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ABSTRACT

We examine the prevalence, longevity, and causes of planes of satellite dwarf galaxies, as observed in the Local Group. We
use 14 Milky Way/Andromeda-(MW/M31) mass host galaxies from the Feedback In Realistic Environments-2 simulations. We
select the 14 most massive satellites by stellar mass within dpog < 300 kpc of each host and correct for incompleteness from the
foreground galactic disc when comparing to the MW. We find that MW-like planes as spatially thin and/or kinematically coherent
as observed are uncommon, but they do exist in our simulations. Spatially thin planes occur in 1-2 per cent of snapshots during
z = 0—0.2, and kinematically coherent planes occur in 5 per cent of snapshots. These planes are generally transient, surviving
for <500 Myr. However, if we select hosts with a Large Magellanic Cloud-like satellite near first pericentre, the fraction of
snapshots with MW-like planes increases dramatically to 7—16 per cent, with lifetimes of 0.7-1 Gyr, likely because of group
accretion of satellites. We find that M31’s satellite distribution is much more common: M31’s satellites lie within ~1o of the
simulation median for every plane metric we consider. We find no significant difference in average satellite planarity for isolated
hosts versus hosts in LG-like pairs. Baryonic and dark matter-only simulations exhibit similar levels of planarity, even though
baryonic subhaloes are less centrally concentrated within their host haloes. We conclude that planes of satellites are not a strong

challenge to ACDM cosmology.
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1 INTRODUCTION

Astrometric measurements have revealed that a subset of the Milky
Way (MW) satellite galaxies coherently orbit the Galaxy within a
spatially thin plane (‘thin’ describes systems with minor-to-major
axis ratios of c¢/a < 0.3, and ‘coherent’ indicates that a majority of
satellites share the same orbital direction) (e.g. Lynden-Bell 1976;
Kroupa, Theis & Boily 2005; Pawlowski, Pflamm-Altenburg &
Kroupa 2012a). Recently, precise proper motions from Gaia Data
Release 2 have affirmed an even tighter orbital alignment of MW
satellites than previously measured (Fritz et al. 2018; Pawlowski &
Kroupa 2020). Similar structures have also been observed around An-
dromeda (M31; Conn et al. 2013; Ibata et al. 2013) and Centaurus A
(Miiller et al. 2018). However, the spatial and kinematic coherence of
satellite planes beyond the Local Group (LG) is less certain because
of projection effects, distance uncertainties, and the inaccessibility
of proper motions. Even at the relatively close distance of M31,
currently only two of its satellites have measured proper motions
(Sohn et al. 2020), making it difficult to determine true 3D orbital
alignment of the entire satellite population.

* E-mail: jsamuel @ucdavis.edu

© 2021 The Author(s)

Published by Oxford University Press on behalf of Royal Astronomical Society

The cosmological significance of these satellite planes remains a
topic of ongoing investigation largely because of a lack of consensus
on the incidence of planarity in both simulations and observations.
Studies using dark matter-only (DMO) simulations have often
yielded conflicting interpretations of how rare satellite planes are
in the standard cosmological model of cold dark matter with a
cosmological constant (ACDM). Most analyses of DMO simulations
find such configurations to be rare, highly significant, and therefore
possibly in conflict with ACDM (e.g. Metz, Kroupa & Libeskind
2008; Pawlowski & McGaugh 2014; Buck, Dutton & Maccio 2016).
However, DMO simulations combined with semi-analytic models of
galaxy formation suggest that planes might be more common (Libe-
skind et al. 2009; Cautun et al. 2015), but this is not a universal result
(Ibata et al. 2014b; Pawlowski et al. 2014). Results from baryonic
simulations have varied too, often relying on a much smaller sample
of host-satellite systems compared to what is available from DMO
simulations. Some baryonic simulations show evidence for a more
natural presence of the satellite planes in the Universe (e.g. Libeskind
et al. 2007; Sawala et al. 2016). While other baryonic results show
that satellite planes can be uncommon, but find conflicting evidence
for whether planes can be explained by anisotropic satellite accretion
along filamentary structures (Ahmed, Brooks & Christensen 2017,
Shao et al. 2018; Shao, Cautun & Frenk 2019).
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Beyond just checking for the presence and the significance of
satellite planes in simulations, several authors have also explored
what may cause planes to form, with mixed results. Though one might
expect the host halo to affect satellite planes, Pawlowski & McGaugh
(2014) found no connection between planes and host halo properties.
Some authors have argued either for (Zentner et al. 2005; Libeskind
et al. 2011) or against (Pawlowski et al. 2012b) the preferential
infall of satellites along cosmic filaments as a causal factor in
the formation of satellite planes. Li & Helmi (2008) proposed the
accretion of satellites in small groups as an explanation of correlated
orbits, and Wetzel, Deason & Garrison-Kimmel (2015a) showed that
25-50 per cent of satellite dwarf galaxies in MW-mass hosts today
previously were part of a group. Metz, Kroupa & Jerjen (2007) even
speculated that satellite planes arise naturally from the creation of
tidal dwarf galaxies in fly-bys or mergers of larger galaxies.

Several authors have investigated the orbital stability of LG
satellite planes. Recently, Riley & Strigari (2020) showed that
globular clusters and stellar streams around the MW do not seem to be
members of the satellite plane, suggesting that plane members may
be recently accreted or in a particularly stable orbital configuration.
Pawlowski et al. (2017) noted that integrating present-day satellite
orbits either forward or backward in time typically leads to the
disintegration of the plane, especially when sampling measurement
uncertainties on satellite galaxy positions and velocities. Shaya
& Tully (2013) took a different approach and, by searching the
dynamical parameter space of Local Volume satellites, found past
trajectories that could possibly lead to the observed satellite planes.

Many previous attempts to investigate satellite planes have relied
on simulations that may not resolve the dynamical evolution of
‘classical’ (M, > 10° M) dwarf galaxies, or that do not include
baryonic physics. Insufficient resolution can lead to artificial satellite
destruction (e.g. Carlberg 1994; van Kampen 1995; Moore, Katz &
Lake 1996; Klypin et al. 1999; van Kampen 2000; Diemand, Kuhlen
& Madau 2007; Wetzel & White 2010; van den Bosch & Ogiya2018).
This may introduce a bias in satellite plane metrics if the destruction
is spatially varying (such as near the host disc), and because earlier
infalling satellites are preferentially destroyed, leading to an age bias
that correlates with satellite orbit today (Wetzel et al. 2015a).

If baryonic effects act to create or destroy planes of satellites, then
DMO simulations may not be able to wholly capture the theoretical
picture of satellite plane formation. The central disc in baryonic
simulations tidally destroys satellites, altering their radial profile at
small distances from the host (e.g. D’Onghia et al. 2010; Garrison-
Kimmel et al. 2017; Sawala et al. 2017; Kelley et al. 2019; Nadler
et al. 2018; Rodriguez Wimberly et al. 2019; Samuel et al. 2020).
This leads the surviving satellites to have more tangentially biased
orbits (Garrison-Kimmel et al. 2017, 2019a), but these effects do not
necessarily imply an effect on planarity. In addition, Ahmed et al.
(2017) found that the members of satellite planes in baryonic versus
DMO simulations of the same host halo can be different, suggesting
that baryonic effects may alter halo occupation in unexpected ways
and hence affect satellite planes. Garrison-Kimmel et al. (2019a) also
noted that satellites in baryonic simulations of LG-like pairs do not
necessarily trace the most massive subhaloes in DMO runs of the
same systems.

Outside the MW, the satellite plane around M31 is somewhat
more ambiguous. Taken as a whole, M31’s satellites do not appear
to be particularly planar, but a subset of 15 satellites lie within a
significantly spatially thin plane and most of those are kinematically
aligned, based on line-of-sight velocities (Conn et al. 2013; Ibata
et al. 2013). Many works have focused in on this particular subset,
but it is important to understand the overall satellite distribution,
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because there are no clear evolutionary differences between M31
plane members and non-members (Collins et al. 2015).

Satellite planes outside the LG are more difficult to robustly
characterize because of projection effects and larger distance un-
certainties. Studies using the Sloan Digital Sky Survey (SDSS) data
base have revealed that while there is evidence for spatial flattening
of satellites (e.g. Brainerd 2005), their kinematic distribution is
unlikely to indicate a coherently orbiting satellite plane (Phillips
et al. 2015). Furthermore, the Satellites Around Galactic analogues
(SAGA) survey (Geha et al. 2017), which aims to study satellites
of ~100 MW analogues in the nearby Universe, has found little
evidence for coherently orbiting satellite planes (Mao et al. 2021).

In this paper, we seek to understand if the Feedback In Realistic
Environments (FIRE)-2 simulations contain satellite planes similar to
those found in the LG, whether those satellite planes are long-lived or
transient, and if the presence of satellite planes correlates with host or
satellite properties. We leave comparisons to systems outside the LG
for future work. We organize this paper as follows: in Section 2 we
describe our simulations and satellite selection criteria, in Section 3
we describe the 3D positions and velocities of LG satellites used,
in Section 4 we describe the plane metrics we apply to simulations
and observations, in Section 5 we present our results of planarity
in simulations compared to observations, and in Section 6 we
discuss our conclusions and their implications for observed satellite
planes.

2 SIMULATIONS

The zoom-in simulations we use in this work reproduce the mass
functions, radial distributions, and star formation histories of clas-
sical (M, > 10° M) dwarf galaxies around MW/M31-like hosts
(Wetzel et al. 2016; Garrison-Kimmel et al. 2019a,b; Samuel et al.
2020).

We use two suites of cosmological zoom-in hydrodynamic sim-
ulations from the FIRE project.! Latte is currently a suite of
seven isolated MW/M31-mass galaxies with halo masses Moo, =
1-2 x 10"> My? introduced in Wetzel et al. (2016). We selected the
Latte haloes for zoom-in re-simulation from a periodic volume dark
matter simulation box of side length 85.5Mpc. We selected two
of the Latte haloes (m12r and m12w) to host a Large Magellanic
Cloud (LMC)-mass subhalo at z = 0 within their initial DMO
simulations, though after re-simulation with baryonic physics the
orbital phase of these subhaloes changes and they are no longer near
pericentre (Samuel et al. 2020). Latte gas and star particles have
initial masses of 7070 Mg, but at z = 0 a typical star particle has
mass 5000 Mg because of stellar mass-loss. Dark matter particles
have a mass resolution of mg, = 3.5 x 10* M. The gravitational
softenings (comoving at z > 9 and physical at z < 9) of dark
matter and stars particles are fixed: €4, = 40 pc and €y, =
4 pc (Plummer equivalent). The gas softening is fully adaptive,
matched to the hydrodynamic resolution, and the minimum gas
resolution (interelement spacing) and softening length reached in
Latte is ~1 pc. We also use an additional simulation of an isolated
MW/M31-mass galaxy (m12z), simulated at higher mass resolution
(mbaryon,ini = 4200 MO)

The second suite of simulations we use is ‘ELVIS on FIRE’. This
suite consists of three simulations, containing two MW/M31-mass

Uhttps:/fire.northwestern.edu/
24200m’ indicates a measurement relative to 200 times the mean matter
density of the Universe
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galaxies each, wherein the main haloes were selected to mimic the
relative separation and velocity of the MW-M31 pair in the LG
(Garrison-Kimmel et al. 2014, 2019a,b). ELVIS on FIRE has ~2 x
better mass resolution than Latte: the Romeo & Juliet and Romulus
& Remus simulations have Mpyryon,ini = 3500 Mg and the Thelma &
Louise simulation has mygryon,ini = 4000 M.

