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ABSTRACT
We study the abundance of satellite galaxies around 198 Milky Way- (MW) and M31-like
hosts in TNG50, the final instalment in the IllustrisTNG suite of cosmological magnetohy-
drodynamical simulations. MW/M31-like analogues are defined as disky galaxies with stellar
masses of 𝑀∗ = 1010.5−11.2 M� in relative isolation at 𝑧 = 0. By defining satellites as galaxies
with𝑀∗ ≥ 5×106M� within 300 kpc (3D) of their host, we find a remarkable level of diversity
and host-to-host scatter across individual host galaxies. The median TNG50 MW/M31-like
galaxy hosts a total of 5+6−3 satellites with 𝑀∗ ≥ 8× 106 M�, reaching up to 𝑀∗ ∼ 108.5

+0.9
−1.1 M�.

Even at a fixed host halo mass of 1012M�, the total number of satellites ranges between 0−11.
The abundance of subhaloes with𝑀dyn ≥ 5×107M� is larger by a factor of more than 10. The
number of all satellites (subhaloes) ever accreted is larger by a factor of 4−5 (3−5) than those
surviving to 𝑧 = 0. Hosts with larger galaxy stellar mass, brighter 𝐾-band luminosity, more
recent halo assembly, and – most significantly – larger total halo mass typically have a larger
number of surviving satellites. The satellite abundances around TNG50 MW/M31-like galax-
ies are consistent with those of mass-matched hosts from observational surveys (e.g. SAGA)
and previous simulations (e.g. Latte). While the observed MW satellite system falls within the
TNG50 scatter across all stellar masses considered, M31 is slightly more satellite-rich than
our 1𝜎 scatter but well consistent with the high-mass end of the TNG50 sample. We find a
handful of systems with both a Large and a Small Magellanic Cloud-like satellite. There is no
missing satellites problem according to TNG50.

Key words: galaxies: dwarf – galaxies: haloes – galaxies: luminosity function, mass function
– Local Group – Galaxy: formation – Galaxy: evolution

1 INTRODUCTION

The abundance of dwarf satellite galaxies orbiting the Milky Way
(MW) and Andromeda (M31) has helped to inform our understand-
ing of the Universe and the formation of galaxies therein. Yet, these
satellite systems – the closest we can study down to as low as a few

★ E-mail: c.engler@stud.uni-heidelberg.de

thousand solar masses in stars – continue to challenge the ΛCDM
model of structure formation.

For about twenty years, the “missing satellites” problem
(Moore et al. 1999; Klypin et al. 1999; Bullock & Boylan-Kolchin
2017) has attracted notable interest across the astronomical com-
munity by pointing towards a seemingly insurmountable tension
between observations and theoretical models. According to its orig-
inal incarnation, dark matter- or gravity-only simulations of the
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cosmological assembly of MW-like haloes in a ΛCDM scenario
predict far more satellites (i.e. subhaloes; Springel et al. 2008; Die-
mand et al. 2008) than there are actual luminous satellites observed
around the Galaxy – particularly at the low-mass end.

From an observational perspective, the number of detected
satellite galaxies around the MW has in fact continued to grow into
the ultra-faint regime in recent years (stellar masses of . 105M� ,
e.g. Zucker et al. 2006; Belokurov et al. 2006; Sakamoto &
Hasegawa 2006; Willman 2010; Drlica-Wagner et al. 2015, 2020;
Koposov et al. 2015; Torrealba et al. 2016, 2018). On the other
hand, while the number of bright, classical satellites had been con-
stant for two decades after the discovery of the Sagittarius galaxy
(Ibata et al. 1994), additional bright satellites such as Crater 2 and
Antila 2 (Torrealba et al. 2016, 2019), as well as tidal remnants of
former bright satellites, such as Gaia-Enceladus (Helmi et al. 2018;
Myeong et al. 2018) and Sequoia (Myeong et al. 2019), have been
discovered in recent years. Characterising the satellite populations
of similar galaxies within and beyond the Local Volume is essential
in order to understand how representative the MW and Andromeda
are in a cosmological context. Therefore, the study of the abundance
of satellite dwarf galaxies has been extended over the last decade,
from the MW (McConnachie 2012) and M31 (Martin et al. 2016;
McConnachie et al. 2018) to other nearby galaxies, such as Centau-
rus A (e.g. Crnojević et al. 2014, 2019; Müller et al. 2017, 2019),
M94 (Smercina et al. 2018), and M101 (e.g. Bennet et al. 2017,
2019; Carlsten et al. 2019).

However, sample completeness is of the essence when search-
ing for satellite systems to compare to the satellite abundances in the
MW and the Local Group. Contamination by foreground and back-
ground objects can cause major issues. Carlsten et al. (2020a, 2021)
summarise such comparisons using CFHT/MegaCam data. By util-
ising surface brightness fluctuations, they obtain reliable distance
measurements to confirm satellite candidates around twelve hosts
in the Local Volume (i.e. within 12 Mpc). The “Satellites Around
Galactic Analogs” (SAGA) survey extends the search for a “normal”
satellite system by aiming for a statistical sample of MW-like hosts
beyond the Local Volume at distances of 20 − 40 Mpc. The first
stage of SAGA identified 27 satellites around 8 MW-like systems,
revealing a significant degree of host-to-host scatter between satel-
lite systems (Geha et al. 2017). This sample was recently expanded
to 127 satellites around 36 MW-like hosts in the survey’s second
stage (Mao et al. 2021). While the satellite abundance of the MW is
consistent with those from the SAGA survey, the systems exhibit a
remarkable degree of diversity, ranging fromMW-like hosts with no
satellites whatsoever to systems with up to 9 satellites, down to an
absolute 𝑟-band magnitude of 𝑀r < −12.3. Ultimately, SAGA aims
to spectroscopically determine the satellite systems of 100MW-like
host galaxies down to satellite stellar masses of about 106 M� .

From a theoretical perspective, the early simulations on which
the “missing satellites” problemwas formulated contained only dark
matter subhaloes, as they did not include baryons and therefore did
not simulate luminous satellite galaxies. However, the abundance of
dark matter subhaloes and luminous galaxies is different. Baryonic
effects such as supernova feedback (Larson 1974; Dekel & Silk
1986; Mori et al. 2002) and reionisation (Couchman & Rees 1986;
Efstathiou 1992; Thoul & Weinberg 1996) are thought to reduce
the efficiency of star formation and should hence be able to keep
visible galaxies from forming in low-mass dark matter haloes. This
has been shown repeatedly with both semi-analytic models (Bullock
et al. 2000; Benson et al. 2002a,b; Somerville 2002; Font et al. 2011;
Guo et al. 2011) and full hydrodynamical simulations (Okamoto
et al. 2005; Governato et al. 2007; Macciò et al. 2007; Sawala et al.

2016b) over the last two decades. Furthermore, satellites can be
destroyed by tidal shocks as they pass through their host galaxy’s
disk (D’Onghia et al. 2010; Yurin & Springel 2015).

Since galaxy formation is expected to be significantly sup-
pressed at low halo masses, a majority of these (sub)haloes should
not host a luminous component – from theoretical perspectives in
general, as well as specifically within a ΛCDM ansatz. Therefore, a
large body ofwork in the past years has focused on a line of solutions
to the missing satellites problem and considered the idea that lumi-
nous dwarf galaxies inhabit only a small fraction of these predicted
subhaloes (e.g. Nickerson et al. 2011; Shen et al. 2014; Sawala
et al. 2015, 2016a; Benitez-Llambay & Frenk 2020). On the other
hand, even for (sub)haloes that are able to host some star formation,
the mapping between dark matter (DM) (sub)halo mass and galaxy
stellar mass remains theoretically uncertain – particularly for sys-
tems below 1010−11 M� in total mass (e.g. Sawala et al. 2015, and
references therein). Large systematic variations exist across galaxy
formation models, be it numerical simulations, semi-empirical, or
semi-analytical models. Finally, a number of cosmological hydro-
dynamical simulations have shown that galaxy physics affect the
survival of subhaloes (luminous or dark) by generally suppressing
the total cumulative abundance of low-mass subhaloes at 𝑧 = 0,
regardless of whether they host a luminous galaxy or not (see e.g.
Chua et al. 2017, for a recent discussion based on results from
the Illustris simulation). However, while different galaxy formation
models agree qualitatively on the suppression of subhalo formation
and survival, on the shape of the stellar-to-halo mass relation at
lower masses, and on the stochasticity of star formation, large quan-
titative, systematic uncertainties remain across model predictions.

Searching for the “normal” satellite system of a MW-like host
has also been an open question for simulations. Models for MW-
like haloes and their subhalo populations began in DM-only simu-
lations (e.g. Aquarius, Springel et al. 2008; Via Lactea II, Diemand
et al. 2008; Phat ELVIS, Kelley et al. 2019) and – more recently –
have achieved the required numerical resolution to study MW-like
galaxies and their abundance of luminous satellite galaxies in cos-
mological hydrodynamical simulations. So far, these simulations
have mostly been performed as zoom-in simulations, focused on
either a single or a small sample of MW- or LG-like hosts, with
projects such as Latte (Wetzel et al. 2016), FIRE (Hopkins et al.
2014, 2018; Garrison-Kimmel et al. 2019), the DC Justice League
simulations (Applebaum et al. 2021), or APOSTLE (Fattahi et al.
2016b,a; Sawala et al. 2016b). Other projects have managed to take
steps towards larger samples: the Auriga simulations are comprised
of a suite of 30 isolatedMW-like galaxies and their satellite systems
(Grand et al. 2017; Simpson et al. 2018), while Font et al. (2021)
have more recently presented satellite abundances of the ARTEMIS
simulations, a suite of 45 zoom-inMW-like haloes resimulated with
the eagle model.

Whereas all of the aforementioned simulations return satel-
lite systems that are broadly consistent with the observed MW and
M31 satellite mass functions, the scatter across hosts is substan-
tial. Both cosmological DM-only simulations (e.g. Gao et al. 2004;
Boylan-Kolchin et al. 2010) and – more recently – baryonic galaxy
formation hydrodynamical simulations (e.g. Chua et al. 2017) have
been used extensively to quantify and characterise the scatter of the
subhalo mass function at fixed host mass and to show the depen-
dencies of subhalo abundance on host halo properties. However,
both the scatter of the satellite luminosity function around MW-like
galaxies, as well as the dependence of satellite abundance on host
properties are yet to be quantified. Therefore, the level of consistency
across simulations, as well as between simulations and observations
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(accounting for such galaxy-to-galaxy variations and for host prop-
erty dependencies) remains unclear. As a further complication, the
aforementioned works all adopt somewhat different definitions or
selections forMW-like galaxies, either based on halomass, host stel-
lar morphology, merger history, isolation criteria, or a combination
thereof. Finally, whereas correlations of total satellite abundance
with host mass have previously been found in semi-analytic models
(e.g. Wang &White 2012; Sales et al. 2013) and with smaller sam-
ples from hydrodynamical simulations (Fattahi et al. 2016b; Font
et al. 2021), this remains to be confirmed and further quantified
with a statistical sample of hosts in a full cosmological context.

In this study, we examine the abundance of satellites around
MW- and M31-like hosts using the TNG50 simulation (Nelson
et al. 2019b; Pillepich et al. 2019). As the final instalment of the
IllustrisTNG suite of cosmological magnetohydrodynamical simu-
lations (Marinacci et al. 2018; Naiman et al. 2018; Nelson et al.
2018; Pillepich et al. 2018b; Springel et al. 2018), TNG50 bridges
the gap between large-scale volumes and the regime of zoom-in
simulations. At a volume of (50 comoving Mpc)3 and a baryonic
mass resolution of 8 × 104 M� , TNG50 includes a statistically sig-
nificant sample of both MW/M31-like galaxies and their satellites.
This enables us not only to reliably identify satellite galaxies down
to stellar masses of ∼ 5 × 106 M� (approximately the stellar mass
of Leo I), but also to study the evolution of satellite abundances
throughout cosmic time, and to search for statistically significant
correlations of satellite abundance with various host galaxy and
halo properties. We will analyse specific satellite properties such
as their star formation activity and gas fractions, as well as their
dependence on host properties and infall times in a future paper
(Engler et al. in prep.).

This paper is structured as follows: in Section 2, we intro-
duce TNG50 and IllustrisTNG, as well as define our selection of
MW/M31-like hosts, satellite galaxies, and subhaloes. We present
our results in Section 3: the satellite stellar mass function of TNG50
MW/M31-like hosts, comparisons with observational surveys and
previous simulations, its evolution with redshift, differences be-
tween luminous satellite and dark subhalo populations, as well as
baryonic vs. DM-only simulation results. Furthermore, we discuss
dependencies of satellite abundances on the adopted selection of
host galaxies, as well as various host properties. Finally, we sum-
marise our results in Section 4.

2 METHODS

2.1 The TNG50 simulation

In this study, we analyse satellite abundances in TNG50 (Pillepich
et al. 2019; Nelson et al. 2019b), the highest resolution flagship run
of the IllustrisTNG1 suite of cosmological magnetohydrodynami-
cal simulations of galaxy formation (Marinacci et al. 2018; Naiman
et al. 2018; Nelson et al. 2018; Pillepich et al. 2018b; Springel
et al. 2018). Its galaxy formation model includes physical processes
such as primordial and metal-line gas cooling, gas heating by a
spatially-uniform, time-dependent UV background, as well as sub-
grid models for the unresolved structure of the interstellar medium
and star formation processes (Springel & Hernquist 2003). Stellar
populations are tracked in their evolution and chemical enrichment,
which includes ten elements (H,He, C,N,O,Ne,Mg, Si, Fe, Eu) and
yields from supernovae Ia, II, and AGB stars (Vogelsberger et al.

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

2013; Torrey et al. 2014). These supernovae can lead to galactic
winds as a form of feedback: these winds are injected isotropically
and their initial speed scales with the one-dimensional dark matter
velocity dispersion (Pillepich et al. 2018a). Furthermore, there are
two modes of black hole feedback, depending on their accretion: at
low accretion rates, black hole feedback occurs purely kinetically,
while high accretion rates result in thermal feedback (Weinberger
et al. 2017). The implementation of magnetic fields allows for self-
consistent amplification fromaprimordial seedfield, following ideal
magnetohydrodynamics (Pakmor & Springel 2013). IllustrisTNG
uses the moving mesh code Arepo (Springel 2010), which solves
the equations of hydrodynamics using an adaptive, moving Voronoi
tessellation of space. Furthermore, the simulation adopts theΛCDM
framework with cosmological parameters from Planck data: matter
densityΩm = 0.3089, baryonic densityΩb = 0.0486, cosmological
constant ΩΛ = 0.6911, Hubble constant ℎ = 0.6774, normalisation
𝜎8 = 0.8159, and spectral index 𝑛s = 0.9667 (Planck Collaboration
et al. 2016).

IllustrisTNG encompasses several simulations of varying
box sizes and resolution, including TNG300 with a volume of
(300 Mpc)3 and a baryonic mass resolution of 𝑚b = 1.1× 107 M� ,
TNG100, a (100 Mpc)3 volume with 𝑚b = 1.4 × 106 M� , and
TNG50, a (50 Mpc)3 box with 𝑚b = 8.5 × 104 M� . Thus, TNG50
combines a cosmological volume and a statistically significant sam-
ple of galaxies with a zoom-in-like level of mass resolution. This
work is based almost exclusively on TNG50 and its lower-resolution
counterparts (see Appendix A for a discussion on the effects of nu-
merical resolution) but we compare to results from TNG100 when
possible.

2.2 Selecting MW/M31-like galaxies in TNG50

The very choice of galaxies that can be considered as analogues
of our Milky Way and Andromeda is essential in order to com-
pare a simulated galaxy population to these observed systems (see
Pillepich et al. in prep. for an extended discussion). The abundance
of satellite galaxies – should it follow the abundance of subhaloes
– is expected to depend on at least some properties of their hosts,
particularly on host total mass (Gao et al. 2004). Over the next Sec-
tions, we quantify this in greater detail. Therefore, it is vital to adopt
a clear definition of MW/M31-like hosts. Throughout the paper, we
refer to a fiducial sample of MW/M31-like TNG50 analogues as de-
tailed below, as well as to two host samples based on the selection
criteria of two observational surveys.

2.2.1 TNG50 MW/M31-like fiducial sample

Throughout this paper, we defineMW/M31-like galaxies in TNG50
based on their mass and morphology according to Pillepich et al. (in
prep.). MW/M31-like galaxies are required to have a stellar mass
of 𝑀∗ = 1010.5 − 1011.2 M� within an aperture of 30 kpc and to
be disky in their stellar shape – either by having a minor-to-major
axis ratio of their 3D stellar mass distribution of 𝑠 < 0.45 (mea-
sured between one and two times the stellar half-mass radius) or by
visual inspection of synthetic 3-band stellar-light images in face-on
and edge-on projection. These visual inspections add 25 galaxies
with 𝑠 > 0.45 that display clear disk features or spiral arms to our
sample of host galaxies. On the contrary, there are 18 hosts with
𝑠 < 0.45 that display a disturbed morphology, weak or barely visi-
ble spiral arms, or a strong bar feature, which are still considered as
MW/M31-like candidates. While other works in the literature em-
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ploy kinematic decomposition as amorphology estimate, theminor-
to-major axis ratio was chosen as an observationally motivated and
a more readily available indicator. Furthermore, a minimum isola-
tion criterion is imposed at 𝑧 = 0. No other massive galaxies with
𝑀∗ > 1010.5 M� are allowed within a distance of 500 kpc of the
MW/M31-like candidates and the mass of the candidates’ host halo
is limited to 𝑀200c < 1013 M� . These host haloes are defined us-
ing a friends-of-friends (FoF) algorithm and their virial mass𝑀200c
corresponds to the total mass of a sphere around the FoF halo centre
with amean density of 200 times the critical density of the Universe.

Galaxies that fulfill all of the aforementioned conditions – a
stellarmass of𝑀∗ = 1010.5−1011.2M� , a disky stellarmorphology,
and a relatively isolated environment – are considered to resemble
the Milky Way and Andromeda to a reasonable degree, at least
within the context of the general galaxy population. Note that this
selection does not require TNG50 MW/M31-like galaxies to be
the centrals of their host halo, i.e. they can be satellites of another
galaxy. This allows our sample to include also galaxy pairs of Local
Group-like systems, as it is not clear which of them – the MW-like
or the M31-like galaxy – would be considered as the central galaxy
of the system. In total, these criteria leave us with a sample of
198 MW/M31-like galaxies in TNG50, eight of which are satellite
galaxies. We exclude these satellite hosts in later parts of the paper
where we specifically study the infall of satellite galaxy populations
or host halo properties.

For the purposes of investigating differences between TNG50
and its dark matter-only (DM-only) analogue TNG50-Dark, we
cross-match our sample of MW/M31-like hosts from the baryonic
run to their DM-only counterparts (Rodriguez-Gomez et al. 2015,
2017; Nelson et al. 2015) by maximising the number of common
DM particles. Therefore, the DM-only host sample consists of 198
MW/M31-like haloes as well.

2.2.2 SAGA-like host selection

This host selection is based on the 𝐾-band luminosity and the local
environment of host galaxies. We adopt the selection criteria from
Geha et al. (2017) and Mao et al. (2021). Potential candidates are
required to have a 𝐾-band luminosity in the range of −23 > 𝑀K >
−24.6 and to have no bright galaxy within their virial radius (for
which we adopt 300 kpc as the typical virial radius of a MW-like
galaxy). Bright galaxies are defined by a magnitude of at least
𝐾 < 𝐾host − 1.6. Furthermore, galaxies with a host halo mass of
1013 M� and above are excluded. Out of all TNG50 hosts that meet
these criteria, we match the three most similar ones to each of the 36
observed SAGA hosts based on their 𝐾-band luminosity. This gives
us a sample of 108 TNG50 SAGA-like hosts, which will be used
in Figure 6. Note that this selection does not require the TNG50
SAGA-like galaxies to be the centrals of their host halo.

