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ABSTRACT

Using a sample of 25 683 star-forming and 2821 passive galaxies at z ∼ 2, selected in the COSMOS field following the BzK color
criterion, we study the hosting halo mass and environment of galaxies as a function of their physical properties. Spitzer and Herschel
allow us to obtain accurate star formation rate estimates for starburst galaxies. We measure the autocorrelation and cross-correlation
functions of various galaxy subsamples and infer the properties of their hosting halos using both a halo occupation model and the
linear bias at large scale. We find that passive and star-forming galaxies obey a similarly rising relation between the halo and stellar
mass. The mean host halo mass of star-forming galaxies increases with the star formation rate between 30 M� yr−1 and 200 M� yr−1,
but flattens for higher values, except if we select only main-sequence galaxies. This reflects the expected transition from a regime
of secular coevolution of the halos and the galaxies to a regime of episodic starburst. We find similar large-scale biases for main-
sequence, passive, and starburst galaxies at equal stellar mass, suggesting that these populations live in halos of the same mass.
However, we detect an excess of clustering on small scales for passive galaxies and showed, by measuring the large-scale bias
of close pairs of passive galaxies, that this excess is caused by a small fraction (∼16%) of passive galaxies being hosted by massive
halos (∼3 × 1013 M�) as satellites. Finally, extrapolating the growth of halos hosting the z ∼ 2 population, we show that M� ∼ 1010 M�
galaxies at z ∼ 2 will evolve, on average, into massive (M� ∼ 1011 M�), field galaxies in the local Universe and M� ∼ 1011 M�
galaxies at z = 2 into local, massive, group galaxies. We also identify two z ∼ 2 populations which should end up in today’s clusters:
massive (>M� ∼ 1011 M�), strongly star-forming (>200 M� yr−1), main-sequence galaxies, and close pairs of massive, passive
galaxies.
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1. Introduction

Understanding galaxy formation and evolution in the context of
the standard ΛCDM cosmological model is one of the main
challenges of modern astrophysics. For almost two decades,
semi-analytical models have tried to reproduce the statistical
properties of galaxies from the evolution of dark matter struc-
tures and using analytical recipes for baryonic physics calibrated
on hydrodynamical simulations (e.g., Guiderdoni et al. 1998;
Somerville & Primack 1999; Hatton et al. 2003). However, these
models are not able to accurately reproduce the infrared and sub-
millimeter number counts of galaxies, which directly probe star
formation in galaxies at high redshift, without invoking strong
assumptions like advocating the adoption of a top-heavy initial
mass function (IMF) in high redshift major and minor merg-
ers (Baugh et al. 2005), ad hoc inefficiencies of star-formation
in low-mass halos (Bouché et al. 2010; Cousin et al. 2013), or

excessively long delays for the re-accretion of the gas ejected
by supernovae (Henriques et al. 2013). This population of high-
redshift (z > 2), intensely star-forming (SFR > 200 M�/yr)
galaxies is important, because these galaxies are thought to be
the progenitors of massive and passive galaxies present in the lo-
cal Universe (e.g., Daddi et al. 2007; Tacconi et al. 2008; Cimatti
et al. 2008). The exact nature of the mechanism(s), that trigger
the transformation of star-forming galaxies into passive elliptical
galaxies is also an open question. Feedback from active galactic
nuclei (AGNs) is often advocated for this (e.g., Cattaneo et al.
2006; Somerville et al. 2008), but other mechanisms such as the
suppression of gas cooling in the most massive halos due to their
hot atmosphere (e.g., Kereš et al. 2005; Birnboim et al. 2007) are
also possible.

Recent observational studies revealed interesting insights
about the nature of star formation in high-redshift massive
galaxies. Measurements of the stellar mass function of galaxies
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showed that a significant fraction (∼30%) of massive galax-
ies (M� > 1011 M�) are already passive at z ∼ 2, when the
vast majority of low-mass galaxies are star-forming (Ilbert et al.
2010, 2013; Muzzin et al. 2013). In addition, detailed studies of
star-forming galaxies at these redshifts found a strong correla-
tion between the star formation rates (SFRs) and stellar masses
(e.g., Daddi et al. 2007; Rodighiero et al. 2010), the so-called
main sequence, which suggests that the star-formation is driven
by universal, secular processes. Herschel showed that a small
percent of the massive star-forming galaxies are strong outliers
of this sequence and present an excess of specific SFR (sSFR =
SFR/M�) by a factor of at least four compared to the main se-
quence (Elbaz et al. 2011; Rodighiero et al. 2011; Sargent et al.
2012). These episodic starbursts are probably induced by ma-
jor mergers (Daddi et al. 2010; Hung et al. 2013). However, the
strong diversity of the star-formation properties in galaxies at
high redshift is not well understood. In principle, it could be
related to the properties of the host dark matter halos, hence
to environmental effects. This can be investigated by measur-
ing the clustering of galaxies of different types. For instance,
the clustering of high-redshift starbursts can discriminate be-
tween major-merger-driven and secular star-formation processes
(van Kampen et al. 2005).

Because of the invisible nature of the dark matter, mea-
suring the hosting halo mass of a galaxy sample is difficult.
Nevertheless, the link between halo mass (Mh) and stellar
mass (M�) was studied extensively during the last decade. The
halo occupation modeling allows us to infer how galaxies are
distributed inside halos from observations of their clustering
(Cooray & Sheth 2002, for a review). Using this technique,
Coupon et al. (2012) measured the relation between halo and
stellar mass up to z = 1.2. A slightly different but comple-
mentary approach is the abundance matching technique, which
connects halo mass and stellar mass of galaxies directly from
the related mass functions, assuming a monotonic relation be-
tween these two quantities (e.g., Vale & Ostriker 2004). Finally,
weak gravitational lensing can also provide strong constraints on
the characteristic halo mass hosting a galaxy population (e.g.,
Mandelbaum et al. 2006). Leauthaud et al. (2012) made a com-
bined analysis of z < 1 galaxies combining all these techniques
and strongly constrained the M� − Mh relation. However, only
a few studies extended these results at higher redshift. Among
these, there are studies based on abundance matching going up
to z = 4 by Behroozi et al. (2010) and Moster et al. (2010) and
a work based on abundance matching and clustering at z < 2 by
Wang et al. (2013). Recently, Wolk et al. (in prep.) pushed the
studies of the M� − Mh relation up to z ∼ 2.5 and lower stellar
masses using both clustering and abundance matching with the
UltraVISTA data (McCracken et al. 2012).

The link between halo mass and other properties like the SFR
or sSFR has been explored less. However, some interesting anal-
yses were recently performed. Empirical models (e.g., Conroy &
Wechsler 2009; Behroozi et al. 2013) calibrated on the evolution
of stellar mass function applied a simple prescription to estimate
the mean relation between Mh and SFR. Other empirical models
used the link between M� and SFR estimated from UV and far-
infrared observations and the well-studied Mh − M� relation to
determine in turn the link between SFR and Mh (e.g., Béthermin
et al. 2012b; Wang et al. 2013; Béthermin et al. 2013). Lee et al.
(2009) studied the UV-light-to-halo-mass ratio at 3 < z < 5,
and found a decrease of this ratio with time at fixed halo mass.
Finally, Lin et al. (2012) studied the clustering of z ∼ 2 galaxies
as a function of SFR and sSFR, estimated using UV luminos-
ity corrected for dust extinction, and found clustering increasing

with the distance of galaxies from the main sequence (i.e., with
sSFR). Finally, several studies using the correlated anisotropies
of the cosmic infrared background (CIB), which is the relic
emission of the dust emission from all star-forming galaxies
across cosmic times, showed that from z = 0 to z = 3 the bulk
of the star formation is hosted by halos of ∼1012−13 M� (e.g.,
Béthermin et al. 2013; Viero et al. 2013; Planck Collaboration
XXX 2014). In particular, Béthermin et al. (2013) showed that
the strong evolution of populations of star-forming galaxies re-
sponsible for the CIB can be modeled assuming a universal ef-
ficiency of conversion of accreted cosmological gas into stars as
a function of the halo mass peaking around 1012.5 M� and the
evolution of the accretion rate at fixed halo mass with time.

In this paper, we study the clustering of individually de-
tected galaxy populations focusing on the 1.5 < z < 2.5 red-
shift range when star formation is at its highest level (e.g.,
Hopkins & Beacom 2006; Le Borgne et al. 2009; Gruppioni
et al. 2013; Magnelli et al. 2013; Burgarella et al. 2013; Planck
Collaboration XXX 2014) in order to obtain new observational
constraints on the link between the star-forming properties of
galaxies and the nature of their host halos and environments.
Ultimately, our aim is a better understanding of the mechanisms
that drive star formation, trigger starbursts and quench galaxies
at high redshift.

