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We study the dependence of galaxy clustering on luminosity and stellar mass in
the redshift range 2 < z < 3.5 based on spectroscopic data from the VIMOS
Ultra Deep Survey (VUDS). In our work, by applying halo occupation distribu-
tion (HOD) models to the correlation function measurements for different galaxy
samples, we showed how dark matter halo mass and large scale bias depend on
luminosity and stellar mass of galaxies and how this dependence changes with
redshift. Additionally, we measured the stellar-to-halo mass ratio (SHMR) and
found a significant model-observation discrepancy for low-mass galaxies at z ~ 3,
suggesting a higher than expected star formation efficiency of these galaxies.

1 Introduction

In the paradigm of ACDM cosmology galaxies form and evolve inside overdense re-
gions of the dark matter (DM; see White & Rees, 1978). In this scenario, both
galaxies (in general luminous mater) and underlying dark matter create the large
scale structure of the universe - a web-like network of clusters, superclusters and
larger structures. Its evolution is driven mostly by the dominant dark matter com-
ponent, for which methods of direct observations are currently very limited. In order
to study changes of large scale structure, we need to rely only on the observations of
its visible baryonic component, which is connected to the dark matter distribution.
However, this luminous-dark matter relation (called galaxy bias) is not straightfor-
ward due to the physics of the baryonic mater not applying to dark matter. I.e.,
star formation, supernova feedback and galaxy merging (e.g., Kaiser, 1984; Bardeen
et al., 1986; Mo & White, 1996; Kauffmann et al., 1997). These effects naturally have
impact on observed properties of galaxies. Therefore studies of the dependence of
galaxy bias on various galaxy properties such as luminosity, stellar mass, or colour,
proved to be crucial in order to understand the history of structure formation. This
is especially true for higher redshift ranges (z > 2), for which these relations have
been difficult to establish because of the limited data availability.

With this aim in mind, we study the dependence of galaxy clustering on their
luminosity and stellar mass in the redshift range 2 < z < 3.5 using spectroscopic
data from the VIMOS Ultra Deep Survey (VUDS, Le Fevre et al., 2015). In our work
we make use of the measurements of two-point correlation function quantified using
both a power-law approximation and the five parameter HOD (Halo Occupation
Distribution) model. Consequently, we are able to estimate the characteristic halo
masses, galaxy bias, satellite fraction and stellar-to-halo mass ratio (SHMR) for
population of bright UV galaxies. We discuss our results in terms of large scale
structure properties and evolution from redshift z ~ 3 to present times.
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Fig. 1: Construction of the volume-limited galaxy subsamples with different luminosities
(left panel) and stellar masses (right panel). In each figure black dots represent the distri-
bution of VUDS galaxies as a function of spectroscopic redshift.

2 Data sample

Our galaxy sample contains a total number of 3236 objects with reliable spectroscopic
redshifts in the range 2 < z < 3.5 selected from VUDS (Le Févre et al., 2015). The
sample consists of galaxies observed in three independent fields, COSMOS, VVDS-
02h, and ECDFS covering a total area of 0.92 deg?. We divided these galaxies into
four volume-limited luminosity subsamples, with the selection cuts made in the UV
rest-frame absolute magnitudes, and four stellar mass subsamples. The distributions
of VUDS galaxies as a function of spectroscopic redshift and applied selection cuts
are presented in Fig. 1. The UV absolute magnitudes and stellar masses have been
normalized, at each redshift, to the corresponding characteristic quantities (namely
Schechter parameters M,, see Schechter, 1976) to correct for the mean brightening
(mass increase) of galaxies due to their evolution and to ease the comparison between
subsamples. Each sample have been chosen to contain a sufficient number of galaxies
for a reliable correlation function measurement (see Durkalec et al., 2018, for details).

3 Methods

We measured the two-point real-space correlation function £(rp,, ) using the Landy-
Szalay estimator (Landy & Szalay, 1993), which we then integrate over the line of
sight to obtain two-point projected correlation function free from the redshift-space
distortions (Davis & Peebles, 1983):

wp(rp) = 2 / " (g m)d. (1)

The technical details of this measurements, such as methods of obtaining m,.x - up-
per limit of integration, corrections applied in order to account for various systemat-
ics originating in the VUDS survey properties are described in Durkalec et al. (2015).
In particular, since in our study we are using the data sample divided unequally be-
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tween three independent fields, we use the appropriate weighting scheme. During
measurements of &(rp, ), each pair (galaxy-galaxy, galaxy-random, and random-
random) is multiplied by the number of galaxies in this field per unit volume. Errors
of correlation function are obtained using blockwise bootstrap resampling method.

To quantify the measurements of correlation function, we apply commonly used,
five-parameter halo occupation distribution models (HOD, see e.g., Zheng et al.,
2005, 2007; Zehavi et al., 2011). In the HOD framework a number of galaxies that
occupy a typical DM halo (Ng (My)) depends on the halo mass My, and is given as a
sum of the mean halo occupation functions of the central (Ncen (My)) and satellite
(Nsat (My)) galaxies:

(2)

1 log My, — log Mmin
<NCen (Mh)> = 5 |:1 + erf( 08 Vb o8 >:|

Olog M

3)

(Nuws (Mi)) = (Neon (Mi)} (Mh‘MO> .

