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ABSTRACT

Based on Gaia Early Data Release 3 (EDR3), we estimate the proper motions for
46 dwarf galaxies of the Milky Way. The uncertainties in proper motions, determined
by combining both statistical and systematic errors, are smaller by a factor 2.5, when
compared with Gaia Data Release 2. We have derived orbits in four Milky Way potential
models that are consistent with the MW rotation curve, with total mass ranging from
2.8×1011 M� to 15×1011 M�. Although the type of orbit (ellipse or hyperbola) are very
dependent on the potential model, the pericenter values are firmly determined, largely
independent of the adopted MW mass model. By analyzing the orbital phases, we found
that the dwarf galaxies are highly concentrated close to their pericenter, rather than to
their apocenter as expected from Kepler’s law. This may challenge the fact that most
dwarf galaxies are Milky Way satellites, or alternatively indicates an unexpected large
number of undiscovered dwarf galaxies lying very close to their apocenters. Between half
and two thirds of the satellites have orbital poles that indicate them to orbit along the
Vast Polar Structure (VPOS), with the vast majority of these co-orbiting in a common
direction also shared by the Magellanic Clouds, which is indicative of a real structure
of dwarf galaxies.

Keywords: galaxies: dwarf — galaxies: kinematics and dynamics

1. INTRODUCTION

Gaia DR2 (Helmi et al. 2018) revolutionized the knowledge of Milky Way (MW) dwarf galaxies by
revealing their proper motions (PMs) (Fritz et al. 2018). Because they lie in our neighborhood, MW
dwarf galaxies are unique galaxies for which we can firmly establish 6D phase diagrams (3D locations
and 3D velocities). Gaia EDR3 (Gaia Collaboration et al. 2016, 2020) provides a significant step
forward by improving PM precision by a factor ∼ 2, including for very faint dwarf galaxies.
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In the meantime between Gaia DR2 and EDR3 epochs, several new dwarf galaxies have been
discovered, or have been spectroscopically observed to derive their radial velocities, which is the
essential complement to Gaia PMs for establishing their 3D motions (see references in Table 1).
Combined with Gaia EDR3 this allows the determination of accurate orbits for several tens of dwarf
galaxies much less massive than the classical dwarf spheroidal galaxies1, a yet unprecedented number.
In principle, one may now investigate their past and future history.

However, besides observed (instantaneous) quantities (distances and velocities), evaluating inte-
grated orbital quantities (pericenter, apocenter, orbit shape and eccentricity) requires the knowledge
of the potential, i.e., namely that of the main Galaxy, the MW. It has been shown (Fritz et al. 2018;
Hammer et al. 2020) that the determination of dwarf galaxy orbital quantities is limited by Gaia
DR2 PM uncertainties, but perhaps even more by the systematics due to the inaccurate knowledge
of the MW mass profile. Reducing PM errors by at least a factor ∼ 2 with EDR3, leads to a problem
for which the limited knowledge of the MW mass-profile dominates the uncertainties in the derived
orbital properties. Another possible limitation is the impact of the second massive body in the MW
halo, the Large Magellanic Cloud (LMC), which can, if it has a total mass exceeding 1011 M�, also
affect stellar streams such as the Orphan stream (Erkal et al. 2019).

In other words, the MW potential uncertainties hamper our knowledge of dwarf galaxy orbits. The
circular velocity curve of the MW has been accurately provided by Eilers et al. (2019) and Mróz et al.
(2019). This result can be associated to other possible probes of the MW potential, for example dwarf
galaxy (Cautun et al. 2020) or globular cluster motions Wang & Hammer (2021), leading to quite
discrepant values for the total MW mass. This is not unexpected because these methods depend on
whether or not these additional probes share a similar equilibrium than rotating disk stars in the
MW potential. Jiao et al. (2021) showed that MW mass profiles derived from the rotation curve are
also affected by the choice of the dark-matter mass profile. In a generalized study, they determine
the range of total MW mass that can be consistent with the MW rotation curve fit. They found
that the MW mass can be as small as 2.8× 1011 M� (see also de Salas et al. 2019 and Karukes et al.
2020) or as large as 15× 1011 M�. This somewhat constraints the available range of MW potential,
but it also emphasizes that it is still required to consider a wide range of total MW masses when
performing orbital analyses.

Dwarf galaxies present a large variety of properties in mass, radius and velocity dispersion (see an
analysis in Hammer et al. 2019). Few of them (Hercules, Tucana III) show sign of tidal disruption,
which for Tucana III could be related to its passage at low pericenter (Li et al. 2018). More enig-
matic is the fact that most dwarf galaxies appear to lie and to orbit within a gigantic disk almost
perpendicular to the MW disk, the Vast Polar Structure (Pawlowski & Kroupa 2014). Dwarf galaxies
appear also to be excessively close to their pericenters (Fritz et al. 2018; Simon 2018). Their internal
properties also show unusual properties. For example, their gravity at half-light radius declines with
Galactic distance (Hammer et al. 2019). DSphs have had their own complex star-formation history,
which is revealed when they possess two distinct main stellar populations (Sculptor and Ursa Minor,
Tolstoy et al. 2004; Pace et al. 2020), or more than two (Carina and Fornax, Savino et al. 2015; de
Boer et al. 2012). However, Draco appears to possess only a single stellar population (Aparicio et al.
2001).

1 Following Tolstoy et al. (2009) MW dwarfs include dwarf spheroidals (dSphs) that are the 9 classical dSphs and Canes
Venaciti I, and ultra-faint dwarfs (UFDs), which are less luminous, with LV < 105M�, or MV > -7.5.
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This paper aims to provide updated and new proper motion measurements for MW dwarf galaxies,
and determines their resulting integrated orbital parameters in the widest range of MW masses
that remain consistent with the MW rotation curve. The goal is to avoid possible systematics or
biases that could affect our understanding of dwarf galaxies. Section 2 describes the dataset, the
determination of observed properties deduced from Gaia EDR3 and radial velocity measurements.
In Section 3, we have calculated integrated orbit properties for four different MW potentials derived
from the Jiao et al. (2021) analysis. Results are given and discussed in Section 4, including the dwarf
galaxy 3D phase-diagram, the VPOS, and the fraction of dwarf galaxies lying near their pericenters.

2. DATA

2.1. Sample of dwarf galaxies

The sample has been selected from the literature (Fritz et al. 2018; Simon 2019; McConnachie &
Venn 2020), with the supplementary request to have at least four spectroscopically measured stars
detected by Gaia EDR3 (the full reference list is given in Table 1). To this we have added five dwarf
galaxies having three measured stars or less to investigate the behavior of PM accuracy at low signal
(name in italic in Table 1). We have also added Eridanus II, even though its very large distance
precludes accurate velocity measurements. Following Fritz et al. (2018) we have kept Crater I and
Draco II in the dwarf galaxy list, since their precise nature (globular cluster or dwarf galaxy) is still
under discussion. The total list includes 46 galaxies.

2.2. Proper Motions, uncertainties, and comparison with other studies

We have first selected dwarf galaxy member stars from literature catalogues based, among others,
on their radial velocities (see references in Table 1), for which we have calculated the median. We
then have further selected only stars with Gaia parallaxes and proper motions consistent with the
median value of the dwarf galaxy at 5σ. Finally, stars with a dubious astrometry have been also
removed if the Gaia renormalized unit weight error (ruwe) is larger than 1.4 (Lindegren et al. 2020).

To compute the dwarf galaxy proper motions and their errors, we have adopted the method de-
scribed in Vasiliev (2019) who used both the statistical covariance matrix (as derived from the formal
errors and correlations provided in the Gaia catalogue) and the systematic one derived from the spa-
tial correlations. The proper motion covariance function has been constructed using the formulae of
Vasiliev (2019) adapted to EDR3 and using the values of Lindegren et al. (2020):

Vµ(θ) = 292 exp(−θ/12◦) + 258 exp(−θ/0.25◦)µas2 yr
−2

(1)

McConnachie & Venn (2020) promptly published PM estimates just after the Gaia EDR3. Ap-
pendix A compares their values to those in Table 1, which show an excellent agreement, except for
error bars that are systematically smaller in McConnachie & Venn (2020) by large factors, almost
always larger than 2 but that can reach 11 (for Sculptor), and even 20 for Fornax. We interpret this as
a difference in the treatment of systematics (not accounted by McConnachie & Venn (2020)), which
is still an important limitation for determining PMs of dwarf galaxies, and especially to evaluate
their orbital motions. Figure A1 indicates the name of the few dwarf galaxies for which both studies
show disagreement, which further points out the uncertain determination of PMs for 5 galaxies with
3 stars or less: Aquarius II, Columba I, Horologium II, Pisces II, and Reticulum III.

Appendix A also compares EDR3 results to Fritz et al. (2018) DR2 values. EDR3 and DR2 PM
values are often consistent within the pretty conservative DR2 and EDR3 error bars (see Figure A2)
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. However, for some dwarf galaxies there is some changes of the PM from DR2 to EDR3. Specifically,
changes exceeding the DR2 1σ error bars from Fritz et al. (2018) are affecting RA PMs of Aquarius II,
Crater II, Draco, Grus I, Hercules, Leo IV, Pisces II, Segue I, Segue II, Tucana III, UMa I, and UMi,
and for DEC PMs, Eridanus II, Hydrus, and Triangulum II. Top panels of Figure A2 also show that
on average, typical errors (including systematics) have decreased by a factor of about 2.5 from DR2
to EDR3. Note however that the number of dwarf galaxies with different measurements from DR2
to EDR3 is consistent with expectations: there are 37 satellites in common between the two data
sets, and one expects on average 32% of data points to disagree by 1σ or more, which corresponds to
about 12 dwarf galaxies in this case. This number well consistent with the numbers of measurements
differing by 1σ or more.

