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ABSTRACT
We investigate the contentious issue of the presence, or lack thereof, of satellites mass segre-
gation in galaxy groups using the Galaxy And Mass Assembly (GAMA) survey, the GALFORM

semi-analytic, and the EAGLE cosmological hydrodynamical simulation catalogues of galaxy
groups. We select groups with halo mass 12 ≤ log (Mhalo/h−1 M�) < 14.5 and redshift z ≤
0.32 and probe the radial distribution of stellar mass out to twice the group virial radius. All
the samples are carefully constructed to be complete in stellar mass at each redshift range
and efforts are made to regularize the analysis for all the data. Our study shows negligible
mass segregation in galaxy group environments with absolute gradients of �0.08 dex and
also shows a lack of any redshift evolution. Moreover, we find that our results at least for the
GAMA data are robust to different halo mass and group centre estimates. Furthermore, the
EAGLE data allows us to probe much fainter luminosities (r-band magnitude of 22) as well
as investigate the three-dimensional spatial distribution with intrinsic halo properties, beyond
what the current observational data can offer. In both cases we find that the fainter EAGLE
data show a very mild spatial mass segregation at z ≤ 0.22, which is again not apparent at
higher redshift. Interestingly, our results are in contrast to some earlier findings using the
Sloan Digital Sky Survey. We investigate the source of the disagreement and suggest that
subtle differences between the group-finding algorithms could be the root cause.

Key words: galaxies: evolution – galaxies: formation – galaxies: haloes – galaxies: groups:
general.

1 IN T RO D U C T I O N

Both theoretical modelling of galaxy formation and observations
reveal that most of the stellar material in the Universe resides in
groups of a few 1012 M� and larger masses (e.g. Abell 1958; Rose
1977; Hickson 1982; Huchra & Geller 1982; Geller & Huchra 1983;
Mulchaey 2000; Eke et al. 2004; Berlind et al. 2006; Yang et al.
2007; Knobel et al. 2009; Robotham et al. 2011; Nurmi et al. 2013;

� E-mail: prajwal.kafle@uwa.edu.au

Tempel et al. 2014; Le Brun et al. 2014; Saulder et al. 2015, etc.).
Moreover, it is known that galaxies residing in a group environment
follow a very different evolutionary course compared to that of
isolated systems (Einasto et al. 1974; Postman & Geller 1984).
Therefore, the group environment is clearly an important factor
in understanding both structure formation and galaxy evolution at
intermediate local mass densities.

In current galaxy formation models, galaxies in the groups can
be broadly classified in two categories: central galaxies and satellite
galaxies (e.g. Zheng et al. 2005; Skibba et al. 2011, etc.). Central
galaxies are located near the centre of a parent dark matter halo.
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Under the current paradigm of hierarchical structure formation, the
central galaxies of the subhalo that gets accreted to the dominant
nearby halo are called satellites. Subsequently the accreted galax-
ies (satellites) are potentially quenched by environmental effects,
such as gas stripping by ram-pressure (Gunn & Gott 1972; Bekki
2009), removal or reduction of hot/cold gas or even the stellar com-
ponents of the satellite galaxy due to tidal stripping (Moore et al.
1996; Boselli & Gavazzi 2006). Thus, to develop a viable theory
of galaxy formation it is important to understand the processes that
could influence the abundance and distribution of satellites in galaxy
groups.

A spatial distribution of stellar mass segregation in any dynam-
ical system, ranging from globular clusters to galaxy groups and
clusters, is an important indicator of their evolutionary history and
dynamical friction time-scales. The sinking of heavier objects in a
gravitational potential well of stellar (Bonnell & Davies 1998) and
galaxy (White 1977; Gao et al. 2004; McIntosh et al. 2005) clus-
ters has been repeatedly observed. Broadly, the mass segregation is
known to be either primordial (Bonnell et al. 1997), meaning clus-
ters may form with the most massive galaxies concentrated near the
centre, or dynamical (Allison et al. 2009) caused by migration of the
most massive galaxies into the centre of the cluster via relaxation.
If dynamical friction in the group environment plays a dominant
role, then the effect on the stellar mass distribution in galaxy groups
should be detectable. Conversely, if there is an absence of spatial
mass segregation in groups, it could possibly mean that the contri-
bution of ongoing star formation in galaxies, or tidal stripping of
satellite galaxies as they fall inward, or that the group is continually
fed by new merging groups in a dominant process directing the
distribution of the mass in groups. In other words, it means that
the relaxation time of the galaxy groups is significantly longer than
their crossing time.

With the advent of large redshift surveys it has only recently be-
come possible to study mass segregation in galaxy groups in great
detail using the Sloan Digital Sky Survey (SDSS; York et al. 2000)
and zCOSMOS (Knobel et al. 2012). Recently, Roberts et al. (2015)
showed the presence of mass segregation trends in SDSS, meaning
satellites of higher masses are systematically concentrated close to
the group-centre at all halo-mass ranges. This is in close agreement
with earlier studies using different data sets, for example, van den
Bosch et al. (2008, SDSS) and Presotto et al. (2012, zCOSMOS).
Similarly, Balogh et al. (2014) also find some mass segregation,
but at small group radii of �0.1 times the virial radius. Simultane-
ously, there are also evidence to contradict the existence of mass
segregations in galaxy groups. For example, Ziparo et al. (2013)
fail to observe strong mass segregation in X-ray selected groups
up to z ∼ 1.7. However, they could not rule out that this might
be due to a bias introduced by their sample selection. Similarly
Wetzel, Tinker & Conroy (2012), using galaxy group catalogues
created from SDSS DR7, with a modified implementation of the
group-finding algorithm in Yang et al. (2007), also find no evidence
of mass segregation for satellites at any halo-mass range.

Despite this large body of work, there is little consensus on the
presence or the strength of mass segregation in galaxy groups. On
the theory side there have been analogous studies (e.g. De Lucia
et al. 2004; Reed et al. 2005; van den Bosch et al. 2016, etc.)
that show the segregation of dark matter subhaloes in numerical
simulations of various extents, but also see Diemand, Moore &
Stadel (2004), Springel et al. (2008), and Ludlow et al. (2009) for
contradictory findings. In the future, it would be valuable to combine
the theoretical work with the studies of satellites mass segregation
in galaxy groups to better understand the galaxy–halo connection

and the various physical processes, such as how galaxies populate
haloes.

In this work, we aim to resolve the contentious issue of the
presence or absence of mass segregation in galaxy groups. For this
we investigate group catalogues from three types of data, observed:
using the Galaxy And Mass Assembly survey (GAMA; Driver et al.
2011; Liske et al. 2015); semi-analytics: using the GAMA light-
cone mock catalogues [GAMA-Mock; Merson et al. 2013 using the
Gonzalez-Perez et al. (2014) variant of the GALFORM semi-analytic
model of galaxy formation (Cole et al. 2000; Lacey et al. 2016)], and
cosmological hydrodynamical simulation: using the Evolution and
Assembly of GaLaxies and their Environments (EAGLE; Schaye
et al. 2015; McAlpine et al. 2016). In order to make the results from
all the three data sets comparable, we homogenize the estimates of
physical quantities such as group-centric distance, stellar mass, and
halo virial properties.

Throughout the paper, we assume a cosmological constant �� =
0.75, matter density �M = 0.25 and h = H0/(100 kms−1 Mpc−1).
Also, log stands for logarithm to the base 10, and r and R represent
the spherical (3D) and projected (2D) radii, respectively. For con-
ciseness, we use the standard notation ( and ] to denote open and
closed intervals, respectively.

This paper is arranged as follows. In Section 2, we describe
GAMA, GAMA-Mock, and EAGLE data, their corresponding
group catalogues and the derivation of quantities relevant to our
analysis. In Section 3, we present our main results. In Section 4, we
provide a detailed comparison of our work with the available group
catalogues of SDSS data and also among different group catalogues
of SDSS. Our findings are summarized in Section 5.

2 DATA

We use data from three main sources. We first describe the data sets
individually followed by how we compute informations relevant to
the study of mass segregation within galaxy groups.

