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1 INTRODUCTION

ABSTRACT

We explore the redshift evolution of a curious correlation between the star formation properties
of central galaxies and their satellites (‘galactic conformity’) at intermediate to high redshift
(0.4 < z < 1.9). Using an extremely deep near-infrared survey, we study the distribution
and properties of satellite galaxies with stellar masses, log(M./M@) > 9.7, around central
galaxies at the characteristic Schechter function mass, M ~ M*. We fit the radial profiles
of satellite number densities with simple power laws, finding slopes in the range —1.1 to
—1.4 for mass-selected satellites, and —1.3 to —1.6 for passive satellites. We confirm the
tendency for passive satellites to be preferentially located around passive central galaxies at
30 significance and show that it exists to at least z ~ 2. Meanwhile, the quenched fraction of
satellites around star-forming galaxies is consistent with field galaxies of equal stellar masses.
We find no convincing evidence for a redshift-dependent evolution of these trends. One simple
interpretation of these results is that only passive central galaxies occupy an environment that
is capable of independently shutting off star formation in satellite galaxies. By examining
the satellites of higher stellar mass star-forming galaxies (log(M./Mg@) > 11), we conclude
that the origin of galactic conformity is unlikely to be exclusively due to the host dark matter
halo mass. A halo-mass-independent correlation could be established by either formation bias
or a more physical connection between central and satellite star formation histories. For the
latter, we argue that a star formation (or active galactic nucleus) related outburst event from
the central galaxy could establish a hot halo environment which is then capable of quenching
both central and satellite galaxies.

Key words: galaxies: evolution—galaxies: formation— galaxies: high-redshift—infrared:
galaxies.

cal descriptions of how the galaxy population emerges and evolves
through time (Peng et al. 2010, 2012; Davé, Finlator & Oppen-

Over the past decade or so, large data sets of both the near- and
far-Universe have transformed the study of galaxy evolution. The
statistical power that these data sets now afford has enabled the
identification of subtle patterns in the photometry, emission line
ratios, environments, star formation properties and morphologies
of the galaxy population (e.g. Bell et al. 2004; Baldry et al. 2006;
Weinmann et al. 2006; Mannucci et al. 2010; Lani et al. 2013; Lin
et al. 2014). These patterns have, in turn, lead to phenomenologi-
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heimer 2012; Behroozi, Wechsler & Conroy 2013; Conselice et al.
2013; Driver et al. 2013; Lilly et al. 2013). Naturally, purely phe-
nomenological models do not provide an understanding of the de-
tailed physical processes involved, but they can indicate which av-
enues of investigation are likely to be of greatest interest.

A potentially instructive pattern within the Sloan Digital Sky
Survey (SDSS; York et al. 2000) data was discovered by Weinmann
et al. (2006). They identified a correlation between both the colours
and specific star formation rates (sSFRs) of galaxies that are at
the centre of their respective groups, and those of the satellites
that surround them. This correlation is in the sense that red central
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galaxies have a greater fraction of red satellites and vice versa.
Trends of this sort in groups had been noted in a limited sense
previously (Wirth 1983; Ramella et al. 1987; Osmond & Ponman
2004), but the advent of large data sets, such as the SDSS, was
necessary to show that it is a systematic effect. Weinmann et al.
(2006) termed this behaviour ‘galactic conformity’, and similar
behaviour has since been confirmed by clustering analysis (Ross &
Brunner 2009), at separations beyond the group radius (Kauffmann
et al. 2013), by spectroscopic galaxy pairs (Phillips et al. 2014) and
even appears to extend to the spatial satellite distribution within
haloes (Wang et al. 2008). An equivalent correlation has also been
discovered in the morphologies of central and satellite galaxies
(Ann, Park & Choi 2008). Furthermore, Papastergis et al. (2013)
find an anticorrelation in the spatial distributions of H 1-selected
galaxies and red galaxies, indicating that neighbours of red galaxies
are deficient in star-forming gas.

The physical processes which cause galaxies to cease forming
stars remains one of the most controversial and important topics in
extragalactic astrophysics. It has been clear for many years that red
(quenched) populations are typically either of high stellar mass or
located in regions of elevated galaxy overdensity (Butcher & Oemler
1978b; Faber & Gallagher 1979; Dressler 1980; Baldry et al. 2006).
More recently, it has become possible to follow the redshift evolu-
tion of the environmental and stellar-mass-related passive fractions.
The quenched fraction of galaxies at high stellar masses is seen
to be only weakly dependent on redshift (e.g. Hartley et al. 2013;
Knobel et al. 2013; Straatman et al. 2014). The colour—density cor-
relation, meanwhile, has been observed in blank field surveys to at
least z ~ 1.5 (e.g. Chuter et al. 2011; Quadri et al. 2012), and in
protoclusters to perhaps as high as z ~ 3.3 (Lemaux et al. 2014).
Reproducing the passive galaxy fraction as a function of stellar
mass and environment continues to pose challenges to our models
of galaxy formation, even at low redshift. In particular, the majority
of theoretical models overproduce the number of low-mass passive
satellite galaxies (e.g. Guo et al. 2011), and are yet to fully repro-
duce galactic conformity. Perhaps the redshift dependence of these
quantities will provide the necessary clue to which aspect of physics
is currently being modelled incorrectly.

Some facets of the observational results have, however, been
successfully encapsulated by the phenomenological formalism laid
out by Peng et al. (2010). By identifying two independent channels
of quenching (mass and environment quenching), together with
a small number of observationally motivated assumptions, Peng
et al. were able to reproduce the stellar mass functions and relative
fractions of red and blue (or passive and star-forming) galaxies over
a range of environments at 0 < z < 1. An important aspect of
their model is that the efficiency of the mass quenching channel is
proportional to the stellar mass of the galaxy. Because of the shape
of the star-forming galaxy mass function, the model implies that
galaxies with stellar masses at the characteristic Schechter function
mass, M ~ M*, dominate the recently mass quenched population.
If we are to search for the cause of the correlation between passive
central and satellite galaxies, it would therefore seem prudent to
study galaxies of M* mass and their satellites.

This approach was taken by Phillips et al. (2014), using carefully
controlled samples of M ~ M* passive and star-forming galaxies
from the SDSS, each with a single satellite. The properties of the
satellite galaxies were then compared with similar mass but isolated
galaxies. They found that around passive centrals, the fraction of
satellites that are also passive is elevated relative to the field. The
satellites of star-forming galaxies, meanwhile, were found to be
consistent with having been drawn from the field, i.e. the quenching
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efficiency due to their environment is zero. This result is similar in
essence to that of Weinmann et al. (2006), but is a much stronger
statement. These observational results tell us that the star formation
state (star forming or passive) of central and satellite galaxies is
more tightly correlated than was previously thought. Given this
insight, it is tempting to ascribe a common cause or origin for
the quenching of central and satellite galaxies. In truth, however,
there are a number of reasons why we might expect the observed
correlation, a few of which we discuss in Section 6.

Thus far, galactic conformity has only been studied in detail at
low redshift. The predictions of how this correlation may persist
or diminish at higher redshift are dependent on the origin of the
conformity. We might therefore be able to constrain which physical
processes are involved if we study the relative star-forming proper-
ties of M* galaxies and their satellites from z = 0 out to z ~ 2-3 (the
earliest epoch at which substantial populations of passive galaxies
are observed). In this paper we investigate the radial distributions of
passive and star-forming satellite galaxies around M ~ M* galaxies
in two redshift intervals covering 0.4 < z < 1.9. We do not attempt
to link the objects in these intervals in any kind of evolutionary se-
quence, but can nevertheless begin to understand which processes
could be at play in causing galactic conformity.

The structure of this paper is as follows. In Section 2 we introduce
the data sets and derived quantities used for this work together
with our sample definitions. We describe our method for computing
satellite surface number density profiles in Section 3. In Section 4
we show our measurements for M ~ M* central galaxies for two
stellar mass intervals of satellite galaxies. We further consider the
passive satellite population separately. We separate central galaxies
into passive and star-forming subsamples in Section 4.3 and identify
the existence of galactic conformity up to z ~ 2. In Section 5
we investigate the radially dependent passive fraction of satellites
around our central samples. We discuss these results in Section 6
and propose a simple picture for the origin of conformity. Finally,
we conclude in Section 7. Throughout this work, where appropriate,
we adopt a A cold dark matter (ACDM) cosmology with Qy = 0.3,
Qu = 0.7, h = Hy/100kms~! Mpc™! = 0.7. All magnitudes are
given in the AB system (Oke & Gunn 1983) unless otherwise stated.

2 DATA SETS, DERIVED QUANTITIES AND
SAMPLE DEFINITIONS

The data set we use in this work is based on the UKIRT Infrared
Deep Sky Survey (UKIDSS; Lawrence et al. 2007) Ultra Deep
Survey (UDS; Almaini et al., in preparation) , Data Release 8 (DRS).
The UDS DR8 allows us to construct a mass complete galaxy sample
with stellar mass, log(M,.,/M@) > 9.7 to z ~ 2 (Hartley et al. 2013;
Mortlock et al. 2013).

2.1 UKIDSS UDS data

The data set from which we draw our sample has been described
extensively elsewhere (Simpson et al. 2012; Hartley et al. 2013).
Here we provide just a brief overview. In our selection band, the K
band, the UDS DRS data reach 24.6 (50, AB), estimated from the
rms of flux between apertures of 2 arcsec diameter in source-free
regions of the image. Covering an area of 0.77 deg?, the UDS is
the deepest degree-scale near-infrared survey to date, with J- and
H-band depths, J = 24.9 and H = 24.2, in addition to the K-band
data.

The UDS field overlaps the Subaru/XMM-Newton Deep Sur-
vey (SXDS; Furusawa et al. 2008; Ueda et al. 2008) from which



we use the ultradeep optical data. The coincident area with the
near-infrared data, after masking bright stars and bad regions, is
~0.62 deg?. There are additional data of comparable depth at 3.6
and 4.5 um from the UDS Spitzer Legacy Program (SpUDS) and
in the w7 band (Foucaud et al., in preparation) . Further details of
these data and the description of the source extraction can be found
in Hartley et al. (2013), while details of astrometric alignment and
multiwavelength catalogue construction are described in Simpson
etal. (2012). Finally, X-ray (Ueda et al. 2008), radio (Simpson et al.
2006) and 24 um data (also from SpUDS) were used to remove
active galactic nuclei (AGN) and refine our sample selection. This
catalogue is henceforth referred to simply as the UDS catalogue.

2.2 Photometric redshifts

Obtaining spectroscopic redshifts for substantial numbers of faint,
non-star-forming galaxies at high redshift is prohibitively expensive
with even the most sensitive multi-object spectrographs. The use of
photometric redshifts in this study is therefore mandatory and the
reliability of those redshifts is of crucial importance. To derive pho-
tometric redshifts (phot-z) we use the eazy package (v1.0; Bram-
mer, van Dokkum & Coppi 2008) using the default set of principal
component templates with the addition of a slightly dust-reddened
star-forming template. This extra template was constructed from
EAZY’s bluest template with A, = 0.1 following the Small Magel-
lanic Cloud (SMC) extinction law (Prevot et al. 1984). Motivated
by inspection of the available z > 2 rest-frame ultraviolet (UV)
spectra, this slightly reddened template compensates for the deeper
absorption lines and variety in dust extinction laws at high-z. We
furthermore adapted the photometric zero-points in each band to im-
prove agreement between the predicted and measured photometry
for the subsample with secure spectroscopic redshifts. The phot-z
of an object was taken as the maximum likelihood redshift, after
applying Eazy’s default K-band apparent magnitude prior.

The resulting photometric redshifts were tested in two ways.
First, we used the UDSz spectroscopic data (ESO Large Programme
180.A-0776; Almaini et al., in preparation) and archival redshifts
taken from the literature (Simpson et al. 2012) to test a bright (K <
23) subset of galaxies. In Hartley et al. (2013) we found a dispersion
of Az/(1 4 z) ~ 0.031 using the normalized median absolute de-
viation (NMAD) estimator, after excluding AGN and catastrophic
outliers. Secondly, we used the approach outlined in Quadri &
Williams (2010). This approach relies on the fact that galaxies with
small separations on the sky are more likely to be physically as-
sociated (and therefore have the same redshift) than galaxies with
large separations. The distribution of redshift differences, |z; — z2|,
for unassociated galaxies can be found by randomizing galaxy po-
sitions. If the phot-z are perfect, then we would expect a sharply
peaked excess over the randomized distribution at |z; — z2| = 0.
In reality there is a width to this excess peak, which reveals the
statistical photometric redshift error distribution. We represent this
distribution by fitting a simple Gaussian.

