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ABSTRACT

We present the first identification of large-scale structures (LSSs) at z < 1:1 in the Cosmic Evolution Survey
(COSMOS). The structures are identified from adaptive smoothing of galaxy counts in the pseudo-3D space (�, �, z)
using the COSMOS photometric redshift catalog. The technique is tested on a simulation including galaxies dis-
tributed in model clusters and a field galaxy population—recovering structures on all scales from 10 to 200 without a
priori assumptions for the structure size or density profile. The COSMOS photometric redshift catalog yields a
sample of 1:5 ; 105 galaxies with redshift accuracy,�zFWHM/(1þ z) � 0:1 at z < 1:1 down to IAB � 25 mag. Using
this sample of galaxies, we identify 42 LSSs and clusters. Projected surface-density maps for the structures indicate
multiple peaks and internal structure in many of the most massive LSSs. The stellar masses (determined from the ga-
lactic SEDs) for the LSSs range fromM� � 1011 up to�3 ; 1013 M�. Five LSSs have total stellar masses exceeding
1013M�. (Total masses including nonstellar baryons and dark matter are expected to be�50Y100 times greater.) The
derived mass function for the LSSs is consistent (within the expected Poisson and cosmic variances) with those
derived from optical and X-ray studies at lower redshift. To characterize structure evolution and for comparison with
simulations, we compute a new statistic: the area filling factor as a function of the overdensity value compared to the
mean at surface overdensity ( fA �/�(z)

� �
). The observationally determined fA has less than 1% of the surface area (in

each redshift slice) with overdensities exceeding 10:1, and evolution to higher overdensities is seen at later epochs
( lower z); both characteristics are in good agreement with what we find using similar processing on the Millennium
Simulation. Although similar variations in the filling factors as a function of overdensity and redshift are seen in the
observations and simulations, we do find that the observed distributions reach higher overdensities than the simula-
tion, perhaps indicating overmerging in the simulation. All of the LSSs show a dramatic preference for earlier SED type
galaxies in the denser regions of the structures, independent of redshift. The SED types in the central 1 and 1Y5 Mpc
regions of each structure average about one SED type earlier than the mean type at the same redshift, corresponding to a
stellar population age difference of�2Y4Gyr at z ¼ 0:3Y1.We also investigate the evolution of key galactic properties—
mass, luminosity, SED, and star formation rate (SFR)—with redshift and environmental density as derived from over-
densities in the full pseudo-3D cube. Both the maturity of the stellar populations and the ‘‘downsizing’’ of star forma-
tion in galaxies vary strongly with redshift (epoch) and environment. For a very broad mass range (1010Y1012 M�),
we find that galaxies in dense environments tend to be older; this is not just restricted to the most massive galaxies.

1 Based on observations with the NASA/ESA Hubble Space Telescope, obtained at the Space Telescope Science Institute, which is operated by the Association of
Universities for Research in Astronomy (AURA), Inc., under NASA contract NAS 5-26555; also based on data collected at the Subaru Telescope, which is operated by the
National Astronomical Observatory of Japan; the XMM-Newton, an ESA science mission with instruments and contributions directly funded by ESAMember States and
NASA; the European Southern Observatory under Large Program 175.A-0839, Chile; Kitt Peak National Observatory (KPNO), Cerro Tololo Inter-American Obser-
vatory (CTIO), and the National Optical Astronomy Observatory (NOAO), which are operated by AURA, Inc. under cooperative agreement with the National Science
Foundation (NSF); the National Radio AstronomyObservatory which is a facility of the NSF operated under cooperative agreement by Associated Universities, Inc.; and
the Canada-France-Hawaii Telescope (CFHT) withMegaPrime/MegaCam operated as a joint project by the CFHTCorporation, CEA/DAPNIA, the NRC and CADC of
Canada, the CNRS of France, TERAPIX, and the University of Hawaii.

2 California Institute of Technology, MC 105-24, 1200 East California Boulevard, Pasadena, CA 91125.
3 Visiting Astronomer, University of Hawaii, 2680 Woodlawn Drive, Honolulu, HI 96822.
4 Institute for Astronomy, University of Hawaii, 2680 Woodlawn Drive, Honolulu, HI 96822.
5 Service d’Astrophysique, CEA/Saclay, 91191 Gif-sur-Yvette, France.
6 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218.
7 Canadian Institute for Theoretical Astrophysics, McLennan Physical Laboratories, University of Toronto, 60 St. George Street, Room 1403, Toronto, ONM5S 3H8,

Canada.
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And in low-density environments, the most massive galaxies appear to have also been formed very early (z > 2), com-
pared to the lower mass galaxies there. Over the range z < 1:1, we do not see evolution in the mass of galaxies by
more than a factor of �2 separating active and inactive star-forming galaxy populations.

Subject headinggs: cosmology: observations — dark matter — large-scale structure of universe — surveys

1. INTRODUCTION

COSMOS is intended to probe the evolution of galaxies, ac-
tive galactic nuclei (AGNs), and dark matter in the context of
their cosmic environment (LSS). The survey area samples scales
of LSSs out to �50Y100 Mpc at z > 0:5. This corresponds to
9 times the area of Galaxy Evolution fromMorphology and SEDs
and Extended Groth Strip (Rix et al. 2004; Davis et al. 2007), the
next largestHubble Space Telescope (HST ) imaging surveys. The
COSMOS area (Scoville et al. 2007) is expected to have a 50%
probability of having one 1014 M� halo (dark and luminous mat-
ter) within every�z � 0:1 at z � 1Y2 (based on �CDM simula-
tions; see Benson et al. 2001); lower mass halos (�1013 M�) are
�20 times more abundant and therefore will be seen in every
�z � 0:1. A major theme for COSMOS is the effect of cosmo-
logical environment on the evolution of galaxies and AGNs. The
identification and measurement of LSSs are therefore a prerequi-
site to many aspects of science with COSMOS since the LSSs de-
fine the local environment. In COSMOS, the local galaxy number
and mass densities can be compared with the total mass densities
determined fromweak-lensing tomography and hotX-ray-emitting
gas in the virialized parts of LSSs having clusters of galaxies (see
below; Massey et al. 2007; Finoguenov et al. 2007).

The identification of LSSs from the observed surface density
of galaxies requires some means of discriminating galaxies at dif-
ferent distances along the line of sight; otherwise, the increased
shot noise in the galaxy counts reduces the signal-to-noise ratio for
the LSS. The better the redshift or distance discrimination, the eas-
ier it is to see low-density, LSSs. (This is true down to the point
that the internal velocity dispersion of the structure is resolved.) For
LSS finding, 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) photometric red-
shifts based on the broadband SED, or (3) spectroscopic redshifts
(see Appendix A; van de Weygaert 1994; Postman et al. 1996;
Schuecker & Boehringer 1998; Marinoni et al. 2002). Color
selection is not used here since it would preclude investigation
of correlations between environmental density and galaxy SED
or morphological type (Dressler et al. 1997; Smith et al. 2005).
With color selection, the defined LSSswould be a priori biased to
a particular galactic SED type (e.g., early-type galaxies if the red-
sequence method is used). High-density structures may well be
rich in red galaxies of early morphological type, but exploring
the dependence of galaxy type on environmental density requires
that the environment be defined or identified without bias toward
specific galaxy types. Ultimately, the use of spectroscopic redshifts
to determine distances is more desirable, provided a sufficiently
large sample exists (LeFèvre et al. 2005;Gerke et al. 2005;Meneux
et al. 2006; Cooper et al. 2006; Coil et al. 2006). The zCOSMOS
spectroscopic survey will yield�30,000 galaxies when completed
in �2008 (Lilly et al. 2007; Impey et al. 2007); however, at this
time the spectroscopy is much more limited, and we must rely
on the alternative approaches for line-of-sight discrimination.

In this paper, we identify LSSs in the 2 deg2 COSMOS field
using the extensive COSMOS photometric redshift catalog
(Mobasher et al. 2007) to analyze the galaxy surface density in
redshift slices out to z ¼ 1:2. The galaxy samples used for this

work and their completeness are discussed in x 2. We use an
adaptive smoothing technique (see Appendix A) to identify areas
of significantly enhanced galaxy surface density. For each signifi-
cant peak in the smoothed surface-density pseudo-3D cube, we
find all connected pixels to delineate a sample of 42 structures
(x 3). For each structure, we estimate the dimensions, number of
galaxies, and mass (from the broadband fluxes of the galaxies).
The stellar mass distribution of identified COSMOS LSSs extends
from 1011 up to 3 ; 1013 M�. The relative amount of structure at
different overdensities is analyzed in x 4 and compared with re-
sults from the Millennium Simulation.

We then investigate the evolution of galaxies with respect to
their location in the 42 LSSs in x 5 and environmental density in
x 6. Strong variation of the SED type and star formation activity
is seenwith both redshift and environmental density. Thematurity
of the stellar populations and the ‘‘downsizing’’ of star formation
in galaxies are also strongly varying with epoch and environment
(x 6.4.3). (Adopted cosmological parameters, used throughout,
are H0 ¼ 70 km s�1 Mpc�1, �M ¼ 0:3, and �� ¼ 0:7).

2. PHOTOMETRIC REDSHIFTS
AND SAMPLE SELECTION

For this investigation we use photometric redshifts to separate
the galaxy population along the line of sight. It is vital for the anal-
ysis that the binning in redshift be matched to the accuracy of the
redshifts. Using binning that is finer than the redshift uncertainties
distributes the galaxies in a single structure over multiple redshift
slices and thus reduces the signal in each slice. Conversely, bins of
width larger than the redshift uncertainties will increase the shot
noise associated with the background surface density of galaxies,
relative to the LSS signal.

The COSMOS photometry catalogs were generated from deep
ground-based optical imaging at Subaru (Taniguchi et al. 2007)
and the CFHT; they are combined with shallower near-infrared
imaging from NOAO (KPNO and CTIO) (Capak et al. 2007a).
The resulting photometric redshift catalog contains 1.2 million
objects at IAB < 26 (Mobasher et al. 2007). For approximately
900 objects (all with IAB � 24 mag from zCOSMOS; Lilly et al.
2007), there exist spectroscopic redshifts; after removing ‘‘cat-
astrophic’’ outliers (�1% of the sample), the offsets between the
photometric and spectroscopic redshifts have �z/(1þ z) ’ 0:03,
or �zFWHM/(1þ z) � 0:1 (Mobasher et al. 2007). Since the
spectroscopicYphotometric redshift comparison is limited to a
small sample of mostly brighter objects, we will instead use the
‘‘goodness’’ of fit from the photometric redshift determination
for a more general assessment of the redshift accuracies. This rep-
resents an internal dispersion and hence is likely to be lower than
the true uncertainty which includes systematic effects; neverthe-
less, it does provide a characterization of the dependence on red-
shift and magnitude cutoff for any sample selection.

The photometric redshifts were derived using the Bayesian
photometric redshift method (Benson et al. 2000; Mobasher et al.
2007). The fitting presumes six basic SEDs, and for the photomet-
ric redshift catalog used here, there was no assumed ‘‘prior distri-
bution’’ for the galaxy magnitudes. The dust extinction within
each galaxy was also a free parameter in the redshift fitting. For

LARGE STRUCTURES AND GALAXY EVOLUTION IN COSMOS 151



SED types 0Y2, a Galactic extinction law was assumed; for SED
types greater than 2, a Calzetti law was used (Mobasher et al.
2007). The fitting outputs the most probable redshift, 68% and
95% confidence intervals, the intrinsic SED type, and the abso-
lute magnitude (MV). In Figure 1, the redshift distribution and
uncertainty in the redshift fits are shown as a function of redshift
and i-bandmagnitude cutoff in the sample. The SED classifications
used here are 1 (E/S0), 2 (Sa/Sb), 3 (Sc), 4 (Im), and 5Y6 (star-
burst). The quantity �z(50%)/(1þ z) shown in Figure 1b is the
mean value (at each z) of the width in z containing 50% of the
probability distribution. (This full width is 1.3 � for the derived
fits, assuming a Gaussian uncertainty distribution.) Also shown
is the photometric redshift uncertainty as a function of apparent
magnitude cutoff; based on these curves, we adopt a cutoff IAB ¼
25mag. The uncertainties plotted in Figure 1 indicate that the bin
width for identifying LSSs should be approximately�z ’ 0:1Y
0:15 up to z ’ 1:2 and �z ’ 0:25 up to z ’ 2:5 for the chosen
magnitude limit.