2.1 Galaxy And Mass Assembly

The GAMA survey is a spectroscopic and multiwavelength survey
of galaxies carried out on the Anglo-Australian Telescope (Driver
et al. 2011; Liske et al. 2015). Details of the GAMA survey char-
acteristics are given in Driver et al. (2011), with the survey input
catalogue described in Baldry et al. (2010), the spectroscopic pro-
cessing outlined in Hopkins et al. (2013), and the spectroscopic
tiling algorithm explained in Robotham et al. (2010). The survey has
obtained 300 000 galaxy redshifts to r < 19.8 mag over ∼286 deg2,
with the survey design aimed at providing uniform spatial com-
pleteness (Baldry et al. 2010; Driver et al. 2011). Here we use
the complete northern equatorial sample referred to as GAMA-II-N
covering over three 12 × 5 deg2 fields centred at 9h(G09), 12h(G12)
and 14.5h(G15) RA and approximately 0◦ declination, described in
full in Liske et al. (2015).

The data used here primarily focusses on the GAMA galaxy
groups, which are constructed using an adaptive Friends-of-Friends
(FoF) algorithm, linking galaxies in projected and line-of-sight sep-
arations. For the full details about the algorithm, diagnostic tests,
construction and caveats of the group catalogue we refer the reader
to Robotham et al. (2011).
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2.2 Semi-analytic data (GAMA-Mock)

We use the GAMA light-cone mock catalogues constructed from
the GALFORM semi-analytic model of galaxy formation (Gonzalez-
Perez et al. 2014). The model uses analytic, physically motivated
equations to follow the evolution of the baryonic components of
galaxies (stars, cold gas, hot gas, and their metals). GALFORM makes
use of these equations to populate dark matter halo merger trees
that are generated from N-body simulations (a new Millennium
Simulation MS-W7; Guo et al. 2013) of dark matter. The MS-
W7 simulation uses 21603 particles, each with a mass of 9.35 ×
108 h−1 M� in a box of side 500 h−1 Mpc [see Springel et al. (2005),
for details of the original Millennium Simulation].

GALFORM models the following processes in galaxies: (i) the col-
lapse and merging of dark matter haloes, (ii) gas heating and cooling
through shocks and radiative cooling inside dark matter haloes, lead-
ing to the formation of galactic discs, (iii) quiescent star formation
in galactic discs, (iv) supernovae and AGN feedback from the pho-
toionization of the intergalactic medium, (v) chemical enrichment
of gas and stars, (vi) galaxy mergers leading to the formation of
stellar spheroids, which can also trigger a starburst, and (vii) the
collapse of gravitationally unstable discs, which also leads to the
formation of spheroids and starbursts. The scale size of the disc
and bulge of galaxies is also computed. The galaxy luminosities are
determined by combining the star formation and metal enrichment
histories with stellar population synthesis models for each galaxy.
The attenuation of starlight by dust is included based on radiative
transfer calculations. The final product of the calculation is a pre-
diction of the number and properties of galaxies that reside within
dark matter haloes of different masses. The model we use here is
that of Gonzalez-Perez et al. (2014). The outputs of the model are
placed in a light-cone using the technique described in Merson et al.
(2013), and the details for how the GAMA selection and sky areas
were applied to the light-cones are described in Farrow et al. (2015).

Importantly, the construction of the group catalogue for GAMA-
Mock and estimates of the group properties, e.g. galaxy stellar mass,
group centre and projected distance etc. are done similar to the
GAMA data. This effort is to ensure consistency and make GAMA
and GAMA-Mock results comparable. However, Robotham et al.
(2011) showed that the main discrepancy between the observed
GAMA group catalogue and the mock light-cone is that there is a
relative excess of very compact groups in the mocks data otherwise
there is a high degree of agreement between the two data sets.

2.3 EAGLE: a cosmological hydrodynamical simulation

The final data set that we compare to our observational results is
taken from the EAGLE (Schaye et al. 2015) simulation. EAGLE is
a suite of cosmological hydrodynamical simulations performed at
a range of numerical resolutions, in periodic volumes with a range
of sizes, and using a variety of sub-grid implementations to model
physical processes below the resolution limit. One of the unique
aspects of EAGLE is the plethora of sub-grid baryonic physics
included in the model: (i) radiative cooling and photoheating rates,
(ii) star formation, (iii) stellar evolution and metal enrichment, (iv)
stellar feedback, and (v) black hole growth and AGN feedback.
These physical models are the key to reproducing a large set of
properties of the observed galaxy population in the local Universe.
For more details of the simulation we refer the reader to Schaye et al.
(2015). The sub-grid parameters of the EAGLE reference model are
calibrated to the z = 0 galaxy stellar mass function, stellar mass–
black hole mass relation, and stellar mass–size relations [see Crain

et al. (2015) for details and motivation]. The EAGLE reference
model reproduces many observed galaxy relations that were not part
of the calibration set, such as the evolution of the galaxy stellar mass
function (Furlong et al. 2015b), galaxy sizes (Furlong et al. 2015a),
optical colours (Trayford et al. 2015), and atomic (Bahé et al. 2016)
and molecular gas content (Lagos et al. 2015), amongst others. Thus
it is an excellent test-bed to compare with our observations.

We use the public database of EAGLE described in McAlpine
et al. (2016). In particular, we focused our attention on the reference
model of EAGLE run in a cubic volume of 1003 Mpc3 on a side
with 2 × 15043 dark matter and gas particles (particle masses are of
9.7 × 106 and 1.81 × 106 in M� units, respectively, and a physical
resolution of 0.7 kpc).

The full phase space information of the galaxies and the haloes
hosting them are provided in the simulated data. However, to facili-
tate comparison with the observations, we transform the given phase
space information into projected space. The first step for this is to
compute apparent redshift for each galaxy given its cosmological
redshift (zsnapshot) and peculiar velocity (v). We take the Cartesian-z
direction, with unit vector êz, as the direction of line of sight. The
formula for the apparent redshift is given by,

z = (1 + zsnapshot)(1 + v.êz/c) − 1, (1)

where c denotes the speed of light.
Besides the properties of individual galaxies, we must also es-

timate parameters for the groups within EAGLE. To be consistent
with the observational galaxy group catalogue of GAMA, we use
the galaxy groups in EAGLE found using an FoF method, where
a linking length of 0.2 times the average inter-particle spacing has
been assumed. For more details about the group finding in the EA-
GLE data refer to Schaye et al. (2015). The position of the centre
of the gravitational potential well corresponds to the position of the
most bound particle in the group.

2.4 Intricacies of the data: deriving galaxy
and group properties

Here, we describe the derivation of the galaxy and group parameters
relevant to our study in each of our data sets. The galaxy properties
needed for this work are stellar mass and projected distance from
the central galaxy of the group. Similarly, the group information
required in our study are: the position of the group central galaxy,
overall velocity dispersion of the galaxies, and virial mass and virial
radius of the host halo. In some cases, those are already provided
by the respective survey teams such as: central galaxy, halo virial
mass, radius etc. in EAGLE; group centre, stellar mass in GAMA or
the GAMA-Mock. However, to ensure consistency, where possible,
we re-estimate the above quantities for all the three data sets using
a common method as described below:

2.4.1 Galaxy stellar mass (M�)

We estimate the galaxy stellar mass for GAMA and GAMA-Mock
using a colour-based relation

log[M�/(h−1 M�)] = −0.4i + 0.4μ(z) − log(1 + z)

+ (1.2117 − 0.5893z) + (0.7106 − 0.1467z)(g − i)

− 2 log(h/0.7), (2)

where M� is the stellar mass expressed in the units of solar mass
M�, z is the galaxy redshift, g and i are the observed GAMA g
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and i band apparent Kron magnitudes and μ(z) is the luminosity
distance modulus. Both g and i are in the observer’s frame and thus,
implicitly accounts for a k-correction as well as stellar population
as a function of colour. The above formula is adopted from Bryant
et al. (2015) and is derived following the approach of Taylor et al.
(2011). In the case of EAGLE data we directly use the provided
stellar mass values. Note we do this to avoid applying uncertain
k-correction terms to get the data in observed rather than the native
rest-frame.

