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ABSTRACT

The Milky Way, the Andromeda galaxy, and Centaurus A host flattened distributions of satellite galaxies which ex-
hibits coherent velocity trends indicative of rotation. Comparably extreme satellite structures are very rare in cosmolog-
ical ACDM simulations, giving rise to the “satellite plane problem”. As a possible explanation it has been suggested
that earlier-forming, higher concentration host halos contain more flattened and kinematically coherent satellite planes.
We have tested for such a proposed correlation between the satellite plane and host halo properties in the ELVIS suite of
simulations. We find evidence neither for a correlation of plane flattening with halo concentration or formation time, nor
for a correlation of kinematic coherence with concentration. The height of the thinnest sub-halo planes does correlate
with the host virial radius and with the radial extent of the sub-halo system. This can be understood as an effect of not
accounting for differences in the radial distribution of sub-halos, and selecting them from different volumes than covered
by the actual observations. Being part of a halo pair like the Local Group does not result in more narrow or more corre-
lated satellite planes either. Additionally, using the PhatELVIS simulations we show that the presence of a central galaxy
potential does not favor more narrow or more correlated satellite planes, it rather leads to slightly wider planes. Such a
central potential is a good approximation of the dominant effect baryonic physics in cosmological simulations has on a
sub-halo population. This suggests that, in contrast to other small-scale problems, the planes of satellite galaxies issue
is made worse by accounting for baryonic effects.

Keywords: Galaxies: kinematics and dynamics — Local Group — Galaxy: structure — Galaxy: halo — dark

matter

1. INTRODUCTION

Galaxies such as the Milky Way (MW) or Andromeda
(M31) are surrounded by numerous less-luminous dwarf
satellite galaxies. Within the framework of the currently
favoured ACDM model of cosmology, which is based on
the assumed existence of cold dark matter (CDM) and dark
energy parametrized as a cosmological constant A, and im-
plies galaxy formation to proceed hierarchically, these satel-
lites are hosted by dark matter sub-halos and to have a va-
riety of accretion histories, origins and infall times. Nev-
ertheless, the structured nature of the cosmic web results in
some coherences among sub-halo satellites beyond a purely
isotropic distribution, with accretion preferentially happen-
ing along the directions of sheets and filaments (Zentner et
al. 2005; Libeskind et al. 2011, 2015). Similarly, some sub-
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halos are expected to be accreted in groups, possibly result-
ing in coherences in the positions and orbital direction of
satellite galaxies hosted by them (Li & Helmi 2008, Wang
et al. 2013, Wetzel et al. 2015, Shao et al. 2018). Finally,
second-generation dwarf galaxies can form as highly corre-
lated populations in the debris shed during galaxy collisions
(Bournaud et al. 2008; Duc et al. 2011; Hammer et al. 2013;
Yang et al. 2014). This effect, though, is purely baryonic in
nature and therefore not included in dark-matter only cos-
mological simulations, while cosmological hydrodynamical
simulations still lack the resolution to fully model this mode
of galaxy formation (though see Ploeckinger et al. 2018).
Satellite systems are thus not expected to be completely
isotropic, but the observed degree of anisotropy is of im-
portance. The strong flattening of the MW satellite system
has been discussed for decades (Kunkel & Demers 1976;
Lynden-Bell 1976; Haud 1988; Majewski 1994; Lynden-Bell
& Lynden-Bell 1995), but it was not before Kroupa et al.
(2005) that the discrepancy between this “plane of satellites”
and the distribution of sub-halo based satellite galaxies in
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cosmological simulations was measured and pointed out as
a severe challenge to ACDM. Since then, this intriguing dis-
tribution of satellites around the MW, now dubbed the Vast
Polar Structure (VPOS, Pawlowski et al. 2012), has been
studied in detail, revealing alignments of additional objects
such as globular cluster (Forbes et al. 2009; Keller et al.
2012; Pawlowski et al. 2012), and of later discovered satel-
lite galaxies (Pawlowski & Kroupa 2014; Pawlowski et al.
2015a; Pawlowski 2016).

Maybe more important than the purely spatial flattening
is the strong kinematic coherence of this VPOS deduced
from proper motion measurements, with not only stellar and
gaseous streams preferentially aligning with it (Pawlowski et
al. 2012), but also a majority of the classical MW satellite
co-orbiting within the plane (Metz et al. 2008; Pawlowski
& Kroupa 2013). The Gaia DR2 (Gaia Collaboration et
al. 2018) confirmed the previous finding that not all satel-
lite galaxies share the same orbital plane (e.g. Pawlowski &
Kroupa 2013), while a more detailed analysis concluded that
only 6 out of 39 satellites can be claimed to have orbital poles
that are conclusively misaligned with the VPOS given the
current proper motion uncertainties (Fritz et al. 2018).

When Ibata et al. (2013) and Conn et al. (2013) discov-
ered a similar satellite galaxy plane around the Andromeda
Galaxy (M31), consisting of 15 out of the 27 satellites within
the footprint of the PAndAS survey, this “satellite planes
problem” was immediately regarded to be much more press-
ing. Like the VPOS, this Great Plane of Andromeda (GPoA)
is very uncommon among simulated sub-halo systems (e.g.
Ibata et al. 2014; Pawlowski et al. 2014).

Similar satellite galaxy planes have been looked for in
more distant host systems, and indications for planar struc-
tures have been obtained for the M81 group (Chiboucas et al.
2013), and for the non-satellite galaxies in the Local Group
(Pawlowski et al. 2013; Pawlowski & McGaugh 2014a). For
Centaurus A, one or two planes of satellite galaxies have been
proposed (Tully et al. 2015; Miiller et al. 2016), and recently
a kinematic correlation reminicent of that of the M31 satel-
lite plane has been discovered which places the Centaurus A
satellite plane (CASP) in tension with simulated satellites
in both dark matter only as well as hydrodynamical cos-
mological simulations (Miiller et al. 2018). There is even
some evidence for a statistical over-abundance of velocity-
anti-correlated satellites in the SDSS that is consistent with a
high abundance of satellites in co-orbiting planes (Ibata et al.
2014b, 2015, but see Phillips et al. 2015; Cautun et al. 2015a
for alternative views).

The resulting debate about the existence of satellite planes
in the Universe and in cosmological simulations, and about
the degree of the tension they constitute with ACDM expec-
tations, has led to an extensive body of literature (e.g. Cautun
et al. 2015a,b; Bahl & Baumgardt 2014; Buck et al. 2015,

2016; Gillet et al. 2015; Pawlowski et al. 2014, 2015b; Ibata
etal. 2014, 2015; Wang et al. 2013). For a current review, see
Pawlowski (2018). The sheer size of this body of literature,
combined with the technical depth required to both discuss
and explain biases and differences in the derived conclusions
to untangle the controversy of the current debate, makes a de-
tailed discussion prohibitively long for this contribution'. In
the following, we thus focus on one particularly enthralling
proposition as the main emphasis of this this contribution.

Satellite galaxy planes can be seen as a problem for ACDM
cosmology due to their rarity in simulations. However, they
can also be seen as a chance to potentially learn more about
the Local Group host galaxies and their dark matter halos, if
for example some host halo properties or special evolutionary
histories strongly prefer the detection of correlated planes of
satellite galaxies. Buck et al. (2015) propose such a solution
to the satellite plane problem. They report the existence of
thin, rotating planes of satellites that resemble the GPoA in a
suite of 21 M31-like host halos. In particular, they find that
the most narrow, kinematically-coherent planes occur among
the highest concentration halos in their sample and interpret
this as a correlation between halo formation time and propen-
sity for a halo to host a coherent plane of satellites.

As the physical cause of this effect they envision the fol-
lowing scenario. Earlier forming halos of similar mass have
a higher chance to be situated at the nodes between filaments,
whereas later forming halos are preferentially situated within
filaments. As a consequence, halos within a filament are fed
in a pattern that is closer to spherical, whereas halos in nodes
of filaments are fed from only a few directions. While this
appears counter-intuitive given that being situated in a node
implies that a halo is fed by more filaments and thus from
more directions than if it were situated within a single fila-
ment, filaments were more narrow at earlier times (Vera-Ciro
etal. 2011). It is therefore worthwhile to test for such a corre-
lation, though the question whether an early-forming satellite
plane would survive as a coherent and narrow structure until
today remains of concern (Fernando et al. 2017).

If Buck et al. (2015) are correct then this could provide an
important clue to the puzzle of satellite planes, however given
that their sample included only 21 halos there is the possibil-
ity that the result was a statistical anomaly. Another concern
is that the effect could be caused by differences in the radial
distribution of sub-halo satellites. If the halos with higher
concentration also contain more compact satellite systems,
as seems to be the case for this sample (Buck et al. 2016), a
comparison measuring only the absolute height of the satel-
lite planes will be biased to find more narrow planes in the
higher-concentration cases.