Throughout the investigation here, we use the galaxy rest-frame
SEDs to characterize the galaxy type, rather than the observed
morphologies. Capak et al. (2007b) find a tight correlation be-
tween SED and morphology as measured by the Gini and com-
pactness measures. We have also correlated the Sérsic indices
measured using GALFIT for 5000 bright (I < 22 mag) galaxies
in COSMOS at z ¼ 0:2Y0:8. The SED type 1 (E/S0) is strongly
correlated with an R1/4 law (Sérsic n ¼ 4); however, there exists
a large dispersion in the Sérsic indices for the later SED types.
This large dispersion probably reflects both the real dispersion in
bulge-to-disk ratios of later galaxy types and the difficulties of
measuring the morphologies for faint galaxies at high redshift.
Throughout this investigation wewill use the SED types, derived
from the photometric redshift fitting, to classify the galaxies since
the SEDs are more readily classified for faint galaxies than the
morphology.

The COSMOS photometric redshift catalog also includes ga-
lactic stellar masses, derived from the absolute magnitude, SED

type, and redshift of each galaxy (Mobasher et al. 2007). Approx-
imate estimates for the SFRs were also derived using the SED
type, absolute magnitude, and fitted extinction. The intrinsic UV
continuum (corrected for extinction at k ¼ 1500 8) was used to
estimate the SFR (Mobasher 2007).

2.1. Galaxy Samples

Although the COSMOS photometric redshift catalog contains
over a million objects, we impose selection criteria to yield a more
reliable galaxy sample for structure identification, i.e., galaxies
with the best photometric redshifts, detected in several bands, and
with significant intrinsic luminosity.We thus restrict the analysis to

25 mag � IAB � 19 mag; ð1aÞ

MV � �18 mag: ð1bÞ

We also require that each object be detected in at least four
bands and the SExtractor stellarity parameter be less than 0.95.
The former (in addition to the 25 mag cutoff; eq. [1a]) limits the
sample to galaxies with accurate photometry; the latter removes
objects which are likely to be stars or QSOs. Similarly, very bright
objects are also excluded by condition (1a) since they are likely to
be stars. Since the fraction of galaxies with a dominant AGN is
probably not large, their exclusion should not significantly affect
the LSS definition. Condition (1b) removes galaxies that have low
absolute luminosities and presumably low mass. These criteria
yield the galaxy samples listed in Table 1 along with the adopted
redshift binning for the LSS identifications presented below. In
Table 1, we also provide a breakdown of the samples with respect
to SED type from the photometric redshift fitting. The majority of
the analysis in this paper refers to the low-z sample in Table 1.

2.2. Galaxy Selection and Completeness with Redshift

At larger redshifts, the galaxy sample used to define LSS will
be incomplete at low luminosities (masses), and we evaluate here

Fig. 1.—Left: Number distribution of galaxies from the COSMOS photometric redshift catalog (Mobasher et al. 2007) as a function of redshift in bins of width
�z ¼ 0:2 for different I-band magnitude cutoffs. Right: Widths of the derived photometric redshift probability distributions as a function of z. The quantity plotted is the
mean of 1.3�z/(1þ z) for the photometric redshift likelihood distributions for all galaxies in each redshift bin of�z ¼ 0:2. For a Gaussian uncertainty distribution, 50%of
the probability is within a full width of 1.3 �z of the peak. Galaxies used in this plot were selected to have MV � �18 mag and be detected in at least four bands.
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the severity of this effect with two approaches : evaluating the
cutoff L� (the characteristic luminosity at the knee in the Schecter
luminosity function) as a function of redshift and comparing the
galaxy mass functions as a function of redshift for the sample de-
scribed in x 2.1.

Figure 2 shows the distributions of absolute magnitude (left)
and stellar masses (right) for galaxies in our sample as a function
of redshift. In the left panel, the lines indicate the expected ab-
solute magnitudes for L� and L�/10 galaxies assuming a typical,
passive evolution brightening of 1.2 mag from z ¼ 0 to 1.2. Here
one sees that the sample easily goes down to L� /10 out to z ¼ 1:2
with IAB < 25 mag (the lower envelope in the gray scale). In-
completeness does set in at less than L�/10, but typically less
than 30% of the total luminosity is contained in these galaxies for
a Schecter luminosity function.

Alternatively, one can compare the distribution functions of
galactic stellar masses as a function of redshift to assess the in-
completeness (assuming, to first order, that the mass function is
not strongly varying over this redshift interval, e.g., �2 times;
see Borch et al. [2006] and below). The derived mass functions
for galaxies entering the sample (x 2.1) used here for LSS defini-

tion are shown in the right panel of Figure 2. Thesemass functions
are in agreement in both shape and absolute value with previously
determined mass functions for this redshift range (Drory et al.
2005; Borch et al. 2006; Bundy et al. 2006). The higher noise seen
in the low-zmass functions is due to the much smaller volume and
hence smaller number of galaxies sampled.

The total number of galaxies and total mass of galaxies per unit
comoving volume were evaluated by integrating the distribution
functions shown in the right panel of Figure 2 at masses above
109 M�. In columns (2) and (3) of Table 2, the totals are divided
by the comoving volume in order to assess the count andmass in-
completeness relative to this maximum redshift bin (see Table 2).
The falloff seen in the mass functions for z > 0:7 at M� < 5 ;
109 M� is probably due to incompleteness at the apparentmagnitude
limit IAB < 25 mag for our sample. Incompleteness at this mag-
nitude limit is quantified for COSMOS in Scoville et al. (2007).
In terms of integrated stellar mass for galaxies above 109M�, our
sample is at most missing only 10% (Table 2) of the total mass,

TABLE 1

LSS Galaxy Samples

Sample z

I Cutoff

(mag)

No. of

Galaxies

No.

(Early Type)a
No.

(Late Type)a

All-z ........ z � 3 26 487,973 59,285 428,688

25 228,487 34,303 194,184

24 106,487 25,278 81,209

Low-z ...... z < 1.1 25 150,162 25,583 124,579

Note.—All samples have MV < �18, and galaxies must be detected in at
least four bands.

a Early type: SED type � 2:5; late type: SED type > 2:5.

Fig. 2.—Left: Distribution of rest-frameMV for galaxies in our sample as a function of redshift. The lines indicate the expected absolute magnitudes for L� and L�/10
galaxies, assuming passive evolution brightening of 1.2 mag from z ¼ 0 to 1. The horizontal line atMV ¼ �18 corresponds to the absolute magnitude cutoff used here.
The lower envelope in the gray scale is imposed by our sample cutoff at IAB < 25 mag. (For clarity only 20,000 randomly sampled galaxies are plotted.) Right: Distribution
functions of stellarmasses for galaxies in our samplewith IAB < 25mag andMV < �18 for redshift bins ofwidth�z ¼ 0:2. The higher noise seen in the low-zmass functions
is due to the much smaller volume and hence smaller number of galaxies sampled; the small falloff seen in the mass functions for z > 0:7 atM� < 5 ; 109 M� is due to the
apparent magnitude limit IAB < 25 mag for our sample.

TABLE 2

Galaxy Selection ‘‘Completeness’’

Redshift Interval

(1)

Rel. No. Per Unit Vol.

(2)

Rel. Mass Per Unit Vol.

(3)

0.1Y0.3 ........................ 0.52 0.69

0.3Y0.5 ........................ 0.69 0.94

0.5Y0.7 ........................ 1.0 0.92

0.7Y0.9 ........................ 0.56 0.96

0.9Y1.1 ........................ 0.47 1.0

Notes.—The total number of galaxies and total mass of galaxies per unit
comoving volumewere evaluated by integrating the distribution functions shown
in the right panel of Fig. 2 at masses above 109M�. These totals were normalized
to the values in the redshift interval with the largest values in order to assess the
count and mass incompleteness relative to this maximum bin.
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relative to the lower redshift bins which are more complete (e.g.,
z � 0:5). In the analysis belowwewill not correct for this incom-
pleteness unless noted explicitly, given the fact that it is probably
not large and the uncertain assumptions of constancy in either
the mass or luminosity function which would be required.

2.3. Pseudo-3D Surface-Density and Noise Estimates

The adaptive smoothing algorithm we employ here is designed
to analyze redshift slices, each of which represents the surface
density of galaxies (�) in a redshift bin. The custom-built algo-
rithm is formally described along with test results in Appendix A.
As noted in x 2, the width of these slices will be �z ¼ 0:1 and
0.25 for the low- and high-z samples, respectively. However,
given that the different galaxies may have quite different widths
for the fitted redshift probability distribution, insertion of each gal-
axy into the 3D cube (�, �, z) as a delta function [�(z� zpk)] at the
most likely redshift would not optimally weight the galaxies with
the most accurate photometric redshifts. Instead, we populate the
3D cube with a Gaussian distribution in z for each galaxy. The
Gaussian dispersionwas taken from the high- and low-z 68% con-

fidence limits from the photometric redshift fit, specifically, �z ¼
(zhigh 68%� zlow 68%)/2. Thus, in the adaptive smoothing proce-
dure, galaxies which have a large uncertainty in their derived red-
shifts will have relatively low weight, because they will be spread
over a larger range in the redshift dimension. And galaxies with
tighter redshift fits will be treated more significantly. One concern
might be that this tends to prefer structures defined by early-type
galaxies which have a strong Balmer break and thus a small red-
shift uncertainty. As a test, we also used the adaptive smoothing
on a 3D cube with the galaxies located as points (rather than a
probability distribution) at their most probable redshift, Since this
test yielded structures similar to those shown here, we prefer to
employ the probability distributions to take account of the red-
shift uncertainties. The cube being analyzed is therefore the 3D
‘‘probability’’ surface density of galaxies, not the galaxies as dis-
crete points in 3D space. For the adaptive smoothing, the required
noise estimate (�) is taken as the counting uncertainty, i.e., the
square root of the galaxy surface-density cube.
The square COSMOS field is 1:4� ; 1:4� in size; the co-

moving volume out to z ¼ 1:1 in the low-z sample is’107Mpc3

Fig. 3.—Surface density of galaxies (with background subtracted out) computed using the adaptive smoothing algorithm described in AppendixA for slices at different
redshifts. For z � 1:05, the width of the redshift slice is�z ¼ 0:1; for the last three plots with z � 1:3, we use�z ¼ 0:25. On each plot, the legend at the top gives the surface
density (galaxies per deg2 and perMpc2) corresponding to one contour unit. The number of contour units corresponding to the background surface density (�0 ¼ B0) is also
given. The scale bar indicates the size in comoving megaparsecs. At higher z, we show only those redshifts with possibly significant structures.
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(Scoville et al. 2007). For the adaptive smoothing, we use a grid
of 300 ; 300 in (� , � ). The angular resolution in the smoothing is
therefore�1700. A typical redshift slice with�z ¼ 0:1 contains
� 1Y3ð Þ ; 104 galaxies (see Fig. 1); each cell will therefore be
populated by �0.2 galaxies, on average. Significantly higher
computational resolution is therefore not warranted.

3. ADAPTIVELY SMOOTHED SURFACE DENSITY

The galaxy surface density derived using the procedure de-
scribed above and in Appendix A is shown in Figure 3 for redshift
slices with �z ¼ 0:1, spaced by �z ¼ 0:1 for the low-z sample
of galaxies. In the last two panels of Figure 3 we show two of the
higher redshift slices with �z ¼ 0:25. We leave further analysis
of the high redshift galaxies to a later paper since deeper near-
infrared and Spitzer Infrared Array Camera imaging (Sanders
et al. 2007) is required for higher accuracy photometric redshifts.

The surface-density plots show a large number of very signifi-
cant large features, especially at z ¼ 0:35, 0.75, and 0.85. And at
every redshift numerous small groupings of galaxies are seen.
There is a definite trend toward increasing complexity of struc-

ture (clumpiness) at higher z. This is to be expected since struc-
tures at high z (earlier epochs) are dynamically younger and
expected to be less relaxed.

