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ABSTRACT

We study the correlation between the specific star formation rate of central galaxies
and neighbour galaxies, also known as ‘galactic conformity’, out to 20 h−1 Mpc using
three semi-analytic models (SAMs, one from l-galaxies and other two from gal-

form). The aim is to establish whether SAMs are able to show galactic conformity
using different models and selection criteria. In all the models, when the selection of
primary galaxies is based on an isolation criterion in real space, the mean fraction
of quenched galaxies around quenched primary galaxies is higher than that around
star-forming primary galaxies of the same stellar mass. The overall signal of confor-
mity decreases when we remove satellites selected as primary galaxies, but the effect
is much stronger in galform models compared with the l-galaxies model. We find
this difference is partially explained by the fact that in galform once a galaxy be-
comes a satellite remains as such, whereas satellites can become centrals at a later time
in l-galaxies. The signal of conformity decreases down to 60% in the l-galaxies

model after removing central galaxies that were ejected from their host halo in the
past. Galactic conformity is also influenced by primary galaxies at fixed stellar mass
that reside in dark matter haloes of different masses. Finally, we explore a proxy of
conformity between distinct haloes. In this case the conformity is weak beyond ∼ 3
h−1 Mpc (<3% in l-galaxies, <1–2% in galform models). Therefore, it seems
difficult that conformity is directly related with a long-range effect.

Key words: galaxies: evolution – galaxies: general – galaxies: haloes – galaxies: star
formation – galaxies: statistics

1 INTRODUCTION

The description of physical properties of galaxies with their
environment is paramount for understanding galaxy for-
mation. A remarkable case is galactic conformity that is
a term used to describe the observed correlation between
star formation in central galaxies and in their neighbour
galaxies. Weinmann et al. (2006) defined the term of galac-
tic conformity after finding that quenched central galax-
ies have a higher fraction of quenched satellite galaxies
compared to star-forming central galaxies in galaxy groups
of similar mass at z < 0.05 in the New York Univer-
sity Value Added Catalogue (NYU-VAGC, Blanton et al.
2005), based on SDSS DR2 (Abazajian et al. 2004). Later,
Kauffmann et al. (2013) found a galactic conformity effect
between low-mass central galaxies with low specific star for-
mation rate (sSFR) or gas content and neighbour galaxies

⋆ E-mail: ialacern@astro.puc.cl

with low sSFR out to scales of 4 Mpc at z < 0.03 in SDSS
DR7 (Abazajian et al. 2009). These results motivated the
distinction of the conformity measured at small separations
between the central galaxy and their satellite galaxies within
a dark matter halo as one-halo conformity, whereas the sig-
nal measured at large separations of several Mpc between
the central galaxy and neighbour galaxies in adjacent haloes
as two-halo conformity (Campbell et al. 2015; Hearin et al.
2015).

Galactic conformity has been measured both in the local
Universe and at higher redshifts. In addition to the results
of Weinmann et al. (2006) and Kauffmann et al. (2013),
Wang & White (2012) found that red central galaxies have
redder satellites than blue centrals of the same stellar
mass using SDSS DR7 and SDSS DR8 (Aihara et al. 2011).
Phillips et al. (2014) found that satellites are more quenched
around massive quenched galaxies compared to a control
sample at fixed stellar mass from SDSS DR7. Knobel et al.
(2015) confirmed that satellites around quenched centrals
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are more likely to be environmentally quenched than those
around non-quenched centrals using galaxy groups from
SDSS DR7 in the redshift range 0.01 < z < 0.06.
Tinker et al. (2017) and Sin et al. (2017) studied the two-
halo conformity in SDSS DR7, and Kerscher (2017) studied
the range of conformity in SDSS DR12 (Alam et al. 2015).
At higher redshifts, Hartley et al. (2015) found a tendency
for passive satellites to be preferentially located around pas-
sive central galaxies using the UKIRT Infrared Deep Sky
Survey (UKIDSS; Lawrence et al. 2007) Ultra Deep Sur-
vey (UDS) with photometric redshifts at 0.4 < z < 1.6.
Kawinwanichakij et al. (2016) found that satellites around
quiescent central galaxies are more likely to be quenched
compared to the satellites around star-forming centrals from
the deep near-infrared surveys ZFOURGE/CANDELS,
UDS, and UltraVISTA (McCracken et al. 2012) with pho-
tometric redshifts 0.3 < z < 2.5. They found that the signif-
icance of this one-halo conformity signal varies with redshift
(& 3σ for 0.6 < z < 1.6, whereas it is only weakly signifi-
cant at 0.3 < z < 0.6 and 1.6 < z < 2.5). Berti et al. (2017)
reported an excess of star-forming neighbours around star-
forming central galaxies, of ∼ 5% on scales of 0 − 1 Mpc
and a two-halo signal of ∼ 1% on scales of 1 − 3 Mpc us-
ing the PRism MUlti-object Survey (PRIMUS; Coil et al.
2011; Cool et al. 2013) with spectroscopic redshifts at 0.2
< z < 1.0. These signals are weaker than those detected at
z . 0.05.

It is still a matter of debate why quenched central galax-
ies tend to reside preferentially in quenched environments
out to several Mpc scales. Kauffmann (2015) suggests that
it could be related to AGN feedback that extends beyond
the virial radius of massive haloes since they found an ex-
cess of massive neighbour galaxies hosting radio-loud AGN
around low-mass, quenched central galaxies.

Hearin et al. (2016) studied the correlations between
the mass accretion rates of nearby haloes as a potential
physical origin for this effect. They found that pairs of host
haloes may show correlated assembly histories even when
their present-day separation is greater than thirty times the
virial radius of either halo. Therefore, these authors sug-
gest that galactic conformity is related to large-scale tidal
fields and that its signal should decrease with redshift. If
the star formation history of central galaxies is coupled with
some host halo property, that could mean that the two-halo
conformity is related to the “assembly bias” (Hearin et al.
2015), where the large-scale clustering of dark matter haloes
shows a dependence on halo properties beyond the halo mass
(e.g. Gao et al. 2005; Wechsler et al. 2006; Zhu et al. 2006;
Bett et al. 2007; Gao & White 2007; Wetzel et al. 2007;
Li et al. 2008; Angulo et al. 2008; Faltenbacher & White
2010; Lacerna & Padilla 2011, 2012; van Daalen et al. 2012;
Hearin 2015; Lin et al. 2016; More et al. 2016; Tojeiro et al.
2017; Zu et al. 2017). In this context, Berti et al. (2017)
mention that their observational results are consistent with
the predictions of Hearin et al. (2016) and that two-halo
galactic conformity is reflecting assembly bias.