In Sect. 2, we describe the approach used to build our sam-
ple and the estimate of the physical properties of galaxies. In
Sect. 3, we detail the method chosen to measure the angular cor-
relation function of our various subsamples and the halo occupa-
tion model used to interpret the measurements. Sections 2 and 3
can be skipped by readers not interested in the technical details.
In Sects. 4–6, we present and discuss our results on the link be-
tween the halo mass and stellar mass, the SFR, and the sSFR, re-
spectively. In Sect. 7, we study the clustering of galaxies depend-
ing on their nature, i.e., for the categories main-sequence, star-
burst, and passive. In Sect. 9, we discuss the consequences of our
results on our understanding of galaxy evolution. We conclude
in Sect. 10.

In this paper, we assume a WMAP-7 cosmology (Larson
et al. 2011) and a Salpeter (1955) initial mass function. We use
the virial mass for the definition of the dark matter halo mass.

2. Description of the sample

We built a sample of galaxies at z ∼ 2 to perform our analy-
sis. We used the BzK selection technique of Daddi et al. (2004),
which allows us to efficiently select galaxies around z = 2, to
split the sample into a star-forming and a passive galaxy pop-
ulation, and to estimate the stellar mass and the SFR using
only B-band, z-band, and K-band photometry (see Daddi et al.
2004, 2007 for details). Stellar masses and UV-based SFRs com-
puted in this way have formal errors typically around 0.1–0.2 dex
or lower, and within a 0.3 dex scatter are in agreement with
those computed from the fit of global spectral energy distribu-
tions (see also Rodighiero et al. 2014). We used the same band-
merged photometric catalog as in McCracken et al. (2010), se-
lected down to KAB = 23. However, the UV-derived SFR is
not reliable for dust-obscured starbursts (Goldader et al. 2002;
Chapman et al. 2005; Daddi et al. 2007). We thus used Spitzer
and Herschel-derived SFR, where available. This ladder of SFR
indicators is similar to the one built by Wuyts et al. (2011) and
to the one used by Rodighiero et al. (2011).
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2.1. COSMOS passive BzK sample

The high-redshift passive galaxies (called hereafter pBzK) are
selected using the Daddi et al. (2004) criteria,

(zAB − KAB) − (BAB − zAB) ≤ −0.2 and (z − K)AB > 2.5, (1)

where zAB, KAB, and BAB are the magnitude in AB convention of
the galaxies in the corresponding bands. To avoid any contami-
nation by low-z interlopers, we also discard galaxies with a pho-
tometric redshift (coming from Ilbert et al. 2009) lower than 1.4.
The stellar mass is estimated from the K-band photometry and
using the z−K color to estimate the mass-to-light ratio following
Daddi et al. (2004). The stellar mass is only weakly dependent
on the exact redshift of the sources for pBzKs and no correction
taking into the photometric redshift is performed.

2.2. COSMOS star-forming BzK sample

The high-redshift, star-forming galaxies (called hereafter sBzK)
lie in another part of the BzK diagram (Daddi et al. 2004):

(zAB − KAB) − (BAB − zAB) ≥ −0.2. (2)

We apply the same cut on the photometric redshift (z > 1.4)
to remove the low-redshift interlopers and use the same method
as for pBzK to estimate their stellar mass. The SFR in sBzK is
estimated from the B-band photometry, which is corrected for
attenuation estimating the UV-slope using the (B − z) color. The
SFR estimate is more sensitive to the exact redshift of the source
in the interval, and the photometric redshift is used to refine the
value of SFR when it is available (95% of the sample). In addi-
tion to these criteria, we remove the objects classified as passive
in the UVJ diagram (Williams et al. 2009, see also Wuyts et al.
2007) from the sBzK sample.

2.3. Spitzer/MIPS data

In highly obscured, dusty galaxies, only a small fraction of UV
light can escape from the interstellar dust clouds hosting young
stars and UV-corrected estimates of SFR are not reliable (see
discussion in Rodighiero et al. 2011). An estimate of SFR from
infrared data is then more reliable. Le Floc’h et al. (2009) built
a catalog of 24 μm sources matched with the data from which
the BzK sample was built. The total infrared luminosity (LIR,
integrated between 8 μm and 1000 μm) is extrapolated from
the 24 μm flux density using the Magdis et al. (2012) templates;
LIR is then converted into SFR assuming the Kennicutt (1998)
conversion factor.

2.4. Herschel/PACS data

At very high 24 μm flux density, the SFR derived from this wave-
length is also no longer reliable. On the one hand, AGN con-
tamination becomes significant (e.g., Treister et al. 2006). On
the other hand, the ratio between PAH features and the cold
dust continuum is lower in starbursting galaxies (Elbaz et al.
2011). For this reason, we use the Herschel/PACS catalog of
the COSMOS field, which was extracted using the positions
of 24 μm sources as a prior. The data comes from the PACS
evolutionary probe survey (PEP, Lutz et al. 2011). We fitted
the 100 μm and 160 μm PACS flux densities with Magdis et al.
(2012) templates in order to derive LIR of each galaxy and as-
sume the same conversion factor between LIR and SFR as for
MIPS. The PACS wavelengths have the advantage of being close

Fig. 1. Upper panel: position of our sBzK sources in the SFR-M� plane.
The purple contours indicate sources with only UV-detection (i.e., hav-
ing no mid/far-IR), the orange dots the MIPS-but-not-PACS-detected
sources, and the red stars the PACS-detected sources. The vertical dot-
ted line indicates the stellar mass where the sample becomes strongly
incomplete. The horizontal dot-dash and three-dot-dash lines represents
the completeness limits in SFR of the UV and MIPS subsamples. Lower
panel: distance between our sBzK sources and the center of the main se-
quence. The horizontal long-dash line corresponds to the limit between
the galaxies classified as main sequence of starburst. The vertical short-
dash line shows the mass cut that defines a complete mass-selected sam-
ple of starburst galaxies detected by PACS.

to the maximum of emission of the dust, and the recovered LIR
is few sensitive to the assumed temperature.

2.5. SFR-M� diagram

Figure 1 (upper panel) shows the position of our sBzK sources
in the classical SFR-M� diagram. The correlation (so-called
main sequence) between SFR and M� is well probed using
UV-derived SFRs. The pBzKs, not shown in the figure, have a
low SFR, which is thus very difficult to estimate accurately. They
lie well below the main sequence. Because of their high thresh-
old in SFR, the correlation is poorly detected by MIPS and not
seen by PACS. This shows why it is so important to use various
SFR estimators to accurately probe the full SFR-M� diagram. In
this paper, we will present the clustering as a function of various
physical parameters (M�, SFR, sSFR). We have to define various
cuts for which our samples are complete.
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Below M� = 1010.25 M�, the catalog of star-forming BzK
becomes incomplete. This is caused by the magnitude limits of
the catalog in the B, z, and K bands. Consequently, we will apply
these cuts when we study the clustering as a function of stellar
mass. For pBzK galaxies, the catalog begins to be incomplete
below M� ∼ 1010.8 M�. We define two samples one of which
is highly complete above 1011 M� and we also use a mass bin
between 1010.5 M� and 1011 M�, albeit somewhat incomplete.
Incompleteness is not a substantial problem for clustering stud-
ies unless it is correlated with environment. Concerning the se-
lections in SFR, we wanted to define an SFR limit above which
the sample is not affected by the mass incompleteness caused
by the K-band sensitivity limit. We estimated this SFR cut to
be 30 M� yr−1 (see Fig. 1 lower panel). MIPS and PACS are only
sensitive to SFR � 100 M�/yr and �200 M� yr−1, respectively,
and are not affected by the incompleteness in mass. For MIPS,
we use a sharp cut at 100 M� yr−1. For the PACS selected sam-
ple, we use the full sample to maximize the statistics because the
total number of detections is already small for a clustering study.

The selection in sSFR is more difficult. The same sSFR can
be measured in a low mass galaxy hosting a low SFR and in
a massive, strongly star-forming galaxies. It is then impossi-
ble to define a completeness cut for sSFR. For this reason, we
first apply a stellar mass threshold before sorting the galaxies by
sSFR. We have chosen a slightly high cut of 1010.5 M�, which
allows us to detect all the M� > 1010.5 M� starburst galaxies
with PACS. The starburst galaxies are defined as being 0.6 dex
(a factor of 4) above the main sequence following Rodighiero
et al. (2011). There is no clear gap between main-sequence and
starburst galaxies in the sSFR distribution. However, Rodighiero
et al. (2011) and Sargent et al. (2012) showed evidence for
a departure from a log-normal distribution at sSFRs 0.6 dex
larger than the center of the main sequence. Modeling stud-
ies (Béthermin et al. 2012c; Sargent et al. 2013) suggested
that the value of 0.6 dex corresponds to the transition between
secularly star-forming galaxies and merger-induced starbursts.
Nevertheless, this bimodality of the star-formation modes does
not imply a strict separation in the SFR-M� diagram. The PACS
detection is crucial in our analysis, because starbursts are highly
obscured, which makes the UV-derived SFR not very reliable.
In addition, they present a PAH deficit (Elbaz et al. 2011), which
implies an underestimated SFR derived from 24 μm. Figure 1
(lower panel) shows the distance between the galaxies and the
main sequence. We use the same definition as Béthermin et al.
(2012a) for the center of the main sequence,

sSFRMS = 10−10.2 yr−1 ×
(

M�
1011 M�

)−0.2

(1 + z)3, (3)

where z and M� are the best estimate of the photometric redshift
(Ilbert et al. 2010) and the stellar mass for each galaxy.