2.2.3 Local Volume (LV)-like host selection

This selection of hosts is based on observations of nearby host galax-
ies in the Local Volume (Carlsten et al. 2021). As the observational
selection is mainly based on luminosity and spatial proximity, we
adopt a similar range in 𝐾-band luminosity of −22.7 > 𝑀K > 24.5.
As there are no specific observational selection criteria regarding
their environment and morphology, we choose our sample candi-
dates to be the central galaxy of their respective dark matter halo
and to have a disky stellar shape – either by having a minor-to-major
axis ratio of their 3D stellar mass distribution of 𝑠 < 0.45 (measured

between one and two times the stellar half-mass radius) or by visual
inspection of synthetic 3-band stellar-light images in face-on and
edge-on projection. Out of all TNG50 hosts that meet these criteria,
for each of the 6 observed LV hosts (not including the Galaxy and
Andromeda), we choose the three TNG50 galaxies with the closest
𝐾-band luminosity. This gives us a sample of 18 TNG50 LV-like
hosts, which will be used in Figure 6.

2.2.4 Basic properties of TNG50 MW/M31-like galaxies

We present our sample of MW/M31-like galaxies and some of
their fundamental scaling relations in Figure 1. Its left panel shows
the TNG50 stellar-to-halo mass relation (SHMR), as stellar mass
𝑀∗ (within 30 physical kpc) as a function of total host halo mass
𝑀200c. MW/M31-like galaxies are represented by blue circles and
are shown in context of TNG50’s general galaxy population, in-
cluding both central and satellite galaxies (open circles). Vertical
grey lines mark specific total host masses that our sample – which
is selected based on stellar mass – covers. Dashed lines corre-
spond to the 10th and 90th percentiles of our host mass range at
1011.9 M� and 1012.5 M� , respectively. The solid, vertical line de-
notes the median host mass of our sample of MW/M31-like galax-
ies at 𝑀200c = 1012.1 M� . Furthermore, we compare our sample
of host galaxies to the first stage of the SAGA survey (pink dia-
monds, Geha et al. 2017) and previous hydrodynamical simulations
of similar-mass hosts: Auriga (purple diamonds, Grand et al. 2017),
Latte (green diamond, Wetzel et al. 2016), and FIRE-2 (orange di-
amonds, Garrison-Kimmel et al. 2019). As both Latte and FIRE-2
employ different measurements of host halo mass – 𝑀200m (i.e. the
total mass of a sphere around the FoF halo centre with a mean den-
sity of 200 times the mean density of the Universe) and 𝑀Δc (i.e.
the total mass of a sphere with a mean density of Δc times the crit-
ical density of the Universe, where Δc is derived from the collapse
of a spherical top-hat perturbation), respectively – we convert their
host masses into𝑀200c using the TNG50 relations of these different
mass measurements.2

While both observations and simulations span a similar range
in stellar mass, slightly shifted to less massive galaxies, the sample
of TNG50 MW/M31-like galaxies is by design allowed to extend
towards somewhat more massive host haloes. It is important to
note the different approaches that are adopted across analyses in
the definition of galaxies such as the MW and M31. While we
adopt a host selection based on the host galaxies’ stellar mass as an
observable property, most previous hydrodynamical works employ
a halo mass-based selection instead. Moreover, it is important to
note that ours is a volume-limited sample, with more numerous
MW/M31-like galaxies towards the lower end of the mass range
and fewer galaxies at the high-mass end, i.e. the mass distribution
within the sample is not flat. This must be kept in mind when
comparing medians and scatters across samples. We summarise
the host selection criteria for host galaxies of all other simulations
addressed in this paper in Table 1 and discuss their impact on
satellite populations in Section 3.4.

2 The actual 𝑀200c masses of simulations other than TNG50 might be
slightly different depending on their adopted cosmology. We determine the
TNG50 relations using least squares minimisation:

log𝑀200c = 0.99 × log𝑀200m − 0.02 (1)
log𝑀200c = log𝑀Δc − 0.02 (2)

MNRAS 000, 1–29 (2021)
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Figure 1. Properties and basic scaling relations for MW/M31-like hosts selected from the TNG50 simulation.Blue circles denote theMW/M31 analogues,
while open circles indicate all galaxies in the simulation in the depicted parameter space. Left panel: stellar-to-halo mass relation, as stellar mass𝑀∗ (within 30
physical kpc) as a function of host halo mass𝑀200c: in our selection, MW/M31-like galaxies are not necessarily required to be centrals themselves. We compare
our results from TNG50 to the first stage of the SAGA survey (pink diamonds, Geha et al. 2017), previous simulations – Auriga (purple diamonds, Grand et al.
2017), Latte (green diamond, Wetzel et al. 2016), and FIRE-2 (orange diamonds, Garrison-Kimmel et al. 2019) – as well as the MW (light red box, Licquia
et al. 2015; Boardman et al. 2020) and M31 (light brown box, Sick et al. 2015). As the Latte and FIRE-2 simulations employ different definitions of host halo
mass, we convert their masses to 𝑀200c – note that their actual 𝑀200c masses might be slightly different depending on their employed cosmology. The grey,
vertical lines denote the median (solid line, 1012.1 M�), as well as the 10th and 90th percentiles (dashed lines, 1011.9 M� and 1012.5 M� , respectively) in total
host mass for our sample of MW/M31-like galaxies, since our sample is primarily selected based on their stellar mass. Right panel: stellar mass as a function
of absolute 𝐾 -band luminosity 𝑀K, both within 30 kpc. We compare our TNG50 galaxies to MW-like galaxies from the first stage of the SAGA survey (pink
diamonds, Geha et al. 2017), hosts in the Local Volume (green diamonds, Carlsten et al. 2020b, 2021, as available, with additional data from Skrutskie et al.
2006; Lianou et al. 2019), as well as the MW (light red box, Drimmel & Spergel 2001) and M31 (light brown box, Hammer et al. 2007). Right panel inset:
distributions of host 𝐾 -band luminosity within 30 kpc. We compare our fiducial selection of TNG50 MW/M31-like galaxies (blue histogram) to the alternative
TNG50 SAGA- and LV-like selections (dark purple and light green histograms, respectively), host galaxies from the SAGA survey’s first and second stages
(pink and purple histograms, respectively), LV hosts (dark green histogram), as well as the MW (red hatched area) and M31 (brown hatched area).

Finally, we compare to mass estimates of the MW (light red
box) and M31 (light brown box). We show a stellar mass range of
𝑀∗ = 1010.66 − 1010.85 M� for the MW according to Licquia et al.
(2015) and Boardman et al. (2020), as well as a stellar mass range of
𝑀∗ = 1010.9 − 1011.1 M� for M31 according to Sick et al. (2015).
Within these shaded stellar mass bands, we indicate the currently
available estimates on the host halo mass of the MW and M31 as
darker regions: these lie in the range of 1011.5 − 1012.5 M� (see
Callingham et al. 2019 for a compilation of estimates). As host
halo mass is not an observable, we adopt the same estimate for
both the MW and M31. Therefore, our fiducial selection of TNG50
MW/M31-like galaxies returns a range of host halo masses that
is well consistent with current inferences for the Galaxy and An-
dromeda. In fact, the MW’s mass estimates lie well in the centre of
TNG50’s sample of MW/M31-like galaxies. Based on the effective
SHMR of TNG50, we would instead expect M31 to reside in a more
massive halo than the MW.

The right panel of Figure 1 depicts the correlation of stel-
lar mass 𝑀∗ and absolute 𝐾-band luminosity 𝑀K, both measured
within an aperture of 30 kpc. Galaxy luminosities are constructed
by assigning broad-band luminosities to each stellar particle using
the stellar population synthesis model of Bruzual & Charlot (2003)
according to each particle’s age, mass, and metallicity. None of the
luminosities include dust attenuation (see Vogelsberger et al. 2013
for details). As before, we contextualise our sample of MW/M31-
like hosts (blue circles) with all galaxies in TNG50 in general (open

circles). The two properties are tightly correlated (with a Pearson
correlation coefficient of -0.85), depicting the 𝐾-band luminosity
of galaxies as a clear proxy for their stellar mass. We compare the
distribution of MW/M31-like hosts in TNG50 to observed systems
from the first stage of the SAGA survey (pink diamonds, Geha
et al. 2017), as well as hosts in the Local Volume (green diamonds,
Carlsten et al. 2020b, 2021, as available, with additional data from
Skrutskie et al. 2006; Lianou et al. 2019), all of which are consistent
with the distribution of TNG50 hosts. Furthermore, we include es-
timates of the actual MW (red box) and M31 galaxies (brown box)
using 𝐾-band luminosity measurements from Drimmel & Spergel
(2001) for the MW and Hammer et al. (2007) for M31. Both galax-
ies’ stellar mass and luminosity estimates agree remarkably well
with the relation formed by MW/M31-like galaxies in TNG50.

More specifically, we compare the distributions of 𝐾-band lu-
minosity (within 30 kpc) for various samples of host galaxies in the
inset panel of the right panel of Figure 1. While our fiducial sample
of TNG50MW/M31-like hosts (blue filled histogram) peaks around
the luminosity of the MW (red, dashed lines) and has a significant
fraction of hosts at brighter luminosities to include analogues of
Andromeda (brown, dashed lines), both the SAGA (pink and purple
dashed histogram) and Local Volume hosts (dark green dashed his-
togram) are more concentrated at slightly fainter luminosities than
theMW.By construction, the distributions of the observed hosts and
of the analogue TNG50 SAGA- and LV-like selections (dark purple
and light green histograms) display a good level of compatibility:
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this ensures an even-handed comparison of their satellite systems,
as we do below.

2.3 Selecting satellite galaxies

Throughout this study, we employ different definitions for satellite
galaxies around MW/M31-like hosts. While satellites in Illus-
trisTNG are generally identified as subhaloes or local overdensities
within larger FoF haloes using the subfind algorithm (Springel
et al. 2001; Dolag et al. 2009), we avoid to restrict our selection
of satellites by FoF membership for the most part of this analysis.
However, not all luminous subhaloes represent actual galaxies in
TNG. Some correspond to fragmentations and clumps within other
galaxies due to e.g. disk instabilities that subfind identified as
independent objects. We exclude these objects from our sample
according to Nelson et al. (2019a), as these do not represent
galaxies that formed by gas collapse at the centre of their DM
haloes, which then fall into their 𝑧 = 0 hosts.

Fiducial satellite selection. Our fiducial satellite selection is
based on the three-dimensional distance to their host MW/M31-like
galaxy. We define satellites as galaxies within 300 physical kpc
of their host – corresponding approximately to the virial radii of
the MW and M31 – and require them to have a stellar mass of
at least 5 × 106 M� (measured within twice the stellar half-mass
radius 𝑅∗1/2). This mass limit ensures an appropriately resolved
identification with at least 63 stellar particles per galaxy and
corresponds to the minimum stellar mass below which the TNG50
SHMR becomes incomplete due to its stellar mass resolution (see
Appendix A for details on resolution effects). Furthermore, it
corresponds to the mass of the MW’s satellite galaxy Leo I. This
selection leaves us with a total of 1237 satellite galaxies around
198 MW/M31-like hosts.

Observational satellite selections. We vary this selection in
parts of Section 3.2 in order to match the selection criteria of
observational surveys by employing no minimum stellar mass
and varying the distance limit. For comparisons to the SAGA
survey (Geha et al. 2017; Mao et al. 2021), we require satellite
galaxies to lie within a two-dimensional, randomly projected
aperture of 300 kpc from their host and to have a line-of-sight
velocity within ±250 km s−1. For comparisons to Local Volume
hosts from Carlsten et al. (2021), satellites are constrained
to a two-dimensional, projected aperture of 150 kpc instead.
Along the line of sight, satellites are restricted to distances of
±500 kpc. While the line-of-sight distances of observed satellites
in Carlsten et al. (2021) are estimated using either surface
brightness fluctuations or the tip of their red giant branch, they
also include a comparison to galaxies from TNG100, for which
they adopt this physical distance requirement along the line of sight.

Alternative satellite selections. In Section 3.5, in order to com-
pare the subhalo mass functions across numerical models, includ-
ing DM-only simulations, we consider satellites as those within
300 physical kpc from their host centers and with a minimum dy-
namical mass – the sum of all gravitationally bound particles – of
5×107M� . According to the effective SHMR of TNG50, this value
corresponds to the smallest total subhalo mass below which finite
mass resolution makes the SHMR incomplete and artificially bends
it – see bottom left panel of Figure A2. Finally, in cases where we
compare all accreted satellites to their present-day population of

survivors (Section 3.5), we do require them to be members of their
host galaxy’s FoF halo since their time of accretion is defined with
respect to halo membership (Chua et al. 2017).

3 RESULTS

3.1 Properties of satellite populations in TNG50

Before analysing the abundance of satellite galaxies around indi-
vidual MW/M31-like hosts in TNG50, we investigate some of the
properties and scaling relations of both satellites and subhaloes in
Figure 2: their stellar-to-halo mass relation (SHMR) (top left panel),
the maximum of their circular velocity profile 𝑉max as a function
of stellar mass 𝑀∗ (top right panel), absolute 𝑟-band magnitude
𝑀r as a function of stellar mass (bottom left panel), and stellar 3D
velocity dispersion 𝜎∗ as a function of stellar mass (bottom right
panel). Satellite galaxies with a stellar mass of 𝑀∗ ≥ 5 × 106 M�
are denoted as blue circles, satellites and subhaloes with smaller or
no stellar mass whatsoever are marked as open circles. In order to
illustrate the abundance of dark subhaloes, we assign random values
to their stellar properties, detached from the main scaling relation:
stellar masses of 102 − 103 M� , absolute 𝑟-band magnitudes of −2
to−4, and stellar 3D velocity dispersions of 0−10 km s−1. Wemark
the transition between luminous and dark regimes – the stellar mass
resolution limit of TNG50 – as a dashed line in all panels. This
corresponds to the minimum stellar mass that subhaloes contain,
slightly lower than the target mass of a single stellar particle due to
mass loss.

3.1.1 Satellite SHMR

Throughout the paper, the satellites’ stellar mass 𝑀∗ is measured
within twice the stellar half-mass radius, while their dynamicalmass
𝑀dyn corresponds to the sum of all gravitationally bound particles
as defined by the subfind algorithm (i.e. dark matter, stars, gas, and
black holes).

The SHMR of satellites of MW/M31-like galaxies in TNG50
in the top left panel of Figure 2 exhibits significant scatter. A large
number of satellites show substantial offsets towards lower dynam-
ical masses from their median SHMR (black curve) – predomi-
nantly due to tidal stripping of their dark matter haloes by their
host’s gravitational potential (e.g. Joshi et al. 2019; Engler et al.
2021). Furthermore, we compare our sample to several SHMRs
from simulations and semi-empirical models. The shaded grey re-
gion denotes the scatter of the SHMR for satellite galaxies in hosts
of 1012 − 1013 M� in IllustrisTNG from Engler et al. (2021). Al-
though this range of host mass does not exactly match the selection
of MW/M31-like hosts, the SHMRs are well in agreement, as to
be expected modulo resolution effects. The purple and pink dia-
monds show the SHMR of satellites of MW analogues from other
simulations – the DC Justice League (Applebaum et al. 2021) and
NIHAO (Buck et al. 2019), respectively. The satellites of both sim-
ulations agree well with the overall SHMR in TNG50. The DC
Justice League extends to particularly small stellar masses due to
their high level of resolution.

Finally, we compare to extrapolations for satellite galaxies
of the semi-empirical models UniverseMachine (dashed orange
curve, Behroozi et al. 2019) and SHARC (dashed, brown curve
Rodríguez-Puebla et al. 2017). Since both models consider satellite
dynamical masses at their peak – as opposed to the present-day –
the shift of the UniverseMachine and SHARC SHMRs towards
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Simulation Reference # of Hosts Mass Selection Other Selection Criteria

Aquarius (DMO) Springel et al. (2008) 6 MW-like 𝑀200c = 1011.9−12.3 M�
no massive neighbour at 𝑧 = 0,
late-type galaxy via SAM

Via Lactea II (DMO) Diemand et al. (2008) 1 MW-like 𝑀200m = 1012.3 M� ,
i.e. 𝑀200c = 1012.1 M�

no recent major mergers

Phat ELVIS (DMO) Kelley et al. (2019) 12 MW-like 𝑀Δc = 1011.8−12.3 M� ,
i.e. 𝑀200c = 1011.6−12 M�

isolated within 3 Mpc

APOSTLE (bary.) Fattahi et al. (2016b) 12 LG-like 𝑀200c,LG = 1012.2−12.6 M�
pairs isolated within 2.5 Mpc,
separation of 600 − 1000 kpc

Latte (bary.) Wetzel et al. (2016) 1 MW-like 𝑀200m = 1012.1 M� ,
i.e. 𝑀200c = 1012 M�

slightly quiescent merger history

Auriga (bary.) Grand et al. (2017) 30 MW-like 𝑀200c = 1012.0−12.3 M�
isolated, outside of 9 × 𝑅200c

of any other halo

FIRE-2 (bary.) Garrison-Kimmel et al. (2014, 2017, 2019) 2 LG-like 𝑀Δc = 1012.3−12.7 M� ,
i.e. 𝑀200c = 1012.2−12.6 M�

pairs isolated within 2.8 Mpc,
no cluster within 7 Mpc,
separation of ∼ 800 kpc

FIRE-2 (bary.) Garrison-Kimmel et al. (2014, 2017, 2019) 6 MW-like 𝑀200m = 1012.0−12.3 M� ,
i.e. 𝑀200c = 1011.9−12.2 M�

isolated within 2.8 Mpc

ARTEMIS (bary.) Font et al. (2021) 45 MW-like 𝑀200c = 1011.9−12.3 M� –

DC Justice League (bary.) Applebaum et al. (2021) 2 MW-like 𝑀Δc = 1011.9−12.4 M� ,
i.e. 𝑀200c = 1011.8−12.3 M�

different merger histories

TNG50 (bary.) Engler et al. (2021b, this paper) 198 MW/M31-like 𝑀∗ = 1010.5 − 1011.2 M� ,
i.e. 𝑀200c = 1011.9 − 1012.5 M�

disky shape (𝑠 < 0.45),
no massive galaxy within 500 kpc,
host mass 𝑀200c < 1013 M�

Table 1. List of simulations of MW/M31- and Local Group-like (LG) hosts referenced throughout this paper, featuring studies of satellite abundances.
This includes both dark matter-only (DMO, upper part) and baryonic simulations (lower section of the Table). We provide references and summarise the sample
size, as well as selection criteria of host galaxies and haloes. The latter include constraints on halo and stellar mass range, galaxy morphology, merger histories,
and environment. Barring the mass constraints of the APOSTLE simulations, which apply to the total pair mass of the LG-like systems, all other mass selection
criteria refer to individual MW/M31-like hosts. For TNG50, these can still include pairs of MW/M31-like hosts: in such cases, the quoted halo mass values
refer to the host mass evaluated in a spherical-overdensity fashion starting from the halo center of the two galaxies. See Section 2.2 for further details on the
host selection in TNG50. Different simulations adopt different measures of halo mass:𝑀200c (𝑀200m) corresponds to the total mass of a sphere around the FoF
halo centre with a mean density of 200 times the critical (mean) density of the Universe, while𝑀Δc is the total mass of a sphere with a mean density of Δc times
the critical density of the Universe. Δc is derived from the collapse of a spherical top-hat perturbation. We convert the host masses of simulations that use either
𝑀200m or 𝑀Δc into 𝑀200c masses in order to put them directly into context with our sample of TNG50 MW/M31-like hosts. Note that the conversion between
different cosmological mass measurements is based on the TNG50 relations of 𝑀200c vs. 𝑀200m (1) and 𝑀200c vs. 𝑀Δc (2). The actual 𝑀200c values of other
simulations might be slightly different depending on their adopted cosmology. The numbers in this table are relevant for the interpretation of e.g. Figure 7.

larger dynamical masses is expected (see Engler et al. 2021 for a
discussion). These differences between TNG50 and semi-empirical
SHMRs hold regardless ofwhetherwe consider satellite populations
of our full sample of TNG50 MW/M31-like hosts or simply the
satellites of hosts that are centrals. Furthermore, it should be noted
that both semi-empirical models were calibrated for more massive
galaxies: Rodríguez-Puebla et al. (2017) even state that their SHMR
should only be trusted down to (sub)halo masses of 1010.3 M� . We
merely report these extrapolations as references.

