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ABSTRACT

We present a study of the dependence of galaxy clustering on luminosity and stellar mass in the redshift range 2 < z < 3.5 using
3236 galaxies with robust spectroscopic redshifts from the VIMOS Ultra Deep Survey (VUDS), covering a total area of 0.92 deg?. We
measured the two-point real-space correlation function w,(r,) for four volume-limited subsamples selected by stellar mass and four
volume-limited subsamples selected by M, absolute magnitude. We find that the scale-dependent clustering amplitude r, significantly
increases with increasing luminosity and stellar mass. For the least luminous galaxies (Myy < —19.0), we measured a correlation
length ry = 2.87 + 0.22 h™! Mpc and slope ¥ = 1.59 + 0.07, while for the most luminous (Myy < —20.2) ry = 5.35 + 0.50 h™! Mpc
and y = 1.92 + 0.25. These measurements correspond to a strong relative bias between these two subsamples of Ab/b* = 0.43. Fitting
a five-parameter halo occupation distribution (HOD) model, we find that the most luminous (Myy < —20.2) and massive (M, >
10" h~! M,) galaxies occupy the most massive dark matter haloes with (M;,) = 10'>° h~! M. Similar to the trends observed at lower
redshift, the minimum halo mass M, depends on the luminosity and stellar mass of galaxies and grows from M, = 107 h™! M,
t0 My, = 1058 h=! M from the faintest to the brightest among our galaxy sample, respectively. We find the difference between
these halo masses to be much more pronounced than is observed for local galaxies of similar properties. Moreover, at z ~ 3, we
observe that the masses at which a halo hosts, on average, one satellite and one central galaxy is M; ~ 4 My, over all luminosity
ranges, which is significantly lower than observed at z ~ O; this indicates that the halo satellite occupation increases with redshift.
The luminosity and stellar mass dependence is also reflected in the measurements of the large-scale galaxy bias, which we model as
bynop(>L) = 1.92 +25.36(L/ L"), We conclude our study with measurements of the stellar-to-halo mass ratio (SHMR). We observe
a significant model-observation discrepancy for low-mass galaxies, suggesting a higher than expected star formation efficiency of these

galaxies.
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1. Introduction

The large structure of the Universe consists of two main ele-
ments: the luminous, baryonic matter (e.g. in the form of stars,
gas and dust) and dominant underlying dark matter. The proper-
ties and evolution of the former components can, and have been,
directly mapped with the use of large sky surveys both at local
and high redshifts using a variety of observations at different
wavelengths. As for the second, dark component, the situation
is less clear. Direct observations are currently difficult, but in
the paradigm of the A cold dark matter (CDM) cosmology the
visible baryonic matter indirectly traces the dark matter struc-
ture. If we assume that all galaxies are hosted by dark matter

* Based on data obtained with the European Southern Observatory
Very Large Telescope, Paranal, Chile, under Large Programme
185.A-0791.

Article published by EDP Sciences

haloes (White & Rees 1978), the information about the underly-
ing dark matter distribution can be extracted, for example using
the mean occupation of galaxies in dark matter haloes. However,
the relation between these two components is not straightfor-
ward. In particular, the spatial distribution of baryonic matter
is biased with respect to that of dark matter, which is a result
of additional physics of the baryonic component, such as star
formation, supernova feedback, and galaxy merging, which reg-
ulate the formation and evolution of galaxies (see e.g. Kaiser
1984; Bardeen et al. 1986; Mo & White 1996; Kauffmann et al.
1997). It has been shown that the difference between the lumi-
nous and dark matter distributions depends both on the epoch
of galaxy formation and the physical properties of galaxies (e.g.
Fry 1996; Tegmark & Peebles 1998). Therefore, studies of the
evolution of the luminous-dark matter relation (called bias) and
its dependence on various galaxy properties (such as luminos-
ity, stellar mass, or colour) are crucial, because they can provide
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us with valuable information for investigating the nature of the
underlying dark matter distribution and, in the wider perspec-
tive, understanding the evolution of the accelerating Universe.
MgAl,O4ls]

There are various methods used to infer the properties of dark
matter through the observations of the luminous component.
The most direct methods involve gravitational lensing (Zwicky
1937), which is a unique observational technique that allows
for probing both the nature and distribution of dark matter (e.g.
Van Waerbeke et al. 2000; Metcalf & Madau 2001; Moustakas
& Metcalf 2003; Hoekstra et al. 2004; Massey et al. 2007; Fu
et al. 2008; Rines et al. 2013). The gravitational lensing obser-
vations, however, are usually possible only for a special set of
circumstances, as the objects available for exploration are lim-
ited by the geometry of lens and sources (see e.g. Blandford &
Narayan 1992; Meylan et al. 2006). Other methods for studying
dark-luminous matter relations are applied on the scale of indi-
vidual galaxies, where studies of rotation curves (Rubin et al.
1978) of stars or gas clouds within individual galaxies are used
to explore the hosting dark matter halo masses and density pro-
files, thereby improving the understanding of the role of dark
matter haloes in galaxy formation and evolution (e.g. Genzel
et al. 2017; Dekel et al. 2017; Katz et al. 2017). On the large
scales considered in this work, the most effective methods make
use of statistical tools. Among these, the most extensively used
method is galaxy clustering based on galaxy correlation function
measurements, which allows us to understand the time evolution
of luminous-dark matter relation and its dependence on galaxy
properties.

The galaxy correlation function is a simple, yet powerful sta-
tistical tool (Peebles 1980) and it can be modelled using, among
others, the two parameter power-law &(r) = (r/ry)™" (Davis &
Peebles 1983) model or can be modelled from halo occupation
distribution models (HOD; Seljak 2000; Peacock & Smith 2000;
Magliocchetti & Porciani 2003; Zehavi et al. 2004; Zheng et al.
2005). In the HOD framework, the theoretical description of
the correlation function differs for different scales r, accounting
for the fact that the clustering of galaxies residing in the same
halo differs from clustering between galaxies residing in sepa-
rate haloes. For small scales (» < 1.5 h™! Mpc) the one-halo term
is dominant, as it describes exclusively the clustering of galax-
ies that reside within a single dark matter halo. On the contrary,
on large scales (r > 3 h! Mpc), the two-halo term is dominant,
which describes the clustering of galaxies residing in separate
dark matter haloes.

Using these two prescriptions of the galaxy correlation func-
tion it has been shown that galaxy clustering, and by extension
the galaxy-dark matter relation, strongly depends on various
galaxy properties. In general, at local (z ~ 0) and intermedi-
ate (z < 2) redshifts, luminous and massive galaxies tend to be
more strongly clustered than their less luminous and less massive
counterparts. Additionally, it has been found that the cluster-
ing strength varies as a function of morphology, colour, and
spectral type. Galaxies with bulge dominated morphologies, red
colours, or spectral types indicating old stellar populations also
exhibit stronger clustering and a preference for dense environ-
ments (e.g. Norberg et al. 2002; Pollo et al. 2006; de la Torre
et al. 2007; Coil et al. 2008; Meneux et al. 2006, 2008, 2009;
Abbas et al. 2010; Hartley et al. 2010; Zehavi et al. 2011; Coupon
et al. 2012; Mostek et al. 2013; Marulli et al. 2013; Beutler et al.
2013; Guo et al. 2015; Skibba et al. 2015). These studies are in
good agreement with the hierarchical theory of galaxy formation
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and evolution (White et al. 1987; Kauffmann et al. 1997; Benson
et al. 2001).

A lot of effort has been put into testing whether or not sim-
ilar clustering dependencies can be observed at high redshift
(z > 2). Some evidence for a difference between the clustering
of massive, luminous, and faint galaxies has been found (e.g.
Daddi et al. 2003; Adelberger et al. 2005; Le Fevre et al. 2005;
Ouchi et al. 2005; Lee et al. 2006; Hildebrandt et al. 2009;
Wake et al. 2011; Lin et al. 2012; Bielby et al. 2014). However,
most of these observational constraints suffer from a combina-
tion of many types of selection biases because of the limited
sample size and volume explored of galaxy surveys performed
at z > 2. Until now, high redshift samples have been either too
small to allow a subdivision into galaxy classes or the samples
targeted special types of galaxies, such as extremely massive red
objects or sources selected using a Lyman-break or BzK tech-
nique, that cannot be easily related to galaxy populations at lower
redshifts. Therefore, the overall picture of the possible depen-
dence of galaxy clustering on luminosity and stellar mass at these
high redshifts is still difficult to establish.

In this paper we attempt to overcome some of these diffi-
culties and provide improved constraints on the dependence of
galaxy clustering with luminosity and stellar mass at high red-
shifts. We compute the projected two-point correlation function
wy(rp) for galaxy samples limited in luminosity and stellar mass
in the redshift range 2 < z < 3.5 using the data sample from
VIMOS Ultra Deep Survey (VUDS; Le Fevre et al. 2015). There
are two main features of VUDS that are advantageous for our
studies. First, because VUDS is a spectroscopic survey, it pro-
vides a very reliable redshift measurement of a large number of
galaxies in a relatively large field. Second, since its target selec-
tion is based mainly on photometric redshifts, the VUDS survey
targets a representatively sampled population of star-forming
galaxies that have luminosities close to the characteristic (~L*)
luminosity and are relatively easy to compare to low redshift
objects. Consequently, we are able to present reliable correla-
tion function measurements, with power-law and HOD fitting,
as well as measurements of the galaxy bias, and satellite frac-
tion at z ~ 3, and discuss all these results in terms of the current
scenario of the density field evolution. Additionally, the com-
parison between VUDS clustering measurements with similar
studies performed at lower redshifts allows us to put constraints
on the cosmic evolution of the relationship between dark matter
and galaxy properties, hence between gravity and cosmology, on
the one hand, and processes associated with baryonic physics, on
the other hand.

The paper is organized as follows. In Sect. 2 we briefly
describe the properties of the VUDS survey and our selected
samples. The methods used to measure the correlation function
and derive power-law and HOD fits are presented in Sect. 3.
Results and comparison of our findings to other works are
described in Sect. 4. We discuss the luminosity and stellar mass
dependence, and the redshift evolution of galaxy clustering,
galaxy bias, halo mass, satellite fraction, and stellar-to-halo
mass ratio in Sect. 5, before concluding in Sect. 6.

Throughout all this paper, we adopt a flat ACDM cosmo-
logical model with Q;, = 0.3175 and Q4 = 0.6825 (Planck
Collaboration XVI 2014). The Hubble constant is parametrized
via h = Hy/100 to ease the comparison with previous works. We
report correlation length measurements in comoving coordinates
and express magnitudes in the AB system.
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Fig. 1. Spatial distribution of galaxies with spectroscopic redshifts 2 < z < 3.5 in three independent VUDS fields: COSMOS (left panel), VVDS-
02h (central panel), and ECDFS (right panel). The blue crosses indicate VIMOS pointing centres.

