburst and active nucleus activity. To explore the possible
explanations for this rapid change, we have constructed a model
for the bulk evolution of galaxies with the simple assumptions
that they accrete interstellar/star-forming gas from their local
environment and form stars with an SF efficiency similar to that
seen at low-z.

At low redshift, we may take the Milky Way as being typical
of normal star-forming galaxies. Here, the mass of ISM is
∼3×109 M⊙ and the SFR is ∼3 M⊙ yr−1, implying an e-folding
timescale of ∼109 yr for reducing the ISM and SFR. For the z =
1.3 star-forming galaxies, ISM consumption with an efficiency
or timescale like that of local galaxies will only change the
maturity (M∗/SFR/τcosmic) by a factor of two on a Gyr timescale
via SF in the blue galaxies, changing the maturity by a factor of
a few within this time period.

An alternative mechanism to populate the red sequence might
be the merging of lower mass red sequence galaxies in the dense
environments at z > 1.1 (often referred to as dry merging);
however, the overall mass and number of such pre-existing
red sequence galaxies are insufficient even if the merger rate
is sufficient. We are therefore forced to the conclusion that
there is rapid conversion of massive star-forming galaxies to
passive galaxies (with SFRs decreased by a factor of >10
within ∼1 Gyr) and the only way this can happen is by removal
of the ISM.

One process which might remove the ISM rapidly and have
the observed strong environmental dependence is ram pressure
stripping of the ISM by cluster gas, deposited by prior SF
and AGN feedback processes. This strangulation process has
been included in LSS evolution simulations by McGee et al.
(2009) and they predict that the environmental dependence of
the passive galaxies should set in at z ∼ 1.4–1.5 (i.e., ∼1 Gyr
earlier than seen here).

To illustrate the need for rapid depletion of the star-forming
gas, we have computed the evolution for an extremely simple
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(a)

Figure 19. Maturity (τSF/τcosmic) is shown separately as a function of stellar mass for low (left panel of each pair) and high (right panel of each pair) density
environments as a function of redshift (pairs of panels). The maturity is correlated with the rest-frame colors of the galaxies (primarily the NUV for the SFR and the
near-infrared for the stellar mass). At low redshift, the maturity shows extremely good separation of the blue cloud and red sequence galaxies. On each plot, the dashed
line indicates the mass limit of the selection function as a function of maturity. (These mass limits are the average for objects in each redshift range, and hence some
galaxies at the low end of the redshift interval will appear to the left of the mass limit line.) Contours are at 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 ×

peak. The high and low environmental density bins are such as to split the overall galaxy sample in half at each redshift.

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

model in which galaxy ISM is supplied by accretion from the
local environment and converted into stars at a rate or efficiency
equal to that in the local universe for normal galaxies, as given
above, (i.e., not undergoing a starburst). The ISM accretion
or replenishment is taken to vary proportionately to the local
environmental density (ρ):

Ṁ = Ṁ0δ × ρ(z), (2a)

where δ = ρ/〈ρ(z)〉 is the local environmental overdensity
and ρ(z) ∝ (1 + z)3 is the mean cosmic density, and Ṁ0 is a

normalizing constant such that a significant star-forming ISM
has accumulated by z ∼ 4. This simplistic assumption is most
reasonable for central galaxies but not so appropriate for satellite
galaxies. The actual halo growth rate may vary as much as
(1 + z)2.2 (e.g., Neistein & Dekel 2008) and if this were adopted
it would make the ISM removal problem even more severe. The
accretion may occur either as spherical or cold flow accretion.

The timescale for SF in the accreted gas is taken to be
109 yr, i.e., similar to that computed above for the Milky Way
(also typical of low-z spiral galaxies; Young & Scoville 1991).
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(b)

Figure 19. (Continued)

This adopted efficiency is similar to that implicit to the Kennicutt
relation for typical spiral galaxies (but we omit the nonlinear
dependence on surface density for which one would need to
know the size of the ISM disk).

Using this simple model, we explore the effects of more rapid
SF or a denser environment (leading to higher accretion) on the
evolution of the SFR and maturity parameter. In Figure 20, the
redshift evolution of the SFR, the maturity parameter (τSF/τcos)
of the stellar population, the accumulated stellar mass, and
the ISM mass are shown for these evolutionary models. The
red curve illustrates the redshift evolution expected simply as
a result of accretion from the environment and SF with the
standard efficiency—this model clearly cannot reproduce the
rapid maturing (within ∼1 Gyr) of the stellar population (upper

right panel of Figure 20) as observed in the dense environments
between z = 1.3 and 1.1. Similarly, decreasing the SF timescale
or gas consumption time (τSFE) by a factor of five as might occur
in a starbursting system (yellow curve in Figure 20) simply shifts
the peak SF activity earlier, but does not significantly accelerate
the change of the maturity parameter to high values. In this
case, the accretion of fresh ISM continues and the associated
SF keeps the maturity low. To model the effect of exhaustion
of the existing ISM supply by SF when accretion processes
are abruptly terminated, we ran models with a cutoff redshift
zcut = 1.3 (green curve); this clearly accelerates the maturation
of the galaxies although still not as rapidly (within ∼1 Gyr) as
required by the observations for the dense environments. Here,
the SF slowly dies out with an e-fold timescale of 1 Gyr but
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(c)

