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ABSTRACT
How do galaxy properties (such as stellar mass, luminosity, star formation rate, and morpho-
logy) and their evolution depend on the mass of their host dark matter halo? Using the Galaxy
and Mass Assembly (GAMA) group catalogue, we address this question by exploring the de-
pendence on host halo mass of the luminosity function (LF) and stellar mass function (SMF)
for grouped galaxies subdivided by colour, morphology and central/satellite. We find that
spheroidal galaxies in particular dominate the bright and massive ends of the LF and SMF, re-
spectively. More massive haloes host more massive and more luminous central galaxies. The
satellite LF and SMF respectively show a systematic brightening of characteristic magnitude,
and increase in characteristic mass, with increasing halo mass. In contrast to some previous
results, the faint-end and low-mass slopes show little systematic dependence on halo mass.
Semi-analytic models and simulations show similar or enhanced dependence of central mass
and luminosity on halo mass. Faint and low-mass simulated satellite galaxies are remarkably
independent of halo mass, but the most massive satellites are more common in more massive
groups. In the first investigation of low-redshift LF and SMF evolution in group environments,
we find that the red/blue ratio of galaxies in groups has increased since redshift z ≈ 0.3 relat-
ive to the field population. This observation strongly suggests that quenching of star formation
in galaxies as they are accreted into galaxy groups is a significant and ongoing process.

Key words: galaxies: groups: general — galaxies: luminosity function, mass function —
galaxies: evolution

? E-mail: J.Loveday@sussex.ac.uk

1 INTRODUCTION

In the hierarchical model of galaxy formation, haloes of dark matter
(DM) grow by gravitational attraction and merging to form larger
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haloes (e.g. Press & Schechter 1974; White & Rees 1978). These
haloes also attract baryons, a small fraction of which will condense
into stars and thence form galaxies. How do galaxy properties, such
as stellar mass, luminosity, star-formation rate, and morphology,
depend on host halo mass and evolutionary history? The connec-
tion between galaxies and their host DM haloes is an active area
of astrophysical research (see Wechsler & Tinker 2018, for a recent
review). One approach to studying this connection is to identify and
weigh individual haloes using galaxies as tracers. Galaxy group
catalogues provide a way to estimate the total mass of individual
haloes down to ∼ 1012M� via the (assumed virialized) galaxy
motions within them (Eke et al. 2006; Robotham et al. 2011), or
by weak-lensing calibrated scaling relations (Han et al. 2015; Viola
et al. 2015).

The galaxy luminosity function (LF) and stellar mass func-
tion (SMF) are fundamental observables, giving a description of the
population of galaxies in different environments, and contain valu-
able information about the physical processes that feature promin-
ently in galaxy formation and evolution. The LF and SMF and their
evolution provide important constraints on theories and models of
galaxy formation and evolution (e.g. Benson et al. 2003; Gonzalez-
Perez et al. 2014; Lacey et al. 2016; Lagos et al. 2018).

In the last few years, many authors have investigated the ef-
fect of environment on the LF, focusing on the dependence of the
LF on the density contrast within spheres of different radii (e.g.
Croton et al. 2005; Hoyle et al. 2005; Xia et al. 2006; Park et al.
2007; Phleps et al. 2007; McNaught-Roberts et al. 2014). These
works agree that the LF varies significantly with environment, with
characteristic magnitude brightening systematically with increas-
ing local density. What is less clear is any systematic dependence
of the faint-end slope with density, with some authors (e.g. Xia
et al. 2006) claiming a steepening slope (i.e. more dwarf galax-
ies) in higher-density environments, while others (e.g. Croton et al.
2005; Hoyle et al. 2005; McNaught-Roberts et al. 2014) see little
correlation. The SMF as a function of projected density has been
presented by Peng et al. (2010), who find that the low-mass SMF
of red galaxies is slightly steeper in the highest density quartile,
while the low-mass slopes for blue galaxies are indistinguishable.
While Mortlock et al. (2015, fig. 14) find a steeper SMF slope in
high-density environments at redshifts z & 0.5, they find the op-
posite in their low-redshift bin. Earlier, Baldry et al. (2006) found
that characteristic mass increases with projected density.

Large spectroscopic surveys of galaxies, such as the Sloan Di-
gital Sky Survey (SDSS; York et al. 2000) and the 2dF Galaxy Red-
shift Survey (2dFGRS; Colless et al. 2001) provide the potential for
group-finding based on the redshift-space distribution of galaxies.
Many authors have taken advantage of these surveys to construct
galaxy group catalogues to explore multiple aspects of these sys-
tems, (e.g. Merchán & Zandivarez 2002, 2005; Eke et al. 2004a;
Yang et al. 2005, 2007; Berlind et al. 2006; Weinmann et al. 2006;
Muñoz-Cuartas & Müller 2012). In particular, the dependence of
the galaxy LF on group environment has been investigated by, e.g.
Eke et al. (2004b); Robotham et al. (2006, 2010); Zandivarez et al.
(2006); Zandivarez & Martínez (2011); Guo et al. (2014). These
works mainly explored the variation of the Schechter (1976) func-
tion parameters, the characteristic magnitude M∗ and the faint-end
slope α, for different galaxy populations, as a function of the galaxy
group virial mass, multiplicity, velocity dispersion, etc. Their res-
ults showed clear variations of M∗ and α with the different group
properties. Robotham et al. (2010) found clear trends for steepen-
ing faint-end slope α as group mass and/or multiplicity increase for
early-type galaxies, while a much suppressed relation was observed

for the late-type population. Zandivarez & Martínez (2011) found
similar results.

Rather than measuring the number density of galaxies per unit
volume, one can instead measure the average number of galaxies
per host group (e.g. Yang et al. 2003). The conditional luminos-
ity function (CLF), φC (L |Mh ), describes the average number of
galaxies as a function of luminosity L in groups of massMh , i.e.
average number per group rather than per unit volume, and can be
considered an extension of the halo occupation distribution (HOD)
model (e.g. Berlind & Weinberg 2002; Brown et al. 2008). Simil-
arly, the conditional stellar mass function (CSMF), φC (M∗ |Mh ),
describes the average number of galaxies per group as a function
of their stellar mass M∗. Using the SDSS DR4 catalogue, Yang
et al. (2008, 2009) found that the characteristic luminosity gets
brighter, the characteristic mass increases, and the faint- and low-
mass slopes of the CLF and CSMF get steeper, as halo mass in-
creases. There is a danger, however, in characterising LF depend-
ence on environment purely in terms of Schechter function para-
meters. The Schechter parameters (α, M∗) are strongly correlated,
and also very sensitive to the limiting magnitude used in the fit
(Croton et al. 2005, appendix C). Thus the Schechter function para-
metrization should only be used if (i) the fit is performed over a
consistent magnitude range, and (ii) the functional fit is a good one
(as confirmed by a χ2-test or likelihood ratio comparison with a
non-parametric estimate).

The Galaxy and Mass Assembly (GAMA; Driver et al. 2009,
2011; Liske et al. 2015) survey provides an opportunity to reassess
the galaxy LF and SMF dependence on host group properties. Al-
though of smaller area than SDSS, GAMA provides spectroscopic
redshifts two magnitudes fainter than SDSS, and, even more im-
portantly for group studies, is highly complete, even in high-density
group environments. The dependence of the galaxy LF on local en-
vironment, as defined by galaxy counts in 8 h−1 Mpc spheres, has
previously been presented for GAMA data by McNaught-Roberts
et al. (2014), who found that denser environments contain red-
der and brighter galaxies than low-density environments. Alpaslan
et al. (2015) carried out a wide-ranging exploration of the effects of
environment, including host group mass, on galaxy properties, find-
ing that the characteristic stellar mass increases with group mass.
Barsanti et al. (2018) and Wang et al. (2018) have recently invest-
igated the impact of GAMA group environment on star formation.
Barsanti et al. (2018) find that the fraction of star-forming galax-
ies is higher in group outskirts where galaxies have recently been
accreted, and lower in the central, virialized regions. Wang et al.
(2018) find that, overall, star formation rate is suppressed in group
environments relative to the field.

In this paper, we present galaxy LFs and SMFs as a function of
host group mass, subdivided by galaxy colour, morphology, and by
redshift. In Section 2 we describe the GAMA Galaxy Group Cata-
logue (G3C) and associated galaxy samples, as well as comparison
mock catalogues and simulations. Section 3 describes the methods
used to estimate the LFs and SMFs in bins of halo mass and red-
shift. Section 4 shows our results and we conclude in Section 5.
In Appendix A we compare field LFs and SMFs between GAMA
and mock and simulated samples. Appendix B investigates the ef-
fects of group-finding and halo mass estimation by comparing LFs
using true mock groups and masses with those based on estimated
quantities. We test our estimators on simulated data in Appendix C,
showing that the 1/Vmax-weighted LF provides unbiased estimates,
whereas the per-group CLF is biased in low-mass groups unless
stringent redshift cuts are imposed.

For this work, we assume cosmological parameters of ΩM =
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0.3, ΩΛ = 0.7 with a Hubble constant of H0 = 100h km s−1

Mpc−1. Group (halo) masses have been calibrated by weak lens-
ing measurements, and are represented on a logarithmic scale
by lgMh ≡ log10(Mh/M�h−1). Stellar masses in simulations,
whose natural units areM�h−1, are scaled by the relevant value of
h to be consistent with stellar masses for observed galaxies, so that
both are represented by lgM∗ ≡ log10(M∗/M�h−2).

2 GAMA DATA, MOCKS AND SIMULATIONS

The GAMA project is a multi-wavelength spectroscopic galaxy
survey based on an input catalogue described by Baldry et al.
(2010). In this paper, we make use of the GAMA-II (Liske et al.
2015) equatorial fields, each of 12 × 5 degrees centred at 09h,
12h and 14h30m RA, called G09, G12 and G15 respectively. The
GAMA-II Petrosian magnitude limit is r < 19.8 mag for all three
fields. This survey is complete in all regions with a completeness
greater than 96% for all galaxies with up to 5 neighbours within 40
arcsec (see Liske et al. 2015, for a detailed description). We first
discuss the GAMA mock catalogues, as these are used to justify
our choice of group mass estimator.

2.1 Mock catalogues and group mass estimates

The GAMA mock catalogues have been designed to match
GAMA-I survey data as closely as possible (updates to reflect the
extended area of GAMA-II are currently in progress). These were
constructed from the Millennium dark matter simulation (Sprin-
gel et al. 2005) and populated with galaxies using the GALFORM

(Bower et al. 2006) semi-analytic galaxy formation recipe. They
are the same mocks used to tune and test the GAMA group-finding
algorithm in Robotham et al. (2011, hereafter R11); readers are re-
ferred to that publication for further details of the mock GAMA
group catalogues.

We compare the LFs of the GAMA mocks with GAMA data in
Appendix A, finding that the characteristic magnitude of the mock
galaxies is about 0.5 mag fainter than for GAMA galaxies. When
comparing GAMA and mock grouped LFs, one should therefore
focus on the trends with halo mass for each, rather than compare
LF parameters.

Two mock group catalogues are available. The first,
G3CMockHaloGroupv06, hereafter referred to as halo
mocks, contains the positions and masses Mhalo of the in-
trinsic haloes in the dark matter simulations. The second,
G3CMockFoFGroupv06, referred to as FoF mocks, has groups
identified using the same friends-of-friends (FoF) algorithm, and
masses estimated in the same way as for the GAMA data.

We compare two methods for estimating group masses. The
first derives a dynamical mass Mdyn via the virial theorem from
galaxy dynamics within each group (column MassA in the rel-
evant group catalogue). The second derives a luminosity-based
mass Mlum from group r-band luminosity (column LumB) us-
ing the weak-lensing calibrated scaling relation of Viola et al.
(2015, eqn. 37). LumB provides the total r-band luminosity down
to Mr − 5 log10 h = −14 mag in solar luminosities, multiplied by
a constant calibration factor of B = 1.04 (see R11 section 4.4 for
details)1.

1 The GAMA and mock group catalogues include an alternative group
luminosity estimate, LumBfunc, in which the calibration factor B is
a function of redshift and group multiplicity. However, the GAMA and
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Figure 1. Comparison of luminosity-based (lgMlum, lower panel), and dy-
namical (lgMdyn, upper panel), estimates of mock group mass, against true
mock halo mass, lgMhalo, colour coded by group membership. See text for
details of these mass estimates. The red error-bars show mean and standard
deviation of estimated halo mass in 0.5 mag bins of lgMhalo.

