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ABSTRACT

In this work, we combine size and stellar mass measurements from the Sloan Digital Sky
Server (SDSS) with the group finder algorithm of Rodriguez & Merchén in order to determine
the stellar and halo mass — size relations of central and satellite galaxies separately. We show
that, while central and satellite galaxies display similar stellar mass — size relations, their halo
mass — size relations differ significantly. As expected, more massive haloes tend to host larger
central galaxies. However, the size of satellite galaxies depends only slightly on halo virial
mass. We show that these results are compatible with a remarkably simple model in which
the size of central and satellite galaxies scales as the cubic root of their host halo mass, with
the normalization for satellites being ~ 30 % smaller than that for central galaxies, which
can be attributed to tidal stripping. We further check that our measurements are in excellent
agreement with predictions from the IllustrisTNG hydrodynamical simulation. In the second
part of this paper, we analyse how the clustering properties of central and satellite galaxies
depend on their size. We demonstrate that, independently of the stellar mass threshold adopted,
smaller galaxies are more tightly clustered than larger galaxies when either the entire sample
or only satellites are considered. The opposite trend is observed on large scales when the
size split is performed for the central galaxies alone. Our results place significant constraints
for halo—galaxy connection models that link galaxy size with the properties of their hosting
haloes.
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— galaxies: haloes

1 INTRODUCTION models. One of these well-measured properties is the stellar mass
— galaxy size relation. This relationship, which can be measured in
terms of the half-mass or the half-light radius, has been intensively
studied both in the local universe (e.g., Shen et al. 2003; Huang
et al. 2013; Bernardi et al. 2014; Lange et al. 2015; Zhang & Yang
2019; Hearin et al. 2019; Zanisi et al. 2020) and at high redshift
(e.g., Trujillo et al. 2004; Huertas-Company et al. 2013; van der
Wel et al. 2014; Kawamata et al. 2015; Shibuya et al. 2015; Huang
et al. 2017; Favole et al. 2018; Mowla et al. 2019). Through halo-
galaxy connection techniques such as sub-halo abundance matching
(SHAM, e.g., Trujillo-Gomez et al. 2011; Hearin et al. 2013), it is
currently possible to relate the size of galaxies to the mass and virial
radius of the halo in which they reside. It has been pointed out, in
this context, that galaxy size is approximately proportional to the

In the standard hierarchical structure formation scenario, galaxies
form by the condensation of baryons at the minima of the poten-
tial wells defined by the collisionless collapse of dark-matter (DM)
haloes (White & Rees 1978; White & Frenk 1991). This highly
nonlinear galaxy formation process involves a great diversity of as-
trophysical mechanisms over a wide range of scales. Despite this
complexity, many observed properties of galaxies are known to ex-
hibit tight correlations between each other. These scaling relations
give us valuable statistical information about the galaxy populations
and are therefore useful to constrain galaxy formation and evolution
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virial radius of the hosting halo (e.g., Kravtsov 2013; Huang et al.
2017).

The mass — size relation is only one of the multiple correlations
between galaxy size and other galaxy properties that have been
measured, including also dependencies on redshift, colour, or star
formation (Shen et al. 2003; Ferguson et al. 2004; Trujillo et al.
2006; Williams et al. 2010; Mosleh et al. 2012; Ono et al. 2013;
van der Wel et al. 2014; Lange et al. 2015). Some works have
also addressed the connection with several evolutionary properties,
suggesting that size could ultimately be determined by the galaxy’s
dynamical and assembly history (Mo et al. 1998; Naab et al. 2009;
Somerville & Davé 2015; Robertson et al. 2006; Dekel & Burkert
2014; DeFelippis et al. 2017; Jiang et al. 2019).

As predicted by the hierarchical assembly of haloes and the
merging of galaxies, groups generally present a main or central
galaxy, which is typically more luminous and/or massive than the
surrounding satellite galaxies (Larson et al. 1980; Balogh et al.
2000; McCarthy et al. 2008; Campbell et al. 2015; Hearin et al.
2019; Jiang et al. 2020). Many studies indicate that whether the
galaxy occupies a “central" or “satellite” position in the halo that
it inhabits determines, at least to some extent, its evolution (Kauff-
mann et al. 2004; Baldry et al. 2006; Weinmann et al. 2009; Wetzel
et al. 2013; Lacerna et al. 2014). Studying satellite and central
galaxies separately can therefore provide us with clues about their
formation history (e.g., Spindler & Wake 2017).

In order to “tag” a galaxy as central or satellite, we need to be
able to reliably identify the halo in which it resides. In observational
data, the link between galaxies and their corresponding haloes is
performed by means of a group finder. Several methods have been
proposed to extract clusters from massive galaxy surveys, but the
most widely used are the friends-of-friends (FOF; Huchra & Geller
1982) and halo-based methods (Yang et al. 2005). In a recent work,
Rodriguez & Merchan (2020) present a technique that combines
these two methods in order to efficiently identify groups in survey
data.

Observational results can be contrasted with hydrodynamical
simulations, which use sub-grid physical models to reproduce the
central/satellite galaxy—halo connection. In this context, the recently
released IustrisTNG! suite of hydrodynamical simulations offers
some additional advantages, such as the large size of some of their
boxes (up to a side length of 205 h_lMpc). By comparing the
results obtained with observations with predictions from hydrody-
namical simulations such as IllustrisTNG, the physical mechanisms
responsible for the observed relations can be investigated. Using I1-
lustrisTNG, in particular, Genel et al. (2018) analysed the size evo-
lution of star-forming and quenched galaxies separately and were
also able to reproduce their observed stellar mass — size relations.