Figure 19. (Continued)

is not abruptly terminated. This model corresponds to those
of Bouché et al. (2010) which have an abrupt accretion cutoff
once the halo mass exceeds ∼1012 M⊙. Instead, one needs to
actually strip the existing ISM from the galaxies or accelerate
the SF process (decreased SF timescale) as shown in the blue
and purple curves and halt accretion of fresh ISM. The model
with ρ/〈ρ〉 = 10 (purple curve) is included simply to illustrate
that when the accretion rate is scaled up by a factor of 10, the
temporal variation remains unchanged (although of course the
SFRs and final mass of stars are 10 times larger).

In summary, the rapid maturing of galaxies in dense environ-
ments seen here at z ∼ 1.2 requires both termination of the
fresh resupply of ISM and an elevated rate of depletion of

the existing ISM, either through stripping from the galaxy or
enhanced star efficiency. The termination of accretion within
dense environments might be caused by the higher virial veloc-
ities of galaxies in the dense environments and disconnection
of the galaxies from the filamentary/cold accretion flows found
in lower density environments. For exhaustion of the existing
ISM, ram pressure stripping seems more likely than enhanced
SFRs, since the latter may happen as a result of interactions
with characteristic timescales of 108 yr in some galaxies, but is
unlikely to occur for a significant fraction of the galaxies in the
dense environments within ∼1 Gyr. The intergalactic medium
accumulated in the densest LSS from galactic mass-loss SF and
AGN winds, combined with the nascent intercluster gas would
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Figure 20. SFR (upper left), maturity (τSF/τcosmic, upper right), Mstellar (lower left) and MISM (lower right) are shown for simple models with (1) ISM buildup by
accretion from the environment (with differing overdensity), (2) varying star formation efficiencies per unit mass of ISM, and (3) varying the lower redshift cutoff for
the accretion (see the text for details). τSFE = 1 Gyr corresponds to the typical efficiency observed in low-z spiral galaxies like the Milky Way; shorter timescales
correspond to starburst activity. ρ/〈ρ〉 = 1 corresponds to the galaxy being in the average environmental density at each redshift. The accumulated stellar mass and
residual ISM mass are shown in the lower two panels.

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

be the agent for the ram pressure. Kauffmann et al. (2004) have
argued similarly based on very detailed analysis of SF histo-
ries and structural characteristics of galaxies as a function of
environment in SDSS at z < 0.1. They point out that since the
structural properties are not so environmentally dependent, it
is unlikely that galaxy interactions and merging are driving the
decrease in the sSFR and increase in the red fraction in dense

environments. Peng et al. (2010) find that the quenching of SF
activity can be empirically modeled as separable stellar-mass
and environmental-density-dependent terms, but do not iden-
tify the physical mechanisms associated with each. Peng et al.
(2010) argue that the environmental quenching occurs only be-
low M∗ ∼ 1010 M⊙ , i.e., satellite galaxies and that the central
galaxies show no effect.
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Figure 21. Masked areas around bright stars are shown in black (as generated from COSMOS I- and B-band masks). In these regions, accurate photometry is precluded
and all galaxies in these regions are excluded from the LSS mapping and analysis. They appear as blank areas in the LSS maps at all redshifts.

7. CONCLUSION

New high-accuracy photometric redshifts for a sample of
155,954 galaxies at z = 0.15–3.0 have been used to map the
cosmic LSS in the 2 deg2 COSMOS survey field. Approximately
260 significantly overdense structures are detected, including
high-density, circularly symmetric structures, and elongated
filamentary structures extending up to 15 Mpc. The density
distributions and their evolution with redshift are in good
agreement with semi-analytic models based on the ΛCDM
simulation.

We have also presented preliminary analysis of the correlation
of galaxy properties with their LSS densities. At z < 1.2,
the red and low-SFR galaxies are strongly correlated with the
higher density environments and this environmental segregation
increases systematically to lower redshift. Above z = 1.2,
the environmental correlations are greatly reduced in both the
observations and the simulation. The contributions to the overall
SFRD are uniformly spread across all environments down to
z ∼ 0.6 while at lower redshift, the SFRD shifts to lower density
environments.

The density maps presented here for the COSMOS field
are available for general use at the IPAC/IRSA COSMOS
archive at http://irsa.ipac.caltech.edu/data/COSMOS/ancillary/
densities/. These files include images of all redshifts slices in
Figures 6–8, animations for these figures, and 3D FITS files.
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knowledges support from the National basic research program
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ries, CAS, the NSFC grants program (No. 11143005), and the
Partner Group program of the Max Planck Society.
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APPENDIX

BRIGHT STAR MASKING

For completeness, we show in Figure 21 the areas in the
COSMOS field where bright stars precluded accurate photome-
try, and hence where galaxies are not included in the photometric
redshift catalog. These regions will also be devoid of LSS.
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