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A B S T R A C T 

As the Milky Way and its satellite system become more entrenched in near field cosmology efforts, the need for an accurate 
mass estimate of the Milky Way’s dark matter halo is increasingly critical. With the second and early third data releases of 
stellar proper motions from Gaia , several groups calculated full 6D phase-space information for the population of Milky Way 

satellite galaxies. Utilizing these data in comparison to subhalo properties drawn from the Phat ELVIS simulations, we constrain 

the Milky Way dark matter halo mass to be ∼1–1.2 × 10 

12 M �. We find that the kinematics of subhaloes drawn from more- 
or less-massive hosts (i.e. > 1.2 × 10 

12 M � or < 10 

12 M �) are inconsistent, at the 3 σ confidence level, with the observed 

velocities of the Milky Way satellites. The preferred host halo mass for the Milky Way is largely insensitive to the exclusion of 
systems associated with the Large Magellanic Cloud, changes in galaxy formation thresholds, and variations in observational 
completeness. As more Milky Way satellites are discovered, their velocities (radial, tangential, and total) plus Galactocentric 
distances will provide further insight into the mass of the Milky Way dark matter halo. 

Key words: Galaxy: fundamental parameters – galaxies: dwarf – galaxies: evolution – galaxies: general – galaxies: kinematics 
and dynamics – Local Group. 
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 I N T RO D U C T I O N  

everal of the most pressing cosmological problems challenging the
ambda cold dark matter ( � CDM) paradigm, namely the Too Big

o Fail (TBTF; Boylan-Kolchin, Bullock & Kaplinghat 2011 , 2012 )
nd the Missing Satellites problems (Klypin et al. 1999 ; Moore et al.
999 ), depend heavily on the Milky Way’s dark matter halo mass.
ne way to resolve the TBTF problem within � CDM is through the

ssumption of a less massive Milky Way, for which fewer massive
atellites with high central densities are expected (Wang et al. 2012 ;
autun et al. 2014 ). Similarly, in conjunction with suppression of
alaxy formation on the very smallest scales (e.g. Efstathiou 1992 ;
houl & Weinberg 1996 ), the Missing Satellites problem can also be

argely eliminated by lowering the assumed Milky Way dark matter
alo mass (and thus the predicted number of satellite systems). As
uch, the Milky Way’s dark matter halo mass is a critical parameter
n testing � CDM and models of galaxy formation on small scales
see discussion in Bullock & Boylan-Kolchin 2017 ). 

Alternative resolutions to both the TBTF and Missing Satellites
roblems lie in the possibility that the Milky Way may be an outlier
elative to the cosmic norm. For example, only ∼ 10 per cent of

ilky Way-like systems are estimated to have satellites as massive as
 E-mail: mariaro@ucr.edu 
 NSF MPS-Ascend Postdoctoral Fellow. 
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he Large and Small Magellanic Clouds (Boylan-Kolchin et al. 2010 ;
usha et al. 2011 ; Tollerud et al. 2011 ; Santos-Santos et al. 2021 ).
he Milky Way’s satellite population is also remarkable in another
haracteristic – its Vast Polar Structure (VPOS; e.g. Lynden-Bell
976 ; Kroupa, Theis & Boily 2005 ; P a wlowski, Pflamm-Altenburg &
roupa 2012 ; Fritz et al. 2018 ; P a wlowski & Kroupa 2020 ). While
ur ability to observe such structures in systems beyond our very local
niverse is still relatively new (Conn et al. 2013 ; Ibata et al. 2013 ;
ollins et al. 2015 ; M ̈uller et al. 2018 ), our observed flattened polar
istribution of satellites, the VPOS, seems to be uncommon (Metz,
roupa & Libeskind 2008 ; Ibata et al. 2014 ; P a wlowski et al. 2014 ;
 a wlowski & McGaugh 2014 ; Cautun et al. 2015 ; Buck, Dutton &
acci ̀o 2016 ; Ahmed, Brooks & Christensen 2017 ; Shao et al. 2018 ;

hao, Cautun & Frenk 2019 ). Another unusual feature of our local
ystem may be the high fraction of quenched (or passive) satellite
 alaxies. Extrag alactic surv e ys, such as SAGA, hav e found that the
ajority of satellites around Milky Way-like systems are actively star

orming – SAGA in fact finds 85 per cent of low-mass satellites ( M � 

10 7–8.5 M �) are star-forming across 36 Milky Way-like systems
Geha et al. 2017 ; Mao et al. 2021 ). The radial distributions of
he Milky Way satellites versus observed and simulated Milky Way
nalogues is also a contentious point which may place the Milky Way
ut of the cosmic norm. Some recent work highlights discrepancies
n the 3D radial distributions of Milky Way satellites and various
osmological simulations, in particular that Milky Way satellites are
ore radially concentrated than their simulated counterparts (Moore
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1 Data presented by Simon ( 2019 ) are compiled from Torrealba et al. ( 2016a , b , 
2018 ), Dall’Ora et al. ( 2006 , 2012 ), Walsh et al. ( 2008 ), Kuehn et al. ( 2007 ), 
Greco et al. ( 2007 ), Musella et al. ( 2009 , 2012 ), Kinemuchi et al. ( 2008 ), 
Longeard et al. ( 2018 ), Crnojevi ́c et al. ( 2016 ), Rizzi et al. ( 2007 ), Koposov 
et al. ( 2015 , 2018 ), Bechtol et al. ( 2015 ), Vi v as et al. ( 2016 ), Bellazzini et al. 
( 2004 ), Bellazzini, Gennari & Ferraro ( 2005 ), Moretti et al. ( 2009 ), Medina 
et al. ( 2018 ), Sand et al. ( 2012 ), Mutlu-Pakdil et al. ( 2018 ), Pietrzy ́nski et al. 
( 2008 ), Belokurov et al. ( 2007 ), Boettcher et al. ( 2013 ), Lee, Grebel & Hodge 
( 2003 ), Hamanowicz et al. ( 2016 ), Carlin et al. ( 2017 ), Drlica-Wagner et al. 
( 2015 ), Garofalo et al. ( 2013 ), and Willman et al. ( 2005a ). 
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001 ; Willman et al. 2004 ; Yniguez et al. 2014 ; see also Carlsten
t al. 2020 , but see also Macci ̀o et al. 2010 ; Bose et al. 2020 ; Font,
cCarthy & Belokurov 2021 ; Samuel et al. 2021 ). The dark matter

alo mass of the Milky Way has strong implications for its ability to
uench satellite galaxies and for the radial distribution of its satellite 
opulation. More broadly, our reliance upon the Milky Way as a 
osmic Rosetta Stone (Boylan-Kolchin et al. 2016 ) requires a strong
onstraint on its dark matter halo mass. 

Gaia has opened a new opportunity to study the distribution and 
ynamics of the Milky Way satellite population and to constrain the 
ilky Way’s dark matter halo mass. Prior to the second data release

DR2) of proper motions from Gaia , the Milky Way’s dark matter
alo mass limits were 0.8–4.5 × 10 12 M � (e.g. Boylan-Kolchin et al. 
013 ; Phelps, Nusser & Desjacques 2013 ; Kafle et al. 2014 , and
n particular see fig. 1 in Wang et al. 2020 for a recent literature
ummary). Since Gaia DR2, this mass has been inferred in various 
ays − from calculating the escape speed from counter-rotating stars 

n the Galaxy’s outer halo (Monari et al. 2018 ); using a scale-free
ass estimator involving the density, potential, and anisotropy ( β) of

he satellites − galaxies or globular clusters − surrounding the Milky 
 ay (W atkins et al. 2019 ; Fritz et al. 2020 ); comparing phase-space

istributions in simulations and semi-analytical models to observed 
istributions to then infer the mass (Patel et al. 2018 ; Callingham
t al. 2019 ; Eadie & Juri ́c 2019 ; Li et al. 2020 ); fitting physically
oti v ated models to the Gaia DR2 stellar rotation curve (Cautun

t al. 2020 ); and calculating the mass within 100 kpc via a distribution
unction method then extrapolating total mass (Deason et al. 2020 ). 
he results of these recent studies range from M 200 = 0 . 7 + 0 . 11 

−0 . 08 −
 . 55 + 0 . 64 

−0 . 51 × 10 12 M � (respectively, Monari et al. 2018 ; Eadie & Juri ́c
019 ). It is important to note that even within confidence intervals,
any of these results do not agree with one another. 
As an alternate approach to these direct dynamical methods, in this

ork we constrain the Milky Way’s dark matter halo mass through 
omparison of subhalo kinematics in a suite of high-resolution N -
ody simulations to corresponding observational measures of the 
ilky Way satellite population using a statistical test to measure 

he ‘antigoodness of fit’ between these data sets. Herein, we utilize 
rbital parameters for the Milky Way satellites, derived primarily 
rom proper motion measurements contained in the early third 
aia Data Release (EDR3, Gaia Collaboration 2016 , 2021 ), subhalo 
inematics from the Phat ELVIS suite of Milky Way-like simulations 
Kelley et al. 2019 ) and the Mann–Whitney U test (Mann &

hitney 1947 ). In Section 2 , we discuss our observed tracers of
he Milky Way host potential along with the comparison suite of
osmological simulations. Section 3 details our primary analysis 
echniques, while our results are presented in Section 4 . In Section 5 ,
e examine various sources of potential systematic errors and points 
f further discussion, including the impact of satellites associated 
ith the Large Magellanic Cloud, our adopted lower limit for peak 

ubhalo velocity, orbital characteristics, limitations of our approach, 
omparisons to previous studies and observational completeness. 
dditionally, in this section we make some predictions for how 

uture observations might impact our results. Finally, we summarize 
n Section 6 . 