Table 1. Origin data of dwarf galaxies.

name dma Nstar $ µα∗ µδ ρµδ
µα∗ rv Ref.

mas (mas yr−1) (mas yr−1) (km s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

AntII 20.6± 0.11 157 −0.017± 0.018 −0.101± 0.02 0.113± 0.02 0.044 294.0± 0.1 1

AquII 20.17± 0.07 2 −0.845± 0.564 0.647± 0.588 −0.298± 0.548 0.267 −74.4± 1.0 2

BooI 19.1± 0.07 37 −0.04± 0.049 −0.307± 0.052 −1.157± 0.043 −0.107 100.3± 0.1 3,4

BooII 18.12± 0.05 4 0.215± 0.148 −2.273± 0.151 −0.361± 0.115 −0.164 −114.2± 1.4 5

CVenI 21.62± 0.06 53 −0.019± 0.059 −0.084± 0.052 −0.127± 0.037 0.149 26.4± 0.2 6,3

CVenII 21.02± 0.05 15 0.15± 0.124 −0.138± 0.111 −0.32± 0.082 0.333 −129.5± 0.7 7

CarI 20.13± 0.1 882 −0.004± 0.018 0.533± 0.021 0.12± 0.021 −0.009 221.8± 0.1 8,9

CarII 17.79± 0.04 18 0.05± 0.036 1.887± 0.043 0.164± 0.043 0.024 480.3± 0.3 10

CarIII 17.22± 0.05 4 0.041± 0.054 3.082± 0.068 1.394± 0.072 0.021 283.2± 0.6 10

ColI 21.31± 0.12 3 0.065± 0.133 0.189± 0.119 −0.556± 0.134 −0.069 152.3± 3.7 11

CberI 18.12± 0.08 17 0.03± 0.056 0.374± 0.059 −1.699± 0.056 −0.293 97.0± 0.6 7

CraI 20.82± 0.03 6 0.017± 0.151 0.056± 0.127 −0.122± 0.111 −0.292 149.3± 0.7 12,13

CraII 20.35± 0.02 59 0.004± 0.029 −0.072± 0.032 −0.123± 0.025 −0.024 87.9± 0.1 14

DraI 19.57± 0.16 536 −0.021± 0.018 0.039± 0.02 −0.181± 0.02 0.021 −292.1± 0.0 15,16,17

DraII 16.66± 0.04 7 −0.024± 0.105 1.011± 0.115 0.956± 0.126 −0.082 −347.1± 1.3 18

EriII 22.82± 0.1 13 −0.256± 0.127 0.095± 0.133 −0.175± 0.164 −0.213 74.6± 0.3 19

FnxI 20.72± 0.05 2463 −0.01± 0.016 0.384± 0.018 −0.364± 0.019 −0.014 55.3± 0.0 8,20

GruI 20.4± 0.21 7 −0.068± 0.078 0.071± 0.056 −0.27± 0.078 0.071 −139.6± 0.3 21

GruII 18.62± 0.21 45 −0.032± 0.04 0.389± 0.034 −1.526± 0.036 0.159 −109.9± 0.3 22

HerI 20.6± 0.1 20 0.11± 0.07 −0.051± 0.059 −0.332± 0.051 0.431 44.7± 0.4 23

HorI 19.7± 0.3 5 −0.058± 0.045 0.865± 0.047 −0.601± 0.048 0.029 116.5± 0.1 24

HorII 19.46± 0.21 1 0.469± 0.331 0.915± 0.33 −0.913± 0.439 −0.113 158.3± 11.3 11

HyaII 20.89± 0.11 6 0.48± 0.246 −0.576± 0.28 −0.101± 0.212 0.054 303.8± 1.0 12

HyiI 17.2± 0.04 32 −0.004± 0.026 3.775± 0.027 −1.513± 0.027 0.004 80.3± 0.2 25

Table 1 continued on next page
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Table 1 (continued)

name dma Nstar $ µα∗ µδ ρµδ
µα∗ rv Ref.

mas (mas yr−1) (mas yr−1) (km s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

LeoI 22.02± 0.13 368 −0.065± 0.032 −0.066± 0.029 −0.107± 0.026 −0.169 283.0± 0.1 26,27

LeoII 21.84± 0.13 221 0.031± 0.037 −0.125± 0.039 −0.122± 0.036 −0.158 79.6± 0.1 28,29

LeoIV 20.94± 0.07 8 0.118± 0.178 0.007± 0.174 −0.261± 0.134 −0.168 131.2± 0.5 7,30

LeoV 21.14± 0.05 7 0.067± 0.173 0.118± 0.212 −0.387± 0.151 −0.137 174.0± 0.4 31,30

PhxII 19.63± 0.1 5 0.042± 0.078 0.501± 0.062 −1.199± 0.076 −0.389 32.2± 1.5 11

PisII 21.31± 0.18 3 0.135± 0.223 0.675± 0.299 −0.631± 0.212 −0.016 −227.5± 1.1 12

RetII 17.5± 0.1 28 0.025± 0.029 2.391± 0.029 −1.379± 0.032 −0.068 63.0± 0.3 32

RetIII 19.82± 0.31 3 −0.129± 0.194 0.519± 0.222 −0.173± 0.247 0.116 274.4± 4.5 11

SgrII 19.23± 0.07 7 0.015± 0.072 −0.71± 0.077 −0.905± 0.051 −0.047 −175.3± 0.4 33

SclI 19.67± 0.13 1405 0.011± 0.018 0.096± 0.019 −0.159± 0.019 −0.020 111.5± 0.0 8,34

SegI 16.81± 0.19 22 −0.023± 0.057 −2.074± 0.052 −3.411± 0.043 −0.284 208.9± 0.7 35

SegII 17.84± 0.18 14 −0.075± 0.057 1.425± 0.061 −0.313± 0.052 0.207 −41.0± 0.6 36

SxtI 19.89± 0.07 511 −0.007± 0.019 −0.403± 0.021 0.029± 0.021 −0.090 224.9± 0.1 8,37

TriII 17.27± 0.12 7 −0.008± 0.076 0.602± 0.081 0.085± 0.093 0.229 −381.3± 0.9 38

TucII 18.82± 0.3 15 −0.011± 0.037 0.935± 0.031 −1.243± 0.036 −0.168 −127.8± 0.2 21

TucIII 16.99± 0.17 44 0.014± 0.021 −0.111± 0.023 −1.629± 0.023 −0.098 −104.3± 0.2 39,40

TucIV 18.41± 0.18 39 0.038± 0.039 0.618± 0.036 −1.696± 0.038 −0.111 13.7± 0.3 22

TucV 18.7± 0.36 6 −0.134± 0.094 −0.27± 0.083 −1.253± 0.11 −0.097 −36.7± 0.7 22

UMaI 19.94± 0.13 10 0.111± 0.07 −0.387± 0.058 −0.641± 0.068 0.004 −58.3± 0.4 3

UMaII 17.7± 0.12 5 −0.237± 0.141 1.701± 0.12 −1.845± 0.128 0.061 −115.6± 0.9 3

UMiI 19.4± 0.11 782 −0.019± 0.018 −0.114± 0.02 0.069± 0.02 −0.009 −245.1± 0.1 17,41

WilI 18.27± 0.49 7 0.084± 0.123 0.295± 0.086 −1.074± 0.131 −0.098 −20.7± 0.6 3

Note—Columns 1 lists the abbreviated dwarf galaxy name, with names in italics represents dwarf galaxies for which
the number of representative stars is small; Column 2-6 gives the distance modulus, number of member stars, parallax,
and proper motions in both dimension; Column 7 is the correlation coefficient between µα∗ and µδ; Column 8-9 is
the heliocentric radial velocity and the references of member stars.

References—(1) Torrealba et al. (2019); (2) Torrealba et al. (2016); (3) Martin et al. (2007); (4) Koposov et al.
(2011); (5) Koch et al. (2009); (6) Ural et al. (2010); (7) Simon & Geha (2007); (8) Walker et al. (2009b); (9) Muñoz
et al. (2006); (10) Li et al. (2018); (11) Fritz et al. (2019); (12) Kirby et al. (2015); (13) Voggel et al. (2016); (14)
Caldwell et al. (2017); (15) Kleyna et al. (2002); (16) Walker et al. (2015); (17) Armandroff et al. (1995); (18) Martin
et al. (2016); (19) Li et al. (2017); (20) Battaglia et al. (2006); (21) Walker et al. (2016); (22) Simon et al. (2020);
(23) Adén et al. (2009); (24) Koposov et al. (2015); (25) Koposov et al. (2018); (26) Mateo et al. (2008); (27) Sohn
et al. (2007); (28) Spencer et al. (2017); (29) Koch et al. (2007); (30) Jenkins et al. (2020); (31) Walker et al. (2009a);
(32) Kacharov et al. (2017); (33) Simon et al. (2015); (34) Hill et al. (2019); (35) Simon et al. (2011); (36) Kirby
et al. (2013); (37) Battaglia et al. (2011); (38) Longeard et al. (2020); (39) Kirby et al. (2017); (40) Simon et al.
(2017); (41) Li et al. (2018); (42) Pace et al. (2020).

aThe reference of distance modulus is the same as Fritz et al. (2018) and updated with reference of Simon (2019),
except the folowing galaxy: Antlia II (Torrealba et al. 2019).
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2.3. Galactocentric coordinates and velocities

Heliocentric distance (d) can be derived from the distance modulus (dm):

d = 10dm/5−2 kpc. (2)

We then transform it and the Galactic coordinates (l, b) for dwarf galaxies into a Galactocentric
Cartesian coordinate system (x, y, z):

x=R� − d cos(b) cos(l)

y=−d cos(b) sin(l) (3)

z=d sin(b) + z�,

where R� = 8.122 kpc is the distance from the Sun to Galactic center (Gravity Collaboration et al.
2018) and z� = 25 pc is the solar offset from the Galactic midplane (Jurić et al. 2008). We use a
right-handed Galactocentric frame, the sign of x and z are positive in the directions of the Sun, and
the North Galactic Pole (NGP), respectively. The Galactic space-velocity components (U , V , W ) can
be calculated from proper motions, radial velocities and distances (Johnson & Soderblom 1987). U ,
V and W point toward the Galactic center, Galactic rotation, and the North Galactic Pole (NGP),
respectively. We assume a solar motion (U�, V�,W�) = (10., 11., 7.) km s−1 (Bland-Hawthorn &
Gerhard 2016) and a circular velocity at the location of the Sun VLSR = 229 km s−1 (Eilers et al.
2019).

We then transform the Cartesian coordinate system (x, y, z, vx, vy, vz) to a spherical coordinate
system (rgc, θ, φ, vr, vθ, vφ), where (vx, vy, vz) are related to the (U , V , W ) by, vx = −U , vy = −V ,
and vz = W . We generate 2,000 realizations for each galaxy using a Monte Carlo (MC) method and
calculate their 3D position (r, θ, φ) and 3D velocity (vr, vθ, vφ) in the spherical coordinate system.
The result is listed in Table 2.

The Galactocentric tangential velocity is given by:

vtan =
√
v2θ + v2φ. (4)

The value of vtan,obs is a biased estimator of the true tangential velocity vtan (van der Marel &
Guhathakurta 2008), especially when the relative error is close to or greater than 1 (Fritz et al.
2018). In order to correct this bias and derive accurate estimates, van der Marel & Guhathakurta
(2008) use a Bayesian approach to infer tangential velocity. The posterior PDF is:

P (vtan|vtan,obs) ∝ P (vtan,obs|vtan)P (vtan). (5)

We assume uniform priors on vtan. The likelihood distribution is obtained by sampling the obser-
vational data using a MC method. We characterize the posterior via rejection sampling and obtain
2,000 samples for each galaxy.

In the Bayesian approach, the effect of proper motions and other observed data is included in the
likelihood function. For the 46 dwarf galaxies this does not affect the value of vtan,obs, but only the
error bars for the few objects with very large uncertainties. We adopt the Bayesian calculations
in Table 2 for error bars of tangential velocity vtan and of total velocity v3D. Figure 1 shows the
Galactocentric total velocity v3D as a function of Galactocentric distance rgc for all galaxies.
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Figure 1. 3D phase diagram for dwarf galaxies, which are represented by open and full triangles for visible
luminosity smaller or larger than 105 L�, respectively. The triangle orientation towards rgc = 0 or in the
opposite direction indicates whether dwarf galaxies are on an approaching (vr < 0) or on a receding (vr > 0)
orbits, respectively. Green, cyan, magenta, and blue lines indicate the escape velocity of Einasto high-
mass (PEHM), PNFW, intermediate mass (PEIM), and low mass (PELM), respectively. Star-points indicates
Sagittarius (red) and the LMC (green) positions.