I 'We refer the interested reader to two of our recent contribution on this
topic: Pawlowski et al. (2014) and Pawlowski et al. (2015b).
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We set out to address these concerns. In the following, we
will test whether the concentration, formation time, virial ra-
dius (or mass) of a halo, or the radial concentration of the
sub-halo population, has an effect on the thickness and kine-
matic coherence of satellite galaxy planes. We do this us-
ing 48 MW and M31- like halos from the ELVIS simulation
suite thereby alleviating the concern of low-number statis-
tics in the host sample. We look for a correlation between
host halo properties and the occurrence and properties of
satellite galaxy planes, and control for the effect of the ra-
dial distributions by exploring randomized samples with the
same radial distributions drawn from isotropy. We further
utilize the fact that the ELVIS suite consists of 24 isolated
hosts and 24 in paired configurations as found in the Lo-
cal Group to test for an effect of environment on the width
or kinematic coherence of planes of satellites. In addition,
we use the new PhatELVIS suite of 12 hosts simulated both
as dark-matter-only simulations and with an added analyt-
ical MW-like disk potential (Kelley et al. 2018), to inves-
tigate the influence that the additional tidal disruption by a
central baryonic disk galaxy has on the width and kinematic
coherence of satellite galaxy planes. Since such disruption is
the main effect that the inclusion of baryonic physics has on
the satellite galaxy system (Garrison-Kimmel et al. 2017),
this comparison will provide hints on the feasability to ad-
dress the planes of satellite galaxies problem with more re-
alistic hydrodynamical cosmological simulations. We com-
pare all planes with the observed GPoA, which consists of
15 satellite galaxies with a root- mean-square (rms) height of
Arms = 12.6 £ 0.6 kpe (with a 99% confidence upper limit
of 14.1kpc), out of which 13 show line-of-sight velocities
consistent with co-orbiting around M31(Ibata et al. 2013).

2. METHOD AND SUB-HALO SELECTION
2.1. Top 30 sub-halos within r;,

As a first step, we reproduce the earlier analysis, now
using the 48 MW- and M31-like host halos of the Explor-
ing the Local Volume in Simulations (ELVIS) project by
Garrison-Kimmel et al. (2014). We use the publicly avail-
able present-day (z = 0) halo catalogs, and rank all sub-
halos of a given host by the maximum mass M.k they
had over their history. This is consistent with the rank-
ing used by Buck et al. (2015) and with prevalent abun-
dance matching schemes. The mass range covered by the
ELVIS halos (M,;, = 1.0 to 2.8 x 10'2My) is compa-
rable with that of the halos analysed by Buck et al. (2015)
(Magg = 0.8 t0 2.1 x 10'2My,), especially when consider-
ing that Mo is systematically smaller than M., because the
latter is calculated over a larger halo volume (encompassing
an average density of 97 instead to 200 times the critical den-
sity of the universe). The resolutions of the two simulation
suites are comparable, too. ELVIS uses a particle mass of
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Figure 1. Overview of the host halo properties in the ELVIS suite.
The top panel plots the halo concentration parameter c_» against
the formation redshift zo.5, and color-codes for the virial radius
rvir. Larger symbol size indicate halos that host more extended sub-
halo systems as measured via AS*PPa1°5 Tt i apparent that earlier-
forming halos on average have higher concentration. The bottom
panel compares the virial radius r.; and concentration parameter
c—2. A linear fit (green line) indicates that more compact host halos
(small 7i,) tend to have slightly higher concentrations while larger
halos have lower concentration, albeit with large scatter. This is in
line with the expected mass-concentration relation, shown by con-
verting Myir to 7vir (yellow line from Prada et al. 2012). The dashed
yellow lines indicate a 1o scatter of 0.11 dex around the concentra-
tion relation (Maccio et al. 2008; Dutton & Maccio 2014). While
the ELVIS halos follow the overall concentration relation well, the
nine highest-concentration halos of the 48 host halos are on average
offset by 20 relative to the mean concentration relation.



4 PAWLOWSKI, BULLOCK & FAMAEY

mp = 1.9 x 10°M, and a force softening of e = 141 pc for
the highest-resolution regions, while the simulations of Buck
et al. (2015) have a particle mass of m,, ~ 1.5 x 10°Mg, and
force softening of between € = 370 to 540 pc.

To investigate the effect of a central baryonic host galaxy,
we additionally analyze the 12 hosts of the Phat ELVIS
simulation suite by Kelley et al. (2018). This extension
to the ELVIS project consists of twelve dark-matter-only
zoom simulations, which each were re-run with an embed-
ded galaxy potential grown to match the observed Milky Way
disk and bulge today. The host halos cover a mass range of
(Myi; = 0.7 t0 2.0 x 10'2My,), while the central host disk
galaxy is always 6.9 x 101°Mg at z = 0. The galaxy poten-
tial consists of a stellar and a gaseous disk as well as a bulge
component, and is grown starting from redshift z = 3. The
resolution of PhatELVIS is better than in the ELVIS suite,
with a particle mass of m;, = 3 x 10*M, and a force soften-
ing of € = 37 pc for the highest-resolution regions. Due to the
differences in resolution and assumed cosmological parame-
ters — Planck 2015 results (Planck Collaboration et al. 2016)
instead of WMAP7 (Larson et al. 2011) as in ELVIS — we
refrain from combining the ELVIS and PhatELVIS samples
despite the temptation of a larger sample size”. Instead, the
Phat ELVIS simulations will be used in Sect. 5 to determine
whether the changes to the orbital properties of a satellite
system caused by the presence of a baryonic central galaxy
potential can have a substantial effect on the properties of
planes of satellite galaxies.

We then look for correlations of the properties of the
thinnest and most co-rotating satellite planes among the sub-
halos and the following properties of their host halo:

® 7.i, the virial radius measured as the radius of a sphere
centered on the host halo that contains a density of 97
times the critical density pcit of the universe. Since
this definition implies an unequivocal relation between
rvir and the virial mass M,;, we thus could also refer
to the latter which might be seen as more fundamental.
However, we decided to refer to the virial radius in the
following because it is more directly linked to the issue
of spatial distributions.

e c_o, the halo concentration determined as c_o =
Tvir/T—2, Where r_o is the radius where pr2 peaks.
This differs slightly from the concentration parameter
in Buck et al. (2015), who instead of 7, use r9gq, the
radius at which the halo contains a density of 200 times
the critical density. Since 7999 < 7Tvir, this results in
somewhat lower numerical values of concentration for
a given halo.

2 We checked that our main conclusions remain unchanged if combining
the samples.

® 245, the formation redshift of the host halo, measured
as that redshift at which the host’s main progenitor first
acquires 50 per cent of the host halo’s z = 0 virial
mass M.;,.

° A§Ubhalos, the root-mean-square (rms) of the radial
distances from the center of their host of the selected
sub-halos (30, or 27 in case of the PAndAS-like selec-
tion volume).

Figure 1 summarizes these host halo properties. Addition-
ally, the lower panel compares the ELVIS halo concentra-
tions c_o to the average concentration relation of Prada et al.
(2012) which uses the same cosmology (yellow line), plot-
ted against virial radius r;, instead of virial mass M,;;. The
dashed lines indicate a 1o scatter of 0.11 dex (or a factor
of 1.3) as reported by Dutton & Maccio (2014) and used in
Buck et al. (2015). While the study of Dutton & Maccio
(2014) is based on a slightly different cosmology, the typi-
cal scatter around the average mass-concentration is found to
be virtually identical among different cosmologies (Maccio
et al. 2008), and thus applicable to the ELVIS simulations,
too. While the sample of host halos of Buck et al. (2015) was
selected to especially sample the wings of the concentration
distribution, Fig. 1 shows that the ELVIS sample also con-
tains nine hosts that are offset from the mean concentration
relation by ~ 20 towards high concentrations.

Like Buck et al. (2015), we first select the top Ny, = 30
sub-halos within the virial radius of each of our 48 host halos,
excluding all sub-halos within the innermost 30 kpc. This is
our “simulated” sample. We also generate a “randomized”
sample of sub-halo systems. For this, we keep the radial dis-
tances and absolute velocities of all sub-halos, but draw ran-
dom directions from an isotropic distribution for the position
and velocity vectors. This constitutes a simple but necessary
and important test: are potential differences in the properties
of satellite planes due to an increase of sub-halo coherence
that is linked to host-halo properties (such as concentration
or formation redshift), or are such differences driven by the
radial distribution of the sub-halo system itself?