In order to check the reliability of these mass estimates, we
match groups in the mock halo catalogue with those in the mock
FoF catalogue on the basis of sharing the same iterative centre (see
R11 section 4.2 for the definition of this). As for the real GAMA
groups, we select only mock FoF groups with five or more mem-
bers, as these richer groups are found to be the most reliable (R11).
We also exclude groups for which less than 90% of the group

mock groups show significantly discrepant distributions of LumBfunc,
with mock galaxies being on average about 1.6 times more luminous than
GAMA galaxies. We also note (Margot Brouwer, private communication)
that the Viola et al. (2015) scaling relations use LumB and not LumBfunc.

MNRAS 000, 1–22 (2020)
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is estimated to lie within the survey boundaries, i.e. we require
GroupEdge > 0.9. We can then compare the luminosity- and
dynamically-based mass estimates from the FoF catalogue with the
true halo masses from the halo catalogue. In Fig. 1, we see that the
luminosity-based masses (lower panel) show a better correlation
with halo mass than do the dynamical mass estimates (top panel),
in agreement with the results of Han et al. (2015). We therefore use
only the luminosity-based mass estimates in this paper. We note
that both estimators are biased high at low halo masses, with a more
pronounced bias forMlum due to its smaller scatter. This suggests
that the FoF group finder is tending to include spurious members
in lower-mass groups, a perhaps not unexpected result given that
the FoF linking length is independent of halo mass (cf. the halo-
based group finder used for the Yang et al. 2007 group catalogue,
in which linking length scales with halo mass). When interpreting
the dependence of galaxy luminosity on halo mass, one should also
bear in mind that estimated halo mass is based on integrated galaxy
luminosity. This circular logic is also true of previous work (e.g.
Yang et al. 2008, 2009).

Uncertainties on mock LF estimates are determined from the
scatter between nine independent realisations of the GAMA-I sur-
vey volume (each realisation comprising three 12 × 4 deg re-
gions; 20 per cent smaller than the GAMA-II equatorial fields).
Mock galaxies are taken from G3CMockGalv06. Absolute mag-
nitudes are K-corrected (to redshift zero) with universal K- and
e-corrections as specified in Sec. 2.2 of R11. These GAMA mocks
do not provide colour or morphological information for the galax-
ies, and so we present only ‘total’ mock LFs, without subdivision
by colour or Sérsic index. Neither do these mock catalogues in-
clude stellar mass estimates, so we are unable to compare SMFs.
Instead, we compare SMFs with the L-GALAXIES semi-analytic
model, and two hydrodynamical simulations, described below.

2.2 GAMA group data

The GAMA Galaxy Group Catalogue (G3Cv9) was generated us-
ing the GAMA-II spectroscopic survey and applying a friends-of-
friends (FoF) grouping algorithm; the first version of this cata-
logue (G3Cv1) is presented by R11 using the GAMA-I survey. The
G3Cv9 (hereafter abbreviated to G3C) catalogue contains a total
of 23,654 groups (comprising 2 or more members) containing a
total of 75,029 galaxies; ∼ 40% of GAMA galaxies are assigned to
groups. As for the mocks, we utilise only groups which have five
or more member galaxies and GroupEdge > 0.9. This leaves us
with a sample of 24,832 galaxies in 2,718 groups.

Masses are estimated from group luminosities LumB via the
Viola et al. (2015) scaling relation, as discussed in the previous
subsection. The mass–redshift distribution of our selected GAMA
groups is shown in Fig. 2. There is a clear selection bias against
finding low-mass groups at high redshift, demonstrating a strong
correlation between group mass and the r-band luminosity of
its fifth-brightest member. It is also, unsurprisingly, apparent that
higher-mass groups tend to have more observed galaxy members.
Groups at higher redshift for fixed mass tend to have fewer mem-
bers, simply due to the r < 19.8 mag flux limit of the GAMA-II
survey.

We sub-divide the groups into four mass bins as defined in
Table 1, chosen to provide roughly comparable numbers of galax-
ies. Comparing the halo and FoF mock groups, it is clear that
the FoF algorithm is systematically overestimating the numbers of
groups in all mass bins. It seems likely that the higher numbers of
FoF cf. halo groups is due to the FoF algorithm aggregating lower-
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Figure 2. Mass–redshift distribution for GAMA groups that satisfy our se-
lection criteria. Colour-coding indicates the number of group members on a
logarithmic scale. The horizontal lines delineate the halo mass bins used in
this analysis and the vertical lines show the redshift bins used when invest-
igating LF evolution.

mass haloes, which individually would not satisfy our selection cri-
teria, into one system. Altogether, the FoF mock catalogue contains
about 20 per cent more groups with five or more members than does
the halo mock catalogue. The numbers of GAMA group in each bin
lie somewhere between the halo and FoF mocks, bearing in mind
the 20 per cent smaller volume of the mocks.

In Appendix B, we investigate the effects of FoF group finding
and luminosity-based mass estimation, by comparing LFs obtained
from halo and FoF mock catalogues. We find that while the halo
and FoF non-parametric LFs show qualitatively similar behaviour,
they are formally inconsistent in all but the lowest mass bin, and
with Schechter parameters that disagree by about 1–3σ. It is likely
that our GAMA results will suffer from similar biases.

2.3 Galaxy data

2.3.1 Central versus satellite

Galaxies assigned to each group are ranked according to distance
from the iterative centre of the group (R11, section 4.2.1). We
define the first-ranked galaxy in each group as the central galaxy
(95 per cent of the time this corresponds to the brightest galaxy),
and all other galaxies as satellites, so that each group has one cent-
ral galaxy and four or more satellites. Note that the GAMA group
catalogue is constructed using a friend-of-friend (FoF) algorithm,
whereas the SDSS group catalogue of Yang et al. (2007) is con-
structed using a halo-based method. As discussed by Robotham
et al. (2010), the latter algorithm results in groups typically contain-
ing smaller numbers of galaxies, including groups that comprise a
single galaxy, and so our results for central and satellite galaxies
are not directly comparable with those of Yang et al. (2008, 2009).
One could choose to treat ungrouped galaxies in the G3C as isolated
centrals, but their host halo properties would be extremely uncer-
tain.

MNRAS 000, 1–22 (2020)
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Table 1. Group bin names and log-mass limits, number of groups and galaxies, mean log-mass, and mean redshift for GAMA-II groups, intrinsic mock haloes,
and FoF mock groups. Note that each mock realisation has about 20 per cent smaller volume than the GAMA-II equatorial fields.

GAMA Halo Mocks FoF Mocks

lgMh, limits Ngrp Ngal lgMh z Ngrp Ngal lgMh z Ngrp Ngal lgMh z

M1 [12.0, 13.3] 712 4520 13.03 0.12 441 3133 12.98 0.12 584 3914 12.97 0.12
M2 [13.3, 13.7] 856 6817 13.50 0.19 594 4971 13.51 0.19 744 5676 13.51 0.19
M3 [13.7, 14.1] 722 6944 13.88 0.26 567 6146 13.88 0.25 668 6705 13.89 0.26
M4 [14.1, 15.2] 422 6762 14.37 0.32 310 7688 14.34 0.29 353 6868 14.34 0.30

2.3.2 r-band luminosities

Our r-band LFs are derived from SDSS DR7 Petrosian magnitudes,
corrected for Galactic extinction using the dust maps of Schlegel
et al. (1998). Since galaxies are observed at different redshifts, a
correction to the intrinsic luminosity has to be applied according to
the rest frame of the galaxy. All galaxies in this analysis have been
corrected by the so-called K-correction (Humason et al. 1956) us-
ing the KCORRECT V4_2 code (Blanton et al. 2003; Blanton &
Roweis 2007) employing the SExtractor (Bertin & Arnouts 1996)
AUTO magnitudes reported in ApMatchedCatv06 (Driver et al.
2016). These K-corrections were obtained from the GAMA data
management unit (DMU) kCorrectionsv05 (Loveday et al.
2015). In order to be compatible with results from the GAMA
mocks and hydrodynamical simulations, we K-correct to redshift
zero2. Absolute magnitudes in this band are indicated by 0.0 Mr .

When not subdividing into redshift bins, we apply a luminos-
ity evolution correction of +Qez mag, where Qe = 1.0. In prin-
ciple, one might expect evolution to be environment-dependent,
but due to degeneracies when simultaneously fitting for luminos-
ity evolution, density evolution, and large-scale structure density
variations (see Loveday et al. 2015), we assume global evolution
corrections. See Section 3.1 for more details on these evolution cor-
rections.

2.3.3 Stellar masses

Galaxy stellar masses are obtained from the GAMA DMU
StellarMassesLambdarv20 (Taylor et al. 2011). The stellar
masses given in this table are based on LAMBDAR matched aperture
photometry (Wright et al. 2016). We apply a correction for aperture
to total flux using the fluxscale parameter, which gives the ra-
tio of total (Sérsic) to LAMBDAR flux. We use those 96 per cent
of galaxies with a physically reasonable value of the fluxscale
parameter, that is in the range 0.8–10. See Wright et al. (2017) for
a comparison of these stellar mass estimates, based on optical to
near-IR photometry, with alternative estimates made using MAG-
PHYS (da Cunha et al. 2008; da Cunha & Charlot 2011), as well as
a comprehensive discussion of possible systematic errors affecting
stellar mass estimates.

2.3.4 Colour

G3C member galaxies are separated into red and blue populations
using restframe and dust-corrected (g − i)∗ intrinsic stellar colours
from the StellarMassesLambdarv20 DMU (Taylor et al.
2011). In Fig. 3 we plot (g − i)∗ colour versus log stellar mass in
four redshift slices. The red line is a linear dividing line, fit by eye,

2 Although simulation snapshots are at higher redshifts, the photometric
bands are rest-frame.
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Figure 3. (g − i)∗ intrinsic stellar colour versus log stellar mass in four
redshift slices as labelled. Contours are linearly spaced in density. The red
line shows our blue/red division given by equation (1).

which roughly follows the division between ’R’ and ’B’ galaxies in
Fig. 11 of Taylor et al. (2015), and is given by

(g − i)∗ = 0.07 log10(M∗/M�h−2) − 0.03. (1)

Fig. 3 demonstrates that this cut is applicable over the full redshift
range of the GAMA-II survey, and has the advantage that it is cor-
rected for internal dust-reddening. We note that with this definition,
there are very few red galaxies at low redshift, z < 0.1. Taylor et al.
(2015) argue that a probablistic assignment of galaxies to ’R’ and
’B’ populations is preferable to a hard (and somewhat arbitrary)
red/blue cut. However, for our purposes, dividing the galaxy pop-
ulation into star-forming and quiescent using a hard cut, is quite
adequate, and certainly a lot simpler than applying the Taylor et al.
(2015) 40-parameter probabilistic model (which has been tuned for
nearby z < 0.12 galaxies).

2.3.5 Morphology

The morphology of galaxies is fundamental to understanding their
behaviour at different evolutionary epochs. We are therefore inter-
ested in comparing spheroidal and disky galaxy shapes with colour.
Generally, red colour is associated with galaxies containing a low
fraction of dust and low star formation, i.e. early type or spheroid-
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Figure 4. Histogram of GAMA-II log r-band Sérsic index nr colour-coded
by classification into blue and red galaxies. The vertical black line shows
the separation into disky and spheroidal at nr = 1.9. While the majority of
blue and red galaxies lie to the left and right of this line, respectively, there
are significant numbers of blue galaxies with high index, and vice-versa.

als, while the blue population is usually associated with star form-
ing galaxies or late types, mainly spirals.

The LF (Kelvin et al. 2014a) and SMF (Kelvin et al.
2014b; Moffett et al. 2016) have been presented for galaxies sep-
arated into five bins of morphological type using the GAMA
VisualMorphology DMU. However, these visual morpholo-
gies are only available for a very local sample (z < 0.06). Many
techniques have been developed to make an objective classifica-
tion and also to classify thousands of galaxies automatically (e.g.
Huertas-Company et al. 2015); however, these methods work well
only with highly-resolved images. At the moment, GAMA does not
have images with sufficient resolution at z & 0.15. Simple methods,
using the Sérsic index (Sérsic 1963), give a reliable classification at
least to distinguish between spheroidal and disk-dominated galax-
ies (e.g. Barden et al. 2005). Therefore, we have made a simple
classification based on the r-band Sérsic index, nr , taken from the
GAMA DMU SersicCatSDSSv09 (Kelvin et al. 2012). Galax-
ies are considered as spheroidal (or high-n) when nr > 1.9 and
disky (or low-n) when nr < 1.9. Many authors take the cut to be
2.5 (e.g. Barden et al. 2005); however, Kelvin et al. (2012) show in
their Fig. 15 that the GAMA Sérsic index distribution in the r-band
is bi-modal, with a minimum at nr = 1.9. We show a histogram of
log r-band Sérsic index colour-coded by classification into blue and
red galaxies in Fig. 4. While the majority of blue and red galaxies
correspond to disky and spheroidal respectively, there are signific-
ant numbers of blue galaxies with high index, and vice-versa.