3.1.2 Relation of maximum circular velocity and stellar mass

The upper right panel depicts the relation of the circular velocity
profile’s maximum 𝑉max and stellar mass. 𝑉max is defined as the
maximum value of a subhalo’s spherically-averaged circular veloc-
ity curve including all matter components: dark matter, stars, and
gas. The satellites form a continuous relation in which their scat-
ter increases substantially towards lower masses. Furthermore, we
compare to satellite galaxies from the FIRE-2 simulations (orange
diamonds, Garrison-Kimmel et al. 2019), which includes satellites
of the Latte simulation (Wetzel et al. 2016). For the most part,
their relation of maximum circular velocity and stellar mass is well
in agreement with the satellite population of TNG50. At stellar

masses below 107 M� , their scatter surpasses TNG50’s relation
significantly, with FIRE-2 galaxies reaching smaller 𝑉max values
than any TNG50 galaxy at fixed satellite stellar mass.

3.1.3 Other observable dwarf properties

We illustrate the relation of absolute 𝑟-bandmagnitudes𝑀r and stel-
lar mass in the bottom left panel of Figure 2. The TNG50 satellites
exhibit a tight correlation, in agreement with satellite galaxies of
the MW and M31. It should be noted that McConnachie (2012) and
McConnachie et al. (2018) assume a𝑉-band mass-to-light ratio of 1
for simplicity, so the MW and M31 satellites should in reality have
slightly different stellar masses. However, these differences should
not be significant. In this case, we convert absolute 𝑉-band lumi-
nosities from McConnachie (2012) and McConnachie et al. (2018)
to the 𝑟-band using the luminosities’ correlation in TNG50. This
relation was determined using least squares minimisation:

𝑀r = 𝑀V − 0.23 mag. (3)

The bottom central panel of Figure 2 depicts the size-mass
relation using 2D stellar half-light radii (𝑉-band) for TNG50 satel-
lites with 𝑀∗ > 2 × 106 M� , as well as for satellites of the MW
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Figure 2. Properties and scaling relations of satellites and subhaloes around MW/M31-like galaxies in TNG50. In all panels, we require galaxies and
subhaloes to be located within 300 kpc of their host. Blue circles correspond to satellite galaxies with a stellar mass of 𝑀∗ ≥ 5 × 106 M� , open circles show
satellites and subhaloes with 𝑀∗ < 5 × 106 M� , including dark subhaloes that do not host a stellar component. In this case, we assign random values to their
stellar properties, disconnected from the main scaling relations. The dashed, black lines denote TNG50’s stellar mass resolution limit at 104.5 M� , slightly
below the mass of the target stellar particle after accounting for mass loss. Top left panel: stellar-to-halo mass relation (SHMR), as stellar mass 𝑀∗ (within
twice the stellar half-mass radius) as a function of dynamical mass 𝑀dyn (all gravitationally bound particles). For visualisation purposes, dark subhaloes are
assigned a random stellar mass between 102 and 103 M� . We compare the SHMR of our sample of satellite galaxies (solid, black curve) to results from
simulations and semi-empirical models. The grey shaded area denotes the scatter for the SHMR of satellites in hosts of 1012 − 1013 M� from Engler et al.
(2021) (their lowest bin in host mass); the purple diamonds display satellite galaxies from the DC Justice League simulations of MW analogues (Applebaum
et al. 2021), while the pink diamonds correspond to satellites of MW-like galaxies from NIHAO (Buck et al. 2019). The dashed curves display extrapolations
for satellite galaxies from semi-empirical models: UniverseMachine (orange curve, Behroozi et al. 2019) and SHARC (brown curve, Rodríguez-Puebla et al.
2017). Note that both semi-empirical models define subhalo mass as peak mass, not as a dynamical mass at the present-day. Top right panel:maximum circular
velocity 𝑉max as a function of stellar mass. Additionally, we compare to satellites of Local Group- and MW-like hosts from the FIRE-2 simulations (orange
diamonds, Garrison-Kimmel et al. 2019); this includes satellites of the Latte simulation (Wetzel et al. 2016). Bottom left panel: absolute 𝑟 -band magnitude
𝑀r as a function of stellar mass. Dark subhaloes are assigned absolute magnitudes ranging from −2 to −4. We compare to satellite galaxies from the MW (red
diamonds, McConnachie 2012) and M31 (brown diamonds, McConnachie et al. 2018). Bottom central panel: size-mass relation using 2D stellar half-light
radii (𝑉 -band) for TNG50 satellites and subhaloes. We compare to observed satellites of the MW and M31 (red and brown diamonds, respectively), as well
as the DC Justice League simulations (purple diamonds). As TNG50, these works employ 2D stellar half-light radii (𝑉 -band). Bottom right panel: stellar
3D velocity dispersion 𝜎∗ as a function of stellar mass. Dark subhaloes are assigned velocity dispersions of 𝜎∗ = 0 − 10 km s−1. We compare to simulated
satellite dwarf galaxies from the Latte simulation (green diamonds) and observed dwarfs from the MW and M31 (red and brown diamonds, McConnachie
2012; McConnachie et al. 2018, respectively).

(red diamonds), M31 (brown diamonds), and the DC Justice League
simulations (purple diamonds). There is a reasonable level of agree-
ment between TNG50 and the satellites of both the Galaxy and
Andromeda, as well as of the DC Justice League simulations, at
the masses where a comparison is possible. In fact, here TNG50
sizes are 2D circularised radii from random projections and are not
measured for galaxies with fewer than 10 stellar particles. More

information on the size-mass relation in TNG50, outside of the
context of MW/M31-like galaxies, can be found in Pillepich et al.
(2019) and Zanisi et al. (2020).

Finally, we present the stellar 3D velocity dispersion 𝜎∗ as a
function of stellar mass in the bottom right panel. The stellar 3D ve-
locity dispersion of simulated satellites is measured as the standard
deviation of the velocities of all stellar particles within two times the
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Figure 3. Satellite demographics around MW/M31-like galaxies in the TNG50 simulation at z = 0. Left panel: satellite abundance as cumulative stellar
mass function for MW/M31-like hosts in TNG50. We define satellites as galaxies within 300 physical kpc (3D) of their host and with stellar masses of at least
5 × 106 M� (within twice the stellar half-mass radius 𝑅∗

1/2). The thin, coloured curves in the background illustrate the satellite systems of individual TNG50
hosts with crosses corresponding to systems with only a single satellite and horizontal lines with 𝑁sat < 1 denoting systems with no satellites meeting the
selection: these are 6 among 198 systems. The thick, black curve and grey shaded area depict their median and scatter as 16th and 84th percentiles, computed
in bins of satellite stellar mass and including galaxies with zero satellites in the calculations. Furthermore, we compare our findings in TNG50 to satellite
abundances of the MW (red curve, McConnachie 2012) and M31 (brown curve, McConnachie et al. 2018). Right panel: distribution of total satellite abundance
𝑁sat,tot around MW/M31-like hosts in TNG50 and its dependence on the imposed minimum stellar mass. We compare satellite systems with𝑀∗ ≥ 5×108 M�
(yellow histogram), 𝑀∗ ≥ 5 × 107 M� (orange histogram), and 𝑀∗ ≥ 5 × 106 M� (black histogram; our fiducial selection). Dashed and dotted lines denote
their scatter as 16th and 84th percentiles: 0 and 2 for satellites with𝑀∗ ≥ 5× 108 M� , 0 and 5 for𝑀∗ ≥ 5× 107 M� , as well as 2 and 11 for𝑀∗ ≥ 5× 106 M� .
Furthermore, we include the total satellite abundances of the MW and M31 as solid, vertical lines (red and brown lines, respectively). Alternative versions of
this figure, where satellite stellar masses are normalised to either host halo or host stellar masses, are given in Appendix B.

stellar half-mass radius weighted by their respective stellar mass.
The satellites form a continuous relation, in which the stellar 3D ve-
locity dispersion increases significantly for more massive satellites.
We include satellites from the Latte simulation (green diamonds,
Wetzel et al. 2016), as well as from the MW and M31 as compar-
ison (McConnachie 2012; McConnachie et al. 2018). While many
of Latte’s satellites exhibit slightly larger velocity dispersions than
TNG50, most MW and M31 satellites agree reasonably well3.

3.2 Satellite abundance of MW/M31-like galaxies in TNG50

We present the satellite abundance of all 198 MW/M31-like galax-
ies in TNG50 as cumulative stellar mass functions in the left
panel of Figure 3. Satellites are defined as galaxies within a three-
dimensional aperture of 300 kpc of their host and are required to
have a stellar mass of at least 5 × 106 M� . This minimum mass
allows for an adequate level of resolution (see Appendix A for a
detailed discussion) and approximately corresponds to the MW’s
own satellite galaxy Leo I.

Thin coloured curves in the background of Figure 3, left panel,
correspond to the individual satellite stellar mass functions of all
MW/M31-like hosts in TNG50, crosses denote systems with only

3 There might be an apparent discrepancy between the stellar velocity dis-
persion and theirmaximumcircular velocity in the top right panel of Figure 2,
as the Latte satellites are included in the FIRE-2 sample of Garrison-Kimmel
et al. (2019). We speculate that this difference is due to different ways of
measuring the velocity properties of satellites between the two studies.

a single satellite, while hosts with no satellites whatsoever are de-
picted as curves with 𝑁sat < 1: these are 6 of 198 hosts.

MW/M31-like galaxies in TNG50 exhibit a remarkable di-
versity with significant host-to-host scatter regarding their satellite
populations, with total satellite counts ranging from 0 to 20. The
thick, black curve displays the median satellite stellar mass function
for MW/M31-like galaxies in TNG50, starting with the most mas-
sive satellite 𝑀∗ ∼ 108.5 M� and reaching a total number of five
satellites down to 𝑀∗ ∼ 106.9 M� . However, there is a significant
amount of scatter, as shown by the grey shaded area denoting the
16th and 84th percentiles. The most massive satellite’s stellar mass
can vary by ±1 dex, while the total number of satellites can range
from 2 to 11 within the percentile range. This diversity between
satellite systems persists independent of host mass: in Appendix B
and Figure B1, we provide the same functions for satellite abun-
dances normalised by host halo mass and host stellar mass.

We compare the findings of TNG50 to the local satellite sys-
tems of the MW and M31 (within 300 kpc), shown as thick, red
and brown curves, respectively (McConnachie 2012; McConnachie
et al. 2018). The MW’s satellite stellar mass function falls well
within TNG50’s 1𝜎 scatter. While its low-mass end coincides with
the TNG50 median, its massive end reaches the upper limits of our
scatter due to the presence of both the Small and Large Magel-
lanic Cloud (SMC and LMC, respectively). M31, on the other hand,
is slightly more satellite-rich than TNG50’s 1𝜎 scatter. However,
it agrees well with many other, individual TNG50 MW/M31-like
hosts of our sample. In fact, it should be noted that in our sample of
TNG50MW/M31-like hosts, which is intrinsically volume-limited,
the stellar mass distribution is skewed towards masses more similar
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# MW/M31-like hosts with ±0.1 dex ±0.15 dex ±0.2 dex
SMC 42 62 77
LMC 12 (21) 20 (32) 27 (42)

LMC & SMC 6 (7) 10 (16) 18 (25)
M32/NGC205 48 63 75

Tri 7 (11) 14 (20) 21 (25)
Tri & M32/NGC205 2 (4) 4 (7) 11 (13)
Tri & M32 & NGC205 0 (0) 1 (1) 2 (3)

Med. 𝑀host [log M�]
SMC 12.2 12.3 12.3
LMC 12.3 12.3 12.2 (12.3)

LMC & SMC 12.2 12.3 12.3
M32/NGC205 12.3 12.2 12.3

Tri 12.3 (12.2) 12.3 12.3
Tri & M32/NGC205 12.4 12.4 12.4
Tri & M32 & NGC205 – 12.4 12.4

Table 2. Number of TNG50 MW/M31-like hosts in our fiducial sample
with massive satellites such as the SMC and LMC, or M32, NGC205 and
Triangulum (Tri).We adopt variousmass bins for the referencemass of these
massive satellites in order to reflect uncertainties in their measurements:
±0.1 dex, ±0.15 dex, and ±0.2 dex. LMC and Triangulum numbers without
parentheses assume them to be the most massive satellite of their host, while
the numbers inside parentheses allow for even more massive satellites in the
same system. We adopt stellar mass estimates from McConnachie (2012)
andMcConnachie et al. (2018): 4.5×108M� for the SMC, 1.5×109M� for
the LMC, 3.8× 108 M� for M32 and NGC205, as well as 3.5× 109 M� for
Triangulum. Furthermore, we give the median host mass for all subsamples
in the bottom part of the table.We add values in parentheses for systems with
even more massive satellites than the LMC or Triangulum if their median
host mass is different from the samples in which the LMC or Triangulum is
the most massive satellite in the system.

to the MW rather than the more massive M31 (see Figure 1): if
instead we were to focus specifically on TNG50 M31 analogues
in the left panel of Figure 3, the agreement between the TNG50
median and the observed M31’s satellite mass function would be
notable. We explore the dependence of satellite abundance on both
host selection and host properties further in Sections 3.4.1 and 3.7.

We quantify the scatter in total satellite abundance, as well as
the effects of our satellite selection and the imposedminimum stellar
mass for satellite galaxies in the right panel of Figure 3. Here, we
show the distribution of the total number of satellites 𝑁sat,tot within
300 kpc (3D) of MW/M31-like hosts for three selections in stellar
mass: 𝑀∗ ≥ 5 × 108 M� (yellow histogram), 𝑀∗ ≥ 5 × 107 M�
(orange histogram), and 𝑀∗ ≥ 5 × 106 M� (black histogram; our
fiducial selection). The dotted and dashed vertical lines illustrate
the scatter of the distribution of total satellite abundance as 16th
and 84th percentiles. As it can be seen, the abundance of satellites
with 𝑀∗ ≥ 5 × 106 M� ranges from 6 MW/M31-like hosts with
no satellites to one host with 20 satellites and peaks at a total of 4
satellites for 29 MW/M31-like hosts. For more massive satellites,
e.g. 𝑀∗ ≥ 5 × 108 M� , the number of hosts with no satellites
whatsoever increases to 98. In the right panels of Figure B1 in
Appendix B, we provide a similar quantification of the scatter in
satellite abundances where the satellites are counted based on their
mass normalised to their host’s total or stellar mass: when the mass
of satellites is normalised to their host’s, the degree of diversity in
total satellite abundance remains the same regardless of the adopted
minimum satellite stellar mass, consistently with Poisson statistics

(see also Chua et al. 2017, for a discussion on how the scatter can
in fact become super-Poissonian at very low (subhalo) mass ratios).

3.2.1 Massive satellites around MW/M31-like hosts

The presence ofmassive satellites such as theLMCandSMCaround
the Galaxy, or Triangulum, M32, and NGC205 around Andromeda
is an interesting feature that has been studied in previous theoret-
ical works regarding their general abundance, orbital evolution, or
correlations with the mass of their host (Tollerud et al. 2011; Busha
et al. 2011b; Boylan-Kolchin et al. 2011; Patel et al. 2017; Shao et al.
2018). However, as previous works thus far have been based mostly
on N-body only or DM-only calculations, it is useful to query the
TNG50 systems as to the presence of massive satellites.

Interestingly, a significant fraction of TNG50 MW/M31-like
galaxies include SMC and/or LMC-like satellites within 300 kpc.
Assuming stellar masses of 108.7±0.1 M� for SMC-like and
109.2±0.1 M� for LMC-like satellites (McConnachie 2012), we
find that 42 MW/M31-like galaxies host an SMC-like satellite (i.e.
21 per cent of hosts), 12 host an LMC-like galaxy as their most
massive satellite (6 per cent of hosts), and 6 MW/M31-like hosts
include both an SMC- and an LMC-like galaxy in their satellite pop-
ulation (with the LMC-like galaxy as their most massive satellite).
This corresponds to 3 per cent of our MW/M31-like hosting both an
SMC- and an LMC-like galaxy, and it is remarkably consistent with
the results of Liu et al. (2011), which were based on SDSS data.
However, it should be noted that these observations adopt different,
luminosity-based selection criteria for both host and satellite galax-
ies, as well as spectroscopic distance cuts. As Busha et al. (2011b)
show, such differences in sample selections can cause a difference
of up to 10 per cent.

We summarise the abundance of SMC- and LMC-like satel-
lites in Table 2, including adaptations of different mass bins for
their selection. The subhalo IDs of the 6 MW/M31-like hosts with
both an SMC- and an LMC-like satellite read: 416713, 430864,
497557, 503437, 511303 and 514829 with host halo masses of
log10 𝑀200c/M� = 12.6, 12.3, 12.0, 12.2, 12.1, 12.1, respectively.
These systems, as well as the infall history, spatial distribution, and
star formation activity of their massive satellites will be addressed
in future studies. However, as the data of TNG50 is publicly avail-
able, we provide these IDs for anyone who is interested in studying
specifically these systems. In practice, the MW/M31-like hosts con-
taining both an SMC- and an LMC-like satellite (assuming a mass
bin of ±0.1 dex) cover a mass range of 𝑀200c = 1012 − 1012.6 M�
with a median host mass of 1012.2M� , while the TNG50MW/M31
analogues with an LMC-like galaxy as their most massive satellite
have a median host mass of 1012.3M� . Whereas both of these mass
ranges include either a single or two hosts outside of the 10th and
90th percentiles of the host mass range of all TNG50 MW/M31-
like galaxies, they fall well within the range of total halo mass
estimates of either the Galaxy or Andromeda (see Figure 1). While
both the median and the range of host masses for TNG50MW/M31-
like galaxies hostingmassive,Magellanic Cloud-like satellites agree
with previous host mass estimates fromBusha et al. (2011a), Cautun
et al. (2014) predict less massive MW-like haloes. However, these
are still consistent with some of the individual TNG50 MW/M31-
like hosts with massive satellites. Furthermore, it should be noted
that both of these works employ DM-only simulations as opposed
to TNG50, which includes baryons. Their host mass estimates orig-
inate from measurements of maximum circular velocities of Mag-
ellanic Cloud-like subhaloes. We find the same host mass estimates
when we increase the uncertainties for the stellar masses of SMC-
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Figure 4. Stellar column density on 600 kpc per side of the ten TNG50
galaxies at 𝑧 = 0 (edge-on projection) whose satellite stellar mass function
is the most similar to that of the Galaxy. Circles denote the virial radius
(𝑅200c) of the underlying DM host.
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Figure 5.As in Fig. 4 but for the ten TNG50 galaxies at 𝑧 = 0 whose satellite
stellar mass function is the most similar to that of Andromeda. In TNG50,
the latter are usually more massive and reside in more massive haloes (larger
𝑅200c) than the satellite systems that are more similar to the Galaxy’s.
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and LMC-like satellites. With median host masses of 1012.3 M� ,
these MW/M31-like systems lie between the median and the 90th
percentile of our complete sample of TNG50 MW/M31-like ana-
logues.