We ran all simulations with the upgraded FIRE-2 implementations
of fluid dynamics, star formation, and stellar feedback (Hopkins et al.
2018). FIRE uses a Lagrangian meshless finite-mass hydrodynamics
code, GIzMO (Hopkins 2015). GIzMO enables adaptive hydrodynamic
gas particle smoothing depending on the density of particles while
still conserving mass, energy, and momentum to machine accuracy.
Gravitational forces are solved using an upgraded version of the
N-body GADGET-3 Tree-PM solver (Springel 2005).

The FIRE-2 methodology includes detailed subgrid models for
gas physics, star formation, and stellar feedback. Gas models used
include a metallicity-dependent treatment of radiative heating and
cooling over 10—10'° K (Hopkins et al. 2018), a cosmic ultraviolet
background with early H 1 reionization (zion ~ 10; Faucher-Giguere
et al. 2009), and turbulent metal diffusion (Hopkins 2016; Su et al.
2017; Escala et al. 2018). We allow gas that is self-gravitating, Jeans-
unstable, cold (T <10*K), dense (n > 1000 cm™?), and molecular
(following Krumholz & Gnedin 2011) to form stars. Star particles
represent individual stellar populations under the assumption of a
Kroupa stellar initial mass function (Kroupa 2001). Once formed,
star particles evolve according to stellar population models from
STARBURST99 v7.0 (Leitherer et al. 1999). We model several stellar
feedback processes including core-collapse and Type la supernovae,
continuous stellar mass-loss, photoionization, photoelectric heating,
and radiation pressure.

For all simulations, we generate cosmological zoom-in initial
conditions at z = 99 using the MUSIC code (Hahn & Abel 2011),
and we save 600 snapshots from z = 99 to 0, with typical spacing
of <25 Myr. All simulations assume flat ACDM cosmologies, with
slightly different parameters across the full suite: 7 = 0.68—0.71,
Qp =0.69 —0.734, Q,, = 0.266—0.31, 2, = 0.0455—-0.048, 03 =
0.801—0.82, and ny = 0.961—-0.97, broadly consistent with Planck
Collaboration VI (2018).

2.1 Halo finder

We use the ROCKSTAR 6D halo finder (Behroozi, Wechsler &
Wu 2013a) to identify dark matter haloes and subhaloes in our
simulations. We include a halo in the catalogue if its bound
mass fraction is >0.4 and if it contains at least 30 dark matter
particles within a radius that encloses 200 times the mean matter
density, Ryoom. We generate a halo catalogue for each of the 600
snapshots of each simulation, using only dark matter particles. The
subhaloes that we use in this work (within 300 kpc of their host)
are uncontaminated by low-resolution dark matter particles. We then
construct merger trees using CONSISTENT-TREES (Behroozi et al.
2013b).

We describe our post-processing method for assigning star parti-
cles to (sub)haloes further in Samuel et al. (2020). First, we identify
all star particles within 0.8 Ry, (out to a maximum 30 kpc) of a halo
as members of that halo. Then, we further clean the member star
particle sample by selecting those (1) that are within 1.5 times the
radius enclosing 90 per cent of the mass of member star particles (Rg)
from both the centre-of-mass position of member stars and the dark
matter halo centre, and (2) with velocities less than twice the velocity
dispersion of member star particles (o ) With respect to the centre-
of-mass velocity of member stars. We iterate through steps (1) and (2)
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until the total mass of member star particles (M, ) converges to within
1 per cent. Finally, we save haloes for analysis that contain at least 6
star particles and that have an average stellar density >300 Mg, kpc>.
‘We performed this post-processing and the remainder of our analysis
using the GrzMmoANALYSIS and HALOANALYSIS software packages

(Wetzel & Garrison-Kimmel 2020a,b).

2.2 Satellite selection

Throughout this paper, we refer to the central MW/M31-mass
galaxies in our simulations as hosts, and their surrounding population
of dwarf galaxies within 300kpc as satellites. Our host galaxies
have stellar masses in the range M, ~ 10'°~!! My, and dark matter
haloes in the mass range M,pom = 0.9-1.7 x 1012 Mg. The eight
Latte+m12z simulations contain a single isolated host per simula-
tion. Each of the three ELVIS on FIRE simulations contains two
hosts in a LG-like pair, surrounded by their own distinct satellite
populations. Thus, we use a total of 14 host-satellite systems to
study satellite planes in this work. Our fiducial redshift range is
z = 0—0.2 (114 snapshots), giving us a time baseline of ~2.4 Gyr
over which to examine the presence of satellite planes at late times
in our simulations. We present our results treating each snapshot
as a separate (but not fully independent) realization and stacking
snapshots across hosts. This allows us to mitigate the time variability
and host-to-host scatter in the satellite distribution at small distances
from the host, and achieve robust comparisons of simulations and
observations. We also consider a longer time window (z = 0—0.5,
219 snapshots, ~5.1 Gyr) in Section 5.2.2 in order to examine the
lifetimes of planar structures and the coincidence of spatial thinness
and kinematic coherence in our simulations.

We consider two ways to select simulated satellite galaxies
for comparison to the MW. Our primary method is to select a
fixed number of satellites around each host, by choosing the 14
satellites with highest stellar mass from our simulations, to match
the number of observed MW satellites that have M, > 10° Mg. We
also choose the 15 most massive satellites around hosts for our
comparison to M31 (see Section 5.1.2 for more details). Satellites
with M, > 103 M, contain >20 star particles and have peak halo
masses of My > 8 x 108 Mg (2.3 x 10* dark matter particles
prior to infall). Satellite galaxies with M, > 10° Mg, are also nearly
complete in observations (e.g. Koposov et al. 2007; Tollerud et al.
2008; Walsh, Willman & Jerjen 2009; Tollerud, Boylan-Kolchin &
Bullock 2014; Martin et al. 2016), so we choose this as our nominal
stellar mass limit to select satellites around the MW and M31. As an
example, at z = 0, the satellite with the lowest stellar mass in our
fixed-number satellite selection criteria has M, = 5.6 x 10* Mg, (11
star particles), which is enough to at least indicate the presence of a
true satellite, given that it also satisfies the subhalo criteria outlined
in Section 2.1.

We also consider a stellar mass threshold selection method in
Section 5.3.2 whereby we require satellites to have M, > 10° M and
maintain the same distance cut-off (dyosr < 300 kpc). This selection
means that the number of satellites considered around all hosts varies
from 10 to 31 in the redshift range z = 0—0.2. See Samuel et al. (2020)
for more details on the radial distributions and resolution of simulated
satellites meeting our criteria, and completeness estimates in the
LG. See Garrison-Kimmel et al. (2019a,b) for how the stellar mass,
velocity dispersion, dynamical mass, and star formation histories of
satellite dwarf galaxies in our simulations all broadly agree with MW
and M31 observations, making these simulations compelling to use
to examine planarity.

MNRAS 504, 1379-1397 (2021)
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3 OBSERVATIONS

We consider all known MW satellite galaxies with M, > 10° Mg,
and dpoe < 300 kpc, based on the satellite stellar masses and Galac-
tocentric distances listed in table Al of Garrison-Kimmel et al.
(2019a). While we are not confident that our halo finder is able
to correctly identify analogues of the Sagittarius dwarf spheroidal
(Sgr 1) galaxy, given its significant tidal interactions, we include it
in our observational sample, because it is a historical member of
the MW'’s satellite plane. Excluding Sgr I from the MW satellite
galaxy sample does not significantly change the resulting spread in
the MW'’s plane metrics, and therefore we achieve essentially the
same results in our comparisons to simulations regardless of this
choice. For each observed satellite, we take the sky coordinates and
heliocentric distances with uncertainties from McConnachie (2012).
Furthermore, we include Crater II and Antlia II, which meet our
stellar mass and distance criteria as described in Samuel et al. (2020),
and use the positions and uncertainties from their discovery papers
(Torrealba et al. 2016, 2019). This brings the total number of MW
satellites that we consider in this study to 14. We consider effects of
observational incompleteness from the Galactic disc in Section 5.3.1.

We use proper motions from Gaia Data Release 2 as presented in
Fritz et al. (2018). We use the larger of the statistical or systematic
uncertainties on Gaia proper motions, which typically is the system-
atic uncertainties. We take line-of-sight heliocentric velocities (vios)
for MW satellites and their uncertainties from Pawlowski & Kroupa
(2020) and Fritz et al. (2018), where available. To supplement this, we
use the proper motions and v), for the Magellanic Clouds presented
in Kallivayalil et al. (2013), and Antlia II’s kinematics come from its
discovery paper (Torrealba et al. 2019).

In our analysis of the MW satellite plane, we first sample the
heliocentric distances, line-of-sight velocities, and proper motions
1000 times assuming Gaussian distributions on the uncertainties. We
then convert these values to a Cartesian Galactocentric coordinate
system using Astropy (Astropy Collaboration 2013, 2018). We
measure planarity on the resulting satellite phase space coordinates
in the same way we describe for simulated satellites in Section 4.

We take a different approach to sample M31’s satellites. We
impose the same stellar mass limit of M, > 10°My, and 3D dis-
tance limit of dyoy < 300kpc, but we additionally require that the
projected distance from M31 listed in McConnachie (2012) adhere
t0 dhost,proj < 150kpc, because M31’s satellite population is most
complete within this range from the Pan-Andromeda Archaeological
Survey (PAndAS: McConnachie et al. 2009) coverage. We sample
1000 line-of-sight distances for each satellite, using the posterior
distributions published in Conn et al. (2012) where available, and
elsewhere assuming Gaussian distributions on distance uncertainties
(McConnachie 2012; Martin et al. 2013). We assume that M32 and
NGC 205 have the same posterior distance distribution as M31
itself because they are too close to M31 to reliably determine
their line-of-sight distances. The double-peaked posteriors of AndIX
and AndXXVII cause the actual number of satellites within dj,. <
300kpe of M31 in each sample to range from 14 to 16, but this is
unlikely to cause significant differences in our analysis. We take the
line-of-sight velocities for M31 satellites from McConnachie (2012),
Tollerud et al. (2012), and Collins et al. (2013), and we use them for
the 2D kinematic coherence metric described in Section 4.

4 METHODS

Fig. 1 is a visual demonstration of how we measure planarity
using two spatial metrics and one kinematic metric. We show these
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metrics as measured on the MW’s 14 satellites with M, > 10° Mg
and dyos < 300kpe. For clarity, we do not show the effects of
observational uncertainties here, which have the largest effect on
kinematic coherence, but we do include them in our analysis.
Our planarity metric definitions are based on and consistent with
those from, e.g. Cautun et al. (2015), Pawlowski et al. (2015), and
Pawlowski & Kroupa (2020). We require all planes to pass through
the centre of the host galaxy. Below, we describe in detail each metric
and how we calculated it at each simulation snapshot.