 DATA  

.1 Gaia 

aia has spurred a dramatic impro v ement in our understanding of
he orbital parameters for nearby stars, including those within the 
atellites of the Milky Way (MW) (Gaia Collaboration 2016 ). In
he second and early third data releases (DR2 and EDR3, Gaia
ollaboration 2018 , 2021 ; Lindegren et al. 2018 ), Gaia provides
recise parallaxes and/or proper motions for over one billion sources, 
n an absolute reference frame defined entirely by Gaia observations. 
rom this vast data set, several groups calculated full phase-space 

nformation, including tangential velocities, for a majority of the 
W satellites (e.g. using DR2: Helmi et al. 2018 ; Simon 2018 ; Fritz

t al. 2018 ; Massari & Helmi 2018 ; Pace & Li 2019 ; Kalli v ayalil et al.
018 plus McConnachie & Venn 2020a ; Li et al. 2021 ; Battaglia et al.
022 , which utilize EDR3). Herein, we utilize the Galactocentric 
angential velocities from McConnachie & Venn ( 2020a , hereafter 
eferred to as MCV20a ). Heliocentric radial velocities are taken 
rom McConnachie & Venn ( 2020b ) and converted to the Galac-
ocentric reference frame using astropy (Astropy Collaboration 
013 , 2018 ). Heliocentric distances and associated errors are taken
rom Simon ( 2019 ) 1 , Karachentsev & Kashibadze ( 2006 ), Weisz
t al. ( 2016 ), and Torrealba et al. ( 2019 ). These distances are also
onverted to the Galactocentric reference frame using astropy . 
hese quantities, converted to the Galactocentric reference frame, 
long with other properties of the MW satellites used in this work
an be found in Table 1 . 

We limit our sample of Milky Way satellites to those sys-
ems within a Galactocentric distance of 300 kpc and exclude 
nconfirmed systems that are likely not galaxies (e.g. Indus I and
ESJ0225 + 0304). In addition, we exclude the Sagittarius (Sgr) 
warf from our sample. Sgr is currently being disrupted via tidal
nteractions with the Milky Way (e.g. Ibata, Gilmore & Irwin 1994 ;
aw, Majewski & Johnston 2009 ; Koposov et al. 2012 ), such that it

s poorly reproduced in our comparison simulation data set (see 
ection 2.2 ). Our primary sample includes 44 satellite galaxies. 
ig. 1 shows the distribution of these systems as a function of
alactocentric distance and total velocity . Finally , we identify a

ubsample of 34 systems with higher precision tangential velocities, 
uch that | V tan, err / V tan | ≤ 0.30. While this subset of systems is biased
owards smaller Galactocentric distance, it does span a broad range 
f velocities (see Fig. 1 ). The particular selection limit used to
efine this subsample was adopted to exclude those systems with 
xceptionally uncertain tangential velocities while maintaining a 
tatistically significant sample size. 

.2 Phat ELVIS 

s a comparison data set, we utilize the Phat EL VIS (phEL VIS)
uite of 12 high-resolution, dissipationless simulations of MW-like 
aloes (Kelley et al. 2019 ). Building upon the ELVIS (Exploring the
ocal Volume In Simulations) suite of Local Group and MW-like 
imulations (Garrison-Kimmel et al. 2014 ), phELVIS incorporates 
he effects of tidal disruption due to an artificial disc potential
e.g. Garrison-Kimmel et al. 2017 ; Sawala et al. 2017 ). This new
uite includes a total of 24 MW-like simulations, encompassing 12 
igh-resolution cosmological dark matter-only (DMO) simulations 
MNRAS 513, 4968–4982 (2022) 
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Table 1. Properties of the MW satellite galaxies used in this work. Column (1) Status of whether the system is a spectroscopically confirmed galaxy or not 
(i.e. Y = confirmed galaxy and P = not confirmed but probably a galaxy). Columns (2) and (3) Proper motions derived by McConnachie & Venn ( 2020a ) 
from Gaia EDR3 in mas yr −1 . Column (4) Galactocentric distance with errors in kpc. Columns (5)–(7) radial, tangential, and total v elocities, respectiv ely, in 
the Galactocentric frame of reference, all in km s −1 . Galactocentric distance and radial velocity were converted from the heliocentric frame of reference using 
astropy and quantities from MCV20a , MCV20b and the heliocentric distances referenced in Section 2.1 . Galactocentric tangential velocity was converted 
from the Galactocentric tangential velocity components provided in MCV20a . Total velocity was then calculated from its two components. Column (8) indicates 
the various subgroups a galaxy belongs to which are used throughout this work. 1 indicates belonging to the group of systems with proportionally low tangential 
velocity errors. 2 indicates the system is a long-term satellite of the LMC as determined by Patel et al. ( 2020 ). 3 indicates the system is a short-term satellite or 
recent interactor with the LMC as determined by Patel et al. ( 2020 ). 

Galaxy Confirmed? μα cos δ μδ D MW 

V rad V tan V 3D Notes 
(mas yr −1 ) (mas yr −1 ) (kpc) (km s −1 ) (km s −1 ) (km s −1 ) 

Antlia II Y −0.09 ± 0.01 0.12 ± 0.01 133.0 ± 6.0 70.4 ± 0.5 125.0 ± 6.1 143.5 ± 5.3 1 

Aquarius II Y −0.17 ± 0.1 −0.43 ± 0.08 105.3 ± 3.3 30.4 ± 7.2 157.0 ± 51.6 159.9 ± 50.7 3 

Bo ̈otes I Y −0.39 ± 0.01 −1.06 ± 0.01 63.6 ± 2.0 91.2 ± 2.1 156.0 ± 3.0 180.7 ± 2.8 1 

Bo ̈otes II Y −2 . 33 + 0 . 09 
−0 . 08 −0.41 ± 0.06 39.8 ± 1.0 −54.3 ± 3.9 319.0 + 17 . 9 

−16 . 0 323.6 + 17 . 6 
−15 . 8 1 

Canes Venatici I Y −0.11 ± 0.02 −0.12 ± 0.02 210.8 ± 6.0 78.2 ± 0.5 69.0 ± 22.5 104.3 ± 14.9 
Canes Venatici II Y −0.15 ± 0.07 −0.27 ± 0.06 160.6 ± 4.0 −96.7 ± 0.2 31.0 ± 62.9 101.5 ± 19.2 
Carina Y 0.53 ± 0.01 0.12 ± 0.01 107.6 ± 5.0 8.5 ± 0.3 187.0 ± 7.6 187.2 ± 7.6 1 

Carina II Y 1.88 ± 0.01 0.13 ± 0.02 37.1 ± 0.6 219.5 ± 1.9 268.0 ± 3.8 346.4 ± 3.2 1,2 

Carina III Y 3.12 ± 0.05 1.54 + 0 . 06 
−0 . 07 29.0 ± 0.6 58.7 ± 4.7 395.0 + 12 . 4 

−12 . 5 399.3 + 12 . 3 
−12 . 4 1,2 

Columba I P 0.19 ± 0.06 −0.36 ± 0.06 187.6 ± 10.0 −22.8 ± 6.8 205.0 ± 52.4 206.3 ± 52.1 
Coma Berenices Y 0.41 ± 0.02 −1.71 ± 0.02 43.2 ± 1.5 31.9 ± 0.7 264.0 ± 4.2 265.9 ± 4.2 1 

Crater II Y −0.07 ± 0.02 −0.11 ± 0.01 116.4 ± 1.1 −76.0 ±-0.1 102.0 ± 9.4 127.2 ± 7.5 1 

Draco Y 0.042 ± 0.005 −0.19 ± 0.01 82.0 ± 6.0 −103.0 ± 0.4 156.0 ± 1.4 186.9 ± 1.2 1 

Draco II P 1.08 ± 0.07 0.91 ± 0.08 23.9 ± 3.8 −156.6 ± 1.6 299.0 ± 15.0 337.5 ± 13.3 1 

Fornax Y 0.382 ± 0.001 −0.359 ± 0.002 141.1 ± 3.0 −34.5 ± 0.2 142.0 ± 0.0 146.1 + 5 . 3 −0 . 0 1 

Grus I P 0.07 ± 0.05 −0 . 29 + 0 . 06 
−0 . 07 116.2 ± 11.5 −187.3 ± 4.3 71.0 + 38 . 0 

−41 . 3 200.3 + 14 . 1 
−15 . 2 

Grus II P 0.38 ± 0.03 −1.46 ± 0.04 48.4 ± 5.0 −124.8 ± 1.7 139.0 ± 10.2 186.8 ± 7.7 1 

Hercules Y −0.03 ± 0.04 −0.36 ± 0.03 126.3 ± 6.0 141.1 ± 1.3 146.0 ± 24.4 203.0 ± 17.6 1 

Horologium I Y 0.82 ± 0.03 −0.61 ± 0.03 87.3 ± 12.0 −28.4 ± 4.3 193.0 ± 15.9 195.1 ± 15.8 1,2 

Horologium II P 0.76 + 0 . 2 −0 . 29 −0 . 41 + 0 . 23 
−0 . 21 79.1 ± 7.5 29.1 ± 25.0 128.0 + 111 . 9 

−157 . 7 131.3 + 109 . 3 
−153 . 8 

Hydra II P −0.34 ± 0.1 −0 . 09 + 0 . 08 
−0 . 09 148.1 ± 7.5 136.6 ± 0.7 97.0 + 71 . 8 

−72 . 6 167.5 + 41 . 6 
−42 . 0 

Hydrus I Y 3.79 ± 0.01 −1.5 ± 0.01 25.7 ± 0.5 −40.1 ± 1.4 363.0 ± 5.0 365.2 ± 4.9 1,2 

Leo I Y −0.05 ± 0.01 −0.11 ± 0.01 257.9 ± 15.5 174.7 ± 0.1 75.0 ± 12.1 190.1 ± 4.8 1 

Leo II Y −0.14 ± 0.02 −0.12 ± 0.02 235.6 ± 14.0 26.5 ± 0.3 103.0 ± 22.6 106.3 ± 21.9 1 

Leo IV Y −0.08 ± 0.09 −0.21 ± 0.08 154.6 ± 5.0 8.6 ± 0.2 52.0 ± 63.8 52.7 ± 62.9 
Leo V Y −0.06 ± 0.09 −0 . 25 + 0 . 09 

−0 . 08 169.8 ± 4.0 55.8 ± 1.6 69.0 + 83 . 5 
−78 . 6 88.8 + 64 . 9 

−61 . 1 
Phoenix II Y 0.48 ± 0.04 −1.17 ± 0.05 81.3 ± 4.0 −38.1 ± 5.9 271.0 ± 20.7 273.7 ± 20.6 1,3 

Pisces II Y 0.11 ± 0.11 −0 . 24 + 0 . 12 
−0 . 11 182.1 ± 15.0 −75.7 ± 8.7 47.0 + 102 . 1 

−93 . 7 89.1 + 54 . 3 
−49 . 9 

Reticulum II Y 2.39 ± 0.01 −1.36 ± 0.02 33.0 ± 1.4 −92.2 ± 1.7 214.0 ± 2.2 233.0 ± 2.1 1,3 

