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ABSTRACT

Aims. We present a measurement of the dependence of galaxy clustering on galaxy stellar mass at redshift z ~ 0.9, based on the first-epoch data 
from the VVDS-Deep survey.
Methods. Concentrating on the redshift interval 0.5 < z < 1.2, we measured the projected correlation function, wp(rp), within mass-selected sub
samples covering the range ~109 and ~1011 M0. We explored and quantify in detail the observational selection biases due to the flux-limited nature 
of the survey, both from the data themselves and with a suite of realistic mock samples constructed by coupling the Millennium Simulation to 
semi-analytic models. We identify the range of masses within which our main conclusions are robust against these effects. Serious incompleteness 
in mass is present below log (M/M0) = 9.5, with about two thirds of the galaxies in the range 9 < log (M/M0) < 9.5 that are lost due to their low 
luminosity and high mass-to-light ratio. However, the sample is expected to be 100% complete in mass above log (M/M0) = 10.
Results. We present the first direct evidence for a dependence of clustering on the galaxy stellar mass at a redshift as high as z ~ 0.85. We quantify 
this by fitting the projected function wp(rp) with a power-law model. The clustering length increases from r0 = 2.76+017 h-1 Mpc for galaxies 
with mass M  > 109 M0 to r0 = 4.28+045 h-1 Mpc when only the most massive (M  > 1010 5 M0) are considered. At the same time, we observe a 
significant increase in the slope, which over the same range of masses, changes from у  = 1.67+0 08 to у  = 2.28+028.
Comparison to the SDSS measurements at z ~ 0.15 shows that the evolution of wp(rp) is significant for samples of galaxies with M  < 10105 M0, 
while it is negligible for more massive objects. Considering the growth of structure, this implies that the linear bias bL of the most massive galaxies 
evolves more rapidly between these two cosmic epochs. We quantify this effect by computing the value of bL from the SDSS and VVDS clustering 
amplitudes and find that bL decreases from 1.5 ± 0.2 at z ~ 0.85 to 1.33 ± 0.03 at z ~ 0.15, for the most massive galaxies, while it remains virtually 
constant (bL ~ 1.3) for the remaining population. Qualitatively, this is the kind of scenario expected for the clustering of dark-matter halos as a 
function of their total mass and redshift. Our result therefore seems to indicate that galaxies with the highest stellar mass today were originally 
central objects of the most massive dark-matter halos at earlier times, whose distribution was strongly biased with respect to the overall mass 
density field.
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1. Introduction

In the currently accepted scenario, galaxies are thought to form 
within extended dark-m atter halos (W hite & Rees 1978), which 
grow through subsequent mergers in a hierarchical fashion. A 
m ajor challenge in testing this general picture is to connect the

* Based on data obtained with the European Southern Observatory 
Very Large Telescope, Paranal, Chile, program 070.A-9007(A), and 
on data obtained at the Canada-France-Hawaii Telescope, operated by 
the CNRS of France, CNRC in Canada and the University of Hawaii. 
Based on observations obtained with MegaPrime/MegaCam, a joint 
project of CFHT and CEA/DAPNIA, at the Canada-France-Hawaii 
Telescope (CFHT) which is operated by the National Research Council 
(NRC) of Canada, the Institut National des Science de l’Univers of the 
Centre National de la Recherche Scientifique (CNRS) of France, and 
the University of Hawaii. This work is based in part on data products 
produced at TERAPIX and the Canadian Astronomy Data Centre as 
part of the Canada-France-Hawaii Telescope Legacy Survey, a collabo
rative project of NRC and CNRS.

observable properties of galaxies to those of the dark-m atter h a 
los in which they are em bedded, as predicted, e.g., by large n- 
body sim ulations (e.g. Springel et al. 2006).

A t the current epoch, the observed clustering of galaxies is 
found to depend significantly on their specific properties, such 
as lum inosity (Hamilton 1988; Iovino et al. 1993; M aurogordato 
& Lachieze-Rey 1991; Benoist et al. 1996; Guzzo et al. 2000; 
N orberg et al. 2001, 2002; Zehavi et al. 2005), color or spec
tral type (W illmer et al. 1998; Norberg et al. 2002; Zehavi et al. 
2002), m orphology (Davis & Geller 1976; G iovanelli et al. 1986; 
Guzzo et al. 1997) and stellar mass (Li et al. 2006). Similar con
clusions are drawn at high redshift from  deep galaxy surveys 
(Coil et al. 2006; Pollo et al. 2006; Phleps et al. 2000, 2006; 
M eneux et al. 2006; Daddi et al. 2003).

It is somewhat natural to expect that quantities such as lu 
minosity and, in particular, stellar mass of galaxies should in 
some way be related to the mass of the dark-m atter halo. A t the 
tim e of observation, this is strictly true only for isolated galaxies
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(Skibba et al. 2007), but m oving back along the evolutionary 
path of the galaxy one can always find a tim e when this was 
true, before the galaxy and its halo w ere accreted by a larger 
dark-m atter structure.

Recent theoretical works seem to indicate that a fairly di
rect relationship indeed exists between global galaxy properties 
(e.g. their stellar or total baryonic mass, or their lum inosity) and 
the halo mass, before it is accreted by a larger dark-m atter halo 
(Minfall, Conroy et al. 2006; Wang et al. 2006,2007). In practice, 
this represents the mass of the dark-m atter halo of the galaxy, at 
a tim e when this was still the dom inant central object o f its own 
halo. Sensibly enough, it is M infall which is defining the global 
properties o f the baryonic com ponent. This com plex relation b e
tween galaxies and the (sub)halos in which they reside (Springel 
et al. 2001; Gao et al. 2004) offers a novel way to interpret the 
observed clustering properties of galaxies. Theoretically, it p ro
vides also m ore direct physical insight into the origin of the ob
served relationships, with respect to standard Halo Occupation 
D istribution (HOD) models (see Cooray &  Sheth 2002).

Observationally, stellar mass has becom e a quantity m ea
sured with increasing accuracy, thanks to surveys with m ulti
wavelength photometry, extending to the near-infrared (e.g. 
Rettura et al. 2006), although some uncertainties related to the 
detailed m odelling of stellar evolution rem ain (Pozzetti et al. 
2007). This makes studies o f clustering as a function of stel
lar mass possible for large statistical samples. Li et al. (2006) 
have m easured the dependence of clustering on stellar mass 
(and other properties) in the local Universe, using a sam ple of 
~ 200 000 galaxies drawn from  the Sloan D igital Sky Survey 
(SDSS). They find, not surprisingly, that galaxies o f larger mass 
are m ore clustered than low-mass ones, with the effect increas
ing above the characteristic knee value M* of the Schechter mass 
function. These m easurem ents represent a high-quality reference 
to which high-redshift m easurem ents can be com pared to test 
evolution.

In studying the clustering of galaxies at different redshifts, a 
selection based on mass should also reduce the typical “progen
itor” biases intrinsic when using flux-limited samples to study 
evolution of large-scale structure. Given the strong lum inosity 
evolution between redshift zero and one, and its dependence on 
galaxy spectral type (Zucca et al. 2006), stellar mass should 
guarantee a m ore stable param eter on the basis o f which com 
paring galaxies of possibly similar sort. If  stellar mass does not 
evolve appreciably below z  ~  1 and the m erger rate is also neg
ligible in the same range (which m ight not be true, see Bell et al. 
2006), the growth of clustering observed for objects o f fixed 
mass should reflect directly the evolution of the clustering of 
parent dark-m atter halos. In fact, the stellar content o f galax
ies is also thought to evolve between z = 1 and now, but this 
should correspond to a m axim um  increase in mass of a factor of 
2 (Arnouts et al. 2007). A  further com plication to this idealized 
scenario, comes from  the fact that galaxy surveys are inevitably 
flux-limited. Therefore, when extracting m ass-selected samples, 
especially at high redshift, particular care has to be taken in con
sidering selection effects that m ight bias the final results, essen
tially missing high m ass-to-light ratio galaxies at low mass (see 
L i et al. 2006 for discussion and correction of these effects at 
z ~  0 ).