However, Paranjape et al. (2015) argued if the confor-
mity measured by Kauffmann et al. (2013) (and probably
that by Berti et al. 2017) at projected scales . 4 Mpc in
similar stellar mass bins is evidence of assembly bias. Based
on results using a mock galaxy catalogue generated from
a halo occupation distribution (HOD) function, they say

that only at very large separations (& 8 Mpc) there is a
genuine two-halo conformity that is driven by the assem-
bly bias of small host haloes. They suggest that the ob-
served conformity at . 4 Mpc is just because of central
galaxies with the same stellar mass can be residing in host
haloes of different halo masses. Tinker et al. (2017) repro-
duced the result of Kauffmann et al. (2013), but they have
shown it is mainly driven by contamination in the isolation
criterion to select the sample of central galaxies (see also
Zu & Mandelbaum 2017). After removing a small fraction
of satellite galaxies, they detect only a small conformity sig-
nal out to projected distances of 2 Mpc. They suggest that
∼ 2 − 5% differences in the quenched fractions of neigh-
bour galaxies at projected distances between 1 and 3 Mpc
can be produced by mechanisms other than halo assembly
bias. Sin et al. (2017) studied in detail the conformity sig-
nal measured by Kauffmann et al. (2013). In addition to the
misclassification of satellite galaxies as centrals in the iso-
lation criterion, they mention that this signal is strongly
amplified by weighting in favour of central galaxies in very
high-density regions, and the use of medians to characterize
the bimodal distribution of sSFR. They conclude that the
large-scale conformity presented in Kauffmann et al. (2013)
is a relatively short-range effect that originates from a very
small number of central galaxies in the vicinity of just a few
very massive clusters, rather than a very long-range effect.

Interestingly, Kauffmann et al. (2013) and also
Kauffmann (2015) found a much weaker galactic conformity
in synthetic models (semi-analytic models and hydro-
dynamical simulations) compared to observations. This
indicates that there could be physical processes operating
in galaxies that are not included in these models. However,
Wang & White (2012) mention that the semi-analytic
model of Guo et al. (2011) reproduces qualitatively the
trends observed between central galaxies and satellites
within a projected distance of 300 kpc. Similarly, Sin et al.
(2017) have recently found that the semi-analytic models
of Henriques et al. (2015) and Guo et al. (2011) show
similar results in terms of both the amplitude and the
range of the sSFR correlation to their observational results.
Furthermore, Bray et al. (2016) claim to have measured
a strong signal of galactic conformity using the Illustris
simulation (Vogelsberger et al. 2014), which is a large
hydrodynamical simulation. They find that the mean red
fraction of galaxies around redder neighbour galaxies is
higher than around bluer galaxies at fixed stellar mass out
to distances of 10 Mpc. These authors conclude that the
measured amplitude of the conformity signal depends on the
criteria to select central galaxies in observations, projection
effects, and stacking techniques. Rafieferantsoa & Davé
(2017) have found that galaxy conformity is evident in the
MUFASA hydrodynamical simulation (Davé et al. 2016)
using different tracers (sSFR, colour, and atomic gas), but
declines rapidly at scales larger than 1 Mpc.

The aim of this paper is to measure the signal of galac-
tic conformity using three different semi-analytic models
(SAMs) as it has been suggested that this type of numerical
models may not show the strong signal of galactic confor-
mity measured in observations (e.g. Kauffmann et al. 2013).
Nevertheless, our goal is not to reproduce or compare with
the observational signal, but to establish whether SAMs in
general are able to show a strong signal for this effect us-
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ing different models and selection criteria. In addition, we
discuss our results in different scale ranges so that we can
obtain a distinction among the models of the conformity
measured within small separations from the central galaxy
(one-halo conformity) and, especially, at large separations
(two-halo conformity) where the signal of conformity is still
in debate.

The outline of the paper is as follows. The descriptions
of the three semi-analytic models used in this paper are pre-
sented in Section 2. We define the samples and the method
to measure the galactic conformity in Section 3. The results
are shown in Section 4. Here we point out the main differ-
ences among the three SAMs, and explore the theoretical
origin of those differences. The implications of our results
with a particular emphasis in the existence of two-halo con-
formity are discussed in Section 5. Finally, our conclusions
are given in Section 6.

Throughout this paper we use the reduced Hubble con-
stant h, whereH0 = 100 h km s−1 Mpc−1, with the following
dependencies: stellar mass and halo mass in h−1 M⊙, phys-
ical scale in h−1 Mpc, and the specific star formation rate
in h yr−1, unless the explicit value of h is specified.

2 DATA

The objective of this paper is to test if semi-analytic models
of galaxy formation are able to show galaxy conformity. In
this section we introduce the three galaxy formation models
used in this work. The models used in this paper have dif-
ferent implementations of the physical processes involved in
galaxy evolution. By comparing models from different work-
ing groups we can get insight for which predictions are ro-
bust and which depend on the particular implementation of
the physics.

2.1 The semi-analytic models

Semi-analytical models (SAMs, e.g. Cole et al. 2000) of
galaxy formation establish a physically motivated model of
how galaxies form and evolve within a cosmological con-
text. Some of the physical processes that are modeled are
the shock heating and radiative cooling of gas inside dark
matter haloes that lead to the formation of galactic discs,
the feedback from supernovae (SNe), from the accretion of
mass onto super-massive black holes and from photoioniza-
tion heating of the intergalactic medium (IGM), chemical
enrichment of the stars and gas, and galaxy mergers driven
by dynamical friction within dark matter haloes, which lead
to the formation of stellar spheroids and also may trigger
bursts of star formation.

In this work we use three SAMs: Guo et al. (2013,
hereafter G13) that is a version l-galaxies, developed by
the Munich group (De Lucia et al. 2004; Croton et al. 2006;
De Lucia & Blaizot 2007; Guo et al. 2011; Henriques et al.
2013, 2015), and two flavours of galform1, developed by

1 The output of GP14 and G13 models are pub-
licly available from the Millennium Archive in Durham
http://virgo.dur.ac.uk/data.php and in Garching
http://gavo.mpa-garching.mpg.de/Millennium/.

the Durham group (Bower et al. 2006; Font et al. 2008;
Lagos et al. 2012; Lacey et al. 2016). The two galform

flavours are Gonzalez-Perez et al. (2014, hereafter GP14)
and that same model but with a gradual ram-pressure
(GRP) stripping of the hot gas in satellite galaxies, instead
of the default instantaneous stripping (see Lagos et al. 2014
for a comparison between GP14 and GRP).

The three models used in this study were run over
the same dark matter simulation, the MS-W7 simulation
(Guo et al. 2013; Jiang et al. 2014; Gonzalez-Perez et al.
2014). Similar to the Millennium simulation (Springel et al.
2005), the MS-W7 simulation contains 21603 particles in a
periodic box of 500 h−1 Mpc on a side, but with a mass reso-
lution of 9.3 × 108 h−1 M⊙ and with a WMAP7 cosmology2

(Komatsu et al. 2011).
An overview of the three models is provided below, fo-

cused on the aspects where they differ and that are rele-
vant for this study (see also Contreras et al. 2013; Guo et al.
2016).

2.1.1 Merger trees and haloes hosting central galaxies

All the models use a Friends-of-Friends group finding al-
gorithm (FOF, Davis et al. 1985) to identify haloes in each
snapshot of the simulation that contain at least 20 particles,
and then they run SUBFIND on these groups to identify
subhaloes within the FOF groups (Springel et al. 2001). The
models use different merger tree algorithms: G13 builds the
merger trees following Springel (2005), De Lucia & Blaizot
(2007) and Boylan-Kolchin et al. (2009) and GP14 and GRP
use the DHALO algorithm (Jiang et al. 2014). Both methods
identify descendants of a halo at the following 2 snapshots
in the case of l-galaxies and 5 in the Dhalo algorithm. In
both cases there is an attempt to avoid the premature link of
haloes which pass through another halo, but the DHALO al-
gorithm also imposes that the halo mass increases monoton-
ically with the age of the universe (Jiang et al. 2014). Thus,
the haloes identified as such and their mases are different
between the l-galaxies and galform models, however the
differences are small enough to not affect the conclusions of
this work (for further details on this point see Jiang et al.
2014 and Guo et al. 2016).