4.1 Spatial metrics of planarity

‘We measure the spatial coherence of satellite galaxies in two ways:
root-mean-square (RMS) height (A},) and minor-to-major axial ratio
(c/a). The RMS height of a satellite distribution characterizes the
vertical spread of satellites above and below a plane using the RMS
component of satellites’ 3D positions along the direction normal to
a plane according to equation (1). This can be thought of as the
thickness or height of the plane. We randomly generate 10* planes
centred on the host galaxy and quote the minimum value amongst
these iterations:

N, A~ -
2t (A - %)
Nmt

ey

We also use the minor-to-major axial ratio (c/a) of the satellite
spatial distribution to characterize spatial planes with a dimensionless
metric. This is the ratio of the square root of the eigenvalues of the
inertia tensor corresponding to the minor (¢) and major (a) axes.
We define a modified moment of inertia tensor treating satellites
as unit point masses, weighting each one equally regardless of its
stellar or halo mass, so it is a purely geometrical measure of the
satellite distribution. The elements of the 3D inertia tensor are given
by equation (2):

Nsat 3

11/ = Z Z&j'ﬂik — TaikTaj,k- (2)

k=1 a=1

We explored a third metric of spatial planarity, enclosing angle,
motivated by the desire to mitigate effects of radially concentrated
satellite distributions on planarity measurements. We define enclos-
ing angle as the smallest angle that encompasses the population of
satellites, as measured off of the ‘mid-plane’ of the satellite plane.
Similar to the Galactocentric latitude (b.) used in Section 5.3.2, the
coordinate origin is placed at the centre of the host galaxy. Enclosing
angle ranges from O to 180° by definition, where a measured angle
of near 180° indicates an isotropic distribution of satellites. Similar
to the method used for RMS height, in practice we randomly orient
planes centred on the host galaxy from which to measure enclosing
angle, and find the minimum angle from these iterations. We found
that this metric was significantly noisier over time compared to the
other spatial metrics, and often selected a different plane orientation
from RMS height and axial ratio, so we do not use it in our final
analysis.

4.2 Kinematic metrics of planarity

We consider both 3D and 2D measures of orbital kinematic coherence
of satellite populations to compare against observed 3D velocities of
satellites in the MW, and line-of-sight velocities (vjs) of satellites
around M31. The 3D metric we use is orbital pole dispersion (Aq),
which describes the alignment of satellite orbital angular momenta
relative to the average satellite orbital angular momentum vector for
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Figure 1. Diagram showing each plane metric that we use, as measured on the 3D positions and velocities of 14 MW satellites (M, > 10° Mg and dhost <
300 kpc), shown in order of decreasing stellar mass. All planes are centred on the MW and observational uncertainties are neglected here for visual clarity. RMS
height (Ay, left) is the root-mean-square distance of satellites from the satellite mid-plane. Axis ratio (centre) is the ratio of the minor-to-major axes (c/a) from
the moment of inertia tensor of satellite positions. The ellipse shown has the same minor-to-major axial ratio as the MW’s satellites. Orbital pole dispersion
(Aorb, right) is the root-mean-square angle in the range [0°, 360°] of the angular momentum unit vectors of satellites around their average direction. We show
each metric in the same projection, to illustrate that the MW'’s satellite plane is kinematically coherent within a spatially thin plane.

the entire satellite population. We are not taking into account the
magnitude of satellite orbital velocities, so orbital pole dispersion
is a measure of purely directional coherence in satellite orbits. The
orbital pole dispersion is defined as the RMS angular distance of
the satellites’ orbital angular momentum vectors with respect to the
population’s average orbital angular momentum direction, and is
given by equation (3). A system with all satellite orbital angular
momenta aligned will have A,y = 0°, while a random, isotropic
distribution of satellite velocities has Agy, ~ 180°:

Nq
> it [arccos(for, ave + flor, -)]
orb - (3)

Qal

To investigate 2D orbital kinematic coherence around M31, we
examine whether satellites share the same ‘sense of orbital direc-
tion” around their host galaxy. We measure this by computing the
maximum fraction (") of satellites with opposing (approaching
or receding) vj,s on the left and right ‘sides’ of a satellite distribution.
A fraction close to unity indicates a highly coherent system, and a
fraction of 0.5 represents a purely isotropic system. We compute
this fraction along 10° randomly generated lines of sight in the
simulations, and use the full distribution to compare to M31 as
described in Section 5.1.2.

4.3 Statistically isotropic realizations of satellite positions and
velocities

To compare the ‘true’ satellite planes (as measured at each snapshot)
across different simulations, we quantify the likelihood of measuring
thinner or more kinematically coherent planes in a statistically
isotropic distribution of satellites. This is a more general charac-
terization of planarity, independent of the actual values measured for
observed systems that can also address whether satellite planes are
statistically significant. We generate isotropic realizations of satellite
positions by randomly generating 10* polar and azimuthal angles
for each satellite, keeping their radial distance from the host fixed,
following Cautun et al. (2015). For isotropic kinematic distributions,
we generate random unit velocities (using a similar prescription as for

the randomization of angular coordinates) while also randomizing
the angular spatial coordinates of each satellite. We then measure
planarity for each of the 10* realizations. We quantify the significance
of a planar alignment by quoting the fraction (fis,) of isotropic
realizations with smaller values of plane metrics than the true value at
each snapshot. In effect, this is the conditional probability of finding a
more planar distribution of satellites among the isotropic realizations.
A fractionfiy, < 0.5 indicates that the true satellite distribution is more
planar than a statistically isotropic distribution of satellites, and we
define fis, < 0.05 to mean the true satellite distribution is significantly
planar.

5 RESULTS

5.1 Comparisons of simulations and the Local Group

As we showed in Samuel et al. (2020), the simulations are a
reasonable match to the radial distribution of satellites in the LG
as a function of both distance from the host and stellar mass of
the satellite. This provided an important first benchmark of just the
1D radial positions of satellites in our simulation. We now seek
to leverage the full 3D positions and velocities of satellites in our
simulations (and around the MW) to characterize satellite planes. We
compare our simulations to observations of LG satellites, leaving
comparisons to systems such as other MW/M31 analogues and
Centaurus A for future work. In this section, we make physically
rigorous comparisons using mock observations that include disc
completeness corrections. In subsequent sections we further explore
selection effects on measured satellite planes and possible physical
origins of satellite planes.

5.1.1 MW-like planes

We select the 14 most massive satellites in M, within dpos < 300 kpc
to compare planarity in simulations and the 14 MW satellites in our
observational sample. Furthermore, we apply a simple completeness
correction for seeing through the MW’s disc by first excluding all

satellites that lie within a galactocentric latitude of |b.| < 12° from the
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Figure 2. Planarity of simulated satellite galaxies (Ng = 14 and dpost < 300kpc) around MW/M31-mass hosts compared to the MW'’s satellite plane. We
model incompleteness in the simulations by excluding any satellites that lie within £12° of the plane of the host galaxy’s stellar disc. We generate KDEs
(purple) using 114 snapshots over z = 0—0.2 for each of the 14 simulated hosts, and the solid vertical coloured lines are the distribution medians. We show MW
observations (black) for 14 satellites with 68 (95) per cent spread from observational uncertainties. The number in the top right of each panel is the per cent of
snapshots that are MW-like, which lie at or below the MW upper 68 per cent limit. For all three metrics, we find some (1-5 per cent) snapshots that are at least

as planar as the MW, though they are rare.

host’s galactic disc (Pawlowski 2018), and then choosing the 14 most
massive satellites from the remaining population. See Section 5.3.2
for an investigation of how disc incompleteness affects planarity
metrics.

Fig. 2 shows plane metrics for simulated satellites stacking over
114 snapshots spanning z = 0—0.2, compared to the MW satellite
plane. Spatial plane metrics for the MW are tightly constrained by
well-measured 3D positions of MW satellites. The MW'’s satellite
plane is thinner and more kinematically coherent than most of our
simulated satellite systems. We define MW-like planes as those with
plane metrics at or below the 1o upper limit on the MW’s correspond-
ing distribution. Notably, the MW’s plane is significantly spatially
flattened compared to the average simulation when measured by
RMS height and axial ratio.

While MW-like spatial planes are rare in our simulations, we do
identify satellite populations that are as thin as the MW’s plane
in 1-2percent of our full sample. We compute each plane metric
independently, but we discuss instances of satellite planes that are
simultaneously both thin and kinematically coherent in Section 5.2.2.
The occurrence of thin planes in 1—2 per cent of snapshots holds over
both our fiducial time baseline of z =0—0.2 ~ 2.4 Gyr (114 snapshots
per host, 1596 snapshots in total) and also over the longer interval
z = 0—-0.5 ~ 5.1 Gyr (219 snapshots per host, 3066 snapshots in
total), an indication of the robustness of the measurement.

The uncertainties in 3D velocities of MW satellites are much
larger than the uncertainties in their 3D positions, and this leads to a
much wider spread in orbital pole dispersion of the MW compared
to the spatial metrics. However, the MW’s satellites still have highly
correlated orbits relative to the simulations, with only 5 per cent of
the simulations having a plane at least as kinematically coherent
as the MW’s upper one o limit during z = 0—0.2. The fraction
of the full sample containing these planes actually increases to
8 per cent when measured over z = 0—0.5, likely from the correlated
infall of satellites in groups or along filaments at earlier times. The
spread in the MW’s orbital pole dispersion is large compared to the
spatial metrics, so we also provide the fraction of the simulation
sample lying at or below the median MW value, 0.3 percent.
There are even a few (5) snapshots that extend below the MW
distribution.

MNRAS 504, 1379-1397 (2021)

The MW’s satellite kinematics, while rare, do not appear to be
extreme outliers compared to our simulations. This broadly agrees
with Pawlowski & Kroupa (2020), who found that ~2—3 per cent of
hosts at z = 0 in the IllustrisTNG simulations (Pillepich et al. 2018;
Nelson et al. 2019) have satellites as orbitally aligned as the MW.
However, the comparison between our work and theirs is not one-to-
one: they vary the number of satellites included in plane calculations
(Ngat = 3—11) in both simulations and observations in order to
account for the ‘look elsewhere’ effect (the spurious detection of
high significance events from searching a large parameter space),
but they find that their conclusions do not vary for any number
of plane members greater than three. The IllustrisTNG simulations
they use allow them to analyse a larger number of hosts, in part
because they choose to include dark subhaloes as satellites in order
to maximize their sample size of hosts with at least 11 satellites.
The larger host sample size comes at the cost of resolution though,
with mpy = 7.5 x 10° Mo, Mparyon = 1.4 x 10° Mg, and epp s =
0.74 kpc.