3.1. Structure Identification

From the derived surface density in the 3D cube (�, �, and z),
we define preliminary LSSs starting from >10 � peaks, finding
all connected pixels above the 1 � noise. Using an algorithm de-
veloped by Williams et al. (1994), approximately 140 local max-
ima are identified, and their connected pixels are cataloged.When
multiple local maxima are found in proximity, the neighboring
pixels are associated with the nearest local peak; this can result
in subdivision of structures which have multiple peaks (real or
noise). The maps of the 140 preliminary structures are therefore
checked for possible recombination into composite structures.
The decision to recombine was based on whether the individual
components were touching in 3D space, their borders meshed,
and their proximity in the 3D space was unlikely by chance. This
is somewhat subjective, but a more physically justified recombi-
nationwould require spectroscopic redshifts with accuracy similar

Fig. 3—Continued
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to the virial velocities of the groups. This will become possible
with the COSMOS spectroscopic surveys (Lilly et al. 2007;
Impey et al. 2007).

Forty-two recombined, independent LSSs were found from
the procedure described above (i.e., identification of all localmax-
ima and the subsequent recombination). The surface density of
each structure, integrated in the z-dimension, is shown in Figure 4.
Many of the most populated structures show complex structure
withmultiple peaks in� and �. The structures are ordered in terms
of decreasing number of 3D pixels so the most complex and mas-
sive structures are those with the lowest LSS number. In Table 3
measurements for the structures are tabulated, including the loca-
tion of peak density � and �, centroid redshift, sizes, number of
galaxies, andmass. Figure 5 shows the projection of all LSSs on to
the plane of the sky, i.e., integrating in redshift; a finding chart for
the LSSs within the COSMOS field is provided in Figure 6. The
galaxy stellar masses are obtained from the photometric redshift
fit, which yields an absolute magnitude and an SED type for the
galaxy from which a stellar mass-to-light ratio can be inferred
(Mobasher et al. 2007). An important consideration in measur-
ing the structure parameters is possible contamination from the
background galaxy population. This contamination is estimated

from themean surface density in each redshift slice. Then for each
galaxy, seen in projectionwithin the area of a given LSS, the prob-
ability that it is in fact associated with the structure is given by the
ratio �LSS/(�LSS þ �bkg), where the subscript ‘‘bkg’’ stands for
background. In calculating the cluster mass, the mass of each gal-
axy within it is multiplied by this local probability. Thus, the
derived masses are corrected for foreground/background con-
tamination. In the first column of Table 3, we list (in parenthe-
ses) the ID numbers of possibly associated X-ray clusters from
Finoguenov et al. (2007). The surface densities at the cores of
these structures are similar to those seen in the Rich Cluster and
Subaru/XMM-NewtonDeep surveys (� � 10Y20 Mpc�2; O’Hely
et al.1998; Pimbblet et al. 2006; Kodama et al. 2004), but their ex-
tents at lower density go out to >10 Mpc. Spectroscopic redshifts
from zCOSMOS (Lilly et al. 2007) will be needed to confirm the
coherence of these more extended structures.

3.2. Radial Profiles: Clusters versus Structures

Without spectroscopic redshifts it is impossible to determine
which structures are in fact gravitationally bound. However, the
spatial distributions of galaxies within the structures suggest that
many of the LSSs are ‘‘relaxed’’ clusters. In Figure 7, we plot the

Fig. 3—Continued
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azimuthally averaged projected radial distribution of galaxies in
each structure. For each LSS, radii were calculated from the po-
sition of the peak number density. In several of the structures with
significant secondary peaks the radial structure is not monotoni-
cally decreasing (e.g., 10, 13, and 18). Since the largest, most
complex structures have the lowest LSS numbers, these are most
likely LSSs with multiple clusters (LSSs 1Y8). All of these are
at higher redshifts; this is due to the greater volume sampled at
z > 0:5. They may eventually relax to form a centrally concen-
trated cluster. Conversely, LSSs 30Y42 all appear fairly symmet-
ric in their radial distributions and with size 1Y2Mpc, similar to
those of present-day galaxy groups (P20 members) or small
clusters.

Most of the structures can be fit by a power-law surface den-
sity of roughly r�1, within the central few megaparsecs, imply-
ing that the physical density is �r�2, similar to what is usually
found for local clusters such as Perseus. There are, however, some
LSSs where the density dependence steepens in the central
regions; this could reflect the presence of an unrelaxed, outer
‘‘infall’’ region. A better understanding of the nature of these

density profiles and their variations will require better kinematics
from spectroscopic redshifts.

3.3. Richness

The last column of Table 3 provides an estimate of the rich-
ness of the structures using a measure similar to that used for gal-
axy clusters (Abell 1958). For each structure, the central surface
density of galaxies at R � 1 Mpc is listed with the background
number counts subtracted off. Radius is measured from the loca-
tion of peak surface density as in Figure 7. We first find the third
brightest (M3V ) cluster galaxy and then count all galaxies brighter
than M3V þ 2 mag. (The galaxy M3V is always brighter than
�20 so this procedure does not conflict with the cutoff in eq. [1b].)
The standard procedure for local clusters employs R � 1:5 Mpc,
but Postman et al. (1996) find that for a typical cluster profile
N (R < 1 Mpc)/N (R < 1:5 Mpc)’ 0:72 � 0:05, so the estimates
given in Table 3 can be scaled up by approximately 1.39 to make
themcomparable to the standardAbell richness criteria. Thedistribu-
tion of richness parameters is shown in the right panel of Figure 8.
Most of the cores of COSMOS LSSs fall in richness classes 1Y3.

Fig. 4.—Surface density of galaxies in each structure found in the adaptive smoothing procedure. The galaxy densities are integrated in redshift over all connected 3D
pixels for each structure. A scale bar on each plot indicates 2Mpc (comoving). The top legend gives the surface density of galaxies corresponding to one contour unit, and
the mean redshift hzi of all galaxies within each structure is given.
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3.4. Structure and Cluster Masses

Figure 8 shows the distribution of photometrically derived
stellar masses (Mobasher et al. 2007) for the LSSs between 5 ;
1011 and�3 ; 1013 M�. This distribution is clearly subject to sig-
nificant Poisson and cosmic variances as discussed below (x 3.5).
The observed distribution increases toward low mass, but there
are four withmasses exceeding 1013M�. On the high-mass end of
the darkmatter halomass spectrum, the expected number distribu-
tion is N (m) dm / m�1:6 (e.g., Benson et al. 2001). The distribu-
tion of total stellar masses shown in Figure 8 is much less steep,
but at this point the ratio of stellar to darkmattermass as a function
of halo mass and z is not known.

The highest mass structure is LSS 1 with a stellar mass of 2:3 ;
1013 M�; clearly, this is a supermassive structure, equivalent to
that of the Coma Cluster if allowance is made for a dark matter
contribution. The mass in LSS 1 at z ’ 0:74 is distributed over
scales � 10Mpc. In fact, the structure appears to be aggregating
around a central cluster (Guzzo et al. 2007; Cassata et al. 2007)
and is therefore possibly forming a supermassive cluster like
Coma. LSS 1 is also detected in the weak-lensing shear analysis
(Massey et al. 2007) and in the X-rays (Finoguenov et al. 2007).
LSS 17 seems to exhibit a very complex substructure, as discussed

in detail by Smolčić et al. (2007). Within the inner �2 Mpc of
LSS 17 there are at least four X-ray-luminous clusters and one
X-ray-quiet overdensity at the same redshift. One of the clus-
ters hosts a wide-angle tail radio galaxy which Smolčić et al.
(2007) discuss as a tracer for assembly of this complex cluster.
They argue that the structure is in the process of formation and
estimate that the mass of the final cluster, after merging of all
subcomponents, will be �20% of the Coma Cluster mass.
The LSS masses listed in Table 3 are for just the stellar masses

as derived from the observed galaxy fluxes using a mass-to-light
ratio, based on the best-fit SED from the photometric redshift de-
termination (Mobasher et al. 2007). The total masses, including
nonstellar or nonluminous baryons and dark matter, are at least
an order of magnitude greater for�B ¼ 0:025 h�2 and�M ¼ 0:3
with H0 ¼ 70 km s�1 Mpc�1, �M /�B ¼ 6:1 (Kolb & Turner
1990). Hoekstra et al. (2006) analyzed the weak-lensing maps
for a sample of individual galaxies at 0:2 < z < 0:4 to estimate
the total virial masses and baryon fraction in the stars. They find
a virial-to-stellar mass ratioMvir/M� ¼ 20Y40, depending on the
assumed stellar initial mass function and M�/MB ¼ 14% (early-
type galaxies) to 33% (late-type galaxies) (Hoekstra et al. 2006).
Similar results were found for lower redshift Sloan Digital Sky
Survey galaxies by Guzik & Seljak (2002) and in semianalytic
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simulations (Kauffmann et al. 1999; Benı́tez 2000; van denBosch
et al. 2003). Since themass-to-light ratio (including darkmatter) is
found to increase as �L1.5 at low redshift (Hoekstra et al. 2006)
and presumably, the stellar baryon fraction is lower at higher red-
shift, we adopt Mvir/M� ¼ 50 as a reasonable lower limit for the
LSSs listed in Table 3, and a more likely value might be �100.
For LSS 1, which has been analyzed in detail using weak lens-
ing (Massey et al. 2007), X-ray emission (Finoguenov et al.
2007), and the optical (Guzzo et al. 2007), the apparent ratio of
total mass to stellar mass is �50Y100 (Guzzo et al. 2007). The
total masses for the LSSs are therefore likely to be in the range
1013 to �3 ; 1015 M�.

3.5. Variances in Distributions

Themass distributions derived for the LSSs are subject to both
shot noise, due to the small number of structures within each red-
shift slice, and to the cosmic variance that characterizes the mass
distribution on very large scales. To estimate the resulting uncer-
tainties in our LSS mass distributions, we follow the method de-
scribed by Somerville et al. (2004).We first calculate the volume
and total mass [M(vol)] contained in each redshift slice (an area
of 2.5 deg2 for the photometric redshift catalog used here). The

cosmic variance on this scale is given by �M (vol) (see Fig. 3 [right]
in Somerville et al. 2004), and the relative variance in number
counts for halos of mass Mh in a redshift slice is then

�(Mh; z)¼ �2
cos þ �2

shot

� �1=2
; ð2aÞ

� Mh; zð Þ ¼ b Mh; zð Þ�M volð Þ
� �2 þ 1=Nh

n o1=2
; ð2bÞ

where b(Mh; z) is the bias for the halos of massMh at redshift z,
calculated as in Sheth & Tormen (1999), and Nh is the average
number of halos in the slice. As explained in Somerville et al.
(2004) �M (vol) should be a slight overestimate of the true cosmic
variance, since the volume in each slice is much deeper than it is
wide, and thus along its z-axis the slice samples much larger
scales where the variance is smaller.

As suggested by Mo & White (1996) and Somerville et al.
(2004), we can identify the appropriate mass range for halos cor-
responding to the LSSs by integrating the halo mass function,
normalized to the survey volume in the redshift slice, down to
a threshold mass which yields a total number of halos match-
ing the observed number of LSSs. This assumes that the de-
tected LSSs corresponds to the most massive halos on a roughly

Fig. 4—Continued
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one-to-one basis and thus that the overall abundance of LSSs
indicates the characteristicmass scale of halos withwhich they are
associated.

In Table 4, we summarize the expected relative variances (shot,
cosmic, and total) in each slice for two different mass ranges of
darkmatter structures (1013Y1014 and 1014Y1015M�). These vari-
ances were calculated for the cosmological parameters specified
in x 1 and with �8 ¼ 0:74 (theWilkinson Microwave Anistropy
Probe 3 yr value; Spergel et al. 2007). Comparing the expected
numbers of halos for the two mass ranges with the observed num-
bers of LSSs, it is most reasonable to identify the observed LSSs
with the higher mass range halos, i.e., 1014Y1015 M�, for which
the expected number is �37. (This identification is only ap-
proximate since clearly some of the observed structures are much
less massive.)

Based on the results shown in Table 4, we expect that the shot
or Poisson noise and the cosmic variance are quite comparable
for the mass range of the LSSs sampled here at all redshifts. The
total combined relative variance is expected to be in the range
0.4Y0.6; i.e., for the very small number of very high mass struc-
tures the derivedmass and number distributions will have typical
uncertainties of �50% for each redshift bin.