Central galaxies in l-galaxies are hosted by the most
massive subhalo (main subhalo) within a FoF group. gal-
form defines host haloes either at the last time step of the
simulation or at the last time a galaxy was a classified as
central and determines its main progenitor as the one that
contributed the most bound particles. In galform once a
galaxy becomes a satellite, it will be treated as such until the
end of the simulation. This is not the case in l-galaxies,
in which satellites beyond the virial radius of the halo that
was hosting them can become centrals again. Note that this
is not just a matter of reclassification, as the gas accretion
and stripping is modeled differently for central and satellite
galaxies.

2 The values of the cosmological parameter of this simulation are:
Ωm0 = 0.272, ΩΛ0 = 0.728, Ωb0 = 0.0455, σ8 = 0.81, ns = 0.967
and h = 0.704
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2.1.2 Gas in satellite galaxies

As it has been previously mentioned, the only difference be-
tween the GP14 and GRP models is the way gas is stripped
from satellite galaxies due to ram-pressure. In GP14, a
galaxy is assumed to lose its hot gas completely and in-
stantaneously once it becomes a satellite; in both GRP and
G13, this process is gradual and depends on the orbit of the
satellite. The G13 model also allows for tidal stripping of
gas. The stripping of gas in satellite galaxies affects the con-
formity prediction at small scales (i.e. one-halo conformity),
where in GRP and G13 galaxies will become redder earlier,
but should not affect the results at large scales (i.e. two-halo
conformity).

2.1.3 Star formation and feedback

For the quiescent formation of stars in discs, the G13 model
assumes that, once the surface gas density exceeds a crit-
ical value, stars will form following a simplified empirical
Kennicutt relation (Kennicutt 1998). In galform, the qui-
escent star formation in galaxy discs explicitly depends on
the molecular component of the gas, with the star formation
rate being proportional to the surface density of molecular
hydrogen in the ISM (Lagos et al. 2011). Note that the em-
pirically motivated calculation followed in galform does
not impose a threshold for the star formation to happen.

The G13 model assumes the bursts of star formation to
be proportional to the total mass of cold gas and the mass
ratio of two merger progenitors whenever a merger happens.
galform assumes that bursts of star formation are simply
proportional to the total mass of cold gas present in galaxy
bulges and inversely proportional to a star formation time-
scale (Granato et al. 2000).

In the three models, when massive stars die, cold gas is
ejected from galaxies at a rate proportional to the SFR, with
the proportionally factor depending on the circular velocity
of the galaxy. This dependency is assumed to be a power
law in galform, while the G13 model assumes a more com-
plicated form. In both models, the gas that is ejected from
the halo will be gradually reincorporated at times that are
different between l-galaxies and galform. See Guo et al.
(2016) for further details on how these physical processes
compare between l-galaxies and galform.

3 DEFINITIONS

3.1 Primary galaxies

In this paper, we estimate the fraction of quenched sec-
ondary galaxies around primary galaxies. The latter corre-
spond to the most massive or the brightest galaxy in a group
(or halo). By following a similar observational approach of
Kauffmann et al. (2013, see also Kauffmann 2015), we de-
fine a galaxy with stellar mass Mstell to be a primary galaxy
if there is no other galaxy with stellar mass greater than
Mstell/2 within a given radius. In practice, this is an iso-
lation criterion where we use the 3D positions of galaxies
taking into account the periodic boundary conditions in the
simulation box. We use three isolation radii in real space:
0.1, 0.5 and 1 h−1 Mpc.

3.2 Secondary galaxies

The secondary galaxies correspond to all the galaxies in
the vicinity of primary galaxies. The minimum stellar mass
for the secondaries is 109 h−1 M⊙. Recall that due to the
isolation criterion, the maximum stellar mass for the sec-
ondary galaxies is Mstell/2 of the primary galaxy (Mstell,sec

< Mstell,prim/2) inside the isolation radius.

3.3 Galactic conformity

In order to detect galactic conformity in the semi-analytic
models, we measure the mean fraction of quenched sec-
ondary galaxies around quenched (Q) and star-forming (SF)
primary galaxies. We define that there is a galactic confor-
mity signal when the mean quenched fraction of secondaries
at a given distance from Q primary galaxies is higher than
that around SF primary galaxies of the same stellar mass.
Fig. 1 shows the distribution of the specific star formation
rate (sSFR, simply defined as the star formation rate nor-
malized by the stellar mass) for the synthetic galaxies of
G13, GP14 and GRP as a function of stellar mass. We refer
to a galaxy as “quenched” if the sSFR is lower or equal than
10−10.1 h yr−1. Otherwise, the galaxy is considered as star
forming. This value of sSFR is marked as a blue dashed line
in Fig. 1. We obtain that the fraction of Q galaxies is similar
for the three models using this cut in sSFR (57% for G13,
58% for GP14, and 58% for GRP). We have checked that
our results are robust changing this cut by 0.3 and 0.5 dex.

The errors in the estimation of the mean quenched
fractions are calculated using the jackknife method (e.g.
Zehavi et al. 2002; Norberg et al. 2009). In detail, we split
every sample in 120 subsamples and estimate the covariance
matrix as follows

C(pi, pj) =
N − 1

N

N
∑

k=1

(pki − pi)(p
k
j − pj), (1)

where N is the number of subsamples, pi is the mean
quenched fraction around primary galaxies in the ith radial
bin, and

pi =
1

N

N
∑

k=1

pki . (2)

Error bars in the figures of Section 4 are estimated using the
diagonal of the covariance matrix, i.e.,

√

C(pi, pi).
We use the covariance matrix to estimate the cumula-

tive signal-to-noise ratio (S/N) of galactic conformity. The
cumulative S/N at a distance r is measured through the dif-
ference between the quenched fraction of secondary galaxies
around Q and SF primary galaxies as follows

(S/N)2 = BTA−1B, (3)

where B = pQ(6 r) − pSF (6 r). Here, pQ and pSF are the
mean quenched fraction of secondaries around Q primary
galaxies and SF primary galaxies, respectively, considering
the radial bins out to r. Furthermore,

A−1 = (CQ + CSF )
−1, (4)

where CQ (CSF ) is the covariance matrix defined in equa-
tion (1) for the mean quenched fraction around the Q (SF)
primary galaxies. In order to differentiate the signal of con-
formity at small and large scales, we estimate equation (3)

c© 000 RAS, MNRAS 000, 1–14



Galactic Conformity in SAMs 5

9.0 9.5 10.0 10.5 11.0 11.5

log(Mstell/h
−1M⊙)

−13

−12

−11

−10

−9

−8

lo
g
(s
S
F
R
/
h
y
r−

1
)

G13

9.0 9.5 10.0 10.5 11.0 11.5

log(Mstell/h
−1M⊙)

GP14

9.0 9.5 10.0 10.5 11.0 11.5 12.0

log(Mstell/h
−1M⊙)

GRP

4.0

4.4

4.8

5.2

5.6

6.0

6.4

6.8

lo
g(
N

g
a
l/
d
ex

2
)

Figure 1. Contours with the distribution of sSFR as a function of stellar mass for the synthetic galaxies of G13 (left-hand panel),
GP14 (middle panel), and GRP (right-hand panel). The blue dashed horizontal line is the fiducial value used in this work that roughly
separates star-forming and quenched galaxies (above and below the line, respectively). The colour bar indicates the number density of
galaxies.

separately for the one-halo conformity and two-halo confor-
mity out to r ∼ 0.5 h−1 Mpc and in the range 0.5 < r < 20
h−1 Mpc, respectively.

