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ABSTRACT

The radial distribution of low mass satellites around a Milky Way (MW)-like host is an important
benchmark for simulations of small-scale structure as the distribution is sensitive to disruption of
subhalos by the central disk and can indicate whether disruption is artificial (ie. numeric) or physical in
origin. Using a recent sample of 12 well-surveyed satellites systems around MW-like hosts in the Local
Volume, we investigate the radial distribution of satellites and compare with the distributions predicted
by modern ACDM cosmological simulations. The observed systems are generally complete to My < —9
and within 150 projected kpc. We consider multiple simulations, including big box cosmological
simulations and high resolution zoom in simulations of a single MW sized halo. We focus on the
concentration of the radial distributions and find that, overall, the observed satellites are significantly
more centrally concentrated than the simulated systems. Several of the observed hosts, including
the MW, are ~ 20 outliers relative to the simulated hosts in being too concentrated, while none of
the observed hosts are less centrally concentrated than the simulations. We show this using several
different metrics of the central concentration. We find that this discrepancy is more significant for
bright, My < —12, satellites suggestive that this is not the result of observational incompleteness. We
discuss possible causes for the discrepancy, including artificial disruption of subhalos due to resolution
effects. However, we demonstrate that adding back in a population of artificially lost subhalos would
have important ramifications for what stellar to halo mass relation is allowed by observations, requiring
the relation to be steeper than generally predicted in hydrodynamic simulations.
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galaxies: dwarf

1. INTRODUCTION

One important observational benchmark with which
to test models of small scale structure formation is the
radial distribution of dwarf satellites around the Milky
Way (MW) and MW-like hosts. The radial distribu-
tion of luminous, low-mass satellites is sensitive to the
physics of reionization (e.g. Kravtsov et al. 2004; Dooley
et al. 2017) and to the disruption of the subhalos that
host the satellites by the central primary (e.g. D’Onghia
et al. 2010; Garrison-Kimmel et al. 2017b; Kelley et al.
2019; Samuel et al. 2020). Of particular importance
is understanding whether the disruption of subhalos is
physical or an artificial feature of the simulations (due
to e.g. low resolution effects) (van den Bosch et al. 2018;
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van den Bosch & Ogiya 2018). Tidal stripping and dis-
ruption of subhalos are both integral parts of the bary-
onic solutions to the well-known “small-scale challenges”
to ACDM, and, hence, it is critical to understand them
fully.

Previous comparisons between observations of the
MW satellites and the predictions from ACDM simula-
tions have produced somewhat baffling results. Compar-
isons with the classical satellites (M, > 10° Mg) have
indicated that the MW satellites are significantly more
radially concentrated than the most massive dark matter
(DM) subhalos in dark matter only (DMO) simulations
(Lux et al. 2010; Yniguez et al. 2014). Many studies
have argued that reionization can help in this regard as
the distribution of luminous subhalos will be more cen-
trally concentrated than the overall population of subha-
los (e.g. Moore 2001; Taylor et al. 2004; Kravtsov et al.
2004; Font et al. 2011; Starkenburg et al. 2013; Bar-
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ber et al. 2014; Dooley et al. 2017). This is generally
attributed to the fact that the earliest forming subha-
los will be the ones most likely to be luminous and are
more concentrated near the host. While the halo mass
scale at which reionization starts to significantly sup-
press galaxy formation is still relatively unclear, recent
simulations indicate that it is at (or well below) the low
mass end of halos expected to host classical-sized satel-
lites (Sawala et al. 2016; Wheeler et al. 2019). Thus,
reionization does not appear to be a viable explana-
tion for the concentration of the MW classical satellites.
While the fully hydrodynamic simulations presented in
Samuel et al. (2020) showed better agreement with the
MW radial distribution than Yniguez et al. (2014), the
MW was still substantially more concentrated in several
metrics. Unfortunately, the results with the classical
satellites are fundamentally limited by the low statistics
offered by the ~ 10 MW classical satellites (depending
on how ‘classical’ is defined).

One way to increase statistics is to consider the ultra-
faint dwarf (UFD) satellites of the MW as well, of which
there is now ~ 50 known. The MW UFDs seem to also
be more concentrated than DMO simulations would in-
dicate, particularly when disruption by the baryonic disk
of the host is included. Kim et al. (2018) found that
in the simulations of Garrison-Kimmel et al. (2017b)
there simply weren’t enough subhalos near the host that
survive the enhanced disruption from the disk to host
the known MW UFDs at small radii, assuming a rea-
sonable stellar halo mass relation (SHMR). A similar
conclusion was reached by Graus et al. (2019). Graus
et al. (2019) noted that the close-in MW UFDs could
be explained if very low mass subhalos were populated.
These low mass subhalos are well below the usual cutoff
for luminous satellites due to reionization suppression
of galaxy formation (e.g. Bullock et al. 2000; Somerville
2002; Okamoto et al. 2008; Okamoto & Frenk 2009).
It’s still unclear how galaxies could form in these halos.
One observational prediction for this model is that if lu-
minous galaxies populate these low mass subhalos near
the MW, they presumably would further out in the MW
virial volume. Thus there should be a very large num-
ber of UFDs in the outskirts of the MW virial volume
awaiting discovery.

Using the UFDs to test simulation predictions with
observations comes with its own problems, however.
The observational consensus of UFDs is very radially in-
complete due to their faintness (e.g. Koposov et al. 2008;
Walsh et al. 2009) and this might be biasing the observed
radial distribution. Also, as the UFDs are likely residing
in quite low mass subhalos, resolution of the simulations
becomes a major concern.

In this paper, we take a complementary approach to
the work presented above by studying the observed ra-
dial distributions of classical-like satellites around many
hosts in the Local Volume (LV). By comparing multiple
MW-like hosts together, we are able to get far better
statistics than with the MW alone. The basic question
that this paper tries to answer is “how well do the spatial
distributions of dwarf satellite systems created in mod-
ern simulations match those observed for the MW and
MW-analogs in the LV?”. We compare the observed sys-
tems to a wide range of recent simulations, including big-
box cosmological hydrodynamic simulations with many
simulated MW-like hosts, high-resolution DMO zoom
simulations (both with and without an included disk
potential), and high-resolution hydrodynamic zoom sim-
ulations that include only a handful of MW-like hosts.
Using these very different simulations allow us to explore
how much the simulation results depend on the prop-
erties of the simulation, including resolution. In this
paper, we thus perform the first comparison between a
population of observed satellite systems and a popula-
tion of simulated analogs. This has only recently been
made possible with the creation of all of these simula-
tion suites and the observations required to characterize
the satellite systems of nearby MW analogs. By study-
ing the radial distributions of a population of satellite
systems, it might also be possible to learn about the
scatter between satellite systems (i.e. why is the radial
distribution of M31 so different from that of the MW?
(Yniguez et al. 2014; Willman et al. 2004)).

This paper is structured as follows: in §2 we overview
the observational data sets of LV satellite systems that
we use, in §3 we overview the different simulation suites
that we compare with, in §4 we present the results of
comparing observations with models, in §5 we discuss
possible caveats related to the observations and simula-
tions, in §6 we show the implications of this work on the
stellar halo mass relation (SHMR) allowed by observa-
tions, in §7 we present a detailed comparison of our work
with previous work (as mentioned above), and finally in
68 we conclude and outline directions for future work.