2.6. Redshift and mass distributions

In order to interpret the clustering measurements, we need to
know the redshift distribution of our sources. Figure 2 (upper
panel) shows the redshift distribution of our various subsam-
ples, i.e., pBzK-selected passive galaxies, sBzK-selected main-
sequence galaxies, and sBzK-and-PACS-selected starbursts. For
the three categories, the bulk of the source lies between z = 1.4
and z = 2.5. However, the star-forming galaxies have a tail
at z > 2.5, while the passive galaxies do not, probably because
a small fraction of galaxies (including the massive ones) are

Fig. 2. Upper panel: redshift distribution for our samples of passive
(red), main-sequence (light blue), and starburst (purple) galaxies. Lower
panel: stellar-mass distributions.

already quenched at z > 2 (Ilbert et al. 2013; Muzzin et al. 2013).
This could also be due to photometric selection effects.

The distribution of stellar mass of the three subsamples is
shown Fig. 2 (lower panel). The rapid decrease in the number of
main-sequence and starburst galaxies below ∼1010 M� is caused
by the magnitude limit of the survey in K band. The small off-
set (∼0.2 dex) between the position of this break for these two
populations is probably caused by a larger attenuation in the
starbursts, and the FIR depth required to select starbursts. The
mass distribution of passive galaxies peaks around 1011 M� in
agreement with Ilbert et al. (2013) and Muzzin et al. (2013), but
we caution that in our sample this happens fairly close to the
completeness limit.

3. Clustering measurements and modeling

3.1. Measurements of the correlation function

One of the simplest estimators of the clustering of galaxies is the
autocorrelation function (ACF), often written as w(θ). This func-
tion is the excess probability over Poisson of finding a neighbor
at an angular distance θ from another source. This function can
be measured using the Landy & Szalay (1993) estimator,

w(θ) =
1

RR
×

(
Nr(Nr − 1)
Nd(Nd − 1)

DD − 2
Nr

Nd
DR + RR

)
, (4)

where Nr and Nd are the number of objects in the random and
galaxy catalogs, respectively; DD,DR, and RR are the number
of pairs, separated by an angle between θ − dθ/2 and θ + dθ/2,
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in the galaxy catalog, between the random and the galaxy cata-
logs, and in the random catalog, respectively. The random cat-
alog contains 100 000 objects to minimize the Poisson errors
coming from the statistical fluctuations of DR and RR. It was
drawn in a uniform way in the field excluding the masked re-
gions. The angular, cross-correlation function χAB between two
population (A and B) is computed with

χAB(θ) =
1

RARB
×

(
NrANrB

NANB
DADB − NrB

NA
DARB − NrA

NB
DBRA

)

+RARB, (5)

where NA is the number of galaxies in the population A (NB in
population B), NrA the number of sources in the random cat-
alog A (NrB in the random catalog B), DADB the number of
pairs between the population A and B, and DARB (DBRA, respec-
tively) between population A (B, respectively) and the random
catalog B (A, respectively). These computations were performed
with the ATHENA code1. As Coupon et al. (2012) did, we es-
timated the uncertainties using a jackknife method, splitting the
field into 20 subfields. This technique also allows us to estimate
the covariance matrix between the angular bins, which is used to
fit the models (see Sect. 3.3.1).

The Landy & Szalay (1993) estimator is biased by an offset
called integral constraint C (wmes = w − C, where wmes is the
measured ACF and w the intrinsic one),

C =
1

Ω2
field

∫
field

∫
field
w(θ) dΩ1 dΩ2, (6)

where Ωfield is the size of the field and θ is the distance between
two points drawn randomly in the field. The double integral takes
into account all the possible random pairs in the field. In practice,
we pre-computed the angles between 106 pairs randomly taken
in the field. Before comparing a model to the data, we compute C
taking the mean w(θ) value provided by the model for these an-
gles. The method is exactly the same for the cross-correlation
function.

3.2. Estimation of the correlation length

A simple way to interpret the clustering of a population is to
determine its correlation length r0. We will estimate this value
for our various samples to allow an easy comparison with the
literature. The 3D angular correlation function is assumed to be
described by the power law

ε(r) =

(
r
r0

)−γ
, (7)

where r is the comoving distance between the two points and r0
the characteristic correlation length; γ is fixed at the standard
value of 1.8.

In the flat-sky approximation of Limber (1953), the corre-
sponding angular correlation function is then (Peebles 1980),

w(θ) = θ1−γrγ0
Γ(γ/2)

Γ(1/2)Γ((γ − 1)/2)
c

H0

(∫
dN
dz dz

)2

∫
E(z)D1−γ

C

(
dN
dz

)2
dz
, (8)

where H0 is the Hubble constant, E(z) =
√

(1 + z)3Ωm + ΩΛ,
DC the comoving distance corresponding to a redshift z, and

1 http://www2.iap.fr/users/kilbinge/athena/

dN/dz the redshift distribution of the sample. We used the red-
shift distribution of passive, main-sequence, or starburst galaxies
presented in Sect. 2.6. We checked that using the redshift distri-
bution of the full parent population, i.e. all passive, all main-
sequence, or starburst galaxies depending on the case, or only
the distribution of mass- or SFR-selected subsamples, does not
bias the results significantly (>1σ). We thus used the redshift
distributions of the full parent samples in our analysis to avoid
any problems caused by low statistics for the small subsamples.
On small scales, the correlation function is not exactly a power
law and exhibits an excess caused by the correlation of galaxies
inside the same dark matter halo. This is especially relevant for
passive galaxies as discussed in Sect. 7. We thus fit only scales
larger than 30 arcsec to determine r0.

3.3. Determination of the mean mass of the host halos

We also used a standard halo occupation distribution (HOD)
model (see Cooray & Sheth 2002, for review), described in
Sect. 3.3.1, and a method based on the large-scale clustering,
explained in Sect. 3.3.2, to estimate the typical mass of halos
hosting the various subsamples we studied in this paper. The
consistency of these methods and the validity of the assumptions
on which they are based is discussed in Sect. 3.3.3.

3.3.1. With a halo occupation model

The HOD models interpret the clustering of galaxies using a
parametric description of how galaxies occupy halos. We fol-
low the same approach as Coupon et al. (2012), based on the
Zheng et al. (2005) formalism. This formalism was initially built
to study samples selected using a mass threshold. In Sect. 3.3.3,
we discuss the pertinence of this formalism for our samples.

In the HOD formalism, the total number of galaxies in a halo
of mass Mh is described by

N(Mh) = Nc × (1 + Ns(Mh)) , (9)

where Nc is the number of central galaxies and Ns the number
of satellites. These two quantities are assumed to vary only with
halo mass. Classically, Nc is parametrized by

Nc(Mh) =
1
2

(
1 + erf

(
log(Mh) − log(Mmin)

σlog(M)

))
, (10)

where Mmin is the minimal mass of halos hosting central galax-
ies and σlog(M) is the dispersion around this threshold. Another
parametrization is used for Ns,

Ns(Mh) =

(
Mh − M0

M1

)α
, (11)

where M1, M0, and α are free parameters of the HOD models.
The autocorrelation function can be derived using the classi-

cal formula

w(θ) =

∫
z

(
dN
dz

)2 ∫
k

k
2πPgg(k, z)J0(kDcθ) dz dk(∫

z
dN
dz dz

)2
, (12)

where J0 is the zero-th order Bessel function and dN/dz the red-
shift distribution of the galaxy sample (see Sect. 2.6); Pgg is the
sum of two terms corresponding to the clustering of galaxies in
two different halos and inside the same halo:

Pgg(k, z) = P2h
gg(k, z) + P1h

gg(k, z). (13)
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Following the standard method, we compute the two-halo term
with

P2h
gg(k, z)=

[∫
Mh

d2N
dlog(Mh)dV

b(Mh)
Nc + Ns

n̄gal
dMh

]2

Plin(k, z), (14)

where d2N/d log(Mh)dV is the halo mass function and n̄gal =∫
d2N

d log(Mh)dV (Nc+Ns)dMh the mean number of galaxies. The one-
halo term is computed with

P1h
gg(k, z) =

∫
Mh

d2N
d log(Mh)dV

2NcNs + N2
s

n̄2
gal

u2(k,Mh, z)dMh, (15)

where u is the Fourier transform of the NFW halo density profile
(Navarro et al. 1997).