4 RESULTS

4.1 Isolated primary galaxies

Figure 2 shows the mean quenched fraction of secondary
galaxies as a function of the distance from primary galax-
ies in different stellar mass bins. Here the primary galaxies
are selected according to the isolation criterion described in
Section 3.1 with a radius of 0.1 h−1 Mpc (top panels), 0.5
h−1 Mpc (middle panels) and 1 h−1 Mpc (bottom panels).
The mean quenched fraction around Q primaries are shown
in solid lines and that around SF primaries are shown in
dashed lines. The galactic conformity can be seen as the
separation between the solid and dashed lines for a given
mass sample (i.e. for the same colour lines).

At small scales (. 0.2 h−1 Mpc), we detect galactic con-
formity in the G13 model (left-hand panels), i.e. the mean
quenched fraction of secondary galaxies is higher around Q
primary galaxies than that around star-forming (SF) pri-
mary galaxies of the same mass. The signal is present for
the three stellar mass ranges of primary galaxies. On the
other hand, the middle panels show the GP14 model with
a full quenched population for scales below 0.1 h−1 Mpc
caused by removing all hot gas in satellites implemented
in this model, making impossible to detect galactic confor-
mity at these scales. The GRP model (right-hand panels)
shows the stronger galactic conformity at . 0.2 h−1 Mpc,
i.e. larger separations between the solid and dashed lines,
especially for the low-mass primaries (red lines).

In general, the mean quenched fraction of secondaries
decreases to larger distances out to some scale that is
strongly dependent on the isolation radius of primary galax-
ies. At this radius, there is an upturn of the quenched frac-
tion of secondary galaxies. For example, we can see this up-
turn at ∼ 0.1 h−1 Mpc, ∼ 0.5 h−1 Mpc, and ∼ 1 h−1 Mpc
in the top-right, middle-right and bottom-right panels, re-

spectively. Recall that by definition, the secondaries have at
most a half of the stellar mass of the primary galaxy inside
the isolation radius. Thus, it is more likely to find quenched
secondary galaxies at and beyond this scale since the restric-
tion on stellar mass is no longer present from the isolation
criteria and, therefore, the mean quenched fraction of sec-
ondaries increases. The upturn in the quenched fraction is
higher for low-mass primary galaxies (red lines) because the
number of secondary galaxies with stellar masses Mstell,sec

> Mstell,prim/2 is higher compared with the case of more
massive primaries.

We also detect the two-halo galactic conformity (& 1
h−1 Mpc), but decreases to larger separations from the pri-
mary galaxies. This conformity (i.e. the separation between
the solid and dashed lines) is lower compared to that in
the one-halo conformity and depends on the stellar mass of
the primary galaxy. The galactic conformity decreases in the
G13 model as we increase the mass of the primary galaxies.
At distances of ∼ 10 h−1 Mpc, there is no galactic confor-
mity regardless the stellar mass and isolation radius, i.e. the
mean quenched fractions of secondary galaxies around Q pri-
mary galaxies and SF primary galaxies at fixed stellar mass
are almost the same. The galactic conformity at large-scales
look to be smaller in the GP14 and GRP models compared
to the G13 model.

Note that the mean quenched fraction of secondaries
slightly increases for scales larger than 3 h−1 Mpc in all the
SAMs because of quenched satellites in adjacent haloes.

The top panels of Fig. 3 show the cumulative S/N (see
Section 3.3) of galactic conformity for the cases with an iso-
lation radius of 0.5 h−1 Mpc. Hereafter, we only use this iso-
lation radius since it is representative of selecting primaries
(i.e. the overall results at Mpc scales do not change using a
different isolation radius). The cumulative S/N is estimated
as the difference in the quenched fraction of all the neighbour
galaxies around Q and SF isolated primaries using equation
(3). We estimate the cumulative S/N separately for the one-
halo conformity out to r ∼ 0.5 h−1 Mpc and the two-halo
conformity in the range 0.5 < r < 20 h−1 Mpc. Since this
is a cumulative measurement with the scale, in this figure
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Figure 2. Mean quenched fraction of secondary galaxies as a function of the distance around quenched (Q, solid lines) and star-forming
(SF, dashed lines) primary galaxies using the SAMs of G13 (left panels), GP14 (central panels), and GRP (right panels). The colours
correspond to different stellar mass bins of primary galaxies indicated in the legend. Primary galaxies are selected according to an
isolation criterion in real space (see details in Section 3.1) with a radius of 0.1 h−1 Mpc (top panels), 0.5 h−1 Mpc (middle panels) and
1 h−1 Mpc (bottom panels) shown as a dotted-vertical line in each panel. The galactic conformity can be seen as the separation between
the solid and dashed lines for a given mass sample (i.e. for the same colour lines).

the cumulative S/N increases for scales where galaxy con-
formity signal is strong, while the cumulative S/N is rela-
tively flat for scales where galaxy conformity signal is rather
low. In G13 (top-left panel of Fig. 3), the one-halo galactic
conformity is stronger for primary galaxies more massive
than Mstell,prim > 1010 h−1 M⊙. At larger scales, the galac-
tic conformity becomes stronger between low-mass primary
galaxies (109.5 − 1010 h−1 M⊙) and their neighbours. Table

1 also shows that the cumulative signal-to-noise ratio of this
case at ∼20 h−1 Mpc (third column) is higher compared to
the other mass ranges of primary galaxies. The cumulative
S/N of two-halo conformity is 2.6 times higher than the cu-
mulative S/N of one-halo conformity for low-mass primaries,
whereas the signal is very similar in both regimes for massive
primary galaxies. The last column of Table 1 corresponds to
the ratio between the mean quenched fraction of secondaries
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Table 1. Conformity signal-to-noise ratio between isolated pri-
mary galaxies and secondaries (top panels of Fig. 3). First column
shows the mass range for the primary galaxies, the second column
is the cumulative S/N out to 0.5 h−1 Mpc, and the third column
is the cumulative S/N measured from 0.5 h−1 Mpc out to 20
h−1 Mpc, S/N(0.5 < r < 20). The last column is the ratio be-
tween the mean quenched fraction of secondaries around Q and
SF isolated primaries (fQ,Qprim/fQ,SFprim) at 5 h−1 Mpc. The
stellar mass is log10 in units of h−1 M⊙.

log(Mstell) S/N(r < 0.5) S/N(0.5 < r < 20) ratio fQ(5)

G13

9.5-10 55.9 145.2 1.068
10-10.5 75.3 112.0 1.051

10.5-11 69.8 66.4 1.052

GP14

9.5-10 81.2 86.6 1.030

10-10.5 90.8 53.4 1.026
10.5-11 65.6 44.2 1.037

GRP

9.5-10 83.8 66.9 1.024
10-10.5 70.5 40.7 1.022
10.5-11 54.5 34.7 1.032

around Q and SF isolated primaries (fQ,Qprim/fQ,SFprim)
at 5 h−1 Mpc. This scale is used just as a reference of the
two-halo conformity regime. fQ around low-mass Q primary
galaxies is 7% higher than that around SF primaries of the
same mass at 5 h−1 Mpc, whereas it is 5% between Q and
SF primaries of higher masses.