Reticulum III P 0.36 ± 0.14 0.05 + 0 . 19 
−0 . 25 92.0 ± 13.0 113.4 ± 17.9 78.0 + 83 . 1 

−109 . 1 137.6 + 49 . 4 
−63 . 6 

Sagittarius II Y −0.77 ± 0.03 −0.89 ± 0.02 63.0 ± 2.3 −115.7 ± 1.8 239.0 ± 10.4 265.5 ± 9.4 1 

Sculptor Y 0.099 ± 0.002 −0.16 ± 0.002 86.1 ± 5.0 76.3 ± 0.3 163.0 ± 0.0 180.0 ± 0.1 1,3 

Segue 1 Y −2.21 ± 0.06 −3.34 ± 0.05 28.0 ± 1.9 136.9 ± 0.0 240.0 ± 6.5 276.3 ± 5.7 1,3 

Segue 2 Y 1.47 ± 0.04 −0.31 ± 0.04 43.1 ± 3.0 59.9 ± 5.0 134.0 ± 7.2 146.8 ± 6.9 1 

Sextans I Y −0.41 ± 0.01 0.04 ± 0.01 98.1 ± 3.0 88.1 ± 0.1 220.0 ± 4.0 237.0 ± 3.7 1 

Triangulum II P 0.56 ± 0.05 0.07 ± 0.06 34.8 ± 1.6 −265.6 ± 3.2 159.0 ± 8.9 309.5 ± 5.3 1 

Tucana II Y 0.9 ± 0.02 −1.26 ± 0.02 54.2 ± 7.9 −182.0 ± 4.6 210.0 ± 8.1 277.9 ± 6.9 1 

Tucana III P −0.08 ± 0.01 −1.62 ± 0.02 23.0 ± 1.9 −223.4 ± 2.6 126.0 ± 2.0 256.5 ± 2.5 1,3 

Tucana IV Y 0.54 ± 0.06 −1.67 ± 0.07 45.4 ± 3.9 −90.6 ± 5.3 197.0 ± 16.0 216.9 ± 14.7 1 

Tucana V P −0 . 14 + 0 . 06 
−0 . 05 −1 . 15 + 0 . 08 

−0 . 06 51.8 ± 8.9 −157.8 ± 5.9 181.0 + 30 . 9 
−24 . 9 240.1 + 23 . 6 

−19 . 1 1 

Ursa Major I Y −0.39 ± 0.03 −0.63 ± 0.03 102.1 ± 5.8 −0.8 ± 0.7 126.0 ± 20.8 126.0 ± 20.8 1 

Ursa Major II Y 1.72 ± 0.02 −1.89 ± 0.03 41.0 ± 1.9 −64.5 ± 1.6 262.0 ± 6.5 269.8 ± 6.4 1 

Ursa Minor Y −0.124 ± 0.004 0.078 ± 0.04 77.9 ± 4.0 −83.4 ± 1.4 148.0 ± 0.0 169.9 ± 0.7 1 

Willman 1 Y 0.21 ± 0.06 −1.08 ± 0.09 49.7 ± 9.9 16.7 ± 1.9 120.0 ± 17.5 121.2 ± 17.3 1 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/4/4968/6582994 by Technical Services Serials user on 16 June 2022



Milky way mass from Gaia and phat ELVIS 4971 

Figure 1. Comparison of phase-space distributions between Phat ELVIS 
subhaloes (density contours) and satellites in McConnachie & Venn ( 2020a ) 
( MCV20a , black markers). In each plot, the stars denote satellites with low 

tangential velocity errors ( V tan, err ≤ 0.30 V tan ). The triangles denote all other 
satellites excluding Sagittarius, which is represented as the circle. Sagittarius 
is poorly reproduced by the simulations and thus omitted from this analysis. 
The total velocity information for Sagittarius comes from Fritz et al. ( 2018 ), 
which uses Gaia Data Release 2 proper motions. The total velocity errors are 
taken from MCV20a while the distance errors are taken from the literature 
(mainly Simon 2019 and references therein). The top left panel shows the 
phase-space density contours for subhaloes across all 12 Phat ELVIS hosts. 
Meanwhile, in the three remaining panels, we display the corresponding 
contours with subhaloes divided according to host mass – 0.7–1 × 10 12 M �
(low mass, burgundy shading), 1–1.2 × 10 12 M � (intermediate mass, aqua 
shading), and 1.4–2 × 10 12 M � (high mass, sienna shading). Each mass bin 
includes 4 hosts, with the adopted colour scheme for the host mass sets carried 
throughout this paper. 
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f isolated MW-like haloes and 12 re-runs of those DMO simulations
ith an embedded galaxy potential matching the observed MW disc 

nd bulge (from here on referred to as the disc runs). The 12 disc
uns begin as identical duplicates to the 12 DMO suites. At z = 3, a
alaxy potential, including a stellar disc, gaseous disc, and Hernquist 
ulge component, is inserted into each of the disc hosts. 2 While the
otentials temporally evolve, each disc host ends up at z = 0 as an
bservationally constrained MW (Kelley et al. 2019 ). 
Each simulation occurs within a global cosmological box of 

ength 74.06 Mpc (50 h −1 Mpc) with a dark matter particle mass of
 × 10 4 M � and a Plummer-equi v alent force softening length of ε =
7 parsecs. These parameters allow for the subhalo catalogues to be 
omplete down to a maximum circular velocity of V max > 4.5 km s −1 ,
.e. a total bound mass of � 5 × 10 6 M �. Refer to fig. 2 in Kelley
t al. ( 2019 ) for a visualization of completeness limits – in V peak 

umulati ve distributions, roll-of f of the functions begin at low V peak 

at approximately V peak ≈ 6 km s −1 within 50 kpc), yet throughout 
he radii explored, there is no roll-off in V max going as far down as
 max = 4.5 km s −1 . This serves as a measure of incompleteness. The
 At z = 0 the inserted masses are M Stellar disc = 4.1 × 10 10 M �, M Gas disc = 

.9 × 10 10 M �, and M Buldge = 0.9 × 10 10 M �, see table 1 of Kelley et al. 
 2019 ) for more details. 

f

3

(

hELVIS halo catalogues are constructed of 152 snapshots, evenly 
paced in scale factor with a time resolution of roughly 100 Myr. We
pline interpolate the subhalo positions and velocities to achieve a 
ime resolution of ∼10 Myr and use the interpolated data to calculate
nly pericentric passage and infall time. Phat ELVIS adopts the 
osmology of Planck Collaboration XIII ( 2016 ) with the following
arameters: 	m 

= 0.3121, 	� 

= 0.6879, and h = 0.6751. 
In order to more directly compare to the MW satellite population,

e select subhaloes from the phELVIS suite with V peak > 6 km s −1 .
hile suppression of galaxy formation due to reionization is often 

redicted to occur below a mass limit of V peak ∼ 20–25 km s −1 (e.g.
nedin 2000 ; Hoeft et al. 2006 ; Ocvirk et al. 2016 ), the observed

bundance of ultrafaint satellites of the MW are better matched via
 lower mass limit (Graus et al. 2019 ). Adopting a more inclusive
ass selection yields a considerably larger subhalo population for 

omparison, better sampling the host potential and allowing control 
f systematics associated with observational completeness. Radial 
rofiles and infall times are both potentially biased by V peak limits.
ecent work has shown that subhalo radial profiles are largely 

ndependent of V peak limits (Newton et al. 2018 ) and investigating
he infall–V peak relation in phELVIS illustrated that there is a tight
orrelation amongst distributions of subhalo infall times throughout 
ur V peak range, where the median difference between distributions 
s 0.6 Gyr. 

While the phELVIS subhaloes catalogues at z = 0 provide 
housands of subhaloes for comparison, they are limited to a single
napshot of each subhalo orbit. To better sample the host potential,
e expand our subhalo population to include subhaloes at two 

arlier snapshots. These two other snapshots were selected based 
n the average growth histories of the phELVIS hosts to minimize
ariation in the host mass. A majority of the hosts have minor
 � 2 per cent ) to no growth after z = 0.05, which corresponds
o the original 8th time-step prior to z = 0. The two snapshots
hosen to examine here are evenly spread – specifically the 8th 
nd 4th (corresponding to z = 0.05, 0.02, respecti vely). The v ast
ajority ( ∼ 90 per cent ) of the subhalo population is present at

ll 3 time-steps, with a small number of subhaloes missing (or
dded) at earlier time-steps due to recent accretion, backsplashing, 
nd/or tidal destruction. 

Throughout this work, we focus on the 12 MW-like hosts in
he disc runs. The hosts with embedded disc potentials are chosen
or their ability to better represent the observations relative to the
ark matter-only (DMO) hosts. In the DMO runs, the greatest 
ubhalo Galactocentric total velocities, which are all found at small 
alactocentric distances, are systematically lower than those found 

n the disc runs. This trend is seen in all three of the host halo
ass ranges displayed in Fig. 1 and further strengthens the argument

nitially made in Kelley et al. ( 2019 ) – central-galaxy dynamics must
e included to match observations of the satellite population. The 
isc host haloes range in virial mass 3 from 0.71–1.95 × 10 12 M �.
e split the hosts evenly into 3 groups based on mass – least
assive, intermediate mass, and most massive. Specifically, the mass 

anges of the 3 bins are: 0.71–0.96 × 10 12 M � (low mass), 1.04–
.20 × 10 12 M � (intermediate mass), and 1.40–1.95 × 10 12 M �
high mass). Excluding subhaloes with V peak < 6 kms −1 , there are an
verage of 1200 subhaloes ( < R vir ) associated with each of the 4 low-
ass hosts, in comparison to an average of 1400 (2100) subhaloes

or each of the 4 intermediate-mass (high-mass) hosts. Within each 
MNRAS 513, 4968–4982 (2022) 

 In the phELVIS simulations, virial mass, M vir , follows the Bryan & Norman 
 1998 ) definition. 
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Figure 2. The cumulative distributions of MW-centric and host halocentric 
physical distances are engineered to be nearly identical via our distance- 
matching scheme. The solid black line is the cumulative distribution of 
Galactocentric distances for our primary sample of 44 satellite galaxies. The 
dashed burgundy line, dashed–dotted aqua line, and the dotted sienna line 
are the corresponding cumulative distributions for subhaloes drawn from the 
three host halo sets, where Galactocentric distance is measured with respect 
to the corresponding host halo. The thinner dashed, dashed–dotted and dotted 
lines are the cumulative distributions of all the subhaloes in the respective 
host mass bins. The (thin) grey shaded region is the range of reported errors 
in the literature (see Simon 2019 and references therein). The Mann–Whitney 
U Test p -value statistic is calculated using these errors. The legend reports 
the harmonic mean of MWU p -values from 500 randomly selected, distance- 
matched subhalo distributions. This tight comparison (as we cannot reject 
the null hypothesis that the distributions are drawn from the same parent 
population due to the two-sided p -values all being well abo v e the statistical 
significance level of 0.05), reduces the potential biases associated with the 
incompleteness of the MW satellite population. 
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f the 3 host mass bins, the halo-to-halo scatter in subhalo count
s not great. The normalized, cumulative distribution of each bin
s approximately the average of the 4 individual host distributions
hat comprise that particular bin. As shown in Fig. 1 , due to the
idal disruption of subhaloes in the disc runs, phELVIS includes
xceedingly few analogues to the Sagittarius dwarf. As discussed in
ection 2.1 , for this reason Sgr is excluded from the sample of MW
atellites studied. 

