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ABSTRACT

We measure the spatial clustering of galaxies as a function of their morphological type at
72~ 0.8, for the first time in a deep redshift survey with full morphological information. This
is obtained by combining high-resolution Hubble Space Telescope imaging and Very Large
Telescope spectroscopy for about 8500 galaxies to Iag = 22.5 with accurate spectroscopic
redshifts from the zCOSMOS-Bright redshift survey. At this epoch, early-type galaxies al-
ready show a significantly stronger clustering than late-type galaxies on all probed scales. A
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comparison to the Sloan Digital Sky Survey Data at z >~ 0.1 shows that the relative clustering
strength between early and late morphological classes tends to increase with cosmic time at
small separations, while on large scales it shows no significant evolution since z 2~ 0.8. This
suggests that most early-type galaxies had already formed in intermediate and dense environ-
ments at this epoch. Our results are consistent with a picture in which the relative clustering of
different morphological types between z >~ 1 and O reflects the evolving role of environment
in the morphological transformation of galaxies, on top of a global evolution driven by mass.

Key words: galaxies: evolution — galaxies: high-redshift — galaxies: statistics — cosmology:
observations — large-scale structure of Universe.

1 INTRODUCTION

In the local Universe, the clustering properties of galaxies depend
on luminosity (e.g. Davis et al. 1988; Hamilton 1988; White, Tully
& Davis 1988; Park et al. 1994; Loveday et al. 1995; Benoist et al.
1996; Guzzo et al. 2000; Norberg et al. 2001; Zehavi et al. 2002,
2005; Li et al. 2006; Skibba et al. 2006; Wang et al. 2007; Swanson
et al. 2008), colour (e.g. Willmer, da Costa & Pellegrini 1998; Ze-
havi et al. 2002, 2005; Li et al. 2006; Swanson et al. 2008; Skibba &
Sheth 2009), spectral type (e.g. Loveday, Tresse & Maddox 1999;
Norberg et al. 2002; Madgwick et al. 2003; Wang et al. 2007) and
environment (Abbas & Sheth 2006, 2007). Differences in the clus-
tering of the various galaxy morphological types are also observed
(e.g. Davis & Geller 1976; Giovanelli, Haynes & Chincarini 1986;
Iovino et al. 1993; Loveday et al. 1995; Hermit et al. 1996; Guzzo
et al. 1997; Willmer et al. 1998; Zehavi et al. 2002; Skibba et al.
2009). Elliptical galaxies are more strongly clustered than spiral
and irregular galaxies. Another manifestation of this phenomenon
is the existence of a morphology—density relation (Dressler 1980;
Postman & Geller 1984), which implies that a higher fraction of
ellipticals than either spirals or irregulars reside in denser environ-
ments. Spiral and irregular galaxies are more likely to populate less
dense regions. However, the origin and relation between these de-
pendences are still not fully understood. They are usually discussed
in terms of a nature or nurture scenario, i.e. being intrinsic proper-
ties of galaxies at formation or originating from the interaction of
galaxies with their environment all along their cosmic evolution.

At higher redshifts, our knowledge of galaxy clustering proper-
ties remains fragmentary. We know little about the clustering of the
various morphological types. Deep surveys have detected an evo-
lution in the global galaxy clustering with redshift up to z ~ 1-1.5
(Coil et al. 2004; Le Fevre et al. 2005; McCracken et al. 2008). Ad-
ditional results indicate that the luminosity, colour and spectral-type
dependences of clustering evolve with redshift. A less significant
segregation is evident when we consider the dependence of clus-
tering on either colour or spectral type, the difference in clustering
strength between red/early-type and blue/late-type galaxies being
shallower at z ~ 1-1.5 than at z >~ 0 (Meneux et al. 2006; Coil et al.
2008).

These observations are consistent with the accepted picture of
hierarchical clustering growth and galaxy evolution in which CDM
haloes form from the gravitational collapse of dark matter around
peaks in the density field. Haloes evolve hierarchically, such that
smaller haloes assemble to form larger and more massive haloes in
high-density regions (Mo & White 1996; Sheth & Tormen 2002).
In parallel, galaxies form within haloes, by means of the cooling of
hot baryonic gas (White et al. 1987). In this framework, luminous
and massive galaxies are expected to be more strongly clustered
than fainter and less massive ones that tend to form in less clus-

tered haloes, which are less biased with respect to the underlying
mass distribution. Moreover, early-type galaxies, which are in gen-
eral brighter than late-type galaxies, are more strongly clustered.
This difference is thought to be related to their different formation
histories. Early-type galaxies are understood to be the product of
interaction processes (e.g. galaxy merging) and/or physical mech-
anisms that take place in dense environments, although mergers
are more common in less dense group environments than at galaxy
cluster cores (Ellison et al. 2010). However, late-type galaxies may
not experience such dramatic events, being more likely to reside in
less dense environments. Mergers are expected to affect galaxy mor-
phology by creating or growing a galaxy bulge component, albeit
a large gas fraction may result in a galaxy temporarily regrowing
a disc. They contribute to the evolving number densities (e.g. de
Ravel et al. 2009) and clustering properties of different types of
galaxies.