The two-halo conformity of the GP14 and GRP simu-
lations (top-middle and top-right panels of Fig. 3) are qual-
itatively similar to that of G13. That is, the highest cu-
mulative S/N is reached in the case between low-mass pri-
mary galaxies and their neighbour galaxies. However, the
results are quantitatively different. For a given mass range
of primaries, the cumulative S/N at 20 h−1 Mpc in GP14
and GRP are smaller compared with G13. Furthermore,
fQ,Qprim/fQ,SFprim is also smaller for all masses (less than
4%, see Table 1). In contrast to G13, the signal of two-halo
conformity is in general not higher than that of one-halo
conformity in both GP14 and GRP simulations.

4.2 Isolated, central primary galaxies

Figure 4 shows the case of isolated, central primaries with
an isolation radius of 0.5 h−1 Mpc. Therefore, in addition
of the isolation criterion used in observations for selecting
central galaxies, they are actually central galaxies according
to the numerical simulations. The results are similar to those
using isolated primaries (middle row panels of Fig. 2) inside
the isolation radius. However, it is clear that the galactic
conformity is weaker at Mpc scales.

The bottom panels of Fig. 3 show that the cumulative
S/N of two-halo conformity between the isolated, central
galaxies and their neighbours is lower compared to that be-
tween isolated primaries and their neighbour galaxies (top
panels) for the three SAMs. This means that part of the

Table 2. Same as Table 1, but for isolated, central galaxies
instead of using only isolated galaxies as primaries.

log(Mstell) S/N(r < 0.5) S/N(0.5 < r < 20) ratio fQ(5)

G13

9.5-10 34.5 123.9 1.060
10-10.5 69.6 72.0 1.041
10.5-11 66.1 51.5 1.044

GP14

9.5-10 46.7 12.0 1.009
10-10.5 62.2 11.8 1.010
10.5-11 62.5 21.0 1.026

GRP

9.5-10 63.4 10.1 1.007
10-10.5 61.2 10.6 1.009
10.5-11 56.3 19.6 1.024

two-halo conformity detection is polluted by satellites that
are classified as primaries using only an isolation criterion
for selecting central galaxies (see Kauffmann et al. 2013,
Bray et al. 2016, and Tinker et al. 2017 for the same con-
clusion). We find that the fraction of the low-mass primary
galaxies which are actually central galaxies using an isola-
tion radius of 0.5 h−1 Mpc is of 96% for G13, 95% for GP14,
and 94% for GRP.

For G13, we still find a consistent two-halo confor-
mity signal between isolated, central primaries and secon-
daries (see also Table 2), although the cumulative S/N at
20 h−1 Mpc is lower when we include central galaxies in
the primary sample compared with the case of only isolated
primaries. In addition, fQ,Qprim/fQ,SFprim at 5 h−1 Mpc is
slightly smaller for all masses (6% for low-mass primaries,
4% for primaries of higher masses).

However, for GP14 and GRP we do not find a strong
two-halo conformity signal between isolated, central pri-
maries and their neighbour galaxies. The cumulative S/N is
∼7 times smaller using central galaxies in the sample of low-
mass primaries, ∼4 times smaller for primaries of intermedi-
ate masses, and ∼2 times smaller for massive primaries. Fur-
thermore, the ratio fQ,Qprim/fQ,SFprim at 5 h−1 Mpc de-
creased to 61% for primaries of Mstell< 1010.5 h−1 M⊙, and
2–3% for massive primaries in GP14 and GRP. Therefore,
using central galaxies as primaries remarkably decreases the
two-halo conformity compared to that using only isolated
galaxies, but this strongly depends on each model. The dif-
ferences in the treatment of gas in satellites among the mod-
els are not responsible for the differences measured in the
two-halo galactic conformity between G13 and both GP14
and GRP. We have confirmed that the results are qual-
itatively similar using only massive galaxies above Mstell

> 1010.5 h−1 M⊙ where the sSFR distributions in Fig. 1
are similar.

As mentioned in Section 2.1, in G13 satellite galaxies
that are far enough from the virial radius of the host halo
in some snapshots can be reconsidered as central galaxies
again, which is not the case for GP14 and GRP. These lat-
ter models assume that once a galaxy becomes a satellite
it will remain as such until it merges with a central galaxy
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Figure 3. Cumulative signal-to-noise ratio of galactic conformity using the SAMs of G13 (left panels), GP14 (central panels), and
GRP (right panels). The difference between the quenched fraction of secondary galaxies around Q and SF primary galaxies with the
same stellar mass along with the respective covariance matrix are used to estimate the cumulative S/N (equation 3). This is measured
separately for the one-halo conformity out to ∼ 0.5 h−1 Mpc (dash-dot lines) and the two-halo conformity in the range 0.5 < dist < 20
h−1 Mpc (solid lines). The isolation radius is shown as a dotted-vertical line in each panel, which also illustrates our scale to separate the
one-halo conformity and the two-halo conformity. In the top panels, the primary galaxies are selected according to an isolation criterion
in real space with a radius of 0.5 h−1 Mpc, whereas in the bottom panels they are also central galaxies in the simulations. The colours
correspond to different stellar mass bins of primary galaxies indicated in the legend.

(Guo et al. 2016). In order to assess the role of satellites
which are reconsidered as central galaxies, we remove from
the primary sample the central galaxies that were ejected
from their host haloes in the past in G13. The results are
shown in Table 3. Compared to the results shown in Table
2, we find that the cumulative S/N of two-halo conformity
decreases, down to a 60 percent for the low-mass primaries
and 40 percent for the primaries of intermediate masses. The
cumulative S/N barely decreases (3 percent) for the massive
primaries. Furthermore, the ratio fQ,Qprim/fQ,SFprim at 5
h−1 Mpc decreases from 6% to 64% for low-mass primaries.
Therefore, central galaxies ejected from their host halo are
partially responsible for the high signal of two-halo confor-
mity found in G13, especially for low-mass primaries.

On the other hand, the galactic conformity measured
at Mpc scales could be related with the large scatter in the
distribution of halo masses at fixed stellar mass for the pri-
mary galaxies (Paranjape et al. 2015). Fig. A1 in Appendix
A shows the median halo mass as a function of stellar mass
ranges of Q and SF isolated, central primary galaxies for the
three SAMs. The scatter in halo mass increases with stellar

Table 3. Same as Table 1, but for isolated, central galaxies. We

do not include central galaxies of G13 that were ejected from their
host halo in the past in the sample of primary galaxies.

log(Mstell) S/N(r < 0.5) S/N(0.5 < r < 20) ratio fQ(5)

G13

9.5-10 19.7 50.1 1.037
10-10.5 66.6 42.4 1.031
10.5-11 74.1 49.7 1.042

mass. Furthermore, the median halo mass of Q isolated, cen-
tral primaries (squares) is higher than that of SF isolated,
central primaries (triangles) at fixed stellar mass with Mstell