 ANALYSIS  

o study how the dynamics of the MW satellites depend on host
alo mass, we select subhaloes from the phELVIS simulations
rom each of the host mass divisions discussed in Section 2.2 .

e then compare the subhalo samples to the observational data
et via Galactocentric velocities – namely, radial, tangential, and
otal. To mitigate selection effects driven by incompleteness in the
ample of MW satellites, we match our sample of MW satellites
o phELVIS haloes via Galactocentric distance. For each of the
hree sets of host haloes, we randomly select (with replacement) 10
ubhaloes for each satellite, selecting the subhaloes from distance
ins of width 10 kpc centred on the Galactocentric distance of
he satellite, where there is an average of 600 subhhaloes in each
atellite’s distance bin. The size of the distance bins encompasses
he observational radial distance errors for ∼ 70 per cent of the MW
atellites. These distance-matched subhaloes are randomly selected
rom the parent catalogue that combines the subhalo populations
rom all three time-steps. For our primary sample of 44 satellites, this
roduces three comparison samples of 440 haloes each, associated
ith the low-mass, intermediate-mass, and high-mass hosts. As

hown in Fig. 2 , this distance-based matching enforces a very
NRAS 513, 4968–4982 (2022) 
lose correlation between the Galactocentric distances of the MW
atellite sample and our comparison subhalo samples. One caveat
o this method of matching – it does not guarantee each distance-
atched halo is located within R vir of the host. For example, Leo I’s
alactocentric distance is 258 kpc while roughly only 25 per cent of

he explored phELVIS host haloes have virial radii greater than this
istance. Thus, some of the subhaloes, drawn from the lower mass
osts and distanced matched to Leo I, may reside beyond R vir . We
hoose not to match subhaloes to observed systems on normalized
istance (i.e. Galactocentric distance that has been normalized to the
W/host’s virial radius) to a v oid introducing biases associated with

he boundedness of a system at or near the virial radius or possible
idal disruption for systems near the host halo’s centre. 

To quantify the observation-to-simulation comparisons (i.e. to
easure if the distanced-matched haloes do not represent the MW

atellites, an ‘antigoodness of fit’ ), we employ the Mann–Whitney
 (MWU) test (Mann & Whitney 1947 ; Jones et al. 2001 ). This is a
on-parametric statistical ranked summation test that examines two
ndependent samples. This test does not require any knowledge of
he underlying distribution in either of the independent samples. To
 v oid possible underlying biases in the ranked summation (Fong &
uang 2019 ), we increase our observational sample size by randomly

ampling the observational quantities’ errors to match the size of the
istance matched halo population (i.e. 440 observational values are
ompared to 440 simulated values). For satellite characteristics that
ave asymmetric error distributions (e.g. for V tan and V tot ), the errors
re drawn equally from the positive and negative sides. No galaxy
n our observational set has plus–minus errors that are extremely
ifferent from one another. Fortunately, the MWU is attuned to only
edian changes, compared to say the Kolmogoro v–Smirno v (KS)

est which is sensitive to the shape of the underlying distributions as
ell as the medians. The null hypothesis for the MWU is that the

wo-independent samples are, in fact, drawn from the same parent
istribution. We report the MWU test results as the associated two-
ided p -values. Our statistical significance level to reject the null
ypothesis is set at p ≤ 0.05. 

In an additional step towards bias a v oidance, we conduct Monte
arlo sampling, by randomly selecting input values for the MWU

est from the observational errors, 500 times per parameter. This is to
educe the possibility of sampling a randomly skewed distribution,
nd incorporate the observational errors into our modelling. In the
wo-sided MWU test, we use 500 sets of 10 N distance-matched
ubhaloes, which are randomly selected from 10 kpc distance bins
which encompass the radial distance errors for most satellites), and
0 N measures of corresponding satellite properties, as drawn from
he observed error distributions. A p -value is calculated for each

WU test. We then take the harmonic mean of these 500 p-values
nd use this as our statistical result. 

To create a baseline to our distance-matched analysis, we compare
he unmatched subhalo distributions in the same way as comparing
he matched distributions. Here, we compare 10 N subhalo properties
andomly chosen from any subhalo in the host halo set (independent
f distance) to a set of 10 N values randomly sampled from the error
istributions of the observational quantities. We do this twice – once
here N = 44 for the full set of satellites and N = 34 for the set of

ystems with proportionally low tangential velocity errors. Finally,
e create the random samples 500 times, comparing the unmatched

et to the observational set each time and then take the harmonic mean
f the resulting p -values. As detailed in Table 3 , the comparison of
alactocentric distances for both observational sets to each of the 3
nmatched host halo sets are rejected at greater than 5 σ , where 5 σ
aps to p = 0.000 01 as determined by our choice of significance
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Table 2. Orbital and infall properties of the MW satellite galaxies used in this work. Columns (1)–(3) Pericentric passage distances, 
in kpc, for each system in a low, intermediate, and high MW potential, with an NFW profile and concentration of 15.3, via GALPY . The 
corresponding MW dark matter halo masses used for the 3 potentials are 0.835, 1.120, 1.675 × 10 12 M �, respectively. These are the 
average masses of the hosts in each of our fiducial phELVIS host sets. Columns (4)–(6) Orbital eccentricities for each system in the 
three GALPY MW potentials, with smaller eccentricities corresponding to more circular orbits and larger eccentricities corresponding 
to more radial/plunging orbits. Column (7) Satellite infall times, in Gyr, as derived by Fillingham et al. ( 2019 ). 

Galaxy D peri, l D peri, i D peri, h e l e i e h t infall 

(kpc) (kpc) (kpc) (Gyr) 

Antlia II 69.8 ± 13.1 54.9 ± 10.8 43.4 ± 8.3 0.4 ± -0.0 0.5 ± -0.0 0.5 ± -0.0 –

Aquarius II 92.7 ± -45.2 72.5 ± -35.8 54.6 ± -25.5 0.2 ± 0.3 0.2 ± 0.3 0.3 ± 0.3 1.6 + 5 . 4 −3 . 5 

Bo ̈otes I 43.9 ± 3.1 37.4 ± 3.2 30.8 ± 2.9 0.4 ± 0.0 0.4 ± -0.0 0.4 ± -0.0 10.7 + 0 . 6 −1 . 9 

Bo ̈otes II 39.1 ± 1.0 39.0 ± 1.0 38.8 ± 1.1 0.9 ± -0.0 0.7 ± -0.0 0.4 ± -0.0 1.1 ± 0.6 

Canes Venatici I 47.4 ± 33.4 37.8 ± 25.7 30.7 ± 19.8 0.7 ± -0.1 0.7 ± -0.1 0.8 ± -0.1 9.4 + 0 . 9 −2 . 3 

Canes Venatici II 9.8 ± 32.0 8.3 ± 25.5 7.2 ± 20.4 0.9 ± -0.2 0.9 ± -0.2 0.9 ± -0.2 9.0 + 1 . 0 −2 . 8 

Carina 107.3 ± 5.1 106.5 ± 5.7 83.6 ± 25.3 0.3 ± 0.2 0.1 ± 0.1 0.1 ± -0.1 9.9 + 0 . 6 −2 . 7 

Carina II 37.1 ± 0.6 27.0 ± 0.7 25.9 ± 0.7 0.9 ± 0.0 0.8 ± 0.0 0.7 ± 0.0 7.9 + 2 . 5 −2 . 4 

Carina III 28.9 ± 0.6 28.5 ± 0.6 28.4 ± 0.6 1.0 ± 0.0 0.8 ± 0.1 0.6 ± 0.1 7.6 + 2 . 4 −2 . 7 

Columba I 185.7 ± 10.7 185.0 ± 10.8 182.8 ± 10.7 0.7 ± -0.0 0.5 ± -0.1 0.2 ± -0.1 –

Coma Berenices 42.5 ± 1.6 42.3 ± 1.6 41.4 ± 1.9 0.5 ± 0.1 0.3 ± 0.1 0.1 ± 0.0 10.2 + 2 . 6 −3 . 3 

Crater II 39.9 ± 8.4 31.9 ± 6.5 25.8 ± 5.0 0.6 ± -0.1 0.6 ± -0.1 0.7 ± -0.0 7.8 + 2 . 7 −3 . 0 

Draco 49.0 ± 5.9 41.2 ± 5.3 33.8 ± 4.3 0.5 ± 0.0 0.5 ± -0.0 0.5 ± -0.0 10.4 + 2 . 4 −3 . 1 

Draco II 19.9 ± 4.3 19.4 ± 4.4 18.7 ± 4.6 0.8 ± 0.1 0.6 ± 0.1 0.5 ± 0.1 10.2 + 1 . 8 −2 . 4 

Fornax 98.7 ± 12.6 73.4 ± 10.1 55.9 ± 7.2 0.2 ± -0.0 0.3 ± -0.0 0.4 ± -0.0 10.7 + 0 . 8 −3 . 1 

Grus I 17.1 ± 9.2 14.7 ± 7.8 12.7 ± 6.5 0.9 ± -0.0 0.9 ± -0.0 0.9 ± -0.0 1.1 + 1 . 0 −0 . 9 

