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ABSTRACT

Aims. The goal of this paper is to demonstrate the outstanding quality of the second data release of the Gaia mission and its power
for constraining many different aspects of the dynamics of the satellites of the Milky Way. We focus here on determining the proper
motions of 75 Galactic globular clusters, nine dwarf spheroidal galaxies, one ultra-faint system, and the Large and Small Magellanic
Clouds.

Methods. Using data extracted from the Gaia archive, we derived the proper motions and parallaxes for these systems, as well as their
uncertainties. We demonstrate that the errors, statistical and systematic, are relatively well understood. We integrated the orbits of
these objects in three different Galactic potentials, and characterised their properties. We present the derived proper motions, space
velocities, and characteristic orbital parameters in various tables to facilitate their use by the astronomical community.

Results. Our limited and straightforward analyses have allowed us for example to (i) determine absolute and very precise proper
motions for globular clusters; (ii) detect clear rotation signatures in the proper motions of at least five globular clusters; (iii) show that
the satellites of the Milky Way are all on high-inclination orbits, but that they do not share a single plane of motion; (iv) derive a lower
limit for the mass of the Milky Way of 9.1*32 x 10'! M, based on the assumption that the Leo I dwarf spheroidal is bound; (v) derive
a rotation curve for the Large Magellanic Cloud based solely on proper motions that is competitive with line-of-sight velocity curves,
now using many orders of magnitude more sources; and (vi) unveil the dynamical effect of the bar on the motions of stars in the Large
Magellanic Cloud.

Conclusions. All these results highlight the incredible power of the Gaia astrometric mission, and in particular of its second data
release.

Key words. Galaxy: kinematics and dynamics — astrometry — globular clusters: general — galaxies: dwarf — Local Group —
Magellanic Clouds

1. Introduction

The possibility of determining for the first time the absolute
proper motions of stars in the satellites of the Milky Way opens
up a whole new window for understanding their dynamics, ori-
gin, and evolution, as well as that of the Milky Way itself. The
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data presented in the Second Gaia Data Release (hereafter DR2,
Gaia Collaboration 2018b) allows us to achieve this goal. In
this paper we study the proper motions (PM hereafter) of stars
in a large sample of globular clusters, in the classical dwarf
spheroidal galaxies and one ultra-faint system, and in the Large
and Small Magellanic Clouds (LMC and SMC hereafter).
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A plethora of interesting science questions can be addressed
with this dataset. In this Introduction, we do not aim to be fully
comprehensive, but we mention a few topics to set the context,
to highlight the power of the unprecedentedly accurate absolute
PM measurements, and also to fan curiosity in the community
for exploring this outstanding dataset themselves.

Proper motion studies of satellite systems, such as the glob-
ular clusters and dwarf galaxies of the Milky Way, have a long
history, starting from the use of photographic plates that were
sometimes taken with a time baseline longer than 100 years
(see Meylan & Heggie 1997 and van Leeuwen et al. 2000 for
interesting and thorough historical reviews on the determina-
tion of PM of stars in globular clusters). More recently, the
space missions HIPPARCOS and the Hubble Space Telescope
(HST), and of course the Gaia mission in its first data release
(Gaia Collaboration 2016), have demonstrated the enormous
power of space-based astrometry. HIPPARCOS data (Perryman
et al. 1997) have been used for many purposes, and in partic-
ular, for studying the dynamics of nearby open clusters (e.g.
van Leeuwen 1999, 2009), and although HIPPARCOS did not
observe stars in globular clusters, it provided an absolute ref-
erence frame that was used to derive the orbits of 15 globular
clusters from photographic plates, for example (Odenkirchen
et al. 1997). On the other hand, the HST has carried out several
large (legacy) surveys (e.g. Soto et al. 2017) that have allowed
studies of the dynamics of globular clusters and of the Milky
Way satellites, and it has even constrained the motions of our
largest neighbouring galaxy M31 (Sohn et al. 2012). In all these
cases, relative astrometry is done using background quasars and
distant galaxies to define a reference frame, and typically, a time
baseline of 5-10 yr is used. This has been a highly successful
approach, and has, for example, allowed researchers to develop
the idea that the Magellanic Clouds may be on their first infall
(Kallivayalil et al. 2006b; Besla et al. 2007), to place constraints
on the mass of the Milky Way from its most distant satellite Leo I
(Boylan-Kolchin et al. 2013), and also to argue in support of the
conjecture that dwarf galaxy satellites may lie on a vast polar
plane based on the first constraints on their orbits (Pawlowski &
Kroupa 2013).

This brief overview gives a flavour of the palette of scientific
results that can be derived from accurate PM information of the
satellites of the Milky Way. In combination with knowledge of
the line-of-sight velocities, PM can be used to derive orbits for
these systems. This is interesting for very many reasons, some of
which we highlight below.

The orbits of globular clusters can shed light on their for-
mation and evolution, for example, which may have formed in
situ and which could be accreted (Searle & Zinn 1978; Mackey
& Gilmore 2004; Renaud et al. 2017). Furthermore, knowledge
of the orbits helps understanding the effect of tides and the
interplay with internal processes, such as evaporation, mass seg-
regation, and two-body relaxation (Djorgovski & Meylan 1994;
Baumgardt & Makino 2003). Based on the orbits it is also pos-
sible to aid the search for extra-tidal stars and streamers, which
are very useful for constraining the gravitational potential of the
Milky Way because of the coldness of such streams (Kiipper
et al. 2015).

In the case of the dwarf galaxy satellites of the Milky
Way, knowledge of the orbits also has multiple implications that
range from the scale of the formation of the smallest galaxies
in the Universe to constraints and challenges to the cosmo-
logical model. By determining the orbits of dwarf galaxies,
we can establish the effect of the environment on their evolu-
tion, including star formation and chemical enrichment histories

(Tolstoy et al. 2009), and also the effect of ram pressure strip-
ping, and we can place constraints on the hot gaseous halo of
the Milky Way (Nichols & Bland-Hawthorn 2011). The struc-
ture of these small galaxies may also have been strongly affected
by tidal interactions with the Milky Way, and to quantify the
importance of this process, knowledge of the orbits is imper-
ative (Kazantzidis et al. 2011). Furthermore, such knowledge
also allows to establish whether there is internal rotation and its
amplitude (Battaglia et al. 2008), which is relevant for under-
standing the formation path of dwarf spheroidal (dSph) galaxies.
For the ultra-faint galaxies, whose nature is debated, PM are also
useful to identify interlopers, which is particularly important for
establishing whether these systems are (on the verge of being)
disrupted or embedded in a dark matter halo.

The orbits of the Milky Way satellites (both globular clus-
ters and dwarf galaxies) also provide information on the Milky
Way itself, such as its dynamical mass (e.g. Wilkinson & Evans
1999). 1t is likely that the internal dynamics of the Milky Way
have also been affected by the gravitational influence of, in par-
ticular, the Sagittarius dwarf (Gémez et al. 2013) and the LMC
(Bekki 2012; Gémez et al. 2015), and improved knowledge of
the orbits of these objects will allow us to understand what their
effect has been. On the other hand, orbits also allow us to gain
insight into how a galaxy acquires its satellite population. For
example, it has been argued that the satellites lie preferentially
on streams (Lynden-Bell & Lynden-Bell 1995), on a thin plane
(Kroupa et al. 2005), or that they have fallen in groups (Li &
Helmi 2008), of which the LMC/SMC and their recently discov-
ered satellites are direct proof (Bechtol et al. 2015; Koposov et al.
2015). The Gaia DR2 data will allow us to establish how real
and important these associations are, and also whether the orbits
found are consistent with the expectations from the concordance
cosmological model.

In this paper we analyse 75 globular clusters in our Galaxy,
and we demonstrate that the Gaia DR2 PM measurements for
these clusters are of outstanding quality, with the formal and sys-
tematic uncertainties being effectively negligible. In comparison
to previous efforts (e.g. Dinescu et al. 2003; Casetti-Dinescu
et al. 2007, 2010, 2013), the errors are reduced by nearly two
orders of magnitude. This dramatic improvement will also
enable detailed studies of the internal dynamics that could shed
light onto how these objects formed and their evolutionary
path (Gratton et al. 2012). Some of the questions that might
be addressed include whether globular clusters have formed
in mini-halos or are fully devoid of dark matter (Ibata et al.
2013). Do they host intermediate mass black holes (Baumgardt
2017)? Are there dynamical differences between the different
populations known to be present in many globular clusters
(Bellazzini et al. 2012; Bellini et al. 2015; Vesperini et al. 2013)?
Has the formation process and evolution for in situ clusters
been the same as for those that have been accreted? Have these
processes left an imprint on the internal phase-space distribution
of their stars? How many clusters show rotation, and what is
the link to how they have formed (Hénault-Brunet et al. 2015)?
Many of the globular clusters are also being targeted by radial
velocity surveys (e.g. Lardo et al. 2015; Kamann et al. 2018),
and the combination of Gaia DR2 with such datasets will be
extremely powerful.

We also study the Magellanic Clouds, the nine classical
dSph, and include the ultra-faint dwarf (UFD) Bootes I as an
example of what can be achieved with Gaia DR2 data. Even
though the dwarf galaxies are on average farther away, their
mean PMs can be very well determined using Gaia DR2, and
they are still above the systematic level. Although for many
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objects, the uncertainties are comparable to those achievable
using the HST, the advantage of having a full view of these
galaxies and of the PMs being in an absolute reference frame
cannot be over-emphasised. For the dSph, establishing their
internal dynamics using this dataset is not yet feasible, how-
ever, although perhaps the combination of Gaiaand the HST
will allow to make progress before the end of the Gaia mission
(as recently demonstrated by Massari et al. 2018). For the
Magellanic Clouds, Gaia DR2 gives a clearer, more detailed
view of the internal dynamics than has ever been possible before,
with measured PMs for millions of sources.

The paper is structured as follows. The main part introduces
the DR2 data, methods, and analysis, including orbit integra-
tions, and details are given in the appendix. The appendix also
contains tables with the measured PM for the objects we stud-
ied, as well as a list of the orbital parameters we derived. More
specifically, in Sect. 2 of the main paper we present the Gaia
DR2 data, with emphasis on the astrometry, the selection pro-
cedures, and the methods. Section 2.1 focuses on deriving the
proper motions of the globular clusters and dSph, and in Sect. 2.2
we describe the procedures that are tailored for the LMC and
SMC. We then present the various analyses of the datasets that
we have carried out, and which allow us to show the superb qual-
ity of the data. Section 3 concentrates on the globular clusters,
Sect. 4 on the dSph, and Sect. 5 on the Magellanic Clouds. In
Sect. 6 we determine the orbits of the satellites using different
Galactic potentials, a showcase of the fantastic possibilities that
Gaia DR2 offers for studies of the dynamics and origin of the
satellites of the Milky Way. In Sect. 7 we discuss our findings,
provide an example of the use of DR2 astrometry to find tidal
debris, present a summary of what lies beyond a straightforward
analysis of the data such as that presented here, and also what
will need to wait for later Gaia data releases (i.e. the limitations
of the Gaia DR2 dataset). We present our conclusions in Sect. 8.

2. Data and methods

The data we used are the second Gaia data release as described in
Gaia Collaboration (2018b). Further details on its validation may
be found in Arenou et al. (2018). The procedures to derive the
Gaia astrometric solution (also known as AGIS) are described in
detail in Lindegren et al. (2016, 2018). We recall that the astro-
metric parameters are absolute in the sense that they do not rely
on an external reference frame.

2.1. Globular clusters and dwarf galaxies

The sample of globular clusters analysed in this paper includes
half of the whole population of globular clusters in the Milky
Way. We focus mostly on the clusters that are located within a
distance limit of 12 to 13 kpc to achieve a reasonable compro-
mise on the number of stars with reliable astrometric solutions.
It is important to bear in mind that the astrometric solutions
for stars in areas of high stellar density, such as the cores of
the clusters, are more likely to be disturbed by image blend-
ing and onboard image selection. This plays a significant role
when observing more distant clusters and affects the fainter stars
in particular (see e.g. Pancino et al. 2017). Our selection also
takes into account the ability of distinguishing (in PM and par-
allax space) the cluster stars from those in the field, both as a
function of distance from the cluster centre and of magnitude.
Furthermore, clusters at low galactic latitude have also generally
been avoided to escape confusion with field stars. The top panel
of Fig. 1 shows a histogram of the distance distribution for the
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Fig. 1. Top: distance distribution of the 75 globular clusters included
in the present study. Bottom: standard uncertainties on the PM in dec-
lination as a function of number of cluster members nMemb used in
the solution. The diagonal line represents a fit to the relation ous =
a/ YnMemb where we find a = 0.3 [mas/yr]. A similar dependence
on the number of members is found for the parallax uncertainty (with
a = 0.15 [mas]) and for ou,. (Where a = 0.25 [mas/yr]).

75 globular clusters. The bottom panel exemplifies how the stan-
dard uncertainties on the cluster PM in declination vary as a
function of the number of cluster members used’.

As Fig. 2 shows, we also studied the classical dSph and
one UFD galaxy, Bootes I. UFD galaxies are intrinsically very
faint, as their name indicates, and this implies that there are very
few stars on the red giant branch (RGB), and depending on the
distance to the system, there may be even fewer because of the
somewhat bright faint magnitude limit of Gaia (G =21). Bootes |
is the best UFD case for Gaia DR2, because its RGB is rela-
tively well populated (at least in comparison with other UFDs),
and it is relatively near (at 60 kpc, Belokurov et al. 2006). These
conditions allow us to apply a homogeneous selection and anal-
ysis procedure to all the dwarfs in our sample, which we find
highly desirable at this point. With external knowledge of radial
velocity members, for instance, it might be possible to derive the
PM for more UFDs, but the Bootes I case already illustrates the
problems to be faced with Gaia DR2 data for this type of system.

' Note the tendency for more distant clusters to show smaller uncer-
tainties at a fixed number of members. This is driven by the fact that
for more distant clusters, only the brighter and less populated part of
the luminosity function is effectively sampled, and this implies a lower
crowding impact (Pancino et al. 2017).
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Fig. 2. Field-of-view towards the dSph galaxies (the nine classical and one UFD) in our sample. The stars shown correspond to members according

to the photometric selection (on the RGB and BHB) and the astrometr

ic procedure (within 20~ from the mean PM of the object). The striping

apparent in Sagittarius and Sextans is driven in part by the scanning law. The hole in the centre of Sagittarius corresponds to the location of the

globular cluster NGC 6715 (M54).

The selection procedure, which is described in detail in
Appendix A.l, starts with the extraction of data for each object
from the GACS archive. The archive provides us with the astro-
metric parameters, their standard uncertainties and error corre-
lations, the photometric data with standard uncertainties (flux
values and fluxes converted into magnitudes), various statistics
relating to the astrometric and photometric solutions, and radial
velocities where available for our analysis. Depending on the
nature of the object analysed, we set different magnitude limits.
For the dwarf galaxies, we first considered stars with G < 21. For
the globular clusters, the limit was generally set at G = 20, but
in a few cases, we took a brighter value to limit the contamina-
tion by field stars. This was necessary for clusters at low galactic
latitude in particular.

The Gaiasky coverage can locally show strong variations
that can affect the selection of members with good astromet-
ric solutions (Gaia Collaboration 2018b; Arenou et al. 2018). In
addition, for many of the globular clusters, the central core is

often poorly resolved. These conditions are reflected in the stan-
dard uncertainties of the derived parameters, but are unlikely
to cause a systematic bias in the results. The most strongly
affected cluster w Cen (see Fig. A.6) still shows good astromet-
ric data for very many stars. In the case of the dSph galaxies,
the most affected object is Sextans, as can be seen from Fig. 2.
The inhomogeneous distribution of sources is related to the
number of independent scans in the field of view towards the
dwarf. To determine the astrometric parameters reliably, a suffi-
ciently high number of truly independent scans is necessary. This
is measured by the parameter visibility-periods-used,
which has to reach a value greater than 5 for a five-parameter
solution for an object (i.e. including the PMs and parallax) to
be considered reliable (Lindegren et al. 2018), otherwise, only
its position on the sky is determined. There are other instru-
mental effects that affect the astrometric parameters, and these
are discussed elsewhere in the paper and in Lindegren et al.
(2018).
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Fig. 3. Colour-magnitude of the stars in the field of view towards the dSph galaxies (the eight classical and one UFD) in our sample. The blue lines
mark our (relatively tight) pre-selection of tentative members (on the RGB and BHB) that is fed to the pipeline to derive mean PMs. The coloured
points indicate stars within 30~ of our determination of the mean PM of the object. This means that cyan points satisfy both the PM and CMD

selections.

The first step in our procedure to derive the motions of the
satellites is to focus on an area of the sky, centred on the assumed
centre of the object of interest and with an assumed maximum
radius. For the dwarf galaxies, these radii were fixed at 2 deg,
except for the Sagittarius dwarf, for which we took 3 deg (we also
excluded stars within one tidal radius of its nuclear globular clus-
ter M54). For the globular clusters, we interactively explored the
data using the TOPCAT software (Taylor 2005), and then made a
pre-selection of members based on the concentration of the PMs,
followed by a cutoff in parallax, as well as on inspection of the
colour-magnitude diagram (for more details, see Appendix A.1).

Because of their low stellar density contrast and the con-
sequently higher number of contaminants (non-member stars)
in the field of view, we applied additional selection crite-
ria for the dSph galaxies in order to obtain a more robust
estimate of the mean PMs. First, we only considered stars
within 1.5x the tidal radius (r;) of each dwarf (taken from
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Irwin & Hatzidimitriou 1995; Roderick et al. 2016, for Bootes)
except for Sagittarius, where we considered all the stars in the
3 deg radius field of view. Then for all dSph, we also per-
formed a cut in relative parallax error to remove foreground
sources, as nearby stars will have relatively good parallaxes,
especially in comparison to the stars in the dwarf galaxies. The
relative error we used is 0 < 0 /@ < 0.5 (which is equivalent to
@ — 204 > 0), and corresponds to removing stars within roughly
5 kpc from the Sun. Finally, we used the distribution of sources in
the colour-magnitude diagram (CMD) to isolate the giant branch
(RGB and HB), as shown in Fig. 3 with the blue lines. In the
case of the Sagittarius dwarf, we used a slightly different selec-
tion and focused on the reddest part of the RGB. The reason for
this is the very large foreground, which overlaps substantially
with the bluer portions of the Sagittarius RGB.

The astrometric solution to derive the PMs and paral-
laxes for the globular clusters and the dwarf galaxies follows
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the procedures described in vanLeeuwen (2009); Gaia
Collaboration (2017, see also Appendix A.l1). A joint solution
for the PM and parallax is obtained that takes into account the
full error correlation matrix as evaluated for each contributing
star:

N =N, + N, + Ny (D

The three main contributions to the noise matrix in Eq. (1)
come from the astrometric solution N,, the estimated contribu-
tions from the internal velocity dispersion on the PM dispersion
N,, and the dispersion of the parallaxes from the depth of the
cluster Ny, respectively. For the dwarf galaxies, the second and
third of these contributions could be ignored, as even the bright-
est stars in these systems still have standard uncertainties on
the astrometric parameters that are relatively large in compari-
son’. Although for most globular clusters the velocity dispersion
shows a clear gradient with respect to distance from the cluster
centre (see Fig. A.5), we did not take it into account. This would
have required a detailed investigation of the actual distribution
of the PMs as a function of radial distance, which is beyond the
scope of the present paper. The internal velocity dispersion as
implemented is an average over the cluster.

The procedure we used to determine the astrometric parame-
ters is iterative and requires a first guess for the parallax and PMs.
For the globular clusters, this first guess was obtained using the
TOPCAT software (Taylor 2005), as described above. While iter-
ating, several diagnostics are produced, and in particular, we plot
the surface density as a function of distance from the centre of
the cluster. Such a diagram often shows that the maximum radius
initially considered in the data extraction step can be extended
farther out (i.e. the background density has not yet been reached).
In that case, we retrieved more data from the GACS archive using
an increased radius and the latest values found for the PM and
parallax. We then repeated the procedure, now with the starting
guesses being those given by the latest astrometric solution. This
process was repeated until it was clear that the maximum radius
had been reached.

The maximum radius for the cluster, that is, the distance from
the centre within which we still detect cluster stars (30 from the
mean PM, where o is the error on the PM derived using Eq. (1))
was compared to the tidal radii r, extracted from Harris (1996)
and its 2010 update (Harris 2010, hereafter Harris10). Figure 4
shows that for the majority of the clusters, this maximum radius
is between 1/2 and 2 times the published estimate of the tidal
radius. Clusters for which the maximum radius was found to be
much smaller than r, are often affected by a high-density field
star population, making the detection of cluster members prob-
lematic. We note that r, has typically been estimated by fitting
a King profile to the projected density distribution of stars, and
thus does not necessarily nor always reflect the true extent of a
cluster (see e.g. Kiipper et al. 2010).

In the case of the globular clusters, the contamination by field
stars was checked through the dispersion diagrams (see Fig. A.4
for two examples), in which the distribution of PM and parallax
was plotted against the standard uncertainties of the measure-
ments, and compared with the expected distributions that include
all noise contributions. A contaminating source, such as the
SMC for 47 Tuc (NGC 104), shows as an offset over-density in

2 We chose to set the intrinsic dispersion to the characteristic
10 km s~! value found for the dwarfs from radial velocity data. How-
ever, we have tested different input values and found the results on the
mean PM to be robust.
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Fig. 4. Comparison between the tidal radii », (according to Harris10) of
the 75 globular clusters in our sample and the maximum radii at which
we have been able to detect cluster members in the present study. The
diagonal line represents the one-to-one relation.

one or more of these charts, and in that case was removed by
applying a 3¢ filter to the residuals in all three observables, that
is, relative PMs and parallax.

We also note that the parallax reference value used for the
data extraction was the Gaia parallax for the cluster. This can
differ from what is considered the best value for the cluster based
on the distance from the literature (see Sect. 3 for more details).