Table 1. Properties of the galaxy sample in the range 2 < z < 3.5, as
used in this study.

VUDS field Ny Zmedin  Ser [deg’]

COSMOS 1605 2.79 0.50
VVDS-02h 1237  2.63 0.31
ECDFS 394 257 0.11

3236 2.7 0.92

Total

2. Data
2.1. VUDS survey summary

Our galaxy sample is drawn from the VIMOS Ultra Deep Survey
(VUDS). Details about the survey strategy, target selection, data
processing, and redshift measurements are presented in Le Fevre
et al. (2015). Below we provide only a brief summary of those
survey features that are relevant to the study of the galaxy
clustering presented in this paper.

The VUDS spectroscopic survey targets ~10 000 galaxies in
the redshift range 2 < z < 6+. The survey covers a total area
of ~1 deg? across three independent fields (see Fig. 1), thus
reducing the effect of cosmic variance, which is important for
galaxy clustering measurements. The majority (~88%) of targets
are selected based on photometric redshifts (zpnot + 10> 2.4)
derived from deep multi-band photometry available for the
VUDS fields, and supplemented with the targets selected by
various magnitude and colour-colour criteria (mainly Lyman-
break galaxies; LBGs). As the result, the VUDS sample at
redshift z > 2, exceeds greatly the number of spectroscopically
confirmed galaxies from all previous surveys, allowing for the
selection, for example of various volume-limited subsamples
characterized by different galaxy properties. Moreover, because
of its target selection method, VUDS can be considered as a
largely representative sample of star-forming galaxies with lumi-
nosities close to the characteristic luminosity, i.e. ~0.3L* <
Lyy < 3L* (Cassata et al. 2013) observed at redshift z > 2.
However, the dusty galaxy population at high redshift in VUDS
sample is almost certainly under-represented.

S I L L
— Full sample /A

500 ] COSMOS field — _|

i VVDS-02h field — |

400 ECDFS field  —

i — ] i
%300 — —
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Fig. 2. Redshift distribution of the VUDS galaxy sample in the red-
shift range 2.0 < z < 3.5 used in this study. The filled grey histogram
represents the total sample of galaxies, while the red, blue, and green
histograms represent the contribution from COSMOS, VVDS-02h, and
ECDES fields, respectively.

The core engine for redshift measurement in VUDS is the
cross-correlation of the observed spectrum with the reference
templates using the EZ redshift measurement code (Garilli et al.
2010). At the end of the process, each redshift is assigned a flag
that expresses the reliability of the measurement (for details see
Le Fevre et al. 2015). In our study we used only the most reli-
able objects, which have the high 75-100% probability that the
redshift measurement is correct (zaag = 2, 3,4, and 9). It is worth
mentioning that the galaxies assigned with lower flags, for exam-
ple zg,e = 1, do not appear to occupy a distinct region of stellar
mass/Myy phase space relative to the zq,e > 2 sample; therefore,
owing to this flag selection, we do not exclude any specific type
of galaxies from the sample. The influence of this selection on
the clustering measurements and correction methods used, are
fully described in Durkalec et al. (2015b).
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The selected VUDS sample also benefits from an extended
multiwavelength data set (see Le Fevre et al. 2015). The multi-
wavelength photometry is used to compute absolute magnitudes
from the spectral energy distribution (SED) fitting using the
“Le Phare” code (Arnouts et al. 1999; Ilbert et al. 2006), as
described in detail by Ilbert et al. (2005) and references therein
(see also Tasca et al. 2015).

Stellar masses are measured via GOSSIP+ (Galaxy
Observed-Simulated SED Interactive Program) software, which
performs a joint fitting of both spectroscopy and multiwave-
length photometry data with stellar population models, as
described in detail by Thomas et al. (2017). We note that this
stellar mass measurement method differs from the commonly
used techniques based on, for example SED fitting on multi-
wavelength photometry. We decided to use the GOSSIP+ stellar
masses because of the larger number of reliable M, measure-
ments available for the VUDS sample. Based on the tests per-
formed prior to this study, we observe no noticeable difference in
the correlation function shape and/or correlation amplitude when
GOSSIP+ derived or Le Phare derived stellar masses are used.

2.2. Luminosity and stellar mass subsamples selection

Our full sample consists of 3236 objects with reliable spec-
troscopic redshifts in the range 2 < z < 3.5 observed in three
independent fields, COSMOS, VVDS-02h, and ECDFS. These
fields cover a total area of 0.92 degz, which is the sum of VIMOS
slitmask outline after accounting for overlaps (see Fig. 1), cor-
responding to a volume of ~1.75 x 107 Mpc?. The spatial
distribution of galaxies in each field is presented in Fig. 1, while
Fig. 2 shows their redshift distribution. The general properties
of the whole sample, including the number of galaxies, median
redshift, and the effective area, are listed in Table 1.

For the following analysis we selected four volume-limited
luminosity subsamples with the selection cuts made in the UV
rest-frame absolute magnitudes, computed at a rest wavelength
of 1500 A (Myv,1500, also denoted as Mpyy and further in this
work simplified to Myy), and four stellar mass subsamples to
study the luminosity and stellar mass dependence of the galaxy
clustering, respectively, within the redshift range 2 < z < 3.5.
We chose this specific redshift range to be able to study galaxy
clustering of as faint galaxies as possible, and at the same time,
to maintain volume completeness and large number of galax-
ies in the various subsamples. In contrast, the choice of the UV
wavelength for the luminosity selection is driven by the fact that
VUDS is an optically selected survey. The full wavelength cov-
erage of VUDS is 3650-9350 A, which corresponds to the UV
rest-frame wavelength coverage at redshift ~3.

All of selected subsamples were chosen to contain the num-
ber of galaxies sufficient for a reliable measurement of the
correlation function based on tests performed on VUDS data
prior to this research (see Durkalec et al. 2015b). Selection
cuts for different subsamples are shown in Fig. 3. Addition-
ally, general properties of these subsamples including number
of galaxies, median redshifts, UV median absolute magnitudes
M7, and median stellar masses log MY of each subsample are
listed in Tables 2 and 3.

To account for the mean brightening of galaxies due to
their evolution and to ease the comparison between measure-
ments based on samples from various epochs, we normalized
the absolute magnitudes and stellar masses, at each redshift, to
the corresponding value of the characteristic absolute magnitude
My, of the Schechter luminosity function in the UV band or to
the characteristic stellar mass log M*, respectively. Therefore, for
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Table 2. Properties of the galaxy luminosity subsamples, as used in this
study.

Sample M?é" N, Zmedian M ﬁf,d

1 -19.0 2987 2.72 -19.84
2 -19.5 2241 2.77 -20.03
3 -20.0 986 2.83 -20.39
4 -20.2 616 2.84 -20.56

Table 3. Properties of the galaxy stellar mass subsamples, as used in
this study.

Sample log MM N, A Zmedian _log My
1 8.75 3089 2.70 9.48

2 9.25 2304 2.75 9.64

3 9.75 989  2.82 10.10

4 10.0 522 2.83 10.24

the absolute magnitudes we computed Myy = My, — (My,, -
M {,V,O), where My, is the original (not corrected) absolute
magnitude in the UV filter, M}, is the characteristic absolute
magnitude, and My, is the characteristic luminosity for galax-
ies at z = 0. Similar correction was applied for the stellar masses.
The values of the characteristic absolute magnitudes were esti-
mated based on the work of Bouwens et al. (2015); Mason et al.
(2015); Hagen et al. (2015); Finkelstein et al. (2015); Sawicki &
Thompson (2006), while the characteristic stellar masses were
taken from Ilbert et al. (2013) and Pérez-Gonzalez et al. (2008).
The details of the methods used to determine the values of
characteristic absolute magnitudes and stellar masses at a given
redshift are presented in Appendix A.

3. Measurement methods

This work is an extension of our previous studies presented in
Durkalec et al. (2015b), and all the methods used in this study
to quantify the galaxy clustering are similar to those presented
therein. This includes computation techniques, error estimations,
analysis of systematics in the correlation function measurements,
and correction methods. A detailed description is provided in
Sect. 3 of Durkalec et al. (2015b), while below we provide a short
summary of the procedures.

We measured the real-space correlation function &(rp, 7) of
the combined data from three independent VUDS fields through
the Landy—Szalay estimator (Landy & Szalay 1993). The dif-
ferences in size and galaxy numbers between the fields were
accounted for by an appropriate weighting scheme. In particu-
lar, each pair was multiplied by the number of galaxies per unit
volume as follows:

Nfield Nfield
Erpom) = ) w; (GG — 2GR; + RR) / D wiRR;, (1)

i=1 i=1

where w; = (Ng;/ V;)? and GG, GR, RR are the number of dis-
tinct galaxy—galaxy, galaxy—random, and random-random pairs
with given separations lying in the intervals of (rp,r, + drp)
and (m, 7 + dn), respectively. Integrating the measured £(7, )
along the line of sight gives us the two-point projected correla-
tion function wy(r,), which is the two-dimensional counterpart of
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Fig. 3. Construction of the volume-limited galaxy subsamples with dif-
ferent luminosity (upper panel) and stellar mass (lower panel). In both
figures the grey dots represent the distribution of VUDS galaxies as a
function of spectroscopic redshift z. At each redshift UV band, abso-
lute magnitudes and stellar masses are normalized to the characteristic
absolute magnitudes or to the characteristic stellar mass, respectively
(see Sect. 2.2). The different colour lines delineate the selection cuts for
selected UV absolute magnitude and stellar mass subsamples as defined
in Tables 2 and 3. The dashed black line represents the evolution of the
not corrected characteristic UV absolute magnitude M, (upper panel)
or characteristic stellar mass M* (lower panel). The grey line indicates
the volume limit of the VUDS sample.

the real-space correlation function, free from the redshift-space
distortions (Davis & Peebles 1983). This correlation function is
written as

wp(rp) =2 fomf(rp,ﬂ) dr. 2)

In practice, a finite upper integral limit m,x has to be used
to avoid adding uncertainties to the result. A value that is too
small results in missing small-scale signal of correlation function
wy(rp), while a value that is too large has the effect of inducing an
unjustified increase in the wy(r,) amplitude (see e.g. Guzzo et al.
1997; Pollo et al. 2005). After performing a number of tests for
different my,x, we found that w,(rp) is insensitive to the choice of

Tmax 10 the range 15 < mpax < 20 h! Mpc. Therefore, we chose
Tmax = 20 h~! Mpc, which is the maximum value for which the
correlation function measurement was not appreciably affected
by the mentioned uncertainties.

All correlation function measurements presented in this
paper were corrected for the influence of various systemat-
ics originating in the VUDS survey properties, by introducing
the correction scheme developed in Durkalec et al. (2015b).
In particular, we accounted for the galaxies excised from the
observations due to the VIMOS layout and other geometrical
constraints introduced by the target selection (see Fig. 1). Also,
the correcting scheme addresses the possible underestimation of
the correlation function related to the small fraction of incorrect
redshifts present in the sample and small-scale underestimations
observed in tests based on the VUDS mock catalogues.