The measurements of the mass — size relations can be combined
with a clustering analysis in order to evaluate the dependence on
the local and large-scale environment. In this framework, it is well
known that halo mass is the main property that determines halo
clustering. However, a number of secondary dependencies of halo
clustering have been identified in recent years (on, e.g., halo age,
concentration or spin, see, e.g., Sheth & Tormen 2004; Gao et al.
2005; Wechsler et al. 2006; Gao & White 2007; Angulo et al. 2008;
Lietal. 2008; Lazeyras etal. 2017; Paranjape & Padmanabhan 2017;
Salcedo et al. 2018; Han et al. 2018; Mao et al. 2018; Sato-Polito
et al. 2019; Johnson et al. 2019; Ramakrishnan et al. 2019; Tucci
et al. 2020). Whether these dependencies transmit to the galaxy

! http://www.tng-project.org

population or not is still a matter of intense debate (Zentner et al.
2016; Miyatake et al. 2016; Zu et al. 2016; Lin et al. 2016; Sunayama
et al. 2016; Montero-Dorta et al. 2017; Artale et al. 2018; Niemiec
et al. 2018; Zehavi et al. 2018; Walsh & Tinker 2019; Sunayama
& More 2019; Montero-Dorta et al. 2020a,b; Obuljen et al. 2020;
Salcedo et al. 2020), but the existence of secondary halo bias adds
a important element to the modelling of the halo-galaxy connection
(e.g. Hearin & Watson 2013; Hearin et al. 2014, 2016; Zentner
et al. 2019; Wechsler & Tinker 2018; Contreras et al. 2020; Xu
et al. 2020). For galaxy size, in particular, Hearin et al. (2019) show
that smaller galaxies cluster more strongly than larger galaxies of
the same stellar mass. The authors use these constraints to propose
a model where galaxy size is proportional to the size of the virial
radius at the time the halo reached its maximum mass.

The goal of this work is to provide a precise measurement of
the relation between galaxy size and stellar and halo mass for cen-
tral and satellite galaxies separately. These relations are measured
both in SDSS at z = 0 and in the I1lustrisTNG hydrodynamical sim-
ulation. Also, we provide a high signal-to-noise measurement of
clustering as a function of galaxy size and stellar mass. This analy-
sis is first performed for the entire sample (without any membership
classification) and subsequently compared with results obtained for
central and satellite galaxies separately.

The structure of the paper is as follows. In Section 2 we describe
the SDSS and TNG data that we use to measure the scaling relations
and clustering properties of central and satellite galaxies. The group
identification and galaxy classification (i.e., centrals and satellites)
is briefly described in Section 3. Section 4 presents the main results
of this paper. First, we show the scaling relations of centrals and
satellites: the stellar-to-halo mass relation (SHMR), the stellar mass
— size relation and the halo mass — size relation. Second, we present
the clustering analysis both in observations and simulation data.
Finally, Section 5 is devoted to discussing the implications of these
results and providing a summary of the paper. Throughout this work
we adopt the standard ACDM cosmology (Planck Collaboration
et al. 2016), with parameters Qny = 0.3089, Q, = 0.0486, Q) =
0.6911, Hy = 100 hkms~'Mpc~! with i = 0.6774, o5 = 0.8159
and ng = 0.9667.

2 OBSERVATIONAL AND SIMULATION DATA
2.1 SDSS data

The main goal of this work is to study the relation between the
size of galaxies and the mass of the haloes that they inhabit and to
analyse the dependence of galaxy clustering on galaxy size. We use
galaxy data from the Sloan Digital SkyServer DataRelease 7 (SDSS
DR7 Abazajian et al. 2009) spectroscopic sample. Measurements of
the half-light radius derived from galaxy profile decompositions are
provided by Meert et al. (2015) and the stellar mass measurements,
based on the population synthesis code of Bruzual & Charlot (2003),
are taken from the MPA-JHU catalogue (Kauffmann et al. 2003).
The catalogue contains 670,722 SDSS galaxies with improved pho-
tometry, which includes a better background subtraction (Vikram
et al. 2010; Bernardi et al. 2013, 2014; Meert et al. 2013) and light
profile fitting method. The improvement in the radius measurements
comes from the fit with different models of two-dimensional r-band
profiles.

For our analysis, we define a volume-limited sample taking
into account the conditional probability density for stellar mass as a
function of redshift in the SDSS. For this selection, and in order to
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be consistent with previous analyses (e.g. Hearin et al. 2019), we
use the same cut of Behroozi et al. (2015):

M,
M; < -0.25 -1.9logg (M_Q) , (D

where M, is the galaxy’s Petrosian r-band absolute magnitude and
M., is its stellar mass (for more details see Figure 2 of Behroozi
et al. 2015).

Among the different size measurements provided in the Meert
et al. (2015) catalogues, we use the half-light radius of the total fit,
T'tot, and the axis ratio of the total fit, baior. From these quantities,
the half-light semi-major axis of each galaxy is simply computed as

I'tot
Vbaiot

which provides us with a robust galaxy size estimate that is inde-
pendent of morphology.

Ra = 2

2.2 Simulation data

In this paper, we use the galaxy and dark-matter halo catalogues
from The Next Generation Illustris (I1lustrisTNG, Nelson et al. 2019
magneto-hydrodynamical cosmological simulations, which repre-
sent an updated version of the Illustris simulations (Vogelsberger
et al. 2014a,b; Genel et al. 2014). The IllustrisTNG simulations
are performed with the AREPO moving-mesh code (Springel 2010)
and include sub-grid models that account for radiative metal-line
gas cooling, star formation, chemical enrichment from SNII, SNIa
and AGB stars, stellar feedback, supermassive-black-hole formation
with multi-mode quasar, and kinetic black-hole feedback. The main
updates with respect to the Illustris simulation are: a new imple-
mentation of black-hole kinetic feedback at low accretion rates, a
revised scheme for galactic winds, and the inclusion of magneto-
hydrodynamics (see Pillepich et al. 2018; Weinberger et al. 2017,
for further details).

We analyse the [llustrisTNG300-1 run (hereafter TNG300 for
simplicity), which is the largest simulated box from the IllustrisTNG
suite featuring the highest resolution. This run adopts a cubic box of
side 205 h~! Mpc with periodic boundary conditions. The TNG300
run follows the evolution of 2500 dark-matter particles of mass
4.0 x 107 =M, and 25003 gas cells of mass 7.6 x 1004~ M.

In TNG300, dark-matter haloes are identified using a friends-
of-friends (FOF) algorithm with a linking length of 0.2 times the
mean inter-particle separation (Davis et al. 1985). The gravitation-
ally bound substructures called subhaloes are subsequently iden-
tified using the SUBFIND algorithm (Springel et al. 2001; Dolag
et al. 2009). Among all subhaloes, those containing a non-zero
stellar component are considered galaxies. Each dark-matter halo
typically contains multiple galaxies, including a central galaxy and
several satellites, where the positions of centrals coincide with the
FOF centres.