Grus II 26.0 ± 9.4 22.4 ± 9.0 18.9 ± 7.8 0.5 ± 0.0 0.5 ± -0.1 0.5 ± -0.1 –

Hercules 70.2 ± 62.3 61.4 ± 13.2 52.0 ± 12.5 0.7 ± -0.1 0.6 ± 0.0 0.6 ± -0.0 6.6 + 2 . 3 −0 . 7 

Horologium I 86.1 ± 12.7 85.6 ± 13.1 83.3 ± 15.2 0.6 ± 0.3 0.3 ± 0.4 0.1 ± 0.3 8.8 + 1 . 8 −2 . 0 

Horologium II 49.3 ± 37.2 37.4 ± 44.9 29.3 ± 50.4 0.3 ± 0.5 0.4 ± 0.1 0.5 ± -0.2 –

Hydra II 62.6 ± -7.5 52.8 ± -6.8 43.8 ± -5.7 0.7 ± 0.0 0.7 ± 0.0 0.7 ± 0.0 9.4 + 1 . 7 −1 . 8 

Hydrus I 25.5 ± 0.5 25.5 ± 0.5 25.5 ± 0.5 0.9 ± 0.0 0.7 ± 0.0 0.5 ± 0.0 10.7 + 1 . 3 −1 . 4 

Leo I 257.7 ± 15.5 257.7 ± 15.5 35.6 ± 6.4 0.7 ± 0.0 0.5 ± 0.0 0.9 ± -0.0 10.5 + 1 . 5 −2 . 4 

Leo II 120.3 ± 24.0 88.1 ± 16.4 67.2 ± 11.6 0.3 ± -0.1 0.5 ± -0.0 0.6 ± -0.0 2.3 + 0 . 6 −0 . 5 

Leo IV 20.2 ± 107.7 16.5 ± 72.9 13.7 ± 52.7 0.8 ± -0.7 0.8 ± -0.5 0.8 ± -0.4 7.8 + 3 . 3 −2 . 0 

Leo V 32.5 ± 89.2 26.1 ± 70.1 21.3 ± 52.8 0.7 ± -0.4 0.7 ± -0.4 0.8 ± -0.3 10.4 ± 1.4 

Phoenix II 80.3 ± 4.3 80.1 ± 4.4 79.6 ± 4.6 0.9 ± 0.0 0.6 ± 0.1 0.4 ± 0.1 –

Pisces II 28.7 ± 108.7 23.3 ± 88.5 19.2 ± 68.0 0.8 ± -0.4 0.8 ± -0.4 0.8 ± -0.4 –

Reticulum II 28.7 ± 2.3 27.3 ± 2.7 24.8 ± 3.3 0.5 ± 0.1 0.3 ± 0.0 0.3 ± 0.0 8.3 ± 1.8 

Reticulum III 17.2 ± 87.7 14.4 ± 58.5 12.1 ± 52.9 0.8 ± -0.1 0.8 ± -0.2 0.8 ± -0.3 –

Sagittarius II 51.1 ± 2.1 48.0 ± 2.0 43.1 ± 1.8 0.6 ± 0.0 0.5 ± -0.0 0.4 ± -0.0 –

Sculptor 58.9 ± 1.6 48.4 ± 1.1 38.8 ± 0.8 0.4 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 10.6 + 1 . 6 −1 . 9 

Segue 1 21.4 ± 3.1 20.2 ± 3.5 18.5 ± 3.8 0.6 ± 0.1 0.5 ± 0.1 0.4 ± 0.0 9.9 + 1 . 7 −2 . 9 

Segue 2 22.1 ± 8.3 17.9 ± 6.8 14.7 ± 5.4 0.4 ± -0.1 0.4 ± -0.1 0.5 ± -0.1 10.8 + 1 . 3 −1 . 4 

Sextans I 97.9 ± 3.0 82.5 ± 3.9 75.4 ± 4.5 0.6 ± 0.1 0.4 ± 0.0 0.3 ± 0.0 10.8 + 1 . 6 −1 . 9 

Triangulum II 11.7 ± 1.3 10.7 ± 1.2 9.7 ± 1.1 0.9 ± -0.0 0.8 ± -0.0 0.8 ± -0.0 8.4 + 2 . 7 −0 . 9 

Tucana II 38.6 ± 11.9 36.6 ± 12.6 33.8 ± 13.4 0.9 ± 0.1 0.7 ± 0.2 0.6 ± 0.1 9.5 + 1 . 5 −2 . 1 

Tucana III 3.0 ± 0.6 2.8 ± 0.4 2.5 ± 0.5 0.9 ± -0.0 0.9 ± -0.0 0.9 ± -0.0 –

Tucana IV 36.1 ± 6.3 32.5 ± 7.1 27.6 ± 7.0 0.4 ± 0.1 0.3 ± -0.0 0.3 ± -0.0 –

Tucana V 27.9 ± 9.4 24.7 ± 8.7 21.4 ± 7.7 0.6 ± 0.0 0.6 ± -0.0 0.6 ± -0.0 –

Ursa Major I 70.6 ± 3.7 51.4 ± 2.6 39.3 ± 1.9 0.2 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 9.5 + 2 . 4 −2 . 8 

Ursa Major II 39.3 ± 2.2 38.9 ± 2.4 38.1 ± 2.7 0.7 ± 0.1 0.5 ± 0.1 0.3 ± 0.1 1.5 + 5 . 1 −1 . 6 

Ursa Minor 44.8 ± 8.1 36.4 ± 7.0 29.5 ± 5.6 0.4 ± -0.0 0.4 ± -0.0 0.5 ± -0.0 10.7 + 1 . 4 −2 . 3 

Willman 1 24.6 ± 21.4 19.4 ± 15.2 15.7 ± 11.2 0.3 ± -0.2 0.4 ± -0.2 0.5 ± -0.1 10.7 + 1 . 7 −2 . 0 
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Table 3. Mann–Whitney U Test p -values for the observation to distance-matched subhalo comparisons. The reported 
p -values are the harmonic means of 500 MWU tests conducted on sets of 10 N distance-matched subhalo properties 
and 10 N MW satellite properties drawn from the properties’ errors. These p -values are two-sided, i.e. p max = 1. Our 
statistical significance level is set at p = 0.05. Values below this level reject the null hypothesis that the two compared 
distributions are drawn from the same parent population. Values above our chosen significance level signify that the null 
hypothesis cannot be rejected and are highlighted in yellow. Values are reported for our fiducial phELVIS host sets for 
all the various groups of satellites discussed throughout the paper. 

D MW 

V Rad V Tan V 3D 

All satellites (44) to unmatched subhaloes 

Low-mass hosts < 0.001 < 0.001 < 0.001 < 0.001 

Intermediate-mass hosts < 0.001 0.003 < 0.001 < 0.001 

High-mass hosts < 0.001 0.367 < 0.001 < 0.001 

Satellites with proportionally low 

Tangential velocity errors (LTVE) (34) to unmatched subhaloes 

Low-mass hosts < 0.001 < 0.001 < 0.001 < 0.001 

Intermediate-mass hosts < 0.001 0.001 < 0.001 < 0.001 

High-mass hosts < 0.001 0.384 < 0.001 < 0.001 

All satellites (44) 

Low-mass hosts 0.836 < 0.001 0.142 0.006 

Intermediate-mass hosts 0.822 0.735 0.005 0.013 

High-mass hosts 0.796 < 0.001 < 0.001 < 0.001 

Satellites with proportionally low 

Tangential velocity errors (LTVE) (34) 

Low-mass hosts 0.767 < 0.001 0.003 < 0.001 

Intermediate-mass hosts 0.744 0.896 0.098 0.141 

High-mass hosts 0.702 < 0.001 < 0.001 < 0.001 

LTVE satellites excluding 

Satellites associated with the LMC (25) 

Low-mass hosts 0.823 0.003 0.019 0.003 

Intermediate-mass hosts 0.759 0.722 0.081 0.057 

High-mass hosts 0.778 0.001 < 0.001 < 0.001 

LTVE satellites with D MW 

< 100 kpc (25) 

Low-mass hosts 0.644 < 0.001 0.012 < 0.001 

Intermediate-mass hosts 0.641 0.061 0.005 0.044 

High-mass hosts 0.565 0.032 < 0.001 < 0.001 

LTVE satellites excluding satellites associated 

with the LMC and using limit of V peak > 10 km s −1 (25) 

Low-mass hosts 0.769 0.060 0.015 0.003 

Intermediate-mass hosts 0.798 0.055 0.049 0.008 

High-mass hosts 0.730 < 0.001 < 0.001 < 0.001 
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evel ( p = 0.05) and the fact that we calculate a two-sided p -value.
he tangential and total velocity comparisons are also rejected at
reater than 5 σ for all three sets. The radial velocity p -values are
 bit different in these comparisons. For the low- and intermediate-
ass host haloes sets, the p -values are rejected at greater than or

ear 3 σ , with 3 σ mapping to p = 0.0027. The comparison for the
igh-mass host halo set in radial velocity cannot be rejected ( p >
.05) – this is the only non-rejectable null hypothesis between the
nmatched subhalo distributions and the observations. 

