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Abstract We combine the kinematics of 159 globular clusters (GCs) provided by the Gaia
Early Data Release 3 (EDR 3) with other observational data to classify the GCs, and to
estimate the mass of Milky Way (MW). We use the age-metallicity relation, integrals of
motion, action space and the GC orbits to identify the GCs as either formed in-situ (Bulge
and Disk) or ex-situ (via accretion). We find that 45.3% have formed in-situ, 38.4% may be
related to known merger events: Gaia-Sausage-Enceladus, the Sagittarius dwarf galaxy, the
Helmi streams, the Sequoia galaxy, and the Kraken galaxy. We also further identify three
new sub-structures associated with the Gaia-Sausage-Enceladus. The remaining 16.3% of
GCs are unrelated to the known mergers and thought to be from small accretion events.
We select 46 GCs which have the radii 8.0 < r < 37.3 kpc and obtain the anisotropy
parameter 3 = 0.31570-05° which is lower than the recent result using the sample of GCs
in Gaia Data Release 2, but still in agreement with it by considering the error bar. By using
the same sample, we obtain the MW mass inside the outermost GC as M (< 37.3kpc) =
0.4237005 x 10'2M,), and the corresponding Magp = 1.111533. The estimated mass is
consistent with the results in many recent studies. We also find that the estimated 3 and mass
depend on the selected sample of GCs. However, it is difficult to determine whether a GC

fully traces the potential of the MW.
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1 INTRODUCTION

In the cold dark matter scenario, the visible part of a galaxy is usually embedded in a dark matter halo,
and the dark matter halos grow in mass and size via accretion and merger processes (White & Rees|1978)).
Accurate determination of the halo mass from luminous tracers is crucial for understanding structure for-

mation and distinguishing between different dark matter models (e.g. Bose|2018).

Compared with other distant galaxies, the Milky Way (MW) has the most abundant observational data,
and many different tracers, such as bright stars, globular clusters (GCs), HI gas, satellite galaxies and tidal
streams. All of these can be used to estimate the mass of the MW. However, our location within the MW
increases the complexity of the mass calculations, and each method of mass estimation has its own system-
atic error. As shown in Fig. 1 inWang et al.| (2020), there is a large scatter in the current mass estimates of
the MW.

The accuracy of the MW mass estimates can be improved in two ways. One is to employ more realistic
models. For example, simulations show that dark matter halos are triaxial(Jing & Suto/2002), the spherical
assumption brings in a systematic bias (Wang et al.[2018])). In more realistic models the MW halo is taken
as triaxial, and more sophisticated methods such as the Schwarzschild (Schwarzschild|1979) or the made-
to-measure method (Syer & Tremaine|[1996) can be used. Another often adopted assumption is that the
MW is in dynamical equilibrium. However, spiral arms and the warp in the Milky Way are typically non-
equilibrium features. Moreover, if the potential of MW slowly evolves with time due to accretion, the system
will violate the dynamical equilibrium assumption. Action-angle space calculations are able to cope with
these non-equilibria (e.g. Wang et al.[|2017} |Vasiliev|2019b)). The other way of improvement is of course
to use higher quality data with lower errors in velocity and position. Thanks to the Gaia mission (Gaia
Collaboration et al.|2018b), a larger number of accurate proper motion (PM) data becomes available now,
enabling the use of data with complete phase space information for many objects in the Milky Way.

GCs are some of the oldest objects in the MW (Marin-Franch et al.|2009) and are bright enough to be
easily observed. They are abundant in the MW inner halo, can serve as tracer of the potential, and be used
to determine the MW mass in this region. There are extensive studies with GCs to constrain the mass of
the MW (Battaglia et al.|2005; Watkins et al.|[2010; Eadie & Harris|| 2016} |Sohn et al.|2018). The accuracy
of the MW mass estimation depends on having complete phase space data for each GC. With the proper
motions of GCs available from Gaia Data Release 2 (Gaia DR2, |Gaia Collaboration et al.[2018al), Watkins
et al.[(2019) and [Eadie & Juri¢|(2019) improved the MW mass estimates using the GCs, and both of them
found that the estimated mass of the MW depends strongly on the selection of the GC sample.

Recently, the Gaia mission has made its Early Data Release 3 (Gaia EDR3) (Gaia Collaboration et al.
2021)). Compared with DR2, the PM precisions are improved by a factor of two in EDR3. Based on Gaia
EDR3, |Vasiliev & Baumgardt (202 1) measured the mean parallaxes and PMs for 170 GCs, and determined

* E-mail:wangyg @bao.ac.cn
** E-mail:fbc1980@163.com
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the PM dispersion distribution for more than 100 GCs. As the quantity and quality of the GC data increases,
more accurate measurements of the MW mass are expected. The aim of this paper is to improve the mass
estimation by using the latest GC sample with complete phase space information.