To estimate the two-point correlation function errors, we
applied a combined method (see Durkalec et al. 2015b),
which makes use of the so-called blockwise bootstrap resam-
pling method with Ny = 100 (Barrow et al. 1984) coupled to
Nmock = 66 independent VUDS mock catalogues (see Durkalec
et al. 2015b; de la Torre et al. 2013, for details about mocks),
similar to the method proposed by Pollo et al. (2005). The asso-
ciated covariance matrix C; between the values w, on ith and
kth scale was computed using

Cix = {(wh () = @hry;) (whr) = wr0);)) 3)

J
where “()” indicates an average over all bootstrap or mock real-
izations, the w{,(rk) is the value of w, computed at r, = r; in
the cone j, where 1 < j < Ny for the VUDS mocks, and
1 < j < Npoot for the bootstrap data.

Throughout this study we used two approximations of the
shape of the real-space correlation function. The first one is a
power-law function &(r) = (r/ry)~7, where ry and y are the corre-
lation length and slope, respectively. With this parametrization,
the integral in Eq. (2) can be computed analytically and wy(rp)
can be expressed as

o) )

wp(rp)zrp(r_ F(%) ,

P

where I is the Euler’s Gamma function. Despite its simplicity, a
power-law model remains an efficient and simple approximation
of galaxy clustering properties.

A second, more detailed description of the real-space corre-
lation function, used here, was performed in the framework of
the HOD models. Following a commonly used, analytical pre-
scription, we parametrized the halo occupation model in the way
used, for example by Zehavi et al. (2011) and motivated by Zheng
et al. (2007). The mean halo occupation function (Ng(My)), i.e.
the number of galaxies that occupy the dark matter halo of a
given mass is the sum of the mean occupation functions for the
central and satellite galaxies,

“

<Ng(Mh)> = <Ncen(Mh)> + <Nsat(Mh)>’ (5)
where
(Nen(My)) = l L4 erf(log My, — log My )} , ©)
2 TlogM
My — My \”
(Noa(Mp)) = (Neen(Mp)) X (%) : @)
1

This model includes five free parameters, two of which repre-
sent characteristic halo masses that describe the mass scales of
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Fig. 4. Projected correlation functions for volume-limited samples corresponding to different luminosity (left panel, circles) and stellar mass (right

panel, squares) bins, as labelled.

haloes hosting central galaxies and their satellites. The charac-
teristic mass My, is the minimum mass needed for half of the
haloes to host one central galaxy above the assumed luminosity
(or mass) threshold, i.e. {Ncen(Mmin)) = 0.5, whereas the second
characteristic mass M is the mass of haloes that on average have
one additional satellite galaxy above the luminosity (or mass)
threshold, i.e. (N, (M;)) = 1. We note that M, is different from
M from Eq. (7). However, both quantities are related to each
other and in most cases M ~ M/ (see Table 4). The remaining
three free parameters are orjog a7, Which is related to the scatter
between the galaxy luminosity (or stellar mass) and halo mass
My, the cut-off mass scale My, and the high-mass power-law
slope « of the satellite galaxy mean occupation function.

The HOD parameter space for each galaxy sample has
been explored via the population Monte Carlo (PMC) technique
(Wraith et al. 2009; Kilbinger et al. 2011), using the full covari-
ance error matrix, as described in Durkalec et al. (2015b). From
the best-fitting HOD parameters we derived quantities describ-
ing the halo and galaxy properties, such as the average host halo
mass {(My),

(Ng(Mh))
)@ = [ aty oy (ot 2) SE 2 ®)
ng(Z)
the large-scale galaxy bias by,
(Ng(Mn))
bg(Z)=fth bu(My) n(Mp, 7) ——— )
ng(Z)
and the fraction of satellite galaxies per halo f;
N.(M,
fo=1- [ antnot S, (10)
ng(Z)

where n(My, z) is the dark matter mass function, b,(My, z) is the
large-scale halo bias, and ny(z) represents the number density of
galaxies,

ng(Z)=fth n(Mhy, z) (Ng(Mp)). an
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4. Results

The two-point projected correlation function wp(rp,) was mea-
sured in four volume-limited luminosity subsamples and four
stellar mass subsamples selected from a total number of 3236
spectroscopically confirmed VUDS galaxies observed in the red-
shift range 2 < z < 3.5. The composite correlation functions
(from three VUDS fields; see Sect. 3) measured for each of these
luminosity and stellar mass subsamples are presented in Fig. 4,
while the associated best power-law and HOD fits are shown in
Fig. 5.

In the case of luminosity limited subsamples, the minimum
scale 7, that can be reliably measured varies slightly for different
galaxy subsamples. For the two faintest subsamples we measure
a correlation signal on scales 0.3 < r, < 15 h™! Mpe, while for
the more luminous subsamples it can be measured only on scales
0.5 < r, < 15h™" Mpc. We set these particular limits after per-
forming a range of tests on correlation function measured for
each of VUDS luminosity subsamples (see Sect. 2.2). The lower
rp limit is set at the lowest scale for which, first, we are able
to measure a correlation function signal, i.e. w,(rp) has a pos-
itive value, and/or, second, we are able to reliably correct (see
Durkalec et al. 2015b, for details about the used correction meth-
ods) the underestimation of the correlation function that occurs
owing to missing close galaxy pairs; this is the result of the low
number of galaxies in the sample and/or VIMOS limitations and
positions of spectral slits. The maximum scale limit of 7, has
been chosen as a result of similar tests and under the same con-
ditions. This time, however, the distant galaxy pairs at large r,
are missing because of the finite size of VUDS fields.

In practice, we therefore limit our measurement to scales for
which the number of galaxy-galaxy pairs in VUDS data is suffi-
cient to measure correlation function with uncertainties that do
not exceed the value of wy(rp), and are not affected by volume
effects.

4.1. Luminosity and stellar mass dependence — power-law

fitting of the CF

The best power-law fits of w,(rp), parametrized with two free
parameters rp and y (see Sect. 3), are presented in the left panel
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Fig. 5. Projected two-point correlation function wy(7;,) associated with the best-fitting power-law function (left side) and best-fit power-law param-
eters rp and vy along with 68.3% and 95.4% joint confidence levels (right side) in four UV absolute magnitude subsamples (upper panel) and
four stellar mass subsamples (lower panel). The symbols and error bars (see Sect. 3 for the error estimation method) denote measurements of the
composite correlation function for different luminosity (circles) and stellar mass (squares) subsamples selected from VUDS survey in the redshift
range 2 < z < 3.5. For clarity, offsets are applied both to the data points and best-fitting curves of the wy(r;), i.e. the values of w,(r,) and associated
best fits for galaxy subsamples with increasing luminosity and stellar masses were staggered by 0.5 dex each. Error contours on the fit parameters
are obtained taking into account the full covariance matrix. The 68.3% and 95.4% joint confidence levels are defined in terms of the corresponding

likelihood intervals that we obtain from our fitting procedure.

of Fig. 5. The best-fitting parameters for all luminosity and stellar
mass subsamples are listed in Table 4 and their 68.3% and 95.4%
joint confidence levels are shown in the right panel of Fig. 5.

At redshift z ~ 3 we observe a pronounced dependence of
galaxy clustering on both luminosity and stellar mass; the bright-
est and most massive galaxies are more strongly clustered than
their fainter and less massive counterparts (see Fig. 4).

This dependence is reflected in the increase of the correlation
length ry. We find that ry rises from ry = 2.87 +£0.22 h! Mpc for

the least luminous galaxy subsample (with Mgf,d = —-19.84) to

ro = 5.35 +0.50 h™! Mpc for the most luminous galaxies (with
Ml“}‘;d = —20.56). This observed luminosity dependence is sys-
tematic, but it becomes more significant for the most luminous
galaxies. The correlation functions of the galaxies with increas-
ing luminosities moving from Myy < —19.0 to Myy < —20.0 are
very similar at scales r, > 2 h! Mpc, which results in a subtle

increase in 7y between these subsamples (see Table 4). The rapid
growth in the correlation length, by Arg ~ 2 h™! Mpc, can be
observed afterwards for the brightest galaxies (Myy < —20.2).

A similar behaviour occurs for the galaxies selected accord-
ing to their stellar masses that have a correlation length
increasing from ry = 3.03 + 0.18 h™' Mpc for the least mas-
sive subsample (log ML“ed =948 h™! M) to ry = 437 +
0.48 h™' Mpc measured for the most massive subsample
(log M = 10.24 h™! M,). However, in this case the change in
the correlation function between subsamples of increasing stellar
mass appears to be smoother.

The second of the two free parameters, the slope vy, has
also a tendency to grow with increasing luminosity and stellar
mass. We find that for the luminosity selected subsamples the
value of y rises from y = 1.59 + 0.07 for the faint galaxies to
v = 1.92 + 0.25 for the brightest galaxies. Similarly, the slope of
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Fig. 6. Projected two-point correlation function w,(r,) associated with the best-fitting HOD models (left side) and evolution of the halo occupation
function of the best-fit HOD model (right side) in four UV absolute magnitude subsamples (upper panel) and four stellar mass subsamples (lower
panel). The symbols and error bars (see Sect. 3 for the error estimation method) denote measurements of the composite correlation function for
different luminosity (circles) and stellar mass (squares) subsamples selected from the VUDS survey in the redshift range 2 < z < 3.5. For clarity,
offsets are applied to both the data points and best-fitting curves of the wy(rp), i.e. the values of w,(r,) and associated best fits for the galaxy
subsamples with increasing luminosity and stellar masses were staggered by 0.5 dex each.

the power-law fit changes fromy = 1.61£0.06toy = 1.82+0.20
for the stellar mass selected subsamples. This increase in the
value of vy is likely related to the continuously stronger one-halo
term measured for subsamples with increasing luminosities and
stellar masses, as discussed below.

4.2. Luminosity and stellar mass dependence — HOD
modelling

In the left panel of Fig. 6 we present the measurements of the
projected real-space correlation function wy(rp) and the best-
fitting HOD models for the four volume-limited UV absolute
magnitude (upper panel) and stellar mass (lower panel) subsam-
ples at redshift z ~ 3. As shown, for all selected galaxy samples
the best-fitting HOD models reproduce the measurements of the
projected correlation function well. However, it is noticeable
that in all cases there are some deviations with respect to the
model, which predicts correlation function values at large scales
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(r, > 10 h~! Mpc) lower than measured. Given the measurement
errors, these deviations are more significant for the two least
massive and least luminous subsamples. We verified that these
deviations are mostly driven by the behaviour of the correlation
function measured in the COSMOS field, which is the field with
the most galaxies distributed over the largest area in our sample
(it comprises of ~50% of our galaxy sample; see Table 1), hence
with a significant influence on the combined correlation func-
tion. The flattening of wy,(7,) measured for the COSMOS field at
large separations r, > 5 h™! Mpc can be explained by the pres-
ence of an extremely large structure in the COSMOS field, which
spans a size comparable to that covered by VUDS-COSMOS
(see Appendix B and Cucciati et al., in prep.).