In the case of the dwarf galaxies, the iterative procedures are
similar, except that further iterations with the GACS archive are
not necessary given our choices of initial field sizes. We thus
worked only with the data extracted in the first step, as described
earlier in this section. We have found, however, that we obtained
more reliable mean PM using only stars brighter than a mag-
nitude limit in the range 19.1 < G < 20. This is the faintest
magnitude at which the mean value of the astrometric parame-
ters becomes stable and where the effects of contaminating field
stars and the large measurement uncertainties of very faint stars
are minimised.

2.2. Magellanic Clouds

The LMC and SMC present a different analytical challenge to
the analysis of dwarfs and globular clusters, because they are
very extended on the sky and contain two orders of magnitudes
more Gaia sources than any of the dwarfs or clusters analysed.
To simplify our analysis and ensure that the quoted (and plot-
ted) PMs are relatively easy to interpret in terms of internal
velocities, it is particularly helpful to define an orthographic
projection of the usual celestial coordinates and PMs:

x = cosdsin(a — ac)
y = sind cosd¢ — cos d sin d¢ cos(a — ac)
Uy = Hgx CcOS(a — ac) — ps Sin 6 sin(a@ — ac¢) 2)
My = Hqs SINO¢ sin(a — ac)
+ s (cos § cos d¢ + sin § sin d¢ cos(a — ac)) .

The centres of the coordinate systems are chosen to be
the dynamical centre of the HI gas for the LMC and SMC,

(acime,0cime) = (7877,-69201) and (acsmc,dcsmc) =
(16226,-72242) (Luks & Rohlfs 1992; Kim et al. 1998;
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Fig. 5. Density distribution on the sky of the stars selected as members of the LMC (left) and SMC (right). Positions are shown in the (x, y)
coordinates described in the text (Eq. (2)). In all figures that use this coordinate system, the x-axis has been inverted so that it corresponds to the

usual inversion of right ascension.

Stanimirovié¢ et al. 2004)3. Figure 5 shows the density of stars
in this x,y-plane for the LMC and SMC, with these centres
assumed.

If we approximate each cloud as a thin disc with some
bulk motion that rotates about a point with celestial coordi-
nates (ac,d¢) with a constant angular velocity w and no other
streaming motion, it can be shown (Appendix B) that these
coordinates are, to first order, straightforwardly related to the
parameters that describe the position and motion of the disc.
These approximations are reasonable towards the centre of the
LMC, and serve as a first approximation for the SMC.

It is convenient to define n to be the unit vector normal to the
disc (such that rotation is positive about n), with z the unit vector
from the observer to the reference centre (ac, 0c) at the reference
epoch. We then have the mutually orthogonal unit vectors in the
plane of the disc I = z X r/|z X n| and m = n X I. These have
the property that / points in the direction of the receding node
(the intersection of the disc with the tangent plane of the celestial
sphere).

When we define v,, v, to be the centre-of-mass motion of the
cloud in the x and y directions and v, to be the same along the
line of sight (divided by the distance to the cloud, to put it in
the same units) then we have, to first order,

Oy /0x =~ avy — v, + al,mw
Oy /dy =~ bv, — nyw + bl,m,w

(3)
Ouy/0x = avy + nyw + alym,w

oy, /0y = bvy, — v, + blym,w

where with inclination i (the angle between the line-of-sight
direction to the cloud centre and the rotation axis of the disc,
with i > 90° for retrograde motion)*, and Q the position angle

3 Following van der Marel & Kallivayalil (2014), we have taken the
LMC centre to be the average of the centres determined by Kim et al.
(1998) and Luks & Rohlfs (1992).

4 “Retrograde” here means negative spin about the line of sight (w, <
0), which means counter-clockwise as seen by the observer. In our
notation, the LMC has prograde rotation, that is, positive spin about
the line of sight or clockwise as seen by the observer. According to
some conventions (e.g. for binary orbits), this would be regarded as
retrograde.
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of the receding node, measured from y towards x, that is, from
north towards east, we have the components of I,m, and n
being

L, m, ny sinQQ  —cosicosQ sinicos
Iy, my ny|=|cosQ  cosisinQ —sinisinQ|, 4)
I, m; ng 0 sini cosi

and

a=tanicosQ, b=—tanisinQ. (®)]

This means that simply by finding a linear fit to the PM
as a function of position on the sky, yielding the bulk motion
perpendicular to the line of sight, and four gradients, we have
four equations for four (in principle) free parameters: v,, i, Q,
and w. The first, v,, produces a perspective contraction (or
expansion) as the clouds appear to shrink as they move away
from us (or the opposite). The last three describe the orienta-
tion and rotation of the disc, which also leave a signature in
the PMs.

In practice, neither cloud is flat or expected to have perfectly
circular streaming motion. The assumption of a constant angular
velocity is approximately valid in the central few degrees of the
LMC, but this breaks down at larger radii. Nonetheless, these
approximations allow us to draw tentative conclusions about the
orientation and velocity curve of the Cloud from these gradients
that are simple to measure.

We could take some of the four “free” parameters from other
studies, but in practice, we only ever did this for v,. For the
LMC, we took the line-of-sight velocity from van der Marel et al.
(2002, 262.2 +3.4kms™!), and the distance from Freedman et al.
(2001, 50.1 = 2.5kpc), and for the SMC, we took the line-of-
sight velocity from Harris & Zaritsky (2006, 145.6 +0.6kms™"),
and the distance from Cioni et al. (2000b, 62.8 + 2.4 kpc). This
gives us v, pc = 1.104 + 0.057 masyr~! and v, gpc = 0.489 +
0.019 mas yr~'.

To determine the PMs of the Clouds, we selected sources
using the following procedure:

1. To create a filter, we initially selected stars with p =
VX2 +y? < sinrg (re = 5° for the LMC, re = 3°
for the SMC) and w/05 < 10 (to minimise foreground
contamination). We also selected only stars with G < 19 in
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this step to ensure that the spread in PM due to uncertainties
is small compared to the difference between the PM of the
Cloud and of the bulk of the foreground.

2. We determined the median PM of this sample, and prelimi-
narily filtered on PM by removing any source where i, or u,
lies more than four times the robust scatter estimate® of that
PM component from the median.

3. We determined the covariance matrix of pu.,u, for these
stars, o, and used this to define a filter on PM, requiring that
u"o™u < 9.21 to correspond to a 99% confidence region.

4. We applied this filter in PM, along with that in @, to all stars
with G < 20 within 8 degrees of the assumed centre of LMC
or SMC to define our complete sample.

We iterated this procedure twice, first using the expected u,, p,
given the quoted u,*, us. This gave us a median parallax for
the stars in the two Clouds: —19uas for the LMC, and —0.9 pas
for the SMC (compared to the expected values of ~20 uas and
~16 uas, respectively). This is consistent with the offset and vari-
ation reported in other sections of this paper and in Arenou et al.
(2018). We then repeated the procedure using the values of s, *,
us implied by the data, conditional on the source parallax taking
this median value (taking into account the quoted uncertainties
and correlations). This procedure left us with 8 million sources
in the LMC and 1.4 million in the SMC.

3. Analysis: Globular clusters

As described earlier, we have analysed 75 globular clusters, for
which the data are presented in Table C.1. For each cluster we
have derived the PM and parallax, and where data were available,
the radial velocity.

3.1. First analysis and comparisons

Figure 6 compares the parallaxes derived from the Gaia data
to those from the cluster distances given in Harris10. There
is a systematic difference of —0.029 mas (the Gaia parallaxes
being smaller), originating largely from the Gaiadata, and
a calibration noise level around that relation of 0.025 mas
(Arenou et al. 2018; Lindegren et al. 2018). A small contribution
might also come from the values given by Harris10. However, we
have made a provisional check on these distance estimates using
the Gaia photometric data by superimposing the HR diagrams
for all the clusters using the distances and reddening values
as presented in Harris10 (see Gaia Collaboration 2018a). We
found that all the clusters are neatly aligned for the critical ele-
ments (mainly the position of the blue horizontal branch). This
indicates that, as a group, the distance moduli and colour cor-
rections are confirmed to be in mutual agreement to better than
0.1 magnitude.

The standard uncertainties, which measure the precision
rather than the accuracy, of the cluster-parallax determinations
are smaller or very much smaller than the overall calibration
noise level, as shown in the top panel of Fig. 7. The actual
errors on these parallax determinations are therefore dominated
by the overall Gaia calibration noise and offset in the parallax
values. As discussed in depth in Lindegren et al. (2018), these
systematic errors are also apparent in the parallax distribution of
quasi-stellar objects (QSOs, which reveal the same offset), and

5 The robust scatter estimate (RSE) is defined in terms of the 10th and
90th percentile values, Py and Py as RSE= C X (Pyy — Pyg), where

-1
C= (2 \/Eerf"(4/5)) ~ 0.390152. For a Gaussian distribution, it is
equal to the standard deviation.
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Fig. 6. Comparison between parallaxes as derived from the Gaia DR2
data and parallaxes derived from the cluster distances as given in
Harris10.

as we show in Appendix A.2, also in the parallaxes of stars in
the LMC (localised fluctuations) and other dSph, and are due to
the basic angle variation and scanning law of Gaia. It is there-
fore expected that their amplitude will be significantly smaller
in future Gaia data releases. For the time being, and because
the parallax uncertainties derived photometrically are smaller,
we use the distances as given by Harris10 in the analyses that
follow.

The observed PMs are mostly about one to two orders
of magnitude larger than the parallaxes, and thus the mea-
surements are very robust and significant (see the bottom
panel of Fig. 7). A comparison with a series of studies
(Dinescu et al. 1999, 2003; Casetti-Dinescu et al. 2007, 2010,
2013) is shown in Fig. 8, and indicates overall good agreement,
and most notably that the errors have been reduced by nearly
two orders of magnitude. It remains somewhat uncertain, how-
ever, if the same calibration noise level can be assumed for the
PMs as for the parallax (but see e.g. Sect. 4.1). Nonetheless, this
systematic will be much smaller than the amplitude of the PMs
themselves.

Radial velocities as measured by Gaia (Cropper et al. 2018)
are available for 57 of the 75 clusters, although there were 3
or more cluster stars with measured radial velocities for only
46 clusters. While future Gaia data releases will contain radial
velocities for more of these sources, this highlights a need for
dedicated high-precision spectroscopy of these clusters to prop-
erly complement the Gaia astrometry. Figure 9 shows a com-
parison between ground-based (from Harris10) and Gaia radial
velocity measurements, indicating a good relation for clus-
ters for which enough stars have spectroscopic measurements
(darker points). The relation between the number of stars and
the standard uncertainty on the mean cluster velocity indicates
an average internal velocity dispersion of the order of 4 km s~
This estimate of the intrinsic velocity dispersions is very similar
to what is observed for the PMs.

Figure 10 shows the distribution on the sky of the globular
clusters in our sample, where the arrows indicate the direction
of motion and the colour-coding reflects the amplitude of the
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Fig. 7. Top: parallax error against the Gaia parallax as determined from
the Gaia data for 75 globular clusters. The black curves are the 1 and
30 limits. The vertical dashed line corresponds to 3 times our estimate
of the systematic error on the parallax. Botfom: PM errors against the
PMs in right ascension (open circles) and declination (solid circles) for
the clusters in our sample. The curves represent the value of the PM for
1000,,. The PM measurement has a significance lower than 100~ only
for NGC 6453, for which pio./0y,, ~ 4.

tangential velocities. These were derived using the PMs listed in
Table C.1 and the distances from Harris10.

3.2. Further results from the globular cluster astrometric data

The outstanding quality of the Gaia DR2 data together with
the absolute reference frame (free of expansion and rotation)
in which the PMs are presented has also allowed us to clearly
detect rotation in 5 of the 75 globular clusters in our sample.
For 3 of these clusters (NGC 104, NGC 5139, and NGC 7078),
this was already known (Bianchini et al. 2013), but we have
also detected rotation in NGC 5904 and NGC 6656 (see e.g.
the left panel of Fig. 11). An indication of rotation can also be
observed in NGC 5272, NGC 6752, and NGC 6809. Similarly,
Gaia data allow measuring expansion and contraction in glob-
ular clusters. For example, NGC 3201 (Fig. 11, middle) shows
very clear perspective contraction, which is due to its very high
radial velocity and relatively large parallax. From this we may
determine the parallax of this cluster in the same way as this used
to be done for the nearby Hyades open cluster (see van Leeuwen
2009, and references therein). The Gaia data as presented here
for the radial velocity and the PMs thus provide a cluster parallax
of 0.221 + 0.0086 mas, at about 2¢0- from the value of 0.204 mas
given by Harris10. Finally, for NGC 6397, a cluster considered

A12, page 10 of 47

10 /,/
/” +
5 ’l’ 4
5 ¥
W A
3+
E 0 + i
= /7
5 i .7
AN 1L
2 -5 -
£ A
K4
~10 e
’I
y 4
I,
-15 ; | | |
-15 -10 -5 0 5 10
o Gaia)(mas/yr)
5
IVI
3 4
0 L’
' *f:’ y
>
5o 3 H
] +,,
= :
= L
3 )
g -10 ,,'+
(=) L’
Z ,
-~ 7/
__15 . ,I
4
”
/,’
-20 L
/

ps(Gaia)(mas/yr)

Fig. 8. Comparison of the Gaia PMs (in right ascension: top, and dec-
lination: bottom) to measurements reported in Dinescu et al. (1999,
2003); Casetti-Dinescu et al. (2007, 2010, 2013) for 31 globular clusters.

to have been subject to core collapse, we can still see a signal
of the expanding halo (Fig. 11, right), clearly different from the
expected very weak perspective contraction signal.

Furthermore, we find that our clusters have velocity disper-
sion profiles that decline with radius (Fig. A.5), and that several
clusters show a slight increase in the outskirts, probably as the
result of a halo of more loosely bound stars (as evidenced also by
their spatial extent, see e.g. Olszewski et al. 2009; Carballo-Bello
et al. 2012; Navin et al. 2016; Kuzma et al. 2018). This increase
is found at a distance where contamination by field stars should
not yet be important.

4. Analysis: Dwarf spheroidal galaxies

The procedures described in Sect. 2.1 allow us to determine the
mean PMs of the dSph in our sample. As discussed earlier, we
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dard uncertainties on the mean radial velocities as a function of the
number of stars contributing to the mean. The diagonal line shows
the effect of an additional contribution of 4 km s~' originating from
the internal velocity dispersion.

focus in this paper on the classical dSph, and have included in
our sample one example of an ultra-faint galaxy, Bootes I. The
resulting mean y, and ys, as well as the astrometric parameters
and uncertainties, are listed in Table C.2.

The efficiency of our selection procedure in removing most
of the foreground contamination becomes clear in Fig. 12. Stars
surviving the proposed criteria are shown as cyan dots for each
of the dwarfs, and they clearly clump much more strongly in the
diagrams than the likely non-members (shown as black points).
In this figure the blue ellipses indicate the contours correspond-
ing to 30 dispersion around the mean (1, and ;s (o is computed
taking into account the covariances, using the standard error on
the mean x VN, where N, is the number of stars used to measure
the mean PMs).

The possibility of selecting members via their PM that the
Gaia DR2 data provide opens a new window for understanding
the structure and extent of the dSph. In particular, Fig. 2 shows
that some of the dwarfs in our sample present spatial asymme-
tries (e.g. Fornax in the top right corner, the Sculptor outskirts
appear somewhat boxy), while there is an indication of tidal
streams in the case of the Carina dSph. A more detailed anal-
ysis of these features is beyond the scope of this paper, but the
quality of the dataset certainly makes this possible.

4.1. Systematics, correlations, and dispersion

Table C.2 shows that the average parallax is negative for several
dSph. This systematic error, similar to that found for the globu-
lar clusters and the Magellanic Clouds (and the QSOs Lindegren
et al. 2018), is present in the different fields, and its amplitude
varies from object to object (for more details, see Appendix A.2).
The average offset, computed as the difference between the
expected parallax (based on the distances from McConnachie
2012), and the parallax from DR2 for all dSph, is —0.056 mas’,
and when Leo I is excluded, it is —0.038 mas (the parallax offset
is —0.21 mas for Leo I).

The PM maps shown in Fig. 12 reveal that the dwarfs are
extended in PM space. The main contributor of this dispersion
is not intrinsic but is due to the uncertainties, which are typi-
cally very large. For example, for an object such as Sculptor, the
individual velocity errors for G ~ 18 mag stars are of the order
of 80 km s~! (for G ~ 20, they are >200 km s~!), compared to
the expected internal dispersion of order of 10 km s~'. There-
fore, measuring the intrinsic dispersion for these systems does
not appear to be feasible with the data provided by DR2. How-
ever, it may begin to become feasible with later data releases,
and certainly with an extension of the Gaia mission.

The measurements of the PM are also affected by the scans
and varying astrometric incompleteness, which introduce a pat-
tern in the parallax and PM field that is only readily apparent for
sufficiently large objects on the sky (see also Arenou et al. 2018;
Lindegren et al. 2018). This is illustrated for the LMC and SMC
in Figs. A.9 and 16, and it is also present for example for the
Sagittarius dSph, as shown in Figs. 2 and 13.

For sufficiently large objects on the sky, the banding pat-
tern is averaged out, and the mean PM is more robust®. The
global dispersion is larger than expected just from random errors,
however (because of the offset from bin to bin in the pattern). We
quantify this effect in Fig. 14, where we show the distribution of
the mean PM in @ and § computed in bins of 0.2 x 0.2 deg? size
that contain at least 100 stars’, and after 2.50" clipping to remove
outliers. The fact that the mean value changes from bin to bin
is at least partly caused by the finite number of stars in each
bin, as well as by the random errors. We tried to estimate the
residual systematic error by modelling this distribution assum-
ing the mean PM derived using all member stars, and assuming
that the errors are Gaussian. We drew a new PM from this mean
for each star, assuming its quoted uncertainty and correlations,
and recomputed the mean using all the stars in the bin (we also
assumed an intrinsic velocity dispersion of 10 km s~!). This is
the red histogram in Fig. 14. Clearly, the observed distribution
is wider (blue), and the difference between the two can be used
to compute the systematic error as o2 + 03, = 0, We find

mo sys
this to be oy, ~ 0.030 mas yr~' and ~ 0.036 mas yr~' in right

6 Since the parallax is a measured, unconstrained quantity with an
associated measurement error, the probability density function for the
observed parallax will increasingly cover negative values with increas-
ing error (and especially for distant objects whose parallax is close to
zero). A parallax zero-point offset, as found in Gaia DR2, further affects
this distribution.

7 Arenou et al. (2018) reported a comparable offset that was computed
using an average over spectroscopically identified member stars of all
the dSph simultaneously.

8 Although there may still be a residual effect of ~0.028 mas yr~
amplitude on scales of 10-20 degrees, as reported for the QSOs in
Lindegren et al. (2018).

® We considered 0.2 deg bins because this is the smallest angular size
of a dSph in our sample.

1
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Fig. 10. Sky distribution of the 75 globular clusters in our sample in Galactic coordinates. Their tangential velocities are denoted by the size and
direction of the arrows, while the colours indicate their line-of-sight velocities. The inset shows a zoom-in of the central 60 x 60 deg?.
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Fig. 11. PM “systematics” in radial (blue triangles) and transverse (red squares) directions, as a function of distance to the cluster centre. The cyan
line is a fit to the variation of the mean radial component of the PMs as a function of distance, while the grey line is the expected trend resulting
from perspective contraction or expansion. From left to right: NGC 6656 shows a strong rotation signal as well as perspective expansion; NGC 3201
shows no rotation but very strong perspective contraction; and NGC 6397 shows halo expansion associated with core collapse, clearly different
from the signal expected from the small perspective contraction. The vertical line indicates the tidal radius of the cluster reported in Harris10.

ascension and declination directions, respectively. These values
are of slightly smaller amplitude than those derived by Lindegren
et al. (2018) from a sample of QSOs.

For systems that are smaller on the sky, and in particular for
those that would fall in a single bin, their PM may be offset by
this much. Objects such as the larger dSph Fornax, Sculptor, etc.,
are likely not affected by this systematic (because it averages
out), but for systems such as Leo II, it should be considered.
In our subsequent analyses we thus considered the amplitude of
the systematic uncertainty to be 0.035 mas yr~'. Table C.2 shows
that in many cases, this systematic error is larger than the random
error on the measurement of the mean PM of a dSph.

Table C.2 also shows strong correlations in the different
mean astrometric parameters derived for the dSph in our sample.
These correlations vary from object to object in amplitude and
direction (see Appendix A.2), and it is important to take them
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into account in the derivation of the orbital parameters, for
instance.

4.2. Comparison to the literature

We have compared the PM we derived with our selection criteria
and those we would obtain if we were to use only stars identified
as members from publicly available radial velocity catalogues
(from Armandroff et al. 1995; Kleyna et al. 2002; Muifioz et al.
2006; Battaglia et al. 2006, 2011; Sohn et al. 2007; Mateo et al.
2008; Walker et al. 2009, 2015). We have found very good agree-
ment (i.e. the estimates differ by less than 1o, see Arenou et al.
2018). The main disadvantage of using external information is
its heterogeneous nature. Furthermore, this information is not
available for all the dSph in our sample, and the sample of stars
with radial velocities for any given dSph is typically smaller by a
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Fig. 12. PMs of the stars in the field of view towards the different dSph galaxies in our sample. Members, defined as stars within 30 of the mean
measured PM and located in the expected region of the CMD, are shown in cyan. The green points correspond to stars that also fall in the CMD-
selected box, but are not within 30~ of the systemic PM. Especially for Sculptor and Fornax, it is quite clear that there may be more members, but
very likely, the large errors on the PMs of individual stars place them beyond the 3¢ ellipse.

.
e
G
283 284 285 286 283 284 -

2 2
2.50-clipped <1qCOS6>

2,50—cllp£ped <Us>

281 282 283 284 285 286 287
o [deg] a [deg] a [deg]

Fig. 13. Counts in 0.2 deg wide bins on the sky with at least 100 stars for stars in the Sagittarius dwarf (left) and the average PM in p,. (middle)
and u; (right) for each of these bins.
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Fig. 14. Blue histograms: distribution of average PM in the bins shown
in Fig. 13; red histograms: a model with the derived average PM con-
volved with the random errors provided by the astrometric solution. The
difference shows the amplitude of the systematic on the mean value of
the PM for a bin of this size.

factor ~2 than is found with our selection and analysis, which
are based exclusively on Gaia DR2 data, even down to the same
magnitude limit.