We fitted the measured correlation functions using a Markov
Chain Monte Carlo (MCMC) Metropolis Hastings procedure.
We used the same flat priors as in Coupon et al. (2012). We used
only the angular distance larger than 3′′ to avoid any bias caused
by an incorrect deblending. We did not use the number of galax-
ies (n̄gal) as a constraint, since we considered only subsamples of
the full galaxy population at z ∼ 2 (see discussion in Sect. 3.3.3).
Taking this constraint into account (as in Wetzel et al. 2013)
would request some extra hypotheses and a large number of extra
free parameters, which are too hard to constrain at high redshift.
The results could also be potentially biased by the choices of
parametric forms used to describe the halo occupation by the var-
ious populations. Nevertheless, we compared our results a pos-
teriori with the measurements based on the abundance matching
technique and found a good agreement (see Sect. 4). Strong de-
generacies exists between the various HOD parameters. For this
reason, we consider in this paper only the mean host halo mass
mass (〈Mh〉) defined as

〈Mh〉 =
∫

Mh
d2N

d log(Mh)dV
Nc + Ns

n̄gal
dMh. (16)

At each step of the MCMC, we save this quantity, which is de-
rived from the five HOD parameters, in order to build the con-
fidence region. However, the probability distribution of 〈Mh〉 is
not flat if we pick random vectors in the 5D HOD parameter
space following the priors. For this reason, we divided the prob-
ability distribution found by MCMC by the one recovered draw-
ing 100 000 random sets of HOD parameters.

3.3.2. Using the large-scale clustering

Subsamples requiring a PACS selection contain in general a
small number of objects and their clustering cannot be esti-
mated accurately at small scale because of the size of the PACS
PSF (12′′ at 160 μm). In these particular cases, we used only
the large scales (>30′′, corresponding to 0.8 Mpc comoving
at z = 2), where the one-halo term can be neglected, to constraint
the effective linear bias of these populations of galaxies. This
bias is then converted into halo mass assuming the Mh-bias rela-
tion of Tinker et al. (2008). If we assume a constant bias (bpop)
over the full redshift range, the two-halo term is then given by

w(θ) = b2
pop × wDM,pop (17)

with

wDM,pop =

∫
z

( dNpop

dz

)2 ∫
k

k
2πPlin(k, z)J0(kDcθ) dz dk(∫

z

dNpop

dz dz
)2

· (18)

We first computed wDM,pop, then fitted bpop to the measured ACF,
and finally determined the halo mass corresponding to this bias.

3.3.3. Validity and consistency of the two approaches

The two methods presented here have various pros and cons. The
HOD approach treats all the scales at the same time and avoids
artificially cutting the data at a scale where the one-halo term
is supposed to be negligible. The method based on the large-
scale clustering is simpler, but could be biased by residuals of
the one-halo term. The error bars are similar for both methods,
even if the HOD method is based on more data points. This is
caused by the degeneracy between the one-halo and the two-
halo terms, since the large-scale clustering method assumes no
one-halo term. We used HOD modeling when it is possible to
constrain sufficiently well the one-halo, i.e., all our subsamples
except the PACS-selected one.

The classical HOD formalism assumes implicitly that the
sample is selected by applying a threshold and that the quan-
tity used to define this threshold is correlated with the halo
mass. This assumption is not exact for our subsamples (e.g.,
SFR-selected sample, sSFR-selected samples, selection by inter-
val and not threshold). We could modify the HOD parametriza-
tion, but we cannot know which parametric representation is
the most correct before studying the clustering of these popula-
tions. However, several problems can happen with the classical
HOD applied to our subsamples. First, our subsamples occupy
only a fraction of the halos and the number of central galaxies
never reaches 1. This is not a problem for the HOD modeling if
we consider only the clustering because w(θ) stays the same if
we multiply Nc and Ns by the same factor f . This would be a
problem if we had used the n̄gal constraint. In addition, at large
halo mass, for star-forming samples, the mean number of central
galaxies could tend to zero because central galaxies of massive
halos are often passive. This is compensated for artificially by
the HOD model, which underestimates the number of satellites
to compensate an excess of centrals, since they play a symmet-
ric role in the equations. However, this would be a problem if
we had attempted to measure the fraction of satellites, which
is studied in another paper using samples selected with a mass
threshold (Wolk et al., in prep.).

We checked the consistency between the two methods com-
paring the recovered mean halo mass for all the samples used
in this paper and for which both methods can be applied.
The result is shown Fig. 3. We fitted the data with a linear
relation and found log(MHOD

h /1012 M�) = (0.91 ± 0.23) ×
log(MLSB

h /1012 M�) + (0.07 ± 0.12) with a reduced χ2 of 0.59.
The slope is thus compatible with unity and the offset is small. If
we force the slope at 1, the offset is only 0.02 dex. There is thus a
very good consistency between these two methods, which suffer
different systematics. This indicates that at the level of precision
reached in this paper, the assumptions we made are reasonable.
This is not surprising because the mean halo mass found by the
HOD is strongly related to the large-scale clustering, which is
driven by the effective bias of the halos hosting the population
(see Eq. (14)).

4. Relation between halo and stellar mass

4.1. Results

We measured the ACF for various subsamples of sBzK and
pBzK sorted by stellar mass. For the star-forming galaxies, we
used the following bins: 10.25 < log (M�/M�) < 10.50, 10.50 <
log (M�/M�) < 10.75, 10.75 < log (M�/M�) < 11.00, 11.00 <
log (M�/M�) < 11.25, and 11.25 < log (M�/M�) < 11.50. For
the passive galaxies, their number density is smaller and we thus
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Fig. 3. Comparison between the mean host-halo mass derived from the
determination of the large-scale (>1′) bias (see Sect. 3.3.2) and from
HOD modeling (see Sect. 3.3.2). The data points represent all the sam-
ples for which the HOD model can be applied, i.e., the non-PACS-
selected ones. The solid line is the one-to-one relation and the dashed
line the best, linear fit of the data.

used larger mass bins in order to have a sufficient signal: 10.5 <
log (M�/M�) < 11.0 and 11.0 < log (M�/M�) < 11.5. The re-
sults are shown in Fig. 4. The results are well fitted by the power-
law model at θ > 30′′ (0.0083◦, vertical dotted line). On smaller
scale, we detect some excess due to the one-halo clustering, es-
pecially for passive subsamples. The HOD model is very flexible
and thus nicely fits the data. Figure 5 shows the resulting correla-
tion length (r0, upper panel) and mean halo mass (lower panel).
These two quantities increase with the stellar mass.

We compared our results on the correlation length with the
results of Lin et al. (2012) (Fig. 5, upper panel). Our results
are systematically lower than theirs. However, their analysis
was based on the GOODS-N field, which is much smaller than
COSMOS (150 versus 7200 arcmin2). They fitted scales be-
tween 3.6′′ and 6′, while we focused on the 30′′ to 12′ range.
Consequently, their analysis is more sensitive to the intra-halo
clustering, and our analysis is more sensitive to the large-scale
clustering. The fact that their values are higher than ours is con-
sistent with the excess of clustering at small scales compared to
our power-law fit of the large scales. Their error bars are just
slightly larger than ours despite a field that is 13 times smaller.
This is essentially caused by their use of the scales below 30′′.

4.2. Interpretation

We found similar clustering lengths to be similar for passive and
star-forming galaxies at 1σ. This is in agreement with the results
of Wetzel et al. (2013) at z < 1, who found that the mean halo
mass at fixed stellar mass is similar for both populations. This
also justifies a posteriori the hypothesis of the same M� − Mh
relation for both populations in the model of Béthermin et al.
(2013) linking dark matter halos and infrared galaxy popula-
tions. The correlation length is compatible with the prediction
of the Lagos et al. (2011) model, contrary to what was claimed
by Lin et al. (2012) because they used a very small scale sig-
nal for which the one-halo term could be in excess compared to

Fig. 4. Autocorrelation function of our various subsamples of star-
forming (blue) and passive (red) galaxies selected by stellar mass. The
solid line is the best fit for the power-law model (fitted only above
the 30′′ limit represented by the vertical dotted line) and the dashed line
the best-fit HOD model. The triangles represent the 3σ upper limits for
data points with negative central values, which cannot be represented in
a logarithmic plot.

the power-law approximation and because of possible problems
of deblending. We also compared our M� − Mh relation with
the results of estimates based on abundance matching (Behroozi
et al. 2010; Moster et al. 2010; Béthermin et al. 2012b) finding
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Fig. 5. Upper panel: correlation length of star-forming (blue diamonds)
and passive (red triangles) galaxies as a function of their stellar mass.
For comparison, the data from Lin et al. (2012) are plotted as black
squares. The predictions of the Lagos et al. (2011) model is represented
with a black solid line, and the 1σ confidence region with black dashed
line. Lower panel: mean mass of halos, which host star-forming (blue
diamonds) and passive (red triangles) galaxies as a function of their
mass. For comparison, we over-plotted the estimates performed by
abundance matching by Behroozi et al. (2010; dashed line), Béthermin
et al. (2012b; dotted line), Moster et al. (2010; dot-dash line), and Wang
et al. (2013).

general agreement, except for the case of Wang et al. (2013) who
predicts larger halo mass for M� > 1011 M� galaxies. However,
they predicted mean stellar mass at fixed halo mass, while we
measured the inverse. This agreement suggests that the basic hy-
pothesis of the abundance matching, that there is a monotonic
relation between halo and stellar mass, is still valid at z = 2.

