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ABSTRACT
We study the role of environment in the evolution of central and satellite galaxies with the Sloan
Digital Sky Survey. We begin by studying the size-mass relation, replicating previous studies, which
showed no difference between the sizes of centrals and satellites at fixed stellar mass, before turning
our attention to the size-core velocity dispersion (σ0) and mass-σ0 relations. By comparing the
median size and mass of the galaxies at fixed velocity dispersion we find that the central galaxies
are consistently larger and more massive than their satellite counterparts in the quiescent population.
In the star forming population we find there is no difference in size and only a small difference in
mass. To analyse why these difference may be present we investigate the radial mass profiles and
stellar metallicity of the galaxies. We find that in the cores of the galaxies there is no difference in
mass surface density between centrals and satellites, but there is a large difference at larger radii.
We also find almost no difference between the stellar metallicity of centrals and satellites when they
are separated into star forming and quiescent groups. Under the assumption that σ0 is invariant to
environmental processes, our results imply that central galaxies are likely being increased in mass
and size by processes such as minor mergers, particularly at high σ0, while satellites are being
slightly reduced in mass and size by tidal stripping and harassment, particularly at low σ0, all of
which predominantly affect the outer regions of the galaxies.
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1 INTRODUCTION

The effect of environment on galaxy evolution has been an
area of much study in recent times. Large surveys such
as the Sloan Digital Sky Survey (SDSS, York et al. 2000;
Abazajian et al. 2009) provide astronomers with sufficient
data to study galaxies statistically in a variety of environ-
ments. It is largely accepted that galaxies are situated in
dark matter haloes which grow hierarchically over time, such
that smaller haloes infall towards and merge with larger
ones. These dark matter haloes play host to individual galax-
ies, but also to groups and clusters made up of pairs, tens
or even thousands of galaxies (Kravtsov & Borgani 2012;
Navarro et al. 1997).

Galaxies in different haloes and at different positions
within those haloes have varying properties, which are re-
lated to the properties of, and location within, their host
haloes. For example satellite galaxies experience lower lev-
els of star formation than central galaxies due to quench-
ing mechanisms, which predominantly act on those satellites

? E-mail: Ashley.Spindler@open.ac.uk (AS)

(Kauffmann et al. 2004; Weinmann et al. 2009; Wetzel et al.
2013; Baldry et al. 2006). Indeed, two very similar galaxies
could evolve in significantly different ways if placed in dif-
ferent environments; for example if one were to become a
satellite galaxy while the other remains a central or isolated
galaxy.

Scaling relations can tell us much about the evolution
of galaxies and help constrain models of that evolution.
The size-mass relation of early-type galaxies has been shown
to be invariant with environment by a number of authors.
Huertas-Company et al. (2013) showed that the size-mass
relation of early type galaxies is the same for central and
satellite galaxies, implying no environmental dependance.
Shankar et al. (2014) found no environmental dependance
of bulge-dominated galaxy sizes at fixed mass in contrast
to state-of-the-art semi-analytic models of galaxy forma-
tion which predicted a ∼1.5-3 times increase in size from
low to high mass haloes. Shankar et al. (2014) describes
a number of mechanisms within the models that predict
an environmental dependance, such as violent disk insta-
bilities which can lead to bulge growth (Dekel et al. 2009;
Bournaud et al. 2011a,b), minor mergers which happen up
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to ∼4 times more often in high mass haloes in some models
(McCavana et al. 2012; Hirschmann et al. 2013), gas dissi-
pation following mergers which would more effectively shrink
galaxies in less massive haloes and finally satellite evolution
which could stunt the growth of central galaxies from merg-
ers if satellite star formation is quenched in a fast manner
as opposed to a slow one.

In addition to the size-mass relation Mocz et al. (2012)
showed that the Tully-Fisher relation for disk galax-
ies is largely unaffected by environment, finding only a
small steepening with increasing local density. Hou & Wang
(2015) find a significant environmental dependance on the
fundamental plane coefficients of early-type central galaxies
in SDSS DR7 (Data Release 7), but find no dependance on
environment for the same coefficients of satellite galaxies.

The preservation of the size-mass relation for centrals
and satellites is an important test of environmental pro-
cesses in galaxy formation models, however it does not com-
pletely rule out environmental processes modifying the size
and mass for a given galaxy. Previous studies have com-
pared centrals and satellites at fixed stellar mass in an at-
tempt to control for the strong dependency of many galaxy
properties on mass, trends which are largely independent of
environment (van den Bosch et al. 2008a). However, to in-
vestigate how the evolution of a galaxy differed as a result
of it’s host halo being accreted onto a more massive halo,
we must compare central and satellite galaxies that were the
same before the satellites were accreted. Many of the phys-
ical processes that may be applied to a galaxy once it has
become a satellite, such as stripping of its hot halo gas, ram
pressure stripping of its cold gas, tidal stripping of its stars,
and a modified merger rate, would affect its stellar mass evo-
lution (Gunn & Gott 1972; Larson et al. 1980; Abadi et al.
1999; Dekel et al. 2003; Balogh et al. 2004; Pasquali 2015;
van den Bosch et al. 2008b). As such, comparing centrals
and satellites at fixed stellar mass will be unlikely to lead
to a direct comparison of galaxies that were similar before
the satellites became satellites. In many cases the physical
processes that we wish to understand are exactly those pro-
cesses that may affect the stellar mass evolution.

These physical processes could be acting in a way which
preserves the size-mass relation, in essence hiding their ef-
fects from studies looking at this relation. For example,
central galaxies are much more likely to experience minor
mergers than satellites; this could have a ‘puffing up’ effect
by adding mass predominantly to the outer regions of the
galaxy making them larger and more massive at the same
time (van Dokkum et al. 2010; Naab et al. 2009). Satellites
on the other hand can either have their star formation
quickly halted by quenching, leading to no further growth
or have their mass stripped away by tidal interactions with
their dark matter halo and harassment by nearby galaxies.