While the GAMA Sérsic modelling takes account of the image
point spread function, one might still worry that galaxies observed
at higher redshift are less likely to be resolved in SDSS imaging,
and thus might have their Sérsic indices biased low (a Gaussian pro-
file corresponds to n = 0.5). To test for this, in Fig. 5 we plot the
fractions of luminous (−22.5 ≤ Mr < −21.5)3 field galaxies clas-
sified as either spheroidal or as red by our above cuts, in ∆z = 0.05

3 Without applying these luminosity limits, the red and spheroidal fraction
both strongly increase with redshift, since high-redshift galaxies tend to
be more luminous in a flux-limited sample. We choose to show luminous
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Figure 5. Fraction of luminous (−22.5 ≤ Mr < −21.5) field galaxies
classified as spheroidal (blue solid line) or red (red dashed line) in ∆z =
0.05 bins of redshift. For z < 0.5, one sees that the spheroidal fraction
closely tracks the red fraction, thus suggesting any bias in measured Sérsic
index with redshift is minimal.

bins of redshift. For z < 0.5, corresponding to the redshift limit
of our group sample, one sees that the spheroidal fraction closely
tracks the red fraction, thus suggesting any bias in Sérsic index with
redshift is minimal.

2.3.6 Completeness

Loveday et al. (2012) discuss three sources of incompleteness
in GAMA-I data: incompleteness in the SDSS input catalogue
(primarily a function of surface brightness), incompleteness in
GAMA target selection, and redshift failures. For the r-band LF,
target completeness is essentially 100% (Loveday et al. 2012).
Therefore, we correct only for input catalogue incompleteness and
redshift failures, following the GAMA-II updates of Loveday et al.
(2015).

GAMA sample selection is complete in r-band magnitude,
but not in stellar mass — blue galaxies are visible to higher red-
shifts than red galaxies. We determine stellar mass completeness as
a function of redshift following a simplified version of the method
described in Appendix C of Wright et al. (2017). One would expect
the SMF to keep rising to lower masses (at least down to lg M∗ ∼ 8
or so), and so we estimate mass completeness by locating the turn-
over point in stellar mass density as a function of redshift.

Fig. 6 shows a scatter-plot of log galaxy stellar mass against
redshift for our sample of grouped GAMA galaxies. Galaxies are
colour-coded according to intrinsic (g − i)∗ colour as indicated.
We consider ten equally-spaced bins in redshift, ranging from
z = 0.0 to z = 0.5. Within each redshift bin, we determine the
kernel density estimate (KDE) of lgM∗, using a Gaussian smooth-
ing kernel and default bandwidth as determined by the routine
scipy.stats.gaussian_kde. The turn-over point in stellar
mass, lgMt

∗, is then chosen as the maximum of the KDE. Un-
certainty in lgMt

∗ is estimated by recalculating the KDE for 100
bootstrap samples of the lgM∗ data in each redshift bin. These

galaxies since this is where we see domination by spheroidal systems in the
group LFs.
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Figure 6. Scatter-plot of galaxy stellar mass against redshift for grouped
GAMA galaxies. Galaxies are colour-coded according to intrinsic (g − i)∗

colour as indicated. Large symbols indicate the turnover point in log stellar
mass density lgM t

∗ and its standard deviation in bins of redshift. The line
shows a second-order polynomial best-fit relation between lgM t

∗ and scale
factor a = 1/(1 + z).

turn-over points and uncertainties are indicated by the large sym-
bols with error bars. Finally, we fit a second-order polynomial to
lgMt

∗ as a function of scale factor4 a = 1/(1 + z). We do not
inverse-variance weight the lgMt

∗ estimates in this fit, as the very
small uncertainties in lgMt

∗ at intermediate redshifts result in over-
fitting to intermediate bins and poor fit behaviour at low and high
redshifts. The polynomial fit, shown by the curve, is given by

lgMt
∗ = 1.17 + 29.69a − 22.58a2. (2)

SMF estimates include only galaxies above this mass limit; equa-
tion (2) is also used to determine the visibility of a galaxy of given
stellar mass in the SMF estimate (see section 3).

2.4 SMF comparison simulations

We compare our GAMA grouped SMF results with predictions
from the L-GALAXIES semi-analytic model (SAM, Henriques
et al. 2015) and from two recent hydrodynamical simulations
EAGLE and Illustris TNG. For all three models/simulations,
we utilise data cubes at single snapshot redshifts corresponding
roughly to the mean redshift of the GAMA data, z̄ ≈ 0.2, rather
than attempting to create mock light-cones. This results in a much
higher abundance of low-mass haloes than observed in GAMA
data, and so we set halo mass bin limits to give approximately the
same mean halo mass as for the GAMA data, see Table 2.

For the L-GALAXIES SAM, which is based on the Millennium
(Springel et al. 2005) and Millennium-II (Boylan-Kolchin et al.
2009) N-body simulations, we select the closest redshift snapshot
to the mean GAMA redshift individually for each halo bin. Halo
mass is defined by the mass within an overdensity of 200 times the
critical density.

From the EAGLE suite of simulations (Crain et al. 2015;
Schaye et al. 2015) we utilise snapshot 26 (z = 0.18)
from the largest-volume simulation, Ref-L0100N1504. We use

4 We found that a quadratic function provides a better fit to scale factor
than to redshift.

Group_M_Mean200 from the FOF table for halo mass, and
Mass_Star from the 30 kpc Aperture table, for stellar mass;
see McAlpine et al. (2016) for a complete description of the
EAGLE database.

From the suite of IllustrisTNG hydrodynamical simulations
(Marinacci et al. 2018; Naiman et al. 2018; Nelson et al. 2018,
2019; Pillepich et al. 2018; Springel et al. 2018), we use the
full-resolution simulation with the largest box-size of 300 Mpc
(205 h−1 Mpc for h = 0.6774), TNG300-1, at redshift z = 0.2
(snapshot 84). Halo masses are given by the FoF halo parameter
Group_M_Mean200, and stellar masses are obtained from the
subhalo parameter SubhaloMassInRadType for particle type
4 (stars), the stellar masss within twice the stellar half mass radius.
As recommended by Pillepich et al. (2018, A1), we multiply the
given stellar masses by a resolution correction factor of 1.4, appro-
priate for haloes in the mass range 12 < lgMh < 15.

We subdivide the IllustrisTNG galaxies into blue and red using
the colour cut

(g − i)∗ = 0.07 log10(M∗/M�h−2) + 0.24, (3)

where (g − i)∗ is the intrinsic stellar colour determined from the
subhalo parameters SubhaloStellarPhotometrics, and
M∗ is the resolution-corrected stellar mass. This is the same as
equation (1) used to select blue and red GAMA galaxies, except
that we have adjusted the zero-point offset, so that equation (3) bet-
ter follows the ‘green valley’ in IllustrisTNG galaxy colours.

In order to assess the consistency of these simulations with
GAMA data, we compare field (i.e. group-independent) LFs and
SMFs in Appendix A. We find that the IllustrisTNG LF under-
predicts the numbers of low- and high-luminosity galaxies. SMFs
are in better agreement, although IllustrisTNG over-predicts the
numbers of very massive (lgM∗ & 11) galaxies.

3 METHODS

In this section we describe our methods for estimating the LF and
SMF from GAMA data and mock catalogues; these estimates are
trivial for the simulations, since they come in the form of volume-
limited boxes. For GAMA data, uncertainties are determined from
nine jackknife samples, each comprising 4 × 5 deg of contiguous
area. These yield larger uncertainties than given by assuming Pois-
son errors. For mock catalogues, uncertainties come from the scat-
ter between nine independent realisations.

3.1 LF and SMF estimators

We first determine the limiting redshift zlim of each galaxy in the
sample. For the LF calculation, zlim ≡ zlum

lim is determined by the
GAMA survey magnitude limit of r = 19.8 mag, the galaxy’s
absolute r-band magnitude, and its redshift-dependent K− and
e−corrections. For the SMF calculation, zlim = min(zlum

lim , zmass
lim ),

where zmass
lim is obtained by substituting the galaxy’s mass forMt

∗

in equation (2) and solving for redshift.
We estimate the LFs and SMFs using a density-corrected Vmax

estimator, allowing for the fact that GAMA groups have a minimum
membership threshold of Nt galaxies, where, for this analysis, we
have chosen Nt = 5. The limiting redshift zlim, j of group j corres-
ponds to zlum

lim of its Nt th brightest member: beyond this redshift the
group would drop below the membership threshold, and hence be
excluded from the sample. Thus the correct limiting redshift to ap-
ply to each galaxy i in group j is zmax,i = min(zlim,i, zlim, j ). Here
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Table 2. Halo samples for L-GALAXIES, EAGLE and IllustrisTNG simulations. The log-mass limits (second column) are chosen to give mean log masses
close to those of GAMA galaxies in corresponding halo mass bins (see Table 1). For each simulation, we give the number of haloes and galaxies, mean
log-mass, and snapshot redshift. The number of galaxies quoted for L-GALAXIES comprises only those from Millennium, not Millennium II, i.e. those with
lgM∗ > 9.5. EAGLE and IllustrisTNG samples give the number of galaxies with lgM∗ > 8.5.

L-GALAXIES EAGLE IllustrisTNG

lgMh, limits Nhalo Ngal lgMh z Nhalo Ngal lgMh z Nhalo Ngal lgMh z

M1 [12.8, 13.3] 44665 201538 13.00 0.11 155 1612 13.02 0.18 3713 30570 13.05 0.20
M2 [13.3, 13.7] 11906 134384 13.47 0.18 42 1069 13.47 0.18 1040 21909 13.50 0.20
M3 [13.7, 14.1] 3665 93949 13.86 0.26 9 644 13.85 0.18 405 19055 13.89 0.20
M4 [14.1, 14.8] 910 60985 14.29 0.31 5 950 14.31 0.18 120 15468 14.37 0.20

zlim,i is the limiting redshift of galaxy i determined as described in
the first paragraph of this sub-section, i.e. neglecting the require-
ment that its host group be selected.

For a sample bounded by redshift limits (zlo, zhi), we weight
galaxy i by 1/Vdc

max,i , where

Vdc
max,i =

∫ min(zhi, zmax, i )

zlo

∆(z)P(z)V (z)dz. (4)

In this equation, ∆(z) is the relative overdensity (taken from fits
to the entire GAMA-II sample5 by Loveday et al. 2015), P(z) =
P(0)100.4Pez parametrizes number density evolution, and V (z) is
the comoving volume element at redshift z. This estimator has been
derived by maximum likelihood (Cole 2011; Loveday et al. 2015)
and provides a straightforward way of accounting for both density
fluctuations and redshift evolution within the galaxy sample being
analysed.

Higher-mass groups tend to be found at higher redshift
(Fig. 2), and so to separate the effects of redshift evolution and en-
vironment, we apply evolution corrections parametrized by Qe =

1, Pe = 1 for luminosity and density evolution respectively. The
corrected absolute magnitude is given by Mc = M + Qez and the
density evolution parameter Pe is defined in the preceding para-
graph (see also Lin et al. 1999; Loveday et al. 2015). To first order,
these corrections will take out evolutionary effects so as to isolate
the effects of environment on the LF.

To estimate the LF and SMF for a given sample of galaxies,
we simply count galaxies in bins of absolute r-band magnitude or
lgM∗, respectively, weighting each galaxy by its 1/Vdc

max.
Our LF estimator is tested in Appendix C, and compared with

estimates of the CLF (number of galaxies per group, rather than
per unit volume). We find that that unbiased LFs may be estim-
ated without applying redshift cuts, whereas the CLF estimator will
overestimate the number of luminous galaxies unless a volume-
limited group sample is defined, which would severely reduce the
sample size. For this reason, we show only LF and SMF results,
and not their conditional (per-group) variants, the CLF and CSMF.