Table 2. Kinematic properties of dwarf galaxies in Galactocentric spherical coordinate system.

name rGC θ φ vr vθ vφ vtan v3D

(kpc) (deg) (deg) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

AntII 132.8+6.7
−6.3 78.8+0.0

−0.0 81.3+0.2
−0.2 66.4+0.8

−0.8 −61.2+12.7
−12.5 −102.6+12.8

−13.3 119.7+12.9
−13.1 136.9+11.7

−11.7

AquII 105.4+3.2
−3.3 144.9+0.1

−0.0 241.4+0.2
−0.2 59.3+24.0

−23.5 182.4+241.9
−257.2 191.3+323.5

−326.1 300.3+288.5
−205.7 305.2+288.6

−201.0

BooI 63.7+2.0
−1.9 13.5+0.2

−0.2 177.0+0.0
−0.0 87.4+1.9

−1.9 178.4+16.1
−16.4 −92.6+17.0

−17.1 201.7+16.7
−17.6 219.7+15.0

−15.2

BooII 39.8+1.0
−1.0 10.3+0.3

−0.3 166.6+0.4
−0.4 −54.2+5.7

−5.8 −283.9+27.1
−29.1 −169.4+26.1

−26.4 331.7+31.4
−32.0 336.1+30.5

−30.4

Table 2 continued on next page
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Table 2 (continued)

name rGC θ φ vr vθ vφ vtan v3D

(kpc) (deg) (deg) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

CVenI 210.7+6.3
−6.1 9.8+0.0

−0.0 266.9+0.4
−0.4 73.8+1.6

−1.6 85.7+46.6
−45.5 −18.2+40.5

−40.9 91.2+49.2
−47.5 117.6+40.7

−31.2

CVenII 160.7+4.4
−4.0 8.9+0.0

−0.1 311.1+0.4
−0.4 −97.8+3.4

−3.6 −51.4+57.9
−56.1 −26.1+88.7

−82.6 71.3+64.5
−46.7 121.0+48.1

−22.3

CarI 107.6+4.9
−4.9 111.9+0.0

−0.0 75.5+0.2
−0.2 0.8+0.8

−0.7 −191.6+17.5
−16.4 −8.6+9.8

−10.2 192.2+17.4
−15.9 192.2+17.4

−15.9

CarII 37.1+0.6
−0.6 106.7+0.0

−0.0 76.8+0.2
−0.2 217.6+1.6

−1.7 −231.4+9.7
−9.5 183.5+7.4

−6.7 295.4+8.8
−8.6 366.8+6.8

−6.5

CarIII 29.0+0.6
−0.6 106.1+0.0

−0.0 73.0+0.3
−0.3 46.6+2.6

−2.7 −379.9+13.8
−13.4 57.1+9.1

−8.4 384.0+13.5
−12.8 386.9+13.3

−12.7

ColI 187.1+10.5
−9.3 118.1+0.0

−0.0 49.3+0.1
−0.1 −34.4+5.6

−5.9 84.0+97.8
−105.5 360.6+124.1

−122.4 372.9+122.7
−113.3 374.4+122.8

−113.4

CberI 43.3+1.5
−1.6 14.9+0.4

−0.3 21.8+0.6
−0.6 32.5+2.6

−2.6 −230.6+12.3
−12.8 111.9+18.7

−17.0 256.9+16.0
−15.2 258.9+15.7

−14.7

CraI 145.9+1.9
−2.1 40.5+0.0

−0.0 88.8+0.1
−0.1 −5.8+5.4

−5.2 −134.5+69.7
−66.2 88.0+92.0

−95.5 163.8+79.1
−70.4 163.9+79.1

−70.5

CraII 116.5+1.1
−1.1 47.5+0.0

−0.0 97.6+0.0
−0.0 −81.7+1.3

−1.1 −85.7+15.0
−14.6 37.5+15.7

−18.4 93.6+15.8
−16.5 124.2+12.6

−12.1

DraI 81.8+6.1
−5.7 55.3+0.0

−0.0 273.3+0.5
−0.5 −97.4+0.8

−0.8 136.9+7.9
−7.4 −66.2+9.5

−9.7 153.1+8.3
−8.6 181.5+7.2

−7.5

DraII 23.8+0.4
−0.4 52.0+0.1

−0.1 303.7+0.4
−0.4 −153.9+4.5

−4.7 299.5+11.7
−11.7 −43.5+11.7

−12.2 302.0+11.7
−11.3 338.9+10.2

−9.6

EriII 367.9+17.4
−16.2 141.3+0.0

−0.0 67.9+0.1
−0.1 −76.7+5.7

−5.4 −21.2+225.2
−249.0 193.2+280.3

−264.6 267.8+269.7
−184.1 278.8+265.2

−167.7

FnxI 141.0+3.1
−3.1 153.9+0.0

−0.0 50.9+0.1
−0.1 −36.8+0.7

−0.7 −100.0+14.6
−12.9 78.5+12.8

−13.2 126.9+14.7
−14.2 132.2+14.1

−13.7

GruI 116.0+11.9
−10.7 151.4+0.3

−0.3 155.6+0.3
−0.3 −187.9+2.1

−2.1 21.2+37.0
−42.1 73.0+41.0

−41.6 76.9+41.6
−40.2 203.0+19.1

−11.7

GruII 48.6+5.4
−4.6 149.4+0.8

−0.7 168.2+0.3
−0.4 −125.9+1.2

−1.2 17.5+9.4
−9.3 −162.9+36.8

−40.0 166.1+40.7
−35.1 208.3+33.8

−26.5

HerI 126.5+6.4
−6.2 51.2+0.1

−0.1 211.0+0.1
−0.1 143.8+1.2

−1.3 130.9+30.4
−31.6 −4.2+38.7

−38.9 131.7+31.1
−28.4 195.0+21.8

−17.6

HorI 86.6+13.6
−10.9 144.5+0.1

−0.1 82.1+1.3
−1.3 −27.5+1.8

−1.9 −238.2+57.2
−69.2 24.2+21.4

−18.2 249.9+65.7
−57.7 251.3+65.5

−57.0

HorII 79.2+7.6
−7.0 143.1+0.1

−0.1 72.7+0.8
−0.9 2.1+19.0

−19.1 −236.6+134.1
−148.5 163.9+157.1

−157.9 310.7+167.9
−153.5 310.8+168.1

−152.9

HyaII 147.8+7.8
−7.1 58.9+0.0

−0.0 112.3+0.2
−0.2 138.7+9.6

−9.6 11.6+164.4
−154.0 −286.1+195.3

−194.2 299.2+190.6
−178.0 329.7+181.1

−151.7

HyiI 25.7+0.5
−0.5 129.9+0.0

−0.0 96.0+0.4
−0.4 −47.6+1.1

−1.0 −327.9+8.6
−8.8 −176.1+5.8

−7.1 372.8+9.8
−9.9 375.8+9.7

−9.7

LeoI 257.9+17.0
−14.6 41.8+0.1

−0.1 44.0+0.1
−0.1 172.4+1.0

−1.0 −11.8+32.9
−32.2 −79.2+36.2

−31.8 80.5+31.8
−32.7 190.2+15.9

−11.9

LeoII 235.6+13.9
−14.1 24.2+0.1

−0.1 37.1+0.2
−0.2 25.7+1.4

−1.5 23.7+43.1
−39.8 −91.1+44.0

−42.2 94.5+43.2
−43.1 97.9+42.5

−41.2

LeoIV 154.4+5.1
−4.8 33.8+0.0

−0.0 80.0+0.2
−0.2 −0.6+6.8

−6.5 −55.0+102.9
−102.5 94.8+115.7

−131.0 131.2+128.6
−90.4 131.2+128.6

−90.3

LeoV 169.8+3.9
−3.8 31.9+0.0

−0.0 76.7+0.1
−0.1 44.1+7.6

−8.0 −27.9+131.7
−127.3 233.2+158.7

−154.5 261.5+156.7
−154.0 265.1+154.6

−145.9

PhxII 81.4+4.3
−3.7 154.3+0.2

−0.2 136.9+0.4
−0.4 −37.6+2.5

−2.5 −202.2+30.3
−29.3 −210.0+36.0

−36.8 291.7+42.8
−41.0 294.2+42.5

−40.7

PisII 181.9+16.5
−15.0 137.4+0.0

−0.0 262.9+0.3
−0.3 −60.0+10.6

−10.6 606.5+226.6
−210.0 188.9+241.0

−224.9 641.0+257.6
−234.3 644.0+256.2

−231.8

RetII 32.9+1.4
−1.4 137.0+0.2

−0.2 65.1+0.9
−0.9 −98.7+1.1

−1.2 −224.2+18.4
−19.7 68.2+7.1

−6.8 235.9+20.4
−19.0 255.7+18.9

−17.4

RetIII 91.6+13.2
−11.7 135.7+0.0

−0.0 86.6+0.9
−1.1 102.7+10.7

−10.9 −69.6+99.4
−103.9 2.4+113.7

−105.7 99.0+104.4
−69.4 143.3+84.2

−35.5

SgrII 63.1+2.3
−2.3 115.9+0.1

−0.1 200.6+0.1
−0.1 −113.4+1.7

−1.6 −143.5+24.0
−25.6 −138.1+22.1

−21.7 200.8+27.2
−27.2 230.7+24.7

−24.1

SclI 86.0+5.2
−4.7 172.7+0.1

−0.1 62.7+2.2
−2.2 75.9+0.7

−0.7 154.2+8.2
−8.4 −54.3+11.4

−10.9 162.7+9.1
−9.2 179.6+8.3

−8.2

SegI 27.9+2.0
−1.8 50.4+0.8

−0.8 26.3+0.8
−0.8 130.4+1.6

−1.7 182.9+30.5
−28.6 133.2+24.7

−24.0 229.0+38.6
−37.6 263.5+34.4

−31.8

SegII 42.8+3.0
−2.9 122.1+0.4

−0.4 336.0+0.4
−0.4 60.4+2.1

−2.1 −128.1+11.8
−12.0 23.8+24.5

−21.1 132.2+17.8
−13.1 145.5+17.0

−12.7

SxtI 98.1+3.0
−2.9 49.3+0.1

−0.0 57.9+0.2
−0.2 83.3+0.8

−0.8 −8.8+10.0
−10.4 −219.7+9.9

−11.0 220.7+11.3
−10.4 235.9+10.8

−10.0

TriII 34.7+1.6
−1.5 109.3+0.2

−0.2 329.9+0.4
−0.4 −259.4+2.2

−2.3 −117.1+12.2
−12.8 −89.0+10.3

−10.0 147.4+12.1
−12.0 298.5+5.9

−5.9

TucII 54.0+8.8
−7.4 147.9+0.8

−0.7 139.4+1.4
−1.6 −182.9+1.1

−1.0 31.9+13.8
−16.1 −235.6+51.3

−61.0 247.6+63.7
−47.0 307.5+53.2

−35.6

TucIII 23.0+2.0
−1.7 154.4+0.2

−0.3 100.2+3.6
−3.7 −229.2+1.0

−1.0 25.7+17.8
−21.1 57.2+9.9

−11.5 64.3+7.7
−3.8 238.2+2.8

−1.8

Table 2 continued on next page
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Table 2 (continued)