Similar problems exist when comparing galaxy pop-
ulations at different epochs, which have also typically
been studied at fixed stellar mass. Recently a num-
ber of groups have tried to more directly study pro-
genitor and descendant populations at differing masses
by using fixed cumulative stellar mass number den-
sity selections (e.g White et al. 2007; Wake et al. 2008;
van Dokkum et al. 2010; Papovich et al. 2011; Patel et al.
2013; Lundgren et al. 2014), matched galaxy population
from halo modelling and subhalo abundance match-

ing (SHAM) (e.g. Zheng et al. 2007; White et al. 2007;
Wake et al. 2008; Conroy et al. 2008; Conroy & Wechsler
2009; Behroozi et al. 2013; Moster et al. 2013), or by
comparing populations at fixed core velocity dispersion
(Bezanson et al. 2012). Of these techniques, number density
selection cannot be applied to the central satellite compar-
ison. Halo modelling and SHAM has been used to remove
the effect of differing stellar mass growth when comparing
centrals and satellites in the work of Wetzel et al. (2013).
In this paper we will make comparisons at fixed core veloc-
ity dispersions (/sigma0) for central and satellite galaxies.
Core velocity dispersion is largely invariant to growth by
minor mergers (e.g. Loeb & Peebles 2003; Bezanson et al.
2012) and internal processes that could significantly change
/sigma0, such as major bursts of star formation or puffing up
via mass loss from quasars (Fan et al. 2008), are rare at the
redshifts of this study. Indeed Torrey et al. (2015) show that
in the Illustris simulation the core velocity dispersion of the
most massive progenitors of z=0 galaxies has hardly changed
on average since z ∼ 1.5. Furthermore, since the cores of the
galaxies are shielded from the environment by their outer
regions, σ0 should remain largely unaffected by the possible
mechanisms which could drive or prevent growth such as
minor mergers, star formation, or tidal stripping. We com-
pare the sizes and masses of central and satellite galaxies
selected from the Sloan Digital Sky Survey and study the
radial mass distribution of the galaxies, relative to the core
velocity dispersion.

In Section 2 we describe the data sample and the cuts
made. In Section 4 we revisit the size-mass relation for satel-
lite and central galaxies, and investigate the size-σ0 and
mass-σ0 relations. We also study the mass distributions of
the central and satellite galaxies in bins of core velocity dis-
persion and discuss the implications of these results. Finally
in Section 6 we discuss and summarise our results. Through-
out the paper we consider a standard cosmology with the
following parameters: H0 = 100 h km s−1, Ω0 = 0.3 and
ΩΛ = 0.7.

2 DATA

The galaxies used in this analysis come from the main sam-
ple of the SDSS Data Release 7 (DR7, Abazajian et al.
2009). We combine the Large Scale Structure Sam-
ple of the New York University Value Added Galaxy
Catalog (VAGC, Blanton et al. 2005), the MPA/JHU
catalog (Kauffmann et al. 2003; Brinchmann et al. 2004;
Salim et al. 2007), the UPenn SDSS PhotDec Catalog
(UPenn, Meert et al. 2015) and the Yang Group Catalog
(Yang et al. 2009). The catalogs have a coverage of 7966 sq
degrees, a r-band magnitude range of −23.5 < Mr < −19.5.
We apply a redshift cut of 0.01 < z < 0.1, which leaves
291,042 galaxies in the sample.

From the VAGC we take the fibre measurements for the
Velocity Dispersion (σ) and the redshifts (Z). The velocity
dispersions from the VAGC are taken from inside the 3 arc
second fibre of SDSS and need to be corrected to represent
the core velocity dispersion of the galaxy. To do this we cor-
rected σ to be within one-eighth of the re of the galaxy
using the following relationship: σ0 = σap (8rap/re )0.066

(Cappellari et al. 2006). As σ0 has large errors at both high
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and low values, we only consider galaxies with 70kms−1 <

σ < 300kms−1 and ∆σ < 15%.
From MPA/JHU catalog we use the specific star forma-

tion rates (sSFR = SFR/M∗), which are calculated using the
technique described in Brinchmann et al. (2004). We also
take the stellar masses and r and g-band magnitudes, which
we use to fit a stellar mass-to-light ratio (Kauffmann et al.
2003).

The UPenn PhotoDec Catalog uses two component fits
of the photometry to estimate a variety of galaxy properties,
as opposed to the single component fits of earlier catalogs,
we use the best fit for each galaxy which may be a single
component or a combination of Sérsic, exponential and De
Vaucouleurs profiles. We use the total r and g-band magni-
tudes to calculate new stellar masses from the best fits of the
catalog. In addition we use the best fit half-light radii; galax-
ies with re > 30 kpc are cut from the sample. We also use
the axis ratios from this catalog to cut out edge-on spirals,
as the rotational velocity of these galaxies can contaminate
their core velocity dispersion and cause it to appear higher
than it would otherwise be. To achieve we remove galaxies
with a b/a ratio < 0.1. Finally we use the Sérsic indices from
the best single component fits.

We calculate the maximum volume, Vmax , over which a
galaxy could be observed using the flux limit of SDSS, the
mass of the galaxy, the redshift limit and the mass complete-
ness limits as derived from Wake et al. (2012). This process
corrects for the fact that many low brightness galaxies are
not picked up by SDSS as they fall below the flux limit,
which would skew the results at higher redshifts to high lu-
minosity galaxies.

Applying the cuts laid out in this section gives a final
sample of 124,524 galaxies. The majority of the galaxies not
included in our final sample are disqualified by the stellar
mass completeness limit and velocity dispersion cuts.

3 DEFINING CENTRAL AND SATELLITE
GALAXIES

To define central and satellite galaxies we primarily use the
Yang Group Catalog (Yang et al. 2009), which uses an itera-
tive group finding algorithm to construct dark matter haloes
from the SDSS galaxies. Starting with a simple friends-of-
friends algorithm, tentative groups are found and assigned
properties based on their characteristic luminosities. Using
the properties of these tentative groups the algorithm de-
cides whether or not to add galaxies from the nearby red-
shift space. If new galaxies are added to the group, the dark
matter properties are recalculated based on the new group
luminosity. The group finder iterates over this process until
no changes to the groups are made.