Figure 15 compares our measurements of the PM of the dSph
to astrometrically derived values reported in the literature. These
are from Piatek et al. (2003, 2004) for Carina; from Pryor et al.
(2015); Sohn et al. (2017) for Draco; from Piatek et al. (2005)
for Ursa Minor; from Piatek et al. (2006); Sohn et al. (2017);
Massari et al. (2018) for Sculptor; from Piatek et al. (2007) for
Fornax; from Lépine et al. (2011); Piatek et al. (2016) for Leo II;
from Sohn et al. (2013) for Leo I, and from Casetti-Dinescu et al.
(2018) for Sextans. Most of these measurements were obtained
from space, except for Sextans, whose measurements are based
on Subaru imaging. We excluded measurements for Sagittarius
and Bootes I for visualisation purposes (because their PMs are
much larger than for the other, more distant dSph).

A striking difference between previous estimates of the dSph
PM and those obtained using Gaia DR2 data is the extent of
the error bars, particularly for the objects for which more than
400 (and up to several thousand) astrometric members have been
identified, such as Carina, Ursa Minor, Fornax, Sculptor, and
Draco. In many cases, our measured PMs are consistent with
the literature values at the 20" level (given the large error bars of
the latter). For the most recent astrometric measurements with
the HST (which are therefore typically based on a larger base-
line), the values appear to be closer and consistent with each
other (e.g. Leo I), especially when the systematic uncertainties
are taken into account (e.g. Sculptor and Draco). In the case of
Sagittarius, we find that the Gaia DR2 PM is consistent with that
of Massari et al. (2013), although it is now much more accurate.
We here present the first measurement of the PM of the UFD
Bootes 1.

5. Analysis: LMC and SMC
5.1. Basic analysis

In Fig. 16 we show the median PM, in the x, y coordinate sys-
tem defined in Sect. 2.2, of sources that meet our membership
criteria for the LMC and SMC, binned by position on the sky.
This is a demonstration of the extraordinary precision of the
Gaia PM measurements (see also Fig. 24). The rotation signa-
ture is clearly visible in the LMC, and trends in the PMs of
stars in the SMC are visible as well. Figure 16 also serves as
a demonstration of the shortcomings of this data release. The
banding or striping of the PMs that we discussed above, which
is associated with different scans and has been investigated by
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Fig. 15. Comparison to literature values of the proper motions of the
dSph. Symbols with the same colour correspond to the same dSph,
where filled symbols with error bars are those derived in this paper, and
open symbols surrounded by ellipses correspond to the literature values.
The error bars have the size of ¢€,,. and ¢, as reported in Table C.2.
The black cross in the bottom left corner indicates our estimate of the
systematic uncertainty on the PMs.

Lindegren et al. (2018), is also clearly visible. The parallaxes
show this as well (Fig. A.9).

We can characterise the trends seen in Fig. 16, to first order,
by the central values and gradients. We calculated these either
directly as a least-squares fit to the data or as a least-squares
fit to the median PMs calculated in 0°04-by-0204 bins in x,y
plane. This latter fit was performed to reflect the fact that the
most important errors in this analysis are systematic and depend
on position on the sky, but it becomes less appropriate towards
larger radii as Poisson noise becomes more important. The dif-
ferences between the values derived using these two methods
give a sense of the scale of the uncertainty associated with the
position-dependent systematic errors.

In Tables B.1 and B.2, we show the central values and gra-
dients (Eq. (3)) for the PMs. We provide values for all sources
within various angular radii (i.e. p = sin”' (2 + )2 < pmax)
and for annuli. For both the LMC and SMC, we show the values
of i, Q, w that we found when we performed a least-squares fit
to the derived gradients under the assumption that v, takes the
value implied by the known values of the line-of-sight velocity
and distance to the Clouds. The results are reasonably consis-
tent with one another (allowing for the fact that we expect w to
decrease farther out).

For the LMC we also give the implied values of v,, i, Q, w
when we place no constraint on the line-of-sight velocity. The
value of v, that this implies is of the order of 1.3—2.0 mas yr~!,
which is similar to (but somewhat higher than) the value 1.104 +
0.057 mas yr~! that is expected given the measured line-of-sight
velocity and distance of the LMC. The effect of the line-of-sight
velocity of the Clouds is to produce a perspective shrinking of
the Cloud on the sky (a negative contribution to both du,/dx
and du, /0y in Eq. (3)), similar to the effect seen in NGC6656
or NGC3201 (Fig. 11). The mismatch between the value derived
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Fig. 16. PMs of stars in the LMC (upper) and SMC (lower) showing the components y, (left) and u,, ( right), which are described in the text (Eq. (3)).
The colour shows the median PM in each pixel (after filtering). The black density contours are logarithmically spaced, such that the outermost
contour is at a source density 100 times lower than the highest density. The centre of each colour bar is chosen to be the median PM of all sources.
This is not the same as the PM derived for the clouds below, because the sources are not distributed symmetrically around the assumed dynamical
centre; the photometric and dynamical (from the HI disc) centres are offset from one another. Trends in PM, particularly the trend associated with
rotation in the LMC, are clearly visible. The banding associated with the Gaia scanning law, and as seen in the parallaxes, are clearly visible as well.

from Gaia astrometry and that found from spectroscopy might
be related to an actual contraction of the LMC disc (similar to
the apparent expansion of NGC6397 in Fig. 11). However, the
orientation of the LMC disc also plays an important role in these
values, and the values of i derived when v, for the LMC is fixed
lie closer to those found in photometric studies, which tend to be
in the range 25-40°.

For the SMC, directly inverting Eq. (3) gives line-of-sight
velocities that are completely inconsistent with those measured
from spectroscopy (~—0.8 mas yr~' as opposed to 0.489 +
0.019 mas yr~!). This may be due to the inadequacy of modelling
the SMC as a flat disc, or a real expansion of the SMC (which,
again, is degenerate with line-of-sight motion). However, forc-
ing v, to take the value expected from the measured distance to
the SMC and its line-of-sight velocity gives us a model that has
a disc inclination ~74°, which is broadly similar to that mea-
sured for the Cepheid population (64.4° + 0.7°: Subramanian &
Subramaniam 2015).

In Fig. 17 we show the residual PMs after we subtracted off
a gradient in PM corresponding to our first-order approximation,
with the parameters v,, i, Q, w found for sources within angu-
lar radii pnax = 3° of the centre for the LMC, and pn.x = 2°
of the centre for the SMC. This shows the scale of the spatially

correlated errors in PM more clearly, and in Fig. A.10 we show
the variation in 1D stripes across the LMC (as well as the vari-
ation of the parallaxes), to allow an easier quantification. The
residuals are comparable to those found in Sect. 4.1. The residu-
als in the centre are rather small, but become larger far from the
centre for the LMC, in the opposite sense to the variation from
the median shown in Fig. 16. This is because of our assumption
of constant w, which breaks down badly at large radii, as the
rotation curve becomes flat.

Figure 17 shows indications of the impact of the LMC bar on
the kinematics of the disc. The residual PM near the upper (as we
see it) side of the bar tend to be negative, while those on the lower
side tend to be positive. This indicates that the stars are moving
at faster-than-circular velocities at these points; this is consistent
with stars belonging to the x1 orbit family, which is elongated
along the bar (Contopoulos & Papayannopoulos 1980).

5.2. Uncertainties and comparison to the literature

The uncertainties on the measurement of the centre-of-mass
motion of the LMC and SMC using Gaia data are completely
dominated by systematic, rather than random, uncertainties. The
estimates of these quantities that we show in Tables B.1 and B.2
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Fig. 17. Residual PM, after subtraction of a model PM field for the LMC (fop) and the SMC (bottom). For both objects, the majority of the variation
disappears, and the banding in PM is more clearly visible. Black density contours are spaced in the same way as in Fig. 16. For the LMC, the imprint
of orbits on the bar can be seen as the bluer area on the lower side of the bar (as it appears in the plot) and the redder area on the upper side of the
bar. The model that is subtracted is fit from sources within angular radii pi,x = 3° of the centre for the LMC, and p,.x = 2° of the centre for the

SMC.

are consistent to around the 10 uas level. This is smaller than the
systematic uncertainty on PMs calculated in Sect. 4 or that on
a large scale (of a few tens of degrees) derived from the PMs
of quasars observed by Gaia (Lindegren et al. 2018), which is
~28 pas yr~! in each component. There is no clear choice of the
correct values to take from Tables B.1 and B.2. However, we can
note that the approximation of constant angular velocity
becomes poor for the LMC beyond about 3°, and that the density
of stars in the SMC is small beyond a similar radius, so this
appears to be a sensible choice. We therefore adopted the values
we found using all stars within these radii as our best estimates.
These are (Ue+0Mmcs Hsomc) = (1.850 + 0.030,0.234 +
0.030) mas yr‘1 and  (Ug«05MC> Msosmc) = (0.797 + 0.030,
—1.220 + 0.030) mas yr‘l, where our uncertainty was estimated
from the ~10 pas yr~! variation listed in Tables B.1 and B.2 and
the ~28 uas yr~! large-scale systematic uncertainty.

Kallivayalil et al. (2013) give an overview of recent esti-
mates of the PMs of the LMC and SMC, including their own,
found using HST three-epoch astrometry. Our estimates are con-
sistent with theirs and with almost all of the values they cite,
as well as with the values found by van der Marel & Sahlmann
(2016) using PMs found from the 7ycho-Gaia Astromet-
ric Solution (Gaia Collaboration 2016; Lindegren et al. 2016),
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which were (1.872 +0.045,0.224 +0.054) mas yr~! and (0.874 +
0.066, —1.229 + 0.047) mas yr‘1 for the LMC and SMC, respec-
tively.

It is worth noting that the measured centre-of-mass PM is
dependent on the chosen (or derived) centre of the Clouds. The
centre of the HI gas disc of the LMC, which we assume to be
the dynamical centre of the Cloud, is close to, but not exactly
the same as, the centre that was derived from HST PMs by
van der Marel & Kallivayalil (2014), which was that assumed by
Kallivayalil et al. (2013) and van der Marel & Sahlmann (2016).

Instead of assuming that the stars’ dynamical centres lie at
the dynamical centre of the HI gas disc in each case, we could
assume that they lie at the photometric centres of the Clouds
at (aC,LMC,phot:6C,LMC,phot) = (81928,-6978) (van der Marel
2001) and (@csmc,phots 9c,sMCphot) = (12280, -73215) (Cioni
et al. 2000a), respectively. When we do so, we derive mean
PMS (Uos,0,photLMCs Hs0photimc)= (1.890,0.314) masyr~' and
(Ha0,phot, SMCs M50 photsmc) = (0.685,—1.230) masyr~'. There-
fore, this variation is stronger than the variation due to the
large-scale systematic uncertainties.

Our uncertainties, including systematics, are comparable
with those of previous studies. The sheer number of sources
spread across the Clouds for which Gaia provides accurate PMs
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Fig. 18. Rotation curve (top) and median vg (bottom) of the LMC. The
assumed values for the centre-of-mass velocity and orientation of the
disc (i and Q) are taken from a fit to all stars within angular radii p < 3°
of the LMC centre. Angular distances and velocities given on the lower
and left axes have been converted to real-space values on the upper
and right axes assuming a distance to the LMC of 50.1 kpc (Freedman
et al. 2001). The points shown in the upper panel are derived from
observed line-of-sight velocities of old and young stars by van der Marel
& Kallivayalil (2014, their Table 4.)

is extraordinary, and this will allow astronomers using DR2 to
make a detailed mapping of the dynamics of the Magellanic
Clouds.

5.3. Rotation curve

If we assume that we know the orientation of the LMC (or
SMC), and that the motions we see are confined to the plane,
it is possible to de-project the observed motions (minus the bulk
motion) onto that plane. In Appendix B we give the mathemati-
cal details of how this was performed. The SMC is less suitable
for approximation as a simple flat rotating disc than the LMC,
therefore we did not attempt this here. Tentative evidence that
there is some sense of rotation of the SMC stars is provided by
the consistent, but small, measurement of w for different annuli
of stars shown in Table B.2.

In Fig. 18 we show the resulting median tangential veloc-
ity, vy (the rotation curve) and median vg as a function of
de-projected radius R for the LMC (note that R, vg, and vr
are de-projected position and velocity, i.e. in the plane of the
LMO), with vy, vy, i, Q as determined from a least-squares fit
to the filtered data for angular radii p < 3°, holding v, fixed.
The figures show the median value of vy (or vg) as we increase
R, in non-overlapping bins of 40000 sources. In both cases we
also divide the sample into sources with y > 0 and y < 0 as a

consistency check. We also show the velocity curve derived from
line-of-sight velocities by van der Marel & Kallivayalil (2014),
separately for young and old stars. This shows that the precision
of the PM rotation curve from Gaia is competitive with those in
line-of-sight velocity curves (which are derived from very many
more sources). The Gaia data contain both old and young stars,
therefore it is expected that the Gaia rotation curve lies between
the two curves from the old and the young populations.

The rotation curve for the LMC rises approximately linearly
for R < 3° (which provides post hoc motivation for us to choose
stars within a projected angular radius p of 3° to determine the
other parameters of the disc; the assumption of constant w is
reasonable over this radius). The dense coverage of the LMC
provided by Gaia allows us to resolve this rise in the rotation
curve in a way that was not possible with the relatively sparse
coverage provided by the HST (van der Marel & Kallivayalil
2014). The scale over which the rise occurs is closer to that
found for the old stellar population using line-of-sight velocities
by vander Marel & Kallivayalil (2014). We also show the
rotation curve that we derived when we allowed v, to vary freely,
which is broadly similar.

As a further sanity check, we divided the sources into blue
and red bins, with the division at Ggp — Grp = 0.6, and we plot
the rotation curve in each case. As one would expect, the blue
stars tend to have a higher rotation velocity out to about 4°, by
about 5—10kms™!, reflecting a lower asymmetric drift.

The vg plot is rather harder to interpret. It is pleasingly close
to 0 km s~! in the inner regions, and the variation we see at
projected radii <2° may well be related to the effect of the bar.
In the outer regions there is a significant difference between
the trends seen at positive and negative y-values, which is not
seen in the rotation curve. This might be due to non-equilibrium
effects that are possibly caused by the past interaction of the
LMC and SMC (e.g. Besla et al. 2016), but further interpretation
is beyond the scope of this paper.

6. Orbital Integrations

In this section we present the results of the orbital integrations
for the globular clusters in our sample and for the dSph. We
did not perform integrations for the Magellanic Clouds as this
would require consideration of dynamical friction, which intro-
duces additional degrees of freedom such as the total mass of
each Cloud (e.g. Kallivayalil et al. 2013). For each object we
integrated an ensemble of 1000 orbits whose initial conditions
were drawn via Monte Carlo sampling the measurements and
their uncertainties given in Tables C.l1 and C.2 (i.e. we used
the full covariance matrix and assume Gaussian errors). We
produced two sets of Monte Carlo samples, considering only
the random error on the observables, and considering in addi-
tion a systematic error of amplitude 0.035 mas yr~! (as estimated
in Sect. 4.1) for each PM component. We then transformed these
coordinates into Cartesian positions and velocities. Because the
Gaia DR2 parallaxes (or distances) have larger (systematic)
uncertainties than the measurements available in the literature
(see Sects. 3 and 4), we used published values from Harris10
and McConnachie (2012) for the globular clusters and the dSph,
respectively. The radial velocities were also taken from these
databases. For the distance errors, we assumed an uncertainty
in the distance modulus of ~0.05 mag, which corresponds to a
relative distance error of ~0.023.

The initial conditions for the orbit integrations are listed in
Tables C.3 and C.4 for the globular clusters and the dwarfs,
respectively. In these tables we give the uncertainty of the
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positions and velocities derived from the 16th and and 84th quan-
tiles (which would be a 1o deviation if the distributions were
Gaussian), which were obtained by marginalising over the other
coordinates. However, as started earlier, we took into account
the full covariance matrix in the orbit integrations. We consid-
ered three different Galactic potentials (labelled Model-1, -2, and
-3) for the orbital integrations, and each of these potentials corre-
sponds to a model previously published in the literature. Our goal
was to understand how different their predictions are, and also
how robust the conclusions. In the near future, it will be possible
to use the data to constrain the model parameters and to under-
stand which model performs best, for example by imposing self-
consistency, but this exercise is beyond the scope of this paper.

Because each potential has its own set of characteris-
tic parameters whose values were derived by fitting different
observables, they each assume different values for the position
of the Sun and its peculiar velocity as well as for the motion of
the local standard of rest. This implies for example that the angu-
lar momentum of the dwarf galaxies and globular clusters can be
slightly different for the various potentials.

6.1. Description of the Galactic potentials

The gravitational potential in Model-1 is axisymmetric, consist-
ing of a stellar bulge and discs (which have a combined stellar
mass of 5.4 x 10'° M), two gas discs (with a combined mass of
1.2 x 10'° M,), and a Navarro et al. (1996, NFW) dark matter
halo. The virial mass is 1.37 x 10'> M. The model was found
using a Bayesian analysis of kinematic tracers by McMillan
(2017, cf. their Table 3).

The Model-2 gravitational potential is axisymmetric, con-
sists of a stellar bulge and disc modelled as Miyamoto-Nagai
potentials (which have a combined stellar mass of 7.55 X
10'° M), and a spherical dark matter halo. The mass at R <
200 kpc is 1.9 x 10'> My. The model is the one of Allen &
Santillan (1991) but with revised parameters from Irrgang et al.
(2013, their Table 1).

The third potential we considered (Model-3) is the non-
axisymmetric mass model described in Robin et al. (2003, 2012).
The properties of the axisymmetric components (thin and thick
stellar discs, stellar halo, interstellar matter disc, dark matter
halo) are described in Robin et al. (2003), while those of the
rotating non-axisymmetric bar, renormalised to have a total mass
of 6.7 x 10° M, are described in Robin et al. (2012). The mass
of the Galaxy for R < 100 kpc is ~1.2 x 10'> M. The compu-
tation of the potential is described in Bienayme et al. (1987) for
the axisymmetric components and in Fernandez-Trincado et al.
(in prep.) for the bar and halo components.

The three potentials have very similar mass distributions
between ~3 and 40 kpc as measured by the circular velocity
curves (shown in Fig. D.1). However, the potentials differ sub-
stantially both in the inner and in the outer regions. This will
lead to some differences in the orbits and their characteristics, as
we show below.

6.2. Results for the globular clusters

Fig. 19 shows some examples of orbits for the globular clusters
integrated backward in time for 0.25 Gyr. For all the clusters, the
orbits are very similar initially (at least for one orbital period),
but they then begin to diverge, reflecting the differences in the
Galactic potentials that were used (see also Fig. D.2). The dif-
ferences for clusters that penetrate the regions dominated by the
bar are particularly large; this is modelled as a non-axisymmetric
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Fig. 19. Examples of the orbits of some of the globular clusters in
our sample. The different colours correspond to the different potentials:
Model-1 (based on McMillan 2017, in blue), Model-2 (based on Allen
& Santillan 1991, in black), and Model-3 (based on Robin et al. 2003,
2012, in red). The orbits of clusters that remain in the inner few kpc
are quite different for the various potentials, while as expected, the dif-
ferences are much smaller for those that have pericentres greater than
~2 kpc (e.g. NGC6496, fourth row). In these cases, the location of
streams, if present, can be predicted much more reliably.

component in Model-3 (in red), but not in Models 1 and 2 (in
blue and black, respectively). Furthermore, some clusters appear
to be on resonant orbits, and interestingly, as shown in the second
panel of Fig. 19 for NGC 6441, this is true for the three potentials.
A quick exploration reveals that several other clusters appear
to be on similar types of resonant orbits. Some clusters, on the
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Fig. 20. Distribution of orbital parameters for the globular clusters in our sample. Three globular clusters are not shown in these plots: NGC 3201
and NGC 4590, which have apocentres ~30 kpc and large retrograde and prograde motions, respectively (|L.| > 2000 kpc km s~!), and NGC 5466,
which has an apocentre ~50 kpc (given its orbital parameters, it was likely associated with the Sagittarius dwarf, as proposed by Bellazzini et al.
2003). We note the concentration of clusters with small pericentre and apocentre around L, ~ O for Model-3. Such clusters are on box orbits in the
barred potential of Model-3, and hence do not conserve L,, whose time average over the 10 Gyr of integration is approximately zero. The error bars
correspond to the 16th and 84th quantiles obtained from the orbit integration using the statistical errors. The effect of the systematic error on the
orbits of the globular clusters is found to be negligible and is not shown here.

other hand, seem to be on chaotic orbits, but further analysis is
required to establish this reliably.

The distribution of some of the orbital parameters for
the globular clusters in our sample is shown in Fig. 20 and
summarised in Table D.1. In these plots, the solid circles show
the median value of the time averages over 10 Gyr of integration,
while the error bars correspond to the 16th and 84th percentiles
derived using only the statistical (and not the systematic)
errors on the observables. These figures show that the orbits of
globular clusters in our sample are very centrally concentrated,
as most have their orbital apocentres within 10 kpc. Most of
our clusters are on prograde orbits, and a small fraction are
retrograde. We recall that this sample is focused on the inner
20 kpc, so we cannot establish with this dataset whether this is
also the case for the outer halo clusters. The clusters with the
highest L, are NGC 3201 (retrograde) and NGC 4590 (prograde)
are not shown in this figure, nor is NCG 5466 because of its
large apocentre (~50 kpc).

In Fig. 20 the eccentricity is defined as the time-average
of (Yapo = Tperi)/(Tapo + Tperi). The eccentricity distribution is
extended and rather uniform with many clusters on relatively
radial orbits. The apparent trend that clusters with larger apoc-
entres are on more radial orbits may be due to our sample
selection (currently located within ~20 kpc from the Sun). A
cluster with a large apocentre will almost only be included in
our sample if it has a relatively radial orbit. It will be possible to
draw more reliable conclusions about the distribution of orbital
parameters when the whole globular cluster population has been
analysed. Nonetheless, Fig. 20 already highlights that the greater
differences in the orbital properties for the various potentials
arise for clusters with apocentres in approximately the inner
5 kpc. These differences are in many cases larger than the
error bars. This implies that there is room for improvement by
performing a self-consistent dynamical model of the globular
cluster population and the mass distribution in our Galaxy (e.g.
Binney & Wong 2017).