Galaxy colours or spectral types are often used as proxies for
galaxy morphologies, but are affected by uncertainties in tracing
the same underlying galaxy populations across cosmic time. For
instance, a disc galaxy containing an old stellar population would be
classified as an early-type object. In a similar way, a starburst galaxy
heavily obscured by dust would be classified as a red, early-type
galaxy. In contrast, an old and red stellar population may dominate
the measured stellar mass of an object, but the galaxy colour can
be blue because of a recent burst of star formation. Colours are
primarily related to galaxy recent star formation history at variance
with morphologies, which may be the result of the interaction of
galaxies with their surroundings. Selecting galaxies by colour or
spectral type, or by morphology may give one different views on
galaxy evolution and environmental effects at work. Studying how
galaxy clustering depends on morphology and cosmic epoch may
thus provide important and complementary clues to mechanisms
through which galaxies developed into the population we see today.
Such a study has not yet been possible at z > 0.3 because of the lack
of high-resolution imaging surveys of sufficient size. The Cosmic
Evolution Survey (COSMOS; Scoville et al. 2007) provides us with
a unique sample in this respect.

In this work, we use the ZCOSMOS-Bright spectroscopic sample
of galaxies (Lilly et al. 2009) and measure for the first time the mor-
phological dependence of galaxy clustering at z >~ 0.8. This paper
is part of a series of three papers using the first-epoch zCOSMOS-
Bright sample, which investigate galaxy clustering as a function
of galaxy physical properties: morphology (this paper), luminosity
and stellar mass (Meneux et al. 2009) and colour (Porciani et al., in
preparation).

The paper is organized as follows. In Section 2, we present the
galaxy sample and its basic properties. In Section 3, we describe
the method used to measure galaxy clustering. In Section 4, we
provide the measurements of early- and late-type galaxy clustering.
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In Section 5, we summarize and discuss our results. Throughout
this paper, we assume a flat Acold dark matter (ACDM) cosmology
with Qy = 0.25, Q4 = 0.75 and Hy = 100 # kms™! Mpc’l. The
magnitudes are quoted in the AB system and for simplicity, we
denote the absolute magnitude in the B band Mp — 5 log (h) as M.

2 THE DATA

2.1 The zCOSMOS-Bright catalogue

zCOSMOS is an ongoing large spectroscopic survey being per-
formed with the Visible Multi-Object Spectrograph (VIMOS;
Le Fevre et al. 2003) at the European Southern Observatory’s
Very Large Telescope (ESO-VLT). The bright part of the survey,
zCOSMOS-Bright, has been designed to follow up spectroscopi-
cally the entire 1.7-deg>? COSMOS Advanced Camera for Surveys
(ACS) field (Koekemoer et al. 2007; Scoville et al. 2007) to as
faint as /ag = 22.5. Observations have used the medium-resolution
red grism with 1-arcsec slits, yielding a spectral resolution of R ~
600 at 2.5 A pixel™'. The velocity uncertainty in the redshifts is
estimated to be 110km s™'. The survey strategy, which consists of
eight passes of the VIMOS spectrograph across the field, will allow
us to reach in the end a high sampling rate of about 70 per cent over
the entire field (Lilly et al. 2007). In the present analysis, we use
the first-epoch zCOSMOS-Bright spectroscopic sample (also called
zCOSMOS 10k-bright sample), which is based on the first 2 yr of
observations performed in 2005 and 2006. The first-epoch sample
covers an effective area of 1.5 deg? with an average sampling rate of
about 30 per cent across the field. It consists of 10 644 magnitude-
selected objects according to /g < 22.5. This selection provides a
redshift distribution in the range 0.1 < z < 1.2 that peaks at z >~ 0.6.
A confidence class has been assigned to each object of the sample
to characterize the confidence in the redshift determination and its
nature. In this work, we use only galaxies with secure redshifts,
i.e. objects with confidence classes 4.x, 3.x, 9.3, 9.5, 2.4, 2.5 and
1.5. Our sample thus represents 88 per cent of the full first-epoch
zCOSMOS-Bright catalogue (see Lilly et al. 2009, for details). The
zCOSMOS survey is able to benefit from the unprecedented mul-
tiwavelength coverage of the COSMOS field (Capak et al. 2007),
which permits us to compute very accurate photometric redshifts
(e.g. Ilbert et al. 2009). By incorporating the photometric redshift
consistency information, we reach a spectroscopic confirmation rate
of 99 per cent. The zZCOSMOS survey design and the basic proper-
ties of the zZCOSMOS-Bright catalogue are fully described in Lilly
et al. (2007, 2009).