In contrast, our planarity metrics are predicated on matching
the number of observed satellites (Ny,, = 14) and we only have
14 hosts. Instead, we leverage our time resolution to increase our
sample size given that our planes are often transient features (see
Section 5.2.2). Our simulations also have order-of-magnitude higher
resolution, which may allow planes of satellites to survive that would
be disrupted in lower resolution simulations. This is evidenced
by their broad agreement with the MW and M31 in their radial
distributions down to ~50kpc (Samuel et al. 2020). Our measured
plane metrics should be considered upper limits on absolute planarity
at each snapshot. If we instead varied Ny, = 3—14, to test for the
look elsewhere effect, we might find even thinner or more coherent
planes. Likewise, our quoted fractions of MW-like planes are upper
limits on the incidence of MW-like planarity, as this can only be
diminished by accounting for the look elsewhere effect. Because we
are always choosing a larger number of plane members (N = 14)
than used by Pawlowski & Kroupa (2020), which yields larger values
of plane metrics in our case, we compare just the fractions of our
samples that are MW-like instead of absolute plane metrics.

As a caveat to these kinematic results, we note that using a slightly
different proper motion sample for the observed MW satellites
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leads to a reduced fraction of snapshots with MW-like kinematic
planes. If we adopt the ‘best-available’ observed proper motions
from Pawlowski & Kroupa (2020), the fraction of snapshots having
a plane at least as kinematically coherent as the MW’s upper one
o limit during z = 0—0.2 decreases to 0.3 percent (see Fig. Al).
However, this different proper motion data set does not qualitatively
change any of our other results in the following sections, and it
has no effect on the measured spatial planarity in simulations or
observations. Importantly, we note that the results of Section 5.4.1
still hold: we are more likely to measure a MW-like kinematic plane
in the presence of an LMC analogue near first pericentre relative to
the general simulation sample. These caveats are detailed further in
Appendix A.

As a more rigorous test, we examine the instances of planarity
for which simulations are simultaneously spatially thin and kinemat-
ically coherent. We do not find any such simultaneously thin and
coherent instances during z = 0—0.2 in the simulations. However,
looking further back in time to z = 0.5, we find 10 snapshots that
are simultaneously as thin and kinematically coherent as the MW
satellites are today. This amounts to 0.3 per cent of the total sample
of snapshots over z = 0—0.5. This level of simultaneous spatial and
kinematic planarity agrees with Pawlowski & Kroupa (2020), who
find that thin and coherent MW-like planes occur in <0.1 per cent
of IMustrisTNG hosts, than when we examine individual plane
metrics. Notably, the instances of simultaneous planarity in our
simulations occur in 2 of 14 hosts (m12b and m12z). In both cases,
the simultaneous spatial and kinematic planarity occurs around the
time of the first pericentric passage of a massive (M, > 108 M)
satellite galaxy. The massive satellite that passes near m12b meets
our criteria for being an LMC analogue. We explore the influence of
LMC-like companions further in Section 5.4.1.

We do not see a significant difference in planarity between
satellites of isolated hosts and satellites of hosts in LG-like pairs.
Both the medians and ranges of plane metrics for each host type are
essentially the same, so we do not further separate our results by host
type. In Section 4.3, when we compare true satellites distributions
to statistically isotropic distributions, the paired and isolated hosts
do not appear systematically different from each other either. This is
consistent with results from Pawlowski et al. (2019), who reported
no significant differences in planarity between DMO simulations of
isolated MW-mass haloes and paired LG-like haloes in the ELVIS
simulations (Garrison-Kimmel et al. 2014).

5.1.2 M31-like planes

For comparison to M31’s satellites, we mimic the completeness of
PAndAS in our simulations. We first select all simulated satellites
within dpese < 300kpc. Then, we randomly choose a line of sight
from which to observe the simulation, and we select only the satellites
that fall within a (2D) projected radius of 150kpc from the host
galaxy. We choose the 15 satellites with greatest stellar mass that fall
within our mock PAndAS-like projection, to match the number of
M31 satellites in our observational sample. We repeat this process
along 10° random lines of sight.

In order to meet the 15 satellite criteria, we do not impose a
lower limit on the stellar mass of satellites. At z = 0, the lowest mass
satellite included in this sample has M, ~ 1.8 x 10* M. While most
simulations easily meet the 15 satellite criteria, there are a few hosts
with snapshots that have fewer than 15 luminous satellites within the
mock survey area, so we exclude these snapshots. For example, at z =
0, four of the isolated hosts have fewer than 15 satellites selected (as

Satellite planes in FIRE 1385

few as nine satellites) for some lines of sight. All simulations meet the
satellite quota along most lines of sight, and in particular the hosts
in LG-like pairs never suffer from this issue. The results that we
achieve with this satellite number selection method are essentially
the same as for a stellar mass selection method (M, > 10° Mg).
We use the full 3D phase space coordinates of these satellites to
calculate spatial plane metrics because the 3D spatial coordinates of
each satellite within the coverage of PAndAS are well known. We
calculate planarity metrics along each of 10° lines of sight at each
snapshot over z = 0—0.2 for each simulated host.

Fig. 3 shows that when considering the 15 most massive satellites,
M31-like planes are common in our simulations. In particular, the
axis ratios of simulated satellite systems are typically as planar as the
full sample of M31 satellites. More than 10 per cent of simulations are
more planar than M31 for RMS height, so M31 is slightly thinner than
our average simulation, but still lies within ~1o of the simulation
median. Furthermore, throughout z = 0—0.2 the simulations have
many instances of satellite configurations that are simultaneously
as spatially thin and kinematically coherent as M31°s satellites are
under our selection criteria.

Radial (line-of-sight) velocities are currently the only kinematic
information available for all of M31’s satellites that we consider,
so we cannot compute the 3D orbital pole dispersion of them as
we did for the MW’s satellites. We quantify kinematic coherence
of satellites using f,™*, where a larger fraction indicates greater
kinematic coherence (see Section 4.2 for details). As Fig. 3 shows,
14 percent of simulations are more kinematically coherent than
M31’s satellites, though this is still within about 1o of the simulation
median. None of our simulations have all satellites sharing the
same sense of orbital direction. Buck et al. (2016) have pointed
out that a 2D metric like f,** likely overestimates the true 3D
kinematic coherence, so we may be overestimating the kinematic
coherence in both our simulated and observed samples. The velocity
coherence plot (right-hand panel) is shown as a histogram because the
underlying distribution is essentially discretely binned. Because each
satellite population contains 15 satellites, the fraction of satellites
sharing coherent velocities varies from 0.53 to 1.0 in steps of ~0.07
(see Section 4 for calculation details).

We find that the M31 satellite population as a whole is not
significantly more planar than our simulations. This agrees with
Conn et al. (2013) who found that M31’s overall satellite population
is consistent with a statistically isotropic distribution of satellites,
though the 15 most-planar of its satellites lie within an exceptionally
thin (12kpc) plane. While Buck, Maccio & Dutton (2015) use a
different plane fitting method different from ours (a fixed-height
plane), they also recover many instances of satellite planes as thin as
the most-planar subset of M31 satellites.

We stress that our comparison to observations is not predicated on
selecting the most planar subset of satellites in either simulations or
observations. This is because we prioritize a wholistic view of the
planarity of the satellite population as a whole, rather than highly
planar subsets of those satellites. Other than having coherent LOS
velocities, which do not unambiguously indicate orbital coherence,
the member satellites of M31’s plane are not significantly different
from non-members, suggesting that they do not have different
formation mechanisms or evolutionary histories (Collins et al. 2015).
In addition, sampling the satellite distributions to calculate plane
metrics is computationally expensive (see Section 3), and this is made
more difficult by finding optimal planes for all satellite combinations.
We defer such an investigation to future work.

For the rest of this work, we do not investigate M31-like planes fur-
ther. Instead, we examine MW-like planes, given that completeness
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Figure 3. Planarity of the 15 simulated satellite galaxies with the highest stellar mass within dpos,proj < 150 kpc of each MW/M31-mass host (consistent with
completeness in PAndAS). We generate KDEs (green) using 114 snapshots over z = 0—0.2 for each of the 14 simulated hosts. The solid vertical coloured
lines are the medians of each distribution. We show the M31 data (black) for 16 satellites with 68 (95) per cent spread in plane metrics from line-of-sight
(LOS) distance uncertainties. The number in the top of each panel is the per cent of snapshots that are at least as planar as the M31 upper 68 per cent limits.
Selected in this general way, the simulations are about as planar as M31. The average RMS height (left) of simulations is somewhat thicker than M31’s satellite
population as a whole, but M31 is still within ~1o of the simulation peak. Typical simulation axis ratios (centre) are even more similar to M31’s satellites.
In the right-hand panel, more planar snapshots are shown to the right of the M31 value. LOS velocity uncertainties are too small to broaden the M31 velocity
coherence measurement. M31°s satellites are slightly more kinematically coherent than most simulations, but only by ~ 1o, consistent with the spatial planarity

comparisons.

is more certain out to the virial radius, and precise 3D velocities of
MW satellites are available. The availability of 3D velocities of MW
satellites provides a more realistic metric of kinematic coherence.

5.2 Statistical significance and lifetimes of planes

5.2.1 Statistical significance of planes

We now move from absolute metrics of planarity to a more general
investigation of planarity, that does not rely on MW or M31
observations to establish what constitutes a planar configuration.
We characterize the statistical significance of satellite planes in our
simulations by randomizing the positions and velocities of satellites
in order to form a statistically isotropic distribution as a control
sample (see Section 4.3 for how we set this up). By generating
10* isotropic iterations and acquiring plane metrics from them, we
create a bank of plane metrics that one might expect to measure
if the distribution is statistically isotropic. This isotropic bank is
used to compute plane significance by calculating the fraction (fi,)
of isotropic iterations that are more planar than the true measured
value at each snapshot. In effect, this provides an estimate of the
probability of finding a thinner or more coherent plane in a random
distribution of satellites. Small fractions (f;s, < 0.05) indicate a rare
plane with high significance, while larger fractions (fis, > 0.5) show
that the measured plane is consistent with an isotropic distribution
of satellites.

We distinguish between two different measures of plane statistical
significance: conditional probability and marginalized probability
(following Cautun et al. (2015)). Marginalized probability refers
to the significance of a system’s planarity relative to an ensemble
of planarity measurements on that system where the number of
satellites considered is allowed to vary from the minimum num-
ber of points needed to define a plane (3) to some maximum.
We concentrate our analysis on conditional probability, because it
represents the significance of a system’s planarity given a certain set
of constraints (such as completeness or total number of satellites).
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We calculate the significance of planes on simulations across z =
0—0.2, and on the observed positions and velocities of MW satellites.
Again, for the simulations, we remove satellites obscured by the
host disc at |b.| < 12°. This is the same selection that we used
in Fig. 2.

By these simple metrics, and without correcting for selection or the
look elsewhere effect, the MW’s plane is highly significant relative
to a statistically isotropic distribution. Less than one per cent of the
MW s isotropic realizations of its satellites have a thinner plane (fis, =
0.003 for RMS height or axial ratio), or amore kinematically coherent
plane (fis, = 0.005 for orbital pole dispersion). In comparison, many
of our simulation snapshots have median f;, = 0.5, indicating that
they are broadly consistent with and have no meaningful degree of
planarity relative to a statistically isotropic distribution of satellites.
See Appendix B for a visual representation of fis, for each host
during z = 0—0.2. About half of both the isolated and paired
hosts have median fi;, < 0.5, and this similarity indicates that the
paired host environment does not significantly enhance the statistical
significance of satellite planes. About half of the hosts have ~5-
10 per cent of their snapshots with fis, < 0.05, indicating significant
spatial planes for these particular snapshots.