To estimate the uncertainty as a function of redshift we defined
a primary galaxy sample within an interval of 8zyn, £ 0.2 about
each redshift within 0.2 < z < 2.8, in steps of dz = 0.2. These
primary galaxies were then cross-correlated with the whole sample
to estimate the uncertainty. In Fig. 1 we show redshift uncertainties
recovered in this way as a function of redshift for three samples: the
full mass-complete (grey dashed line), passive (red dashed line) and
star-forming (blue dot—dashed line) samples (see Section 2.4 for the
definition of the latter two samples). At zppo < 1.3, the photometric
redshift uncertainties for all three samples are within the value de-
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Figure 1. Photometric redshift uncertainty as a function of redshift, follow-
ing the method of Quadri & Williams (2010). The full mass-limited sample
(grey dashed line) is shown alongside passive (red dashed line) and star-
forming (blue dashed line) subsamples (see Section 2.4). The redshift error
function adopted in this work is shown by the solid heavy black line and
the dotted horizontal line shows the uncertainty derived from the NMAD
estimator applied to the spectroscopic subsample (Az/(1 + z) = 0.031).
A colour version of this and all other figures are available in the on-line
journal.

rived from the spectroscopic sample. At higher redshift the redshift
uncertainty for star-forming galaxies rises steeply and then begins
to fall again at z > 2.2 (at which point the Lyman break enters the
w band). It is worth noting that the redshift uncertainty for passive
galaxies remains small out to z ~ 2.5. More accurate photometric
redshifts for high redshift passive galaxies (compared with similar
redshift star-forming objects) have been reported in the literature
previously (Quadri et al. 2012). This can easily be understood due
to the presence of a strong 4000 A break feature, and partly because
the passive sample is biased towards brighter galaxies. Beyond z =
2.5, the relatively small number of galaxies in the passive subsam-
ple which are above the stellar mass completeness limit means that
the redshift uncertainties are themselves unreliable.

A small number of redshift subsamples were not fit well by a sim-
ple Gaussian. One of these subsamples is the simple mass-limited
subsample at z ~ 2. The best-fitting Gaussian suggests that the red-
shift uncertainty is extremely small at this redshift. The failure of
an appropriate fit in this case is caused by a strong peak of pairs
with z; — z, = 0. Through inspection of the star-forming sample
at the same redshift (which dominates the mass-selected sample by
number), interpolation of neighbouring data points should provide a
reasonable estimate of the true uncertainty. The redshift-dependent
uncertainty we adopt for this work is then shown by the thick solid
black line in Fig. 1.

2.3 Stellar masses, M,

Stellar masses were determined by fitting the available photom-
etry [w/BVRirz/JHK, and Infrared Array Camera (IRAC) bands 1
and 2] to a large grid of synthetic spectral energy distributions
(SEDs), using the Bruzual & Charlot (2003) stellar population syn-
thesis models and a Chabrier (2003) initial mass function. Star
formation histories were assumed to be exponentially declining and
parametrized by an age and e-folding time:

SFR,— by = SFR/—fom e T . (1)
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Figure 2. Log (stellar mass) versus redshift for a random subsample of
one-third of our data set. Light blue (grey in the print journal) points are the
K < 24.3 (AB) galaxy sample. The passive subset is shown by red (black
in the print journal) crosses. The selection boundaries used for central and
satellite populations are shown by the thick dashed lines. Finally, the solid
curve shows the stellar mass completeness limit computed in Hartley et al.
(2013).

These parameters were allowed to vary within, t = 0.01-10.0 Gyr
and r = 0.001-13.7 Gyr. Templates that are older than the age of the
universe at the redshift of the galaxy were forbidden. In addition
dust extinction was included with values, A, < 5, and metallicities,
0.0001 < Z < 0.05, were allowed. The stellar mass of a galaxy
was found by scaling the best-fitting template such that the implied
K-band flux was equal to the observed value. Further details of the
method can be found in Hartley et al. (2013) and Mortlock et al.
(2013). From the best-fitting template we also recover rest-frame
luminosities by integrating the appropriate filter over the synthetic
SED. The distribution of our data in stellar mass and photomet-
ric redshift is shown in Fig. 2, where we plot a random sample of
one-third of our data. Star-forming galaxies are represented by blue
points, while the small red crosses are passive galaxies according
to our rest-frame colours and multiwavelength data (Section 2.4).
We show the 95 per cent stellar mass completeness limit com-
puted in Hartley et al. (2013) by the solid lines (Mj;,, = 8.27 +
0.87z — 0.07z%), and delimit the samples used in this work with
dashed lines.

2.4 Sample selection

To construct our galaxy samples, the UDS catalogue was first
trimmed to a magnitude limited sample. For this stage we used K <
24.3 to ensure high completeness (>95 per cent, found from image
simulations) and to account for slight variations in depth across the
image. Stars were removed using a combination of observed-frame
colours where stars form a tight sequence (namely in B-z, z—K
space, a K-excess diagram and a J — K versus K plot), and the dif-
ference in K-band magnitudes measured within 0.7 and 1.5 arcsec
apertures. Cross-talk artefacts (Dye et al. 2006) are also a potential
source of contamination, mimicking high-redshift passive galaxies
in their colours. Fortunately the cross-talk pattern is relatively well
known. The positions of cross-talk artefacts were predicted from
the locations of stars and cross-correlated with the galaxy cata-
logue. Sources with colours indicative of being cross-talk were also
added to the list of potential artefacts. This cross-talk catalogue was
then exhaustively checked by eye.

The separation of our sample into passive and star-forming sub-
samples follows the method described in Hartley et al. (2013). A

MNRAS 451, 1613-1636 (2015)

two-colour technique (the UVJ selection), first used by Wuyts et al.
(2007) and subsequently refined by Williams et al. (2009), was used
to separate the catalogue into passive and star-forming samples. Se-
lection is performed in the rest frame, using the U — Vand V — J
colours, from which we are able to broadly separate red passive
objects from red dusty galaxies. We apply the selection boundaries
from Williams et al. (2009), extending their selection for galaxies
at 1 < z < 2 to higher redshift as we do not expect strong colour
evolution at z > 2 (Williams et al. 2009; Whitaker et al. 2011) and
statistical studies are found to be insensitive to the exact selection
criteria (Hartley et al. 2013; Ilbert et al. 2014). We then refined
these subsamples by removing X-ray or radio-detected objects (~1
per cent of the sample). Objects selected as passive by the UVJ
selection, but with sSSFR > 7.43 x 107! yr=! (implied by either
24 um flux or the SED template fit) were re-assigned as star-forming
galaxies (see Hartley et al. 2013 for further details).

2.5 Central galaxy definition

Currently, and for the foreseeable future, it is not possible to obtain
reliable spectroscopic redshifts for significant numbers of low-mass
passive galaxies at intermediate or high redshift (z > 1). Such
samples would be required if we are to identify individual pairs
of central and satellite galaxies, as Phillips et al. (2014) do. Our
approach is instead to use the deep photometry and statistical power
of the data at our disposal to find the average satellite surface density
profiles around M* galaxies.

We began by defining a ‘central’ galaxy sample in the following
way. Galaxies with stellar mass 10.5 < log(M, /M) < 11.0 of the
required type (passive, star forming or purely mass selected) and in
the required redshift range were considered potential centrals. This
stellar mass range is chosen to broadly cover star-forming galaxies
which are likely to soon quench off the main sequence and the
most recently quenched passive central galaxies, while maintaining
roughly similar numbers in the star forming and passive subsamples.
We use M ~ M* synonymously with this mass range, though most
recent determinations of the characteristic Schechter function mass
are towards the upper end of this range (e.g. Ilbert et al. 2013;
Muzzin et al. 2013; Mortlock et al. 2015). The value of M* for
star-forming galaxies does not evolve strongly with redshift (e.g.
Ilbert et al. 2010), so we use the same mass interval at all redshifts.

If any potential central had another galaxy from the parent cata-
logue that was more massive by 0.3 dex (or greater) within 450 kpc
(projected) and ++/2 o,(1 + z) in redshift, then it was rejected.
These limits are somewhat arbitrary and were motivated by the de-
sire to avoid contamination whilst retaining the greatest number of
objects possible. In particular, 450 kpc is comfortably greater than
the radii of the typical haloes at z ~ 1 that we expect to host the
central galaxies in this work (M, ~ 10'2-10" M@; Mo & White
2002; Hartley et al. 2013). Meanwhile 0.3 dex is the expected un-
certainty in log stellar mass, including uncertainties in photometric
redshift and mass to light ratio.! The value of o is redshift depen-
dent and shown in Fig. 1. The factor ﬁ is to take account of the fact
that each object has an uncertainty on its photometric redshift. The
central galaxy candidates are among the brighter objects at their

! ' We note that these values leave the possibility of a small amount of contam-
ination by high-mass satellite galaxies in our central sample. However, we
have verified that using more conservative parameters for radius or redshift
does not affect our conclusions (though the uncertainties become larger due
to the smaller number of objects used).



redshift, and so will have more accurate photometric redshifts than
Fig. 1 suggests. The candidates that survived this cut are henceforth
referred to as central galaxies.

Other similar works (e.g. Tal et al. 2013) prefer a rejection cri-
terion strictly requiring the galaxy to be the most massive object
within the radius and redshift tolerance allowed (i.e. without the
0.3 dex flexibility we use). In cases where there are two (or more)
similarly massive galaxies in close proximity it is not always clear
which should be considered the central galaxy, or even whether
defining a single object as the ‘central’ galaxy has any meaning.
Furthermore, uncertainties associated with stellar mass determina-
tion could lead to the intrinsically higher mass galaxy being rejected.
We introduced the 0.3 dex stellar mass flexibility to avoid misidenti-
fying centrals in this way and to allow similar mass galaxies within
a single halo an equal standing in our analysis. To prevent satellite
galaxies in such ‘dumb-bell’-like haloes being over-represented, we
also introduced a weight to each central galaxy.

The central galaxies were given a weight,” initially equal to
1/(1 + Rneighb), Where npeigny is the number of objects with stel-
lar mass 4-0.3 dex of the central galaxy mass, and which satisfy the
radius (450 kpc) and redshift (£+/20) conditions. However, even
within the stellar mass interval 10.5 < log(M, /M) < 11.0, the
stellar mass distributions of star-forming and passive galaxies are
different, and this difference could introduce biases into the anal-
ysis. We therefore reweighted the galaxies to remove this bias as
so: weighted histograms of stellar mass, in bins of dlog(M./M¢)
= 0.05, normalized by the sample size, were constructed for the
intended central sample (passive or star forming). An identically
constructed but purely mass-selected sample at the same redshifts
was then used to produce a stellar mass histogram in the same way.
The weights of the target sample (passive or star forming) were ad-
justed using a simple bin-by-bin rescaling, such that the weighted
stellar mass histograms of the target sample and mass-selected sam-
ple were equal. A quantified example of the weighting procedure
used during this work is provided in the appendix.

3 RADIAL SATELLITE PROFILE
MEASUREMENT

The counting of satellite galaxies was performed in concentric an-
nuli around the central galaxy. We used logarithmically spaced radii
with width Alog R = 0.2, starting with an inner radius, R = 1.6 kpc.
We took account of bad regions and inaccessible areas of the image,
due to e.g. bright stars, by dividing the counts for an object by the
ratio of unmasked area to expected area in each annulus. Each ob-
ject in the parent catalogue was considered as a possible satellite of
a central galaxy if it lay within 1 Mpc radius® (projected, using the
angular diameter distance at the redshift of the central), and within
1.50,(1 + z) in redshift of the central (again, using the redshift
of the central to define the redshift uncertainty). We make the as-
sumption that the redshift uncertainty is dominated by the satellite
galaxies, and that the phot-z of the central is essentially correct.
Choosing the allowable range in Az is a balance between counting
a high fraction of the true satellites and avoiding contamination by

2 Our results are actually rather insensitive to the exact weighting scheme
employed, or to the search radius we use in rejecting candidate central
galaxies. Our choice of weighting was motivated by the need to retain the
highest statistical precision that the data would allow.

3 Scales larger than 350 kpc are not used in the analysis, but provide a further
check on how far in radius we can reliably measure.
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fore and background objects. The photometric redshift uncertainties
as a function of redshift for each of our samples are shown in Fig. 1.
As shown, passive galaxies have more reliable phot-zs on average.
Using 1.5¢ in our redshift tolerance means we miss only ~10
per cent of satellites, with the vast majority of them likely to be
lower mass star-forming objects. If the phot-z errors are distributed
according to a Gaussian, as assumed for our uncertainty estimation,
then it would be reasonable to simply multiply the measured number
of star-forming galaxies to account for these potentially missing
satellites. However, whilst it is not an unreasonable approximation,
it is unlikely that the redshift errors are truly Gaussian. Moreover,
catastrophic outliers, whilst few at only 4 per cent, would not be
represented by this correction. We therefore elect to present the
results as measured and not correct the satellite counts. We do not
expect this systematic error to have an important impact upon our
conclusions, but we highlight the possible effects where relevant
during our analysis.

If a candidate satellite is physically associated with the central,
then its estimated stellar mass could be incorrect. Its true redshift
should be that of the central galaxy, but the stellar mass is computed
at the phot-z of the satellite and not the redshift of the central. Keep-
ing their mass to light ratios fixed, we therefore scale the masses
of candidate satellites using the difference in luminosity distance
between the phot-z of the central and satellite candidate. They were
included in the satellite count if their scaled stellar mass fell into
one of the required ranges, which we define as 9.7 < log(M.. /M)
< 10.1 and 10.1 < log(M./M¢) < 10.5. The lower limit corre-
sponds to the stellar mass completeness limit at our upper redshift
limit, z = 1.9. It is worth noting that the masses of the satellites
we are investigating are not particularly small. For instance, the
Large Magellanic Cloud is below the stellar mass cut of our lower
mass sample (James & Ivory 2011). Nevertheless, the star formation
properties of these relatively high-mass satellites can still contain
vital information about the role of environment in galaxy evolution.
The satellite counts within an annulus are multiplied by the central
galaxy weight, and summed over the central population. To obtain
the number of satellites per central, we divide the overall count by
the sum of weights of the central sample.

