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ABSTRACT

We explore the radial distribution of satellite galaxies in groups in the Galaxy and Mass Assembly (GAMA) survey and the
NlustrisTNG simulations. Considering groups with masses 12.0 < log,,(M;/h~'My) < 14.8 at z < 0.267, we find a good
agreement between GAMA and a sample of TNG300 groups and galaxies designed to match the GAMA selection. Both display
a flat profile in the centre of groups, followed by a decline that becomes steeper towards the group edge, and normalized profiles
show no dependence on group mass. Using matched satellites from TNG and dark matter-only TNG-Dark runs we investigate
the effect of baryons on satellite radial location. At z = 0, we find that the matched subhaloes from the TNG-Dark runs display
a much flatter radial profile: namely, satellites selected above a minimum stellar mass exhibit both smaller halocentric distances
and longer survival times in the full-physics simulations compared to their dark-matter only analogues. We then divide the TNG
satellites into those which possess TNG-Dark counterparts and those which do not, and develop models for the radial positions of
each. We find the satellites with TNG-Dark counterparts are displaced towards the halo centre in the full-physics simulations, and
this difference has a power-law behaviour with radius. For the ‘orphan’ galaxies without TNG-Dark counterparts, we consider
the shape of their radial distribution and provide a model for their motion over time, which can be used to improve the treatment

of satellite galaxies in semi-analytic and semi-empirical models of galaxy formation.

Key words: methods: numerical — galaxies: groups: general — galaxies: haloes.

1 INTRODUCTION

In the ACDM model of the Universe, galaxies form in dark matter
haloes. The dark matter interacts only by gravity, forming structures
into which gas collapses to form stars and thus galaxies. However,
this gravity-only model of structure is incomplete, as the baryonic
physics of the galaxies is known to affect the halo structures in which
they reside. One way in which this manifests is in the number and
location of substructures, which can host luminous satellite galaxies.
This can be explored through the clustering of galaxies or by the
radial profiles of satellite galaxy locations within groups.

Much of the importance of understanding the differences between
a dark matter-only (DMO) view of the Universe and a full-physics
view comes from the use of galaxy formation models built upon DMO
simulations. Semi-analytic models of galaxy formation (SAMs; e.g.
Henriques et al. 2015; Lacey et al. 2016; Lagos et al. 2018) are
one of these. In many SAMs, satellite galaxies are split into two
populations: Type 1s and Type 2s. Type 1 satellites reside in resolved
dark matter subhaloes, which have not been disrupted, and it is
assumed the locations of these are the same as in the underlying

* E-mail: s.riggs @sussex.ac.uk

DMO simulation. Type 2 satellites, or ‘orphan’ galaxies, are those
which have persisted beyond the lifetime of their host dark matter
subhalo (see e.g. Pujol et al. 2017), meaning the locations of these
satellites are not available from the simulation itself, and require
additional modelling.

These Type 2 satellites are necessary as it has been found that
DMO simulations generically have too few subhaloes that would
host galaxies in the inner regions of haloes, compared to the number
of galaxies seen in observations. For example, this is seen by Angulo
et al. (2009), where it is also noted that more massive subhaloes
are less centrally concentrated as they experience greater dynamical
friction and merge quickly if they are near the centre, and by Bose
et al. (2020), who are unable to reproduce the satellite population
of the Milky Way from DMO simulations without Type 2 satellites.
Further, Behroozi et al. (2019) argue that without orphans the stellar
masses of the other satellite galaxies would need to be increased in
a manner that is inconsistent with their known evolution. However,
Type 2s are often viewed as a resolution issue, and some studies (e.g.
Manwadkar & Kravtsov 2021) have been able to avoid the need for
them by using only more massive subhaloes.

On the other hand, cosmological hydrodynamical galaxy simula-
tions allow exploration of the effects of baryons on structures directly.
The addition of baryons, hydrodynamics, and galaxy processes
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changes both the masses (e.g. Sawala et al. 2013; Despali &
Vegetti 2017; Lovell et al. 2018) and the abundances (e.g. Schaller
et al. 2015; Chua et al. 2017) of (sub)structures, as well as the
distributions (e.g. Marini et al. 2021). In the Illustris simulation,
the distribution of satellite galaxies from the centre of their host
halo has been considered by Vogelsberger et al. (2014), where they
show that the number density of satellite galaxies is enhanced on
small scales compared to subhaloes in a DMO simulation. The
distribution of galaxies around clusters is also shown to be different
for DMO and full-physics simulations by Haggar et al. (2021), using
THETHREEHUNDRED project. They show that DMO simulations both
do not have a high enough subhalo density near the cluster centre
compared to the full-physics simulations, and have a subhalo density
that is too low within groups of satellites which reside at the cluster
edge. Further, Nagai & Kravtsov (2005) find that differences between
simulations depend on the object selection due to tidal stripping
and that the addition of baryons slightly enhances satellite survival.
However, baryons can also reduce satellite survival due to disruption
by a disc (e.g. Garrison-Kimmel et al. 2017).

The MustrisTNG cosmological magnetohydrodynamical simula-
tions (TNG; Marinacci et al. 2018; Naiman et al. 2018; Nelson
et al. 2018, 2019a; Pillepich et al. 2018b; Springel et al. 2018)
are a recent set of simulations consisting of three different box
sizes, each run at three different resolutions. The existence of dark
matter-only counterparts to each of these simulations provides the
opportunity to explore the effect of baryons on satellite galaxies
in more detail and across a greater range of resolutions than has
previously been possible. This is particularly true for the highest
resolution TNG50 simulation (Nelson et al. 2019b; Pillepich et al.
2019), which is designed to match the resolution of zoom simulations
while providing a much greater volume, enabling a detailed look
inside simulated galaxies and haloes.

Differences between the full-physics TNG and the DMO TNG-
Dark runs have been found in a number of studies, with Chua et al.
(2021), Emami etal. (2021), and Anbajagane, Evrard & Farahi (2022)
finding that the baryons change the properties of haloes, including the
shapes. Of most relevance to our study, Bose et al. (2019) show that
the distribution of satellite galaxies in the full-physics runs differs
from that of subhaloes in TNG-Dark, instead better matching the
mass distribution of the host. They also show that the distribution of
full-physics satellites can be better reproduced by only considering
the few TNG-Dark subhaloes with the highest values of Ve, the
maximum circular velocity they had at any point in the past.

From an observational perspective, satellite galaxy radial dis-
tributions have been inferred in several studies. With the Sloan
Digital Sky Survey, Guo et al. (2012) explore the dependence of
the profiles on luminosity limits, and Wang et al. (2014) show there
is a colour dependence, while Tal, Wake & van Dokkum (2012) find
the distributions can be best fit by including a baryonic contribution
near the centre. Budzynski et al. (2012) consider the dependencies
of cluster profiles on properties including halo mass and satellite
luminosity, comparing the profiles binned by halo mass to some
earlier SAMs. This follows the work of Hansen et al. (2005) which
additionally looked at the profiles as a function of group size. More
recently, cluster profiles were explored by Adhikari et al. (2021), who
show differences in the distributions of galaxies of different colours.

The Galaxy and Mass Assembly survey (GAMA; Driver et al.
2009, 2011, 2022b; Liske et al. 2015; Baldry et al. 2018) offers
a suitable observational sample of groups to determine the radial
distribution of satellites and to compare against simulations, as it has
a high completeness in high-density regions. The stellar masses of
galaxies in groups has been explored by Vazquez-Mata et al. (2020),
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and Kafle et al. (2016) find no evidence of variation in satellite galaxy
masses with radial position. Recently, Riggs et al. (2021, hereafter
RBL21), explored the group—galaxy clustering in GAMA, finding
evidence of a central core to the distribution of galaxies in groups,
and a good match between GAMA and TNG clustering results.

In this work, we study the locations of satellite galaxies in the
TNG simulations and their DMO counterparts, comparing against
observational results from the GAMA survey. We do this by using
the satellite profile of groups of galaxies, i.e. the number density
of satellites as a function of radial separation from the group
centre. We examine the differences between full-physics and TNG-
Dark (i) by selecting satellites above fixed stellar mass limits, (ii)
by identifying their analogue dark-matter subhaloes in the DMO
runs, and (iii) by distinguishing between satellites with and without
matched DMO subhaloes. We hence investigate the dependencies of
these differences on host and subhalo properties. Finally, we develop
models to account for these differences and to correct the satellite
locations in DMO simulations. In Section 2 of this paper, we describe
the GAMA and TNG data we use and we explain the methods used
to select galaxies and produce profiles; showing the resultant profiles
for GAMA, TNG, and the TNG-Dark counterparts in Sections 3
and 4. We provide models for the differences in satellite locations
in Sections 5 and 6 and finally, in Sections 7 and 8, we discuss our
results and provide conclusions.

In this work group (halo) masses are expressed in
log,o(M,,/ h~! M), taking M), to be Mapom, the mass enclosed
by an overdensity 200 times the mean density of the Universe.
We denote the radius of a sphere associated with this overdensity
as Ryoom. We generally express stellar masses from IllustrisTNG
in log,,(M,/Mg) using the simulation value of & = 0.6774, for
consistency with the mass limits given in Pillepich et al. (2018b).
The cosmology assumed for GAMA is a ACDM model with 2, =
0.75, Qn = 0.25, and Hy = h100km s~'Mpc~".

2 DATA, SIMULATIONS, AND METHODS

2.1 GAMA survey

Our group sample from the GAMA survey is derived from the three
12 x 5 degrees equatorial fields, G09, G12, and G15, of the GAMA-
II survey (Liske et al. 2015). GAMA-II has a Petrosian magnitude
limit of » < 19.8 mag and is well suited to group-finding as it is 96
per cent complete for all galaxies which have up to 5 neighbours
within 40 arcsec.

The GAMA Galaxy Group Catalogue (G*Cv9) was produced
from the GAMA-II spectroscopic survey using the same friends-
of-friends (FoF) algorithm used for GAMA-I by Robotham et al.
(2011, hereafter RND11). Group masses are estimates from the total
r-band luminosity of the group using the power-law scaling relation
for M5y, determined in Viola et al. (2015, equation 37). This scaling
relation is consistent with the one recently determined by Rana et al.
(2022).