Using the VIM OS-VLT Deep Survey (VVDS), we have the 
possibility to investigate for the first tim e the evolution with 
redshift o f the clustering in a m ass-selected galaxy sample. On 
one side, the VVDS-Deep (see Sect. 2.1 below), gives us the 
opportunity to com pute accurate stellar masses, by virtue of 
its m ulti-band coverage that extends to the near-infrared (see

Pozzetti et al. (2007) for detailed discussion on the accuracy 
and intrinsic lim itations of mass estimates). On the other hand, 
it provides us with an unprecedented area coverage for its depth 
(Ia b  < 24), thus allowing the m easurem ent o f spatial statistics 
like the first (mean density) and second mom ents (two-point cor
relation function) o f the galaxy distribution.

Closely related to this study is the w ork o f Pollo et al. (2006), 
where the dependence of clustering on galaxy B-band lum inosity 
at (z> -  1 has been m easured using the VVDS. They show that 
at this epoch, lum inous galaxies show not only a higher clus
tering than faint objects (similar to what is observed in the lo
cal Universe), but that their correlation function is much steeper 
than local counterparts. Since the B-band is sensitive to emission 
from young stars, com parison to the results presented in this p a
per is of interest to understand how star formation and stellar 
mass assembly relate to the evolution of the local environm ent 
(and vice-versa).

In the present paper, we show the first m easurem ent of the 
two point correlation function as a function of stellar mass at 
redshift z ~  0.85, for galaxies m ore m assive than 109 M 0 . The 
paper is organized as follows. We introduce the data, the way 
stellar masses are derived and our galaxy samples in Sect. 2. 
We present the m ock catalogues used throughout this paper in 
Sect. 3. The projected correlation function and its com putation is 
introduced in Sect. 4. We discuss the stellar mass com pleteness 
of our sample and its effect on the m easurem ent o f clustering 
properties in Sect. 5. Results are presented in Sect. 6 . Summary 
and conclusions are in Sect. 7.

Throughout this paper we use a Concordance Cosm ology 
with O m = 0.3 and Ол  = 0.7. The Hubble constant is norm ally 
param etrised via h = H0/100  to ease com parison with previous 
works. Stellar masses are quoted in unit o f h = 1. All correlation 
length values are quoted in com oving coordinates.

2. Data

2.1. The VVD S su rvey

The VIM OS-VLT D eep Survey (VVDS) is perform ed with 
the VIM OS m ulti-object spectrograph at the ESO  Very Large 
Telescope (Le Fevre et al. 2003) and com plem ented with m ulti
color B V R IJ K  im aging data obtained at the CFHT and N TT 
telescopes (M cCracken et al. 2003; Le Fevre et al. 2004; Iovino 
et al. 2005; Radovich et al. 2003). For this work, we use the 
so-called “first epoch” data, collected in the F02 “VVDS-Deep” 
field. This is a purely m agnitude lim ited sam ple to Ia b  = 24, 
covering an area of 0.49 square degrees with a mean sam 
pling of ~23% . Considering only galaxies with secure (>80%  
confidence) m easurem ents, this sam ple includes 6530 redshifts, 
with an rms accuracy (estim ated from  repeated observations) of 
275 km  s-1 . This is the same data set used in all previous clus
tering analyses of the VVDS. Details about observations, data 
reduction, redshift m easurem ent and quality assessm ent can be 
found in Le Fevre et al. (2005).

2.2. M ass-lim ited su b -sa m p les

Stellar masses for all galaxies in the VVDS catalogue w ere es
tim ated by fitting their Spectral Energy D istribution (SED), as 
sampled by the VVDS m ulti-band photometry, with a library of 
stellar population models based on Bruzual & Charlot (2003). 
Two different histories o f star formation w ere used, a smooth 
one and a com plex one with secondary bursts to derive two set of 
galaxy stellar mass. The initial mass function of Chabrier (2003)
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Table 1. Description of the 8 VVDS samples defined in the redshift 
range z = [0.5-1.2]

Sample Stellar mass (log (M/M0)) 
range median

Mean
redshift

Number of
galaxies

D1 9.0-9.5 9.25 0.83 1221
D2 9.5-10.0 9.71 0.83 957
D3 10.0-10.5 10.22 0.84 670
D4 10.5-11.0 10.70 0.87 329
11 >9.0 9.68 0.84 3218
I2 >9.5 10.03 0.84 1997
I3 >0.0 10.38 0.85 1040
14 >10.5 10.72 0.87 370
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Fig. 1. Comparison of the stellar mass vs. rest-frame B band relation in 
3 redshift ranges between mock catalogues (black points) and VVDS 
data (red points).

was adopted in each case. The resulting typical error on stellar 
mass determ ination is ~ 0.1  dex (depending on redshift and stel
lar mass). The reader is referred to Pozzetti et al. (2007) for a full 
description of the m ethodology used to derive the stellar masses 
and for a discussion of their robustness and intrinsic errors. In 
the next sections, we shall use stellar masses com puted using a 
com plex star formation history only. In practice, we found that 
the derived clustering properties are not sensitive to the details 
o f the m ethod used.

To m easure the dependence of clustering on stellar mass at 
z ~  1, sim ilarly to Pollo et al. (2006), we have restricted the 
VVDS-Deep data to the redshift interval [0.5-1.2]. In this range, 
containing 4285 redshifts, we have constructed a set o f mass- 
lim ited sub-sam ples, as defined in Table 1. These include four 
differentially binned samples, D1, D2, D3 and D4, with narrow 
mass ranges corresponding respectively to log (M /M 0 ) = [9.0
9.5], [9 .5-10.0], [10.0-10.5], and [10.5-11.0]. We also consider 
four integrated  samples, I1, I2, I3 and I4, including galaxies with 
mass larger than a given limit. W hile the former are useful for 
direct com parison to local SDSS m easurem ents (Li et al. 2006), 
results from  the integral samples are m ore robust, given their 
larger size. As we shall discuss in detail in Sect. 5, the lower- 
mass samples are affected, to different degrees, by incom plete
ness due to the prim ary selection in observed flux, and the scat
ter in the m ass-lum inosity relation. A  large part o f the following 
analysis will be dedicated to understanding this incom pleteness 
and its effect on the m easured clustering. These tests m ake ex
tensive use of num erical sim ulations, described in the following 
section.

3. Simulated mock catalogues

We have built two sets o f 40 m ock VVDS surveys, starting 
from  sem i-analytic galaxy catalogues obtained by applying the 
prescriptions of D e Lucia & Blaizot (2007) to the dark-m atter 
halo merging trees extracted from  the M illennium  sim ulation 
(Springel et al. 2005). The M illennium  run contains N  = 21603 
particles o f m ass 8 .6  x  10 8 h -1 M0  in a cubic box of size 
500 h -1 M pc. The sim ulation was built w ith a ЛC D M  cosm o
logical model with Qm = 0.25, = 0.75, ^ 8 = 0.9 and
H 0 = 73 km  s-1 M pc-1 . For details on the sem i-analytic model, 
we refer to D e Lucia & Blaizot (2007) and reference therein. 
N ote that this model uses the Bruzual & Charlot (2003) popula
tion synthesis m odel and a Chabrier (2003) Initial M ass Function 
(IMF) to assign luminosities to model galaxies. Our mass es
tim ates are based on the use of the same population synthesis 
model and IM F (Pozzetti et al. 2007).

The two sets o f 40 1 x  1 deg2 light cones w ere generated with 
the code M oM aF (Blaizot et al. 2005) for 40 independent lines 
o f sight. The first set is com plete in redshift up to z ~  1.7 and

contains all galaxies irrespective to their apparent m agnitude 
or stellar mass, down to the sim ulation lim it (that corresponds 
roughly to a stellar mass of 108 M 0). We refer to these 
as the fu l l  mocks. They will be used to quantify the stellar 
mass incom pleteness and its effect on clustering m easurem ents. 
Nevertheless, these m ocks can not be used to built observed  
VVDS-like m ock catalogues because do not include galaxies 
above z ~  1.7. On the other hand, the second set is com plete 
in apparent m agnitude up to IAB = 24 and was generated inde
pendently to the first one. We refer to these m ock catalogues as 
the I24  mocks and will use them  to quantify statistical errors on 
clustering m easurem ent, using the full spectroscopic VVDS-02h 
observing strategy.

The M illennium  sim ulation is particularly appropriate as a 
test-bench for the VVDS data, as it is able to reproduce a number 
of basic properties o f the data, in particular, the num ber counts in 
various bands. Additionally, when the VVDS selection function 
is applied, the average redshift distribution of the m ock samples 
is in very good agreem ent with the VVDS.