The paper is structured as follows. In Section 2} we describe the data used and the selection method for
the halo GC sample. We combine existing observations to explore the spatial motions of our target GCs.
In Section |3} we present our classification results of the GCs. In Section |4}, we describe our method of the
mass estimation. In Section [5} we estimate the mass of the Milky Way. Summary and discussion are shown

in Section

2 DATA

The PM data (pq, ) [H we used are from |Vasiliev & Baumgardt| (2021), which is based on Gaia EDR3
and includes 170 GCs. Here, u, and ps are the proper motion along the right ascension and declination,
respectively. Nine of the 170 GCs do not have line-of-sight (LOS) velocity information. Since we need
six-dimensional phase-space information for each GC, these are removed from our sample.

The distances to the Sun (d) for the GCs are provided by Baumgardt & Vasiliev|(2021). They determined
the mean distances to the GCs using a combination of Gaia EDR3 data and distances in published literature
. Note that 4 GCs are missing from this dataset. ESO 93-SC8 and BH 176 (ESO 224-8) are thought to be
disk GCs (Massari et al.|2019; Bajkova & Bobylev|[2021)), while Munoz 1 and Segue 3 may well be old open
clusters (Vasiliev & Baumgardt|[2021). For consistency of the data, we removed them, but We used existing
distance data to evaluate these 4 GCs and confirmed that they would not have a significant impact on our
results. Therefore, the number of GCs we used from |Vasiliev & Baumgardt| (2021) is 157. In addition,
two further GCs with PMs, 2MASS-GCO01 and 2MASS-GCO02, come from [Baumgardt et al.|(2019). Since
Vasiliev & Baumgardt| (2021) has shown that there is no obvious systematic error between their PMs and
those in Baumgardt et al.|(2019)), we have added these two GCs to our sample. Overall, the total number of
GCs in our final data set is 159.

The LOS velocities vr,os we used are from the WAGGS survey (Dalgleish et al.|[2020). To check
the accuracy of the LOS velocities, we compared the LOS velocities from the WAGGS data with those
from LAMOST DR8. The average ratio of the WAGGS LOS velocities to the LAMOST LOS velocities is
vLos,wacGs/vLos,LamosT = 1.020. There are 14 GCs in our sample that have both LOS velocity values.
As shown in Fig. [T} the LOS velocities from the two data samples are consistent with each other for 13 of
the GCs. For the one remaining GC, the ratio of vi,os wacas/vVLos, Lamost deviates from 1 significantly
because the absolute value of vi,0s,,.AMo0sT i8S close to zero. Since the LOS velocity errors in the WAGGS
data are smaller than those in the LAMOST data, we take the LOS velocities from the WAGGS data.

Most of the GC metallicities are from Harris| (2010). For some GCs, there is no metallicity information
in|Harris|(2010). We then supplement the metallicity information for these GCs from other references, such
as BH 176 in |Sharina et al.| (2014), FSR 1735 in |Carballo-Bello et al.| (2016), FSR 1758 in [Barba et al.
(2019), 2MASS-GCO01 inBorissova et al.|(2009), VVV-CLO001 in|Fernandez-Trincado et al.|(2021), Mercer
5 in |Penaloza et al.[ (2015), Segue 3 in [Hughes et al.| (2017), Laevens 3 in [Longeard et al.| (2019), ESO

! Where 1o = (da/dt) cos d, and 15 = dd/dt, here « is the right ascension, and § is the declination.
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Fig. 1: Comparison of the LOS velocities from the WAGGS data with those from LAMOST DRS data. The
black horizontal line indicates the position of two data samples are perfectly consistent. Here vi,os, wacas

and vi,0s,.AMosT represent LOS velocities from WAGGS and LAMOST observations, respectively.

93-SCO08 in|Bica et al.| (1999), and ESO 452-SC11 (1636-283) in |Simpson et al.[(2017)). We list these in
Table[Al

The distance of the Sun to the Galactic centre is set to be Rs = 8.178 £ 0.035kpc (Gravity
Collaboration et al.[2019), with height above the equatorial plane z5 = 20.8 + 0.3 pc(Bennett & Bovy
2019). The velocity of the Sun in the Galactic rest frame is taken to be vo = (Un, Ve, W) =
(11.10 + 1.75,12.24 £ 2.47,7.25 4+ 0.87) km s~ (Schonrich et al.[2010), where Ug is the velocity to-
ward the Galactic centre, Vi) is the velocity in the direction of the rotation of the MW, and W, toward the
Galactic north pole.

In order to explore the motion of our selected GCs, we calculate the orbit for each GC. Orbit integration
is carried out with the AGAMA code (Vasiliev|2019a). The adopted potential of the MW is the same as in
McMillan| (2017, hereafter Mc17). In Mc17, the MW is decomposed into an axisymmetric bulge, thin and
thick stellar discs, two gas discs and a spherical dark matter halo.