name rGC θ φ vr vθ vφ vtan v3D

(kpc) (deg) (deg) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

TucIV 45.6+4.1
−4.0 150.2+0.4

−0.3 118.2+1.4
−1.7 −93.5+1.4

−1.5 −194.3+31.4
−32.5 −58.4+19.4

−21.4 207.2+35.3
−33.7 227.3+32.4

−30.0

TucV 52.2+9.0
−7.9 146.5+0.7

−0.6 125.1+1.8
−2.3 −166.8+3.3

−3.3 −175.9+60.4
−67.5 105.6+22.6

−25.7 221.0+62.5
−53.3 276.9+51.7

−40.5

UMaI 102.0+5.9
−5.5 39.1+0.2

−0.2 342.0+0.1
−0.1 −2.2+1.8

−1.9 61.9+28.3
−26.7 114.7+37.9

−36.0 133.3+34.9
−32.1 133.3+34.9

−32.1

UMaII 40.8+2.0
−1.9 58.9+0.3

−0.3 338.6+0.3
−0.3 −59.7+3.1

−3.2 −280.5+26.5
−28.2 30.7+26.3

−25.4 285.9+29.3
−26.7 292.1+28.9

−26.3

UMiI 77.8+4.2
−3.9 46.5+0.1

−0.1 293.0+0.4
−0.4 −76.9+0.8

−0.8 143.9+7.3
−6.7 −31.9+8.1

−8.0 147.6+7.1
−7.4 166.4+6.4

−6.5

WilI 49.3+11.6
−8.8 40.7+1.7

−1.4 343.9+0.9
−0.9 8.1+2.9

−2.8 −124.7+36.9
−49.7 −67.8+49.3

−39.3 159.2+53.7
−29.3 159.4+53.7

−29.2

Note—Column 1 lists the abbreviated dwarf galaxy name; Column 2-4 is the Galactocentric distance, angle with
respect to the North Galactic Pole and azimuthal angle; Column 5-7 gives the velocities in three dimensions; Column
8 provides the Galactocentric tangential velocity and Column 9 lists the total velocity in the Galactic rest frame.

3. INTEGRATED ORBITAL PARAMETERS

3.1. Four flavors of the Milky Way potential

Based on APOGEE, WISE, 2MASS and Gaia data, Eilers et al. (2019) derived the rotation curve
of the Milky Way at Galactocentric distances between 5 6 R 6 25 kpc. Combined with the baryonic
components of Pouliasis et al. (2017, their Model I), they estimate the parameters of a NFW (Navarro
et al. 1997) dark matter halo by fitting the rotation curve. Model I of Pouliasis et al. (2017) includes
three baryonic components: a Plummer (Binney & Tremaine 1987) bulge, and two Miyamoto-Nagai
(Miyamoto & Nagai 1975) for the thin and thick disk. We choose this model (PNFW , MW total
mass: 8.1× 1011 M�) that is similar to that of Bovy (2015, see a comparison of the two mass profiles
in Figure 1 of Hammer et al. (2020)).

Jiao et al. (2021) determined the range of Milky Way mass that can reproduce the rotation curve
of Eilers et al. (2019). They found that an Einasto profile (Retana-Montenegro et al. 2012) for the
dark matter is more appropriate to define this range, which includes MW total masses from 2.8×1011

M� to 15 × 1011 M�. We adopt these two models (PELM and PEHM, also associated to Model I of
Pouliasis et al. 2017). PELM provides the best fit of the MW rotation curve, while PEHM is among
the most massive MW mass available for such a fitting. Both PNFW and PEHM are comparable to
the ’low’ and ’high’ MW mass models used by Fritz et al. (2018), respectively. For a better sampling
of possible MW masses that fit the rotation curve, we also consider an intermediate mass model
(PEIM) from Wang & Hammer (2021), obtained after combining constraints from the MW rotation
curve and globular cluster orbital motions. Properties of the dark matter halo of the four models are
listed in Table 3, all of them being associated to Model I of Pouliasis et al. (2017) for baryons, with
a total baryonic mass of 0.89× 1011 M�.

3.2. Orbit integration

We have used galpy (Bovy 2015) to investigate the orbital properties of the dwarf galaxies by
adopting a Milky Way potential model. We use the sample derived from the Bayesian method,
because the orbital properties are related to total energy, which is also affected by the bias in vtan.
For example, for the PNFW model, we have integrated the orbit from −10 to 10 Gyr for each dwarf
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Table 3. Properties of the four Milky Way
dark-matter mass models.

Parameters PEHM PNFW PEIM PELM

MDM(1011M�) 14.1 7.2 4.2 1.9

Mtot(1011M�) 15 8.1 5.1 2.8

r200(kpc) 236 189 164 135

galaxy. Thus, we can derive the pericenter, rperi, the closest approach of an orbit to the the Milky
Way center (i.e., the Galaxy center, GC) for each orbit. However, due to long orbital periods or
hyperbolic orbits, it is not always possible to derive the apocenter, rapo, the farthest extent of an
orbit from the GC. In case the chosen integration time is too short to fully cover one orbit, we at
least may ensure that each dwarf galaxy can reach 300 kpc from the Milky Way center so that the
Milky Way can be considered as a point source.

By assuming conservation of energy and angular momentum, rapo can be derived from the following
equation2:

E=Φ(~rapo) +
v2apo

2

=−GM
rapo

+
L2
apo

2r2apo

=−GM
rapo

+
L2
10Gyr

2r2apo
, (6)

where E is the total energy, M is the total mass of the MW, and L10Gyr is the dwarf galaxy’s angular
momentum at 10 Gyr.

We define the eccentricity of an elliptical orbit by:

e =
rapo − rperi
rapo + rperi

. (7)

Hyperbolic orbits in extended mass profile require another definition of the eccentricity. This is
why hyperbolic orbits are characterized in Tables 4 and 5 by e>1 for purely hyperbolic orbits (hence
without values for apocenter) and e ≥ 1 for orbits being hyperbolic on average but having few MC
solutions consistent with elliptical orbits (and then with a quoted value for apocenter).

We notice that pericenters are well determined and do not depend much on the adopted MW mass
profile (compare Tables 4 and 5), while the opposite is true for eccentricity and apocenter values.
Such a property will be further investigated in a future paper (Hammer et al. 2021). We also notice
that the more precise Gaia-EDR3 values have led to only two dwarf galaxies (Triangulum II and
Tucana III) having pericenters lower than 20 kpc. This contrasts with Fritz et al. (2018) who were
finding between seven to eight such low-pericenter dwarf galaxies, and this may affect some analyses
based on the tidal disruption scenario caused by, e.g., the MW disk.

2 rapo is the larger one of the two roots.
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Table 4. Orbital properties of dwarf galaxies for Model PEHM and Model PNFW.