2. DATA

In this work, we compare simulations with a sample
of well-characterized observed satellite systems around
massive hosts in the Local Volume (D < 10 Mpc). Char-
acterizing these satellite systems has been the result of
the combined effort of multiple groups over the last sev-
eral years. Still, due to the inherent faintness of dwarf
satellites and the large areas that need to be surveyed,
only a handful of massive hosts have been surveyed to
the point that the inventory of ‘classical’-sized satel-
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lites is likely complete for a large fraction of the host’s
virial volume. Most of the difficulty is in measuring
the distances to these low mass galaxies to confirm that
they are actually physically associated to a specific host.
We use the compilation of LV satellite systems given in
Carlsten et al. (submitted). That work uses the cata-
log of satellite candidates around ten LV massive hosts
from Carlsten et al. (2019¢) and confirms satellites us-
ing distances measured via surface brightness fluctua-
tions (SBF) (Carlsten et al. 2019a). The SBF analysis
was very successful for five of the ten hosts surveyed by
Carlsten et al. (2019¢) (NGC 1023, NGC 4258, NGC
4631, Mb51, M104). These hosts are mostly complete
down to a satellite luminosity of My ~ —9 within the
inner ~ 150 projected kpc (see Carlsten et al. 2019c¢, for
more detailed quantification of completeness). For these
hosts, there were still a few candidates where the SBF
results were ambiguous. We treat these candidates as
‘possible’ satellites and always give a spread of possible
results (either including them as satellites or not). A
sixth host, NGC 4565, had good area coverage and deep
survey data, but due to its larger distance (D = 11.9
Mpc) its SBF results were ambiguous for all but the
brightest candidates. All of the candidates brighter than
My = —12 were confirmed by SBF or redshift and there
were no ambiguous candidates at this luminosity. Thus,
we include this host as well, but we note that its satellite
system is only characterized down to My = —12.

In addition to the six hosts from Carlsten et al. (sub-
mitted), we include the six other nearby hosts that
have had their satellites well surveyed in previous work.
These six are the MW, M31, Centaurus A (CenA; NGC
5128), M81, M94, and M101. The specific lists of satel-
lites that we consider in each of these systems can be
found in the appendix of Carlsten et al. (submitted).
The MW satellite list comes from McConnachie (2012)
and uses distances from Fritz et al. (2018). We include
the disrupting Sgr dSph but we note that including this
in the comparisons with models is a little dubious, and
we discuss this more below. The M31 satellites come
from McConnachie et al. (2018) with distances primarily
from Weisz et al. (2019). The CenA satellites come from
the compilations of Miiller et al. (2019) and Crnojevié
et al. (2019). The satellites of M81 are taken from Chi-
boucas et al. (2013). M94 satellites come from Smercina
et al. (2018). Finally, the M101 satellite system comes
from the work of Bennet et al. (2017), Danieli et al.
(2017), Carlsten et al. (2019b), and Bennet et al. (2019).

A detailed discussion of the completeness of each of
these satellite systems can be found in Carlsten et al.
(submitted) and references therein. In brief, we assume
that the MW and M31 systems are complete to classical

satellites (My < —8) within the inner 300 kpc. MB8I is
likely complete to better than My < —9 within the inner
projected 250 kpc. CenA and M101 are likely complete
within the inner projected 200 kpc to about My < —9.
M94 is complete within only the inner 150 kpc at this
luminosity. For the six hosts from Carlsten et al. (sub-
mitted), we assume the satellite systems are complete
to My ~ —9 (with the exception of NGC 4565), and we
generally use the actual survey footprints (see Fig 1 of
Carlsten et al. (2019¢)) to characterize the areal com-
pleteness. For some of the comparisons, we do make
the assumption that these surveys are complete out to
150 projected kpc. This is certainly optimistic but these
hosts all have coverage over at least 70% of the inner 150
projected kpc area (see Carlsten et al. 2019¢, for detailed
numbers of the coverage), and the covered volume will
be even more.

Properties for all 12 hosts considered in this work can
be found in Carlsten et al. (submitted) and Carlsten
et al. (2019¢). These are all massive hosts with stellar
mass ranging from roughly 1/2 that of the MW to ~ 10x
that of the MW. As discussed in Carlsten et al. (submit-
ted), the hosts naturally split in two groups based on
halo mass. The categorization of each host into these
two groups was based on stellar mass, circular rotation
speed, and any available estimate of the halo mass from
satellite dynamics. The low mass group are all very sim-
ilar to the MW, and we will refer to these as ‘MW-like’
or ‘MW-analogs’. These include the MW, M31, M94,
M101, NGC 4631, NGC 4258, NGC 4565, and M51.
We estimate the halos masses of these hosts are in the
range ~ 0.8 — 3 x 1012 M. We refer to the more mas-
sive hosts as ‘small group’ hosts and include M81, CenA,
NGC 1023, and M104. These hosts correspond to halo
masses in the range ~ 3 — 8 x 1012 Mg, It is important
to compare the observed hosts with simulated hosts of
similar mass, and so we often consider each group of ob-
served hosts separately and compare each individually
with the appropriate simulated hosts.

3. MODELS

We compare the observations with a wide variety of
different simulations both to improve the statistics in the
simulated systems and to see how the properties of the
simulated systems depend on the specifics of the simula-
tion. We include both big-box cosmological simulations
that include many MW-like hosts in the simulated vol-
ume but at a low resolution and zoom-in cosmological
simulations that include only a single MW-sized host in
each simulated volume but at a much higher resolution.

For all of the simulation suites except for the zoom
hydrodynamic simulations, we just use the dark matter
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(DM) halo catalogs from the simulations. To populate
these subhalos with luminous galaxies we could use an
abundance matching (AM) relation. In particular, we
could use a stellar halo mass relation (SHMR) to assign
a stellar mass to each subhalo. Carlsten et al. (sub-
mitted) found decent agreement between the observed
satellite LFs in the current sample and the simulated
LF's assuming common SHMRs found in the literature.
However, there is still significant uncertainty in what
the true SHMR is (cf. §6). Therefore, in order to keep
the results regarding the radial distribution as indepen-
dent as possible from the assumed SHMR, we do not
use a SHMR to populate subhalos. Instead, we gen-
erally select the n most massive subhalos where n is
the number of observed satellites (either in a particular
observed host or averaged over several observed hosts).
More specific details are given with each comparison.
When considering subhalos masses, we always consider
the peak virial mass over the subhalo’s history, Mpeak.

For the cosmological simulation, we use the pub-
lic TlustrisTNG-100' simulation (Nelson et al. 2019;
Pillepich et al. 2018; Springel et al. 2018; Nelson et al.
2018; Naiman et al. 2018; Marinacci et al. 2018). The
baryonic mass resolution of TNG is ~ 10 Mgwhich
means that the satellites of the mass we are interested
in will not be resolved. However, the DM particle mass
of 7.5 x 10 M, means that subhalos hosting the satel-
lites we are focusing on (M ~ 5 x 107 Mg) will be
fairly resolved. From the 100% Mpc? box, we select host
halos as described in Carlsten et al. (submitted). In
this volume there are ~ 1600 MW-like hosts and ~ 300
small-group sized hosts. Note that we use the DM halo
catalogs from the full hydrodynamic simulation run and
not the DMO simulation run. The full hydro simulation
should include the effect of subhalo disruption by the
baryonic disk of the host.