3.6. Redshift Distributions of LSS

Redshift distributions of the structures in two ranges of LSS
stellar mass,M�, are shown in Figure 9. As discussed in x 3.5, un-
certainties due to Poisson and cosmic variance are comparable,
and the expected total relative variance in these number distribu-
tions is 40%Y60% (i.e., �N /N � 0:5). Also shown is the relative
comoving volume (dotted line) for the redshift bins. The redshift
distribution of total mass (�MLSS) within structures with stellar
masses in the range M� ¼ 1012Y1013 M� is similar (within the
expected 50% variance) to the dotted curve showing the varia-
tion of comoving volume sampled. This suggests that we are
recovering structures in this mass range without a strong red-
shift-dependent selection bias. The higher mass LSSs (M� >
1013 M�) exhibit an apparently steeper falloff at low z, but
this is not statistically significant given the small volume sam-
pled. These results are consistent with a lack of dramatic evo-
lution in the overall mass fraction for the most massive structures
out to z ¼ 1 (a lookback time of �8 Gyr), as is also seen in
�CDM simulations (e.g., Benson et al. 2001). However, this
result is certainly not strongly constraining, given the large
variances.

Fig. 4—Continued
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The derived mass function for the COSMOSLSSs can be com-
pared with previously derived mass distributions for galaxy clus-
ters, mostly for clusters at lower redshift. The cumulative mass
function [n(>M )¼

R1
M

n(m) dm] is shown in Figure 10 for the
42 COSMOS LSSs. The error bars are taken from the Poisson
noise in each bin of width 2 ; 1012M�. The expected cosmic var-
iance is comparable to the Poisson noise (see x 3.5 and Table 4); it
is not explicitly included here since it is dependent on the adopted
cosmological parameters (in particular, �8) and on correct identi-
fication of the associated dark matter halo mass range. The full
error bars are likely�

ffiffiffi
2

p
’ 40%bigger than shownwhen includ-

ing cosmic variance. For the COSMOS sample volume we adopt
1:5 ; 107 Mpc3 out to z ¼ 1:1. Also shown are the mass func-
tions derived from optical and X-ray studies, as summarized by
Reiprich & Böhringer (2002). The mass function for masses
within the Abell radius of each cluster isMA; masses within the
regions with density exceeding 200�c and 500�c are M200 and
M500 (where �c is the critical density for the universe; see Reiprich
& Böhringer 2002). Reiprich & Böhringer (2002) derive the total
mass including the dark matter, and we have scaled their masses
down by a factor of 100, i.e., assuming a stellar mass fraction of
1% of the total mass (baryons plus dark matter). We have also
scaled to h ¼ 70 (used here throughout) from their h ¼ 50.

Figure 10 shows reasonably consistent number densities (per
comoving volume) between the COSMOS LSSs and the previ-
ous studies as summarized byReiprich&Böhringer (2002), given
the somewhat uncertain ratio of total to stellar masses (taken as
100 for Fig. 10). It should be noted that the mass function within
the Abell radii (labeledMA in Fig. 10) also closely approximates
the mass function derived by Bahcall & Cen (1993). As noted in
x 3.4, Hoekstra et al. (2006) determined a value of up to 40 for this
mass ratio based on lensing measure for clusters at z ¼ 0:2Y0:4.
The somewhat higher value, found here in order to achieve agree-
ment in the local mass function shape, might indicate that the frac-
tion of baryons in stars is less at the higher redshifts (z ’ 0:2Y1:1)

sampled in the COSMOSLSSs. Alternatively, the COSMOSLSS
measurements refer to more extended, lower density structures
and filaments than those sampled by Hoekstra et al. (2006), and
the conversion efficiency of baryons into stars is very likely de-
pendent on environment in the context of �CDM models.

4. COMPARISON OF STRUCTURES
WITH �CDM SIMULATIONS

The �CDM simulations provide quite specific and relatively
confident predictions for the growth structure in the dark matter
as a function of redshift, given a specified set of cosmological
parameters. On the other hand, the formation and evolution of
the visible galaxies within the dark matter structures has relied on
semianalytic models or prescriptions for star and AGN formation,
stellar evolution, and feedback processes. These semianalytic
models and the predicted distributions of galaxies in �CDM
have been mostly constrained from low-redshift galaxy surveys.
Relatively little constraint or testing of the semianalytics vis a vis
the darkmatter LSSs has been done at high redshift (i.e., z > 0:2).
In this section, we compare in some detail the distributions of gal-
axy overdensities seen in the COSMOS field out to z ¼ 1:1 with
those predicted in simulations.

In particular, we will compare the relative volumes (or areas)
occupied by observed structures of overdensity with the simula-
tion predictions as a function of redshift. As time progresses, the
fraction of volume with high overdensity will increase, and the
maximum overdensity should increase at lower redshift. This
measure of structure evolution enables significant comparison
between the simulations and the observed universe, avoiding the
azimuthal averaging which is inherent in a correlation-function
analysis. The structures are expected to be filamentary and there-
fore are not circularly symmetric; they may also have multiple
characteristic scales. For the same reasons, we have employed the
adaptive smoothing technique developed here rather than matched
filter algorithms (Postman et al. 1996; Schuecker & Boehringer

Fig. 4—Continued
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1998) which are obviously well-adapted to the central, high-
density core structures but less appropriate to extended filamen-
tary structures. Angular correlation functions for the COSMOS
field are presented in McCracken et al. (2007).

Figure 11 shows the fractional cumulative area with galaxy
surface density greater than �/ �h i where h�i is the average in

each redshift slice. The three colored curves show overdensity
filling factors for the redshift ranges 0.2Y0.5, 0.5Y1.1, and 0.2Y1.1.
These curves were computed from the adaptively smoothed over-
densities shown in Figure 3 divided by the mean background sur-
face density (�bkg, given in the top legend for each redshift slice).
The level of the background is dependent on the density of true

TABLE 3

Structures in the COSMOS Field

FWHM
a

Structure No.

(X-Ray ID)b
R.A.

c

(+150�)

Decl.c

(+2�) z c
�R.A.

(deg)

�Decl.

(deg) � z

Size
d

(Mpc) % LSSe No. Galaxies
f

M�
g

(1012 M�) Central �1 Mpc
h

1 (73, 97, 100, 103, 106)............ �0.09 0.51 0.73 0.22 0.17 0.27 12.69 35 1767 23.63 188

2 (62, 68, 84)............................... 0.15 0.20 0.88 0.26 0.21 0.25 17.41 30 815 15.72 99

3 (126, 128) ................................. �0.33 0.27 0.93 0.18 0.17 0.20 13.31 36 875 17.85 48

4.................................................... 0.57 0.49 0.71 0.15 0.14 0.28 8.94 24 569 4.55 46

5.................................................... �0.49 �0.13 0.62 0.24 0.22 0.11 12.97 31 939 6.25 63

6 (40, 45, 53)............................... 0.42 �0.14 0.92 0.16 0.17 0.19 12.70 33 580 11.51 47

7.................................................... 0.30 0.40 0.73 0.14 0.13 0.21 8.70 25 384 3.97 84

8.................................................... 0.40 0.77 0.75 0.25 0.10 0.18 12.30 27 526 4.93 96

9 (32)............................................ 0.51 0.23 0.89 0.12 0.12 0.18 9.25 40 512 10.32 57

10 (66, 72) ................................... 0.16 0.60 0.87 0.25 0.15 0.26 15.48 32 394 6.76 59

11.................................................. 0.27 �0.42 0.46 0.12 0.09 0.25 4.70 44 403 1.93 92

12.................................................. 0.15 0.70 0.54 0.12 0.10 0.37 5.49 28 255 2.05 49

13 (25, 64) ................................... 0.46 0.56 0.29 0.13 0.16 0.17 4.20 53 197 1.31 41

14.................................................. 0.06 0.30 0.74 0.08 0.08 0.22 5.13 26 141 1.70 105

15 (111)........................................ �0.23 0.32 0.34 0.14 0.15 0.11 4.81 44 168 1.47 54

16.................................................. �0.24 0.92 0.38 0.10 0.08 0.12 3.28 56 226 2.18 103

17 (78, 85)................................... 0.05 0.22 0.24 0.07 0.16 0.14 3.10 62 127 1.10 16

18.................................................. �0.50 0.01 0.98 0.10 0.09 0.11 7.57 31 102 2.07 16

19.................................................. 0.53 0.73 0.22 0.18 0.11 0.10 3.39 60 77 0.59 12

20 (34, 39, 41, 44)....................... 0.49 0.07 0.45 0.05 0.05 0.18 2.07 53 133 1.19 104

21.................................................. 0.20 �0.37 0.32 0.06 0.05 0.39 1.71 52 95 0.38 64

22 (89, 105)................................. �0.08 0.60 0.26 0.06 0.14 0.11 2.81 62 67 0.71 42

23 (15) ......................................... 0.45 0.05 0.33 0.05 0.08 0.10 2.19 57 82 0.56 58

24 (80).......................................... 0.11 0.56 0.61 0.03 0.04 0.26 1.97 43 85 0.82 131

25.................................................. �0.56 0.43 0.46 0.06 0.05 0.09 2.42 58 87 1.34 90

26 (145) ....................................... �0.60 0.57 0.39 0.05 0.03 0.12 1.49 67 92 0.78 131

27 (54, 57, 59)............................. 0.33 �0.40 0.37 0.03 0.04 0.22 1.29 55 37 0.17 44

28 (70).......................................... 0.18 �0.24 0.30 0.03 0.06 0.24 1.40 59 43 0.37 39

29.................................................. �0.34 �0.44 0.45 0.07 0.03 0.21 2.27 35 31 0.05 22

30 (67) ......................................... 0.34 �0.39 0.19 0.03 0.03 0.08 0.63 76 17 0.24 21

31 (132)........................................ �0.41 0.82 0.32 0.03 0.02 0.06 0.77 72 22 0.49 31

32 (56) ......................................... 0.10 �0.00 0.30 0.03 0.03 0.03 0.93 49 12 0.08 22

33.................................................. �0.31 0.35 0.20 0.03 0.03 0.03 0.57 91 9 0.01 . . .

34.................................................. 0.39 0.87 0.16 0.02 0.01 0.05 0.24 86 3 0.09 . . .

35 (29, 42) ................................... 0.53 0.49 0.16 0.01 0.01 0.05 0.23 85 2 0.03 . . .

36 (140)........................................ �0.59 0.57 0.17 0.01 0.01 0.05 0.23 85 2 0.00 . . .
37.................................................. 0.51 �0.45 0.20 0.01 0.01 0.00 0.29 86 3 0.02 . . .

38.................................................. �0.16 0.68 0.20 0.01 0.02 0.00 0.29 70 . . . 0.01 . . .

39.................................................. 0.33 �0.36 0.60 0.01 0.01 0.00 0.63 36 . . . 0.01 10

40.................................................. 0.74 0.67 0.90 0.01 0.01 0.03 0.77 29 . . . 0.02 . . .

41.................................................. 0.65 0.31 0.30 0.01 0.01 0.00 0.28 38 . . . 0.02 . . .

42.................................................. �0.30 0.51 0.50 0.01 0.01 0.00 0.38 30 . . . 0.01 . . .

a FWHM evaluated from the 2.3� where � is the dispersion (from the calculated second moment).
b In parentheses we give the cross-reference to the ID for the X-ray clusters from Finoguenov et al. (2007). The wavelet technique used by Finoguenov et al. (2007) on

the X-ray emission and on early SED type galaxies in the photometric redshift catalog is selective toward more compact structures than the adaptive smoothing technique
used here; therefore, in many cases, these cross-identifications should be viewed only as ‘‘possible,’’ based on close proximity in �, �, and z.

c R.A. and decl. (J2000.0) of peak galaxy surface density and the centroid z.
d Estimated as ½�(R:A:) 2 þ�(Decl:)2	1/2 converted to comoving megaparsecs.
e Mean probability that a galaxy within the structure is within the structure rather than being in the projected background, estimated as �LSS/(�LSS þ �bkg).
f Total number of galaxies estimated within structure, corrected for ‘‘field or background’’ contamination by comparing the surface density in the structure with the

background surface density for that redshift slice; see note (d).
g The total stellar mass (M�), estimated from the absolute magnitude of each galaxy and using a mass-to-light ratio appropriate to the galaxy SED. For each galaxy, this

photometric mass is multiplied by the probability that it is within the structure rather than being a projected field/background galaxy (see note [e]).
h The central surface density used to evaluate the structure/cluster richness: the number of galaxies within radius 1 Mpc brighter than 2 mag below the third brightest

galaxy. This column is blank if there are too few galaxies to estimate a richness (i.e., <10).
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‘‘field’’ galaxies and on the redshift accuracy; thus, in comparing
with simulation predictions below, we also convolve the redshifts
of galaxies in the simulation with a Gaussian of z-width matched
to that of the observational photometric redshifts. Figure 11 ex-
hibits the basic characteristic expected for structure growth as a
function of redshift: higher overdensities occurring at later times
(lower z) and a larger fraction of the area in overdense regions as
time progresses.