> 1010 h−1 M⊙ in all the models. For this reason, we mea-
sure the conformity between massive primary galaxies and
their neighbours in three different halo mass ranges for the
primaries. We use the case of massive primaries since they
still show a considerable two-halo conformity using central
galaxies in the sample of primaries in G13 (e.g. 4% in the
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Figure 4. Mean quenched fraction of secondary galaxies as a function of the distance around Q (solid lines) and SF (dashed lines)
primary galaxies using the SAMs of G13 (left-hand panels), GP14 (middle panels) and GRP (right-hand panels). Here the primary
galaxies are selected according to an isolation criterion in real space with a radius of 0.5 h−1 Mpc shown as a dotted-vertical line and, in
addition, they are central galaxies in the simulations. The colours correspond to different stellar mass bins of primary galaxies indicated
in the legend.

fQ ratio at 5 h−1 Mpc, value that does not change if we
do not include central galaxies that were ejected from their
host haloes in the past). For completeness, we also estimate
the mean quenched fractions for GP14 and GRP simula-
tions. Primary galaxies are all the isolated, central galaxies
in G13, GP14 and GRP at 1010.5 < Mstell/h

−1 M⊙ < 1011,
i.e. we include central galaxies that were ejected in the past
in G13. The halo mass ranges are selected in order to have
the same percentage of massive primary galaxies in each
halo mass range. The results are shown in Fig. 5. The top
panels show the mean quenched fractions around massive
Q primaries and massive SF primaries of fixed stellar and
halo mass (solid and dashed lines, respectively). The bottom
panels show the cumulative S/N for each case. At a given
scale, the overall conformity signal decreases notably com-
pared with that in the bottom panels of Fig. 3 (green lines)
for each SAM.

The two-halo conformity for the case of massive pri-
maries in massive host haloes (Mhalo> 1012.4 h−1 M⊙) de-
creases significantly for all the SAMs. In Table 4 we report
that the cumulative S/N is < 10 at 20 h−1 Mpc and, also,
the fQ ratio is < 2% at 5 h−1 Mpc. For massive primary
galaxies in haloes of lower mass, S/N(0.5 < r < 20) . 30
in G13, which is smaller compared to that without dividing
in halo mass (∼50). These results support the claim that
the two-halo conformity measured for primary galaxies of
the same stellar mass is influenced by primaries residing in
haloes of different masses. However, we still detect a signif-
icant cumulative signal of two-halo conformity of ∼ 20− 30
between massive isolated, central galaxies in relatively low-
mass haloes and their neighbour galaxies in G13.

In the case of GP14 and GRP, for a given halo mass, the
cumulative S/N in both the one-halo and the two-halo con-
formity regimes is smaller than 12 with fQ ratios . 2% at 5
h−1 Mpc (see Table 4). GP14 and GRP show similar mean
quenched fractions around massive primaries at scales be-
yond the virial radius of the primaries (middle top and right
top panels of Fig. 5, respectively). Therefore, the two-halo

Table 4. Conformity signal between massive isolated, central
primary galaxies (1010.5 < Mstell/h

−1 M⊙ < 1011) and secon-
daries (Fig. 5). First column is the halo mass range for the pri-
mary galaxies, the second column is the cumulative S/N out to 0.5
h−1 Mpc, and the third column is the cumulative S/N measured
from 0.5 h−1 Mpc out to 20 h−1 Mpc, S/N(0.5 < r < 20). The
last column is the ratio between the mean quenched fraction of
secondaries around Q and SF massive isolated, central primaries
(fQ,Qprim/fQ,SFprim) at 5 h−1 Mpc. The halo mass is log10 in
units of h−1 M⊙.

log(Mhalo) S/N(r < 0.5) S/N(0.5 < r < 20) ratio fQ(5)

G13

11-12 7.5 32.2 1.052
12-12.4 17.5 22.0 1.031
12.4-14.5 11.0 8.9 1.019

GP14

11.3-12 4.4 9.5 1.014
12-12.5 7.8 11.9 1.019
12.5-14.6 4.1 2.8 1.014

GRP

11.3-12 5.9 6.6 1.011
12-12.5 12.0 9.7 1.021
12.5-14.7 3.0 3.7 1.019

conformity is in general independent of the prescriptions for
satellites used in the SAMs.

4.3 Conformity between primaries and central

galaxies

In this section we explore the case of galactic conformity
between isolated, central galaxies and central galaxies, i.e.
we do not include satellite galaxies in the sample of sec-
ondary galaxies. In addition, we do not include central galax-
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Figure 5. Top panels: mean quenched fraction of secondary galaxies as a function of the distance around Q (solid lines) and SF (dashed
lines) primary galaxies using the SAMs of G13 (left-hand panels), GP14 (middle panels) and GRP (right-hand panels). Here the primary
galaxies correspond to massive isolated, central galaxies (1010.5 < Mstell/h

−1 M⊙ < 1011). The colours correspond to different halo
mass bins of primary galaxies indicated in the legend for each SAM. These bins were selected in order to have the same percentage of
primary galaxies in each halo mass range. Bottom panels: cumulative signal-to-noise ratio of galactic conformity for the cases shown
in the top panels. This is measured separately for the one-halo conformity out to ∼ 0.5 h−1 Mpc (dash-dot lines) and the two-halo
conformity in the range 0.5 < dist < 20 h−1 Mpc (solid lines). The isolation radius is shown as a dotted-vertical line in each panel, which
also illustrates our scale to separate the one-halo conformity and the two-halo conformity. The colours correspond to different halo mass
bins of primary galaxies indicated in the legend.

ies that were ejected from their host halo in the past in G13
since these galaxies increase the signal of two-halo confor-
mity compared with GRP and GP14 models as shown in the
previous section. Fig. 6 shows the results. The top panels
correspond to the mean quenched fraction of central galax-
ies around isolated, central galaxies for the three SAMs. Of
course, this fraction is zero at small scales because we do
not include satellite galaxies. Other central galaxies start
to appear in the infall region of the primary galaxies (typ-
ically between 0.1 and 0.3 h−1 Mpc). At larger scales, the
conformity is rather weak for G13, GP14 and GRP. For all
the SAMs, the quenched fractions decrease monotonically
at Mpc scales since we do not consider satellite galaxies in
other haloes (c.f. Fig.4).

As can be seen in the bottom panels of Fig. 6, the cu-
mulative S/N of two-halo conformity is higher for G13. This
value gets up to ∼ 30–35 around primaries at 20 h−1 Mpc,
whereas the cumulative S/N is always lower than 15 around
primaries of all the masses for GP14 and GRP. The over-
all cumulative signal of central galaxies as secondaries is

lower than that using all the neighbour galaxies (centrals
and satellites) as secondaries, especially for G13.