Only 3 out of the 14 hosts have significant kinematic coherence
relative to a statistically isotropic distribution of satellite velocities,
consistent with previous studies (e.g. Metz et al. 2008; Pawlowski
& McGaugh 2014; Ahmed et al. 2017; Pawlowski & Kroupa 2020).
Notably, none of the hosts have satellites that are simultaneously
highly spatially significant (fii, < 0.05) and highly kinematically
significant relative to a statistically isotropic distribution at any
snapshot during z = 0—0.2. In general, hosts with small (<0.25)
median fis, for spatial planarity metrics do not have correspondingly
small fis, for kinematic coherence (orbital pole dispersion), and vice
versa. While our simulations contain instances of planes that are
simultaneously as spatially thin and kinematically coherent at the
MW in an absolute sense (by directly comparing plane metrics), the
planes found in our simulations are not as significant relative to a
statistically isotropic distribution.
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Figure 4. Satellite plane lifetimes measured over z = 0—0.5 (219 snapshots per host, ~25 Myr spacing) for the 14 satellites with the greatest M, within
dnost < 300kpc. We define lifetimes independently for each plane metric. Left: MW-like planes are those that have plane metrics at or below the MW upper
one o limits. We have applied the same completeness correction for seeing through the disc as in Section 5.1.1. Such planes are typically rare and transient,
with most lasting <0.5 Gyr and none surviving for longer than ~1 Gyr. Two out of the three instances of MW-like planes lasting >500 Myr occur in hosts that
experience a pericentre passage of an LMC-like satellite. Right: Generic planes are any flattened or kinematically coherent systems whose plane metrics fall
below the lower 68 per cent limits of our simulations shown in red in Fig. 6. Generic planes are also typically short-lived and many last for only a single snapshot.

Half of the hosts have an instance of a generic plane that lasts >1 Gyr, and two of those experience an LMC-like pericentre passage. While some generic planes

live for a few Gyr, those planes are not typically simultaneously spatially thin and kinematically coherent.

5.2.2 Lifetimes of planes

Thus far we have focused our analysis on the spatial and kinematic
coherence of satellite galaxies in our simulations over z = 0—0.2
(~2.4Gyr). In this section, we seek to understand if the satel-
lite planes we find are long-lived and stable, or merely transient
configurations, across z = 0—0.5 (~5.1 Gyr, 219 snapshots). This
longer time baseline allows us to examine the time evolution of
satellite plane structures as satellites make multiple orbits around
their host. A satellite in the inner regions of its host’s halo may
complete an orbit in under 1 Gyr. Satellites in the most outer regions
of the host halo take ~3-4 Gyr to undergo a complete orbit. We
consider a plane to be ‘long-lived’ if it persists for >1 Gyr, lasting
for at least one satellite orbital timescale in the inner halo. We deem
any planar configurations lasting <1 Gyr to be ‘short-lived’, and we
consider those lasting <500 Myr to be ‘transient’ alignments that do
not indicate coherence amongst satellite orbits because they are so
short.

We examine the distribution of plane lifetimes over z = 0—0.5
separately for MW-like planes and generically flattened satellite
systems. We define MW-like planes as those with plane metric
values at or below the upper 68 per cent limits on MW values: RMS
height <28 kpc, axial ratio <0.24, or orbital pole dispersion <67°.
We measure MW-like plane lifetimes on the same simulation data
in Fig. 2, which includes a correction for seeing through the host
disc. ‘Generically’ flattened means having plane metric values: RMS
height <48 kpc, axial ratio <0.39, or orbital pole dispersion <71°,
defined by the lower 68 percent limit on simulation plane metrics
during z = 0—0.2. We measure generic planes on the simulation data
presented in Fig. 6, which selects the 14 most massive satellites in
stellar mass but does not include a correction for seeing through the
host disc. We measure plane lifetimes (Afpjane) as the amount of time
that a system spends consecutively at or below these plane metric
thresholds. Whether a satellite system is planar for only a single
snapshot (<25 Myr) or many consecutive snapshots, we count it as
a single instance of planarity.

Fig. 4 shows that for both MW-like and generic planes, most
planar instances are transient alignments and many last for just one
snapshot (Afpne < 25 Myr). There are 348 snapshots with MW-
like planes in our simulations across all hosts over z = 0—0.5 (219
snapshots per host, 3,066 in total) and amongst all three 3D plane
metrics. Out of the total 89 separate instances of MW-like planes,
most (56) are in kinematic coherence and only one of them lasts for
=1 Gyr. This only occurs for one host, m12b, which also happens to
experience a close passage of an LMC-like satellite during that time,
that we discuss further in Section 5.4.1. There are 1,796 snapshots
and 177 separate instances of generically flattened planes in our
simulations. Almost all generic planes last <1 Gyr, with only a small
fraction (<10 per cent) of separate instances extending up to 3 Gyr.
One host, m12f, has a generic kinematic plane lasting 3 Gyr and also
experiences an LMC-like passage during this time. We conclude that
satellite planes in our simulations, regardless of exact plane metric,
are typically transient alignments that do not indicate a long-lived
orbiting satellite structure, though the presence of LMC-like satellites
can lead to longer-lived planes.

We also examine our simulations for instances of satellite con-
figurations that are simultaneously spatially thin and kinematically
coherent. We use the same plane metric thresholds as above to
look at how often a satellite system meets the kinematic threshold
and at least one of the spatial thresholds at the same snapshot.
We do not find any instances of simultaneously thin and coherent
MW-like planes over z = 0—0.2 using either our fiducial selection
method (Ng = 14 and dho < 300kpc) or combining that with a
completeness correction due to seeing through the host’s galactic
disc. However, there are several instances of coincident thinness and
coherence over z = 0—0.5, especially when we apply a completeness
correction for seeing through the host disc. In particular, m12b and
m12r have up to 13 snapshots (~325 Myr) of simultaneous spatial
and kinematic planarity over z = 0—0.5. We also consider the
coincidence of generic planes, and find that m12b, m12r, and m12f
all have snapshots with simultaneous spatial and kinematic planes
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even without implementing a completeness correction for the host
disc. Both m12f and m12b have LMC satellite analogues during this
time, as we discuss in Section 5.4.1. Interestingly, none of our hosts
in LG-like pairs exhibit simultaneous planarity, reinforcing the result
that LG-like host environments are not more likely to have satellite
planes.

Shao et al. (2019) looked at plane lifetimes in the EAGLE
simulations. They considered both a different sample size (Ngx =
11) and a longer time baseline (z &~ 0—2 = 10.5 Gyr). This leads
them to identify thinner planes in an absolute sense, because fewer
satellites create a thinner plane. This time window may also catch
some MW-like hosts as they are still being formed by mergers of
smaller galaxies and before they have been able to form most of
their stellar mass (e.g. Santistevan et al. 2020). However, they too
found that most instances of MW-like spatially thin planes were
short-lived (<1 Gyr), but some systems remain orbitally coherent
for upwards of 4 Gyr. Though we do not find such long-lived
kinematic planes in our sample, this generally agrees with our
findings.

Fernando et al. (2017), Fernando et al. (2018) examined the
stability of M31-like planes in idealized simulations, and found that
most planes are short-lived and plane stability is highly sensitive to
initial satellite phase space coordinates, plane alignment with the
host halo, and subhalo abundance. The authors found that satellites
moving perpendicular to the plane, misalignment of the plane with
the halo axes, and increased subhalo abundance all generally caused
planes to disrupt within <3 Gyr. While they demonstrated this within
idealized simulations and specifically for comparison to the M31
plane, their modeling approach was general enough to compare to
our plane lifetime results, where we find similarly short lifetimes
for generic planes in cosmological simulations. This might lead
one to conclude that the MW’s plane is short-lived. However,
we note that two of the three instances of MW-like planes with
longer lifetimes in our simulations (based on orbital pole dispersion)
have something else in common, the presence of an LMC-like
satellite. Such a massive satellite near pericentre that has brought
with it its own satellites may contribute to a longer plane lifetime,
so the MW’s plane may not be as short-lived as the majority
of our simulated MW-like planes. This is discussed further in
Section 5.4.1.

5.3 Selection effects on measured planarity

5.3.1 Observational incompleteness from the host disc

In our analysis of MW-like planarity thus far, we have applied a fixed
obscuration correction for seeing through the host disc, masking
out everything that lies within |b.] < 12° (where ¢ indicates a
galactocentric coordinate system). We now analyse how the relative
incidence of MW-like planes changes as a function of how much of
the sky is obscured by the host’s disc. We vary the region obscured
by the galactic discs of simulated hosts from b, = 0° (completely
unobscured) to |b.| < 45° (majority obscured) in increments of
Al|b.| = 3°. For each obscured region we select the 14 most massive
satellites in M, within dy,e < 300 kpc of a host to use in the plane
sample. We define the relative incidence of MW-like planes as
follows: we compute the fraction of snapshots with MW-like planes
for each obscured region, and normalize it to the unobscured (|b.| =
0°) fraction of snapshots with MW-like planes. We repeat this process
for each plane metric individually. However, for |b.| > 30° there are
typically fewer than 14 luminous satellites in the unobscured region
and near |b.| ~ 40° there are only about 10 satellites available on
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Figure 5. Effects of disc incompleteness on measured planarity. We define
the relative incidence of MW planes as the fraction of snapshots during z =
0—0.2 with MW-like planes normalized to the true or unobscured fraction
(|be] = 0°). We select the 14 most massive satellites in M, within dpog <
300kpc of each host, but for |b.| > 30° there are usually fewer than 14
Iuminous satellites available. The horizontal line represents consistency with
the unobscured fraction. The arrow shows the fiducial obscuration that we
adopt for MW-like planes, |b.| = 12°. Spatial planarity (c/a < 0.24, Ay
< 28kpc) is much more affected by host disc obscuration than kinematic
planarity. The incidence of measured spatial planarity jumps an order of
magnitude between |b.| = 0° and |b.| ~ 10°. Measured kinematic planarity
(Ao < 67°) is slightly diminished by host disc obscuration. At [b.| = 12°,
we are 8.5—18.5 x more likely to measure a MW-like spatial plane and 1.3 x
less likely to measure a MW-like kinematic plane. As expected, when nearly
half of the sky is obscured spatial planarity is highly likely to be measured.

average, so we cannot draw strong conclusions about completeness
effects in those limits.

Fig. 5 shows the incidence of MW-like planes, measured inde-
pendently for each metric, as a function of disc obscuration angle.
We find that such incompleteness artificially boosts the fraction of
snapshots with MW-like spatial planes for any value of |b.| > 0. In
particular, near the fiducial obscuration we adopt for MW-like planes
in previous sections (|b.| = 12°), the incidence of MW-like planes
is increased by about an order of magnitude. For |b.| < 40°, disc
obscuration has a much smaller and opposite effect on kinematic
planarity compared to spatial planarity; MW-like kinematic planes
tend to be somewhat washed out by incompleteness. Near our fiducial
obscuration for the MW, the relative incidence of MW kinematic
planes is about 0.77. As expected, disc obscuration has the largest
effect on planarity when |b.| ~ 45°, where so much of the sky is
obscured that any detected satellites would appear to be in a plane
purely due to incompleteness.