To find the thinnest planes for each number of sub-halos
between 3 and Ng,, we proceed as follows. We generate
10,000 normal directions that are approximately evenly dis-
tributed on a hemisphere. Each of these describes a possible
satellite plane centered on the host halo. For each of these
planes, we rank all Ng, sub-halos by their distance from
the plane, and measure the rms height of the Ninplane =
3,4,5,...Ngn — 1, Ny, closest sub-halos. For the kinematic
analysis, we also determine the number of co-orbiting satel-
lites by counting the number of positive and negative angular
momenta projected onto the normal vector. The number of
co-orbiting satellites Ncoorh, 18 the larger of the two (and thus
always NinPlane/2 < Ncoorb < NinPlane)' For each com-
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Figure 2. Comparison of the selection volumes for the top-30 and
the PAndAS-like samples. Shown in blue are the Cartesian positions
(axes in kpc) of the selected sub-halos belonging to the ELVIS halo
iCharybdis. The black polygon indicates the PAndAS footprint at
the distance of M31, centered on the position of the host halo. The
black circle indicates the inner exclusion region within 2.5° around
the host. The red lines indicate the projection of the sub-halos into
this plane along the line-of-sight from the virtual MW. Clearly, se-
lecting sub-halos from the whole virial radius (upper panel, Sect.
2.1) results in many objects outside of the region actually observed
by PAndAS, while some close to the host fall within the inner ex-
clusion region, too. When assessing the existence of sub-halo struc-
tures similar to the GPoA in simulation, it is therefore essential
to select model satellites only from the actually observed volume
(lower panel, Sect. 2.2).

bination of Ni,piane and Ncoorp that occurs in a sub-halo
system, we record the smallest plane height A 5.

2.2. PAndAS-like selection of sub-halos

As already pointed out in Pawlowski et al. (2014), the
satellite selection volume has a major effect on the distribu-
tion of sub-halos selected from a simulation and thus on the
deduced properties of satellite planes (see Fig. 2). Volumes
that differ in size and shape from the one actually observed
can bias both towards and away from finding narrow satellite
planes, depending on their shape. Furthermore, the number
of satellites used to find satellite planes has a major influence
on the resulting properties: the more satellites are in the sam-
ple, the higher is the chance to find more extreme properties
among sub-samples of a fixed number. This is why the se-
lection of 30 (instead of the observed 27) satellites, from the
virial radius (instead of the PAndAS footprint), but allowing
for satellites close to the host in projection (in contrast to the
observational study by Ibata et al. 2013, which excluded the
inner 2.5° around M31) makes any comparison between the
observed GPoA and satellite planes in the simulation futile.

Defining the satellite selection volume by the virial radii
of the individual host halos furthermore risks introducing the
looked-for anti-correlation between host halo concentration
and thickness of the most narrow satellite planes. If there
is a relation between the overall extent of a satellite system
and the height of the most narrow satellite plenes (see Sect.
3.4)3, then linking the volume from which satellite are se-
lected to r,;. introduces a correlation between 7;. and the
minimum plane heights A, 5. The definition of r;, implies
an unequivocal relation to the virial mass M,;, of the form

Mvir =97 x Perit X %ﬂ—r\%ir»
such that a correlation with r;, also implies a correlation
with M;,. In ACDM, it is well established that dark mat-
ter halos follow a halo mass-concentration relation, in the
sense that halos with larger M., have lower c_o (Bullock
et al. 2001; Ludlow et al. 2014). Thus, a correlation with
M, also implies an anti-correlation with the concentration
parameter. Putting all this together, more concentrated host
halos tend to be less massive, have smaller virial radii ( see
also lower panel of Fig. 1), their satellite systems are thus
selected from a smaller volume, which biases the satellite
planes found in them to be more narrow. Thus, it is conceiv-
able that the selection volume chosen by the previous study
introduces the very correlation they reported. However, it is

3 In its simplest form, this can be thought of as if satellite systems of hosts
with different r;, can be assumed to be re-scaled versions of the same un-
derlying distribution, as can be expected from the self-similarity of ACDM
halos over a large mass range.
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Figure 3. Comparison of satellite plane properties of the observed GPoA with those found for satellite systems in ELVIS and selected
from within the mock PAndAS volume. The /eft panel plots minimum plane height against the number of satellites in the plane, irrespective
of the number of co-orbiting satellites (see Fig. 4). The right panel plots the plane height against the number of co-orbiting satellites for
planes consisting of exactly 15 satellites. The lines stop once no plane with a given number of co-orbiting satellites Ncoorb 1S present for
the corresponding halo’s satellite system (see Fig. 9). Lines are color-coded by the concentrations c_2 of their host halos. No correlation of
plane heights or kinematic coherence with host halo concentration is found. The black error bar gives the plane height and degree of kinematic
coherence for the GPoA around M31 of A.ns = 12.6 4= 0.6 (Ibata et al. 2013), which consists of 15 satellites out of which 13 show correlated
line-of-sight velocities. None of the 48 simulated satellite systems contains a satellite plane with properties that are as extreme as observed.

unclear whether this artificially introduced correlation is dis-
cernible given low number statistics, the substantial scatter
in the mass-concentration relation, and the stochasticity of
satellite plane heights.

Another distinction in our analysis that improves upon the
initial exploration by Buck et al. (2015) is that we restrict the
analysis to using only the 1D line-of-sight velocities, in con-
trast to the previously described analysis (Sect. 2.1) which
uses the full 3D velocities of the sub-halos to determine the
kinematic coherence. The latter are not available observa-
tionally (proper motions at the distance of M31 are extremely
difficult to measure, Sohn et al. 2012; van der Marel et al.
2012; Salomon et al. 2016).

Finally, we point out that in principle one should con-
sider observational uncertainties since these are an additional
source of dispersion in the satellite coherence (they make
planes appear thicker and velocities appear less coherent).
We ignore this in the rest of this work for the sake of sim-
plicity — and because the frequency of satellite planes com-
parable to the observed one turns out to be zero even without
considering this effect — but we will re-visit the point in a
future publication (Pawlowski et al. in prep.).

To compare with the observed GPoA, we use the same
ELVIS simulations as discussed before, but select sub-halos
from a volume determined by the PAndAS footprint area.
For this, we observe each of the isolated host halos from
a random direction, while for the paired hosts the direction

of observation is from the partner host. To select only sub-
halos that fall into the survey area covered by PAndAS, we
mock-observe the sub-halos by projecting their positions into
a spherical coordinate system with angles centered on the
host halo. The mock-observer is situated at a distance to the
host halo of 780kpc, consistent with the distance to M31.
We then select the top 27 sub-halos ranked by their mass
at infall (max) that lie within the PAndAS survey poly-
gon. This number is chosen to be identical to the number
of satellites considered by Ibata et al. (2013) and Conn et al.
(2013). The maximum allowed distance of a sub-halo from
the host halo center is 500 kpc, which makes the selection
volume consistent with the most-distant M31 satellite in the
observed sample (Andromeda XXVII at a most-likely dis-
tance of ~ 480 kpc from M31; Conn et al. 2012). Like Ibata
et al. (2013), we also exclude the region within 2.5° of the
host halo in projection and exclude all sub-halos from that
volume, because the high background this close to the host
hampers the detection of satellite galaxies and negatively af-
fects distance measurements. This selection results in a total
volume of about 0.07 Mpc?, or a volume corresponding to
that of a sphere with radius 257 kpc. As before, we also gen-
erate a random sample by randomizing the sub-halo positions
and velocities before applying the PAndAS selection.

For the plane-fitting analysis, we consider the full 3D posi-
tion vectors of the 27 selected sub-halos for each host, as well
as the line-of-sight velocity vectors as seen from the direc-
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tion from which the PAndAS footprint was applied (within
the host halo rest frame). The plane finding routine itself is
identical to the one described before.

3. SPATIAL COHERENCE

In Fig. 3, the properties of the observed GPoA (black error
bars) are compared to those of satellite planes identified in
the simulations. The figure uses the PAndAS-like selection
volume to mimic the selection biases present in the observed
satellite sample. No planes with plane heights as narrow as
observed are identified. While for some halos planes of 15
satellites can be defined which contain 13 kinematically cor-
related satellites, analogous to the observed system, none of
these simulated planes are simultaneously as narrow as the
observed structure. The color-coding by each halo’s concen-
tration highlights that no correlation with the concentration
parameter of the host halos is present. Consequently, the
presence of a narrow, kinematically highly correlated plane
of satellite galaxies in the observed satellite system of M31
does not support the conclusion that M31 lives in a high-
concentration halo.