In observations, there are errors in the PMs (i, and ps5), LOS velocities (v,os), and distance (d) mea-
surements, which will produce the uncertainties in orbit initial conditions and thus the orbit structure. We
assume that all observational uncertainties are following Gaussian distributions. For each GC, we randomly
produce 2000 initial conditions,

We use the Astropy library (Astropy Collaboration et al.|2013| [2018)) to convert (a, §, d, Vios, fas
is) to a Cartesian coordinate system with the Galaxy centre as the origin (xz, y, 2, Vs, Uy, v,). Here x is the

direction from the Sun to the Galactic centre, ¥ is in the direction of the Galactic rotation, and z is direction
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pointing towards the Northern Galactic Pole. where v, v, and v, are the velocities in the Galactic rest
frame.

The orbits for all GCs are calculated using AGAMA code (Vasiliev|2019a)). We also computed the GC
orbital parameters apocentre (Apo), pericentre (Peri), maximum height from the plane (z;,,x), and eccen-
tricity (ecc) of the orbit given by

Apo — Peri

— i 1
ece Apo + Peri M

In addition, we calculated the actions of the orbits in a cylindrical coordinate system (Jg, J., Jy),
where Jy = L, = x X vy — y X v, with sense opposite to the Sun’s motion. L is the z-component of the
angular momentum L in Cartesian coordinates. In addition, the radial and vertical actions are Jg and J, ,

respectively. We give the GC orbital motion information in Table

3 CLASSIFICATION OF GLOBULAR CLUSTERS

As shown in Watkins et al.| (2019) and [Eadie & Juri¢ (2019), the mass estimation of the MW depends
strongly on the selected sample of the GCs. To understand why this happens and obtain a good sample
of GCs for use, it is important to understand the origin of each GC. Near 40% of GCs have an ex-situ
origin (Kruijssen et al.|[2019)), and different studies can give different origins even for the same GC (e.g.
Callingham et al.|2022). Therefore, it is necessary to classify the origin of each GC carefully.

Here we divide the sample GCs into in-situ and ex-situ groups, and determine the progenitors of the
latter samples. We mainly follow the approach of Massari et al.[(2019)), Bajkova & Bobylev| (2021} hereafter
BB21) and |Forbes|(2020). We describe our methods in detail in subsequent subsections.

We divide the ex-situ GCs into Sagittarius dwarf (Ibata et al.|1994;|Law & Majewski|[2010b} Bellazzini
et al.|2020l Sgr), Sequoia galaxy (Myeong et al.[2019] Seq), Helmi Streams (Helmi et al.[|1999} Koppelman
et al.[2019, Hel), Gaia-Sausage-Enceladus (Belokurov et al.[2018; |Helmi et al.| 2018, GSE), KrakenE]
(Kruijssen et al.[2019; [Forbes|2020; Kruijssen et al.|[2020), and potential accretion (Pot) GCs. Here the Pot
GCs are those which can not be associated with a known merger event , and some of them are consistent
with those of the high-energy group inMassari et al.|(2019). The Pot GCs may be small objects which have
merged with the MW in the past, for example, Pyxis (Fritz et al.[|[2017). Most Pot GCs are in high energy
areas. We list the grouping of GCs in Table[T]

3.1 Method of classification
3.1.1 Age-metallicity relation

We follow Massari et al.| (2019) and [Forbes| (2020) in classifying GCs through an age-metallicity relation
(hereafter AMR, or AMRs for plural). A recent sample of 96 GCs with ages and metallicities is given
by Kruijssen et al.[(2019) |’} For the final sample, the typical uncertainties are +0.75 Gyr for the age and

+0.1 dex for the abundance of [Fe/H]. Results from these studies are affected by reddening, distance and

2 Basically corresponds to the low-energy group inMassari et al.[(2019). In order to avoid confusion, Kraken in the following parts

of this paper is equivalent to the low-energy GCs inMassari et al.|(2019).
3 The metallicity values presented in their paper are different from those presented in Sectionand Table
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Table 1: Progenitors and their associated GCs by name and numbers. We will describe these progenitors in

more detail in Section

Progenitor GCs Number

Bulge BH 229(HP 1), Djorg 2(ESO 456-SC38), ESO452-SC11(1636-283), Liller 1, NGC 6093(M 80), NGC 6144, 38
NGC 6171(M 107), NGC 6266(M 62), NGC 6293, NGC 6316, NGC 6325, NGC 6342, NGC 6355, NGC 6380(Ton 1),
NGC 6388, NGC 6401, NGC 6440, NGC 6453, NGC 6517, NGC 6522, NGC 6528, NGC 6540(Djorg 3), NGC 6558,
NGC 6624, NGC 6626(M 28), NGC 6637(M 69), NGC 6638, NGC 6642, NGC 6652, NGC 6717(Pal 9), NGC 6723,
Pal 6, Terzan 1(HP 2), Terzan 2(HP 3), Terzan 4(HP 4), Terzan 5(Ter 11), Terzan 6(HP 5), Terzan 9
Disk 2MASS-GCO01, BH 184(Lynga 7), BH 261(ESO 456-78), E 3(ESO 37-1), FSR 1716, Mercer 5, NGC 104(47 Tuc), 24
NGC 4372, NGC 5927, NGC 6218(M 12), NGC 6256, NGC 6304, NGC 6352, NGC 6356, NGC 6362, NGC 6366,
NGC 6397, NGC 6441, NGC 6496, NGC 6539, NGC 6553, NGC 6569, NGC 6656(M 22), NGC 6749, NGC 6752,
NGC 6760, NGC 6838(M 71), NGC 7078(M 15), Pal 10, Pal 11, Pal 7(IC 1276), Pal 8, Terzan 12, Terzan 3