In Table 4 we list the values of the best-fitting HOD parame-
ters (inferred using the full error covariance matrix) with their
lo errors. Similar to what is seen at lower redshifts (e.g.
Zehavi et al. 2011; Abbas et al. 2010; Zheng et al. 2007), we
observe a mass growth of the dark matter haloes hosting galaxies
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Table 4. Best-fitting power-law and HOD parameters, with other derived parameters (as described in Sect. 3) for the luminosity and stellar mass

subsamples used in this work.

Sample/ Mg‘;" log M‘fi“

Parameter -19.0 -19.5 -20.0 -20.2 8.75 9.25 9.75 10.0

0 287022 3.03+032 335+042 535+050 3.03+0.18 3.13+030 345+042 4.37+048
Y 1.59+0.07 1.63+0.09 1.81+023 192+025 161+006 1.61+0.09 1.74+0.19 1.82+0.20
logMuyin  9.73+£0.51  10.61 £0.57 10.84+0.63 11.58+0.62 9.75+0.48 999+0.62 11.09+0.36 11.23+0.56
log M} 10.27 +£0.89 10.80+0.88 1193 +0.81 1228 +0.50 10.13+0.87 10.21+0.88 11.49+0.62 11.51 +£0.83
log M, 1033 £0.74 1094 +0.60 11.94+0.80 1229+0.48 10.21 £0.69 10.31+0.65 11.54+0.51 11.57 +£0.65
log My 9.05+096 983+1.19 898+123 962+1.12 892+098 883+097 954+1.19 931+1.22
Tlog M 064 +£0.13 056+021 057020 054+0.16 057+0.16 058+0.18 046+0.16 0.48=+0.17
o4 1.16 £0.25 094 +0.27 1.86+035 195+023 1.12+023 1.19+0.25 1.01+027 1.27+0.27
log{ M) 11.79 £ 0.58 11.90+045 12.09+046 1236+0.71 11.91+045 12.06+042 1195+0.34 12.24+0.47
be 191+026 2.09+084 224+025 3.07+0.16 1.99+058 229+0.64 239+0.67 2.84+0.99
fs 058 +041 059+031 0.17+034 024+030 068+044 0.76+031 047+025 0.58+041

Notes. For the power-law fit, the number of degrees of freedom (d.o.f.) is 6 (8 measured w, values minus the 2 fitted parameters), while for the
HOD d.o.f. = 3. All masses are given in units of h™! M, and correlation length 7y is given in h™! Mpc.

with rising luminosity and stellar mass. The minimum halo
mass My, for which at least 50% of haloes host one central
galaxy, increases from M, = 10973051 =1 Mo to Mpin =
1011382062 h=1 A1 for galaxies with the median UV absolute
magnitude M‘l‘/‘;d = —-19.84 and Mgf,d = —20.56, respectively. At
the same time, for galaxy subsamples selected according to stel-
lar mass, Mo, grows from My, = 10773048 h=1 Mo to My, =
10!123£0:36 h=1 a1 for galaxies with log M7 = 9.48 h™! M, to
log M™ = 10.24 h™! Mo,

We also observe a growth of another characteristic halo
mass, My, with the luminosity and stellar mass of galaxies. The
limiting mass of dark matter halo hosting on average one addi-
tional satellite galaxy above the luminosity (or mass) threshold
increases from M; = 10'%33£0.74 h=1 A1 for the faintest galaxy
subsample to M; = 10'229048 h=1 Ar for the most luminous
galaxies. Similarly, for the stellar mass selected subsamples M
rises from M; = 101021089 h=1 a1 to M; = 1011572065 =1 pp
from the less to the most massive galaxy subsamples, respec-
tively.

These changes, both, of the minimum My, and satellite
M; masses of dark matter haloes hosting galaxies with dif-
ferent properties are in agreement with the predictions of the
hierarchical scenario of structure formation as discussed in
Sect. 5.3.

Additionally, we observe an increase with luminosity of the
high-mass slope a of the satellite occupation in the UV abso-
lute magnitude selected galaxy subsamples. For the two brightest
subsamples (Myy < —20.0 and Myy < —20.2) a is noticeably
higher @ = 1.95 + 0.23, than observed for the fainter galaxy
populations, where a takes values around unity. This observed
difference is likely related to the more pronounced one-halo term
for the most luminous galaxy sample. It indicates that satellite
galaxies are more likely to occupy most massive dark matter
haloes. The situation is less clear for the stellar mass selected
subsamples, where, given the measurement uncertainties, we do
not observe any significant change in the slope « for the four
different stellar mass subsamples.

All these differences in the HOD parameter values measured
for galaxy populations with different luminosities and stellar
masses are reflected in the evolution of the halo occupation

function presented in the right panels of Fig. 6. The halo occu-
pation function shifts towards higher halo masses when going
towards brighter and more massive galaxy subsamples show-
ing that more luminous and more massive galaxies, respectively,
occupy more massive haloes. For the luminosity selected sub-
samples this shift of the halo occupation function is rather
continuous, while for the stellar mass selected galaxies there is
arapid 1 dex increase in halo masses moving from the two least
massive to the two most massive galaxy populations.

Such a rapid shift in the halo mass related to a relatively small
change in the stellar mass has not been reported in the literature.
At 7 ~ 2 McCracken et al. (2015), based on the angular correla-
tion function measurements, finds a continuous growth of both
minimum (from My, ~ 10'2* Mg to Myin ~ 10'2° M) and
satellite halo masses (from M, ~ 10"3* M, to M; = 1040 M)
for galaxies with stellar masses ranging from M{resh = 10192 p,
to MPresh = 10198 M. Similarly, at z ~ 1.5 Hatfield et al.
(2016) measured a steady increase in the minimum halo mass
by Alog M, = 0.5 M, for subsamples of galaxies with stel-
lar masses from MUt = 10101 A1y to MBresh = 10106 ppg.
These studies, however, do not cover stellar masses smaller than
Mf‘mh ~ 10'% M, which is the threshold limit of the most
massive galaxy subsample used in this work.

The presence of the halo mass discontinuity with respect to
the increasing stellar mass of galaxies and lack of such disconti-
nuity observed for luminosity selected subsamples suggests that
the relationship between the luminosity of a galaxy and the cor-
responding halo mass significantly differs from the relationship
between its stellar mass and the mass of the dark matter halo.
This in turn implies that the processes determining the galaxy
luminosity, even if related to the evolution of the hosting halo,
could be more complex than the relation between the halo and
galaxy stellar mass.

The observed discontinuity in halo mass, with respect to
small difference in stellar mass, directly influences the observed
stellar-to-halo mass relation. In particular we observe that, at
z ~ 3, low-mass end of this relation deviates from the theoreti-
cal predictions by, for example Behroozi et al. (2013) and Moster
et al. (2013). We discuss the possible implications of this result
in more detail in Sect. 5.5.
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5. Discussion

5.1. Dependency of galaxy clustering on their luminosity and
stellar-mass

Our most important conclusion is that at redshift z ~ 3 galaxy
clustering depends on luminosity and stellar mass. As presented
in Fig. 4 and described in Sect. 4.1, we observe a constant
increase of ry from faint and low massive samples to the most
luminous and the most massive samples. This implies that at
high redshift the most luminous and most massive galaxies are
more strongly clustered than their fainter and less massive coun-
terparts and that a higher clustering is observed on both small
and large spatial scales.

This luminosity and stellar mass dependence of galaxy clus-
tering can be explained in the framework of the hierarchical
mass growth paradigm. In this scenario, the mass overdensi-
ties of the density field collapsed overcoming the cosmological
expansion. The initially stronger overdensities grew faster, hence
their stronger clustering pattern imprinted in the dark matter den-
sity field. With time, the resulting dark matter haloes merged
together, forming larger haloes, which served as the environment
in which galaxies formed and evolved (Press & Schechter 1974;
White 1976). The strongest and most clustered overdensities pro-
duced the largest haloes, containing the corresponding amount
of baryons, which — in turn — agglomerated to produce the
largest and most massive (consequently also the most luminous)
galaxies. This behaviour is reflected in the N-body simulations
complemented by semi-analytical models, which show that the
galaxy luminosity and stellar mass are tightly correlated with the
mass of their haloes. In consequence, the clustering of a partic-
ular galaxy sample is expected to be largely determined by the
clustering of haloes that host these galaxies (Conroy et al. 2006;
Wang et al. 2007).

This simple picture, however, complicates when we need to
take the evolution of galaxies, driven by baryonic physics, into
account. This makes it more difficult to predict how exactly lumi-
nosity and stellar mass dependence of galaxy clustering changes
with time. In particular, star formation occurs only after baryonic
matter reaches a certain critical density and proceeds in a differ-
ent way depending, for example on the initial galaxy mass, halo
mass, and interactions with other galaxies (see e.g. White & Rees
1978; De Lucia et al. 2007; Lopez-Sanjuan et al. 2011; Tasca
et al. 2014). Therefore, the evolution of luminosity and stellar
mass clustering dependence is not only related to the growth
of dark matter halo masses, but also to the physics of baryons
that make up the galaxies. We expect that for the most mas-
sive galaxies occupying the most massive dark matter haloes,
the build up of stellar mass is eventually limited by various feed-
back effects (e.g. Blanton et al. 1999), while the less massive
galaxies occupying less massive dark matter haloes continue to
form stars (downsizing; see e.g. De Lucia et al. 2006). In con-
sequence, we expect to observe a strong luminosity and stellar
mass dependence of galaxy clustering at z ~ 3 and its weakening
with time.