6.3. Results for the dwarf galaxies

In Fig. 21 we plot the orbits of the different dwarf (spheroidal)
galaxies. This figure reveals for example that the orbits of Draco

and Ursa Minor look similar, and that the orbital planes of most
dSph are different, with the orbit of Sagittarius, for instance,
being orthogonal to those of Draco and Ursa Minor.

Figure 22 shows the distribution of orbital parameters for the
dSph (and listed in Table D.2). We have plotted here the median
values (over 10 Gyr of integration) and the 16th and 84th per-
centile range as the symbols with solid error bars (derived from
the 1000 Monte Carlo realisations of the observables and their
uncertainties). Using the same symbols, but now with dotted
lines, we have plotted the orbital parameters derived including
the effect of the 0.035 mas yr~' systematic uncertainty on each
of the PM components. In general, the effects of the systematic
errors on the characteristic properties of the orbits are relatively
small. We note, however, that in both cases these error bars
do not always properly reflect the uncertainties on the orbital
parameters because of degeneracies. We include examples of
the Monte Carlo realisations in the appendix (Fig. D.3) to give
examples of these degeneracies.

Figure 22 reveals that most satellites are on (slightly) pro-
grade orbits, while Fornax is retrograde (and possibly Leo II as
well, although it is also consistent with prograde at the 1o level),
as can be seen from the rightmost panel. This is qualitatively
similar to what we found for the globular clusters. However, the
orbital eccentricity distribution for the dSph (middle panel) is
very different from that of the clusters. Fewer dwarfs have very
elongated orbits as their eccentricity is typically lower than 0.6.
Carina even has a median eccentricity <0.2 for Models 1 and 2.

This finding leads to two interesting preliminary conclusions.
Firstly, there is a weak link at most between the globular clusters
in our sample and the dSph (although this is partly driven by our
selection of the globular cluster sample). Secondly, the eccentric-
ity distribution of the dwarfs is inconsistent with the predictions
of cosmological simulations, where satellites are expected to be
on rather radial orbits (e.g. Barber et al. 2014).

Figure 22 also confirms that Draco and Ursa Minor have very
similar orbital properties and hence possibly constitute a physi-
cally connected group. Bootes I appears close to these objects in
all panels of this figure, but as we show below, the orientation of
its angular momentum differs by ~140 deg.

In Fig. 22 we have not plotted Leo I. This is because Leo I has
extreme orbital characteristics, and is unbound in roughly 20% of
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Fig. 22. Distribution of orbital parameters for the dSph. The different colours indicate computations with different potentials. The agreement is
generally good, with Model-3 systematically leading to smaller pericentres as a result of its higher mass at the radii probed by the systems. Larger
differences are found for the more distant objects, revealing the sensitivity of their orbits to variations in the assumed mass distributions for the
Galaxy. The dSph eccentricity distribution differs from that shown in Fig. 20 for the globular clusters in our sample. The symbols with solid error

bars correspond to the median and uncertainties derived using the Monte
error of 0.035 mas yr~'on each of the PM components into account.

the realisations for Model-11°, for example. In the cases in which
a bound orbit is found, the predicted median apocentres are 819,
429, and 388 for Models 1, 2, and 3, respectively. Evidently, the
apocentre of Leo I is beyond the likely virial radius of the Milky
Way (estimated to be smaller than 300 kpc, see Bland-Hawthorn
& Gerhard 2016, and references therein). The orbit of Leo I is
quite eccentric, with medians in the range 0.6 to 0.8. The radial
period is greater than 5 Gyr and its estimate varies by a factor of
two for the various potentials, but a robust prediction is that the
last pericentric passage (at a distance of ~100 kpc) took place
approximately 1 Gyr ago.

The orientations of the orbital planes of the dwarfs, now
including the LMC and SMC!, averaged over the 10 Gyr of

10 This is because this model has a lower dark matter halo mass. For
example, the escape velocity from the location of the Sun for Model-2
is 812 km s~!, which may be compared to the value of ~533 km s~
derived by Piffl et al. (2014) from RAVE data and is consistent with that
of Model-1.

I 'We include the Magellanic Clouds here because the orientation of
their angular momenta has likely been less affected by dynamical
friction than the other orbital parameters.
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Carlo realisations, and those with dotted error bars also take a systematic

integration, are shown in the top panel of Fig. 23. It has been
suggested that the Milky Way dwarf galaxy satellites lie on a
plane (Kroupa et al. 2005). We find that their orbits tend to
be perpendicular to the Galactic disc (the majority cluster at
an inclination of ~90 + 20 deg) but span a broad range of ori-
entations. This implies that even though the orientation of the
average plane of motion may be similar, they may rotate in the
opposite sense, such as Sculptor and Ursa Minor together with
Draco, the LMC and SMC (in the YZ plane). When we alter-
natively compare Sculptor and Sagittarius, they move in planes
that are nearly perpendicular to each other (and to the Galactic
disc). This ordered complexity might indicate (group) infall from
a preferential direction (from a cosmic web filament aligned with
the z-axis), but it seems to disfavour one single event as the cause
of these configurations.

For the globular clusters we plot only the distribution of
the current, instantaneous orbital plane inclination, defined as
cos @ = L. /|L|, since the angular momentum [L| is not conserved
for the majority of the clusters in our sample (for the barred
potential of Model-3, L, changes as well). The bottom panel of
Fig. 23 shows that the globular clusters in our sample have a
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much broader distribution of inclinations than the dwarf galax-
ies. This behaviour might again reflect a bias in the selection
of the sample of globular clusters, however, for example in the
sense that there are fewer of the outer clusters that might have
been associated with dwarf galaxies.

7. Discussion
7.1. Brief summary of the systematics

The analysis performed in this paper has served to highlight
the excellent quality of the Gaia DR2, and also to pinpoint its
limitations. On this second aspect, we have in particular con-
firmed a systematic offset in the parallax of sources (see Arenou
et al. 2018; Lindegren et al. 2018), which we find has an ampli-
tude of ~—0.049 mas when averaged over all dSph, while
averaged over the globular clusters, it is ~—0.025 mas. This off-
set varies in amplitude between the locations on the sky, which
explains the difference found between our samples of dSph and
globular clusters. No such offset has been found in the PMs,
for example when studying open clusters (Arenou et al. 2018),
from which we conclude that if such a systematic is present,
it is of small amplitude. However, we do find that because of
local variations (driven by the non-uniform scanning of the sky),
the PMs might have an additional systematic uncertainty of
~0.035 mas yr~! in each direction.

7.2. Exemplifying the data quality
7.2.1. Galactic satellites

We were able to determine the PMs of all 75 globular clus-
ters in our sample reliably (with a significance far greater than
1007). The effect of a systematic floor noise level (see Arenou
et al. 2018; Lindegren et al. 2018) is negligible for the clus-
ters in our sample. This is also the case for the majority of the
dwarf galaxies we have analysed, possibly with the exception of
Leo I (because of its large distance), and Leo II (because it is
small on the sky). Nonetheless, even this systematic uncertainty
is typically smaller than the uncertainties of previously reported
measurements of the PM of globular clusters and dSph in the
Milky Way halo.

In the case of the dSph, the possibility of selecting members
now via PM has revealed (and confirmed previous indications
of) high spatial asymmetries, and possibly also tidal features in
several systems. We did not analyse the significance of these fea-
tures, nor have we attempted to establish the presence of tidal
tails beyond the field of view of 2 deg that we have chosen to
measure their mean PM. We expect the community to explore
this area with Gaia DR2, especially now that the PMs are so
accurate that reliable predictions can be made for the orbits of
these systems, and indications can be obtained on where streams,
if present, might be expected.

The improved PMs for millions of stars in the Magellanic
Clouds offer a unique dataset for understanding the internal
dynamics of these systems. For example, Fig. 24 shows the
velocity map obtained for the LMC, and reveals a high degree
of order in the rotational motion of this system. This has allowed
us to derive a rotation curve based on tangential velocities that
is competitive to that obtained using radial velocity information.
However, we also find indications in the PM residuals (after sub-
traction of a model of a rotating inclined disc), of streaming
motion along the bar. Not only do we learn about internal struc-
ture and mass distribution of the Clouds, but this dataset will
also help us in understanding how and when the two galaxies

retrograde | ¥ 'Uns
5
2
100} §
[ s
'k
E:
—_ 2:
.
Bool
i
-100f .
[ Il
e eSS
0 50 100 150
inclination 6 [deg]
£ 20f
s T
2 15F 7
CEUN:
& 10F ]
°
-] L _
S | |
=
0 50 100 150

current inclination 8 [deg]

Fig. 23. Top: orientation of the time-averaged orbital plane, defined by
the angular momentum angles (¢, 6) for the different dwarfs for the var-
ious potentials. The colours and error bars are the same as in Fig. 22,
and open and solid circles are the median values obtained by includ-
ing or excluding our estimate of the systematic error on the PMs. Most
dwarfs have highly inclined orbits with respect to the Galactic plane
(i.e. @ ~ 90°). Their variation in orientation (angle ¢) over the 10 Gyr of
integration is much smaller than the size of the error bars. Bottom: his-
togram showing the present-day inclination of the orbits for the globular
clusters.

interacted, and whether and how this is related to the Magellanic
stream (e.g. Kallivayalil et al. 2006a). It might even be possible
to find stars stripped from the Clouds at much larger distances
than previously attempted.

This brief discussion on the impressive astrometric quality of
the Gaia DR2 datasets for the Galactic satellites calls for high-
precision radial velocity measurements and abundances follow-
up for as many of the members identified by Gaia as possible
(as planned e.g. by the WEAVE and 4MOST projects, see e.g.
Feltzing et al. 2017). Lists of possible members according to our
analyses are given in Table D.3 for the globular clusters, dSph,
and UFD galaxies, and for the Magellanic Clouds.

7.2.2. Substructure and debris

The methods we used thus far has relied on the objects of interest
being concentrated in a specific location on the sky. Tidally torn
satellites and streams, on the other hand, may extend across great
parts of the celestial sphere. Here we briefly demonstrate the
capacity of Gaia DR2 to also investigate this type of structure

A12, page 21 of 47


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201832698&pdf_id=0

A&A 616, A12 (2018)

0.4
AN
\
\ r0.3 _
-
‘ £
_ } 3
o0 ' £
[} —_—
hel o
= } E
/ 02 £
/ g
A 3
v
s
g 0.1

7.5 5.0 2.5 0.0
x [deg]

-25 =50 -75

Fig. 24. PMs of stars in the LMC, represented as vectors, overlaid
on a representation of the source density. This figure shows the clear
consistent rotation measured by Gaia around the centre of the LMC.

in the Milky Way using astrometric data alone. A further and
deeper analysis is left to the general users of Gaia DR2.

One known substructure in the halo near the Sun that pre-
sumably originated in a disrupted satellite was discovered by
Helmi et al. (1999), defining a clump in the L, versus |L,| =

L2+ Lﬁ space. The physical reality of this structure, some-

times called Helmi’s stream, was later independently confirmed
by e.g. Chiba & Beers (2000); Smith et al. (2009), but no signif-
icant additional members have been identified since then. Gaia
DR2 will likely reveal a very large number of new members, but
measuring L, and L, without radial velocity can only be done
exactly in two small areas on the sky: in the directions of the
Galactic centre and anticentre. In this case, y; and y;, translate
directly into the space velocities v, and v, with knowledge of the
distance D. The angular-momentum components are then simply
L, = xvgand L, = L, ~ —xv,, where x = D + Ry, and Ry, is the
Galactocentric distance of the Sun.

We show the distribution of stars within a circle of 15 degrees
radius around the Galactic anticentre in the L, vs. L, space in
Fig. 25. We considered here only stars with @ /o / > 5. In addi-
tion to the dominant disc centred on (—1800, 0) kpc km s~ and
the more diffuse halo centred on (0,0), stars are distinctly con-
centrated around (—1100, —2400) kpc km s~!, corresponding to
the expected location of the Helmi stream. A tight cut around the
centre of this clump gives 32 candidate members (with distances
from 260 pc to about 2 kpc), more than tripling the original num-
ber reported in Helmi et al. (1999). A Hertzsprung-Russel (HR)
diagram of these 32 members using Gaia DR2 G magnitudes,
parallaxes, and Ggp—GRrp colours is shown in Fig. 26. Despite the
patchy extinction in this area of the sky, the HR diagram reveals
an old, metal-poor main sequence, offset from a corresponding
disc sequence by about 0.2 mag towards the blue. This figure
shows four probable binaries among the 32 new members, and
the three subgiants indicate a turnoff at an absolute magnitude
Mg ~ 4.5. A straight extrapolation of the 32 new members from
the 15-degree circle to the whole sky would give close to 2000
members in all of DR2. These can in principle be identified using
radial velocity information as well.

Figure 25 shows a clear over-density only for L, o v, < 0,
and not for v, > 0 (at fixed L;). This stronger asymmetry in the
direction of the anticentre than originally reported by Helmi et al.
(1999; where the ratio was 3:1) may be used to place constraints
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Fig. 25. Distribution of DR2 stars in a circle of 15 degrees radius around
the Galactic anticentre direction in the L, = L, vs. L, space. The Helmi
stream is the distinct density enhancement near the bottom of the plot
(in blue). We have assumed here v,,, = 220 km s~! for the LSR velocity,
v.0=5kms™!, and v,,=7 km s7! for the peculiar motion of the Sun,
and R, = 8.1 kpc.

on the accretion time and suggests that the merger may have
taken place even more recently than argued by e.g. Kepley et al.
(2007).

7.3. Implications for the formation and dynamics

The unprecedentedly accurate PMs derived for the Galactic
satellites from the Gaia DR2 data will allow determining the
mass distribution of the Milky Way well into the realms of
the dark matter halo. They will enable breaking the degen-
eracy between the slope of the mass density profile and the
orbital anisotropy (Wilkinson & Evans 1999; Watkins et al.
2010), the latter being the limiting factor thus far, which Gaia
DR2 has turned into an observable. Interestingly, our measure-
ments indicate that the orbits of the dSph are not very radial,
and this appears to challenge expectations derived from cosmo-
logical simulations in the ACDM framework (e.g. Lux et al.
2010; Cautun & Frenk 2017). Their relatively low eccentricity
(apo/Tperi < 4) and non-penetrating orbits (7)., > 30 kpc) may
also disfavour models for the transition of dwarf irregulars into
dSph via a tidal-stirring mechanism (Kazantzidis et al. 2017).
We have found relatively small differences in the orbits in
three different realistic Galactic potentials when we integrated
over short timescales (the potentials are based on Allen &
Santillan 1991; Robin et al. 2003; McMillan 2017). This is the
case for globular clusters that do not probe the inner few kpc of
the Milky Way and for the dwarf galaxies. This implies that the
orbit-forecasting power is high, and it might therefore be used to
search for tidal tails particularly for the globular clusters, both
through their predicted location on the sky but also using PM
information that is now available thanks to Gaia DR2. This is
a particularly interesting avenue because of the very high con-
straining power of streams on the mass distribution in our Galaxy
(see Johnston & Carlberg 2016, and references therein).
Another interesting constraint comes from the most distant
satellite Leo I. This object has most recently been used to derive
a limit on the mass of the dark matter halo of the Milky Way on
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Fig. 26. Hertzprung-Russell diagram using Gaia DR2 G magnitudes,
colours, and parallaxes in the direction of the Galactic anticentre. The
yellowish cloud represents a random sample of disc stars, selected on
the basis of their disc-like L, and L, while the blue dots are the 32 new
members of the Helmi stream.

the basis of the so-called timing argument by Sohn et al. (2013).
From our own measurements of the PM of Leo I, we find that
it is barely bound, with its orbit extending well beyond recent
estimates of the virial radius of our Galaxy. Although it is very
unlikely that Leo I is unbound (Boylan-Kolchin et al. 2013), we
may use it to derive a lower limit to the mass of the Milky Way if
we assume it has the escape velocity. Neglecting the contribution
of the disc(s) and bulge, for a (non-truncated) NFW halo,

UieoIrLCOI log(l + XLeol) = XLeol /(1 + Xreor)
2G log(1 + XLeor)

Q)

Mpw(rieor) =

With Xpeol = TLeol/7s- When we use our estimates of vpeor ~
217.3:?%:8 km s~ 'and 11 eor ~ 257.832:? kpc, this implies a lower
limit for the enclosed mass of the Milky Way of M;w(rreor) =
9.1:'% x 10" My assuming r, = 18.6 kpc as in McMillan (2017),
where the error bars indicate the 16th and 84th percentiles. When
we let this parameter vary in the range 10 < ry < 30 kpc, the esti-
mate of the lower limit to the virial mass varies by ~ 15%, that
is, within the uncertainties bracketed by the measurement errors.
This value is in line with previous work (see review by Bland-
Hawthorn & Gerhard 2016, and references therein) and does not
preclude a light dark matter halo for our Galaxy (of ~ 10'? M,
e.g. Battaglia et al. 2005; Gibbons et al. 2014).

Leo I is an intriguing object because it is very distant and its
velocity indicates that it is receding from us. A possible expla-
nation for a system such as Leo I is that it has experienced a
three-body interaction with the Magellanic Clouds (Sales et al.
2007). Although we do not explore this possibility here, we
find that the phase-space distribution of dwarf galaxies is not
homogeneous. These satellites tend to have orbits with angu-
lar momenta perpendicular to the Galactic disc, meaning that
their orbits take place in planes with varying orientations, but
always with high inclination. This supports the idea of filamen-
tary infall (see Libeskind et al. 2005), and might also imply that
some of the dSph in our sample have fallen in together as a
group (Lynden-Bell & Lynden-Bell 1995; Li & Helmi 2008).
For example, the relative distances of Ursa Minor and Draco

remain relatively small when computed over our 10 Gyr long
orbital integrations, thus favouring some amount of group infall.

Our measurements rule out that the dwarf galaxies are on one
single narrow “disc”, an idea that has led to an important debate
in the literature. Furthermore, although some objects are on the
same plane, they rotate in a different sense around the Galaxy,
making it less likely that they formed in single event such as a
major merger (Yang et al. 2014, this scenario would also require
that their eccentricities be relatively high, in contrast to what we
find from Gaia DR2 data). On the other hand, our measurements
will finally enable exploring how the satellite population was put
in place and how this relates to the environment of the Milky
Way on a firm basis (Libeskind et al. 2015).

Future studies of the orbital properties of the more distant
globular clusters will allow us to establish their relation to the
present-day dwarf galaxy population (and further test the ideas
put forward in Lynden-Bell & Lynden-Bell 1995). On the other
hand, some of the globular clusters in our sample may have been
associated with long-gone accreted galaxies, whose debris we
might expect will be discovered and characterised using Gaia
DR2 data. Together, this will shed light on the build-up of the
globular cluster population and its link to former and current
satellite galaxies.

8. Conclusions

The second data release from the Gaia mission has delivered its
promise of new and accurate PM measurements for a billion stars
across the full Galaxy and its nearest neighbours. Our analysis of
the PMs of stars in roughly half of the Galactic globular clusters,
in all the known dSph galaxies, and in the Magellanic Clouds has
allowed us to derive their mean motions as they orbit the Galaxy
much more precisely than ever before, despite systematics that
are clearly present in this data release. The simple analyses car-
ried out in this paper have confirmed, and also revealed for many
globular clusters, previously reported internal dynamical com-
plexity (such as rotation and the presence of extended halos).
The PMs, and hence the orbits, of the dSph have finally been
pinned-down, and this has uncovered their relatively coherent
phase-space distribution, which is not consistent with a single
“disc of satellites”, however. The astounding dynamical maps
of the Magellanic Clouds contain such richness that is has even
been possible to derive for the first time a high quality rotation
curve for the Large Magellanic Cloud based on tangential veloc-
ities alone and to unveil the dynamical imprint of the bar.

Much remains to be understood and discovered from the PMs
that have become available with Gaia DR2. This dataset will
undoubtedly keep the Galactic astronomy community busy for
many years to come.
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Fig. A.1. PM of stars within 0.5 deg. from the centre of NGC2298 as extracted from the GACS archive. Left: all ~259 000 stars. Middle: zoom-in
on the PM field, which shows a concentration of the stars near position (3.2, -2.2) mas yr~! corresponding to cluster members. Right: another

zoom-in on the PM field for the cluster.
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Fig. A.2. From left to right: distribution of positions on the sky for the first selection on cluster star PMs, showing the cluster in the centre, PM

distribution for the cluster field, and distribution of parallax vs. PM in RA.

Appendix A: Additional descriptions

A.1. Example of data extraction

To illustrate the different stages of the data extraction, we show
here an example following the procedure used for globular
cluster NGC 2298.

A first selection was made in a field with a radius of about
1 degree around the cluster centre as given in Harris10. The PMs
for ~259000 stars in that field are shown in the left panel of
Fig. A.1. A zoom-in on the diagram (middle panel) shows a small
concentration in the PM field near position (3.2, —2.2) mas yr~!,
which is likely to be the cluster. No other such concentrations
are apparent in the same field. A further zoom-in on the con-
centration (right panel of Fig. A.1) shows it to be real. The data
in this field are selected as a new subset, for which the distri-
bution of positions on the sky are shown in the left panel of
Fig. A.2, which reveals the cluster more clearly. The PM dis-
tribution for this new coverage is also improved, showing much
reduced field star contamination (middle panel). The distribu-
tion over parallaxes now also clearly shows the cluster with little
contamination (right panel). Finally, for the pre-selection proce-
dure, the colour-magnitude diagram was created for the selection
(Fig. A.3), which now contains about 1500 stars. The selected
data thus obtained were saved as a CSV file for further analysis
through the cluster analysis software.