3.1. Plane thickness vs. halo properties

Figure 4 presents the minimum plane height for each possi-
ble number of satellites in a plane N;,pjane. Each line corre-
sponds to one host’s sub-halo system, and the lines are color-
coded by the concentration of the host halo. While some of
the halos hosting the thinnest planes have higher concentra-
tions, no clear trend between the halo concentration and the
minimum plane thickness is apparent. We would have ex-
pected to see a gradient of higher concentrations for lines at
lower min A5 at a given satellite number.

There are, however, a few minor indications that can be
interpreted to be consistent with the findings of Buck et al.
(2015). Three of the halos do in fact contain satellite planes
of Ninplane = 15 that are at least as narrow as the 99 per cent
upper limit of the GPoA around M31* (A, < 14.1kpc).
Two of theses three halos seem to be of higher-than-average
concentration, too, while the two halos with the largest
min Arms at Ninplane = 15 are of lower concentration. In
addition, the average of the minimum plane heights for the
12 most-concentrated hosts (thick dashed red line) tends to be
slightly below that of the 12 least-concentrated hosts (thick
dashed blue line).

However, before we jump to this conclusion we need to
take a step back and compare the findings with our random-
ized control sample (upper right panel in Fig. 4). Interest-

4 We would like to stress again that due to the very different selection
volume, this does not warrant to claim consistency between the simulations
and the observed M31 satellite system. Furthermore, to resemble the GPoA
these satellite planes would simultaneously need to show the same degree of
kinematic coherence, which they do not (see Sect. 4 below).

ingly, the randomized sample also has a high-concentration
halo at lowest min A,,,s. Like in the simulated sample, the
two most-pronounced high-min A5 halos up to Niyplane =
20 have low concentration, too. Furthermore, even the aver-
age min A, s for the 12 most- and least-concentrated hosts
show the same behavior as in the simulated sample, with the
more concentrated ones having slightly lower min A, 5. All
indications for a possible correlation between host halo con-
centration and the height of satellite planes previously dis-
cussed for the simulated sample are therefore also present
in a sample of satellites drawn from isotropy. This random-
ized sample does not have any formation history that could
be responsible for this. The similarities, therefore, are hints
that indeed the radial distributions of the sub-halos might be
most responsible for driving min A, since this is the only
property that the simulated and randomized samples have in
common.

More support for this interpretation can be found in the
radial profiles of the sub-halo systems (Figure 5). The sys-
tems belonging to the lowest-concentration hosts tend to be
slightly less radially concentrated, especially in the inner
parts (compare the dashed red and blue lines, which show the
average radial profiles for the high- and low-concentration
halos, respectively). More importantly, those systems that
contain planes of 15 satellites which are at least as narrow
as the GPoA (underlaid with a thicker green line) are more
radially concentrated than the average sub-halo distributions
in high-concentration halo. This confirms that the radial con-
centration is the factor driving the tendency to lower min-
imum plane heights, but that this is only due to an overall
more compact scaling of the satellite system which is not ac-
counted for when measuring plane heights in absolute dis-
tance.

The PAndAS samples do not even show a weak indica-
tion of a correlation between min A, and ¢_5 in Fig. 4,
which demonstrated that the selection volume is an impor-
tant aspect of any comparison between simulations and ob-
servations. None of the 48 ELVIS halos contains a sub-halo
plane that is as narrow as the observed GPoA. Figure 5 re-
veals that the PAndAS volume affects the typical radial dis-
tribution of selected sub-halos compared to the spherical vol-
umes of radius 7. It results in a somewhat steeper inner
slope within dyos; < 150 kpe and then a more extended tail
to larger distances, the latter because the selection function
allows sub-halos to be found up to 500 kpc from the host if
they lie within the PAndAS footprint, instead of cutting off
at the virial radius. Note that the radial profile of the 27 ob-
served M31 satellites among which Ibata et al. (2013) dis-
covered the GPoA (black line in Fig. 5) is less radially con-
centrated the vast majority of sub-halo systems, especially in
the inner regions of the halos. This is another indication that
it is the radial sub-halo distribution that drives min A, to



120 ELVJS&H V'ohlme : Bvir P(y)sitions : Sim

C9

min Arms [kl)(i]

NinPlan(‘,

ELVISall Volume : PAndAS Positions : Sim

120

100 1188 14

min Arms [k})(i]

30

NinPlan(‘,

min Ayps[kpe]

min Ayps[kp]

PAWLOWSKI, BULLOCK & FAMAEY

ELVISall Volume : Rvir Positions : Rand

120
16
100 + 14
sol 12
10
60 <
8
40+
6
20+ 4
0 = ‘ ‘ ‘ 2
0 5 10 15 20 25 30
N; inPlane
120 ELVISall Volume : PAndAS Positions : Rand
16
100 + 1 14
sol 12
0
J
8
6
4
2

N; inPlane

Figure 4. Minimum plane height vs. number of satellites in the plane (without any constraint on the number of co-orbiting satellites), color-
coded for host halo concentration. Shown are the results for 30 sub-halos in the virial radius (top left), 30 sub-halos with randomized positions
and velocities (top right), 27 sub-halos selected from within the PAndAS volume (bottom left) and 27 sub-halos selected from the PAndAS
volume after randomizing their positions and velocities (bottom right). The thick, dashed lines give the average plane heights for combinations
of 12 sub-halo systems ranging from the 12 most-concentrated (red) to the 12 least concentrated (blue).

lower values, not the presence of actual satellite planes. In
this regard it is important to note that the analysed simula-
tions are collision-less, and that the host halos do not contain
central galaxy disks, whose tidal effects can result in a de-
pletion of sub-halos in the innermost regions which results in
more radially extended sub-halo systems (Garrison-Kimmel
et al. 2017; Sawala et al. 2017). This effect on the distribu-
tion of satellite sub-halos is present in the Phat ELVIS sample
that includes a central galaxy potential. As a consequence,
for this set of simulations we find a better match with the ob-
served radial distribution of M31 satellite galaxies, provided

that the sub-halos are selected from the PAndAS footprint
(see Sect. 5).

Buck et al. (2015) have concluded that the narrowness of
satellite planes correlates with halo formation time, in the
sense that earlier forming halos contain more narrow planes.
They based this conclusion on using halo concentration as a
proxy for formation time, and argued to have found an anti-
correlation between plane height and halo concentration. We
can not reproduce the reported correlation between host con-
centration and the width of satellite planes, which appears to
invalidate this line of argument. Thus, in Figure 6 we more
directly check for a possible correlation with halo formation
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Figure 5. Radial distribution of sub-halos in the samples color-coded by host halo concentration. The top four panels are for the same sub-halo
samples as those in Fig. 4. The thick dashed lines again give the average radial profiles for different bins in halo concentration. The green
lines correspond to those sub-halo distributions that contain planes of 15 satellites that are more narrow than the observed GPoA around M31.
They are more radially concentrated than the average of the radial distributions, especially in the inner regions of the distribution. They are
also considerably more radially concentrated in the inner regions than the 27 observed M31 satellites, illustrated by the black line in the lower
left panel (assuming their most-likely positions from Conn et al. 2012). The fifth panel shows the radial distribution of the sub-halos selected
from a PAndAS footprint in the Phat ELVIS simulations which include a central disk potential. The sub-halos tend to be found at larger radial
distances from the host than in the dmo ELVIS simulations and their radial distribution matches better with the observed one (black line), in
particular in the inner regions.
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additional positional or kinematic coherence within the simulated sub-halo systems of these hosts.
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time, by comparing to the halo formation redshift z 5 (left
panels). Maybe unsurprisingly, no correlation is apparent be-
tween zg 5 and the minimum plane heights either. However,
color-coding by the virial radius r;, of the host (middle pan-
els) or the rms radius of the sub-halo sample A$uPhalos (right
panels) reveals a clear gradient (and thus correlation) which
confirms our preceding discussion: systems with smaller to-
tal radial extent result in apparently more narrow satellite
planes if measured by absolute rms height.

3.2. Average halo properties

As another test, we now invert our approach. Instead of
testing whether a halo property results in more narrow satel-
lite planes, we now test whether the most-narrow satellite
planes live in halos that on average have different proper-
ties. For each number Ni,pjane Of satellites in a plane, we
separate the halos into four bins by the value of min A, ¢
for these satellite planes. In other words, we split them into
groups of 12 halos that range from containing the 12 thinnest
satellite planes (thick red line in Fig. 7) to the 12 widest
(thin blue line). This is done for each number of satellites
in the plane Nj,pjane, such that the composition of the bins
changes for different satellite numbers. We then calculate the
average halo concentration, formation redshift, virial radius
and sub-halo rms distance for each bin and each number of
satellites. The results are shown in Figure 7. The average of
the mean properties over all numbers of satellites in the plane
(i.e. flattening the x-axis), as well as the scatter around this
average, are given at the top of each panel for each bin in the
corresponding color.