 RESU LTS  

e refine halo mass constraints for the MW by comparing the MW
atellites’ Galactocentric velocities to distance-matched distributions
f Phat ELVIS subhaloes split into 3 groups based on host halo
irial mass. The three host halo mass bins range from < 10 12 to
2 × 10 12 M �, with ∼10 12 M � being the intermediate bin. We
NRAS 513, 4968–4982 (2022) 
ocus on two sets of satellites drawn from the MCV20a sample –
ll MW satellites and satellites with proportionally small tangential
elocity errors (see Section 2.1 ). These two subsets included 44 and
4 satellites, respectively. 
The subhalo distribution from each of the three host halo sets is

ell matched in distance to each of the two main satellite sets, by
esign (see fig. 2 and Section 3 ). Given these subhalo samples that
re well matched on Galactocentric distance to the observed MW
atellite population, the velocity distributions of each satellite set
re then compared to the corresponding measure for the distance-
atched subhaloes from the 4 highest mass host haloes, the 4

ntermediate-mass host haloes, and the 4 lowest mass host haloes.
his results in three harmonic mean p -values for the each of the
elocity components. When p ≤ 0.05, the MWU test’s null hypothesis
an be rejected, which equates to the galaxy sample being poorly
epresented by the distance-matched subhaloes in a specific host
alo mass set (based on that particular measure of velocity). 
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Figure 3. Cumulative distributions of Galactocentric velocities − namely 
in panel (a) V rad , in panel (b) V tan , and in panel (c) V tot − for the MW 

satellites in comparison to that of the simulated subhaloes. The solid black 
line is the distribution for the 44 satellite galaxies in the MCV20a sample. 
The dashed burgundy line, dashed–dotted aqua line, and the dotted sienna 
line are the distributions for subhaloes drawn from the three bins in host 
mass. The grey shaded regions are the cumulative distribution of the range 
of 500 randomly sampled values from each systems reported errors. In panel 
(a), the comparison in the well constrained parameter of Galactocentric radial 
velocity results in the preference towards only an intermediate mass MW dark 
matter halo. Panels (b) and (c) tell a different story. These subplots display 
how the inclusion of the further phase-space information from Gaia shifts the 
preference towards a less massive MW in Galactocentric tangential velocity, 
in that the low-mass hosts yield the only non-rejected p -value, while no host 
halo mass range is consistent with the observed Galactocentric total velocities 
for this sample. 
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With tight distance-matched populations, we first examine the 
ost well-constrained kinematic property – Galactocentric radial 

elocity ( V rad ). As illustrated in panel (a) of Fig. 3 , radial velocities
or the main set of 44 satellites are in good agreement with the
orresponding velocities for subhaloes in the intermediate-mass host 
alo set, while the subhaloes drawn from the low-mass and high-mass 
osts are inconsistent with the observations at � 5 σ ( p < 0.000 01). 
Since the strength of Gaia ’s data is the ability to calculate full 6D

hase-space, we take the analysis a step further by incorporating the 
ot as richly studied Galactocentric total and tangential velocities. 
or the main set of 44 satellites, the preference for an intermediate-
ass host halo is not evident when examining either of these two

elocities – i.e. the associated p- values reject the null hypothesis 
hat the two samples are drawn from the same parent distribution.
s shown in panels (b) and (c) of Fig. 3 , the subhaloes of the

ntermediate-mass hosts are inconsistent with the observational set. 
n panel (b), the tangential velocity comparison prefers the low-mass 
osts, i.e. this is the only non-rejected p -value, while in panel (c)
he total velocity comparison rules out all host mass ranges – i.e. all
amples yield p < 0.05. 

A caveat to the Gaia -derived velocities is that a significant group of 
he observed systems have proportionally large errors associated with 
heir proper motions which translates to proportionally large errors 
ssociated with the system’s tangential and total velocities. These 
arger uncertainties allow for the possibility of extreme velocities 
hat are not well represented in the phELVIS simulations. Inclusion 
f these systems in the analysis potentially creates a bias primarily
o wards lo wer mass hosts. The systems in the MCV20a sample
ith proportionally high tangential velocity errors have the lowest 

angential velocities of all 44 satellites and are at distances further
han roughly half the sample. These kinematically cool systems 
ecome more rare with increasing host halo mass – in higher mass
osts, hotter systems are the norm. F or e xample, Leo IV is one
uch system with proportionally large tangential velocity errors 
i.e. | V tan, err / V tan | ≥ 0.30). Of the 1108 haloes within ±5 kpc of Leo
V’s distance (154.59 ± 4.99 kpc) in the 4 highest mass host haloes,
here are exactly 0 haloes with a tangential velocity in the bottom
ange of Leo IV’s 1 σ tangential velocity error ( V tan < 14 km s −1 ). 

To address this potential bias, we rerun our distance-matching 
nalysis using the subsample of 34 satellites with low fractional 
ncertainty in V tan – specifically, we define proportionally low-error 
ystems to have | V tan, err / V tan | ≤ 0.30. We then compare the resulting
elocity distributions for this pared-down set. As illustrated in Fig. 4 ,
he radial velocity comparison, panel (a), is essentially unaffected by 
he removal of systems with proportionally high tangential velocity 
rrors. Ho we ver, the comparison in tangential velocity space, panel
b), now prefers the intermediate-mass hosts. The preferred halo 
ass in the total velocity comparison also changes from Fig. 3 to

ow prefer the intermediate-mass hosts. The low- and high-mass 
osts in all three velocity component comparisons are rejected ( p
 0.05) at or near 3 σ . All p -values discussed here can be found in
able 3 . 
To explore the limits of this preferred intermediate-mass range, 

.04–1.20 × 10 12 M �, we rerun the analysis with thinner and wider
ntermediate-mass ranges. More specifically, we ran the analysis 
ith a thinner intermediate mass range of ∼1.04–1.10 × 10 12 M �

3 host haloes) and a wider intermediate mass range of ∼0.96–
.40 × 10 12 M � (6 intermediate-mass host haloes instead of 4). We
ompare these varying host halo mass ranges to the observational 
et of systems with proportionally low tangential velocity errors. 
n the velocity comparisons for the thinner intermediate-mass host 
alo set, this new intermediate-mass host halo set of 3 haloes is
referred across all 3 velocity components. The 3 p-values for this
ost halo set are all greater than the significance limit of 0.05,
hile the p -values for the low- and high-mass hosts in all 3 velocity

omponents are rejected at or near 3 σ . In the velocity comparisons
or the wider host mass set, there is not one host halo set preferred
cross all 3 velocity components. Though the intermediate-mass 
ample is nearly preferred across the components – the radial and 
otal velocity p -values are greater than the significance limit while
he tangential velocity p -value is just below this limit ( p = 0.045).
verall, the results based on comparing the set of MW satellites
ith proportionally low tangential velocity errors to the phELVIS 

imulations strongly indicate that the Gaia-based distances and 
elocities are consistent with an MW dark matter halo mass of ∼1–
.20 × 10 12 M �. 

 DI SCUSSI ON  

.1 Large Magellanic Cloud (LMC) Satellites 

f the 12 MW-like systems in the phELVIS suite with an embedded
isc potential, there is only 1 host with a Large Magellanic Cloud-
ike subhalo (i.e. with M vir ≥ 8 × 10 10 M �). If this restriction is
owered to M vir ≥ 3 × 10 10 M �, then there are 2 Large Magellanic
loud-like subhaloes throughout the 12 disc hosts. It can be argued

hat including MW satellites that were originally LMC satellites in 
MNRAS 513, 4968–4982 (2022) 
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Figure 4. Cumulative distributions of all velocity components for the pared-down set of 34 satellites all with proportionally low tangential velocity errors. 
The colour coding, line style, and le gend conv entions are identical to Fig. 3 . These three plots display how excluding satellites with their average plus–minus 
error ≥ 30 per cent of their tangential velocity settles the host mass preference on an intermediate mass MW. Specifically, compared to Fig. 3 , the resulting 
p -values for the intermediate mass host haloes in the Galactocentric tangential and total velocities are now above the statistical significance level of 0.05 while 
the p -values for the low- and high-mass host haloes are rejected and therefore the intermediate mass hosts haloes is the preferred host mass range. 

o  

r  

i  

o
 

t  

f  

L  

a  

B  

I  

s  

e  

b  

e  

s  

w
 

i  

o  

e  

t  

e  

v  

t  

0  

W  

(  

w  

i  

M  

s  

c  

F  

r  

t  

w  

s  

h

Figure 5. Cumulative distributions of individual Galactocentric velocity 
components for the set of (25) satellite galaxies excluding all 9 LMC- 
associated systems (and excluding satellites with proportionally high tangen- 
tial velocity errors). The colour coding, line style, and le gend conv entions 
are identical to Fig. 3 . The exclusion of the 9 LMC-associated systems 
does not change the intermediate host mass preference. Across all 3 velocity 
component comparisons, the p -values for the low- and high-mass host haloes 
are rejected ( p < 0.05) while the intermediate-mass host halo p -values are 
abo v e the significance limit. 
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ur analysis may bias our results, as these systems may not be well-
epresented in the phELVIS simulation suite. Here, we explore the
mpact of removing LMC satellites from our observational sample
f galaxies with low tangential velocity errors. 
While there is some contention o v er which galaxies are satellites of

he LMC, the derived proper motions from Gaia DR2 have allowed
or more direct investigation into potential associations with the
MC. In addition to Horologium I, which has been found to be
 likely LMC satellite in multiple studies (Sales et al. 2017 ; Erkal &
elokuro v 2019 ; P atel et al. 2020 ; Santos-Santos et al. 2021 ), Carina

I, Carina III, and Hydrus I have also been classified as long-term
atellites of the LMC via their Gaia DR2 proper motions (Kalli v ayalil
t al. 2018 ; Patel et al. 2020 ), where long term is defined by being
ound to the LMC for at least 2 consecutiv e orbits. Furthermore, P atel
t al. ( 2020 ) found another 5 galaxies to be recently captured LMC
atellites (Reticulum II and Phoenix II) or have had prior interactions
ith the LMC (Sculptor, Segue 1, and Tucana III). 
To explore how our results may be biased by the dynamical

nfluence of the LMC, we fully rerun our distance-matching analysis
n the set of MW satellites with low tangential velocity error fractions
xcluding the 9 LMC-associated satellites, which includes long-
erm satellites plus recent satellites and LMC interactors. When
xcluding these systems associated with the LMC, across all 3
elocity components, the null hypothesis is rejected when comparing
o subhaloes drawn from the low- and high-mass hosts (i.e. p <
.05), with the distribution of observed velocities for the Milky
ay satellites intermediate between these two subhalo samples

i.e. again fa v ouring an intermediate-mass Milky Way). Ho we ver,
hile the radial velocity distribution for subhaloes drawn from the

ntermediate-mass sample is visually consistent with that of the
ilky Way satellite population when excluding the LMC-associated

atellites, we find that the tangential and total velocities are less
onsistent (as compared to the distributions in Fig. 4 ). As seen in
ig. 5 and Table 3 , the intermediate-mass host samples yield non-
ejected p -values, p ≥ 0.05, when comparing to the observed radial,
angential and total v elocities. Ov erall, when satellites associated
ith the LMC are remo v ed from our analysis, the distance-matched

ubhaloes continue to show a preference for an intermediate-mass
ost halo ( ∼1–1.2 × 10 12 M �). 
NRAS 513, 4968–4982 (2022) 

s  
So far in this work, all distance-matched subhaloes are selected
ccording to a peak maximum circular velocity limit of V peak >

 km s −1 . As shown by Graus et al. ( 2019 ), the abundance of Milky
ay satellites can be reproduced with subahloes down to V peak >

0 km s −1 when excluding those systems associated with the LMC.
hile this more restrictive subhalo selection roughly quarters the

ubhalo populations, only Draco II does not have at least 10 subhaloes
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Figure 6. Galactocentric distance against orbital eccentricity for the MW satellites with proportionally low tangential velocity errors colour coded by the ratio 
of Galactocentric radial v elocity v ersus tangential v elocity. The satellites are separated into two groups: (left-hand panel) systems outside 70 kpc and (right-hand 
panel) systems inside 70 kpc. These figures display trends in eccentricity − decreasing eccentricity with increasing MW dark matter halo mass for those systems 
inside 70 kpc (right-hand panel) and the lack of a strong trend in eccentricity for those systems outside 70 kpc (left-hand panel) . As seen by the colour coding, 
| V rad | / V tan > 1 indicates more radial orbits while those < 1 point towards more circular orbits. Eccentricity may serve well as host mass diagnostics. 
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et al. 2020 ), which may affect the varying trends between data sets. 
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n its distance bin across all host mass sets. As shown in Table 3 , when
imiting subhaloes to V peak > 10 km s −1 , there is no consistent host

ass preference. The high-mass host samples are inconsistent with 
he observed Milky Way satellites across all 3 velocity measures. 

eanwhile, the subhaloes drawn from the low- and intermediate- 
ass hosts are consistent with the observed radial velocities, but 

nable to reproduce the tangential and total velocity distributions of 
he Milky Way satellites. 