2.2 Galaxy morphology

A unique advantage of the COSMOS/zCOSMOS surveys is
the Hubble Space Telescope (HST)-ACS high-resolution imaging
(Koekemoer et al. 2007) that is available over an area of 1.7 deg?.
In particular, these data allow us to determine directly the morphol-
ogy of galaxies out to z > 1. Morphologies used in this work were
estimated using a robust classification scheme based on three non-
parametric diagnostics of galaxy structure: concentration, asymme-
try and the Gini coefficient (Abraham et al. 1996; Abraham, van den
Bergh & Nair 2003; Lotz, Primack & Madau 2004). We first com-
puted the distance of each galaxy in the multiparameter space with
respect to each galaxy of a control sample of 500 galaxies that had
been visually classified. A morphological class was then assigned
to each galaxy depending on the most frequent class among those
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of the 11th nearest neighbours in the control sample. The choice of
using this number of nearest neighbours was made as it maximizes
the completeness of the different classes in our sample. Galaxies
were classified into three main morphological types: early-type, spi-
ral and irregular, with the early-type including both elliptical and
lenticular galaxies (S0).

The classifier was optimized to be insensitive to band-shifting and
surface brightness dimming. Since the classification is performed
using a single photometric band and we study a relatively broad
range of redshifts, our morphology measurements may be biased as
a function of redshift because of the band-shifting effect (e.g. Lotz
et al. 2004). However, as discussed in Tasca et al. (2009) our mor-
phologies can only be affected at redshifts greater than z >~ 0.8.
Furthermore, the effect is small when only two broad classes of
early- and late-type galaxies are defined (Brinchmann et al. 1998),
which is the case here. In practice, spiral galaxies can be misclas-
sified as irregulars but, since we define a broad class of late-type
galaxies that includes both spiral and irregular galaxies, our analy-
sis is unaffected by this bias. We evaluated the contamination and
completeness of the different classes by applying our automated
classifier to the control sample and comparing the resulting clas-
sification with the visual one. This comparison showed that our
classification scheme is rather robust with only a small contamina-
tion of about 7 per cent for each class when considering only two
broad classes of early-type and spiral+irregular galaxies. We veri-
fied, using more conservative morphological classes with almost no
contamination but larger incompleteness (i.e. the ‘clean’ sample of
Tasca et al. 2009), that this has a limited impact on the clustering
measurements. The effect is much smaller than the statistical error
on wy(r,) measurements. We refer the reader to Tasca et al. (2009)
for a full description of the classification scheme and the properties
of the morphological sample.

In this study, we focus on two broad classes: early types and
late types, the latter referring to galaxies morphologically classi-
fied as either spirals or irregulars. Because of the slightly different
geometries of the COSMOS-ACS and zCOSMOS-Bright fields, a
small number of galaxies in the zZCOSMOS-Bright catalogue do not
have morphological measurements. These galaxies, which represent
3 per cent of the ZCOSMOS-Bright sample, are indicated by crosses
in Fig. 1. In this analysis, we therefore remove galaxies that do not
have a counterpart in the COSMOS-ACS photometric catalogue
(Leauthaud et al. 2007). In the end, the effective area of the sample
that we can use is defined to be the intersection of the COSMOS-
ACS and zCOSMOS fields, after removal of regions affected by
photometric defects for which no morphological measurement is
available (see Fig. 1).

2.3 Sample selection

We consider a nearly volume-limited sample where galaxies are
selected to be of absolute magnitude below a given threshold and
to populate a complete comoving volume in the considered redshift
interval. We focus on the high-redshift part of the ZCOSMOS-Bright
sample, defining volume-limited samples of early- and late-type
galaxies at 0.6 < z < 1.0. The selection is performed on the basis
of the galaxy B-band absolute magnitudes to facilitate comparison
with other studies. We include an intrinsic luminosity evolution
in the definition of the sample by considering a linearly evolving
absolute magnitude cut such as

My < —20.4 — 0(1.0 — ), (D
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Figure 1. Angular distribution of the zZCOSMOS-Bright sample. The solid
line shows the boundary of the COSMOS-ACS survey and the dashed con-
tours encompass the regions observed by VIMOS during the zCOSMOS-
Bright first-epoch observations. Crosses indicate the few galaxies for which
no morphological information is available because they either lie outside the
COSMOS-ACS field or coincide with photometric defects in the images.

—22

19 PR | |

0.8 1
redshift z

Figure 2. Distribution of the zCOSMOS-Bright galaxies in the B-band
absolute magnitude—redshift plane. Early-type galaxies are indicated by
squares and late-type galaxies by dots. The solid line shows the boundary
of the defined volume-limited sample.

where Q is a constant, as shown in Fig. 2. This is performed to ensure
that the evolution in the characteristic galaxy luminosity within the
considered redshift interval is taken into account. This absolute
magnitude threshold allows us to select galaxies with luminosities
above L* at these redshifts. The mean luminosity of all galaxies
selected above this threshold is about 1.1L* (Zucca et al. 2009).

_20 | | |
0.2 0.4 0.6 0.8 1

redshift z

Figure 3. Evolution of the characteristic absolute magnitude in the B band,
M3, as afunction of redshift as measured by Zucca et al. (2009) for early-type
(circles), spiral (squares) and irregular (triangles) galaxies in the zZCOSMOS-
Bright sample. The lines correspond to the best-fitting linear evolution of
M (2) for the three morphological types.