A quantitative comparison can be made with the Millennium
Simulation.Mock catalogswere constructed using theVirgoCon-
sortium’s Millennium Simulation and the Galform semianalytic
model of galaxy formation.Darkmatter andmerger trees were ex-
tracted from the Millennium Simulation using the techniques of
Helly et al. (2003), using all halos of �20 particles. These merger
trees are fed through the Galform semianalytic model (using the
parameter set of Bower et al. 2006) to populate the simulation
with galaxies at all redshifts.We did not have access to proprietary
light cone data from the Millennium Simulation, so the mock
catalogs were constructed taking cubes from the Millennium
Simulation at z ¼ 0:3, 0.5, 0.7, 0.9, and 1.1. Regions with two
sides equivalent to 1.4

�
and one side extending 500 Mpc h�1

were extracted at each redshift. Galaxies were selected to have

MV < �18 mag and 19 < i < 25. The mock catalog based on
the Millennium-Virgo semianalytic model (Fig. 11, black curve)
is in remarkably good agreement with the mean curve determined
from the observations for z ¼ 0:2Y1:1 (solid green line). Jackknife
tests were done, splitting the data in half, and the variances are
typically<20% for most values of the overdensity; this provides
a limited estimate of the uncertainties. The overall area filling fac-
tors in the observations and theory track each other within a factor
of �2. It does appear that the theoretical curve does not reach as
high overdensities as the observational curve, possibly indicating
a significant discrepancy on small scales. Sincewhat is beingmea-
sured in both the observed and theoretical distributions is the num-
ber counts of galaxies, not the mass distributions, the discrepancy
might indicate that the simulations have too much merging in the
denser regions.

5. CORRELATION OF GALAXY SED AND LUMINOSITY
WITH STRUCTURE LOCATION

A number of recent investigations have found early-type gal-
axies more strongly clustered than the later types (Le Fèvre et al.
2005;Meneux et al. 2006; Coil et al. 2006; Cooper et al. 2006) at
z ¼ 0:5Y2. Variation of galaxy SEDs as a function of both redshift

Fig. 5.—Galaxy overdensities derived from the adaptive smoothing results, integrated in z from z ¼ 0:25 to 1.05. The contour units are 5:1 ; 103 galaxies deg�2, and
the contours are at 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 14, 16, 18, 20, 22, and 24 units.
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and structure location is dramatically shown in Figure 12. Herewe
plot the mean SED of galaxies as a function of z (with no selection
for structures or the field) and the mean for galaxies within R �
1Mpc and R ¼ 1Y5Mpc from the center of each structure. This is
on a scalewith six types ranging from1 for an E/S0 galaxy SED to
6 for a starburst galaxy (Mobasher et al. 2007). Figure 12 demon-
strates dramatically and in every case that the interior of the struc-
tures are populated with galaxies having a mean SED type lower
by�0.5Y1 compared to the average SED type at the same redshift.
Butcher & Oemler (1984) first showed the trend for an increasing
fraction of blue galaxies within clusters out to z ¼ 0:5, and the
trend for earlier morphological types in the highest density regions
is well known as the T-� relation at z < 0:5 (Dressler et al. 1997).
The sample shown here for the COSMOS survey is the most
extensive and covers a large range of redshift (0:1 < z < 1:1)
using the same technique. An analysis of galaxy morphology
and environmental density in the COSMOS field is presented
by Capak et al. (2007b). Their results are consistent with those
shown here. Figure 12 also shows a systematic gradient in the
mean SED for the field galaxies: about +0.5 to later types from
z ¼ 0:2Y1.

Figure 13 shows the fields surrounding a sample of six of the
LSSs (1, 2, 8, 10, 25, and 26) with the galaxies shown in color
depending on their SED type determined in the photometric red-
shift fit. (Galaxies within the�z range given in Table 3 are plot-

ted for each structure.) These figures show the enhancements in
galaxy density associated with the LSSs; they also indicate the
level of background contamination which any identification pro-
cedure must deal with. However, the most interesting feature
easily seen in Figure 13 is the preference of the early SED-type
galaxies for the denser LSSs. It is important to recall that the
sample selection used to identify the structures involved all gal-
axy types, not just red galaxies.

6. EVOLUTION OF GALAXY PROPERTIES
WITH ENVIRONMENTAL DENSITY AND REDSHIFT

The dependence of galaxy properties on redshift and environ-
ment is one of the central themes of current cosmological evolu-
tion studies (e.g., Le Fèvre et al. 2005; Gerke et al. 2005; Meneux
et al. 2006; Cooper et al. 2006; Coil et al. 2006). Here we use the
overdensities derived as a function of the pseudo-3D space (�, �,
and z; x 3 and Fig. 3) and galaxy properties (SED type, mass, lu-
minosity, and SFR) derived from broadband photometry to in-
vestigate the environmental influences. Use of the density cube
precludes the need to identify and delineate specific LSSs (x 5).
Our environmental densitieswere derived from the surface den-

sity of all galaxies (above specified mass or luminosity cuts)—
the densities were not derived from clusters of color-selected
galaxies—thus, the analysis below is presumably unbiased and
without a priori correlations of environment and galaxy properties.

Fig. 6.—Relative locations of each of the LSSs with their centroid redshifts.
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6.1. Environmental Density

To characterize the local environment of each galaxy, we use a
‘‘relative density’’ measure, �rel , defined as

� �; �; zð Þrel¼
� �; �; zð Þ
� zð Þ

; ð3Þ

where �(�, �, z) is the overdensity for each redshift slice as
shown in Figure 3 and �(z) is the mean of this overdensity at

each redshift. The mean value of the overdensity is used for
normalization to enable comparison of widely separated redshift
slices with �z ¼ 0:1 which have somewhat different surface
densities and overdensities of galaxies due to varying line-of-sight
depths and comoving volumes. [The relative densities � may be
translated back to� (Mpc�2 per 0.1 in z) using �(z) ¼ 1:2, 0.52,
0.29, 0.17, 0.14, 0.19, 0.18, 0.15, 0.13, and 0.06 for z ¼ 0:15Y
1:05, sampled every 0.1 in z.] For each galaxy (x 2.1), the environ-
mental density was obtained from the pseudo 3D cube using its�,
�, and best-fit photometric redshift.

Fig. 7.—Radial distribution of galaxies for each structure using radius determined from the peak position of the number count distribution. The structures are ordered
(as before) in decreasing numbers of pseudo-3D space pixels. LSSs aboveNo. 26 are not plotted since they have too few galaxies for a meaningful radial distribution. In all
cases, the background galaxy distribution is removed. Many of the structures exhibit centrally peaked, well-behaved radial profiles, indicating candidate galaxy clusters
with typical radii of 1Y2 Mpc. In cases where the LSSs has multiple peaks of comparable amplitude, the radial distribution appears nonmonotonic.
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6.2. Sample Selection and Completeness

It is of course vital that the sample selection function (see
xx 2.1 and 2.2) not introduce biases as a function of redshift which
masquerade as changes in the galaxy properties. We make use
of two alternative samples with (1) a mass cutoff of M� > 3 ;
109 M� (82,274 galaxies) and alternatively, (2) a luminosity cut-
off with MV < �19 mag (101,018 galaxies). Figure 2 show the
observed distributions of MV and M� as a function of z. As dis-
cussed in x 2.2, there is little change in the mass function at z < 1,
and therefore most of the variation in the mass function at M <
5 ; 109 M� is likely the result of incompleteness at z > 0:7 (see
Fig. 2, right). Borch et al. (2006) found a possible doubling of the
integrated mass function of galaxies from z ¼ 1 down to 0.2 (in
the COMBO-17 survey). We take this as an upper limit since
the sample used here shows no significant variation aside from the
aforementioned incompleteness (see Fig. 2, right). Similarly,
the selection on MV is chosen to be close to the limit at which
completeness starts to become an issue (see Fig. 2, left).

We develop the two samples in parallel since one cannot as-
sume a priori that the galactic masses and/or luminosities are in-

variant from z ¼ 1 to 0. For example, one expects the luminosity
of each galaxy to vary at z < 1 (even in the absence of further star
formation or merging) due to dimming as the stellar population
ages. For this reason, adoption of a fixed MV cut would yield a
sample with larger surface density at z ¼ 1 than at z ¼ 0:2. The
fixed mass-cut sample most likely comes closest to generating
equivalent galaxy samples at z < 1:1; however, at higher red-
shifts, it is likely the masses will be changingmore rapidly. A later
paper will explore various evolution scenarios for the luminosity-
selected sample.
More conservative higher mass and luminosity cutoffs would

of course yield greater completeness at high z. On the other hand,
since the various basic galaxy types have quite different masses
and luminosities, this would compromise one’s ability to probe
evolution between types. Specifically, a very high mass cutoff
(e.g., M > few ; 1010 M�) would largely limit the samples to
just the most massive elliptical and spiral galaxies and under-
represent the lower mass, late-type systems which have signifi-
cant star formation activity. This would severely compromise the
dynamic range that could be investigated vis a vis the transfor-
mation from late- to early-type galaxies.

Fig. 7—Continued
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The distribution of � for the sample of galaxies was also
examined to select a lower cutoff in density for the analysis. This
was required since very low overdensities, compared to the mean
background, are not quantitatively meaningful in areas where
the adaptive smoothing detects no significant overdensity ex-
ceeding 3 � (see Appendix A), it smooths the surface density
down to a value determined by the largest spatial-smoothing
width. The adopted density cutoff reduced the final samples to
10,382 and 12,523 galaxies for samples 1 and 2, respectively.
(The lowest overdensity to which one may carry this analysis is
determined by the background counts of galaxies at each red-
shift. This is, in turn, largely a function of the photometric red-
shift accuracy. Higher accuracy photometric redshifts will
enable extension of this investigation to lower density and the
field.)

6.3. Galaxy Properties: Mass (M�), SED Type,
Early-Type Fraction, MV, SFR, and �SF

Galaxy SED types and rest-frame luminosities (MV) are by-
products of the photometric redshift fitting. Their masses were
derived using the intrinsic SED to estimate the mass-to-light ra-
tio together with the absolute V-magnitude obtained from the ob-
served fluxes (Mobasher et al. 2007). The SED types range from
1 to 6 with 1 = E, 2 = Sa/Sb, 3 = Sc, 4 = Im, and 5, 6 = two star-
burst populations (defined by Kinney et al. 1996). The early-type
galaxy fraction was calculated, taking all with SED type <1:9 to
be ‘‘early-type.’’ For each galaxy, the SFRwas estimated from the
intrinsic SED and observed fluxes, extrapolated into the UV. (As
with the mass estimates, the SFRs have been aperture-corrected
using the auto-magnitude parameter from SExtractor.) We use the

Fig. 8.—Left: Distribution of total stellar masses for the structures for masses 5 ; 1011 to 1014 M�. Right : Distribution of richness measures for the structures is shown, cal-
culated as the surface density of galaxies brighter than 2mag below the third brightest galaxy (see text). Specifically, richness is defined as the number of galaxies within the central
R � 1Mpc brighter than 2mag fainter than the third brightest galaxywithin the cluster [i.e.,MV < MV (3rd)þ 2]. Radius is measured from the location of peak surface density as
in Fig. 7.