The Yang Catalog has two definitions for the centrals
and satellites, these are based on the stellar mass and lumi-
nosity of the galaxies in each halo. In these definitions the
most massive or brightest galaxies are designated the central
and the rest of the galaxies satellites. We choose to use the
mass rather than luminosity definition for our centrals, but
take some further steps to mitigate any bias that this defi-
nition may introduce into our analysis. As we have selected
centrals to be more massive, this could introduce a small
bias into the mass-σ0 relation (and by extension the size-σ0

relation), making the central galaxies more massive at fixed
σ0. Consider a halo where the two most massive galaxies
have identical central velocity dispersions; the most massive
galaxy will be designated the central and the least massive
the satellite. As a result central galaxies may appear more
massive than satellite galaxies at fixed σ0 simply as a result
of the central/satellite definition. This definition could also
introduce other similar biases for any galaxy property that
depends on stellar mass.

To mitigate this potential bias we consider throughout
the paper two additional central/satellite definitions. The
first chooses to use the galaxy with the highest σ0 as the cen-
tral in all haloes. This leads to approximately 2500 centrals
( 5% of the groups in the sample) being swapped with a satel-
lite from their halo that has a higher dispersion. The second
combines the mass and σ0 definitions by randomly selecting
which galaxy (the highest mass or the highest dispersion)
will be the central, resulting in roughly 1250 centrals be-
ing swapped with satellites. We use this random sampling
method to define the main sample throughout this work, but
we also show the results for both the mass and dispersion
samples for reference. We note that whilst the three defini-
tions of central galaxies produce slightly different results in
the manner that we expected, using any of them would re-
sult in the same conclusions for all the trends that we study.
The same is true for the most conservative method of only
using haloes where the central galaxy has both the highest
stellar mass and σ0, although we do not make use of this
definition since it removes a large number of galaxies from
our sample.

4 RESULTS

4.1 The Size-Mass Relation

We begin by comparing the size-mass relation of the central
and satellite galaxies. In Figure 1 we plot the median re of
the centrals and satellites at fixed mass in 20 stellar mass
bins, each of which has the same number of satellite galaxies.
The top row is the size-mass relation and the bottom row is
the difference between the centrals and satellites. The errors
are calculated from 1000 bootstrap resamplings. In all cases
we weight by Vmax . The panels from left to right show re-
lations for star forming galaxies, quiescent galaxies, and all
galaxies. We split the galaxies into star forming and quies-
cent populations by applying a cut at log10(sSFR) = −11,
which sits at the minimum between the two peaks in the
bimodal sSFR distribution (e.g. Wetzel et al. 2012).

We apply this sSFR cut for two reasons. Firstly, as is vis-
ible in Figure 1, star forming galaxies typically have larger re
than quiescent galaxies at the same mass (or σ0) although,
the difference decreases at higher masses and dispersions.
This difference most likely results from extended luminous
star forming disks in the star forming galaxies increasing
the r-band re . If we ignored this dependence on star forma-
tion, mean differences in the sizes of centrals and satellite
galaxies could result from differences in the quiescent frac-
tions, which are known to be higher in satellite galaxies at
all masses (e.g. Wetzel et al. 2012). Secondly, since a central
galaxy is more likely to be star forming than a satellite, we
would like to separate out the effects of ongoing star for-
mation, which would preferentially produce more massive
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Figure 1. (Top) Comparison of the median half-light radius at fixed mass of central (red line) and satellite (blue line) galaxies. Left is

the star forming population, centre is the quiescent and right is the entire population. The dotted lines represent the 1σ scatter. The solid
lines represent the random central/satellite split, the faint dot-dashed lines represents the mass split and the faint dashed lines represent

the σ0 split (see the main text for details). (Bottom) The fractional difference in median radius at fixed mass for central and satellite

galaxies. We see that for the star forming and quiescent population the size-mass relation is almost the same for centrals and satellites.
For all galaxies the centrals are slightly larger than the satellites, but this is predominantly due to the different quiescent fractions in

the central and satellite populations (see text).

central galaxies, from processes like tidal stripping of stars
and minor mergers, which act on SF or quiescent galaxies
alike.

The solid lines in Figure 1 represent the random cen-
tral/satellite sample, while the faint dot-dashed and dashed
lines represent the samples with centrals defined by mass
and dispersion respectively. The three different central defi-
nitions show very similar relationships with the largest diver-
gence at the high mass end. This plot mimics those found in
Huertas-Company et al. (2013) (and others), that the size-
mass relation is largely the same for centrals and satellites.

Even though there is very little difference between the
central and satellite size-mass relations for either star form-
ing or quiescent galaxies there is a small difference in size
for the full galaxy population, with central galaxies being
larger at all masses. This larger difference is a result of the
differing quiescent fractions of central and satellite galaxies.
The higher fraction of quiescent satellites at all masses re-
sults in smaller sizes relative to the centrals, which are more
likely to be star forming.

The fact that the size-mass relation does has very little
dependence on environment is an interesting result in and of
itself (e.g. see Shankar et al. (2014) for comparisons to semi-
analytic galaxy formation model predictions), but it does not
tell us how the sizes and masses of individual galaxies may

be being changed by their transition from central to satellite
relative to those that remain centrals. It only tells us that if
the masses and sizes are changing for centrals and satellites
these changes must be linked. For example, if mass is lost
then the galaxy must shrink in re , and if mass is gained
then the galaxy must expand in re , such that the size-mass
relation remains unchanged. Another way to put this is that
the stellar mass density of the centrals and satellites remains
constant and satellites are no more or less compact than
their central counterparts.