Different galaxy populations exhibit different luminosity evolu-
tions (Lilly et al. 1996; Zucca et al. 2006) and thus Q depends on the
morphological type. The value of Q can be inferred observationally
from the evolution of the luminosity function for the different mor-
phological types. We used the characteristic absolute magnitude in
the B band, M3}, derived from the same data by Zucca et al. (2009)
in different redshift intervals and for different morphological types.
We note that we used M* values obtained by keeping the faint-
end slope of the luminosity function « fixed. This is a reasonable
decision since a does not clearly exhibit any type of evolution at
these redshifts (Zucca et al. 2009). We adopted this approach to
avoid compensating for the luminosity evolution with an artificial
increase in o.

We therefore determined Q by fitting the redshift evolution in M7},
with a linear function. The values of M}(z) for the three morpho-
logical types and their best-fitting linear functions are presented in
Fig. 3. We find a small amount of luminosity evolution for early
types and spirals, given, respectively, by Op = —1.04 £ 0.22 and
Qs = —0.80 £ 0.14, but a stronger evolution for irregular galaxies,
for which Oy = —1.23 £ 0.24. In the case of irregular galaxies, the
value of Q is driven significantly in the fit by the low-redshift point,
which has a relatively small and unexpected value. Excluding this
point in the fit yields a higher value of O; = —0.84 £ 0.11, close
to that found for spirals. Therefore, after several tests and given
the large uncertainty in these values, we assumed that Q = —1 for
all morphological types, which is close to the average of the three
morphological classes. We directly tested that varying the slope of
the absolute magnitude cut removes or adds only a small fraction
of galaxies and does not influence significantly the measurements
of the correlation function.

3 GALAXY CLUSTERING ESTIMATION

3.1 The projected two-point correlation function

To estimate galaxy clustering, we use the standard projected two-
point projected correlation function wy(r,), which enables us to
measure real-space clustering without being affected by redshift-
space distortions. The three-dimensional galaxy distribution that
is recovered from redshift surveys and its two-point correlation
function £(s) are distorted because of the effect of galaxy pe-
culiar motions. These motions affect in particular the distance
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measurements in the radial direction. By dividing the vector s into
two components, r, and 7, respectively, perpendicular and parallel
to the line of sight (Peebles 1980; Fisher et al. 1994), one obtains
the bidimensional two-point correlation function & (rp, ). One can
then recover the true spatial correlations by integrating over the
redshift-space distortion field, projecting & (r,,, ) along the line of
sight. The projected two-point correlation function wy,(r) is related
to both &(rp, ) and the real-space two-point correlation function
&(r) by the relations

w(r)—Z/wé(r n)dn—2/m¢rdr 2)
) =< ) p = i (rz—rg)]/z :

To compute w,(rp), we chose in practice to integrate & (r,,, 77) out to
7 max = 20 h~1 Mpc. Given the volume of the survey, we found that
this value is sufficiently large and optimally minimizes the noise
introduced at large 7 by the uncorrelated pairs in the data (see also
Meneux et al. 2009; Porciani et al., in preparation). This truncation
introduces a global underestimation of wy, () of about 10 per cent
that has to be taken into account when modelling the observations.

We computed & (r,,, ) using the standard Landy & Szalay (1993)
estimator, which is defined by

GG(rp, m) —2GR(rp, m) + RR(ry, )

§(rp, ) = RR(ry, )

; ©))

where GG(rp, ), RR(rp, ) and GR(r,, ) are, respectively, the
normalized numbers of distinct galaxy—galaxy, galaxy—random and
random-random pairs with comoving separations between [r, r +
dr] and [z, 7 + drr]. In this analysis, we used random samples of
90 000 objects.

3.2 Observational biases

The zCOSMOS-Bright sample has a complex angular sampling
because of the survey observational strategy and the shape of the
VIMOS field of view. In Fig. 1, one can discern the VIMOS footprint
and the superposition of multiple passes in the angular distribution
of galaxies. To correct the projected correlation function for this
non-uniform and incomplete angular sampling, we accurately es-
timated the background counts expected for unclustered objects in
the field. We generated random catalogues with the detailed angular
selection function of the sample by varying the number of random
galaxies with angular position. More precisely, from the knowledge
of the precise shape of the VIMOS field of view and the coordi-
nates of the observed pointings, we distribute iteratively random
galaxies inside the areas covered by each pointing. With this pro-
cedure, we reproduce in the random sample the effective surface
density variations due to the non-uniform spectroscopic sampling
of the zCOSMOS sample, illustrated in Fig. 4. The objects within
regions of the parent photometric catalogue affected by photometric
defects, and for which no morphological measurements were pos-
sible, were removed a posteriori by applying the COSMOS-ACS
photometric mask (Leauthaud et al. 2007). This technique was al-
ready applied to the clustering analysis of the VIMOS-VLT Deep
Survey (VVDS; e.g. Le Fevre et al. 2005; Meneux et al. 2006;
Pollo et al. 2006; de la Torre et al. 2007), which suffers from sim-
ilar observational biases (see Pollo et al. 2005, for details). In the
present analysis, we improve this method by adding a correction
for the non-uniform sampling inside each pointing and including
a more accurate pair-weighting scheme to correct for the angular
incompleteness, as described below.
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Figure 4. Variation in the angular sampling of the zZCOSMOS-Bright sam-
ple. The colour darkness encodes the number of passes of the VIMOS
spectrograph on the sky during zZCOSMOS-Bright first-epoch observations.
The dark colour at the centre of field corresponds to the VIMOS eight-passes
coverage expected over the full area in the final ZCOSMOS-Bright sample.