Our results show that observational incompleteness from the host
disc can have a strong effect on measured spatial planarity. If the
MW?’s satellite population is incomplete from seeing through the
Galactic disc at our fiducial level, then MW observations may be
overestimating the spatial planarity of MW satellites by a factor of
~10-20. To a much lesser degree, MW observations may underes-
timate the kinematic coherence of satellites by a factor of ~1-2.
Because this incompleteness may bias our analysis of the underlying
causes of satellite planes, we only use a host disc correction when
comparing directly to MW observations in Sections 5.1.1-5.2.2 and
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Figure 6. Planarity of simulated satellite galaxies (dhost < 300kpc) selected using a fixed number method versus a stellar mass threshold. Note that we do not

include a correction for completeness due to seeing through the host galactic disc here. We generate KDEs using 114 snapshots over z = 0—0.2 for each of the
14 simulated hosts. The vertical lines are the medians for each distribution. The red distributions are the 14 most massive satellites in stellar mass, while the
blue distributions are all satellite galaxies with M, > 10° M. Thin and coherent planes are rare in the simulations using these particular selections and time
baseline, but using the number selection for satellites yields lower (more planar) metrics because the stellar mass selection allows for many more satellites to be

included (Ngy = 10—-31).

5.4.1. For the remainder of this paper, we do not include a host disc
correction.

5.3.2 Method of selecting simulated satellites

We also explore how using a fixed number selection for satellites
compared to using a stellar mass threshold affects planarity measure-
ments. Our primary method of satellite selection throughout this work
is to choose the 14 most massive satellites by rank-ordering them in
stellar mass because the number of satellites in a sample strongly
correlates with the measured planarity (e.g. Pawlowski et al. 2019).
In terms of observational completeness and resolution in simulations,
another way to select satellites may be to impose a simple stellar
mass threshold. So, we test our fixed number selection against a
stellar mass threshold method: M, > 10° Mg and dpose < 300 kpe.
However, this leads to a range of numbers of satellites selected
around each host, which makes it difficult to compare plane metrics
across simulations and observations. The total number of satellites
with M, > 10° Mg and dhos < 300 kpc per host varies from 10 to 31
during z = 0—0.2 in our simulations.

Fig. 6 shows that planes with Ny, = 14 tend to be both thinner
and more kinematically coherent than planes with M, > 10° Mg,
because while some M, > 10° Mg, satellite populations have Ny, <
14, more actually have Ny > 14. One consequence is that when
using the M, selection the simulations never reach the MW’s RMS
height (27 kpc) during z = 0—0.2, but the fixed number selection
does. The small bump in the Ny, = 14 orbital pole dispersion
distribution is from a single host, m12f, during the snapshots
following a close passage of an LMC-like satellite. We discuss
effects of such an LMC-like companion further in the following
section.

This selection exercise highlights an important aspect of the
satellite plane problem: many of the conclusions drawn about the
nature of satellite planes are sensitive to satellite selection method,
likely because of underlying sensitivity to the number of satellites
in the sample. Had we used the stellar mass threshold as our
fiducial selection method in previous sections, we would have found
more evidence for tension between simulations and observations,
but deciding whether that tension is cosmologically significant is

hampered by the sensitivity of plane metrics to both incompleteness
and sample selection.

5.4 Exploring physical explanations of planes

5.4.1 Influence of an LMC-like satellite

The presence of a massive satellite galaxy near pericentre, like the
LMC, has been suggested as a possible explanation for the dynamical
origin of the MW’s satellite plane (D’Onghia & Lake 2008; Li &
Helmi 2008), from the accretion of multiple satellites in a group
with the LMC (e.g. Deason et al. 2015; Wetzel, Tollerud & Weisz
2015b; Jethwa, Erkal & Belokurov 2016; Sales et al. 2017; Jahn
et al. 2019). We seek to determine whether or not the presence of an
LMC-like companion has an effect on the planarity in simulations.
We compare planarity metrics measured on systems experiencing
an LMC-like passage to those without an LMC-like passage. We
identify pericentric passages of four LMC-mass analogues in our
simulations based on the following selection criteria:

(1) tperi > 7.5Gyr (z < 0.7)

(i) Mup peak > 4 x 10" M, and M, > 10° M,
(iii) dperi < 50 kpe

(iv) The satellite is at its first pericentric passage.

This broad time window allows us to capture a larger number
LMC-like passages, which tend to be rare as we have defined them.
The minimum mass is consistent with measurements of the LMC’s
mass (Saha et al. 2010), and the maximum pericentre distance reflects
the measured distance and orbit of the LMC (Freedman et al. 2001;
Besla et al. 2007; Kallivayalil et al. 2013). Table 1 lists the four hosts
in our simulations with LMC satellite analogues that meet these
criteria, all of which are from simulations of isolated MW-like hosts
rather than paired/LG-like hosts. We emphasize that these satellites
are not the only sufficiently massive satellites in the simulations, but
that they are the only instances that satisfy all our LMC analogue
criteria simultaneously.

To compare planarity during LMC-like passages and otherwise,
we first select all snapshots within +5 snapshots (a time window of
~250 Myr) of the LMC-like pericentre passage in each of the four
simulations containing an LMC analogue. This gives us a total of
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Table 1. Properties of the LMC satellite analogues at their first pericentric passage about their MW/M31-mass host in our FIRE-2
simulations. We select satellites with Mgup,peak > 4 X 1010 Mg and M, > 10° Mg that have their first pericentre after 7.5 Gyr (z

< 0.7) and within 50 kpc of their host.

Host Maub,bound (1010 Mp) Miub,peak (1011 Mop) M, (109 Mp) Tperi (Gyr) Zperi dperi (kpe)
m12b 12.0 2.1 7.1 8.8 0.49 38
ml2c 5.1 1.6 1.2 12.9 0.07 18
m12f 6.0 1.5 2.6 10.8 0.26 36
ml2w 4.9 0.8 1.3 8.0 0.59 8

44 snapshots that we classify as occurring close enough to an LMC
analogue pericentre to exhibit any dynamical effects of group infall.
We compare plane metrics from those snapshots to plane metrics
measured on all other simulations (excluding the four hosts with
LMC analogues) up to the earliest snapshot included in the LMC
sample (z ~ 0—0.7, 247 snapshots per host). We apply our fiducial
disc obscuration correction, masking out all satellites within |b,| <
12° of the hosts’ galactic discs in our simulations. To calculate plane
metrics, we select Ny, = 14 of the most massive satellites ranked by
stellar mass.

Fig. 7 summarizes our results for the planarity of satellites during
an LMC analogue pericentre passage compared to all other satellite
systems during z ~ 0—0.7. In general, the presence of an LMC
analogue leads to thinner and more kinematically coherent satellite
planes on average. The presence of an LMC analogue shrinks the
range of spatial plane metric values and slightly shifts them towards
smaller (thinner) values. In particular, the range of axis ratios is
much smaller in the presence of an LMC analogue. The right-
hand panel of Fig. 7 also shows that the presence of an LMC
analogue is correlated with more of the simulation distribution having
tighter orbital alignment of satellites. For all three metrics, we are
~2—3 times more likely to measure a MW-like plane during an
LMC pericentric passage compared to the general simulation sample.
This result persists if we widen our time window to +10 snapshots
(~500Myr). The enhancement in the fraction of snapshots with
MW-like spatial planes and an LMC near pericentre washes out for
time windows larger than ~500 Myr, but the enhancement for MW-
like kinematic planes persists in even the largest time window (40
snapshots or ~2 Gyr) that we tested. If we instead use the ‘best-
available’ proper motion data set from Pawlowski & Kroupa (2020),
the increased likelihood of measuring a MW-like kinematic plane is
actually strengthened, because only 1 per cent of the general snapshot
sample during z ~ 0—0.7 is MW-like versus 11 per cent near LMC
analogue pericentres (see Appendix A). Thus, the presence of the
LMC on first infall may contribute significantly to the thin and (even
more so) kinematically coherent satellite plane around the MW.

We also consider the time evolution of planarity both before
and after LMC analogue pericentric passages. For RMS height and
orbital pole dispersion in particular, the hosts begin to experience
downward trends in these metrics just before or at the time that
the LMC analogue crosses within Rppom of the MW-mass host,
reaching minimum values up to few hundred Myr after the LMC
analogue’s pericentric passage. As an additional comparison of
simulated and observed MW satellite kinematics, we calculate the
velocity anisotropy parameter, £, following Cautun & Frenk (2017).
We measure 8 = —1.35 &+ 0.2 for our sample of 14 observed MW
satellites, indicating a preference for circular orbits. The distribution
of B for the simulations experiencing LMC analogue pericentre
passages has a longer and more prominent tail towards more negative
values of B (more circular orbits), as well as a lower median value
than the general simulation sample. Thus, our analysis of B also
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suggests that the presence of the LMC may increase the likelihood of
measuring MW-like satellite kinematics. While more circular orbits
could conceivably lead to a more stable satellite plane, Cautun &
Frenk (2017) found little evidence for a correlation between aligned
orbital poles and circularity of satellite orbits. We leave a full
dynamical analysis of the LMC’s influence on planarity for future
work.

We find that the main reason for enhanced planarity in systems
with LMC analogues is that the LMC analogues bring satellites with
them that are counted in the plane sample, and because it is only at
first pericentre there has not been enough time for the LMC and its
satellites to dissociate from each other (e.g. Deason et al. 2015). The
four LMC analogues each bring in 2—4 satellites with M, > 10° M,
consistent with the results presented in Jahn et al. (2019) for both
likely satellites of the LMC and FIRE-2 simulation predictions for
satellites of LMC-mass hosts. Of the 2—4 LMC analogue satellites,
1—3 of them are counted towards the Ny, = 14 satellites in the
plane sample. The host with the most planar configuration that we
find (m12b), which also has instances of simultaneous spatial and
kinematic planarity, brings in four satellites with M, > 10° M, and
three of these (plus the LMC analogue itself) are counted in the plane
calculations. This means that the LMC analogue and its satellites
account for ~30 per cent of the plane sample for m12b, so spatial
and kinematic coherence of the LMC subgroup can easily drive the
measured plane metrics to lower values.

Shao et al. (2018) examined whether anisotropic accretion or
group accretion could explain the formation of satellite planes. They
ultimately found that most massive satellites were singly accreted,
and that anisotropic accretion rather than group accretion correlated
more with planarity. In light of this, we test for whether planarity
correlates in general with group accretion and average infall times.
We find that overall most of the satellites in our sample were either
singly accreted or accreted as groups of two. We do not find a strong
correlation between such group accretion and planarity in our full
sample. So, we stress that our key result is that only a sufficiently
massive LMC-like satellite near first pericentre shows a clear sign
of enhancing planarity. Two hosts with LMC analogues (m12f
and m12b) experience extended periods of planarity ranging from
0.7 to 3 Gyr (Section 5.2.2). We conclude that LMC-like satellites
contribute significantly to satellite planes with moderate lifetimes
(~1-2 Gyr), but that they are unlikely to have a permanent effect on
the satellite distribution on longer time-scales.