For the zoom-in simulations, we use three separate
simulation suites. The first is the ELVIS? (Garrison-
Kimmel et al. 2014) suite of DMO simulations. This
suite includes 24 isolated MW-sized hosts and a fur-
ther 24 that are in a paired Local Group (LG) config-
uration. We consider all 48 of these hosts in the same
way. With a DM mass resolution of 1.6 x 105 Mg, this
simulation is significantly higher resolution than Illus-
trisTNG. The second zoom simulation we include is the
PhatELVIS? suite (Kelley et al. 2019) of DMO simula-
tions. These simulations are distinct from the ELVIS
suite both by being higher resolution (DM mass resolu-

L https://www.tng-project.org/data/
2 http://localgroup.ps.uci.edu/elvis/index.html
3 http://localgroup.ps.uci.edu/phat-elvis/

tion of 3 x 10* Mg) and also that they account for the
enhanced disruption of subhalos due to the baryonic disk
of the host. A gravitational potential grown to match
that of the MW’s disk is artificially put into the simu-
lations. PhatELVIS includes 12 simulated hosts. Both
the ELVIS and PhatELVIS suites are DMO, and so we
just use the DM subalo catalogs, as described above.
The final zoom simulation we include is the full hydro-
dynamic simulations from the NIHAO project* (Buck
et al. 2019). There are only 6 hosts in this suite, but the
simulations are very high resolution with DM particle
mass of ~ 10° Mgand star particle mass of ~ 10* M.
Additionally, the simulations are hydrodynamic so we
take the luminous galaxy catalog directly from the sim-
ulations. The lowest mass satellite we consider in this
paper is M, > 10° Mgwhich will be at least marginally
resolved in the NIHAO results. All of the zoom-in sim-
ulations are of hosts roughly the halo mass of the MW,
so we only compare these simulations to the MW-like
observed hosts. Specific details (including masses) of
each of the simulated zoom-in hosts can be found in
the respective publications. The ‘small-group’ hosts are
compared solely with the IlustrisTNG simulations.

4. RESULTS

In this section, we compare the observed satellite sys-
tems to the simulated systems. Throughout this paper,
we focus primarily on the shape of the radial distribu-
tion of satellites and not the absolute radial distribu-
tion. We compare the simulations against the models
in many different ways, using different metrics, to try
to get a complete understanding of how well they agree.
Due to the large number of simulated hosts, we primar-
ily compare the observations to the Illustrig TNG results
but occasionally also consider the other simulation suites
to show consistency. We start by considering the nor-
malized 2D (projected) radial distributions of all of the
observed hosts to the simulations. We then compare the
normalized 3D distribution of satellites around the MW
and M31 (the only observed hosts where we have 3D in-
formation on the satellite positions). Finally, we explore
different ways of parameterizing the shape of the radial
distribution.

4.1. 2D Projected Radial Distributions

In this section, we explore the projected (2D) radial
distribution of satellites of the observed LV hosts and
compare with the simulated systems.

In Figure 1, we show the radial profiles for each of
the 12 observed hosts that we consider in this work.

4 http://www2.mpia-hd.mpg.de/~buck /#sim_data
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Figure 1. The 2D (projected) radial distributions of satellites (My < —9) around the 12 LV hosts considered in this work.
All profiles are normalized by the total number of satellites in the surveyed area. Observed systems are shown in blue while
the analogous simulated systems from IllustrisTNG are shown in orange. The simulations are forward modelled using the area
completeness of the surveys for each host. For the simulations, the n most massive subhalos falling in the survey region are
selected as the luminous satellites where n is the observed number of satellites in the survey region for that specific host. For
the MW and M31, the shaded region shows the effect of different projection angles on the radial profile. For the other LV hosts,
the shaded region encompasses any uncertainty in membership of candidate satellites without distance information.

We only consider satellites brighter than My < —9 and
assume that all hosts are complete in luminosity down
to this level (except NGC 4565 which uses a luminos-
ity limit of My < —12). All profiles are normalized
by the total number of satellites in the surveyed area.
Each host is compared with the simulated systems from
MustrisTNG. The MW-like hosts are compared to the
analogous hosts in Illustris, and the same for the small-
group hosts. The simulated systems are mock-observed
at the distance of each host, and the observational area
selection function for each host is used to select which
simulated subhalos would be observed (these are de-
scribed above). We select subhalos whose line of sight
(LOS) distance from the observer is within 500 kpc of
the host. This accounts for the fact that for most of
the hosts, the distances available for the satellites are
not high enough precision to probe the 3D structure of
the group. SBF distances are accurate to ~ 15% while
HST TRGB distances are accurate to ~ 5%. At a host
distance of 7 Mpc, these correspond to uncertainties of
~ 1000 and 300 kpc, respectively. It is entirely possible
that some of the ‘confirmed’ satellites of these hosts are
actually near-field galaxies that project onto the host
but are outside of the virial volume of the host. Thus,

we account for the LOS uncertainty by including sub-
halos within 500 kpc LOS of the host. For the MW
and M31, we have detailed 3D positions for the satel-
lites, and we use that to mock ‘re-observe’ these sys-
tems at a distance of 7 Mpc. This allows us to explore
the effect of the observing angle on the radial profile.
For the hosts from Carlsten et al. (submitted) that have
some unconfirmed candidate satellites, the uncertainty
in membership is accounted for as a spread in possible
radial profiles. Specifically, each possible combination of
the unconfirmed members is considered, and that many
radial profiles are generated. We plot the median and
+10 spread in these profiles.

Since the scatter in the profile between hosts will de-
pend on how many satellites each host has, for a fair
comparison, we select the same number of subhalos from
each simulated host as is observed for a particular ob-
served host. The n most massive subhalos (considering
peak mass) that fall in the survey footprint are selected
as the luminous satellites where n is the number of ob-
served satellites for a specific host.

While there clearly is significant scatter between the
observed hosts in Figure 1, the observed hosts appear
to be generally more concentrated than the simulated
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Figure 2. Histogram of the projected satellite separation (7proj) for all observed hosts together compared against the simulated
hosts. The observation histograms are normalized such that the total area is the average number of satellites per host. These
numbers are given in the top left corner of each panel. The top panels are for the MW-like hosts while the bottom are for the
more massive ‘small-group’ hosts. The left panels are for all satellites My < —9 while for the right panels, only My < —12

satellites are included.

hosts. Several of the observed hosts (e.g. the MW, NGC
4258, NGC 4631, NGC 4565, and NGC 1023) have their
profiles at or just within the —20 (i.e. more centrally
concentrated) scatter in the simulations while no host is
correspondingly outside the +20 (i.e. less concentrated)
scatter in the simulations. It appears that the ‘small-
group’ hosts are less discrepant with the simulations.
Both M81 and CenA closely follow the median simulated
profile.

Another comparison we do with the simulations is to
simply consider the histogram of the satellites’ projected
separations from their hosts. In Figure 2, we show the
distribution of all satellite projected separations across
all hosts combined. The histograms are normalized such
that the total area under the curve is the average number
of satellites per host. Only satellites within 7p.; < 150
kpc are included. We consider the MW-like and small-
group hosts separately and look at all (My < —9) satel-
lites and just the brighter (My < —12) satellites. The
histograms of the observations are averaged over the
viewing angle for the MW and M31 and also averaged
over the uncertainty in membership for some candidates.

The simulations are forward modelled to include the ef-
fect of the survey footprints of the observed hosts in a
similar way as in Figure 1. For each simulated host, one
of the observed hosts is selected at random, and that
simulated host is forward modelled through the area se-
lection function of that observed host. The decrease in
satellites at large rp.0; in the simulated hosts is largely
due to some of the observed hosts not being surveyed all
the way out to 150 kpc. For the simulations, the n most
massive subhalos in the survey footprint are selected as
the satellites where n is the average number of observed
satellites above the luminosity limit. The average num-
ber of observed satellites is given in the upper left corner
of each histogram in Figure 2.