We use the same selection of G3Cv9 groups as RBL21. Groups
with five or more members are selected, as RNDI11 find these richer
groups to be most reliable. We select these groups if they fulfill the
requirements that they are at redshift z < 0.267 and have a mass in the
range 12.0 < log,,(M,,/ h~' My) < 14.8. Additionally, we impose
the requirement that GroupEdge >0.9, selecting only those which
are estimated to have at least 90 per cent of the group within the
GAMA-II survey boundaries. This leaves us with a sample of 1894
groups with 17 674 galaxies, detailed in Table 1.
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Table 1. Numbers of groups and galaxies in each mass bin selected from GAMA, the mock catalogues, and the GAMA-
matched TNG300-1 sample. Values given for the mock catalogues are the mean from the nine realizations.

GAMA Halo mocks FoF mocks TNG300-1
loglo(Mh/ hil M@) Ngrps Ngals Ngrps Ngals Ngrps Ngals Ngrps Ngals
Ml [12.0, 13.1] 380 2204 352 2210 346 2272 368 2152
M2 [13.1,13.4] 547 3646 383 2890 401 2775 404 2941
M3 [13.4,13.7] 566 4723 366 3815 523 4233 413 3765
M4 [13.7,14.8] 401 7101 306 8377 430 8205 467 8364
Total [12.0, 14.8] 1894 17674 1407 17291 1699 17486 1652 17222

We select all galaxies within these groups, and identify the centrals
using the iterative central from RNDI11, namely the galaxy which
remains after iteratively removing the galaxy furthest from the centre
of light of the remaining group members until only one is left. All
other galaxies within the groups are then satellites. The iterative
centre was shown to be most reliable in GAMA-I by RND11, and
RBL21 confirmed this is also the case in GAMA-II. In most cases
the iterative central is the brightest galaxy of the group.

2.2 Mock group catalogue

To determine systematics within GAMA, we use the mock catalogues
created for GAMA-I (mocks for GAMA-II are in development). The
mock galaxy catalogues consist of nine realizations of a light-cone
created from the GALFORM (Bower et al. 2006) SAM run on the
Millennium (Springel et al. 2005) DMO simulation. Further details
about the creation of these mocks are given in RND11.

Two different catalogues of mock groups have been created from
the GALFORM galaxy mocks, allowing us to explore any biases
introduced by the group finding algorithm in GAMA:

(i) The halo mocks (G3CMockHaloGroupv06) contain the
intrinsic dark matter haloes of the Millennium simulation which
the mock galaxies reside in.

(i) The FoF mocks (G3CMockFoFGroupv06) contain groups
derived by applying the same FoF algorithm used for the GAMA
groups to the mock galaxies.

Comparing the halo and FoF mocks allows us to explore how
accurately the GAMA FoF algorithm detects the intrinsic haloes,
providing a way of qualifying the differences between the group
finding methods in observations (FoF mock) and simulations (halo
mock). This then informs us how directly comparable the GAMA
observational sample is to simulations such as TNG.

We select groups from both the halo mocks and FoF mocks using
the same criteria as GAMA, requiring redshift z < 0.267, halo mass
in the range 12.0 <log,((M;/h~'Mg) < 14.8 and at least five
members.

2.3 TNG simulations

We explore the effect of baryons with the IllustrisTNG cosmological
magnetohydrodynamical simulations (TNG; Marinacci et al. 2018;
Naiman et al. 2018; Nelson et al. 2018, 2019a, b; Pillepich et al.
2018b, 2019; Springel et al. 2018), and their matching TNG-Dark
dark matter-only N-body simulations. The TNG simulations were
run using the AREPO code (Springel 2010) and incorporate the key
physical processes of galaxy formation, including gas heating and
cooling, star formation and feedback from supernovae and black
holes. For a full explanation of the processes included we refer the
reader to Pillepich et al. (2018a) and Weinberger et al. (2017).

MNRAS 514, 4676-4695 (2022)

TNG consists of simulations at three different box sizes, each
run at a variety of resolutions. We primarily use the runs with
the best resolution; TNG50-1 with box size 354~! Mpc and bary-
onic mass resolution 5.7 x 10* A~! Mg, TNG100-1 with box size
75h~! Mpc and baryonic mass resolution 9.4 x 10° A~ Mg, and
TNG300-1 with box size 205 2~ Mpc and baryonic mass resolution
7.6 x 10° h~! M. We additionally include the runs at worse resolu-
tion in some of our analysis. The second tier of resolution, denoted
with —2, has baryonic masses eight times larger than the —1 runs,
and the third tier, denoted with —3, has baryonic masses 64 times
larger than the —1 runs.

We select galaxies from these simulations where SubhaloFlag
equals 1, i.e. objects identified as cosmological in origin (rather than
a fragment or substructure formed within an existing galaxy), and
where the stellar mass within twice the half-mass radius exceeds
107, 108, and 10° Mg for TNG50-1, TNG100-1, and TNG300-1,
respectively, limits which correspond to ~100 stellar particles. We
take the stellar mass of galaxies to be that within twice the half-mass
radius, and for the total subhalo mass we take the mass of all particles
bound to the subhalo.

‘When comparing against GAMA we use TNG300-1, as this gives
the largest sample of high-mass groups. We select galaxies from the
simulation snapshot at z = 0.2, close to the GAMA mean redshift,
and bring the stellar masses into agreement with the TNG100-1
resolution (as well as with GAMA) by multiplying by the resolution
correction factor of 1.4 suggested by Pillepich et al. (2018b).

Elsewhere when looking at simulations of differing resolutions we
use the snapshots at z = 0 and we do not apply resolution corrections
as we are interested in the direct simulation outputs, and we mainly
instead use the better resolution of TNG50-1 and TNG100-1 to
perform more detailed examinations of the satellite galaxies.

Each TNG run has a matching TNG-Dark run with the same box
size and resolution. These allow direct comparisons between the
outcome of modelling the Universe in DMO and that of including
hydrodynamics and galaxy physics to model the baryons.

2.4 Group radial profile calculation

Profiles are derived for GAMA as a function of the projected radius
r1, calculated in the standard way (e.g. Fisher et al. 1994). The
vector separation of a satellite at position 7, from a group at 7y,
is given by s = rg — gy and the vector to the midpoint of the pair
from an observer at the origin by I = (r —I—A Top)/ 2; These are used
to find the line-of-sight separation r; = |s.[|, with I being the unit
vector in the direction of /, and this leads to the projected separation
r=4/8.5— rf‘ We do not apply any limits on the line-of-sight
distance, instead simply including all galaxies allocated to the groups
(although we note that this choice implicitly introduces limits due to
the line-of-sight linking condition in the RND11 FoF algorithm).
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Figure 1. Satellite galaxy projected radial profiles in the four mass bins listed in Table 1 for selected groups and galaxies from GAMA, the mock catalogues,
and GAMA-matched TNG300-1. In all panels black circles show the GAMA results, blue downwards triangles the FoF mocks, green upwards triangles the halo

mocks, and orange solid lines TNG300-1.

When measuring projected 2D profiles for TNG we take the
projection to occur along the z-axis, but have checked that our results
are not sensitive to the choice of projection axis. With TNG we can
also measure 3D profiles, which we are unable to do for GAMA. All
satellite galaxies which are members of the FoF group are included,
and distances measured relative to the centre of the FoF group.

When calculating profiles, we additionally divide the data into
bins of group masses, and include two different forms:

First, the average group profiles, which we define as the density of
galaxies as a function of physical projected separation from the group
centre. This is calculated for each group mass bin by counting the
number of satellites in radial bins and dividing by the total number
of groups in the mass bin.

Secondly, the normalized profiles, which we define as the density
of galaxies using separations as a fraction of the group Rypom. The
amplitudes of these are divided by the number of galaxies in the
mass bin. This can be used to look for differences in the shape of the
satellite distribution in different group mass bins, as it normalizes out
the trend for more massive groups to be more extended and include
more galaxies.

We calculate the uncertainties on profiles using jackknife resam-
pling for GAMA and TNG. For GAMA we split the sample into
nine samples in RA, and with TNG we divide the boxes into eight
subcubes, showing uncertainties as the square root of the diagonal
terms in each covariance matrix. The mock catalogues contain nine
realizations of the GAMA survey, and so we can estimate the
uncertainties by using the scatter between the realizations.

3 RADIAL PROFILES FROM GAMA AND
TNG300-1

In this section, we examine the satellite distribution of GAMA
groups, and compare this against a sample of groups and galaxies
from TNG300-1 designed to match the GAMA selection.

3.1 Selecting groups from TNG300-1 to match GAMA

When comparing against GAMA data, groups in TNG300-1 are
chosen using a modified form of the selection function in RBL21.
This modification is necessary as RBL21 only identify if groups have
at least five visible galaxies, whereas with the simulated data we can
in principle identify all the visible galaxies in the chosen groups.
To select the group and galaxy sample we require galaxy luminosi-
ties, for which we use the dust-corrected r-band luminosities of dust

model C from Nelson et al. (2018). We then perform the following
procedure for galaxy and group selection:

(1) Find the comoving distance at which each simulated galaxy
has an observed magnitude of m, = 19.8 mag.

(i1) Determine the selection probability by finding the volume of
the GAMA light cone out to this comoving distance and dividing
by the total GAMA volume for z < 0.267. We additionally multiply
the selection probabilities by 0.95 to account for our GAMA sample
(from RBL21) being 95 per cent complete.

(iii) Assign each simulated group a random probability and select
the galaxies whose selection probability is greater than or equal to
the random probability assigned to their host group.

(iv) Include groups (and their constituent visible galaxies) only if
at least five galaxies have been identified as visible.

We show the mass function of the groups we have selected from
GAMA, the mocks and TNG300-1 in Appendix A, demonstrating our
group selection method for TNG300-1 reproduces the expected shape
of the mass function, although with differences in the detail due to
different underlying galaxy populations. Small differences between
GAMA and TNG are partly caused by nearby GAMA groups which
contain some galaxies below the mass resolution limit of TNG300-1,
although we have checked that the inclusion of these does not impact
the derived profiles.

3.2 Average group profiles

In Fig. 1, we show for the first time direct results for radial
distributions of satellite galaxies in GAMA groups, calculating the
average group profiles in the four mass bins considered. In all the
group samples used, increasing group mass leads to a greater number
of satellites and wider groups due to halo radius increasing with mass.