3.2 Functional fits

Following Yang et al. (2008, 2009), we fit log-normal functions to
the LFs and SMFs of central galaxies, and Schechter functions to
those of satellite galaxies.

Explicitly, the log-normal LFs and SMFs take the form

φc (M) = φ∗c exp
[
−

(M − Mc )2

2σ2
c

]
, (5)

5 In principle, one should use ∆(z) for each sub-sample considered, but
since these ∆(z) estimates would be noisy, we make the first-order assump-
tion that radial overdensities of different samples vary in the same way.

where φ∗c , Mc and σc correspond to the peak height, central value
and standard deviation of the distribution respectively, and M refers
either to magnitude (LF) or log mass (SMF).

Satellite galaxies may be fit by generalised Schechter func-
tions of the form

φs (L) dL = φ∗s

(
L
L∗

)α
exp


−

(
L
L∗

)β d
(

L
L∗

)
, (6)

where L is either luminosity (LF) or stellar mass (SMF), φ∗s is the
normalisation, L∗ the characteristic luminosity or stellar mass, and
α the faint-end or low-mass slope, such that α = −1 corresponds to
fixed number density per unit magnitude or per unit log-mass. The
parameter β, the power to which L/L∗ is raised within the exponen-
tial, varies the rate at which the function drops at the bright/high-
mass end. Yang et al. (2008, 2009) use β ≡ 2 to fit their satellite
LFs and SMFs. We instead use a standard Schechter function, with
β ≡ 1, since that gives a slightly better fit (smaller χ2 values) to
our results. While fits are improved further if we allow β to vary as
a free parameter, the strong degeneracy between L∗ and β makes
any trends with halo mass difficult to interpret.

We fit to LFs over the range of absolute magnitudes −24 <
0.0Mr < −16, and to SMFs over the mass range 9.0 < lgM∗ <
12.5. While there are some reliable GAMA SMF measurements
for lgM∗ < 9.0, the simulations, particularly IllustrisTNG, are not
fully resolved below this mass limit.

When tabulating functional fits, we quote non-marginalized 1-
σ errors on the parameters. For likelihood plots of the shape para-
meters, we show 1-σ likelihood contours, but now marginalize over
the normalisation parameter φ∗.

3.3 Redshift evolution

In order to investigate evolution in the LF and SMF, we subdivide
the sample into three redshift slices given by z = [0.002, 0.1], [0.1,
0.2] and [0.2, 0.3]. From Fig. 2, we see that the group catalogue
is approximately complete to redshift z = 0.3 for groups of mass
lgMh ≈ 13.7 and higher — see also Appendix C. We therefore use
only mass bins M3 and M4 when subdividing by redshift. Since
we are now explicitly isolating evolutionary effects by subdividing
the galaxies into redshift slices, we ‘switch off’ evolution correc-
tions, that is we set the evolution parameters to Pe = Qe = 0.

When subdividing by redshift, it is necessary to set complete-
ness limits on the luminosity and mass range on the LF and SMF,
respectively, as discussed in Section 3.3 of Loveday et al. (2012).
For the LF, we set a faint absolute magnitude limit given by assum-
ing a K-correction at the lower redshift limit corresponding to the
95-th percentile of the subsample under analysis, thus assuring that
the faintest bin used is at least 95 per cent complete. For the SMF,
the stellar mass limit as a function of redshift is determined from
equation (2).
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Table 3. Log-normal fits (equation 5) to the central galaxy LF for differ-
ent galaxy samples as indicated. The final column gives the χ2 value and
degrees of freedom ν of each fit; these fits are mostly good.

Ngal Mc σc lgφ∗c χ2/ν

Mock all
M1 584 −20.33 ± 0.06 0.75 ± 0.03 −3.33 ± 0.05 11.7/6
M2 744 −21.61 ± 0.02 0.45 ± 0.01 −3.96 ± 0.03 16.0/8
M3 668 −21.80 ± 0.03 0.47 ± 0.02 −4.41 ± 0.03 9.2/6
M4 352 −22.10 ± 0.04 0.47 ± 0.03 −4.93 ± 0.04 7.7/6

GAMA all
M1 699 −20.71 ± 0.08 0.55 ± 0.04 −3.01 ± 0.06 3.9/5
M2 842 −21.70 ± 0.02 0.43 ± 0.01 −3.95 ± 0.03 2.5/3
M3 699 −22.03 ± 0.02 0.41 ± 0.01 −4.39 ± 0.03 8.6/3
M4 392 −22.35 ± 0.02 0.47 ± 0.02 −4.97 ± 0.03 3.5/2

GAMA blue
M1 215 −20.45 ± 0.16 0.64 ± 0.09 −3.39 ± 0.11 1.5/5
M2 230 −21.51 ± 0.03 0.42 ± 0.02 −4.52 ± 0.04 2.6/3
M3 189 −21.95 ± 0.04 0.46 ± 0.03 −5.03 ± 0.06 0.6/3
M4 101 −22.30 ± 0.06 0.53 ± 0.04 −5.64 ± 0.05 0.6/2

GAMA red
M1 484 −20.80 ± 0.06 0.51 ± 0.03 −3.24 ± 0.06 3.2/4
M2 612 −21.77 ± 0.02 0.41 ± 0.02 −4.06 ± 0.04 3.1/3
M3 510 −22.09 ± 0.02 0.41 ± 0.02 −4.53 ± 0.03 6.8/2
M4 291 −22.37 ± 0.02 0.44 ± 0.02 −5.06 ± 0.03 5.7/2

GAMA low-n
M1 106 −20.59 ± 0.10 0.41 ± 0.05 −3.51 ± 0.17 2.1/3
M2 95 −21.44 ± 0.06 0.50 ± 0.05 −5.00 ± 0.08 0.2/3
M3 67 −21.69 ± 0.05 0.41 ± 0.03 −5.42 ± 0.03 0.1/2
M4 32 −21.92 ± 0.12 0.58 ± 0.13 −6.14 ± 0.11 0.3/2

GAMA high-n
M1 593 −20.75 ± 0.09 0.55 ± 0.04 −3.12 ± 0.06 3.5/5
M2 747 −21.74 ± 0.02 0.41 ± 0.01 −3.97 ± 0.03 0.7/3
M3 632 −22.08 ± 0.02 0.39 ± 0.01 −4.41 ± 0.03 4.9/3
M4 360 −22.38 ± 0.02 0.45 ± 0.02 −4.99 ± 0.02 2.2/2

4 RESULTS

4.1 Group galaxy LF

Our LF results, colour-coded by halo mass, are plotted in Fig. 7.
Log-normal and Schechter parameter fits for central and satellite
galaxies respectively are tabulated in Tables 3 and 4.

4.1.1 Central versus satellite

Fig. 7 plots the LFs of central and satellite galaxies, in the left- and
right-hand panel sets, respectively. Unsurprisingly, central galax-
ies dominate the bright-end of each LF, while satellites dominate
the faint end. Due to the trend of increasing group membership
with halo mass (Fig. 2), satellite galaxies become an increasingly
dominant contributor to overall group luminosity as halo mass in-
creases.

On the whole, central galaxy LFs are well fit by log-normal
functions (Table 3), although the mock LFs are slightly skewed to
lower luminosities. Schechter functions provide generally good fits
to the satellite LFs, although sometimes they under-fit the faint-end
in higher-mass groups.

Mock catalogue results show trends consistent with GAMA,
although, as expected from the field LF comparison in Fig. A1,
mock central galaxies tend to be offset to slightly lower luminosity
than GAMA centrals, particularly inM1 groups.

Table 4. Schechter function fits (equation 6 with β ≡ 1) to the satellite
galaxy LF for different galaxy samples as indicated. The final column gives
the χ2 value and degrees of freedom ν of each fit.

Ngal M∗ α lgφ∗s χ2/ν

Mock all
M1 3273 −19.87 ± 0.09 −1.04 ± 0.07 −2.72 ± 0.06 3.3/9
M2 4931 −20.34 ± 0.07 −0.65 ± 0.09 −3.02 ± 0.03 20.5/10
M3 6037 −20.22 ± 0.07 −0.19 ± 0.16 −3.08 ± 0.02 21.4/11
M4 6515 −20.44 ± 0.06 −0.44 ± 0.11 −3.17 ± 0.03 7.3/13

GAMA all
M1 3579 −19.98 ± 0.13 −1.02 ± 0.11 −2.68 ± 0.10 9.7/8
M2 5757 −20.32 ± 0.08 −0.73 ± 0.10 −3.01 ± 0.04 11.2/9
M3 6014 −20.36 ± 0.05 −0.38 ± 0.08 −3.15 ± 0.02 18.9/10
M4 6108 −20.83 ± 0.05 −0.68 ± 0.08 −3.38 ± 0.02 6.9/11

GAMA blue
M1 2260 −20.28 ± 0.20 −1.30 ± 0.09 −3.09 ± 0.11 5.9/8
M2 2837 −20.36 ± 0.10 −0.94 ± 0.10 −3.37 ± 0.05 10.2/9
M3 2541 −20.35 ± 0.08 −0.56 ± 0.10 −3.55 ± 0.03 12.5/10
M4 2271 −20.81 ± 0.08 −0.79 ± 0.12 −3.85 ± 0.04 9.9/11

GAMA red
M1 1319 −19.69 ± 0.16 −0.49 ± 0.18 −3.06 ± 0.10 15.7/8
M2 2920 −20.30 ± 0.08 −0.52 ± 0.08 −3.27 ± 0.03 6.8/9
M3 3473 −20.47 ± 0.06 −0.43 ± 0.08 −3.40 ± 0.02 16.5/9
M4 3837 −20.81 ± 0.04 −0.54 ± 0.07 −3.57 ± 0.02 8.9/11

GAMA low-n
M1 2064 −19.47 ± 0.10 −1.02 ± 0.11 −2.79 ± 0.08 8.7/8
M2 2551 −20.07 ± 0.08 −0.97 ± 0.09 −3.33 ± 0.05 4.7/9
M3 2188 −20.06 ± 0.05 −0.54 ± 0.09 −3.51 ± 0.02 19.6/10
M4 1928 −20.45 ± 0.06 −0.79 ± 0.11 −3.77 ± 0.03 11.7/10

GAMA high-n
M1 1515 −20.22 ± 0.25 −0.74 ± 0.19 −3.10 ± 0.13 15.6/8
M2 3206 −20.19 ± 0.09 −0.23 ± 0.12 −3.20 ± 0.02 9.9/9
M3 3826 −20.42 ± 0.06 −0.25 ± 0.10 −3.35 ± 0.02 14.8/9
M4 4180 −20.81 ± 0.05 −0.43 ± 0.08 −3.53 ± 0.02 6.9/11

4.1.2 Colour and morphology dependence

The LFs of colour- and Sérsic index-selected galaxies show sim-
ilar behaviour. Within halo-mass bins, the central galaxy peak mag-
nitude Mc and satellite galaxy characteristic magnitude M∗ show
remarkably little variation with galaxy colour (with the exception
ofM1 groups, in which blue galaxies are fainter in Mc , but brighter
in M∗), whereas spheroidal galaxies tend to be brighter than disky
galaxies. Relative to blue and disky galaxies, red and spheroidal
galaxies are offset to a shallower (more positive) faint-end slope α.

We see that red, and particularly spheroidal, galaxies domin-
ate the central population, particularly at high halo masses. The
spheroidal/disky ratio of centrals is larger than the red/blue ratio,
particularly in higher-mass haloes.

4.1.3 LF parameter trends with halo mass

For central galaxies (lower-left panels of Fig. 7), we see that peak
magnitude Mc brightens systematically with halo mass. The width
of the magnitude distribution σc is largely independent of halo
mass, although is broader in the lowest-mass haloes.

Within each satellite galaxy class we observe (lower-right pan-
els of Fig. 7) a systematic and significant brightening of the char-
acteristic magnitude M∗ with increasing halo mass. Any trends of
faint-end slope α are less clear, although for most samples, galax-
ies inM1 haloes show the steepest faint-end slope. Mock galaxies
show consistent trends with the ‘GAMA all’ sample.

For comparison, we also show, in the lower panels of Fig. 7,
log-normal and modified (β ≡ 2) Schechter function fits to the
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normal for central galaxies and Schechter functions for satellites, with 1–σ likelihood contours in lower-left and lower-right sets of panels, respectively. Filled
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central and satellite populations respectively from Yang et al.
(2008) as filled circles (they do not split galaxies by morphology).
We use parameter values from Table 1 of Yang et al. (2008) for
their five halo mass bins within the range 13 ≤ lgMh < 14.4.
Note that as well as the difference in satellite fitting function, Yang
et al. (2008) K-correct to z = 0.1 rather than z = 0.0, and use a dif-
ferent colour cut, but one would nevertheless hope that trends with
halo mass would be preserved.