The analysis software iterates over an astrometric solution for
the cluster, in which the parallax and PM of the cluster are solved
for. The cluster centre is determined based on the mean position
of all selected members, without any weighting being applied.
First the cluster stars positions are projected on a tangential plane
with the assumed cluster centre as zero point. The mean of the
Cartesian positions is determined, which then is de-projected to
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Fig. A.3. HR diagram for the cluster field before (left) and after (right)
the astrometric solution.

provide the new cluster centre on the sky. The relevant equations
have been presented in Gaia Collaboration (2017).

The astrometric solution is based on the parallax and PM
determinations for the individual member stars. For each star the
contribution to the solution was normalised by the covariance
matrix (for more details, see Appendix A.l in Gaia Collaboration
2017). This created for each star three uncorrelated contributions
with unit-weight error variance, which contribute to the clus-
ter astrometric parameter solution. Outliers were rejected on the
basis of the normalised residuals, except in a few cases where
field stars significantly disturbed the astrometric parameters. In
these cases, which were mainly found at lower galactic latitudes,
a 30 cut was applied to the individual parallaxes and PMs as
based on their standard uncertainties and the estimate of the
cluster PM and parallax (see also Fig. A.4). The astrometric solu-
tion removes a large fraction, but not all, of the remaining field
stars, as can be seen from the HR diagram shown in the right
panel of Fig. A.3. When this residual population of field stars
still significantly disturbed the HR diagram, we performed a final
cleanup in TOPCAT on the basis of that diagram.
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Fig. A.4. Two examples of the parallax and PM dispersion diagrams for clusters at a distance of approximately 2 (top) and 5 (bottom) kpc. The
parallax and PMs are plotted against the standard uncertainties. The blue lines show the expected uncertainty levels relative to the mean value at
-2,-10 1 and 2 o, including noise contributions from the internal velocity dispersion and the dispersion of the parallaxes from the depth of the
cluster. At low levels of standard uncertainty, the contributions from the internal dispersion are easily detected. The colouring of the data points
reflects the error correlations: red means strongly negative, blue means strongly positive, and black means low.

Two criteria are set in the iterations over the astrometric solu-
tion, one of which could require an extended extract from the
archive. The first criterion concerns the internal PM dispersion.
This could be detected from the dispersion in the PMs of the
brightest cluster members. This is, however, not an unambigu-
ous process, as the observed internal velocity dispersion is often
observed to be strongly dependent on distance from the cluster
centre. The dispersions were examined in the radial and trans-
verse directions, and three examples are shown in Fig. A.5. The
modelling of these dependencies is, however, beyond the scope
of the present paper, and an average dispersion was used in all

cases for the whole cluster. The values found were generally
between 2 and 8 km s~!.

Strong variations in coverage of stars with five-parameter
solutions in the astrometry (Lindegren et al. 2018) also show
the relation between standard uncertainties on the astrometric
parameters and the brightness of the stars. With relatively
homogeneous coverage, the distribution is narrow, while, as is
the case for w Cen, a multi-layered set of relations is observed
for poorly covered objects (see Fig. A.6). An additional feature
appears to be the increased noise on the astrometric data for
variable stars with large amplitudes, such as the RR Lyrae stars
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Fig. A.5. Three examples of the PM dispersion in the radial and transverse directions as a function of distance to the cluster centre. The three
vertical lines indicate, from left to right, the core radius, the half-light radius, and the tidal radius following Harris10.
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Fig. A.6. Two examples of astrometric data coverage with five-parameter solutions. Left: w Cen, the worst case; right: NGC 5272, a more average
example of coverage. The gaps in the coverage for w Cen are the result of the filters that have been applied to the astrometric data. The cyan circles

are at intervals of 35 pc in w Cen and 10 pc in NGC 5272.

in globular clusters, as shown in Fig A.7. The exact reason for
this is still unclear.

A.2. Exemplifying some systematics in Gaia DR2 using
dwarf galaxies

Figure A.8 shows the parallax zero-point offset for the stars in
Carina and demonstrates that it is very reliably measured and is
independent of the magnitude of the stars used. This indicates
a systematic effect present in the parallax measurements of the
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DR2 data, which for Carina is of the order of wpgy, — @y =
—-0.015 - 0.0095 ~— 0.024 mas.

Figure A.9 shows the gridding pattern present in the par-
allaxes, in this case, for stars in the LMC and the SMC (see
also Lindegren et al. 2018). This pattern has an amplitude of
~0.03 mas (see the bottom panel of Fig. A.10), and is clearly
apparent when analysing sufficiently large objects on the sky, but
it is likely to be present throughout the full sky (see e.g. Arenou
et al. 2018).
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Fig. A.8. Parallax of the stars in the Carina dSph as function of their
G magnitude. A clear systematic offset is apparent and is signifi-
cantly measured. The expected parallax (based on literature values) is
indicated by the red dashed line.

Figure A.10 shows the variation in PM and parallax along
stripes of width 0.2° in the LMC after a model for the PM
field has been subtracted. The variation seen is produced both
by the systematic errors in Gaia DR2 and the shortcomings of
the simple model.

The correlation between the PMs of individual stars in the
field of view towards the dSph in our sample is is illustrated in
Fig. A.11, where we have plotted the individual stars with dif-
ferent colours that indicate the amount of correlation (from very
negative, to none, to very positive) between y, and ps. Fornax
in particular shows a strong correlation in the PM components
of the individual stars, and these are of course then reflected in
the PM correlation coefficient given in the table. The amplitude
and orientation of the correlation differs among the dwarf galax-
ies, indicating that the correlations are localised on the sky and
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Fig. A.9. Measured parallaxes of stars in the LMC (upper panel) and
SMC (lower panel). The banding associated with the Gaia scanning
law is clearly visible.

do not have the same amplitude everywhere. Furthermore, there
are regions where these correlations are negligible when aver-
aged out, as in the case of Carina, Draco, Sculptor, and even the
Sagittarius dSph. We also note that all the stars in the field of
view towards these dwarfs are affected in a similar way, and not
only the members.
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Fig. A.10. Parallaxes and residual PMs of sources in the LMC. The
lines show the median value as a function of coordinate position x for all
LMC sources within 0.2° stripes centred at y = —0.5, 0 or 0.5°. Residual
PMs are calculated after subtraction of a model disc with parameters
determined using only sources within 3° of the centre. The non-zero
values are due to both the systematic errors in the Gaia data and the
differences between the simple disc model and the true dynamics of the
LMC.
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Fig. A.11. Correlations in the PMs of the stars in the field of view
towards the different dSph galaxies in our sample. The different colours
indicate the amplitude of the correlations.

Appendix B: Details of the LMC and SMC
modelling

In this appendix we provide a rigorous description of the coordi-
nate system used in Sects. 2.2 and 5, the modelling assumptions
used to derive Eq. (3), and the deprojection of the PMs shown in
Fig. 18. We refer to the centre of the Cloud as C, to the observer
as O, and to a source in the Cloud as S.
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The vectors [x y z] form an inertially fixed right-handed
orthogonal triad with z the unit vector from observer to C at the
reference epoch, x the unit vector in the direction of increasing
a at C, and y the unit vector in the direction of increasing ¢ at C.

B.1. Position and PM in the xyz system

In terms of the celestial position (@,) and PM components
(Uaxs Ms), We have the unit vector from the observer to a source,
u, given by

u=r, u=po+qis, (B.I)
where [p ¢ r] is the local normal triad at («, 6)
—sina —sindcosa cosd cos a
p=|cosa |, ¢q=|-sindsina|, r=|cosdsina|. (B.2)
cosd sin§

The xyz system coincides with the local normal triad at
(@c,dc)

—sinac —sind¢ cos ac COS 8¢ CoS ac
x=|cosac |, y=|-sindcsinac|, z=|cosdcsinac]|.
0 cosOc sind¢
(B.3)

The components of u, i in the xyz system are obtained as scalar
products (e.g. x = x X u, x = x X i) from which we can derive
Eqgs. (2), where we refer to X,y as uy,u, (they are not strictly
speaking PMs, but it is convenient to give them this notation).

When (a¢,d¢) are used as a fixed reference point, the
Cartesian coordinates (x, y, z, X, i, Z) provide a useful substitute
for (a, 8, -, ts). The six components are a redundant set, and
when working in a limited area around C (in principle as long
as z > 0, i.e. within 90° from C), it is possible to use the
non-redundant set (x, y, X, i), with

2= 12—y, z=—(xi+yp)z.

(x,y) is equivalent to the orthographic projection in cartogra-
phy'IZ

(B.4)

B.2. Kinematic model

Assuming a flat disc, the vector R from C to S must be in the
plane of the disc, which gives the condition

nxR=0, (B.5)

where we have reintroduced the vector n, the normal to the
disc plane (such that rotation about n is positive), and we also
reintroduce the two normal unit vectors [ and m, which form a
right-handed triad with n (e.g. Eq. (4)). A source in the plane
of the disc can be described in terms of rectangular coordinates
&, 7, where
R=1I£+my. (B.6)
The motion of S is the vectorial sum of the bulk motion (of
C) and the peculiar motion of S with respect to C. If we assume

12 The gnomonic projection (x/z,y/z) is more common in astrometry,
where they are known as standard coordinates. For the current prob-
lem, they do not seem to provide any particular advantage, and the
expressions for the time derivatives become much more complicated.
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Table B.1. Parameters of LMC based on sources with angular radii from the assumed LMC centre (p) in various ranges (with or without binning,

see Sect. 5.1).

P Ux Uy Opx/O0x  Oux/0y ally/ax 3}1_,//0_1/ N Uz Uz const i Q w
[deg] [mas yr’l] [mas yr’l] [mas yr’1 [mas yr’1 [mas yr’1 [mas yr’1 [mas yr’l] [mas yr’l] [deg] [deg] [mas yr’l]
rad~!] rad™!] rad™!] rad™!]
<2.0 1.848 0.236 -2.256  -5.441 4.838 -0.225 2482275  1.930 61.497 -73.577  5.217
<2.0 1.104  40.008 —68.576  5.643
<3.0 1.850 0.234 -1.577  -4.565 4.765 -0.284 4295125  1.493 53.097 -70.263  5.095
<3.0 1.104 33982 -61.916  5.095
<4.0 1.849 0.234 -1.330 -3.936 4.543 -0.420 5757649  1.407 48.038 -66.336  4.740
<4.0 1.104  30.795 -55.251 4.604
<5.0 1.849 0.235 -1.183 -3.493 4.337 -0.482 6610213 1.379 45.600 -62.242  4.410
<5.0 1.104  30.018 —49.346  4.236
<6.0 1.849 0.237 —-1.046 -3.134 4.092 -0.511 7279181 1.328 44.155 -59.946  4.104
<6.0 1.104  30.108 —45.378  3.909
Annuli
1.0-2.0 1.847 0.230 -2.164  -5.389 4.860 -0.245 1679866  1.864 60.448 -73.439  5.259
1.0-2.0 1.104  39.175 -68.368  5.623
2.0-3.0 1.847 0.231 -1.278  -4.255 4.751 -0.302 1812850  1.308 48.064 —-67.135  4.990
2.0-3.0 1.104 31471 -55.591 4.870
3.04.0 1.841 0.238 -1.032  -3.429 4.297 -0.528 1462524  1.281 41.805 -60.172  4.336
3.04.0 1.104  28.524 -45.464  4.142
4.0-5.0 1.833 0.251 -0.941 -2.741 3.794 -0.521 852564 1.296 43.761 -58.173  3.750
4.0-5.0 1.104  30.984 —42.516 3.546
5.0-6.0 1.835 0.264 -0.701 -2.300 3.215 -0.477 668968 1.024 39.870 -64.539  3.285
5.0-6.0 1.104  31.528 —41.959  3.033
Using binned data
<2.0 1.850 0.219 -2.341 -5.791 5.376 -0.552 2.041 56.399 -71.686  5.807
<2.0 1.104 35461 -68.997 6.061
<3.0 1.846 0.220 -1482  —4.778 5.198 -0.349 1.449 48.161 —-65.873  5.428
<3.0 1.104  30.938 -57.200  5.359
<4.0 1.842 0.226 -1.217 -3.924 4.701 —-0.447 1.367 44841 -61.545  4.779
<4.0 1.104  29.534 -49.547  4.627
<5.0 1.838 0.239 -1.058 -3.231 4.064 -0.452 1.270 45.039 -63.705  4.165
<5.0 1.104  30.549 —48.400 3.964
<6.0 1.837 0.255 -0919 -2.704 3.387 -0.414 1.058 46.981 -74.732  3.686
<6.0 1.104  32.097 -52.666  3.407

Notes. We show the derived parameters when we left v, free, or when we held it fixed (the parameters were derived from the gradients, so that the

gradients are the same in either case).

that the peculiar motion is circular with angular velocity w(R),
we have
vs =vc + (mé - Inw(R), (B.7)
where v¢ is the bulk motion and R = /&2 + n%.

At the reference epoch, we can write R in terms of the posi-
tion of the source s and the centre ¢ as R = s — ¢ = us — z, where

s is the distance to the source. Introducing the inverse distance
factor f = s~! and inserting in Eq. (B.5) gives

f=mxu)/n,=ax+by+z=_1 —x2—y2)1/2+ax+by, (B.8)
where
a=ny/n, b=nyln,

(B.9)

and n, = x X n etc are the components of n in the xyz system.
These components, along with those of / and m and the values
a and b are given as a function of the inclination i and the line-
of-nodes position angle Q in the main text (Eqs. (4) and (5)). We

now find
£=IxR= Lex +1,x
- T Z+ax+by
(B.10)
p=mxR = (my — am;)x + (m, — bm;)y

z+ax+ by

Turning now to the PMs, we seek the corresponding relation-
ships between (%, i) and (&, 77). We know that

£=-nw®), n=£¢wR). (B.11)
The PM vector is
i = d(stf) = (vs —u(@ X vs)) f, (B.12)

which, using our previous results, we can rewrite as

i = (c—uxve) (ax+by+z) +((m—uxm)(lx+1y)-
(I — u(u x D)((my — am;)x + (my — bm,)y)) w(R). (B.13)
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Table B.2. Parameters of the SMC, with the assumed v, value.

Fmax Uy Uy Ot/ Ox Oy /Oy (9l1y/0x 8ﬂy/{)y N Uz const i Q w
[deg] [mas yr‘]] [mas yr"] [mas yr‘1 [mas yr‘I [mas yr‘1 [mas yr‘I [mas yr‘]] [deg] [deg] [mas yr‘l]
rad”!] rad!] rad”!] rad!]
<2.0 0.794 -1.219 1.960 0.831 -2.117 0.030 935265 0.489 73.995 -6.613  0.595
<3.0 0.797 -1.220 2.247 0.383 -1.932 0.067 1219082 0.489 74199 -1.682 0.643
<4.0 0.799 -1.221 2.295 0.253 —1.948 0.176 1343140 0.489  73.678 1.257 0.610
Annuli
1.0-2.0 0.797 -1.219 2.014 0.715 -2.269 0.094 543224  0.489 73.046 -3.293  0.497
2.0-3.0 0.810 -1.234 2.632 0.128 -1929 -0.090 283817 0.489  75.568 —-0.464 0.711
3.0-4.0 0.824 —1.235 2.455 0.150 -2.019 0.299 124058 0.489  73.549 3.676 0.591
Using binned data
<2.0 0.796 -1.225 2.709 0.300 -2.585 0.242 0.489  75.581 2.178 0.528
<3.0 0.804 -1.233 2.959 -0.027 -2.329 0.340 0.489  75.895 5.386 0.609
<4.0 0.817 -1.237 2.671 -0.054 -2215 0.417 0.489  74.195 7.082 0.557

Taking the scalar products with x and y gives explicit expres-
sions for x and g as functions of x and y. If w is constant, the
expressions contain terms up to the third power in x and y. At C
(x = y = 0) we find, as expected,

X=0vy, §=u, (B.14)
where vy, vy, v;, etc. are the components of v¢ in the xyz system.

Retaining only first-order terms in x and y while assuming
constant w, and then taking derivatives, we have

0x/0x = av, — v, + al,m,w,

0x/0y = bv, — n,w + blym,w,
(B.15)
0y/dx = av, + n,w + al,m.w,

0y/0y = bv, — v, + blym.w,

which hold exactly at C if dw(r)/dR = 0 for R = 0. These equa-
tions (writing X, iy as u,, u,)) were used in this study to determine
v;,1,Q, and w.

The orientation of the LMC plane is given by the unit vec-
tor n, the direction of which is conventionally given by the two
angles 7 and Q:

n=xsinicosQ —ysinisinQ + zcosi, (B.16)
from which (with the definition of I and m) we have the compo-
nents of all three of these vectors in the xyz system, as given in

Eq. (4).

B.3. Estimating the kinematic parameters for fixed C and
constant w

From Eq. (B.15) we see that (x, i) should vary linearly with (x, y)
for constant w. This is a reasonable approximation in the inner
few degrees of the LMC. Fitting the linear relation

X=v,+Ax+Ay
) (B.17)
y=uv,+Bx+ By

we immediately obtain estimates of vy, v, and the four gradients
0x/0x = Ay, etc. We can use Eq. (B.15) to express these gradi-
ents as functions of the six kinematic parameters vy, vy, v, i, £,
and w (assumed constant). In this study we usually then held v,
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constant, in which case we varied i, Q, and w to minimise the
sum of the square residuals

S = (0x%/9x — A)* +(0x/0y — A,)* + (3] dx — B,)* + (0y/dy — B,)*,
(B.18)

where A, etc. are measured from the data, and dx/dx are pre-
dictions of the model. We can also leave v, free, in which case
Egs. (B.15) can be directly solved to determine v,, i, , and w.

B.4. De-projection method

The observed PMs, or 1, j, are the projections of the true space
motions on the celestial sphere, or normal to z. This projection
from 3D to 2D cannot be inverted, but if we assume that the
true motions are confined to the (known) plane of the LMC, it is
possible to project the observed motions back to that plane. We
call this de-projection.

We assume that v¢, i, and Q are known. The starting point is
Eq. (B.12), but with the velocity of S written as

vs = v + I+ mp, (B.19)

which allows arbitrary motions in the plane. We have then

i = (e —uxXve)) f+ I —u@xD)fé+ (m—ux m)fn.
(B.20)

Taking the scalar products with x and y gives two linear equa-
tions,

(L = x(lex + Ly)é + (my — x(mox + myy + m2)i
= (X = vx + x(UeX + vy +v.2))/(ax + by + 2)

(ll/ - .l/(lxx + ll/y))f + (ml/ = y(mx + myy + mzz))f]
= — v, + y(vxx + vyy + v;2))/(ax + by + 2)
(B.21)

from which & and 7 can be solved. The corresponding position
(&, 1) is obtained from (B.10).

To map the kinematics of the LMC, it is more convenient
to transform the Cartesian (£, 7, £, 7) into polar coordinates R, ¢
and the corresponding velocity components vg (in the direction
of increasing R) and vy (tangential velocity), as in Fig. 18.
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Appendix C: Globular clusters and dSph solution data

Table C.1. Overview of the results for globular clusters.