2.4.2 Group occupancy (NFoF)

In this work, we utilize the latest version of the GAMA galaxy group
catalogue (G3C v08). The FoF grouping parameters are tuned to the
mock catalogues and were optimized for groups with NFoF > 4,
where NFoF is the number of members grouped together by the
FoF algorithm. A visual inspection of the phase space (distance–
velocity plane) of GAMA groups confirms that groups with NFoF

≤ 4 are more contaminated by interlopers (Robotham et al. 2011,
refer to the fig. 13 which shows the group quality as a function of
NFoF), while member selection for groups with NFoF > 4 is in better
agreement with the expectation of a smooth distribution of galaxies
with a maximum velocity that decreases with radius. We therefore
restrict our study to GAMA groups with NFoF > 4, and impose the
same limit on the GAMA-Mock and EAGLE groups as well.

2.4.3 Group centre and projected distance (R):

Robotham et al. (2011) identify the group centre in each group us-
ing three definitions of group centre: the moments derived centre of
light (Cen), an iterative method rejecting the galaxy farthest away
from the centre of light (recalculated at each iteration) until one
galaxy is remained (the ‘iterative’ centre IterCen), and the brightest
group galaxy (BGG). All galaxies that are not central galaxies are
classified as satellite galaxies. In most cases (∼90 per cent) the itera-
tive central galaxy coincides with the BGG, while the centre of light
is more discrepant. Viola et al. (2015) perform a detailed analysis of
the lensing signal of GAMA groups comparing the different centre
definitions and confirm the results of Robotham et al. (2011), that is
the BGG and the iterative centre both represent the group centre to
a good degree, while the centre of light poorly represents the group
centre. We consider the brightest absolute r-band magnitude galaxy
in groups as a proxy for the BGG and also as the central galaxy of
the group as per Robotham et al. (2011). However, we investigate
the robustness of our results to different group centre definitions in
Section 4.2. Once identified, we exclude the central1 galaxies from
our analysis and only keep the satellites. The group centric distance
R (in units of h−1 Mpc) is essentially a projected comoving distance
separation of the satellite galaxy to the right ascension (RA) and
declination (Dec) of the group centre.

2.4.4 Group virial mass (M200) and radius (R200)

There are different ways to estimate the total dynamical mass of the
host halo associated with galaxy groups. For example, using weak
lensing (e.g. Brainerd, Blandford & Smail 1996; Guzik & Seljak
2002; Sheldon et al. 2004; Parker et al. 2005; Viola et al. 2015;

1 Note, by construction the ∼60 per cent of ungrouped galaxies in GAMA
are simply central galaxies of a halo, where GAMA is not deep enough to
observe any satellites.

Han et al. 2015, etc.), from abundance matching (e.g. Behroozi,
Conroy & Wechsler 2010; Moster et al. 2010; Behroozi, Wechsler
& Conroy 2013; Hearin et al. 2013, etc.), from halo occupation (e.g.
Berlind & Weinberg 2002; Bullock, Wechsler & Somerville 2002;
Tinker et al. 2005, etc.), from conditional luminosity function based
modellings (e.g. Yang, Mo & van den Bosch 2003; Cooray 2006,
etc.), from the velocity dispersion of galaxy groups using the virial
theorem (e.g. Carlberg et al. 1997a; Schneider 2006, etc.) etc. The
virial mass (M200/(h−1 M�)) and the virial radius (r200/(h−1Mpc))2

for a given redshift z are connected through the relation:

M200 = 4π

3
r3

200�ρcrit(z). (3)

Here, we use the critical density ρcrit = 3H 2(z)/(8πG), the halo
average density is � = 200 times the ρcrit and the Hubble parameter
as a function of redshift H (z) = H0

√
�M(1 + z)3 + �� assuming

no curvature and a negligible radiation contribution.
To assign total halo masses to groups in our catalogues, we

adopt the virial theorem based approach. But we discuss the ef-
fects of using different halo-mass measurements in our final results
(Section 4). Our virial measurements adopt the conventional def-
inition, i.e. the virial radius r200 is the radius in which the mean
enclosed density is larger than � = 200 times the critical density at
the respective redshift ρcrit(z). From the virial theorem we get

GM200

r200
= (

√
ασv)2, (4)

where the parameter α defines the nature of the overall velocity
distribution of member galaxies in group. Here, we assume α =
3 as suggested in, e.g. Carlberg et al. (1997b); Schneider (2006)
etc., which is valid for a case of isotropic velocity distribution.
We estimate the group velocity dispersions (σ v), using the tech-
nique known as the gapper-method presented in Beers, Flynn &
Gebhardt (1990), and also used in e.g. 2dFGRS Percolation In-
ferred Galaxy Group (2PIGG; Eke et al. 2004), SDSS (Yang et al.
2007), zCOSMOS (Knobel et al. 2009), GAMA (Robotham et al.
2011) etc. Finally, solving equations (3) and 4 simultaneously we
obtain the values for both M200 and R200 for each galaxy group.
Again, the same method is used to measure virial properties of the
group catalogues of all the three sets of data.

For the galaxy groups in the EAGLE catalogue, M200 and R200 are
already given/known. Thus we can compare our estimate of virial
properties obtained using empirical method discussed above against
the supplied values. Fig. 1 shows the comparison between the esti-
mated virial properties, i.e. M200(σ v, z) and R200(σ v, z) against the
corresponding values intrinsically known from the EAGLE simu-
lations. The solid, dashed and dotted lines in the figure represent
the loci where the ratio of intrinsic and computed virial properties
are 1:1, 1:2, and 1:5, respectively. Both the M200 and R200 largely
agree with each other at high masses and large radii. However,
in the regions where R200(σ v, z) � 0.1 and log (M200(σ v, z)) �
11.5 we can see significant deviation from the diagonal lines. Note,
the coloured pixels show number counts in a logarithmic scale.
As such, the number of discrepant groups at low M200 or R200 is
small. Nevertheless, there is a clear disagreement at low mass or
radius. The disagreement is potentially due to a number of reasons.
For example, the underlying assumption in our estimates of R200

and M200 from equations (4) and (3) is that the groups are virial-
ized and are characterized by an isotropic distribution of velocities

2 to convert spherical radius r into projected radius R and vice versa we use
r = πR/2 (Schneider 2006, equation 6.26).
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Figure 1. Comparison of intrinsic (along horizontal axis) and estimated (along vertical axis) virial properties of the EAGLE galaxy groups. The panel on the
left shows comparison of the halo masses log (M200) whereas panel on the right compares the halo virial radius r200. The solid, dashed, and dotted lines are
1:1, 1:2, and 1:5 demarcation lines, respectively. The colour of each pixel represents log number count of galaxies as labelled in the colour bar alongside.

(α = 3), which may not necessarily be the case (Diaferio et al. 1993).
In case of anisotropy, α could be off by up to a factor of 2 (Mahdavi
et al. 1999) resulting in systematic errors in our estimates. However,
in our subsequent analysis we only use haloes with log (M200) ≥
12, where the agreement between the estimated and intrinsic virial
properties is reasonably good. Note, ideally the haloes with intrin-
sic halo mass log [M200/(h−1 M�)] � 13 and empirically measured
halo mass log (M200(σ v, z)) � 12 would have been included in our
sample if the calibration given by equation (4) was perfect. Since
each halo is expected to be individually stellar mass limited at a
given redshift, the effect of the missed haloes due to poor halo-mass
calibration will only be in the overall statistics in a given halo-
mass bin.

As a reference, in Fig. 2 we show the joint distributions of the
stellar mass (M�) of the satellite galaxies in groups as a function
of halo mass (M200) of the corresponding groups for all the three
data sets (GAMA, GAMA-Mock, and EAGLE). Note that the figure
shows all the galaxies in groups, thus they may not be necessarily
complete in stellar mass. The figure is only presented to provide
additional insight into the data, and also to guide the appropriate
halo-mass selection ranges that we use in this paper.