The shape of the profiles is such that they are almost flat on the
smallest scales, r; < 0.02/2~!' Mpc. With increasing scale there is
then a gradual decrease in density until r; = 0.5 h~! Mpc, where a
rapid drop is visible.

Comparing with the profiles obtained from the mock catalogues
allows us to investigate the effects introduced by the use of the FoF
group finder for GAMA. On small scales the profiles are similar
for the halo and FoF mocks, with the density increasing to the
smallest scales considered. The similarity of the mocks suggests
that GAMA is reliable at small halocentric distances, in agreement
with the conclusions of Driver et al. (2022a), as the FoF algorithm
accurately reproduces the intrinsic haloes. However, it is noteworthy
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that the survey mocks and GAMA have a very different behaviour.
This is most likely driven by inaccuracies in the locations of orphan
satellites in GALFORM (see e.g. Pujol et al. 2017), and this in turn
provides further justification for our objective of correcting for issues
in mocks based on DMO simulations.

At the turnover radius beyond which the density drops in the M1
bin (r; ~ 0.2 h~! Mpc), the FoF mocks have slightly more galaxies
that the halo mocks, probably due to chance alignments of galaxies
on the sky. Beyond this turnover radius, the FOF mocks drop off
much faster than the halo mocks in all bins, suggesting the outer
edges of the groups are missed by the FoF group finder. At the outer
edges, GAMA and the FoF mocks display very similar results, and
from this we suggest that the true profile of GAMA groups (that is
comparable to simulations) would lie about where that of the halo
mocks is on these scales.

Overall the mock comparisons tell us that GAMA profiles should
be reliable on scales smaller than the turnover, but likely underesti-
mate the number density at the outer edge of the groups.

The projected satellite galaxy profile of the GAMA-matched
TNG300-1 sample is consistent with GAMA on small scales where
GAMA is reliable, with the flattening of the profile at r; ~
0.02 2~! Mpc being consistent between the two within uncertainties.

At face value the TNG300-1 profiles are always above the GAMA
profiles on large scales (r; = 0.5 h~! Mpc). However, the differences
seen between the halo and FoF mock catalogues show that there are
significant differences between the group membership in simulated
and observed groups on these scales. As we previously noted,
correcting for this difference in methods possibly leads to GAMA
profiles which are similar to the halo mocks on large scales. This
suggests that the distribution of galaxies around groups in TNG300-
1 is similar to the observations across all scales, although with a
slight excess of galaxies around the edges of low mass groups.

We note that the flattening of the profiles on the smallest scales in
both GAMA and TNG300-1 could be affected by misidentification
of the central galaxy in the groups, although we do not see evidence
of this. In GAMA previous studies (RND11 and RBL21) find the
iterative centrals we use are least impacted by miscentring, and the
central usually corresponds to the brightest galaxy in the group.
In TNG, the central is defined as the galaxy at the minimum of
potential of the halo and is usually the most massive galaxy in the
group. Further, the fact that we see a flattening in both cases, and
the consistency between the mocks on these scales, supports the idea
that it is a physical effect.

3.3 Normalized profiles

We investigate changes in the profile with group mass by normalizing
the satellite distances by group radius R0 and the profile amplitude
by the total number of satellites.

The normalized profiles for GAMA and the GAMA-matched
TNG300-1 sample are shown in Fig. 2. We have not included the
mocks here as the conclusions from these remain the same as above,
that GAMA profiles should be reliable on small scales but drop too
rapidly on large scales.

There is no mass dependence visible in the normalized profiles
for GAMA, with the profiles being consistent across all scales in the
mass bins we use. This suggests a universal shape to the satellite
distribution in GAMA galaxy groups, with the number and average
radial separation of galaxies depending only on the group mass.

TNG300-1 shows exactly the same result of no group mass
dependence to the profile shape. We can also see more clearly here
that this trend continues to the edge of the groups.
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Figure 2. Satellite galaxy projected profiles in the four group mass bins for
our GAMA group sample and GAMA-matched TNG300-1 sample, calculated
as a function of normalized radius and then normalized by the total number
of satellites. The vertical solid lines mark the radius Rygom. Power-law fits
are shown as dotted lines, and the region these are fit over is marked with
vertical dashed lines.

Table 2. The slopes of power-law fits to the normalized radial profiles from
Fig. 2 in the range 0.03 < r /Ryoom < 0.3.

log,o(My,/ R~ Mg) GAMA slope TNG300-1 slope
[12.0, 13.1] —0.94 +£0.07 —1.03 £ 0.07
[13.1, 13.4] —0.90 £ 0.05 —0.89 + 0.07
[13.4,13.7] —0.86 £+ 0.04 —0.89 £+ 0.05
[13.7, 14.8] —0.81 £0.05 —0.85 £ 0.05

The normalized radial profiles approximately follow a power law
over the range 0.03 < 7 /Raoom < 0.3. In Table 2 we provide the
power-law slopes of GAMA and TNG300-1 profiles in this range.
Both GAMA and TNG300-1 have slopes of approximately —0.9,
and there is very little change in the values with mass given the
uncertainties.

4 COMPARING FULL-PHYSICS AND DMO
DISTRIBUTIONS

Here we explore the differences between satellite galaxy profiles of
groups in TNG and the equivalents from TNG-Dark runs, in order to
determine the extent to which baryons adjust the shape of the profile.

4.1 Groups and subhaloes from DMO runs

We make use of two methods to extract samples from TNG300-
1-Dark to compare to the full-physics run. Here, as we are just
comparing between simulation runs, we do not apply the group
selection to match GAMA. Instead, we simply select all galaxies with
M, > 10° Mg, in groups with 12.0 < log,o(M;/h~' Mg) < 14.8.

The simplest method to generate a sample of TNG300-1-Dark
subhaloes that correspond to the selected luminous satellites is an
abundance matching approach. We perform this abundance matching
using the maximum circular velocity (Vi) of each subhalo, as it
is expected this will correlate better than halo mass with galaxy
properties (e.g. Zehavi et al. 2019). In this case we sort the subhaloes
in the dark matter-only simulation by their V., and select those
with the greatest Vi,x so we have the same number of dark matter
subhaloes as there are galaxies above the resolution limit in the full-
physics run.
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Figure 3. Satellite galaxy projected profiles at z = 0.2 for TNG300-1 compared to equivalents from the TNG300-1-Dark run. The panels show the same mass
bins as given in Table 1, but now including all galaxies with M, > 10° Mg, in groups, meaning the amplitude of the TNG300-1 profile has increased relative
to Fig. 1. Two different methods of selecting matched TNG300-1-Dark subhaloes are used, as explained in Section 4.1. We also show the TNG300-1 galaxies
split by those which can be matched to TNG300-1-Dark satellites and those which are unmatched (orphans).

The second, more comprehensive, method we use is the subhalo
SubLink matches of Rodriguez-Gomez et al. (2015), selecting the
matching subhalo from the dark matter-only simulation for each
of our selected TNG300-1 galaxies. These matches were generated
by determining the subhaloes containing the same particles, and
calculating a matching score by weighting these particles inversely
by their rank ordered binding energy. For each TNG satellite, the
TNG-Dark subhalo with the highest matching score is taken to be
the best match. This can in some cases lead to multiple TNG galaxies
matching to a single TNG-Dark subhalo. We remove these duplicates
from the TNG-Dark run so each subhalo is only included once.

However, these duplicates are important for the TNG run as they
allow us to split the TNG300-1 satellites into the equivalent of
Type 1 and Type 2 satellites in SAMs. Type 1 satellites are those
contained in dark matter subhaloes, so all uniquely matched satellites
are automatically Type 1s. Type 2 satellites can then be considered
as the unmatched TNG satellites. A similar application of matching
is used by Renneby et al. (2020).

We use Vi to determine the type for duplicated matches at
this stage for consistency with the abundance matching method.
The matched TNG300-1 galaxy with the highest maximum circular
velocity is taken to be the Type 1 (or this may be the central Type 0),
while all other matches are allocated as a Type 2 without a matching
TNG300-1-Dark subhalo.

These two choices of matching method therefore give us slightly
different samples of TNG-Dark subhaloes. In the first selection we
have the same number of objects as TNG, but they may not be
contained in the same environments, whereas in the second selection
the subhaloes we select are known to be comparable to the TNG
sample, but the number of objects differs.

4.2 Radial profiles in TNG300-1-Dark

In Fig. 3, we compare the profiles of satellites in TNG300-1 against
those from the matched subhaloes in the TNG300-1-Dark simulation
at z = 0.2. This is the sample used in Fig. 1 but without the group
selection method applied.

It is clear that on large scales there is a close agreement between
TNG and TNG-Dark. However, at small halocentric distances, the
density of TNG satellites is enhanced over their matched subhaloes
in the TNG-Dark simulation (solid blue versus orange and green
dashed curves). In particular, the number density profile of the
TNG-Dark subhaloes flattens, while the TNG profile of luminous

satellites continues to rise down to smaller scales, albeit at a reduced
rate. The two options for selecting subhaloes from the TNG-Dark
simulation are seen to be consistent, with the profiles matching within
uncertainties, suggesting this is not just a result of the matching
scheme used.

This difference between TNG and TNG-Dark can be attributed to
two effects, which we also show in Fig. 3. First, there is evidence
of an inwards displacement in the TNG simulation, with the directly
matched (Type 1) satellites being closer to the centre in TNG.
Secondly, there is a population of galaxies that are not uniquely
matched to TNG-Dark subhaloes (Type 2s), suggesting that they
have been merged or disrupted in the TNG-Dark simulation but not in
TNG. Both of these effects primarily affect scales 7, < 0.1 h~! Mpc,
but there is some impact out to at least r, ~ 0.5k~ Mpc in the
largest groups. Together, these effects suggest baryons enhance both
the rate of inwards motion and the survival time of subhaloes that
host galaxies.

We note that in all mass bins the dominant effect on the smallest
scales is the population of unmatched satellites, and that the contribu-
tion due to the inwards displacement of matched satellites decreases
as halo mass increases and the groups become wider.