Minor mergers and ongoing star formation provide
mechanisms for growth that predominately apply to cen-
tral galaxies and which could increase the size of galaxies in
a way which preserves the size-mass relation. However, tidal
stripping and harassment mainly affect satellites and could
lead to reduced sizes and masses, again in a way which could
preserve the size-mass relation. Wetzel et al. (2013) estimate
that as a result of the quenching of their star formation qui-
escent satellite galaxies are up to 10% less massive than they
would have been had they remained centrals. Tidal stripping
is likely to have further reduced the mass of satellites galax-
ies by up to 20%, depending on the halo mass (Bahe et al.
2016). For these reasons comparing galaxies at fixed mass
may not be the best way to approach studying environmen-
tal effects on galaxies. Instead we want to be able to compare
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Figure 2. (Top) Comparison of the median half-light radii of central (red) and satellite (blue) galaxies. Left is the star forming population,

centre is the quiescent population and right is the entire population. The dashed lines represent the 1σ scatter. The solid lines represent
the random central/satellite split, the faint dot-dashed lines represents the mass split and the faint dashed lines represent the σ0 split

(see the main text for details). (Bottom) The fractional difference in median radius at fixed σ0 for central and satellite galaxies. For the

star forming population we see no difference in size at fixed central dispersion, but for quiescent galaxies we see that the centrals become
increasingly larger at higher dispersions than for satellites. For all galaxies there is a constant difference in size.

central and satellite galaxies that were the same or similar
prior to a satellites accretion onto a new dark matter halo.

4.2 Size and Mass comparisons at fixed σ0

To determine how the growth of satellites and centrals dif-
fer, we need to consider a variable which is not likely to be
affected by the environmental processes experienced by a
galaxies whether they are a central or satellite. Therefore,
we choose to investigate the relationships of M∗ and re with
the core velocity dispersion, σ0, which, as already discussed,
we expect to remain largely unchanged by the physical pro-
cesses acting on centrals and satellites.

Figure 2 shows the Vmax weighted median half-light ra-
dius of central and satellite galaxies in the top row and the
difference between the medians in the bottom row as a func-
tion of σ0. We use the same method as in Figure 1 to split the
sample into bins of σ0. As with Figure 1 the solid lines rep-
resent the random central/satellite split and the faint dot-
dashed and dashed lines represent the mass and dispersion
based samples respectively.

For the star forming galaxy sample we see that there
is no difference in the size-σ0 relation for the random cen-
tral/satellite split. The centrals from the mass definition are
slightly larger than the satellites, but this is likely due to
the bias mentioned in Section 2. When we use the disper-

sion based sample, the satellites become slightly larger than
the centrals at dispersions above σ2

0 = 125kms−1. However,
we could in fact be introducing the opposite bias here as
we have deliberately decided against classifying the more
massive, larger galaxies as centrals in some haloes.

Unlike the star forming sample, the quiescent galaxies
show a large difference in size between the centrals and satel-
lites in all three central/satellite splits. For the randomly de-
fined sample the fractional difference increases with σ0 from
4 ± 7% at σ0 = 90km/s, to 32 ± 4% at σ0 = 270km/s with
an average difference of 16%. In the mass defined sample we
see that the σ0 dependance is stronger, with the difference
in size reaching 40 ± 4%, with an average difference of 19%.
The dispersion defined sample shows a lower maximum size
difference of only 25% and an average difference of 13%.

In the full galaxy population the difference in size re-
mains relatively constant at all values of σ0 with an aver-
age difference of 16%. The relation is fairly constant for the
random and dispersion defined samples, but has a small σ0
dependance in the mass defined sample.

Given that the central and satellite size-mass relations
are the same and the size-σ0 relations are not, we would ex-
pect to find a difference in mass at fixed dispersion between
centrals and satellites. In Figure 3 we plot the median stel-
lar mass in bins of velocity dispersion. As with the size-σ0
relation we see that there is a mass deficit in the satellite
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Figure 3. (Top) Comparison of the median stellar mass of central (red) and satellite (blue) galaxies. Left is the star forming population,

centre is the quiescent group and right is the entire population. The dashed lines represent the 1σ scatter. The solid lines represent the
random central/satellite split, the faint dot-dashed lines represents the mass split and the faint dashed lines represent the σ0 split (see

the main text for details). (Bottom) The fractional difference in median mass at fixed σ0 for central and satellite galaxies. The star

forming population shows a small difference in mass at fixed dispersion and the quiescent population has a larger difference in mass,
which increases with higher dispersion. For all galaxies the difference in mass remains roughly constant.

galaxies. The star forming galaxies exhibit an average differ-
ence of 5% in mass for the random central definition sample,
the difference in slightly higher at 8% for the mass defined
sample and disappears completely for the dispersion defined
sample.

Quiescent central galaxies show a consistently higher
mass at fixed dispersion than quiescent satellite galaxies.
The relation is relatively flat for the randomly defined sam-
ple, with an average difference of 17%. The average difference
is lower for the dispersion defined sample at 14%. For the
mass defined sample there is a stronger dependance on σ0
with the fractional difference reaching 32% in the highest
dispersion bin, and with an average difference of 20%.

4.3 Radial Profiles

If we assume that σ0 is invariant with environment then the
satellite and central galaxies were originally similar galaxies
which have followed different evolutionary pathways. Our re-
sults indicate that this different evolution has either caused
the centrals to continue growing, most likely through some
combination of star formation and minor mergers, or that
the satellites have been stunted by processes such as quench-
ing, tidal stripping, and harassment. To investigate further
we use the radial colour profiles in the g and r bands from
SDSS to identify if there is a change in the mass distribution

of the galaxies. If the environment is indeed playing a role in
shaping the mass and size of the galaxies then we could see a
difference in the mass profiles of the centrals and satellites.
We might expect to see that the galaxy cores remain the
same for centrals and satellites, indicating that the core and
therefore the core velocity dispersion has not been affected
by the environment. However, in the outskirts of the galax-
ies we might expect that the satellites will have less mass
than the centrals, due to the satellites losing mass and the
centrals gaining mass from the environment. We will inves-
tigate the mean radial profiles of surface mass density and
total stellar mass.