M ost im portantly for the analysis o f this paper, the mass- 
lum inosity relation of the sim ulated samples matches fairly well 
that o f the data. This is shown in Fig. 1 in three redshift bins 
within the studied range. The general agreem ent between the en
velopes of the observed and sim ulated relationships is quite en
couraging, given the com plexity and approxim ated nature of the 
sem i-analytic models. There are clearly som e differences, which 
will have to be taken into account when using the simulation 
to interpret som e of the effects that are present in the data. The 
m ost evident one is an apparent excess of m assive and lum i
nous objects in the m ock catalogues, in particular in the most 
distant redshift bin. This will not affect our conclusions when 
using the sim ulations to understand the level o f incom pleteness 
in mass due to the flux lim it o f the survey. This test depends on 
the objects with high m ass-to-light ratio, near the lower lum i
nosity lim it o f the data. From  the three panels, we can at least 
say that the scatter in the relations for the data and the mocks 
at these luminosities is very similar. We have good reasons to 
hope, therefore, that the results o f our tests based on the mocks 
will provide realistic indications on the com pleteness of the data. 
A  m ore detailed com parison between properties o f m ock cata
logues and VVDS data will be addressed in future papers.

4. Estimating the real-space correlation function

4.1. M ethodology

The two-point correlation function is the sim plest estim ator used 
to quantify galaxy clustering, being related to the second m o
ment o f the galaxy distribution, i.e. its variance. In practice, it 
describes the excess probability to observe a pair o f galaxies at
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given separation, with respect to that o f a random  distribution 
(Peebles 1980). H ere we shall use the redshift-space correlation 
function £(rp,n ). In this case, galaxy separations are split into 
the tangential and radial com ponents, rp and n, as account for 
redshift-space distortions (Davis &  Peebles 1983).

The real-space correlation function ^R(r) can be recovered 
by projecting £(rp, n) along the line-of-sight, as

Г
/->то

£(rp, n)dy = 2 J  £ r  [(rp + y2)1/2] dy. (1)

For a power-law correlation function, ^R(r) = ( r / r 0)-Y, this inte
gral can be solved analytically and fitted to the observed wp(rp), 
and find the best-fitting values of the correlation length r0 and 
slope у  (e.g. Davis & Peebles 1983). In com puting wp(rp), the 
upper integration lim it has, in practice, to be chosen finite, to 
include all the real signal w ithout adding extra noise (which is 
dom inant above a certain n). In our previous works, we have per
form ed extensive experim ents (Pollo et al. 2005), and found that, 
for the same data, an integration lim it o f nmax = 20 h -1 M pc p ro
vides the best com prom ise in terms of noise and systematic bias 
o f the result. Using 30 or 40 h -1 M pc does not change the re 
covered wp(rp) appreciably, while increasing the scatter. Finally, 
fitting wp(rp) for separations <10 h -1 M pc using the procedure 
described in detail in Pollo et al. (2005), that takes into account 
the covariance matrix of the data and in particular the fact that 
the bins are not fully independent, provides a best-fitting value 
of r0 and y  for each m ass-selected sub-sample.

To m easure in practice £(rp,n )  from each data sample, we 
use the standard estim ator of Landy & Szalay (1993):

, N r (N r  -  1) G G (rp ,n )  N r  -  1 GR(rp ,n )
с  ( T 7T) — ------------------------------------------------------------------- —  ~\~ 1
^ p’ 2 N g(Ng -  1) RR{rp,n )  N g RR(rp,n )

(2)

thanks to the com bination of CFHT-LS and VVDS photometry. 
This uncertainty on the galaxy distance corresponds to an error 
on the com puted stellar mass of ~0.16 dex (Pozzetti et al. 2007). 
The chosen redshift range is large enough to assume that edge 
effects due to photom etric redshift errors are marginal. We stress 
that here we are not using the photom etric redshifts directly into 
the correlation estimate, but only in the correction weight, to 
assign the galaxy to the appropriate (broad) redshift slice and 
mass interval. We used this inform ation to build, for each mass- 
selected spectroscopic data set, a corresponding m ass-selected 
parent photom etric catalogue containing galaxies in the range 
0.5 < zphot < 1.2. This m ethod allowed us to sim plify the weight 
expression originally used for the overall flux-limited sample 
(Eq. (12), Pollo et al. 2005), such that the the ith galaxy will 
have a weight

(3)

where N g is the mean galaxy density (or, equivalently, the total 
num ber o f objects) in the survey; Nr is the mean density of a cat
alogue of random  points distributed within the sam e survey vol
um e and with the same selection function as the data; GG (rp, n) 
is the num ber of independent galaxy-galaxy pairs with separa
tion between rp and rp + drp perpendicular to the line-of-sight 
and between n  and n  + dn along the line of sight; RR(rp, n) is the 
num ber of independent random -random  pairs within the same 
interval o f separations and GR(rp,n )  represents the num ber of 
galaxy-random  cross pairs.

4.2. Correction of observational biases

To properly estim ate the correlation function from  the VVDS 
data, we need to correct for the different sampling rate, which on 
average is 22.8%  but varies with the position on the sky due to 
the VIM OS foot-print and the superposition of m ultiple passes 
(Le Fevre et al. 2005). To this end, in Pollo et al. (2005) we 
developed and tested a correction schem e based on com puting a 
specific local weight around each galaxy with m easured redshift. 
The weight is com puted utilizing the angular inform ation of the 
“m issed” galaxies contained in the survey parent photom etric 
catalogue, which should have the same redshift distribution as 
the spectroscopic sample. In our specific case, in which we are 
considering the clustering of galaxies within a given mass range, 
the parent photom etric catalogue should contain only galaxies 
in the same range. This inform ation is a priori not available, as 
to com pute it one needs to know galaxy distances. As a rem edy 
to this, we used the photom etric redshifts that have been m ea
sured to very good accuracy (mAz/(i+z) = 0.029 for our redshift 
range), over the w hole V VDS-02h Deep field (Ilbert et al. 2006),

In this expression, np is the total num ber of galaxies in the parent 
catalogue inside a circle o f fixed radius (chosen to be 4 0" on the 
basis of m ock experiments (Pollo et al. 2005)), centred on the 
ith galaxy, while ns is the num ber of spectroscopically-observed 
galaxies inside the same area. The idea behind this weighting 
schem e is that a pair of galaxies will contribute to the correlation 
function with a total weight wiwj, proportional to the ratio of 
the expected-to-m easured num bers o f pairs within the chosen 
radius.

Since the sub-sam ples analyzed in this w ork are essentially 
volum e-lim ited (above the mass com pleteness lim it discussed in 
the next section), we do not need to apply any other weighting 
scheme as usually done for purely flux-limited surveys (as e.g. in 
Li et al. 2006).

4.3. Systematic and statistical errors on correlation estimates

To test for biases in our correction schem e and to quantify sta
tistical errors on the estimates o f wp (rp ), we used the 40 I24  
mocks catalogues described in Sect. 3. From  the full 1 x  1 deg2 

light-cones, we created 40 fully realistic VVDS-02h surveys, by 
applying the entire selection function and observing strategy of 
the real data as described in Pollo et al. (2005). For each of the 
40 cones, therefore, we had the possibility to m easure both the 
“true Iab < 24” and “observed” values of wp (rp ) and the cor
responding power-law-fit param eters to the spatial correlation 
function. Com paring the mean and rms o f the difference in the 
measured param eters, we find that (on the average, over the four 
mass ranges), the recovered value of r0 is 5% accurate (the m ax
im um  systematic effect found in the case of the I1-like set of 
mocks, is 10%); similarly, the slope y  is consistent with no sys
tematic bias, and a scatter o f 4%. These conclusions are similar 
to those in Pollo et al. (2005). Finally, the root-m ean-square vari
ation of wp (rp ) among the 40 “observed” m ocks provides us with 
an estim ate of the error bars on our m easurem ents of wp (rp ), r0 

and y . A ssum ing the sim ulations are a realistic representation of 
reality, these error bars also include cosm ic variance from  fluc
tuations on scales larger than the sample size.