4.3 Radial profiles at differing resolutions

To explore the effect of resolution on the profiles in the TNG
simulations, we measure the average group profile in each of the
TNG50-1, TNG100-1, and TNG300-1 simulations at z = 0, and in
their TNG-Dark equivalents. While we could compare resolutions
by using the different runs at identical box size, we choose to use
the largest box available at each resolution to give us a larger galaxy
sample, although we show in Appendix B that the same conclusions
are reached using different resolutions at the same box size. To
enable comparison between the different simulations we apply the
same mass limit in each case, M, > 10° M, although the resulting
low number counts for TNG50-1 make comparisons involving it
challenging. We show in Appendix C that the choice of mass limit
only affects the amplitude of the profile, and that the full-physics
runs show very close agreement when normalized. We have selected
TNG-Dark subhaloes which are equivalent to TNG satellites using
the SubLink matching.

Fig. 4 shows the radial profiles from these samples in bins of host
halo mass. In group mass bins of increasing mass we see the profile
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Figure 4. Satellite galaxy projected profiles at z = 0 for TNG50-1 (purple),
TNG100-1 (blue), and TNG300-1 (orange), with their TNG-Dark equivalents
in a range of halo mass bins. Galaxies are selected with M, > 10° Mg and
halo mass limits are given in 2~! M. The numbers in the lower left of each
panel give first the number of groups and then the number of satellites in the
TNG run presented in the same colour. The vertical dashed lines show the
median Rygpm of the TNG300-1 groups in that panel.

increases in amplitude and extends to greater radii, as we observed
in GAMA.

It is apparent that there is a reasonable consistency between the
different TNG simulation resolutions in most group mass bins. The
main exception is the least massive bin where the majority of haloes
contain no satellites with stellar mass above 10° M. We also note
that the most massive bins are subject to a high uncertainty due to
containing very few groups.

The agreement between the distributions of well-resolved satellites
at differing resolution matches the conclusions of Grand et al. (2021)
with the AURIGA simulations. However, as shown in that work, this
consistency is likely to break down for satellites with very few stellar
particles.

Looking at the TNG-Dark results, we find the same effect noted
before of flatter radial profiles in the centres of groups than in
the full baryonic runs, at least for subhaloes matched to satellites
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with a given minimum stellar mass. However, such flattening varies
across simulations, with the DMO profiles becoming flatter at small
distances for progressively worse numerical resolution.

The implication of this is that the extent of the differences between
TNG and TNG-Dark are affected by the simulation resolution, and
that this is driven by differences with resolution across DMO runs —
the full-physics runs are in much better agreement across the three
resolution levels; see also Fig. C1. Instead, the changes in the TNG-
Dark profiles for different resolutions are unlikely to be entirely
physical and instead may be the result of the numerical disruption
effects found by van den Bosch et al. (2018). However, there are still
profile differences in TNG50-1, the highest resolution simulation,
(and these differences become more apparent if lower mass satellites
are also included) so there may be a physical effect at work here
too. This could be due to the baryonic feedback, which is known to
change the shapes of the haloes (Chua et al. 2021), but could also be
related to the baryonic core keeping the satellites more bound and so
less prone to disruption (both physical and numerical). This would
match the findings of earlier works such as Weinberg et al. (2008).
We return to the question of whether the effects we see are physical
or numerical in Section 7.3.

5 FITTING DIFFERENCES BETWEEN
FULL-PHYSICS AND DMO RUNS

Having established that significant differences exist between satellite
locations in the full-physics and DMO runs, we now aim to create
models to correct for these differences. To create these models we
use the runs with the best resolution, TNG50-1 and TNG100-1, as
these allow us to explore smaller scales and lower masses with more
confidence. Following this we use the runs at worse resolution to
explore the dependence of the required correction on simulation
resolution.

5.1 Splitting Type 1 and Type 2 satellites

We first split the satellite sample into Type 1s (which have a matching
TNG-Dark subhalo) and Type 2s (whose subhalo has disrupted or
merged in TNG-Dark), with a similar method to that which we used
for TNG300-1-Dark in Section 4.1.

Using the SubLink matches of Rodriguez-Gomez et al. (2015), we
select the matching TNG-Dark subhalo for each full-physics galaxy.
Uniquely matched satellites become Type 1s. In the cases where the
matches are not unique we assign the best match as the Type 1, and
all others as Type 2s. Here, we determine the best match by picking
the subhalo which has the highest matching score, as determined by
the SubLink matching algorithm.

To clean our sample further, Type 1 satellites are removed if the
central and satellite assignment differs between TNG and TNG-Dark,
leading to 971 subhaloes being excluded in the case of TNG50-1
(about 6 per cent of the total). The excluded fraction becomes smaller
in the simulations with worse resolution. There are a few possible
reasons the type (central/satellite) can differ between TNG and TNG-
Dark: either the structure formation has occurred differently, the
matching scheme is inaccurate, the FoF algorithm has combined
two close haloes, or the subhalo has been accreted earlier in one
simulation than the other. The majority of the subhaloes we remove
have a radial separation from the central exceeding the host Rpom,
suggesting they have either only just been accreted or are part of
neighbouring haloes joined by the FoF algorithm. However, there are
a small number closer to the central, suggesting different structure
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formation or incorrect matching. We do not attempt to correct these
matches, instead just excluding these subhaloes.

We also exclude Type 1 satellites where the host halo mass differs
enough to suggest that they are attached to different groups. This
choice of halo mass difference is somewhat subjective, but we have
determined that excluding cases where |log,,(M N6/ MPMO)| >
0.15 removes all clearly different hosts, while allowing for some
scatter between the simulations.

For TNGS50-1 this gives us a sample size of 6915 Type 1s, 781
Type 2s and 8237 central Type Os with stellar mass M, > 10" Mg,.
This rises in TNG100-1 to 24759 Type 0s, 16842 Type 1s and 2862
Type 2s with stellar mass M, > 103 M.

5.2 Model for Type 1s

We first consider the modelling of the Type 1 satellites, aiming to
quantify the expected difference in position between the subhaloes
in the TNG and TNG-Dark runs. We describe our model here, before
giving the parameters for it in Section 5.4.

While the differences in satellite positions between full-physics
and DMO runs may depend on any properties of the subhaloes or host
haloes, we find a simple model adequately describes the differences.
We first present this model, then explore the reasons why we are able
to exclude other dependencies.

Our model for the correction to Type 1 positions includes only
the comoving radial distance from the group centre. We model the
correction to the position as a power law,

log,(rmva/romo) = —(rpmo/a)’, (D

where rryg is the radial position in the full-physics run and rpyo is
the radial position in the DMO run.

To determine the parameter values in this model we first sort the
positions of the satellites in ascending order independently for the
TNG and TNG-Dark runs, then fit our model to the sorted positions.
This is done to produce an overall trend in the position difference.

In doing this, we are discarding the true associations between the
TNG and TNG-Dark runs, but without sorting the positions we would
potentially fit to spurious trends caused by orbital phases. Objects
close to the centre in either simulation will be near pericentre, and so
a small difference in orbital phase between simulations will result in
them being further from the centre in the other. Therefore, without
sorting the positions, we would conclude that objects near the centre
should always be moved outwards. Similarly, this effect matters when
considering possible dependencies on variables which may correlate
with radial position.

The position differences between TNG and TNG-Dark satellites,
with the results of applying this model in TNG50-1, are shown in
Fig. 5. Note that while we have split the sample into halo mass bins for
this figure, we perform the fitting on the whole data sample together
and the fit parameters used are the same in each panel. The grey points
show there is a large scatter between the raw positions in the TNG
and TNG-Dark runs, but the sorted positions in blue show a clear
trend for inwards displacement in the full-physics case. Our fitted
results are then shown in red, demonstrating a good match between
our model and the sorted data across the full range of halo masses.

5.3 Dependencies on masses

We now discuss why we are able to exclude other dependencies
from our model, despite it being anticipated that the differences
between TNG and TNG-Dark may depend both on the properties of
the subhalo and those of the host halo. First we note that the aim of
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our model is to explain the differences between the TNG and TNG-
Dark simulations, while also providing a method that can easily
be applied to models such as SAMs and HODs. For this reason,
we do not attempt to include all the possible dependencies in our
model (for example dependencies on the star formation rate, colours,
and gas fraction of galaxies may be challenging to incorporate in
SAMs). Additionally, the impact of feedback from active galactic
nuclei (AGNs) and supernovae on subhaloes may not be consistent
between different hydrodynamic simulations, so we do not want to
directly consider these effects.

One of the simplest dependencies we expect is with mass, and
halo mass, subhalo total mass, and subhalo baryonic mass may all
have an impact.

In Fig. 6 we show the relation between subhalo baryonic mass
and subhalo total mass in TNG50-1 and for matched TNG-Dark
subhaloes. The colour scaling represents the position difference and
shows a large scatter, and this spread increases at low total subhalo
masses. To account for this, in the lower panels we split the sample
into bins of subhalo mass and colour the bins by the average position
difference. On the left, using the TNG subhalo masses, there is a
trend for galaxies which have a high baryonic mass for a given
total subhalo mass to be closer to the group centre in TNG (having
a lower logo(rrnG/Tpmo), coloured purple in Fig. 6). However, this
trend is not present in the right-hand panels, using TNG-Dark subhalo
masses. This shows that while the baryonic fraction is related to the
reduced halocentric distances it is likely to be a secondary effect,
such that the closer proximity to the centre causes stripping of some
of the subhalo dark matter, so increasing the baryon fraction. The
secondary nature of this effect, and the lack of this effect in the TNG-
Dark panel, means this is not an effect which we need to include in
our model.

Fig. 5 has already demonstrated that our model works across
different halo masses, so we are able to exclude halo mass as an
explicit part of our model. However, there is a residual effect of halo
mass on the position differences. In the left-hand panel of Fig. 7 the
median difference between the sorted position in the TNG simulation
and our model is plotted. To smooth this we use overlapping mass
bins, and the errorbars are calculated using jackkknife. It is clear
that there is some halo mass-dependent residual. Comparing this to
fig. 4 of Weinberger et al. (2017) shows a very similar trend to that of
the difference in halo masses between TNG and TNG-Dark. In that
work, this is attributed to the effect of stellar and AGN feedback,
and so it is likely our residual is present for the same reasons.
In particular, the drop at M, ~ 102 h~! M, is likely due to the
onset of feedback from supermassive black holes at this mass scale
in TNG.