2.4.5 Volume limited samples

The shortcoming of a magnitude limited survey like GAMA is that it
observes a small (large) volume for the less (more) luminous galax-
ies. In other words, the mass completeness limit of the survey varies
as a function of redshift. Fig. 3 shows the stellar mass–redshift rela-
tion for all data sets highlighting the varying mass incompleteness
as a function of redshift. To tackle the bias introduced by this in-
completeness (Malmquist bias), we adopt a conservative but robust
approach of sub-selecting a volume complete sample. For this we
have to first estimate a reasonable lower limit on stellar mass as
a function of redshift. This is determined using the running 90th
percentile of the stellar mass distribution of the galaxies in groups
at all redshifts. For the discussion on the choice of percentile and
its effect on our final results refer to the Appendix. In summary the
precise choice of stellar mass limit has no discernible impact on our
primary results concerning stellar mass segregation.

We show the stellar mass completeness boundary with the white
line in the top panel of Fig. 3. The coloured pixels in the figure
show the joint distributions of the galaxy stellar mass and redshift,
where the colour scale depicts the logarithmic number count of
galaxies in the underlying pixel. The redshift ranges we use are 0 <

z ≤ 0.14, 0.14 < z ≤ 0.22 and 0.22 < z ≤ 0.32, and are chosen such
that their mid-values are roughly equal to the redshift corresponding
to the available snapshots of the EAGLE simulation. In these redshift
ranges for the GAMA data, we determine the minimum complete
log stellar mass values to be of 9.1, 9.7 and 10.0, respectively. The
horizontal red lines in the figure are the demarcation of the lower
bound in the stellar mass at each redshift range. We will also present
results for a single z ≤ 0.32 range, where we assume a conservative
mass completeness lower limit of log (M�/ M�) = 10.0.

The synthetic GAMA-Mock and EAGLE data are complete down
to the resolution limit of the simulation. However, for an effective
comparison with the observed data, we impose a magnitude limit
of rmag < 19.8 mag (identical to the observed GAMA data). To
calculate stellar mass limits for the simulated data (GAMA-Mock
and EAGLE) we repeat the same exercise as in the GAMA data.
In the redshift ranges given above even for the simulated data, we
find the lower limit in stellar mass to be similar to the GAMA
data. However, to make the final analysis comparable we impose
exactly the same minimum limit on the stellar mass of the GAMA
data to all the three sets of data. The middle and bottom panels
of Fig. 3 shows the stellar mass–redshift joint distributions for our
GAMA-Mock and EAGLE samples. Again, the horizontal red lines
show the demarcation of the lower limit in the stellar mass at each
redshift range whereas the vertical red lines divide the redshift range
in which latter we study mass segregation. Note, the discreteness
in redshift seen in the bottom panel, which shows the EAGLE
data, is due to the fact that the hydrodynamical simulation provides
snapshots of the simulated universe at the discrete redshifts.

3 R ESULTS

The main aim of this study is to investigate mass segregation of satel-
lite galaxies in galaxy groups, and its dependence on halo mass. An
additional by-product of this is the investigation of the redshift evo-
lution of the spatial distribution of galaxy mass in groups. In general,
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Figure 2. Stellar mass (M�) of the satellites versus the host halo mass
(M200) as labelled in each panel from top to bottom is GAMA, GAMA-
Mock, and EAGLE data. The colour of each pixel represents log number
count of galaxies as labelled in the colour bar alongside. Note, this shows
the entire sample for all the three data sets and is not just limited to the
stellar mass complete sample.

Figure 3. Determination of the stellar mass completeness as a function of
redshift. The panel at the top shows GAMA data, the middle-panel shows
the GAMA-Mock, and the bottom one shows EAGLE data. All panels show
stellar mass-redshift joint distributions colour coded by counts in the log
scale. Dashed red lines show stellar mass complete sample in different
redshift windows. The white dashed line on the top-left panel is the running
90th percentile of the distribution.

MNRAS 463, 4194–4209 (2016)
Downloaded from https://academic.oup.com/mnras/article-abstract/463/4/4194/2646521
by St Andrews University Library user
on 22 January 2018



4200 P. R. Kafle et al.

there are very few high-multiplicity groups within the observational
limits of the GAMA (rpetro < 19.8), and likewise in the GAMA-
Mock and EAGLE data once the magnitude limit is applied, which
means we are unable to study stellar mass distributions on a group
by group basis. To enhance the signal we stack groups and study
their average properties instead, as done in previous similar studies
(e.g. Wetzel et al. 2012; Ziparo et al. 2013; Roberts et al. 2015, etc.).
For stacking, we scale the group-centric projected distance R of the
galaxy by the virial radius R200 of the group, which should make
the group size scale free. We then investigate the stacked properties
of group galaxies in halo mass log [M200/(h−1 M�)] ∈ [12.0, 12.5],
(12.5, 13.0], (13.0, 13.5], and (13.5, 14.5) ranges.

3.1 Analysis of mass segregation in galaxy groups

First, we study how the stellar mass, log (M�), of the satellite galax-
ies in groups varies with the scaled group-centric radii R/R200 in
each of our halo mass log [M200/(h−1 M�)] ranges. In the left col-
umn of Fig. 4, we show the mean (by solid lines) and median (by
faint uneven dashed lines) values of the log (M�) of satellite galax-
ies in different R/R200 and M200 ranges. The top (panels a and d),
middle (panels b and e), and bottom (panels c and f) rows demon-
strate the distributions of the GAMA, GAMA-Mock, and EAGLE
data, respectively. The log [M200/(h−1 M�)] ∈ [12.0, 12.5], (12.5,
13.0], (13.0, 13.5], and (13.5, 14.5) are shown in black, red, blue,
and green colours, respectively. Furthermore, the faint dashed lines
below and above the solid dashed lines show the 16th and 84th per-
centiles of the distribution. The redshift range of the data in this case
is z ≤ 0.32 and limited to log (M�) ≥ 10.0 to guarantee stellar mass
completeness (as described in Section 2.4.5). Moreover, we divide
the data in five R/R200 ranges: (0.0, 0.32], (0.32, 0.64], (0.64, 0.96],
(0.96, 1.28], and (1.28, 2.0). Error bars shown in the data points in
all the figures are the standard error of means for samples in the
given halo-mass and scaled radius ranges. For all of our mass segre-
gation trends we fit a straight line with the uncertainties taken into
account as described in Hogg, Bovy & Lang (2010) and Robotham
& Obreschkow (2015). The solid, dashed or dotted lines shown in
all the figures throughout the paper show the resultant best-fitting
models.

There are few common trends that emerge from all three sets of
data presented in panels (a), (b), and (c) of Fig. 4. First, both the
mean (solid lines) and median values (faint uneven dashed lines)
of log (M�) show consistently similar trends. Thus, for clarity, and
also for a sake of convenience in comparing with the literatures, we
subsequently highlight the mean 〈log [M200/(h−1 M�)]〉 and show
other central tendencies such as medians and percentiles with fainter
lines. Secondly, the mean trend lines (solid lines) show negligible
gradients with the scaled-radius out to twice the group virial radii.
As such we fail to detect mass segregation ubiquitously for all the
three data sets in the redshift range z ≤ 0.32. Moreover, the absence
of mass segregation trends seems independent of the halo-mass
range. The slopes of our best-fitting mass segregation trends for all
three data sets are �0.04 dex.