.2 Pericentric passage, eccentricity, and satellite infall 

o explore the orbits of the observed MW satellites in various dark
atter halo potentials, we calculate pericentres and orbital eccen- 

ricities, defined as eccentricity = ( r apocentre − r pericentre )/( r apocentre + 

 pericentre ), for a low-, intermediate-, and high-mass MW potential 
sing GALPY (Bovy 2015 ). We employ GALPY ’s standard MWPo-
ential2014 potential model, which contains a spherical buldge, 
 Miyamoto Nagai Potential disc and an NFW dark matter halo with
oncentration 15.3, along with the EDR3 proper motions and other 
atellite properties from the literature (i.e. RA, Dec., heliocentric 
istance, and line-of-sight velocity). We modify the MWPoten- 
ial2014 by adopting 3 host potentials based on the average halo 
asses from our 3 host sets – i.e. average masses of 0.835, 1.120,

.675 × 10 12 M � – 1.04, 1.4, and, 2.09 ×MWPotential2014 , 
espectively. The resulting inferred orbital properties (3 peri- 
entres and 3 eccentricities) for the MW satellites can be f
und in Table 2 . 
Comparing the resulting 3 pericenteric passages derived using 

ALPY , there is a mild preference for smaller pericentres in in-
reasing host potentials – e.g. for satellites 30–60 kpc from the 
entre of the Milky Way, the median pericentre in the largest host
otential is ∼30 kpc, while the median in the smallest poten- 
ial is � 35 kpc. This host mass −pericentre correlation is not as
trong amongst the distance −matched phELVIS subhaloes, where 
he median pericentres in this same distance bin (30–60 kpc) is
oughly half the spread of that seen in the GALPY pericentres. 4 

hile these predicted pericentres for all 44 satellites decrease with 
ncreasing host potential, the correlation between orbital eccentricity 
nd host halo mass is more complicated. As illustrated in Fig. 6 ,
or satellites currently in the outer MW halo (70 < D MW 

/kpc
 300), there is not a strong correlation between host potential

nd orbital eccentricity. In the inner MW halo ( D MW 

< 70 kpc),
o we ver, there is a clear ne gativ e correlation, such that eccentricity
ecreases with increasing host potential for ∼ 75 per cent of the 
atellites – i.e. orbits become more circular in greater potentials. 
he preferential circularization of orbits with increasing host mass 

s likely the result of satellite disruption associated with tidal forces.
t a given host-centric distance within the inner halo, surviving 

atellites of more massive hosts tend to populate circular orbits, 
s tidal destruction has preferentially destroyed systems on more 
lunging orbits. 
Beyond pericentre and eccentricity, another critical orbital pa- 

ameter is the infall time on to the Milky Way (or host halo).
ithin the simulations, we are able to directly trace the infall of

ubhaloes, such that infall time is defined as the lookback time when
 subhalo first crossed the host halo’s virial radius. For observed
atellites of the MW, on the other hand, constraining the infall time
s more challenging (given that we lack a DeLorean and a flux
apacitor). Using Gaia proper motions from Fritz et al. ( 2018 ) to
stimate the binding energy of each Milky Way satellite, Fillingham 

t al. ( 2019 ) estimate the infall time according to a correlation
etween infall time and binding energy derived for subhaloes in 
he phELVIS simulations (see also Rocha, Peter & Bullock 2012 ).
or each satellite’s infall time, Fillingham et al. ( 2019 ) adopt the peak
alue in that satellite’s kernel density estimation (KDE) from binding 
nergy-matched subhalo infall times. When computing the binding 
MNRAS 513, 4968–4982 (2022) 
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Figure 7. Cumulative distribution of satellite/subhalo infall times. The solid 
black line shows the cumulative distribution of first infall times for 26 MW 

satellites with low tangential velocity errors, as inferred by Fillingham et al. 
( 2019 ). The grey shaded region is the cumulative distribution of the range of 
500 randomly sampled values from each of the 26 systems’ reported errors. 
The opaque dashed burgundy line, opaque dashed–dotted aqua line, and 
the opaque dotted sienna line are the corresponding distributions for all the 
distance-matched subhaloes belonging to our adopted host-mass bins. The 
half-transparent versions of these colorful lines are cumulative distributions 
of the median infall time for each set of subhaloes distance-matched to 
each galaxy in the Fillingham et al. sample. These median distributions 
mimic methods employed by Fillingham et al. showing better agreement 
to their distribution. In contrast, the opaque lines account for the full range 
of possible infall times which allows for later infall times to become more 
common, skewing those distributions to earlier cosmic times. As a whole, 
the distribution of infall times, as inferred from Gaia proper motions, does 
not match that found in the simulations, with the simulations fa v ouring later 
(i.e. more recent) infall times. 
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nergy of the Milky Way satellites, they assume a host halo mass of
.3 × 10 12 M �, which is directly between that of our intermediate-
nd high-mass host halo samples. As illustrated in Fig. 7 , ho we ver, the
istribution of infall times within phELVIS is largely independent of 
ost mass. 
For the 26 MW satellites with proportionally low tangential

elocity errors and infall times estimated by Fillingham et al. ( 2019 ),
e draw distance-matched subhalo samples as described in Section 3 .
ig. 7 shows cumulative distributions of infall times for all distance-
atched subhaloes in this subsample (opaque colourful lines). We

ote that the distribution of infall times obtained in this way is
ifferent than using only a single value, such as the median of
he distribution, for each set of subhaloes distance-matched to each
alaxy, which is shown by the half-transparent lines. Accounting for
he full range of possible infall times (opaque lines) instead of just
he median value per galaxy (half-transparent lines) allows for later
nfall times to become more common, independent of the host mass.
nterestingly our distribution of median infall times (half-transparent
ines) are in reasonable agreement with estimates from Fillingham
t al. ( 2019 ), which are based on energy-matching subhaloes instead
f distance matching as in this work. 
The inferred median infall times for the MW satellite population in

hELVIS (half-transparent lines) are skewed to earlier cosmic times
NRAS 513, 4968–4982 (2022) 
elative to the distribution of most likely (KDE peak) infall times
alculated for the MW (black solid line), an effect even stronger when
llowing for the whole distribution of infall times for the distance
atched subhaloes to be included (opaque lines). This suggests that it

s possible that the MW may be an outlier with regard to its accretion
istory, such that a larger fraction of its satellites were accreted
t early cosmic time (Elias et al. 2018 ), potentially via correlated
ccretion of substructures (D’Souza & Bell 2021 ). While the likely
ecent infall of the LMC (and associated satellites) would counter this
otential bias in accretion history to some degree (Besla et al. 2007 ;
alli v ayalil et al. 2013 ), the possibly anomalous satellite quenched

raction for the Milky Way might serve as further evidence of a bias
owards early accretion – and excess quenching – relative to other
earby Milky Way-like systems (Wheeler et al. 2014 ; Fillingham
t al. 2015 ; Geha et al. 2017 ). 

.3 Limitations and comparison to previous studies 

ne obvious limitation of our method is the underlying assumption
hat the formation history of the MW is represented in our sample
f phELVIS simulations. Encouragingly, as discussed in Section 5.1 ,
he low rate of large satellites with their own satellite systems ( >
0 per cent phELVIS host haloes host an MC system) does not affect
ur results. A limitation that does impact our results is the coarse mass
etermination due to small host halo sample size – i.e. phELVIS has
nly 12 MW-like host haloes. Due to time and computational costs
f running new, larger simulations, doing so to obtain a more precise
esult is beyond the scope of this paper. 