Sgr Arp 2, NGC 6715 (M 54)*, Pal 12, Ter 7, Ter 8, Whiting 1 6

Seq FSR 1758, NGC 3201, NGC 5139(w Cen)*, NGC 6101, NGC 6535

Hel NGC 5024 (M 53), NGC 5053, NGC 5272 (M 3), NGC 5897, Pal 5 5

GSE IC 1257, NGC 362, NGC 1261, NGC 1851, NGC 1904 (M 79), NGC 2298, NGC 4147, NGC 5286, 14
NGC 5694, NGC 6779 (M 56), NGC 6981 (M 72), NGC 7006, NGC 7089 (M 2), Pal 2

GSE-a 2MASS-GCO02, Djorg 1, NGC 2808, NGC 4833, NGV 6121 (M 4), NGC 6554, UKS 1

GSE-b NGC 288, NGC 6205 (M 13), NGC 7099 (M 30), IC 4499

GSE-c ES0280-SC06, NGC 5634, NGC 6333 (M 9), NGC 6584, NGC 6864 (M 75)*, Rup 106, Terzan 10

Kraken FSR 1735, NGC 5946, NGC 5986, NGC 6139, NGC 6254 (M 10), NGC 6273 (M 19)", NGC 6287, 15

NGC 6402 (M 14), NGC 6681 (M 70), NGC 6541, NGC 6712, NGC 6809 (M 55), Pal 6, Ton 2 (Pismis 26)
Pot AM 1(E 1), AM 4, BH 140, Crater(Lae 1), Eridanus, Laevens 3, NGC 2419, NGC 4590(M 68), NGC 5466, 26

NGC 5824, NGC 5904(M 5), NGC 6229, NGC 6235, NGC 6341(M 92), NGC 6426, NGC 6934, NGC 7492, Pal 1,
Pal 13, Pal 14(Arp 1), Pal 15, Pal 2, Pal 3, Pal 4, Pyxis, VVV CL001

*The progenitors are nuclear star clusters (NSCs) of the old galaxies (Pfeffer et al.|2021).

chemical abundance (VandenBerg et al.|[2013)), and due to the different data used to fit the isochrone lines,
the age values in different studies cannot be simply combined. However, it is useful to get some values from
other studies (Carballo-Bello et al.[2016; |Oliveira et al.|2020; |Cohen et al.[2021; Romero-Colmenares et al.
2021; Fernandez-Trincado et al.[[2021]) for those GCs which are not included in the [Kruijssen et al.| (2019)
list.

The AMR is helpful in distinguishing in-situ GCs from ex-situ GCs. We show the age-metallicity rela-
tion for 96 GCs in Fig. 2| Most age values we used are from |Kruijssen et al.[(2019). Different groups are
labelled with different colors and shapes. This figure shows that the GCs fall into two apparent types. One
is the in-situ GCs (bulge and thick disk GCsﬂ hereafter B and D), which is located on the young and more
metal-rich branch of the AMR. The other is the accreted GCs those located on the young and metal-poor
branch. Since both accreted and in-situ GCs overlap in the region of the AMR space, the origin of the oldest
GCs can not be distinguished based on the AMR alone.

The AMR can be understood with a leaky-box chemical evolution model (Prantzos|2008}; |Kruijssen

et al.|2019;|Massari et al.[2019), which reflects the evolution of metallicity over time in primordial galaxies:

(@)

4 Since the thin disk does not contain GCs, we refer to thick disks as just disks hereafter.
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Fig.2: AMRs for the sample of 96 GCs, colour-coded according to their associations with different progen-
itors. The black plus signs represent the Bulge GCs, the yellow leftward-pointing triangles represent Thick
Disk GCs, the dark blue pentagons are associated with Sgr, the purple rightward-pointing triangles are Seq
GCs, the green stars show Hel GCs, the black crosses show GSE GCs, the pink circle shows GSE-a GCs,
the orange upward-pointing triangles show GSE-b, the brown squares show GSE-c, the sky blue downward-
pointing triangles show Kraken GCs, the red diamonds are Pot GCs. The red filled circles represent the age

values from other studies.

where p is the effective yield. In general, a larger p indicates a larger initial mass of the galaxy. ¢y represents
the age of the Universe (where the time of the Big Bang is 0). This expression is obtained by assuming a
constant star formation rate from the start time ¢; to the end time ;.