For central galaxies, we observe consistent, but more pro-
nounced, trends of Mc with halo mass, cf. Yang et al. (2008). This
difference could be explained by underestimated halo masses in
Yang et al. (2007) single-galaxy groups (see fig. 6 of Davies et al.
2019), and so the Yang et al. (2008) low-mass bin likely mixes ha-
loes of both low and high mass.

For satellite galaxies, the Yang et al. (2008) characteristic
magnitudes M∗ and faint-end slopes α respectively are offset to sig-
nificantly brighter and steeper values than ours, an effect attribut-
able to the different choice of fitting function. Their observed trend
of brightening M∗ with halo mass is consistent with ours. Con-
trary to our results, they see a clear steepening of faint-end slope α
with increasing halo mass. One should note, however, that there is
a hint in Yang et al. (2008, fig. 2) that the faint-end slope may be a
little too shallow cf. their non-parametric estimates in lower-mass
haloes.

4.2 Group galaxy SMF

Our SMF results, along with those from the L-GALAXIES SAM,
and the EAGLE and IllustrisTNG simulations, are plotted in Fig. 8.
Note that the relative normalisation of GAMA data and simulations
is somewhat arbitrary, depending as it does on the halo mass limits.
Log-normal and Schechter parameter fits for central and satellite
galaxies respectively are shown in Fig. 9 and tabulated in Tables 5
and 6. We first discuss the observed SMF results for GAMA galax-
ies subdivided by central/satellite, colour and morphology, compar-
ing with SDSS results from Yang et al. (2009). We then compare
observed results with those from the L-GALAXIES SAM and sim-
ulations.

4.2.1 Observed central versus satellite

Fig. 8 plots the SMFs of central and satellite galaxies in the left- and
right-hand panel sets, respectively. Unsurprisingly, central galax-
ies dominate at high stellar mass, while satellites dominate at low
mass. As with the LFs, satellites become more dominant in high-
mass haloes due to the mass–richness correlation for groups.

On the whole, central galaxy SMFs are reasonably fit by log-
normal functions (Table 5), although there are some statistically
poor fits in the lower halo mass bins, due to a slight excess over
the log-normal fit at lower masses. Schechter functions provide
variable-quality fits to satellite SMFs (Table 6); in particular we
observe a high-mass excess above the Schechter fit in higher-mass
haloes. One can obtain a better fit by allowing the parameter β

in equation (6) to vary freely. However, the values of β and M∗

are strongly correlated, and so parameter trends with halo mass are
much harder to interpret, and also to compare with previous res-
ults. We thus choose to show only standard Schechter function fits
(β ≡ 1).

4.2.2 Observed colour and morphology dependence

At all halo masses, we see that red, and particularly spheroidal,
galaxies dominate the central population. As with the LFs, the
spheroidal/disky ratio of centrals is larger than the red/blue ratio.
Our morphology-dependent results for low-mass haloes are qualit-
atively consistent with the field SMF results of Moffett et al. (2016),
in which spheroidal and disky galaxies dominate at high and low
stellar masses, respectively.

The SMFs of colour- and Sérsic index-selected galaxies show
some subtle differences. For centrals, peak log-mass Mc tends to be
higher for red and spheroidal than for blue and disky galaxies; Mc

is particularly low for disky galaxies in M1 haloes. There are no
significant differences in width parameter σc apart from a broaden-
ing inM1 haloes, again particularly for disky galaxies. For satel-
lites, spheroidal galaxies exhibit higher characteristic stellar mass
M∗ and shallower low-mass slope α than disky galaxies, whereas
red and blue galaxies have more consistent SMF shapes, with the
exception of steep low-mass slopes for blue galaxies inM1 haloes.

4.2.3 Observed SMF parameter trends with halo mass

For central galaxies (left panels of Fig. 9), we see that peak log-
mass Mc increases systematically with halo mass, and is ∼ 0.2 dex
higher for red and spheroidal galaxies than their blue and disky
counterparts. The width of the mass distribution σc tends to in-
crease for lower halo masses, particularly for disky galaxies, whose
M1 likelihood contour lies well off the bottom-right limits of the
plot.

Within each satellite galaxy class we observe (right panels of
Fig. 9) a systematic increase in characteristic mass M∗ with in-
creasing halo mass. There is little significant trend of low-mass
slope α with halo mass, except that it is much steeper for blue and
disky galaxies inM1 haloes.

For comparison, we also show log-normal and modified (β ≡
2) Schechter function fits to the central and satellite populations, re-
spectively, from Yang et al. (2009) as filled circles (they do not split
galaxies by morphology). We use parameter values from Table 4 of
Yang et al. (2009) for their five halo mass bins within the range
13 ≤ lgMh < 14.4. Note that the Yang et al. (2009) colour-cut is
different to ours, but trends with halo mass should not be strongly
affected. As with the LFs, the Yang et al. (2009) satellite SMF para-
meters are offset to brighter and steeper values than ours, due to the
different choice of power within the Schechter function exponen-
tial. We observe consistent trends in peak and characteristic stellar
mass with halo mass for central and satellite galaxies, respectively,
although our halo mass dependence is slightly stronger. Again, this
is likely to be due to the Yang et al. (2009) low-mass bins con-
taining a range of halo masses. Yang et al. (2009) find narrower
log-normal fits to centrals, possibly reflecting their narrower bins
in halo mass. Unlike Yang et al. (2009), we do not observe a sys-
tematic steepening of satellite low-mass slope α with halo mass.
Again, we note (Yang et al. 2009, fig. 4) that their low-mass slopes
in low-mass haloes may be a little too shallow.

4.2.4 Comparison of GAMA and simulated SMFs

For central galaxies, L-GALAXIES and EAGLE show log-normal
parameters and trends consistent with observations, with the caveat
that the small volume of the EAGLE simulation (27 × smaller than
TNG-300), means that there are very few massive galaxies, hence

MNRAS 000, 1–22 (2020)

Page 11 of 22 Monthly Notices of the Royal Astronomical Society



12 J.A. Vázquez-Mata et al.

10 6

10 4

10 2 GAMA all central TNG all central

10 6

10 4

10 2 GAMA blue central TNG blue central

10 6

10 4

10 2 GAMA red central TNG red central

10 6

10 4

10 2 GAMA low-n central LGAL all central

10 11 12

10 6

10 4

10 2 GAMA high-n central

10 11 12

EAGLE all central

13.0 13.2 13.4 13.6 13.8 14.0 14.2 14.4

lg h

log10 ( * / h 2)

(
*)

[h
3

M
pc

3
de

x
1 ]

10 6

10 4

10 2 GAMA all satellite TNG all satellite

10 6

10 4

10 2 GAMA blue satellite TNG blue satellite

10 6

10 4

10 2 GAMA red satellite TNG red satellite

10 6

10 4

10 2 GAMA low-n satellite LGAL all satellite

9 10 11 12

10 6

10 4

10 2 GAMA high-n satellite

9 10 11 12

EAGLE all satellite

13.0 13.2 13.4 13.6 13.8 14.0 14.2 14.4

lg h

log10 ( * / h 2)

(
*)

[h
3

M
pc

3
de

x
1 ]

Figure 8. SMFs colour-coded by halo mass, for galaxy samples as labelled in each panel. Central and satellite galaxies are shown in left- and right-hand panel
sets, and fitted with log-normal and Schechter functions, respectively.

the central fits are poorly constrained. IllustrisTNG groups, how-
ever, host much more massive central galaxies than the observa-
tions, and show an enhanced dependence of Mc on halo mass. Cent-
ral galaxy stellar masses in IllustrisTNG thus seem to be both too
high and also over-dependent on halo mass.

For satellite galaxies, the functional fits to the large-volume
L-GALAXIES and IllustrisTNG SMFs are often statistically very
poor, with some reduced χ2 values in excess of 10. This is partly
due to the large numbers of galaxies in these simulations giving
rise to very high signal-to-noise measurements, but is also due to
the fact that Schechter fits drop too steeply at the high mass end
in massive haloes. The discrepancy is even worse with the β ≡ 2
modified Schechter functions used by Yang et al. (2009). One can
get a slightly better fit to the IllustrisTNG results by allowing β

to vary freely, but the χ2 values are still poor in many cases. In
particular, no value of β can match the very shallow high-mass

shape of the IllustrisTNG blue satellite SMF. The L-GALAXIES

SMFs clearly favour a double Schechter function, with a steeper
slope below mass lgM∗ ≈ 9.5.

The Schechter fits to satellite galaxies show much smaller
shape variation with halo mass than the observations. SDSS and
GAMA observe an increase in characteristic mass of ∆ lgM∗ ≈ 0.4
and 0.5 dex respectively fromM1–M4 haloes, whereas the simula-
tions yield ∆ lgM∗ < 0.3 dex. The IllustrisTNG and L-GALAXIES

SMFs show only a very small steepening of low-mass slope α with
halo mass; EAGLE shows larger variation in both lgM∗ and α,
but no systematic trends with halo mass. We caution that the like-
lihood contours for simulated satellite galaxies in Fig. 9 arise from
functional fits that are in some cases statistically very poor. It can
be seen visually in Fig. 8 that the SMF shapes of low to moderate
mass satellite galaxies in the L-GALAXIES SAM and the simula-
tions appear to be almost independent of their host halo mass. Only
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Figure 9. 1-σ likelihood contours for log-normal fits to central galaxies (left) and Schechter function parameter fits to satellite SMFs (right), colour-coded by
halo mass using the same scheme as Fig. 8. Filled circles show parameter fits from Yang et al. (2009).

for the most massive satellites (lgM∗ & 10.5), does their abund-
ance increases significantly with halo mass.

4.3 LF and SMF Evolution

LFs and SMFs determined in halo mass bins and redshift slices6 are
plotted in Fig. 10 (upper and lower set of panels, respectively), and
show a consistent picture. Symbols show LFs/SMFs in group mass
bins (rows) and for different galaxy types (columns), as labelled.

6 We note that the EAGLE halo mass function exhibits negligible evolution
over the redshift range shown, and so do not expect GAMA halo masses to
evolve significantly.

For comparison purposes, lines show LFs/SMFs of field
galaxies (i.e. whether grouped or not) of corresponding type, renor-
malized to the number of grouped galaxies in each panel (i.e. of
given type and environment, but summing over redshift bins). For
all types of GAMA galaxies, the field LFs show evidence for minor
fading in M∗ since redshift z ≈ 0.3. The field SMFs show little sign
of evolution, apart from a paucity of the most massive galaxies at
low redshift.

In the first column of both panel sets (all galaxies), we see that
the relative number densities of luminous (Mr . −21 mag) and
massive (lg M∗ & 10.5) grouped galaxies are enhanced over the
field in both group environments at redshifts z & 0.1. In the only
redshift bin (z < 0.1) in which faint (Mr & −18 mag) galaxies are
visible, they are relatively less abundant than in the field. Dwarf

MNRAS 000, 1–22 (2020)

Page 13 of 22 Monthly Notices of the Royal Astronomical Society



14 J.A. Vázquez-Mata et al.

Table 5. Log-normal fits (equation 5) to the central galaxy SMF for different
galaxy samples as indicated. The column headed χ2/ν gives the χ2 value
and degrees of freedom for the functional fit.