In the top panel of Fig. 5, we plot the distribution of zZCOSMOS-
Bright galaxies in the rest-frame angular coordinates of their point-
ing. The solid contours correspond to the effective shape of the four
quadrants of the VIMOS field of view. In this figure, one can dis-
cern a variation in sampling as a function of the position within the
pointing, in the right ascension direction. This non-uniform sam-
pling is produced during the designing of slit masks to optimize the
total number of slits, and in turn produces two layers of spectra in
each mask (Bottini et al. 2005). This problem is more severe for
zCOSMOS-Bright than VVDS because of the use of a higher reso-
lution grism and consequently longer spectra on the detector, which
limit the degree of freedom of the slit positioning algorithm. We
therefore correct for this by reproducing within the random sam-
ples the right-ascension-dependent sampling of each pointing. We
model the average distribution of galaxies along the right ascension
direction with a smooth function, as shown in the bottom panel
of Fig. 5, and use the fitted model to distribute the galaxies in the
random sample.

In addition, we use a pair-weighting scheme to account for the
small-scale incompleteness caused by the geometrical constraints
of the slit mask design (Bottini et al. 2005), which prevent VIMOS
from simultaneously targeting very close objects. As shown in the
top panel of Fig. 6, in general this incompleteness affects the angular
clustering on scales of & < 0202, but the effect becomes significant
only below & = 02004 . The latter angular scale corresponds to a
maximum separation of r, = 0.172~" Mpc at 0.6 < z < 1.0. To
correct for this, we assign a weight to each galaxy—galaxy pair that
accounts for the missed angular pairs. To calculate the weights, we
use the information contained in the parent photometric catalogue,
which is assumed to be free from angular incompleteness. We define
a weighting function f(6) to be the ratio of the mean number of pairs
in the parent photometric catalogue to those in the spectroscopic
catalogue as a function of angular separation. This quantity can be
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Figure 5. Top panel: distribution of the zZCOSMOS-Bright galaxies in the
rest-frame angular coordinates of their pointing, showing the uneven cov-
erage of each of the four VIMOS quadrants. Bottom panel: correspond-
ing histogram along the right ascension direction. The dashed curve is the
smooth function used to model the average galaxy distribution along the
right ascension direction within each pointing.

written as (e.g. Hawkins et al. 2003),

1 4+ wpar(0)

f(9)= H'Tspec(e)’

“
where wp,(0) and wpec(0) are the angular correlation functions
of the parent photometric and spectroscopic samples, respectively.
We again use the Landy & Szalay (1993) estimator to compute
the angular correlation functions. In the calculation of wy..(6), we
account for the complex angular sampling of the spectroscopic cat-
alogue, as discussed above. We note that only the galaxy—galaxy
pairs are weighted because the random sample does not have any
close-pair constraints. The weighting function and the angular cor-
relation functions of the parent photometric and spectroscopic sam-
ples are shown in Fig. 6. We compared this weighting scheme with
those adopted in the parallel clustering analyses by Meneux et al.
(2009) and Porciani et al. (in preparation) and found that the dif-
ferent estimators yield consistent results within the errors. More
detailed results of this comparison are presented in Porciani et al.
(in preparation).

Finally, to compute &(r,, 1), the random catalogues also need to
reproduce the detailed radial selection function of the survey. Galax-
ies are clustered and, because the volumes probed by galaxy surveys
are usually small, it is difficult to measure average quantities such as
the radial distribution of objects. The subsequent variability in the
measurements, usually referred to as sample variance (or cosmic
variance), can significantly bias its determination (e.g. Garilli et al.
2008). One way of obtaining the radial selection function entails
convolving the observed galaxy redshift distribution with a kernel
of sufficiently large width to smooth out the resolved structures.
The zCOSMOS-Bright sample contains a large number of struc-
tures along the line of sight that correspond to the multiple peaks
seen in the observed radial distribution. We find that the smooth-
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Figure 6. Top panel: angular correlation functions of the parent photometric
catalogue wy(0) (solid points) and the spectroscopic catalogue ws(6) (open
points). Bottom panel: ratio of these two functions, where the weighting
function (solid curve) was used to correct for the angular incompleteness.
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Figure 7. Observed radial distribution in our volume-limited sample at
0.6 < z < 1.0 (histogram) for late-type (top panel) and early-type (bot-
tom panel) galaxies. The dashed curve shows the distribution obtained by
smoothing the observed radial distribution with a Gaussian filter using a
smoothing length of o'y = 450 ~! Mpc. The solid curve corresponds to the
distribution derived by integrating the galaxy luminosity function.

ing method tends to flatten and broaden the redshift distribution in

our sample. A Gaussian filter of smoothing length as large as o5 =

450 h~! Mpc needs to be applied to completely remove the spikes in

the radial distribution. This, however, distorts the shape of the radial

distribution as shown in Fig. 7. An alternative way of estimating

the expected N(z) that we adopt here is to use the galaxy luminosity

function. For volume-limited samples, one can recover the radial
distribution N(z) as