Although measured, the satellite counts in radii, R < 10 kpc are
unreliable. At R < 10kpc the separation between the central and
satellite galaxies is only 1-2 arcsec and so blending could become
a serious problem [the full width at half-maximum (FWHM) of the
K-band detection image is ~0.7 arcsec]. Furthermore, because we
choose our central galaxy rejection criterion to be within 450 kpc,
there is a risk of substantial contamination in the satellite counts
at large radii. Formally, we could expect some contamination to
relatively small scales (R ~ 100 kpc) if we are unlucky enough to
have a very massive galaxy just outside the 450 kpc limit. However,
we see no evidence for significant contamination at these scales,
and the background correction (see Section 3.1) should account for
additional satellites counted in this way. Nevertheless, to be cautious
we consider points at R > 350 kpc as unreliable. These ranges in
separation are not included in our analysis.

3.1 Background correction

The counts of satellite galaxies in concentric annuli comprise three
contributing sources. These are

(1) physically associated satellite galaxies (our intended signal);
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(ii) an uncorrelated background (and foreground) from galaxies
that happen to lie along of sight with photometric redshifts within
1.50 (1 + z) of the central object;

(iii) acorrelated background arising from the fact that dark matter
haloes and their hosted galaxies are not randomly distributed in
space (two-halo clustering contribution).

The second and third contributions are contaminants in our at-
tempt to measure the first. The third source is the more challenging
to remove as it depends upon the intrinsic clustering of the central
sample. Fortunately, on sufficiently small scales it is subdominant
to genuine satellite counts, as can be seen in halo occupation de-
compositions of clustering data (e.g. Zheng, Coil & Zehavi 2007).
Nevertheless, as we wish to examine the radial distribution of satel-
lite galaxies we must attempt to remove this contribution in addition
to the more common uncorrelated background correction.

This issue was looked at in detail by Chen et al. (2006). Using
mock galaxy samples they investigated four background correction
schemes for radial satellite profiles, paying particular attention to
the two-halo clustering contribution. Their conclusion was that this
contamination (alongside the uncorrelated background) is best re-
moved by taking the background correction annuli around a centre
placed within a correlation length (ry) of the central galaxy. For
small enough fields this condition is automatically satisfied by the
constraint of the field size on random galaxy placement. In our case,
we have a large enough field that we must explicitly consider the
correlated contamination. The nearer to the original central galaxy
the correction is estimated, the closer the estimate of the satellite
profile gets to the true profile. Needless to say however, if the cor-
rection is taken too close to the original object, then the counts will
be overcorrected by genuine satellites being mistaken for contami-
nants.

For each central galaxy (the ‘parent’ central galaxy) we con-
structed a random catalogue of 20 objects, around which we count
satellite galaxies in the exact same way as the real central galaxies.
The number of randoms was chosen to ensure that the uncertainties
are dominated by the real galaxy counts and not the background
estimation. These random objects inherit all of the relevant charac-
teristics of their parent galaxy (e.g. redshift, stellar mass). The min-
imum correlation length of our samples is ry ~ 4 h~! Mpc (Hartley
et al. 2010). We place the correction objects randomly in an annu-
lus 1-2 Mpc from the original galaxy. These random apertures will
therefore contain counts from the correlated and uncorrelated back-
grounds, but not the halo of the central in question. The choice of
separation allows us to reliably study the profile of satellite galaxies
to the typical halo virial radius, while keeping the random locations
well within the minimum correlation length. Haloes with masses
much higher than log (My,,/M@) = 13 may suffer some degree
of overcorrection in the outskirts, but very high mass haloes with a
central galaxy of log (M,./M@) < 11 are expected to be rare (e.g.
Birrer et al. 2014).

The weighting procedure we adopt for our central sample requires
an additional layer of complexity for the random sample. We must
apply the same rejection and weighting to the 20 randoms as we
do to the central galaxy sample, otherwise the background could
be overestimated. In the case where a random is rejected (due to
a galaxy with mass, log (M,/Mg) > 0.3 more massive than the
random lying within the search cylinder), it is replaced by another
randomly chosen position. Otherwise, the randoms are weighted
according to the number of similar mass galaxies that lie within the
radius and redshift tolerances given in Section 2.4, exactly as we
do for the central galaxies. The 20-random galaxies must, between
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them, contribute the same weight to the background estimate as
the parent galaxy does to the satellite count. The weights of these
20-random galaxies are therefore renormalized such that the sum
of their weights is equal to the weight of their parent central galaxy.
This aspect of the method is also covered by the example in the
appendix.

4 SATELLITE PROFILES AROUND M*
GALAXIES

We begin our analysis with a simple stellar-mass-selected central
galaxy sample in two redshift intervals: 0.4 < z < 1.3 and 1.3
< z < 1.9. The surveyed volumes probed by these two intervals
are roughly equal, but there are twice as many central galaxies in
our stellar mass range in the lower redshift interval. The boundary
between these two samples corresponds to the redshift at which
the photometric redshift uncertainty rises above the global value
of Az/(1 4+ z) = 0.031. For the satellite population we consider
two ranges in stellar mass, 9.7 < log(M, /M) < 10.1 and 10.1
< log(M,./M@) < 10.5, where the lower limit of the low-mass
satellite sample is determined by the stellar mass completeness limit
at z = 1.9 (see Section 2.3). We perform separate measurements for
stellar-mass-selected satellite samples and for the passive subset of
these satellites (primarily based on the addition of a rest-frame UVJ
criterion, see Section 2.4).

In Fig. 3 we show the radial galaxy surface number density pro-
files of satellites around M ~ M* central galaxies within the redshift
interval 0.4 < z < 1.3 for lower mass (upper panel) and higher
mass (lower panel) satellites. Green triangles with joining dashed
lines represent the profile of the simple mass-selected satellites,
while black circles and solid lines show the results for passive satel-
lites. Throughout this work uncertainties on the measurements are
derived from bootstrap resampling, using 100 samples. The grey
regions indicate radii where the profiles are likely to be poorly es-
timated (see Section 3). Finally, we show, by the dotted lines, the
best-fitting two-parameter power laws,

Nga, = & Rﬂy (2)

to the stellar-mass-selected satellites of each mass interval in the
range 10 < R (kpc) < 350.

4.1 Power-law fitting results

Single-component power laws provide a good description of the
data and the fitting parameters for each sample are given in Table 1,
together with marginalized uncertainties. It is usually assumed in
halo occupation models (e.g. Cooray & Sheth 2002) that satel-
lite galaxies are distributed according to a Navarro—Frenk—White
(NFW) profile (Navarro, Frenk & White 1995), reflecting the un-
derlying dark matter distribution. The average number of satellites
that a central galaxy in our sample has within the adopted stellar
mass intervals is < 1. It is interesting to ask whether the averaged
distribution does indeed follow an NFW profile in this case. Our
data show no clear evidence for a departure from a power-law pro-
file, as might have been expected for a projected NFW distribution
(Bartelmann 1996). However, it is extremely difficult to differentiate
a projected NFW profile from a simple power law in most current
data sets (Chen et al. 2006), and so we measure simple power laws
for ease of comparison.

The normalization of the power-law fit (taken at R = 1 kpc) is
slightly higher for higher mass satellites. Integrating the two fits
overs our reliable range of radii (10 < R (kpc) < 350), we find
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Figure 3. Surface number density of satellite galaxies around M ~ M* cen-
tral galaxies in the redshift interval 0.4 < z < 1.3, as a function of projected
radius. The projected surface density profile of mass-selected satellite galax-
ies (green dashed lines with triangles) and the passive subset (black solid
lines with circles, offset slightly for clarity) are shown. The stellar mass lim-
its of the satellite samples are 9.7 < log (M,./M¢;)) < 10.1 (upper panel) and
10.1 <log (M, /M) < 10.5 (lower panel). The dotted line shows the best-
fitting power law for the profile of mass-selected satellites. The parameters
of all power-law fits are given in Table 1. The cyan dashed line is repeated
in all the profile plots in this work to assist comparison of the different sam-
ples. It is the power-law fit for high-mass galaxies at low-z. Uncertainties
throughout this work are computed from bootstrap resampling.

that the average number of low- and high-mass satellites is almost
equal, well within the measurement uncertainties. This similarity
is perhaps not too surprising given that the stellar mass function
is quite flat at the masses of our satellites, and that we expect to
miss around 10 per cent of the star-forming satellites. These missing
objects are likely to be predominantly low-mass satellites due to the
smaller passive fraction at low masses, and the lower signal-to-noise
ratio photometry of low-mass galaxies.

Examining the slopes of the power-law fits, we find that low-mass
satellite profiles are flatter than those of high-mass satellites, albeit
at marginal significance. For the two fits to equation (2) shown in
Fig. 3 the values for 8 are § = —1.19 £ 0.13 and —1.59 £ 0.17
for low- and high-mass satellites, respectively. The flatter surface
number density profiles of low-mass satellites perhaps indicate that
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low-mass satellites are being disrupted when they approach the
central galaxies. In fact, the difference in slope is almost entirely
driven by a slight deficit of low-mass satellites at small separations,
which would be expected if satellite disruption were important. An
alternative explanation for the observed difference in profile slopes
could be the effects of dynamical friction. The deceleration due
to dynamical friction is satellite-mass dependent (Chandrasekhar
1943; Boylan-Kolchin, Ma & Quataert 2008), and over long time-
scales should result in mass segregation, where more massive galax-
ies have smaller radial separations. This behaviour is observed in
galaxy clusters (Old, Gray & Pearce 2013; Wu et al. 2013), but it is
speculative to apply it to the systems we are studying.

In Fig. 4 we show the results for the higher redshift (1.3 < z
< 1.9) mass-selected central galaxies. All lines and symbols have
the same meanings as in Fig. 3. These results are similar to those
at lower redshift, but there are subtle differences. The satellite dis-
tributions around the higher redshift centrals have a slightly higher
average normalization: the average number of satellites around low-
redshift centrals is ~0.31 & 0.03, i.e. around one in three centrals
hosts a satellite of the masses studied in this work. Meanwhile, at
high redshift the average number of satellites is ~0.44 £ 0.04, i.e.
~50 per cent higher. We would expect the average host halo mass
to correlate with the average number of satellites, and this could
therefore be taken as evidence that galaxies of mass M ~ M* are
found in slightly more massive haloes at higher redshift. This be-
haviour would be consistent with other studies (e.g. Moster et al.
2010; Behroozi et al. 2013; Hartley et al. 2013). However, because
the average number of satellites per central galaxy is less than unity,
and our satellites have masses within a factor of 10 of the central,
it is not obvious that we can infer a difference in halo masses from
these numbers alone.

To better understand our measurements we inspect the confidence
contours in our two fitting parameters from equation (2). These are
shown in Fig. 5. Solid contours show the 1o and 20 intervals for
low-mass satellites, with the corresponding maximum likelihoods
given by the asterisk symbols. Dotted contours with plus marks are
for high-mass satellites. The lower pair of contours, shown in red,
are the results for low-redshift samples, while high redshifts are
shown in pale blue. There is a clear degeneracy in the fitting param-
eters which shows that the difference in slope and normalization
between high- and low-mass satellites is actually not significant
at either redshift. Far greater statistics would be required to dif-
ferentiate the slopes of the two satellite profiles. We show, by the
black arrow, the interdependence of slope and normalization for a
fixed integrated number of satellites per central for R < 350 kpc.
Whilst it is unsurprising that this arrow follows the degeneracy in
the confidence contours, it demonstrates that the integrated num-
ber of galaxies within some radius (the vector perpendicular to the
arrow) is well constrained by the data.

4.2 Profiles of passive satellites

Turning to the passive satellite profiles, we find that the power-law
slopes are systematically steeper than for purely mass-selected satel-
lites of the same mass and redshift. We caution that in the majority
of cases the difference is not significant, but it is consistent across
all mass-selected central samples. This behaviour is qualitatively
similar to the well-known morphology—density relation (Dressler
1980) in much more massive systems, and is possible evidence for
an environmental impact on the star formation properties of the
satellites.
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Table 1. Power-law fitting parameters for the various samples used in this work.