In our analysis, we use the virial mass of the haloes, My;;,
defined as the foral mass enclosed within a sphere of radius Ry;;
(i.e., the radius at which the enclosed density equals 200 times the
critical density). For the simulated galaxies (i.e., subhaloes with
non-zero stellar components), the stellar mass, M, is defined as the
total mass of all stellar particles bound to each subhalo.

We complement our analysis with post-processing TNG300
size data from Genel et al. (2018)%, which differ slightly from

2 Available on the IlustrisTNG database.
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Figure 1. Examples of identified groups. The colour of the circles is given
by our classification of central (red) and satellite (blue) galaxies, whereas
the dot size indicates the stellar mass of each galaxy (largest in each group
is the central galaxy).



4 Rodriguez et al.

2500 B Centrals
Em Satellites
2000
1500
2
1000

500

O.

-0.5 0.0 0.5 1.0 1.5 2.0
l0g10(Ra/kpc)

Figure 2. The distribution of the size of satellite (blue) and central (red)
galaxies in the SDSS sample.
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Figure 3. The stellar-to-halo mass relation (SHMR) measured from the
SDSS sample. The SHMR obtained using the entire stellar mass of the
groups is represented in black dots, whereas the SHMR for central and
satellite galaxies alone is shown in red and blue dots, respectively. Error
bars correspond to the standard deviation of the measurements. The SHMR
from Behroozi et al. 2010 is also shown in a light grey shaded region for
comparison.

the standard TNG300 computations. For each galaxy, we use both
the three-dimensional half-mass radius, R3p /2, and the two-
dimensional half-light radius in the r-band, R, 1 /2. The first quan-
tity is based on the masses of all the stellar particles assigned to the
galaxy, including burning stars and stellar remnants. The second
measurement is obtained by projecting the simulation box along a
random direction with respect to the orientation of each galaxy. For
more information, we refer the reader to Genel et al. (2018).

One of the main goals of this work is to compare the scal-
ing relations measured in observations with those predicted by I1-
lustrisTNG. In addition to analyzing the results obtained directly
from the TNG300 box, we build a mock catalogue that repro-
duces the SDSS DR12 properties. This TNG300 mock catalogue is
used to evaluate the effect of potential observational biases in our
simulation-data comparison.

In order to construct our mock catalogue, we first place the
observer at the origin of the TNG300 box. Considering the box
periodicity, the volume of the SDSS DR12 spectroscopic catalogue
is simulated by adding the TNG300 volume repeatedly. The red-

shift of each galaxy is calculated by combining the cosmological
distance and the distortion produced by proper motions. From these
redshifts and the absolute magnitudes provided by the simulation,
the apparent magnitudes of each galaxy is derived. To mimic the
flux-limited selection of the SDSS DR12, the SDSS upper apparent
magnitude threshold is imposed. Finally, to reproduce the angular
selection function of the survey, a mask following the same proce-
dure used in Rodriguez et al. (2015) is built to reproduce the SDSS
DRI12 selection and geometry. Note, finally, that one of the main
uncertainties that exist for central and satellite galaxies in the SDSS
is that this classification depends on group identification. For this
reason, the group finder algorithm of Rodriguez & Merchan (2020)
is also applied to the TNG300 mock catalogue.

3 GROUP IDENTIFICATION

In order to identify central and satellite galaxies in the SDSS sample
described above, a galaxy group catalogue is built using the galaxy
group finder presented in Rodriguez & Merchan (2020), which
combines both the FOF and the halo-based methods. Assuming that
a group is a gravitationally bound system containing at least one
bright galaxy, the procedure begins by identifying groups using a
proper FOF algorithm adapted to fit this definition. Subsequently,
properties are assigned based on their characteristic luminosities.
In a second step, an iterative halo-based method is incorporated to
improve the reliability of the system identification. This iteration
process is designed to add galaxies (or not) based on the properties
of these FOF groups. If groups memberships change, the dark-matter
properties are recalculated based on the new group luminosity. The
process continues until no changes in group membership are needed.
This method allows us to find systems with both low and high
number of members, maintaining a high purity and completeness.

The performance of the method was assessed using a mock cat-
alogue in Rodriguez & Merchan (2020). The results of this analysis
show a very low percentage of interlopers in extracted groups along
with a precise recovery of the galaxy membership in dark-matter
haloes. In addition, the total number of identified clusters is found
to be very similar to the total number of dark-matter haloes in the
synthetic catalogue.

As a result of the identification procedure, in addition to the
galaxy group membership, the halo mass of each group (M},) is ob-
tained. Group masses are allocated through an abundance matching
technique (e.g., Kravtsov et al. 2004; Vale & Ostriker 2004; Conroy
et al. 2006), based on luminosity. In this way, we can analyse both
the galaxy properties and their dependence on halo mass. It is worth
emphasising that the identification process is based on the same
overdensity as that adopted in TNG300 (A = 200). Therefore, the
SDSS group masses are directly comparable to those of TNG300.

The Rodriguez & Merchdn (2020) group finder, in its identifi-
cation process, does not explicitly produce a central/satellite galaxy
classification. However, we can use for this task a widely-extended
criterion based on the luminosity and stellar mass of the galaxy
group members: central galaxies are expected to have higher stellar
mass and/or luminosity than satellite galaxies. We opt here to label
the brightest and most massive galaxy in the group as the central
galaxy and all the others as satellite galaxies.>. In order to illustrate
this process, in Figure 1 we show four randomly-chosen examples

3 Note that to produce a better classification, those cases in which the
brightest and most massive galaxy in the group do not coincide are discarded.
These cases represent a small fraction of the total sample.
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Figure 4. The stellar mass—size relation from the SDSS sample. The right-hand panel shows the semi-major-axis half-light radius for satellites galaxies as a
function of stellar mass (blue dots and contours). The over-plotted green dots represent the median values in several stellar-mass bins. Error bars indicate the
standard deviation of the measurements. The left-hand panel presents the same results for central galaxies.
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Figure 5. The stellar mass—size relation from TNG300 in the same format as Figure 4 for central (left panel) and satellite galaxies (right panel). In both
panels, blue dots, orange contours, and solid lines show results obtained with the 2D r-band half-mass radius, whereas the dashed blue line shows the relation
based on the 3D size measurement and the open circles correspond to the TNG300 mock catalogue. The SDSS relations shown in Figure 4 are over-plotted for

comparison. The horizontal dashed line marks the TNG300 softening length.

of identified groups with different numbers of members. The size
of the dot representing each galaxy indicates its stellar mass (larger
meaning more massive), whereas central and satellite galaxies are
marked in red and blue colours, respectively.