5.4.2 Baryonic versus dark matter-only simulations

We also ran all of our simulations without baryonic physics, except
for one of the isolated hosts, m12z. We compare planarity of
these DMO simulations to our baryonic simulations in order to
investigate potential baryonic effects on satellite planes, given that
many previous studies of planes have used DMO simulations. We
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Figure 7. Planarity of satellites of hosts experiencing a first pericentre passage of an LMC satellite analogue (red) compared to all other hosts without an
LMC-like passage (blue). We rank order satellites by stellar mass and choose the 14 most massive around each host within dhost < 300 kpc. We select snapshots

within £125 Myr of LMC-like passages that occur during z ~ 0—0.7. Only four hosts have such LMC-like passages (see Table 1). The vertical coloured lines
are the medians of the simulation distributions. MW planarity values are the vertical black lines and the shaded regions. We apply a disc obscuration correction
and omit satellites within |b.| < 12°. LMC passages push towards ~20 per cent lower plane metric medians and smaller ranges of spatial planarity metrics.
MW-like planes are ~2—3 times more likely to be measured during an LMC-like passage.

ran the DMO simulations with the same number of DM particles
and the same gravitational force softening. We compare planes
in our baryonic simulations to planes in their DMO counterparts
by selecting luminous satellites and dark matter subhaloes within
dhost < 300kpc. We choose the 14 most massive object from each
sample by rank ordering satellite galaxies by M, and subhaloes using
Mpeak-

Fig. 8 shows the distributions of planarity for satellite galaxies and
subhaloes, both selecting the top 14 subhaloes by M, and the top
satellite galaxies by M,, which are not identical samples because of
scatter in the M, —M.cq relation. The satellite galaxy distributions
(red) are identical to those in Fig. 6. While the three distributions in
each panel have slightly different shapes, they have almost the same
ranges and medians. Using a rank ordering selection, the planarity of
DMO subhaloes is essentially identical to that of baryonic satellites.
We find that this general result is robust with respect to rank ordering
subhaloes by different properties such as Myaio, Vpeak, and Veire. The
one exception is a small population of baryonic satellites that extend
to lower orbital dispersion values during the passage of an LMC-like
satellite (see Section 5.4.1).

These results are surprising in light of the differences in the
radial distributions of satellites and subhaloes in our simulations,
wherein DMO subhaloes are more radially concentrated around
their host than luminous satellites (Samuel et al. 2020). One might
expect to find thinner planes in DMO simulations because subhaloes
reside spatially closer to the host halo. Alternatively, one might
expect baryonic simulations to show greater planarity, given that
the surviving population is biased to more tangential orbits (e.g.
Garrison-Kimmel et al. 2017). Ahmed et al. (2017) observed both
a difference in the significance and satellite membership of their
planes in baryonic versus DMO simulations of the same four
systems. Satellite membership here refers to whether the satellites
contributing to planes belong to the same subhaloes in baryonic
and DMO runs of the same systems. While we do not explicitly
consider differences in satellite membership, we do find that our
DMO spatial planes are also typically more significant relative to
a statistically isotropic distribution of satellites than their baryonic
counterparts, with most having P < 0.5 during z = 0—0.2. However,
the significance of DMO kinematic planes is on par with the baryonic

simulations. So while we find that the significance of spatial planes
may be slightly overestimated in DMO simulations relative to
baryonic simulations, the absolute planarity is not much different
from that in baryonic simulations. If, instead, we select subhaloes
at a fixed value of My, > 8 x 108 M, DMO simulations typically
have many more subhaloes meeting this criteria. This difference in
number of subhaloes in the plane sample reduces planarity in DMO
simulations because planes with more members are generally less
planar (Pawlowski et al. 2019).

5.4.3 Correlations between plane metrics and host-satellite system
properties

Finally, we explore relationships between satellite planarity and host
and satellite system properties, but we find few correlations. We
quantify correlation using the Spearman correlation coefficient (r)
and p-value, applied to the median value of each plane metric and host
property over z = 0—0.2 for all hosts. None of the correlations that
we found are particularly strong, as all have r < 0.7. We summarize
correlations in Table 2, where we only show correlations with p <
0.1 for brevity. Only correlations with p < 0.01 indicate a statistically
significant correlation in our sample, and there is only one correlation
meeting this criteria.

We considered four host properties: stellar mass, dark matter halo
mass (M»oom ), stellar-to-total mass ratio, and halo concentration. Both
of the spatial metrics correlate with the host halo axial ratio, such
that more triaxial host haloes are more likely to have thinner satellite
planes. RMS height is also correlated with host stellar mass, whereby
more massive host discs may act to disrupt rather than promote thin
planes. Orbital dispersion does not correlate significantly with any of
the host properties. While there is some evidence for spatial planarity
correlating with host halo axial ratio, the correlations are not strong
0.5 <r<0.6).

We conclude that it is unlikely that host properties drive the forma-
tion of satellite planes because we do not find strong and consistent
correlations between planarity and host properties. We also explored
the alignment of planes with respect to both the host galaxy disc and
the host halo minor axis, but we found no conclusive correlations
among our sample. Given the polar satellite plane around the MW,
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Figure 8. Planarity in baryonic versus dark matter-only (DMO) simulations. We compare the 14 most massive baryonic satellites and subhaloes to DMO
subhaloes within dpose < 300 kpc. We rank order subhaloes by Mpeak and satellites by M. We generate KDEs using 114 snapshots per host over z = 0—0.2 for
each of the hosts and the vertical coloured lines are the medians of each distribution. All three samples show similar planarity, but a few systems have baryonic
satellites with greater kinematic coherence. We conclude that there are no significant differences in planarity of baryonic versus DMO simulations.

Table 2. Correlations between planarity in simulations and properties of
the host and radial distribution of satellites. We select satellite galaxies by
rank ordering them by stellar mass at each snapshot and choosing the 14
most massive. We measure host halo properties using only dark matter. We
quote the correlation coefficients (r) and p-values given by the Spearman
correlation test. For brevity, we only show correlations with p < 0.1, though
we note that only p < 0.01 indicates a significant correlation in our sample.

Planarity metric Host/system property r p-value
RMS height Host halo concentration 0.49 0.07
Host M, 0.55 0.04
Host halo axial ratio (c/a) 0.60 0.02
Host M. /Mhalo 0.54 0.04
Rso 0.68 0.01
AXis ratio Host halo axial ratio (c/a) 0.52 0.06
Orbital dispersion  Rgo/R1o 0.59 0.03
Roo/Rs0 0.58 0.03

and the M31 satellite plane being more aligned with the host disc,
our results support that we expect no consistent correlation with the
disc. This results agrees with Pawlowski et al. (2019), who found that
satellite plane metrics did not correlate with host properties like halo
concentration or halo formation time in dark matter only simulations.

We also test for correlations between planarity and the radial
distribution of satellites. The strongest correlation that we find (r =
0.68 and p = 0.01) exists between RMS height and Rsy, the radius
enclosing 50 percent of the satellites. This correlation may arise
from more satellites being near pericentre, rather than actually being
flattened into a thin plane, because RMS height is a dimensional
quantity (unlike dimensionless axial ratio), so we would expect it
to correlate with satellite distances. We also examine planarity as
a function of Rgy/Rsy and Rog/R;p, where Rgy/Rs5y is the ratio of
the distance from the host that encloses 90 per cent of the satellite
population to the distance from the host that encloses 50 per cent of
the satellite population, and Roo/R) is similarly defined. These ratios
describe the radial concentration of the satellites around their host,
and they are the only metrics that significantly correlate with orbital
dispersion. In both cases, more concentrated satellite systems are
correlated with less kinematically coherent planes.

We investigated relationships between planarity and properties of
major mergers in the histories of the host galaxies. We adopt the
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following definition of major merger: a merger occurring during z =
0—3 with a stellar mass ratio of at least 10 per cent. Altogether, 10 of
the 14 hosts experience at least one major merger. m12¢, m12f, m12r,
m12z, Louise, and Remus each have one major merger, while m12m,
Thelma, and Romulus each have two, and m12b has a total of three.
Six of the hosts experience mergers that we broadly classify as similar
to the Gaia—Enceladus event (Belokurov et al. 2018; Helmi et al.
2018) by requiring them to have occurred between ~8 and 11 Gyr
ago and to have a stellar mass ratio of 10—30 per cent. Two of the
hosts (m12m and Thelma) each experience two Gaia—Enceladus type
mergers. Three of the four hosts with LMC analogues (m12b, m12c,
and m12f) experience at least one major merger, and m12b and m12c
each experience a merger within the Gaia—Enceladus time window,
but with mass ratios (13 and 35 per cent, respectively) just outside our
nominal range. We tested for correlations between planarity during
z = 0—0.2 and the number of major mergers per host, the timing of
the last major merger, and the mass ratio of the last major merger,
but found no significant correlations. The strongest correlations were
between orbital pole dispersion and merger properties, but the maxi-
mum correlation coefficient was only ~0.4 with a p-value of ~0.2, in-
dicating overall weak correlations between planarity and major merg-
ers in the host. While there is perhaps some evidence for a correlation
between LMC analogues (arguably the most important factor in cre-
ating satellite planes) and major mergers, we conclude that past major
mergers do not have a strong independent influence on planarity.

6 SUMMARY AND DISCUSSION

We explored the incidence and origin of planes of satellite galaxies in
the FIRE-2 simulations, using satellites around 14 MW/M31-mass
galaxies over z = 0—0.2. We compared to and provided context
for satellite planes in the LG, including all satellites with M, >
10° M, around the MW and within the PAndAS survey of M31. We
summarize our main results as follows.

6.1 Rareness of planes

(1) MW-like planes exist in our simulations, but they are relatively
rare among our randomly selected ~ 10'> M, haloes at z = 0—0.2:
planes at least as thin or coherent as the MW’s plane occur in
~1—5percent of all snapshots, and planes as thin and coherent
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according to spatial and kinematic metrics simultaneously occur in
~0.3 per cent of snapshots.

(ii) However, if we select haloes that feature a LMC-mass satellite
analogue near its first pericentric passage, then the frequency of
MW-like or thinner/more coherent planes dramatically increases to
7—16 per cent, with ~ 5 per cent at least as thin/coherent as the MW
plane by spatial and kinematic metrics simultaneously.

(iii) If we consider M31’s satellite population as a whole, the
planarity of satellites around M31 is common in our simulations. By
every spatial or kinematic (or simultaneous) measure we consider,
M31’s satellites lie within ~1o of the median of randomly selected
haloes of similar mass that we simulated.

(iv) Most of our simulations are not significantly planar relative
to a statistically isotropic distribution of satellites.

6.2 Physical origins of planes

(i) Most MW-like thin satellite planes are transient and last
<500 Myr in our simulations. However, the presence of an LMC
satellite analogue near pericentre coincides with longer MW-like
plane lifetimes of ~ 0.7—1 Gyr. More generically flattened satellite
systems survive for up to ~2—3 Gyr, even without requiring a
massive satellite like an LMC analogue.