Redshift Central type® Neentral Satellite mass Sat. type? Slope Ushlope log (Norm.)“ alf’)g(Norm_)
Central mass: ~ 10.5 < log(M,/M@)) < 11.0
04<z<13 m 2697 9.7 < log(M. /M) < 10.1 m —1.19 0.13 -3.79 1.33
04<z<13 p 1491 9.7 <log(M«/M¢) < 10.1 m —1.32 0.13 —3.47 1.48
04<z<13 st 1206 9.7 < log(M, /M) < 10.1 m —0.66 0.46 —5.11 0.70
04<z<13 m 2697 9.7 < log(M. /M) < 10.1 p —1.37 0.19 —3.90 1.54
04<z<13 p 1491 9.7 < log(M./M@) < 10.1 p —1.41 0.22 —3.62 1.59
04<z<13 sf 1206 9.7 < log(M, /M) < 10.1 P —0.63¢ 0.88 —5.76 0.66
04<z<13 m 2697 10.1 < log(M/M@y) < 10.5 m —1.59 0.17 —3.06 1.45
04<z<13 p 1491 10.1 < log(M /M) < 10.5 m —1.36 0.19 —3.38 1.52
04<z<13 sf 1206 10.1 <log(M, /M) < 10.5 m —2.01 0.40 —2.48 1.11
04<z<13 m 2697 10.1 < log(M./M@y) < 10.5 p —1.73 0.54 —3.42 1.21
04<z<13 p 1491 10.1 < log(M /M) < 10.5 p —1.98 0.55 —2.89 1.23
04<z<13 st 1206 10.1 <log(M, /M) < 10.5 p —0.50%¢ 0.99 —6.54 0.5
13<z<19 m 1449 9.7 < log(M. /M) < 10.1 m —1.34 0.2 —3.27 1.47
13<z<19 p 603 9.7 <log(M./M@y) < 10.1 m —1.10 0.34 —3.65 1.22
13<z<19 st 846 9.7 < log(M+/M¢)) < 10.1 m —1.36 0.34 —3.33 1.38
13<z<19 m 1449 9.7 < log(M. /M) < 10.1 p —1.41 0.75 —4.04 1.19
13<z<19 p 603 9.7 < log(M, /M) < 10.1 P —0.5% 0.96 —5.84 0.5
13<z<19 sf 846 9.7 < log(M. /M) < 10.1 p —1.47¢ 0.71 —4.28 1.66
13<z<19 m 1449 10.1 < log(M../M@y) < 10.5 m —1.59 0.17 —2.81 1.34
13<z<19 p 603 10.1 < log(M/M¢y) < 10.5 m —1.71 0.35 —2.70 1.20
13<z<19 st 846 10.1 <log(M, /M) < 10.5 m —1.49 0.21 —3.01 1.35
13<z<19 m 1449 10.1 < log(M/M@) < 10.5 p —1.86 0.495 —3.11 1.26
13<z<19 p 603 10.1 < log(M/M@y) < 10.5 P —1.52 0.46 —3.35 1.255
13<z<19 sf 846 10.1 <log(M, /M) < 10.5 p —1.93¢ 0.64 —-3.21 1.43
Central mass: log(M*/MQ) >11.0
04<z<13 m 1050 9.7 < log(M, /M) < 10.1 m —1.13 0.07 —3.30 0.43
04<z<13 p 791 9.7 < log(M, /M) < 10.1 m —1.06 0.08 —3.44 0.60
04<z<13 sf 259 9.7 < log(M./M@) < 10.1 m —1.07 0.21 —3.60 0.76
04<z<13 m 1050 9.7 < log(M. /M) < 10.1 p —1.26 0.12 —3.42 0.36
04<z<13 p 791 9.7 < log(M. /M) < 10.1 p —1.29 0.12 —3.31 0.29
04<z<13 st 259 9.7 < log(M./M@) < 10.1 p —0.84¢ 0.86 —4.84 1.81
04<z<13 m 1050 10.1 < log(M*/MQ) < 10.5 m —1.24 0.105 —3.17 0.25
04<z<13 p 791 10.1 < log(M/M@y) < 10.5 m —1.27 0.11 —3.10 0.22
04<z<13 st 259 10.1 <log(M,/M)) < 10.5 m —0.76 0.30 —4.35 1.39
04<z<13 m 1050 10.1 < log(M,/M@)) < 10.5 p —1.26 0.11 —3.33 0.31
04<z<13 p 791 10.1 < log(M/M@) < 10.5 p —1.37 0.12 —3.12 0.22
04<z<13 sf 259 10.1 < log(M« /M) < 10.5 p —0.50%¢ 0.15 —5.23 2.04
13<z<19 m 663 9.7 < log(M, /M) < 10.1 m —0.96 0.13 —3.63 0.84
13<z<19 P 384 9.7 < log(M. /M) < 10.1 m —0.88 0.14 —-3.71 0.98
13<z<19 sf 279 9.7 < log(M. /M) < 10.1 m —0.88 0.27 —3.98 1.14
13<z<19 m 663 9.7 < log(M, /M) < 10.1 P —1.32 0.21 —3.50 0.43
13<z<19 P 384 9.7 < log(M. /M) < 10.1 p —1.47 0.19 —3.02 0.34
13<z<19 st 279 9.7 < log(M./M¢y) < 10.1 p —0.50%¢ 0.98 —6.07 2.40
13<z<19 m 663 10.1 <log(M, /M) < 10.5 m —1.31 0.17 -3.29 0.30
13<z<19 P 384 10.1 < log(M./M@) < 10.5 m —1.08 0.22 —3.62 0.75
13<z<19 sf 279 10.1 < log(M« /M) < 10.5 m —1.87 0.59 —2.49 1.29
13<z<19 m 663 10.1 <log(M, /M) < 10.5 p —1.48 0.53 —3.53 0.92
13<z<19 p 384 10.1 < log(M./M@) < 10.5 p —2.06 0.34 —-1.97 1.53
13<z<19 sf 279 10.1 < log(M/M¢y) < 10.5 p —2.06° 0.61 —2.61 1.69

“Key for galaxy types: m — simple mass selection; p — passive subset of the mass-selected sample; sf — star-forming subset of the mass-selected sample.
b68 per cent confidence interval of the marginalized distribution.
“Normalization at 1 kpc.
“Indicates a best fit at the limit of the parameter space explored.

¢A simple power law is a poor representation of the radial surface number density dependence for passive satellites around star-forming centrals, but the

values are included for completeness.

A further subtle trend in our measurements is that the differ-
ence in normalization between low-mass passive and mass-selected
satellites is greater at higher redshift, i.e. the passive fraction of
low-mass satellites is lower around the high-redshift galaxies. This
is despite the fact that higher redshift centrals host more satellites
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and may therefore be hosted by higher mass haloes. This behaviour
is reminiscent of the well-known redshift evolution of galaxy popu-
lations in much more massive systems (Butcher & Oemler 1978a),
and is also known to be present in group environments (e.g. Lin
et al. 2014).
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Figure 4. Surface number density profiles for M ~ M* central galaxies in

the redshift interval 1.3 < z < 1.9. All lines and symbols have the same
meanings as in Fig. 3.

There could be a number of reasons for this apparent trend.
First, it may simply be that the passive fraction in the field at these
masses is higher at low redshift, and that the satellite population
reflects this difference. We may also be seeing the effects of the
extended structure known to exist in the UDS field at z ~ 0.62
(van Breukelen et al. 2006). An extended supercluster-like structure
could be responsible for quenching galaxies well beyond its virial
radius (e.g. Wetzel et al. 2013) and it is possible that our central
galaxy selection is not perfect in such a dense region. Even if neither
of these explanations are responsible, the region near a supercluster
is certainly a peculiar region of the Universe and we may be seeing
the influence of formation bias. Alternatively, this difference might
arise purely due to the time interval spanned. Low-mass haloes may
be capable of quenching satellites (albeit slowly), and we are simply
seeing the result of an extended evolution time-scale.

Finally, there is the intriguing possibility that the phenomenon of
galactic conformity which has been observed at low redshift (Wein-
mann et al. 2006; Ross & Brunner 2009; Kauffmann et al. 2013;
Phillips et al. 2014), and introduced in Section 1, may provide a very
natural explanation. The fraction of central galaxies with mass, M ~
M*, that are passive is weakly dependent on redshift (Hartley et al.
2013; Knobel et al. 2013). If galactic conformity is present at high
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Figure 5. Confidence contours (1 and 20') for the power-law fits to satellite
profiles of mass-selected centrals. Solid contours correspond to our lower
mass satellite galaxies, while dotted lines are for higher mass. The lower
pair (in red, or black in the print journal) are for the lower redshift interval
and the upper pair for the higher redshift range (1.3 < z < 1.9). The black
arrow shows the direction of the degeneracy expected between the fitting
parameters for a constant number of satellites within R < 350 kpc.

redshift also, then the difference in the fraction of passive satellites
may reflect the evolving central passive fraction. To investigate
this possibility and find the origin of galactic conformity we now
consider the passive and star-forming central galaxy populations
separately.

4.3 Satellite profiles around passive and star-forming galaxies

Our central galaxy samples were split into passive and star-forming
galaxies and stellar mass matched with the parent sample as de-
scribed in Section 2.4. The surface number density profiles of
mass-selected and passive satellites, in the same two stellar mass
intervals we used in the previous section, are shown in Figs 6 and
7 for redshifts 0.4 < z < 1.3 and 1.3 < z < 1.9, respectively. In
each figure the left-hand panels show stellar-mass-selected satel-
lites (i.e. star-forming+passive satellites), while the right-hand pan-
els are for the passive satellite subset only. Upper panels are the
results for low-mass satellites, with higher mass satellites shown in
the lower panels. In each panel the satellite profile around passive
central galaxies is plotted with red circles joined by solid lines. Star-
forming centrals are displayed by blue triangles with dashed lines.
As before, measurement uncertainties are computed from bootstrap
resampling.

Passive central galaxies in the lower redshift range appear to have
a higher number of satellites on average, particularly at radii, 50 <
R < 200kpc and for lower mass satellites. However, in our high-
redshift interval the profiles of mass-selected satellites of passive
and star-forming centrals are indistinguishable. As remarked previ-
ously, it is not clear that the number of satellites alone can be used
as evidence for a difference in halo mass for our particular samples.
Indeed, from the results of galaxy clustering we would expect to find
a difference in the halo masses of star-forming and passive galaxies
in both redshift intervals (e.g. Ross & Brunner 2009; Williams et al.
2009; Coupon et al. 2012; Hartley et al. 2013). We return to the
question of a potential halo mass difference in Section 6.

Looking at the profiles of passive satellites we find an overall
tendency for passive central galaxies to have a greater number of
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Figure 6. Satellite galaxy projected surface density profiles around M ~ M* star-forming and passive central galaxies. Profiles for passive (red solid lines with
circles) and star-forming (blue dashed lines with triangles) central samples at 0.4 < z < 1.3 were computed for low-mass (9.7 < log(M./M)) < 10.1, upper
panels) and high-mass (10.1 < log(M../M¢)) < 10.5, lower panels) satellites. Left-hand panels show the profiles of mass-selected satellites, while right-hand

panels show the profiles of passive satellites only.

passive satellites than star-forming centrals. This tendency is quite
obvious in the measurements of low-mass satellites at low redshift,
but is rather noisy and unclear elsewhere. Given that there seems
to be very little evolution in the satellite populations of our central
samples, we combine the satellite stellar mass and redshift sub-
samples in Fig. 8. In this figure the trend is clear: at small radii the
numbers of satellites around passive and star-forming central galax-
ies are indistinguishable; while for only the passive satellites, the
number around passive centrals is higher at all radii. These simple
observations suggest that galactic conformity may well exist out to
high redshift (z ~ 2), but in order to confirm this suspicion we need
to estimate the passive fraction of satellites around the two central
samples.

4.4 Literature comparison

The subject of satellite number density profiles has received a great
deal of attention in recent years. This has in part been motivated by
the missing satellites problem (e.g. Moore et al. 1999), but also due
to its importance in understanding the role of environment in ending
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star formation in galaxies and the frequency of galaxy mergers. In
much of the literature it has been found that the radial profiles of
satellite distributions are adequately fit by simple power laws.

Determinations of power-law slopes vary between those that are
similar to the inner slope of a projected NFW profile (at § = —1;
Navarro et al. 1995; Prescott et al. 2011; Guo et al. 2012; Jiang,
Jing & Li 2012; Nierenberg et al. 2012), to much steeper slopes
approaching —2 (Chen et al. 2006; Tollerud et al. 2011; Watson et al.
2012). Claims have been made for dependencies on the luminosity
(or stellar mass) and colour of the central galaxy (Lares, Lambas
& Dominguez 2011; Prescott et al. 2011; Guo et al. 2012; Wang
et al. 2014) and also of the satellites (Ann et al. 2008; Guo et al.
2012; Wang et al. 2014). Furthermore, variation in methodology,
and in particular the interloper or background correction, can cause
significant changes in the slope (Chen et al. 2006). Finally, as the
majority of studies rely on co-adding the satellites of samples of
central galaxies (as does our work presented here), the question of
whether one should scale the radial dimension by some physically
motivated quantity (such as the virial radius) could also become
important (Guo et al. 2012).
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Figure 7. Same as Fig. 6, but for redshifts 1.3 < z < 1.9.

Perhaps due to differences in methodology, results vary consider-
ably between different studies; even at low-z, where spectroscopic
data sets are plentiful and galaxy group catalogues can be con-
structed with confidence. It seems unlikely that a consensus on the
precise satellite profile around central galaxies will be reached in
the near future. Our intention in this section is to draw together the
results of the most directly comparable works from low redshift, and
the small number of high-redshift efforts, to compare broad trends
rather than detailed values. The few studies that have presented re-
sults at both low- and intermediate redshift (e.g. Nierenberg et al.
2012) find no clear redshift evolution of the satellite profile slope.
We will therefore compare the trends in our lower redshift interval
with those at z ~ 0.

Only a single study reports a dependence of the satellite profile
on satellite luminosity or mass. Guo et al. (2012) find that fainter
satellites are more centrally concentrated around the primary galaxy
when a constant physical radius is used to count satellites. How-
ever, when the radii are scaled to units of Ry (the radius enclosing
a density 200 times the mean density of the Universe), then this
dependence disappears. Their findings indicate that a spurious dif-
ference in slope can arise when the satellites in haloes of different
masses are naively co-added, which is the chosen method in most

studies, including ours. Other observational estimates of the satel-
lite profile at different masses find either a weak or insignificant
difference (Chen et al. 2006; Nierenberg et al. 2012; Wang et al.
2014). We find slightly steeper slopes for higher mass satellites,
i.e. in the opposite sense to the dependence found by Guo et al.
(2012). For a given central sample the difference is not significant.
However, it is consistent across the majority of our samples.