5. Relation between halo mass and star formation
rate

5.1. Results

We then studied the mean halo mass as a function of the SFR.
As explained in Sect. 2, we used by order of priority PACS,
MIPS, and UV-derived SFR. We notice that some non-PACS-
detected objects have UV-derived and MIPS-derived SFR well
above the PACS limit. These sources have an incorrect dust cor-
rection for UV SFR and/or an AGN contamination in their 24 μm
SFR. These sources contaminate the bright flux samples and

we excluded them from samples where the SFR limit is suffi-
ciently high that the catalog should be complete using only MIPS
and/or PACS detected sources, as these objects have likely been
overcorrected for attenuation. Consequently, we consider sev-
eral samples: one containing all the sources and using the best
available estimator (called hereafter the UV sample), one using
only PACS or MIPS by order of priority (called the MIPS sam-
ple), and a sample with PACS only. We checked the consistency
between the results in the overlapping regions.

We used the following bins with similar sizes in logarith-
mic unit: 31 M� yr−1 < SFR < 56 M� yr−1, 56 M� yr−1 <
SFR < 100 M� yr−1, 100 M� yr−1 < SFR < 177 M� yr−1,
and 177 M� yr−1 < SFR < 316 M� yr−1 for the UV sample;
and 100 M� yr−1 < SFR < 213 M� yr−1 and 213 M� yr−1 <
SFR < 457 M� yr−1 for the MIPS sample. The PACS sam-
ple is too small to be split into several subsamples. We conse-
quently used the full sample. This selection is roughly similar to
a SFR > 200 M� yr−1 selection. Finally, we built a subsample
of PACS-detected main-sequence galaxies, removing the star-
bursts from the previous sample. The results are presented in
Fig. 6. The data of UV- and MIPS-selected samples are well fit-
ted by both the power-law and the HOD models. For the PACS-
selected samples, we used a power-law fit. The PACS full sample
has few objects and is weakly clustered. Consequently the sig-
nal is poorly detected and there are a similar number of positive
and negative measurements (three each). However, the negative
points are all close to zero and there is a 2σ positive outlier. We
thus obtain a mean positive signal at ∼1σ by fitting these six
points. The clustering signal of PACS-detected, main-sequence
galaxies is detected with higher signal-to-noise ratio, apparently
because the lower number of objects is largely compensated for
by a much stronger clustering.

Figure 7 presents the correlation length (upper panel) and
the mean halo mass (lower panel) as a function of the SFR.
Our results disagree with Lin et al. (2012), (they looked at
smaller scales as explained in the previous section). At SFR <
200 M� yr−1, we see evidence of a rise in the correlation length
and the mean host halo mass with SFR at ∼2σ (r0 ∝ SFR0.32±0.21

and Mh ∝ SFR1.2±0.6). At higher SFR, the data are compat-
ible with a plateau (r0 ∝ SFR0.0±0.2 and Mh ∝ SFR0.2±0.6

for SFR > 100 M� yr−1 data points). This flattening of the
SFR − Mh relation is thus significant at only 1.7σ, and future
analyses on larger samples will be necessary to confirm wether
this trend is real or just a statistical fluctuation. However, if we
remove the starbursts from the PACS sample, r0 and 〈Mh〉 keep
rising above 200 M� yr−1. We also compared our results with
the model of Lagos et al. (2011), which agrees with the data
around SFR ∼ 50 M�/yr. Unfortunately, this model predicts very
few objects with SFR > 50 M�/yr, and no prediction can be done
above this cut.

5.2. Interpretation

The evolution of the SFR-〈Mh〉 is more difficult to interpret than
the M�-〈Mh〉. The increasing mean halo mass with SFR be-
low 200 M� yr−1 is a combined consequence of the monotonic
relation between stellar and halo mass, and the correlation be-
tween SFR and M� for main-sequence galaxies. At higher SFR,
the data seem to indicate at 2σ the presence of a plateau, or at
least a flattening. This regime of SFR is dominated by starburst
galaxies, which are above the main-sequence as discussed in
Sargent et al. (2012). In their framework (2SFM), the bright-end
of the SFR function is thus caused by galaxies close to the break
of the mass function, with a strong excess of sSFR (>0.6 dex).
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Fig. 6. Autocorrelation function of our various subsamples as a func-
tion of their SFR measured with different tracers (purple for UV, or-
ange for MIPS 24 μm, red for PACS, and cyan for PACS main-sequence
galaxies). The solid line is the best fit for the power-law model (fitted
only above the 30′′ limit represented by the vertical dotted line) and the
dashed line the best-fit HOD model. The dot-dashed line shows the fit
of the linear model for the PACS samples. The triangles represent the
3σ upper limits for data points with negative central values.

Above 300 M� yr−1, the mean stellar mass no longer increases
with SFR. This flattening thus suggests that the stellar mass is
better correlated to the halo mass than the SFR. The flattening
of the SFR − 〈Mh〉 relation at the same SFR is also an interest-
ing hint (1.7σ) of a modification of the star-formation regime
at z ∼ 2 around 200 M� yr−1.

Fig. 7. Upper panel: correlation length of our various subsamples as a
function of their SFR measured at various wavelengths. For compari-
son, the data from Lin et al. (2012) are plotted with black squares. The
predictions of the Lagos et al. (2011) model is represented with a black
solid line, and the 1σ confidence region with a black dashed line. Lower
panel: mean mass of halos that host galaxies as a function of their star
formation rate. We overplotted the estimate performed by abundance
matching for main-sequence galaxies of Béthermin et al. (2012b; dot-
ted line), the predictions of the Béthermin et al. (2013) model for main-
sequence (dot-dash line) and all (dashed line) galaxies, and the predic-
tion for all galaxies of the Behroozi et al. (2013) model (three-dot-dash
line).

We compared our results with the predictions of various em-
pirical models (Fig. 7, lower panel). Béthermin et al. (2012b)
started from the observed stellar mass function and infrared lu-
minosity function (after removing the starburst galaxies) and de-
rived the link between SFR and halo mass for main-sequence
galaxies using an abundance matching technique. Their results
agree well with our measurements at SFR < 200 M� yr−1, where
we can assume that most of the galaxies lies on the main se-
quence (Sargent et al. 2012), and with the data point corre-
sponding to PACS-detected main-sequence galaxies. Béthermin
et al. (2013) proposed an extended version of this approach
taking into account both the starburst and quiescent galaxies.
Below 200 M� yr−1, the model provides very similar predic-
tions, if we consider all galaxies or only objects on the main se-
quence. At higher SFR, the relation for main-sequence galaxies
is steeper, while the relation for all galaxies flattens. These re-
sults agree with the difference of clustering we observe between
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the all-PACS-detection and PACS-detected, main-sequence sam-
ples. Finally, we compared our results with the predictions from
the Behroozi et al. (2013) model, which was calibrated from
the evolution of the stellar mass function. This model predicts a
much flatter relation and tends to be slightly lower than the data
around 100 M� yr−1 (2σ below the MIPS point at 150 M� yr−1).

We thus found a typical host halo mass for PACS-detected
galaxies of ∼1012.5 M�. This is about one order of magnitude
lower than the measurements of Magliocchetti et al. (2011), who
found 1013.7+0.3

−0.4 M� for PACS-detected sources at z > 1.7. This
could be explained by the fact they used the Mo & White (1996)
formalism including scales where the intra-halo clustering is
dominant and the potential important cosmic variance caused by
the small size of the GOODS-S field. If this is confirmed by fu-
ture observations on larger fields (e.g., CCAT), this lower value
found by our study implies a much lower gap between the typi-
cal host halos of local and z ∼ 2 star-forming galaxies mentioned
by Magliocchetti et al. (2014), who consider it to be a clue that
high-redshift star-forming galaxies do not have the same nature
as the local one. Our new results are more in agreement with
models based on the idea of a main sequence evolving continu-
ously with redshift, and with a halo mass where star formation is
the most efficient evolving very slowly with redshift (Béthermin
et al. 2012b; Behroozi et al. 2013; Béthermin et al. 2013).