We note in all three panels (a), (b), and (c) of Fig. 4 that the
16th percentile of the log (M�) distributions (shown by faint dashed
lines sitting below the solid lines), irrespective of the halo-mass
range, are clumped together near the limiting mass of our volume
limited sample. This is due to a hard lower limit set on the stellar
mass as a function of redshift (Fig. 3). On the other hand, the 84th
percentile of the log (M�) distributions (faint dashed lines sitting
above the solid lines in the figure) show higher normalization with
increasing halo mass. For example, for the GAMA data (panel a) the

green lines representing the highest log [M200/(h−1 M�)] group are
above the blue lines, followed by red with the black line representing
the smallest log [M200/(h−1 M�)] groups at the bottom. It is due
to a complex combination of occupation physics that we observe
higher mass haloes hosting, on average, more massive galaxies.
This is a well understood effect (e.g. Conroy, Wechsler & Kravtsov
2006; Behroozi et al. 2010; Moster et al. 2010; Guo et al. 2010;
Behroozi, Wechsler & Conroy 2013, etc.) and is also observed in
the earlier Fig. 2, where the log (M�) versus log [M200/(h−1 M�)]
joint distributions have positive gradients.

3.2 Lack of evidence of redshift evolution in satellite stellar
mass distribution

Here, we investigate the redshift evolution of the distribution of the
stellar masses in galaxy groups. For this analysis, we separate our
data, in particular, GAMA and GAMA-Mock, into the three redshift
ranges z ∈ (0, 0.14], (0.14, 0.22], and (0.22, 0.32]. As discussed in
Section 2.4.5, these ranges are chosen such that their mid-values
roughly equal to the redshift corresponding to the available snap-
shots of the EAGLE simulation. Also, as discussed earlier (again
in Section 2.4.5), to avoid the Malmquist bias the above samples
are then stellar mass limited to log (M�) ≤ 9.1, ≤9.7 and ≤10.0,
respectively.

All panels (d), (e), and (f) in the right column of Fig. 4 show
the redshift evolution of the stellar mass distribution in the groups
out to twice the group virial radius. The dashed, solid, and dotted
lines here show the mean log (M�) in increasing order of redshift.
As mentioned earlier, the mean and median values of log (M�) are
consistent with each other and hence, here we only show mean
values for clarity. The different colours denote different halo-mass
ranges as labelled at the bottom of the figure. Here we again we bin
the data in radial ranges, R/R200 ∈ (0.00, 0.32], (0.32, 0.64], (0.64,
0.96], (0.96, 1.28], and (1.28, 2.0].

In panels (d), (e), and (f) of Fig. 4, a clear normalization shift of
log (M�) as a function of redshift can be seen. The shift is an artefact
introduced due to the different lower limits on log (M�) imposed on
the data for different redshift brackets while creating a stellar mass-
limited sample (red-dashed lines in Fig. 3). This systematically
offsets the mean values, i.e. at high redshifts we do not detect the
lower mass galaxies and hence the mean stellar mass is higher.
There are a few ways to rectify this effect. For example, instead of
log (M�) one could use log (M�) scaled by central satellite galaxy
mass or the log (M�) renormalized by the median log (M�) values of
the distribution of galaxies in each red boxes from the corresponding
panels in Fig. 3. Moreover, one can also fit a stellar mass function
(e.g. Baldry et al. 2012; Moffett et al. 2016; Weigel, Schawinski
& Bruderer 2016, etc.) separately for all redshift ranges and then
scale the log (M�) by the obtained break mass. However, since the
main objective of our work is to investigate the gradient of the
distributions and not their normalization, we leave the distributions
unscaled and note this effect.

In Fig. 4(f) for EAGLE data with log (M200) ∈ (12.00, 12.5]
and z ∈ (0.00, 0.14], shown with black dashed line, we see a mild
segregation trend with a gradient of −0.11 ± 0.06 dex. Also, we note
that the GAMA-Mock data [Fig. 4(e] with z ∈ (0.22, 0.32] at R/R200

< 0.5 and log [M200/(h−1 M�)] ∈ [12.00, 12.50] show a strange
increasing trend with slope 0.11 ± 0.05 dex. This is in contrast
to what we observe in the corresponding GAMA data in panel (d)
and for EAGLE data in panel (f). This contradicting behaviour is
due to the difference in log (M�) and log [M200/(h−1 M�)] joint
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Figure 4. Stellar mass distributions of satellite galaxies in the galaxy group catalogues taken from GAMA (top row), GAMA-Mock (middle row), and EAGLE
(bottom row). In all panels, different colours represent different halo-mass range. The left-hand column shows the radial runs of the central-tendency of log (M�)
of the galaxies in galaxy groups of different halo-mass ranges for z ∈ (0.00, 0.32] with log (M�) ≥ 10.0. Means of the log (M�) are shown with solid lines and
medians are shown with faint dash–dotted lines whereas the faint dashed lines above(below) the solid lines are the 84th(16th) percentile of the log (M�) in
a given data range. The column in the right-hand side shows expectations of log (M�) in different redshift sub-samples as a function of halo mass. Here, the
dashed, solid, and dotted lines represent means of the log (M�) in z ∈ (0.00, 0.14] with log (M�) ≥ 9.1, z ∈ (0.14, 0.22] with log (M�) ≥ 9.7 and z ∈ (0.22, 0.32]
with log (M�) ≥ 10.0, respectively.
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Figure 5. Radial distribution of the stellar mass of the satellite galaxies in EAGLE galaxy groups out to a fainter magnitude limit of rmag < 22. Top panels
show distributions in projected space, i.e, in observational space with inferred values for the masses. Bottom panels show the distributions using the full 3D
information of the galaxies in groups and also, using the intrinsic values for stellar and halo masses. The meanings of the different line types in the above figure
are identical to Fig. 4.

distributions at z ∈ (0.22, 0.32] in the top and mid panels in Fig. 3.
Overall, comparing panels (d), (e), and (f) of Fig. 4 we conclude that
in overall there is negligible mass segregation in the groups with
absolute gradient �0.08 and consistent to zero when uncertainties
in the slope is considered. Interestingly, the satellite stellar masses
as a function of scaled group radii for all the three data sets do not
show any redshift evolution either.

3.3 Mass segregation in EAGLE data out to r < 22 mag?

The EAGLE data can give us more insights into the stellar mass
distribution of satellite galaxies in groups beyond what current ob-
servable data can offer. In particular, it allows us to probe galaxies,

and hence groups, at fainter magnitude, and to observe stellar mass
distributions in 3D space with theoretically intrinsic values for key
quantities such as log (M�) and log [M200/(h−1 M�)] instead of the
estimated values based on simple observed scaling relations.

The stellar mass resolution limit of the EAGLE simulation is
log (M�) > 8.2. This means we can probe to a fainter magnitude limit
of rmag < 22 allowing us to make predictions that can be tested with
group catalogues generated from the future redshift surveys such
as WAVES (Driver et al. 2016). The apparent magnitude limit to
r < 22 mag means that we can now study satellite mass distribution
out to a redshift z ≤ 0.75. Results shown in the top panels (a) and
(b) of Fig. 5 are obtained repeating the same analysis as in the
bottom panels (c) and (d), respectively of Fig. 4, but with the fainter
magnitude limited sample of r < 22 mag.
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Figure 6. Stellar mass distribution of the satellite galaxies in GAMA galaxy groups in different halo-mass ranges for three halo-mass definitions (a) abundance
matching, (b) luminosity based, and (c) weak lensing. All labellings are identical to Fig. 4(a), but note largest halo-mass bin further split into two bins
(13.50,14.00] and (14.00,14.50).

In addition, EAGLE also provides the full 3D distributions of
the galaxies in groups. In Figs 5(c) and (d), we show the mass
segregation in EAGLE groups for rmag < 22 using the intrinsic
values for the log (M�), log [M200/(h−1 M�)], and spherical radius
(r) instead of the projected radius. We undertake this exercise with
an ideal data set to highlight that the lack of mass segregation is
possibly physical and not simply the manifestation of projected
data and the approximate galaxy/group properties we use in reality.
Panels (a) and (c) of the figure show spatial distributions of the
satellite mass log (M�) ≥ 10.1 in the given ranges of host halo mass
to a redshift range of z ≤ 0.75. In the figure, we once again show
the mean, median and the percentiles (16th at the bottom, 84th at
the top) of the log (M�) by solid, faint dash–dotted, and faint dashed
lines, respectively. Similarly, panels (b) and (d) show the spatial
distributions of the satellite mass log (M�) in the given ranges of
host halo mass in five different redshift ranges. For clarity we do
not show the percentiles in the right-hand side panels. In all panels,
different colours represent different host halo-mass ranges.