We measure the radial mass profiles using the r-band
and g-band profiles from SDSS. The magnitudes are k-
corrected using the values from NYU-VAGC to a common
redshift of z = 0.1. To convert the magnitude profiles into
mass profiles we require a mass-to-light ratio, which we es-
timate using the stellar masses of the galaxies and g- and
r-band magnitudes from the UPenn catalog. We fit a linear
relation to the observed g − r colour and the stellar mass to
r-band light ratios of all the galaxies in the sample. We fit
the radial g − r colour profiles of each galaxy to this relation
to find the mass-to-light ratios in each of the radial bins. Fi-
nally, we use these mass-to-light ratios to convert the r-band
magnitude profiles into stellar mass profiles.

In Figure 4 we plot the mean surface mass densities
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Figure 4. (Top) The mean surface mass density at fixed radius of the star forming, quiescent and full galaxy populations. (Bottom)

The cumulative mean mass at fixed radii. The dashed, solid and dotted lines represent increasing bins of velocity dispersion, while the
red lines are the central galaxies and the blue lines are the satellite galaxies. The inset figures show the fractional differences in mass

density and cumulative mass at fixed radii. In the core regions of the galaxies we see that the centrals and satellites have the same mass

density, indicating that the cores are largely unaffected by the environment. However in the outer regions of the galaxies the mass density
begins to diverge, with centrals having more mass at larger radii. This relationship is stronger for quiescent galaxies than for star forming

galaxies, which mirrors our previous results. We only consider the random central/satellite split in this Figure.

in units of log10(M∗/kpc2) and cumulative mass profiles in
units log10(M∗) for galaxies split in to three bins of velocity
dispersion and into the three star formation rate popula-
tions. For a given star formation class surface mass density
increases as the velocity dispersion increases. For a given
dispersion the quiescent galaxies have higher surface mass
densities than the star forming galaxies. We see the same
trend in the cumulative mass profiles (bottom panels of Fig-
ure 4), with the higher dispersion bin being the most mas-
sive and the quiescent galaxies being more massive than star
forming galaxies. We also show the fractional differences in
mass and mass density, which also clearly show the differ-
ences between centrals and satellites being more prominent
at larger radii.

In each of the surface mass density plots we see that
the centrals and satellites have very similar core densities.
However, at larger radii the mass density of the centrals
becomes higher than the satellites. Once again we see that
the difference between the centrals and satellites is larger
for the quiescent galaxies than for the star forming galax-
ies. The difference in density is also greater in the highest
dispersion bin for quiescent galaxies, as was seen in the pre-
vious section. These results are reflected in the cumulative
mass profiles. For a given bin in dispersion the satellite core
masses are very close to the central core masses, but we see

that most of the mass difference is in the outer regions of
the galaxies.

4.4 The Stellar Metallicity Relations

Pasquali et al. (2010) found that satellite galaxies had lower
stellar metallicity than centrals with the same stellar mass
and that this metallicity difference increased as the stellar
mass decreased. They argued that this could be being caused
by mass stripping from the satellites, so that the satellites
had the higher stellar metallicity of the higher mass galaxies
they were before being stripped1. The same result would
also occur if the centrals were increasing in mass without
changing their metalicity (e.g. from minor mergers), while
the satellites remained unchanged. We revisit this relation
and include results for the metallicity at fixed σ0 and for
galaxies split by star formation rate as before.

In Figures 5 and 6 we show the difference between cen-
tral and satellite metallicity for SF, quiescent and all galaxies
as a function of σ0 and mass, respectively, in the same way

1 Pasquali et al. (2012) argue that this is not in fact the mecha-

nism responsible based on gas phase metallicity measurement.
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Figure 5. (Top) Comparison of the median stellar metallicity at fixed σ0 of central (red line) and satellite (blue line) galaxies. Left is the

star forming population, centre is the quiescent and right is the entire population. The dashed lines represent the 1σ scatter. The solid
lines represent the random central/satellite split, the faint dot-dashed lines represents the mass split and the faint dashed lines represent

the σ0 split (see the main text for details). (Bottom) The fractional difference in median stellar metallicity at fixed σ0 for central and

satellite galaxies. We see that for the star forming and quiescent population the metallicities for centrals and satellites are largely the
same, except at very low dispersions for the star forming sample. Contrary to this, the all galaxy sample shows a strong trend with σ0
in the difference in metallicity, where low dispersion centrals have lower metallicity than low dispersion satellites, this is however due to

the relative mixing of star forming and quiescent centrals and satellites at different dispersions.

as we have previously. We have used the stellar metallic-
ity measurements of Gallazzi et al. (2005) as were used by
Pasquali et al. (2010). One important aspect of these mea-
surements is that the size of the SDSS fibre insures that
the metallicity is being measured in the central part of the
galaxy (typically within one re) and therefore should be
largely unaffected by environmental processes in the same
way σ0 is unaffected, in particular minor mergers deposit-
ing metal poor stars on the outskirts of central galaxies.

One can see in Figure 5 that for both SF and quiescent
galaxies there is almost no difference between the metal-
licty of central and satellite galaxies at fixed σ0. At fixed
mass there is a small difference (∼5%) with central galaxies
having lower metallicities than the equivalent satellites. In
both cases there is a very weak trend such that the higher
the mass or σ0 of the centrals the smaller their deficit in
metallicity relative to the satellites, with the highest σ0 cen-
trals actually being more metal rich. The ∼5% difference in
metallicity between centrals and satellites at fixed mass is
consistent with the difference in mass measured at fixed σ0
(Figure 3) and the central mass-metallicty relation. In other
words it is consistent with the central metallicity remaining
unchanged between galaxies that become satellites or remain
centrals and either central galaxies gaining mass and/or the

satellite galaxies losing mass. The absence of any real dif-
ference in metallicity at fixed σ0 further supports our tenet
that σ0 is unaffected by environmental processes.

It is worth pointing out a couple of other interesting
aspects of Figure 5. Since when SF and quiescent galaxies
are considered separately, central and satellite galaxies show
very little difference in metallicity at fixed mass or σ0, the
larger difference for the full galaxy population shown in the
right hand panel of Figures 5 and 6, and previously found
by Pasquali et al. (2010), is largely being driven by differ-
ing fractions of SF and quiescent galaxies within the central
and satellite population. There is a larger fraction of qui-
escent galaxies in the satellite population, which typically
have higher metallicities than SF galaxies of the same mass
or σ0, causing the median metallicity of the satellites within
the whole galaxy population to be higher. The increase in
the difference between the central and satellite metallicity
as mass or σ0 decreases is caused by the combination of
two effects; both the difference in metallicity between SF
and quiescent galaxies and the difference in the fraction of
quiescent galaxies between centrals and satellites increase as
mass or σ0 decrease.