6. Relation between halo mass and specific star
formation rate

6.1. Results

Finally, we looked at the clustering as a function of sSFR
for a stellar mass limited sample (log(M�/M�) > 10.5). The
mean log (M�/M�) is quite similar for all the subsamples and
is between 11.75 and 11.88. We used the same UV, MIPS, and
PACS samples as in the previous section. The lower sSFR for
which the sample is complete is obtained dividing the SFR
cut by the mass cut. The sSFR bins are sSFR < 0.60 Gyr−1,
0.60 Gyr−1 < sSFR < 1.50 Gyr−1, 1.50 Gyr−1 < sSFR <
3.76 Gyr−1, and 3.76 Gyr−1 < sSFR < 5.96 Gyr−1 for the UV
samples; 3 Gyr−1 < sSFR < 6 Gyr−1, 6 Gyr−1 < sSFR <
12 Gyr−1, and 12 Gyr−1 < sSFR < 24 Gyr−1 for the MIPS
sample; and sSFR > 10 Gyr−1 for the PACS sample. Figure 8
shows the clustering measurements and their fit by the power-
law and the HOD models. Our results exhibit a flat relation be-
tween sSFR and the correlation length (Fig. 9) in disagreement
with Lin et al. (2012), who found a minimum of r0 for an sSFR
corresponding to the center of the main sequence (see the arrow
in the plot corresponding to the position of the center of the main
sequence at z = 2 for log (M�/M�) = 10.5).

6.2. Interpretation

Lin et al. (2012) interpreted the excess by the fact that galaxies
below and above the main sequence are associated with dense
environments. This disagrees with the flat relation we find be-
tween the sSFR and both r0 and Mh. Our study is based on more
massive galaxies (log (M�/M�) > 10.5 versus log (M�/M�) >
9.5), but they checked in their analysis that this trend is not mass
dependent. The main cause of the difference is probably the fact
that we focused on larger scales (>30′′), which are essentially
associated with the linear clustering and the host halo mass,
while they focused on smaller scales (down to 0.3′′), which are
very sensitive to one-halo clustering and close environmental ef-
fects. To check this hypothesis, we made a new fit using scales

Fig. 8. Autocorrelation function of our various subsamples as a function
of their sSFR measured at various wavelengths (purple for UV, orange
for MIPS 24 μm, and red for PACS). The solid line is the best fit for
the power-law model (fitted only above the 30′′ limit represented by the
vertical dotted line) and the dashed line the best-fit HOD model. The
triangles represent the 3σ upper limits for data points with negative
central values.

down to 2′′ and found a larger r0 than with the small scale.
This new value is halfway between the Lin et al. (2012) data
and our measurements at large scales. At smaller scales and es-
pecially below 1′′, the autocorrelation function in COSMOS is
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Fig. 9. Upper panel: correlation length of our various subsamples
of log (M�/M�) > 10.5 galaxies as a function of their sSFR measured
at various wavelengths (purple for UV, orange for MIPS 24 μm, and
red for PACS). For comparison, the data from Lin et al. (2012) are
plotted with black squares. Lower panel: mean mass of halos, which
host log (M�/M�) > 10.5 galaxies as a function of their sSFR.

much smaller than their measurements. This could also be par-
tially caused by systematic effects caused by the different de-
blending methods. In the next section, we will study in detail
the clustering of galaxies split into three populations (passive,
main sequence, and starburst) to refine our interpretation of their
clustering and understand better this tension.

7. Different clustering properties
for main-sequence, starburst and passive
populations

7.1. Auto- and cross-correlation functions

In this section, we study potential differences between the clus-
tering of galaxies depending of their mode of star formation.
We split our z ∼ 2 sample in three mass-selected (M� >
1010.5 M�) subsamples: the passive (the pBzK sample), main-
sequence (sBzk with Δ sSFRMS < 4), and starburst (PACS-
detected sBzK with Δ sSFRMS > 4) galaxies. The main-sequence
and starburst samples have very close mean stellar masses
(10.84 versus 10.81). Passive galaxies have a significantly higher
mean stellar masses despite a similar mass cut (11.07). This
is caused by the steeper slope of the stellar mass function of
star-forming galaxies and a slight incompleteness of the sample
of passive galaxies at low stellar mass (e.g., Ilbert et al. 2013).

Fig. 10. Upper panel: autocorrelation function of the passive (red
diamonds), main-sequence (blue triangles), and starburst (purple
squares) log (M�/M�) > 10.5 galaxies. Middle panel: autocorrelation
of passive galaxies (red diamonds) compared with the cross-correlation
between passive and main-sequence (blue triangles) or starburst (pur-
ple squares) galaxies. Lower panel: autocorrelation of main-sequence
galaxies (blue triangles) compared with the cross-correlation between
main-sequence and passive (red triangles) or starburst (purple squares)
galaxies. The vertical dotted line indicates the size of the PACS PSF.
Below this limit, the reliability of the starburst correlation function is
not certain.

The autocorrelation and cross-correlation functions between
these populations are shown in Fig. 10. At large scales (>30′′),
main-sequence and passive galaxies exhibit a similar clustering,
but passive galaxies are much more clustered at small scales, as
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mentioned previously by McCracken et al. (2010). The origin
of this difference is discussed in Sect. 7.3. The autocorrelation
signal from the starburst sample is too weak to draw any conclu-
sion. There is no significant difference between the autocorre-
lation and the cross-correlation functions between the three sub-
samples at large scale, except a 2.5σ excess of very close (<10′′)
pairs of one starburst and one main sequence galaxy. This
could be caused by deblending problems. However, we inspected
the 24 μm images visually and in a majority of the case there is
a clear separation between the sources in the close pair, suggest-
ing that this excess is not an artifact. These starbursts could be
induced because of the interaction with the more massive neigh-
boring main-sequence galaxies, or the interaction might have
higher probability to take place in presence of other close neigh-
bors. At smaller scales, all the cross-correlations provide simi-
lar results to the autocorrelation of main-sequence galaxies. This
suggests that the excess of clustering of passive galaxies at small
scales is probably caused by a mechanism affecting only passive
galaxies.

7.2. Similar large-scale clustering properties
for all three populations

To check if the various types of galaxies (passive, main-
sequence, starburst) are hosted by halos with similar halo
masses, when they have similar stellar masses, we measured
the large-scale bias of these three populations. The bias of pas-
sive and main-sequence galaxies can be measured from the
ACF only. The bias of the starbursts is much less constrained.
For this reason, we also used the cross-correlation functions be-
tween these three populations to derive a much better constraint
on the bias of starbursts.

Following Eq. (14), we defined the effective bias of a given
population by

beff =

∫
Mh

d2N
d log(Mh)dV

b(Mh)
Nc + Ns

n̄gal
dMh. (19)

The two-halo term of the cross power-spectrum between two
populations A and B is assumed to be (Cooray & Sheth 2002)

PA,B = beff,A beff,B Plin. (20)

The two-halo term of the cross-correlation function is
thus χA,B = beff,A beff,B χDM,A,B with (extended version of
Eq. (18))

χDM,A,B(θ) =

∫
z

dNA
dz

dNB
dz

∫
k

k
2πPgg(k, z)J0(kDcθ) dz dk(∫

z
dNA
dz dz

) (∫
z

dNB
dz dz

) · (21)

We thus determined the value of the three effective bias param-
eters associated with our three subsamples by fitting simulta-
neously the three autocorrelation functions and the three cross-
correlation functions. We used only scales larger than 1′, where
the contribution of the two-halo term is negligible. The con-
fidence regions of these parameters are determined using an
MCMC approach.

Figure 11 shows the probability distribution of the effective
bias for each population. The effective bias of the three popu-
lations are compatible at 1σ: 2.7 ± 0.7 for the passive sample,
3.1 ± 0.4 for the main-sequence sample, and 2.4 ± 0.9 for the
starburst sample. This last measurement would have been impos-
sible without this technique based on the cross-correlation, since
the constraint provided by the ACF on the bias of strabursts is
only an upper limit (<7.0 at 3σ). There is a strong disagreement

Fig. 11. Probability distribution of the effective bias of passive (red
dashed line), main-sequence (blue solid line), and starburst (purple dot-
dashed line) galaxies.

with Lin et al. (2012) on the bias of passive galaxies (7.1±1.2 in
their analysis compared to 2.7± 0.7 in our analysis). This means
that the bias of passive galaxies at small and large scales is not
similar. This result is discussed in Sect. 7.3.