The observed MW-like hosts have noticeably shifted
distributions of rp,.o; compared to the simulations. Re-
stricting to only the bright (My < —12) satellites makes
this discrepancy significantly more noticeable. On the
other hand, the more massive ‘small-group’ hosts have
observed 7py0; distributions that are only slightly flatter
than the simulated hosts.
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To assess the significance of the discrepancy with the
MW-like hosts, we use a two-sample KS test between the
observations and simulations. To account for the differ-
ent viewing angles of the MW and M31 and uncertain
membership, we consider many different realizations of
the observed hosts (with different viewing angles and
different memberships) and calculate the KS statistic
with the ensemble of PhatELVIS simulations. We find
median p-values that the two samples are drawn from
the same distribution of 5.6 x 1075 for all (My < —9)
satellites and 3.6 x 10~7 for the bright (My < —12)
satellites. When compared to the TNG simulations, we
find median p-values of 0.0026 and 7.5 x 10™°, respec-
tively.

4.2. 8D Radial Distributions

Figure 3 shows the 3D radial distributions of the clas-
sical (My < —8) satellites around M31 and the MW
compared to the four simulation suites that we consider
in this paper. The distributions are cumulative and nor-
malized to the number of satellites within r» < 100 kpc,
to compare with the results of Yniguez et al. (2014). For
the DMO simulations, the 15 most massive (peak mass)
subhalos are selected for each host, roughly in between
the number of classical satellites around the MW and
that around M31. For the NIHAO hosts, the hydrody-
namic results are used, and satellites with My < —8 are
selected. There are two interesting things to note about
from this plot. First is that the different simulation re-
sults look remarkably similar to each other. Ostensibly
this means that at the satellite mass we focus on, the res-
olution of the simulations are not affecting the results,
and that even the low resolution IllustrisTNG results
are converged at this mass scale. We consider this point
in more detail in §5. The biggest difference between the
simulations appears to be that the PhatELVIS simulated
hosts have significantly fewer satellites within 100 kpc
than the other simulation suites. This is due to sub-
halo disruption by the disk potential that Kelley et al.
(2019) put into the simulations. ELVIS has no added
disk. Both the Ilustris and NIHAO simulations should
have some of this effect because the host will form a
disk in these hydrodynamic simulations, but it is pos-
sible that many of the Illustris hosts do not have as
massive of a disk as the MW forms. On the other hand,
the NIHAO suite might just not have enough hosts to
see this effect.

The second thing to note from Figure 3 is that the
MW’s satellite distribution is significantly more cen-
trally concentrated than any of the simulation results.
It is outside of the 20 regions of all of the simulations.
This confirms the result of Yniguez et al. (2014). Most

hosts have significant populations of satellites outside of
r = 150 kpc whereas the MW has only 3. M31, on the
other hand, appears to have a fairly characteristic radial
distribution compared to the simulations. Yniguez et al.
(2014) argue that this unusual concentration indicates
that some undiscovered MW satellites exist far out in
the virial volume, awaiting discovery. We address the
point of completeness of the MW satellite census in §5.1
and argue that this is unlikely.

4.3. Satellite Concentration

To explore a different metric of the shape of the ra-
dial profiles, in Figure 4 we show the radius that con-
tains half of the satellites for the observed and simulated
hosts. This Ryt is calculated essentially as the median
satellite projected separation from the host. To com-
pare all observed hosts together, we only consider satel-
lites within a projected 150 kpc from their host. Only
satellites brighter than My < —9 are considered and,
thus, we do not include NGC 4565 in this plot. On the
left, the half-satellite radius is plotted against the stel-
lar mass of the host. The observed hosts (points) are
compared with the simulated IllustrisTNG hosts in the
background (contours). For the Illustris hosts, we use
the stellar mass of the host reported by the hydrody-
namic simulation results. The average observed number
of satellites within 150 kpc and with My < —9 (includ-
ing the projection effects of the MW and M31 and the
effect of uncertain membership) is 7 per MW-like host
and 15 per small-group host. Thus, we select the 7 most
massive subhalos for each TNG MW-like host and the
15 most massive for each small-group host to compare
with the observed satellites. The Illustris hosts are all
mock observed at D = 7 Mpc and include both the MW-
like hosts and the small-group hosts. For each simulated
host, one of the observed hosts is chosen at random and
that host’s survey area selection function is applied to
the simulated host. On the right, the half-satellite radii
of the observed hosts are compared in histogram form
against the IustrisTNG, ELVIS, and PhatELVIS sim-
ulated hosts. For the ELVIS and PhatELVIS hosts, the
7 most massive subhalos in the survey footprints are se-
lected, and 100 viewing angles are taken for each host.

From Figure 4, we see that for satellites within a pro-
jected 150 kpc of their host, the median satellite sep-
aration is ~ 90 kpc for the simulations but is closer
to ~ 60 — 70 kpc for the observed systems. The ob-
served hosts are systematically more centrally concen-
trated than the simulated hosts. The higher mass ob-
served hosts have their satellites at somewhat larger
radii, in agreement with Figure 1. The three different
simulation suites that we consider all show similar satel-
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Figure 3. The 3D radial distribution of MW and M31 satellites (My < —8) compared with four different simulation suites.
For the DMO simulations, the 15 most massive subhalos are selected as satellites. The profiles are cumulative and normalized
by the number of satellites within 300 kpc. The shaded bands for M31 and the MW account for distance uncertainties in the
satellites. The shaded bands for the simulations denote the £10 and +20 spread in the simulation results. As there are only 6
hosts in the NIHAO suite, they are plotted individually, and the thick line shows the median.
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Figure 4. The radius encompassing half of the satellites for 11 observed hosts versus the simulated hosts. Only satellites
brighter than My < —9 and within a projected 150 kpc of their host are considered. On the left, the median satellite radius is
plotted against the stellar mass of the host. The contours in the background show the results for the IllustrisTNG hosts. The
errorbars for M31 and the MW show the effect of different observing angles while the errorbars on the other hosts indicate the
effect of uncertain membership for the subset of candidate satellites without distance measurements. On the right, the median
satellite separation for the hosts are compared against the simulations in histogram form. The results from the ELVIS and
PhatELVIS suites are also shown.
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lite spatial distributions. The ELVIS hosts are slightly
more centrally concentrated than the IllustrisTNG or
PhatELVIS hosts, but that is easily explained by the
lack of any central disk. A few of the most massive
hosts (M81, CenA, and M31) appear to have spatial dis-
tributions characteristic of the simulated hosts, but the
majority of the observed hosts are more concentrated
and none are less concentrated.

We have checked if the comparisons will change if we
scale all the satellite separations by the virial radii of
the hosts. In Figure 1-4, we have considered the satel-
lite separations in physical distances. This is justified
by the fact that the hosts we consider all have similar
expected virial radii, especially when we split the hosts
into the MW-like and small-group categories. The sim-
ulated hosts will have the same spread in virial radii.
Still, it is useful to investigate if the increased concentra-
tion in satellites that we see compared to the simulated
hosts is due to the observed hosts having small virial
radii (and, hence, naturally more compact satellite con-
figurations). We found that the results are qualitatively
the same when scaling by the host virial radius.

4.4. Summary

In this section, we performed many different compar-
isons between the radial distributions of observed satel-
lites in the LV and analogous simulated systems in mod-
ern cosmological simulations. While some of the ob-
served hosts seem to have very similar radial profiles as
the simulated hosts, on average the observed hosts are
more concentrated. In Figures 1 and 3, we showed this
by directly comparing the normalized radial distribu-
tions. Normalizing the profiles is essential in seeing the
the difference between observations and the simulations.
In Figure 2, we compared the distribution of satellite
projected separation, 7pr0j, between the observed hosts
and the simulations. For the MW-like hosts, the dis-
tribution of observed satellites is significantly more cen-
trally concentrated than the simulated hosts. This is
particularly noticeable compared to the PhatELVIS sim-
ulations and when only the bright (My < —12) satel-
lites are considered. Next, we used the half-satellite ra-
dius (the radius enclosing half of the satellites), Ry, to
quantify the level of concentration of the radial profiles.
Figure 4 shows that the population of observed hosts is
shifted to smaller values of R},;¢. While a few of the ob-
served hosts show the average value for the simulations,
most of the observed hosts are more concentrated, and
none are less so.