As a result of our classification, and taking into account the
mass—redshift cut shown in Section 2.1, a sample comprising 66,839
central galaxies and 28,680 satellites is obtained for the redshift
range 0.01 < z < 0.2. The resulting size distribution of central
(red) and satellite (blue) galaxies is shown in Figure 2. As expected,
the histograms for the two subsamples display some overlap, but
central galaxies are typically larger. These galaxies have a median
radius of 6.13 kpc with a standard deviation of 3.81 kpc, while the
mean radius of satellites is 3.46 kpc and their standard deviation
2.22 kpe.

4 RESULTS
4.1 Scaling relations

The group finder allows us to link galaxy properties to those of
the haloes that they inhabit. It also enables us to differentiate be-
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tween central and satellite galaxies, which adds some important
information for understanding the physical processes involved in
galaxy growth. In this section, we analyse some observational con-
straints that are particularly relevant in the aforementioned context:
the scaling relations between galaxy size and both the stellar and
virial (halo) mass.

4.1.1 Stellar-to-halo mass relation

We begin with the stellar-to-halo mass relation (SHMR), which
provides the fraction of stellar mass as a function of halo mass. In
order to measure this relation, which is one of the most fundamental
halo-galaxy constraints, we make use of the stellar masses from the
Meert et al. (2015) catalogue and the halo masses obtained through
the abundance matching technique described above (Rodriguez &
Merchan 2020).

Figure 3 displays the total SHMR, obtained using the combined
stellar mass of the groups (i.e., the sum of the stellar masses of all
group members, black dots), along with the SHMRs for central and
satellite galaxies separately (red and blue dots, respectively). As
expected, the combined and central-galaxy relations are quite simi-
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lar, which is a consequence of satellite galaxies having, on average,
significantly smaller stellar masses. It is, however, interesting that
satellites follow a trend that resembles that of the combined/central-
galaxy SHMRs. This is not necessarily expected, since the SHMR
is computed following the same procedure as for the central galax-
ies, using the stellar mass of each satellite galaxy and the mass of
the halo to which it belongs, averaged for each halo mass bin. We
are, therefore, relating two different scales. This resemblance indi-
cates a certain level of connection between the properties of satellite
galaxies and those of their hosting haloes.

In Figure 3, our results are also compared with the central-
galaxy SHMR of Behroozi et al. (2010) (light-grey shaded region).
For the sake of simplicity, only the confidence intervals defined by
the reported error bars are shown here. We find an excellent agree-
ment between the aforementioned estimate and our measurements,
both for the combined sample and for central galaxies alone. It is
noteworthy that the Behroozi et al. (2010) relation is in good agree-
ment with several other works (as shown in their Figure 11, e.g.,
Mandelbaum et al. 2006; Yang et al. 2009; Moster et al. 2010). The
SHMR is a pivotal relation in halo-galaxy connection studies, so the
level of agreement shown in Figure 3 gives us confidence in terms
of addressing other scaling relations in the following sections.

4.1.2 Stellar mass—size relation

To continue with our analysis, we focus now on the relation be-
tween the size and stellar mass of galaxies, i.e., the so-called stellar
mass—size relation. Following our philosophy, the relations are mea-
sured for SDSS central and satellite galaxies separately, as defined
by the criterion presented in Section 3. These results are shown
in two separate panels (for centrals and satellites) in Figure 4. In
each panel, the logarithm of galaxy size is shown as a function of
stellar mass, including both the individual data points (blue dots
and contours) and the median values of the radius in several mass
bins (green dots). Error bars on the median values correspond to
the standard deviation of the measurements. The stellar mass—size
relation for central and satellite galaxies follow the expected trend,
with more massive galaxies having larger radii (e.g., Shen et al.
2003; Shankar & Bernardi 2009; Ichikawa et al. 2012; Poggianti
etal. 2012; Fernandez Lorenzo et al. 2013; Hearin et al. 2019; Jiang
et al. 2020).

It can be observed from Figure 4 that central galaxies cover a
smaller stellar-mass range than satellite galaxies. This is to be ex-
pected, given that the former are selected as the brightest and most
massive galaxies of their groups. Note that due to the identification
procedure, central galaxies are by definition brighter than a given
threshold, whereas satellite galaxies can span a wide range of lumi-
nosities (i.e., there is no cut for satellites). If we restrict ourselves
to the stellar mass range where both central and satellite galaxies
overlap, the median values of both populations are very similar,
with centrals being only slightly larger. These results align well
with those found by Huertas-Company et al. (2013) and Spindler &
Wake (2017), which indicate that the stellar mass - size relation is
largely the same for centrals and satellites. Another thing to notice
from Figure 4 is the significant dispersion of sizes for both galaxy
types, which seems to advise against central/satellite classification
criteria based upon a simple size threshold (e.g., Hearin et al. 2019).

The TNG300 hydrodynamical simulation provides a means
to contrast our observational constraints against a detailed galaxy
formation model. Figure 5 displays, in the same format as Figure 4,
the stellar mass — size relation for central (left) and satellite galaxies
(right) in TNG300. Note that here the two different TNG300 half-

mass radius estimates (Section 2.2) are employed (with differences
being quite small). Importantly, the TNG300 measurements confirm
the idea discussed above: central and satellite galaxies display very
similar stellar mass — size relations.

Although we have kept all objects in TNG300 for complete-
ness, the small-size end of Figure 5 is, of course, expected to be
affected by resolution. In fact, the TNG300 softening length for
dark matter and stars is €gm gtars = 1.0 h_lkpc, which makes the
size measurement unreliable for the smallest satellites observed in
the right-hand panel of Figure 5. This resolution length is repre-
sented by a horizontal dashed line in Figure 5.

In order to evaluate the potential observational biases and those
that can be introduced by the galaxy group identification algorithm,
in Figure 5 we also show the results obtained with the TNG300 mock
(open circles). We use the stellar mass and the two-dimensional half-
light radius in the r-band. In agreement with previous results, a very
similar mass—size relation is observed for central and satellites. The
discrepancies found with respect to the mean values of the box
(orange line) are a consequence of the misclassification of galaxies
as central and satellite.