5. Effects of mass incompleteness

The VVDS flux lim it in the I  band translates at different red- 
shifts into different lower lum inosity lim its. This, in turn, trans
lates into a broad mass selection cut at each redshift, reflect
ing the scatter in the M ass-Lum inosity relation. If  not treated

Inp(i)(np(i) -  1)
W j  =  л -------------------------------------

‘ у  ns(i)(ns(i) -  1)
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Fig.2. Construction of the completeness limit from VVDS data in the 
narrow redshift range z = [0.8-0.9]. The central panel shows the value 
of B-band luminosity vs. the computed stellar mass for all galaxies in 
that redshift range. The long-dashed horizontal line defines the mini
mum galaxy luminosity above which stand 95% of the galaxies. The 
top horizontal dashed line defines the upper limit in which we com
pute the mean and standard deviation of the stellar mass distribution of 
galaxies (top panel) standing in a luminosity interval of AMB = 0.35. 
The right-hand dashed vertical line defines the 84% completeness limit 
in stellar mass.

appropriately, this introduces a bias against high m ass-to-light 
(M L) ratio galaxies, i.e. objects that would enter the sam ple if 
this w ere purely mass selected, but that are excluded sim ply b e
cause they are too faint to fulfill the apparent m agnitude limit. 
Furtherm ore, at a fixed lum inosity in the observed band, it will 
be the redder objects (typically m ore clustered), dom inated by 
low-lum inosity stars, to have the highest M L ratios and thus to 
be preferentially excluded (see Fig. 4). If  this is not accounted 
for in some way, it will inevitably affect the estim ated clustering 
properties, with respect to a truly complete, m ass-selected sam 
ple. It is therefore necessary to understand in detail the effective 
com pleteness level in stellar mass of the samples that we have 
defined for our analysis. We have explored this issue using two 
com plem entary and independent approaches based respectively 
on the data themselves and on the m ock samples. The latter will 
also allow us to test directly the effects of the incom pleteness on 
the m easured clustering; the results o f this test will be presented 
in Sect. 5.3.

5.1. O b served  sca tter  in the m ass-lum inosity  relation

A first w ay to understand the incom pleteness in mass of our sam 
ples is to m easure directly the scatter in the m ass-lum inosity re
lation near the flux lim it o f the survey and from  this estim ate the 
fraction of missing objects, at the given mass limit. Since the flux 
lim it of the survey translates into a different lum inosity lim it at 
different redshifts, we need to do this in narrow redshift ranges 
as to track the change of the incom pleteness within the broad 
redshift range of the sam ple (and also take into account any

redshift z

Fig. 3. Distribution of stellar masses as a function of redshift, in the 
range [0.5-1.2]. The top (bold) solid line, computed from the observed 
scatter in the luminosity-mass relation, defines the limit above which 
samples are better than 84% complete. The bottom line defines the 50% 
completeness limit. The two dashed lines represent the same limits but 
derived from the Millennium simulation.

potential evolution in the M ass-Lum inosity relation). The 
method is illustrated by Fig. 2 w here we plot the value of B -band 
lum inosity vs. the com puted stellar mass for all galaxies in the 
redshift range z = [0.8-0.9]. The “com pleteness” limit, defined 
as the value of stellar mass above which virtually all masses, 
given the observed distribution, are included in the sample is 
estim ated as follows: 1) given a redshift bin (Az = 0.1), w ecom - 
pute the m inim um  galaxy lum inosity detected at that distance, 
defined as the value of absolute m agnitude above w hich we have 
95%  of the galaxies, Mmin; this is given by the long-dashed hor
izontal line of Fig. 2. 2) We then consider a lum inosity interval 
[Mmin; Mmin-0 .35], chosen as the m inim um  thickness to provide 
us with statistics sufficient to define the properties -  mean and 
scatter -  of the (logarithm ic) mass distribution, as indicated by 
the short-dashed horizontal line in the same figure. We shall de
fine for a specific redshift the com pleteness lim it to be:

Yc(z) = <Y(z)> + <ry (z), (4)

where Y (z) = log M(z). N ote that the com pleteness lim it defines, 
as a function of z , the value of mass above which, given the 
selection properties of the survey, a sample will be better than 
84% com plete in mass (corresponding to one-sided 1 ^  limit). 
N ote that here we do not have enough data to perform  a refined 
Gaussian reconstruction as done by Li et al. (2006) for the SDSS. 
The com pleteness locus as a function of redshift is plotted as the 
bold (red) solid line in Fig. 3 in the plane redshift-m ass. Figure 3 
indicates that any sample lim ited to masses larger than 10 9 5 M0 
will be fairly com plete in stellar mass over the w hole redshift 
range we plan to explore. This com pleteness lim it is consistent 
with the one derived by Pozzetti et al. (2007) in the redshift range 
[0.9-1.2] in the determ ination of the galaxy stellar m ass function 
from  the VVDS data (see their Fig. 9).
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Table 2. Mean fraction of galaxies in the redshift range z = [0.5-1.2] 
for which 17.5 < IAB < 24 among 40 mocks catalogues (serie S1) which 
are complete in stellar mass down to 109 M0, built from the Millennium 
simulation with semi-analytical model of De Lucia & Blaizot (2007)

log (М/Мгл) С
9.0-9.5 0.37
9.5-10.0 0.70
10.0-10.5 0.93
10.5-11.0 0.99

>9.0 0.56
>9.5 0.79
> 10.0 0.94
>10.5 1.00

5.2. M ass in co m p le ten ess  from the m o ck  ca ta logues

Encouraged by the realistic appearance of the M ass-Lum inosity 
relation for our m ock samples (Fig. 1), we can try and use them 
to independently test the consistency of the incom pleteness level 
estim ated in the previous section.

As a first test, we can apply to the m ock samples the direct 
technique used on the data in the previous section. The results of 
this, averaged over the 4 0  m ock samples, are shown in term s of 
a com pleteness curve in the plane z -  M  in Fig. 3 (dashed lines). 
Interestingly, we see that the 84% com pleteness level obtained 
from  the sim ulations is very close to that from  the data (upper 
curve), although the m ean values of the two m ass-lum inosity re 
lationships are slightly different.

Then, let us exploit the fu ll  m ock catalogues defined in 
Sect. 3, which are deeper than the m agnitude lim it o f the VVDS 
and include galaxies with stellar mass down to 109 M0 . It 
is therefore possible to quantify independently the fraction of 
galaxies we miss when applying the VVDS selection function, 
provided that the M ass-Lum inosity relation and its scatter are 
com parable in the data and in the sim ulations. We have seen 
from  Sect. 3 that this is quite a reasonable assumption.

We define, for a given mass selection, the com pleteness C as 
the fraction of objects recovered when the apparent m agnitude 
selection 17.5 < Iab < 24 is applied, with respect to the pure 
m ass-selected sample. The average values of C among the 40 
fu l l  m ocks catalogues are reported in Table 2 for z = [0.5-1.2].

These values indicate that for 9 < log (M /M 0) < 9.5, our 
sample is strongly incomplete, with an expected value of lost 
galaxies larger than 60%. This represents an average value over 
the z = [0.5-1.2] redshift range (while we have seen from  the 
previous analysis that the incom pleteness is actually a function 
of redshift). M ore encouragingly, the tests also show that an in
tegral sam ple with log (M /M 0 ) > 9.5 is already ~80%  com plete 
and that samples above log (M /M 0) = 10 are better than 93% 
com plete both in the differential and integral cases. It is interest
ing to use the sim ulated sam ple to explore which are the prop
erties o f the “m issed” galaxies. F igure 4 shows the luminosity 
and rest-fram e (B - 1) color distributions of galaxies fainter than 
IAB = 24 but with masses in the range log (M /M 0 ) = [9.0-9.5], 
com pared to those brighter than this lim it (and thus retained 
within the sample). Interestingly, the population m issed by the 
VVDS selection function -  at least for the m ock samples -  is 
fairly red galaxies, as one would expect for higher-than-average 
m ass-lum inosity ratio objects dom inated by old stars.

Finally, considering the differential 84% com pleteness lim it 
in Fig. 3, we note that -  once averaged over the redshift range 
-  it roughly corresponds to a mass lim it log (M /M 0 ) > [9.5
10]. This is consistent with the integral com pleteness fraction C

- 2 0  - 1 8  - 1 6  - 2 0  - 1 8  - 1 6  - 2 0  - 1 8  -1 6  
MB -  5 log(h) [AB]

MB -  M, [AB]

Fig. 4. Mean luminosity and color distributions, with their 1ix variance, 
for galaxies with stellar masses in the range log (M/M0) = [9-9.5] in 
the full millennium mock catalogues, for 3 consecutive redshift ranges 
between z = 0.5 and z = 1.2. Solid red distributions correspond to 
galaxies fainter than IAB = 24, while hatched blue distributions cor
respond to galaxies brighter than this threshold. The distribution have 
been normalized to the total number of galaxies in each redshift range. 
The galaxies missed due to the IAB = 24 flux limit function are clearly 
intrinsically fainter and relatively redder.

derived in this section using the sim ulations, for the same range 
of m asses (Table 2).