Overall, in panels (a) and (b) we again observe negligible mass
segregation with absolute gradient of �0.03 dex and �0.09 dex
respectively. Similarly, in panels (c) and (d), which uses the ideal
data, we still do not observe any radial gradients in stellar mass runs.
All these results hold irrespective of the host halo mass. However,
in panels (b) and (d) for the cases z ≤ 0.22 there is seemingly
some mild mass segregation with slopes ranging between 0.06 and
0.1 dex albeit with large uncertainties of typically 40 per cent. Given
that at z ≤ 0.22 we are closer to the mass resolution of the EAGLE
simulation (Schaye et al. 2015) it is difficult to be certain that this
result is robust to simulation resolution limits. However, in all other
cases, i.e. 0.75 ≥ z > 0.22 the stellar mass distribution is almost flat
once again demonstrating the lack of mass segregation.

As evidenced in Fig. 1, there are uncertainties on the estimated
virial radius R200. Hence, it is possible that for a large enough un-
certainty on R200, and therefore also in scaled radius R/R200, any
real underlying radial trend could be erased. Due to a lack of in-
trinsic/true measurements of R/R200 it is difficult to simulate this
effect on GAMA and GAMA-Mock. The EAGLE data would be
useful here as both the intrinsic and projected/noisy R/R200 infor-
mation are available. However, in the case of the EAGLE data we
have already seen in Fig. 5 that there is no segregation trend even

when the intrinsic properties are consider. Therefore, for this sim-
ulation we generate a synthetic stellar mass for EAGLE galaxies
sampled from a straight line of gradient = −0.3 dex, roughly of
the same magnitude as seen in some literature, and also, intro-
duce a normally distributed scatter of 0.35 dex around the line,
which is a function of intrinsic R/R200. We then fit a straight line
to the synthetic stellar mass as a function of noisy/observed R/R200

with inherent error distributions as shown in Fig. 1. Given the un-
certainties in R/R200 we were still able to recover the slope with
�10 per cent uncertainty. The uncertainty is close to 10 per cent for
the lowest halo-mass range whereas slightly smaller for the highest
halo-mass range. The above exercise suggests that the associated
uncertainties in the derived virial properties do not erase the signal
unless the gradient is as tiny as 0.03 dex.

4 D I SCUSSI ON

4.1 Robustness of the absence of mass segregation
to different halo-mass estimates

As discussed earlier, the total dynamical mass of a group can be
estimated in numerous ways, such as from its velocity dispersion
using the virial theorem (e.g. Carlberg et al. 1997b; Schneider 2006,
also equation (3), etc), from weak gravitational lensing (e.g. Brain-
erd et al. 1996; Parker et al. 2005; Viola et al. 2015, etc.), from
its luminosity assuming some light-to-mass ratio or from abun-
dance matching (e.g. Behroozi et al. 2010; Moster et al. 2010;
Behroozi et al. 2013; Hearin et al. 2013, etc.) etc. An indepen-
dent measurement of the halo mass using different methods for
all three data sets is a massive undertaking and well beyond the
scope of this work. However, the GAMA group catalogue read-
ily provides some alternative measurements of halo mass. Thus,
here we confine our study to only the GAMA group catalogue. For
reference we remind the reader that the mass segregation trends
in GAMA groups with virial theorem (velocity dispersion) based
halo masses are presented in Fig. 4(a). Now, in Fig. 6 we show
the same as Fig. 4 but with halo mass log [M200/(h−1 M�)] mea-
sured from three additional methods, (i) abundance matching using
halo occupation distribution (Tinker et al. 2012), (ii) group total
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Figure 7. Stellar mass distribution of the satellite galaxies in GAMA galaxy
groups with luminosity weighted centre. All labellings are identical to
Fig. 4(a).

luminosity (Robotham et al. 2011), and (iii) the weak lensing cal-
ibrated relation (Viola et al. 2015). Results from these different
halo-mass estimates are shown in panels (a), (b), and (c) of Fig. 6,
respectively. Note, the R200 used here are also recomputed for the
different definition of log [M200/(h−1 M�)] using equation (3). In
panels (b) and (c), due to sparse data we are only able to probe
above log [M200/(h−1 M�)] ≥ 12.5, whereas due to an increase in
number counts in log [M200/(h−1 M�)] ∈ (13.00, 14.50] we split it
into further two bins (13.00,13.50] and (13.50,14.50). For all three
cases typical values of the slopes of the mass segregation is 0.02
± 0.02 dex meaning there is still no segregation in GAMA data
highlighting that the lack of observed mass segregation is not due
to our choice of halo-mass estimator. The exception to this is the
case of log [M200/(h−1 M�)] ∈ [12.5, 13.0] range [Fig. 6(b)] and
log [M200/(h−1 M�)] ∈ [13.5, 14.5] [Fig. 6(a)] where we do see
some mild segregation trend with slope of ∼|0.04| dex, which we
did not detect using the dynamically implied halo masses. It could
potentially be due to sample size fluctuation as a result of scat-
ter between halo-mass estimates obtained using different methods.
Overall, the trends for larger halo masses for all four halo-mass
measurements are broadly consistent. This comparative study gives
us confidence that the lack of mass segregation, at least in the case
of GAMA observational data, is robust to the halo masses used.

4.2 Robustness of the absence of mass segregation to different
group centre definitions

As discussed earlier, a centre of any galaxy group can be pinned to be
at its luminosity weighted centre or at the location of its BGG. The
GAMA group catalogue provides both the measurements of group
centre. Here, we use them to test the robustness of the absence of
mass segregation to the different definitions for the group centre.
Fig. 4(a) already shows the mass segregation in GAMA groups
assuming BGGs as the group centres. Therefore in Fig. 7, we repeat
the analysis for GAMA groups assuming the luminosity weighted
centre (labelled as Cen in the catalogue). Except for the lowest halo-
mass bin where scatter in the data is large, slopes of the trends for
all the other halo-mass ranges are consistent with zero. Comparing
Figs 4(a) and 7 it can be concluded that the effect of the above

mentioned choices of the group centre is on average negligible on
the mass segregation trends in GAMA data.

4.3 Mass segregation in SDSS?

Here we compare our results to mass segregation studies reported
in the literature that use SDSS group catalogues. In a study using
a Vmax weighted sample based on the SDSS DR4 galaxy group
catalogue of Y07, van den Bosch et al. (2008) find a significant mass
segregation gradient of ∼0.5 dex over an extent of one virial radius.3

Additionally, they find that the mass segregation occurs at all halo-
mass ranges. Interestingly, more recent work in Roberts et al. (2015),
again based on Y07 (but using SDSS DR7), presents a slightly
different picture than the previous work. For example, for their case
of log (M�) > 9.0 + Vmax, which is equivalent to van den Bosch et al.
(2008) studies, we see that the magnitude of spatial mass segregation
is �0.2 dex for the low halo-mass (log [Mhalo/(h−1 M�)] < 13)
case, and it is almost negligible (�0.05 dex) for larger haloes.
In contrast to above works, using galaxy group catalogue created
from SDSS DR7 but with modified implementation of the Y07
group-finder, Wetzel et al. (2012) fail to detect evidence for satellite
mass segregation at any halo-mass range. This result is in overall
agreement to our findings of absence of mass segregation in GAMA,
GAMA-Mock, and EAGLE galaxy groups.

There could be various potential reasons resulting in the contrast-
ing mass segregation trends. For example, differences in arbitrary
stellar mass completeness limit in previous studies, the subtleties
of group-finding algorithms, different prescriptions for stellar/halo
masses being used, different definitions for the group centres or, po-
tentially the combination of all the above possibilities. For example,
the mass segregation trends with the conservative stellar mass lim-
ited (e.g. log (M�) > 10.5) case compared to the volume-weighted
log (M�) > 9.0 + Vmax case in Fig. 1 (note different range of y-axis
in two panels) of Roberts et al. (2015) are much steeper than the
latter case.