However, the question of whether there is a differential evo-
lution between low and high luminosity galaxies or low and
high stellar mass galaxies from z ~ 3 to z ~ O remains open.
It is difficult to compare the strength of galaxy clustering at
different redshifts. The clustering amplitudes observed at differ-
ent epochs cannot be easily related because of the differences
in the selection methods used to sample galaxies in different
surveys, which in turn results in sampling different galaxy popu-
lations at different redshifts. Still, we find that our results, which
indicate that a higher clustering amplitude observed for more
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luminous galaxies on both small and large spatial scales r,, are
consistent with the results based on the data from low (e.g. the
SDSS survey, Zehavi et al. 2011; Guo et al. 2015, the 2dF survey,
Norberg et al. 2002) and intermediate (e.g. the DEEP2 survey,
Coil et al. 2006, the VVDS survey, Pollo et al. 2006; Abbas
et al. 2010, the zCOSMOS, Meneux et al. 2009, the VIPERS
survey, Marulli et al. 2013) redshift ranges. For example, based
on the large SDSS z ~ 0 galaxy sample Zehavi et al. (2011)
found that the correlation length increases by Ary ~ 6.5 h™! Mpc
between galaxies with M, < —18.0 and M; < —22.0. Moreover,
similar to our work, the luminosity dependence is more pro-
nounced for bright samples and less significant for the fainter
samples (see Sect. 4.1). At intermediate redshift ranges, for
example Marulli et al. (2013) analysing data from the VIPERS
survey, found that at z ~ 1 the correlation length increases from
ro=4.29+0.19h™! Mpc to ry = 5.87 +0.43 h~! Mpc for galax-
ies with Mg < —20.5 and My < —21.5, respectively. Consistent
with these findings at lower redshifts, also at z ~ 3, we find
a Arg ~ 2.5 increase between the faintest (Myy < —19.0) and
the brightest (Myy < —20.2) galaxies and a Ary ~ 1.5 increase
between stellar mass selected subsamples. As mentioned at the
beginning of this paragraph, because all these measurements
possibly consider different galaxy populations, we are not able to
draw a detailed conclusion about whether or not luminosity and
stellar mass clustering dependence is stronger (or weaker) at high
redshift in comparison to the local Universe. What can be safely
said, however, is that dependence of clustering with luminosity
and stellar mass is present and strong at z ~ 3, as it is observed
at 7 ~ 0 (Arg of the same order of magnitude at both redshifts),
and therefore much of the processes that produced luminosity
and stellar mass clustering dependence must have been at work
at significantly higher redshift than z ~ 3.

5.2. Relative and large-scale galaxy bias of different
luminosity and stellar mass subsamples

Using the best-fitting power-law parameters ry and y, we inter-
pret our results in terms of the relation between the distribution
of galaxies and the underlying dark matter density field for
galaxy populations with different luminosities. We compare the
values of the relative galaxy bias b/b* measured from the VUDS
survey to the bias of galaxy populations with different luminosi-
ties measured at lower redshift ranges, taken from the literature.

The relative bias parameter, b/b*, is based on the ampli-
tude of the correlation function relative to that of L* galaxies
and can be defined as the relative bias of the generic ith sam-
ple with a given median luminosity Lyeq, With respect to that
corresponding to L*, as

(12)

In our study we use a fixed scale r = 1 h™! Mpc (see also Meneux
et al. 2006, for a slightly different definition). To apply this
formula, first we need to estimate the values of rg and y* for
M7, galaxies. We obtain them through a linear fit to the rela-
tion between correlation length and absolute magnitude of the
sample normalized to the characteristic absolute magnitude at
median redshift ro(Myy — My,,,) and y(Myy — Mj,,,) measured
in this work.

Figure 7 shows the relative bias measured for the VUDS
galaxies with the luminosities sampled at z ~ 3 compared to var-
ious results at lower redshifts, along with the analytic fit of the
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Fig. 7. Relative bias b/b* (see Eq. (12)) for the selected VUDS luminos-
ity subsamples at z ~ 3 (orange circles) as a function of luminosity with
L* as a reference point. The results from this work are compared to sim-
ilar studies at lower redshift ranges: at z ~ 0.1 from Zehavi et al. (2011)
(filled black circles) and Norberg et al. (2002) (black crosses), and at
z ~ 0.9 from Pollo et al. (2006) (green circles). The lines indicate the
analytic fit of the 2dFGRS data from Norberg et al. (2002) (black solid
line) and SDSS data from Tegmark et al. (2004) (black dashed line), as
described in the text.

2dFGRS data b/b* = 0.85+0.16L/L* from Norberg et al. (2002)
and b/b* = 0.85+0.15L/L* — 0.04(M — M*) based on the SDSS
sample (Tegmark et al. 2004).

In each luminosity subsample the relative bias at z ~ 3
of galaxies with Lyeq/L* < 1 is significantly lower than that
observed at lower redshifts for galaxies with similar Lyeq/L*
ratios. However, none of our subsamples have L4 > L*; thus we
cannot exclude the possibility that for galaxies with Ly > L*
the relative bias would be higher, which is very likely, taking
into account the trend visible in Fig. 7. Additionally, we observe
that the value of b/b* rises more steeply with Ly,q/L" for high
redshift galaxies than observed locally. At z ~ 3 the relative bias
increases from low values b/b* = 0.42 + 0.03 at low luminosities
to b/b* = 0.85 £ 0.11 for the high luminosity subsample. Pollo
et al. (2006) found a similar steep growth of the relative bias
for galaxies observed at z ~ 1. At z ~ 0, instead, b/b* increases
only by ~0.1 in the same Lpq/L" interval, following the model
from Norberg et al. (2002). This appears to be an indication that
going back in time the bias contrast of the most luminous galax-
ies with respect to the rest of the population becomes stronger
and is consistent with the fact that fainter galaxies are found to be
significantly less biased tracers of the mass than brighter galaxies
even at high redshifts. However, we need to take into account the
possibility that the observed strengthening of b/b* relation with
luminosity at higher redshifts can also be partially attributed
to a more pronounced one-halo term at higher z making the
power-law fit of the clustering measurement less reliable.

In order to break this ambiguity, we use the best-fitting
parameters of the HOD model to estimate the large-scale galaxy
bias b, sop, using Eq. (9). The results obtained for the luminosity
and stellar mass subsamples at z ~ 3 are given in Table 4 and
presented in Fig. 8, where for comparison we also plot the
results obtained at lower redshifts. For both, the UV absolute
magnitude and stellar mass selected subsamples, the values of

be Hop measured at z ~ 3 are significantly higher than locally,
indicating that in the early stages of evolution galaxies are highly
biased tracers of the underlying dark matter density field. As
shown in the right panel of Fig. 8, the galaxy bias decreases
systematically with cosmic time for all stellar masses extend-
ing to z > 3, that is the trend found at lower redshifts (e.g.
McCracken et al. 2015). The observed decrease in the galaxy
bias with cosmic time can be explained in terms of the hierar-
chical scenario of structure formation. At early epochs the first
galaxies are expected to form in the most dense regions, result-
ing in a high bias with respect to the underlying average mass
density field. As the mass density field evolves with time, these
regions grow in size and mass, the gas trapped inside becomes
too hot to collapse, effectively preventing the formation of new
stars (e.g. Blanton et al. 1999) and resulting in galaxy formation
systematically moving to less dense, hence less biased, regions.

In addition to the redshift dependence of galaxy bias
and in agreement with previous studies at lower redshifts
(e.g. Norberg et al. 2002; Tegmark et al. 2004; Meneux
et al. 2008; Zehavi et al. 2011; Mostek et al. 2013), we
observe a clear luminosity and stellar mass bias dependence,
in which the brightest and most massive galaxies are the most
biased.

In the left panel of Fig. 8 we show the large-scale galaxy
bias bgop as a function of luminosity and compare this bias
with the similar results from Zehavi et al. (2011). As presented, at
z ~ 0 the luminosity dependence of bias is nearly flat for galaxies
with luminosities L < L* and then rises at brighter luminosities.
According to Zehavi et al. (2011) this relation is best fitted by
the functional form bg(>L) X (03/0.8) = 1.06 + 0.21(L/L""12.
We adopt a similar formula to model the galaxy bias—luminosity
relation, and at z ~ 3 we find that for the luminosity threshold
samples by yop(>L) is best fitted by

benop(>L) = 1.92 + 25.36(L/L*)""", (13)

which is represented by a solid line in the left panel of Fig. 8.
Here L is the UV luminosity and L* corresponds to the char-
acteristic absolute magnitude M}, (z = 3) obtained as described
in Appendix A. Our estimate of the dependence of the large-
scale bias on galaxy luminosity is nearly flat for galaxies with
luminosities L < 0.5L* and rises very sharply for brighter galax-
ies. Therefore, in agreement with the analysis of the relative
bias discussed above, this suggests that the bias contrast between
bright and faint galaxies becomes stronger when going back in
time.

In the right panel of Fig. 8 we also present the large-scale
galaxy bias measurements for the stellar mass selected subsam-
ples. We compare our results with the similar measurements
at z ~ 0.5 from Skibba et al. (2015; open circles), at z ~ 1
from Mostek et al. (2013; filled triangles), and from McCracken
et al. (2015) over the redshift 0.5 < z < 3.5 (black lines), based
on the large PRIMUS, DEEP2, and UltraVISTA galaxy sam-
ples, respectively. In addition to the b, values at z ~ 3 being
higher than observed at lower redshifts (discussed earlier), we
find that the galaxy bias rises towards more massive galaxies
from bgop = 1.99 £ 0.58 measured for galaxies with Mpyeq =
10°% h™! M, to bgrop = 2.84 £ 0.99 for the most massive
galaxy subsample with Myeq = 10'%%* h™! M. These galaxy
bias values are also in excellent agreement with measurements
based on N-body simulations performed by Chiang et al. (2013),
who at z = 3 find b, = 2.24 and b, = 2.71 for galaxies with stel-
lar masses M > 10° My and M > 10'0 My, respectively. As for
the luminosity selected galaxies, we made an attempt to model
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Fig. 8. Large-scale galaxy bias b, jjop as a function of luminosity, with L* as a reference point (left panel) and as a function of stellar mass with
M* as a reference point (right panel). In both plots, the coloured points indicate measurements at z ~ 3 from this work; the solid lines indicate the
best-fit functions of the bias-luminosity dependence b, yop(>L) (Eq. (13)) and bias-stellar mass dependence b, nop(>M) (Eq. (14)) as described in
Sect. 5.2. In the left panel, the black circles show the results from Zehavi et al. (2011) at z ~ 0 and the dashed line represents the empirical fit of the
bias-luminosity dependence in the functional form given therein. In the right panel, we show for comparison the b, measurements at z ~ 0.5 from
Skibba et al. (2015) represented by open circles, those at z ~ 1 by Mostek et al. (2013) are indicated by black triangles and from different samples
in the redshift range 0.5 < z < 2.5 measured by McCracken et al. (2015) shown as black lines as labelled.

this bias-stellar mass relation at z ~ 3. We find that the best-
fitting function, represented in Fig. 8 by a solid line, is given
by

bgnop(>M) = 1.59 + 2.17(M/M*)"®, (14)
where M is the galaxy stellar mass and M* is the characteristic
stellar mass at z ~ 3.

5.3. Halo masses of different galaxy populations

In Fig. 9 we show the values of two characteristic halo masses,
Mpin and M, in terms of the sample threshold luminosity (left
panel) and stellar mass (right panel) relative to the characteristic
luminosity and stellar mass, Lesh/L* and Mipresn/M™, respec-
tively, at different redshifts. The minimum halo mass needed for
half of the haloes to host one central galaxy above the lumi-
nosity or stellar mass threshold M, (filled symbols) and the
mass of haloes with on average one additional satellite galaxy
above the luminosity or stellar mass threshold M; (open sym-
bols), measured at z ~ 3 are compared with similar results at
z ~ 0 from Zehavi et al. (2011), represented by dashed and dot-
ted lines, respectively. As shown, the values of both M, and
M, at z ~ 3 for all galaxy luminosities are lower than mea-
sured in the local Universe. This observation suggests that to
host at least one central galaxy, above the luminosity or stel-
lar mass threshold, the dark matter haloes at low redshift need
to accumulate a larger amount of mass than is seen at higher
redshifts.