5.3. E ffects on the m ea su red  clustering

We can use the 40 fu ll  m ock catalogues to go one step further 
and directly quantify the effects o f the mass incom pleteness on 
the clustering m easurem ents, when com pared to purely mass- 
selected samples.

F igure 5 shows the average and scatter over the 40 mocks of 
the ratio o f the projected functions m easured respectively with 
and w ithout the VVDS flux limit, within the usual mass ranges. 
As expected, the values of wp(rp) are significantly affected by the 
mass incom pleteness, in particular at very small separations. For 
samples containing m asses below log (M /M 0) ~  10, not only the 
am plitude is underestim ated by 15% or worse, but also the shape 
o f wp(rp) is affected, with the average ratio becom ing smaller 
and smaller below 1 h - 1 M pc. This can be translated in terms 
of a systematic bias in the m easurem ents of r0 and y. The re 
sults o f averaging the relative difference 6x / x  = (xtrue -  xobs) /x  
over the 40 mocks, are reported in Table 3 in terms of a relative 
bias e(x) = (6 x /x )40 on each parameter. In all cases the mass 
incom pleteness produces a systematic underestim ate of both the 
am plitude and slope of £(r).

In particular, we have a systematic ~25%  underesti
m ate of the correlation length r0 in the lowest-m ass sample 
(log(M /M 0) = [9.0-9.5]). The slope у  is less affected (7%); 
this is related to the fact that the fit is perform ed out to rp = 
10 h - 1 M pc, and thus is not so sensitive to the sm all-scale flatten
ing that is evident in Fig. 5. We also see that the systematic effect
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Fig.5. Effect of mass incompleteness on the projected correlation function wp(rp) estimated using the Millennium mock catalogues for the 8 mass 
ranges. The points give at each scale rp the mean ratio of the correlation functions wp(rp) measured for a sample complete in stellar mass and its 
corresponding sub-sample selected in apparent magnitude 17.5 < IAB < 24. Error bars correspond to the rms scatter among the mocks.

Table 3. Average systematic underestimate of the clustering length 
r0 and the slope у  of the correlation function introduced by the 
mass incompleteness. The values are computed for each parameter as 
e(x) = (óx  / x>40, where S(x) = xttue -  xobserved and the average is 
performed over 40 mock samples.

log (M/M0) Average underestimate 
Ф о) е(у)

9.0-9.5 25% 7%
9.5-10.0 11% 3%
10.0-10.5 3% 1%
10.5-11.0 0% 0%

>9.0 13% 5%
>9.5 6% 3%

>10.0 2% 1%
>10.5 0% 0%

is significantly less severe for the integral samples (e.g. only 6% 
on r0 and 3% on у  for log (M /M 0) > 9.5).

O n the basis o f these extensive tests, w e shall consider as 
reliable in the analysis o f the V V DS data only results for sam
ples with a m inim um  mass lim it o f log (M /M 0 ) = 9.5, with 
som e caution also in interpreting the results from  the sample 
D2 (9.5 < log (M /M 0 ) < 10), which is still affected by some 
residual incompleteness.

In the next section, we shall present the m easured values in 
general uncorrected  for these effects, but will discuss and show 
how they would change assuming a correction for the incom 
pleteness as derived in Table 3. All plotted error bars on the m ea
sured points will correspond to the statistical uncertainty only, as 
estim ated from  the variance in the 40 I24  m ock catalogues.

6. Results

6.1. wp(rp) a s  a function o f m a ss  a t z  ~  0.85

Figure 6 shows the projected correlation function wp(rp) com 
puted for the four samples I1 to I4 (left panel) and its best fit 
param eters together with their 1-, 2- and 3 ^  error contours de
rived from  the 40 I24  observed m ock catalogues (right panel). 
The m easured values of r0 and у  for each sample are reported 
for convenience also in Table 4, including those for the sam 
ple D1 for which we know that the incom pleteness is severe. No 
correction for incom pleteness is applied to the plotted values 

Even accounting for the effect o f incom pleteness and the size 
of the error contours, we observe a clear increase of the am pli
tude and the slope of the correlation function for increasing m e
dian stellar mass, even if  error contours are quite large in the 
highest mass range w here the statistics is poor (Table 1). This 
trend is also quite clear in Fig. 7  where instead we have used 
the sim ulation results to correct (open symbols) the observed 
values (filled symbols), dividing them  by (1 -  e(x)) (Table 3). 
N ote how especially for the integral samples (right panels), the 
trend with increasing mass is quite robust and significant. We 
thus conclude that already at z ~  0.9 higher mass galaxies are 
significantly m ore clustered than lower mass objects, with a sys
tematic trend both in the am plitude and slope of the spatial cor
relation function. This dependence on stellar mass is coherent in 
general terms with the trend found as a function of lum inosity 
(Pollo et al. 2006).

6.2. C om parison to S D S S

This segregation in term  of stellar mass at redshift z ~  0.85 is 
also observed at low redshift in the SDSS data (Li et al. 2006). 
These authors present their result directly in terms of the m ea
sured am plitude o f wp(rp) on different physical scales because of
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Fig. 6. (Left) Measurements of the projected correlation function wp(rp) of galaxies with different stellar masses: log(M/M0) > 9 . 0 (open blue 
squares), >9.5 (filled red squares), >10.0 (open green triangles) and >10.5 (filled magenta triangles) from VVDS data in the redshift range [0.5
1.2]. (Right) The best-fit parameters (r0 and y) with their associated 1-, 2- and 3ix error contours, derived from the variance among 40 mock 
catalogues. In this plot, no correction for the effect of incompleteness in mass is applied (see text). Note however that the correction would affect 
both r0 and у  and, for example, move the open square (the most affected one) in the right panel without modifying the observed trend.

Table 4 . Clustering length and slope of the correlation function wp(rp) 
for the different samples in the redshift range z = [0 . 5-1.2]. Values are 
derived for 0 .2 < rp < 21 h-1 Mpc. Associated errors have been extrap
olated from the variance measured among 40 mocks catalogues for each 
stellar mass range. Values have not been corrected by underestimate due 
to stellar mass incompleteness.

Sample log (M/MG t'o(h 1 Mpc) У
D1
D2
D3
D4

9.0-9.5
9.5-10.0 

10.0-10.5
10.5-11.0

2-55-(T3 
3  4 5 - 0 : 2 5  

- 0.31
3  5 4 + 0 .3 3

- 0.34
4  3 5 + 0.46

- 0  47

1 65+013 .  -0.12
1.79+0.14 

. -0.14
1 .8 8 -+000..11154

11
12
13
14

>9.0
>9.5
>10.0
>10.5

2  7 6
; •  74-0:M  

-  0.20
3  72+0.29

-0.27
4 .2 8 +0.43

-0 .45

1 6 7 + M. -0.07
1 . 7 7 + 0 .09 

. -0.08
1 .8 8 + ° .1 2  
О '')С+0.28

-0.27

the departure of the correlation function from  a pure power law 
observed by num erous authors (e.g. Guzzo et al. 1991; Zehavi 
et al. 2004). In Fig. 8 we plot our m easurem ents o f wp(rp) at 
z ~  0 .85 together with those by Li et al. (2006) at z ~  0 .15 
within the three m ass ranges in which we have established that 
the incom pleteness does not strongly affect the m easurem ents. 
A  reference power-law wp(rp), corresponding to r0 = 5 h -1 M pc 
and у  = 1.8 is over-plotted for reference. Blue open circles cor
respond to correcting the observed values of wp(rp) according to 
the results o f Fig. 5.

Figure 8 not only shows the dependence of galaxy cluster
ing on stellar mass at a given redshift but also, at the same tim e, 
the evolution of the am plitude and shape of the correlation func
tion wp(rp) with redshift for a given stellar mass range. The ob
served evolution is apparently faster for low-mass objects than 
for m assive ones: the am plitude of wp(rp) increases by a factor

log(M,) [h-z M0]

Fig. 7. Correlation length and slope measured from VVDS data at 
z ~ 0.85 as a function of the median stellar mass of each samples. 
Left and right panels refer respectively to the differential and integrated 
samples. Filed symbols indicate measurement non-corrected by stellar 
mass incompleteness, while open symbols are.