Table 2 shows also the number of TNG50 hosts around which
satellites likeM32 orNGC205 (with a stellar mass of 3.8×108M�),
and/or like Triangulum (with 3.5 × 109 M� in stars) orbit (Mc-
Connachie et al. 2018). However, the stellar mass functions of some
of our TNG50 systems in Figure 3 extend even further beyond mas-
sive satellites such as the LMC or Triangulum. With stellar masses
of more than 1010M� , they are almost as massive as the host galax-
ies themselves. These systems do not represent actual satellites but
correspond to galaxies that are about to merge with the MW/M31-
like host, representing imminent major mergers (yet, by selection,
with 𝑀∗ < 1010.5 M� at 𝑧 = 0).

3.2.2 TNG50 satellite systems most similar to the MW and M31

We conclude this overview of TNG50 MW/M31-like galaxies by
visually contrasting MW- and M31-like satellite systems in TNG50
in Figures 4 and 5. Here, we show the projected stellar mass density
of the 10 TNG50 galaxies that are most similar to either the MW or
Andromeda, respectively. These hosts were selected by computing
the residual sum of squares between the simulated and observed
satellite mass functions above 5 × 106 M� over all satellite stellar
mass bins and by identifying the systems with the lowest values.
The subhalo IDs of MW analogues read: 555013, 517271, 536654,
513845, 574037, 482155, 515296, 526029, 499704, 504559. Those
of M31 analogues read: 458470, 433289, 490814, 474008, 342447,
471248, 429471, 470345, 436932, 438148. Evidently, M31-like
TNG50 systems are richer in more massive satellites than MW
TNG50 analogues and exhibit more luminous, as well as extended
stellar haloes. As we will explicitly demonstrate in Section 3.7,
such a difference is to a first order related to Andromeda being a
more massive galaxy than the MW, possibly also residing in a more
massive host halo. As there are apparent qualitative similarities
between our TNG50 M31 analogues and observations of M31
and its satellite system from the Pan-Andromeda Archaeological
Survey (PAndAS, Martin et al. 2013; Ibata et al. 2014), future
quantitative comparisons might be warranted.

3.3 Comparisons to observations

3.3.1 Comparison to the SAGA survey

We compare the TNG50 results to findings from the SAGA survey
(Geha et al. 2017; Mao et al. 2021) in the left panels of Figure 6.

In the top left panel, we compare TNG50 and SAGA at face
value, i.e. using our fiducial selection of TNG50 MW/M31-like
hosts (as detailed in Section 2.2.1). In the bottom panel of Figure 6,
instead, we compare the results of the SAGA survey to the satellite
abundances of TNG50 hosts matched to replicate the SAGA host se-
lection (as described in Section 2.2.2). In both cases, we characterise
satellite abundances in terms of their 𝑟-band luminosity and include
34 MW-like hosts from the second stage of the SAGA survey (Mao
et al. 2021). Their two remaining MW analogues host no satellites
whatsoever and are not shown here. The SAGA galaxies are located
at a distance of 20 − 40 Mpc and were selected by assuming a
MW-like halo mass of 0.6−2.7×1012M� and by using abundance
matching to infer a 𝐾-band luminosity range of−23 > 𝑀K > −24.6
as a proxy for stellar mass. Furthermore, SAGA hosts are required

to be isolated in order to match the MW’s large-scale environment.
For these hosts, satellites are considered within a projected aperture
of 300 kpc and a line-of-sight velocity of ±250 km s−1 with an
absolute 𝑟-band magnitude of 𝑀r < −12.3, which are depicted as
thick, coloured curves in the top left panel of Figure 6. The redshifts
of all SAGA satellites have been spectroscopically confirmed.

Similar to Figure 3, the satellite systems of individual TNG50
MW/M31-like hosts are shown in the background as thin, grey
curves, while the thick, black curve corresponds to the median
TNG50 satellite luminosity function and the grey shaded region
denotes its scatter as 16th and 84th percentiles. For this comparison,
we do not impose a minimum stellar mass to TNG50 satellites and
rather match the satellite selection criteria of the SAGA survey (see
Section 2.3). Furthermore, we include the satellite luminosity func-
tions of both MW and M31 (within 300 kpc) as an additional com-
parison (red and brown curves, respectively), with 𝑀r for MW/M31
satellites obtained from the 𝑀V values of McConnachie (2012) and
(McConnachie et al. 2018) using the TNG50 𝑀r vs. 𝑀V relation
from Equation (3).

Overall, the top left panel of Figure 6 displays a remarkable
agreement between the r-band satellite abundances of TNG50, the
SAGA galaxies, as well as the MW and M31. Whereas this level of
agreement may be coincidental – as there the comparison is made
at face value, i.e. without ensuring the compatibility of the hosts
in the simulation and observed samples –, this is in fact confirmed
by the results in the bottom panel of Figure 6, where we employ a
SAGA-like selection of TNG50 hosts (see Section 2.2.2 for details).
The satellite systems of the SAGA-like TNG50 hosts are well in
agreement with the MW and M31, as well as the actual MW-like
galaxies of the SAGA survey. All satellite luminosity functions of
observed galaxies lie either within the 1𝜎 scatter of TNG50 or are
consistent with the satellite abundances of individual TNG50 hosts.
Compared to our fiducial selection of TNG50 MW/M31-like hosts,
the SAGA-like selection is slightly less satellite rich. Furthermore,
they exhibit a slightly larger scatter both in terms of their brightest
satellite and their total satellite abundance.

3.3.2 Comparison to Local Volume hosts

In the right panels of Figure 6, we quantify the comparison between
TNG50 and the satellite systems of hosts in the Local Volume
(i.e. within 12 Mpc), examined by Carlsten et al. (2021) using
CFHT/MegaCam data. In the top panel, the comparison is “at face
value”, i.e. made in comparison to the TNG50 fiducial sample of
MW/M31-like galaxies, whereas in the bottom panel we attempt
to match the host selection of the Carlsten et al. (2021) sample, as
detailed in Section 2.2. Namely, for each observed galaxy, we select
three TNG50 central and disky galaxies with the closest 𝐾-band
luminosity to the observed ones (see Section 2.2.3).

The hosts of Carlsten et al. (2021) span a halo mass range of
0.8 − 3 × 1012 M� , similar to the 10th and 90th percentiles of our
TNG50 host halo mass range. In order to ensure completeness of the
observed satellite systems down to 𝑀V ∼ −9, they exclusively con-
sider satellites within the inner 150 kpc (3D) of their host galaxies.
The satellite galaxies’ line-of-sight distances are estimated using
either surface brightness fluctuations (SBF) or the tip of the red gi-
ant branch (TRGB). As in the observations, we only count TNG50
galaxies within a projected aperture of 150 kpc of their host as satel-
lites and do not require a minimum stellar mass. Furthermore, we
limit satellite galaxies to line-of-sight distances of 500 kpc. Carl-
sten et al. (2021) include a comparison with satellite systems from

MNRAS 000, 1–29 (2021)



Satellites of MW/M31-like galaxies in TNG50 13

222018161412
Mr [mag]

1

2

5

10

20

N
sa

t (
<

M
r)

Magnitude
Limit SAGA

Galaxies within 300 kpc (2D)
vlos within ±250 km s 1

Comparison at Face Value

TNG50 MW/M31-like
MW
M31
SAGA Stage II

201816141210
MV [mag]

1

2

5

10

20

N
sa

t (
<

M
V
)

Magnitude Limit
Carlsten et al. (2020)

Galaxies within 150 kpc (2D)
and ±500 kpc (los)

Comparison at Face Value

TNG50 MW/M31-like
MW
M31
NGC4258
NGC4631
M51
NGC4565
M101
M94

222018161412
Mr [mag]

1

2

5

10

20

N
sa

t (
<

M
r)

Magnitude
Limit SAGA

Galaxies within 300 kpc (2D)
vlos within ±250 km s 1

Comparison with SAGA-like Host Selection

TNG50 SAGA-like
MW
M31
SAGA Stage II

201816141210
MV [mag]

1

2

5

10

20

N
sa

t (
<

M
V
)

Magnitude Limit
Carlsten et al. (2020)

Galaxies within 150 kpc (2D)
and ±500 kpc (los)

Comparison with LV-like Host Selection

TNG50 LV-like
MW
M31
NGC4258
NGC4631
M51
NGC4565
M101
M94

Figure 6. Satellite abundances in TNG50 and in observations from the SAGA survey and Local Volume galaxies. In all four panels, the thin, grey curves
in the background illustrate the satellite systems of individual TNG50 hosts, while the thick, black curves and grey shaded areas depict their median and scatter
as 16th and 84th percentiles, computed in bins of satellite luminosity and including galaxies with zero satellites in the calculations. The top panels depict
comparisons at face value, i.e. we compare the satellite systems of observed hosts to those of our fiducial selection of TNG50 MW/M31-like hosts. In the
bottom panels, we select TNG50 hosts according to the selection criteria of the observations; furthermore, for each observed host, we choose and use only
the three TNG50 hosts with closest 𝐾 -band luminosity (see Section 2.2 for details). Left panels: satellite abundances in TNG50 and the SAGA survey. We
characterise satellite systems using satellite luminosity functions in the 𝑟 -band for galaxies within a projected aperture of 300 kpc and line-of-sight velocities
of ±250 km s−1 of their host galaxy (with no requirement on stellar mass). Thick, coloured curves depict the satellite systems of 34 observed MW-like galaxies
from the SAGA survey’s second stage (Mao et al. 2021, two more of their MW analogues host no satellites whatsoever and are thus not shown here), red
and brown curves show the observed satellite systems of the MW and M31 (McConnachie 2012; McConnachie et al. 2018). Right panels: satellite luminosity
function in the 𝑉 -band comparing TNG50 to 8 hosts in the Local Volume from Carlsten et al. (2021) (including the MW and M31) as thick, coloured curves.
Satellites are restricted to the inner (projected) 150 kpc of their host systems and to ±500 kpc along the line of sight (los).

TNG100 in their study and adopt this line-of-sight criterion as a
compromise between SBF and TRGB distance estimates.

In the right panels of Figure 6, the six satellite systems from
Carlsten et al. (2021), as well as those of the MW and M31 are
depicted as 𝑉-band luminosity functions by thick, coloured curves.
The median and scatter of the TNG50 hosts (thin, grey curves) are
shown as thick, black curve and grey shaded area. Both the top and
bottom right panels of Figure 6 show that, whereas most observed
Local Volume systems overall fall within the satellite abundances
from TNG50 and lie largely within the TNG50 1𝜎 scatter, they are
somewhat more concentrated on the satellite-richer side. Imposing

an LV-like selection makes the TNG50 median and scatter to shift
to slightly lower satellite abundances than those of the fiducial
MW/M31-like selection (top vs. bottom panels).

Interestingly, the galaxies observed by Carlsten et al. (2021)
exhibit a smaller host-to-host scatter for satellites in their host’s
inner regions, i.e. within 150 projected kpc, in comparison to
satellite abundances measured across larger apertures: NGC4258,
NGC4631, NGC4565, and M101, as well as the MW and M31,
exhibit remarkably similar satellite abundances compared to their
satellites counted across larger apertures (left vs. right top panels of
Figure 6). While the scatter between individual TNG50 MW/M31-
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like hosts seems to be slightly smaller compared to our fiducial
satellite selection in the left panel of Figure 3, further analysis of
the spatial distribution of satellite galaxies – especially comparing
the inner and outer regions of TNG50 hosts – will be addressed in
future studies (Bose et al. in prep.).

3.4 Comparison to previous cosmological hydrodynamical
simulations

We compare the satellite abundance of MW/M31-like galaxies in
TNG50 to previous cosmological hydrodynamical galaxy simula-
tions in the top panels of Figure 7. Note that all of these simulations
employ different definitions of MW- and/or M31-like galaxies with
different host mass ranges on different mass types, as well as various
other criteria on their morphology, environment, or merger history.
Hence, as we find it useful to see all previous and current results
in single plots, we consider such comparisons at face value. We
summarise the host selection criteria of all simulations addressed
in this study in Table 1. This means that although there is overlap
between models with respect to their adopted mass range or some of
their other criteria, all simulations study somewhat different kinds
of host galaxies or samples with different distributions of galaxy or
hostmass. Therefore, somedeviations concerning their individual or
average satellite abundances are to be expected. Conversely, agree-
ment across galaxy formation models cannot be over-interpreted
as consistency, at least not before galaxy-to-galaxy variations and
trends with host properties are accounted for.

The top left panel of Figure 7 compares the satellite stellar
mass functions of TNG50 – individual hosts as thin, grey curves in
the background, as well as their median and scatter as thick, black
curve and grey shaded area – to the TNG100median (red curve), the
Latte simulation (blue curve, Wetzel et al. 2016), FIRE-2 (brown
curves, Garrison-Kimmel et al. 2019), as well as the scatter of
Auriga (purple shaded area, Simpson et al. 2018) and APOSTLE
(green shaded area, Sawala et al. 2016b). These comparisons are
discussed here at face value, i.e. without adjusting for the different
nominal selections of the underlying host properties – we expand
on the effects of different host selections in the bottom panel of
Figure 7.

MW/M31-like systems in TNG100 contain systematically both
a lower number of satellites and overall less massive satellites – an
effect of decreased numerical resolution.We extensively discuss the
impact of resolution on the abundance of both luminous satellite
galaxies and dark subhaloes in more detail in Appendix A. The
Latte simulation mostly exhibits a lower satellite abundance than
the TNG50 median – albeit well within TNG50’s 1𝜎 scatter – but
rises to meet the TNG50 median at the low-mass end. While their
most massive satellite is ∼ 0.4 dex less massive than the TNG50
average, Latte only simulates a single MW-like galaxy. However,
satellites as massive as the LMC tend to occur relatively rarely (e.g.
Busha et al. 2011b; Liu et al. 2011; Tollerud et al. 2011; González
et al. 2013) and it should be noted that Wetzel et al. (2016), in their
figure 3, exclude the LMC for its mass and Sagittarius due to its
disruptive state from the reported MW satellite mass function in
their comparison of Latte with the actual MW. While the two Local
Group-like (LG) pairs and six isolatedMW-like hosts of the FIRE-2
simulations exhibit significant scatter, their satellite abundance is
overall consistent with MW/M31-like hosts in TNG50, well within
TNG50’s 1𝜎 scatter. The overall abundances in Auriga extend to
both larger numbers and more massive satellite galaxies than the
TNG50 median – we expand on this comparison in Section 3.4.1.
The mass of their most massive satellites surpasses our 1𝜎 scatter,

however, it is still in agreement compared to individual TNG50
hosts. The LG-like hosts of APOSTLE exhibit similar trends and
include a larger number ofmassive satellites. However, their satellite
abundances are overall consistent with either TNG50’s median and
1𝜎 scatter or the individual TNG50 MW/M31-like hosts.

We show another set of 𝑉-band satellite luminosity functions
in the bottom right panel of Figure 7 and compare TNG50 to recent
results from the ARTEMIS (pink curves, Font et al. 2021) and DC
Justice League simulations (blue curves, Applebaum et al. 2021).
While ARTEMIS consists of a sample of 45 hosts, we show the
average abundances of ARTEMIS subsamples that were specifi-
cally matched to either the MW (dotted curve, 𝑀200c < 1012 M�)
or M31 (dash-dotted curve, 𝑀200c > 1.2 × 1012 M�). Both their
selections exhibit consistently larger satellite abundances than the
TNG50median, with theirMW-like selection within and theirM31-
like selection outside of TNG50’s scatter. However, M31-like hosts
in ARTEMIS are still in agreement with the overall satellite abun-
dance of individual TNG50 analogue hosts. The curves from the
DC Justice League simulations illustrate the satellite abundances
of two individual MW-like galaxies. Both of them lie outside of
TNG50’s 1𝜎 scatter – one of them on the satellite-richer, the other
on the satellite-poorer side – but are consistent with the satellite
abundance of individual TNG50MW/M31-like hosts. These devia-
tions are expected considering the masses of the DC Justice League
host haloes. With 0.75 and 2.4 × 1012 M� , their halo masses are
close to the 10th and 90th percentiles of the halo mass range of
TNG50 MW/M31-like hosts.

Overall, we find an encouraging level of apparent agreement
with other cosmological simulations. The number of satellites above
a given stellar mass is consistently within a factor of 2 of TNG50’s
median from𝑀∗ = 107−108.5M� . The satellite abundance ofMW-
, M31-, or LG-like hosts holds across different definitions of host
galaxies, different physical models, and various levels of numerical
resolution – not just compared to TNG50 but among all simulations
in general.

3.4.1 Dependence on host selection

While satellite abundances of different simulations are consistent
when compared at face value, the effects of specific host galaxy and
halo selections on their present-day satellites remain to be explored.
We vary the criteria for the selection of MW/M31-like galaxies in
the bottom panel of Figure 7 and compare their satellite systems to
our fiducial selection (black curve, see Section 2.2 for its specific
criteria). For all TNG50 hosts, we define satellites as galaxies with
𝑀∗ ≥ 5 × 106 M� and within 300 kpc (3D) of their host galaxy.
While we did also study a a subsample of our fiducial selection
consisting of MW/M31-like hosts in the vicinity of a Virgo-like
galaxy cluster (i.e. within 10 Mpc), we do not show their satellite
abundances here. Their overall distributions liewell within the range
of our entire fiducial sample with no distinct concentration on the
satellite-richer or -poorer side and their median would coincide with
the satellite stellar mass function of our fiducial sample.

For the remaining curves in the bottom panel of Figure 7,
we adopt alternative selections: namely, we consider TNG50 hosts
with a certain total host halo mass, we exclusively consider centrals,
and waive any further limitations on their morphology, merger his-
tory, or environment. We define low- and high-mass samples based
on the halo masses that our fiducial stellar mass range covers in
Figure 1: the low-mass sample covers the 10th to 50th percentile
(𝑀200c = 1011.9 − 1012.1 M� , light brown curve), the high-mass
sample corresponds to the 50th to 90th percentile of this range
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Figure 7. Satellite abundance in TNG50 and recent cosmological hydrodynamical simulations. The median host halo mass or host mass range (𝑀200c) of
each simulation, i.e. curve, is given in the legend. The top panels depict comparisons at face value, i.e. we compare the satellite systems of previous simulations
to those of our fiducial selection of TNG50 MW/M31-like hosts. In both panels, the thin, grey curves in the background illustrate the satellite systems of
individual TNG50 hosts, while the thick, black curves and grey shaded areas depict their median and scatter as 16th and 84th percentiles, computed in bins
of satellite stellar mass and including galaxies with zero satellites in the calculations. Top left panel: satellite stellar mass function comparing the satellite
abundance of MW/M31-like galaxies in TNG50 to TNG100 (red curve), Latte (blue curve, Wetzel et al. 2016), FIRE-2 (brown curves, Garrison-Kimmel
et al. 2019), Auriga (purple shaded area, Simpson et al. 2018), and APOSTLE (green shaded area, Sawala et al. 2016b). Top right panel: satellite luminosity
function in the 𝑉 -band comparing TNG50 to the ARTEMIS (pink curves, Font et al. 2021) and DC Justice League simulations (blue curves, Applebaum et al.
2021). The pink, dotted curve depicts the MW-like subsample of ARTEMIS, consisting of hosts with 𝑀200c < 1012 M� , while the pink, dash-dotted curve
shows their M31-like subsample with 𝑀200c > 1.2 × 1012 M� (see Table 1 for their general selection criteria). We include the median host halo masses of
all simulations in terms of 𝑀200c in the legend. Bottom panel: satellite stellar mass functions for various definitions of MW/M31-like hosts. TNG50 satellites
are required to be located within a 3D aperture of 300 kpc of their host and to have a stellar mass of 𝑀∗ ≥ 5 × 106 M� . We compare our fiducial selection
of MW/M31-like galaxies (black curve, as in Figure 3) to several halo mass-based selections. The latter are limited to only central galaxies with no further
requirements (e.g. on morphology or environment). Light and dark brown curves show satellite systems of lower- and higher-mass host haloes in TNG50. Their
mass ranges correspond to the 10th to 50th percentiles, as well as the 50th to 90th percentiles of total halo mass covered by our fiducial host stellar mass range
(see Figure 1). Furthermore, we match the host mass range of TNG50 hosts to those of the Auriga (purple curve) and Latte simulations (blue curve). For Latte,
we assume a range of ±0.1 dex in halo mass (see Table 1 for host selection criteria). The purple dotted curve and shaded region denote the median and scatter
in satellite abundance of the actual Auriga simulations (Simpson et al. 2018, and private communication); the blue, dotted curve shows the satellite system of
Latte (Wetzel et al. 2016).