7.3. The origin of the small-scale clustering of passive
galaxies

The excess of pairs of passive galaxies at small scales could be
explained by the fact that a small fraction of passive galaxies
are satellites of central passive galaxies. To test this hypothesis,
we selected close pairs of passive galaxies. The fraction of pairs
separated by less than θmax, which are associated with galax-
ies in the same halo (called hereafter intra-halo pairs), can be
computed from the autocorrelation function:

fIH =

∫ θmax

θ= 0
w1h(θ)θ dθ∫ θmax

θ= 0
[1 + w(θ)] θ dθ

· (22)

Figure 12 shows this fraction for passive and main-sequence
galaxies. This curve was computed from the best HOD fit of the
measured ACF of these two populations. We chose to select pairs
with a separation smaller than 20′′. This compromise was cho-
sen to have a balance between the small number of pairs found
for very small separations and the low purity for large separa-
tions. With this cut, we estimate that 58% of the pairs of passive
galaxies are intra-halo pairs.

We measured an effective bias squared of all <20′′ separation
pairs of b2

eff, all = 42± 26 using only the measurements for θ > 1′,
where we can make the linear approximation (w = b2

eff wDM).
We used the barycenter of pairs for our computation of the
large-scale clustering. This effective bias of all pairs has to be
corrected to estimate only the bias associated with real pairs.
The total correlation function can be first-order computed from
the biases of the intra-halo pairs and pairs caused by chance
alinements (beff, IH and beff,CA):

w =
[
fIHb2

eff, IH + 2 (1 − fIH) b2
eff,CA

]
wDM. (23)

This formula is intuitive if we consider that w is the excess of
probability to have a source close to another one compared to the
Poisson case. The factor 2 in the second term takes into account
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Fig. 12. Fraction of intrahalo pairs as a function of the angular sepa-
ration for passive (red dashed line) and main-sequence (blue solid line)
galaxies.

the excess of probability of finding a source close to both the
first and the second sources of pairs caused by chance alignment.
This formula neglects the presence of two-halo pairs with similar
redshifts, which are negligible for an angular separation lower
than 20′′. We assume that beff,CA is the same as the one of the full
population, since only 16% of our population of passive galaxies
is a component of a <20′′ pair. We found that the bias of intra-
halo pairs beff, IH is 7.8+2.4

−3.7. This bias corresponds to a halo mass
of 5.5+5.1

−4.5 × 1013 M�.
These pairs are thus hosted by structures with a halo mass

corresponding to a big group or a small cluster already formed
at z = 2. This type of structure can potentially have sufficiently
massive subhalos to host massive satellite galaxies. We checked
that this number agrees with the abundance of such halos. For
our assumed cosmology we expect a mean of 17 halos more
massive than 5.5 × 1013 M� between z = 1.4 and z = 2.5 for
our field size, compared to ∼80 intracluster pairs based on our
estimate of fIH. However, an abundance of 80 halos is reached
for a cut of 3 × 1013 M�. This value is well inside the 68%
confidence region. There is thus no contradiction between the
abundances and the clustering. The origin of the excess of clus-
tering at small scales of passive galaxies at z ∼ 2 is thus prob-
ably caused by a small fraction of passive galaxies in massive
halos (∼3 × 1013 M�).

8. Consistency with X-ray observations

We have found two types of z ∼ 2 galaxies that appear to be
tracing Mh > 1013 M� halos: massive, strongly star-forming,
PACS-detected, main-sequence galaxies (see Sect. 5) and close
pairs of massive passive galaxies (see Sect. 7.3). At these halo
masses, nonnegligible X-ray emissions from hot intra-halo gas
might be expected. We thus searched for the X-ray counterparts
of our sources to confirm the results of our clustering analysis.

8.1. Direct detections

The COSMOS field has deep X-ray observations by Chandra
and XMM-Newton observatories, allowing us to search for the
extended emission down to the level of 8 × 10−16 erg s−1 cm−2

in the 0.5–2 keV band (Finoguenov et al. 2007; Leauthaud et al.
2010; George et al. 2011). At redshifts above 1, this provides
an individual detection of M200 > 5 × 1013 M� groups (as dis-
cussed in other high-z COSMOS group papers, e.g., by Onodera
et al. 2012). We find 4 close pairs of massive passive galax-
ies and 13 PACS-detected main-sequence sources are coinci-
dent with a directly detected extended X-ray emission and could
constitute such sources. Most of the sources are, however, not
detected.

8.2. Stacking analysis

We used the emission-free part of the background-subtracted
and exposure corrected X-ray image in the 0.5–2 keV band,
with the flux of the detected point source removed to make a
stacked flux estimate for the undetected sources. We have pro-
duced a further background subtraction refinement, by remov-
ing the mean residual flux. The PACS-detected, main-sequence
sources produce a 4.4σ flux enhancement and pairs produce a
marginal 2.2σ flux enhancement at their position, using a 30′′
aperture. Accounting for 41% of the pairs being a random asso-
ciation, this corresponds to an average flux of the group of 2.5 ×
10−16 erg s−1 cm−2 for the pairs and 0.9 × 10−16 erg s−1 cm−2

for the PACS-detected, main-sequence galaxies. Such sources
can be individually detected in ultra-deep X-ray surveys, such as
CDFS (Finoguenov & et al. 2014), and the corresponding total
masses of groups are 3.3 and 2.0 × 1013 M�, respectively. These
are remarkably similar to the masses inferred from the cluster-
ing analysis. The statistical errors on the mean correspond to 0.8
and 0.3 × 1013 M�, respectively.

9. Discussion

9.1. How are galaxies quenched at high redshift?

Our measurements indicate that massive (M� > 1010.5 M�), pas-
sive galaxies are mostly central galaxies in 1012−1013 M� halos.
However, a small fraction of these passive galaxies are satellites
in >1013 M� halos as shown in Sect. 7.3. For Mh < 1013 M�
halos, where subhalos are not sufficiently massive to host a mas-
sive satellite galaxy, the mass quenching is dominant. Our mea-
surements show that this is the dominant process at z ∼ 2 in
agreement with Peng et al. (2010). However, the environmental
quenching apparently already had some role at this redshift, as
shown by the presence of close pairs of passive galaxies. This
role is minor because the number of halos with a sufficiently
high mass to host massive galaxies in their substructures is much
smaller at z ∼ 2 than in the local Universe.

We also compared our results with the hydrodynamical sim-
ulation of Gabor et al. (2011). In this simulation the main mech-
anism of quenching is the formation of a hot halo around mas-
sive galaxies preventing the accretion of gas and thus the star
formation. This hot atmosphere is heated by the winds from su-
pernovae and from the AGN. Figure 13 shows the 3D-correlation
function of samples of star-forming and passive galaxies for two
various mass cuts (M� > 109.5 M� and M� > 1010.25 M�). We
used this mass cut of 1010.25 M� instead of 1010.5 M� because this
simulation produces too few massive galaxies at z ∼ 2 (Gabor &
Davé 2012) and we need a sufficient number of objects to have a
reasonable signal. In this simulation, the clustering is slightly
stronger than measured, because the massive galaxies require
more massive host halos to form due to a lack of star formation
efficiency in this simulation. There is no difference of clustering
in the simulation between M� > 1010.25 M� star-forming and
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Fig. 13. 3D autocorrelation function of galaxies at z = 2 in the
hydrodynamical-simulation of Gabor et al. (2011). The results for star-
forming and passive galaxies are plotted in blue and red, respectively.
The results of two stellar mass cuts are shown: dashed lines for M� >
109.5 M� and solid lines for for M� > 1010.25 M�.

passive galaxies at r > 0.8 Mpc (∼30′′ at z = 2). This is consis-
tent with our clustering measurements. The model also predicts
a large excess of clustering for passive galaxies below 0.8 Mpc,
which is also observed in the data. This hydrodynamical sim-
ulation thus predicts the correct trend, even if the mass assem-
bly is not sufficiently quick. The central galaxies begin to be
quenched when they reach a high stellar (∼1011 M�) and halo
mass (∼1012.5 M�). Since the two quantities are correlated, iden-
tifying which one is the main driver of the quenching is diffi-
cult. The satellite galaxies can be quenched when the hot halo of
the central galaxy is formed. This implies that satellite galaxies
tends to be quenched more often than centrals at the same mass,
and thus the excess of clustering observed at small scales.

Our results are thus compatible with the results from the em-
pirical model of Peng et al. (2010) and the hydrodynamical sim-
ulation of Gabor et al. (2011), which both suggests that two dif-
ferent mechanisms of quenching for central and satellite galaxies
are already active at z ∼ 2.

9.2. The future of z ∼ 2 populations

Some interesting insights about galaxy evolution can be obtained
by studying not only the instantaneous mass of dark matter halos
hosting the z = 2 galaxies, but also the mass that these structures
will have at z = 0. We extrapolate the halo mass at z = 0 from
the halo mass at z = 2 using the mean halo growth of Fakhouri
& Ma (2010). Figure 14 is similar to Figs. 5 and 7, but with the
halo mass extrapolated at z = 0 instead of the instantaneous halo
mass. This allows us to connect the z = 2 populations studied in
our analysis and the descendent population of galaxies at z = 0.