(ii)) We do not find significant differences in planarity of satellites
around hosts in LG-like pairs versus isolated hosts.

(iii) DMO simulations show no significant differences in planarity
compared to their baryonic-simulation counterparts, when selecting
a fixed number of satellites in each sample.

(iv) Correlations between plane thickness and other satellite pop-
ulation properties (radial concentration) or host properties (mass,
concentration, size, axial ratio) are generally modest or weak. Plane
thickness is generally larger for more radially extended satellite
distributions, as expected. The one property that strongly correlates
with the presence of spatially thin and kinematically coherent planes
is the presence of an LMC analogue near first pericentric passage.

6.3 Observational and selection effects

(i) Plane metrics can be sensitive to the satellite selection method
in simulations and observations. Selecting just the 14 satellite
galaxies with the highest stellar mass in the simulation produces thin-
ner planes compared to selecting all satellites with M, > 10° M,
because the latter tends to select more satellites, which produces
thicker planes.

(i) Incompleteness from the inability to see through the host
galaxy disc (as in the MW) can increase the probability of measuring
MWe-like spatial planes by as much as a factor ~10. This bias is
opposite in sign but much smaller for kinematic planes.

(iii) We have not corrected in any of our analysis for any ‘look
elsewhere’ effects, including the choice to look for ‘planes’, the
choice of definition of ‘plane’, sample selection, number of satellites,
etc. These corrections only would decrease the statistical significance
of the observed planes, as outliers from simulations.

6.4 Discussion

Though only 1-2 per cent of snapshots for all 14 hosts during z =
0—0.2 contain satellite planes at least as thin as the MW’s, we do not
interpret this as a strong tension with ACDM cosmology. Instead, we
identify the mere presence of MW-like planes in the simulations as
evidence that cosmological simulations indeed can form thin planes
of satellites, as long as they have adequate mass and spatial resolution.

Satellite planes in FIRE 1393

We find that planes are much more common in the presence of
LMC analogues, as suggested by Li & Helmi ( 2008) and D’Onghia
& Lake (2008), which provides evidence that future work should
prioritize comparing the MW against simulations with an LMC
analogue. Considering the entire M31 satellite population, M31-like
satellite planes are common in our simulations, and combined with
the fact that our simulations are only marginally more planar than
a statistically isotropic distribution of satellites, this may indicate
that M31’s satellites as a whole are not significantly planar. Our
most promising result points to the presence of the LMC near
first pericentre as a likely primary driver of planarity. The lack of
strong correlations between planarity and other properties of the
host-satellite systems leaves us with few other physical explanations
for the MW’s highly coherent satellite plane. If our simulations are
representative of the MW, then the observed MW plane is likely to
be a temporary effect that will wash out in subsequent orbits of the
LMC (Deason et al. 2015).

Pawlowski & Kroupa (2020) report similar percentages
(~2—3 per cent) of hosts with MW-like planes in the IllustrisTNG
simulations, but contrary to our own conclusion, they claim that
this does in fact constitute a challenge to ACDM. Comparing the
percentages in Pawlowski & Kroupa (2020) to those that we obtain
in this study is a readily understandable synthesis of the two studies,
but we now highlight a few key differences in the underlying data
sets (both observed and simulated) and analysis that warrant a more
nuanced comparison of our work with that of Pawlowski & Kroupa
(2020). Our observational sample includes three additional MW
satellites (Crater II, Antlia II, and Canes Venatici I) that meet our
nominal stellar mass criteria (M, > 10° M,). Pawlowski & Kroupa
(2020) may have excluded these satellites because they are borderline
cases of ‘classical’ dwarfs given their diffuse morphology and/or
low stellar masses, or perhaps because some were discovered only
recently and thus not ideal for the historical comparison in that work.

In calculating orbital pole dispersion in simulated systems,
Pawlowski & Kroupa (2020) sample from each host’s satellites
to select the most aligned subsample, something that we do not
explore here. The use of a ‘most-aligned’ sub-sample could lead
us to measure smaller orbital pole dispersions in our systems
(and hence a higher fraction of snapshots with MW-like kinematic
planes), but we are limited in sample size given our stellar mass
criteria. The percentages from Pawlowski & Kroupa (2020) represent
robust statistical significances because their data are comprised
of over 1000 independent host systems, whereas our data include
multiple snapshots for each of only 14 independent host systems.
In comparison, our measured percentages are not strict statistical
significances.

Furthermore, our claim that LG satellite planes are not a strong
challenge to ACDM rests on two main conclusions from our work
that are not in Pawlowski & Kroupa (2020): the presence of an
LMC analogue makes measuring a MW-like plane more likely (and
indicates a system that is a better match to the MW), as well as
the commonality of M31-like planes. We conclude that, because
MW-like planes are less rare when we match the MW’s satellite
population more precisely than in previous studies of satellite planes,
and because we only compare to one observed system in this case,
that observed satellite planes do not constitute a strong challenge
to ACDM. The rareness of satellite planes remains an interesting
topic, but we maintain that a strong challenge to ACDM cosmology
requires strong evidence of rarity (as opposed to mere uncertainty),
which we do not find in this work.

We have deliberately approached our analysis of satellite planes
as agnostically as we can. In choosing a fixed number of satellites
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for our nominal selection method, we have tried to both show the
clearest comparisons between our simulations and LG observations,
as well as mitigate the confounding effects of correlations between
N, and planarity. Further studies of the most-planar subsamples of
simulated satellites, as examined in Pawlowski, Kroupa & Jerjen
(2013) and extended in Santos-Santos et al. (2020), may yield more
insight into the nature of satellite planes. We defer an analysis of
satellite sub-samples to future work.

We also have not yet considered a comparison to satellite systems
outside the LG. There is evidence for satellite planes outside the
LG around Centaurus A (Miiller et al. 2018), and recent studies
have examined planarity around hosts in SDSS (Ibata et al. 2014a;
Brainerd & Samuels 2020) and the SAGA survey (Mao et al. 2021).
Connecting LG hosts to a statistical sample of similar hosts will
be crucial in evaluating the significance of planar alignments and
the validity of proposed formation mechanisms, demonstrating the
need for large surveys with, e.g. the Nancy Grace Roman Space
Telescope, which promises to significantly augment the observational
sample of MW analogues. LG galaxies are also aligned with large-
scale structure, along a local sheet, which is not captured in our
simulations and may play a part in the formation of satellite
planes (Neuzil, Mansfield & Kravtsov 2020). Simulations that can
accurately reproduce this large-scale structure may offer new insight
into satellite planes (Libeskind et al. 2020).
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APPENDIX A: ALTERNATIVE
PROPER-MOTION MEASUREMENTS

Pawlowski & Kroupa (2020) compiled a ‘best-available’ sample of
proper motions for their analysis of satellite planes by choosing
measured proper motions of the 11 most massive classical dwarf
MW satellites from the literature that have the smallest uncertainties.
Compared to our sample, Pawlowski & Kroupa (2020) do not include
Crater II, Antlia II, or Canes Venatici I in their sample, likely for
consistency with past analyses and because the stellar masses of these
satellites are close to the lower limit for classical dwarfs (~10° M),
and some of them show evidence for tidal disruption. Of the satellites
that both of our samples have in common, all of the proper motions
are approximately the same except for that of Leo II: Pawlowski &
Kroupa (2020) uses a Leo II proper motion from Piatek, Pryor &
Olszewski (2016) based on HST data, which is significantly different
from the value we use in magnitude, direction, and uncertainty. Any
other differences in proper motions between the two samples are not
significant enough to alter our analysis.

Using the Piatek et al. (2016) proper motion and sampling from the
given uncertainties, we measure a narrower range and lower median
orbital pole dispersion (56° versus 60°) for MW satellites. Fig. Al
shows the main effect on our analysis: fewer simulation snapshots
have MW-like orbital pole dispersions. Only 0.3 per cent of snapshots
during z = 0—0.2 are at least as kinematically coherent as the MW
satellite plane, whereas this value was previously 5 per cent using the
Gaia proper motion for Leo II. Most importantly, the main conclusion
of Section 5.4.1 still holds: MW-like planes are still more likely
during the first pericentric passage of an LMC-like satellite, and using
the best-available proper motion sample actually enhances that result.
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Figure Al. Effects of an alternative proper motion sample for the observed MW satellites. Note that the redshift ranges for the left and right plots are not the
same (z = 0—0.2 and z ~ 0—0.7, respectively). Left: Same as the right-hand panel of Fig. 2, but with the ‘best-available’ proper motion for Leo II from HST
observations (Piatek et al. 2016). Using the best-available proper motion for Leo II shifts the median orbital pole dispersion for the MW from 60° to 56°, and
also decreases the scatter to larger angles. This has the effect of reducing the fraction of snapshots with MW-like (at or below the MW’s upper 68 per cent limit)
planes from 5 per cent to 0.3 per cent, however, we note that almost 6 per cent of snapshots lie at or below the MW’s upper 95 per cent limit. Right: Same as the
right-hand panel of Fig. 7, but using the proper motions described above. While there are fewer snapshots that are MW-like overall, the enhancement in the
fraction of snapshots that are MW-like during LMC-like pericentre passages relative to the general sample of snapshots is still evident.

Using the best-available proper motion sample, MW-like kinematic
planes are 11 times more likely in the presence of our LMC ana-
logues, versus ~3 times more likely with our original proper motion
sample. While the best-available proper motion sample makes MW-
like kinematic planes more rare in our simulations, it does not affect
our results on spatial thinness of planes and it does not qualitatively
change any of our other results. A definitive observational proper
motion for Leo II would enable us to perform an even more robust
analysis of the MW’s satellite plane in comparison to cosmological
simulations.
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APPENDIX B: COMPARISON TO
STATISTICALLY ISOTROPIC REALIZATIONS

In Fig. B1, we provide a visual representation of how planar each
host’s satellite system is relative to 10* statistically isotropic random
realizations of satellite positions and velocities. We describe this
calculation in detail in Sections 4.3 and 5.2.1.
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Figure B1. The significance of simulated and observed plane metrics from Fig. 2 relative to 10* statistically isotropic realizations of satellite positions (keeping
radial distance fixed) and velocities (considering only their directions). For each simulated host we plot the median and 95 per cent scatter during z = 0—0.2
in the fraction (fiso) of isotropic realizations that are more planar than the true plane. We consider hosts with median fis, < 0.25 and lower 95 per cent limit fiso
< 0.05 to have significant planes (blue). The MW’s plane is highly significant relative to its statistically isotropic distribution, both spatially (fis, = 0.003) and
kinematically (fiso = 0.005). About half of the simulated hosts (Juliet, Romeo, m12b, m12¢, m12w, and m12z) have significant spatial planes, and only three
(Romulus, m12f, and m12m) have significant kinematic planes during z = 0—0.2. None of the simulated hosts are significant in both a spatial and kinematic
sense, and most hosts are consistent with a statistically isotropic distribution. While MW-like planes do occur in the simulations, they are not as significant as
the MW’s plane.
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