Name a w Has s Coyy, Crg s nMemb Vrad uwsdy,
Clustld o [ €L €5 Coys r(max)®  uwsdasy €vr Ny,
[deg] [mas] [mas yr‘]] [mas yr"] [kms~!]
NGC0104 6.0194  0.1959 5.2477 -2.5189  -0.01 -0.06 60093 -18.95 11.55
C0021-723  -72.0821  0.0002 0.0016 0.0015  -0.01 0.90 0.79 0.42 229
NGC0288 13.1879  0.1401 4.2385 -5.6470 0.15 0.25 5897 -49.06 2.87
C0050-268  -26.5858  0.0021 0.0035 0.0026  -0.13 0.33 0.99 0.32 11
NGC0362 15.8099  0.0788 6.6954 -2.5184  -0.04 -0.09 6896 226.93 6.06
C0100-711 -70.8489  0.0012 0.0045 0.0034  -0.12 0.39 1.23 0.77 19
NGC1851 78.5280  0.0298 2.1308 -0.6220 0.06 -0.09 4044 323.36 3.74
C0512-400  -40.0456  0.0011 0.0037 0.0040  -0.07 0.28 1.07 1.04 17
NGC1904 81.0463  0.0362 2.4702 -1.5603 0.05 -0.03 2363 206.43 2.94
C0522-245  -24.5255  0.0017 0.0048 0.0054 0.04 0.14 1.14 0.87 14
NGC2298 102.2464  0.0791 3.2762 -2.1913 0.08 0.07 1373 147.41 1.54
C0647-359  -36.0046  0.0019 0.0060 0.0061 -0.07 0.16 1.06 1.40 4
NGC2808 138.0071  0.0560 1.0032 0.2785 0.05 -0.08 6769 104.61 5.33
C0911-646  -64.8645  0.0006 0.0032 0.0032  -0.01 0.39 0.87 1.26 20
NGC3201 154.3987  0.1724 8.3344 -1.9895 0.04 0.12 19921 494.62 5.09
C1015-461 -46.4125  0.0006 0.0021 0.0020  -0.02 0.98 0.97 0.37 64
NGC4372 186.4587  0.1426 -6.3898 3.3266 0.03 0.01 10744 77.41 5.50
C1223-724  -72.6562  0.0006 0.0030 0.0025 0.03 0.46 0.83 0.58 42
NGC4590 189.8651  0.0664 -2.7640 1.7916  -0.00 -0.29 3338
C1236-264  -26.7454  0.0025 0.0050 0.0039 0.13 0.24 0.99 0
NGC4833 194.8978 0.1163 -8.3147 -0.9366 0.05 0.06 6269 207.86 5.97
C1256-706  -70.8718  0.0010 0.0036 0.0029 0.11 0.19 0.93 0.57 40
NGC5024 198.2262  0.0143 -0.1466 -1.3514  -0.12 -0.28 2637 -64.33
C1310+184 18.1661 0.0018 0.0045 0.0032 0.08 0.26 1.14 1
NGC5053 199.1124  0.0064 -0.3591 —-1.2586 0.13 -0.32 918
C1313+179 17.7008  0.0040 0.0071 0.0048 -0.17 0.13 0.90 0
NGC5139 201.7876  0.1237 -3.1925 -6.7445  -0.04 -0.03 32700 235.12 11.73
C1323-472 -47.4515  0.0011 0.0022 0.0019 0.17 1.09 0.91 0.59 88
NGC5272 205.5486  0.0265 -0.1127 -2.6274  -0.01 -0.03 12057 —146.48 5.54
C1339+286 28.3760  0.0010 0.0029 0.0022  -0.05 0.47 1.01 0.66 35
NGC5286 206.6136  0.0168 0.1836 -0.1477  -0.02 -0.01 1649 56.80 1.97
C1343-511 -51.3723  0.0025 0.0076 0.0068 0.08 0.16 1.21 1.66 7
NGC5466 211.3614  0.0210 -5.4044 -0.7907 0.04 0.07 1772 109.41 0.41
C1403+287 28.5331  0.0021 0.0042 0.0041 0.15 0.15 0.93 0.31 2
NGC5634 217.4053  0.0039 -1.7309 -1.5283  -0.06 -0.02 602
C1427-057 -5.9773  0.0047 0.0087 0.0074 0.06 0.09 1.04 0
NGC5897 229.3515  0.0680 -5.4108 -3.4595  -0.02 -0.12 2613 99.92 1.77
C1514-208 -21.0115  0.0026 0.0053 0.0045 0.02 0.18 0.96 1.31 5
NGC5904 229.6394  0.1135 4.0613 -9.8610  -0.07 0.03 11741 54.54 7.56
C1516+022 2.0766  0.0010 0.0032 0.0029 0.09 0.56 0.98 0.86 61
NGC5927 232.0065  0.0996 -5.0470 -3.2325  -0.00 -0.08 2621
C1524-505  -50.6694  0.0021 0.0060 0.0055  -0.01 0.15 0.92 0
NGC5946 233.8711  0.0444 -5.1909 -1.6522  -0.04 -0.10 757 131.88
C1531-504 -50.6617  0.0047 0.0124 0.0101  -0.06 0.09 0.94 1
NGC5986 236.5211 0.0718 -4.2217 —4.5515 -0.10 -0.18 2477 98.90 2.38
C1542-376 -37.7826  0.0031 0.0084 0.0065  -0.01 0.16 1.38 1.06 11
NGC6093 2442564  0.0558 -2.9469 -5.5613  -0.10 0.01 1927 12.01 8.34
C1614-228 -22.9723  0.0030 0.0090 0.0073 0.06 0.16 1.23 1.70 16
NGC6121 245.8976  0.5001 -12.4956 -18.9789  -0.08 0.08 19508 71.40 7.79
C1620-264  -26.5279  0.0007 0.0033 0.0030 0.03 1.13 1.02 0.30 182
NGC6144 246.8061  0.0668 -1.7646 -2.6371 -0.15 0.08 1882 195.85 1.38
C1624-259  -26.0301  0.0040 0.0085 0.0063 0.15 0.17 1.16 0.90 3
NGC6171 248.1350  0.1480 -1.9359 -5.9487  -0.13 0.03 4032 -35.01 6.94
C1629-129  -13.0570  0.0026 0.0064 0.0048 0.17 0.33 1.08 0.89 15
NGC6205 250.4217  0.0801 -3.1762 -2.5876  -0.04 0.19 15634  -245.62 9.79

Notes. For each cluster we list the NGC name, the SIMBAD identifier, as well as the derived position on the sky (a, 6), parallax @, PMs (u,.,
ts), and the elements of the covariance matrix €, €., €,s and correlation coefficients C. The entry r(max)°corresponds to the maximum radius at
which PM members have been found, nMemb is the number of members used to derive the astrometric parameters, and uwsd,, is the unit-weight
standard deviation of the astrometric solution. Lastly, Vrad, €y,, uwsdy,, and Ny, are the mean radial velocity derived from Gaia DR2 data, its
error, the unit-weight standard deviation for the radial velocity solution, and the number of stars used to derive these quantities, respectively.
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Name a w Has s Coyy, Crig s nMemb Vrad  uwsdy,
Clustld ) [ € €5 Coyus 1(max)°  uwsdagr €vr Ny,
[deg] [mas] [masyr™!] [masyr’!] [km s~!]
C1639+365 36.4596  0.0007 0.0027 0.0030 0.04 0.58 1.07 0.94 65
NGC6218 251.8101  0.1563 -0.1577 -6.7683  -0.06 0.29 10488 -41.00 5.24
C1644-018 -1.9510  0.0013 0.0040 0.0027 0.11 0.38 1.08 0.51 38
NGC6235 253.3557  0.0618 -3.9442 -7.5615 -0.18 0.25 882
C1650-220  -22.1798  0.0078 0.0130 0.0067 0.37 0.15 1.43 0
NGC6254 254.2861 0.1511 —4.7031 -6.5285  -0.07 0.21 13005 76.76 5.89
C1654-040 -4.0981  0.0014 0.0039 0.0027 0.10 0.47 1.12 0.59 61
NGC6266 255.2821 0.2187 -5.3269 -2.9818 -0.11 0.23 3096 -74.86 3.84
C1658-300  -30.0938  0.0036 0.0082 0.0052 0.16 0.17 1.01 0.79 14
NGC6273 255.6561  0.0924 -3.2237 1.6059  -0.07 0.15 4977 141.29 2.94
C1659-262  -26.2696  0.0022 0.0069 0.0050 0.11 0.21 1.44 1.00 16
NGC6284 256.1187  0.0499 -3.1882 -2.0479 -0.16 0.20 911 30.29 1.71
C1701-246  -24.7662  0.0056 0.0112 0.0075 0.19 0.10 1.06 1.80 6
NGC6287 256.2882  0.1074 -4.8866 -1.9208 0.02 0.06 1518 -292.45 2.62
C1702-226  -22.7183  0.0049 0.0117 0.0083 0.19 0.13 1.29 0.81 3
NGC6293 257.5413  0.0696 0.8225 -4.3070  -0.10 0.20 1036 —143.65 1.70
C1707-265  -26.5799  0.0049 0.0093 0.0064 0.26 0.09 1.04 0.67 2
NGC6304 258.6370  0.1077 -3.9478 -1.1248  -0.04 0.16 1322 -111.70 5.37
C1711-294 -29.4816  0.0034 0.0095 0.0069 0.13 0.16 1.05 1.33 6
NGC6316 259.1534  0.0659 -4.8215 -4.6140  -0.19 0.23 961
C1713-280 -28.1532  0.0094 0.0146 0.0095 0.34 0.10 1.22 0
NGC6325 259.4962  0.1431 -8.3777 -9.0067 -0.33 0.17 392
C1714-237 -23.7668  0.0160 0.0195 0.0135 0.34 0.09 1.29 0
NGC6333 259.8021  0.0934 -2.2028 -3.2084  -0.01 0.19 3478
C1716-184 —-18.5146  0.0027 0.0075 0.0056 0.15 0.09 1.40 0
NGC6341 259.2821  0.0564 -4.9367 -0.5559 -0.04 0.11 7079 —-118.81 5.56
C1715+432 43.1352  0.0008 0.0040 0.0040  -0.00 0.26 111 0.62 26
NGC6342 260.2983  0.0973 —2.9475 -7.0059  -0.01 0.14 1121 118.97
C1718-195 -19.6050  0.0057 0.0112 0.0083 0.22 0.13 1.05 1
NGC6352 261.3739  0.1543 -2.1889 -4.4209  -0.12 0.22 7255 —-123.25 2.80
C1721-484  -48.4270  0.0018 0.0046 0.0036 0.13 0.18 1.01 0.63 12
NGC6356 260.8898  0.0791 -3.7683 -3.3746  -0.24 0.27 2021
C1720-177 -17.8128  0.0066 0.0096 0.0063 0.31 0.09 1.59 0
NGC6362 262.9772  0.0974 -5.5014 -4.7417  -0.06 0.06 9169
C1725-050  -67.0492  0.0011 0.0028 0.0032 0.06 0.26 1.12 0
NGC6366 261.9393  0.2292 -0.3835 -5.1309  -0.08 0.27 7108
C1726-670 -5.0752  0.0022 0.0054 0.0044 0.14 0.36 1.09 0
NGC6380 263.6202 0.1014 -2.0984 -3.1922  -0.25 -0.05 988
C1731-390  -39.0694  0.0163 0.0183 0.0125 0.49 0.07 1.64 0
NGC6388 264.0654  0.0482 —1.3548 -2.7144  -0.12 0.11 3912 80.00 4.18
C1732-447  -44.7423  0.0034 0.0072 0.0061 0.18 0.11 1.51 2.49 9
NGC6397 265.1697  0.3781 3.2908 -17.5908  -0.05 0.10 22116 19.18 8.00
C1736-536  -53.6773  0.0007 0.0026 0.0025 0.07 0.76 0.96 0.46 79
NGC6401 264.6581 0.1156 -2.8193 14424  -0.03 0.07 484
C1735-238 -239173  0.0055 0.0116 0.0095 0.15 0.11 0.94 0
NGC6402 264.3984  0.0536 -3.6146 -5.0357 -0.08 0.17 4203
C1735-032 -3.2473  0.0027 0.0067 0.0059 0.15 0.20 1.33 0
NGC6440 267.2028  0.0958 -1.2135 -3.8830 -0.05 0.29 1033 -72.58 1.75
C1746-203  -20.3521  0.0058 0.0124 0.0096 0.15 0.09 0.97 0.69 2
NGC6441 267.5540  0.0403 -2.5394 -5.3010 -0.18 0.17 2121
C1746-370 -37.0660  0.0037 0.0070 0.0057 0.17 0.12 1.03 0
NGC6453 267.7197  0.0425 0.0699 -5.8521 -0.11 0.14 710 -94.94 0.52
C1748-346  -34.6002  0.0077 0.0164 0.0136 0.13 0.07 1.65 1.06 2
NGC6496 269.7677  0.0803 -3.0290 -9.1971 -0.15 0.07 1860
C1755-442 442660  0.0031 0.0057 0.0050 0.17 0.13 0.87 0
NGC6517 270.4528  0.0217 -1.5209 -42622 -0.15 0.28 880 -32.45
C1759-089 -8.9568  0.0072 0.0139 0.0114 0.11 0.08 1.20 1
NGC6522 270.8956  0.0697 2.5780 -6.3412 -0.02 0.12 474 -17.26 0.32
C1800-300  -30.0350  0.0050 0.0124 0.0109 0.09 0.09 1.00 0.38 2
NGC6528 271.2039  0.0746 -2.1879 -5.5718 0.04 0.11 354
C1801-300  -30.0550  0.0074 0.0160 0.0137 0.08 0.05 0.94 0
NGC6535 270.9590  0.1294 -4.2101 —2.9461 0.10 0.10 740 -211.40 1.36
C1801-003 -0.2953  0.0047 0.0115 0.0108  -0.02 0.11 0.87 0.30 2
NGC6539 271.1924  0.0630 -6.8310 -3.4792 -0.44 0.18 1149
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Table C.1. continued.

Name a w Has s Coyp, Cuops DMemb Vrad uwsdy,
Clustld 0 € €uax €5 Cgy 1(max)°  uwsdyg €y Ny,
[deg] [mas] [masyr™'] [masyr'] [km s™!]

C1802-075 -7.5896 0.0084 0.0106 0.0085 0.22 0.26 1.38 0
NGC6541 2719827  0.1139 0.2762 -8.7659 -0.04 -0.03 2987 -164.64 1.97
C1804-437 -43.7144 0.0025 0.0054 0.0048 0.08 0.27 0.91 1.09 8
NGC6544 271.8438  0.3311 -2.3280 -18.5574 -0.04 0.11 3266 -27.06 7.35
C1804-250 -25.0186 0.0022 0.0089 0.0083 0.04 0.25 1.03 0.76 5
NGC6626 276.1349  0.1469 -0.4236 -8.8037 -0.15 0.07 1969 14.55 4.41
C1821-249 -24.8430 0.0033 0.0087 0.0082 0.12 0.19 1.04 0.76 17
NGC6637 277.8342 0.0746 -5.0669 -5.8017 -0.01 0.23 773 47.19 2.61
C1828-323 -32.3565 0.0032 0.0104 0.0094 -0.05 0.10 0.93 1.71 3
NGC6656 279.1048 0.2602 9.8019 -5.5643 -0.05 0.15 16261  —147.60 13.11
C1833-239  -23.9102 0.0009 0.0036 0.0034  0.02 0.85 1.01 0.57 116
NGC6681 280.8020 0.1096 1.3853 -4.7174 -0.24 0.26 1276 215.87 0.23
C1840-323 -32.2892 0.0038 0.0076 0.0065 0.10 0.08 0.99 0.35 2
NGC6752 287.7175  0.2310 -3.1908 -4.0347 -0.29 0.19 23684 -26.12 7.82
C1906-600 —-59.9833  0.0011 0.0018 0.0020  0.03 0.55 1.02 0.51 82
NGC6779 289.1480 0.0702 -2.0092 1.6553 -0.05 0.03 2379  -136.67 2.56
C1914+300 30.1840 0.0015 0.0051 0.0056 -0.03 0.12 1.15 1.00 11
NGC6809 295.0046  0.1707 -3.4017 -9.2642 -0.03 0.18 13046 176.46 4.64
C1936-310 -30.9621  0.0011 0.0031 0.0028 0.00 0.28 0.90 0.57 47
NGC6838 298.4427 0.2252 -3.3842 -2.6528 -0.11 0.11 6766 -21.01 3.96
C1951+186 18.7790  0.0010 0.0027 0.0028 -0.01 0.19 0.90 0.53 22
NGC6864 301.5205 0.0208 -0.5869 -2.7839 -0.35 0.21 946  -185.33 0.72
C2003-220 -21.9213 0.0066 0.0088 0.0065 -0.22 0.05 1.46 1.51 3
NGC6981 313.3662 0.0225 —1.2488 -3.3117 -0.38 0.26 974

C2050-127 -12.5386 0.0063 0.0089 0.0068 -0.13 0.18 1.26 0
NGC7078 322.4949 0.0568 -0.6238 -3.7960 -0.02 -0.04 4479  -105.58 5.29
C2127+119 12.1661  0.0014 0.0041 0.0039 -0.15 0.40 0.87 1.45 12
NGC7089 323.3497  0.0591 3.4911 -2.1501 -0.14 -0.04 1259 -4.79 1.42
C2130-010 -0.8177 0.0035 0.0077 0.0071 -0.14 0.20 1.03 0.27 5
NGC7099 325.0888 0.0746 -0.7017 -7.2218 -0.29 0.30 3554 -186.48 3.80
C2137-234  -23.1792 0.0040 0.0063 0.0055 -0.27 0.26 1.17 0.93 13

Table C.2. Overview of the astrometric parameters for dwarf spheroidal galaxies.

Name a 0 w € Ua €y Us €4 Cou, Coyus Cupus nMemb Gy,

[deg] [deg] [mas] [mas] [mas yr~'] [mas yr~'] [mas yr~'] [mas yr~!] [mag]
Fnx 39.9971 -34.4492 -0.054 0.002 0.376 0.003 -0.413 0.003 0.16 —-0.46 —-0.09 7722 19.9
Dra 260.0517 579153 -0.052 0.005 -0.019 0.009 -0.145 0.010 -0.18 0.12 -0.08 422 19.5

Car  100.4029 -50.9661 —-0.015 0.005 0.495 0.015 0.143 0.014 -0.00 0.02 -0.08 257 19.1
U Min 227.2854 67.2225 -0.039 0.006 —0.182 0.010 0.074 0.008 -0.01 -0.31 -0.34 925 19.8
Sext 153.2625 -1.6147 -0.102 0.023 —0.496 0.025 0.077 0.020 0.28 —-0.10 =045 205 19.7
Leol 1521171 12.3064 -0.214 0.065 -0.097 0.056 -0.091 0.047 0.29 -0.30 -0.51 174 199

LeoIl 168.3700 22.1517 -0.001 0.037 -0.064 0.057 -0.210 0.054 -0.18 -0.24 0.05 116 20.0
Sgr  283.8313 -30.5453 0.003 0.001 -2.692 0.001 -1.359 0.001 -0.17 0.21 0.09 23109 18.0
Scl 15.0392 -33.7092 -0.013 0.004  0.082 0.005 -0.131 0.004 017 015 023 1592 195
Bool 210.025 14.500 -0.069 0.024 -0.459 0.041 -1.064 0.029 001 o011 016 115 19.7

Notes. For each dSph we include the derived position on the sky (e, §), parallax @, PMs (u,., ts), and the elements of the covariance matrix €,
€10+, €, and correlation coefficients C. The last two columns list the number of stars and the magnitude limit used for the determination of the
astrometric parameters, respectively. The (a, 6) listed here are determined from stars with five-parameter solutions, and hence these coordinates
might not provide the most accurate estimate of the centre of the dSph because of incompleteness in the spatial coverage of such solutions (see e.g.
Fig. 2). For the orbital integrations in Sect. 6 we therefore used (a, §) sky coordinates from the literature.
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Table C.3. Globular cluster position and velocity from the Sun, not corrected for the solar motion or the local standard of rest.

Name X [kpc] Y [kpc] Z [kpc] Ulkms™ ']  V[kms ] Wlkms]
NGCO0104  1.877094 -2.58%006 3187007 —88.6%20  -80.1*7)  38.5708,
NGC0288  —0.084*0002  0.0467000  —8.897020  -19.3*1¢  -2973*]0  44.07)7
NGC0362  3.1170%7 -5.07700% 6217017 -100.0%3;  -3448*31  -78.1%37
NGCI851  —4.2670:10 -8.94%902%0  _695*016 94515 3195724 88927
NGC1904  -7.637017 825018 —6.32700%  -57.6'23 2664733  —2.6%30
NGC2298  —4.29*010  —9.46*022 298007 80537 227828  67.5%3
NGC2808  1.99*303 -9.20%020  -1.8700r 43518 -101.0708 217709
NGC3201  0.6170%! -4807001 0747005 2448713 4506708 143.57)8
NGC4372  2.947307 —4.90*011  —1.00%092 1146735 -166.6737 59.7+19
NGC4590  4.12*0:19 -7.24*017 6.06701% 1825737 382014 8.6720
NGC4833  3.62+0%8 -5447002 0927002 _109.2%32  -307.1%3%  -48.7%1Z
NGC5024  2.83*007 -145000% 17617041 442730 -95243%  -718.9%7
NGC5053  3.047097 -137398  17.087040 422730 -104773%  28.9%0%
NGC5139 3.7 -3.90%0%  1.34*003 877114 268723 883733
NGC5272 1487093 1.34+0:03 10007023 542724 -121529 1422704
NGC5286  7.6470:18 -8.607020  2.15*0:0 44.9*18 -38.1%}8 0.529
NGC5466 3357098 3.037007 15347033 2309784 2847777 2221728
NGC5634  15.66%03¢ -5.024012  19.097041  -87.673% 2593778 _559+3%
NGC5897  10.3270% -3477007 6311 —441t3 -383.0184 81130
NGC5904  5.12*012 0.34570008  547+013  290.4%%1  -163.1%3  -188.873%
NGC5927  6.40*313 -422%010  065%002  —2102%30  -1232%4 27413
NGC5946  8.927020 -5.677003 077000 -36.6%3]  -284.8%37 94626
NGC5986  9.32702 -3.95%700°0  239*006  _297%2 316857  -21.1%%]
NGC6093 935702 -120%003 333008 -63716  -2003779  -68.6"7%
NGC6121 209%00  -0.33250000  0.612001 404707 2436737 -15.9%07
NGC6144 8.48%0-% -120709%  241%008 1710708 -158.1*3% 348718
NGC6171 5.881013 0.347+0008 - 2.50%0:0 37790 -179.273 71247
NGC6205  2.7670:9 4.607014 4657011 —434716 2631726 86,919
NGC6218 4147090 117903 2.1370:03 335716 -1286'28  -8827l]
NGC6235 1117426 —0.21170903 2,690 944733 460070  -552%2%8
NGC6254  3.9170% 1.06702 L7380 1062713 -144.873%  40.1708
NGC6266  6.70701¢ -076%0%2  0.87*00  -99.2*1%  -170.5%3 68.821
NGC6273  8.677020 -0.47+001 1437003 107.5%)  -324716 167.9+38
NGC6284  15.077033 -0.44%001 264006 26718 -256.764  102.1734
NGC6287  9.237021 0.02170900 180001 -307.1%33  -197.5%F0  69.0%34
NGC6293  9.40%032  -03917000  129*00%  -1309*18  -1305%3¢  -161.8737
NGC6304  5.86*014 -0437000  055*001  —-119.83¢  —81.1*33 61.4*20
NGC6316 10347024 -0.517901 1.04+5:02 48.7488  —325.6"73 71.033
NGC6325  7.72%017 0.13170903 1.09%0:%2 278%18  -44957103  70.9721
NGC6333  7.73*)8 0.750.92 1477093 237.738% 1234736 448718
NGC6341 2517096 6.33*014 4747000 =367 2086128 87.9*37
NGC6342 8357010 0.72+5:02 1441003 1489%17 2893770 36420
NGC6352  527+012 -L7739% 070700 —1722t14 79322 L1190
NGC6356 14767034 1.74+0:04 2.68+0.06 506743 345886 97.9+33
NGC6362  5.9870:14 -410709  —2.20700%  —211.5*28  —151.9*31 1247724
NGC6366  3.19*0 1.0670.92 0.97+0.92 22179 -73.6417 394710
NGC6380  10.7270% -1.85%001 065700 -37.173%  -193.9%) 25728
NGC6388  9.52*022 -2457006 116700y 40271%  -156.6%3%  -2287)7
NGC6397  2.09*30 -0.847002 0487001 _e25t18 1347730 -127.9%29
NGC6401  10.5670:24 0.647001 0747002 —749%83  -18.37]7 153.6742

Notes. Quoted values are medians, with errors that indicate uncertainties calculated from the 16th and 84th percentiles, and were obtained from
Monte Carlo sampling the (statistical and our best estimates of the systematic) errors in the observables. X is towards / = 0, Y is in the direction of
Galactic rotation (towards [ = 90°), and Z towards b = 90 (the Galactic north pole). U, V, and W are the velocities in these directions.
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Table C.3. continued.