~ 2 -3 . Conversely, in the high-m ass range, log (M /M 0 ) = [10.5
11.0], the am plitudes at z ~ 0.85 and z ~ 0.15 are very similar, 
within the error bars. These results hold even when considering
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Fig. 8. Comparison of the projected correlation function wp(rp) from SDSS data at z ~ 0.15 (black cross; Li et al. 2006) to VVDS measurement at 
z ~ 0.85 (magenta filled dots and solid lines) in 3 differential ranges of stellar masses. The green dashed line is a power-law reference line drawn 
with r0 = 5 hTl Mpc and у  = 1.8. Error bars on VVDS measurement have been estimated from the variance among 40 mock catalogues. Blue 
open circles indicate VVDS measurements corrected for stellar mass incompleteness.

Fig. 9. Comparison of the VVDS measurements of the projected correlation function wp(rp) as a function of stellar mass (filled circles), with that 
obtained from 40 mock VVDS surveys constructed from the Millennium Simulation. The dashed area describes the rms among the 40 simulated 
catalogues.

corrections to the projected function accounting for the stellar 
mass incom pleteness (blue em pty circles, Fig. 8).

6.3. Comparison to model predictions

So far, we have used the m ock VVDS surveys built from the 
M illennium  Sim ulation to assess w here our results are reliable 
against the survey selection effects and established the range 
of stellar masses w here this is plausibly the case. In this sec
tion we would like to exploit m ore fully their intrinsic scientific 
content. As discussed previously, these m ock samples w ere con
structed by populating dark-m atter halos from  the M illennium  
Run (Springel et al. 2005), using the latest version of the M unich 
sem i-analytic model (De Lucia & Blaizot 2007). We have shown 
this model is in quite agreem ent with a num ber of observa
tional results. As we already discussed, the “ideal” light cones 
w ere “observed” to produce realistic replicas of the VVDS-Deep

survey, with the same sampling, field pattern and incom plete
ness. They are therefore ideal for providing a direct com pari
son, under the same conditions, to the wp(rp) m easured from  the 
VVDS data. This is shown in Fig. 9, where the data points are 
com pared to the average of the m easurem ents from  the 40 ob
served m ock samples (solid line), including a + 1 ^  error corri
dor. The agreem ent o f the data and the model predictions for 
the redshift range considered, 0.5 < z < 1.2, is rather good for 
all three mass ranges explored. The VVDS points are consistent 
w ith the predictions of the sem i-analytic model w ithin 1 ^  or bet
ter. A  m ore com prehensive com parison of these models with the 
clustering of VVDS galaxies as a function of different properties 
(luminosity, color, spectral type), will be presented in a separate 
paper.

Finally, we also note that a similar dependence on stellar 
m ass is also predicted in the hydrodynam ical simulations of 
W einberg et al. (2004), in which the steepening of the correlation 
function is particularly marked on scales below 0.5 h -1 M pc.
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Our results suggest that the apparent evolution of clustering from 
z ~  1 to the current epoch has been stronger for the less massive 
galaxies than for the m ost m assive ones. In other words, the re l
ative bias o f m assive to less-massive galaxies was larger at z ~  1 
than it is today. This behavior is also fairly well reproduced by 
the M illennium  mocks.

In the currently standard scenario of galaxy formation, 
galaxies form  and evolve inside dark-m atter haloes (W hite & 
Rees 1978), with the first objects appearing inside the m ost m as
sive of these. These are expected to correspond to the highest, 
m ore rare fluctuations of the overall m atter density field. On sim 
ple statistical grounds, it can be shown that these peaks will be 
m ore clustered than the general dark-m atter distribution, i.e. they 
will be biased (Kaiser 1984). Thus, from  very sim ple considera
tions, if  a larger stellar mass corresponds to a larger hosting dark- 
matter halo mass, then the m ost m assive galaxies at high redshift 
will correspond to the highest peaks and will be highly biased. 
Strong clustering and high bias are observed both for massive 
spheroidals at redshifts in the range z ~  1.5-2.5, selected on the 
basis of their red optical-infrared colors (e.g. D addi et al. 2003), 
and for strongly star-form ing galaxies at z ~  3 selected from 
their strong UV Lyman break (e.g. Steidel et al. 2004).

A nother im portant piece of inform ation is that, when se
lected on the basis o f a fixed rest-fram e luminosity, galaxies 
show an increase of their average bias as a function of redshift. 
U sing the VVDS data, we have in particular shown that the bias 
o f galaxies with Mb < - 2 0  + 5 lo g h  increases by a factor ~1.5 
between z = 0 and z ~  1.5 (M arinoni et al. 2005). However, we 
also know that the typical lum inosity of the general population 
of galaxies increases by m ore than a m agnitude over the same 
redshift range, which implies that at a fixed absolute lum inos
ity we are in fact looking at different populations of objects at 
different redshifts. G iven that there is clear evidence for at most 
a factor o f 2  increase in the stellar mass between z = 0  and 
z  = 1 (Arnouts et al. 2007), the analysis presented here has the 
virtue of addressing the dependence of clustering with respect 
to a m ore physical and stable property of the galaxy population. 
Even by allowing for a factor o f 2 increase in the m ass (i.e. as
suming that the progenitors of objects with m ass M  at z ~  0  are 
galaxies with mass M / 2 , at z ~  1), our results would not change 
significantly.

It is therefore of interest to interpret in a m ore quantitative 
way our findings, by estim ating the evolution of the linear bias 
for galaxies with sim ilar mass at different redshifts. In M arinoni 
et al. (2005) we showed that the bias is in fact non-linear, at 
about the 10% level. This has very little effect on the present 
discussion, and we can safely assume here a linear bias model 
for bL, where the galaxy rm s fluctuations <rRg on a given scale R  
can be expressed as

6.4. Evolution on galaxy bias

& R , e  =  b L ^ R .i (5)

Table 5. Measured values of the linear bias for the VVDS and SDSS 
samples, within 3 stellar mass ranges (see text).

Sample log (M/M0)

D2
D3
D4

9.5-10.0 
10.0-10.5
10.5-11.0

1.26 ±0.03 
1.37 ± 0.03 
1.40 0.03

1.29 ±0.10 
1.32 ± 0.12 
1.62 0.18

D(z) = g(z)/[g(0)(1 + z)], and the norm alized growth factor g(z) 
can be approxim ated as (Carroll et al. 1992; M o & W hite 2002)

g(z) *  ^ O m [ f 4 /7 -  Пл + (1 + Q m/2)(1 + О л /7 0 ) ] '1 , (6)

with Qm and О л the density param eters in non relativistic matter 
and cosm ological constant. N ote that in this expression,

Qm 0(1 + z) Ол 0
11 ^  / 97;:) • =

with Q m,0 and Ол ,0 their present-day values and 

E 2(z) = [Ол,0 + (1 -  Q0)(1 + z)2 + Qm,0(1 + z)3] ,

(7)

(8)

the norm alized expansion factor.
The corresponding value of the rm s galaxy fluctuations on 

the same scale can be estim ated from  the param eters of the cor
relation function under the assumption of a power-law form, 
£(r) = (r0 / r ) Y (Peebles 1980), as

where

72
Cr = -------

r  ( 3 - y ) ( 4 - y ) ( 6 - y ) 2 r

(9)

( 10)

with CT-R,m the mass rms fluctuations on the same scale. We also 
m ake the further assumption that the bias bL is independent of 
scale, which is very reasonable on sufficiently large scales. It is 
custom ary to express the rms fluctuation of galaxies and mass 
in spheres of radius R = 8 h - 1 M pc, with the value of ^ 8,m 
adopted as standard expression for the norm alization of the mass 
power spectrum  at the present epoch. Here we adopt the value 
^ 8,m = 0.76 (Spergel et al. 2007). This value at z = 0 can be 
scaled to the epochs of interest here by considering the growth of 
fluctuations in our assum ed model, ^ 8,m(z) = ^ 8,m(z = 0)D(z), 
where D (z ) is the linear growth factor of density fluctuations,

To be consistent with our w ork at z  = 0.85, we estim ated the 
param eters r0 and у  for the SDSS at z ~  0.15 from  the published 
m easurem ents of wp(rp) by Li et al. (2006), fitting over the same 
range used for the VVDS (0.18 < rp < 17.9 h -1 M pc). The 
resulting values of bL (with Q m,0 = 0.3 and О л ,0 = 0.7) over the 
three mass ranges and at the two redshifts considered are plotted 
in Fig. 10. The values are also reported for reference in Table 5.