The dependence of the profile slope on central galaxy mass or
luminosity is less consistent across the literature. A number of
authors find steeper satellite profile slopes around lower mass central
galaxies (Lares et al. 2011; Prescott et al. 2011; Guo et al. 2012;
Wang et al. 2014). Others, meanwhile, find no significant difference
(Chen et al. 2006; Jiang et al. 2012; Nierenberg et al. 2012, this
work). The central galaxy mass dependence (or lack thereof) may be
linked to a dependence on central galaxy colour, due to the fact that
red colours dominate at the high-mass end of the galaxy population.
Indeed, the authors that report a central galaxy mass dependence on
the satellite profile slope also find a dependence on central galaxy
colour, with shallower slopes found around red galaxies (Lares et al.
2011; Prescott et al. 2011; Guo et al. 2012). We find no consistent
or significant behaviour (similar to e.g. Chen 2008). If (central
galaxy) stellar mass is the more fundamental quantity in predicting
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Figure 8. Same as Fig. 6, but for the two redshift intervals and satellite
mass ranges combined into a single measurement.

the satellite distribution slope, then this absence of any notable
behaviour is entirely expected because we stellar mass match our
passive and star-forming central samples.

The final aspect of interest in the profile slopes at low-z is the
satellite colour dependence. Here again the literature is split, be-
tween those that report a satellite-colour dependency (in the sense
that red satellites have a steeper radial distribution; Chen 2008; Guo
et al. 2012; Wang et al. 2014), and those that find no significant
difference (Ann et al. 2008; Lares et al. 2011). In the studies that
find a slope dependence, it is more apparent around higher mass
central galaxies and is perhaps a manifestation of a more physical
interpretation: a radially dependent satellite red fraction caused by
star formation quenching close to the primary galaxy (e.g. Prescott
et al. 2011). Our results are consistent with this scenario, in that
passive satellite galaxies exhibit steeper slopes than the full mass-
selected satellite samples. However, the statistical precision of our
measurements does not warrant a firmer conclusion.

At higher redshift (z > 1) there are currently just two comparable
studies to our knowledge, Tal et al. (2013) and Kawinwanichakij
et al. (2014). Tal et al. (2013) concentrate on high-mass central
galaxies and use a mass ratio to define their satellite samples, rather
than fixed cuts. Our method is otherwise very similar to theirs,
and so a direct comparison with our high-mass central samples is
reasonable. Fitting their high-redshift data with equation (2) (they

MNRAS 451, 1613-1636 (2015)

do not find any redshift dependence on slope or normalization)
we recover a slope of « = —1.08 £ 0.08, which is a little lower
but nevertheless consistent with our measurement of lower mass
satellites. Combining our two satellite samples, we furthermore find
that the normalization for our high-mass centrals is very similar to
the value we derive from the Tal et al. (2013) measurements. Using
a similar central stellar mass selection to our main sample, but
extending the satellite sample to lower masses, Kawinwanichakij
etal. (2014) find aslope, « = —1.28 = 0.08. This value is in excellent
agreement with our equivalent measurement of @ = —1.34 &+ 0.20.

5 SATELLITE PASSIVE FRACTIONS

We count and background correct the mass-selected and passive
satellites separately, and so do not have a formal measure of the
fraction of satellites that are passive. However, the ratio of the two
measurements is a suitable estimator for the passive fraction and
we therefore utilize this quantity throughout the following analysis.
Because of the methodology this ratio may exceed unity, or fall
below zero in the cases where a negative number of passive satel-
lites is recorded. In Fig. 9 we plot cumulative histograms of the
bin-by-bin passive to mass-selected surface number density ratio.
We have seven radial bins, two redshift intervals and two satellite
mass ranges, leading to 28 independent estimates for each central
sample. The results for star-forming centrals are shown by the light
blue filled histogram, and the passive centrals by the solid red line.
There is a marked difference between the two distributions, with
the passive satellite fraction around passive central galaxies clearly
shifted to higher values. Performing a two-sample Kolmogorov—
Smirnov (K-S) test on these distributions, we find that they are
inconsistent with having been drawn from the same parent distri-
bution at 30 significance. We therefore confirm the existence of
galactic conformity in our sample.

The elevated abundance of passive satellites around passive cen-
tral galaxies can be taken as evidence of environmental processing

25

cumulative number
15
;
‘

‘O_ e A
ol M | E
. PH_TF ]
L L L L L L |

-0.2 0.2 0.4 0.6 0.8 1

r]passive / Nmass—selected

Figure 9. Distributions of the ratio of passive and mass-selected satellite
galaxy surface densities (passive fraction). The light blue (grey in the print
journal) filled histogram is the distribution for central galaxies that are star
forming and the red (black in the print journal) line shows the passive
centrals. The measurements for both redshifts and satellite masses are com-
bined, with each radial bin (Figs 6 and 7) in the range 10 < R (kpc) < 350
contributing a single count. Performing a K-S test, we find that the distribu-
tions are inconsistent with having being drawn from the same distribution
at >30 significance.



(though there are alternative explanations). In order to quantify this
effect we now compare this passive fraction with that from the wider
field. The dependence of colour and passivity on local environment
has been studied in detail in this field previously (Chuter et al.
2011; Quadri et al. 2012), and a colour—density relation identified
to at least z ~ 1.5. In addition to the field measurement, Quadri
et al. (2012) estimated the environmental quenching efficiency, e,
in a z = 1.62 cluster candidate in the UDS field, finding € ~ 0.4.
The environmental quenching efficiency is defined, following Peng
et al. (2010), as the fraction of satellite galaxies that are passive,
but that would otherwise have been star forming had they been field
galaxies, i.e.

€ = fp,sat - fp,lield ] (3)

1= foficla

Here f;, s is the passive satellite fraction and f;, fiiq is the passive
fraction of the field population. We define the field as all galaxies
from our parent sample, within the stellar mass and redshift intervals
of the satellite sample we wish to compare with. In this way we find
the following passive fractions for field galaxies: ~20 per cent (low-
z,low mass); ~35 per cent (low-z, high mass); ~10 per cent (high-z,
low mass) and ~25 per cent (high-z, high mass). Other values found
in the literature for the passive fraction of field galaxies are similar
to those we find here (Brammer et al. 2011; Hartley et al. 2013;
Knobel et al. 2013; Muzzin et al. 2013; Tinker et al. 2013; Lin et al.
2014), but with a degree of variation due to differing definitions for
passivity and field-to-field variance. Because the field comprises
galaxies in dense environments as well as isolated objects in our
definition, it will provide only a lower limit of the true environmental
quenching efficiency.

At R = 150kpc the satellite passive fractions around passive
centrals at low redshift are ~35 per cent for each mass range
of satellites (possibly enhanced by the extended structure in the
field). At higher redshift, the passive fraction of low-mass satel-
lites is ~20 per cent rising to ~25 per cent at higher satellite
masses. Passive fractions computed at R = 50 kpc are similar but
slightly higher on average. From these indicative passive fractions
we find € ~ 0.1-0.2 from the low-mass satellites, but minimal en-
vironmental quenching efficiency in higher mass satellites. This
very rough calculation provides only an indication of the range of
values for € because projection effects mean that we are mixing
a range of physical environments. Furthermore, the uncertainties
are large and reducing the data to a single quenching efficiency
does not take advantage of all the information that we have at our
disposal. In the following subsection we examine how the pas-
sive fraction of satellites depends on separation from the central
galaxy.

5.1 Radial dependence of the passive fraction

The radial dependence of the influence of environment on satellite
galaxies can encode important clues as to the physical process (or
processes) at work. We showed in Section 4.1 that the cumulative
number of satellites within some radius, R, is better constrained than
either the slope or normalization of the power-law fit. We therefore
compute cumulative satellite profiles, and use these to find the ratio
of passive to total satellites within some stellar mass interval and
radius.

The results of this cumulative ratio approach are shown in Figs 10
and 11 for the two redshift ranges we have studied in this work. In
each figure the left-hand panels are the data for passive central
galaxies, while the right-hand panels display the results for star-
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forming galaxies. Filled circles (red for passive centrals and blue for
star-forming samples) show our results, whilst the open circles are
data points at radii that are expected to be unreliable (see Section 3).
The upper panels show measurements for low-mass satellites (9.7
<log(M,/M@) < 10.1), while the lower panels are our higher mass
sample (10.1 <log(M,/M¢) < 10.5). The green rectangles in each
panel show the 1o confidence region of the passive fraction for field
galaxies at the appropriate redshift and of equal stellar masses to
the satellites.

As described above, no environmental information is used when
computing field passive galaxy fractions. Some field galaxies will
have been quenched due to their environment and therefore a data
set which lies on the green rectangle could be regarded as evidence
for low-level environmental quenching of satellites. However, we
recall (Section 3) that we are missing a small fraction of star-forming
satellite galaxies. The sense of this bias is opposite to that caused
by the field definition above. It is impossible to determine which
effect is greater without extensive spectroscopy. However, the z ~
0.62 cluster notwithstanding, we expect the field passive fraction
to be dominated by isolated galaxies, and the precise degree of the
net bias does not have an important impact upon our conclusions.
We therefore ask that the reader simply bare these biases in mind
during the following discussion.

Some of the trends that we highlighted in the previous section
are immediately obvious in these plots. In particular, passive cen-
tral galaxies have a higher fraction of passive satellite galaxies in
both of the redshift ranges studied. Viewed with respect to the field
population the differences become more apparent. Across almost
all radii, in each stellar mass and redshift range, the satellite pas-
sive fractions around passive central objects lie systematically and
significantly above the field value. For star-forming centrals, mean-
while, the passive fractions are consistent with the satellites having
been drawn directly from the field sample. Although we cannot rule
out some low-level environmental quenching of the satellites of star-
forming centrals, these results are similar to those found by Phillips
et al. (2014) for pairs of galaxies in the SDSS. The implication of
these results is that the only environments capable of impacting the
star-forming properties of modest-mass satellite galaxies are those
in which the central galaxy has already ended its major episode
of star formation. Given the uncertainties involved in identifying
satellite populations with only photometric redshifts (even on a sta-
tistical basis), a statement this strong is perhaps unwarranted. We
therefore await further studies to more accurately quantify the im-
pact of environmental processes on the satellites of star-forming
galaxies.

5.1.1 Redshift evolution

One of our intentions at the outset of this work was to use the
redshift dependence of galactic conformity to constrain the physical
origins behind its manifestation. Considering the results of satellites
around passive central galaxies to begin with, the passive fraction
of low-mass satellites are very similar in both redshift intervals.
If we take account of the variation in the field passive fraction
and instead compute the environmental quenching efficiency as a
function of radius (equation 3), we find that the two are statistically
indistinguishable.

For higher mass satellites, the same statement is true for all but
the two largest radial separations (which differ at ~3¢), which are
in the sense that a stronger conformity signal is found at higher
redshift. In these two cases the actual passive fractions are similar
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Figure 10. The ratio of passive satellite galaxies to mass-selected satellites (our proxy for passive fraction) within r < R, as a function of radius. Passive central
M ~ M* galaxies in the redshift interval 0.4 < z < 1.3 are represented by the left-hand panels, while measurements for star-forming centrals are given in the
right-hand panels. Upper panels are for low-mass (9.7 < log(M./M@)) < 10.1) satellites, while the lower panels represent high-mass (10.1 < log(M./M¢)
< 10.5) satellites. The green filled rectangles show the passive fractions and 1o uncertainties in the field, for galaxies of the same stellar mass as the satellites.

at each redshift. The disparity arises due to the high field pas-
sive fraction at low redshift and the small statistical uncertainties.
However, we have neglected to include sources of systematic un-
certainty in our analysis, such as sample variance. As we described
above, the quenching efficiency we calculate in the lower redshift
interval may be biased in the presence of strong large-scale structure
variance. We therefore do not find any convincing evidence for an
evolution of the galactic conformity signal with redshift from the
passive central galaxies.

The results for the star-forming central galaxies are very similar: a
minority of points show evidence for a statistical difference between
the two redshift intervals. However, the redshift dependence is in the
opposite sense for low- and high-mass satellites. Moreover, there is
only a single such point that implies a quenching efficiency above
that of the field. The other points that are statistically different
between the two redshift intervals are either consistent with or
below the field passive fraction. We therefore conclude that there
is no clear evidence for redshift evolution from the star-forming
central galaxies either. This is not to say that we confirm an absence
of any evolution, but any redshift dependence must be relatively
minor.
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5.1.2 Radial dependence

A final feature of our results is the difference in radial dependence
of the passive satellite fraction for the two central samples. Around
passive central galaxies, the fraction of passive satellites appears
to rise at small radii, with most (= 60 per cent) satellites within
20-30kpc being passive. The same is not true for the satellites
of star-forming objects, where the equivalent passive fraction for
low-mass satellites is essentially zero in both redshift intervals.
The apparent radial dependence of satellite passive fraction around
passive central galaxies is, however, driven largely by the very
uncertain data points at small radii. We therefore cannot rule out a
flat passive fraction across the range of radii we study. However,
because the ratios we use as an estimator of the passive fractions are
based on the cumulative galaxy counts, any gradient that we find
must be shallower than the intrinsic (differential) gradient. This is
simply because the high fraction of passive satellites at small radii
would be included and contribute to the passive fraction at larger
radii.