Ngal lg Mc σc lgφ∗c χ2/ν

GAMA all
M1 684 10.56 ± 0.03 0.30 ± 0.02 −3.54 ± 0.04 28.5/7
M2 811 10.95 ± 0.01 0.25 ± 0.01 −3.84 ± 0.04 13.2/5
M3 644 11.12 ± 0.01 0.22 ± 0.01 −4.20 ± 0.03 3.5/3
M4 369 11.19 ± 0.01 0.24 ± 0.01 −4.67 ± 0.03 9.5/3

GAMA blue
M1 200 10.35 ± 0.06 0.31 ± 0.03 −4.05 ± 0.05 16.1/7
M2 202 10.72 ± 0.02 0.24 ± 0.02 −4.40 ± 0.06 2.6/4
M3 143 11.00 ± 0.03 0.23 ± 0.02 −4.91 ± 0.05 0.7/3
M4 80 11.12 ± 0.03 0.22 ± 0.02 −5.27 ± 0.08 6.1/3

GAMA red
M1 484 10.67 ± 0.03 0.26 ± 0.01 −3.61 ± 0.05 17.0/4
M2 609 11.02 ± 0.01 0.22 ± 0.01 −3.92 ± 0.04 11.9/4
M3 501 11.15 ± 0.01 0.20 ± 0.01 −4.27 ± 0.03 0.9/2
M4 289 11.24 ± 0.02 0.24 ± 0.02 −4.81 ± 0.04 3.3/2

GAMA low-n
M1 97 9.88 ± 0.25 0.64 ± 0.18 −4.44 ± 0.06 1.9/4
M2 73 10.65 ± 0.05 0.25 ± 0.04 −4.83 ± 0.09 3.3/2
M3 41 10.82 ± 0.04 0.21 ± 0.04 −5.31 ± 0.07 0.2/1
M4 20 10.95 ± 0.07 0.22 ± 0.06 −5.87 ± 0.14 0.2/1

GAMA high-n
M1 587 10.61 ± 0.03 0.28 ± 0.01 −3.56 ± 0.04 20.0/6
M2 738 10.99 ± 0.01 0.24 ± 0.01 −3.85 ± 0.04 10.7/5
M3 603 11.14 ± 0.01 0.21 ± 0.01 −4.20 ± 0.03 0.6/2
M4 349 11.21 ± 0.02 0.23 ± 0.01 −4.69 ± 0.03 9.8/3

TNG all
M1 3713 10.78 ± 0.00 0.20 ± 0.00 −3.06 ± 0.01 20.9/3
M2 1039 11.12 ± 0.01 0.18 ± 0.00 −3.58 ± 0.02 8.0/3
M3 405 11.42 ± 0.01 0.18 ± 0.01 −3.98 ± 0.03 7.1/2
M4 119 11.75 ± 0.02 0.19 ± 0.01 −4.53 ± 0.05 0.0/1

TNG blue
M1 671 10.75 ± 0.01 0.22 ± 0.01 −3.84 ± 0.02 0.6/2
M2 355 11.10 ± 0.01 0.19 ± 0.01 −4.07 ± 0.03 1.0/3
M3 225 11.41 ± 0.01 0.18 ± 0.01 −4.24 ± 0.04 7.0/2
M4 91 11.73 ± 0.02 0.20 ± 0.02 −4.66 ± 0.06 0.0/1

TNG red
M1 3042 10.79 ± 0.00 0.19 ± 0.00 −3.14 ± 0.01 13.6/3
M2 684 11.13 ± 0.01 0.17 ± 0.00 −3.74 ± 0.02 8.4/3
M3 180 11.43 ± 0.01 0.17 ± 0.01 −4.32 ± 0.04 1.2/2
M4 28 11.78 ± 9.99 0.16 ± 9.99 −5.09 ± 9.99 0.0/0

LGAL all
M1 44636 10.52 ± 0.00 0.26 ± 0.00 −3.22 ± 0.00 70.1/7
M2 11893 10.72 ± 0.01 0.26 ± 0.00 −3.78 ± 0.01 20.1/8
M3 3660 10.87 ± 0.01 0.25 ± 0.01 −4.27 ± 0.02 6.7/9
M4 910 11.07 ± 0.02 0.25 ± 0.02 −4.88 ± 0.04 2.2/5

EAGLE all
M1 155 10.66 ± 0.02 0.16 ± 0.02 −2.93 ± 0.06 7.3/1
M2 42 10.88 ± 0.04 0.23 ± 0.04 −3.44 ± 0.10 0.4/1
M3 9 11.05 ± 9.99 0.14 ± 9.99 −4.06 ± 9.99 0.0/0
M4 5 12.00 ± 9.99 0.49 ± 9.99 −3.93 ± 9.99 0.3/0

galaxies when selected by mass (lg M∗ . 9.5) are more consist-
ent with the field, but still slightly suppressed. Overall, the number
density of grouped galaxies at low redshift (z < 0.1) is below that
in the field, given our renormalization across all redshifts.

Blue and disky galaxies (second and fourth columns) show
similar behaviour to the general population. Blue galaxies show a
slightly larger excess than disky galaxies over their respective field
populations at the bright/high-mass end at redshifts z > 0.1.

Only red galaxies (third column) show a number density con-
sistent with the renormalized field at low luminosities/masses and

Table 6. Schechter function fits (equation 6 with β ≡ 1) to the satellite
galaxy SMF for different galaxy samples as indicated. The column headed
χ2/ν gives the χ2 value and degrees of freedom for the functional fit.

Ngal lg M∗ α lgφ∗s χ2/ν

GAMA all
M1 1882 10.31 ± 0.04 −1.16 ± 0.09 −3.17 ± 0.07 7.4/7
M2 3183 10.51 ± 0.04 −0.98 ± 0.09 −3.27 ± 0.05 5.2/9
M3 2996 10.61 ± 0.03 −0.84 ± 0.09 −3.45 ± 0.05 9.0/9
M4 3147 10.77 ± 0.04 −0.91 ± 0.11 −3.68 ± 0.06 22.5/9

GAMA blue
M1 895 10.43 ± 0.11 −1.57 ± 0.14 −3.77 ± 0.19 1.7/5
M2 1125 10.46 ± 0.09 −1.10 ± 0.14 −3.70 ± 0.11 4.5/9
M3 836 10.49 ± 0.06 −0.85 ± 0.17 −3.89 ± 0.08 11.3/9
M4 736 10.83 ± 0.07 −1.06 ± 0.13 −4.37 ± 0.10 15.7/9

GAMA red
M1 987 10.28 ± 0.04 −0.84 ± 0.11 −3.37 ± 0.06 6.7/7
M2 2058 10.47 ± 0.03 −0.75 ± 0.08 −3.39 ± 0.04 3.7/8
M3 2160 10.59 ± 0.03 −0.69 ± 0.08 −3.56 ± 0.04 5.1/8
M4 2411 10.71 ± 0.03 −0.74 ± 0.10 −3.74 ± 0.05 13.5/9

GAMA low-n
M1 770 10.17 ± 0.07 −1.56 ± 0.13 −3.57 ± 0.12 1.5/5
M2 923 10.25 ± 0.06 −1.14 ± 0.15 −3.58 ± 0.09 1.8/6
M3 617 10.36 ± 0.05 −1.04 ± 0.16 −3.91 ± 0.08 4.5/6
M4 513 10.48 ± 0.05 −0.98 ± 0.16 −4.17 ± 0.07 6.1/7

GAMA high-n
M1 1112 10.24 ± 0.04 −0.63 ± 0.12 −3.23 ± 0.05 3.6/7
M2 2260 10.46 ± 0.04 −0.58 ± 0.09 −3.32 ± 0.04 7.1/9
M3 2379 10.57 ± 0.03 −0.56 ± 0.09 −3.51 ± 0.04 8.4/9
M4 2634 10.73 ± 0.04 −0.67 ± 0.10 −3.72 ± 0.05 24.2/9

TNG all
M1 26857 10.33 ± 0.01 −0.95 ± 0.01 −3.06 ± 0.01 274.5/6
M2 20870 10.49 ± 0.01 −1.02 ± 0.01 −3.26 ± 0.02 119.9/7
M3 18650 10.56 ± 0.02 −1.05 ± 0.02 −3.36 ± 0.02 119.1/8
M4 15349 10.57 ± 0.02 −1.05 ± 0.02 −3.45 ± 0.02 137.4/8

TNG blue
M1 16161 10.11 ± 0.01 −0.83 ± 0.02 −3.10 ± 0.01 2.6/6
M2 8377 10.17 ± 0.02 −0.82 ± 0.03 −3.38 ± 0.02 39.0/7
M3 4901 10.16 ± 0.03 −0.76 ± 0.04 −3.60 ± 0.03 69.5/8
M4 2789 10.20 ± 0.04 −0.84 ± 0.05 −3.90 ± 0.04 50.5/8

TNG red
M1 10696 10.46 ± 9.99 −0.91 ± 9.99 −3.61 ± 9.99 1074.3/6
M2 12493 10.60 ± 0.02 −1.04 ± 0.02 −3.58 ± 0.02 308.6/7
M3 13749 10.64 ± 0.02 −1.08 ± 0.02 −3.56 ± 0.02 178.1/8
M4 12560 10.62 ± 0.02 −1.06 ± 0.02 −3.56 ± 0.02 131.9/8

LGAL all
M1 156902 10.24 ± 0.01 −0.72 ± 0.02 −2.88 ± 0.01 33.6/9
M2 122491 10.32 ± 0.01 −0.79 ± 0.02 −3.04 ± 0.01 24.2/9
M3 90289 10.36 ± 0.01 −0.80 ± 0.02 −3.20 ± 0.01 25.3/10
M4 60075 10.42 ± 0.02 −0.88 ± 0.03 −3.44 ± 0.02 27.5/10

EAGLE all
M1 1457 10.37 ± 0.07 −1.17 ± 0.07 −3.11 ± 0.08 9.9/6
M2 1027 10.54 ± 0.10 −1.33 ± 0.07 −3.48 ± 0.12 3.6/7
M3 635 10.22 ± 0.09 −0.87 ± 0.11 −3.20 ± 0.09 4.9/8
M4 945 10.43 ± 0.09 −1.04 ± 0.09 −3.21 ± 0.09 13.7/8

low redshift. This is to be expected if star formation is quenched
in the infalling galaxies, leading to an increased abundance of red
galaxies. Low-luminosity and low-mass red galaxies inM4 groups
at 0.1 < z < 0.2 show a slight excess relative to the field.

Spheroidal galaxies (final column) show similar behaviour to
the overall population, with no low-luminosity/mass, low-redshift,
excess, when compared with red galaxies. This suggests that the
quenching process has not yet had time to fully transform the mor-
phological appearance of infalling galaxies.

Note that, within each halo mass bin, the mean halo mass
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Figure 10. Grouped galaxy LFs and SMFs are shown as symbols in the upper and lower set of panels, respectively. Within each set of panels, galaxies are
subdivided by halo mass (rows) and galaxy type (columns), with colour coding and symbol shape indicating redshift range. The numbers in the left-most
panels indicate the mean halo mass within each redshift bin, showing that, within halo mass bins, there is relatively little dependence of halo mass on redshift.
For comparison purposes, lines show the LFs or SMFs of field galaxies, whether grouped or not, renormalised to the number of grouped galaxies in each panel.
No evolution corrections are applied to the LFs.

shows only a weak dependence on redshift, as indicated by the
numbers in the left-most panels of Fig. 10. We thus believe that
the changes in group LF or SMF with redshift are primarily due to
evolution rather than varying host halo mass. As a caveat, however,
we note that due to the flux-limited nature of the GAMA sample,
groups of fixed mass have more detected members when observed
at lower redshift (Fig. 2), which may have some effect on the appar-
ent evolution measured. However, it seems unlikely that this would
result in the differences in behaviour seen for blue and red galaxies.

5 CONCLUSIONS AND DISCUSSION

In this work we have presented the r-band LF and the SMF for
galaxies in the GAMA group catalogue (G3Cv9) separated into

central and satellite, and divided by colour and morphology. The
group catalogue was divided into four mass bins M1–4 covering
lgMh = 12–15.2 to explore the dependency of the LF and SMF
on group mass, and later into three redshift bins below z = 0.3 to
investigate LF/SMF evolution.

On subdividing galaxies into central and satellite populations,
we see that centrals are always luminous and massive, with fainter
(Mr & −19 mag) galaxies being exclusively satellites, particu-
larly in higher-mass haloes. We note that the only (indirect) use
of mass in defining a GAMA central galaxy is the choice of the
brighter of the two galaxies that remain after iteratively rejecting
galaxies furthest from the group centre-of-light (see R11 sec 4.2.1).
This contrasts with, for example, Yang et al. (2008, 2009); Knobel
et al. (2015), who define the central galaxy as the most luminous or
massive in the group.
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Due to the correlation between group mass and richness,
satellite galaxies become more and more numerically dominant in
higher-mass groups. Note that the definition of GAMA groups is
very different to that of Yang et al. (2007), whose group definition
includes those comprising single galaxies.

When subdividing the galaxy population by colour and Sérsic
index, we find that red and, in particular, spheroidal galaxies dom-
inate at high luminosity and mass; blue and disky galaxies dom-
inate, or at least contribute roughly equally, at low luminosity and
mass. The fraction of galaxies classified as red or spheroidal in-
creases with increasing halo mass, consistent with the findings of
Davies et al. (2019).