In Fig. 3] we show the metallicity distribution with the age. The relationship in Equation 2] for each
progenitor is given by the blue solid curve. It is clear that a simple leaky box chemical evolution model can
describe the AMRs well with the reasonable the effective yield and time. However, since the possible error
is too large, we do not show the fitting results. This fit is only used to motivate our classification. The AMR
is not the only or even the main method we use for classifying the different GCs because some GCs mix

together in the AMR diagram of Fig. 3]

3.1.2 Orbits and Integrals of motion

The AMRs for most ex-situ GCs are intertwined, with even some in-situ and ex-situ GCs overlapping in
areas of low metallicity. It is difficult to find the progenitors of GCs by relying only on AMRs. Of course,
this problem also exists in other methods described in this section. It is necessary, therefore, to combine

different methods to make more accurate judgements on the progenitors of GCs. As proposed by Bajkova
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Fig.3: AMRs for individual progenitor with age estimates. Color-coding is the same as in Fig. In each
panel, the corresponding progenitors are given in the lower left corner. For easy viewing, bulge and GSE
GCs are in bold. The grey dots represent other clusters that do not participate in the fit. In addition, the age
uncertainty of individual objects is also plotted. The resulting curve for each progenitor is given by the solid

blue line.

et al|(2020), GCs can be divided into different subsystems based on the bimodal distribution of GCs over
the parameter L. /ecc.

For each GC, there are errors in the integrals of motion (hereafter IOM) E, L, ecc, Peri and Apo
from the measurement errors in its position and velocity. In order to estimate these errors, for each GC
we generate a sample of 2000 perturbed initial conditions by adding to its position and velocity a random
noise following a Gaussian distribution with the specified variance, then integrate its orbit with the initial
condition for 20 Gyr or 50 cycles, whichever is smaller. The errors for E, L, ecc, Peri and Apo are given
by the standard deviation of these 2000 orbits for each GC.

In Fig. 4] we show the two-dimensional diagrams for L, — F (upper left), L, /ecc — E (upper right),
Peri-Apo (lower left) and L. /ecc — Apo (lower right). It is clear that the GCs can be separated well in the
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Fig. 4: Two-dimensional diagrams L, — E (upper left), L. /ecc — E (upper right), Peri-Apo (lower left),

L. Jecc-Apo (lower right) for the 159 GCs in our sample. Colour-coding is the same as in Fig. [2} We have

labelled some interesting GCs. For visualization purposes, clusters Pal 1 with extremely negative L, /ecc,

and Pal 3 and Crater with extremely positive pericentres have not been plotted.

L, — F and L, /ecc — F diagrams. The bulge GCs are located in the central region of the MW and their

orbits deviate significantly from circular since the bar/bulge dominates the potential in this central region

of the MW, so the bulge GCs have small L. and low energy. For the disk GCs, they have nearly circular

orbits and larger L, than the bulge GCs. Compared with the L, — E diagram, the L, /ecc — F diagram

gives a more extended distribution for the disk GCs because the orbits of the disk GCs are nearly circular

and their eccentricities are small. The disk GCs distribution is also clear in the diagram of L. /ecc — Apo.

The Peri-Apo diagram shows the ecc distribution of GCs with different progenitors, which again indicates

that the disk GCs have relative small ecc values.

Most of the data in Fig. 4] have slight errors. Only the higher energy data have significantly large errors.

It is even hard to determine the direction of their rotation (positive or negative of L,). In addition, since

the parameters in Fig. {] depend on the MW model, we also calculate the GC orbits by using other five

models, which are abbreviated as Pil4 (Piffl et al.|2014), Bo15 (Bovy|2015, MWPotential2014), Bil7

(Binney & Wong|2017), and Prlqﬂ We find that different MW gravitational potential models do not have a

signifi

cant effect on the classification of the GCs.

5 MilkyWayPotential from Gala (Price-Whelan|2017), whose disk model is taken from Bol5.
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Fig.5: The action space map for 121 GCs. Colour-coding is the same as in Fig The figure is similar to
Fig.5 inMyeong et al[(2019) and Fig.5 in (Vasiliev|2019b). The horizontal axis is Jy/Jiot, and its range is
from -1 (in the left-hand corner) to 1 (in the right-hand corner). The vertical axis is (J, — Jr)/Jiot, and its

range is from -1 (bottom) to 1 (up).

Fig. 5] shows the action space map for 121 MW GCs, excluding those in the bulge region. The bulge
GCs would be distributed evenly throughout the map. The horizontal axis is J,/ Jiot, while the vertical axis
is (J, — Jr)/Jsot, Where Jior = |Jr| + |J4| + |J-| is the sum of absolute values of all three actions. This
plot can be viewed as a projection of energy onto the Jr, J, (= L), J,; spaces (Binney & Tremaine|2008).
Different positions of points in the graph represent different weights of action. The GCs with retrograde
orbits are on the far left of the diagram, while GCs with prograde orbits are on the far right.