Over-plotted in Figure 5 are the median relations for the SDSS
(Figure 4). When comparing SDSS results with those obtained for
the TNG300, it can be seen that they both present similar sizes
and the same qualitative trends for the central and satellite galax-
ies. Moreover, satellite and central galaxies in the TNG300 and in
the SDSS, show that below log;y(Ms«/Mg) = 10.0, the increase
in stellar mass is not clearly reflected in the increase in radius.
Our results show that the galaxy size increases with stellar mass
for central and satellite galaxies with log;o(M«/Mg) 2 10.0 in
both TNG300 and SDSS samples. On the other hand, galaxies with
log;o(M./Mg) < 10.0 do display a roughly flat relation between
the stellar mass and galaxy size for satellite and centrals in both
samples. It is noteworthy that, despite the general agreement, the
radii of SDSS galaxies are systematically smaller than those of the
simulated galaxies at log;,(Mx/Mg) 2 10.5.

The discrepancies in the galaxy size predictions from hydrody-
namical simulation and observational measurements are well doc-
umented in the literature. In the original Illustris simulation, galax-
ies with log;o(M«/Mg) < 11 were larger than observed galaxies
by roughly a factor of 2 (e.g., Bottrell et al. 2017). This problem
was reportedly amended in TNG300 (as our Figure 5 confirms)
by means of a combination of several modifications to the galactic
winds model (Genel et al. 2014; Pillepich et al. 2018).

However, as can be seen in Figure 5, systematic differences with
respect to the SDSS data are still present, mainly at the high-mass
end, which could potentially be due to material losses by stripping
processes, the applied AGN feedback processes, or other physical
models implemented in TNG300. It is, nevertheless, outside the
scope of this work to address these issues.

Despite the aforementioned differences, the qualitative agree-
ment found between observational and simulation data reflects the
ability of TNG300 to reproduce the main effect of galaxy forma-
tion and evolution processes. On the other hand, this result also
demonstrates the effectiveness of our group identifier. Note that in
observations, unlike in simulations, interlopers and/or misidenti-
fications can easily blur the central/satellite galaxy classification,
which would have an impact on our measured relations.

4.1.3 Halo mass - size relation

Galaxies form and evolve inside dark-matter haloes, which estab-
lishes an intrinsic connection that manifests itself in several halo
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Figure 6. The halo mass—size relation from the SDSS sample in the same format as Figure 4, for central (left panel) and satellite galaxies (right panel) separately.

A linear fit to these scaling relations and the models proposed by Kravtsov 2013 and Hearin et al. 2019 (adapted to our analysis, see text) have been included
in both panels.
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Figure 7. The halo mass—size relation from TNG300 in the same format as Figure 5, for central (left panel) and satellite galaxies (right panel) separately.
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Figure 8. The dependence of the size of satellite galaxies on the halo-centric distance. Galaxies are colour-coded based on their projected distance to the centre
of the halo, normalised by halo virial radius. The left-hand panel displays results for the SDSS whereas the righ-hand panel shows the prediction from TNG300.
The horizontal dashed line in the right-hand panel marks the TNG300 softening length.
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w (r21). Error bars correspond to the jackknife errors obtained from a set of 25 subsamples. In each subplot, the fractional difference between the clustering

of larger and smaller galaxies is displayed (normalised to the total sample).

and galaxy properties. As shown in Section 4.1.1, the mass of cen-
tral galaxies is tightly connected to the mass of the haloes that they
inhabit. It is also well known that there is a relationship between
the number of galaxies that occupy haloes and the halo mass (e.g.,
Berlind & Weinberg 2002; Zehavi et al. 2005; Zheng et al. 2005).
However, the relationship between galaxy radius (R,;) and halo mass
has not been sufficiently explored. The size of galaxies can provide
us with valuable information about their formation and evolution,
whereas the mass of dark-matter haloes is related to the assembly
history of their hosting haloes.

In Figure 6, we show, in the same format of Figure 4, the halo
mass — size relation, i.e., galaxy size as a function of halo mass,
for central (left) and satellite galaxies (right) separately. For central
galaxies, as expected, there is a clear increasing trend by which
more massive central galaxies are progressively larger as halo mass
grows. To quantify the increase in radius, we fit a linear model,
obtaining the following best-fitting relation:

log o (RE™™) = a¢  log o (M) + be 3

with ac = 0.311 £ 0.002 and b, = —3.182 + 0.009. This model is

shown in a red dashed line in the left-hand panel of the Figure 6.
The above results are expected in the context of the hierarchi-

cal assembly framework. The most massive haloes are described

as the product of the fusion of many other smaller haloes and, as
this process proceeds, the stellar content is expected to be affected.
Central galaxies can accrete satellite galaxies in a process called
galactic cannibalism (e.g., Ostriker & Tremaine 1975; White 1976;
Malumuth & Richstone 1984; Merritt 1984; Aragén-Salamanca
et al. 1998; De Lucia & Blaizot 2007) in which, due to dynamical
friction, satellite galaxies lose energy and momentum, falling into
the centre of the halo’s potential well and merging with the cen-
tral galaxy. This simple mechanism could explain the simultaneous
growth of the central galaxy and the halo mass in which they reside.

The size of the satellites, conversely, remains fairly constant
throughout the mass range considered, with just a slight tendency
for galaxies to be larger in more massive haloes. The blue dashed
line in the right-hand panel of Figure 6 shows the linear fit to this
trend. Namely:

log1o(RS) = ag x log o (My) + bs, )

with ag = 0.114 £ 0.001 and bs = —0.972 + 0.006. The slope is,
therefore, a factor ~3 smaller for satellites. This result shows that
satellite galaxies are affected by their host halo in a very different
way than centrals are. This is expected, given the nature of satel-
lites, which are external objects that are accreted by the halo and
thus are not initially linked to it. The little correlation between satel-
lite size and halo mass is also the result of satellites experiencing a
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Figure 10. The projected galaxy correlation function as a function of galaxy size for satellite galaxies and four different stellar-mass thresholds. In each
main panel, orange lines represent the correlation function for the 50 % subset containing the satellite galaxies with larger radii, w (rl;r ), whereas cyan lines
show results for the remaining 50% smaller-radius subset, w (r,). Grey lines display the correlation functions for the entire satellite population above the

corresponding stellar mass cut, w (rlf,‘”). Error bars correspond to the jackknife errors obtained from a set of 25 subsamples. In each subplot, the fractional
difference between the clustering of larger and smaller satellite galaxies is displayed (normalised to the total satellite population).

combination of multiple physical processes inside haloes, including
galaxy harassment, ram pressure, strangulation and/or tidal strip-
ping (Gunn & Gott III 1972; Larson et al. 1980; Abadi et al. 1999;
Van Gorkom 2004; Bosch et al. 2008; Pasquali & Nachname 2015).