In Sect. 4.2 we noted that minimum halo masses grow with
increasing luminosity and stellar mass of the galaxy sample.
Similar growth is reported at lower redshifts (e.g. Zheng et al.
2007; Abbas et al. 2010; Zehavi et al. 2011; Coupon et al. 2012;
de la Torre et al. 2013); however, as presented in Fig. 9, at z ~ 3
the contrast between halo masses of faint and bright galaxies is
much larger than observed in the local Universe for galaxies with
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similar Lyesn/L*. This implies that at high redshift the bright
and most massive galaxies are much more likely to occupy the
most massive dark matter haloes. Combining this with the earlier
observation that a lower mass dark matter halo is needed to host
a galaxy of higher luminosity/stellar mass at higher redshift sug-
gests that the processes responsible for the subsequent increase
of the mass of the halo and stellar mass of the galaxies oper-
ate on different timescales and are both stellar mass and epoch
dependent.

With the increasing M, we observe a proportional growth
of M;. At all luminosities the values of M, and M; present an
approximately constant ratio M /My, ~ 4 . This indicates that
at z ~ 3 the halo hosting one central and one satellite galaxy
(above a luminosity threshold) needs to be only four times more
massive than the halo that hosts only one central galaxy. For
the stellar mass selected subsamples, this factor is even smaller
M [Myin = 2.5. For comparison, in the local Universe the ratio
between M| and My, is higher. At z ~ 0 Zehavi et al. (2011)
found the scale factor My ~ 17Myy;, for the SDSS galaxies
selected by their r-band absolute magnitude, while at interme-
diate redshift z ~ 1 Zheng et al. (2007) and Skibba et al. (2015)
observed a slightly lower factor of ~15 and McCracken et al.
(2015) reported values of ~10 for galaxies at 1.5 < z < 2.0.
These results, combined with our observations at z ~ 3, can
be interpret as evidence that, firstly, at higher redshifts dark
matter haloes consist of many recently accreted satellites, and
secondly, the M, /My, ratio evolves with redshift with lower
values observed at higher redshifts; this finding is in agreement
with other studies (e.g. de la Torre et al. 2013; Skibba et al.
2015; McCracken et al. 2015) and can be explained by the rela-
tion between halo versus galaxy merging (Conroy et al. 2006;
Wetzel et al. 2009). The dark matter halo mergers create an infall
of satellite galaxies onto a halo, while the galaxy major mergers
destroy these halos. If the halo mergers occur more often than
the galaxy mergers, we can expect a large satellite population,
resulting in a small M, /My, ratio.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201730734&pdf_id=0

A. Durkalec et al.: Luminosity and stellar mass dependence of galaxy clustering at z ~ 3 in VUDS

I T T ,\’ r ]
13 T
- M\ (Z:O)_ ; - 2 .
@ 1 2 — _ 7 -
v—lE - N‘m'm i
= | - - ]
S 11 -
OD - -
2 B i
10 [~
B This work, M .. @/ 7
B This work, M [l 1
9 | - ‘
0.1 1

*
Lthresh/ L

L /r—)\ N

13 i .'g&\@ i

L 5 |

L \1/// ]

;12 i ,’w\\\\\\ i

= | :

=11 —

Do - -
2 B

This work, M.~ 1l ]|
This work, M =
9 | | ‘ | | ‘ | ‘ | |
0.7 0.8 0.9 1 1.1

%
Mthresh/ M

Fig. 9. Characteristic halo masses from the best-fitting HOD models of the correlation function selected in luminosity vs. Lyyesh/L* (left panel)
and selected in stellar mass vs. Myesn/M™ (right panel). Minimum halo masses M, for which 50% of haloes host one central galaxy above the
threshold limit (filled symbols) and masses of haloes which on average host one additional satellite galaxy M; (open symbols) observed at z ~ 3
are compared with similar results found by Zehavi et al. (2011) at z ~ 0, for the luminosity selected galaxies, and by Skibba et al. (2015) at z ~ 0.5,

for the stellar mass selected galaxies (dotted and dashed lines).
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Fig. 10. Satellite fraction f; as a function of threshold luminosity, with L* as a reference point (left panel) and as a function of threshold stellar
mass, with M* as a reference point (right panel). Results obtained in this work at z ~ 3 (filled symbols) are compared with similar measurements
from lower redshift ranges. In the left panel the dashed line indicates the satellite fraction as measured at z ~ 0 by Zehavi et al. (2011), while in the
right panel results found by Skibba et al. (2015) at z ~ 0.5 are shown with open triangles.

According to the high-resolution N-body simulations per-
formed by Wetzel et al. (2009), at z > 2.5 the merger rate of
subhaloes (effectively galaxies) is significantly lower than that of
haloes. For example, at z ~ 3 haloes of mass My, = 102 h~! M,
are expected to experience ~0.9 mergers/Gyr, compared to only
~0.4 mergers/Gyr expected for subhaloes; based on a prelimi-
nary VUDS sample Tasca et al. (2014) found an even lower value
of major galaxy mergers, i.e. 0.17 mergers/Gyr. This implies
that at z > 2.5 the satellite galaxies are created faster than they
are destroyed. Moreover, the halo versus galaxy merger ratio
decreases with time and at z < 1.6 the two merger rates are
approximately the same. Therefore, there is an expected rapid
rise in the satellite halo occupation at redshifts higher than

z ~ 2 and its slow levelled evolution afterwards. Simulation pre-
dictions from Wetzel et al. (2009) are indirectly confirmed by
our measurements. The high number of satellites per halo at
high redshift is reflected in the small ratio of M/M,, while
a smaller halo occupation at lower redshift corresponds to its
increase with time.

From the observational side the galaxy major merger rate has
been shown to rapidly rise from z ~ 0 to z ~ 1.5 (e.g. de Ravel
et al. 2009; Lopez-Sanjuan et al. 2011, 2013) and to decrease
for higher redshifts z > 2 (Tasca et al. 2014). This indicates that
the peak of galaxy merging activity occurred around z ~ 1.5-2
(see also Conselice et al. 2008), hence later than the lower red-
shift limit of our galaxy sample. These observational results
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combined with large-scale N-body simulations predictions, men-
tioned earlier, might explain the observed low value of M /My,
at z ~ 3 and its increase with cosmic time.

5.4. Satellite fraction

We compute the fraction of satellite galaxies per halo f; for
all luminosity and stellar mass subsamples using the HOD
best-fitting parameters (Eq. (10)). The results, as a function of
threshold luminosity with L* is a reference point (left panel) and
threshold stellar mass with M* a reference point (right panel), are
shown in Fig. 10. We compare our measurements at z ~ 3, rep-
resented by filled symbols with similar results obtained at z ~ 0
by Zehavi et al. (2011) (left panel, dashed line) and at z ~ 0.5 by
Skibba et al. (2015) (right panel, open triangles).

These results have implications for satellite abundances as a
function of luminosity and stellar mass, as well as a function of
redshift. At z ~ 3 we observe a luminosity dependence of satel-
lite abundance. The satellite fraction drops from ~60% for the
faintest galaxy population to ~20% for the brightest galaxies. A
lower value of f; for the brightest galaxies does not necessarily
mean that there are no other satellite galaxies occupying a dark
matter halo, but rather that there are no bright satellite galax-
ies. Therefore, our results would suggest that, at high redshift
it is more probable that a dark matter haloes host faint satel-
lite galaxies, rather than very bright galaxies. A similar, however
less steep, trend is present in the local Universe (Zehavi et al.
2011). The situation is less clear for galaxies selected according
to their stellar mass. Taking into account the uncertainties of our
measurement, we are not able to determine if f; changes with
the stellar mass of galaxies, as observed at lower redshift ranges
(Skibba et al. 2015). At face value our data suggest the possible
presence of a small drop, by Af; ~ 0.1, from the least massive to
the most massive galaxies, but it is not a significant change (at
the level of 0.507).

From the perspective of the redshift evolution, we observe
that the satellite fraction of the two faintest galaxy subsamples
and of all the stellar mass selected galaxy subsamples is higher
at z ~ 3 than it is observed at lower redshift. This means that at
high redshift it is more likely that a halo hosts a satellite galaxy
above a given threshold limit, than locally. This high satellite
abundance observed for star-forming galaxies with L ~ L* at
high redshift can be explained using the same reasoning as pre-
sented in Sect. 5.3. This high abundance suggests that the infall
of the satellite galaxies, as a result of halo mergers, onto a dark
matter halo is faster than their destruction via galaxy major merg-
ers (Wetzel et al. 2009). Therefore, the subhaloes that form after
halo mergers are likely to remain intact and this leads to a large
number of satellite galaxies at high redshift, resulting in the
measured high satellite fraction. It is necessary to mention, how-
ever, that this conclusion applies to star-forming galaxies, with
L ~ L*, as the used data sample does not include a population of
faint galaxies at z ~ 3.

5.5. Stellar to halo mass relation for low-mass galaxies

In this section we focus on the relationship between halo mass
and stellar mass of each galaxy sample, in the literature simply
referred to as the stellar-to-halo mass relation (SHMR; see e.g.
Behroozi et al. 2010, 2013; Moster et al. 2013; Leauthaud et al.
2012; Yang et al. 2012; Durkalec et al. 2015a).

In Fig. 11 we present the SHMR at z ~ 3 for all stellar mass
subsamples used in this paper (filled squares). Owing to the
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Fig. 11. Stellar mass—halo mass relation (SHMR) of central galaxies
obtained for different stellar mass selected subsamples at z ~ 3 (orange
symbols). The halo masses are represented by the best-fit parameter
Min, while the associated stellar masses of the galaxies are represented
by the threshold limits M™™*h of each subsample. The measurements
from this work are compared with the results based on the z = 3 LBGs
sample from Ishikawa et al. (2017). We also plot the z = 3 model
predictions by Behroozi et al. (2013), Moster et al. (2013; abundance
matching), and Yang et al. (2012; correlation function HOD modelling)
represented by different lines, as labelled. Yang et al. (2012) paper
includes best-fit SHMR models for two different stellar mass functions
and we plot both of these. The blue shaded area corresponds to the 68%
confidence limits of Behroozi et al. (2013).

construction of the subsamples (threshold limited) and the halo
occupation model used, we plot the parameter M, to represent
the halo mass associated with the threshold stellar masses M{esh
of the galaxy subsamples. The errors associated with the stellar
mass threshold limit are computed as the average of the errors
on M, for each stellar mass subsample separately.