TABLE 4

Relative Variances for 2.5 deg2 Field

Redshift Range

Comoving Volume

(106 Present-day Mpc3)

M(vol)

(1017 M�) �[M(vol)]

Halo Mass Range

(M�) Number Expectedi hbi �shot �cos �(M, z)

0.2Y 0.4.......................... 0.80 0.327 0.149 1013Y1014 142 1.62 0.084 0.240 0.254

0.2Y 0.4.......................... 0.80 0.327 0.149 1014Y1015 6 3.03 0.397 0.451 0.601

0.4 Y0.6.......................... 1.78 0.727 0.099 1013Y1014 279 1.84 0.060 0.182 0.192

0.4 Y0.6.......................... 1.78 0.727 0.099 1014Y1015 10 3.52 0.324 0.349 0.476

0.6Y0.8 .......................... 2.79 1.14 0.075 1013Y1014 372 2.09 0.052 0.157 0.165

0.6Y0.8 .......................... 2.79 1.14 0.075 1014Y1015 9 4.08 0.327 0.307 0.448

0.8Y1 ............................. 3.67 1.50 0.061 1013Y1014 405 2.37 0.050 0.145 0.153

0.8Y1 ............................. 3.67 1.50 0.061 1014Y1015 7 4.71 0.371 0.288 0.470

1Y1.2 ............................. 4.40 1.79 0.052 1013Y1014 387 2.69 0.051 0.140 0.149

1Y1.2 ............................. 4.40 1.79 0.052 1014Y1015 5 5.41 0.458 0.282 0.538

Notes.—The field size of 2.5 deg2 was taken to match the area of the sample taken from the COSMOS photometric redshift catalog used here. The table includes the
expected number of halos in two mass ranges, together with the relative variances due to shot noise, cosmic variance, and the combined total variance. Values calculated
for cosmological parameters: H0 ¼ 70 km s�1 Mpc�1, �M ¼ 0:3, �� ¼ 0:7, and �8 ¼ 0:74.
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Fig. 9.—Redshift distributions of summed structure masses for redshift bins
�z ¼ 0:25. Uncertainties due to Poisson and cosmic variance are comparable,
and the expected total relative variance in these number distributions is 40%Y
60% (i.e., �N /N � 0:5; see x 3.5 and Table 4). The dotted line plots the relative
comoving volumes for the selected redshift bins, with the vertical scale arbitrarily
normalized, simply to indicate that the overall distribution of structure mass with
redshift is consistent with the expected mass conservation. The apparent dis-
crepancy in the lowest redshift bin is probably not significant given the very large
variances noted above.

Fig. 10.—Cumulative mass function [n(>M ) ¼
R 1
M

n(m) dm] for the 42
COSMOSLSSs, with linear mass bins of width�M� ¼ 2 ; 1012 M�. Also shown
are the cumulative mass functions derived from optical and X-ray studies as sum-
marized by Reiprich & Böhringer (2002). The mass function for masses within the
Abell radius of each cluster is shown by the triangle symbols (MA); masses within
the regions with density exceeding 200�c and 500�c (where �c is the critical density
for the universe) are shown by the squares and crosses, respectively (see Reiprich&
Böhringer 2002). The expected cosmic variance and Poisson noise are included in
the error bars (see x 3.5 and Table 4).

Fig. 11.—Cumulative fraction of survey area with surface number density �
relative to the average at each redshift (h�i) for all redshifts and for low- and high-
redshift ranges (colored curves). For comparison, the black line shows the average
at z ¼ 0:2Y1:1 obtained from theMillennium Simulation (see text). Jackknife tests,
splitting the data sets in half, showed typical variances <20%.

Fig. 12.—For each structure, the mean SED types of galaxies at projected
R < 1 Mpc and R ¼ 1Y5 Mpc compared (solid line) with the mean type as a
function of z (in a redshift bin�z ¼ 0:2 centered on the same redshift). One set
of points is shown for each of the structures plotted at the mean redshift of each
structure. Note the very pronounced trend for the central megaparsec in the struc-
tures to have earlier mean SED type ( low type) for the galaxies.



SFR estimated from the extinction-corrected, rest-frame k ¼
1500 8 continuum (Mobasher 2007).

We also calculate the ratio of the galaxymass to the SFR, yield-
ing a characteristic timescale to form the existing galactic mass of
stars at the currently observed SFR (specifically, �SF ¼ M�/SFR).
For a starburst �SFwill be significantly less than theHubble time at
the observed redshift, whereas a galaxy for which the current star

formation is relatively low, compared to that in the past, will have
a long �SF. The time �SF is equal to the inverse of the specific SFR
per unit stellar mass of the galaxy, sometimes called the ‘‘star for-
mation efficiency’’ (SFE).

The galaxy samples were binned using four equal z-bins of
width �z ¼ 0:23 between z ¼ 0:2 and 1.1 and four logarith-
mically spaced bins in density � from 8 to 215. For the adopted

Fig. 13.—Galaxy distributions over the areas of six representative LSSs (ranging from the most massive to a quite low mass structure). The red points indicate early
types (SED < 2:5) and the blue points later types. The larger dots are galaxies withMV < �21mag. The galaxy points plotted in the figures have their redshifts within the
�z range given in Table 3 for each structure. The blank areas are either at the edge of the field or where stellar masking occurs.
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cosmology, the redshift bins are centered at lookback times of
�3.5, 5.3, 6.6, and 7.7 Gyr. Within each bin, the median values
of each galactic property were determined. The median was
used rather than the mean since it is less susceptible to a few ex-
treme values, and hence, the uncertainty in the median estimates
can be small even for samples with a large intrinsic dispersion.
To estimate the uncertainties in the median values, Monte Carlo
simulations were done on the observed distributions, adding
randomly sampled uncertainties from a normal distribution.

We adopted uncertainties (1 �) in each of the bolometric quan-
tities (M�,MV , and SFR) of a factor of 2 from their nominal val-
ues for each galaxy; for the SED type, we assume an uncertainty
of �1 for the type. (The factor of 2 uncertainty is an appro-
ximation to allow for uncertainties in photometric calibra-
tions and the SED fitting.) The median was measured for each
of 500 simulations, and the dispersion of the median distribu-
tion was taken as the uncertainty in the median for the observed
sample.

Fig. 14.—Median stellar mass (M�) for galaxies binned in redshift (curves) as a function of environmental density. Two samples are shown:MV < �19 mag (left) and
M� > 3 ; 109 M� (right). [The densities have been normalized separately at each redshift for these plots (eq. [3]); however, above z � 0:25 the normalizations are similar,
and a relative density of 10 corresponds to a surface density � 100 Mpc�2; see text.]

Fig. 15.—Same as Fig. 14, but for the median absolute magnitude (MV).
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6.4. Galaxy Evolution with Redshift and Density

In Figures 14Y19, the median stellar massM�,MV, SED, SFR,
and �SF are plotted, respectively, for each redshift range as a func-
tion of density. The SEDs, SFR, and �SF all exhibit very signifi-
cant variation as function of both redshift and density. The mass
and luminosity distributions are partially affected by selection bias
but only in the highest z-bin.

The median mass and MV distributions (Figs. 14 and 15) and
comparison of the mass- and luminosity- limited samples (left
and right panels, respectively) may be used to assess the possible
influence of incompleteness at the highest redshifts. The median
masses show no systematic increase with z except in the z ¼
0:88Y1:1 bin for which the masses appear systematically higher
by a factor of 1.5Y2 compared to lower z. This increase is very
likely due to sample incompleteness or Malmquist bias since the

Fig. 16.—Same as Fig. 14, but for the median spectral type (SED).

Fig. 17.—Same as Fig. 14, but for the median early galaxy fraction (or red galaxy fraction with type <1:9).
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sample is deficient in the galaxies with M� < 5 ; 109 M� (see
Fig. 2, right). The magnitude MV exhibits a somewhat larger
(�MV ’ 1 mag) increase; some of this is probably also due to
incompleteness (see Fig. 2, left), but since it is larger than the
mass shift, some of the MV variation is likely due to actual evo-
lution of MV in the galaxies. Passive evolution of the stellar pop-
ulations from z ¼ 1 to 0 is �MV � 1:2 mag (e.g., Dahlen et al.
2005). To summarize, modest variations in the mass and lumi-

nosity medians between z ¼ 0:8 and 1 are probably due to in-
completeness; at lower redshifts, no such variations are seen, and
the samples are probably complete to better than �20%.
The median masses clearly grow with increasing density, at

each redshift. This cannot be a sample selection bias since that
should be constant at each redshift. The doubling of the median
mass in high-density environments compared to lower densities
is seen at all redshifts out to z ¼ 1; this is undoubtedly reflecting

Fig. 18.—Same as Fig. 14, but for the median SFR (M� yr�1).

Fig. 19.—Same as Fig. 14, but for the median star formation timescale (�SF ¼ M�/SFR).
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the fact that the early-type SEDs also are more prevalent in the
denser environments (see below), and these are oftenmassive gal-
axies. Consistent with this interpretation is the fact that although
M� (Fig. 14) exhibits dependence on �,MV does not (Fig. 15), im-
plying that the median mass-to-light ratio is lower at high density.

6.4.1. Galaxy Spectral Type and Early-Type Fraction

The galaxy SED types shown in Figure 16 exhibit very signi-
ficant variations with both redshift and density in the sense that
earlier type SEDs (E’s) are seen at higher density, later types in
the lower density regions. And for all densities, the median gal-
axy type is later (i.e., bluer, star forming) at higher redshifts. The
major variation with z occurs between the lowest two redshifts
(from z � 0:3 to 0.5 or lookback times less than 5.3 Gyr); all
three high-z bins have similar SEDs, and their variations with
density are the same. Numerous studies have noted the strong
increase in the fraction of early-type galaxies (classified by both
SEDs and morphologies) in dense environments out to z > 1
(e.g., Davis & Geller 1976; Postman & Geller 1984; Dressler
et al. 1997; Kodama et al. 2004; Kauffmann et al. 2004). The re-
sults shown in Figure 16 show very clearly that similar density
correlations are seen over the entire redshift range. Themean SED
shifts to earlier type at lower z for both low- and high-density
environments. The actual surface density for the break point be-
tween the late and early SEDs shifts does not appear to shift more
than a factor of 2 since the break occurs at approximately the same
relative density � and the density normalization from z � 0:3 to
the higher z’s changes by less than a factor of 2 (see x 6.1).

The percentage of galaxies with SED type < 1:9 is shown in
Figure 17, exhibiting variations like those in the median SED
type (as it should, since they are closely related). We include the
early-type fraction since it is often used to characterize the gal-
axy populations in evolutionary studies. As with the SEDs, the
major shift with z occurs between the lowest two redshift bins,

and at all redshifts an increased early-type fraction is seen above
� � 50. Figure 17 clearly demonstrates that the galaxy-type cor-
relation with density was clearly in place before z ¼ 1, and we
have extended this correlation to low densities, as well as the
dense clusters.

6.4.2. SFRs and Timescales

The median SFRs per galaxy (Fig. 18) rise systematically with
redshift for all densities. The overall increase by a factor of 4.5
from z ¼ 0:3 to 1 is similar to that found in many earlier studies
(e.g., see Madau et al. 1996; Hopkins 2004; Juneau et al. 2005;
Bundy et al. 2006; Bell et al. 2005; Schiminovich et al. 2005).
The observed increase at higher redshift is extremely well fit by
a linear dependence on lookback time over this range, �lbk ¼
3:5Y7:7 Gyr. Figure 18 also shows evidence of a slight decrease
in the median SFR at higher densities, with this decrease being
steepest at low redshift (z � 0:2). The steep decline in the SFR
to lower redshift is possibly due to the depletion of the interstellar
medium to fuel star formation and AGN/star formation feedback
processes. Discriminating between these may be accomplished
with future observations of the star-forming gas content with the
Atacama Large Millimeter Array.

Normalizing the SFRs by the stellar mass of each galaxy, the
star formation timescale (�SF, Fig. 19) showsmuch stronger den-
sity correlation than the SFR. At all densities, the star formation
timescale is a factor of 2Y3 shorter in all three high-redshift bins
compared with z ¼ 0:2Y0:43. And a factor of 4Y5 increase in the
star formation timescale occurs between the low- and high-density
environments at all redshifts with the strongest density depen-
dence occurring at the lowest redshift. These results imply that
most of the stellar mass in dense environments must have formed
much earlier than z ¼ 1, whereas a significant amount (�25%) of
the stellar mass in the low-density environments must have
formed at z ¼ 1:1Y0:4 (based on the measured star formation
timescales).