Similarly, Wetzel et al. (2012) and Roberts et al. (2015), who use
the same input data, i.e. SDSS DR7, still find contradicting mass
segregation trends. The main difference between the two works is
in their implementations of the Y07 group finder. While the later
work uses the original group catalogue, the earlier work uses a
modified version of Y07. This means the subtle difference in the
implementation of the group-finding algorithms could be a factor.

In the following, we further investigate the source of contradict-
ing results existing in the literature. For this, first and foremost we
adopt an independent group catalogue of SDSS data by Saulder
et al. (2015), constructed using the group-finding algorithm similar
to Robotham et al. (2011, the GAMA group catalogue). Both stud-
ies use the FoF algorithm with similar values for the linking lengths
(b⊥ 
 0.06 and b‖ ≈ 1.0), which are the distances that define which
objects should be linked into common haloes/groups. These link-
ing lengths are tuned to reproduce the properties of mock groups.
Importantly, the linking lengths used in both the above works are

3 It should be noted that the range of the scaled radius varies depending on
the choice of overdensity constant �. For example, the distance where the
mean matter density of the group is � = 200 times the mean background
matter density will always be smaller than when � = 180 is assumed. It
means for the same range in R, R/R180 spans to smaller range compare to
R/R200.
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Figure 8. Spatial mass distribution in SDSS galaxy groups as a function of host halo mass. Panel (a) and (b) show results with SDSS group catalogue of Yang
et al. (2007) using bundance matched and velocity dispersion based halo masses respectively. Panel (c) shows results with SDSS group catalogue of Saulder
et al. (2015) using velocity dispersion based halo masses. The samples are stellar mass limited to log [M�/(h−1 M�)] ≥ 10.2. Mean values are shown with
bold solid lines whereas faint lines represent percentiles as in Fig. 4(a). Different colours show different halo-mass ranges as depicted in the box at the bottom
of the figure.

also the values recommended from the recent investigation on the
performance of FoF algorithm among various existing group cata-
logues by Duarte & Mamon (2014). Secondly, to be consistent with
our earlier observations with GAMA, GAMA-Mock, and EAGLE,
we re-estimate physical properties such as galaxy and group masses,
group radius etc. for the Saulder et al. (2015) group catalogue with
methods described in the Section 2.4.

In Fig. 8(c), we present our results for SDSS data using the Saul-
der et al. (2015) group catalogue. Here, to facilitate comparison
with previous works with SDSS (e.g. Roberts et al. 2015, etc.), we
only investigate stellar mass limited sample of log [M�/(h−1 M�)]
≥ 10.2. Also note that, like in the above subsections here also we
scale group radii with corresponding R200. Since we are mainly
interested in the gradient of the radial distribution of the satellite
stellar masses the effect of the choice of � = 180 versus 200 is min-
imal in the direct comparison between results in Figs 4(a)–(c) and 8,
and e.g. van den Bosch et al. (2008). In Fig. 8(c) we demonstrate
that the recent SDSS group catalogue of Saulder et al. (2015) also
does not show any mass segregation, where the maximum value of
the slope of trend lines for all the halo-mass ranges is 0.01 ± 0.01.
This is in an agreement with our findings from GAMA, GAMA-
Mock, and EAGLE data and also, from the studies of SDSS data by
Wetzel et al. (2012) whereas in contradiction with the other studies
of SDSS data by van den Bosch et al. (2008) and Roberts et al.
(2015).

The differences in the mass segregation trends observed in SDSS
data by Wetzel et al. (2012), Saulder et al. (2015), and by van den
Bosch et al. (2008); Roberts et al. (2015) could perhaps be due to the
inaccuracies associated with the group finding in the very first place.
To investigate this, here, we directly adopt the group catalogue of
Yang et al. (2007, Y07) for SDSS data. In Fig. 8(a), we demon-
strate that we recover the mass segregation trend in the Y07 group
catalogue. The magnitude of mass segregation in Y07 here ranges
from −0.08 ± 0.01 dex for log [Mhalo/(h−1 M�)] ∈ [13.0, 13.5] to
−0.05 ± 0.01 dex for log [Mhalo/(h−1 M�)] ∈ (14.5, 15.0) i.e. seg-
regation becomes sallower with increase in the halo masses, which

are roughly consistent with earlier work by Roberts et al. (2015). To
produce this result, we take the galaxy and group properties from
the published group catalogue of Y07. Note, the halo masses in the
Y07 catalogue are based on two measurements: the total luminosity
or total stellar mass of the all group members brighter than Mr <

−19.5. We find that using either of these two estimates for halo
mass makes negligible difference in observed mass segregation. In
Fig. 8(b) we repeat the same analysis with the group catalogue of
Y07 but using implied dynamical halo mass measured from veloc-
ity dispersion as described in Section 2.4.4, and consistent with the
cases of GAMA, GAMA-Mock, EAGLE, and Saulder et al. (2015)
SDSS group catalogue. As a final check, for both the left-hand and
mid panels of Fig. 8, we compute log [M�/(h−1 M�)] using the
relations in Y07, which is a function of g- and r-band magnitudes
instead of one given in equation (2). We find that the differences
of these two colour based calibrations for galaxies stellar mass has
negligible influence in our result. Comparing panels (a) and (b) of
the figure, we note that the segregation is already reduced when
switched to velocity dispersion based mass estimate. In particular
for a case of log [Mhalo/(h−1 M�)] < 13.5 in middle panel the seg-
regation is almost negligible (�0.03 dex from �0.07 dex). This
result is consistent with our findings from GAMA, GAMA-Mock,
and EAGLE, strictly speaking to the cases of z ≤ 0.14 given the
shallower redshift range of SDSS data.

If we compare Fig. 8(b) with Fig. 8(c) we can see that there are still
some segregation trends visible in the larger log [Mhalo/(h−1 M�)]
> 13.5 cases. This could possibly be due to subtleties of group-
finding scheme, linking lengths, or their complex combination.
Moreover, Y07 use an imprecise scheme to estimate the depen-
dence of luminosity incompleteness on redshift in their flux-limited
sample as discussed in Duarte & Mamon (2015) and is also appar-
ent in fig. 4 of Y07. These errors in the luminosity incompleteness
propagate to the inferred group masses. Thus, the dramatic decrease
in the segregation trend between Fig. 8(a) (equivalent to fig. 1 in
van den Bosch et al. 2008) and Fig. 8(b) appears to be due to the
luminosity based halo-mass measurements provided in Y07.
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We note that van den Bosch et al. (2008) and Roberts et al. (2015)
consider the luminosity weighted centre as a group centre whereas
Wetzel et al. (2012), Fig. 8(c) using Saulder et al. (2015) and all
of our analysis in the previous sections assume BGG as a group
centre. Similarly, the fact that in Figs 8(a) and (b) we are using
BGG centres and still being able to recover the segregation trend in
van den Bosch et al. (2008); Roberts et al. (2015) suggest that the
effect of the above definitions of group centres is negligible. This
is also in agreement with our conclusion for GAMA data presented
in Section 4.2.

In summary, the segregation trends seen in the Y07 group cata-
logue of SDSS data shown in Fig. 8(a) and also observed in earlier
studies (van den Bosch et al. 2008; Roberts et al. 2015) are in
contrast to our findings with GAMA, GAMA-Mock, and EAGLE
group catalogues, as well as to the findings of Wetzel et al. (2012)
and our Fig. 8(c) with the Saulder et al. (2015) SDSS group cat-
alogue. From the discussions in the above paragraphs, we deduce
that perhaps the difference is inherently linked to the construction
of Y07 group catalogue. As discussed in Duarte & Mamon (2015)
potentially the imprecise scheme of computing the luminosity in-
completeness as function of redshift during the group finding in
Y07, which eventually propagates to the abundance matching tech-
nique leading to the incorrect estimate of group masses is a plausible
culprit. In the future it would be interesting to see how the im-
provement in the halo-mass measurement for Y07 group catalogue
suggested in Duarte & Mamon (2015) influences the spatial mass
segregation results.