Name X [kpc] Y [kpc] Z [kpc] Ulkms™'] V[kms™'] WJ[kms™!]
NGC6402 837010 3.27°091 2.38%003 31.8727  -279.0"%!  13.07]]
NGC6440 8417010 1.147093 0.56*091 -51.8727 -167.9'30  —43.171]
NGC6441  11.487027  —-1.30*003  —1.01%7092  -223*1%  -321.7*74  -28.9%3)
NGC6453  11.547026  -0.86*00s  —-0.78*7092  —115.1"82  -267.2*%7  —160.9*}3
NGC6496  10.89702%  —231*005  —1.97709%  —229.9*¢2 4734112 -70.0"37
NGC6517  9.9470%2  3.47+098 1.25%0.93 40879 -223373% 411737
NGC6522  7.68*017  0.137*5003  —0.53*090  -31.7%3% 156737  —193.3%%]
NGC6528  7.88*01%  0.157*0004  —0.587001  208.3*1F 2181737  —44.7%}¢
NGC6535 5957015  3.0670%7 1237003 -1332*]7  -233.8*33 35977
NGC6539  7.247017  2.75+0:06 0.92+0:2 942722 2145737 162.6738
NGC6541  7.237017  —1.37*003  —1.467097  -232438  -234.1*%3  -116.6"37
NGC6544  2.98*097  0.305*3007  —0.115*9003  —5.8+38  —248.7*3¢  —98.1%23
NGC6626 542012 0747092 —-0.53*00] 35.9*1 2058730  -96.8%37
NGC6637  8.657020  0.260*000¢  —1.570%%  63.8*3%  -308.0*7%  76.9*2¢
NGC6656 ~ 3.137007  0.557001  —0.421*0010  —163.3*03  -382'0¢  —150.0*37
NGC6681  8.78%020  0.437+0010  —1.95709%  193.1%]1  -149.6730 -181.3%33
NGC6752 3317008  —1.44%003  —1.73700%  -383%0¢  —77.3%2 52.741)
NGC6779  4.277015  8.2670% 1.367003 921717 -121.9%11 922730
NGC6809  4.907011  0.76%092  —2.13*%095  199.7410  -224.6"3%  -63.27)8
NGC6838  2.19709% 333+ 007 —0.318*0007  52.4*1¢ -58.7*1% 31.2%10
NGC6864 17.66704)  6.53*013  —9.08% 031  —80.575)  —3269*1%  44.0%37
NGC6981  11.697027  8.24*01% 917021 136.5%3)  -251.9"%2  —0.3%332
NGC7078  3.9070% 8387010  —4.77701 89.913  —195.1%27  -35.6'%
NGC7089 557013 7497007 —6.72701°  —-86.3*2%  -103.973) -178.2%]
NGC7099  4.93*011 253709 5917004 —18.3*2%  -317.7°¢)  101.2*}3

Table C.4. Dwarf positions and velocities from the Sun, not corrected for the solar motion or the local standard of rest.

Name X [kpc] Y [kpc] Zlkpc] U [km s V[kms™'] W [kms™']
Fornax —33.1’:%:;’ —51.1ij£ —134.5’:}(1):8 34.2’:%%:2 —386.0’:;2:8 77.2’:}3:2
Draco 4.0’:8:3 62.6:5& 43.53:? 35.933:3 —247.6f;:; —157.7’:}8:;
Carina —16.7f8:g —95.72:(3) —39.73:; —51.132:? —298.4ng§ 151.43%
Ursa Minor —13.9f8:2 52.13:(1) 53.63:(2) —12.81%% —205.038:(3) —153.7fg:§
Sextans —28.41‘3t —57.03:2 57.93:3 —253.03;:2 —161.1fﬁ:g 50.83‘2‘:(9)
Leol -1 15.5f;:g -1 19.6f;:3 192.03;:2 —177.0f§2:3 —243.0f§;:g 1 13.2j‘7‘:§
Leo Il —69.0%:% —58.3%2 215.23%:2 13.21;2 —253.9’:%2 18.9%5%
Sagittarius 25.2%% 2.5+ —6.4+ 221.3%>  —266.577 197.4+:5
W03 _ogi07  _gs 437 G530 u0vse 103 5418
Sculptor 31735 9.87)5 85.4721 6.2% 17 74.0130 103.57%
Bootes I 22.7f}:(1) —O.76f8:gi 61.03:? 124.9f}‘5‘:§ —344.63%2 57.92}
0.3 2.0 4 10.2 13.8 8.0
LMC 7.1f83 —41.0%2 —27.8%4‘7‘ —68.6%070 _468.4%2'(5) 201.0%%
SMC 23.3’:0:9 —38.1j1:5 44151 14.8% 100 —425.0f15:2 167.5% 33

Notes. Quoted values are medians, with errors that indicate uncertainties calculated from the 16th and 84th percentiles, and were obtained from
Monte Carlo sampling the (statistical and our best estimates of the systematic) errors in the observables. The conventions are the same as for the
globular clusters in Table C.3.
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Appendix D: Orbital integrations 300 [

Figure D.1 compares the circular velocity curves for the three dif-
ferent Galactic potentials. The curves are quite similar between
~3 and ~40 kpc, but they differ substantially in the inner as well
as in the outer Galaxy. This will lead to some of the differences : n
in the orbits, as discussed in Sect. 6. [ P .

Figure D.2 shows some of these differences for the subset
of globular clusters shown in Fig. 19. We plot here the orbits
in cylindrical coordinates and for a shorter period of time to
show more clearly how the orbits diverge from each other due
to the differences in the gravitational potentials of the various
models.

Figure D.3 shows the distribution of orbital parameters
for the dSph in our sample, derived by drawing 1000 Monte
Carlo realisations of the observables taking into account their
uncertainties. The correlations seen are not all due to corre- 0L e i
lations in the errors themselves, but also reflect that orbital 1 10 100
parameters are not really fully independent. It is important to distance on the plane [kpc]
bear this in mind when interpreting Figs. 20 and 22, where
we have plotted uncorrelated error bars to facilitate visual Fig. D.1. Circular velocity curves for the three Galactic potentials
inspection. considered for the orbit integrations in Sect. 6.
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Fig. D.2. Orbits of the globular clusters shown in Fig. 19, now plotted in cylindrical coordinates and as a function of time (right panels) for shorter
integration times (approximately three radial oscillations). The different colours correspond to the axisymmetric potentials of Models 1 (blue)
and 2 (black) and to the barred Model-3 (red). The solid circles in the leftmost panels denote the present-day positions, while the squares are the
positions for each of the models at the end of the chosen integration time.
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Fig. D.3. Distribution of orbital parameters for the dwarfs (in different colours) showing the results obtained from the different Monte Carlo
realisations (only for those within the 10 uncertainties on the observables), computed using the potential of Model-1.
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Table D.1. Globular cluster orbital properties.

Name apocentre  pericentre  eccentr. L, inclin. 6 T,
[kpc] kpe] [kms'kpc]  [deg] [Myr]

0.01 0.02 0.01 10.7 0.6 0.1

NGCO0104 7527001 5747002 013+000  —124757107  151.6*0¢  126.9%01
0.01 0.03 0.01 10.6 0.6 0.1

7687001 5687003 0057001 -1335.87198 1476706 123.5704

0.02 0.02 0.01 6.5 0.7 1.5

7647002 5131002 087001 12317783 1486707 122.0%19

NGC0288  1224*015 2437022 0674002 436.0%323 575717 1511737
0.15 0.23 0.02 58.8 1.6 3.0

12354013 195702 073002 371443838 647416 144530

0.64 0.21 0.01 65.4 8.3 3.6

129306 036'021  0.897091 85354 772783 1392438
NGC0362  11.96703) 0987001 0.85*001  56.6%]33 80.1*3¢  138.9%32
0.21 0.06 0.02 11.8 5.2 3.0

11'78J:0A26. 0'67io,13 0'90t0.01 29'3t14.5 80'6t4.4 1295:3.0

0.29 0.05 0.03 20.4 3.3 3.1

1191702 0.08*005 0921003 455+204 80.5%33  127.8*3)

NGCI851  20.37+022 0987210 0917900 181.07169 69.8133  230.9%33
0.26 0.11 0.01 19.0 4.1 3.5

2023926 0.697011  0.94*001 82471590 712 2245437

0.63 0.19 0.01 177 3.4 4.0

20287063 0437012 0.84*000  94.9¢177 86137 227349

0.22 0.14 0.01 59.0 9.1 4.1

NGC1904 1941022 063014 0.94*001  _48 74320 96821 217.3*4]
0.18 0.09 0.01 56.5 8.0 3.5

19.48+018  0.62709  0.94*001 19244365 128180 214,033

1.45 0.08 0.01 55.1 4.4 4.7

19.88+045 0731098 0.92*001  _3559+331 1346744 208.5%%7

NGC2298  17.71%038 2087024 079*002  647.0*0% 552%2  207.0%37
0.35 0.19 0.01 73.0 2.0 5.5

1782%030  1.68*01%  0.83*000 53027730 51320 203.0%53

0.93 0.13 0.02 44.6 4.6 2.5

1778409 079013 0887002 360.07%39 49.5748  190.7+23

0.23 0.04 0.01 22.8 0.7 2.4

NGC2808  14.14*023 105700+ 086*001  -3943+228 1688707 1579724
14207023 118*00¢ 085001 47877232 1428715 157.0°23

0.78 0.05 0.01 18.0 3.1 3.6

13.907078  0.647005  0.88*001  -343.17180 1473731 1489436

1.04 0.02 0.01 377 0.1 11.8

NGC3201  29.2571% 8607002  0.557001 279377377 275701 388.871)8
0.97 0.06 0.01 37.1 0.1 12.0

26.82+097 8531006 052001 2762.7*301  276%01 36501129

0.69 0.07 0.01 37.1 0.1 6.8

2225%06% 8531007 045%001 270714311 244001 307.1+88

0.03 0.10 0.01 13.0 0.6 1.0

NGC4372 7307003 315*000 0407091 —9223+130 150670 100.4%19
0.03 0.08 0.01 12.3 0.8 0.1

7407003 3147098 0.40%000 9844123 1545708 970%0)

0.11 0.86 0.01 87.5 2.9 1.1

733701 1460086 048+001  -718.6%812  1513%29  90.9%1)

0.76 0.13 0.01 222 0.6 9.8

NGC4590  28.76*07¢  9.13*013  0.52¢001 24021232 139.170¢  388.879%
29577092 9.10*013 0537001 249244207 138.5703  403.07129

0.57 0.12 0.01 15.8 0.5 5.7

23131030 8.28*012 0477001 —2156.2%13% 1372703 3165737

0.15 0.05 0.01 30.9 34 1.9

NGC4833  7.93*013 092005 079*001  _249.8+309 1418433 90.7t19
78601 09308 079%8 2822733 133207 860713

0.18 0.07 0.01 25.9 4.2 3.0

7867018 0247007 0.88*001 15147239 1274%42  83.8%30

0.39 0.02 0.01 26.1 0.7 4.3

NGC5024 21737039 8587092 043*001 72757261 1056707 307.3743
0.39 0.04 0.01 252 0.6 5.0

21957039 9.057007 0427001 80597337 1055%0¢  316.5%30

0.44 0.05 0.01 234 0.7 5.8

21.20%04%  8.59%005 0420000 _7510*24 105007 298.1*38

0.34 0.05 0.01 23.5 0.7 3.6

NGC5053  17.89%03%  9.987093  0.28*001 65217233 103.7707  279.3%3¢
0.39 0.06 0.01 27.5 0.6 4.5

17.801'8_23 10'53%%%6 0.26“:8‘81 —729.1%3 i 103'7t8'6 285.0j33 3

45 . .01 . .6 .

1796%045  9.75%006  029*000 67757209 1033708 272349

0.02 0.01 0.01 12.6 0.8 0.6

NGC5139 7127092 1607001 0.63*001  502.8+129 414708 867708
7261003 1297001 0.70%001 46167137 353129 825701

0.13 0.03 0.01 27.3 0.9 1.8

7037003 148%008  0.62t000  519.07273 264%09  81.8%)8

0.26 0.05 0.01 16.9 0.5 2.3

NGC5272 16037035 529709 0507000 -921.7+18% 1226703 2154723
0.24 0.05 0.01 15.8 0.5 2.0

16.00702¢ 5487005 0.49*000  -1003.6715%  119.9705 214520

0.18 0.03 0.01 13.0 0.2 4.5

16401048 5274003 048+001  _9633+130 1202402 204.0"%>

Notes. We list here the median apocentre, pericentre, eccentricity, inclination of the orbital plane 6, and radial period 7,. The median and errors
(defined by the 16th and 84th percentiles) were obtained from Monte Carlo realisations sampling the errors in the observables using the full
covariance matrix. For each globular cluster we quote values derived from orbits integrated for 10 Gyr in the three Galactic potentials in Sect. 6:
Models 1, 2, and 3 in the first, second, and third rows, respectively.
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Table D.1. continued.

Gaia Collaboration (Helmi, A., et al.): Gaia Data Release 2

Name apocentre  pericentre  eccentr. L, inclin. 6 T,
[kpe] [kpc] lkms™'kpe] [deg] [Myr]

0.34 0.10 0.01 522 34 4.3

NGC5286  13.67*038  L15*000  0.85%000  362.3%322 554734 155.3%43
0.31 0.09 0.01 51.1 2.7 4.0

13'69io,34 1.041“007 0'86i0.01 317'2:5040 53453 1515:4,0

0.25 0.20 0.01 583 3.6 4.2

1381702 0967039 0.83*30 40177333 46.0735 1459742

3.80 0.58 0.01 67.6 0.2 .

NGC5466  48.10%380  617+038 0771001 854.1*87¢ 71.8*02 59017301
48.16*371  6,047035  (,78+001 822.5%674 72.8¥00  596.0+475

31(;4} 0.51 0.01 64.8 0.0 —40.0

+1. 0.45 0.01 60.8 0.6 229

33'96—1.47 4'24t0,43 O'78J:O.01 526'StSOS 74'4t0,2 393'54—r18.0

0.52 0.66 0.02 66.1 . .

NGC5634 22.41f%28 3047066 075%002  —489.0*%01  112.0t12 26777106
.65 0.27 0.01 60. 5 0.0

22,0916 3197027 0751001 —424.0*907  106.9*17  265.071%

1.56 0.06 0.01 20.5 33 5.4

22417038 158709 0807001 -145.0%200 981733 256.2133

0.41 0.28 0.02 60.8 1.0 6.5

NGC5897 9.111%_2% 2.82+028 0531002 3955608 119210 120.963
+0.3 0.31 0.03 534 1.5 6.5

8.64+038 2.32j8%8 0.58%003  —3474*334  1123*13 1070783

1.48 .3 0.03 88.0 2 4.5

8.827 048 0.987030 0741003 —243.3*880 113.6757 1052733

1.48 0.11 0.01 15.0 1.7 17.5

NGC5904  2535+148 2697000 081700 -35857129  106.67]7  298.87173
1.50 0.06 0.01 . . .

Be6TiY) 26900 08000 —don4tils 10821 27950iE

1.16 0.09 0.01 25. . .

16.06%338 2767090 0.66*001 36577330 106.713 19107104

0.10 0.02 0.01 6.8 0.2 0.8

NGC5927 5428’83 4347002 011001 _1061.8%88  1716%02  90.0%98
+0. 0.04 0.01 5.0 0.2 0.5

5197000 4313004 0097001 -1102.7*30 1672702 84.0703

0.08 0.06 0.01 7.6 0.3 1.8

5751008 2.97+006 0221001 —892.5t7¢  166.6703  84.8*18

0.17 0.11 0.03 32.7 2.5 X

NGC5946 5'93t3‘33 o.sstgé3 0'7538‘33 -1735%327 1074723 71628
+0. +0. . 33.1 1.9 2.0

572000 0767090 077490 —163.6%331 1195715 65.5%20

0.23 0.03 0.01 21.5 6.4 3.

6411033 007709 0737000 -382731% 1007785 68.8%3)

0.14 0.14 0.02 324 3.3 2.4

NGC5986  4.92*014 0851014 0707002 —1522%324 1241733 61773
4957010 0.52+000  0.81%003  -13307331 1243731 555730

0.28 0.03 0.01 53.3 0.6 2.0

5'24t0.24 0'07toA02 0'87J:0A01 _24'0:&5.6 96'6i:5.0 56'64:241

0.13 0.14 0.03 15.9 2.6 2.4

NGC6093 3'72t8‘53 ]'lot%'{i 0.547003  —455*1%9 1007736 51.8724
+0. . 0.09 133 2.0 2.5

3'89—0.07 0'6Ot0,23 0'74t0.05 _28'5:549 97'8J—r1.3 45'5:.5

0.16 0.04 0.01 35.8 9.9 1.0

4-A'lio.w 0.10j0404 0'93i0.02 7'9t5040 88'5t8.0 50-1:,9

NGC6121  6.00%7012 0397099 0.88+003 5.0337 772793 69.270¢
6.087001 0417095 0388*001 4947310 1108*)),  655%}9

0.09 0.09 0.01 48.6 13.6 2.2

6'15J:0A06 O'IOtvos 0’83io.02 _77'5t40.3 118'9t19.7 68'7i141

0.04 0.09 0.02 21.1 1.9 1.2

NGC6144 3574003 230709 0221002 2436°21 640717 57.5%}2
2961005 2.39*007 0117002 228.5%219 68.271% 36.075%

0.07 0.12 0.02 25.7 1.4 2.

4147007 197012 018*092  273.8+3>7 62.8*14  5567%)

0.03 0.06 0.01 17.3 1.9 0.6

NGC6171 3'528'8? L16709¢ 0507091 -160.17173 1262710 50.270¢
. 0.06 0.02 19.2 1.5 1.0

3747093 0.94%006 0607002 -195.0*192 1218+ 470719

0.16 0.10 0.01 67.0 5. ¥

3867008 L03T0N  045%001  -189.0%50 175ty 461727

NGC6205  8.61*005  171%001 0677001 2453%08 693713 107.2%57
0.09 0.02 0.01 10.5 1.1 0.5

8.637009 1537092 0707001 199.47103 7217 1015703

0.08 0.01 0.01 24.8 1.3 0.9

9'08to.37 1'49io,03 0'66i0.01 208'85545 73'0J:2.6 1O52i4.7

0.04 0.05 0.01 19.5 1.0 0.8

NGC6218  4.88*004 2447005 0334000 52637155 141710 7301038
0.04 0.06 0.01 21.1 1.0 .S

5.00j8Og 2'4“8'85 0.35*001  —sg6.1%20L 1381710 69,5405

+0.1 +0.04 0.01 26.8 1.7 2

4927010 1847004 0307001 5083268 1382+17  70.67)2

0.68 0.28 0.02 852 2.0 9.0

NGC6235  6.197068 3351028 030*002  _613.0*52 1302729 941120
0.55 0.27 0.01 80.0 2.2 7.5

5.04%035 315027 023*001 54907809 1259%22  76.5%]3

0.09 0.05 0.02 129.6 0.5 5.1

579%005 212¢095 028+002 511571296 1279703 66.773]

0.07 0.05 0.01 20.0 1.1 1.0

NGC6254 5.17j%%78 2.33j8_8g 0.387001  -556.84209 142711 744719
+0. . 0.01 21.8 1.2 0.