Overall, our results indicate that the position that galaxies take
in the group determines their growth. It is noteworthy that the prop-
erties of satellites, despite their secondary status within haloes, do
appear to reflect, albeit slightly, those of their hosting haloes. This
can also be understood in the context of hierarchical merging, since
the largest haloes might be potentially capable of accreting larger
haloes containing larger central galaxies (that are subsequently to
become satellites).

To compare our linear fits with models that link the galaxy size
(Rgay) to the virial radius of the halo (Ryj;), we show in Figure 6 the
model proposed by Kravtsov (2013), i.e., Rgy=0.015 * Ry;; (yellow
line on the left-hand panel). We also compare our results with the
similar model of Hearin et al. (2019): Rgy = 0.01 * Ryj (brown
line). We find that our fit displays an excellent agreement with the
Kravtsov (2013) model, which reinforces the idea that galaxy size
is proportional to the virial radius. Figure 6 shows that, conversely,
the Hearin et al. (2019) model underestimate the size of central
galaxies.

Since the group finder does not provide an estimate of the
masses of the subhaloes where the satellites reside, in order to

MNRAS 000, 1-15 (2021)

compare our results for satellites with the Kravtsov (2013) and
Hearin et al. (2019) models, we produce an estimate based on the
SHMR. We use the stellar mass of each satellite to estimate the
mass of its subhalo and subsequently calculate its virial radius, the
radius of each galaxy and the average radius in halo mass bins.
It is important to note that this procedure may introduce slight
differences since, for example, Hearin et al. (2019) uses the halo
radius when the halo mass reached its maximum and it is not clear
how good the approximation using SHMR is in this respect. The
relation found by extrapolating our fit for central galaxies to the
satellites is shown in red dashed line in the right-hand panel of
Figure 6, whereas those for the Kravtsov (2013) and Hearin et al.
(2019) models are represented by yellow and brown solid lines,
respectively. As we can see, our fit and the Kravtsov (2013) model
overestimate the radius of the satellite galaxies and, as expected,
they agree with each other. On the other hand, the relation proposed
by Hearin et al. (2019) predicts quite precisely the average radius
of the satellite galaxies.

Our results on the halo mass — size relation are compared with
predictions from TNG300 in Figure 7, which adopts the same format
as Figure 5.

Again, the agreement with the TNG300 box and mock is qual-
itatively remarkable, both for central and for satellite galaxies. For
central galaxies, the trend is again steeper for TNG300, but both
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Figure 11. The projected galaxy correlation function as a function of galaxy size for central galaxies and four different stellar-mass thresholds. In each main
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stellar mass cut,w (rgu). Error bars correspond to the jackknife errors obtained from a set of 25 subsamples. In each subplot, the fractional difference between
the clustering of larger and smaller central galaxies is displayed (normalised to the full central-galaxy population).

sets of results have similar values. In the TNG300 mock, it is ob-
served that the group finder introduces slight changes in the masses
estimations and shows average sizes at high mass smaller than those
of the simulation box. However, the behaviour is similar to that of
the observations and do not affect the general tendency. For satellite
galaxies, on the other hand, TNG300 predicts a subpopulation of
small galaxies in low-mass haloes which are not observed in the
SDSS. However, these objects have sizes comparable to the soften-
ing length of the simulation (€gm gtars = 1.0 h_lkpc). In addition,
we have checked that they all reside extremely close to the central
galaxies of the corresponding haloes. Overall, the TNG300 display a
flat halo mass — size relation, with mean size values that are almost
identical to those measured in the SDSS. This agreement again
reinforces our confidence in the robustness of the group member
identification and halo-matching processes.

Finally, we have investigated potential secondary dependencies
that can contribute to the scatter observed in the halo mass — size
relations of Figure 7. For central galaxies, it seems that morphology
could play arole. Disk-dominated central galaxies at fixed halo mass
tend to be larger than bulge-dominated central galaxies, particularly
towards the low-mass end. This dependence seems to align well
with well-documented results on the stellar mass—size relation of
early- and late-type galaxies (e.g. Shen et al. 2003; Kravtsov 2013;
Lange et al. 2015).

The scatter in the halo mass — size relation of satellite galaxies
could, in turn, be connected with physical processes such as tidal
stripping, which are expected to be more severe in the proximity of
the central galaxy. The right-hand panel of Figure 8 displays, in a
colour code, the dependence on the halo-centric distance (here, the
distance to the central galaxy in units of virial radii) for TNG300.
Even though the smallest objects might be affected by resolution
effects in the box, larger satellites seemingly tend to be located
farther away from the central galaxies.

The above result from TNG300 would be consistent with the
effect of tidal stripping, which would tend to remove stars from the
outer regions of satellite galaxies, making them effectively smaller.
However, this prediction is not confirmed in the SDSS, as the left-
hand panel of Figure 8 demonstrates. This could be due to the
uncertainties in the estimation of galaxy sizes from observations,
which would tend to erase this small dependence. Alternatively, the
level of tidal stripping implemented in TNG300 could be too high
due to numrerical artifacts and thus inconsistent with observations.
Extending our analysis in the future using better photometric data
will help alleviate this tension.
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4.2 Clustering Analysis

In this section, we complement the measurements of scaling re-
lations presented in Section 4.1 with a galaxy clustering analysis,
which is also relevant for understanding the formation and evolution
of galaxies and can provide clues about how central and satellite
galaxies influence each other’s formation. The dependence of clus-
tering on galaxy size is addressed below for the SDSS and the
TNG300 samples separately.