Model PEHM Model PNFW

name rperi rapo
a,c e Punb Pb,c rperi rapo

a,c e Punb Pb,c

(kpc) (kpc) (kpc) (kpc)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

AntII 56+12
−10 149+8

−7 0.45+0.06
−0.06 0.0% 0.63+0.03

−0.04 69+15
−13 168+19

−12 0.41+0.06
−0.04 0.0% 0.48+0.06

−0.08

AquII 101+4
−71 116+190

−8 0.95+6.15
−0.61 47.3% 0.07+0.72

−0.02 102+4
−66 116+163

−7 > 1 58.9% 0.07+0.65
−0.02

BooI 49+5
−6 97+15

−10 0.33+0.02
−0.01 0.0% 0.28+0.08

−0.07 52+4
−5 135+39

−25 0.44+0.07
−0.04 0.0% 0.15+0.08

−0.06

BooII 39+1
−1 181+104

−56 0.65+0.11
−0.11 0.45% 0.02+0.02

−0.01 39+1
−1 387+738

−198 0.92+0.84
−0.2 36.95% 0.02+0.0

−0.0

CVenI 62+59
−39 242+26

−8 0.6+0.23
−0.2 0.25% 0.6+0.04

−0.15 81+73
−55 290+220

−31 0.66+0.25
−0.12 6.5% 0.48+0.03

−0.06

CVenII 31+48
−23 193+27

−7 0.73+0.19
−0.23 0.3% 0.55+0.03

−0.13 37+59
−28 222+103

−16 0.77+0.18
−0.15 4.55% 0.4+0.06

−0.08

CarI 108+5
−17 117+36

−13 0.08+0.09
−0.05 0.0% 0.02+0.96

−0.02 108+5
−5 201+154

−61 0.3+0.22
−0.15 0.7% 0.0+0.01

−0.0

CarII 27+1
−1 252+34

−26 0.8+0.02
−0.01 0.0% 0.04+0.01

−0.01 28+1
−1 − > 1 94.05% −

CarIII 29+1
−0 227+64

−42 0.78+0.04
−0.04 0.0% 0.01+0.0

−0.0 29+1
−0 1196+2881

−651 > 1 65.65% 0.01+0.0
−0.0

ColI 186+8
−8 404+1734

−208 > 1 83.6% 0.08+0.03
−0.01 186+8

−8 − > 1 94.1% −
CberI 42+1

−1 83+18
−13 0.32+0.07

−0.06 0.0% 0.06+0.04
−0.02 43+1

−1 119+41
−26 0.47+0.1

−0.09 0.0% 0.03+0.02
−0.01

CraI 119+27
−75 147+144

−2 0.35+0.41
−0.24 5.9% 0.91+0.08

−0.89 144+2
−89 149+338

−3 0.53+1.04
−0.38 24.35% 0.04+0.94

−0.02

CraII 33+8
−8 133+2

−2 0.6+0.08
−0.07 0.0% 0.61+0.02

−0.02 38+11
−10 145+7

−4 0.58+0.08
−0.07 0.0% 0.51+0.03

−0.04

DraI 45+6
−5 108+10

−7 0.41+0.02
−0.02 0.0% 0.45+0.03

−0.03 50+6
−5 133+19

−13 0.46+0.01
−0.01 0.0% 0.3+0.04

−0.05

DraII 20+1
−1 98+12

−10 0.66+0.03
−0.02 0.0% 0.06+0.01

−0.01 20+1
−0 146+32

−22 0.76+0.04
−0.03 0.0% 0.03+0.01

−0.01

EriII 345+23
−237 485+822

−50 > 1 67.85% 1.0+0.0
−0.0 348+21

−187 617+745
−102 > 1 78.3% 1.0+0.0

−0.0

FnxI 69+16
−13 147+4

−3 0.36+0.08
−0.08 0.0% 0.77+0.03

−0.04 92+21
−19 157+16

−7 0.26+0.09
−0.05 0.0% 0.61+0.09

−0.16

GruI 22+15
−13 224+28

−20 0.82+0.1
−0.08 0.0% 0.25+0.02

−0.04 24+17
−14 430+281

−91 0.91+0.05
−0.03 3.35% 0.23+0.04

−0.05

GruII 27+11
−9 74+28

−13 0.48+0.07
−0.03 0.05% 0.35+0.08

−0.13 28+12
−10 87+57

−21 0.54+0.07
−0.02 0.75% 0.26+0.11

−0.14

HerI 52+17
−15 212+37

−20 0.61+0.07
−0.04 0.0% 0.31+0.05

−0.07 59+18
−17 390+378

−107 0.76+0.11
−0.03 6.95% 0.25+0.03

−0.05

HorI 87+13
−17 156+258

−72 0.37+0.5
−0.22 12.2% 0.05+0.37

−0.02 87+13
−13 194+517

−104 0.79+1.61
−0.53 41.3% 0.03+0.1

−0.0

HorII 78+7
−26 127+305

−51 0.74+2.99
−0.5 39.45% 0.01+0.88

−0.01 79+6
−13 107+384

−31 > 1 57.3% 0.01+0.74
−0.01

HyaII 128+14
−71 254+429

−58 > 1 59.35% 0.24+0.12
−0.07 130+12

−63 291+627
−63 > 1 75.4% 0.24+0.08

−0.07

HyiI 25+0
−0 167+29

−23 0.74+0.03
−0.03 0.0% 0.01+0.0

−0.0 25+0
−0 518+678

−201 0.91+0.06
−0.06 9.6% 0.01+0.0

−0.0

LeoI 56+30
−27 888+578

−185 0.9+0.04
−0.02 3.75% 0.81+0.05

−0.05 67+35
−33 − > 1 100.0% −

LeoII 79+72
−47 242+14

−11 0.51+0.26
−0.25 0.05% 0.85+0.03

−0.11 114+104
−75 254+146

−16 0.47+0.33
−0.22 4.0% 0.72+0.1

−0.34

LeoIV 84+72
−69 157+116

−5 0.59+0.37
−0.41 11.75% 0.97+0.02

−0.95 123+33
−107 156+154

−5 0.74+1.32
−0.49 27.2% 0.94+0.05

−0.92

LeoV 164+6
−101 197+460

−18 0.97+3.16
−0.64 48.15% 0.13+0.58

−0.07 165+5
−81 203+462

−18 > 1 65.1% 0.13+0.44
−0.07

PhxII 80+4
−4 276+379

−117 0.58+0.33
−0.22 10.0% 0.03+0.03

−0.0 80+4
−4 491+1283

−279 > 1 66.9% 0.04+0.0
−0.0

PisII 181+12
−12 − > 1 95.85% − 181+12

−12 − > 1 97.9% −
RetII 28+2

−3 63+15
−10 0.39+0.05

−0.03 0.0% 0.18+0.07
−0.05 28+2

−3 77+28
−17 0.47+0.08

−0.06 0.0% 0.13+0.06
−0.05

RetIII 27+46
−22 114+50

−15 0.67+0.25
−0.22 3.05% 0.53+0.05

−0.32 30+47
−25 124+74

−18 0.74+0.23
−0.21 11.2% 0.43+0.07

−0.28

Table 4 continued on next page



12 Li et al.

Table 4 (continued)

Model PEHM Model PNFW

name rperi rapo
a,c e Punb Pb,c rperi rapo

a,c e Punb Pb,c

(kpc) (kpc) (kpc) (kpc)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

SgrII 45+6
−7 109+28

−17 0.42+0.04
−0.01 0.0% 0.25+0.1

−0.09 47+5
−7 158+91

−41 0.54+0.12
−0.05 0.4% 0.13+0.1

−0.06

SclI 54+3
−3 107+4

−4 0.32+0.03
−0.02 0.0% 0.48+0.04

−0.04 62+3
−3 133+9

−7 0.36+0.01
−0.01 0.0% 0.3+0.05

−0.05

SegI 21+4
−5 58+26

−15 0.47+0.07
−0.02 0.05% 0.19+0.11

−0.08 21+4
−5 68+46

−21 0.53+0.12
−0.04 0.5% 0.14+0.11

−0.08

SegII 19+6
−4 47+4

−3 0.42+0.06
−0.08 0.0% 0.69+0.03

−0.06 20+6
−4 48+5

−4 0.4+0.06
−0.08 0.0% 0.65+0.04

−0.08

SxtI 84+4
−4 188+28

−21 0.39+0.04
−0.03 0.0% 0.17+0.04

−0.04 87+3
−3 592+713

−217 0.75+0.14
−0.11 4.3% 0.12+0.01

−0.01

TriII 12+1
−1 110+7

−6 0.8+0.01
−0.01 0.0% 0.13+0.01

−0.01 12+1
−1 161+18

−14 0.86+0.0
−0.0 0.0% 0.07+0.01

−0.01

TucII 39+13
−11 191+243

−73 0.68+0.24
−0.06 11.7% 0.1+0.06

−0.03 40+13
−11 287+630

−138 0.96+1.48
−0.22 45.75% 0.09+0.01

−0.03

TucIII 3+1
−0 47+6

−4 0.87+0.01
−0.02 0.0% 0.24+0.0

−0.01 3+1
−0 51+8

−4 0.88+0.01
−0.01 0.0% 0.21+0.01

−0.01

TucIV 36+8
−9 72+31

−16 0.36+0.07
−0.02 0.0% 0.27+0.15

−0.13 37+7
−9 90+66

−28 0.43+0.14
−0.05 0.8% 0.18+0.16

−0.11

TucV 37+14
−14 138+149

−52 0.61+0.14
−0.03 5.6% 0.14+0.11

−0.06 38+14
−14 182+385

−81 0.77+1.04
−0.11 26.9% 0.1+0.07

−0.03

UMaI 53+33
−20 102+5

−5 0.32+0.19
−0.19 0.0% 0.98+0.01

−0.01 68+37
−30 103+24

−5 0.25+0.22
−0.17 0.15% 0.97+0.01

−0.96

UMaII 39+2
−2 110+52

−29 0.48+0.12
−0.11 0.05% 0.06+0.04

−0.03 39+2
−2 178+206

−68 0.65+0.2
−0.15 5.35% 0.03+0.03

−0.01

UMiI 42+3
−3 92+4

−3 0.37+0.03
−0.02 0.0% 0.55+0.02

−0.03 48+4
−4 105+6

−5 0.37+0.02
−0.01 0.0% 0.41+0.04

−0.04

WilI 35+31
−14 54+30

−9 0.25+0.14
−0.16 0.55% 0.94+0.02

−0.87 40+27
−17 53+55

−9 0.25+0.17
−0.16 2.95% 0.91+0.04

−0.89

Note—Column 1 lists the abbreviated dwarf galaxy name; Column 2 and 7 gives the pericenter of the orbit for the
two potential models; Column 3 and 8 gives the apocenter of the orbit for the two potential models; Column 4 and
9 is the eccentricity of the orbit for the two potential models; in Column 5 and 9, we provide the probability of the
galaxy being unbound for the two potential models. Column 5 and 11 gives the orbital phase.

aThe apocenter is only for samples with elliptical orbit.

bThe orbital phase probability defined in Eq. 8 to characterize the chance for a dwarf galaxy to be that close to its
pericenter.

cWhen the value of total energy minus 1σ is larger than 0 km2 s−2 (Punb > 84.13%), we only quote “−” in the table.

Table 5. Orbital properties of dwarf galaxies for Model PEIM and Model PELM.

Model PEIM Model PELM

name rperi rapo
a,c e Punb Pb,c rperi rapo

a,c e Punb Pb,c

(kpc) (kpc) (kpc) (kpc)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

AntII 83+16
−17 237+117

−47 0.49+0.07
−0.02 0.25% 0.25+0.1

−0.05 102+11
−13 1078+2506

−584 > 1 56.8% 0.26+0.02
−0.02

AquII 102+4
−62 117+185

−7 > 1 66.9% 0.07+0.57
−0.02 102+3

−43 124+167
−10 > 1 75.35% 0.07+0.31

−0.02

BooI 53+4
−5 244+280

−88 0.65+0.18
−0.12 3.25% 0.07+0.05

−0.01 55+3
−4 − > 1 95.5% −

BooII 39+1
−1 − > 1 86.35% − 39+1

−1 − > 1 99.95% −

Table 5 continued on next page
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Table 5 (continued)