In the rest of this paper, we discuss these results in
more detail. In §5 we discuss all the possible prob-
lems with either the observations or the simulations that

might be contributing to such a strong discrepancy. In
87 we compare our results with previous work on this
subject, highlighting where our approach is different.

5. POSSIBLE EXPLANATIONS

In this section, we discuss possible caveats to the ob-
servations and simulations that might explain the dis-
crepancy that we observe. We start by discussing the
observations then move to the simulations.

5.1. Observations

The most obvious possible problem with the obser-
vations is that of incompleteness. The most significant
worry is that the LV satellite surveys are less complete
at large radii than they are closer to the host. This
could be due, for instance, to the dithering pattern of
the observations focusing mostly on the central host. In-
deed several of the hosts of Carlsten et al. (2019¢) had
dithering patterns that led to somewhat deeper expo-
sures around the host than further out. However, there
are two lines of reasoning indicating that this is not sig-
nificantly affecting the observed radial profiles. First is
that the completeness checks of Carlsten et al. (2019c)
(see their Figure 3) indicate that the catalogs of satellites
drop from ~ 100% completeness to ~ 0% over roughly
half a magnitude in either surface brightness or total
magnitude of the satellite. These checks are the average
over the entire survey footprint. If there was a signif-
icant difference in depth between different areas of the
survey, then we’d expect the completeness to drop off
more shallowly. Second, Figure 2 shows that the dis-
crepancy does not get better (in fact it gets quite a bit
worse) when we only consider the brighter satellites.

Due to our position within the MW, the MW’s satel-
lite census is particularly vulnerable to incompleteness
at large radii. Previous authors (e.g Yniguez et al. 2014;
Samuel et al. 2020) have suggested that the concentra-
tion of MW satellites is indicative of incompleteness in
the satellite census at large radii. Such missing classical-
sized satellites would have to be in the zone of avoidance
around the MW disk to have evaded discovery. The rest
of the sky has been searched at a depth that would easily
discover classical satellites throughout the virial volume
(e.g. Whiting et al. 2007; Koposov et al. 2008; Walsh
et al. 2009; Drlica-Wagner et al. 2019). The issue is
that obscuration by the disk does not preferentially hide
distant satellites so it is unclear if this would really de-
crease the concentration of the MW satellites. It would,
however, increase the scatter of the simulated profiles,
perhaps making the MW less of an outlier. We find that
Figure 3 hardly changes if we select only subhalos that
are > 15deg above or below a randomly oriented disk
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in the simulated hosts (as viewed from the center of the
host). Even in this case, the MW remains a significant
outlier from the simulations.

Another possible issue with the observations is the
confirmation of satellites with SBF distances. While the
SBF approach has been shown to work well in the past
(e.g. Carlsten et al. 2019b; Bennet et al. 2019), the dis-
tances are much less secure than HST TRGB distances.
It is possible that a few unrelated background inter-
lopers are included in the confirmed satellites of Carl-
sten et al. (submitted). However, including background
galaxies will make the radial profiles less centrally con-
centrated not more.

When surveying nearby disk systems, especially face-
on disk galaxies, it is possible that the surveys miss
very close in satellites because they project onto the face
of the host galaxy. However, including these satellites
would make the observed profiles even more centrally
concentrated, not less. In other words, the concentration
of the observed systems is somewhat of a lower bound.

5.2. Simulations

The most likely possible problems with the simula-
tions stem from resolution effects. On the surface, the
fact that we get very similar answers across the differ-
ent simulations suites (once we keep in mind that only
some of the suites include a central disk), would seem to
indicate that resolution is not playing a major role. The
suites differ by roughly a factor of 200 in resolution be-
tween IlustrisTNG and PhatELVIS. However, it is pos-
sible that even if the simulation results are converged
with respect to resolution, they might not be converged
to the correct answer. We focus on two specific possi-
ble resolution-related problems in the application of the
simulations.

The first possible problem in the application of the
simulations is that we do not allow for the possibility
of ‘orphan galaxies’. Orphan galaxies represent the pos-
sibility that the DM halo associated with a luminous
satellite becomes stripped to the point that it falls be-
low the threshold of the subhalo finder. The luminous
galaxy needs to be manually put back into the simu-
lation and tracked as it has no corresponding DM sub-
halo. Previous works (e.g. Gao et al. 2004; Newton et al.
2018; Bose et al. 2019) have found that reproducing the
radial distribution of luminous satellites in clusters and
around the MW required inserting and tracking orphan
galaxies. Different prescriptions are used to track the
evolution of the orphan galaxies, but generally they are
removed after a dynamical friction timescale to repre-
sent the time they take to merge into the central pri-
mary. It is unclear whether inserting orphan galaxies is

an appropriate thing to do for the comparisons we do
in this work, however. Orphan galaxies are clearly only
important for subhalos near the resolution limit of the
simulation which is not the case for this work where we
are focused on the fairly massive classical-sized satel-
lites. A typical classical satellite hosting subhalo with
mass ~ 5 x 10 Mg will be resolved with > 105 particles
in the PhatELVIS simulations. For this subhalo to drop
below the threshold of a subhalo finder (~ 20 particles),
it has to be >99.9% stripped. By this point a signif-
icant fraction of the stars would also be stripped (e.g.
Penarrubia et al. 2008) and the satellite would likely
either be undetectable (due to very low surface bright-
ness) or clearly tidally disturbed. Some of the observed
satellites that we include are clearly undergoing tidal
disruption (e.g. Sgr, NGC 5195, NGC 4627, M32, NGC
205, dw1240p3237) but the majority are not. Not in-
cluding these satellites will clearly reduce the observed
central concentration but not enough to make the dis-
crepancy go away. However, it is unclear whether this
is the appropriate thing to do either. Sgr is estimated
to still have a significant DM halo from the velocity dis-
persion of stars (Law & Majewski 2010) that would be
easily resolved in the simulation suites we use. NGC
205 similarly is estimated to have a significant compo-
nent of dark mass (Geha et al. 2006). Therefore, it does
not seem legitimate to include a large population of or-
phan galaxies as these galaxies do not correspond to the
population of observed satellites.

The second possible problem with the simulations is
the possibility of a significant fraction of the tidal dis-
ruption of subhalos in the simulations being artificial.
van den Bosch et al. (2018) and van den Bosch & Ogiya
(2018) argue that even for cosmological simulations that
are ‘converged’ and resolve subhalos with > 100 parti-
cles, most of the tidal disruption of these subhalos is arti-
ficial. They cite discreteness noise and inadequate force
softening as the main culprits. van den Bosch & Ogiya
(2018) provides new criteria to judge whether the tidal
evolution of a subhalo is trustworthy or whether it is af-
fected by discreteness noise. For a subhalo on a circular
orbit with a radius of 0.2 times the host virial radius,
the subhalo needs to be resolved with > 10° particles.
For the high resolution PhatELVIS simulations, the sub-
halos that host bright classical-sized satellites would be
resolved at roughly this level. However, the van den
Bosch & Ogiya (2018) criteria are for circular orbits in
a NFW tidal field. Presumably even higher resolution
would be required for the non-circular orbits character-
istic of cosmological simulations in the presence of the
tidal field of the central disk. Artificial disruption of
subhalos could easily explain the discrepancy we find if
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many of the simulated subhalos near the host galaxy
were artificially destroyed.