It is clear from the highly fluctuating and crossing curves
that higher concentrations (first row) and formation redshifts
(second row) of the host halos do not result in those halos
having the thinnest satellite planes. The scatter in the aver-
ages over all numbers of satellites in the planes is as large or
larger than the difference between them, too. If anything, the
halos resulting in the most narrow planes seem to be forming
slightly later (smaller zg 5) than the others for Ni,pjane > 15,
which is the opposite of the trend suggested by Buck et al.
(2015). However, the differences in the averages between
the four bins are consistent with the scatter in each bin and
therefore not significant, and the same trend is seen for the
randomized satellite positions.

There is a tendency that halos that contain more narrow
satellite planes (for a given number of satellites in the plane)
have smaller virial radii if the satellites are selected from
within the whole virial radius (third row). Averaged over all
satellite numbers the mean virial radii in the four bins are
consistent between the simulated sample and the one with
randomized angular positions. This again evidences that the
driving variable is the radial extent to which the sub-halo sys-
tem is considered. Consequently, in the case of the fixed-

volume PAndAS-like selection, this dependency on ry;, is
not as pronounced any more. The averages are consistent
with being identical.

There is a strong tendency that sub-halo systems that are
more radially concentrated result in more narrow planes
(lowest row) if selected from the whole virial volume. This is
again less clear in the PAndAS samples. However, this effect
is again also present for the samples with random sub-halo
positions (columns 2), which demonstrates that it is merely
an effect of considering only the absolute thickness of the
sub-halo systems. It does not stem from an increase in the the
spatial and kinematic coherence of sub-halo systems in these
types of halos, which is completely eradicated by choosing
random angular positions of the sub-halos.

3.3. Tests of Correlation

In addition to these qualitative comparisons, we now apply
more formal, quantitative tests of correlation, searching for
dependencies between the various halo properties, as well as
between these and the satellite plane heights. We use both
the Pearson correlation coefficient p as well as the Spearman
rank correlation coefficient 74, and report the corresponding
p-values, which give the probability of obtaining a more ex-
treme correlation coefficient by chance. We assume that we
can reject the hypothesis of no correlation if the p-value is
below 0.05 (or logp < —1.3).

For the top-30 sub-halo sample selected from the whole
virial volume we find no evidence for a correlation between
the halo concentration c_5 and Aiubhalos (p = 0.01, p =
0.93; rs = —0.01, p = 0.95), or the virial radius r;, and
halo formation redshift zp 5 (p = 0.09, p = 0.52; r4 = 0.09,
p = 0.55). There are hints for a weak correlation between
the formation redshift zg 5 and ASUPhalos byt the two tests
are not quite significant (p = 0.28, p = 0.06; 7, = 0.20, p =
0.16). We do find a weak, marginally significant correlation
between the halo concentration ¢_, and the halo formation
redshift as measured via 295 (p = 0.39, p = 0.01; ry =
0.30, p = 0.04), as well as a strong and highly significant
correlation between 7, and Aﬁubhalos (p=077,p=1.1x
10710 7y = 0.74, p = 1.4 x 1079).

As expected from the discussions in Sect. 3, our tests
reveal no highly significant correlation between the forma-
tion redshift or the halo concentration and the satellite plane
heights for the different numbers of satellites per plane (or
averaged over them). The corresponding p-values of these
tests mostly remain well above 0.1 or logp > —1 (see Tables
1 to 4)>. For the sample of 30 sub-halos selected from the
whole virial volume, we find a correlation with r;,, which is

5 If the results for the different numbers of satellites per plane Nipplane
were independent (which they are not), we would expect to find p values
below 0.1 in about 10 per cent of the cases in completely random data.
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Figure 7. Average properties of the host halos and satellite system for each number of satellites in the plane, divided into four groups of plane
height each containing 12 host halos. The groups range from the 12 halos that result in the thinnest minimum plane heights (thick red line) to the
12 halos that result in the widest minimum plane heights (thin, blue line). Also given in each panel are the averages over all satellite numbers
for each bin, and the rms scatter around these averages. From top to bottom, the rows give the average host halo concentration < c_> >,
the average host halo formation redshift < z¢.5 >, the average host halo virial radius < rvi; >, and the average of the rms of the radial

distribution of the 30 or 27 sub-halos of each halo considered in the plane fits < A$"PP1°5 > The columns correspond to the four simulated
and randomized samples discussed in Sect. 2.1 (columns 1 and 2) and 2.2 (columns 3 and 4).
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present and of similar strength for both the simulated as well
as the randomized sample. Unsurprisingly, such a correlation
with 7y;, is not found for the PAndAS-like selection volume.
While the top-30 sub-halo samples show a strong correla-
tion between the satellite plane heights and the rms radius
of the sub-halo samples AS*Phalos only a weak correlation
like this exists in the PAndAS-like samples. This quantita-
tively demonstrated the importance of accurately accounting
for the selection volume of the observed M31 satellite galax-
ies when comparing to sub-halos in simulations.

3.4. Satellite system extent vs. plane height

Fig. 8 shows the correlation between the satellite plane
height for planes consisting of 15 satellites, and the rms ra-
dius of the sub-halo samples, AS"Pha1°s The Jatter is a good
predictor of the height of the most narrow plane if the satel-
lites are selected from the whole virial volume. This is inde-
pendent of whether the actual sub-halo positions of the sim-
ulations or randomized positions are used. A linear fit of the
form

min Appg = a X Af“bhalos +b

demonstrates the similarity. The fit parameters are a =
0.163 £ 0.001 and b = —9.95 % 20.93 kpc for the simulated
sample, and ¢ = 0.145 + 0.001 and b = —5.73 £ 19.21 kpc
for the randomized one. Even the residuals around these best-
fit lines have almost identical scatter (3.48 and 3.34 kpc,
respectively). This shows how little additional structure is
present in the simulated sub-halo systems compared to sub-
halo positions randomly chosen from an isotropic distribu-
tion. Knowing the radial distribution of a sub-halo system
thus allows to predict the height of it’s most narrow satel-
lite plane. However, this is not as pronounced if the sub-
halo positions are constrained by the PAndAS-like selec-
tion volume, neither for the simulated sub-halos positions
(@ = 0.0393 £ 0.0002, b = 12.61 + 8.57kpc, scatter of
3.37kpc), nor for the randomized ones (a = 0.0339+0.0003,
b = 14.81 + 10.45 kpc, scatter of 3.18 kpc).

4. KINEMATIC ANALYSIS

While we find that there is no correlation between the con-
centration of a host halo and the minimum heights of sub-
halo planes, there remains the possibility that a stronger kine-
matic coherence is present for sub-halos in hosts of higher
concentration. We investigate this possibility for planes con-
sisting of a total of 15 sub-halos in Figure 9. It shows the
minimum of the height of satellite planes which contain a
given number of co-orbiting satellites. For example, if a
system contains a plane of 15 sub-halos of height 20 kpc of
which 10 co-orbit, and another one of height 25 kpc of which
12 co-orbit, then the line for a given ELVIS halo remains at
min A, = 20kpe for Neoorb, < 10, and then goes up to
min A;s = 25 kpe for Ngoorb = 11 and 12. Once no plane

of any height is found for a given number of co-orbiting sub-
halos, the corresponding line for this halo stops.

Figure 9 suggests that, as to be expected, the randomized
samples (right panels) are a bit less kinematically coherent:
the lines tend to end at lower Ncoorh. Similarly, the planes
in the PAndAS-like samples are less kinematically coherent
than those selecting the top-30 sub halos within the full virial
radius. A larger number of sub-halos to choose planes from
increases the number of possible combinations for a given
number of sub-halos per plane, which therefore increases the
chance to find planes with a higher degree of velocity coher-
ence. This demonstrates again that closely modelling obser-
vational selection effects is indispensable for a meaningful
comparison of simulations with the observed situation. None
of the sub-halo systems can reproduce the height and number
of co-orbiting satellites of the observed GPoA. This allows us
to put a lower limit on the frequency of such planes in cosmo-
logical simulations of < 2 per cent, which is consistent with
the low frequencies of 0.04 to 0.17 per cent found in earlier
studies using larger samples of host halos (Ibata et al. 2014;
Pawlowski et al. 2014).