Model PEIM Model PELM

name rperi rapo
a,c e Punb Pb,c rperi rapo

a,c e Punb Pb,c

(kpc) (kpc) (kpc) (kpc)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

CVenI 104+67
−75 392+678

−87 0.83+0.55
−0.14 25.95% 0.51+0.05

−0.11 136+44
−96 679+1315

−232 > 1 61.3% 0.55+0.05
−0.1

CVenII 42+66
−32 288+269

−40 0.87+0.25
−0.11 17.75% 0.31+0.07

−0.04 56+63
−46 546+945

−119 1.0+1.37
−0.06 48.8% 0.39+0.04

−0.06

CarI 108+5
−5 589+1348

−324 0.87+0.49
−0.35 38.05% 0.0+0.0

−0.0 108+5
−5 − > 1 99.15% −

CarII 28+1
−1 − > 1 100.0% − 28+1

−1 − > 1 100.0% −
CarIII 29+1

−0 − > 1 100.0% − 29+1
−0 − > 1 100.0% −

ColI 186+8
−7 − > 1 97.65% − 187+8

−7 − > 1 99.4% −
CberI 43+1

−1 201+227
−72 0.66+0.18

−0.14 3.6% 0.01+0.02
−0.0 43+1

−1 − > 1 94.9% −
CraI 145+2

−74 150+557
−5 0.9+2.12

−0.66 45.65% 0.03+0.94
−0.01 145+2

−3 167+751
−22 > 1 68.0% 0.03+0.12

−0.01

CraII 43+13
−12 170+24

−12 0.6+0.07
−0.04 0.0% 0.36+0.05

−0.08 58+15
−17 396+448

−137 0.76+0.13
−0.03 7.55% 0.23+0.02

−0.05

DraI 54+7
−6 198+79

−38 0.57+0.07
−0.03 0.0% 0.15+0.05

−0.04 61+6
−5 − > 1 86.7% −

DraII 20+1
−0 304+308

−102 0.88+0.07
−0.05 3.95% 0.02+0.0

−0.0 20+0
−0 − > 1 100.0% −

EriII 349+20
−138 − > 1 84.95% − 349+20

−104 − > 1 93.55% −
FnxI 116+13

−22 218+148
−48 0.33+0.16

−0.04 0.35% 0.24+0.23
−0.09 130+5

−7 904+2232
−500 > 1 55.95% 0.18+0.02

−0.02

GruI 25+18
−15 − > 1 88.15% − 28+21

−18 − > 1 100.0% −
GruII 29+12

−10 102+118
−31 0.59+0.17

−0.03 6.05% 0.19+0.13
−0.11 31+11

−11 165+352
−76 0.88+0.74

−0.19 40.1% 0.09+0.06
−0.03

HerI 64+17
−19 1336+3149

−677 > 1 71.2% 0.3+0.02
−0.02 73+15

−19 − > 1 100.0% −
HorI 88+13

−12 212+588
−126 > 1 67.7% 0.04+0.01

−0.0 88+13
−11 − > 1 90.15% −

HorII 79+6
−10 87+238

−12 > 1 70.3% 0.01+0.21
−0.01 79+6

−8 84+304
−9 > 1 80.85% 0.01+0.02

−0.01

HyaII 131+12
−56 − > 1 85.45% − 132+11

−45 − > 1 96.85% −
HyiI 25+0

−0 − > 1 98.85% − 25+0
−0 − > 1 100.0% −

LeoI 77+37
−39 − > 1 100.0% − 89+36

−43 − > 1 100.0% −
LeoII 182+46

−134 274+498
−30 0.61+0.59

−0.29 19.0% 0.51+0.24
−0.2 215+18

−134 326+870
−69 0.95+1.9

−0.51 47.05% 0.42+0.2
−0.16

LeoIV 150+7
−132 156+110

−5 0.9+2.92
−0.57 40.1% 0.03+0.95

−0.01 152+5
−131 157+219

−5 > 1 52.35% 0.02+0.94
−0.01

LeoV 166+5
−56 218+429

−23 > 1 75.15% 0.12+0.2
−0.06 166+4

−28 − > 1 84.4% −
PhxII 80+4

−4 − > 1 94.35% − 81+4
−4 − > 1 99.95% −

PisII 181+12
−12 − > 1 98.75% − 181+12

−12 − > 1 99.3% −
RetII 28+2

−3 93+57
−26 0.54+0.13

−0.09 0.35% 0.09+0.06
−0.05 29+2

−2 235+488
−122 0.92+0.43

−0.23 39.95% 0.03+0.01
−0.01

RetIII 33+47
−27 136+109

−23 0.84+0.59
−0.19 20.85% 0.3+0.12

−0.16 40+43
−34 183+269

−42 0.96+2.0
−0.14 39.65% 0.19+0.06

−0.05

SgrII 49+5
−6 287+560

−131 0.77+0.42
−0.17 20.3% 0.09+0.04

−0.02 51+4
−5 − > 1 92.95% −

SclI 66+3
−3 209+44

−29 0.52+0.05
−0.04 0.0% 0.13+0.04

−0.04 73+3
−3 − > 1 98.25% −

SegI 21+4
−5 76+82

−27 0.57+0.19
−0.07 3.8% 0.11+0.12

−0.08 22+4
−5 106+273

−50 0.82+0.64
−0.23 34.1% 0.04+0.1

−0.01

SegII 21+7
−4 49+6

−4 0.4+0.06
−0.07 0.0% 0.62+0.05

−0.1 23+8
−5 53+14

−6 0.4+0.06
−0.03 0.0% 0.5+0.09

−0.18

SxtI 88+3
−3 − > 1 99.75% − 90+3

−3 − > 1 100.0% −
TriII 12+1

−1 363+189
−87 0.93+0.02

−0.01 0.55% 0.04+0.01
−0.01 12+1

−1 − > 1 100.0% −
TucII 41+13

−11 350+1109
−169 > 1 79.8% 0.1+0.01

−0.02 42+13
−11 − > 1 99.45% −

Table 5 continued on next page



14 Li et al.

Table 5 (continued)

Model PEIM Model PELM

name rperi rapo
a,c e Punb Pb,c rperi rapo

a,c e Punb Pb,c

(kpc) (kpc) (kpc) (kpc)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

TucIII 3+1
−0 53+9

−5 0.89+0.01
−0.01 0.0% 0.19+0.01

−0.02 3+1
−0 68+22

−9 0.91+0.0
−0.0 0.0% 0.12+0.02

−0.03

TucIV 37+7
−9 109+157

−42 0.52+0.29
−0.1 7.95% 0.11+0.17

−0.07 39+6
−8 176+395

−96 > 1 52.35% 0.06+0.04
−0.01

TucV 38+14
−14 207+472

−101 > 1 55.75% 0.1+0.01
−0.03 40+13

−14 − > 1 89.4% −
UMaI 90+17

−46 104+104
−6 0.27+0.29

−0.19 4.25% 0.92+0.05
−0.92 102+5

−28 161+507
−63 0.56+0.96

−0.41 30.05% 0.01+0.9
−0.01

UMaII 40+2
−2 301+673

−158 0.93+0.72
−0.27 41.55% 0.02+0.0

−0.0 40+2
−2 − > 1 96.95% −

UMiI 52+4
−4 129+14

−11 0.43+0.01
−0.01 0.0% 0.27+0.05

−0.05 60+3
−3 702+1059

−282 0.86+0.11
−0.09 10.35% 0.12+0.01

−0.01

WilI 44+23
−21 53+70

−9 0.27+0.3
−0.16 8.2% 0.86+0.08

−0.85 52+15
−25 53+132

−10 0.33+1.27
−0.22 23.9% 0.07+0.84

−0.06

Note—Similar to Table 4, but using two lighter MW potential models.

aThe apocenter is only for samples with elliptical orbit.

bThe orbital phase probability defined in Eq. 8 to characterize the chance for a dwarf galaxy to be that close to its
pericenter.

cWhen the value of total energy minus 1σ is larger than 0 km2 s−2 (Punb > 84.13%), we only quote “−” in the table.

4. RESULTS AND DISCUSSION

4.1. Phase diagram and the bound nature of dwarf galaxies

Figure 1 shows the escape velocity curves of the four MW potential models superposed to the
dwarf galaxy phase diagram. It demonstrates that the dwarf galaxies can be either almost all bound
to the MW (models Model PEHM & PNFW), or half of them (model PEIM) or even most of them
(model PELM) could be unbound. This underlines how the nature of dwarf galaxies depends on our
knowledge of the MW potential (Hammer et al. 2021). This calls for caution when interpreting the
dwarf galaxy orbital properties. In discussing the dwarf galaxy orbits, one thus needs to always
account for their dependency to the adopted MW mass profile, and also consider the possible impact
of the LMC.

The position of the LMC is also given in Figure 1. Kallivayalil et al. (2013) discussed whether the
LMC is bound or not to the MW, and concluded that for most MW mass models, it is likely at its
first passage. In fact, their result depends on the LMC mass, for which they assumed a sufficiently
high value (> 1011 M�) to keep the SMC bound to the LMC for more than 2 Gyr. The goal was to
perform the modeling of the Magellanic Stream (Besla et al. 2012), assumed to be a tidal tail induced
1 Gyr ago, during an interaction between the Clouds before they entered the MW halo.

However, the Magellanic stream properties are apparently better reproduced by a “ram-pressure +
collision” model (Hammer et al. 2015), which only requires the unquestionable collision between the
two Clouds 250 to 300 Myr ago. This type of model recovers (Wang et al. 2019) the HI and stellar
properties of the Magellanic Bridge, and additionally the unusual 30 kpc elongated shape of the SMC
on the line of sight, discovered after examining the young variable star distribution (Ripepi et al.
2017). Wang et al. (2019) argued that it is the recent collision between the Clouds that dominates
their past orbital history, and that a light LMC (6 2 × 1010 M�) is required to let large amounts
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of ionized gas (> 109 M�, see Fox et al. 2014) be stripped from both LMC and SMC due to the
ram-pressure exerted by the MW halo gas.

In Figure 1 there are several dwarf galaxies that share a kinetic energy similar is to that of the
LMC, namely Bootes II, Carina II, Carina III, Hydrus & Tucana II. Carina II, Carina III & Hydrus
may have their orbits significantly affected by the LMC, or they could be bound to it (Patel et al.
2020), an issue that also depends on the total LMC mass. Therefore, and despite the accuracy of the
Gaia EDR3 3D velocities (see error bars in Figure 1), the uncertainties in the mass and potential of
the MW are too large for a robust conclusion on the fraction of dwarf galaxies that are bound to the
MW.

In contrast to this, we confirm that the pericenter determination is very robust, and almost inde-
pendent of the mass model (Simon 2018). Half of the dwarf galaxies have the same pericenters for all
the different MW mass models, within less than 10% and well within their error bars. Only 3 dwarf
galaxies (Antlia II, Crater II, and Fornax) show a pericenter almost 2 times smaller when using the
high MW mass model (PEHM) compared to result from the low MW mass model (PELM).

4.2. Gaia EDR3 confirms the prominence of the VPOS

Figure 2 presents the orbital poles of all 46 dwarf galaxies, projected in an Hammer-Aitoff diagram.
The angular momenta are calculated as the cross-product of the Galactocentric position vector ~rgc,
and the 3D velocity in the MW frame, ~v3D, for each of the 2000 Monte-Carlo realizations. Figure 2
shows that the Gaia EDR3 accuracy is not sufficient to efficiently constraint the poles of dwarf
galaxies beyond rgc > 200 kpc.

Whether a dwarf galaxy is part of the VPOS depends on its 3D position (it has to lie close to the
VPOS plane), and orbital pole (which should be close to the VPOS normal vector). Since the latter
contains information on both the positon and velocity, we here focus on it to judge possible VPOS
membership. Figure 2 thus already allows a simple visual confirmation of a preferred alignment
of orbital poles with the VPOS. It indicates in pink the areas corresponding to the VPOS (from
Figure 3 of Fritz et al. 2018), containing 10% of the area on the sphere around the adopted VPOS
normal vector pointing towards Galactic coordinates (l, b) = (169.3◦,−2.8◦).

For a more quantitative analysis, we follow the method outlined in Fritz et al. (2018). Table 6 lists
for all 46 dwarf galaxies in our sample, the best-possible alignment θpredictedVPOS−3 of their orbital pole with
the VPOS normal vector that is defined by their spatial position (following the geometric method
presented in Pawlowski & Kroupa 2013; Pawlowski et al. 2015), and the actually observed angular
separation θmeasured

VPOS−3 between the median orbital pole and the VPOS normal. The latter is positive
if the object co-orbits in the same sense as the majority of VPOS members (including the LMC
and SMC), and negative if the object counter-orbits. We furthermore count the fraction finVPOS of
Monte-Carlo realizations which result in orbital poles that are aligned with the VPOS normal vector
to within an angle θinVPOS. For consistency and direct comparability we adopt the same values as in
Fritz et al. (2018): θinVPOS = 36.9◦ corresponding to 10% of the area of the sky, and a VPOS normal
vector pointing to Galactic coordinates (l, b) = (169.3◦,−2.8◦). To further assess the degree to which
a misalignment might simply be due to proper motion uncertainties, we also generate 2000 mock
orbital pole realizations by placing the object’s intrinsic orbital pole in its predicted (best-aligned
with the VPOS) position, and then vary its direction by drawing from the orbital pole uncertainty of
the observed data. This way we determine the probability poutsideVPOS of these mock-realizations to
be found outside of θinVPOS despite their intrinsic close alignment (i.e. the false negative rate), and
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Figure 2. Angular momentum position of dwarf galaxy orbits in an Hammer-Aitoff sky-projection (Galac-
tocentric coordinates), using 4 distance intervals from the Galactic center (from left to right, top to bottom,
0< rgc < 50 kpc, 50< rgc < 100 kpc, 100< rgc < 200 kpc, and 200< rgc. The magenta circle defines the
VPOS location as shown in Fritz et al. (2018), with magenta lines define the opposite direction showing for
example that Sculptor lie in the VPOS but it orbits in the opposite direction. Small points around each
dwarf galaxy plot the orbital poles from 2000 Monte Carlo simulations, for which the dot represent the
median.

p>obs, the chance to observe the orbital pole as far from the VPOS normal as in the real data. Note
that the latter is only a lower limit, as the best-possible alignment is assumed.