6. IMPLICATIONS FOR THE SHMR

We have shown that observations show a significant
population of close in satellites that are not present in
DMO simulations. While it is unclear how to resolve
this discrepancy, as discussed in the previous section,
an appealing option is that the simulations are missing
subhalos, either from artificial over-merging or incom-
pleteness in the halofinder perhaps due to resolution ef-
fects. If the simulation halo catalogs are missing a large
population of close-in subhalos, putting these back in
could help resolve the discrepancy. However, adding
more subhalos would effect what stellar halo mass re-
lation (SHMR) is allowed by the observed abundances
of satellites. In Carlsten et al. (submitted), we showed
that the richness of the LV satellite systems could be
well matched by the SHMR, of Garrison-Kimmel et al.
(2017a). This SHMR agrees well with the predictions
from recent hydrodynamic simulations of dwarf galaxy
formation. However, if a large population of subhalos
is added into the simulations, this SHMR likely will no
longer match the observations. In this section, we de-
velop a toy model that inserts subhalos into the halo
catalogs to match the observed radial distribution, and
we investigate the effects on the SHMR allowed by ob-
servations.

For this test, we use the PhatELVIS suite. Due to
its resolution and inclusion of a disk potential, this is
the simulation suite that should best describe MW-sized
hosts. Thus, we only consider the 8 MW-sized observed
hosts in this comparison. While other treatments of or-
phan galaxies insert them and trace their movement in
the host halo in a physically motivated way, we insert the
orphan galaxies directly in the halo catalogs. We insert
the orphans with a projected separation from the host
drawn from a Gaussian with mean 30 kpc and standard
deviation of 10 kpc. These numbers are chosen to match
the peak of close-in observed bright satellites visible in
Figure 2. We acknowledge this is clearly unphysical.
This is just a toy model which we are using to answer
the question: “would including the number of orphan
galaxies required to bring the observed and simulated
radial distributions into agreement affect the SHMR?”
We leave an investigation of where the orphan galaxies
would actually end up in the simulations to future work.
Subhalo masses are drawn from a distribution between
1085 < M < 10''® using the well-known subhalo mass
function dN/dM oc M~19 (e.g. Springel et al. 2008).
Using this distribution assumes that subhalos are arti-
ficially lost equally at all masses. This is likely a lower

bound as lower mass subhalos are most likely lost pref-
erentially if this is due to resolution. We by-hand adjust
the number of subhalos that we add in to match the dis-
tribution of bright satellites (top right corner of Figure
2). We find that adding ~ 100 subhalos in this mass
range within the inner 150 projected kpc leads to fair
agreement with the observations. Figure 5 shows this
result on the left. The observed distribution of bright
(My < —12) satellites are shown along with the distri-
bution of the 3 most massive subhalos before and after
subhalo injection. Recall that there are, on average, 3
satellites in this luminosity range per observed host, and
so we select the 3 most massive subhalos as the simu-
lated satellites. Note that we do not do any survey area
corrections for the simulations in this test; we assume
the observed systems are all complete to a projected 150
kpc. This is why the PhatELVIS results in Figure 5 look
a little different from Figure 2.

To investigate the effect on the SHMR, we fit for
the low-mass slope of the SHMR before and after sub-
halo injection. We use the SHMR parameterization of
Garrison-Kimmel et al. (2017a) which fixes the SHMR
to that of Behroozi et al. (2013) at the high mass end and
allows the power law slope at low mass (M1, < 10119)
to vary. Specifically the slope is defined as «, where
M, o< Mg,,- To do this fit, we use MCMC sampling.
For each observed host, the observed satellite system
is binned in 1 magnitude wide bins from M, = —21
to My = —9. For each iteration of the MCMC, the
halo catalogs of the simulated hosts are fed through the
SHMR and each satellite is assigned a My (assuming
M, /Ly = 1.2). Using the simulations, we calculate the
average expected number of satellites in each My bin.
The likelihood of the model is then given by the Poisson
likelihood of the observed number of satellites in each
bin. In particular, the likelihood we use is:

e—Ni Afh,i
c=111l—F (1)
hosts bins
where ); is the expected (model) number of satellites
in bin ¢ and zp; is the observed number of satellites
in bin ¢ around host h. To deal with the uncertainties
regarding the membership of some of the satellite candi-
dates, for each MCMC iteration, we include an uncertain
satellite or not in the observational sample with a 50-50
chance. To deal with the uncertainty of the viewing an-
gle on the MW'’s and M31’s satellite system, a different
viewing angle is used for these two observed hosts for
each MCMC iteration.
We fix the scatter in the SHMR to be 0.5 dex below
10'*° My and 0.2 dex above. This is a fairly arbitrary
choice, but we are most interested in the SHMR slope.
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We assume a flat prior for the low mass slope in the
range [1,6].

The results are shown in the right side of Figure 5.
We find the best fitting low mass slope to be 1.77 +0.05
for the case without orphans and 2.43 + 0.10 for the
case with added subhalos. There is a clear effect in the
low mass slope from adding in these subhalos, as ex-
pected. Figure 5 shows these two best fitting SHMRs
along with that of Behroozi et al. (2013). Also shown
are various recent simulation results from the literature.
The Buck et al. (2019) results are for dwarfs produced
in several zoom simulations of the formation of a MW-
sized galaxy. We plot the ‘field’ subsample of dwarfs
(beyond 2.5Ry;; from the host) as they will show the
least effect from tides from the host. This is important
for these simulations because we only have access to the
z = 0 virial mass of the subhalos and not to Mpcak-
The other simulation results are all for isolated dwarfs.
The four points from Agertz et al. (2020) show the re-
sults from four different runs with different physics. In
order of decreasing stellar mass, the runs are ‘No feed-
back’, ‘weak feedback’, ‘fiducial’, ‘fiducial with radiative
transfer’. We refer to Agertz et al. (2020) for more detail
on the different physical prescriptions. We also show the
dynamical constraints on the stellar to halo mass ratio
from the observed kinematics of the MW dSphs from
Read & Erkal (2019) and the constraints on the SHMR
from modelling the population of the MW UFDs (in a
similar way to how we are fitting the SHMR with the
classical satellites) from Nadler et al. (2019).

There are three main points to emphasize from Fig-
ure 5. First, the inclusion of extra ‘lost’ subhalos does
significantly affect the allowed SHMR. Without the ex-
tra subhalos, the SHMR low-mass slope is 1.8, consis-
tent with the result of Garrison-Kimmel et al. (2017a).
We note that this consistency is somewhat of a coinci-
dence, however. Garrison-Kimmel et al. (2017a) used
the ELVIS suite which has more subhalos per host be-
cause it does not include a disk and the hosts are, on
average, more massive than the PhatELVIS host halos.
If we repeat our fit with ELVIS, we get a slope of 2.15,
which is steeper because of the extra subhalos. Garrison-
Kimmel et al. (2017a) found 1.8 to be the best fitting
slope possibly because they were considering only the
MW and M31, and M31 is by far the richest of the ob-
served ‘MW-like’ hosts. The average satellite richness is
lower in our expanded sample of hosts, making the best-
fitting SHMR slope steeper. With the extra subhalos we
get a slope of 2.4 with the PhatELVIS suite. Second,
the simulation results show significant spread. Even dif-
ferent simulations within the same project (e.g. FIRE)
seem to show large spreads in the resulting stellar to halo

mass ratio for simulated galaxies. Finally, most of the
simulation results seem to agree better with a shallower
SHMR slope. The exception are the simulated galaxies
by Wheeler et al. (2015, 2019) which appear to to have
somewhat lower stellar mass at the same halo mass as
many of the other simulations.