6.4.3. Downsizing of Star-Forming Galaxies:
The Maturity Parameter (�)

A number of investigations have suggested that star formation
occurs earlier in the most massive galaxies and as the universe
ages the star formation progresses to less and less massive sys-
tems, a phenomenon often referred to as ‘‘downsizing’’ (Cowie
et al. 1996; Kodama et al. 2004; Bundy et al. 2006). However,
this phenomenon can be blurred and sometimes confused with
the earlier formation times for galaxies in dense clusters coupled
with the high abundance of massive galaxies in clusters. Here,
we attempt to separate these effects to investigate the relative for-
mation times of high- versus moderate-mass galaxies as a func-
tion of both redshift and density.

For this discussion, we define a parameter which we will call
the maturity (�), equal to the ratio of the star formation timescale
(�SF used above) to the cosmic time (� cosmic = the age of the uni-
verse at each galaxy’s redshift). With this definition, the maturity
is unity if the observed stellar mass could have formed at the
observed SFR within the age of the universe (at the redshift of
the galaxy). The maturity will be<1 ( youth) if it is forming stars
at a sufficiently high rate that its mass could be produced in less
than the cosmic time; the maturity will be >1 (middle to old age)
if its current SFR is low, and most of its stars must have been
formed earlier (with� < 1, youth) at a SFRmuch higher than that
presently measured. Obviously, initial starburst systems would
have �T1 and old elliptical galaxies �31. The maturity, de-
fined in this manner, will continue to increase at later cosmic
epochs if the SFR remains low. On the other hand, if the aging

Fig. 20.—Median maturity (=�SF/�cos) for galaxies binned in redshift (curves)
as a function of environmental density. The expression M < 1 corresponds to
active, star-forming galaxies, and M > 1 corresponds to galaxies which formed
most of their stars at earlier epochs, but see text for a more detailed discussion for
interpretation of the maturity.
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galaxy undergoes a late-life starburst (midlife crisis), it will be
rejuvenated (� decreases). But, if the starburst is brief and not
substantial, the galaxy will return more or less to its prior state of
maturity after the starburst. (As with humans, rejuvenation may
be superficial and illusory. Our use of medians for charting the
overall evolution of the galaxy populations probes the typical ma-

turity, thus avoiding the ‘‘noise’’ due to short starbursts. [Anthro-
pomorphizing this galactic parameter can actually help one to
visualize and track the galactic changes associated with evolution
of �.] This maturity parameter is similar but not identical to the
‘‘Birthrate’’ quantity discussed by Bell et al. [2005], but maturity
more aptly connotes what this parameter characterizes.)

Fig. 21.—The maturity (=�SF /�cos) as a function of galactic mass for high- and low-density environments in three redshift bins. The cut between high and low density
was taken at relative density � ¼ 45, i.e., between the middle two bins of the four density bins used earlier. Here,M < 1 corresponds to active, star-forming galaxies, and
M > 1 corresponds to galaxies which formedmost of their stars at earlier epochs, but see text for a more detailed discussion for interpretation of the maturity. Contours are
normalized at 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 times the peak.
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In Figure 20 the maturity is shown as a function of both red-
shift and density, separately for galaxies of high and low mass.
The two sampleswere separated atM� ¼ 5 ; 1010 M�. Kauffmann
et al. (2004) and Kodama et al. (2004) found a ‘‘break’’ between
old, red galaxies and younger, blue galaxies at a mass of �3 ;
1010M� at z ¼ 0 and 1, respectively. We have adopted a some-
what higher value in order tominimize incompleteness in the low-
mass sample at zk1. Bundy et al. (2006) argue that the break
mass varies with redshift, rising to �1011 M� at z ¼ 1; however,
we do not see such clear variation (see below). In any case, we
have found by experimenting with the mass cut that a factor of 2
variation in the value of the mass cut (from 5 ; 1010 M�) did not
change the behaviors discussed below.

Figure 20 shows that at all redshifts and densities probed here,
the more massive galaxies are always more mature than the
lower mass galaxies. At each redshift and environmental den-
sity, the lower mass galaxies are systematically 5Y10 times less
mature than the massive galaxies. Once again, we emphasize
that these are not color-differentiated galaxy samples—just mass-
differentiated for which there is no a priori associationwith ‘‘age.’’
Although, if the more massive galaxies tend to be more mature,
obviously, they will appear redder.

For both the high- and low-mass galaxies, the median matu-
rity is either constant or increases with time, i.e., to lower redshift
(Fig. 20); it never decreases with time, as well it could if the star
formation in either environment was delayed to commence at a
late epoch (e.g., some dwarf galaxies). A constant maturity im-
plies a steady SFR over cosmic time, whereas an increasing ma-
turity suggests diminishing star formation with time. The more
massive galaxies clearly must have had an early phase of rapid
star formation at z < 2 (cf. Juneau et al. 2005) with relatively lit-
tle star formation at z < 1:1 in order to appear so mature (� ’
1Y2 at z � 1, Fig. 20). By contrast, the lower mass galaxies
exhibit fairly constant immaturity down to z � 0:43, implying
that ongoing, fairly constant star formation has occurred from
z ¼ 1:1 to 0.43 and very likely also at high z. However, at z <
0:43 the maturity of the lower mass galaxies rises in all environ-
ments, implying a significantly decreased SFR for lookback
times < 5 Gyr.

Figure 20 suggests that galaxies of allmasses (at z � 1:1) are
more mature in the dense environments, not just the high-mass
galaxies. The lowest redshift bins both show �SF/� cos rising quite
significantly at the highest density, while at the other redshifts, a
factor of �2 increase in the maturity occurs between the lowest
to highest densities. This clearly requires that the epoch of rapid
star formation for galaxies of both higher and lower mass must
be earlier in the denser environments than in the field.

In Figure 21 the maturity is shown as a function of galactic
mass for high- and low-density environments, with separate plots
for each redshift. The cut between high and low density was taken
at � ¼ 45, i.e., between the middle two bins of the four density
bins used earlier. In Figure 21, the overall distribution of galaxies
for all densities is shown by the colored shading, while the high-
and low-density environments are shown in the red and blue con-
tours, respectively. The separation of the old (� > 1) and young
(� < 1) galaxies is seen as a bimodal distribution, and their loci
change systematically with redshift. Evidence of evolution in the
mass separating star-forming and nonstar-forming galaxies has
been claimed by Bundy et al. (2006) and Borch et al. (2006).
Bundy et al. (2006) found Mbr / (1þ z)4; however, we find it
difficult to identify a distinct mass which can be said to divide
the mature and immature populations, since at most masses be-
tween 1010 and 1011M�,� can range from<1 to >10 (see Fig. 21).
Most of the mature galaxies occur above few ; 1010 M�, but there

is no sharp cutoff at most redshifts. In fact, for the lowest redshift
bin, two distinct, mature sequences can be seen at � � 5 and
20Y30. The latter could correspond to the maturation of the � �
6Y8 sequence seen at higher z; the former might correspond to
maturation of the � < 1 galaxies seen at earlier epochs. Possibly,
the combination of these two mature sequences at low redshifts
account for the apparent evolution of the breakmass as discussed
byBundy et al. (2006). Futurework is planned using theCOSMOS
Galaxy Evolution Explorer UV measurement to verify this second
mature sequence.

Galactic downsizing with the most massive galaxies forming
earliest is of course at variance with the expectation of the most
simple hierarchical galaxy formation scenarios. However, Kaiser
(1984) and later Cen & Ostriker (1993) suggested a model of bi-
ased galaxy formation with the most massive galaxies forming
within the highest peaks of the initial density field, and this is a
commonly accepted explanation. In the highest peaks, there is
more mass available for buildup of the most massive galaxies,
and the rate of growth is higher where the density of subhalos is
higher (e.g., De Lucia et al. 2004). The results shown here suggest
that even at relatively low environmental densities, the more
massive galaxies are formed earlier than the low-mass galaxies,
although not as early as the massive galaxies in very dense en-
vironments. This suggests that the formation ofmassive galaxies oc-
curs by two processes: one local, responsible for the early growth
of massive galaxies in low-density regions, the other associated
with high overdensity regions where the growth occurs more rap-
idly and in some cases is carried to the very highest galactic masses.

7. SUMMARY AND CONCLUSIONS

The COSMOS photometric redshifts now have sufficient ac-
curacy [�z/(1þ z) ’ 0:03] to enable identification of LSSs at
z ¼ 0:1Y1:1. We have developed an adaptive smoothing pro-
cedure to be applied to the galaxy density distributions in pho-
tometric redshift slices with�z ¼ 0:1 to identify LSSs on scales
less than 1 Mpc up to 30 Mpc with an optimal signal-to-noise
ratio across the range of spatial scales. This procedure has been
tested with excellent results on mock redshift slices and on the
dark matter particle distribution from a �CDM simulation (see
Appendices A.2 and A.3).

The adaptive smoothing is applied to the COSMOS photomet-
ric redshift catalog with selection z < 1:1, 19 < IAB < 25 mag,
and MV < �18 mag: a sample of 150,000 galaxies. No color or
SED selection is imposed, so that the defined structures are in-
trinsically unbiased with respect to galaxy type. From the galaxy
overdensities derived from the adaptive smoothing, we have de-
lineated 42 LSSs and galaxy clusters in the pseudo 3D space (�,
�, z). The surface density plots of the structures are shown in Fig-
ures 4 and 5; their measured properties are given in Table 3. Five
of the most massive structures have stellar masses (determined
from the galaxy photometry) ofM� > 1013 M�. Several have ex-
tents which can be traced over 10 Mpc (comoving). Their total
masses including dark matter are likely to be 50Y100 times
greater. The richness of the core regions of these structures is
typical of Abell classes 1Y3. The derived mass function for the
LSSs is consistent with the total mass function for clusters de-
rived by Bahcall & Cen (1993) and Reiprich &Böhringer (2002)
from optical and X-ray studies.

The clusters at the center of the most massive LSS (1) are dis-
cussed in detail by Guzzo et al. (2007) and Cassata et al. (2007).
The compact structures with diffuse X-ray emission, many of
which are located within the LSS discussed here, are discussed
byFinoguenov et al. (2007). These clusters are identified optically
by wavelet analysis of the early-type galaxies in the COSMOS
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photometric redshift catalog and from the diffuse X-ray emission.
We have compared the fractional areas seen at different overden-
sities and find general agreement to within�50%with the predic-
tions of �CDM simulations (processed similarly), with less than
1% of the areas of the redshift slices having overdensities ex-
ceeding 10 : 1. However, the observed filling factor distribution
does reach higher overdensities, and this may indicate that the
simulations have too high an efficiency for merging in dense
regions.

We have investigated the dependence of galaxy evolution on
environment using the structures defined here and the SED types
taken from the photometric redshift fitting. We find that in every
structure the mean galaxy SED type within the high-density core
of the structures is earlier than the mean SED type at the same
redshift. Our study thus confirms, with a sample of 42 structures/
clusters, the correlation of galaxy evolution with environmental
location (e.g., Dressler et al. 1997; Smith et al. 2005; Postman et al.
2005; Cooper et al. 2006 and references cited therein) over the
full range of redshift z ¼ 0:1Y1. Capak et al. (2007b) find a sim-
ilar result using an entirely independent measure of environmen-
tal density and using galaxy morphology instead of SED type.