If there is an increase in the kinematic coherence for sub-
halos systems of more concentrated hosts, the correspond-
ing lines in this plot should turn upwards later than those of
the less concentrated halos. This is not the case, as can be
seen from the thicker dashed lines indicating the average®
plane heights for four bins of host halo concentration rang-
ing from the 12 highest concentration hosts (red) to the 12
lowest-concentration hosts (blue). The lines follow a com-
mon trend and overlap within the scatter of their respective
host satellite system populations.

5. TESTING FOR EFFECTS OF ENVIRONMENT AND
CENTRAL HOST GALAXY

5.1. Isolated vs. Paired Hosts

We now split up the ELVIS sample into a sub-sample con-
taining the 24 isolated hosts (ELVIS isolated), and a sub-
sample containing 24 hosts that are part of 12 pairs of host
galaxies (ELVIS paired). The distribution of plane heights
for these two sets are shown in the upper panels of Fig. 10,
similar to Fig. 4, but now color-coded according to sub-
sample membership. Comparing the sub-halos systems of
ELVIS isolated (red) and ELVIS paired (blue) hosts, we find
no significant difference in both the average (thick lines) or
the scatter (shaded regions) of the plane height. The lower
panels in Fig. 10 show the kinematic coherence (as in Fig.
9). Again, the two samples of simulated sub-halo systems
do not display substantial differences. We thus conclude that

6 The assignment of halos to the four bins remains fixed, but the averaging
takes into account that at higher N0, some hosts do not contribute any
more because the do not contain sufficiently kinematically coherent planes.
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from the 12 most-concentrated (red) to the 12 least concentrated (blue). As expected, the randomized satellite systems result in less narrow
and less kinematically coherent satellite planes. None of the 48 ELVIS halos can reproduce the observed flattening and kinematic coherence.
Furthermore, there is no indication that the more concentrated halos result in more narrow and more kinematically coherent satellite planes.
Rather, the sub-halo systems of the most concentrated host halos appear to be less thin and coherent (the average of the 12 most-concentrated

halos is above those of the less concentrated halos).

belonging to a host that is part of a pair configuration does
not strongly influence the presence and properties of planes
of satellite galaxies in ACDM simulations. This is in agree-
ment with Pawlowski & McGaugh (2014b), who have looked
for analogs of the Vast Polar Structure of the Milky Way in
the ELVIS simulations and did not find a correlation in their
incidence or properties with whether the host is in an isolated
or paired configuration.

As is the case for the whole sample, neither of the two
subsamples shows a correlation between the plane heights

and halo concentration or formation redshift. There is thus
no indication that being part of a paired host halo configura-
tion, nor that being an isolated host, results in a correlation
with these halo properties. As expected from the full sample,
if sub-halos are selected from the virial volume a weak cor-
relation with the virial radius and a strong correlation with
the extent of the subhalo distribution is again present. How-
ever, owing to the reduced sample sizes the respective signif-
icances are lower than for the full sample.
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Figure 10. Comparison of plane heights (top panels, similar to Fig. 4) and kinematic coherence (bottom panels, similar to Fig. 9) for the
two ELVIS simulation sub samples of isolated (red) and paird (blue) hosts. Sub-halos are selected from the virial volume (left panels) or the
PAndAS volume (right panels). The isolated and paired samples do not show significant differences, neither in their averages (thick lines) or
the 50 % scatter (shaded regions). This indicates that environment does not have an effect on the properties of planes of satellite galaxies,
specifically that being part of a Local-Group like pair does not result in more narrow or more kinematically coherent satellite planes.

5.2. DMO vs. Central Galaxy Potential

It has been found that the addition of a central galaxy po-
tential to a cosmological simulation, whether self-consistently
via a hydrodynamical simulation or using an analytic poten-
tial, results in enhanced tidal disruption of sub-halos com-
pared to a dark-matter-only simulation. This in turn changes
the radial distribution and orbital properties of the sub-halo
system (Garrison-Kimmel et al. 2017; Sawala et al. 2017).
The inner regions of host halos become depleted in sub-
halos, and the orbits of surviving sub-halo satellites are less
radial on average than in equivalent dark-matter-only runs.
To investigate whether the presence of a central galaxy po-

tential and its effect on the sub-halo distribution influence
the properties and coherence of planes of satellite galaxies,
we now compare the resulting plane heights and kinematic
coherence of the two Phat ELVIS simulations samples by
Kelley et al. (2018): the 12 dark-matter-only runs that are
equivalent to the ELVIS simulations (Phat ELVIS dmo) and
the 12 runs started from the same initial conditions but with
an added central galaxy potential (Phat ELVIS disk). In the
bottom panel of Fig. 5, the expected change in the radial dis-
tribution of sub-halos is apparent: satellite sub-halos in the
Phat ELVIS disk runs selected from the PAndAS footprint
have a radial distribution that is in better agreement with the
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Figure 11. Plots similar to Fig. 10, but comparing the dark-matter-only (dmo, red) runs and the runs with an embedded disk galaxy potential
(disk, blue) of the Phat ELVIS suite of simulations. The inclusion of a central disk galaxy potential does not result in more narrow or more
kinematically coherent planes of satellite galaxies, but rather in a wider average plane height.

observed distribution of satellite galaxies in M31 than the
original ELVIS runs that did not include a central galaxy
potential.

Fig. 11 compiles the results of this comparison. The aver-
age plane heights (thick lines) are comparable for the dmo
(red) and disk (blue) runs, though the former are slightly
more narrow. The typical scatter (shaded regions) overlap
well and show similar width, though there appears to be more
scatter in the dmo runs if sub-halos are selected from the
PAndAS footprint (right panels). For sub-halos selected from
the PAndAS footprint (right panels), we find min A, to be
on average 7 per cent larger for the simulations that contain a
disk potential compared to their disk-free analogs (compared
to 11 per cent if selected from ry;,). This is in line with the

general trend of a correlation between the min A, and the
radial extent of a sub-halo system measured by AstPhalos dig-
cussed in Sect. 3.4. The median AStPhalos jg 188 kpc for the
dmo and 214 kpc for the disk runs (or 184 kpc and 191 kpc,
respectively, if the sub-halos are selected from ry;,). Using
the corresponding linear fits in 3.4, this translates to an ex-
pected increases in the width of the sub-halo distributions of
5 per cent (6 per cent), which largely accounts for the found
increase in plane widths. This further supports the notion that
the major driver behind the width of the most narrow planes
of satellites found in a given distribution is the distribution’s
radial extent. The lower panels of Fig. 11 further show that
the inclusion of a central galaxy potential does not result in
a more pronounced kinematic correlation in the most narrow
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satellite planes. The main difference is again the tendency for
the disk-free simulations to have slightly smaller min A5
for any number of co-orbiting sub-halo satellites. Fundamen-
tally, this finding demonstrates that the addition of baryonic
physics to simulations does not appear to offer a solution to
the planes of satellite galaxies problem.

Using the concentration parameters of the Phat ELVIS host
halos, we have also confirmed that no significant correlations
with host halo concentration of formation time are present,
neither for the dmo nor for the disk samples. This is in line
with our previously discussed findings for the ELVIS simu-
lations.

6. CONCLUSION

We have used the 48 host halos of the ELVIS simulations
to test whether the host halo concentration, formation time,
or status as an isolated or paired halo has an effect on the
existence of narrow, kinematically coherent planes of satel-
lites. We are unable to reproduce the result of Buck et al.
(2015) that the flattening of sub-halo systems correlates with
the host halo formation time. Similarly, we do not find ev-
idence of a correlation between the host halo concentration
and the height of the thinnest sub-halo planes. Only the over-
all radial extent of the considered sub-halo distribution, as
constrained by 7, or measured by ASuPhalos shows signs of
a correlation. However, this correlation is present to a simi-
lar degree if the sub-halo position are randomized, indicating
that it is mainly an effect of a smaller total radial extent of
lower mass halos, and not of a stronger spatial or kinematic
coherence among the sub-halos in certain host dark matter
halos.

We showed that it is important to select halos in a similar
way as the observed satellite distribution in order to avoid
biases, by constructing sub-halo selections which follow the
PAndAS survey volume and number of satellites. These re-
veal that none of the 48 ELVIS halos hosts a plane of satel-
lites that is as narrow and as kinematically coherent as the ob-
served GPoA, in line with earlier findings indicating that such
structures are elusive in current ACDM simulations (Ibata et

al. 2014; Pawlowski et al. 2014). In line with the results of
Pawlowski & McGaugh (2014b) for the VPOS of the Milky
Way, we also do not find a difference between the satellite
plane properties of isolated versus paired host halos.