While this experiment is clearly unphysical in the way
potentially ‘lost’ subhalos are added back into the sim-
ulations, it does show that the radial distribution of
satellites and the SHMR allowable by observations are
interrelated. Adding in ‘orphan’ galaxies to bring the
simulated radial distributions into agreement with ob-
servations will significantly affect what SHMR is able
to fit the observations. In particular, the SHMR will
need to be steeper, bringing it somewhat out of general
agreement with current hydrodynamic simulations.

7. COMPARISON WITH PREVIOUS WORK

In §4, we found that the observed satellite systems
around 12 massive hosts in the LV are significantly more
centrally concentrated than comparable simulated hosts
in the four suites of ACDM simulations that we con-
sider. Something as simple as the radial distribution of
satellites around the MW has been the subject of much
prior work. In this section, we go through some of the
recent previous work and compare their approach with
ours. As we will see, some of the previous work found
that the satellites of the MW are more concentrated
than models while other work found good agreement
between observations and their models. In these cases,
we explain why we find such a different result. Finally,
we compare our results with that of the SAGA Survey
(Geha et al. 2017). This work is complementary to ours
in the sense that they are surveying only the brightest
satellites but around many more hosts than are in the
LV and makes an interesting point of comparison.

Similar to our results, many previous works have
found that the classical satellites of the MW are sig-
nificantly more centrally concentrated than the massive
DM subhalos in DMO simulations. Yniguez et al. (2014)
showed that the MW classical satellites were more con-
centrated than any of the ELVIS simulated hosts. We
confirm this result in Figure 3 and show that it holds
for all the other simulation suites we consider.

Many previous works argued that the luminous sub-
halos are more centrally concentrated than the DM sub-
halo population as a whole. The physical basis of this
is that reionization suppresses star formation in many
halos, and the halos that form earliest have the high-
est chance of being luminous (we note that there are
other criteria one could use to decide which subhalos
are luminous (e.g Hargis et al. 2014)). These subhalos
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Figure 5. One possibility to resolve the discrepancy in radial distributions between simulated and observed hosts is that the
simulations are missing many subhalos, either due to artificial disruption or halofinder incompleteness. This figure shows the
effect of adding these subhalos back into the simulation. Left: The radial distribution of the PhatELVIS (PE) simulations after
these ‘orphan’ galaxies are added back in. See text for details about how they are added. Right: We fit for the low mass slope
of the SHMR both with and without these extra subhalos. Including them leads to a much steeper best fit SHMR. Also shown
are the results from various hydrodynamic simulations including Buck et al. (2019); Fitts et al. (2017); Wheeler et al. (2015,
2019); Agertz et al. (2020). We show as well the observational constraints on the MW dSphs from Read & Erkal (2019) and the
constraint from modelling the MW UFD population from Nadler et al. (2019).

are more concentrated around the host. As mentioned
in the Introduction, classical-sized satellites which are
the focus of this paper should be above the scale at
which reionization can keep a subhalo dark and this is
unlikely to affect the radial distribution of classical satel-
lites. Font et al. (2011) and Starkenburg et al. (2013)
presented semi-analytic models (SAM) of galaxy forma-
tion coupled with DMO simulations and found that the
radial distribution of model satellites was similarly con-
centrated as those of the MW. However, Font et al.
(2011) considered the radial distribution of UFDs along
with the classical satellites. The spatial distribution of
UFDs might certainly be biased by reionization, and
that is causing the model satellite distribution to agree
well with observations. The SAM of Starkenburg et al.
(2013) implemented the effect of reionization using the
filtering mass approach of Gnedin (2000) which is now
known to over-predict the suppressing effect of reioniza-
tion (e.g. Okamoto et al. 2008). The good agreement
that Starkenburg et al. (2013) find between their model
classical satellites and the observed classical satellites
possibly is a result of the stronger effect of reioniza-
tion in their implementation. Modern hydrodynamic
simulations seem to support the idea that the suppress-
ing effect of reionization should not be important at the
mass scales of the classical satellites (Ocvirk et al. 2016;
Sawala et al. 2016; Wheeler et al. 2019). The AM re-
lation we use indicates that satellites of the luminosity

we consider (My ~ —10) are hosted by halos of mass
> 5 x 10°Mgwhich are above the effects of reionization.

Very recently, Samuel et al. (2020) extensively com-
pared the satellite radial profiles of the MW and M31 to
simulated hosts in the FIRE project. They argued that
the simulated hosts had radial profiles that were fairly
consistent with that of the MW and M31. Our results
are not inconsistent with theirs for two reasons. First, in
this paper, we compared a population of observed sys-
tems to a population of simulated analogs which has sig-
nificantly improved statistics over Samuel et al. (2020).
If we only compared the MW and M31 to a handful
of simulated hosts, the disagreement would be less no-
ticeable. Second, we find the disagreement only when
we normalize the radial profiles, focusing on the shape.
Samuel et al. (2020) primarily consider the absolute ra-
dial profile, the spread of which in the model is able to
encompass the MW. If, instead, the normalized profiles
of the FIRE hosts were compared with the MW, the
result might be different. Samuel et al. (2020) did ex-
plore the shape of the radial profile using the ratio of
the radius containing 90% of satellites to that contain-
ing 50%. With this metric, they found that the MW
was more concentrated than all of their baryonic simu-
lations. In this paper, we opt to use the simpler Ryt
as a measure of the concentration of a profile. For sys-
tems with few satellites, it becomes difficult to define
the radius that contains 90% of satellites. Furthermore,
Samuel et al. (2020) found that when normalizing the
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Figure 6. The distribution of projected separations for the
LV observed satellite systems compared with both the simu-
lated hosts of the PhatELVIS project and the SAGA Survey.
The normalization of the histograms is arbitrary. Both the
SAGA and PhatELVIS hosts are passed through the obser-
vational selection functions of the LV hosts using the survey
area footprints of those hosts.

simulated profiles to that of the MW at r = 150 kpc,
all of the simulated hosts had more satellites at r» > 150
kpc than the MW has. They used this to argue that
there could be some classical-sized satellites yet undis-
covered in the periphery of the MW virial volume. We
have discussed the possibility of this above in §5.1.

In the final part of this section, we compare our re-
sults to the radial profiles inferred from the SAGA Sur-
vey (Geha et al. 2017). This survey is observing MW-
analogs in the distance range 20 — 40 Mpc. As such,
it is only sensitive to the bright satellites (My < —12)
but will have many more observed hosts than what is
possible in the LV. The first paper presented 8 com-
plete hosts. While this is less statistics than currently
possible for the LV systems (particularly because the
LV hosts are complete to much fainter satellites), it is
interesting to compare their radial profiles with those
inferred in this work. Figure 6 shows the distribution of
projected separations for the MW-like LV hosts and for
bright (My < —12) satellites compared with the con-
firmed SAGA satellites and the profiles predicted from
the PhatELVIS hosts. In order to focus on the shape
of the distributions, all histograms are normalized the
same. Both the SAGA satellites and PhatELVIS hosts
are passed through the observational selection functions
of the LV hosts. A random LV host is selected for each
SAGA and PhatELVIS host and that host’s selection
function (based on survey area) is used.

Interestingly, the SAGA satellites are somewhat in be-
tween the LV host satellites and the PhatELVIS results.

The SAGA surveys show the same large excess of satel-
lites at 7proj ~ 40 kpe. There are no very close-in satel-
lites in the SAGA results, possibly due to the SDSS tar-
geting and larger distance of these hosts. It is possible
that these very close-in satellites are lost in the outer
envelope of the hosts, and at the large distance of these
hosts, it will hard to separate them. We note that the
statistics for the SAGA satellites are rather low and a
firm conclusion can not be drawn. The highest peak at
Tproj ~ 40 kpc corresponds to only three SAGA satel-
lites. Future SAGA results will provide confirmation or
not of this trend.