It’s also worth noting that the lack of much of a differ-
ence in the stellar metallicity of central and satellite galax-
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Figure 6. (Top) Comparison of the median stellar metallicity at fixed stellar mass of central (red line) and satellite (blue line) galaxies.

Left is the star forming population, centre is the quiescent and right is the entire population. The dashed lines represent the 1σ scatter.
The solid lines represent the random central/satellite split, the faint dot-dashed lines represents the mass split and the faint dashed lines

represent the σ0 split (see the main text for details). (Bottom) The fractional difference in median stellar metallicity at fixed mass for

central and satellite galaxies. As with the fixed σ0 case we see little difference in the metal content of the centrals and satellites for the
quiescent sample, and a small difference in the metal content of star forming centrals and satellites. As with the σ0 there is a strong

dependance on mass for the difference in metal content for the full galaxy population.

ies when split in SF and quiescent is at odds with the re-
cent measurements from the EAGLE simulation (Bahe et al.
2016), which show a much larger difference in all star form-
ing groups.

5 SYSTEMATICS

In this section we investigate whether other correlations be-
tween galaxy properties that are independent of environ-
ment could be responsible for the observed differences be-
tween central and satellite galaxy size and mass, including
the star formation rate and morphology distributions.

5.1 The Effect of Ongoing Star Formation

Throughout we have split our sample into two separate
groups by specific star formation rate, by applying a cut
at log10(sSFR) = −11. The purpose of this cut was to sepa-
rate the effect of ongoing star formation within the centrals
and satellites, which could lead to a difference in size and
mass. As demonstrated by Figures 1 and 2 the star form-
ing galaxies are larger than their quiescent counterparts and
so there is a relationship between size and sSFR at fixed
mass or σ0. As a result, we want to be sure that within

the two sets of galaxies there is not a residual difference in
the star formation rates between the central and satellite
galaxies, which may be responsible for the size and mass2

difference between centrals and satellites. For example, if the
median specific star formation rate of quiescent galaxies was
10−11.5yr−1 and the median for satellites was 10−12yr−1 the
central galaxies could be larger simply due to correlation
between size and sSFR.

In Figure 7 we compare the distributions of specific star
formation rates for central and satellite galaxies, in bins of
core velocity dispersion. We also mark on the median sSFR
rates in the star forming and quiescent groups. This figure
shows that whilst the shapes of the sSFR distributions are
pretty similar the central galaxies have a slightly higher me-
dian sSFR rate than the satellites. To make sure that these
differences are not responsible for any of the previously ob-
served trends we can weight each satellite galaxy in such a
way as to make the central and satellite sSFR distributions
identical. To do this we weight the satellites in each sSFR
bin by the fractional difference between the number of satel-
lite and central galaxies in that bin. We can then add these

2 Star forming galaxies also have higher mass at fixed σ0 e.g.

Bezanson et al. (2015), Figure 3
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Figure 7. We show the distributions of Specific Star Formation Rate in three bins of core velocity dispersion. The Figure shows central

galaxies in red and satellite galaxies in blue and the log10 (sSFR) = −11 cut for quiescent and star forming galaxies as the blue dashed

line. We also mark the median sSFR for the centrals and satellites in both star formation groups with solid circles. We see that the
distributions are similar, but the centrals have a higher median sSFR in most of the bins.
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Figure 8. (Top) Comparison of the median half-light radii of
central (red) and satellite (blue) galaxies in the quiescent group
weighted by their relative specific star formation rate distribu-

tions (see the main text for details). The dashed lines represent

the 1σ scatter. The line styles are the same as in previous figures.
(Bottom) The fractional difference in median radius at fixed σ0
for central and satellite galaxies. We see that there is little differ-
ence between these weighted results and the results from Figure 2,
indicating that differences between the central and satellite sSFR

distributions are not responsible for the differences between cen-
tral and satellite size and mass.

weights back into our calculations of the differences in size
and mass from Section 4.

We show the weighted results for the size-σ0 relation
for quiescent galaxies in Figure 8, which shows that the
sSFR weights do not significantly alter the relation or the
fractional difference in size, which ranges from 3% at low
dispersion to 29% at high dispersion. We do not show the
star forming galaxies or the mass-σ0 relation, but neither of
these are significantly affected by the sSFR weights either.
These results indicate that despite the central galaxies hav-
ing slightly higher sSFR than the satellites, even when split
into star forming and quiescent subsamples, and there be-
ing a correlation between sSFR and size at σ0, the differing
sSFRs are not contributing to the observed difference in the
size or mass of central and satellite galaxies at fixed σ0.

5.2 Differing Morphologies of Centrals and
Satellites

While it is generally true that star forming galaxies are
mostly late-type spirals, and quiescent galaxies are predom-
inantly early-types, there may be a difference in the dis-
tribution of these morphologies between the centrals and
satellites. For instance one could imagine a larger fraction
of late-type galaxies amongst quiescent satellites than qui-
escent centrals as the star formation is halted in satellite
galaxies. As morphological late-type galaxies are typically
larger at fixed mass and higher mass at fixed σ0 than early-
type galaxies (both among star forming and quiescent popu-
lations e.g. Bezanson et al. 2015) it would follow that, much
like in Section 5.1, any difference in the morphological distri-
bution between central and satellites could be contributing
to the observed difference in the size-σ0 or mass-σ0 rela-
tions.