Table 6. Alignment with the VPOS (see Sect. 4.2) and membership to volume-complete

samples (see Sect. 4.3).

Name θpredictedVPOS−3 θmeasured
VPOS−3 finVPOS poutsideVPOS p>obs volume-complete member

(◦) (◦)

(1) (2) (3) (4) (5) (6) (7)

AntII 2.5 56.9 0.001 0.000 0.000 Near − S
AquII 7.8 63.1 0.297 0.455 0.205

BooI 16.1 −71.4 0.000 0.000 0.000 Near − S,Dist− S
BooII 12.8 −62.9 0.000 0.000 0.000 Near − S
CVenI 1.5 3.9 0.800 0.194 0.887 Dist− S
CVenII 4.2 −76.8 0.390 0.603 0.135 Dist− S

Table 6 continued on next page
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Table 6 (continued)

Name θpredictedVPOS−3 θmeasured
VPOS−3 finVPOS poutsideVPOS p>obs volume-complete member

(◦) (◦)

(1) (2) (3) (4) (5) (6) (7)

CarI 4.7 4.7 1.000 0.000 0.790 Near − S,Dist− S
CarII 3.5 40.5 0.005 0.000 0.000 Near − S,Dist− S
CarIII 7.1 11.7 1.000 0.000 0.000 Near − S
ColI 27.6 −89.6 0.005 0.128 0.000

CberI 9.6 82.9 0.000 0.000 0.000 Near − S,Dist− S
CraI 9.6 28.9 0.555 0.253 0.366 Dist− S
CraII 15.2 20.0 0.991 0.002 0.187 Near − S,Dist− S
DraI 10.4 18.2 1.000 0.000 0.000 Near − S,Dist− S
DraII 29.9 39.3 0.036 0.000 0.000

EriII 9.3 76.1 0.305 0.458 0.106

FnxI 14.6 19.8 1.000 0.000 0.017 Dist− S
GruI 24.9 −25.0 0.675 0.323 0.933 Near − S
GruII 27.6 28.7 0.998 0.001 0.085 Near − S
HerI 37.7 49.5 0.000 1.000 0.050 Near − S,Dist− S
HorI 1.0 10.0 1.000 0.000 0.050 Near − S,Dist− S
HorII 6.2 31.8 0.551 0.201 0.267

HyaII 28.9 −73.9 0.104 0.443 0.066 Dist− S
HyiI 10.5 18.7 1.000 0.000 0.000 Near − S,Dist− S
LeoI 20.4 54.4 0.196 0.219 0.065

LeoII 13.4 65.3 0.129 0.189 0.035 Dist− S
LeoIV 2.7 59.9 0.300 0.398 0.189 Dist− S
LeoV 1.1 87.1 0.143 0.269 0.009 Dist− S
PhxII 19.5 20.9 1.000 0.000 0.060 Near − S
PisII 4.6 17.2 0.853 0.081 0.383 Dist− S
RetII 11.9 14.3 1.000 0.000 0.000 Near − S,Dist− S
RetIII 3.0 10.2 0.443 0.549 0.866 Near − S
SclI 47.5 −85.1 0.000 1.000 0.000 Near − S,Dist− S
SegI 5.0 −5.8 1.000 0.000 0.251

SegII 36.1 −36.2 0.710 0.001 0.077

SxtI 58.7 −81.9 0.000 1.000 0.000 Near − S,Dist− S
SgrII 14.7 71.8 0.000 0.000 0.000 Near − S,Dist− S
TriII 64.5 −64.9 0.000 1.000 0.053

TucII 25.3 46.6 0.000 0.001 0.000 Near − S
TucIII 6.1 −46.0 0.280 0.017 0.002

TucIV 15.4 24.7 1.000 0.000 0.000 Near − S
TucV 20.6 74.3 0.000 0.015 0.000

Table 6 continued on next page
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Table 6 (continued)

Name θpredictedVPOS−3 θmeasured
VPOS−3 finVPOS poutsideVPOS p>obs volume-complete member

(◦) (◦)

(1) (2) (3) (4) (5) (6) (7)

UMaI 36.0 −50.3 0.018 0.537 0.012 Near − S
UMaII 55.4 −76.0 0.000 1.000 0.000 Near − S
UMiI 21.7 25.7 1.000 0.000 0.000 Near − S,Dist− S
Wil1 39.1 73.1 0.000 1.000 0.000 Near − S

Note— Column 1: name of the object, Col. 2: angle between VPOS normal and predicted orbital
pole (best-possible alignment), Col. 3: angle between VPOS normal and median measured orbital
pole, Col. 4: fraction of realizations whose orbital pole falls into the 10% circles around the VPOS
normal vector, Col. 5: probability that an intrinsically perfectly aligned orbital pole is found
outside of the 10% circles given the proper motion measurement uncertainties, Col. 6: probability
to find an orbital pole at least as far inclined from the VPOS as the median measured orbital pole
if the intrinsic alignment is as close as possible, and Col. 7 membership to the nearby volume-
complete sub-sample (quoted Near − S) up to the 90.5 kpc slice from Drlica-Wagner et al. 2020,
or the distant (quoted Dist− S) volume complete sub-sample up to the 181 kpc slice.

Of the 46 dwarf galaxies in our sample, six cannot orbit within the VPOS because their positions
place them well outside of the structure (θpredictedVPOS−3 > θinVPOS). These are Hercules I, Segue II, Sagit-
tarius II, Triangulum II, Ursa Major II, and Willman 1. Of the remaining 40 objects for which an
alignment is feasible, 20 have median orbital poles that align to better than θinVPOS with the VPOS
normal vector3. Most of these are well constrained, with 13 having almost all their Monte Carlo
realizations within this angle from the VPOS plane (finVPOS ≥ 0.99). Only one object, RetIII with
finVPOS = 0.44, is relatively poorly constrained while the remaining six have 0.85 > finVPOS > 0.55.
Only three (Grus I, Sculptor, Segue I) of these 20 are counter-orbiting with respect to the bulk orbital
sense of the VPOS members. Together with the LMC and SMC, which also orbit along the VPOS,
the counter-orbiting fraction is thus fcounter = 3

22
= 0.14. This is intriguingly close to the counter-

orbiting fraction considering only the 11 bright, classical MW satellites (Pawlowski & Kroupa 2020),
of which 8 have orbital poles aligned with the VPOS with only Sculptor orbiting on the opposite
sense than the others (fcounter = 1

8
= 0.13).

The remaining 20 dwarf galaxies have median orbital poles that do not align with the VPOS. Of
these, 11 can confidently be ruled out as VPOS members (by our adopted criterion) because their
chance of aligning is smaller then finVPOS < 0.05. Note, however, that the orbital poles of Crater
II and Draco II are well constrained but only marginally outside of our adopted maximum accepted
alignment angle of θinVPOS, and a small change in the adopted direction of the VPOS normal vector
would place both inside of the 10% region.

The remaining nine dwarf galaxies have orbital poles that are only poorly constrained, mainly due
to their large distance and thus large relative proper motion error4. However, these nine are all well
consistent with being aligned with the VPOS within their uncertainties, with 0.1 < finVPOS < 0.4.

3 The dwarf galaxies with median orbital poles aligned with the VPOS are: Canes Venaciti I, Carina I, Carina III,
Crater I, Crater II, Draco I, Fornax, Grus I, Grus II, Horologium I, Horologium II, Hydrus, Phoenix II, Pisces II,
Reticulum II, Reticulum III, Sculptor, Segue I, Tucana IV, and Ursa Minor.

4 These dwarf galaxies with orbital poles that are poorly constrained but consistent with VPOS alignment are: Aquarius
II, Canes Venaciti I, Eridanus II, Leo I, Leo II, Leo IV, Leo V, Tucana III
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This is further demonstrated by their high poutsideVPOS values of 19 to 60% (except Tucana III with
only poutsideVPOS = 0.02), indicating that even if they were intrinsically well aligned, the substantial
proper motion uncertainties would likely place their derived median orbital pole outside of the region
around the VPOS normal vector. Six of the nine objects most-likely co-orbit.

The similarity of our study with that of Fritz et al. (2018) in sample and data analysis also allows
us to judge how the improved data quality of Gaia eDR3 over DR2 affects the VPOS signal, without
the danger of being affected by biases due to differing methodologies. The two studies have 37
objects in common, of which 32 can possibly orbit along the VPOS. Of these 32, we find that 16
have orbital poles that are most-likely aligned with the VPOS normal (finVPOS > 0.5), and 10 of
these are definitively aligned (finVPOS > 0.98). In Fritz et al. (2018), these numbers were 14 and
7, respectively. Thus, the improved data has resulted in a substantial increase in the number of
orbitally aligned dwarf galaxies, as to be expected if an underlying correlation is obscured by initially
larger measurement errors. The same trend has previously been found for the classical MW satellites,
whose orbital poles clustered subsequently tighter around the VPOS normal direction as their proper
motion errors have decreased (Pawlowski & Kroupa 2020). Furthermore, it is noteworthy that fcounter
dropped considerably compared to Fritz et al. (2018), who found fcounter = 0.32 among their 17 likely
VPOS members and the Magallanic Clouds. This change is also consistent with the VPOS being an
intrinsic, correlated structure exhibiting a preferred orbital direction that is becoming more apparent
as proper motion measurements improve.

In summary, of the 40 Milky Way dwarf galaxies that have spatial positions consistent with being
members of the VPOS, at least 20 to 29 objects have orbital poles aligned with the VPOS normal
vector. Thus, from 50 to 73% of potentially aligned dwarf galaxies (or 43 to 63 % of all) indeed lie and
orbit in the VPOS, which confirms the prominence of the VPOS for the MW dwarf galaxy spatial and
orbital distributions5. Such a large fraction is indicative of a real structure of dwarf galaxies, which
could not be associated to the expectations for a cosmological infall of primordial dwarfs, including
if they had been accreted along cold streams (Pawlowski & Kroupa 2014, and references therein).