For the SDSS data, we measure clustering using the projected
correlation function, w(rp), and the Landy & Szalay (1993) esti-
mator. Therefore, we compute the following expression: W = (DD
- DR - RD + RR)/RR, where DD is the number of galaxies, DR
corresponds to the random pair counts, RR is the number of ran-
dom centre-random tracer and RD is the random centre-galaxy pair
counts. Several different subsets are analysed in this section (satel-
lite/central, larger/smaller, mass thresholds) and for each of them,
we compute a random catalogue that mimics its redshift distribu-
tion. Due to the complex selection function of the SDSS survey,
we also make sure that the random distributions of points have the
same selection function as the data, in order to normalise the galaxy
pairs counts. This task is performed using the SDSS angle selection
mask (described in Sec. 5.1 of Rodriguez et al. 2015).

To determine the uncertainties in the projected correlation
function, we use a jackknife procedure. We generate 25 equal sub-
samples and compute the correlation function after subtracting these
subsamples. We also tested the results using 10, 50, 75, and 100 sub-
samples. We checked that above 25 sub-samples, the variance of the
measurement stabilises.

In order to analyse the dependence of galaxy clustering on
galaxy size, the additional dependence on stellar mass must first
be subtracted. This is performed following the simple procedure
(detailed in Sec. 2.1 of Hearin et al. 2019). In essence, the galaxy
population is binned in stellar mass, and each galaxy is classified
as "large" or "small" based on whether they lie above or below the
median size value at the corresponding stellar mass bin. Using this
technique, for any M, threshold sample, the stellar mass functions
of the "large" and "small" subsamples are identical.

The first analysis that we perform is to split galaxies accord-
ing to their size, independently of their membership status (cen-
tral/satellite). This is equivalent to the analysis presented in Hearin
et al. (2019). In several stellar-mass thresholds, we compute the
median of the galaxy radius and create two subsets with the 50%
of objects above and below this value (i.e., with larger and smaller
radii, respectively). In Figure 9, we compare the clustering mea-
sured for the combined sample (grey), the larger galaxies (orange)
and the smaller galaxies (cyan), for four different thresholds in stel-
lar mass. Smaller galaxies are more tightly clustered than larger
galaxies towards small scales for the log; (M« /Mg) > 9.75, 10.25
and 10.75 subsets, while no significant difference is detected for
log;o(Ms/Mg) > 11. On larger scales, the trend seems to invert.
These results are consistent with those reported by Hearin et al.
(2019), which support the notion that smaller galaxies cluster more
strongly than larger galaxies on small scales and that this difference
decreases with increasing stellar mass. As can be seen in the bottom
panels, smaller galaxies can be up to 50% more strongly clustered
than large galaxies of the same stellar mass below r < 3 Mpc.
At r 2 5, the trend inverts and larger galaxies begin to be more
clustered.

The above results are in some sense misleading, since we are
mixing central and satellite galaxies. In Section 4.1, we show sig-
nificant differences in the scaling relations of central and satellite

MNRAS 000, 1-15 (2021)

The properties of central and satellite galaxies 11

galaxies when these are measured with respect to halo mass. We set
out now to assess whether these differences have an impact on their
clustering and whether the size dependence displayed in Figure 9
is altered when central and galaxies are treated independently. In
this analysis, we generate the same subsets described above, but for
central and satellite galaxies separately.

Figure 10 displays the projected correlation functions for satel-
lite galaxies alone in the same format of Figure 9. As can be seen,
there is a clear signal so that smaller galaxies are more tightly clus-
tered than those with larger radii, although this effect decreases with
stellar mass. A comparison with Figure 9 reveals that the clustering
of satellites follows quite well that of the entire population on small
scales.

‘We now focus on the clustering of central galaxies, shown in
Figure 11. Note that here, only the 2-halo term of the correlation
function is visible, which dictates that only scales above ~1 Mpc
are accessible. Within this range of scales, larger objects are more
clustered than their smaller counterparts across the entire stellar
mass range considered. Although the uncertainties are larger than
those measured for the previous samples, we can say that larger
central galaxies have typically 50 % higher clustering, across the
stellar mass ranges considered. Again, a comparison with Figure 9
allows us to understand the measurement for the entire population:
the inversion of the signal observed on larger scales is due to the
increasing impact of central galaxies.

In summary, the results presented in this section provide a
clarified picture for the dependence of galaxy clustering on galaxy
size. When galaxies are separated exclusively by size (and not by
group status), as shown in Figure 9, smaller objects appear more
clustered than larger objects towards smaller scales, corresponding
to the 1-halo term. This result is the consequence of satellites being
dominant on these scales, since, as Figure 10 demonstrates, smaller
satellites are more highly biased than larger satellites. On larger
scales, conversely, the signal progressively inverts as we enter the
2-halo term, where the effect of centrals becomes more significant.
Larger centrals have higher clustering amplitude than their smaller
counterparts (Figure 11), which produces the inversion of the signal
observed in Figure 9.

Following the same philosophy of Section 4.1, we have com-
pared our SDSS clustering measurements with predictions from
the TNG300 hydrodynamical simulation box. As mentioned above,
TNG300 is one of the largest hydrodynamical boxes available to
the community and one of the first where statistically-significant
measurements of clustering can be performed (for certain scales
and mass ranges, see, e.g., Montero-Dorta et al. 2020a). Figure 12
displays, in the same format of Figures 9, 10, and 11, the size
dependence of the correlation function for the entire, the central,
and the satellite galaxy samples, respectively, in TNG300. For the
sake of simplicity, only the less restrictive mass threshold is shown
here, i.e., log;o(M:/Mg) = 9.75. Following Montero-Dorta et al.
(2020a), the computation of errors is based on a standard jack-
knife technique, where the TNG300 box is divided in 8 sub-boxes
(Leub—box = Lbox/2 = 102.5 h~'Mpc). The correlation function
for each subset is measured in § different configurations of equal
volume, obtained by subtracting one sub-box at a time. The errors
correspond to the standard deviation of all individual configurations.

Figure 12 qualitatively reproduces the observational SDSS-
based trends (note that the two measurements are, strictly speaking,
different). For the entire sample, where central and satellite galaxies
are treated indistinctly, smaller galaxies are found to be more tightly
clustered that larger galaxies below r ~ 2 Mpc. The difference on
the smallest scales considered reaches ~ 75%. Above this scale, the
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Figure 12. The TNG300 projected galaxy correlation function, for the com-
bined sample (upper panel), satellites (middle panel) and central galaxies
(bottom panel), in the same format of Figures 9, 10 and 11. Errors are
computed as the standard deviation obtained from a set of 8 jackknife con-
figurations (see text).

dependence on galaxy size is weak. This is qualitatively similar to
the results found for the SDSS (note that in the SDSS, the bias trend
actually inverts).