We study this in the same way as we did for the ongo-
ing star formation rates by analysing the Sérsic indices of
the central and satellite galaxies at fixed σ0. In Figure 9 we
show the distributions of morphologies in three bins of σ0
for the quiescent galaxies. The satellite galaxies have lower
median Sérsic indices, indicating that they are on average
more disk like. Paradoxically, this would actually indicate
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Figure 9. We show the distributions of Sérsic Index in three bins of core velocity dispersion. The central galaxies are shown in red and

satellite galaxies in blue. We also mark the median Sérsic Index for the centrals and satellites in both star formation groups with solid
circles. We see that the distributions are similar, but the centrals have a higher median Sérsic Index in all of the bins. Note that there

are a large number of galaxies in the Sérsic Index = 6 bin as this is the maximum index assigned by the UPenn catalog.
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Figure 10. (Top) Comparison of the median half-light radii of

central (red) and satellite (blue) galaxies in the quiescent group
weighted by their relative Sérsic Index distributions (see the main

text for details). The dashed lines represent the 1σ scatter. The
line styles are the same as in previous Figures. (Bottom) The

fractional difference in median radius at fixed σ0 for central and
satellite galaxies. We see that the difference in size has decreased
only slightly from the results in Figure 2, indicating that differ-

ences between the central and satellite morphology distributions
are not responsible for the differences between central and satel-
lite size and mass.

that the satellites should be larger at fixed mass than the
centrals, though the effect may be small enough that it is
simply washed out by the environmental signal. The Sérsic
Index is most different for low dispersion galaxies, the dif-
ference drops for medium dispersion galaxies and rises again
for the high dispersion galaxies.

Much like in the previous section, we wish to test how
much the difference in galaxy shape can affect the relations
we have found. We build a set of weights for the satel-
lite galaxies by finding the fractional difference between the
number of satellites and centrals in each Sérsic index bin. We
apply these weights to the satellite galaxies and recalculate
the differences in size and mass at fixed σ0. In Figure 10 we
show the median size at fixed σ0 for quiescent centrals and
satellites and the difference in size between those galaxies.
Comparing to Figure 2, we see that the difference in size has
decreased slightly, to 0 ± 8% at the lowest σ0 to 29 ± 4% in
the highest sigma0 bin for the random sample. The average
difference in size drops to 17% for the mass selected central
sample, 16% in the randomly selected central sample and
13% in the σ0 selected sample. Interestingly, this is the op-
posite effect that might be expected. Since satellites are more
disk one would have expected them to made them larger at
fixed simga0 and thus the difference in size smaller before
we corrected for the difference in morphologies. However, as
we show in Figure 11 the higher Sérsic index galaxies are
in fact larger and since they receive larger weights from the
correction the satellites are made larger, thus the difference
in size decreases.

The largest change in the difference in size happens in
the lowest dispersion bin which drops from 5% to almost no
difference at all, this is also where the difference in median
Sérsic index is largest in Figure 9. The smallest changes hap-
pen at medium dispersions and the change increases again at
high dispersion, this mirrors the differences in median Sérsic
Index between central and satellite galaxies.



12 A. Spindler et al.

Figure 11. We show the Sersic index-size relations for quiescent central and satellite galaxies in three bins of σ0. The error bars are
the standard deviation of the medians from 1000 bootstrap resamplings and the dashed lines represent the 1σ scatter. These plots show

that both central and satellite galaxies are typically larger at higher Sersic Index, which is responsible for the effect of the weights on

the size-σ0 relation shown in Figure 10.

6 SUMMARY & DISCUSSION

We have analysed the properties of central and satellite
galaxies in a sample of 130,000 galaxies, from Data Release
7 of the SDSS. We use derived quantities from the NYU-
VAGC, the MPA/JHU Catalog and the UPenn Photodec
Catalog. We split our galaxies into star forming and quies-
cent groups and then divide them into centrals and satellites
using the Yang et al. (2009) group catalog.

We began by revisiting the size-mass relation of cen-
tral and satellite galaxies. Using the median half-light ra-
dius in bins of fixed stellar mass we observed that for star
forming and quiescent galaxies the size-mass relation does
not depend on whether a galaxy is a central or a satel-
lite, echoing the results of previous studies (for example,
Huertas-Company et al. 2013). However we posit that com-
paring galaxies at fixed mass could be failing to capture
the importance of environment in a galaxy’s evolution, as
mass evolution can also be changed by environmental pro-
cesses. With mergers affecting central galaxies more often
than satellites and satellites being subject to tidal and ram
pressure stripping, galaxy harassment and quenching, the
net effect will result in central galaxies being more massive
than satellites. Therefore, by comparing galaxies at fixed
mass we are not comparing galaxies that were similar prior
to a satellite’s accretion onto a new dark matter halo and
thus we are not capturing the effect of the environments
they are being accreted onto. To mitigate these differences,
we choose to study the size and mass of galaxies at fixed
core velocity dispersion, as events that can change σ0 (e.g.
major mergers) are rare on the timescales of satellite infall.

We study the size-σ0 and mass-σ0 relations by finding
the median half-light radii and stellar masses within bins of
core velocity dispersion. We find that at fixed σ0 the cen-
tral galaxies are consistently larger and more massive than
their satellite counterparts by ∼15% on average. In Section
5 we show that this difference in size and mass is not due to
a residual difference in ongoing star formation or morphol-
ogy between satellites and centrals despite quiescent and

star forming satellite galaxies having lower median sSFR
and Sersic indices than their central counterparts.

For star forming galaxies we find that there is very little
difference in the size or mass of central and satellite galax-
ies at fixed σ0. Centrals are just a few percent more mas-
sive and show almost no size difference except at the lowest
dispersions. The lack of much environmental difference is
likely the result of star forming satellites having spent a rel-
atively short amount of time as satellites, they are yet to
be quenched. A short time as a satellite in a halo means
that a galaxy will have continued to form stars at broadly
the same rate as an equivalent star forming central galaxy
and will be much less likely to have experienced any tidal
stripping or disruption. For quiescent galaxies we do see a
significant difference between both the size and mass of cen-
tral and satellite galaxies with central galaxies being both
larger and more massive at fixed σ0. We also find that there
is a strong dependence of the size difference on σ0, with low
σ0 centrals being just a few percent larger and high σ0 cen-
trals being up to 30% larger than equivalent satellites. The
mass difference also shows a trend with σ0 although it is
much weaker.