F igure 10 shows that for galaxies in the highest-m ass range 
considered here (10.5 < log (M /M 0) < 11), the evolution of the 
linear bias between redshift 0.15 and 0.85 seems stronger than 
for the lower m ass ranges, where it is substantially constant over 
the same redshift range. For the high mass range, the increase in 
the bias going back in tim e corresponds to a factor ~ 1.2  (from 
b = 1.40 ± 0.03 to b = 1.62 ± 0.18)

This kind of behavior is generally expected for the clustering 
evolution of dark-m atter halos of different mass (Mo & W hite 
1996; Sheth et al. 2001; M o & W hite 2002). M ore m assive h a
los form  near the peaks of the density field, w hose distribution is 
strongly biased with respect to the overall mass distribution and 
displays a higher clustering am plitude (Kaiser 1984). Our result 
therefore suggests a direct relationship (as one would naively ex
pect), between the total mass in stars accum ulated today (or at 
z ~  1) and that o f the dark-m atter halo within which the bulk 
o f the baryonic m aterial was originally assembled. Clearly, to 
be still observed at these redshifts, this proportionality needs 
to have been preserved also through the m erging events experi
enced by the galaxy. These produce a merging of the dark-m atter

° '8’8 '  (8 М рс/й)’

b(z)
SDSS (z ~ 0.15) VVDS (z ~ 0.85)
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Fig. 10. The redshift evolution of the linear bias for galaxies of different stellar mass, obtained from the SDSS (z 
2006), and the VVDS (z ~ 0.85, filled squares, this work).

0.15, open squares, Li et al.

halo and a parallel full coalescence of the baryonic com ponents, 
with the new baryonic rem nant still sitting in the center o f its 
new, m ore m assive halo. This is not the case when the galaxy is 
accreted by a much larger halo (e.g. a cluster), becom ing a satel
lite w hose own halo will be significantly disturbed and modified 
in mass by dynam ical friction. This scenario fits well with the 
results o f recent sim ulations (Conroy et al. 2006; Wang et al. 
2006), that are able to reproduce the observed clustering prop
erties o f galaxies as a function of lum inosity at very different 
redshifts (up to z ~  3) by simply assuming that each dark-m atter 
sub-halo would generate a galaxy characterized by a B -band lu 
m inosity proportional to its original “infall” mass (i.e. mass be
fore being last accreted into a larger halo).

7. Summary and conclusions

We have used the VV DS-Deep data (Le Fevre et al. 2005) to 
perform  a first exploration of the dependence of galaxy cluster
ing on stellar mass at a redshift approaching unity. This has only 
now becom e possible at these epochs, thanks to the large num ber 
of redshifts and extended wavelength coverage available from 
V VDS-Deep that allow us to com pute reliable stellar masses. 
We started with a sample of 3218 galaxies with M  > 109 M 0 
in the redshift range z = [0.5-1.2]. We thoroughly investigated 
the com pleteness lim it in mass of the redshift catalogue, using 
m ock samples built from  the M illennium  sim ulation coupled to 
sem i-analytical recipes. We have found that there is a significant 
mass incom pleteness induced by the flux-limit of the survey be
low M  = 1010 M0 , w hose effects on the m easured clustering 
becom e particularly severe below M  = 1095 M 0 . We used the 
m ock surveys to quantify this systematic effect and to estim ate 
realistic statistical error bars that possibly include “cosm ic” vari
ance from  fluctuations on scales larger than the explored volume. 
W ith these lim itations in mind, we have obtained a series o f re 
sults, that can be sum m arized as follows:

-  We have m easured for the first tim e a clear stellar mass- 
dependent clustering of galaxies with respect to their stellar 
mass at a redshift as high as z ~  0.85, with the m ore m as
sive objects being m ore clustered than less m assive ones. In 
particular, the m ost m assive objects show an increase in both 
am plitude and slope of the spatial correlation function.

-  These clustering properties are very well reproduced (within 
1-^) in the same redshift and m ass ranges, by the m ock 
samples built from  the M illennium  run. Together with their 
realistic redshift distribution, this represents a rem arkable 
achievem ent o f the models.

-  Com parison of our m easurem ents to the sim ilar ones ob
tained (with much better statistics) from  the SDSS data at 
z ~  0.15 (Li et al. 2006) show evidence for a m ore signif
icant change in the apparent clustering am plitude for low- 
mass galaxies (log(M /M 0) < 10) than in the case of the 
m ost m assive objects (log(M /M 0) ~  11). The correlation 
function of the latter, in fact, rem ains roughly constant with 
time.

-  A ssum ing a standard cosmology, we com puted the expected 
evolution of the root-m ean-squared fluctuation in the mass, 
^ 8, between the two epochs sampled by VVDS and SDSS. 
Using this value, we translated the observed evolution of 
wp(rp) into the corresponding linear bias, showing that the 
most m assive galaxies display an evolution of the bias fac
tor, from  b = 1.40 ± 0.03 at z ~  0.15 to b = 1.62 ± 0.18 at 
z ~  0.85. This finding is not unexpected in a hierarchical sce
nario in which the most m assive peaks of the mass density 
field collapse earlier and evolve faster (Mo &  W hite 1996). 
This interpretation supports a scenario in which the stellar 
mass of a galaxy is essentially proportional to the m ass of 
the dark-m atter halo in which it was last the central object, 
consistent with recent sim ulations (Conroy et al. 2006; Wang 
et al. 2006).

The com bination of these m easurem ents o f clustering as a func
tion of stellar mass and as a function of lum inosity at the same 
redshift (Pollo et al. 2006), together with the analogous SDSS 
results at z ~  0.15, can provide very im portant com plem entary 
constraints to models describing how galaxies are distributed 
within dark-m atter halos (Zheng et al. 2007). This can help us 
to understand the evolution of galaxies of different mass below 
z ~  1 and in particular on the role o f mergers within this redshift 
range.

Acknowledgements. We thank the anonymous referee for the thorough review 
of the manuscript, which resulted in a significant improvement of the paper. We 
thank S. Phleps and D. Wilman for a careful reading of the manuscript.



310 B. Meneux et al.: Galaxy clustering as a function of stellar mass

B.M. thanks the Osservatorio di Brera for the generous hospitality. LG thanks 
S. W hite and G. Kauffmann for discussions and suggestions during the devel
opment of this work. He also gratefully acknowledges the hospitality of MPE, 
MPA and ESO. B.M. and L.G. warmly acknowledge the unique stimulating at
mosphere of the Aspen Center for Physics, where this work was completed.
This research program has been developed within the framework of the VVDS 
consortium and has been partially supported by the CNRS-INSU and its 
Programme National de Cosmologie (France), and by Italian Ministry (MIUR) 
grants COFIN2000 (MM02037133) and COFIN2003 (No.2003020150).
The VLT-VIMOS observations have been carried out on guaranteed time (GTO) 
allocated by the European Southern Observatory (ESO) to the VIRMOS con
sortium, under a contractual agreement between the Centre National de la 
Recherche Scientifique of France, heading a consortium of French and Italian 
institutes, and ESO, to design, manufacture and test the VIMOS instrument.