We compare our results with the z = 3 theoretical model pre-
dictions by Behroozi et al. (2013) and Moster et al. (2013), which
both use the abundance matching method to infer stellar-to-halo
mass relation, and with models by Yang et al. (2012), which are
based on galaxy clustering and HOD modelling. We find that,
for the massive galaxies, with stellar masses M, > 10%7° M, our
results are in agreement with these models. However, for galax-
ies with low stellar masses (M, < 10°2° My), there is a striking
difference between our z ~ 3 measurements of SHMR and the
theoretical model predictions. For these galaxies all models pre-
dict significantly more massive (by 1 dex) dark matter haloes
than inferred from our measurements. For instance, we estimate
haloes of My, = 10%75 M, hosting galaxies with minimum stel-
lar masses of MPsh = 10375 M, while model predictions by
Behroozi et al. (2013) place the same galaxies in much more
massive haloes of Mj, ~ 101! M. In other words, we observe that
the low-mass galaxies at z ~ 3 have formed stars more efficiently
than it is expected from these models, which all assume a much
steeper decrease of the effective star formation with decreasing
halo mass.

Such discrepancies between model predictions and obser-
vational constraints at high redshift have not been reported
before in the literature. For example, in our previous studies
(Durkalec et al. 2015a) based on the preliminary VUDS obser-
vations and for subsamples covering a wider redshift range
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(2.0 < z < 5.0), and higher stellar masses, we found the SHMR
in broad agreement with theoretical model predictions. At z ~ 2
for numerous stellar mass subsamples, McCracken et al. (2015)
compared the HOD based SHMR measurements with the abun-
dance matching based models and found them to be in broad
agreement. Similarly, at z = 3, Ishikawa et al. (2017) have
reported an excellent agreement of their SHMR measurements
with the model predictions by Behroozi et al. (2013) for a large
Lyman break galaxy (LBGs) sample. It is important to note,
however, that galaxies used in these studies do not reach the stel-
lar mass range below M, = 10°' M,', while the stellar mass
limit of our least massive subsample is significantly smaller
(1037 My,). The same limitation applies to the theoretical mod-
els of SHMR at high redshift, which are not constrained by
observations at the low stellar mass end (e.g. the SHMR model
by Behroozi et al. 2013, at z = 3 is constrained only down to
M, =10°* M,).

The SHMR is most commonly parametrized either with a
double power-law function (Behroozi et al. 2010; Yang et al.
2012; Moster et al. 2013), or with a the five parameter function
proposed by Behroozi et al. (2013), which retains a power-law
form for halo masses M, < 10'97 at z = 3. Our results sug-
gest that, at high redshifts, this power-law shape is broken at the
low-mass end below M, = 10'! M, (see Fig. 11). In particular,
according to our measurements, the stellar to halo mass ratio is
higher than predicted for this halo mass range. This is in agree-
ment with the conclusion by Behroozi et al. (2013) who note that
the low-mass end of the SHMR cannot be predicted by extrap-
olating results from massive galaxies and fit with the power-law
function alone.

A similar higher-than-expected stellar mass to halo mass
ratio is observed for dwarf galaxies (e.g. Boylan-Kolchin et al.
2012; Ferrero et al. 2012; Miller et al. 2014; Brook et al. 2014;
Read et al. 2017). The low-mass galaxy subsamples used in this
paper are not as low mass as the dwarf galaxies observed in the
local group; the minimum stellar mass of VUDS galaxies used in
our sample is M, = 10875 M, while the masses of local dwarf
galaxies are 10°-10° M. However, the low-mass observation-
model discrepancy of SHMR we observe is consistent with these
low-mass low redshift samples and it is possible that similar
processes are behind it at high z for the higher mass galaxies.

A possible explanation of the discrepancy between the
observed SHMR of low-mass galaxies and models may lie in
the flaws of the abundance matching technique (used in the pre-
sented theoretical models to infer SHMR) coupled with our still
poor understanding of the feedback effects that influence not
only the galaxy stellar mass assembly, but also the mass distribu-
tion of the hosting dark matter haloes (e.g. Pontzen & Governato
2012; Di Cintio et al. 2014; Ogiya & Mori 2014; Katz et al. 2017).
The abundance matching technique uses simulated dark matter
distributions. It is well known, however, that N-body simulations
predict a dark matter halo mass function much steeper than the
galaxy stellar mass function derived from observations (Press &
Schechter 1974; Jenkins et al. 2001; Sheth et al. 2001; Springel
et al. 2005). Moreover, this difference increases while moving
towards low, both stellar and halo, mass regimes (our point of
interest here). This difference is usually reconciled by assuming
that galaxy formation is directly connected to the fact that halo
mass and galaxies do not form efficiently in low-mass haloes.
This leads to an overestimation of halo masses for low-mass
galaxies, when the galaxies are matched with haloes under the

' M, =10%! M, in Durkalec et al. (2015a), M, = 10°* M,, in Ishikawa
etal. (2017) and M, = 10'° M, in McCracken et al. (2015).

assumption that dark matter-only simulations represent structure
formation and that every halo hosts a galaxy, which is the case
in the abundance matching method. This overestimation of the
halo masses derived by models, with respect to the observations,
is the one visible in Fig. 11 for the galaxies with M, < 1073,

The relation between dark matter halo mass and galaxy stel-
lar mass is therefore not direct. It can be additionally influenced
by, for example the strong feedback effects, which affect the star
formation in low-mass galaxies more strongly than in more mas-
sive galaxies. In particular the strong positive feedback (either
SN or AGN originated) would result in higher than expected
star formation efficiency of low-mass galaxies visible as the
model-observation discrepancy for these galaxies in Fig. 11.

At low redshifts the feedback effects have been proposed to
have a major impact on the evolution of dwarf galaxies (see
e.g. Ferrara & Tolstoy 2000; Fujita et al. 2004; Mashchenko
et al. 2008; Sawala et al. 2011; Kawata et al. 2014; Ofiorbe
et al. 2015; Chen et al. 2016; Papastergis & Shankar 2016). Our
SHMR measurements, i.e. the higher than expected star forma-
tion efficiency, suggest that at z ~ 3 a positive feedback effects
have a significant influence on stellar mass assembly in not only
dwarf galaxies (M, < 10%), as it is observed locally, but also in
more massive galaxies, which at z = 0 are not observed to be
strongly affected. This conclusion can be supported by the fact
that a strong feedback effects, both positive and negative, has
been observed in abundance in nearly all star-forming galaxies
at high z (e.g. Pettini et al. 2001; Shapley et al. 2003; Weiner
et al. 2009; Steidel et al. 2010; Jones et al. 2012; Newman et al.
2012; Erb 2015; Talia et al. 2017; Le Fevre et al. 2017).

However, we note that other processes might be at work,
hence this interpretation may not be the only one and that only
further observations of low-mass high redshift galaxies might
help to resolve the problem. For example, positive feedback
might not be sufficient to alleviate model to observations at low-
mass end, and we need to account also for the possible existence
of so-called dark haloes, i.e. haloes that are completely devoid of
stars (see e.g. Sawala et al. 2013, 2015). A high number of such
haloes would strongly affect the accuracy of models based on
the abundance matching techniques. Also, regardless of the fact
that introducing a strong positive feedback in low-mass galax-
ies at high redshifts is physically motivated, it might not produce
the correct star formation histories, resulting in a more numerous
population of passive galaxies than is observed locally, as sug-
gested by, for example Fontanot et al. (2009); Weinmann et al.
(2012), and Moster et al. (2013). We, therefore, conclude that
a mixture of both effects, i.e. strong positive feedback effects
and a high number of empty dark matter haloes is a possible
explanation of the observed trends.

6. Summary and conclusions

In this paper we study the luminosity and stellar mass depen-
dence of galaxy clustering at redshift z ~ 3 using a large
spectroscopic sample of 3236 star-forming galaxies from the
VUDS survey. We measure the real-space correlation function
wy(rp) in four volume-limited luminosity subsamples, with the
cuts made in UV absolute magnitude, and four stellar mass sub-
samples. Our measurements are quantified in the framework of
two approximations. The first is the power-law model &(r) =
(r/rp)”™” with two free parameters. The second is based on the
HOD model with five free parameters.

The main results and conclusions of our study can be
summarized as follows:
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— We observe an increase of the correlation length ry with
the luminosity and stellar mass of the galaxy populations,
indicating a luminosity and stellar mass dependence of
galaxy clustering at z ~ 3. For UV luminosity selected sub-
samples ry rises from ry = 2.87 + 0.22 h™' Mpc to rg =
5.35+0.50h~! Mpc over a threshold UV absolute magnitude
ranging from Myy = —19.0 to Myy = —20.2. A similar trend
is found for stellar mass selected galaxy samples, where the
correlation length grows from ry = 3.03 + 0.18 h™' Mpc to
ro = 4.37 +0.48 h™! Mpc over a relatively small stellar mass
range Alog M, = 1.25 h™! M. Based on these observations
we conclude that at z ~ 3 the luminous and most massive
galaxies exist preferentially in denser regions of the Universe
than their less luminous and less massive counterparts. This
trend is consistent with similar trends reported at lower red-
shifts and is still strong at z ~ 3. It indicates that mechanisms
that led to luminosity and stellar mass clustering dependence
must have been at work at a significantly higher redshift than
z~3.

— Based on the power-law approximation of the correlation
function, we interpret our results in terms of the relation
between the distribution of galaxies and the underlying dark
matter density field, called bias (), relative to the b* of the
L* galaxies. We note that at z ~ 3 the measured values of
b/b*, in each luminosity subsample, are significantly lower
than observed for the local and intermediate redshift ranges
for galaxies of similar properties. Additionally, we observe
that the relative galaxy bias grows with the increasing lumi-
nosity of the sample from low values b/b* = 0.41 + 0.03 at
low luminosities to b/b* = 0.86 + 0.1 for the high luminos-
ity subsample. This growth of b/b* at z ~ 3 with luminosity
is much steeper than measured for local galaxies, indicating
that going back in time the bias contrast of the most lumi-
nous galaxies to the rest of the population was stronger. This
is consistent with the fact that fainter galaxies are found to be
significantly less biased tracers of the mass than the brighter
galaxies, now confirmed at high redshifts.