5287008 2307006 039*001  -6l4.6*2)8 1421712 71.0*%)

0.26 0.02 0.01 8.1 2.2 3.4

4.947036 1977002 0277000 5445781 14L1T22 73744
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Name
apocentre P
erice
NG [kpc] ntre
C6266 2117013 [kpc] eccentr. -
-0.13 0. +0. 74 - =
2.36*910 91001 401002 [km s~ kpc] inclin. 0
998+ 01 0.69+007 U0, _ [d T
0g+0.27 - 02 18 eg] r
NGC T 0.07 0.55+0:02 0.2+16.3 M
6273 2 055102 o2 2 T3 144,516 vt
451021 0020317000 09.3+169 S50 341
33 ;818 1.34+0.14 -0.01 195 6;113'5 145.9+04 .4_]-1
. 87 .20 —0.16 0.54+0 .67 2 —02 31 +l.
e s [
NGC 7805 00 044700 155.87335 LT
6284 5 0854 o1 ! T 68.7+53 7201
7.63+0.33 -0.17 0.51+0.01 15.4t34.1 T4 61.7+3
731703 1.09+0:22 o 21 s 75.3+56 T30
’ 17022 -0.11 0.75+0.01 2399 -4.5 47 0+2‘5
8.21+0. o 1.07+512 -0.03 - , 60.3%33 Y25
NGC . 1_028 -0.10 0.75+0.01 68.01394 -32 58 6*4-.4
6287 5 06510 -0.01 1 —464 05.5+3.1 42
6.23703% o 060750 207400 536 9297
47 ;836 1.04+0.02 -0.01 164 5+2§~6 91.6+41 9_4-%
74+033 -0.04 0.72+0- STE59 58 84.5+43
71 027 1.24+0.05 ot 500 67.4+63 5743
NGCews 3% 02342 i B S
3.23#031 oo 0.721(0)182' 525049 849105 77 634
817037 00l 0.617002 £-507 -06 59.5+35
380+ 23 0.47+0-11 200 : 86.5+t74 D3]
80+048 -0 2 90.4+19 -5 0
NGC6 s 0 0717507 4110 56 76.7+49
304 40009 -0.06 7 92 46.059 -33
3.14+016 -0.26 0.47+0-02 6.6t§;.6 RV 44.4%3
31 3;817 1.79+0.08 ~0.02 134 8”59 64.5+3:0 433
.13+020 0,08 0.27+0. 875 1 -11.0 34 oy
0.20 1.87+ 7+0.01 0.1 60.6* 5+40
3.18+0 87003 T 6792 -3.0
NGC : 70'(1)4 —0.04 0.26+0.02 33.01203 -3.5 49.6%27
6316 0 0467039 0 4 263 160108 0234
296102 028 0217000 85.07339 1708 49772
2.5918153 0.63*013 ~ool —314.2+721'§ 155.5453 75
~0.26 0 42+g'}3 0.654:0.04 ~51.0 152 8;3-1 48.0713
3.30%039 4250, 1 0.04 ~139.9* g+l 5
NGC 031 0 .08 0.72+0.03 g+33.1 6.8 46.0+29
6325 - 12+0.10 2003 ~10 -36.4 141.2+15 34
21851 o 0607053 7.0°356 255 3917
1359003 0.84*0:11 oo _110.77467 1283133 157
sl s
NGC 8153 0 0% 0.087002 9381337 3 4051
6333 : 307022 -0.01 12 357 69.1*82 -34
4.40%023 -0.24 0.22+0.04 6.736_8 1297 33.9+0
3 5218'?3 1337003 Zoos 9 0+26819 64.2+80 908
20,18 1 003 0.54%002 V_383 6 -5.3 16.5+0.1
5114021 45+0.02 ey 24 6.1+14.3 T
NGC6341 =023 0711882 0'42t8‘02 483;; 12 -7 25'2i:‘4
10.53+0-15 —0.14 0.50+0:8§ _272'4?0:7 0.62; 60 +;
10617013 1025000 B 200733 1238723 4 054
013 0.98+010§ 827001 -315 124. +3:3 9.0+13
NGC 1062393 000 0.83+8:8: —471+2L7 873, 62 6+21f75
6342 1 36 0.1870:10 -0.01 —10 —207 04.5+24 42
/84+0.06 00076409 3.5+219 D5
0 ! -21 5 124077
1.66+0183 1313008 oo —86.3+37fx8 104.6%34 P19
5 40088 0.97:01! 017250 -325 1074752 119.0179
NGC 407050 0 0-27+01015 ~120.61133 oy 114 6+l.'95
6352 4 : 91+0.17 ~0.05 ~1 -13.6 116.9+12 033
447018 o7 02355 124753 9ts 237708
4367015 3151003 0% sl 127°58 -0
20 .03 0.17+0:01 -12 0.6 27.0+0-1
5 +0~13 3.00*0.04 200 5 119.2+29 o
NGC 717003 -0.03 0.15+0:0% ~774.8+104 o 30 2422
6356 72 3.0610-03 -0.01 -8 -20.6 167.6+04 =3
7.86t8,39 =0.07 0.12+0.01 32'13?-8 D04 72,1415
7.554,0:43‘3 3.25%039 -0.01 7936.6“03',77 163.1+0 A5
Z 0.37 0.41*0 - 0.5 67.5+!
03 +8,34 264033 - 170.% 5.6 164.7+02 .5_1.(5)
NGC 31702 ~030 0.48+0.03 -770.8*87 s 09 g+23
6362 - 1.48+017 To3 O -209 138.0t1:0 -39
7431010 oo 05700 88.7:30¢ Ot 109.277
6 018 5061001 Too2 527 Ay 134.9+12 243
83+0.15 0L 19+ 7+1298 w29 3
71 013 5.12+001 19%000 - 36.6 138.4+26 6.577%
NGC6 301 4o 0147001 10303133 20 osdd
366 217003 oo —1o B3 1414703 ~6.0
5.21+007 003 0.21%09! 69.7+41 4703 120,87
538007 3.5800 Zoor 981 937 138.8+04 873
387006 -0.07 0.19+00 939 -03 L0
6.1 005 3.56*007 o i M4 013
NGC : 8_0’?2 -0.07 0.20+0101 —897.4+188 -0.2 108 1‘*’2‘8
6380 . 2.57"‘0,()9 —~0.01 -9 —21.4 165 2+05 A70%
3'12t8'%2 —0.04 0.18+0.01 73'73(9)‘2 =05 82 7+12
2007021 0531001 o o0 8644730 1612706 8 10
4 :8.22 0'39+0:0é .7]’:8,8| ~39.6 162.5+18 O'Oié'?
.13_0%4 _0.03 0-76"'0:0{ 80.2+42 12 77 O+2';‘
.31 0.27t8.(1)g 06 —8402 901;2'2 12.1+14 33
: 674001 A7 4 39.8+2
-0.01 120-8”.;‘.4 55,83_; 5 '8—1:3
lad 49.6+23 40130
—24 43.5+47
By




Table D.1. continued.

Gaia Collaboration (Helmi, A., et al.): Gaia Data Release 2

Name apocentre  pericentre  eccentr. L, inclin. 6 T,

[kpc] [kpe] [km s~" kpc] [deg] [Myr]

0.12 0.08 0.02 16.5 1.9 L5

NGC6388  3.23*)¢ 0.95%00e 05430 2412+ 27 31.3%¢ 442413
0.10 0.07 0.04 16.7 0.6 15

3.18%510 0745500 0.62%5p, 2355305 36.5555 39.5%10

1.17 0.35 0.01 69.2 18.8 35

54671 020753 0372501 216.97¢c 3 4321055 48.617¢

0.02 0.05 0.01 20.1 1.2 0.5

NGC6397 645 2.86%502 03970 =719.9%575 134.6%,3 91.0%52
0.03 0.05 0.01 23.1 12 0.5

6.59%00 2907002 03970 ~795.8555 143.5% )5 88.072

0.11 0.92 0.01 92.2 2.8 3.4

720705 L7250 034500 ~767.0%;15 150.8*5¢ 82.0%39

0.35 0.23 0.01 52.8 0.5 5.1

NGC6401  4.58%32 2.63%0%: 027100 573.673% 36.8%0 1452,
0.35 0.26 0.01 58.8 0.3 5.5

3.90%033 240750 024700 546.242073 39.01%05 59.0752

0.26 0.27 0.02 56.5 1.4 5.5

4475050 2647050 0247505 605.67230 35.0% 1% 728573

0.10 0.09 0.02 189 0.8 1.6

NGC6402  4.09% )9 0.88*0 0 0.657005 —147.1% 5 129.740¢ 53.6712
0.13 0.05 0.01 132 3.6 L5

432405 0.51%50  0.79%00 —139.4% 122 130.3%_1 49.0%2

0.31 0.12 0.01 42.0 1 14

43575, 0.09%50s  0.68%50 —65.4%55¢ 1109775, 51.8%,9

0.05 0.05 0.04 143 7.8 0.9

NGC6440  1.34%)3 041302 0.53757 617713 5447008 220750
0.04 0.06 0.06 15.8 13.4 1.0

130Z50s 0235504 069546 4115500 576145 15.0%57

0.09 0.14 0.09 20.1 8.0 L5

1552500 0345555 042557 70357 58.5551 31245

0.22 0.16 0.03 46.7 0.9 33

NGC6441  3.6475% L1272 0.53*)03 =266.9%,27 160.1777 48.2%5%
0.26 0.14 0.03 39.8 2.8 4.0

3.43%032 0.80%)13  0.62703 -222.0%2¢ 137.6757 41.0%5)

0.24 0.14 0.01 36.0 3.8 25

41920713 0355515 06555 -152.755% 134375 512533

0.33 0.21 0.02 28.7 14 5.0

NGC6453  4.00%33 1327045 0.50%5% -163.4*35¢ 105.1% 1% 56.4137
0.32 0.14 0.01 25.8 1.7 4.0

3.62%)35 1.22% 05 050707, —131.8753 107.5%5 48.5%,%

0.28 0.11 0.02 52.1 9.8 32

44375 0.10%50s  0.56%)05 1734324 86.175% 55.9%,%
1.53 0.26 0.03 100.2 0.8 18.8
NGC6496  10.17% 72 3.96%757 0447508 —1109.9% 053 148.9% ¢ 137.7415%
1.10 0.25 0.03 101.5 1.0 135
8.11% g7 3.79f8_gé 0.36%)0;  —1043.0% (-2 144.9% 10 11.0% 55

0.46 ) 0.02 182.7 1.2 8.4

6.39* 00 374706 0217505 —903.4% 0% 145.8%35 91.2¥5

0.16 0.06 0.01 265 34 1.9

NGC6517 4.16% )12 0.68*0e  0.72%003 —143.4+27 127.0%;4 51579
0.19 0.05 0.02 242 4.6 2.0

40459 049505 07955 —134.05555 130.8757 46.0175

031 0.04 0.01 39.8 11.9 2.9

45623 005550, 093555 —22.015775 98.9%162 516133

0.08 0.10 0.05 159 1.6 1.6

NGC6522 125774 0.55%0 0 0397032 —42.7%135 116.0719 21.0%9
0.11 0.11 0.05 20.5 13 2.5

12370 031750  0.58%) % —68.4%1573 121.97.5 15.0572

0.04 0.02 0.15 21.7 79 13

1407503 0.0470¢%5  0.597012 —-6.7 67 94.3%)¢ 206715

0.13 0.00 0.03 4.8 1.9 13

NGC6528  1.65* ) 0.36%500  0.64%00 —43.7%¢% 107.4% 1 25.0%03
0.31 0.08 0.20 7.3 10.8 25

L03%05, 0.39*04] 0.45*079 -53.3%¢% 110.9%8 14.07573

0.14 0.03 0.04 25.5 . 1.0

243101 0.05%55,  053Z50, —72.6133% 123775 33.611)

0.05 0.06 0.02 133 1.1 0.1

NGC6535  4.42+)05 136750 0.53%) 5 347.6% 113 2044 57.6%0
0.05 0.04 0.02 147 1.2 0.5

4522504 110Z506 0612550 323.6% 64 38.87) 53.5%41

0.06 0.06 0.03 12.8 0.9 L1

4802006 1.08%07  0.56Z543 370.0% 176 26.5%), 513114

0.05 0.07 0.01 5.2 0.6 0.7

NGC6539 3.28t8'8§ 2.15’:8_82 0.21’:%81 —320.4“_’58 122.0“_’8_g 54.8“_’8_6
! X .01 5. X 1

3.29%0 0 195700 02670 -335.3720 125.4%0¢ 50.5%0

0.60 0.14 0.01 39.2 42 23

3.617) % L3675 023750 —294.9%3 ¢ 126.8%3% 48.8*13

0.05 0.06 0.01 3.7 2.0 0.8

NGC6541  4.08%2 158 0s 044700 =314.6%; 139.2*79 58570
0.07 0.07 0.02 35 11 0.5

3.70“_’8_82 1.44’:80g 0.44“:8_82 —326.8:;4406 130.8t1‘$ 50.5“_’3.25

! .1 .01 34. 1. .

4.28% )04 1527555 0.38%)0) -389.375% 135.1%)9 58.8777

0.12 0.09 0.03 27.0 35 0.6

NGC6544  5.22*) % 0.38*0s 086703 16.7555 88.0%33 61.57¢
0.09 0.05 0.01 327 8.3 0.1

523500 03903 0.86%¢, -29.8%31% 105.8*756 57510

0.14 0.06 0.02 30.6 32 3.8

5577015 0.43*000  0.80%745 —185.77 5% 133.3757 60.9%37

0.12 0.04 0.01 16.6 2.7 15

NGC6626  2.88*) 5 0.70%00s  0.61%¢ -144.0*199 117.3*3] 39.7113
0.09 0.12 0.03 20.0 5.1 1.0

3152516 058506 069546 ~178.3115% 136.7235 38.5550

0.16 0.16 0.01 88.1 132 15

3172546 0% 042255, —160.0555 132.850% 40375
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Name apocentre  pericentre eccentr. L, inclin. 6 T,
[kpe] [kpe] [kms~'kpc] [deg] [Myr]

0.09 0.12 0.03 13.4 3.2 1.1

NGC6637 1687009  1.03*042  024*003  —4507134 1051737 22.6%)4
o3l 03298 0mth -mstllt w00stE 2350l

2147078 045%006 0447002 —425%204 1023730 3033
NGC6656  10.06*591  3.12+004 053901 97087183 1457708 129202
9.92+002 321004 051700 105527192 1497708 124.0%03

B.60%0 1S 27100 0487000 -895.9%13 1546701 10572}

NGC6681  541*030  0.92*000 0717007 -33.9%149 961731 68.6'%]
431%028  116*000  0.58+003 4957187 965*21 545729

SOT0% 00100 072l —ondy 02230 658
NGC6752  5.58*00%  3.66%00% 0217001 —8633*209  1553%6 88409
5727008 3647008 022%001  -939.8733% 1510707 85.0710

6.34%000 2367097 022100 -808.07%3  1515%)]  85.07)1
NGC6779 12117033 0927010 0.86700,  1841733° 755730 138.0%3
12.32%038 0.637008  0.90%001  125.9%337  62.6%3%  133.5730

2.1 036*01 0807000 21333 563%7 1207733
NGC6809  6.067098  1.57+500 059701 —228.0%145  109.8716  79.1%08
5827099 1507000 057t000 26257123 1153718 72.5%02

636%00 1085 045002 3240730 1212719 7727
NGC6838  7.147090 5007003 018*001  -1336.3737  168.1*)3  111.6*03
730*000 4997008 019%001 1424731 1702%03  110.0%01

7.24*001 4457003 0237000 —1286.872>  170.9702  106.0*2¢
NGC6864 16727061 149*033 0847001 —313.9*8%4  126.1%37  193.6752
16317062 1137922 0.877007 22127973 1143*%) 183.5%80

18.05%03%  0.11*500  0.88*001 57.0%43 78.9%83  183.5%31
NGC6981  12.967037  6.40%04% 0347092 -1231.97739  131.9*9%  192.1+82
12.94%035 5047040 037+00)  —121117828 1277706 184.5%73
13377047 4407026 0507001 94467339 1257708 175.3%73
NGC7078 105216 3.84*01% 0467051  -1063.8'2%03 1504706 141173
10597016 3.69*013 0487001 -1108.7272  143.9%02 1365723
10707037 3.05709¢  0.53*001  —944.1%378 1427703 127.5%2
NGC7089 18417040 109*0M 0897002 18447374  60.6733  210.1%73
0.59 0.13 0.01 56.2 3.9 7.5

18557030 0727003 0931000 13927382 69.737  206.5773

1779498 0407002 0947091 66.07339 78.8*6%  176.7733
NGC7099  832*041  1.83*)01 0647001 255.7%53 59.0% 1049713
8217013 1528000 0.697001  239.8%74 68.070% 96573

0.16 0.08 0.01 24.8 3.1 3.0

828016 1.08*0% 0747000 177828 73573 917430
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Table D.2. Dwarf spheroidal orbital properties.

Name apocentre pericentre eccentr. L, inclin. 6 1) T, T, T,
[kpe] [kpc] [kms™"kpe]  [deg] [deg] [Gyr] [Gyr] [Gyr]

Bx 1260 163753 02700 SI265080 70730 291 39595 098 2974

156.4%21& 85.9%411:461 0.29f81%g 7659.9%2%2:2 70'7%:2 l72.6t191:80 2.65j812‘21 0.31j8:83 1.67%)%906
+13. 31 . X 3. . . X 3

1524779 46.0%(5¢ 0.5472 5610.0057c 695755 168.47 . 2.06T55¢  0.167505 1I8T 7

Dra 90.3’:%:% 30.4%% 0.49f§:§§ —2919.2f?§§§]3 107.4%2 —170.4%;% 1.38f§:§ O.30f§:§§ 0.99j§:i§
+/.2 +0. +0. + . +4. +4. +0. +0.! +0.

85.772_3 32'025;'2 0'4578‘82 —2879.5_%;'? 106.5_3% —170.3_2'? 1.29_8_1112 0.18_%_%% 0.89_80181
+7/. +4. +0. + . +4. +4. +0. +0. +0.

86.27¢5  26.6732 0.53T5, —2433.77.155 104.975¢ 172375, L17%5,  0.22755 0.807. 7

19.4 23.0 0.1 837.6 6.0 2.6 0.68 155 1.64

Car 107.5f67_78 87.0%43‘2 0.14f8ég —2537.8f}12;§gg 98.0f2_g _162'1%'3 2.39f8§% 0.0ng_gi 1.21%))%é

106.7jg:g 74.5f113:g 0.18f%:11% _2663.3%2%:8 98.7fg:? —161.5%:g 1.96f8:% 0.08f8:}g 1.06%:0299

106471 46.0775 040750 —2426.0° 5275 99470 16177555 15570, 154750 0.7675

UMi 88.0’:%:% 33.5j§:§ 0.45f§:§§ —786.2f;§§(:)38 94.4’:%:(3 161.3’:;:(7; 1.39f§:§é O.26ﬁ§:08§ 0.96j§:§§
3. B . B 3. +3. . . .|

85.3%_21; 36.1%é 0.40%))'82 —1008.4%679222 95.3’:2_Z 162.3_\;'2 1.32%))‘82 0.19j%%% 0.88%)'&7

. +3. .| . 3. . . A U3

85.6755  30.5T5¢ 047755 —13144720 972755 164.2737 L1975 0.207555 0.807 0

Sext 224.3’:%25 79.6%(2) 0.48f§:§§ —16800.2f§§§:§ 139.4ﬁ§:% 124.8f§:§ 4.29jé:§§ 2.34t§:417% 0.20j§:§§
+30. +4. +0. + B +0. +6. 42 +0. A

164.87%‘2 80.1_%3 0'3578‘8? —17094.07}%;; 139.3_8'3 126'8’% 2.671’8'%? 1.54_86é 0.18J_'(())'dg
+13. +6. +0. + . +0. +6. +0. +0. +0.

120.57,53  70.0%5 027750, —14938.47 5555 139.0%)5  133.07)C  1.947571 131750 0.34752

9203 55.9 0 245.8 4 55.9 28.13 3.8 .08

Leol 820.0%4212'411 89.5f4578_54 0.83f§.?§ _16313.6%%%?8 125.9;52139'4 138.4%{%‘% 18.35fggé 10.30f§_7683 1.01’:%11]6
+126. +58. +0. + . +4. +47. +0. +0. +0.

429.0_630669 112.6_5690_26 0.61_8'(1)2 —21186.6_%%263'5 126.5_4155_7 136.7_22.(2) 5'04_?'33 4.01_(1)%(7) 0.92_(%)(?
+30. +39. +0. + . +4. +40. +1. +0. +0.!

388.0757 0 86.97y,7 0.637) 0 —18831.87 707, 127.0%7, 1404753 4.927 57 3.43775 091755

20.2 115.9 0.2 219.4 253 80.9 22 35 0.42

Leo Il 240'5%3'3 68.9:%57 056t8'£ 2055.2%3755234_16 82.3%28 —128.9%)329_5 4.38f8_;é 4.13%1))gg 1.82%))'123
+14. +/3. +0. +! K +19. +0s. +0. +0. +0.

236.4_11;1‘2 60.1_43‘25;1 0'60_8'?% 972.6_6%411_944 86.9_]176.15 —143.2_11761033 3.28_8?1;1 3.21_8% 1.51_8_1285
+15. +485. +0. +. K +17/. . +0. . +0.

2377755 45.8T5¢9 0.68T05, —280.3050° 1 9127 05 —9LTI GGt 3.01%555  2.907)7¢ 1.39753

33 2. 0.0 437.9 3. 0.9 0.18 0.09 0.00

Sgr 44.5%2. : 14.8%% O‘SOtg-g‘Z‘ -927.1* géz 100.623;1; 90.9* Lo 0.62f8_1{ ! 0.35t8'8; 0'04t8'8(1)
+14. +2. +0. +399. +3. +1. +0. +0. +0.

42.6_96_75 14.3_31? 0.50_8'8? —748.7_4;8%i 98.8_3“% 91.67%? 0.61 014 0.34_8_82 0.05_888

32.3%%0 123150 045750 22257500 93.0%0 849 0457055  0.28T0 0.067 7

Scl 111.83;; 59.7%} 0.30f§j§z —713.6fi§§:§ 92.6f§% 8.1’:%:% 2.07f§:§ 1.47t§:i‘32‘ 0.43j§:§§

107.1j76:35 61.7:%:21 0'27J:8:8411 —787.4jig%jg 92.8’:8:; 7.8:31:% 1.82f83%421 1.31 t?}};; 0.41 t(()):gf

100.9%3 5447, 0297005 —675.1755¢  92.475¢ 74758 L5775 1.23%50 0.447 50
. . . . K . . 0.09 }

Bool 78.2%5 31.7’:%_}; 0.42f§‘§§ —1334.0’:3;7)7%:2’ 97.9%5 —50.4f2_$ 1.23f§‘1}§ O.92f8'83 0.30f§.§i
+J. B . 357.3 K . 13 +0. .

75'27;5 30.1%8 0'43t8'82 —1177.7%%)_]6 97.3%% —52.2’_'% 1.14j%618 0.88_8'82 O'3Oi8'8§
+3. +4. +0. + . +2. +9. +0. B +0.

71675 19.873¢ 057702 —635.77  95.0T7  —65.1755 09470 0.767 502 0.2975%

Notes. In addition to the parameters listed in Table D.1, we also include the angles (6, ¢) of the angular momentum vector, and the time elapsed
since the last apocentre and pericentre, T, and T, respectively. The errors indicate the 16th and 84th percentiles, which were obtained from Monte
Carlo realisations sampling the (statistical and systematic) errors in the observables. For each dSph we quote values derived from orbits integrated
for 10 Gyr in the Galactic potentials of Models 1, 2, and 3 in the first, second, and third row, respectively. Since for Model-1 there is a significant
fraction of the realisations for which Leo I does not complete one radial oscillation in the 10 Gyr of integration, the values quoted here for this
dSph for this model were derived for an integration time of 100 Gyr.

Table D.3. Example of part of a list of possible cluster members.

source_id RA Dec G (phot_g_mean_mag)
4689633627542489728 6.77396  —71.99619 19.378
4689634074221208320 6.48790 —72.01599 17.090
4689638128697225216  5.61038  —72.13231 19.695
4689637514491268480  5.75409 -72.11833 17.506

Notes. Here we list the first four entries of the compilation of members of the globular cluster NGC 104. The full table for this cluster is available at
the CDS, along with separate tables for each of the rest of the globular clusters in our sample, each of the 9 dSph, the Bootes I UFD, and the LMC
and SMC. The stars in these lists were selected and used to determine the astrometric parameters of the corresponding objects following either the
procedures described in Sect. 2.1 (for the clusters and dwarfs) or in Sect. 2.2 (for the LMC and SMC).
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