(𝑀200c = 1012.1 − 1012.5 M� , dark brown curve). Both curves dis-
play a distinct offset from our fiducial satellite stellar mass function:
the low-mass sample hosts a smaller number of satellites, which are
less massive, while the high-mass sample extends to both larger
satellite masses and higher total abundances.

Furthermore, we match the selection mass range to two
previous cosmological simulations and show the corresponding
TNG50 results: an Auriga-like selection (solid, purple curve) with
𝑀200c = 1012 − 1012.3 M� (Grand et al. 2017) and Latte (solid,
blue curve). Since the Latte simulation consists of only a single

MNRAS 000, 1–29 (2021)



16 C. Engler et al.

MW-like galaxy with 𝑀200m = 1.3×1012 M� (Wetzel et al. 2016),
we simply assume a mass bin of ±0.1 dex, resulting in a range of
𝑀200m = 1 − 1.6 × 1012 M� . 𝑀200m corresponds to the total mass
of a sphere around the FoF halo’s centre with a mean density of
200 times the mean density of the Universe (as opposed to the Uni-
verse’s critical density for 𝑀200c). The satellite abundances of the
actual Latte simulation (Wetzel et al. 2016) and the Auriga sample
(Simpson et al. 2018) are given as a blue, dotted curve and purple,
dotted curve and shaded area, respectively.

The TNG50 median satellite mass functions with the Auriga-
like selection are very similar to the TNG50 median of our fiducial
selection of MW/M31-like hosts, with a slight offset towards larger
satellite abundances. Considering that the median host halo mass
of our fiducial selection is at 𝑀200c = 1012.1 M� , this result is
reasonable. However, the median of the actual Auriga simulations
displays slightly larger satellite abundances than our TNG50Auriga-
like selection and agrees more with our high-mass host sample. The
Latte-like selection, on the other hand, returns TNG50 hosts whose
satellite mass functions are in excellent agreement with that of
the Latte simulation (blue solid vs. blue dotted curves), at least for
satellite stellar masses above 107M� . Thus, when the host selection
is properlymatched, the TNG50 and Latte models (i.e. FIREmodels
since Latte employs physical models from FIRE) predict essentially
identical MW-like satellite mass functions, despite starkly different
numerical resolution and galaxy formation model assumptions.

3.5 Evolution of luminous and dark satellite populations
through time

The satellites we observe today orbiting around galaxies like the
MW and M31 do not represent the whole sample of galaxies that
have ever been accreted. Most of the galaxies that enter the gravi-
tational field of more massive haloes are destined to be destroyed
and to ultimately form the diffuse stellar halo of their host galaxy
(Purcell et al. 2007; Sales et al. 2007; Fattahi et al. 2020).

In this section, we compare present-day populations of satellite
galaxies around MW/M31-like hosts in TNG50 to their abundance
throughout cosmic time by taking all satellites ever accreted into
account. This includes disrupted and merged satellites, backsplash
galaxies, as well as present-day survivors. We compare 𝑧 = 0 and
ever accreted median satellite stellar mass functions in the top panel
of Figure 8. TNG50 satellites are required to be located within
300 kpc (3D) of their host and to have a minimum stellar mass of
5×106M� . Note that, contrary to the rest of this paper, the definition
of satellite galaxies in this section is not solely based on the distance
from their host but additionally requires them to be members of the
same FoF halo, since the identification of accreted satellites is based
on their infall into a more massive host halo. Therefore, we limit
our sample of MW/M31-like hosts to centrals, which leaves us with
a sample of 190 hosts.

The black curve and grey scatter in the top panel of Figure 8
show themedian satellite stellar mass function and its scatter as 16th
and 84th percentiles of present-day, surviving satellites – practically
the median in the left panel of Figure 3 – while the light green curve
and the corresponding shaded area display median and scatter of the
stellar mass function of all satellites that have ever been accreted by
these MW/M31-like hosts using the satellites’ stellar mass at infall.
Including all satellites ever accreted extends the stellar mass func-
tion both towards more massive satellites of 109.4±0.5 M� , as well
as towards larger total satellite abundances of 21+13−7 . At fixed min-
imum satellite stellar mass, the median abundance of all satellites
ever accreted is larger than the median abundance of present-day

survivors by a factor of 4 − 5. This offset between surviving and
accreted satellite populations is in qualitative agreement with pre-
vious DM-only and hydrodynamic simulations (Purcell et al. 2007;
Sales et al. 2007). Fattahi et al. (2020) find a similar quantitative
difference for satellites from the Auriga simulations.

Furthermore, we analyse the evolution of the satellite stellar
mass function through time by limiting satellite galaxies according
to their time of accretion either to satellites that have been accreted
since 𝑧 = 2 (medium green curve) or those that were accreted onto
their MW/M31-like host by 𝑧 = 0.7 (dark green curve). Overall, the
number of satellites that have been accreted since 𝑧 = 2 decreases
compared to all satellites ever accreted. While the massive end
exhibits barely a difference, less massive satellites become increas-
ingly affected since such galaxies are less resistant to environmental
effects and are thus more prone to be disrupted. Shifting this limit
on accretion time further towards the present day continues to de-
crease the number of satellites. In fact, the mass function of the
present-day population of surviving satellite galaxies is similar to
the one of satellites accreted since 𝑧 ∼ 0.7. So on average, present-
day satellites of the MW and Andromeda fell into the gravitational
potential of their host not earlier than 𝑧 ∼ 0.7 − 1.

3.6 Baryonic vs. DM-only simulation expectations

We examine differences between luminous satellite and dark sub-
halo populations in the bottom panels of Figure 8. The lower left
panel shows a subhalo mass function in terms of their total dynam-
ical mass 𝑀dyn, i.e. all particles that are gravitationally bound to
satellites, including dark matter, stars, gas, and black holes. Sub-
haloes are required to share the same FoF halo as their host, to
be located within 300 kpc (3D) of their host galaxy, and to have a
minimum dynamical mass of 5 × 107 M� . This value corresponds
to the smallest total subhalo mass below which the SHMR becomes
incomplete and is artificially bent due to finite mass resolution (see
Figure A2, bottom left panel). Note that these subhaloes do not
necessarily need to include a stellar component, meaning they can
be either luminous or dark subhaloes. We compare the abundance
of all subhaloes that have ever been accreted (blue curves) to the
present-day population of surviving subhaloes at 𝑧 = 0 (red curves),
as well as surviving satellite galaxies at 𝑧 = 0 with a stellar mass
of 𝑀∗ ≥ 5 × 106 M� (black curve). Furthermore, we illustrate dif-
ferences between baryonic and DM-only simulations in the bottom
panels of Figure 8, by contrasting the subhalo samples from both
TNG50 (solid curves), as well as its DM-only analogue simulation
TNG50-Dark (dashed curves).

While the abundance of subhaloes at 𝑧 = 0 is significantly
larger than for luminous satellite galaxies, reaching 120 (200) in
TNG50 (TNG50-Dark), surviving subhaloes and all subhaloes ever
accreted exhibit a similar – albeit slightly smaller – difference as for
satellite galaxies. At fixed dynamical mass, the number of surviving
subhaloes at 𝑧 = 0 is smaller than those that have ever been accreted
onto MW/M31-like hosts by a factor of 3 − 5. The abundance of
subhaloes at 𝑧 = 0 is always larger in TNG50-Dark than in the bary-
onic run by a factor of up to 2. However, this trend varies slightly
when considering all subhaloes that have ever been accreted. Here,
the abundance of massive subhaloes is the same in both TNG50 and
TNG50-Dark. However, below dynamical masses of 1010 M� , the
number of subhaloes in TNG50-Dark becomes larger than the num-
ber of subhaloes in TNG50. The inclusion of baryonic processes
affects the evolution of subhalo populations significantly both be-
fore and after accretion into their present-day host environment.
Low-mass galaxies in baryonic simulations can experience substan-
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Figure 8. Satellite and subhalo abundance of MW/M31-like hosts in TNG50 comparing past to present-day satellite populations and baryonic to dark
matter-only simulations. Top panel: median satellite stellar mass function (within two stellar half-mass radii 𝑅∗

1/2) for satellite galaxies within 300 kpc of
their MW/M31-like host (3D) and with a stellar mass of at least 5 × 106 M� for present-day satellites at 𝑧 = 0 (black curve, as in Fig. 3) and all satellites that
have ever been accreted by their host (light green curve). Grey and green shaded areas denote their scatter as 16th and 84th percentiles. Furthermore, we limit
satellites by their time of accretion to 𝑧 = 2 (medium green curve) and 𝑧 = 0.7 (dark green curve) to show the evolution of the median satellite population.
Bottom panels:median subhalo abundance for subhaloes with dynamical mass𝑀dyn ≥ 5×107 M� in terms of either total dynamical mass𝑀dyn (left panel) or
normalised maximum circular velocity 𝑉max/𝑉200c (right panel) using all gravitationally bound particles in both TNG50 (solid curves) and its dark matter-only
analogue TNG50-Dark (dashed curves). Note that subhaloes are not required to include a luminous component. We compare all subhaloes that have ever been
accreted by MW/M31-like hosts (blue curves), the surviving subhaloes at 𝑧 = 0 (red curves), as well as subhaloes that host luminous satellite galaxies with
stellar masses of at least 5 × 106 M� . Furthermore, we include the subhalo abundance of several previous DM-only simulations in terms of their maximum
circular velocity normalised by their host virial velocity 𝑉max/𝑉200c in the right panel: Phat ELVIS (Kelley et al. 2019), Via Lactea II (Diemand et al. 2008),
and Aquarius (Springel et al. 2008) (brown to orange, dashed curves). As the Phat ELVIS and Via Lactea II simulations employ different definitions of host
virial properties, we convert their host velocities to 𝑉200c using the underlying relationships within TNG50 and neglect deviations due to the different adopted
cosmological parameters. While Phat ELVIS and Aquarius require their subhaloes to be located within 300 kpc of their host as well, this distance limit is
extended to 402 kpc for Via Lactea II subhaloes. We summarise their host selection criteria in Table 1.

tial gas outflows due to galactic winds, leading to a redistribution
of dark matter and lower masses compared to DM-only simula-
tions. Intermediate-mass galaxies, on the other hand, have deeper
potential wells and are therefore able to accrete more gas, resulting
in larger masses in baryonic simulations (Chua et al. 2017). Fur-
thermore, mass stripping and the survivability of subhaloes after
infall correlates with the underlying structure of both subhalo and
host. While a steeper matter density in subhaloes makes them more
resistant to environmental effects, mass loss and total disruption,
the same feature makes host haloes more efficient at tidal stripping,

decreasing the survivability of subhaloes (Jiang & van den Bosch
2016). Introducing baryonic processes therefore changes both the
overall mass range of subhaloes, as well as their survivability inside
their host environment, resulting in different subhalomass functions
– both at accretion and at 𝑧 = 0. Since DM-only simulations are
missing complex and non-negligible physical processes, near-field
cosmology as well as the analysis ofMW/M31-like satellite systems
and their evolution must rely on baryonic simulations.

We find similar trends for the abundance of subhaloes with
𝑀dyn ≥ 5 × 107 M� in terms of their maximum circular velocity
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𝑉max in the bottom right panel of Figure 8. As the subhalo abun-
dance in terms of𝑉max is expected to be essentially scale free when
normalised to their host (Wang et al. 2012, however, see Chua et al.
2017 for the breaking of self-similarity in full-physics hydrodynam-
ical simulations), we normalise the subhalo abundance by the virial
velocity of their host halo𝑉200c. The number of surviving subhaloes
at 𝑧 = 0 (red curves) reaches 120 in TNG50 (solid curve) and 200 in
TNG50-Dark (dashed curves) for 𝑉max/𝑉200c ≥ 0.02 − 0.07, while
their overall abundance is always larger in TNG50-Dark. Subhalo
populations extend to normalised maximum circular velocities of
∼ 0.35 in both TNG50 and TNG50-Dark. However, their distribu-
tions begin to flatten considerably towards the low-velocity end for
subhaloes with 𝑉max/𝑉200c < 0.07.

Furthermore, we compare our findings from TNG50-Dark (red
dashed curve) to other DM-only simulations: Phat ELVIS (Kelley
et al. 2019), Via Lactea II (Diemand et al. 2008), and Aquarius
(Springel et al. 2008) (brown to orange, dashed curves). All of the
simulations employ different definitions of MW/M31-like haloes.
We summarise their host selection criteria in Table 1. As both Phat
ELVIS and Via Lactea II employ different measurements of their
host haloes’ virial properties –𝑉Δc (i.e. the total velocity of a sphere
with a mean density of Δc times the critical density of the Universe,
where Δc is derived from the collapse of a spherical top-hat per-
turbation), and 𝑉200m (i.e. the velocity of a sphere around the FoF
halo centre with a mean density of 200 times the mean density of
the Universe), respectively –, we convert their host velocities into
𝑉200c using the TNG50 relations of these different velocity mea-
surements. Note that the actual𝑉200c velocities of these simulations
might be slightly different depending on their adopted cosmology.

Both Phat ELVIS and Aquarius require satellites to be located
within 300 kpc of their host galaxies, however, this aperture is ex-
tended in Via Lactea II to 402 kpc. After normalising the subhaloes’
maximum rotational velocities to their respective host velocity, all
simulations exhibit overall consistent subhalo abundances. While
the abundance of Via Lactea II is slightly larger than in TNG50-
Dark, the abundances of Phat ELVIS and Aquarius coincide with
TNG50-Dark at almost all velocities. Despite different definitions
of MW/M31-like haloes – including limitations on mass ranges,
morphologies, isolation criteria, and merger histories – we find a
reasonable agreement and consistent subhalo abundances between
TNG50-Dark and other, previous DM-only simulations.

3.7 Dependence on host properties

In this section, we investigate the correlations of satellite abundance
with properties of their host and look for possible physical origins
of the scatter in satellite abundance. The large number ofMW/M31-
like galaxies in TNG50 allows us to search for trends in a statistically
significant manner and hence to provide the baryonic physics coun-
terpart to previous results on subhaloes that were based on DM-only
simulations (e.g. Gao et al. 2004, and subsequent similar analyses)
or semi-analytic models (e.g. Sales et al. 2013; Starkenburg et al.
2013;Wang &White 2012). We characterise satellite systems using
their stellar mass functions (limited to satellites within 300 kpc of
their host and with𝑀∗ ≥ 5×106M�) in general, as well as in terms
of the total number of satellites within 300 kpc.

3.7.1 Dependence on host galaxy properties

We illustrate dependencies of satellite abundances on host galaxy
properties in Figure 9. Panels in the left column depict satellite stel-
lar mass functions for subpopulations in various percentiles of the

host property in question, with yellow to black curves. The specific
colours of percentiles vary slightly depending on the distribution of
the respective host property under consideration. The grey curves in
the background show the individual stellar mass functions as refer-
ence. Right panels display the total number of satellites as a function
of the respective host property for individual hosts and percentiles,
as well as their running median and scatter (black curve and grey
shaded area). These curves do not necessarily cover the entire range
of the host property in question. Since the population of satellites
might not be complete around the boundaries of the respective host
property range, the running median and scatter could otherwise dis-
play misleading trends. Furthermore, we include either the 8 hosts
of the SAGA survey’s first stage (Geha et al. 2017) or the 36 hosts of
its second stage (Mao et al. 2021) as comparison (green diamonds)
and indicate the total abundance of MW and M31 satellites with
𝑀∗ ≥ 5 × 106 M� (red and brown dashed lines, respectively). We
characterise our hosts using stellar mass, star formation rate,𝐾-band
luminosity, and 𝑔 − 𝑟 colour (from top to bottom). For stellar mass
and 𝐾-band luminosity, we include estimates for the MW and M31
(red and brown shaded areas, respectively).

In Figure 9, while there is overlap among the stellar mass
functions of different percentiles and significant scatter in the to-
tal number of satellites as a function of host properties, we find
the clearest trends with stellar mass and its observational counter-
part, the 𝐾-band luminosity. Namely, more massive and brighter
MW/M31-like galaxies do host a larger number of satellite galax-
ies. Furthermore, the strength of these correlations becomes more
significant at higher masses and brighter luminosities. At fixed host
stellar mass, there is a normalised 1𝜎 scatter in total satellite abun-
dance (calculated as |𝑁sat, tot − 〈𝑁sat, tot〉|/〈𝑁sat, tot〉) of up to ±0.5
at 1010.5M� and ±0.6 at 1010.8M� ; at fixed host 𝐾-band luminos-
ity, there is a normalised scatter of up to±0.8 at−24mag and±0.5 at
−24.8 mag. While we did inspect correlations with the stellar mass
function slope as well, we find either no or only very minor de-
pendencies, e.g. the satellite stellar mass functions of more massive
hosts tend to be slightly steeper. Considering the comparison to ob-
servations, we see that the TNG50 trends are well in agreement with
those from the SAGA hosts – both exhibit a significant amount of
scatter. Furthermore, Mao et al. (2021) recover the same significant
correlation of satellite abundance and host 𝐾-band luminosity. Con-
sidering the MW and M31, we find their total satellite abundances
to be consistent with the distributions of TNG50 MW/M31-like
hosts given their estimates of stellar mass and 𝐾-band luminosity
and amid a significant degree of scatter in both directions. Clearly,
the observed satellite system of Andromeda is more compatible to
those of TNG50 hosts with larger stellar masses and smaller K-band
magnitudes, and it is in fact well reproduced by TNG50.

3.7.2 Dependence on host halo properties

We extend this investigation to host halo properties in Figure 10.
As in Figure 9, we illustrate trends with percentile stellar mass
functions (left panels) and the total number of satellites as a function
of host halo properties (right panels). Once more, it should be noted
that the specific colours of percentiles vary slightly depending on
the distribution of the respective host property in question. Since
we consider properties of the FoF halo, we limit our sample of
MW/M31-like hosts to centrals, which leaves us with a sample of
190 hosts. Furthermore, we indicate the total satellite abundances
of the MW andM31 with 𝑀∗ ≥ 5×106 M� (red and brown dashed
lines, respectively).