We next summarize our results separately for central and satel-
lite galaxies, and for low-redshift evolution, and then put these find-
ings in context.

5.1 Central galaxy LF and SMF

The observed central galaxy LF and SMF are well-fit by log-normal
functions, with peak luminosity and mass increasing systematically
with host halo mass. These trends are consistent with the SDSS
measurements by Yang et al. (2008, 2009), except that we observe
a much stronger dependence: comparing M4 and M1 haloes, we
observe ∆Mc ≈ 1.6 mag or 0.6 dex for the LF and SMF respect-
ively, compared with ≈ 0.7 mag and ≈ 0.4 dex from SDSS. These
differences can be understood if the SDSS halo masses are underes-
timated for single-member groups, as indicated by the comparison
in fig. 6 of Davies et al. (2019). This would imply that the lower-
halo mass bins in Yang et al. (2008, 2009) actually contain haloes
with a wide range of masses.

The luminosity and mass distributions tend to be broader in
the M1 bin, which covers the widest range of halo masses. The
narrower log-normal fits from Yang et al. (2008, 2009) likely reflect
their use of narrower bins in halo mass.

GAMA mock central LFs show consistent trends with the
observations, albeit offset to slightly lower luminosities. The
L-GALAXIES SAM shows central SMF parameters consistent with
GAMA, whereas the IllustrisTNG simulation yields peak masses
both higher than ours, and with an even more enhanced dependence
on halo mass (∆Mc ≈ 1.0 dex). This suggests that the IllustrisTNG
central galaxy stellar masses are overly-dependent on halo mass.
The small volume of the EAGLE simulation provides only weak
constraints on the halo-mass dependence of the central SMF.

5.2 Satellite galaxy LF and SMF

The observed satellite galaxy LF and SMF are reasonably well-
fit by standard Schechter functions, with characteristic luminosity
and mass increasing systematically with host halo mass, in agree-
ment with all previous studies. Faint-end and low-mass slopes of
the satellite LF and SMF, respectively, show little systematic cor-
relation with halo mass, except that galaxies in the lowest mass
haloes tend to have the most steeply-rising slopes. This is in dis-
agreement with some previous group LF/SMF results such as Yang
et al. (2008, 2009); Robotham et al. (2010); Zandivarez & Martínez
(2011), but in agreement with Phillipps et al. (1998), who find that
dwarfs are more common in lower density environments. Reddick
et al. (2013, fig. 15) see no clear dependence of CSMF slope on halo
mass for their SDSS group catalogue. Such discrepancies are likely
to arise due to the inability of Schechter-like functions to accurately
match the observed LF shape over a wide range of luminosities: the

faint-end slope is often more strongly constrained by high signal-
to-noise measurements around L∗ than by the faintest galaxies in
the sample. The same argument applies when fitting the SMF.

We note that the dependence of the faint- or low-mass slope on
local density as estimated by galaxy counts in cylinders or spheres
is similarly ambiguous, with some authors (e.g. Xia et al. 2006;
Peng et al. 2010) finding a steepening faint-end/low-mass slope in
denser environments, at least for red galaxies, while others (e.g.
Croton et al. 2005; Hoyle et al. 2005; McNaught-Roberts et al.
2014; Mortlock et al. 2015) find no such dependence.

Turning now to the GAMA mock catalogues, the LFs have a
higher abundance of faint satellite galaxies in massive haloes com-
pared with GAMA data. It is beyond the scope of this paper to
explore the physical reasons for this, but we do compare predic-
tions of two more recent SAMs with GAMA data in Riggs et al. (in
prep.). Standard Schechter functions systematically underestimate
the faint-end of the LF in all butM1 mock groups, and so the res-
ulting parameter fits should be treated with due caution.

The SMF shape in all simulations is generally independent
of halo mass at low stellar masses, lgM∗ . 10.5, whereas the
GAMA low-mass slope is steeper inM1 groups. Only at high stel-
lar masses, lgM∗ & 10.5, do the simulations reveal an increasing
number density in higher-mass haloes. Schechter function fits are
unable to capture this behaviour, under-fitting the high-mass end
in all simulations, and showing minimal dependence ofM∗ and α
on halo mass. Varying the rate of the high-mass decline via the β

parameter in equation (6) cannot eliminate this discrepancy.
A double Schechter function is required in order to fit a

low-mass upturn in the L-GALAXIES SMF for lgM∗ . 9.5:
single Schechter fits are too shallow at the low-mass end. None
of the IllustrisTNG SMFs show significant evidence of a low-
mass upturn, but are very poorly-fit at the high-mass end, par-
ticularly for blue satellites. The red satellite SMFs are roughly
consistent between IllustrisTNG and GAMA, whereas blue satel-
lites in IllustrisTNG show a large excess at the high-mass end.
It thus appears that IllustrisTNG under-estimates the quenching
of massive satellite galaxies in group environments. The EAGLE
satellite SMF is consistent with IllustrisTNG but limited to lower
masses, lgM∗ . 11.

5.3 Evolution in group environments

In order to study the effect of group environment on LF/SMF evol-
ution, we compare in Fig. 10 to the (environment-independent)
field, after renormalizing the field galaxy numbers to the number
of grouped galaxies of particular type and environment. We find
that, with the exception of red galaxies, faint and low-mass galaxies
are relatively less abundant in group environments at low-redshift,
z < 0.1. Conversely, luminous and massive galaxies, mostly seen
at redshifts z > 0.1, are relatively more common in group environ-
ments. The dominant evolutionary effect in group environments is
an increasing red fraction with decreasing redshift, relative to the
field. The fact that this is seen at redshifts z < 0.3 suggests that en-
vironment quenching of galaxies in groups is an ongoing process.

5.4 Comparison with previous results

The overall trend of finding more luminous and massive galaxies
in higher-mass haloes can be understood in the context of the hier-
archical model of galaxy formation. In this model, massive galax-
ies accrete much of their stellar mass from sub-haloes, via major
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and minor mergers (e.g. White & Rees 1978; Cole et al. 2000).
Analysing the Illustris simulation, Rodriguez-Gomez et al. (2016)
find that while the fraction of stellar mass contributed by accreted
stars is only about 10 per cent for Milky Way-sized galaxies, it can
be more than 80 per cent for M∗ ∼ 1012M� (h = 0.7) galax-
ies. It does not automatically follow, however, that the richer envir-
onments of massive groups will lead to a higher merger rate, and
hence more massive and luminous galaxies. In fact, mergers are ex-
pected to be less frequent in high-mass haloes due to the large relat-
ive galaxy velocities in these environments (Ostriker 1980; Binney
& Tremaine 1987). However, Sheen et al. (2012) have found that
38 per cent of early-type galaxies in four massive galaxy clusters
show evidence of strong merger features (tidal tails, shells, etc.),
comparable to what is found in low-density field environments (van
Dokkum 2005). Oh et al. (2018) find that 20 per cent of galaxies ob-
served in rich clusters show post-merger signatures, whereas only
4 per cent show evidence of ongoing mergers, in agreement with
Sheen et al. (2012). Oh et al. (2018) suggest that the mergers took
place before galaxy accretion into the cluster environment, a claim
supported by the numerical simulations of Yi et al. (2013).

The increasing characteristic luminosity and stellar mass of
galaxies with the mass of their host dark matter halo thus suggests
that mergers have been most common in the past history of galax-
ies accreted into massive haloes. Tomczak et al. (2017), using a
semi-empirical model of SMF evolution, show that the majority of
galaxies in high-density regions at redshift z ≈ 0.8 are formed from
mergers. We have attempted to extend their model to z ≈ 0.2, ap-
propriate for the GAMA data, but find that the evolved SMF, even
at masses lgM∗ ∼ 10, is very sensitive to the low-mass cutoff
chosen for the initial SMF power law. We therefore prefer to com-
pare our results with more detailed models and simulations such as
L-GALAXIES, EAGLE and IllustrisTNG, finding broad agreement
in the halo-mass dependence of more massive galaxies.

Galaxies built from multiple mergers are more likely to
be spheroidal in morphology (Rodriguez-Gomez et al. 2016).
Moreover, Rodriguez-Gomez et al. (2017) find that mergers play
an important role in determining galaxy morphology in massive
(M∗ & 1011 M�) galaxies in the Illustris simulation, with gas-
poor mergers promoting the formation of spheroidal galaxies. In
support of this, Man et al. (2016) and Mundy et al. (2017) es-
timate from observations that about one third of the stellar mass
in massive galaxies is acquired via major mergers since redshift
z ≈ 3.5, This merger-driven scenario naturally explains the domin-
ation of the bright and high-mass ends of the group LF and SMF by
spheroidal galaxies. One should, however, bear in mind that other
mechanisms are also likely to come into play in the formation of
spheroids, such as ‘inside-out’ quenching (Tacchella et al. 2018).

Unlike Yang et al. (2008, 2009), we find no evidence of a sys-
tematic steepening with halo mass of faint-end/low-mass LF/SMF;
in fact the lowest-mass M1 haloes tend to have the steepest
slopes. We caution that apparent trends of Schechter-like paramet-
ers should be treated with caution, and can be misleading in cases
when the fitting function poorly fits the data. One should also bear
in mind that galaxies have had longer to interact in low-redshift
(mostly low-mass) haloes, and that this is unlikely to be accounted
for by our global evolution corrections.

5.5 Caveats and future prospects

The high spectroscopic completeness of the GAMA survey, and the
minimum group membership requirement (NFoF > 4), should res-
ult in a higher-fidelity group catalogue than the much larger SDSS

catalogue of Yang et al. (2007). However, the GAMA groups are
by no means perfect. In particular, comparison with mocks (Fig. 1)
suggests that low-mass haloes (lgMh . 13.5) have masses over-
estimated by ∆ lgMh ≈ 0.5 dex. This leads to some small system-
atic errors in the halo-dependent LF and SMF, particularly at the
faint/low-mass end (Appendix B).

Because we analyse a flux-limited sample of GAMA groups,
we cannot separate the effects of host halo mass and (observed)
group membership. A large, volume-limited sample of galaxy
groups would enable more reliable conclusions on the effects of
group environment to be drawn. Such a sample will be provided by
the upcoming Wide Area VISTA Extragalactic Survey (WAVES;
Driver et al. 2019).
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APPENDIX A: COMPARISON OF FIELD LFS AND SMFS

We here compare the field (environment-independent) LFs and
SMFs for the GAMA data, the FoF mocks, the L-GALAXIES SAM,
and two hydrodynamical simulations.

A1 GAMA, mock and TNG r-band field LFs

We compare the r-band field LFs from GAMA, FoF mocks and
IllustrisTNG in Fig. A1. For GAMA, we use a density-corrected
Vmax estimator (Loveday et al. 2015) with errors determined from
jackknife sampling. Mock LFs are estimated using a standard Vmax
estimator and errors show the standard deviation between the nine
mocks. We see that the brightest galaxies in the mocks are not
as bright as those in the GAMA data. Fitting a double Schechter
function (equation 6 of Baldry et al. 2012) to the binned LFs,
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Figure A1. Field galaxy r-band LFs for GAMA, FoF mock and TNG. Sym-
bols show 1/Vmax estimates (density-corrected for GAMA), and lines show
double Schechter function fits. The inset shows GAMA and mock χ2 pro-
files for characteristic magnitude M∗; in each case there are 12 degrees of
freedom.

we find that the characteristic magnitude M∗ of GAMA galaxies
is about 0.5 mag brighter than in the mocks. The GAMA binned
LF faint-end slope is also slightly steeper, although note that the
Millennium-based mock catalogues are not expected to be fully
complete fainter than Mr ≈ −17 mag. These differences between
the GAMA and mock LFs should be borne in mind when compar-
ing group LF results. In particular, one should not focus on differ-
ences between GAMA and mocks in any given halo mass bin, but
instead compare the trends with halo mass for the real and mock
data.

The TNG LF is obtained using the z = 0.2, TNG300-1 syn-
thetic stellar photometry catalogue, which uses dust model C from
Nelson et al. (2018). We see that while TNG gives a good match to
GAMA around the characteristic magnitude (Mr − 5 log h ≈ −20)
and at the extreme bright end (Mr − 5 log h ≈ −23), it predicts
far too few faint and moderately bright galaxies. We also note that
even a double Schechter function is unable to match the shape of
the IllustrisTNG LF at the bright end.