Mmax
N(z)dz = / oM, z)%dez, Q)
oo dz
© 2011 The Authors, MNRAS 412, 825-834
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where ¢(M, z) is the galaxy luminosity function at redshift z and
V. is the comoving volume. In practice, to obtain ¢(M, z), we
first fitted the evolution of the measured Schechter parameters in
different redshift bins by Zucca et al. (2009) with linear functions of
z. We then use the functions that best describe ¢*(z), M*(z) and a(z)
to obtain ¢(M, z) at any redshift z, assuming a Schechter form of
the luminosity function. This method has the advantage of reducing
sample variance effects in the determination of the radial distribution
by smoothing out the spurious variations in the measured Schechter
parameters from one redshift bin to another. The resulting predicted
radial distribution using this method is also shown in Fig. 7.

3.3 Error estimation

We estimate the errors in the correlation function measurements
using the blockwise bootstrap method (e.g. Porciani & Giavalisco
2002), which provides a reliable estimate of both the statistical and
sample variance errors. We verified their reliability by directly com-
paring with the ensemble average scatter of a set of mock samples
of the survey and chose blockwise errors because they produced a
more stable covariance matrix. This internal-error estimator con-
sists in calculating the variance in the correlation functions among
a given number of realizations N, of the sample, consisting of
a random sequence of Ny, equal-sized sub-volumes, allowing for
repetitions. To define the sub-volumes and because the transverse
dimension of the survey is small, we divided the sample into slices
along the radial direction and constrained the radial size of each
slice to be larger than five times 7., as defined in Section 3.1.
Therefore, for each sample, we generated N,., = 800 realizations
by bootstrapping N, = 8 slices of equal volume.

Norberg et al. (2009) studied the efficiency of different error
estimators, showing that this particular technique enables us to
robustly recover the main eigenvectors of the underlying covari-
ance matrix and that by obtaining a large number of realizations
Niea > 3Ny, one can calculate variances that agree with exter-
nal estimators. However, their analysis is performed by considering
significantly larger volumes than the one probed by the zZCOSMOS-
Bright sample, which prompted us to check directly the reliability of
this method for our specific survey using mock samples. We used
24 realistic mock samples of the COSMOS survey provided by
Kitzbichler & White (2007) and based on the Millennium dark mat-
ter N-body simulation (Springel et al. 2005). We applied to them the
detailed zZCOSMOS-Bright observational strategy. For this purpose,
we used sspoc software (Bottini et al. 2005) to mimic in the mock
samples the selection of spectroscopic targets within the observed
pointings. In addition, we included the same redshift success rate
as the real data (see lovino et al. 2010, for details). We find that the
blockwise bootstrap method, on average, allows us to recover fairly
well both the diagonal and off-diagonal terms of the covariance
matrix, although the diagonal errors are slightly underestimated on
large scales. This effect is, however, of the order of 20-25 per cent
on scales between 2 and 10 h~! Mpc. Details of the error analy-
sis are presented in Meneux et al. (2009) and Porciani et al. (in
preparation).

4 RESULTS

We present in Fig. 8 our measurement of the spatial clustering
of early- and late-type galaxies at 7 = 0.81, showing that at this
epoch the former are already more strongly clustered than the lat-
ter. The observed segregation tends to only affect the amplitude of
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Figure 8. The projected correlation functions of early types (circles) and
late types (squares) in our volume-limited sample at 0.6 < z < 1.0. The solid
lines correspond to the measurements of Skibba et al. (2009) at z ~~ 0.1.

the projected correlation function on all probed scales, correspond-
ing to an almost scale-independent relative clustering of early- to
late-type galaxies that we discuss in Section 4.2. We compare our
measurements with those obtained by Skibba et al. (2009) at z >~
0.1 in the Sloan Digital Sky Survey (SDSS) Data Release 6
(Adelman-McCarthy et al. 2008) and based on visually classified
morphologies from the Galaxy Zoo sample (Lintott et al. 2008). We
overplot in Fig. 8 the w,(r,) measurements they obtained for early
and late morphological types (defined as Py > 0.8 and Py, > 0.8,
respectively; see Skibba et al. 2009), with absolute magnitudes of
M, < —20.5. This magnitude cut selects galaxies with luminosity
above L* at z >~ 0.1 (Blanton et al. 2003), making these local mea-
surements comparable with ours. However, we cannot make a fully
quantitative comparison as the sample selection and morphological
classifications are not exactly the same. Comparison of the corre-
lation function shapes shows some indications of an increase with
cosmic time in the relative difference in clustering between early
and late morphological classes for separations smaller than a few
h~! Mpc, although error bars are relatively large on these scales in
our sample.