4.4 Anti-segregation trend beyond the virial radius?

In a recent study of semi-analytic models of galaxy formation,
Contini & Kang (2015) report an interesting claim that beyond
the virial radius there is a global and significant increasing trend
in stellar mass. They attribute this strange upturn to a presence of
intrinsically massive and recently accreted objects at large radius. In
our semi-analytic data GAMA-Mock presented in Section 3 (Fig. 4)
we note insignificant upturns (with gradient � 0.02 dex) in the
satellite mass distribution beyond the virial radius. This is in clear
contrast to the findings of Contini & Kang (2015).

4.5 A comment on some observed spurious trends

We find above that EAGLE data with z ∈ (0.00, 0.14] and
log [M200/(h−1 M�)] ∈ (12.0, 12.5] shown in Fig. 4(f), GAMA-
Mock data with z ∈ (0.22, 0.32] and log [M200/(h−1 M�)] ∈ (12.0,
12.5] shown in Fig. 4(e) etc. show strange trends in a contrast to our
overall observation of lack of mass segregation. In order to put the
apparent significance of any single measurement into context we
analyse the distribution of all line fits normalized by the estimated
error. Here, we assume that all the measurements are independent,
i.e. our fits are based on disjoint sub-samples. This distribution can
be seen in Fig. 9, which includes the slopes and their corresponding
uncertainties for all the trends (N = 132) shown in Figs 4–7 and
Fig. 3 but excluding panels (a) and (b) of Fig. 8.

We except that such distribution is normal around the expected
value. There are plethora of available statistical tests to identify de-
parture of any distribution from normality – the Anderson–Darling
A2 test, the Kolmogorov–Smirnov D test, the Shapiro–Wilk W
test, the Lilliefors test to name a few. Here, we only consider the
first two tests. The data that significantly depart from a Gaussian
distribution is expected (cf. section 4.7.4 Ivezić et al. 2014) to

Figure 9. Distribution of the slopes of the mass segregation trend lines
normalized by the estimated error. The solid and dashed lines are normal
distributions with different values for dispersions overlaid for a reference.

have Anderson–Darling A2 value >>1 and also, the Kolmogorov–
Smirnov D >> 1/

√
N . For our distribution the values these tests

result are 1.16 and 0.2, respectively, which both suggest the distri-
bution is consistent to being normal. As a consequence, any single
‘significant’ result must be tempered by the large number of ef-
fective trials (i.e. distributions fit). Indeed, even the most extreme
positive or negative trends are entirely consistent with being sam-
ples taken from this global distribution of slopes. For a reference we
simply overlay a standard normal probability distribution i.e. with
mean μ = 0 and dispersion σ = 1, shown with the dashed line in the
figure. Similarly, the smooth solid line shows a normal distribution
assuming mean and dispersion of the data. Interestingly, in the fig-
ure we see that the sample distribution is broader than the standard
Gaussian distribution (shown with the dashed line). It means that
the estimated uncertainties in the slopes in some cases could have
been underestimated.

5 C O N C L U S I O N

We investigate the controversial issue of the presence, or lack
thereof, of mass segregation in galaxy groups. We provide a compre-
hensive study of the radial distribution of stellar mass of the satellite
galaxies in galaxy groups for observations: the galaxy-redshift sur-
vey GAMA; semi-analytics: the GAMA light-cone mock catalogues
(GAMA-Mock) constructed using a model of galaxy formation by
the GALFORM group, and cosmological hydrodynamical simula-
tion: the EAGLE.

Overall, the absolute gradient of spatial mass segregation in
galaxy groups is found to be insignificant (�0.04 dex). We find
this to be consistent for all the three data sets at various halo-mass
ranges between 12 ≤ log [M200/(h−1 M�)] < 14.5 and in the red-
shift range 0 ≤ z ≤ 0.32. Analogous to the observed GAMA data,
we magnitude-limit both the synthetic data i.e. GAMA-Mock and
EAGLE to r < 19.8 mag, and carefully select stellar mass com-
plete samples at given redshift intervals. We also find that the radial
distributions of the stellar mass does not show any redshift evolu-
tion out to z ≤ 0.32. In cases where we separate data into different
redshift ranges the absolute gradients of spatial mass segregation
trends were slightly larger �0.08 dex but consistent to zero given
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the uncertainties in the slope. Moreover, we find that our results
at least for the GAMA data are robust to different halo-mass and
group centre estimates.

The EAGLE data give us further insights by allowing us to probe
fainter magnitude limit of rmag < 22 and also, to study the three-
dimensional spatial distributions using the intrinsic stellar and virial
masses. Except for the low-redshift regime z ≤ 0.22, even with the
fainter magnitude limit of rmag < 22, we find that the EAGLE data
do not show any mass segregation in the halo-mass range 12 ≤
log [M200/(h−1 M�)] < 14.5 and out to z ≤ 0.75. This remains the
case for both the projected and intrinsic data alike.

Intriguingly, the lack of mass segregation we observe is in con-
trast to what has recently been reported in van den Bosch et al.
(2008); Roberts et al. (2015) with the SDSS group catalogues of
Yang et al. (2007). We find that the magnitude of mass segregation
seen in earlier works with SDSS group catalogues reduces when we
replace their original luminosity based halo masses with dynami-
cally inferred masses. As advocated in Duarte & Mamon (2015), the
original estimates for halo masses from abundance matching could
have propagated uncertainties from how Yang et al. (2007) group
catalogues are constructed. A subtle effect due to using halo based
group finding instead of FoF based finding could also potentially re-
sult in observed mass segregation. Interestingly, our analysis based
on the SDSS group catalogue of Saulder et al. (2015), which uses a
similar group-finder to Robotham et al. (2011), accompanied with
implied dynamical halo masses, confirms the lack of significant ev-
idence of mass segregation in low-redshift galaxy groups. This is
entirely consistent with our findings from GAMA, GAMA-Mock,
and EAGLE group studies and with the conclusion of Wetzel et al.
(2012) using a revised SDSS group catalogue.

The apparent lack of mass segregation in groups suggests that
whatever processes might enhance the effect (e.g. dynamical fric-
tion, mergers etc.) is sub-dominant compared to competing and
masking processes (e.g. long time-scales, star-formation, quench-
ing etc.).
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APPENDI X: EFFECT OF STELLAR MASS
COMPLETENESS LI MI TS

Here, we investigate the effect of stellar mass completeness limits
in the mass segregation profiles of the GAMA data. As discussed
in Section 2.4.5, we make an attempt to use a volume complete
sample throughout our analysis. For this we estimate a lower stellar
mass limit using the running 90th percentile of the stellar mass
distribution at all redshifts for the GAMA data. But the veracity
of the choice of 90th percentile can be questioned. Therefore, in
Fig. A1 we show the impact of our choice of the percentiles in
the mass segregation trends in GAMA data in all the three redshift
ranges namely 0 < z ≤ 0.14 (left-hand panel), 0.14 < z ≤ 0.22
(mid-panel) and 0.22 < z ≤ 0.32 (right-hand panel). The green
and blue lines represent the two most massive halo-mass bins. We

Figure A1. Effect of stellar mass completeness limits on GAMA data at three different redshift ranges, namely 0 < z ≤ 0.14 (left-hand panel), 0.14 < z ≤
0.22 (mid-panel) and 0.22 < z ≤ 0.32 (right-hand panel) in the two most massive halo-mass bins. The red texts shown alongside the mass segregation trends
are the corresponding stellar mass limits applied to each sub-sample.
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show only the most massive halo-mass bins as they are the only
cases where we still have enough galaxies left in each radial and
redshift bins even for an extreme choice of the stellar mass limits.
The solid, dotted, and dashed lines show mass segregation trends in
the GAMA data with stellar mass limit estimated at the 90th, 75th,
and 50th percentiles of the distribution, respectively. We find that
the slopes of all the shown trends are �0.5 and consistent with zero

gradient given the uncertainties. It suggests that our adopted set of
stellar mass limits as a function of redshift provides a reasonable
compromise between sample completeness and sample size.
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