8. CONCLUSIONS

In this paper, we compared the observed satellite
spatial distributions in 12 LV massive hosts to that
predicted in various state-of-the-art cosmological sim-
ulations in the ACDM paradigm. While many previ-
ous works compared the radial distribution of satellites
around the MW and/or M31 to simulated analogs, we
are able to achieve much better statistics by consid-
ering the satellite systems of many MW-like galaxies
in the LV. This has only recently been made possible
by observational work characterizing the satellite sys-
tems of nearby MW analogs. We compare the observa-
tions to multiple different simulation suites. These in-
clude a big-box cosmological simulation (IllustrisTNG-
100) that gives great statistics with > 1000 MW-like
hosts but at relatively low resolution, high resolution
DMO zoom-in simulations of several tens of MW-sized
hosts both including the potential of a disk (PhatELVIS)
and not (ELVIS), and a high resolution fully hydrody-
namic zoom in simulation of 6 MW-like hosts (NIHAO).
Overall we find fairly good agreement between the sim-
ulations. Our main findings are as follows:

(i) We confirm previous findings that the classical
satellites of the MW are significantly more con-
centrated at a > 20 level than the massive sub-
halos of simulated analogs (Figure 3). We argue
that this discrepancy is likely not resolved by ei-
ther reionization or incompleteness in the census
of MW classical-sized satellites.

(ii) We find that several of the other observed hosts
in the LV have more concentrated radial profiles
than the analogous simulated hosts at the ~ 20
level (Figure 1). A few of the observed hosts, par-
ticularly the more massive hosts such as M81 and
CenA, have similar radial profiles to the simulated
hosts, but nmone of the observed are less concen-
trated than the average simulated profile.
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(iii) We use the median satellite separation for satel-
lites within a projected 150 kpc as a metric for the
concentration of the satellite spatial distribution.
We find that the population of observed systems
is systemically shifted to smaller radii compared
to the simulated systems (Figure 4). This does
not change if we express the satellite separations
as fractions of the host virial radius (Figure ?7).

(iv) Figure 2 shows that the spatial distribution of the
satellites is significantly different between the ob-
served satellites and simulated. There is a signifi-
cant population of close in observed satellites that
is missing in the simulations. This is particularly
noticeable for the bright satellites (My < —12)
where there are a large number of observed satel-
lites at projected separations of 30 — 60 kpc but
very few simulated satellites at these separations.

(v) The spatial distribution of satellites found in the
SAGA Survey (Geha et al. 2017) seems to agree
fairly well with the distribution of observed LV
satellites although the statistics are too low to be
conclusive (Figure 6).

Throughout this work we have been careful to consider
the incompleteness and limitations of the observations.
We have used the specific survey footprints for each ob-
served host, where possible, to forward model the simu-
lated hosts.

In §5, we discussed many possible causes for the dis-
crepancy both on the observational side and on the sim-
ulation side. There does not seem to be any likely causes
for this on the observational side, due to incompleteness.
Observational completeness has been well quantified by
the various works that have characterized the LV satel-
lite systems. Unless these completeness levels are very
erroneous, the observational results seem quite solid. We
do note, however, that most of the discrepant observed
systems (e.g. NGC 4631 and NGC 4258) come from
the work of Carlsten et al. (2019¢). Not including these
systems makes the discrepancy much less severe. With
that said, the MW which is arguably the observed host
with the best completeness is quite discrepant with the
simulations, and this is suggestive that there is more to
this than simple observational incompleteness.

We also discussed possible issues with our application
of the simulations. In particular, we do not include
the possibility of orphan galaxies in the simulations.
These are galaxies whose DM subhalo has dropped be-
low the detection threshold of the subhalo finder and
need to be tracked ‘manually’. We argue that, at the
subhalo masses of the satellites we consider, when the
subhalo is stripped to the point it is not detected by

a subhalo finder, the luminous galaxy would be mostly
destroyed and, hence, does not correspond to the ob-
served satellites. We also discuss the possibility of sig-
nificant artificial disruption in the simulations. This ap-
pears to be the most feasible cause of the discrepancy.
This will have important ramifications for the allow-
able SHMR in this mass range. Carlsten et al. (sub-
mitted) found that the SHMR consistent with state-of-
the-art hydrodynamic simulations from various projects
(see e.g. Garrison-Kimmel et al. 2017a, and Figure 5)
reproduces fairly well the overall number of observed
satellites in these systems. In §6, we show that if there
is a large population of subhalos that are getting artifi-
cially disrupted in the simulations (but in reality should
still exist), then this SHMR, will overproduce satellites
and the relation will have to be steepened significantly.

The observed systems appear to disagree most with
the simulated hosts in the PhatELVIS suite. Due to its
high resolution and inclusion of a central disk, we expect
the PhatELVIS suite to be the simulations that most
realistically represent MW-like systems. This highlights
the fact that disruption of DM substructure by a central
disk is still not entirely understood. Our findings of too
concentrated satellite systems are similar to the results
considering the UFDs of the MW where it is difficult to
reconcile the abundance of observed close-in UFDs with
the dearth of close-in subhalos once disk disruption is
accounted for (e.g. Kim et al. 2018; Graus et al. 2019;
Nadler et al. 2019). We note that the model of Nadler
et al. (2019) was unable to reproduce the radial distri-
bution of UFDs around the MW even when including
a population of orphan galaxies. Given the importance
of tidal stripping and disruption in the baryonic resolu-
tion of both the ‘Missing Satellites’ and ‘Too Big to Fail’
problems of small-scale structure formation, it is crucial
to fully understand the how the central disk affects the
population of DM subhalos.

On the observational front, the way forward is still
clearly to survey and characterize more satellite systems,
and emphasis should be given on surveying a few sys-
tems out fully to the virial radius of the host. Much of
the significance of the discrepancy of the MW’s radial
distribution of classical satellites comes from the fact
that it is surveyed out to the virial radius (300 kpc).
Figure 4 shows that the inner (rp.; < 150 kpc) satel-
lites of the MW are more concentrated than simulated
analogs but only at a ~ 1o level. In Appendix A, we
show that when considering the entire satellite system
out to 300 kpc, the discrepancy between Ry.¢ of the
MW and that of the simulated systems becomes much
more significant at > 20.
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Finally, we note that this radial distribution of satel-
lites is not the only observed peculiarity of the spa-
tial distribution of the MW satellites. It has long been
known that the classical satellites are arranged in a thin
plane (Kroupa et al. 2005), the likes of which are quite
rare in cosmological simulations (e.g. Pawlowski et al.
2012; Pawlowski & Kroupa 2019). It is certainly pos-
sible that the unusual radial distribution of the MW
satellites is related to their unusual planar configura-
tion. Other systems (e.g. NGC 4258 and NGC 4631)
having similarly concentrated radial profiles makes this
possible connection all the more intriguing.
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Figure 7. Same as Figure 4 but for satellites within 300 projected kpc. Only the MW and M31 are shown as these are the only
observed systems complete at these radii. The shaded bands show the +1o spread in Ryaif, proj due to taking different viewing
angles.

APPENDIX
A. Rpyarr FOR THE MW AND M31

In Figure 7, we show the distribution of Ryait, proj for the simulations and observed systems when including satellites
all the way out to 300 projected kpc. Only the MW and M31 are included as no other observed system is complete
to these radii. In this comparison, the 15 most massive subhalos are selected for each host in the simulation as the
luminous satellites. When including the full system of satellites, the discrepancy between the MW’s system and the
simulated systems becomes much more significant.