The apparent radial dependence appears much more strongly in
the results of low-mass satellites. In fact, to uncover the influence
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Figure 11. Same as Fig. 10, but for the redshift interval 1.3 < z < 1.9.

of environment it is prudent to study lower mass systems where
possible. The intrinsic passive galaxy fraction (‘mass quenched’ in
the nomenclature of Peng et al. 2010 and other recent works) is
smaller at low stellar mass (Geha et al. 2012), and so variations in
the efficiency of environment quenching are more readily apparent.
Although our lower mass satellites are not of particularly low mass
(a galaxy within our low-mass satellite interval at z = 1.5 may well
evolve into a Milky Way mass galaxy or greater by the present day),
it is certainly these objects at both redshifts that drive the impression
of a radially dependent environmental quenching efficiency. More-
over, aradial dependence of the passive fraction, even at fixed stellar
mass, has been reported previously in group-mass haloes (Prescott
et al. 2011; Carollo et al. 2014). For these reasons we suggest that
the gradient is likely to be real, but note that further investigation
is required to confirm this finding. Overall, our results show that
the ‘galactic conformity’ correlation observed at low redshift exists
to at least z ~ 2 for M ~ M* galaxies, and appears increasingly
prevalent at smaller central-satellite separations.

6 DISCUSSION - THE ORIGIN OF GALAXY
CONFORMITY

We have found that an observed correlation between the colour
or star formation properties of central and satellite galaxies at low

redshift (so-called ‘galactic conformity’) is present to at least z ~
2. There are a number of possible explanations for a correlation
between the central and satellite galaxy star formation properties.
Some of these take the form of a common origin of quenching, while
others are more coincidental. In this section we discuss some of the
more likely origins of galaxy conformity and, drawing additional
insight from the literature, we propose one possible description of
the principal route for galaxy quenching.

6.1 Halo mass as the primary driver of galactic conformity

Perhaps the most obvious explanation for galactic conformity is
that passive central galaxies (and their satellites) are hosted by more
massive haloes than star-forming central galaxies of similar stellar
mass. The majority of studies investigating galactic conformity have
concluded that halo mass is not responsible. However, given that
the majority of satellite and central galaxy quenching mechanisms
are expected to correlate with halo mass (and the relative simplicity
of the arguments), it is worth revisiting this question with our data.

At high masses, dark matter haloes are thought to be able to
sustain a halo of hot gas which can efficiently prevent cooling (White
& Rees 1978; Croton et al. 2006; Dekel & Birnboim 2006; Cen
2011). This halo quenching proceeds by gravitational and shock-
induced heating of newly accreted gas to the virial temperature of the
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halo; thereby delaying the conversion of the gas into stars by the time
it takes for the gas to cool. For high-mass haloes, log(Mp.,/M@)
2 12.5, the cooling time of gas at the virial temperature approaches
the Hubble time, and the gas can be maintained at high temperature
by a modest amount of radio AGN feedback (Croton et al. 2006).

In Hartley et al. (2013) we found that galaxy host halo masses
inferred from clustering statistics were entirely consistent with this
scenario, with passive galaxy samples out to redshifts, z ~ 3, typ-
ically hosted by high-mass haloes (log(Mha0)/M@ 2 12.5), irre-
spective of stellar mass. The hot gaseous halo surrounding passive
objects could also create an environment which is able to efficiently
process satellite galaxies, either by strangulation (Larson, Tinsley
& Caldwell 1980) or ram pressure stripping (Gunn & Gott 1972).
In order to identify halo mass as the physical quantity responsi-
ble for the central-satellite SFR correlation, we must show two
things: (1) that passive central galaxies are found in more mas-
sive dark matter haloes than the star-forming galaxies that they
are compared with; (2) that the difference is sufficient to give rise
to the conformity effect. Although an attractive and simple expla-
nation, we will argue that halo mass does not satisfy the second
condition and is therefore unlikely to be the sole cause of galactic
conformity.

As stated previously in Section 4, it might reasonably be expected
that the number of satellites of a given stellar mass would correlate
with the overall halo mass. At high masses this is certainly the case,
as richness has been found to be a good estimator for the total mass
in clusters (e.g. Andreon & Hurn 2010). Indeed we find that, at low
redshift at least, passive central galaxies have a greater number of
satellites. However, as the satellites in our sample are of fairly high
stellar mass (log(M,./M@ > 9.7), and the expected number count
of satellites per central galaxy in our sample is less than unity,
we cannot rely on this quantity alone to estimate halo masses. An
illustration of the difficulty in inferring halo mass from satellite
counts is provided by the phenomenon of fossil groups. These are
groups in which the magnitude difference between the brightest and
second-brightest object is Am > 2 (Ponman et al. 1994). The lack
of relatively massive satellites is related to the formation history of
the dark matter halo, rather than its mass (Dariush et al. 2007).

Clustering results routinely find that passive or red galaxies at
all redshifts are hosted, on average, by more massive haloes than
the equivalent stellar-mass star-forming objects (e.g. Norberg et al.
2002; Zehavi et al. 2005; Hartley et al. 2013). However, the re-
sults from two-point correlation function measurements include
both central galaxies and satellites. To recover the typical halo mass
of only the central galaxies requires the use of a halo occupation
distribution model (HOD; see Cooray & Sheth 2002, for a review).
Modelling the measurements of star-forming and passive samples
separately is fraught with uncertainties and necessitates potentially
important assumptions (such as the satellite number density profile
of each sample within haloes, and the probability of a central being
passive as a function of halo mass). Most high-mass (log(M../M¢))
> 10.5) galaxies at z > 1 are likely to be the central object in
their halo, and the simpler assumption that each halo hosts one
such galaxy is perhaps reasonable for these samples. Nevertheless,
there have been a few notable efforts to interpret the results of pas-
sive galaxy clustering through an HOD framework from the local
universe to z ~ 2 (Ross & Brunner 2009; Tinker & Wetzel 2010;
Coupon et al. 2012). These studies typically find a 50 per cent occu-
pation for red (passive) galaxies at halo masses, log(Mh.10/M@) >
12 (the value is luminosity dependent), with most results showing
red centrals are hosted by more massive haloes than similar stel-
lar mass blue central galaxies. The exception is Tinker & Wetzel
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(2010), who enforce a fixed central fraction at high halo masses
of ~25 per cent. Perhaps the most reliable results are those at low
redshift by Ross & Brunner (2009), who explicitly identified and
modelled galactic conformity in their measurements. Given our re-
sults, this is clearly a necessity for future halo occupation modelling
of passive and star-forming samples at any redshift.

From a physical perspective, finding a higher average halo mass
for passive central galaxies than for similar stellar mass star-forming
central galaxies is almost inevitable. While a central galaxy is form-
ing stars, it is natural to expect that the stellar and dark matter masses
increase in such a way that a correlation between these quantities
is maintained. This is indeed what we observe at low redshift (e.g.
Mandelbaum et al. 2006; More et al. 2011). However, once a galaxy
becomes quenched, the smooth accumulation of dark matter halo
mass and (central galaxy) stellar mass become decoupled. The stel-
lar mass ceases to grow appreciably, while the dark matter mass
continues to accumulate, producing lower stellar-to-halo mass ra-
tios (SHMR, i.e. higher halo mass at fixed stellar mass) for massive
galaxies (e.g. Tinker et al. 2005; Mandelbaum et al. 2006; Foucaud
et al. 2010; Moster et al. 2010; Behroozi et al. 2013; Rodriguez-
Puebla, Avila-Reese & Drory 2013). Although a broad correlation
is maintained via hierarchical assembly, the scatter in SHMR also
increases for passive central galaxies with respect to similar-mass
star-forming objects. This difference in halo mass ranges is illus-
trated in the models of Birrer et al. (2014), and is easy to understand
by considering the progenitors of each population at the time when
the observed passive centrals were last star forming. Passive galax-
ies have, by definition, added little stellar mass over the ~Gyr prior
to observation (unless dry merging is substantially more prevalent
than we currently believe). In contrast, a Gyr is approximately the
stellar mass doubling time for a star-forming galaxy on the ‘main
sequence’ at redshift, z ~ 2 (e.g. Daddi et al. 2007). When a pas-
sive galaxy at this redshift was quenched, therefore, its stellar mass
could have been twice that of the star-forming objects that it is later
compared with. It would be a surprise, then, if passive central galax-
ies did not, on average, have higher host halo masses than similar
stellar mass star-forming galaxies. Nevertheless, the difference in
average halo mass between the two population is not expected to
be large (a factor of ~2 or so at the stellar masses we study here;
More et al. 2011).

The above arguments suggest (but do not prove) that passive cen-
tral galaxies are indeed hosted by more massive dark matter haloes.
However, we must still attempt to show that it is the halo mass
which is driving the correlation in the star formation properties of
centrals and satellites. To investigate a possible halo-mass effect we
need to compare the satellites of passive and star-forming galaxies
at constant halo mass. Unfortunately, accurate halo mass estimates
for M* galaxies at high redshift are difficult to obtain, even for small
samples. Instead we must use an indirect method to infer the halo-
mass-dependent behaviour. To do so we use the existence of the
correlation between star-forming central stellar mass and host halo
mass. From our parent sample we select high-mass star-forming
galaxies with stellar mass, log(M../M@) > 11. These galaxies are,
on average, a factor of ~3 more massive than the star-forming
sample we considered previously, and should therefore, at least ap-
proximately, be hosted by similar mass dark matter haloes to our
passive (10.5 < log(M,/M@) < 11) sample.* This new high-mass
sample is treated in exactly the same way as our main samples and

4 Asan rough indication, we find that the cumulative number of satellites are
very similar for the high-mass star-forming and M* mass passive centrals.



the results should therefore reveal the extent to which halo mass is
responsible for galactic conformity.

In Fig. 12 we show the radial dependence of the satellite passive
fraction for these high-mass star-forming centrals in both redshift
ranges and satellite samples. The results clearly mimic those of their
M ~ M* counterparts, in Figs 10 and 11. With the possible exception
of high-mass satellites at high redshift, the satellites of high-mass
star-forming galaxies are consistent with being drawn from the field
population. There is no clear evidence for the sort of environmental
quenching that is occurring in the satellites of passive centrals.
Whilst we cannot unequivocally rule out host halo mass being the
only necessary ingredient for satellite quenching, we would need to
assume an implausible degree of scatter to the stellar-to-halo-mass
ratio. Else, a rather unphysically sharp transition with halo mass
would need to occur which is not supported by halo occupation
models (Ross & Brunner 2009).

The question of whether halo mass is the principal driver of
conformity has been a contentious issue in the literature. When
Weinmann et al. (2006) identified the correlation in colour between
central galaxies and their satellites, they suggested that halo mass
was not an important factor. This seemed to be supported by Ross &
Brunner (2009), who found that they needed to apply conformity ‘to
the maximum extent allowed’ in order to produce a reasonable halo
model fit to their data. However, Wang & White (2012) found that
they could qualitatively reproduce the behaviour of conformity in
the SDSS by a semi-analytic (S-A) model (Guo et al. 2011) in which
quenching processes were only dependent on halo mass. Following
this, Kauffmann et al. (2013) performed a detailed investigation of
the mass and radial dependence of conformity in the SDSS with
comparison to the same S-A model, finding several discrepancies.

Itis well known that the fraction of quenched satellites is typically
too high in S-A models of galaxy formation (Weinmann et al. 2011;
Wang & White 2012; Wang et al. 2014). It may be that the quan-
titative disagreement between the model and observational data is
nothing more than the result of overefficient quenching. However, it
is equally possible than some aspect of the physics is either missing
or not correctly modelled, and that this missing physics is the true
cause of galactic conformity. Kauffmann et al. (2013) identify a few
of the possible missing process, suggesting that some form of pre-
heating (Valageas & Silk 1999) could be necessary for low-mass
centrals, and the effects of gas accretion important at high masses.
In the following section we suggest an alternative origin for galactic
conformity in central galaxies of M ~ M* and above.

6.2 A simple picture of coincident quenching

With the evidence seemingly weak for a purely halo-mass-driven
origin of conformity, we must now consider other possible origins
of the correlation between central and satellite star formation activ-
ities. What we shall present in the following is one possible origin
and is far from a unique solution. Our hope is that in proposing
this descriptive model we will inspire fruitful avenues of future
observational research.

We can consider two broad concepts that might lead to confor-
mity: a physical connection between the star formation properties of
central and satellites, or a circumstantial correlation. The latter we
might infer as being due to formation bias, where galaxy evolution
is accelerated in regions of large-scale overdensity. At fixed mass,
the dark matter haloes (and the galaxies that they host) collapse
earlier, on average, in denser regions of the Universe. This could in
turn lead to a higher passive fraction by our observational definition.
Recently it was argued by Hearin, Watson & van den Bosch (2014)
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that formation bias can give rise to a large-scale (two-halo) con-
formity signal (identified in SDSS data by Kauffmann et al. 2013,
though see also Paranjape et al. 2015) over radii R > 1 Mpc. Al-
though Hearin et al. (2014) argued that this two-halo conformity is
created by the properties of central galaxies, they also point out that
anumber of these galaxies will ultimately become satellites around
other quenched galaxies. Such effects could play an important role
in establishing intrahalo galactic conformity (Yang, Mo & van den
Bosch 2006), and may in part explain the occurrence of an apparent
‘pre-processing’ of cluster galaxies (e.g. Kodama et al. 2001).