A2 GAMA versus simulated field SMFs

We compare the field SMFs from GAMA data, the L-GALAXIES

SAM, and the EAGLE and IllustrisTNG hydrodynamical simula-
tions in Fig. A2. We see that our estimate of the GAMA field galaxy
SMF agrees well with previous GAMA estimates by Baldry et al.
(2012) and Wright et al. (2017, their double Schechter function
fit). The simulations agree well with the GAMA observations, ex-
cept that IllustrisTNG over-predicts the numbers of very massive
(lgM∗ & 11) galaxies. This over-abundance of simulated, very
massive galaxies suggests that the effects of AGN feedback in
IllustrisTNG may be underestimated in such hosts. This would also
at least partly explain the IllustrisTNG high-mass excess seen in
group environments (Fig. 8).
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Figure A2. Field galaxy SMFs for GAMA estimated by the present
work and two previous GAMA papers, along with predictions from the
L-GALAXIES SAM and the EAGLE and IllustrisTNG hydrodynamical sim-
ulations.

APPENDIX B: FOF VERSUS HALO MOCK LF RESULTS

We compare group LF results obtained using the FoF and halo
mocks in Fig. B1. Note that in this comparison, the same mock
galaxies have been used. The only difference lies in how the galax-
ies are assigned to groups, and how the masses of the groups are
determined.

The composite (central plus satellite) halo and FoF non-
parametric LF estimates are significantly different (exceeding 95
per cent confidence) for all but the lowest mass bin. We see that
the effect of using FoF group-finding and luminosity-based masses
is to change the best-fitting Schechter parameters for the satellite
galaxies by around 1–3σ. The central galaxy LFs appear to be con-
sistent in peak luminosity apart from in FoFM1 haloes, where they
are fainter.

FoF mocks tend to have slightly less steep faint-end slopes
than halo mocks; all are significantly under-fitting the faint end,
particularly in M3 groups. In the lowest-mass haloes, M1, FoF
mocks have fainter characteristic magnitudes M∗; in all other ha-
loes, there is no significant difference.

Insofar as the mock catalogues are representative of the
GAMA data, we can infer that the GAMA LF Schechter paramet-
ers are likely to be biased by ∼ 1σ in intermediate mass bins, with
slightly worse errors in the lowest- and highest-mass haloes. When
comparing GAMA data with mocks, we use the FoF mocks, under
the assumption that they suffer similar biases to the GAMA groups.

APPENDIX C: TESTING LF AND CLF ESTIMATORS

In this appendix we compare estimates of the LF and CLF from
simple simulations of known CLF, showing that the LF may be
recovered without bias, but that an unbiased CLF estimate is only
possible from a volume-limited sample. We first describe our CLF
estimator (our LF estimator is described in Section 3.1), and then
describe the generation of simple group and galaxy catalogues with
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Figure B1. Halo mass dependent LFs for halo (blue circles) and FoF (red
squares) mocks. Filled markers and continuous lines show central galaxy
LFs with their best-fitting log-normal function. Open markers and dashed
lines show satellite galaxy LFs with their best-fitting Schechter function.
Insets show 1- and 2-σ likelihood contours on the Schechter parameters α
and M∗. Also shown in each panel is the χ2 probability that the composite
(central plus satellite) non-parametric LFs follow the same distribution. The
difference is statistically significant for all mass bins apart from M1.

known CLF. Finally, we present and discuss the recovered CLFs
and LFs from these simulations.

C1 CLF estimator

To estimate CLFs for a given bin of halo mass, we consider the
member galaxies of the groups in that mass bin. The CLF is
given by the absolute magnitude histogram of the member galax-
ies, weighting each galaxy by the reciprocal of the number of
groups in the halo mass bin in which the galaxy could in prin-
ciple be observed. In other words, for galaxy i which would be
visible to redshift zlim,i , we count groups that lie in the redshift
range [zlo,min(zhi, zlim,i )], where (zlo, zhi) are the sample redshift
limits. This is equivalent to the ‘direct matching’ method of Guo
et al. (2014, equation 4), except that we normalize the CLF on a
per-galaxy basis, rather than on a per-magnitude bin or mass bin
basis, thus allowing account to be taken of individual galaxy K-
corrections.

Note that by normalising the galaxy counts by the number of
groups in which each galaxy could be seen, one automatically cor-
rects for radial density variations, whether due to large-scale struc-
ture or number density evolution, assuming that group counts vary
in the same way as galaxy counts, and so no explicit corrections
for ∆(z) and P(z) are needed. One would still apply luminosity
evolution corrections for a sample in which luminosity is evolving.

C2 Simulated group and galaxy catalogues

50,000 group masses are chosen at random over the range lgMh =

[12, 15] from a Schechter mass function with somewhat arbitrary,
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Figure C1. Halo mass–redshift distribution of around 22,000 simulated
groups chosen at random from those with at least one visible member
galaxy. Colour-coding indicates the number of visible group members, with
yellow corresponding to eight or more members.

but not unreasonable, shape parameters αM = −1, lgM∗h = 14.
Each group is assigned a redshift randomly drawn from a distri-
bution that is uniform in comoving volume over the redshift range
z = [0.002, 0.5]. These group masses and redshifts are written out
to a simulated group catalogue.

Within each group we generate galaxies with luminosit-
ies drawn at random over the absolute magnitude range M =

[−24,−15] mag from Schechter functions whose parameters vary
with group mass lgMh as follows:

α = −1.4 − 0.2∆M,

M∗ = −21.0 − 0.5∆M, (C1)

lg φ∗ = 1.0 + 0.5∆M,

and where ∆M = lgMh − lgM∗h . These CLF parameters are
chosen to roughly match the satellite CLFs of Yang et al. (2008).
The number of galaxies generated in each group is chosen at ran-
dom from a Poisson distribution whose mean is given by integrating
the group’s CLF over the magnitude range M = [−24,−15] mag.
Galaxies are assigned the same redshift as their host group, and ap-
parent magnitudes are calculated using the same K−corrections as
the GAMA mock catalogues (R11, equation 8), but with no evolu-
tion. We write out a simulated galaxy catalogue containing those
galaxies with apparent magnitude m < 19.8 mag. On average,
about 2730 groups in each simulation contain five or more visible
member galaxies, comparable with the number of GAMA groups
in our observed sample.

Altogether, nine simulated group and random catalogues are
generated. While these simulated catalogues do not attempt to
model imperfections in group finding or mass estimation, they do
allow us to investigate any biases in the recovered LFs or CLFs
caused by sample selection effects, particularly those associated
with requiring observed groups to have a minimum galaxy mem-
bership.

Fig. C1 plots the halo mass–redshift distribution for our simu-
lated groups that contain at least one visible galaxy. It is clear that
low mass groups are incomplete at high redshift, even when only a
single observed (m < 19.8 mag) member galaxy is required. With a
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Figure C2. Ratio of recovered to input LF from simulated catalogues. Blue
and orange error bars, representing the RMS scatter between simulations,
show LF ratios for groups with at least one and five detected members,
respectively.

membership threshold of 5 galaxies (green and yellow points), this
incompleteness extends to all group masses. Redshift incomplete-
ness is difficult to quantify in an observed sample, due to significant
scatter in the relation between halo mass and N th brightest galaxy
luminosity. The effects of group redshift incompleteness on the re-
covered LF and CLF are explored in the next section.

C3 Recovered LFs and CLFs

LFs and CLFs are determined from our simulated catalogues in the
same way as for the GAMA mocks. The ratios of the recovered to
simulated LFs and CLFs, (evaluated individually for each group,
and then summed within mass bins), are shown in Figs. C2 and C3
respectively. For the LF ratio plots, we have rescaled the input (per
group) CLFs to (1/Vmax-weighted) LFs by the factor Ngroup/V ,
where Ngroup is the total number of groups simulated in each mass
bin, and V ≈ 3.6×107 h−3 Mpc3 is the effective volume of the sim-
ulations, assuming that they cover the same sky area as the GAMA
mocks. It is not possible to scale observed LFs and CLFs in this
way, since we do not know the total number of groups in each mass
bin, only the number that are observed.

The (Vmax-normalized) LFs (Fig. C2) are recovered with near-
zero bias, albeit with large scatter in low-mass groups, even when a
minimum group membership of five galaxies is imposed. By lower-
ing the group membership threshold, we are able to constrain the
LF to brighter magnitudes, with little improvement to the faint-end
estimates.

The recovered (group-normalized) CLFs (Fig. C3) only do
a good job in matching the simulation input when all simulated
groups (blue lines), including even those that contain no visible
galaxies, are included in the normalisation of the CLF. By includ-
ing only groups with one or more observed members (orange lines),

0.6

1.0

2.0

3.0
4.0 1 [12.0, 13.3]

Nfof 0 Nfof 1 Nfof 5

2 [13.3, 13.7]

22201816
0.6

1.0

2.0

3.0
4.0 3 [13.7, 14.1]

22201816

4 [14.1, 15.2]

0.0Mr 5log10h

C
(M

)/
C,

sim
(M

)

Figure C3. Ratio of recovered to input CLF from simulated catalogues.
Blue, orange, and green error bars show CLF ratios for groups with at least
zero, one and five detected members, respectively.

the bright end of the CLF is overestimated, particularly in low-mass
groups. This overestimation extends to fainter magnitudes as group
membership cut is increased to five or more galaxies, although in-
terestingly is then less severe at brighter magnitudes. Overestim-
ation of the CLF occurs because luminous galaxies are visible to
high redshift, at which the group sample is increasingly incom-
plete with decreasing mass and increasing membership threshold
(Fig. C1). Since there is a wide scatter in the correlation of halo
mass with N th brightest galaxy luminosity, redshift incomplete-
ness is difficult to quantify. For observed group catalogues, one only
knows of those groups that have at the very least one member, and
so without modelling of the halo mass function, one cannot calcu-
late a reliable CLF without imposing stringent redshift limits on the
sample.

We have re-evaluated the CLFs for groups with five or more
members applying redshift cuts of z < 0.1 and z < 0.2 (Fig. C4).
For these simulations, but not necessarily for GAMA groups, we
see that a redshift cut of z < 0.1 enables a reliable CLF estimate
for all but the lowest-mass groups. A less stringent cut of z < 0.2
gives acceptable results for mass binsM3 andM4.

Having established that we can recover Vmax-normalized LFs
without bias for all group masses without any redshift cuts, we in-
vestigate the effects of redshift selection on the recovered LF in
Fig. C5. For higher-mass groups,M3 andM4, the LFs in all three
redshift ranges are recovered without bias. For mass bin M2, the
LFs in the highest-redshift range, 0.2 < z < 0.3, are biased low.
For the lowest-mass groups, M1, the intermediate redshift range,
0.1 < z < 0.2, is biased low; there are too few galaxies at higher
redshifts to measure an LF at all. We conclude that it should be
possible to constrain LF evolution in lgMh & 13.7 groups out to
redshift z ≈ 0.3. For groups in mass binM2, evolution can be re-
liably constrained to z ≈ 0.2. No determination of LF evolution is
possible for groups in the lowest mass bin.
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Figure C4. Ratio of recovered to input CLF from simulated catalogues for
groups with five or more members. Blue and orange error bars show CLF
ratios after applying redshift cuts of 0.1 and 0.2 respectively. The green
error bars are the same as in Fig. C3.

0.3

0.5

1.0

1.5
1 [12.0, 13.3]

0.0 < z < 0.1 0.1 < z < 0.2 0.2 < z < 0.3

2 [13.3, 13.7]

22201816
0.3

0.5

1.0

1.5
3 [13.7, 14.1]

22201816

4 [14.1, 15.2]

0.0Mr 5log10h

(M
)/

sim
(M

)

Figure C5. Ratio of recovered to input LF from simulated catalogues meas-
ured in slices of redshift. Blue, orange, and green error bars show LF ra-
tios for groups with five or more members at redshift 0.0 < z < 0.1,
0.1 < z < 0.2, and 0.2 < z < 0.3, respectively.

In this appendix, we have demonstrated that the Vmax-
normalized LFs may be recovered from GAMA-like data without
bias, even when one is restricted to groups with five or more mem-
bers, with a significant incompleteness in mass-redshift space, as
seen in Fig. C1. CLFs may be recovered without bias only when
one normalizes by the total number of groups in the relevant mass
and redshift range, including those with no visible galaxy members
(clearly impossible for an observed, flux-limited sample), or by ap-
plying stringent redshift cuts to obtain a sample that is volume-
limited in group mass (the approach taken by Yang et al. 2008,
2009). For that reason, we present Vmax-normalized LFs and SMFs
rather than group-normalized CLFs and CSMFs in this paper.
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