The action space map can help us to identify the Disk, Sgr, Seq, and GSE GCs. In addition, they are
also helpful for the subsequent GSE separation. However, the Kraken and the Hel GCs are scattered in the
action space map, and can not be classified in this way.

Fig. [6] shows some typical examples of GC orbits. Each GC orbit is shown on both the X-Y and Z-

R planes. For each GC, we randomly generate 2000 initial conditions and integrate orbits for all initial
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Fig. 6: Orbits of typical GCs in different families. The plot in each panel is the superposition of 2000 slim
orbits, and their initial conditions are randomly generated by considering the errors of the position and
velocity. To give a clear orbit structure for each GC, each orbit is shown for only 10 orbital periods. The
initial position of the orbit is marked with a red circle. In each panel, the upper left is marked with the
progenitors of the GC, and the upper right is the name of the GC. For each GC, the orbits are shown in both
X-Y and R-Z planes.

conditions. Therefore, the orbits shown in this plot for each GC are the superposition of 2000 orbits and
each orbit is shown with a thin line. The blue regions have relatively high probability, while the gray parts
are the relative low probability regions. It is seen that the GCs with the same progenitors have similar orbit
morphology. Bulge GCs, such as NGC 6638, have a relatively small radius R. Disk GCs, such as NGC
6352, have a small z range. For more examples, the R-Z plots of Sgr and Hel show large z,.x values. The

X-Y plots of the GSE and GSE-a clusters suggest large radial velocities and higher orbital eccentricity.

However, it does not mean that all clusters in a category have a particular orbital shape, nor does it mean

that GCs with this orbital shape necessarily belong to the progenitor.
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Table 2: Different classifications of GCs between our results and those in |[Massari et al. (2019, hereafter
M19). The result of |Bajkova & Bobylev| (2021} hereafter BB21) and |Callingham et al.| (2022} hereafter
C22), are also given for the reference. For the convenience of viewing, we use the abbreviation of the

progenitor here.

Name Progenitor M19 BB21 C22 Name Progenitor M19 BB21 Cc22
BH 261 (ESO 456-78) D B D Kraken | NGC 6341 (M 92) Pot GSE GSE GSE
E 3 (ESO 37-1) D Hel D D NGC 6401 B L-E  Seq B
IC 4499 GSE-b Seq Seq Seq | NGC 6441 D L-E L-E D
NGC 2419 Pot Sag Sag Pot NGC 6453 B L-E L-E B
NGC 4590(M 68) Pot Hel Hel Hel NGC 6517 B L-E L-E B
NGC 5466 Pot Seq GSE Seq NGC 6539 D B D Kraken
NGC 5694 GSE H-E GSE Seq NGC 6544 GSE-a L-E GSE Kraken
NGC 5824 Pot Sag Hel Pot NGC 6553 D B D Kraken
NGC 5897 Hel GSE GSE GSE | NGC 6569 D B D Kraken
NGC 5904 (M 5) Pot Hel/G-E GSE Hel NGC 6584 GSE-c H-E GSE Hel
NGC 6093 (M 80) B L-E L-E B NGC 6981 (M 72) GSE Hel GSE Hel
NGC 6121 (M 4) GSE-a L-E L-E  Kraken | NGC 7006 GSE Seq GSE Seq
NGC 6144 B L-E Seq B NGC 7492 Pot GSE GSE Hel
NGC 6229 Pot GSE GSE Hel Pal 1 Pot D D Pot
NGC 6235 Pot GSE D GSE | Pal2 Pot GSE GSE Pot
NGC 6256 D L-E L-E B Pal 6 B L-E L-E B
NGC 6284 Kraken GSE GSE Kraken | Pal 13 Pot Seq GSE Seq
NGC 6304 D B D B Pal 15 Pot GSE GSE Seq
NGC 6333 (M 9) GSE-c L-E L-E  Kraken | Rup 106 GSE-c Hel Hel Hel

3.2 Membership

We classify the GCs by taking into account of information from multiple methods. The quantitative criteria
we set are based on an evaluation of all the presently available data, which we think can best distinguish
the different GCs, and should not be regarded as inflexible rules. In some cases, conflicting or ambiguous
results are obtained from criteria based on different methods, so the GC meeting a specific criterion of a
progenitor is not always assigned to this progenitor, as we have to also considering the fitting to criteria of
other methods. In the following, we discuss the reference criteria for the different sources and the resulting

membership for the GCs based on the methods described above.

3.2.1 Bulge

In Figs. the bulge clusters are labelled by the black plus signs. For the bulge GCs, since they are located
in the central region of the MW, they should have small Apo, low energy and low angular momentum.