Historically there has been a wide range of estimates of the MW’s
ass from 0.56 ± 0.12 × 10 12 M �, via stellar stream modeling (using
 -body realizations of the Sagittarius stream Gibbons, Belokurov &
vans 2014 ), to 2 . 65 + 1 . 58 

−1 . 36 × 10 12 M �, via timing mass argument
using Hubble Space Telescope ( HST ) derived proper motions for
eo I Sohn et al. 2013 ]. Within the uncertainties these results do
ot agree with one another or with our results. Recent studies
sing stellar streams, such as Craig et al. ( 2021 ), who modelled
he Magellanic Stream moti v ated by HST proper motions, found
he mass to be 1.5 ± 0.3 × 10 12 M �, which just o v erlaps our
etermination at 1 σ . The timing mass argument constrains the
ocal Group mass, and MW mass within it, through present-day
inematics, the impending major merger between the MW and M31
s well as mass restrictions to hav e o v ercome univ ersal e xpansion
see Bland-Hawthorn & Gerhard ( 2016 ), Benisty & Guendelman
 2020 ), Benisty ( 2021 ) for thorough discussions on the method,
ts implications and limitations]. Recent results using the timing
rgument, and data from the H3 Spectroscopic Surv e y, find a range
rom 0.9 to 1.5 × 10 12 M � (Zaritsky et al. 2020 ), where our results
t snugly within. 
There are many more approaches to calculating the virialized

ark matter mass of the MW. Analysing kinematics of various
bjects within the MW dark matter halo is one of the most common
ethods as there are many tracer object options (e.g. halo stars,

lobular clusters, hypervelocity stars, streams, and satellite galaxies).
he advent of Gaia has dramatically increased the precision of
uch efforts with its proper motion prowess. Wang et al. ( 2020 )
ound that of the studies basing their observational measurements
ff Gaia DR2 data, the result of Callingham et al. ( 2019 ), who
ompared satellite dynamics to model satellites in the EAGLE
osmological hydrodynamics simulations, is the median value at
 . 17 + 0 . 21 

−0 . 15 × 10 12 M � – our results fully agree with theirs. The ex-
remes of the Gaia -based studies are M 200 = 0 . 7 + 0 . 11 

−0 . 08 × 10 12 M �
via cumulative mass profiles derived from globular cluster kine-

art/stac1265_f7.eps


Milky way mass from Gaia and phat ELVIS 4979 

m  

s
e  

r  

b  

i  

i  

L  

m
s
d

 

a  

r
m
–
s
m  

M

5

W  

(  

b  

2
M  

W  

H  

E  

S  

o
o  

w
o
M
f
d
c  

s  

u
T
W

t
1
t
k
s  

r
d
a
t  

t
b  

c
t
t
t
o  

w

5

A  

i  

a  

G  

d  

b  

r
k
a  

s  

m  

m
s
l
M
d
t
r  

h  

t

t
b  

i
t  

h  

i
a  

d
h  

t  

t
M  

e
v  

M

6

U  

s
s
c  

a  

s

 

o
m
(
1

i
a  

p  

u  

‘

c  

W  

c

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/4/4968/6582994 by Technical Services Serials user on 16 June 2022
atics Eadie & Juri ́c 2019 ), and M 200 = 1 . 31 + 0 . 45 
−0 . 40 × 10 12 M � (via

atellite galaxy proper motions in a scale-free mass estimator Fritz 
t al. 2020 ). Our results are in agreement with the more massive
esult but not with the least massive. As a caveat to kinematics-
ased mass estimations, Erkal, Belokuro v & P arkin ( 2020 ) recently
llustrated that not including the LMC in such methods can result
n o v erestimating the MW’s mass by up to 50 per cent due to the
MC pushing the MW out of equilibrium. This issue is bypassed in
ethods directly comparing N -body simulations, where simulated 

ystems are not in equilibrium, to the observed kinematics, as is 
one in this work. 
As described in this section, the field is starting to converge on

 well constrained value of the mass of the Milky Way where our
esults, 1–1.2 × 10 12 M �, fit within the range. Furthermore, the 
ethod presented here achieves a metric most other studies do not 
we fully quantify which model masses deviate from the observed 

atellite population at � 3 σ significance. This ‘antigoodness of fit’ 
easure is a great advantage of null hypothesis tests, such as the
WU. 

.4 Obser v ational completeness 

ith many new satellite galaxy disco v eries within the past 2 decades
York et al. 2000 ; Willman et al. 2005a , b ; Zucker et al. 2006a ,
 ; Belokurov et al. 2010 ; Bechtol et al. 2015 ; Drlica-Wagner et al.
015 ), the debate related to the observational completeness of the 
W satellite population has been re vi ved (Tollerud et al. 2008 ;
alsh, Willman & Jerjen 2009 ; Wang, Frenk & Cooper 2013 ;
argis, Willman & Peter 2014 ; Garrison-Kimmel et al. 2017 ; Jethwa,
rkal & Belokurov 2018 ; Newton et al. 2018 ; Carlsten et al. 2020 ;
amuel et al. 2020 ). By matching our subhalo subsamples to the
bserved MW satellite population based on host-centric distance, 
ur analysis ef fecti v ely minimizes an y systematic bias associated
ith incompleteness. To more fully explore the potential impact of 
bservational completeness on our results, ho we ver, we limit the 
ilky Way satellite population (and corresponding subhalo samples 

rom phELVIS) to systems within 100 kpc. At these Galactocentric 
istances ( < 100 kpc), the MW satellite population is relatively 
omplete, especially in the Southern Hemisphere thanks to surv e ys
uch as the Dark Energy Surv e y (DES) and other imaging campaigns
sing the Dark Energy Camera (DECam) on the Victor M. Blanco 
elescope at the Cerro Tololo Inter-American Observatory (Drlica- 
agner et al. 2020 ). 
In our observational data set of systems with proportionally low 

angential velocity errors, there are 25 satellite galaxies within 
00 kpc. For this restricted – yet largely complete – sample, 
he observ ed v elocity distributions are again inconsistent with the 
inematics of subhaloes drawn from the low- and high-mass host 
amples (see Table 3 ). Meanwhile, while the distributions of observed
adial velocities for the nearby Milky Way satellites and for the 
istance-matched phELVIS subhaloes in the intermediate-mass hosts 
re consistent, the tangential (and total) velocity distribution for 
he nearby MW satellites is inconsistent ( p < 0.05) with that of
he intermediate-mass subhalo distribution. This slight disagreement 
etween the velocity distributions is likely due to a preference for
ircular orbits at small host-centric distance in phELVIS, such that 
he distribution of V tan is biased towards higher velocities relative 
o that of the observed MW satellites. This perhaps indicates that 
he tidal disruption of subhaloes within phELVIS may be slightly 
 v erestimated or otherwise incomplete in is characterization of orbits
ithin the inner part of the host halo. 
.5 Obser v ational predictions 

s more MW satellites are disco v ered through deep and wide imag-
ng surv e ys, such as the Le gac y Surv e y of Space and Time (LSST)
t the Vera Rubin Observatory (Ivezi ́c et al. 2019 ) or the Nancy
race Roman Space Telescope (Akeson et al. 2019 ), or via future
ata releases from Gaia , the virial mass of the Milky Way might
e further refined. Fig. 8 attempts to illustrate the potential future
efinement based on different observable quantities. The cumulative 
ernel density estimates plotted trace the unmatched distribution of 
ll haloes within 350 kpc of the respective host halo from hosts
plit into the three mass bins used throughout this work, with the
edian number of haloes per host mass bin being 1650. The low-
ass (burgundy dashed lines) and high-mass (sienna dotted lines) 

ets are compared to the intermediate-mass (black dashed–dotted 
ines) host halo sets across 9 subhalo (or satellite) characteristics. 

WU p -values were calculated for comparisons between the subhalo 
istributions drawn from the low-mass and high-mass hosts relative 
o those in the intermediate-mass hosts. Any characteristic with 
ejected p -values ( p < 0.05), i.e. large differences between the three
ost mass binned subhalo populations, stand to be good metrics to
est the preferred host mass range as new data becomes available. 

Galactocentric total velocity, tangential velocity, physical Galac- 
ocentric distance, and infall have the most discernible differences 
etween the host mass sets within phELVIS. Since infall must be
nferred from simulations (Fillingham et al. 2019 ) or modelling 
he orbital history of the satellite (e.g. Patel et al. 2020 ) and thus
as greater measurement uncertainty, it is likely to be of less help
n discriminating between different host mass regimes. Distance 
nd total v elocity hav e the largest differences between subhalo
istributions. Subhaloes in the more massive hosts are kinematically 
otter and at further distances from the centre of their host halo than
hose in the less massive hosts. As new satellites are disco v ered,
he characterization of the radial selection function of observed 

W satellites will impro v e, enabling distance to be used as a mass
stimator. It will be particularly interesting to explore their total 
elocity-based phase space to further refine the halo mass of the
ilky Way. 

 SUMMARY  

sing the Phat ELVIS suite of N -body Milky Way-like cosmological
imulations with embedded disc potentials along with the full phase- 
pace information for Milky Way satellites from Gaia EDR3, we 
onstrain the dark matter halo mass of the Milky Way and find
 preferred mass range of ∼1–1.2 × 10 12 M �. A more complete
ummary of our main results are as follows: 

(i) As illustrated in Fig. 4 , when limiting the observed sample
f Milky Way satellites to those systems with well-measured kine- 
atics, we find that the observed distribution of satellite velocities 

 V rad , V tan , and V tot ) are consistent with a host halo mass of ∼1–
.2 × 10 12 M �. 
(ii) Across all samples probed, the distribution of satellite veloc- 

ties inferred from Gaia observations of the Milky Way satellites 
re inconsistent, at the 3 σ confidence level, with that of subhaloes
opulating host haloes with masses < 10 12 or > 1.2 × 10 12 M �. Our
se of the MWU test allows us to quantify the inconsistency or
antigoodness of fit’. 

(iii) Excluding systems associated with the LMC does not signifi- 
antly change our results, with the observed kinematics of the Milky
ay satellites fa v ouring a host halo mass of ∼1–1.2 × 10 12 M � when

ompared to distance-matched subhalo populations in phELVIS. 
MNRAS 513, 4968–4982 (2022) 



4980 M. K. Rodriguez Wimberly et al. 

M

Figure 8. Cumulative distributions of all haloes within 350 kpc of their respective host halo split into three host halo mass sets. The low-mass (burgundy dashed 
lines) and high-mass (sienna dotted lines) sets are compared to the intermediate mass (black dashed–dotted lines) host halo sets across 9 subhalo properties. 
These plots illustrate which physical parameters of newly disco v ered satellites will assist us in further refining the dark matter mass content of the MW −
namely two of the most straightforward to obtain properties – distance and total velocity. 
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(iv) In the inner halo ( D MW 

< 100 kpc), we find a correlation
etween host mass and the eccentricity of satellite orbits (as predicted
y GALPY ), such that at a given Galactocentric distance increasingly
ircular orbits are found in higher mass hosts. This is likely a
onsequence of subhalo destruction preferentially removing satellites
n more radial orbits in more massive hosts. 
(v) The distribution of infall times inferred from Gaia phase-space
easures (Fillingham et al. 2019 ) are systematically skewed towards

arly cosmic times (i.e. early accretion) relative to that of distance-
atched subhaloes drawn from the phELVIS simulation suite. 
(vi) The distribution of pericentric distances for subhaloes in

hELVIS show little dependence on host mass, in contrast to the
xpectations from GALPY that fa v our smaller pericentric distances
NRAS 513, 4968–4982 (2022) 

or satellites in more massive host haloes. 
(vii) Looking towards the disco v ery of future Milky Way satellites
y next-generation observational facilities, we show that the observed
istribution of Galactocentric total velocity and Galactocentric dis-
ance stand to be good metrics to test the preferred host mass range
or the Milky Way. 
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