The main-sequence galaxies with a stellar mass of a few
1010 M� and a SFR of a few tens of M� per year at z = 2 will end
up in halos of Mh ∼ 1012.5−1013 M� at z = 0. The abundance-
matching and weak lensing studies (e.g., Moster et al. 2010;
Behroozi et al. 2010; Leauthaud et al. 2012) suggest that these
halos host central galaxies with a stellar mass of ∼1011 M�. At
this stellar mass, the mass quenching is efficient according to
Peng et al. (2010), and both passive and star-forming galaxies

are observed in the low-z Universe (e.g., Baldry et al. 2012; Ilbert
et al. 2013). The population of M� ∼ 1010 M� sBzK could thus
be the progenitor of the most massive field galaxies.

The M� ∼ 1011 M� sBzKs and pBzKs, hosted by Mh ∼
1012.5 M� z = 2 halos, end up in much more massive structures
at z = 0, with a typical halo mass of 1013.5 M� corresponding to
big groups and small clusters of galaxies. A significant fraction
of these massive galaxies are already quenched at z = 2 and
the star-forming ones are probably observed just before their
quenching, because the mass function of star-forming galaxies
at M� > 1011 M� and especially the massive end does not evolve
with redshift as mentioned by Ilbert et al. (2013).

Finally, we identify pairs of passive galaxies (Sect. 7.3) as-
sociated with massive structures formed early. An extrapola-
tion of the growth of their host halos at z = 0 gives Mh =
6.9+9.7
−6.0 × 1014 M�. These early-formed groups of passive galax-

ies are thus probably progenitors of the massive clusters in the
local Universe, and may be the descendants of the protoclusters
of strongly star-forming galaxies observed at z > 4 (e.g., Daddi
et al. 2009; Capak et al. 2011). This simplified evolution picture
is summarized in Fig. 15.

We can also consider the future of SFR-selected popula-
tion (see Fig. 14 right). The galaxies with 40 < SFR <
200 M� yr−1 are progenitors of the central galaxies of groups.
The galaxies detected by PACS, if they are episodic starbursts,
are expected to be hosted by progenitors of groups in the same
way as the rest of the population of sBzK, but PACS-detected
main-sequence galaxies are expected to end up in clusters. This
suggests that progenitors of clusters can be identified at z = 2
using extremely massive star-forming galaxies or groups of mas-
sive, passive galaxies. This agrees with Tanaka et al. (2013),
who found a diversity of star formation properties of galaxies
in X-ray selected groups at z ∼ 1.6. It is still not clear why
some of these structures host star-forming galaxies and others
host passive galaxies.

9.3. The nature of the population of starburst galaxies

In the scenario described previously, we neglected the role of
the starbursts. As mentioned in the introduction, recent obser-
vations favor a scenario where the starbursts host only a minor-
ity of the star formation density (∼15%, e.g., Rodighiero et al.
2011; Sargent et al. 2012). However, the mechanisms trigger-
ing these violent events are not clearly identified. They could
be associated with dense environments such as the group of
four SMGs found by Ivison et al. (2013), or those in Daddi
et al. (2009) and Chapman et al. (2009). If starbursts are trig-
gered by major mergers, one would naively expect that they
are mostly hosted by protoclusters, or some other kind of en-
vironmental signature. However, our results show a similar clus-
tering for main-sequence galaxies and starbursts with similar
stellar mass, in contradiction with the possibility that starbursts
occur in denser environment. In fact, the hydrodynamical sim-
ulation of Gabor et al. (2011) shows no excess of clustering
above 0.3 Mpc (∼10′′ at z = 2) for galaxies that merged re-
cently (see Fig. 16). The similar bias thus suggests that M� >
1010.5 starbursts and main-sequence galaxies are hosted by halos
of similar masses. Consequently, starburst episodes do not seem
to have a major impact on the M� − Mh relation in agreement
with the idea that they have a minor contribution to the star-
formation budget. This finding seems to disagree with the claim
of Michałowski et al. (2012) that the stellar mass of SMGs is
underestimated and that instead they lie on the main sequence,
because at fixed SFR they behave as lower mass objects than
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Fig. 14. Mean host halo mass at z = 0 (extrapolated from z = 2 following Fakhouri & Ma 2010) as a function of the stellar mass (left panel) or
SFR (right panel) at z ∼ 2. The symbols are similar to those in Figs. 5 and 7.

Fig. 15. Simplified evolution scheme from z = 2 to z = 0 of galaxy
populations studied in this paper.

main-sequence galaxies. On the other hand, we have found some
hints for a possible small-scale cross-correlation excess between
starbursts and main-sequence galaxies that could be pointing to

Fig. 16. 3D autocorrelation function of galaxies at z = 2 in the Gabor
et al. (2011) hydrodynamical simulation as a function of the time since
last merger.

some environmental signature. The Gabor et al. (2011) model
also predicts such a small-scale enhancement for recent merg-
ers (Fig. 16). This possibility should be further explored in the
future.

10. Conclusion

We measured the clustering of a sample of 25 683 star-forming
and 2821 passive galaxies in the COSMOS field as a function
of their physical properties. This work provided interesting con-
straints on how the host halo and environment influence the evo-
lution of galaxies at z ∼ 2, when the cosmic comoving SFR den-
sity was at its highest level. Our main findings are as follows:

– We measured the mean host halo mass of z ∼ 2 passive and
star-forming galaxies as a function of their stellar mass us-
ing only the clustering. Our results agree well with previous
estimates based on abundance matching, suggesting that a
monotonic relation with scatter between the stellar and the
halo mass is already a fair hypothesis at z = 2. We also found
similar M� − Mh relations for the two populations.
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– We found some hints (2σ) to an increase in the host halo
mass with SFR up to 200 M� yr−1, where there is a corre-
lation between SFR, M� and Mh, and a flattening at higher
SFR, where the episodic starbursts with an excess of SFR
compared to their stellar mass dominates the population. If
we select only main-sequence galaxies, the halo mass contin-
ues to rise with SFR above 200 M� yr−1. This transition be-
tween the main-sequence and the starburst SFR regime hap-
pens at the correct position as predicted in the 2SFM model
(Sargent et al. 2012; Béthermin et al. 2012a), confirming the
relevance of this approach.

– We did not find any difference of large-scale clustering
as a function of the sSFR for massive galaxies (M� >
1010.5 M�), contrary to Lin et al. (2012) who investigated
only smaller scales. This suggests that sSFR does not corre-
late significantly with the hosting halo mass of the galaxies.

– We confirmed the excess of clustering at small scale (θ <
30′′) of passive galaxies found by McCracken et al. (2010).
Measuring the large-scale bias of close pairs of passive
galaxies, we showed that this is caused by pairs of passive
galaxies hosted by the same massive halos (∼3 × 1013 M�).
This indicates that the environmental quenching is already
operating at z ∼ 2, even if mass quenching is dominant. This
result is in agreement with the empirical model of Peng et al.
(2010) and the hydrodynamical simulation of Gabor et al.
(2011).

– We finally studied the large-scale bias of the population
of starburst galaxies using a method based on the angular
cross-correlation function between the various populations
of galaxies. We found that the bias of starbursts is similar to
the one of main-sequence and passive galaxies of the same
stellar mass. This suggests that these three populations live
in the halos with similar mass, and that starbursts have only
a minor role on the assembly of the stellar mass in the ha-
los. Hints of small scale excess are, however, suggestive of a
possible environmental signature.

– Extrapolating the growth of the halos hosting the populations
we studied, we predict that the ∼1010 M� BzK will end up
as massive ∼1011 M� field galaxies in the local Universe.
The ∼1011 M� massive passive and star-forming BzK lie
in progenitors of big groups and small clusters. The future
massive clusters can be identified by searching for the most
massive main-sequence galaxies or groups of massive pas-
sive galaxies already formed at z ∼ 2. The halo mass of
these z = 2 structures was also confirmed by X-ray stacking.

Thanks to the depth and the area of the COSMOS field from op-
tical to far-infrared, we managed to put first constraints based
on clustering measurements on the typical halos hosting the
galaxies where the bulk of the star-formation at z ∼ 2 happen.
However, some of the results obtained here are only hints (2σ)
or weak evidence (3σ). The deep and very large surveys of the
next decade in the optical (e.g., LSST), the near-infrared (e.g.,
Euclid), and the submillimeter (e.g., CCAT) domains will re-
duce the uncertainties by typically one order of magnitude be-
cause of a similar depth to COSMOS, but on fields of ∼100 deg2

or more. This will allow us to study with a much better precision
the trends found in this paper and put stronger constraints on the
models, but also to have sufficiently large samples to measure
the clustering of starbursts at the scale of halos and understand
the impact of the environmental effect on them.
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