Therefore, we simultaneously use Apo, F and L, to select the bulge GCs. These GCs should satisfy:

( Apo < 4 kpc)
A(E < —1.9 x 10° km?s™2) 3)

A (—=1000 < L, /ecc < 1000 kpckms™')
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where A means the logical sum. Here we take a different critical Apo value from that used in M19 (Apo <
3.5kpc). There are two reasons: First, the MW potential we adopted here is different from that in M19
and the Apo of the orbits depends on the potential. Second, we can re-assess the best APO value by taking
into account the information provided by other methods, e.g. the AMR, which can also help distinguish the
bulge clusters from others. In Fig.[d we find that some Kraken GCs have Apo, E and L. similar to those
of the bulge GCs, making it difficult to distinguish the bulge GCs and Kraken GCs through Apo, F and L.,
but we can distinguish part of them by AMR. In Fig.|2|and Fig. |3| we can see that bulge GCs and Kraken
GCs have obvious difference in their AMRs. Noting that NGC 6093 (M 80), NGC 6144, NGC 6171 (M
107), NGC 6388, NGC 6723 satisfy the in-situ AMR and have relatively large Apo in our MW model, we
increase the critical Apo from 3.5 kpc to 4 kpc. For GCs without age information, we only use Apo, F/ and
L, to determine whether they belong to the bulge GCs.

Recently, [Ferraro et al.[(2021)) found a globular cluster-like system in the bulge region, named Liller 1.
This system has two distinct stellar populations with significantly different ages, 1-3 Gyr for the youngest
and 12 Gyr for the oldest. The oldest stellar population in GC Liller 1 is similar to the old component of
Terzan 5 (11), which is also a GC system hosting at least two major sub-populations (Ferraro et al.|[2009}
Lanzoni et al.|2010j [Massari et al.|2014} [Ferraro et al.|[2016). Combining all available observational data,
Ferraro et al.[(2021) suggested that both Liller 1 and Terzan 5 (11) are possible remnants of primordial in-
situ clumps, originated from the fragmentation of the early giant structures, that sinked towards the central
region of the MW because of dynamical friction and built-up the bulge through coalescence.

There are also some other interpretations that demonstrate the complexity of Terzan 5 (11), such as a
possible collision between the metal-poor Terzan 5 (11) and a giant molecular cloud (McKenzie & Bekki
2018)), which would have resulted in a new generation of stars. [Bastian & Pfeffer] (2022) also preferred
this scenario and predicted that these GCs should have high masses, and have disk-like orbits in the inner

regions of the MW, which is consistent with what is seen in Terzan 5 (11) and Liller 1.

3.2.2 Disk

Shown as yellow leftward-pointing triangles in Figs. 2H5} the disk GCs are defined as

(F < —1.5x 10° km*s~?)

A (L, /ecc < —800 kpckms™)

A (Jy) Jror < —0.5) @)

A (Zmax < 5kpc)

A (ecc < 0.5)
Six bulge GCs (BH 261 (ESO 456-78), NGC 6304, NGC 6539, NGC 6553, and NGC 6569) and a Kraken
(L-E) GCs (NGC 6256) in M19 are considered more likely to be disk GCs because of their extremely high
|L.|. These six GCs are also recorded as disk GCs in BB21 (see Table . In addition, we note that E 3 (ESO
37-1) and Pal 10 have high energies and it is difficult to distinguish them from Hel clusters in the L, — FE
diagram. However, in the L, /ecc — F distribution, these two GCs are significantly separated from Hel GCs

and closer to disk GCs. In particular, the AMR of GC E 3 (ESO 37-1) fits well with in-situ clusters, so our
disk directory includes E 3 (ESO 37-1) and Pal 10.
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The ecc values of GCs NGC 6656 (M 22), NGC 6749, and Pal 8 are greater than our ecc threshold
value. Considering the IOM space, we assess these three GCs as disk GCs. The classifications for the
former two are consistent with those in M19. NGC 6656 (M 22) has the highest ecc (ecc=0.56) in our disk
GCs. Compared with the Disk GCs in M 19, we also include two new clusters Mercer 5 and 2MASS-GCO1.

3.2.3 Sagittarius dwarf (Sgr)

Shown as dark blue pentagons in Figs. the Sgr dwarf galaxy is the first known MW accretion object
(Ibata et al.||1994). Law & Majewski| (2010a) developed numerical models of Sgr’s tidal disruption, and
they found that the initial Sgr system may have included 5-9 GCs. A total of 23 GCs may have been
associated with the Sgr, where five (Arp 2, NGC 6715 (M 54), NGC 5634, Terzan 8 and Whiting 1) have
high probability, four (Berkeley 29, NGC 5053, Pal 12, and Terzan 7) have medium probability, and two
(Pal 12, and Terzan 7) have low probability (Law & Majewski/2010a). Many subsequent studies (Massari
et al.[2017; [Sohn et al.|2018; [Bellazzini et al.|2020) have improved the classification of these GCs based
on new observations such as Gaia DR 2 and HST. Recently, the discovery of multiple low luminosity GC
candidates (Minniti et al.|2021alc) possibly associated with Sgr may help us to improve understanding of
Sgr.