We characterise the host halo by its total mass 𝑀200c, its as-
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Figure 9. Dependence of satellite abundances on host galaxy properties for satellites within 300 kpc (3D) of their MW/M31-like host and with a stellar
mass of at least 5 × 106 M� . Each row investigates a different host property (from top to bottom): stellar mass 𝑀∗, star formation rate SFR (both within
twice the stellar half-mass radius), 𝐾 -band luminosity 𝑀K, and 𝑔 − 𝑟 colour. Left panels: median satellite stellar mass functions in various percentiles of the
host property in question (thick, yellow to black curves). The thin, grey curves in the background denote satellite stellar mass functions of individual TNG50
MW/M31-like hosts as a reference. Right panels: total number of satellites as a function host properties for the percentiles (yellow to black circles), all TNG50
MW/M31-like galaxies (grey circles), as well as their running median (black curves) and scatter (grey shaded area, 16th and 84th percentiles). Furthermore,
we include MW-like hosts from the SAGA survey as a comparison (green diamonds): its first stage (Geha et al. 2017) consisting of 8 MW-like hosts for stellar
mass, SFR and 𝑔 − 𝑟 colour, as well as 36 hosts from its second stage (Mao et al. 2021) for 𝐾 -band luminosity. The horizontal, dashed lines mark the total
satellite abundance of the MW (red line) and M31 (brown line), while the vertical, shaded areas denote estimates of stellar mass (Licquia et al. 2015; Sick et al.
2015; Boardman et al. 2020) and 𝐾 -band luminosity (Drimmel & Spergel 2001; Hammer et al. 2007).MNRAS 000, 1–29 (2021)
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Figure 10. Dependence of satellite abundances on host halo properties (instead of host galaxy properties) for satellites within 300 kpc (3D) of their
MW/M31-like host and with a stellar mass of at least 5 × 106 M� . Each row investigates a different host property (from top to bottom): total mass 𝑀200c, halo
assembly time 𝑧50, i.e. the redshift at which the MW/M31-like host had assembled 50 per cent of its mass, as well as halo concentration 𝑐−2 and halo shape as
minor-to-major axis ratio 𝑠. Left panels: median satellite stellar mass functions in various percentiles of the host property in question (thick, yellow to black
curves). The thin, grey curves in the background denote satellite stellar mass functions of individual TNG50 MW/M31-like hosts as a reference. Right panels:
total number of satellites as a function host properties for the percentiles (yellow to black circles), all TNG50 MW/M31-like galaxies (grey circles), as well as
their running median (black curves) and scatter (grey shaded area, 16th and 84th percentiles). The horizontal, dashed lines mark the total satellite abundance
of the MW (red line) and M31 (brown line).
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sembly time, for which we employ 𝑧50 – the redshift at which 50
per cent of its present-day total mass had been assembled –, its
concentration 𝑐−2, and its shape 𝑠 as its minor-to-major axis ratio
(from top to bottom). We compute halo concentration by fitting an
Einasto profile (Einasto 1965; Navarro et al. 2004) to the radial
distribution of dark matter density 𝜌DM (𝑟), following Pillepich et
al. (in prep.). The concentration parameter 𝑐−2 corresponds to the
ratio of the virial radius and the radius at which the DM density
profile’s slope takes on an isothermal value. We measure DM halo
shapes following Chua et al. (2019).

Overall, we find much stronger trends with halo mass and as-
sembly than with host galaxy properties: more massive MW/M31-
like haloes and those with a later assembly 𝑧50 host a larger number
of surviving satellite galaxies by 𝑧 = 0.At fixed total hostmass, there
is a normalised 1𝜎 scatter in total satellite abundance (calculated
as |𝑁sat, tot − 〈𝑁sat, tot〉|/〈𝑁sat, tot〉) of up to ±0.8 at 1012 M� and
±0.3 at 1012.4 M� . However, the trend with host assembly evolves
throughout time with different stages in halo formation: for earlier
characterisations of the assembly times (𝑧10), the correlation with
total satellite abundance is stronger than with later characterisations
of halo assembly (𝑧90, see Appendix C and Figure C1 for details).
Host halo concentration has only a slight impact on the total abun-
dance of present-day satellite galaxies: whereas less concentrated
haloes host a larger number of 𝑧 = 0 satellites, this trend flattens
and disappears towards higher concentrations. Finally, there are no
discernible trends with host halo shape.

As for Figure 9, we also inspected correlations with the stellar
mass function slope, however, they are not shown sincewefind either
no or only very minor dependencies, e.g. the satellite stellar mass
functions of host haloes with a later assembly tend to be slightly less
steep. We confirm the correlations described so far using Spearman
correlation coefficients. While host 𝐾-band luminosity yields the
best correlation coefficient of the host galaxy properties with −0.65,
the trend with total host halo mass is even stronger with a Spearman
correlation coefficient of 0.75. Therefore, total satellite abundances
are more closely related to host halo than host galaxy properties.
This is consistent with results from the APOSTLE and ARTEMIS
simulations (Fattahi et al. 2016b; Font et al. 2021).

The TNG-based findings uncovered in this paper are qual-
itatively consistent with the trends between subhalo abundances
and host halo properties in the Illustris simulation (Chua et al.
2017). But some differences do emerge: we expand on the host-
dependent trends of subhalo, rather than satellite, abundances in
TNG50 in Appendix D. As shown in Appendix D and Figure D1,
when considering subhalo abundance in our DM-only analogue
simulation TNG50-Dark, the total abundance of subhaloes displays
a strong dependence on host concentration. However, host haloes
in TNG50-Dark are generally less concentrated than in TNG50:
baryonic effects in TNG50 cause the host haloes to contract (see
also Chua et al. 2017; Lovell et al. 2018 for Illustris and Illus-
trisTNG, as well as Duffy et al. 2010; Marinacci et al. 2014; Zhu
et al. 2016; Fiacconi et al. 2016 for other previous cosmological and
zoom-in simulations). This washes out the correlations between to-
tal satellite/subhalo abundance and host concentration that have
been previously quantified with N-body only models.

To our knowledge, this is the first time that it has been possible
to quantify the scatter and the dependence on host properties of the
satellite abundance of MW/M31-like hosts with a full-physics, hy-
drodynamical galaxy-formation simulation that samples many tens,
in fact a couple of hundred, MW/M31-like hosts. Both Figures 9
and 10 demonstrate that the observed satellite abundances of the
MW and M31 are well reproduced by TNG50 as they are in agree-

ment with the distribution of TNG50 MW/M31-like hosts, even
at fixed observed host properties. Whereas a significant degree of
host-to-host variation remains also at fixed total satellite abundance,
we find that, also according to TNG50, the larger number of satel-
lites around Andromeda compared to those of the Galaxy suggest a
higher total halo mass, more recent halo formation time, and lower
halo concentration for the host halo of M31 in comparison to the
MW’s.

4 SUMMARY & CONCLUSIONS

Wehave analysed the abundance of satellite galaxies at 𝑧 = 0 around
198 MW- and M31-like galaxies in TNG50, the final instalment
in the IllustrisTNG suite of cosmological magnetohydrodynamical
simulations. Thanks to the available volume and the zoom-in-like
resolution of TNG50, we have obtained a statistically-significant
sample of both MW/M31-like galaxies as well as their satellite
populations within 300 kpc (3D) and were able to reliably resolve
satellites down to stellar masses of 5 × 106 M� . From TNG50, we
have selected MW/M31 analogues as disky galaxies with a stellar
mass of 𝑀∗ = 1010.5−11.2 M� in relative isolation at 𝑧 = 0 (Fig-
ure 1). We have compared our findings to both recent observational
surveys and previous cosmological zoom-in and large-scale simu-
lations by carefully matching both selection criteria and mass or
magnitude distributions of the hosts. We have put the population
of present-day survivors in contrast to the abundance of all satel-
lites that have ever been accreted by MW- and M31-like hosts for
luminous satellite galaxies in TNG50 as well as subhaloes in both
TNG50 and its dark matter-only analogue TNG50-Dark. Further-
more, we have compared the results for TNG50-Dark to subhalo
abundances of other, previous DM-only simulations. Finally, we
quantified the correlations of satellite abundance with various host
galaxy and host halo properties. In an upcoming paper, wewill focus
on specific properties of MW/M31-like satellites such as their star
formation activity and gas fractions, as well as their dependence on
host properties and infall times (Engler et al. in prep.).

The results of this paper are summarised as follows.

• Our sample of TNG50 satellite galaxies around MW/M31-
like hosts follows basic scaling relations that are in reasonable
agreement with satellite populations from previous zoom-in
simulations, semi-empirical models, and observed Local Volume
dwarfs (Figure 2).

• The abundance of satellite galaxies aroundMW- andM31-like
hosts in TNG50 is remarkably diverse and exhibits a significant
host-to-host scatter (Figure 3, left panel). The total number of
satellites with 𝑀∗ ≥ 5 × 106 M� around TNG50 hosts ranges
from 0 to 20 (i.e. between 2 and 11 within 16th − 84th percentiles).
This degree of scatter persists even at fixed host halo mass:
the total number of satellites in 1012 M� hosts range from 0
to 11 (Figure 10). However, the median TNG50 MW/M31-like
galaxy has a total of 5 satellites down to 𝑀∗ ∼ 5 × 106 M� ,
themost massive of which reaches a stellar mass of𝑀∗ ∼ 108.5M� .

• While the distribution of total satellite abundance appears
to be skewed to lower numbers when increasing the minimum
satellite stellar mass, this is merely an effect of Poisson statistics
(Figure 3, right panel). In fact, their normalised distributions show
that the diversity, i.e. scatter, of satellite systems remains the same
regardless of the employed minimum stellar mass (Figure B1, right
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panels).

• Considering not only the present-day, surviving satellite
population at 𝑧 = 0 but all satellites that have ever been accreted
by MW/M31-like hosts, we show that at a fixed minimum stellar
mass, the number of ever accreted satellites is larger by a factor of
4 − 5 than those that survive through 𝑧 = 0 (Figure 8, top panel).
According to TNG50, on average, present-day satellites of the MW
and Andromeda have been accreted more recently than 𝑧 ∼ 0.7− 1.

• While there can be up to 120 surviving subhaloes in
TNG50 MW/M31-like galaxies with 𝑀dyn ≥ 5 × 107 M� and
𝑉max/𝑉200c ∼ 0.02, their number is vastly reduced (by more
than a factor of 10) when we additionally require them to host a
luminous galaxy, e.g. with 𝑀∗ ≥ 5 × 106 M� (Figure 8, bottom
panels). Moreover, the TNG model returns a suppressed cumu-
lative subhalomass function in comparison to DM-only predictions.

• Using our baryonic simulation, we show that the abundance
of satellites depends on host properties. More massive and
𝐾-band brighter galaxies host more satellites at 𝑧 = 0 (Figure 9).
Furthermore, more massive haloes, haloes that assembled later in
time, and those that are less concentrated host a larger number of
satellites at present-day times (Figure 10), with the latter correlation
being weaker than those with mass and assembly time. Overall, the
abundance of satellite galaxies around MW/M31-like galaxies in
TNG50 correlates more strongly with host halo than host galaxy
properties: total satellite abundance exhibits the most significant
correlation with host halo mass.

• Whereas Andromeda holds a richer system of satellites than
the 1𝜎 scatter of the TNG50 MW/M31-like galaxies, this is
reasonable since the mass of Andromeda lies at the high-mass end
of the TNG50 galaxies selected for the comparison (see Figures 9
and 10). Moreover, while both the Galaxy and Andromeda host a
fewmore massive satellites than the TNG50’s average, hosts similar
to these do exist in TNG50 (Figures 4 and 5). In fact, there are 6
MW/M31-like galaxies (i.e. 3 per cent of MW/M31-like hosts) in
TNG50 that host both a Large and a Small Magellanic Cloud-like
satellite (with the LMC-like galaxy as their most massive satellite).

• Comparing the satellite abundances in TNG50 with observed
hosts – e.g. MW-like galaxies from the SAGA survey (Geha
et al. 2017; Mao et al. 2021) and hosts in the Local Volume
(Carlsten et al. 2021) – yields consistent results (Figure 6). In both
the comparison at face value with our fiducial TNG50 sample
of MW/M31-like hosts and the comparison with the matched
selections of our SAGA- and LV-like host samples, TNG50’s
median and scatter agree well with the observational results from
SAGA, but less so from Carlsten et al. (2021).

• TNG50 MW/M31-like hosts exhibit satellite mass functions
that are in good overall agreement compared to previous cosmo-
logical hydrodynamical simulations of MW-like hosts, even those
with better numerical resolution (Figure 7, top panels). When
compared at face value, there is a significant scatter not only
between simulations but also between hosts of the same models.
However, these deviations are expected given the large intrinsic
galaxy-to-galaxy variations and the host-dependent trends of the
satellite abundances, especially with host mass. In fact, when we
compare TNG50 results by replicating the host mass selection of
the Auriga and Latte simulations, we obtain remarkably consistent

results (Figure 7, bottom panel).

In conclusion, thanks to the TNG50 simulation we have high-
lighted and quantified the diversity of satellite populations around
MW- and M31-like galaxies, utilising a statistical sample of 198
hosts. The reasons for this diversity in present-day, surviving satel-
lites depend on properties of the host itself and on environmental
effects. More massive hosts and hosts with a later halo assembly are
richer in surviving satellite galaxies at 𝑧 = 0, as accreted satellites
can be disrupted or merge inside their host halo. Overall, however,
amid such galaxy-to-galaxy diversity and different galaxy formation
models, the satellite abundances predicted by TNG50 are consis-
tent with observed galaxies within the Local Volume and beyond, as
well as several previously simulated MW- and M31-like galaxies.
However, whereas the scientific conclusions from previous compar-
isons had been de facto impaired by limited host number statistics
and by host selections and mass ranges that were not necessarily
compatible, we are now able to assess the bounty of the theoretical
model while controlling for selection effects. Twenty years after
the original formulation of the missing satellites problem, we can
confidently put it to rest.

ACKNOWLEDGEMENTS

CE acknowledges support by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) through project 394551440
and thanks Yao-Yuan Mao, as well as the participants of the KITP
conference “The Galaxy-Halo Connection Across Cosmic Time:
Recent Updates” for useful discussions and input. We thank Chris-
tine Simpson for sharing data on satellite stellar masses from the
Auriga simulations. This work was also funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) –
Project-ID 138713538 – SFB 881 (“The Milky Way System”, sub-
projects A01 and A03). FM acknowledges support through the
Program "Rita Levi Montalcini" of the Italian MUR. The pri-
mary TNG simulations were realised with compute time granted by
the Gauss Centre for Super-computing (GCS): TNG50 under GCS
Large-Scale Project GCS-DWAR (2016; PIs Nelson/Pillepich), and
TNG100 and TNG300 under GCS-ILLU (2014; PI Springel) on the
GCS share of the supercomputerHazelHen at theHigh Performance
ComputingCenter Stuttgart (HLRS). Additional simulations for this
paper were carried out on the Draco and Cobra supercomputers at
the Max Planck Computing and Data Facility (MPCDF).

DATA AVAILABILITY

As of February 1st, 2021, data of the TNG50 simulation series are
publicly available from the IllustrisTNG repository: https://www.
tng-project.org. Data directly referring to content and figures
of this publication is available upon request from the corresponding
author.

REFERENCES

Applebaum E., Brooks A. M., Christensen C. R., Munshi F., Quinn T. R.,
Shen S., Tremmel M., 2021, ApJ, 906, 96

Behroozi P., Wechsler R. H., Hearin A. P., Conroy C., 2019, MNRAS, 488,
3143

Belokurov V., et al., 2006, ApJ, 647, L111
Benitez-Llambay A., Frenk C., 2020, MNRAS, 498, 4887

MNRAS 000, 1–29 (2021)

https://www.tng-project.org
https://www.tng-project.org
http://dx.doi.org/10.3847/1538-4357/abcafa
https://ui.adsabs.harvard.edu/abs/2021ApJ...906...96A
http://dx.doi.org/10.1093/mnras/stz1182
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.3143B
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.3143B
http://dx.doi.org/10.1086/507324
https://ui.adsabs.harvard.edu/abs/2006ApJ...647L.111B
http://dx.doi.org/10.1093/mnras/staa2698
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.4887B


Satellites of MW/M31-like galaxies in TNG50 23

Bennet P., Sand D. J., Crnojević D., Spekkens K., Zaritsky D., Karunakaran
A., 2017, ApJ, 850, 109

Bennet P., Sand D. J., Crnojević D., Spekkens K., Karunakaran A., Zaritsky
D., Mutlu-Pakdil B., 2019, ApJ, 885, 153

Benson A. J., Lacey C. G., Baugh C. M., Cole S., Frenk C. S., 2002a,
MNRAS, 333, 156

Benson A. J., Frenk C. S., Lacey C. G., Baugh C. M., Cole S., 2002b,
MNRAS, 333, 177

Boardman N., et al., 2020, MNRAS, 498, 4943
Boylan-KolchinM., Springel V.,White S. D.M., Jenkins A., 2010,MNRAS,
406, 896

Boylan-Kolchin M., Besla G., Hernquist L., 2011, MNRAS, 414, 1560
Bruzual G., Charlot S., 2003, MNRAS, 344, 1000
Buck T., Macciò A. V., Dutton A. A., Obreja A., Frings J., 2019, MNRAS,
483, 1314

Bullock J. S., Boylan-Kolchin M., 2017, ARA&A, 55, 343
Bullock J. S., Kravtsov A. V., Weinberg D. H., 2000, ApJ, 539, 517
Busha M. T., Marshall P. J., Wechsler R. H., Klypin A., Primack J., 2011a,
ApJ, 743, 40

Busha M. T., Wechsler R. H., Behroozi P. S., Gerke B. F., Klypin A. A.,
Primack J. R., 2011b, ApJ, 743, 117

Callingham T. M., et al., 2019, MNRAS, 484, 5453
Carlsten S. G., Beaton R. L., Greco J. P., Greene J. E., 2019, ApJ, 878, L16
Carlsten S. G., Greco J. P., Beaton R. L., Greene J. E., 2020a, ApJ, 891, 144
Carlsten S. G., Greene J. E., Peter A. H. G., Greco J. P., Beaton R. L., 2020b,
ApJ, 902, 124

Carlsten S. G., Greene J. E., Peter A. H. G., Beaton R. L., Greco J. P., 2021,
ApJ, 908, 109

Cautun M., Frenk C. S., van de Weygaert R., Hellwing W. A., Jones B. J. T.,
2014, MNRAS, 445, 2049

Chua K. T. E., Pillepich A., Rodriguez-Gomez V., Vogelsberger M., Bird S.,
Hernquist L., 2017, MNRAS, 472, 4343

Chua K. T. E., Pillepich A., Vogelsberger M., Hernquist L., 2019, MNRAS,
484, 476

Couchman H. M. P., Rees M. J., 1986, MNRAS, 221, 53
Crnojević D., et al., 2014, ApJ, 795, L35
Crnojević D., et al., 2019, ApJ, 872, 80
D’Onghia E., Springel V., Hernquist L., Keres D., 2010, ApJ, 709, 1138
Dekel A., Silk J., 1986, ApJ, 303, 39
Diemand J., Kuhlen M., Madau P., Zemp M., Moore B., Potter D., Stadel J.,
2008, Nature, 454, 735

Dolag K., Borgani S., Murante G., Springel V., 2009, MNRAS, 399, 497
Drimmel R., Spergel D. N., 2001, ApJ, 556, 181
Drlica-Wagner A., et al., 2015, ApJ, 813, 109
Drlica-Wagner A., et al., 2020, ApJ, 893, 47
Duffy A. R., Schaye J., Kay S. T., Dalla Vecchia C., Battye R. A., Booth
C. M., 2010, MNRAS, 405, 2161

Efstathiou G., 1992, MNRAS, 256, 43P
Einasto J., 1965, Trudy Astrofizicheskogo Instituta Alma-Ata, 5, 87
Engler C., et al., 2021, MNRAS, 500, 3957
Fattahi A., Navarro J. F., Sawala T., Frenk C. S., Sales L. V., Oman K.,
Schaller M., Wang J., 2016a, arXiv e-prints, p. arXiv:1607.06479

Fattahi A., et al., 2016b, MNRAS, 457, 844
Fattahi A., et al., 2020, MNRAS, 497, 4459
Fiacconi D., Madau P., Potter D., Stadel J., 2016, ApJ, 824, 144
Font A. S., et al., 2011, MNRAS, 417, 1260
Font A. S., McCarthy I. G., Belokurov V., 2021, MNRAS,
Gao L., White S. D. M., Jenkins A., Stoehr F., Springel V., 2004, MNRAS,
355, 819

Gao L., Frenk C. S., Boylan-Kolchin M., Jenkins A., Springel V., White
S. D. M., 2011, MNRAS, 410, 2309

Garrison-Kimmel S., Boylan-Kolchin M., Bullock J. S., Lee K., 2014, MN-
RAS, 438, 2578