4.1 Effect of the overabundance of high-density regions in the
COSMOS field

In the measurements of Fig. 8, the shape of the projected cor-
relation function at r, > 14~ Mpc, for both early- and late-type
galaxies, is flatter than that for the SDSS, with approximately wy(r,)
o ;16 Such behaviour was also noticed in previous analysis of
the zZCOSMOS-Bright data, based on luminosity- and stellar-mass-
selected samples (Meneux et al. 2009), and has been recently ex-
plained as being due to an overabundance of rich structures in the
field, in particular at z > 0.6 (de la Torre et al. 2010). This is
quantified by an excess of galaxies in the high-density tail of the
overdensity probability distribution function of the sample, which
is responsible for an enhancement of the clustering signal on scales
above 1-2h~! Mpc. de la Torre et al. (2010) found that simply
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Figure 9. The projected correlation functions of early types (circles) and
late types (squares) in our volume-limited sample at 0.6 < z < 1.0. The
empty circles (for early types) and empty squares (for late types) are obtained
while removing all the galaxies inhabiting the rich structures in excess in
the zCOSMOS sample (see the text for details). The latter points have been
slightly displaced along the r},-axis to improve the clarity of the figure.

removing galaxies inhabiting the 10 per cent densest environments
brings the shape of w,(r,) back into agreement with current ACDM
model predictions and other data sets (Meneux et al. 2008, 2009).
We explore the significance of this effect in our morphologically
selected samples performing exactly the same operation here. The
resulting wp(r;,) are shown as empty symbols in Fig. 9. This pro-
cedure reduces the amplitude of wy(r,) on large scales, although
the result is less dramatic than in the full sample (de la Torre et al.
2010), and allows us to obtain better-behaved w,(rp) shapes on
these scales.

4.2 Relative clustering of early- to late-type galaxies

The observed relative clustering between different galaxy types
can provide us with valuable information on the properties of the
galaxy formation bias (e.g. Narayanan Berlind & Weinberg 2000).
In general, local biasing models predict constant scale-independent
relative clustering on large scales (Coles 1993; Fry & Gaztanaga
1993; Mann et al. 1998; Scherrer & Weinberg 1998; Narayanan et al.
2000). This prediction remains in any model where the galaxy type
is correlated with the local density. We note that here ‘local’ refers to
scales over which material in non-linear structures has mixed during
the cosmic history. This behaviour disagrees with models of non-
local bias in which, for instance, the galaxy formation efficiency is
coherently modulated over large scales because of ionizing radiation
(Bower et al. 1993) or suppressed in randomly distributed voids
(Babul & White 1991). In these models, the large-scale relative
clustering is expected to be scale-dependent (Narayanan et al. 2000).

Fig. 10 shows the relative clustering (or relative bias) b (r,) of
early- to late-type galaxies in the range 0.1 h~! Mpc < r, < 1047!

= 2~0.8, zCOSMOS (this work)
F O 2~0.B, 2COSMOS corrected (this work) B
= z~0.1, SDSS (Skibba et al., 2009)

bearly/ blate
T

0.1 1 10
r, [h™' Mpc]

Figure 10. Relative clustering of early- to late-type galaxies as a function
of scale in our sample (symbols), compared to that at z >~ 0.1 obtained from
Skibba et al. (2009) measurements (solid curve). The amplitude of the solid
line defines the large-scale linear relative bias of early- to late-type galaxies,
i.e. the plateau measured in the range 1.5A! Mpc < rp < 10A~" Mpc.
The empty squares show the relative bias obtained while removing all the
galaxies inhabiting the rich structures in excess in the zZCOSMOS sample
(see the text for details).

Mpc obtained in our sample and from SDSS measurements as

1 1
brel = late = m late =5 (6)
wy wi wy biae

where w" and bearty (wi)ale and by,.) correspond, respectively, to
the projected correlation function and the bias of early-type (late-
type) galaxies with respect to the mass and w' is the projected
correlation function of mass. At z 2 0.1, the relative bias shows
a scale dependence in the regime where clustering is non-linear,
i.e. on small scales, but tends asymptotically to a constant value on
larger scales. It varies from b >~ 2 at rp, 2~ 0.2 h™! Mpc to by 2
1.3 at r, > 5h~' Mpc, confirming previously reported clustering
measurements in the local Universe (Loveday et al. 1995; Hermit
et al. 1996; Guzzo et al. 1997; Willmer et al. 1998). The observed
large-scale behaviour of the relative bias then supports a locally
biased galaxy formation scenario, in which the definition of early
and late morphological types may be directly or indirectly related
to the local environment. Moreover the large value of the relative
bias on small scales, i.e. below 1 2~! Mpc, suggests that a fraction
of early-type galaxies formed recently and preferentially in dense
environments. At z >~ (.8, in contrast, the scale dependence is much
less important or absent. These results may indicate that a fraction
of early-type galaxies may have formed at epochs later than z >~
0.8 by the merging of late-type galaxies (perhaps through major
mergers), in relatively dense environments.