References
Arnouts, S., Walcher, C. J., Le Fevre, O., et al. 2007, [arX iv :® 7® 5.2438] 
Bell, E. F., Naab, T., McIntosh, D. H., et al. 2006, ApJ, 640, 241 
Benoist, C., Maurogordato, S., da Costa, L. N., Cappi, A., & Schaeffer, R. 1996, 

ApJ, 472, 452
Blaizot, J. Wadadekar, Y., Guiderdoni, B., et al. 2005, MNRAS, 360, 159 
Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000 
Carroll, S. M., Press, W. H., & Turner, E. L. 1992, ARA&A, 30, 499 
Chabrier, G. 2003, PASP, 115, 763
Coil, A. L., Newman, J. A., Cooper, M. C., et al. 2006, ApJ, 644, 671 
Cooray, A., & Sheth, R. 2002, Phys. Rep., 372, 1 
Conroy, C., Wechsler, R. H., & Kravtsov, A. V. 2006, ApJ, 647, 201 
Daddi, E., Rottgering, H. J. A., Labbe, I., et al. 2003, ApJ, 588, 50 
Davis, M., & Geller, M. J. 1976, ApJ, 208, 13 
Davis, M., & Peebles, J. P. E. 1983, ApJ, 267, 465 
De Lucia, G., & Blaizot, J. 2007, MNRAS, 375, 2 
Giovanelli, R., Haynes, M. P., & Chincarini, G. L. 1986, ApJ, 300, 77 
Gao, L., White, S. D. M., Jenkins, A., Stoehr, F., & Springel, V. 2004, MNRAS, 

355, 819
Guzzo, L., Iovino, A., Chincarini, G., Giovanelli, R., & Haynes, M. P. 1991, ApJ, 

382, L5
Guzzo, L., Strauss, M. A., Fisher, K. B., Giovanelli, R., & Haynes, M. P. 1997, 

ApJ, 489, 37
Guzzo, L., Bartlett, J. G., Cappi, A. et al. 2000, A&A, 355, 1 
Hamilton, A. J. S. 1988, ApJ, 331, L59
Iovino, A., Giovanelli, R., Haynes, M., Chincarini, G., & Guzzo, L. 1993, 

MNRAS, 265, 21 
Iovino, A., McCracken, H. J., Garilli, B., et al. 2005, A&A, 442, 423 
Ilbert, O., Arnouts, S., McCracken, H. J., et al. 2006, A&A, 457, 841 
Kaiser, N. 1984, ApJ, 284, L9 
Landy, S. D., & Szalay, A. S. 1993, ApJ, 412, 64
Le Fevre, O., Saisse, M., Mancini, D. et al. 2003, Proc. SPIE, 4841, 1670
Le Fevre, O., Mellier, Y., McCracken, H. J. et al. 2004, A&A, 417, 839
Le Fevre, O., Vettolani, G., Garilli, B. et al. 2005, A&A, 439, 845
Li, C., Kauffmann, G., Jing, Y. P., et al. 2006, MNRAS, 368, 21 
Marinoni, C., Le Fevre, O., Meneux, B. et al. 2005, A&A, 442, 801 
Maurogordato, S., & Lachieze-Rey, M. 1991, ApJ, 369, 30 
McCracken, H. J., Radovich, M., Bertin, E., et al. 2003, A&A, 410, 17 
Meneux, B., Le Fevre, O., Guzzo, L., et al. 2006, A&A, 452, 387 
Mo, H. J., & White, S. D. M. 1996, MNRAS, 282, 347 
Mo, H. J., & White, S. D. M. 2002, MNRAS, 336, 112 
Norberg, P., Baugh, C. M., Hawkins, E., et al. 2001, MNRAS, 328, 64 
Norberg, P., Baugh, C. M., Hawkins, E., et al. 2002, MNRAS, 332, 827 
Peebles, P. J. E. 1980, The Large Scale Structure of the Universe (Princeton: 

Princeton University Press)
Phleps, S., Meisenheimer, K., Fuchs, B., & Wolf, C. 2000, A&A, 356, 108
Phleps, S., Peacock, J. A., Meisenheimer, K., & Wolf, C. 2006, A&A, 457, 145
Pollo, A., Meneux, B., Guzzo, L., et al. 2005, A&A, 439, 887
Pollo, A., Guzzo, L., Le Fevre, et al. 2006, A&A, 451, 409
Pozzetti, L., Bolzonella, M., Lamareille, F., et al. 2007, A&A, 474, 443
Radovich, M., Arnaboldi, M., Ripepi, V., et al. 2004, A&A, 417, 51

Rettura, A., Rosati, P., Strazzullo, V., et al. 2006, A&A, 458, 717 
Sheth, R. K., Mo, H. J., Tormen, G., 2001, 2001, MNRAS, 323, 1 
Skibba, R. A., Sheth, R. K., & Martino, M. C. 2007, [arX iv :® 7® 7.3218] 
Spergel, D. N., Bean, R., Dore, O., et al. 2007, ApJS, 170, 377 
Springel, V., White, S. D. M., Tormen, G., & Kauffmann, G. 2001, MNRAS, 

328, 726
Springel, V., White, S. D. M., Jenkins, A., et al. 2005, Nature, 435, 629 
Springel, V., Frenk, C. S., & White, S. D. M. 2006, Nature, 440, 1137 
Steidel, C. C., Shapley, A. E., Pettini, M., et al. 2004, ApJ, 604, 534 
Wang, L., Li, C., Kauffmann, G., & De Lucia, G. 2006, MNRAS, 371, 537 
Wang, L., Li, C., Kauffmann, G., & De Lucia, G. 2007, MNRAS, 377, 1419 
Weinberg, D. H., Dave, R., Katz, N., Hernquist, L. 2004, ApJ, 601, 1 
Willmer, C. N. A., da Costa, L. N., & Pellegrini, P. S. 1998, AJ, 115, 869 
White, S. D. M., & Rees, M. J. 1978, MNRAS, 183, 341 
Zehavi, I., Blanton, M. R., Frieman, J. A., et al. 2002, ApJ, 571, 172 
Zehavi, I., Weinberg, D. H.,Zheng, Z., et al. 2004, ApJ, 608, 16 
Zehavi, I., Zheng, Z., Weinberg, D. H., et al. 2005, ApJ, 630, 1 
Zheng, Z., Coil, A. & Zehavi, I. 2007, ApJ, 667, 760 
Zucca, E., Ilbert, O., Bardelli, S., et al. 2006, A&A, 455, 879

1 INAF-IASF, via Bassini 15, 20133 Milano, Italy
2 Max Planck Institut fuer extraterrestrische Physik, 85741 
Garching, Germany
e-mail: bmeneux@mpe.mpg.de
3 INAF-Osservatorio Astronomico di Brera, via Bianchi 46, 23807 

Merate (LC), Italy
4 Max Planck Institut fuer Astrophysik, 85741 Garching, Germany
5 European Southern Observatory, 85741 Garching, Germany
6 Laboratoire d’Astrophysique de Marseille, UMR 6110 CNRS- 

Universite de Provence, BP 8 , 13376 Marseille Cedex 12, France
7 Astronomical Observatory of the Jagiellonian University, ul Orla 
171, 30-244 Kraków, Poland
8 INAF-Osservatorio Astronomico di Bologna, via Ranzani, 1, 

40127 Bologna, Italy
9 INAF-Osservatorio Astronomico di Brera, via Brera 28, Milan, 

Italy
10 Centre de Physique Theorique, UMR 6207 CNRS-Universite de 
Provence, 13288 Marseille, France
11 Institut d’Astrophysique de Paris, UMR 7095, 98bis Bvd. Arago, 
75014 Paris, France
12 Observatoire de Paris, LERMA, 61 avenue de l’Observatoire, 
75014 Paris, France
13 Laboratoire d’Astrophysique de Toulouse/Tarbes (UMR5572), 
CNRS, Universite Paul Sabatier -  Toulouse III, Observatoire Midi- 
Pyrenees, 14 Av. E. Belin, 31400 Toulouse, France
14 IRA-INAF -  via Gobetti,101, 40129, Bologna, Italy
15 INAF-Osservatorio Astronomico di Roma, via di Frascati 33, 
00040 Monte Porzio Catone, Italy
16 Universita di Bologna, Dipartimento di Astronomia, via Ranzani, 
1, 40127 Bologna, Italy
17 Universita di Milano-Bicocca, Dipartimento di Fisica, Piazza 
delle Scienze, 3, 20126 Milano, Italy
18 School of Physics & Astronomy, University of Nottingham, 
University Park, Nottingham, NG72RD, UK
19 Astrophysical Institute Potsdam, An der Sternwarte 16, 14482 
Potsdam, Germany
20 Institute for Astronomy, 2680 Woodlawn Dr., University of 
Hawaii, Honolulu, Hawaii, 96822
21 Integral Science Data Centre, Ch. d’Ecogia 16, 1290 Versoix
22 Geneva Observatory, Ch. des Maillettes 51, 1290 Sauverny, 
Switzerland
23 INAF-Osservatorio Astronomico di Capodimonte, via Moiariello 
16, 80131 Napoli, Italy

mailto:bmeneux@mpe.mpg.de