We have measured the radial mass profiles the central
and satellite galaxies at fixed σ0. These profiles show that
at fixed dispersion, and in all the star formation rate groups,
the cores of the central and satellite galaxies are almost iden-
tical. However, at larger radii the galaxies begin to differ,
and in the outskirts of the galaxies we begin to see larger
differences in total mass and stellar mass density. As with
the size-σ0 and mass-σ0 relations, the differences in mass
and mass density are greatest for the quiescent galaxies and
there is a larger difference for the high dispersion galaxies.
These profiles are clear evidence that the satellites have less
mass at larger radii than the centrals, while the cores of
the galaxies are being preserved against any environmental
processes.

Finally we study the mass-metallicity and σ0-
metallicity relations of central and satellite galaxies. We
find that when split by star formation rate there is almost
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no difference in the σ0-metallicity relations for central and
satellite galaxies and at most a 5% difference in the mass-
metallicity relation such that satellites are more metal rich.
The small observed difference between central and satellite
metallicity at fixed mass is entirely consistent with the dif-
ference in mass measured at fixed σ0 and the central galaxy
mass-metallicity relation. This is consistent with the picture
that both the central metallicty and σ0 are unaffected by
any processes operating differently on central and satellite
galaxies whereas the stellar mass is changing.

Under the assumption that σ0 is largely conserved when
a galaxy becomes a satellite there are a number of ways that
the results we’ve found could occur. Firstly, quiescent central
galaxies could continue to accrete mass onto their outskirts
whereas their satellite counterparts do not. Alternatively,
quiescent satellite galaxies (that were either accreted as qui-
escent or SF centrals) are being stripped down in size and
mass from the outside in. Finally, star forming central galax-
ies that become quiescent after becoming satellites have dif-
ferent masses and sizes at fixed σ0 than quiescent centrals.
These processes (or their combination) not only need to pro-
duce larger and more massive centrals than satellites but also
the variation in those differences with σ0.

We expect that all three processes must occur to some
degree. Quiescent centrals experience minor mergers which
deposit mass preferentially on to the outskirts. As a result
of the shape of the stellar-to-halo-mass relation, the more
massive (higher σ0) the galaxy the more mass they accrete
in this way and the larger the fraction of the mass comes
from minor mergers. The larger the merger ratio the more
the size of a galaxy is expected to increase per unit mass
deposited (Naab et al. 2009), and so this naturally explains
the increasing size and mass difference between central and
satellites as σ0 increases. We expect more mass to be ac-
creted onto higher σ0 centrals with a larger fraction coming
from minor mergers causing a relatively larger size differ-
ence. This effect may also be revealed in the size-mass (or
size-σ0) relation for quiescent galaxies. The slope is steeper
at high mass (σ0) and shallow at low mass (σ0), so for a
given change in mass a galaxy grows more at high mass
(σ0) and less at low mass (σ0).

Tidal stripping of stellar mass from satellite galaxies is
responsible for the intra-cluster and group light that makes
up a significant fraction of stellar mass in groups and clus-
ters. Estimates of the fraction of mass stripped from sim-
ulations range from just a few percent up to ∼20% with
the amount of mass stripping decreasing with stellar mass
and increasing with halo mass (Bahe et al. 2016). The typi-
cal fraction of mass lost to stripping is in reasonable agree-
ment with the typical mass difference we observe (∼15%)
and the stripping is expected to occur from the outside in,
again consistent with our observed mass profiles. However,
we see no dependence of central-satellite mass difference on
σ0, which appears inconsistent with the expected mass de-
pendent stripping fraction from the models.

Our final mechanism that could contribute to the dif-
ference in the size and mass difference of quiescent central
and satellite galaxies is the possibility that there are dif-
fering relationships between σ0 and stellar mass or size for
galaxies that become quiescent while centrals and galaxies
that become quiescent while satellites. Quiescent satellites
will consist of galaxies that became quiescent as centrals be-

fore becoming satellites, and galaxies that became quiescent
as a result of becoming satellites. Figures 2 and 3 show that
quiescent centrals are ∼30% smaller and less massive than
SF centrals with the same σ0. If galaxies that become quies-
cent as satellites evolve more like the SF population of cen-
trals than the quiescent population at fixed σ0, continuing
to form stars for some time after accretion (e.g. Wetzel et al.
2013; Oman & Hudson 2016), they may be more like their
SF central counter parts than their quiescent central ones,
i.e. more massive and larger. This would tend to counter act
any effect of tidal stripping of satellites or central growth
from minor mergers. Since the fraction of satellite galaxies
that were SF when they became satellites will increase as σ0
decreases, a result of the strong correlation between quies-
cence and σ0 (e.g. Wake et al. 2012; Bluck et al. 2016), we
would expect any difference in size and mass at fixed σ0 be-
tween satellite galaxies that became quiescent as satellites,
rather than as centrals, to mainly affect the lower σ0 popula-
tion. We anticipate that the corrections we have applied for
the small differences in SFR and Sérsic index between the
central and satellite quiescent galaxies in Section 5 would
mitigate these effects, but it remains possible that the dif-
fering quenching mechanisms and/or timescales could mean
that satellites quenched as satellites could still be larger and
more massive than satellites quenched as centrals, even when
their SFRs and Sérsic indices are matched.

Taken together, these considerations seem to point to
the continued growth of central galaxies by minor merg-
ers being largely responsible for the mass and size differ-
ences between quiescent central and satellite galaxies at
fixed σ0, particularly at high σ0, with tidal stripping play-
ing a minor role that increases as σ0 decreases. Since at
high σ0 almost all galaxies are quiescent (Wake et al. 2012;
Bluck et al. 2016), and tidal stripping is expected to be min-
imal, it is reasonable to assume that essentially all the dif-
ference in size (25%) and mass (20%) of central and satellite
galaxies is caused by minor mergers on to the centrals that
have occurred over the average time that the satellites have
been satellites (∼3 Gyr Wetzel et al. 2013).
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