We also show the comparison here of the outcome of performing
our fitting procedure using normalized radial distance (r/Rxom),
rather than the comoving radial separation (r). For much of the mass
range the discrepancy associated with the two separation options
is comparable. However, using normalized distances a clear split
is seen, with overestimation in haloes of log;,(M,/h~' Mg) < 12,
and underestimation in more massive haloes. This gives a slight
advantage to using comoving separations in low-mass haloes,
with normalized distances only showing a clear advantage for
log,o(M,,/ h~' Mg) = 14. This motivates our usage of comoving
separations in our model.

One further dependence can be seen in the right-hand panel of
Fig. 7 where we show the residual as a function of the relative stellar
size of the central galaxy in the host halo, defined as the stellar
half-mass radius divided by the halo radius. While a similar fitting
discrepancy is seen using comoving and normalized radii it is likely
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the stellar size of the central galaxy, which is proportionally smaller
in lower mass haloes (see Pillepich et al. 2018b), is also part of
the explanation for the residual halo mass dependence seen in the
left-hand panel.

MNRAS 514, 4676-4695 (2022)

0.030
§ TNG50-1 _0.8
G005 § e
o B . —1.0
= 4 TNG100-2 5
r 0.020 ™G3001 | z
s 8 -1.2
= TNG300-2 | o —L
— (%)
$0.015 E
8 B-14 f
5 0.010 :
e 216
o
0.005
-1.8
10° 107 108 10° 107 108
Resolution Mpuolh 1Mo ] Resolution Mpuolh~*Mo]
0.54 TNG50-1 logioM.[Mo] =7 //
"7 | === TNG50-1 logioM.[Mo]=8 /
—— TNG50-1 logioM.[Mo] = 9 /
0.0 --- TNG100-1 logioM.[Mo] =8 /
—— TNG100-1 logioM.[Mo] = 9 S/
S TNG300-1 logioM.[Mo]=9  /
o 4
2 0.5
7
=
2 —1.01
§
S
o —1.51
o
—2.01
—2.51

2 1 0
log10(romolh ~*Mpc])

Figure 8. Fitting the radial position change of Type 1 satellites for different
resolutions at z = 0. Upper panels: Fitting parameters from equation (1) for
the Type 1s in different resolution TNG simulations, as a function of the dark
matter particle mass used in each TNG-Dark simulation. Galaxies with > 100
stellar particles are selected from each simulation. Lower panel: The radial
position of Type 1 satellites in the full-physics simulations as a function of
radial position in the DMO simulations for different resolutions and stellar
mass limits.

5.4 Model fitting at different resolutions

We then repeat the fitting procedure in different simulations to
investigate the effect of resolution. The upper panels of Fig. 8 show
the parameters as a function of the dark matter particle mass in the
TNG-Dark simulation Mpyo, when all resolved galaxies are used
in each case. The uncertainties shown are calculated by jackknife
between subcubes of each simulation.
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Figure 9. The fitting parameters from equation (1) for Type 1 satellites as a
function of redshift for the run with the best resolution of each box size.

Itis seen that the pivot radius, a, increases, while the power scaling,
b, decreases. A linear function of log;oMpwmo is a reasonable fit to
both of these parameters. Applying a linear fit we find

a = —0.039 + 0.0074 log,, Mpmo 2)
and
b =0.35—-0.221og,, Mpmo- 3)

The overall correction required is enhanced at worse resolution,
as seen in the lower panel of Fig. 8. It may be hypothesized that this
is due to including haloes and subhaloes of differing masses in each
simulation selection. However, the lower panel of Fig. 8 also shows
the fit does not shift substantially if the better resolution simulations
are restricted to only use the most massive galaxies, and therefore
this is a true effect of the resolution.

5.5 Redshift dependence

Finally, we examine whether our model depends on the redshift at
which it is applied. We repeat the fitting of equation (1) at a series
of snapshots in the run with the best resolution of each box size, and
we show the results of this fitting in Fig. 9.

In TNGS50-1 and TNG100-1 there is no systematic trend visible in
the parameters at different redshifts, with the parameters consistent
with the redshift zero result in most instances. In TNG300-1 there
is a trend for the pivot radius to increase and the power scaling to
decrease with redshift, which is largely attributable to the degeneracy
in the fitting of the two parameters. Overall, we therefore expect that
the fitting parameters we found at redshift zero will be sufficient for
any applications at higher redshifts.

5.6 Subhalo mass differences

Our result in Fig. 6 that the radius change is related to the subhalo
mass from the full-physics simulation but not in DMO suggests a sys-
tematic difference in the masses as well as the positions of satellites,
as previously found by comparisons of full-physics and DMO sim-
ulations by Sawala et al. (2013). Following on from this, we briefly
consider here what correction would be required for the masses.
We see in the left-hand panel of Fig. 10 that in TNGS50 the total
mass identified by Subfind (Springel et al. 2001) as belonging to the
subhalo is reduced. We speculate that this mass difference may be
partly a physical effect due to ram-pressure stripping (e.g. Ayromlou
et al. 2019, 2021), but also a numerical effect due to the ability of
Subfind to distinguish the structures (e.g. Onions et al. 2012).
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Figure 10. Fitting the mass change of Type 1 satellites between the TNG
and TNG-Dark runs at z = 0. Left-hand panel: The difference in mass of
satellites of mass M, > 10’ Mg in TNG50-1 and TNG50-1-Dark. The grey
background points show the scatter between exactly matched satellites, blue
points show the result of sorting the masses, and the red line the fit. Right-
hand panels: The dependence of the mass fitting parameters on simulation
resolution, each simulation using galaxies with = 100 stellar particles.

We apply a similar fitting for mass change to that which we used
for radial position change,

logjg (MIN/MENO) = — (MEY© /an)"™ @

and follows a power law about a pivot mass a,,. The red line in the
left-hand panel of Fig. 10 shows the outcome of fitting this function,
successfully reproducing the typical mass difference.

Similarly to the radius change, the mass change could depend on
a number of the properties of the subhalo and host halo, as well as
simulation resolution. Additionally, we expect a covariance between
the mass and radius change. However, to be consistent with the
corrections we provide for radius change we again apply only a
1D fitting. This gives us ay, = 2.2 x 10842~ Mg, by, = —0.55 for
TNG50-1, and @, = 1.2 x 10° i~ Mg, by, = —0.98 for TNG100-1.

The resolution dependence is somewhat more complicated than
it was for radii. The right-hand panels of Fig. 10 show the fitting
parameters in different runs. In the runs at the lower end of the Mpyo
range, a trend is seen for pivot mass ay, to increase and power by,
to decrease as Mpyo increases. However, in the runs with worse
resolution (higher Mpmp) the pivot mass and minimum resolved
satellite mass converge, and the fitting method breaks down. For
this reason, our results from TNG100-2 and TNG300-1 are not in
agreement, and we are unable to fit to TNG300-2.

Consequently, while we note that satellite masses are reduced in
the TNG simulation relative to TNG-Dark, and that this change can
be approximated by equation (4), we do not provide fits for simulation
resolution.

6 FITTING THE LOCATIONS OF UNMATCHED
SATELLITES

For the unmatched Type 2 satellites, we want to know their radial
locations after they are no longer found in the DMO simulation.
Our sample here consists of the residual satellites from the cases
where multiple TNG galaxies match to one TNG-Dark subhalo. Note
that in our fiducial matching algorithm all TNG galaxies map to a
TNG-Dark subhalo, so if the corresponding subhalo in TNG-Dark
has already merged into a central, then the mapping will be to that
central. As aresult, all TNG satellites are included in either the Type
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1 or Type 2 sample, except for the small number rejected earlier due
to differences in the host halo of the matched subhaloes.

We take two approaches to explore their radial distribution. First,
we consider the radial profile of the Type 2s at a single snapshot.
Secondly, we look at the radial motion between snapshots.

6.1 Radial profiles of unmatched satellites

Positions of Type 2 satellites at a single snapshot can be selected by
using fits to their radial distribution. As shown in Fig. 3, the Type 2s
are generally distributed much closer to the central galaxy than the
Type 1s, and this gives a different profile shape.

Rather than fitting to these profiles directly, we fit the cumulative
distribution of the number of satellites as a function of distance from
the centre. This directly provides a distribution from which satellite
positions can be drawn. We examine distances and profiles in three
dimensions as we are only considering simulated galaxies.

Desiring a profile from which we can readily draw samples, we
find that the cumulative distribution is well fit by assuming the galaxy
number counts of Type 2s follow a lognormal distribution

N(r/Ra0m)
- — 2
= NoaseXp ( (log'o(r/RZOO'")ZUZIOglo(rs/Rzoom)) > 6

This implies the number density profile of Type 2s can be determined
from this using

N(r/R200m)
V27346 (r / Ragom)? In(10)”

where Ny 1s the total number of satellite galaxies, r is the radial
position of the satellite, ry is a scale radius, and o is the distribution
width. We note that an Einasto profile (Einasto 1965) is also able
to fit the data, but that we select the lognormal approach due to the
comparative ease of drawing random samples from it.

Applying this fit we find the average parameters for the three
simulations are r;/Rypom = 0.18 and o = 0.43. We note that due to
fitting in terms of r /Ry this depends on the halo mass estimate
used. If, instead of using an overdensity of 200 times the mean
density, we use 200 times the critical density then r, / Ry increases
to 0.30 but o does not change.

InFig. 11 we show the outcome of this model fit. In the upper panel
we show the cumulative number of satellite galaxies in TNG50-1,
TNG100-1 and TNG300-1, and in the lower panel we show the
number density profile. We have not set matching mass limits in this
case, instead selecting all Type 2s above the stellar mass limit for
each simulation and then normalizing by the total number and the
halo Rypom. It is immediately apparent that there is a very similar
distribution of Type 2 satellites in the different resolution runs, and
these agree well with fits given by equation (6). Slight discrepancies
in the fits are visible on the smallest and largest scales, particularly in
TNG300-1 where the tails are underestimated due to the profile shape
differing slightly from that of TNG50-1 and TNG100-1. However,
in the range 0.02 < r/Rypom < 1 our fitting is seen to work well for
all the simulations.