4.3. Locations of dwarf galaxies are excessively near their orbital pericenter

Based on Gaia DR2, Fritz et al. (2018) and Simon (2018) noticed that dwarf galaxy locations are
excessively concentrated near their pericenters, which is at odd for satellites that are expected to
lie mostly near their apocenters. Fritz et al. (2018) argued that this effect may be caused by the
existence of non-detected ultra faint dwarfs, mostly those lying beyond 100 kpc. The problem is
also less pronounced when considering high MW mass (Fritz et al. 2018; Hammer et al. 2020, see
their Figure 5 and Figure 1, respectively). If persistent, the dwarf galaxy excess near pericenter may
challenge their commonly assumed nature as long-lived MW satellites since such a realization would
be associated to a very small probabilities especially for moderate MW mass (Hammer et al. 2020,
P∼ 2× 10−7 for MW mass ≤ 1012 M�).

Here we try to reevaluate these statistics using Gaia EDR3 data and by accounting for possible
biases linked to the observability of dwarf galaxies at larger distances. Indeed, one may consider that

5 This fraction can be considered a lower limit: For Leo II, one of the most distant dwarf galaxies in our sample that
has a poorly constrained orbital pole, more accurate Hubble Space Telescope proper motion (Piatek et al. 2016) place
its orbital pole firmly in the VPOS (Pawlowski & Kroupa 2020). Furthermore, discussed above Crater II and Draco
II are just marginally outside of the adopted VPOS alignment criterion, and both the LMC and SMC are known to
co-orbit along the VPOS (though Sagittarius does not).
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we are only able to see the closest dwarf galaxies, which then could be those close to their pericenters.
Following Hammer et al. (2020) we first define the orbital phase probability:

P =
tperi

tperi−apo

, (8)

to estimate the chance for a dwarf galaxy to be close to its pericenter. In Equation 8, tperi is the
orbital time for reaching or leaving the pericenter from the dwarf galaxy’s current position (whichever
is shorter), and tperi−apo is the time to complete half an orbit. We have used the calculated dwarf
orbits from the publicly available code galpy (Bovy 2015) for deriving the time spent to reach the
pericenter, as well as that from apocenter to pericenter. We further limit the volume and distance
to 300 kpc because beyond this, most dwarf galaxies would have been hard to be detected (Simon
2019). It leads to change tperi−apo in Equation 8 by the time taken from pericenter to min(apocenter,
300 kpc):

P =
tperi

tperi−min(apo,300kpc)

, (9)

In the following, we examine the properties of complete subsamples using the probabilities based on
Equation 9. Non-parametric Kolmogorov-Smirnov tests presented in Figure 3 are made by comparing
the cumulative probabilities calculated from Equation 9 to those expected in the null hypothesis,
which represents a random distribution of time between tperi and tperi−min(apo,300kpc).

The proximity of dwarf galaxies to their pericenter could be caused by biases, i.e., that we pref-
erentially detect nearby dwarf galaxies more likely to be close to their pericenters, and this at the
cost of missing a population of faint dwarfs that would lie at larger distance, e.g., beyond 100 kpc
(Fritz et al. 2018). To test the possibility of missing non-detected ultra faint dwarfs, we have built
’volume-complete samples’ of dwarf galaxies, i.e., samples including only the dwarfs that could be
detected within a given volume, independently or their actual distances. We have made use of the
detectability study of Drlica-Wagner et al. (2020) and have applied their Equation 2 for estimating
the (MV , rhalf) range to which dwarf galaxies can be observed. It leads to volume-complete samples
of 26 ( 23) dwarf galaxies that can be observed up to the whole volume defined by the distance slices
of 90.5 (181) kpc, respectively (see Drlica-Wagner et al. 2020’s Table 5 and Fig. 6). Membership
to the two sub-samples are tabulated in the last column of Table 6, and V-absolute magnitude and
rhalf values used to define the dwarf galaxy detectability have been taken from Simon (2019).

Figure 3 presents the the cumulative probability of having an excess of dwarf galaxy locations
near the pericenter, assuming they are satellites of the MW modeled with PNFW (green curve, see
Table 3) and with the PEHM (red curve, highest mass). As expected (see also Fritz et al. 2018), the
higher the MW mass, the more likely is the satellite hypothesis for dwarf galaxies as it is illustrated
in Figure 1. Gaia EDR3 provides sufficiently accurate orbits and pericenter to gather samples of
26 and 23 dwarf galaxies that are essentially complete in the sense that all included dwarf galaxies
can be seen in the whole considered small (∼ 100 kpc) and large (∼ 200 kpc) volume, respectively.
Furthermore, this allows us to test the hypothesis of missing ultra-faint dwarfs that would lie at
apocenter and then that have supposedly not been detected yet (Fritz et al. 2018).
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DKS=0.40

23 dSphs
P= 0.0014
P= 0.09

DKS=0.26

DKS=0.51

26 dSphs
P= 2.7 10-6 

P= 9.3 10-4

DKS=0.38

Figure 3. Cumulative distribution of time to reach the pericenter divided by the time taken from pericenter
to min(apocenter, 300 kpc). The black solid line shows the null hypothesis, i.e., dwarf galaxies have location
randomly distributed from pericenter to min(apocenter, 300 kpc). Green and red lines represent the PNFW
model (Mtot = 8.1 × 1011M�, see also Eilers et al. 2019, and PEHM the most massive mass able to fit the
MW rotation curve (Mtot = 15 × 1011M�, see Jiao et al. 2021), respectively. Dmax values and associated
probabilities of the Kolmogorov Smirnov tests are given in the Figures, top and bottom panels representing
the 90.5 (dubbed as small volume) and the 181 kpc (dubbed as large volume) distance slices of Drlica-Wagner
et al. 2020, respectively.

Let us consider the small volume-complete sample (top panel of Figure 3) of 26 dwarf galaxies, which
leads to very small probabilities. Examining the apocenters of these dwarf galaxies and considering
the PNFW MW mass model, we find that only 34% of them are within the small volume, i.e.,
letting open the possibility that there are undetected missing dwarf galaxies beyond ∼ 100 kpc.
However, for the most massive MW mass model (PEHM), most (58%) apocenters lie within the small
volume, and it becomes non plausible that the small probabilities (P= 9.3 × 10−4) can be due to
missing ultra faint dwarfs. Now let consider the large volume-complete sample of 23 dwarf galaxies,
which is undoubtedly more affected by the difficulty in detecting distant faint dwarfs. Assuming the
PNFW MW mass model, 66% of apocenters are within that volume, which means that there could
be only few missing dwarfs lying further away near their apocenter to explain the small probability
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given in the bottom panel of Figure 3. At first glance, the probability for the most massive MW
mass model (PEHM) could be interpreted as a significant alleviation of the proximity-to-pericenter
problem. However, in such a case, 92% of the apocenters are within the large volume, letting no
possibility for missing dwarfs at larger distances.

In summary, we have examined the the proximity-to-pericenter problem that may affect the satellite
nature of most dwarf galaxies. For this, we have only considered the two most massive MW mass
models of this paper, because they are the ones for which most dwarf galaxies are bound. Having
defined volume-complete samples following the detectability procedure of Drlica-Wagner et al. (2020),
we find that by increasing the MW mass, and by assuming a putative population of distant faint
dwarfs may alleviate part of the problem, but certainly not completely. For example, assuming the
largest MW mass available to fit the MW rotation curve, the probability that MW dwarf galaxies
behave as satellites is well below 1 in the two considered complete volumes of the above analysis.

5. CONCLUSION

We have determined the proper motions of 46 dwarf galaxies using Gaia EDR3, with a robust
evaluation of errors accounting both for effects of their statistics and of Gaia systematics. The gain
compared to former DR2 analysis by Fritz et al. (2018) is twofold. First, the accuracy for objects in
common between the two studies has improved by a factor ∼ 2.5, which corresponds to the actual
reduction of total errors for the analysis of their tangential and 3D velocities. Second, it allows to
increase to 40 the number of dwarf galaxies for which analysis of their motions can be robustly made,
i.e., more than twice what was done with Gaia DR2.

We have then derived the 3D phase-space diagram of dwarf galaxies that illustrates the sequence
delineated by most dwarf galaxies. Gaia EDR3 errors on 3D velocities are systematically smaller than
differences between expectations from various possible MW mass models. It implies that almost all
dwarf galaxies are gravitationally bound if the MW total mass is larger than 8×1011 M�, while they
would be increasingly unbound for MW mass values going down to 5.1×1011 M� and 2.8×1011 M�.

In this paper, we have incorporated calculations of integrated orbital parameters after considering
the whole range of four MW mass models that can be consistent with the MW rotation curves (Eilers
et al. 2019; Mróz et al. 2019). It provides a useful library of orbits with different schemes for the
MW mass, some of them could be either rosette or hyperbolic. While apocenters and eccentricities
are very dependent on the adopted MW potential, we show that pericenter values are very robustly
determined, whatever the MW mass model, and down to an accuracy of 10% for a majority of dwarf
galaxies.

We also confirm that many of the dwarf galaxies lie near their pericenters, which cannot simply be
due to either selection effects or to an underestimate of the MW mass. This later result appears to
be problematic if most dwarf galaxies are MW satellites. Finally we identify the strong prominence
of the VPOS in the distribution of orbital poles, that includes a majority of dwarf galaxy locations
and orbits, confirming it as an important feature of the outer Galactic halo. Such a large fraction
of VPOS members and their strong kinematic correlation is indicative of a real structure of dwarf
galaxies, which could be in conflict with expectations for a cosmological infall of primordial dwarfs.
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APPENDIX

A. COMPARISON OF PMS WITH OTHER PAPERS.

McConnachie & Venn (2020) published PM based on Gaia EDR3 for a large number of dwarf
galaxies. Figure A1 compares values of Table 1 to theirs. Although values are often consistent
within error bars found in this paper, those tabulated by McConnachie & Venn (2020) appear to be
extremely small. This is because they do not account for Gaia systematics as we have made in using
Vasiliev (2019, see also Section 2.2 of this paper), though mentioning their impact in the text. We
also notice a good agreement within our uncertainties between our values for 9 dwarfs that have been
studied by Vitral (2021), though our uncertainties are larger and there is a small, < 2σ discrepancy
for Bootes I.

Figure A2 compares PM values and their errors from EDR3 to those from Gaia DR2 from Fritz
et al. (2018).
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Figure A1. Comparison of proper motions (left: RA, right: DEC) of Table 1 with those calculated by
McConnachie & Venn (2020). Few dwarf galaxies names are indicated, pointing out to dwarf galaxies for
which the two measurements are discrepant at > 1 σ level. The top panels indicate the ratio of error from
this paper to that tabulated by McConnachie & Venn (2020) both extracted from Gaia EDR3. Notice that
the error on PM RA of Fornax is so small (1µas yr−1) in McConnachie & Venn (2020) that it leads to a
ratio in excess of 20 (not shown in the Figure).
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Figure A2. Comparison of proper motions (left: RA, right: DEC) of Table 1 with those calculated by Fritz
et al. (2018) with Gaia DR2. The top panels indicate the ratio of error from Fritz et al. (2018) Gaia DR2
to that of this paper, Gaia EDR3.
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