Extensive analysis was done to analyze the correlations of gal-
axy properties (SED, mass, luminosity, and SFR) with redshift
and environment. The median SED type and star formation ac-
tivity varies strongly with both redshift and environmental den-

sity. The maturity of the stellar populations and the ‘‘downsizing’’
of star formation in galaxies are both strongly varying with epoch
and environment. Although the more massive galaxies clearly
tend to have lower SFR per unit galactic mass, we question
whether it is possible to define a distinct ‘‘break mass’’ separat-
ing active and inactive star-forming galaxy populations. And over
the range z < 1:1, we do not see strong evidence of evolution in
the masses of galaxies undergoing active star formation (at the
level of a factor of <2).
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APPENDIX

LSS IDENTIFICATION WITH ADAPTIVE SMOOTHING

In the past, a number of algorithms or techniques have been used for automated identification and characterization of galaxy clus-
tering, including percolation and Voronoi tesselation techniques (van de Weygaert 1994; Ebeling & Wiedenmann 1993; Marinoni et al.
2002; Gerke et al. 2005), wavelet analysis (Escalera & MacGillivray 1995; Finoguenov et al. 2007), and matched filter (Postman et al.
1996; Schuecker & Boehringer 1998). An algorithm for the identification of structures must be capable of detecting structures on multiple
angular scales and with only low-order assumptions regarding the internal density profile of the structures. Techniques that search for a
particular scale or assume, a priori, a density profile (or equivalently, a spatial weighting function) will have the highest sensitivity for
structures with the specified parameters, thereby biasing a derived distribution function for the recovered structures. It is also highly
desirable that the algorithm be capable of displaying compact structures simultaneously with more extended, low-density structures.
Presumably, within large structures there will be high-density substructures which one would not want to smooth out into low spatial
frequencies. Conversely, if a high-density structure is fully detected at high spatial frequencies, one would not want its power to be carried
out to low spatial frequencies as an extended halo. Multiscale algorithms like wavelet and adaptive smoothing seem therefore most
appropriate. For the structure identification, we have developed an adaptive kernel smoothing algorithm, specifically tailored to have these
characteristics.

A1. ALGORITHM

The algorithm consists of a loop, starting at low smoothing width, going to successively larger smoothing kernels, removing power
from the current 2D residual ‘‘image’’ if it exceeds a specified signal-to-noise ratio at the current level of smoothing. The image being
processed is the projected surface density (�) of galaxies in a redshift slice. Starting at the initial highest resolution (n ¼ 1), we
calculate the smoothed surface density (�n) and background surface density (B) from

�n ¼ �0
n�1 ? Kn; ðA1aÞ

Bn ¼ �0
n�1 ��n

� �
? K2n; ðA1bÞ

where ? is the convolution operator; Kn is a 2D smoothing kernel of width n, normalized such that its integral is unity; and the kernel
K2n used to convolve the background has twice the width, i.e., 2n. The ‘‘power available’’ at resolution n is calculated as

�n ¼ �n � Bn: ðA2Þ

Since equation (A1b) depends on (A2), these equations are iterated (typically 4 times) to arrive at the ‘‘best’’ estimates of the
background (without the high-frequency power included) and the �n with the most low-frequency background removed.
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If �n is the noise image at resolution n, then the signal-to-noise ratio, S/N(�)n, on the delta residual density is then

S(�)n ¼
�n

�n

ðA3Þ

and the signal-to-noise ratio, S/N(�)n, on the original surface density, smoothed to resolution n, is

S(�)n ¼
�0 ? Kn

�n

: ðA4Þ

The power to be removed at resolution n is then given by

Pn ¼ H S(�)n � s�ð ÞH S(�)n � stotð Þ½ 	�n; ðA5Þ

where H(x) is the Heaviside function (H ¼ 0 for x � 0, H ¼ 1 for x > 0), and s� is an adjustable parameter specifying the minimum
signal-to-noise ratio in the residual image required before power is removed at width n. Similarly, stot is a parameter specifying the
minimum signal-to-noise ratio required when the original total-power surface density is smoothed to resolution n. Having these two
conditions is crucial to the excellent results obtained with this procedure—allowing small values of, s� to be used while avoiding the
retention of ‘‘noise’’ peaks. For any pixels which do not satisfy this double criteria for the signal-to-noise ratio, the residual power is
retained to the next level of smoothing. The residual image (with lower spatial frequency power) to be used as input on the next
iteration at larger smoothing kernel (nþ 1) is therefore given by

�0
n ¼ �0

n�1 � Pn: ðA6Þ

Steps (A1a) to (A4) are repeated with successively larger values of n up to nmax.
After reaching nmax, the adaptive smoothed surface density (�fin) is then given by

�Bn ¼ �0
n þ

X
n

Pn: ðA7Þ

The procedure described above has the following desirable features:

1. It is conservative, i.e., the 2D integral of the original and final surface densities are equal.
2. Power is retained at the highest spatial frequencies and not smoothed out to lower frequency as long as its signal-to-noise ratio is

sufficient (i.e., greater than the specified s�).
3. High-frequency power is removed first; extended haloing around high-density regions is thus minimized.
4. Features seen in the final adaptively smoothed surface density have a well-determined significance and resolution.

Note, however, that since the resolution is variable across the adaptively smoothed image, the usual intuition that judges signif-
icance or signal-to-noise ratio by comparison with the amplitude of high-frequency noise is not reliable.

There are several parameters which are important to results of the adaptive smoothing process outlined above:

1. The signal-to-noise ratio, stot , to be required in the total surface density, � (smoothed to the current resolution). This pa-
rameter is set at stot ¼ 3 so that virtually all features seen in the final adaptively smoothed image will be ‘‘statistically’’ significant.

2. The signal-to-noise ratio, s� , specifying whether the �n signal is removed before proceeding to a lower resolution filter. This
parameter should be set such that power is removed at the highest spatial frequency for which there is a ‘‘reliable’’ signal, but avoiding re-
moval ofwhat is essentially low-frequency power before ‘‘its time has come.’’ Based on trial and error, we have adopted s� ¼ 1 for the LSS
identification. Although it might seem that 1 � would be risky, the 3 � condition (above) assures that most features will be significant.

3. The maximum filter width, nmax. The maximum filter width was taken at 0.33�, i.e., 23% of the linear size of the COSMOS field.

Two smoothing kernels were used: a boxcar and a Gaussian. The boxcar was used for program development since it was faster, but
all final results employ a 2D, symmetric Gaussian filter (implemented with a Fourier transform for speed). It is well known that boxcar
filters can introduce high spatial frequency edges, whereas the Gaussian is better behaved in this respect.

A2. SIMULATION TESTS

To test the algorithm described above with conditions similar to the galaxy counts in the COSMOS photometric redshift catalog,
we have simulated a single redshift slice with 10,000 galaxies. Approximately half of the galaxies were distributed within Gaussian-
profile structures with a distribution of peak densities and sizes. The other half of the sample galaxies were distributed randomly
across the field.

The parameters for the Gaussian-profile structures in the simulation are listed in Table 5. Figure 22 (top) shows the input surface-
densities profiles. For the bottom three rows, the simulated structures have increasing peak surface densities toward the top and in-
creasing in size going to the left. The top row simulates more complex structures with three internal components having varying sizes
and surface densities. Figure 22 (bottom) shows the simulated distribution of galaxies, consisting of 5260 galaxies randomly placed
and 4740 galaxies populated with probability given by Figure 22 (top). It is important to realize that since the density profiles of the
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structures are sampled randomly, the simulation distribution, input to the adaptive smoothing algorithm, is not identical to that shown
in Figure 22 (top), i.e., there is shot noise. Therefore, the algorithm should not be expected to return the smooth input distributions
(Fig. 22, top) exactly.

Figure 23 shows the surface density recovered from the galaxy distribution shown in Figure 22 (bottom) using the adaptive
smoothing. In fact, the algorithm has done an excellent job of recovering all structures which were statistically significant in Figure 22
(bottom), including the top row with complex, internal structure. The three structures in the lower right of Figure 22 (top) were not
recovered, but these were all sufficiently low in surface density and/or size that their total numbers of galaxies were not statistically
significant (two, eight, and six galaxies, respectively; see Table 5). Finally, it is worthwhile to emphasize that the algorithm did not
find structures which were not in the input simulation, i.e., noise in the random galaxy population was not falsely detected using
parameters for the simulation distribution (numbers of galaxies and fraction in structures) and for the detection algorithm similar to
those used for the COSMOS structure detection.

A3. TEST ON �CDM SIMULATIONS

As an additional test we have applied the adaptive smoothing procedure to one of the Virgo consortium �CDM simulations
(Benson et al. 2001) and the more recent Millennium Simulation COSMOS wedge (Springel et al. 2005; Croton et al. 2006).

The Virgo simulation had dark matter particles of mass 1:4 ; 1011 h�1 M�, and for the purposes of our test, we sampled the dark
matter particles to obtain a surface density of particles in each redshift slice similar to that of galaxies in the COSMOS photometric
redshift catalog. This was done to keep the simulation shot noise characteristics similar to those of the observational data being
analyzed here. The results for adaptive smoothing of the �CDMVirgo simulation are shown for z ¼ 0:35 and 0.93 in Figure 24. The
algorithm reliably recovers all significant structures seen in the simulation. It is noteworthy also that the scale of the structures seen
here is qualitatively similar to that actually found in our application to the COSMOS photometric redshift catalog. Compare Figure 24
with the similar redshift frames of Figure 4.

In our tests on the Millennium Simulation, the objective was to determine if similar structures were seen in this most up-to-date
simulation as in the COSMOS data. Thus, the galaxies in the Millennium COSMOS light cone were each given a redshift uncertainty
similar to that in the COSMOS photometric redshifts and then processed identically to the observed galaxies. In Figure 25 the over-
densities from the simulation are integrated along the line of sight from z ¼ 0:25 to 1.05 as was done for Figure 5, including keeping
the same contours for both plots. Extremely good correspondence is seen from the comparison indicating that the adaptive smoothing
is recovering very similar structures in both, and by implication, both theory and observations have similar intrinsic structure. In x 4,
we make a more quantitative comparison by measuring the area filling factor as a function of overdensity and redshift.

TABLE 5

Parameters for Structures in Simulation

Structure R.A. Decl.

FWHM

(arcmin)a
Peak

(No. deg�2)b No. Galaxiesc

1.................................. �0.48 �0.64 1.0 6148 2

2.................................. �0.16 �0.64 1.9 6148 8

3.................................. 0.16 �0.64 5.8 6148 65

4.................................. 0.48 �0.64 11.5 6148 252

5.................................. �0.48 �0.24 1.0 18446 6

6.................................. �0.16 �0.24 1.9 18446 22

7.................................. 0.16 �0.24 5.8 18446 194

8.................................. 0.48 �0.24 11.5 18446 773

9.................................. �0.48 0.16 1.0 61489 18

10................................ �0.16 0.16 1.9 30744 36

11................................ 0.16 0.16 5.8 30744 322

12................................ 0.48 0.16 11.5 30744 1288

13................................ �0.42 0.58 1.0 43042 13

14................................ �0.48 0.64 1.9 24595 29

15................................ �0.48 0.58 5.8 24595 258

16................................ �0.09 0.58 1.9 24595 29

17................................ �0.16 0.67 1.9 24595 29

18................................ �0.16 0.58 7.7 12297 229

19................................ 0.23 0.58 1.9 30744 36

20................................ 0.16 0.64 5.8 18446 194

21................................ 0.16 0.58 11.5 12297 514

22................................ 0.48 0.64 1.9 24595 29

23................................ 0.58 0.58 3.8 24595 115

24................................ 0.48 0.58 8.7 12297 290

Note.—Total number of galaxies in all the structures is 4740.
a FWHM (arcminutes) for the Gaussian galaxy distribution.
b Peak surface density of galaxies.
c Total number of galaxies in structure.
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Fig. 23.—Density distribution recovered using the adaptive smoothing algorithm.

Fig. 22.—Left: Projected model densities of the clusters for the parameters given in Table 5. The number to the upper left of each feature are the structure IDs given in
Table 5. The contour units are given in the top legend, alongwith the background� in the same units.Right: Positions of 10,000 galaxies (including 5260 randomly placed
galaxies) for the cluster distribution in the left panel.



Fig. 25.—Projected distribution of overdensities integrated from z ¼ 0:2 to 1.05 and with contours identical to those employed for the observations in Fig. 5.
Application of the adaptive smoothing algorithm to the galaxies generated in the Millennium Simulation COSMOS light cone were processed identically to the observed
galaxy distribution, including the imposition of redshift uncertainties like those in the observations and using the same smoothing parameters.

Fig. 24.—Application of the adaptive smoothing algorithm to the dark matter particle distribution in one of the Virgo consortium �CDM simulations (Benson et al.
2001). The algorithm detects virtually all significant structures seen visually in the simulation. More importantly, the characteristics of the detected structures (their scales
and changes as a function of redshift) correspond closely to those detected in the galaxy overdensities from the photometric redshift catalog.
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