When analysed separately, smaller TNG300 satellites cluster
more tightly than their larger counterparts across the scale domain
of the 1-halo term, with differences reaching over ~ 60%. On larger
scales, the signal inverts, which is something that is also observed
(albeit to a lesser extent) for some mass thresholds in the SDSS.
Central TNG300 galaxies, on the other hand, show more signal over

the 2-halo term, where larger centrals are up to ~ 20% more biased
than their smaller counterparts. This general agreement between
observations and simulation is also recovered for the rest of the mass
thresholds considered. Overall, this comparison makes us confident
about the robustness of our results and reinforces, even more, the
importance of treating satellite and central galaxies separately. We
have also checked that similar results are obtained when the TNG300
mock instead of the box is employed.

5 DISCUSSION AND CONCLUSIONS

In this paper, we investigate the scaling relations and clustering of
central and satellite galaxies separately, focusing on the dependence
on galaxy size. We use data from the SDSS at z ~ 0.1 that include
accurate measurements of galaxy size and stellar mass (Meert et al.
2015; Kauffmann et al. 2004) and we further identify galaxy groups
following the method proposed by Rodriguez & Merchan (2020). To
establish a central/satellite galaxy classification scheme within each
group, we use a simple criterion where the most massive and lumi-
nous galaxy is chosen as the central, with the remaining members
being labelled satellites. We compare our results with measure-
ments from the TNG300 simulation, which serves as a means of
confirming the robustness of our central/satellite identification.

Regarding the size-related scaling relations, we show for the
SDSS and the TNG300 simulation that central and satellite galaxies
display significantly different behaviours. For the stellar mass-size
relation, the sizes of central galaxies are only slightly larger than
those of satellites. However, these differences amplify drastically
when the halo mass - size relation is analysed. Our linear fits to
the SDSS measurement indicate that the slope is a factor~3 smaller
for satellites as compared to centrals. These relations also allow
us to demonstrate that our results are in excellent agreement with
the model proposed by Kravtsov (2013), in which galaxy radius is
proportional to the virial radius of the hosting halo times a constant
0.015. For satellites, on the other hand, our results are more con-
sistent with the model proposed by Hearin et al. (2019), where the
proportionality constant is 0.01.

Our results illustrate the fact that the evolution of galaxies is
different depending on their location and status within the halo,
with central galaxies displaying a much more pronounced increase
in size as compared to satellites (as halo mass grows). Importantly
our findings are consistent with the TNG300 predictions, which
demonstrates the robustness of our measurements. The disparity
in the halo mass — size relations reflects the fact that centrals are
intrinsically more connected to the halo than satellites, which are
accreted over time. It also reflects the different physical mechanisms
that underpin their evolution. Central galaxies accrete material from
the surrounding galaxies that pertain to the group and could even
absorb entire galaxies in a process called galactic cannibalism (e.g.,
Ostriker & Tremaine 1975; White 1976; Malumuth & Richstone
1984; Merritt 1984; Aragén-Salamanca et al. 1998; De Lucia &
Blaizot 2007). Satellite galaxies, on the other hand, suffer from
various physical processes that will prevent their growth and cause
them to lose material, namely, i.e., galaxy harassment, ram pressure,
strangulation and/or tidal stripping (Gunn & Gott III 1972; Larson
et al. 1980; Abadi et al. 1999; Van Gorkom 2004; Bosch et al. 2008;
Pasquali & Nachname 2015).

The above arguments are enriched by the fact that satellite
galaxies also seem to be on average slightly larger in more massive
haloes. In the context of hierarchical merging, it would be con-
ceivable that larger haloes were more likely to accrete other large
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haloes, which would tend to host larger central galaxies. This is an
interesting aspect that will be addressed in more detail in follow up
works.

We have also investigated the potential secondary dependen-
cies of the halo-centric distance for satellite galaxies. Our results in
the SDSS do not show a clear dependence of size on the distance
to the centre. However, in IllustrisTNG300 we see a slight trend
where it seems that the smaller satellite galaxies are closer to the
centre, which would be in favour of tidal stripping. Although this
result is not very conclusive considering the smoothing length, it
would be interesting to explore this further in both simulations and
observations.

By studying the dependence of clustering on galaxy size, we
have provided a clarified picture that helps to understand previous
measurements. When this dependence is studied independently of
the central/satellite galaxy classification (i.e., for the entire sample)
smaller galaxies tend to be more tightly clustered on small scales,
with the trend inverting at the large-scale end. These results are
qualitatively in agreement with the measurements of Hearin et al.
(2019). However, when central and satellite galaxies are treated in-
dependently, the intrinsic trends are revealed. For satellite galaxies,
smaller objects are indeed more highly biased than larger objects
within the entire scale range considered. For central galaxies, con-
versely, the larger objects are the ones that are more clustered,
within the 2-halo term scale range accessible (large scales). We
have checked that these behaviours are also predicted by TNG300,
from a qualitative standpoint.

The general agreement we found throughout this work between
the groups identified in the SDSS and the haloes of TNG300, in
addition to ensuring the robustness of our scaling relations and
clustering results, adds another level of confidence to the group
identification method of Rodriguez & Merchan (2020). On the other
hand, the scaling relations and the differences between the clustering
of central and satellite galaxies shown could be useful in terms of
improving the mass estimates and the member assignment in group
finders.

Finally, although we have not addressed it here, our well-
calibrated machinery can be used to perform clustering measure-
ments at fixed halo mass for both central and satellite galaxies
separately. This type of measurements are relevant in the context
of galaxy assembly bias (see, e.g., Zentner et al. 2016; Miyatake
et al. 2016; Zu et al. 2016; Lin et al. 2016; Sunayama et al. 2016;
Montero-Dorta et al. 2017; Artale et al. 2018; Niemiec et al. 2018;
Zehavi et al. 2018; Walsh & Tinker 2019; Sunayama & More 2019;
Obuljen et al. 2020; Montero-Dorta et al. 2020a,b). The excellent
classification of central and satellite galaxies that we have achieved
with the SDSS can also be employed to investigate the manifestation
of physical processes that drive the evolution of galaxy populations,
particularly with the improved data quality of upcoming surveys.
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