The most massive galaxies were the first to complete their major
episode of star formation, with lower mass objects successively
forming a greater proportion of their stars at lower redshifts (Cowie
et al. 1996; Kodama et al. 2004). This trend became known as
‘downsizing’, but can be recast in terms of formation bias: the most
massive galaxies formed earlier, when typical sSFRs were higher,
and very quickly reached the characteristic quenching mass (Peng
et al. 2010). If, in regions of the Universe dominated by passive
central galaxies, low-mass galaxies formed earlier than typical for
their mass, then we may well expect downsizing to be weaker for
these objects. However, we currently have no reason to believe that
downsizing would be absent entirely in these regions. If formation
bias is entirely responsible for intrahalo galactic conformity, we
would therefore expect it to weaken at higher redshift. We have
not been able to measure any evolution in conformity thus far, but
cannot rule out this possibility. Modelling the evolution of galactic
conformity in the context of formation bias will be the subject of
future work. In the remainder of this subsection we will explore
the alternative possibility of a physical relationship between the
star-forming properties of central and satellite galaxies.

To search for a physical connection, we first consider the pro-
cesses most likely to be involved in quenching central galaxies. A
very compelling observation of the galaxy population is the coin-
cidence of suppressed star formation rates (SFRs) and a bulge-like
morphology (e.g. Blanton et al. 2003; Kauffmann et al. 2006; Franx
et al. 2008; Bell et al. 2012; Woo et al. 2015). Bulge formation is
currently poorly understood and may be entirely unrelated to the
process(es) that end star formation in galaxies. However, arguments
to explain this correlation by a physical connection can be classed
as either of violent origin, simultaneously producing a bulge and
quenching a galaxy (e.g. Hopkins et al. 2006), or a more sedate pro-
cess, by which the presence of a bulge stabilizes the gaseous disc
against fragmentation (Toomre 1964; Martig et al. 2009). Because
of its dependence upon the Toomre stability criterion, Q (Toomre
1964), the latter type of morphology-related quenching is some-
times referred to as ‘Q-quenching’. However, how a bulge-like
morphology of a central galaxy could influence its satellites’ star
formation activity is not clear. We suggest, therefore, that whatever
role O-quenching plays, it is not important in establishing galactic
conformity.

Merging could be responsible for a rapid time-scale quenching
pathway, and is perhaps required to explain the paucity of interme-
diate sSFR objects (see Lin et al. 2014; Omand, Balogh & Poggianti
2014; Schawinski et al. 2014, for some recent arguments). This vi-
olent bulge forming process is expected to result in very strong
galaxy-wide outflows. Whether these outflows are powered by a
central supermassive black hole or a starburst phase is not particu-
larly important for this discussion. What is important is that galactic
conformity requires that the quenching of the central galaxy be cou-
pled to the satellite galaxies or wider halo environment. Outflows
are a ubiquitous phenomenon, even for ‘normal’ star-forming galax-
ies at moderate to high redshift (Weiner et al. 2009; Bradshaw et al.
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Figure 12. Ratio of passive satellites to mass-selected satellites for higher mass (log(M* /M) > 11) star-forming centrals. Symbols and lines have the same

meanings as in Fig. 10.

2013; Bordoloi et al. 2014). Moreover, from their phenomenologi-
cal model, Peng et al. (2010) argued that the probability of a central
galaxy being quenched over some time interval could be described
by a simple proportionality to its SFR. In turn, the SFR is correlated
with nuclear activity (e.g. Chen et al. 2013), meaning that both star
formation and central black hole feedback are prime candidates for
quenching the host galaxy. These arguments are well established
for quenching the central galaxy of a dark matter halo, but do not
directly influence the surrounding satellite galaxies.

There are a wide variety of candidate processes for quenching
satellite galaxies, from those sensitive to the gaseous halo environ-
ment (e.g. strangulation, Larson et al. 1980; or ram pressure strip-
ping, Gunn & Gott 1972), to those that depend predominantly on the
halo potential (tidal stripping), or on the number and orbits of other
satellites (e.g. harassment). As we are searching for a mechanism
that depends neither on halo mass nor the number of other satellites
(as the mean number of satellites we can measure is <1), the likely
candidates would seem to be those that require a dense intergalactic
medium. Furthermore, there is growing evidence that a galaxy’s
environment does not have a significant impact upon its morphol-
ogy. Maltby et al. (2012) found that even a cluster environment is
insufficient to alter the outer disc properties of the member galaxies
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appreciably. Similarly, the morphological mix of quenched galaxies
in group environments is found to be independent of groupcentric
radius and halo mass, with the implication that a passive galaxy’s
morphology is established before quenching occurs (Carollo et al.
2014). This is not to say that there is exactly zero environmental
effect on a galaxy’s morphology as it is quenched, but gas stripping
(if responsible) is likely to be fairly gentle.

The hot gas content (that is necessary to strip galaxies of their
outer gas haloes) in galaxy groups is observed to be low, of order a
few per cent at halo masses, log(Mha1o/M@) ~ 13, and to depend on
halo mass roughly as fys o< M (Giodini et al. 2009). However,
these studies also show that the scatter in the gas-fraction—halo-
mass relation is substantial. Direct observations of hot gas fractions
at lower halo masses are very few and confined to the local Universe.
However, they are typically very low (Li, Crain & Wang 2014). En-
vironmental processes that are sensitive to gas density, such as ram
pressure stripping, would have limited ability to quench satellites
of modest stellar mass in such poorly established gaseous haloes.

Following a sustained galaxy-wide outflow, however, the hot
gas halo may be changed substantially. Especially at high red-
shift, where cold gas masses within star-forming galaxies can reach
~1/3 of the stellar mass or higher (Daddi et al. 2010). During this



time it is possible that the halo environment becomes suitable for
satellite-quenching processes (e.g. stripping). At the same time this
environment could increase in its ability to shock heat newly ac-
creted gas and therefore restrict fuel for star formation in the central
galaxy. If so, then the process could become self-sustaining, accu-
mulating more gas in the halo environment, rather than it becoming
locked away in stars and cold gas within galaxies. In this way, galac-
tic conformity can be explained by the central galaxy activating a
switch, whereupon the halo environment becomes responsible for
preventing star formation in both the central galaxy and its satel-
lites. This mechanism could then reproduce the correlation between
central and satellite star formation properties without the need for
a dichotomy at some halo-mass scale.

For many years there has been vigorous debate about whether the
dark matter (and hot gas) halo or some form of feedback is primar-
ily responsible for shutting off star formation in central galaxies.
The possible picture that we present, based on our results and the
existing literature, is that actually both could be important, albeit
in a less direct manner than in their proposed form. A step-by-step
description of our candidate process for this coincident quenching
is as follows.

(i) We begin with a central galaxy and its satellite galaxy in a
modest-mass dark matter halo (log(Mpa,/M@) ~ 11), each forming
stars at the typical inefficient rate from their existing supply of
gas. The hot gas corona surrounding the central galaxy is poorly
established, and does not cause much obstruction to infalling cold
gas joining the discs of the two galaxies and being available for
star formation. Star formation in the galaxies heats and expels some
gas, but the density of the circumgalactic medium remains low and
over time this gas may cool and rejoin a disc. In low-mass haloes
this gas may instead leave the halo entirely. The satellite galaxy is
unperturbed by the low-density medium that it passes through.

(ii) The galaxy stellar masses and host halo mass grow over
time. At some point the SFR of the central galaxy climbs to the
point at which the resulting outflow has an important impact upon
its surroundings. At high redshift such high SFRs are a natural
consequence of rapid gas accretion in massive galaxies. At low
redshift a merger may be required to sufficiently boost the activity
in the galaxy. A fraction of the remaining gas in the central galaxy is
removed from the galaxy by galaxy-scale winds. However, it is not
removed from the now massive halo (log(Mpa0/M@) 2, 11.7) due
to depth of the potential well. The gas is heated by the supernovae
(or possibly AGN) as it is swept out of the galaxy, with strong
shocks further heating the gas. The central galaxy is now relatively
gas poor and the SFR declines.

(iii) Infalling gas, which was previously the major source of star-
forming material for the central galaxy, now encounters a hot dense
medium as it descends through the halo. It experiences shock heat-
ing in addition to gravitational heating and gets added to the exist-
ing hot gas component. The supply of cold gas reaching the central
galaxy is heavily suppressed with respect to the time before the
major outflow. The SFR remains low relative to unquenched galax-
ies of similar mass and a few hundred Myr later, the central will
be classified as a passive galaxy. Meanwhile, the satellite galaxy
also feels the effect of the increased halo gas density, and its more
loosely bound gas is efficiently stripped, again adding to the pool
of hot gas in the circumgalactic medium. The remaining gas in the
satellite is eventually used up and it too becomes a quenched object.

(iv) Although the circumgalactic gas cools over time it will not
fully return to a state in which the central galaxy appears to be
a normal star-forming object. The density of the gas corona is
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maintained by the addition of shock-heated infall and gas stripped
from the satellite, which outpaces the rate at which the gas can cool
on to the central. The cooling of gas is also regulated by the action
of radio mode feedback from the central supermassive black hole.

We note that a star formation (or radio) outburst, if responsi-
ble for conformity, is unlikely to be acting independently. A high
halo mass is still required in order to retain a sufficiently dense gas
halo for stripping and shock heating of infalling gas to occur, as
at low halo masses feedback could well remove the outflowing gas
from the halo entirely. In normal star-forming galaxies the gas mass
in an outflow is much lower than the available cold gas reservoir
(Bradshaw et al. 2013), and this gas removal would therefore not be
capable of quenching either the central or satellite galaxy. Further-
more, a massive galaxy (and hence halo) is necessary because these
are the only objects with cold gas masses sufficient to establish a
dense hot gas halo. Moreover, this picture does not preclude the
necessity for radio mode feedback to prevent large quantities of gas
cooling on to the central object at late times (e.g. Fabian 1999; Best
et al. 2005; Croton et al. 2006).

6.3 Support from the literature

An argument along similar lines to the one we present was laid
out in a toy model by Rawlings & Jarvis (2004). In their model it
was postulated that a powerful radio outburst resulting from two
supermassive black holes merging would heat the common cool gas
halo of the merger remnant host and nearby galaxies. This single
event could end star formation in all galaxies fed from this common
gas reservoir simultaneously, at scales up to R = 1 Mpc. Their model
actually predicted a correlation in star formation activity between
galaxies within a protocluster that we might now include under the
umbrella term of ‘galactic conformity’. From present observational
studies of conformity it is not possible to differentiate the Rawlings
& Jarvis (2004) model from our own description.

The results in recent years from sophisticated hydrodynamical
models lend a degree of support to our descriptive process. Within
many simulations the baryonic budget of galaxies is dominated by
gas that was accreted in the so-called ‘cold mode’, i.e. gas that never
experienced shock heating as it fell from the outskirts of the halo to
the disc of the central galaxy (e.g. Keres et al. 2009). In dark matter
haloes with masses log(Mh.1,/M@) > 12, the specific gas accretion
rate drops sharply. However, van de Voort et al. (2011) find that
even high-mass (log(Mpa,/M@) ~ 13) haloes are unable to fully
prevent cold-mode gas accretion (and hence star formation) in their
central galaxy. The details of how gas is accreted on to galaxies
in their model depend sensitively on the feedback prescriptions
used, particularly in subgroup to group-mass haloes. If the central
galaxy is instrumental in establishing a hot gaseous halo as we have
argued, then the halo-averaged trends presented by van de Voort
etal. (2011), the relatively shallow rise in passive fraction with halo
mass found from HOD modelling and galactic conformity may all
be manifestations of this common physical cause.

Recent observations of the hot gas haloes of modest-mass galax-
ies also lend some weight to our proposed mechanism. Li et al.
(2014) find that the hot gas coronae of intermediate-mass (10.5 <
log(M,/M@) < 11) star-forming galaxies are far fainter at X-ray
wavelengths than expected from simple analytic models. Further-
more, they find a clear correlation between the SFR of a galaxy
and the luminosity of its X-ray halo. Enhanced star formation does
then appear to be able to create a denser hot gas halo. This cor-
relation is all the more compelling when we recall the possible
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SFR dependence on the quenching probability for central galaxies
in Peng et al. (2010). A simple correlation from sparse data is far
from being conclusive proof for our descriptive process, but en-
couraging nonetheless. We hope that further investigations of the
X-ray emitting gas around normal galaxies will be forthcoming in
the future.

6.4 A remaining puzzle

We have presented one possible description of galaxy quenching,
incorporating both central and satellite galaxies, that can explain the
phenomenon of galactic conformity as well as other broad trends
from the literature (e.g. Peng et al. 2010; Hartley et al. 2013). How-
ever, there remain some basic observations that cannot be explained
within this context. In particular, the abundance of non-star-forming
dwarf galaxies that are satellites of our own Galaxy and of M31,
both of which are relatively massive star-forming galaxies. These
dwarf satellites clearly do not fit into the picture of galactic con-
formity. Neither do they fit on to other extrapolations from trends
found in intermediate-mass galaxies (Wheeler et al. 2014).

There have been suggestions that these sorts of objects are formed
in a different way from the broader galaxy population, perhaps as
the result of tidal debris (e.g. Pawlowski, Kroupa & Jerjen 2013,
and references therein). If true, it would certainly help reconcile this
strange population with the emerging picture of galaxy quenching.
An alternative explanation is that galaxies on such small scales could
be vulnerable to events that are unable to quench more massive
galaxies. One recent example is the suggestion that a large-scale
shock front, driven by star formation or an AGN, could directly
strip these small objects of their gas supply, effectively preventing
further star formation (Nayakshin & Wilkinson 2013). Whatever
their origin, ultralow-mass galaxies remain outside of the broad
galaxy description for the time being.