5 DISCUSSION

Our finding of one-halo galactic conformity in the semi-
analytic models of G13 and GRP between isolated pri-
mary galaxies and their neighbour galaxies (Section 4.1)
are consistent with the galactic conformity observed in
galaxy groups by other authors (e.g. Wang & White 2012;
Phillips et al. 2014). That is, the fraction of quenched neigh-
bour galaxies at scales smaller than ∼0.3 h−1 Mpc is higher
for quenched primary galaxies than for star-forming pri-
maries at fixed stellar mass. This shows that SAMs are able
to reproduce the observed correlations between central and
satellite galaxies. The signal of this correlation depends on
the specific model. In the case of GP14, the environmental
process of removing, instantaneously, all hot gas in satel-
lites is so strong that nearly all the neighbour galaxies are
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Figure 6. Top panels: mean quenched fraction of central galaxies as a function of the distance around Q (solid lines) and SF (dashed
lines) primary galaxies using the SAMs of G13 (left-hand panels), GP14 (middle panels) and GRP (right-hand panels). Here the primary
galaxies are selected according to an isolation criterion in real space with a radius of 0.5 h−1 Mpc and, in addition, they are central
galaxies in the SAMs. We do not include central galaxies that were ejected in the past in G13. The colours correspond to different stellar
mass bins of primary galaxies indicated in the legend. Bottom panels: cumulative signal-to-noise ratio of galactic conformity for the
cases shown in the top panels. This is measured separately for the one-halo conformity out to ∼ 0.5 h−1 Mpc (dash-dot lines) and the
two-halo conformity in the range 0.5 < dist < 20 h−1 Mpc (solid lines). The isolation radius is shown as a dotted-vertical line in each
panel, which also illustrates our scale to separate the one-halo conformity and the two-halo conformity.

quenched inside the virial radius of the central galaxy. Inter-
estingly, a galactic conformity appears for scales larger than
0.1 h−1 Mpc in this model.

As a matter of fact, the three models have high cumu-
lative S/N of two-halo conformity at scales > 0.5 h−1 Mpc.
Therefore, regardless the feedback acting inside the virial
radius of central galaxies, a correlation between quenched
(star-forming) central galaxies and quenched (star-forming)
neighbour galaxies is detected within scales that correspond
to the infall region of haloes and beyond. As well as the
case of one-halo conformity, the amplitude of this signal is
strongly dependent on each SAM. G13 shows the highest
two-halo conformity. The three SAMs consistently show low-
mass isolated primary galaxies and their neighbours with
higher cumulative S/N of conformity at Mpc scales.

Some authors have reported a two-halo conformity in
observations (e.g. Kauffmann et al. 2013; Kauffmann 2015;
Berti et al. 2017). The chosen criterion of isolated primaries
in this work is similar to that used in observations that look
for the conformity signal, but we use the 3D information pro-
vided by the models to estimate the distance. We expect the

signal of conformity to be diluted if the isolation criterion
is applied in redshift space. We confirm that the isolation
criterion allows to add some satellite galaxies in the sample
of primary galaxies (see Kauffmann et al. 2013; Bray et al.
2016; Sin et al. 2017; Tinker et al. 2017). Although the frac-
tion of satellites in the primary sample is relatively small
(6 6% for the low-mass primary galaxies), they contribute
to increase the cumulative S/N of conformity compared to
the case when we use isolated galaxies that are true central
galaxies in the SAMs, especially for the low-mass primary
galaxies (see Fig. 3). This is consistent with Tinker et al.
(2017) and Sin et al. (2017) where the large-scale galactic
conformity notoriously decreases after removing a small frac-
tion of satellite galaxies in the primary sample (6.5% and
7%, respectively, for masses between 1010 and 1010.5 M⊙)
using their group catalogs. Around two-thirds of these satel-
lites are located near large galaxy clusters (Sin et al. 2017).

Two-halo conformity at scales larger than 1 h−1 Mpc
is low regardless of the mass of the isolated, central pri-
mary galaxies for all the SAMs studied here, except G13.
The fact that GP14 and GRP show similar results at large
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scales although they have different treatment of the hot gas
in satellites suggests that other effects are playing a role
in the two-halo conformity. We removed from the primary
sample the central galaxies that were ejected in the past in
G13 and found that in this case the overall cumulative S/N
decreases, down to a 60 percent for the low-mass primaries.
This result shows that central galaxies ejected from their
host halo are partially responsible of the higher signal of
two-halo conformity measured in G13 compared with GP14
and GRP, especially for low-mass primary galaxies.

We also explored the case of conformity between mas-
sive isolated, central primary galaxies and their neighbour
galaxies at both fixed stellar mass and fixed halo mass for
the primaries (Fig. 5). The two-halo conformity is detected
for massive primaries in relatively low-mass haloes (Mhalo

< 1012.4 h−1 M⊙) in G13. In this case, the cumulative S/N
is weaker (a factor of two) compared to the case of fixing
only the stellar mass for the primaries. Our result is quali-
tatively similar to that of Bray et al. (2016). They find that
the mean red fraction of secondaries around redder isolated
galaxies is higher than around blue isolated galaxies at fixed
halo mass (Mhalo < 1012 h−1 M⊙) out to Mpc scales in
the Illustris simulation. They use an isolation radius of 0.35
h−1 Mpc (0.5 Mpc) in real space. The difference in the mean
red fractions is similar to that at fixed stellar mass for the
primaries which leads them to conclude that using stellar
mass as a proxy for halo mass is unlikely to be biased by
this selection technique. However, we note that this would
not be valid for central galaxies in massive haloes since our
results show that the cumulative S/N is < 10 for massive
primaries in haloes with Mhalo> 1012.4 h−1 M⊙. The sig-
nal of two-halo conformity is influenced by primary galaxies
at fixed stellar mass that reside in dark matter haloes of
different masses.

We also estimated the mean quenched fraction of cen-
tral galaxies around isolated, central primaries (Fig. 6). In
G13 we do not include central galaxies that were ejected
from their host halo in the past. The cumulative S/N reaches
∼35 for the low-mass primaries, whereas this value is lower
than 15 for both GP14 and GRP. Bray et al. (2016) stud-
ied a similar case in Illustris using colour instead of sSFR.
They found that the signal of conformity out to ∼ 3 Mpc
is still present for low-mass primaries, and nearly identical
to the signal in the case with all the neighbour galaxies (i.e.
satellites and central) in the secondary sample, but the sig-
nal between 3 and 10 Mpc is completely suppressed. This is
similar to our result using G13, although we find that the
cumulative signal of conformity at 20 h−1 Mpc is reduced
by a 30% when we do not consider satellite galaxies in the
sample of secondaries. In the case of GP14 and GRP, the
cumulative S/N is lower at all the scales when the satellites
are not included as secondary galaxies.

Since in the SAMs the central galaxies are tracing the
position of their host haloes, the results shown in Fig. 6 can
be thought as an attempt to measure the conformity be-
tween haloes. If we assume that stellar mass is a proxy of
halo mass and sSFR is a proxy of some physical property of
the haloes related to their formation time, this measurement
can serve as a link between conformity and the assembly
bias. The results using G13 show that conformity is smaller
than 3% beyond ∼ 3 h−1 Mpc for all the masses in this
model. Furthermore, in the case of GP14 and GRP, the sig-

nal of the proxy of conformity between haloes is very weak
(<1–2%) at all the scales and masses. This is consistent with
Bray et al. 2016 and Tinker et al. 2017 where conformity is
not present at scales larger than 3 h−1 Mpc. It seems diffi-
cult that galactic conformity is directly related with a long-
range effect, otherwise we should measure a strong growth in
the cumulative S/N of conformity at least between 5 and 10
h−1 Mpc, which is not the case. On the other hand, Sin et al.
(2017) have found that the conformity out to projected dis-
tances of 4 Mpc is primarily related with the environmen-
tal influence of large galaxy clusters on central galaxies in
high-density environments. Lacerna & Padilla (2011) found
that the assembly bias effect can be explained by old, small
structures located near massive haloes that are typically at
distances out to 4 virial radii (. 1.5 h−1 Mpc). These mas-
sive haloes could disrupt the normal growth of near small
objects and, therefore, affect their virial masses and ages. A
more in depth analysis of whether conformity measured in
models out to ∼ 3 h−1 Mpc is reflecting assembly bias will
be present elsewhere.