The main effect of baryonic physics that is relevant for the
spatial and orbital properties of a satellite galaxy system is
the formation of a central host galaxy. Using the Phat ELVIS
simulation suite (Kelley et al. 2018), we have investigated
whether the presence of such a central galaxy potential re-
sults in more narrow or more kinematically coherent planes
of satellite galaxies compared to dark-matter-only analogs.
We found this not to be the case. On the contrary, since the
added potential of a central host galaxy results in enhanced
tidal disruption, which in turn depletes the inner regions of
the host halo of satellite galaxies, it results in a more ex-
tended satellite distributions. We find that more radially ex-
tended systems tend to contain less narrow planes of satel-
lite galaxies. Consequently, while other small-scale issues of
cosmology can potentially be addressed by adding baryonic
physics to cosmological simulations, it appears that the dom-
inant baryonic effect makes the planes of satellite galaxies
problem worse.

We are thus left with the unsettling realisation that the in-
cidence of satellite planes as extreme as observed remains an
unsolved problem for the ACDM model of cosmology, and
that this problem is not easily addressed by invoking baryonic
effects, an exceptionally high concentration or early forma-
tion time of the host halo, or the host-pair environment of the
MW and M31 halos.
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Table 1. Correlations for simulated top-30 sub-halos within 7yi,.

min Arms VS. c—2 min A1rms VS. 20.5 min Arms VS. Tvir min Arms VS. Aiubhalos
Pearson Spearman Pearson Spearman Pearson Spearman Pearson Spearman
NinPlane p logp rs logp p logp rs logp p logp rs logp p logp rs logp

3 -017 -06 -0.17 -06 -0.15 -05 -0.18 -0.7 038 -21 041 -24 039 -23 042 -25
4 024 -10 020 -07 005 -01 -003 -01 022 -09 018 -06 027 -12 024 -1.0
5 -003 -01 -006 -02 003 -01 002 -01 040 -24 038 -21 045 -29 038 -2.1
6 -0.10 -03 -006 -02 -004 -01 000 -00 039 -22 032 -1.6 054 -41 049 -34
7 -014 -05 -015 -05 -008 -02 -009 -03 052 -38 050 -35 058 -49 056 -44
8§ -015 -05 -013 -04 -004 -01 001 -00 058 -48 057 -45 065 -63 062 -55
9 -010 -03 -0.14 -05 -0.06 -02 002 -00 053 -39 050 -35 063 -57 058 -4.7
0 -011 -03 -003 -01 -0.11 -03 001 -00 047 -31 047 -31 061 -54 061 -54
1 -011 -03 -004 -01 -0.13 -04 -0.10 -03 042 -25 037 -20 054 -41 047 -3.1
12 -0.12 -04 -007 -02 -0.13 -04 -0.13 -04 041 -24 037 -20 056 -45 051 -36
13 -008 -02 -0.04 -0.1 -003 -0.1 -002 -0.1 042 -25 041 -24 065 -63 063 -57
14 -006 -02 001 -00 -004 -01 -005 -0.1 042 -25 043 -26 0.66 -65 066 -64
15 -005 -01 003 -01 000 -00 001 -00 044 -27 043 -26 070 -75 0.68 -69
16 -003 -01 003 -01 001 -00 004 -01 047 -31 049 -34 072 -79 071 -79
17 -0.03 -0.1 -0.00 -00 004 -01 005 -01 051 -37 052 -39 073 -83 072 -82
18 000 -00 o001 -00 o010 -03 009 -03 053 -39 053 -40 074 -89 075 -9.1
9 -001 -00 000 -00 o011 -03 014 -05 052 -38 051 -36 074 -86 072 -81
20 -000 -00 o0.01 -00 013 -04 016 -06 053 -39 051 -37 074 -86 072 -82
21 -000 -0.0 0.04 -01 012 -04 015 -05 051 -37 049 -34 072 -81 071 -79
22 -000 -00 o001 -00 013 -04 016 -05 051 -37 048 -32 071 -7.8 068 -7.0
23 -000 -00 -001 -00 016 -05 016 -06 050 -36 046 -30 071 -78 066 -6.5
24 000 -00 -000 -00 017 -06 016 -06 049 -34 044 -28 071 -7.8 064 -6.1
25 -001 -00 -003 -01 017 -06 013 -04 048 -33 045 -28 072 -8.0 068 -69
26 -001 -00 -005 -0.1 017 -06 013 -04 046 -30 046 -29 070 -75 069 -72
27 -001 -00 -003 -01 016 -06 014 -05 045 -29 048 -32 070 -74 069 -7.3
28 -000 -00 -002 -01 015 -05 0.14 -04 045 -29 048 -33 070 -74 070 -7.6
29 -001 -00 -002 -00 017 -06 0.14 -05 044 -27 047 -32 069 -7.1 070 -75
30 -004 -01 -006 -02 014 -04 011 -03 045 -29 047 -31 068 -70 069 -73
Average -0.04 -02 -0.03 -02 0.04 -03 005 -03 046 -3.1 045 -3.0 064 -64 062 -6.0

NoTE—Correlation coefficients and logarithms of the corresponding p-values for Pearson (p) and Spearman (rs) tests of correlations between
the minimum plane heights min A, for different numbers of satellites in a plane Ninpiane versus various halo parameters: halo concentration
c_o, formation redshift zq 5, virial radius rvi,, and rms radius of the sub-halo distribution Af“bh“lc’s.
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Table 2. Correlations for randomized top-30 sub-halos within ryi,.

min Arms VS. C—2 min Arms VS. 20.5 min Arms VS. Tvir min Arms VS. Aiubhalos
Pearson Spearman Pearson Spearman Pearson Spearman Pearson Spearman
Ninplane p logp rs logp p logp rs logp p logp rs logp p logp rs logp

-0.06 -02 -004 -01 014 -05 014 -05 010 -03 011 -03 021 -08 021 -08
-0.12  -04 -0.12 -04 007 -02 007 -02 033 -1.7 031 -15 031 -15 034 -1.7
-0.14  -05 -0.09 -03 -0.14 -05 -007 -02 045 -28 048 -32 029 -14 028 -12
003 -01 005 -01 003 -01 -004 -01 022 -09 023 -09 037 -20 031 -15
001 -00 003 -01 015 -05 o011 -04 020 -07 016 -06 030 -14 027 -1.2
011 -03 010 -03 007 -02 005 -01 024 -10 027 -12 048 -32 049 -34
-0.03 -0.1 000 -00 004 -01 002 -01 034 -18 034 -18 050 -36 048 -32
10 -002 -0.1 000 -00 013 -04 o011 -03 033 -16 033 -16 052 -38 049 -34

1 003 -01 009 -03 019 -07 020 -08 042 -25 043 -26 058 -48 055 -42

12 001 -00 009 -03 010 -03 0.14 -04 045 -29 045 -29 061 -53 058 -47

13 007 -02 012 -04 010 -03 013 -04 042 -25 043 -26 060 -52 057 -46

14 005 -01 012 -04 010 -03 0.18 -07 043 -27 045 -28 062 -56 058 -49

5 004 -01 o011 -03 011 -03 0.15 -05 047 -31 045 -28 067 -6.8 061 -54

16 0.02 -00 009 -03 014 -05 016 -06 049 -33 044 -27 0.67 -67 058 -48

17 -003 -01 005 -01 015 -05 0.14 -05 052 -39 046 -29 068 -69 061 -53

8 -005 -01 002 -00 016 -05 0.16 -06 053 -39 045 -29 069 -73 062 -56

19 -005 -01 002 -01 015 -05 019 -07 052 -38 046 -30 068 -70 062 -56

20 -0.04 -01 0.00 -00 017 -06 019 -07 050 -3.6 044 -28 0.67 -67 0.62 -55

21 -0.01 -00 o001 -00 o021 -08 023 -09 051 -37 046 -3.0 069 -73 0.64 -59

22 -001 -00 002 -00 021 -08 023 -09 052 -38 049 -34 069 -72 064 -6.0

23 -0.01 -00 -001 -00 024 -10 024 -10 053 -39 048 -32 071 -79 0.66 -6.5

24 -0.02 -00 -002 -00 024 -10 022 -09 053 -39 050 -35 073 -84 069 -72

25 -0.02 -01 -002 -00 023 -10 020 -08 053 -39 050 -35 074 -86 069 -72

26 -005 -0.1 -007 -02 023 -10 019 -07 053 -40 051 -36 074 -89 069 -72

27 -003 -0.1 -0.07 -02 027 -12 021 -08 054 -41 055 -42 077 98 072 -82

28 -0.03 -0.1 -007 -02 029 -13 022 -09 058 -48 058 -47 079 -107 0.73 -83

29 001 -00 -002 -00 033 -17 023 -09 061 -54 062 -56 081 -11.6 0.74 -88

30 -001 -00 -007 -02 035 -1.8 025 -1.0 066 -6.6 068 -7.0 083 -125 076 -94
Average -0.01 -0.1 0.01 -02 0.16 -07 0.15 -06 045 -31 043 -29 061 -62 056 -5.1