In Fig. 12 we then examine whether the fits depend on halo or
stellar mass. We select Type 2 satellites in evenly spaced bins of
halo and stellar mass and recalculate the profile fits in each bin.
The changes in the parameters are all relatively small, with a slight
reduction in r;/ Rypom in low mass haloes, and for the highest mass
galaxies. This consistency is expected from our earlier conclusions
that the overall normalized profiles do not depend on halo mass. We
do not consider the dependence on subhalo total mass, as this would

n(r/Rapom) = (6)
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Figure 11. Fitting to the distribution of Type 2 satellite galaxies in TNG, as
a function of distance normalized by halo radius at z = 0. The upper panel
shows the cumulative distribution and the lower panel the number density
profile. The solid lines show the Type 2 satellites of TNG, and dashed lines
show the fits using equation (6), which assumes the number counts follow a
lognormal distribution.
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Figure 12. The dependence of the parameters of the Type 2 number density
profile fits on halo mass, stellar mass, and redshift. The ry/Raoom (upper
panels) and o (lower panels) parameters of equation (6) are shown in bins
of stellar mass (left-hand panels), halo mass (centre panels), and redshift
(right-hand panels) for TNG50-1, TNG100-1, and TNG300-1. The dashed
lines show the respective overall fits, as plotted in Fig. 11. For clarity we only
show bins containing satellites of at least 10 groups.
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Figure 13. The number counts of Type 2 satellites in the TNG simulations at
z = 0. Left-hand panels show the parameters of equation (7) as a function of
the stellar mass limit used, fit with the black dashed lines, which are given by
equation (8). The right-hand panel then shows the number counts in the TNG
simulations as solid lines, and the model results as dashed lines. Different
mass limits are used for each resolution, giving different numbers of Type
2s: TNGS0-1 is shown for log;o(M./Mg) = 7, TNG100-1 is shown for
logy(M./Mg) = 8 and TNG300-1 is shown for log;y(M./Mg) > 9.

have no equivalent in the case of SAMs, where these satellites are not
contained in subhaloes. Additionally, we show the redshift depen-
dence to this fitting, which leads to a slight reduction of o at higher z.

In SAMs, the number of Type 2 satellites is known. However,
in some simpler empirical models the number of Type 2 satellites
would need to be input in order to apply these profiles to DMO
simulations. Despite the oversimplifications of halo occupation
distribution models (HODs; see e.g. Hadzhiyska et al. 2020), we fit
the number of Type 2s per group, %, with a simple three parameter

model,
Nro (Mh/h_lMQ—Mo>a @
Ngrp M, '

This model is illustrated in Fig. 13. The left-hand panels show the
three parameters of equation (7) as a function of the stellar mass cut
applied to the galaxy sample, M, nin, for TNG50-1, TNG100-1, and
TNG300-1. It can be seen that the fits are relatively insensitive to
the simulation choice, but there is a dependence on the stellar mass
of selected galaxies, which we have fit with the black-dashed lines,
given by

My = 10 (M, min/Me)" ",
M = 10(M, pin/Mg)*4*,
o =1.11. (8)

This stellar mass dependence is a result of an increased number
of satellites per group and the inclusion of satellites in lower mass
groups, both resulting from a lower minimum mass threshold.
However, the lack of dependence on the simulation resolution is
more surprising, as it means that even with improved resolution we
are still finding some massive galaxies lose their subhalo to become
‘orphaned’.

The right-hand panel of Fig. 13 then shows the number of Type 2
satellites per group, and the fits resulting from equations (7) and (8).
While the number of satellites is reproduced for intermediate halo
masses M, &~ 10'2° h=! Mg, the fitting is less accurate at either
end of the mass scale, particularly the most massive haloes have
the number of Type 2s overestimated. As we are only interested in
knowing the approximate number of Type 2s, we do not attempt to
correct this further.

Satellite radial distributions 4687

6.2 Modelling Type 2 radial motion

The second approach we consider for determining the location of
Type 2 satellites is to trace and model their radial motion. To do this
we take all the galaxies we have assigned as Type 2s at redshift zero,
and find the difference in position from earlier snapshots. We restrict
ourselves to galaxies that remain satellites at earlier snapshots, and
which reside in haloes which differ in mass by less than 0.15 dex
between snapshots.

Fitting a relationship between successive snapshots and propa-
gating this over time invites an increasingly large error on each
iteration. Instead, we look at the change in radial separation of Type
2s from their host across a range of time-steps. Given an initial radial
distance at an earlier time, this can then be applied to generate radial
distances at later times. By implication, the application of this means
the positions of satellites at successive snapshots are not directly
related, but instead they are both related to the radial separation at
the starting time.

Strictly, we are then concerned only with the radial change since
a certain starting time, that at which the satellite was last identified
as a Type 1. However, this is very restrictive on the number of
satellites available at each snapshot, and has a strong dependence
on the criteria used to identify the galaxy type. Instead, we consider
the radial change from all snapshots at which the galaxy remains a
satellite (Type 1 or Type 2). Regarding the number which remain
Type 2s on tracing back from redshift zero, about 90 per cent of
the Type 2s are still Type 2s after a single time-step, dropping to
50 per cent after slightly over 2 Gyr (15 snapshots), and decreasing
slowly for greater times.

Having found the historical locations of the satellites, we can then
consider statistically the distribution of possible radial movements
of a galaxy at a given initial position. This allows us to estimate
the positions of Type 2s over time by drawing randomly from this
distribution.

To find this distribution, we first calculate for each galaxy the
probability, A, that a galaxy at the same initial radial distance has
experienced more radial motion towards the centre of the group.
We calculate this by examining all galaxies starting in a bin of log
radial location centred on the selected galaxy with width 0.1 dex, and
determining the fraction that move inwards by the same or a greater
proportion (equal or lower value of 10g;o(7ena/7start)), giving a A value
in the range 0 < A < 1.

Due to the small number of Type 2 satellites in TNG50-1, we
instead focus on TNG100-1 when developing our model. In Fig. 14
we show the radial movement of Type 2 satellites in TNG100-
1 between z = 0.01 and z = 0. We colour the points by their
A value, and highlight in red the ones with A > 0.95 which we
use to fit the upper power law described below. We also show
the prediction of the model given below for A = 0.5, showing the
satellites tend to move slightly inwards on average between these
times.

Typically we see that Type 2 satellites gradually move towards the
halo centre over time, but that there is a chance that they move away
from the centre. In particular, those which begun close to the centre
(and so close to the pericentre of their orbit) are more likely to move
outwards.

We model this distribution as a sum of power laws. This provides
a relatively simple model which approximately visually matches the
shape of the contours of equal X, and allows for the possibilities
that satellites move outwards or inwards. Alternative models can be
proposed (and this could perhaps be done using the machine learning
methods of Krone-Martins, Ishida & de Souza 2014), but fitting in
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Figure 14. Movement of Type 2s between the final two snapshots of the
TNG100-1 simulation, z = 0.01 and z = 0, plotted against their starting
location at z = 0.01. Galaxies are shown for masses M, > 108 Mg and
colour-coded by the probability of a galaxy at a similar starting location
moving further inwards. We highlight in red the ones which move furthest
outwards. The black dashed line then shows the prediction of the model given
in Table 3 for A = 0.5.

bins of radius would require more parameters, and fitting an overall
trend would ignore the spread of satellite orbits followed.

Our power law sum consists of two terms: an upper power law
which describes the maximum outwards movement possible, and a
lower power law describing the inwards motion. We express this in
the form

logIO(rend/rstarl) = u(t)rslgtr)l - C()M t)rs?;é.t)7 (9)

where .y 1 the initial radial location, r.pq is the final radial location,
and 7 is the time between the snapshots. The first term in this
equation is our upper power law, and the second term the lower
power law.

Our procedure for fitting this is as follows. We fit the galaxies
with A > 0.95 with a single power law ur’. Then we fit the lower
power law Cr” as a function of A in bins of width 0.05. For both of
these fittings we use only galaxies at rq, > 0.01 2~! Mpc, to avoid
biasing the fit with the very few on the smallest scales which may be
affected by the spatial resolution of the simulation.

In the left-hand panels of Fig. 15 we show the dependence of
the lower power-law parameters C(A) and D()) on the distribution
percentile (1) across different time periods. The two components of
the lower power law can be fit as C(X, 1) = c(£)(— 10glok)ﬂ’) and D(A,
0 = d(t) + g(0)h.

Finally, we fit this as a function of the time between snapshots,
for 0.136 < #/Gyr < 10. The right-hand 6 panels of Fig. 15 show
the dependencies of the parameters on time between snapshots.
In considering the time dependence, our primary requirement is
that parameters u and ¢ tend towards zero at small times, to
give no instantaneous satellite movement (although for times 7 <
0.136 Gyr, shorter than the minimum this model is fit for, it would
be more appropriate to just set zero movement). We include the
time dependence of the parameters with a summary of the model in
Table 3.
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6.3 Interpreting the fitting

Our model has been designed to match the statistical distribution of
satellite radial positions. This means that for any individual satellite
we are treating the orbital phase as a random variable, and so the
motion will not be accurately predicted from the initial location of the
satellite, but for the whole population the distribution should be repro-
duced. It also means that our model parameters have no direct phys-
ical meanings, but we can still infer some information from them.

First, considering the parameters at small time-steps, the shape
of C(X, 1), which has sharp upturn at lower end of the A range,
demonstrates that most satellites do not move far, but that the
distribution has a large tail of satellites with substantially greater
radial movement, perhaps those on first infall with radial orbits.

Looking at the time dependence, the strengths of the power laws,
given by u(?) and c(7), inform us of the relative probabilities of a
satellite moving towards or away from the group centre. Across
a few snapshots, both u(#) and c(f) increase rapidly, showing the
satellites can have large radial movements on their orbits, but the
overall population does not have a significant inwards or outwards
movement. At greater time-steps, u(f) and c(f) both become smoother,
with a gradual decrease in u(f) and an increase in ¢(¢). This shows
a transition from the scatter associated with the orbital motion to an
average inwards motion for the satellite population.

This switch to an overall infall is also visible in d(¢), which
tends towards zero at large times, showing that some of the radial
dependence is washed out by the overall infall. However, there is
still some radial dependence, with g(7) changing sign at large times.
This sign change, and the growth of v(?), is indicative of a continued
tendency for those satellites which began close to the central to move
outwards on average. This is to be expected, as any satellites which
began close to the central and moved inwards will have merged into
the central, and so not be included in our analysis.

These interpretations show that our model has encapsulated much
of the expected satellite motion, and should provide a practical
method to predict the overall movement of satellite populations.