From the relative bias of early- to late-type galaxies, we derived
the large-scale linear relative bias bl by averaging by (r,) on scales
of 1.5h7! Mpc < r, < 10 h~! Mpc. Our measurement, corrected for
the effect of the excess of rich structures in the field, is reported in
Table 1 where itis compared with z >~ 0 measurements. Interestingly,

we find in our sample a value of b/ similar to that measured in the
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Table 1. Large-scale relative bias of early- to late-type galaxies. These values are obtained by averaging the relative bias of early- to

late-type galaxies between 1.5 and 102! Mpc.

z Selection L/L* blin Reference
0.8 Mp < =204+ (1.0—-72) 1.1 1.27 £ 0.16 This work
0.1 M, < -=20.5 1.1 1.26 £0.12 (1) Skibba et al. (2009)
~0 Mp < —19.5 1 1.19 £ 0.25 (2) Willmer et al. (1998)
~0 Mp < —19.5 1 1.53 £0.19 (3) Guzzo et al. (1997)
~0 M; >~ —19.5 0.9 1.26 + 0.36 (4) Loveday et al. (1995)

Note. For references (2), (3) and (4), the large-scale relative bias is calculated from the power-law best fits to the wy(rp) of elliptical/SO
(early-type) and spiral (late-type) galaxies; errors are obtained by propagating errors in the individual power-law parameters.

local samples and in particular in the SDSS. This finding suggests
that most of the dependence of galaxy clustering on morphology
was already in place at z >~ 0.8 for L > L* galaxies.

5 SUMMARY AND DISCUSSION

We have measured the dependence of clustering on morphology at
0.6 < z < 1.0 for galaxies of luminosity greater than L*. For this
purpose, we have used the first-epoch zZCOSMOS-Bright spectro-
scopic sample of galaxies, our study benefiting from the availability
of high-resolution HST imaging for the COSMOS field. We have
computed the projected correlations’ function in volume-limited
samples of two broad morphological classes, early types (ellipti-
cal/S0) and late types (spiral/irregular), and have compared them to
z 2~ 0.1 SDSS measurements. Our two main results can be summa-
rized as follows.

(1) We find that at z ~ 0.8, early-type galaxies exhibit stronger
clustering strength than late-type galaxies on scales from 0.1 to
10 A~! Mpc.

(ii) Comparing our results to those for the SDSS for galaxies with
comparable luminosities shows that while the relative difference
in clustering between early and late morphological classes seems
to increase with cosmic time on scales smaller than a few A~
Mpc, the large-scale difference does not evolve significantly since
z >~ 0.8. This indicates that a large fraction of early-type galaxies
were already formed in intermediate and dense environments at this
epoch.

The observed difference in the shape of the correlation func-
tion that we observe for early- and late-type galaxies can be inter-
preted within the framework of halo occupation distribution models
(e.g. Cooray & Sheth 2002). In these models, the galaxy correlation
function is the sum of two contributions, a small-scale contribu-
tion, which characterizes the clustering of galaxies inside haloes
(one-halo term), and a large-scale contribution, which characterizes
the clustering of galaxies belonging to different haloes (two-halo
term). The prominence of the one-halo term observed for early-type
galaxies, i.e. the enhancement of the observed correlation function
on scales smaller than or of the order of the typical halo radius
(1-2 h~! Mpc), implies that these galaxies are on average hosted by
massive haloes with larger virial radii in dense environments (Abbas
& Sheth 2006). The weaker but steeper one-halo term of late-type
galaxies indicates that these galaxies may instead be hosted on av-
erage by less massive haloes inhabiting low-density environments.
This trend is qualitatively consistent with z ~ 0 measurements of
the clustering of red and blue galaxies, which dominate respectively
the early- and late-type populations (e.g. Zehavi et al. 2005; Skibba
& Sheth 2009).

© 2011 The Authors, MNRAS 412, 825-834
Monthly Notices of the Royal Astronomical Society © 2011 RAS

Our work is complementary to those of Tasca et al. (2009) and
Kovac et al. (2010) who study within the same sample the evo-
lution of the fraction of early and late morphological types with
environment, as defined by either the continuous overdensity field
or group/field environments, respectively. The measurements pre-
sented here are consistent with the picture emerging from these
works. In particular, Tasca et al. (2009) observed a flattening in the
morphology—density relation with increasing redshift at fixed lumi-
nosity, a similar trend to that observed in the colour—density and
spectral-type—density relations (Cooper et al. 2006; Cucciati et al.
2006; Griitzbauch et al. 2010). The finding that early- and late-type
galaxies tend to have increasingly similar probabilities of populat-
ing high-density/group and low-density/field environments with in-
creasing redshift is qualitatively consistent with the evolution in the
morphological dependence of clustering discussed here, where we
find a corresponding decrease in the relatively small-scale clustering
of early- to late-type galaxies. The mass and environmental physical
processes play an important role in shaping the morphology—density
relation and its evolution with cosmic time (e.g. Kovac et al. 2010).
It is found that mass has a dominant contribution at z >~ 1, in partic-
ular for a relatively bright luminosity-selected sample (Tasca et al.
2009). In contrast, in the local Universe, one finds that only a part
of this relation can be attributed to the variation in the stellar-mass
function with environment, with the dense environment-related pro-
cesses becoming more important (Bamford et al. 2009). Our results
corroborate this evolutionary picture. While the large-scale shape
of the relative bias has remained almost constant since z >~ 1, the
small-scale shape exhibits a significant evolution. This is due to an
increase in the number of small-scale early-type pairs with cosmic
time, as a result of the relative contribution of environmental physi-
cal processes in transforming early- to late-type galaxies, especially
in dense environments.
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