6 CONCLUSIONS

We have studied the correlation between the sSFR of central
galaxies and neighbour galaxies out to several Mpc scales
using three SAMs (G13, GP14, and GRP). For that, we
measure the mean quenched fraction of secondary galaxies
around primary galaxies, where the latter are intended to
be central galaxies. The secondary galaxies correspond to
all the galaxies in the vicinity of primary galaxies. In all the
models we find that the mean quenched fraction at distances
larger than 0.5 h−1 Mpc around quenched primary galaxies
is higher than that around star-forming primary galaxies of
the same stellar mass, i.e. we detect two-halo galactic confor-
mity, when the selection of primary galaxies is based on an
isolation criterion as in observations so as to select central
galaxies, but in real space. The signal of two-halo confor-
mity, measured as the cumulative S/N, decreases with the
stellar mass of the primary galaxies in this case. For a given
stellar mass of the primaries, the cumulative signal of confor-
mity depends strongly on each SAM. The G13 model shows
the higher cumulative S/N of two-halo conformity. For the
low-mass primaries (109.5 < Mstell/h

−1 M⊙ < 1010), the cu-
mulative S/N of two-halo conformity is ∼ 145 at 20 h−1 Mpc
and the the mean quenched fraction of secondaries around
Q isolated primaries is 7% higher than that around SF iso-
lated primaries at 5 h−1 Mpc in G13. In contrast, at the
same stellar mass, the cumulative S/N of two-halo confor-
mity is < 100 at 20 h−1 Mpc in the GP14 and GRP models,
with differences in the mean quenched fraction of secondaries
around Q and SF primaries at 5 h−1 Mpc smaller than 3%.

The isolation criterion includes a small fraction of satel-
lites galaxies in the sample of primary galaxies (. 6% for
low-mass primaries). The overall galactic conformity de-
creases when we add the condition of central galaxies, ac-
cording to the information given by the SAMs, in the selec-
tion of the primaries. The cumulative S/N of two-halo con-
formity decreases dramatically down to . 20 in the GP14
and GRP models for all the masses of the primary galaxies
in this case. The differences in the mean quenched fraction
of secondaries around Q and SF primaries at 5 h−1 Mpc are
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smaller than 1% for low-mass primaries and primaries of in-
termediate masses, whereas are smaller than 3% for massive
primaries. For the G13 model, the cumulative S/N is still >
100 at 20 h−1 Mpc for low-mass primaries and with differ-
ences between 4% and 6% in the mean quenched fraction of
secondaries around Q and SF primaries at 5 h−1 Mpc at all
the masses studied.

Since in GP14 and GRP once a galaxy becomes a satel-
lite remains as such, whereas in G13 galaxies that are satel-
lites can become centrals at a later time, we assess the role of
satellites which are reconsidered later as central galaxies by
removing from the primary sample the central galaxies that
were ejected from their host halo in the past in G13. We find
that the cumulative S/N of two-halo conformity is . 50. It
decreases down to a 60% for the low-mass primaries and 40%
percent for the primaries of intermediate masses compared
with the case of isolated, central galaxies described above.
Therefore, central galaxies that were ejected from their host
halo in the past are partially responsible of the high sig-
nal of two-halo conformity measured in G13, especially for
low-mass primaries.

We then explore if the two-halo conformity in G13 is
also related with the scatter in the distribution of halo
masses at fixed stellar mass. We use massive primaries for
which the cumulative S/N of two-halo conformity barely
decreased (3%) after removing the ejected (massive) cen-
trals. We find that the two-halo conformity is only detected
for isolated, central galaxies in relatively low-mass haloes
(Mhalo< 1012.4 h−1 M⊙) with a cumulative S/N of ∼20 –
30. Our results support that the two-halo conformity is also
influenced by primary galaxies at fixed stellar mass that re-
side in dark matter haloes of different masses.

Finally, we explore the case of conformity when the sec-
ondary galaxies correspond to central galaxies in the SAMs
as an attempt to measure the correlation of conformity be-
tween distinct haloes. Our results show that the two-halo
conformity is weak beyond ∼ 3 h−1 Mpc for all the mass
ranges in the SAMs (<3% in G13, <1–2% in both GP14 and
GRP models). Therefore, it seems difficult that conformity
is directly related with a long-range effect. It is likely that
the conformity measured at scales smaller than 3–4 h−1 Mpc
is related with the environmental influence of large galaxy
clusters on central galaxies hosted by lower mass haloes.
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24

Komatsu E. et al., 2011, ApJS, 192, 18
Lacerna I., Padilla N., 2011, MNRAS, 412, 1283
Lacerna I., Padilla N., 2012, MNRAS, 426, L26
Lacey C. G. et al., 2016, MNRAS, 462, 3854
Lagos C. D. P., Lacey C. G., Baugh C. M., Bower R. G.,
Benson A. J., 2011, MNRAS, 416, 1566

Lagos C. d. P., Bayet E., Baugh C. M., Lacey C. G., Bell
T. A., Fanidakis N., Geach J. E., 2012, MNRAS, 426, 2142

Lagos C. d. P., Davis T. A., Lacey C. G., Zwaan M. A.,
Baugh C. M., Gonzalez-Perez V., Padilla N. D., 2014, MN-
RAS, 443, 1002

Lawrence A. et al., 2007, MNRAS, 379, 1599
Li Y., Mo H. J., Gao L., 2008, MNRAS, 389, 1419
Lin Y. T., Mandelbaum R., Huang Y. H., Huang H. J.,
Dalal N., Diemer B., Jian H. Y., Kravtsov A., 2016, ApJ,
819, 119

McCracken H. J. et al., 2012, A&A, 544, A156
More S. et al., 2016, ApJ, 825, 39
Norberg P., Baugh C. M., Gaztañaga E., Croton D. J.,
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APPENDIX A: HALO MASS DISTRIBUTION

AT FIXED STELLAR MASS

Figure A1 shows the median halo mass as a function of stel-
lar mass for Q and SF isolated, central primary galaxies
for the three SAMs. The error bars correspond to the 16th
and 84th percentiles of the halo mass distribution. At fixed
stellar mass, the scatter in halo mass is comparable among
the models. However, the median halo mass of quenched
isolated, central primaries (squares) is higher than that of
star-forming isolated, central primaries (triangles) at fixed
stellar mass with Mstell > 1010 h−1 M⊙ in all the models.
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Figure A1. Median halo mass as a function of stellar mass for Q (squares) and SF (triangles) isolated, central primary galaxies using
the SAMs of G13 (left-hand panel), GP14 (middle panel) and GRP (right-hand panel). The error bars correspond to the 16th and 84th
percentiles of the halo mass distribution. The red, blue, and green symbols correspond to the median halo masses of primary galaxies at
9.5 < log Mstell/h

−1 M⊙ < 10, 10 < log Mstell/h
−1 M⊙ < 10.5, and 10.5 < log Mstell/h

−1 M⊙ < 11, respectively. We apply an offset
in stellar mass for each range of Mstell between Q and SF primaries to improve clarity.
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