Garrison-Kimmel S., Bullock J. S., Boylan-Kolchin M., Bardwell E., 2017,
MNRAS, 464, 3108

Garrison-Kimmel S., et al., 2019, MNRAS, 487, 1380
Geha M., et al., 2017, ApJ, 847, 4
González R. E., Kravtsov A. V., Gnedin N. Y., 2013, ApJ, 770, 96

Governato F., Willman B., Mayer L., Brooks A., Stinson G., Valenzuela O.,
Wadsley J., Quinn T., 2007, MNRAS, 374, 1479

Grand R. J. J., et al., 2017, MNRAS, 467, 179
Guo Q., et al., 2011, MNRAS, 413, 101
Hammer F., Puech M., Chemin L., Flores H., Lehnert M. D., 2007, ApJ,
662, 322

HelmiA., BabusiauxC., KoppelmanH.H.,Massari D., Veljanoski J., Brown
A. G. A., 2018, Nature, 563, 85

Hopkins P. F., Kereš D., Oñorbe J., Faucher-Giguère C.-A., Quataert E.,
Murray N., Bullock J. S., 2014, MNRAS, 445, 581

Hopkins P. F., et al., 2018, MNRAS, 480, 800
Ibata R. A., Gilmore G., Irwin M. J., 1994, Nature, 370, 194
Ibata R. A., et al., 2014, ApJ, 780, 128
Jiang F., van den Bosch F. C., 2016, MNRAS, 458, 2848
Joshi G. D., Parker L. C., Wadsley J., Keller B. W., 2019, MNRAS, 483,
235

Kelley T., Bullock J. S., Garrison-Kimmel S., Boylan-Kolchin M.,
Pawlowski M. S., Graus A. S., 2019, MNRAS, 487, 4409

Klypin A., Kravtsov A. V., Valenzuela O., Prada F., 1999, ApJ, 522, 82
Koposov S. E., Belokurov V., Torrealba G., Evans N. W., 2015, ApJ, 805,
130

Larson R. B., 1974, MNRAS, 169, 229
Lianou S., Barmby P., Mosenkov A. A., Lehnert M., Karczewski O., 2019,
A&A, 631, A38

Licquia T. C., Newman J. A., Brinchmann J., 2015, ApJ, 809, 96
Liu L., Gerke B. F., Wechsler R. H., Behroozi P. S., Busha M. T., 2011, ApJ,
733, 62

Lovell M. R., et al., 2018, MNRAS, 481, 1950
Macciò A. V., Dutton A. A., van den Bosch F. C., Moore B., Potter D.,
Stadel J., 2007, MNRAS, 378, 55

Mao Y.-Y., Williamson M., Wechsler R. H., 2015, ApJ, 810, 21
Mao Y.-Y., GehaM.,Wechsler R. H., Weiner B., Tollerud E. J., Nadler E. O.,
Kallivayalil N., 2021, ApJ, 907, 85

Marinacci F., Pakmor R., Springel V., 2014, MNRAS, 437, 1750
Marinacci F., et al., 2018, MNRAS, 480, 5113
Martin N. F., Ibata R. A., McConnachie A. W., Mackey A. D., Ferguson A.
M. N., Irwin M. J., Lewis G. F., Fardal M. A., 2013, ApJ, 776, 80

Martin N. F., et al., 2016, ApJ, 833, 167
McConnachie A. W., 2012, AJ, 144, 4
McConnachie A. W., et al., 2018, ApJ, 868, 55
Moore B., Ghigna S., Governato F., Lake G., Quinn T., Stadel J., Tozzi P.,
1999, ApJ, 524, L19

Mori M., Ferrara A., Madau P., 2002, ApJ, 571, 40
Müller O., Jerjen H., Binggeli B., 2017, A&A, 597, A7
Müller O., RejkubaM., Pawlowski M. S., Ibata R., Lelli F., Hilker M., Jerjen
H., 2019, A&A, 629, A18

Myeong G. C., Evans N. W., Belokurov V., Amorisco N. C., Koposov S. E.,
2018, MNRAS, 475, 1537

Myeong G. C., Vasiliev E., Iorio G., Evans N. W., Belokurov V., 2019,
MNRAS, 488, 1235

Naiman J. P., et al., 2018, MNRAS, 477, 1206
Navarro J. F., et al., 2004, MNRAS, 349, 1039
Nelson D., et al., 2015, Astronomy and Computing, 13, 12
Nelson D., et al., 2018, MNRAS, 475, 624
Nelson D., et al., 2019a, Computational Astrophysics and Cosmology, 6, 2
Nelson D., et al., 2019b, MNRAS, 490, 3234
Nickerson S., Stinson G., Couchman H. M. P., Bailin J., Wadsley J., 2011,
MNRAS, 415, 257

Okamoto T., Eke V. R., Frenk C. S., Jenkins A., 2005, MNRAS, 363, 1299
Pakmor R., Springel V., 2013, MNRAS, 432, 176
Patel E., Besla G., Sohn S. T., 2017, MNRAS, 464, 3825
Pillepich A., et al., 2018a, MNRAS, 473, 4077
Pillepich A., et al., 2018b, MNRAS, 475, 648
Pillepich A., et al., 2019, MNRAS, 490, 3196
Planck Collaboration et al., 2016, A&A, 594, A1
Purcell C. W., Bullock J. S., Zentner A. R., 2007, ApJ, 666, 20
Rodriguez-Gomez V., et al., 2015, MNRAS, 449, 49
Rodriguez-Gomez V., et al., 2017, MNRAS, 467, 3083

MNRAS 000, 1–29 (2021)

http://dx.doi.org/10.3847/1538-4357/aa9180
https://ui.adsabs.harvard.edu/abs/2017ApJ...850..109B
http://dx.doi.org/10.3847/1538-4357/ab46ab
https://ui.adsabs.harvard.edu/abs/2019ApJ...885..153B
http://dx.doi.org/10.1046/j.1365-8711.2002.05387.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.333..156B
http://dx.doi.org/10.1046/j.1365-8711.2002.05388.x
https://ui.adsabs.harvard.edu/abs/2002MNRAS.333..177B
http://dx.doi.org/10.1093/mnras/staa2731
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.4943B
http://dx.doi.org/10.1111/j.1365-2966.2010.16774.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.406..896B
http://dx.doi.org/10.1111/j.1365-2966.2011.18495.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.414.1560B
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.344.1000B
http://dx.doi.org/10.1093/mnras/sty2913
https://ui.adsabs.harvard.edu/abs/2019MNRAS.483.1314B
http://dx.doi.org/10.1146/annurev-astro-091916-055313
https://ui.adsabs.harvard.edu/abs/2017ARA&A..55..343B
http://dx.doi.org/10.1086/309279
https://ui.adsabs.harvard.edu/abs/2000ApJ...539..517B
http://dx.doi.org/10.1088/0004-637X/743/1/40
https://ui.adsabs.harvard.edu/abs/2011ApJ...743...40B
http://dx.doi.org/10.1088/0004-637X/743/2/117
https://ui.adsabs.harvard.edu/abs/2011ApJ...743..117B
http://dx.doi.org/10.1093/mnras/stz365
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.5453C
http://dx.doi.org/10.3847/2041-8213/ab24d2
https://ui.adsabs.harvard.edu/abs/2019ApJ...878L..16C
http://dx.doi.org/10.3847/1538-4357/ab7758
https://ui.adsabs.harvard.edu/abs/2020ApJ...891..144C
http://dx.doi.org/10.3847/1538-4357/abb60b
https://ui.adsabs.harvard.edu/abs/2020ApJ...902..124C
http://dx.doi.org/10.3847/1538-4357/abd039
https://ui.adsabs.harvard.edu/abs/2021ApJ...908..109C
http://dx.doi.org/10.1093/mnras/stu1849
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445.2049C
http://dx.doi.org/10.1093/mnras/stx2238
https://ui.adsabs.harvard.edu/abs/2017MNRAS.472.4343C
http://dx.doi.org/10.1093/mnras/sty3531
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484..476C
http://dx.doi.org/10.1093/mnras/221.1.53
https://ui.adsabs.harvard.edu/abs/1986MNRAS.221...53C
http://dx.doi.org/10.1088/2041-8205/795/2/L35
https://ui.adsabs.harvard.edu/abs/2014ApJ...795L..35C
http://dx.doi.org/10.3847/1538-4357/aafbe7
https://ui.adsabs.harvard.edu/abs/2019ApJ...872...80C
http://dx.doi.org/10.1088/0004-637X/709/2/1138
https://ui.adsabs.harvard.edu/abs/2010ApJ...709.1138D
http://dx.doi.org/10.1086/164050
https://ui.adsabs.harvard.edu/abs/1986ApJ...303...39D
http://dx.doi.org/10.1038/nature07153
https://ui.adsabs.harvard.edu/abs/2008Natur.454..735D
http://dx.doi.org/10.1111/j.1365-2966.2009.15034.x
https://ui.adsabs.harvard.edu/#abs/2009MNRAS.399..497D
http://dx.doi.org/10.1086/321556
https://ui.adsabs.harvard.edu/abs/2001ApJ...556..181D
http://dx.doi.org/10.1088/0004-637X/813/2/109
https://ui.adsabs.harvard.edu/abs/2015ApJ...813..109D
http://dx.doi.org/10.3847/1538-4357/ab7eb9
https://ui.adsabs.harvard.edu/abs/2020ApJ...893...47D
http://dx.doi.org/10.1111/j.1365-2966.2010.16613.x
https://ui.adsabs.harvard.edu/abs/2010MNRAS.405.2161D
http://dx.doi.org/10.1093/mnras/256.1.43P
https://ui.adsabs.harvard.edu/abs/1992MNRAS.256P..43E
https://ui.adsabs.harvard.edu/abs/1965TrAlm...5...87E
http://dx.doi.org/10.1093/mnras/staa3505
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.3957E
https://ui.adsabs.harvard.edu/abs/2016arXiv160706479F
http://dx.doi.org/10.1093/mnras/stv2970
https://ui.adsabs.harvard.edu/abs/2016MNRAS.457..844F
http://dx.doi.org/10.1093/mnras/staa2221
https://ui.adsabs.harvard.edu/abs/2020MNRAS.497.4459F
http://dx.doi.org/10.3847/0004-637X/824/2/144
https://ui.adsabs.harvard.edu/abs/2016ApJ...824..144F
http://dx.doi.org/10.1111/j.1365-2966.2011.19339.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.417.1260F
http://dx.doi.org/10.1093/mnras/stab1332
http://dx.doi.org/10.1111/j.1365-2966.2004.08360.x
https://ui.adsabs.harvard.edu/abs/2004MNRAS.355..819G
http://dx.doi.org/10.1111/j.1365-2966.2010.17601.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.410.2309G
http://dx.doi.org/10.1093/mnras/stt2377
http://dx.doi.org/10.1093/mnras/stt2377
https://ui.adsabs.harvard.edu/abs/2014MNRAS.438.2578G
http://dx.doi.org/10.1093/mnras/stw2564
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.3108G
http://dx.doi.org/10.1093/mnras/stz1317
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.1380G
http://dx.doi.org/10.3847/1538-4357/aa8626
https://ui.adsabs.harvard.edu/abs/2017ApJ...847....4G
http://dx.doi.org/10.1088/0004-637X/770/2/96
https://ui.adsabs.harvard.edu/abs/2013ApJ...770...96G
http://dx.doi.org/10.1111/j.1365-2966.2006.11266.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.374.1479G
http://dx.doi.org/10.1093/mnras/stx071
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467..179G
http://dx.doi.org/10.1111/j.1365-2966.2010.18114.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.413..101G
http://dx.doi.org/10.1086/516727
https://ui.adsabs.harvard.edu/abs/2007ApJ...662..322H
http://dx.doi.org/10.1038/s41586-018-0625-x
https://ui.adsabs.harvard.edu/abs/2018Natur.563...85H
http://dx.doi.org/10.1093/mnras/stu1738
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445..581H
http://dx.doi.org/10.1093/mnras/sty1690
https://ui.adsabs.harvard.edu/abs/2018MNRAS.480..800H
http://dx.doi.org/10.1038/370194a0
https://ui.adsabs.harvard.edu/abs/1994Natur.370..194I
http://dx.doi.org/10.1088/0004-637X/780/2/128
https://ui.adsabs.harvard.edu/abs/2014ApJ...780..128I
http://dx.doi.org/10.1093/mnras/stw439
https://ui.adsabs.harvard.edu/abs/2016MNRAS.458.2848J
http://dx.doi.org/10.1093/mnras/sty3119
https://ui.adsabs.harvard.edu/abs/2019MNRAS.483..235J
https://ui.adsabs.harvard.edu/abs/2019MNRAS.483..235J
http://dx.doi.org/10.1093/mnras/stz1553
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.4409K
http://dx.doi.org/10.1086/307643
https://ui.adsabs.harvard.edu/abs/1999ApJ...522...82K
http://dx.doi.org/10.1088/0004-637X/805/2/130
https://ui.adsabs.harvard.edu/abs/2015ApJ...805..130K
https://ui.adsabs.harvard.edu/abs/2015ApJ...805..130K
http://dx.doi.org/10.1093/mnras/169.2.229
https://ui.adsabs.harvard.edu/abs/1974MNRAS.169..229L
http://dx.doi.org/10.1051/0004-6361/201834553
https://ui.adsabs.harvard.edu/abs/2019A&A...631A..38L
http://dx.doi.org/10.1088/0004-637X/809/1/96
https://ui.adsabs.harvard.edu/abs/2015ApJ...809...96L
http://dx.doi.org/10.1088/0004-637X/733/1/62
https://ui.adsabs.harvard.edu/abs/2011ApJ...733...62L
http://dx.doi.org/10.1093/mnras/sty2339
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481.1950L
http://dx.doi.org/10.1111/j.1365-2966.2007.11720.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.378...55M
http://dx.doi.org/10.1088/0004-637X/810/1/21
https://ui.adsabs.harvard.edu/abs/2015ApJ...810...21M
http://dx.doi.org/10.3847/1538-4357/abce58
https://ui.adsabs.harvard.edu/abs/2021ApJ...907...85M
http://dx.doi.org/10.1093/mnras/stt2003
https://ui.adsabs.harvard.edu/abs/2014MNRAS.437.1750M
http://dx.doi.org/10.1093/mnras/sty2206
http://adsabs.harvard.edu/abs/2018MNRAS.480.5113M
http://dx.doi.org/10.1088/0004-637X/776/2/80
https://ui.adsabs.harvard.edu/abs/2013ApJ...776...80M
http://dx.doi.org/10.3847/1538-4357/833/2/167
https://ui.adsabs.harvard.edu/abs/2016ApJ...833..167M
http://dx.doi.org/10.1088/0004-6256/144/1/4
https://ui.adsabs.harvard.edu/abs/2012AJ....144....4M
http://dx.doi.org/10.3847/1538-4357/aae8e7
https://ui.adsabs.harvard.edu/abs/2018ApJ...868...55M
http://dx.doi.org/10.1086/312287
https://ui.adsabs.harvard.edu/abs/1999ApJ...524L..19M
http://dx.doi.org/10.1086/339913
https://ui.adsabs.harvard.edu/abs/2002ApJ...571...40M
http://dx.doi.org/10.1051/0004-6361/201628921
https://ui.adsabs.harvard.edu/abs/2017A&A...597A...7M
http://dx.doi.org/10.1051/0004-6361/201935807
https://ui.adsabs.harvard.edu/abs/2019A&A...629A..18M
http://dx.doi.org/10.1093/mnras/stx3262
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.1537M
http://dx.doi.org/10.1093/mnras/stz1770
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488.1235M
http://dx.doi.org/10.1093/mnras/sty618
http://adsabs.harvard.edu/abs/2018MNRAS.477.1206N
http://dx.doi.org/10.1111/j.1365-2966.2004.07586.x
https://ui.adsabs.harvard.edu/abs/2004MNRAS.349.1039N
http://dx.doi.org/10.1016/j.ascom.2015.09.003
https://ui.adsabs.harvard.edu/abs/2015A&C....13...12N
http://dx.doi.org/10.1093/mnras/stx3040
http://adsabs.harvard.edu/abs/2018MNRAS.475..624N
http://dx.doi.org/10.1186/s40668-019-0028-x
https://ui.adsabs.harvard.edu/abs/2019ComAC...6....2N
http://dx.doi.org/10.1093/mnras/stz2306
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.3234N
http://dx.doi.org/10.1111/j.1365-2966.2011.18700.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.415..257N
http://dx.doi.org/10.1111/j.1365-2966.2005.09525.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.363.1299O
http://dx.doi.org/10.1093/mnras/stt428
http://adsabs.harvard.edu/abs/2013MNRAS.432..176P
http://dx.doi.org/10.1093/mnras/stw2616
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.3825P
http://dx.doi.org/10.1093/mnras/stx2656
http://adsabs.harvard.edu/abs/2018MNRAS.473.4077P
http://dx.doi.org/10.1093/mnras/stx3112
http://adsabs.harvard.edu/abs/2018MNRAS.475..648P
http://dx.doi.org/10.1093/mnras/stz2338
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.3196P
http://dx.doi.org/10.1051/0004-6361/201527101
https://ui.adsabs.harvard.edu/#abs/2016A&A...594A...1P
http://dx.doi.org/10.1086/519787
https://ui.adsabs.harvard.edu/abs/2007ApJ...666...20P
http://dx.doi.org/10.1093/mnras/stv264
https://ui.adsabs.harvard.edu/abs/2015MNRAS.449...49R
http://dx.doi.org/10.1093/mnras/stx305
https://ui.adsabs.harvard.edu/abs/2017MNRAS.467.3083R


24 C. Engler et al.

Rodríguez-Puebla A., Primack J. R., Avila-Reese V., Faber S. M., 2017,
MNRAS, 470, 651

Sakamoto T., Hasegawa T., 2006, ApJ, 653, L29
Sales L. V., Navarro J. F., Abadi M. G., Steinmetz M., 2007, MNRAS, 379,
1464

Sales L. V., Wang W., White S. D. M., Navarro J. F., 2013, MNRAS, 428,
573

Sawala T., et al., 2015, MNRAS, 448, 2941
Sawala T., et al., 2016a, MNRAS, 456, 85
Sawala T., et al., 2016b, MNRAS, 457, 1931
Shao S., Cautun M., Deason A. J., Frenk C. S., Theuns T., 2018, MNRAS,
479, 284

Shen S., Madau P., Conroy C., Governato F., Mayer L., 2014, ApJ, 792, 99
Sick J., Courteau S., Cuilland re J.-C., Dalcanton J., de Jong R., McDonald
M., SimardD., TullyR.B., 2015, inCappellariM., Courteau S., eds, IAU
SymposiumVol. 311, GalaxyMasses as Constraints of FormationMod-
els. pp 82–85 (arXiv:1410.0017), doi:10.1017/S1743921315003440

Simpson C. M., Grand R. J. J., Gómez F. A., Marinacci F., Pakmor R.,
Springel V., Campbell D. J. R., Frenk C. S., 2018, MNRAS, 478, 548

Skrutskie M. F., et al., 2006, AJ, 131, 1163
Smercina A., Bell E. F., Price P. A., D’Souza R., Slater C. T., Bailin J.,
Monachesi A., Nidever D., 2018, ApJ, 863, 152

Somerville R. S., 2002, ApJ, 572, L23
Springel V., 2010, MNRAS, 401, 791
Springel V., Hernquist L., 2003, MNRAS, 339, 289
Springel V., White S. D. M., Tormen G., Kauffmann G., 2001, MNRAS,
328, 726

Springel V., et al., 2008, MNRAS, 391, 1685
Springel V., et al., 2018, MNRAS, 475, 676
Starkenburg E., et al., 2013, MNRAS, 429, 725
Thoul A. A., Weinberg D. H., 1996, ApJ, 465, 608
Tollerud E. J., Boylan-Kolchin M., Barton E. J., Bullock J. S., Trinh C. Q.,
2011, ApJ, 738, 102

Torrealba G., Koposov S. E., Belokurov V., Irwin M., 2016, MNRAS, 459,
2370

Torrealba G., et al., 2018, MNRAS, 475, 5085
Torrealba G., et al., 2019, MNRAS, 488, 2743
Torrey P., Vogelsberger M., Genel S., Sĳacki D., Springel V., Hernquist L.,
2014, MNRAS, 438, 1985

Vogelsberger M., Genel S., Sĳacki D., Torrey P., Springel V., Hernquist L.,
2013, MNRAS, 436, 3031

Wang W., White S. D. M., 2012, MNRAS, 424, 2574
Wang J., Frenk C. S., Navarro J. F., Gao L., Sawala T., 2012, MNRAS, 424,
2715

Weinberger R., et al., 2017, MNRAS, 465, 3291
Wetzel A. R., Hopkins P. F., Kim J.-h., Faucher-Giguère C.-A., Kereš D.,
Quataert E., 2016, ApJ, 827, L23

Willman B., 2010, Advances in Astronomy, 2010, 285454
Yurin D., Springel V., 2015, MNRAS, 452, 2367
Zanisi L., et al., 2020, MNRAS, 492, 1671
Zhu Q., Marinacci F., Maji M., Li Y., Springel V., Hernquist L., 2016,
MNRAS, 458, 1559

Zucker D. B., et al., 2006, ApJ, 650, L41
van den Bosch F. C., Ogiya G., 2018, MNRAS, 475, 4066

APPENDIX A: RESOLUTION EFFECTS

Throughout this paper, we focus on the highest resolution run of
the TNG50 simulation series, TNG50-1 aka simply TNG50, and its
DM-only analogue TNG50-1-Dark (aka TNG50-Dark). However,
as is evident in the top left panel of Figure 7 when comparing
satellite abundances in TNG50 and TNG100, a lower numerical
resolution decreases the number of surviving satellite galaxies at
𝑧 = 0 significantly – either through a lower build-up of stellar mass
or more effective artificial disruption.