— Taking advantage of the HOD best-fitting parameters we
measure the large-scale galaxy bias b, yop. We interpret our
results in terms of both redshift evolution and as a function
of luminosity and stellar mass. As expected in the frame-
work of the hierarchical scenario of structure formation and
evolution, we observe that the by zop measured at z ~ 3 is
significantly higher than locally, indicating that in the early
stages of the evolution of the Universe galaxies were more
biased tracers of the underlying dark matter density field than
is currently observed. In addition to redshift evolution, we
also note a clear luminosity and stellar mass b, yop depen-
dence, with the brightest and most massive galaxies being
the most biased. We find that the luminosity dependence
is much steeper than observed in the local Universe. The
large-scale galaxy bias grow by Ab,pop = 1.16, while at
z ~ 0 it increases only by Abgnop = 0.09 over the same
luminosity range. A similar growth is observed for stellar
mass selected galaxies, with the large-scale galaxy bias ris-
ing from bgop = 1.99 + 0.58 to by nop = 2.84 + 0.99 over
the threshold stellar mass range of Alog M, = 1.25. Follow-
ing Zehavi et al. (2011), we made an attempt to model the
galaxy bias—luminosity and galaxy bias—stellar mass rela-
tion, and at z ~ 3 we find that for the luminosity threshold
samples by gop(>L) is best fitted by bypop(>L) = 1.92 +
25.36(L/L*)™", while for the stellar mass threshold samples
the best fit is bg pop(>M) = 1.59 + 2.17(M/M*)"38.
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— We report values of the best-fitting HOD parameters for
all volume-limited UV absolute magnitude and stellar mass
subsamples at redshift z ~ 3. Similar to what is seen at lower
redshift we observe a growth of the dark matter halo char-
acteristic masses M, and M, with rising luminosity and
stellar mass of the galaxy population, indicating that bright
and most massive galaxies are likely to occupy the most mas-
sive dark matter haloes. Both quantities grow proportionally
with a scaling relation of M|/My;, ~ 4 for the luminos-
ity selected subsamples and M| /My, ~ 2.5 for the stellar
mass selected galaxies. These values are much lower than
observed at z ~ 0, where this ratio is reported to have values
of My /My = 15-20 (Zehavi et al. 2011; McCracken et al.
2015; Skibba et al. 2015), which suggests that at high redshift
dark matter haloes contain mainly recently accreted satel-
lite galaxies. We discuss the observed low value of M| /M,
at z ~ 3 and its increase with cosmic time in terms of the
halo versus galaxy merging relation. We infer that dark mat-
ter halo mergers are more frequent than galaxy mergers at
Z ~ 3. Our results are consistent with high resolution N-body
simulations (see Sect. 5.3).

— We discuss further the satellite galaxies that occupy dark
matter haloes at z ~ 3 by measuring the satellite fraction f;.
Again our results have implications for the satellite abun-
dances as a function of luminosity and stellar mass, but also
as a function of redshift. At z ~ 3 we find that the satellite
fraction of the faintest galaxies reaches f; ~ 60%, while for
the brightest galaxies it drops to ~20%. Therefore our results
suggest that it is more probable that dark matter haloes
host more faint satellite galaxies than very bright galaxies.
For stellar mass selected subsamples, the satellite fraction
remains constant over the sampled stellar mass range, with
Js ~ 50-60%.

— Finally we focus on the SHMR obtained for different stel-
lar mass subsamples. We find that our z ~ 3 stellar to halo
mass ratio is higher than expected in models, for exam-
ple Behroozi et al. (2013) for the low-mass galaxies (M, <
10°25 My, Fig. 11). This suggests that the low-mass galaxies
are producing stars more effectively than expected. We dis-
cuss the possibility that strong SNe or AGN feedback effects
are at work that would at least partly explain the observed
discrepancy between observations and models for low-mass
galaxies at z ~ 3.

Measurements presented in this paper are the first of their
kind performed at z > 2 based on a large unbiased sample of
spectroscopically confirmed redshifts. As such they provide a
valuable benchmark for the interpretation of the co-evolution of
galaxies and large-scale structures at early epochs of galaxy for-
mation (from the times when the Universe was only 1.5 Gyr old)
and put constraints on the efficiency of the processes that
drive the star formation and mass assembly in galaxies at
that time. Moreover, as shown in this paper, our results very
well complement lower-z measurements regarding the galaxy
clustering dependencies. All of this information can be used,
among others, as an input to improve galaxy formation mod-
els (e.g. semi-analytical models) and simulations (e.g. the latest
hydro-dynamical simulations), which are still uncertain at high
redshifts and need to be confronted by improved observational
constraints.
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Appendix A: Correction for the luminosity and
stellar mass function evolution

The mass, shape, and number density of stars in the galaxies
are constantly evolving with time. Consequently we observe the
overall changes in luminosity and stellar mass of the galaxy pop-
ulations at different epochs. The influence of these changes on
the absolute magnitude and stellar mass of the galaxy population
are reflected in the evolution of the luminosity and stellar mass
functions, respectively. This is particularly the case in the evolu-
tion of the M* parameter, from the best-fitted Schechter function
(Schechter 1976), which describes the characteristic absolute
magnitude (or stellar mass) of the galaxy population at given
epoch.

The luminosity and stellar mass functions have been exten-
sively studied in the literature, even at extremely high red-
shift ranges (e.g. Lilly et al. 1996; Bouwens & Illingworth
2007; Reddy & Steidel 2009; Robertson 2010; McLure et al.
2013) and all the evidence to date suggests a brightening of
the galaxy population when moving back in time. In the red-
shift range 2 < z < 4, one of the most recent studies of
the galaxy UV luminosity function from Parsa et al. (2016)
(based on the combination of data from the Hubble Ultra
Deep Field (HUDF), CANDELS/GOODS-South, and Ultra-
VISTA/COSMOS surveys), shows a brightening in the UV
characteristic luminosity from M}, = —19.61 +0.07 at z ~ 1.7
to My, = —=20.71 £ 0.1 at z ~ 3.8. At even higher redshift
ranges (4 < z < 8) Bouwens et al. (2015) have found that the
characteristic UV galaxy luminosity does not change its value
significantly and at z ~ 3.8 is M7, = —20.88 + 0.08, while at
z~8 Mj,, = -20.63 + 0.36.

In our study we focused on the luminosity and stellar
mass dependencies of the galaxy clustering. In order to draw
conclusions and compare our results with data from different
epochs, we need to address the evolutionary brightening of
galaxies. Hence, we normalized the absolute magnitudes and
stellar masses, at each redshift, to the corresponding value of
the characteristic luminosity My, or characteristic stellar mass
log M*.

Using measurements of the UV characteristic absolute mag-
nitudes from Bouwens et al. (2015); Mason et al. (2015); Hagen
et al. (2015); Finkelstein et al. (2015); Hathi et al. (2010) and
Sawicki & Thompson (2006), we constructed the M7y, (z) —
M, function, as presented in the upper panel of Fig. A.l,
where the My, is the characteristic luminosity for galaxies at
z = 0. Then the best-fitting exponential function in form,

U
My (2) = My = —1.32 + 1.44exp (-2z/2.93), (A.D)

was used to normalize the absolute magnitudes of galaxies used
in this paper. For each galaxy we take Myy = My, — (My;,, —
M;/v,o)’ where My, is the original (not corrected) absolute
magnitude.

We proceeded similarly to normalize the galaxy stellar
masses. We took the characteristic stellar masses measured by
Ilbert et al. (2013) and Pérez-Gonzalez et al. (2008) in the red-
shift range 0 < z < 4 and fitted it with a simple exponential
function, as presented in the lower panel of Fig. A.1. As before,
the resulting best-fitting function,

(A.2)

)

log(M (Z)) = —0.18exp(~z/1.18) + 0.18,
MO

was used to normalize all stellar masses of the galaxies used in
this study.
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Fig. A.1. Compilation of the values of Schechter characteristic UV
galaxy luminosity My, — My,,,, (upper panel) and Schechter character-
istic stellar mass log (M*(z)/MS) (lower panel). The symbols represent
the measurements taken from various works (Bouwens et al. 2015;
Mason et al. 2015; Hagen et al. 2015; Finkelstein et al. 2015; Ilbert
et al. 2013; Hathi et al. 2010; Pérez-Gonzalez et al. 2008; Sawicki &
Thompson 2006) as described in the legend. In each plot the solid red
line shows the best-fitting exponential function given by Eqs. (A.1) and
(A.2) for the upper and lower panel, respectively.

Appendix B: Tests of sample variation — a large
structure in the COSMOS field at z ~ 3

The correlation function measurements presented in this work
were obtained from three independent VUDS fields (COSMOS,
VVDS-02h, and ECDES). The differences between these fields,
such as their angular size and number of galaxies, are accounted
for using an appropriate weighting scheme (see Sect. 3). This
weighting scheme favours the biggest and the most populated
fields to retrieve the best correlation function signal for all
separations r,. At the same time, the differences between the
correlation functions measured for the different fields yield
information about the cosmic variance.

As a representative example in Fig. B.1 we show a com-
parison of the independent correlation function measurements
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for the Myy > —19.0 galaxy sample from two VUDS fields:
COSMOS (red filled circles) and VVDS-02h (open blue circles).
We note that in the further discussion we neglect the ECDFS
field. Because its small size (S.g = 0.11 deg?), the measurement
of the correlation function in this field does not contribute to the
final wy,(r,) measurement at scales r, > 5 h~! Mpc on which the
discussion below is focussed.

The most significant cosmic variance effect appears at large
separations r, > 5 h™! Mpc. At these large scales we observe
a significant difference between the two correlation function
measurements, as presented in Fig. B.1. The values of wp(rp)
measured at r;, > 5 h™' Mpc for the COSMOS field are approx-
imately two times higher than the correlation function signal
obtained for the VVDS-02h field. Naturally, this difference has
an impact on the overall composite correlation function measure-
ments presented in this work. The COSMOS field contains of the
largest number of galaxies spread across the biggest effective sur-
face (see Table 1). Therefore, the clustering results obtained for
this field have the biggest impact on the final composite correla-
tion function measurements, and this results in the higher values
of the correlation function with respect to the best HOD models
seen in Fig. 6. For all UV absolute magnitude and stellar mass
selected subsamples, the correlation function measurement, at
scales rp, > 5 h™! Mpc, is higher on average by a factor of 1.7
with respect to the HOD model.

The flattening of the correlation function measured in the
COSMOS field at large scales is likely related to the existence
of an extremely large structure of galaxies, possibly a proto-
supercluster or a massive filament, at z ~ 2.5, which spans a
size comparable to the entire filed covered by VUDS-COSMOS
(Cucciati et al., in prep.). This would be the first observation of
such a structure at high redshift. This hypothesis requires fur-
ther investigation and is addressed in the dedicated follow-up
research.
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Fig. B.1. Projected two-point correlation function w,(r,) measured
independently for the Myy > —19.0 galaxies in two VUDS fields. Red
filled circles represent the correlation function measurements for the
COSMOS field galaxy sample, while open blue circles show similar
measurements for the VVDS-02h field sample.

Ideally, to get the most robust measurements of the corre-
lation function, one would exclude members of this structure
from the measurements, however, firstly, the members of this
structure have not been fully identified yet, and secondly, this
would significantly lower the sample statistic and probably make
it impossible to perform correlation function measurements for
the luminosity and stellar mass selected galaxy samples.
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