7 DISCUSSION AND CAVEATS

We further explore our results and models here, first via some
tests of the application of our models and then by discussing the
interpretation and caveats of this work.

7.1 Testing the Type 2 model for TNG subhaloes

The primary test of the model from Section 6.2 is the application
of it to the traced locations of the satellites over time. We show
in Fig. 16 the profiles of satellites at redshift zero in TNG50-1,
TNG100-1, and TNG300-1 as solid lines in each panel, selected with
log,,(M,/Mg) > 7 (TNG50-1), 8 (TNG100-1), or 9 (TNG300-1).
The dotted lines then show the radial distribution of these same
satellites traced back to the redshift of the column. If successful, our
model should take the radial positions shown by the dotted line in
each panel, and reproduce the solid lines.

The blue shaded region in each panel shows the result of the
application of our model specified in Table 3. The model was applied
1000 times, with a different set of random A values each time, and
the shaded regions show the 95 per cent region of the spread of these
results. In most cases, it can be seen that our model is successfully
generating the distribution of satellites at redshift zero. Discrepancies
in our model are most apparent on small scales when it is applied
to TNG300-1, likely due to the different halo masses sampled by it.
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Figure 15. Parameters of the model given in Table 3 used to fit the movement of z = 0 Type 2 satellites between snapshots in TNG100-1. The left-hand panels
show the lower power-law parameters as a function of the distribution location A, with different colours showing different starting redshifts and dashed lines
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showing fittings from Table 3. The other panels show the parameters as a function of time between snapshots, with the fittings overplotted as dashed lines.

Table 3. Details of the parameters of the model given in equation (9), used to fit the movement of Type 2 satellites
between snapshots in TNG100-1 with time-steps 0.136 < #/Gyr < 10. The top half of the table gives the time dependence
of the upper power law, and the lower half of the table gives the dependence on time and distribution position A of the

lower power law.

Section Model Parameters

Upper power law u(t)r'®
u(r) = m uy =27 uy=1.1 u3=2.3

v(t) = (v + var)(L +1%3) vi=—0.10 vo= —0.053 v3=—0.78

Lower power law C(n, yrP-0

COx, 1) = c(t)(— log 1Y c(t) = W c1=0.66 cr=0.91 e3=0.90
) =fi + fot fi=0.66 o= —0.029

D(, 1) = d(1) + g(n)r d(t) = (dy + dat)(1 + 1) dy= —0.094 dr=0.015 d3=—0.67
g =g1 + gt g1=—0.27 g2=0.074

More generally, there is a small tendency to move satellites too close
to the centre when starting at higher redshifts.

Fitting our model on Type 2 satellites in TNG50-1, TNG100-1, and
TNG300-1 leads to slightly different parametrizations, although the
overall trends are similar between them. These different fits are shown
in Appendix D. We show using the purple and orange shaded regions
the results of alternatively applying the model as fit on TNG50-1 or
TNG300-1, demonstrating the comparable results of each.

We may anticipate some halo or stellar mass dependence to these
fits, as dynamical friction is a function of both of these (e.g. Binney
& Tremaine 1987). We show in Fig. 17 the radial profile in four
halo mass bins, starting at three different redshifts. It is apparent that
our model achieves reasonable success in every case, although there
are some minor discrepancies. In particular, the model performs less
well for halo masses below 10'2 h~! M, which is unsurprising given
we have fewer Type 2s to fit in those haloes.

Some of the differences are attributable to variation in the distri-
bution locations as a function of halo mass. We find that Type 2s in
lower mass haloes are assigned A values which are on average less
than 0.5, while the opposite applies to high mass haloes.

A similar picture emerges for stellar mass, with our model working
well for the lower mass satellites which are the most frequent, and
slightly less well for higher masses. Therefore we conclude that,
while there are mass dependencies, these are small and so our model
is able to perform adequately without these extra dependencies.

7.2 Testing the full model on TNG300-Dark

The accuracy of the power-law model for the inwards displacement
of Type 1s given in Section 5.2 plus the distributions of Type 2
satellites given in Section 6.1 can be tested simply by application
to the positions of TNG300-1-Dark subhaloes we selected in Sec-
tion 4.2. To do this we move the Type 1s radially inwards along the
vector separating them from the central, and add Type 2s randomly
distributed in a sphere around the central with the lognormal radial
distribution given in Section 6.1.

In Fig. 18, we show the outcome of this test compared to the TNG
and TNG-Dark profiles of Section 4.2. On scales r;, > 0.02 h! Mpc
our model accurately modifies the TNG-Dark simulation to give it
the same profile as TNG. On the smallest scales we see a slight
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Figure 16. Radial distributions of Type 2 satellites in the TNG simulations, before and after applying our model for their radial movement given in Table 3. The
top two rows show TNG50-1 profiles, middle two rows TNG100-1 profiles, and lower two rows TNG300-1 profiles. From left to right the panels show satellites
tracked to higher redshifts. The larger panels show the radial profiles, while the smaller panels show the ratio of the predicted profiles to the true profile. We
include resolved galaxies in all groups, but show comoving distances as those are the input to our model. In each of the larger panels, the dotted line shows the
distribution of satellites at the redshift of the column and the solid line shows the distribution of the satellites at redshift zero. The shaded bands in all panels
show the 95 per cent region for 1000 applications of the model predictions at redshift zero. The model predictions are calculated for the satellite locations shown
in the dotted lines, with random values of A, and the different colours show the prediction of the model when fit to the different simulations.

underestimation of the number of satellites, which is related to
the slightly different small-scale profiles seen amongst the TNG
simulations in Fig. 11. While we underestimate the profile for
TNG300-1 on small scales in both Figs 11 and 18, we expect the
simulations with better resolution to be more accurate on small scales
— and these were well reproduced in Fig. 11 — so we do not try and
correct the discrepancy remaining here any further.

Overall the Type 1 model and the model for the Type 2 profiles
is seen to accurately reproduce the profile from the full-physics
simulation. In future work, we will test these further, and also evaluate
our model for Type 2 radial motion (Section 6.2), based on tracing
subhaloes across snapshots, by application directly to a semi-analytic
model for galaxy formation.
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7.3 Physical interpretations

By comparing the TNG and TNG-Dark simulations, we showed that
there are two primary effects of baryons on the radial distribution of
satellites (and subhaloes) in groups.

First, the comparison between satellites and their matched sub-
haloes in the DMO runs shows that satellites in the full-physics
simulations are located at smaller halocentric distances at the time
of inspection than their surviving analogue subhaloes in the DMO
simulations. Secondly, the existence of a population of satellites with
no DMO matches suggests an increased survival time of satellites
in full-physics simulations. These effects are connected, as satellites
that spent more time in their current hosts are typically found closer
to their host centres (Rhee et al. 2017).
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Figure 17. The Type 2 profile fits in different group mass bins for TNG100-
1. The rows each show a different group mass selection, while the columns
show satellites traced back to different redshifts. The solid lines show the
redshift zero positions of satellites starting at the specified redshift, and the
shaded regions show the 95 per cent spread of the positions predicted by our
model over 1000 applications.

The greater survival time of satellites in TNG can be explained
by the inclusion of a baryonic core to the satellites. Many studies
(e.g. Smith et al. 2016; Joshi et al. 2019; Lokas 2020; Engler et al.
2021) show that tidal stripping acts primarily on the dark matter
component of subhaloes, and that the baryonic component is not
extensively stripped. This central component can thus be postulated
to keep the satellite bound beyond the point it is disrupted in a DMO
simulation, in agreement with Nagai & Kravtsov (2005).

This would seemingly be in contrast to the Chua et al. (2017) result
that the addition of baryons reduces the survival time, or the conclu-
sion of Bahé et al. (2019) that baryons make little difference to sur-
vival times. However, our findings are not necessarily in tension with
such results. Importantly, throughout this work we have focused on
satellite galaxies above a certain minimum stellar mass and on their
analogues in the DMO simulations, whereas Chua et al. (2017), for
example, analyse the entire population of subhaloes, whether lumi-
nous or not, and also include lower mass ones. Secondly, our orphan
population, i.e. the satellites with no surviving DMO counterparts, is
only a small proportion of the total group—galaxy population and is
biased towards the centre. Instead, our results therefore seem to sug-
gest that there is a strong radial dependence to the effect of baryons
on the survival of satellites. We cannot exclude, but do not think it
the case, that some differences across works may be due to different
simulations using different astrophysical feedback mechanisms.

Different survival times between works could also be related
to the opposite effect to that considered in this work: disruption
caused by baryons. A suppression in the number of substructures
is known to occur due to the destruction of satellites by baryonic
discs (e.g. Garrison-Kimmel et al. 2017; Kelley et al. 2019). Our
choice to select only galaxies from the full-physics simulation and
then determine their DMO analogues means we do not account for
this, but it will affect the relative survival times of full-physics and
DMO substructures.

Satellite radial distributions 4691

An alternative explanation for the greater survival time we see
is provided by Haggar et al. (2021), who argue that the baryonic
material in the centre of the subhaloes causes a contraction of the
surrounding dark matter distribution, as seen in other works (e.g.
Dolag et al. 2009; Adhikari et al. 2021). This leads to a more
pronounced density contrast between the subhalo and the host halo,
making it easier for the halo finder to detect the subhalo. If the
differences are indeed due to the subhalo detection and tracking,
then this might in future be resolved by more advanced structure
finders such as those of Elahi et al. (2019) and Springel et al. (2021),
and alternative methods such as the merger graphs of Roper, Thomas
& Srisawat (2020).

A similar contraction argument can be used to explain the inwards
displacement of full-physics satellites. Baryons change both the
concentration (e.g. Bryan et al. 2013; Lovell et al. 2018; Chua
et al. 2019) and shape (e.g. Rasia, Tormen & Moscardini 2004;
Lin et al. 2006) of haloes, which can change the location of the
satellite galaxies in the potential of the host. Contraction of the halo
can then be suggested to lead to the satellite being further out in the
potential, and then falling inwards towards the halo centre to balance
this. Alternatively, it is possible that the baryons are increasing the
drag force experienced by the satellites, causing the orbits to reduce
in size (e.g. Gu et al. 2016).