We examine the impact of different resolution levels on present-
day satellite and subhalo populations in this section. We start in
Figure A1 by presenting the subhalo abundance around MW- and
M31-like hosts for TNG50-Dark (left panels) and TNG50 (right
panels), both in terms of the subhaloes’ maximum circular velocity
𝑉max (top panels) and their dynamical mass 𝑀dyn (bottom panels).
These are global subhalo properties, independent of their stellar
mass content. Furthermore, we count all subhaloes, both luminous
and dark. In all cases, we show subhalo abundances of different
resolution runs: TNG50-1-, -2-, -3- and -4-Dark, as well as TNG50-
1, -2, -3, and -4 (blue, orange, green, and red curves, respectively),
with progressively poorer spatial andmass resolutions (see Pillepich
et al. 2019; Nelson et al. 2019b for details). In order to compare
TNG50 and its DM-only analogue across resolution levels, we sim-
plify our selection of MW/M31-like hosts: we exclusively consider
centrals and base our selection on a range in total host halo mass of
𝑀200c = 1011.9 − 1012.5 M� . This corresponds to the 10th and 90th
percentiles of the halo mass range covered by our fiducial sample
(see Figure 1 and Section 2.2).

Overall, the subhalo abundance is very similar across different
resolution runs at larger velocities and dynamical masses, reaching
up to𝑉max ∼ 60−70 km s−1 and𝑀dyn ∼ 1010.2M� in bothTNG50-
Dark and TNG50. At the low-velocity end, however, the subhalo
distribution becomes flat: the numerical resolution is not sufficient to
resolve these subhaloes anymore and they are artificially disrupted.
This occurs at maximum circular velocities of 5 − 7 km s−1 (10 −
12 km s−1, 20 − 22 km s−1) in both the DM-only and the baryonic
version of TNG50-1 (-2, -3).

Although the subhalo distributions flatten not as clearly when
viewed in terms of dynamical mass for TNG50-Dark, we can clearly
see down to what subhalo masses the subhalo abundances are well
converged in the baryonic runs. By comparing across the differ-
ent resolution levels, we can confidently say that TNG50 satellite
abundance results are well converged, i.e. they rise monotonically
without being incomplete due to numerical resolution limits, for
𝑉max & 5km s−1 and 𝑀dyn & 107 M� .

For the abundance of luminous satellite galaxies, the resolution
trends are qualitatively similar as those seen thus far, as is shown in
Figure A2. The top panels show the distribution of satellites with a
luminous component down to 𝑀∗ = 5.5 × 104 M� (6 × 105 M� ,
6 × 106 M�) in TNG50-1 (-2, -3) (blue, orange, and green curves)
in terms of maximum circular velocity 𝑉max (top left panel) and
dynamicalmass𝑀dyn (top right panel). Satellite distributions flatten
and become incomplete below 𝑉max ∼ 18 km s−1 (25 km s−1)
and 𝑀dyn ∼ 108.5 M� (109.3 M�) in TNG50-1 (-2). So, when
subhaloes and satellites are characterised by properties that relate
to their total mass (i.e. 𝑉max or 𝑀dyn), the resolution convergence
of the subhalo/satellite abundance in baryonic simulations behaves
very similar to that in DM-only models, with resolution effects
progressively creeping in from the low-mass end.

The resolution convergence becomes more complex when
satellite galaxies are counted based on properties related to their
stellar mass. In the bottom left panel, stellar mass and dynami-
cal mass are connected as stellar-to-halo mass relation (SHMR). At
fixed dynamical mass, higher levels of resolution imply larger stellar
masses – as is evident at the SHMR’s massive end (see also Engler
et al. 2021 and Pillepich et al. 2018b). At lower dynamical masses,
however, the SHMR begins to flatten (at 108.7 M� for TNG50-1,
109.5 M� for TNG50-2, and 1010 M� for TNG50-3). This is not a
physical part of the relation but a limitation due to the finite stel-
lar mass particle resolution. While the underlying galaxy formation
model would entail a certain average SHMR with a related scatter,
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Figure A1. Impact of numerical resolution on the abundance of dark and luminous subhaloes within 300 kpc of MW/M31-like hosts.We illustrate trends
from DM-only analogues (left panels) and baryonic runs (right panels) at different resolution levels: TNG50-1 and TNG50-1-Dark (blue curves), TNG50-2
and TNG50-2-Dark (orange curves), TNG50-3 and TNG50-3-Dark (green curves), as well as TNG50-4 and TNG50-4-Dark (red curves). Top panels: subhalo
abundance in terms of their maximum circular velocity 𝑉max. Bottom panels: subhalo abundance in terms of their dynamical mass 𝑀dyn.

only satellites with at least one stellar particle can be accounted
for: subhaloes that remain dark due the limitations of stellar mass
resolution are not included in the average SHMR curves and would
otherwise populate the bottom part of the plot. The relations flatten
at these dynamical masses since they are “incomplete”. The shape
of the SHMR curves indicate the minimum stellar mass to which we
can reliably count satellites in each simulation: for TNG50, this limit
emerges at 𝑀∗ & 106 M� . Therefore, we choose 𝑀∗ ≥ 5× 106 M�
as our fiducial minimum satellite stellar mass in TNG50.

Finally, the bottom right panel of Figure A2 shows the me-
dian satellite stellar mass function for our fiducial selection, i.e.
satellites with a stellar mass of 𝑀∗ ≥ 5 × 106 M� , across TNG50
resolution levels. While the satellite stellar mass functions are con-
verging, poorer resolution implies artificially suppressed satellite
mass functions. However, this mostly seems to relate to the reduced
stellar masses in subhaloes of a given dynamical mass instead of
the enhanced disruption of subhaloes or satellites at progressively
poorer resolution. We confirm this by showing the satellite stellar
mass function of an additional sample of repopulated TNG50-2
subhaloes (rTNG50-2, pink curve). Here, each TNG50-2 subhalo
that survives through 𝑧 = 0 in the selected MW/M31-like hosts has
not been assigned its simulated TNG50-2 stellar mass, but the stel-
lar mass of the TNG50-1 subhalo that is most similar in dynamical
mass. This not only increases the stellar mass of luminous TNG50-2
satellites in general; it also populates some of its dark subhaloes –

which are otherwise not able to form a galaxy due to the stellar
particle mass resolution limitations – with a luminous component.
The stellar mass function of rTNG50-2 satellite galaxies essentially
coincides with the satellite abundance of TNG50-1. Therefore, the
differences between TNG50 resolution levels (or at least between
TNG50-1 and TNG50-2) are almost entirely driven by the lower
build-up of stellar mass in the lower-resolution runs. Artificial dis-
ruption of subhaloes (van den Bosch & Ogiya 2018), on the other
hand, has little to no effect on the differences of satellite abundance
between resolution levels in the considered regimes.

APPENDIX B: NORMALISED SATELLITE ABUNDANCES

While the total number of satellites grows on average with the mass
of their host, a significant degree of scatter remains even at fixed
host stellar and total masses (top right panels of Figures 9 and 10,
respectively). We verify our results from Section 3.2 regarding the
diversity in satellite abundance around MW/M31-like hosts in Fig-
ure B1 by normalising satellite stellar masses by either total host
halo mass (top left panel) or host stellar mass (bottom left panel).

As in the left panel of Figure 3, the thin, coloured curves in
the background correspond to the individual satellite stellar mass
functions of allMW/M31-like hosts in TNG50,while crosses denote
systems with only a single satellite and hosts with no satellites
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Figure A2. Resolution effects on luminous satellite galaxies within 300 kpc of MW/M31-like hosts in TNG50. In all panels, we compare TNG50-1 (blue
curve), TNG50-2 (orange curve), and TNG50-3 (green curve). Top panels: satellite abundance in terms of maximum circular velocity 𝑉max (top left) and
dynamical mass 𝑀dyn (top right), down to the least massive satellite available: 𝑀∗ ≥ 5.5 × 104 M� in TNG50-1, 𝑀∗ ≥ 6 × 105 M� in TNG50-2, and
𝑀∗ ≥ 6 × 106 M� in TNG50-3. Bottom left panel: average stellar-to-halo mass relation for all luminous satellites of MW/M31-like galaxies in TNG50-1, -2,
and -3. Bottom right panel: satellite stellar mass function using stellar mass within twice the stellar half-mass radius for satellite galaxies according to our
fiducial satellite selection of𝑀∗ ≥ 5×106 M� . Additionally, we include a sample of TNG50-2 subhaloes that have been repopulated with galaxy stellar masses
according to the most similar subhalo in TNG50-1 (rTNG50-2, pink curve).

whatsoever are depicted as curves with 𝑁sat < 1 (6 out of 198
hosts). For both the normalisation by total host halo mass and by
host stellar mass, the diversity persists: the total satellite counts still
range between 0 and 20, while their 16th and 84th percentiles range
from 2 to 11 satellites.

Furthermore, we present analogues to the right panel of Fig-
ure 3 as distributions of total satellite abundance normalised by their
median in the right panels of Figure B1.We consider satellites as all
galaxies within 300 kpc of MW/M31-like hosts with a stellar mass
of at least 5 × 106 M� and show their distributions for three selec-
tions in normalised stellar mass (by host total mass in the top right
panel and by host stellar mass in the bottom right panel). Assuming
an average total host halo mass of 𝑀200c = 1012.1 M� and an av-
erage host stellar mass of 𝑀∗ = 1010.8 M� , the bins of normalised
satellite stellar mass in the right panels of Figure B1 correspond to
the same typical stellar masses as in Figure 3: 5 × 108 M� (yel-
low histogram), 5 × 107 M� (orange histogram), and 5 × 106 M�
(black histogram). For both the normalisation by host total and host
stellar mass, the distributions of different normalised stellar mass
bins exhibit similar extents and shapes. Their scatter as 16th and
84th percentiles all range between normalised total satellite abun-

dances of 0 and 2. Therefore, the degree of diversity in total satellite
abundance remains the same regardless of the employed minimum
satellite stellar mass.

APPENDIX C: HALO ASSEMBLY

We examine the abundance of satellites around MW/M31-like
galaxies in TNG50 and the dependence on different stages in host
halo assembly in Figure C1. Here, we cover the hosts’ early, in-
termediate, and late time formation using 𝑧10, 𝑧50, and 𝑧90 (from
top to bottom), i.e. the redshifts at which the host halo had as-
sembled 10, 50, or 90 per cent of its present-day total mass. The
results given below represent an update based on a hydrodynamical
galaxy-formation simulation of previous analyses based on DM-
only calculations (Gao et al. 2011; Mao et al. 2015).

The trends on satellite populations are illustrated using per-
centiles in stellar mass functions in terms of the assembly time in
question (left panels), as well as the total number of satellites as a
function of host assembly (right panels). The specific colours of per-
centiles vary slightly depending on the distribution of the respective
host formation time. While the total number of satellites exhibits
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Figure B1. As in Figure 3 but for the normalised satellite demographics around MW/M31-like galaxies in the TNG50 simulation at z = 0. In all panels,
we define satellites as galaxies within 300 physical kpc (3D) of their host and with stellar masses of at least 5×106 M� (within twice the stellar half-mass radius
𝑅∗
1/2). Left panels: cumulative satellite abundance in terms of satellite stellar mass 𝑀 sat∗ normalised by either the total virial mass of their MW/M31-like host
𝑀host200c (top left panel) or by host stellar mass𝑀

host
∗ (bottom left panel). The thin, coloured curves in the background illustrate the satellite systems of individual

TNG50 hosts with crosses corresponding to systems with only a single satellite and horizontal lines with 𝑁sat < 1 denoting systems with no satellites meeting
the selection (6 out of 198 systems). The thick, black curve and grey shaded area depict their median and scatter as 16th and 84th percentiles, computed in bins
of normalised satellite stellar mass. Right panels: distribution of normalised total satellite abundance 𝑁sat,tot/〈𝑁sat,tot 〉 with satellite stellar masses normalised
by either the total virial mass of their MW/M31-like host 𝑀host200c (top right panel) or by host stellar mass 𝑀

host
∗ (bottom right panel), and its dependence on the

imposed minimum normalised stellar mass. These bins correspond to the stellar masses in the right panel of Figure 3 assuming an average host virial mass of
𝑀200c = 1012.1 M� and an average host stellar mass of 𝑀∗ = 1010.8 M� .

the clearest correlation at early assembly 𝑧10 – hosts with a more
quiet early assembly tend to have more satellites at the present-day
– this trend becomes less pronounced when considering later as-
sembly times with 𝑧50 and 𝑧90. We find (albeit we do not show)
that, for lower mass hosts, earlier formation times are more clearly
correlated with total host mass than later formation times. However,
there is no correlation of formation time and host mass for mas-
sive hosts. While the connection of formation time and host mass
influences the trend of total satellite abundance with different halo
formation stages, there still seems to be an intrinsic correlation.
Furthermore, we find a secondary, less pronounced correlation with
the slopes of the satellite stellar mass functions, which we do not
show in Figure C1. Stellar mass function slopes exhibit the reversed
development: while there is no discernible trend with early assem-
bly 𝑧10, intermediate and late assembly 𝑧50 and 𝑧90 exhibit distinct
correlations.

APPENDIX D: DEPENDENCE OF SUBHALO
ABUNDANCE ON HOST HALO PROPERTIES

To connect to earlier results based on DM-only calculations (e.g.
Boylan-Kolchin et al. 2010, and references therein), we examine
correlations of host halo properties and subhalo populations in Fig-
ure D1, as opposed to satellite galaxy populations in Section 3.7
and Figure 10. Trends with subhalo abundance are illustrated using
percentile stellar mass functions of the halo property in question
(left panels, yellow to black curves), as well as the total number
of subhaloes as a function of host halo properties (right panels).
Each row of panels presents the dependence on another halo prop-
erty (from top to bottom): total halo mass 𝑀200c, halo assembly
time 𝑧50, i.e. the redshift at which the host halo had assembled
50 per cent of its present-day total mass, halo concentration 𝑐−2,
and halo shape as its minor-to-major axis ratio 𝑠. Overall, we find
the same trends for subhalo abundances as for satellite galaxies –
albeit more pronounced than in Figure 10.Moremassive host haloes
and those that formed 50 per cent of their present-day total mass
later in time tend to have a larger number of surviving subhaloes
at 𝑧 = 0. There are only slight trends with host halo concentration:
while less concentrated MW/M31-like hosts have somewhat more
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Figure C1. Dependence of satellite abundance on different definitions of host halo formation time for satellites within 300 kpc (3D) of their MW/M31-like
host and with a stellar mass of at least 5 × 106 M� . Each row investigates a different stage of halo assembly: 𝑧10, 𝑧50, and 𝑧90 (from top to bottom), i.e. the
redshifts at which the host halo had assembled 10, 50, or 90 per cent of its present-day total mass. Left panels:median satellite stellar mass functions in various
percentiles of the assembly time in question (thick, yellow to black curves). The thin, grey curves in the background denote satellite stellar mass functions
of individual TNG50 MW/M31-like hosts as a reference. Right panels: total number of satellites as a function host properties for the percentiles (yellow to
black circles), all TNG50 MW/M31-like galaxies (grey circles), as well as their running median (black curves) and scatter (grey shaded area, 16th and 84th
percentiles).

subhaloes, this correlation decreases and flattens towards higher
concentrations. Furthermore, there are no significant trends with
the host halo’s shape. As in Section 3.7, we did check for trends
with the slope of the subhalo mass function, however, we recover
no significant correlations.

Finally, we compare the correlations in the right panels to
their analogues from the DM-only run TNG50-Dark (dashed, black
curves). Consistent with our findings in Section 3.6 and Figure 8,
we find overall larger subhalo abundances around MW/M31-like
hosts in TNG50-Dark than in TNG50. We find the same qualitative
trends in terms of total host halo mass and host formation time 𝑧50 –

namely,moremassive host haloes and those that formed later in time
have a higher total number of subhaloes. In this respect, TNG50-
Dark hosts cover a similar range in host properties as their baryonic
counterparts. However, we find significant differences with host
concentration 𝑐−2 and shape 𝑠. Hosts in TNG50-Dark are generally
less concentrated and have smaller minor-to-major axis ratios: this
is qualitatively consistent with the effects of baryons due to galaxy
formation processes in Illustris (Chua et al. 2017, 2019). While sub-
halo abundances exhibit a clear correlation with host concentration
– more subhaloes tend to reside in less concentrated host haloes
– there is still no significant trend with host shape. As in Illustris
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(Chua et al. 2017), TNG host concentration correlates more strongly
with subhalo abundance in DM-only than in baryonic simulations
of MW/M31-like hosts.

This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure D1. Dependence of subhalo abundance (instead of satellite abundance as in Figure 10) on host halo properties for subhaloes within 300 kpc (3D)
of their MW/M31-like host and with a dynamical mass of at least 5 × 107 M� . Each row investigates a different host property (from top to bottom): total
mass 𝑀200c, halo assembly time 𝑧50, i.e. the redshift at which the MW/M31-like host had assembled 50 per cent of its mass, halo concentration 𝑐−2, as well
as halo shape 𝑠 as minor-to-major axis ratio. Left panels: median subhalo dynamical mass functions in various percentiles of the host property in question
(thick, yellow to black curves). The thin, grey curves in the background denote subhalo dynamical mass functions of individual TNG50 MW/M31-like hosts
as a reference. Right panels: total number of subhaloes as a function host properties for the percentiles (yellow to black circles), all TNG50 MW/M31-like
galaxies (grey circles), as well as their running median (solid, black curves) and scatter (grey shaded area, 16th and 84th percentiles). Dashed, black curves
denote the corresponding medians from the DM-only analogue simulation TNG50-Dark. Baryonic processes reduce the strength of the correlations between
subhalo number and host properties – particularly with host halo concentration.
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