O 0 N N W B~ W

NoTE—Correlation coefficients and logarithms of the corresponding p-values for Pearson (p) and Spearman (rs) tests of correlations between
the minimum plane heights min A, for different numbers of satellites in a plane Ninpiane versus various halo parameters: halo concentration
c_o, formation redshift zq 5, virial radius rvi,, and rms radius of the sub-halo distribution Af“bh“lc’s.
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Table 3. Correlations for simulated top-27 sub-halos within PAndAS volume.

min Apps V8. c—2 min Apms Vs. 20.5 min Arms VS. Tvir min App,s vs. Afubhalos
Pearson Spearman Pearson Spearman Pearson Spearman Pearson Spearman
NinPlane p logp rs logp p logp rs logp p logp rs logp p_logp rs logp

3 -006 -02 -011 -03 003 -01 008 -02 025 -10 020 -08 027 -12 026 -1.1
4 -009 -03 -016 -06 008 -02 007 -02 014 -05 012 -04 036 -20 037 -20
5 -009 -03 -0.14 -05 -008 -02 -003 -01 001 -00 -005 -01 033 -1.6 033 -1.7
6 013 -04 011 -04 001 -00 005 -01 003 -01 -002 -01 032 -16 032 -1.6
7 014 -05 o018 -07 -003 -01 -003 -0.1 -004 -01 -0.13 -04 038 -21 039 -23
8§ 020 -08 025 -11 -012 -04 -011 -03 -013 -04 -024 -10 034 -1.8 031 -15
9 018 -06 023 -10 -024 -10 -025 ~-1.1 -008 -02 -0.16 -06 032 -16 028 -1.3
10 006 -02 014 -05 -028 -13 -027 -12 001 -00 -008 -02 035 -1.8 037 -20
11 006 -02 012 -04 -031 -15 -032 -16 006 -02 -000 -00 031 -15 039 -22
12 000 -00 0.04 -01 -034 -17 -036 -19 003 -01 -002 -01 030 -14 032 -1.6
13 004 -01 005 -01 -033 -16 -038 -21 -004 -0.1 -009 -03 035 -1.8 036 -19
14 004 -01 006 -02 -032 -16 -033 -16 -001 -00 -007 -02 033 -1.7 035 -1.8
15 -000 -00 0.02 -00 -029 -13 -030 -14 -001 -00 -007 -02 035 -1.8 037 -2.0
16 003 -01 005 -01 -026 -12 -029 -14 -002 -01 -006 -02 031 -15 034 -1.7
17 005 -01 005 -01 -026 -1.1 -027 -12 -008 -02 -0.12 -04 029 -13 031 -15
8 003 -01 001 -00 -025 -11 -029 -13 -008 -02 -0.12 -04 027 -12 029 -14
9 003 -01 -001 -00 -024 -10 -026 -1.1 -007 -02 -0.12 -04 024 -10 024 -1.0
20 005 -01 0.03 -01 -0.16 -06 -024 -10 -002 -00 -009 -03 0.18 -0.7 020 -0.7
21 005 -0a1 003 -01 -0.10 -03 -0.17 -06 000 -00 -009 -03 0.16 -05 0.18 -0.6
22 002 -01 000 -00 -005 -01 -009 -03 004 -01 -005 -01 015 -05 0.14 -05
23 001 -00 005 -01 -006 -02 -0.11 -03 008 -02 001 -00 030 -14 023 -09
24 006 -02 008 -02 -007 -02 -009 -03 010 -03 007 -02 032 -15 026 -1.1
25 010 -03 012 -04 -008 -02 -0.10 -03 009 -03 006 -02 033 -1.7 029 -13
26 009 -03 o011 -03 -006 -02 -0.10 -03 010 -03 009 -03 036 -19 031 -15
27 009 -03 010 -03 -004 -0.1 -006 -02 009 -03 011 -03 044 -27 037 -2.0
Average 005 -02 006 -03 -015 -07 -0.17 -0.8 0.02 -02 -0.04 -03 031 -15 030 -15

NoTE—Correlation coefficients and logarithms of the corresponding p-values for Pearson (p) and Spearman (rs) tests of correlations between
the minimum plane heights min A, for different numbers of satellites in a plane Ninpiane versus various halo parameters: halo concentration
¢_o, formation redshift zo_s, virial radius 7, and rms radius of the sub-halo distribution A$Phalos,
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Table 4. Correlations for randomized top-27 sub-halos within PAndAS volume.

min Apps V8. c—2 min Apms Vs. 20.5 min Arms VS. Tvir min App,s vs. Afubhalos
Pearson Spearman Pearson Spearman Pearson Spearman Pearson Spearman
NinPlane p logp rs logp p logp rs logp p logp rs logp p_logp rs logp

3 -025 -11 -033 -16 -007 -02 -001 -00 o011 -03 002 -01 029 -1.3 018 -0.7
4 -018 -07 -021 -08 003 -01 001 -00 o001 -00 -003 -01 029 -14 023 -09
5 006 -02 005 -01 007 -02 008 -02 006 -02 004 -01 031 -15 024 -1.0
6 -003 -01 -002 -01 010 -03 014 -05 -010 -03 -005 -0.1 013 -04 0.09 -03
7 -016 -06 -0.16 -06 -005 -0.1 -003 -01 -005 -01 -007 -02 006 -02 003 -0.1
8§ -015 -05 -021 -08 -001 -00 -005 -01 -008 -02 -006 -02 020 -07 0.14 -05
9 -015 -05 -0.16 -06 -0.13 -04 -0.15 -05 -000 -00 -003 -01 016 -06 015 -05
0 -013 -04 -0.11 -03 -0.11 -04 -0.14 -05 007 -02 002 -01 013 -04 012 -04
1 -009 -03 -005 -01 -011 -03 -0.11 -04 o011 -03 006 -02 013 -04 009 -03
12 -003 -0.1 -0.01 -00 -0.09 -03 -0.12 -04 006 -01 002 -01 0.15 -05 0.11 -04
13 002 -00 005 -01 -006 -02 -009 -02 -002 -00 000 -00 017 -0.6 0.09 -03
14 000 -00 0.03 -0.1 -0.00 -00 001 -00 -008 -02 -008 -02 021 -0.8 0.10 -03
15 -001 -00 0.03 -01 0.00 -00 -002 -00 -007 -02 -007 -02 026 -12 014 -05
16 003 -0.1 006 -02 005 -01 004 -01 -008 -02 -008 -02 026 -1.1 0.15 -05
17 001 -00 0.02 -00 007 -02 007 -02 -007 -02 -006 -02 023 -09 017 -0.6
8 003 -01 000 -00 007 -02 001 -00 -005 -01 -004 -01 020 -0.8 0.15 -05
19 001 -00 -000 -00 0.04 -01 002 -00 -003 -01 -004 -01 021 -08 0.16 -05
20 0.00 -00 -002 -01 002 -01 -001 -00 -001 -00 -002 -01 0.15 -05 0.14 -05
21 -0.02 -00 -0.04 -01 000 -00 -003 -01 002 -01 004 -01 015 -05 013 -04
22 000 -00 -001 -00 -002 -00 -002 -01 004 -01 005 -01 014 -05 013 -04
23 001 -00 -0.00 -00 -000 -00 -001 -00 007 -02 008 -02 016 -05 011 -03
24 -0.00 -00 -0.02 -00 -001 -00 o001 -00 008 -02 010 -03 019 -07 013 -04
25 -0.00 -00 -0.04 -01 o001 -00 002 -00 009 -03 010 -03 021 -08 016 -0.6
26 0.04 -01 -000 -00 003 -01 001 -00 005 -01 006 -02 023 -1.0 017 -0.6
27 013 -04 0.07 -02 008 -02 008 -02 -000 -00 005 -01 025 -1.1 024 -1.0
Average -0.03 -02 -004 -02 -000 -0.1 -001 -02 000 -02 000 -01 020 -08 0.14 -05

NoTE—Correlation coefficients and logarithms of the corresponding p-values for Pearson (p) and Spearman (rs) tests of correlations between
the minimum plane heights min A, for different numbers of satellites in a plane Ninpiane versus various halo parameters: halo concentration
¢_o, formation redshift zo_s, virial radius 7, and rms radius of the sub-halo distribution A$Phalos,