These explanations do not account for the resolution dependence
to the position differences. Instead, the resolution dependence of the
DMO results implies that the inwards displacement is at least partly
a numerical effect of the simulations, perhaps due to gravitational
changes associated with the reduced sampling of the distribution of
mass in the halo by the particles at poorer resolution.

Such degeneracies in the explanations should be remembered
throughout. Overall, when thinking about physical interpretations,
we cannot definitively distinguish the physical effects of adding
baryons from numerical effects. While we have provided some
speculation for the reasons behind differences between full-physics
and DMO results, detailed explanations of the causes are beyond the
scope of this work and do not affect the empirical correction models
we have presented.

7.4 Caveats

There are a number of assumptions and resulting caveats in the results
and models we have presented in this work. We discuss a few of the
more important ones here.

7.4.1 Matching scheme

One of the primary sources of potential uncertainty in our work
lies in the matching between TNG and TNG-Dark satellites, and
the distinction between Type 1 and Type 2 satellites. Due to the
differences in structure formation between the full-physics and DMO
cases, it is not necessarily clear that matched satellites represent the
same structures.

One way of exploring this is by using an alternative matching
scheme, and one exists using the LHaloTree method of Nelson
et al. (2015). The matches given by this method are bijective, only
matching objects where the object with the most matching particles
is the same for the TNG-Dark to TNG direction as for the TNG to
TNG-Dark direction. This provides a stricter criteria for the matching
and leads to a reduced number of matched satellites (Type Is),
particularly near the centre of haloes. This eliminates the need to
apply a correction to the locations of Type 1 satellites, but enhances
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Figure 18. The outcome of the application of our model for Type 1 satellites on the TNG300-1-Dark profile at z = 0.2, with the addition of the profile for Type
2 satellites, shown as green dot dash lines, compared to the TNG300-1 profile (blue solid lines) and the original TNG300-1-Dark profile (orange dashed lines)

from Fig. 3.

the need for Type 2s. This, together with the abundance matching
method we explored earlier, shows that the balance between satellite
types can be adjusted, but the differences between the TNG and
TNG-Dark profiles remain. For our purposes, as we are interested
in the expected positions of satellites placed in DMO subhaloes by
a SAM, which is a one-way matching, it is most appropriate for us
to use the one-way SubLink matches we have used throughout to
select the types. In future, the effect of the matching scheme could
be further explored by also comparing to results from the Lagrangian
matching scheme of Lovell et al. (2018).

One further comment on the matching is that we found earlier that
up to around 6 per cent of galaxies in each simulation are identified
as a satellite in TNG or TNG-Dark but as a central in the other.
Rather than attempt to correct for this, we have simply excluded
these galaxies. We have not, however, removed any other satellites
which may be in these groups. Most of these were at large distances
from the centre when a satellite, and our analysis is not affected by
these objects. This does, however, suggest some differences in either
the structure formation or the numerical methods used, particularly
the matching scheme and group finder.

7.4.2 Other physical effects

While we have attempted to account for the most relevant physical
dependencies and processes in our analysis, there are others which
we have not included.

For example, while we have considered dependencies on the
masses of the hosts and satellites, we have not included additional
parameters such as those known to be secondary parameters in
assembly bias (e.g. Sheth & Tormen 2004; Xu, Zehavi & Contreras
2021). These may include local environment, halo shape, and halo
maximum circular velocity. Any of these may impact the motion of
satellites, but, aiming for simplicity in our models, we choose not to
pursue these secondary effects.

Finally, we note that throughout this work we have assumed that
all the satellites are directly associated with the central, and that
they do not interact with other satellites. This simplification ignores
effects known to exist in simulations, including mergers between
satellites (Shi et al. 2020), the accretion of groups on to clusters
(Haggar et al. 2021), and more generally the pre-processing of
satellites in other environments (Donnari et al. 2021). We also note
that we have not included any exclusion principle for the satellites,
and satellites could therefore lie arbitrarily close to each other when
implementing our models.
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8 CONCLUSIONS

In this work, we have explored the radial distributions of satellite
galaxies in groups in the GAMA survey and in the IllustrisTNG
simulations. We have then compared the distributions of satellites
between full-physics and dark matter-only (DMO) simulations, and
developed models to characterize the differences.

For the GAMA survey, we showed the number density profile of
all visible satellites in groups of mass 12.0 < log,,(M;/h~' My) <
14.8 at z < 0.267. We saw that an increasing group mass leads to a
greater number of satellites and more extended radial distributions.
However, normalizing by the number of satellites and the group
radius showed that there is no mass dependence to the shape of
the satellite radial profiles. By comparison to mock catalogues
constructed from DMO simulations, we identified that GAMA group
profiles are expected to be accurate for small scales, but that satellites
on the edges of the groups (r; = 1h~! Mpc), are missed by the group
finding algorithm and so the profiles are underestimated.

We selected galaxies and groups from the TNG300-1 simulation
to replicate the GAMA sample and showed that the profiles derived
from these agree well with GAMA. This agreement demonstrates
the accuracy of the satellite population in TNG, and so we can be
confident that our subsequent modelling is performed on a realistic
sample.

Comparing the full sample of group satellites above fixed stellar
mass limits from the TNG simulations to matched subhaloes from
the equivalent TNG-Dark runs showed that the satellite profiles are
much flatter in the DMO case. We attribute this to two connected
effects; an inwards displacement and a longer survival time of the
satellites in the full-physics case.

Following this, we developed empirical models to account for
these effects. We showed that the reduced halocentric distances of
matched satellites can be accounted for with a simple power-law
model, and that a similar model can also reproduce the mass-loss of
these satellites. We fit the unmatched satellites which have endured
longer in the full-physics run via two methods. First, we considered
the shape of the radial profile, finding it can be fit by a model of
lognormal number counts. Secondly, we considered the radial motion
of unmatched satellites over time.

In future work, we intend to apply our models to semi-analytic
galaxy formation models, with the aim of improving their predictions
of galaxy clustering. From a simulation perspective, an expansion to
this work would be to apply the same methods to other simulations,
such as EAGLE (Crain et al. 2015; Schaye et al. 2015), and the
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use of alternative methods to find, track and match subhaloes.
Observationally, more reliable profiles of galaxy groups will be
produced in future from the Wide Area VISTA Extragalactic Survey
(Driver et al. 2019). The use of different group finding algorithms
in observational data will also provide improvements, particularly
around the edges of groups.
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APPENDIX A: GROUP MASS FUNCTION

We show in Fig. Al the mass distribution of selected groups from
GAMA, the mocks, and TNG300-1. Groups in TNG300-1 are
selected with the method given in Section 3.1.
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Figure A1. Mass distribution of selected groups in GAMA and the mock cat-
alogues, together with a sample from TNG300-1 designed to approximately
match the GAMA selection criteria. The vertical lines show the mass bins we
use.
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The primary effect of this selection method is to reduce the number
of low-mass groups, and so the comparable shapes of the mass
distributions of GAMA and TNG300-1 demonstrates the success of
our selection method for TNG300-1 groups. Differences in the mass
distribution are visible between GAMA and TNG300-1, but these
are mostly at masses above the peak, where the selection function
has less impact, and so this is more likely related to differences in
the underlying group and galaxy populations (see e.g. Vazquez-Mata
et al. 2020). Additionally, our earlier result that the halo mass does
not affect the profile shape suggests that the differences seen here
are unimportant.

APPENDIX B: RESOLUTION DEPENDENCE OF
TNG AND TNG-DARK DISTRIBUTIONS

We show here that the results of Section 4.3 still apply if we
instead consider different resolutions with the same box size. This
minimizes the impact of different environments on our results,
demonstrating the outcomes are not simply an effect of cosmic
variance.

In Fig. B1, we show normalized profiles of satellites with
M, > 10° Mg for TNG100-1, TNG100-2, and TNG100-3, each
compared against subhaloes from the equivalent TNG-Dark run,
matched using SubLink. We see the same results as in Sec-
tion 4.3, i.e. that resolution does not affect the distribution of
full-physics satellites, but improved resolution changes the dis-
tribution of the matched TNG-Dark satellites. While the results
from the worse resolution TNG-Dark runs are noisy, they flat-
ten at larger radii than TNG100-1-Dark, and cut-off at larger
scales.
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Figure B1. Normalized satellite profile of groups of mass 11 < log;y M, <
15 and galaxies with M, > 10° Mg at z = 0in TNG100-1, TNG100-2, and
TNG100-3.
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Figure C1. Normalized satellite profile of groups of mass 11 < log;, M, <
15 at z = 0 in TNG50-1, TNG100-1, and TNG300-1, with different stellar
mass cuts on the galaxies included.

APPENDIX C: STELLAR MASS DEPENDENCE
OF TNG RADIAL DISTRIBUTION

In Fig. C1, we show that the normalized satellite profiles in TNG
do not depend on the simulation resolution or the stellar mass limit
applied. We include TNG50-1, TNG100-1, and TNG300-1, each
with a series of increasing minimum satellite masses. No change is
seen in the shape of these normalized profiles when these different
cuts are applied.

This shows that while the inclusion of lower mass satellites
increases the number of satellites, and so the amplitude of the average
group profile, these additional satellites are distributed in the same
way as the most massive satellites.
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Figure D1. Parameters of the Type 2 model as a function of time, for TNG50-
1 (purple), TNG100-1 (blue), and TNG300-1 (orange). The solid lines with
error bands show the fits for each snapshot, and the dashed lines the fits as a
function of time. We do not show the individual snapshot fits for TNG50-1
for clarity, as they have large scatter and uncertainty.

APPENDIX D: TYPE 2 MODEL FITTING AT
DIFFERENT RESOLUTIONS

Here we show the parametrizations of the Type 2 model given in
Section 6.2 for TNG50-1, TNG100-1, and TNG300-1. For TNG100-
1 and TNG300-1 we show in Fig. D1 the fits at each snapshot as solid
lines with errorbars, and the overall relation with a dashed line of
the same colour. With TNG50-1 we only show the overall relation,
as the scatter and uncertainties across individual snapshots are
large.

It can be seen that the overall trends in the parameters as a
function of time are the same for each resolution. However, the exact
values vary, particularly at larger time-steps for v(7) and c(¢). This
is likely to show the covariances between our parameters, and also
perhaps an effect of different halo and stellar mass selections in the
simulations.

This paper has been typeset from a TEX/I&TEX file prepared by the author.
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