7 CONCLUSIONS

We have used the UKIDSS UDS, the deepest degree-scale near-
infrared survey to date, to investigate the phenomenon of galactic
conformity. We have explored the surface number density profiles
of satellites around M ~ M* galaxies up to z ~ 2 within two satellite
stellar mass intervals. These results were used to derive the radial
dependence of the ratio of passive to mass-selected satellites. Our
principal findings are as follows.

(1) The power-law slopes of massive satellites are systematically
steeper than those of lower mass satellites. Although the slope and
normalization of our fits are degenerate, this behaviour is consistent
across almost all samples and requires further study from indepen-
dent data sets in order to fully understand the trend. The numbers
of high- and low-mass satellites are found to be similar. We would
expect a greater number of low-mass satellites. We suggest that
satellite disruption could explain these two results but this observa-
tion remains largely unresolved.

(2) The number of satellites is greater (around twice as many) in
our high-redshift interval (1.3 < z < 1.9) than at lower redshifts (0.4
< z < 1.3). If we interpret the number of satellites as an indicator
of halo mass, these results are consistent with evolutionary trends
derived from clustering studies (e.g. Hartley et al. 2013).

(3) The power-law slopes of passive satellites are consistently
steeper than those of the mass-selected satellites. This behaviour is
qualitatively similar to the morphology—density relation and hints
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at a possible environmental process transforming satellites at small
separations.

(4) In our low-redshift interval, passive central galaxies have a
greater number of satellites than star-forming centrals. This again
can be interpreted as a halo-mass effect, consistent with clustering
studies. We find no difference in the number of satellites between
passive and star-forming centrals at higher redshift. However, we
caution that the halo assembly history can also influence the number
of satellites that have masses within an order of magnitude of the
central (Dariush et al. 2007).

(5) The ratio of passive satellites to mass-selected satellites (our
estimator for passive fraction) at R ~ 150 kpc around passive central
galaxies implies an environmental quenching efficiency of € ~ 0.1—
0.2 (Peng et al. 2010, 2012; Kovac et al. 2014).

(6) The correlation between the star formation activity of a cen-
tral galaxy and its satellites, known as ‘galactic conformity’, exists
up to z ~ 2 — a measurement that has only previously been made
at z ~ 0. Star-forming centrals have a satellite population that is
consistent with having been drawn directly from the field. Passive
centrals, meanwhile, have an enhanced passive satellite population.

(7) There is an apparent radial dependence to the passive fraction,
rising with decreasing separation from the central galaxy. The small
number of galaxies at small separations prevents us from making
a definitive statement. However, any measured slope is likely to be
shallower than the true dependence.

(8) We perform the same radially dependent passive fraction
measurements for high-mass (log(M,/Mg) > 11.) star-forming
central galaxies. These results are very similar to those of lower
mass star-forming galaxies and we therefore argue that the host
halo mass is not exclusively the cause of galactic conformity.

(9) We suggest a possible origin for galactic conformity, whereby
gas expelled from the central galaxy due to star formation or an
active nucleus establishes the conditions necessary to quench both
the central and satellite galaxies. Once established this hot gas
corona could be self-sustaining and does not require a rapid change
in galaxy behaviour over a small interval in halo mass.

The study we have presented is at the limit of what we could
achieve with the UDS DR8. However, this work could be extended
in the relatively near future. The final UKIDSS UDS data will reach
25.2 (AB) in the K band (i.e. 0.6 mag deeper than the data used in
this work), with a quarter of the field a further 0.3 mag deeper from
the forthcoming UDS+ survey. Furthermore, the Cosmic Assem-
bly Near-infrared Deep Extragalactic Legacy Survey (CANDELS)
observations have now been completed. These data should allow
us to push our study to higher redshift, where the first substantial
populations of passive galaxies are found, and to lower satellite
masses.

Testing our picture for the origin of conformity will be no easy
task. Observations of the hot gas within modest-mass haloes could
be the most sensitive test, but are extremely challenging and can
only currently be achieved at low redshift. As a first step, we intend
to perform simple modelling of the processes we have described,
place them in a more quantitative setting and see to what extent we
can reproduce the observed behaviour.
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APPENDIX A: DRY/MOIST MERGER RATES
FOR SIZE EVOLUTION OF PASSIVE
GALAXIES

One of the most striking and unexpected discoveries in extragalactic
astrophysics over the last decade has been the very compact struc-
ture of massive passive galaxies at high redshift (e.g. Daddi et al.
2005; Trujillo et al. 2007; Zirm et al. 2007; Buitrago et al. 2008;
Cimatti et al. 2008). The absence of significant numbers of similarly
compact passive galaxies at low redshift implies a rapid increase
in the effective radius with cosmic epoch. Two mechanisms were
proposed to explain this size evolution: a ‘puffing up’ by the stellar
orbits resettling following the expulsion of a significant fraction of
the galaxy mass by an AGN (Fan et al. 2008); and minor dry merg-
ers piling-up stellar light in the outer regions of a galaxy (Naab,
Johansson & Ostriker 2009).

Dry or moist mergers are favoured because there is no clear
evidence for the sort of star formation that might be expected as
a result of a gas-rich merger. Furthermore, a dissipational merger
could result in an increase in the central density and, perhaps, a
smaller resulting size. The community has largely converged on
minor dry mergers as the dominant solution, with typical estimates
of ~4-5 such mergers required per galaxy in the range 0 < z
< 2, in addition to a single major merger (e.g. Conselice 2006;
Bluck et al. 2012; McLure et al. 2013). A fuller appreciation of the
likely descendants of these high-z passive galaxies (Poggianti et al.
2013), and the inclusion of the structure of galaxies quenched at
lower redshift in the modelling (e.g. Cassata et al. 2013; Carollo
etal. 2013), has caused the number of required mergers to be revised
downwards. Nevertheless, the rarity of quenched low-mass galaxies
at high-z means a suitable galaxy population for minor dry mergers
is yet to be confirmed.

In Fig. A1 we show, for M ~ M* passive galaxies, the camulative
number of satellite galaxies within radius, R, for the four satellite
samples we have used in this work (open symbols as shown in the
figure key). In addition we show the combined satellite number
by solid black circles, and the summed masses in all (star form-
ing+passive) and passive satellites, using the mean stellar mass of
the samples. The total number of satellites per object is <1 in both
redshift intervals, which includes satellites with mass ratios that
would be considered ‘major’ mergers (a ratio 3:1 is usually consid-
ered the major/minor cut-off). The combined mass in satellites for
high-redshift passive centrals is at least a factor of 3 below the mass
of the central. This is important, because passive galaxies at z > 1
are not expected to increase in mass by more than a factor of 2 or
so by z = 0 (e.g. Cimatti, Daddi & Renzini 2006).

If the estimates from size evolution studies for the required num-
ber of minor mergers are correct, then further satellite accretion
is required. Moreover, these accreted satellite would have to be
subsequently stripped of much of their gas in order to fulfil the
dry/moist merger criterion. In the picture for galactic conformity
which we have presented, this would certainly be possible. An en-
vironment capable of processing satellites is a natural consequence
of the quenching of the central galaxy. The shape of the radial de-
pendence of the satellite passive fraction, if found to be robust, also
suggests that by the time a low-mass satellite is close enough to
merge with the central, it is likely to have lost much of its gas.
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Figure A1. Cumulative number and stellar mass of satellites around M ~
M* passive central galaxies as a function of radius for the various satellite
samples used in this work. The upper panel is for centrals in the lower redshift
interval, 0.4 < z < 1.3, while the lower panel shows the measurements for
the higher redshift galaxies (1.3 < z < 1.9). Circle (passive) and triangle
(mass selected) symbols correspond to the cumulative numbers of satellites
per central galaxy (left-hand scale), while the solid red and dashed blue line
are the integrated stellar mass in these satellite samples (right-hand scale),
as given in the legend.

APPENDIX B: EXAMPLE OF GALAXY
WEIGHTING

In this section we provided an illustrative example of the method
and weighting procedure used throughout this work. Fig. B1 dis-
plays a small subregion (~6 x 6 arcmin?) of the UDS field, centred
on a candidate central galaxy (filled red point at the centre of the
image). In this particular example the target central sample com-
prises passive galaxies with stellar masses 10.5 < log(M,./Mg) <
11.0, and this candidate has stellar mass log(M../ M) = 10.71.
For each candidate central galaxy we search for other galaxies
within a projected radius, R = 450 kpc (large continuous red cir-
cle), that have stellar mass, log(M,./M@) > log(Mcn/M@) — 0.3,
and satisfy the photometric redshift condition, |Zpnot,1 — Zphot,2| <
V20.(2)(1 + 7). We find one such galaxy, with mass, log(M../M¢@)
= 10.62 (heavy open red point). Where there are two similar mass
galaxies with small projected separation and at consistent Zpnot, We
have no way of knowing from photometric data alone which galaxy
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is a genuine central, or which galaxies are satellites of which cen-
tral. To overcome this limitation of photometric data each central
galaxy is given an initial weight, determined by the number, N, of
these similar mass galaxies within the search cylinder: weight =
1/(1 + N). This weight accounts for the possible double counting
of satellite galaxies, without resorting to the unphysical assumption
that all possible satellites are satellites of the slightly more mas-
sive galaxy. Had this secondary galaxy been of mass, log(M../M¢))
> 11.01 (i.e. 0.3 dex greater than the candidate central), then the
candidate central galaxy would have been considered a probable
satellite and therefore excluded from the central sample.

Even within a relatively narrow stellar mass range, the masses of
passive and star-forming galaxies are different, with passive galaxies
dominating at higher masses. We must therefore adjust the galaxy
weights to account for this difference. Once the target central sam-
ple and their weights have been defined, we construct a weighted
histogram of their stellar masses in bins of Alog(M) = 0.05. This
histogram is compared with one constructed in an identical manner,
but for a purely stellar-mass-selected central sample. The weights
of the target sample are then renormalized, bin by bin, so that the re-
sulting weighted histogram is identical to that of the mass-selected
sample. Take the stellar mass bin that contains our example central
galaxy, 10.70 < log(M,. /M) < 10.75. The sum of weights for the
target passive sample in this bin is 82.3 from 1491 objects, while for
the mass-selected sample it is 175.8 from 2697 objects. The weight
of our example galaxy is therefore multiplied by % % =1.18,
and has a final weight, w = 0.59.

With the central galaxy sample trimmed of likely satellite con-
taminants we can proceed to the satellite counting. Counting is
performed in concentric annuli of log radial intervals. These an-
nuli are shown by the dashed white circles in Fig. B1 (the largest
two annuli are not shown). All galaxies with |Zpnot, 1 — Zphot, 2| <
1.50,(z)(1 + z) are considered potential satellites should they lie
within one of the annuli. The photometric redshift of the central
galaxy is assumed to be correct, as redshift accuracy is dependent
on signal-to-noise ratio and the centrals are typically brighter than
the possible satellites. If the candidate satellite is indeed physically
associated with the central galaxy, then it should be at the same
redshift. We therefore scale the stellar mass of each satellite, using
the difference in luminosity distance, assuming that it lies at the
redshift of the central. Galaxies are included as satellites if, after
scaling, their mass falls into one of the stellar mass intervals, 9.7
<log(M,/M@p) < 10.1 or 10.1 < log(M./M¢) < 10.5. In Fig. Bl
there are six galaxies which satisfy these criteria (small open blue
points with light line weight). The number of satellites in an annulus
is multiplied by the weight of the central galaxy and added to the
running total.

Most of the galaxies which are counted as satellites will not be
physically associated with the central galaxy. To estimate the correct
number we must subtract off the background/foreground contami-
nants. As described in Section 3.1, Chen et al. (2006) found that the
most reliable method to use to do so is to select random locations
within a correlation length of the central galaxy. In this work we
allow random galaxies to be placed between 1 and 2 Mpc from the
central. These limits are shown by the green short-dashed lines in
Fig. B1. Each central galaxy has 20 random locations chosen, in the
following we will only describe one such random object.

Random objects inherit all characteristics (redshift, stellar mass,
etc.) from their parent central galaxy, and are subjected to the ex-
act same procedure as the central galaxy candidates, including the
search for other high-mass galaxies within R = 450kpc. In our il-
lustration, a random location in the upper right is first chosen (solid
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Figure B1. A small subregion of the UDS field, demonstrating the weighting and counting procedure used in this work (detailed in the text). A colour version

of this figure is available in the on-line journal.

green point and dot—dashed green circle). However, two galaxies
are found within the search criteria (heavy open green points), and
in one case the stellar mass is log(M,/M@) = 11.10. This loca-
tion is therefore rejected, and a new random location is chosen,
this time in the lower part of our diagram. For this new location a
single galaxy with mass, log(M,./M¢) = 10.83, is found, and so
the random object is given a weight, w = 0.5.

Rather than renormalizing the weights by their overall stellar
mass histogram, we demand that each set of 20 random objects
contribute between them the same weight to the random satellite
counts, as their parent central galaxy does to the ‘real’ satellite
counts. For example, if the sum of the weights of the 20 random
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locations for our central object is 12.3, then each random will have
its weight multiplied by 0.59/12.3, such that their sum is now equal
to the weight of the central. Satellites around these random locations
are counted in the same way as the central (dark grey dashed circles
and small open blue points), and added to a running total of random
satellite counts. Finally, the random counts are subtracted from the
‘real’ satellite counts to leave a statistical number of satellites as a
function of radius from the central galaxy sample.
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