M,y

Where erf stands for an “error function” in a form erf(z) = % foz e~ dt. The model
contains five free parameters: My, - the minimal halo mass for which a half of
the DM haloes host one galaxy (with luminosity/stellar mass above the threshold
limit), M; - the DM halo mass for which on average halo contains one central and one
additional satellite galaxy, My - the cut-off mass scale, o1og ps - related to the scatter
between the galaxy luminosity (or stellar mass) and halo mass, and « - power-law
slope of the satellite mean occupation function. Using best-fitting HOD parameters
we can derive additional quantities describing DM haloes and galaxy population
properties, such as an average host halo mass (M), large scale galaxy bias b, and
satellite fraction f;.

4 Results and discussion

The main conclusion of our study is that at redshift z ~ 3 there is a clear luminosity
and stellar mass dependence of galaxy clustering; the brightest and the most mas-
sive galaxies are more strongly clustered than their less luminous and less massive
counterparts. These observations are in agreement with the lower redshift studies
(e.g., Zheng et al., 2007; Abbas et al., 2010; Zehavi et al., 2011) and overall with
the predictions of the hierarchical scenario of structure formation. In this scenario,
the mass overdensities of the density field collapsed overcoming the cosmological ex-
pansion. The initially stronger, and more massive, overdensities grew faster, hence
their stronger clustering pattern imprinted in the dark matter density field. With
time, the resulting dark matter haloes merged together, forming larger haloes, which
served as the environment in which galaxies formed and evolved later on (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.
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Fig. 2: Left panel: Best-fit HOD characteristic DM halo masses Mpyin and My at z ~ 3
hosting galaxies with UV absolute magnitudes above a given luminosity threshold. Right
panel: Large scale galaxy bias b, mop obtained using best-fit HOD parameters, as a function
of stellar mass of galaxy population. Filled points represent results from this study at z ~ 3
and are compared with lower-redshift measurements by McCracken et al. (2015).

4.1 DM halo masses of galaxies with different properties

In terms of the HOD parameters, we observe an increase in the characteristic DM
halo mass hosting galaxies with rising luminosity and stellar mass. As an example,
in the left panel of Fig. 2, we present these changes for the luminosity selected
subsamples (for full discussion see Durkalec et al., 2018). The minimum halo mass
M, increases from M, = 109-73+0:51 ;-1 Mg to Mpyin = 1011-58+0.62 ) —1 Mg
for galaxies with the median UV absolute magnitude M4 = —19.84 and M3 =
—20.56, respectively. At the same time, for galaxy subsamples selected according to
stellar mass, M, grows from My, = 109-75+0.48 -1 Mg to Mpyin = 1011-2340.56
h=! Mg, for galaxies with log M™¢d = 9.48 h—! Mg, to log M™°d = 10.24 h~! M.
We also observe a substantial growth in the satellite halo mass M; with increasing
luminosity and stellar mass of galaxies. The M increases from M; = 1010-33+0.74
h=! Mg, for the faintest galaxy subsample to M; = 1012294048 1 M for the
most luminous galaxies. Similarly, for the stellar mass selected subsamples: M;
increases from M; = 10'0-21£0:69 n=1 N[ to M; = 10157065 h=1 M from the
less to the most massive galaxy subsamples, respectively.

4.2 Large scale galaxy bias

As shown in the right panel of Fig. 2, measurements of the large scale galaxy
bias indicate that it is (1) significantly higher than in the local universe, which
means that in the early stages of evolution galaxies were highly biased tracers of the
underlying dark matter density field, and (2) galaxy bias is stellar mass dependent
(also luminosity dependent as described in details in Durkalec et al., 2018). The
latter observation is in good agreement with the previous low-redshift studies (e.g.,
Norberg et al., 2002; Tegmark et al., 2004; Meneux et al., 2008; Zehavi et al., 2011;
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Fig. 3: Stellar to halo mas ratio of central galaxies with different stellar masses at z ~ 3
(blue squares). Our measurements are compared with the similar results obtained for LBGs
galaxies by Ishikawa et al. (2017) at the same redshift (open circles). Various lines represent
theoretical models of SHMR by Behroozi et al. (2013, 2019); Moster et al. (2013) as labeled.
From Behroozi et al. (2019) we show theoretical predictions for all galaxies (solid line), star
forming galaxies (dashed line), and satellite galaxies (dotted line).

Mostek et al., 2013) and with the expectation of the hierarchical model of the large
scale structure formation.

4.3 Stellar-to-halo mass relation for low mass galaxies at z ~ 3

Finally, we focus on the relation between DM halo and stellar mass for each galaxy
sample - so-called stellar to halo mas ratio (SHMR). The comparison between our re-
sults and the z = 3 theoretical model predictions by Behroozi et al. (2013, 2019) and
Moster et al. (2013) show a significant discrepancy for low-mass (M, < 109-2° M)
galaxies, indicating a higher than expected star formation occurring in these galaxies.
A possible explanation are the various positive feedback effects, such as supernovae
explosions or presence of Active Galactic Nucleus (AGN), influencing these low-mass
(small) galaxies, and stimulating more effective star formation similarly as it is ob-
served for the dwarf galaxies in the local universe (see e.g., Kawata et al., 2014;
Otorbe et al., 2015; Chen et al., 2016; Papastergis & Shankar, 2016). However,
the other possible explanation lies in the flaws of techniques used in the presented
theoretical models to infer SHMR. Behroozi et al. (2013) note that the low-mass
end of the theoretical model is a power-law extrapolation of the results based on the
measurements for massive galaxies. This simple method might not be enough and
accurate high redshift observations are needed to constrain the model. Our results
are, therefore, one of the first to bring us closer toward this goal.
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