The GCs associated to Sgr are given by

(-1.0 x 10° < E < —0.6 x 10° km?s™?)
3000 < L, < —500 kpckms™1)

A (=

A (3500 < L, < 6000 kpckms™t) (5)
A (0.5 < Jy/Jpor < 0)
(

A (02 < (J, = Jr)/Jtot < 0.6)

where L | = \/m is the angular momentum component perpendicular to L.

For NGC 2419, |Sohn et al.| (2018)) and Bajkova & Bobylev| (2021)) took it as part of Sgr. However, we
classified it into the Pot group, because its IOM and AMR are not consistent with the characteristics of
Sgr GCs, but more closely aligned with the Pot group. From Fig. [5] we can see that most Sgr GCs are
concentrated in the action space, and the only significant deviation from the concentrated region is from Pal

12. This GC satisfies our selected conditions for Sgr GCs, and is also a Sgr GC according to M19.

3.2.4 Sequoia galaxy (Seq)

Shown as purple rightward-pointing triangles in Figs. 2H3] the Sequoia (Seq) GCs are named by their
progenitor dwarf galaxy Sequoia, which provides many high energy retrograde stars in the stellar halo and
may include six GCs (Myeong et al.|[2018alblcld, [2019). Recently, Feuillet et al.| (2021) went into more
detail about the motion and chemical limitations of the stars in Seq, and Matsuno et al.[(2021) measured the
abundance of various elements in many stars using high-resolution spectroscopy. Based on these data, the
differences between Seq, GSE, and in-situ stars were determined. If more GC chemical abundances data

can be acquired in the future, the distinction among them should become more clear.
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The most notable feature of the Seq GCs is their retrograde orbits. Moreover, the Seq GCs have a typical

orbit ellipticity of ecc ~ 0.6. The Seq GCs are selected as follows,

(L, > 0kpckms™)

N (J¢/Jtot > 0.3) ©
A (=0.4 < (J, — JR)/Jiot < 0.1)

A (ecc ~ 0.6)

We have not given an energy range for selecting the Seq GCs because the energy span for this kind of GCs
is relatively wide. The selected GCs are well determined by the other conditions, and there is no need to use
energy to give a further constraints.

We assess 4 possible Seq GCs in M19 (NGC 3201, NGC 5139 (wCen), NGC 6101, NGC 6535) accord-
ing to the above criteria. These clusters were given two possible progenitors in M19. In Fig. [5] IC 4499
deviates significantly from the other possible Seq clusters. As we will show in Section [3.2.8] we consider
IC 4499 to be consistent with the GSE-b criterion. As NGC 5466 and Pal 13 deviate from other Seq GCs in
both IOM and action images, and can not be associated with other known accretion structures, we put them

in the Pot family.

3.2.5 Helmi Streams (Hel)

Shown as green stars in Figs. this progenitor was proposed by [Helmi et al.| (1999) as a kinematically
coherent group of stars. Recently, [ Koppelman et al.|(2019) carried out a detailed study of Hel, and obtained
7 related GCs. The Hel GCs are defined as

(—1.6 x 10° < E < —1.0 x 10° km? s~ ?)

A (=1500 < L, < —300 kpckms™1)

(
A (1000 < L < 3200 kpckms™1) (M
A (0.7 < Jg/Jsor < 0)

(

A ((Jy — Jr)/Jeot > 0)

Based on our criteria, and taking into account the results from other studies (M19, BB21, and C22), NGC
5024 (M 53), NGC 5053, NGC 5272 (M 3), and Pal 5 are safe Hel GCs. In addition, As shown in Table@],
for other Hel GCs in M 19, such as E 3 (ESO 37-1), NGC 6981 (M 72), Rup 106, NGC 5634, and NGC 5904
(M 5), we assigned them to other progenitors. Furthermore, since NGC 4590 is difficult to be associated
with any known structure in this paper, it is classified as Pot GC. Note that 2 GCs (Rup 106 and NGC
5634) are assigned to GSE-c, and, as we will show in Section@} there are some overlaps between Hel
and GSE-c. The most obvious difference between the two is their ellipticities and their positions in action

space. In the end, we only allocated 5 GCs for Hel.

3.2.6 Gaia-Sausage-Enceladus (GSE)

Shown as black crosses in Figs. Gaia-Enceladus, as proposed by Helmi et al.|(2018)), is a major merger

event in the MW’s history, which may directly lead to the formation of the MW’s thick disk and halo. At the



16 GuangChen Sun et al.

same time, |[Belokurov et al.| (2018) found a similar metal-poor and extreme radial orbital structure named
Gaia-Sausage. After that, Myeong et al.| (2018d) gave the kinematics characteristics of the Gaia-Sausage.
These two events are often combined and called Gaia-Sausage-Encelasus (GSE). As we know, the GSE
includes both prograde and retrograde GCs, which is explained as the result of a merger between a giant
disk galaxy and the MW (Koppelman et al.[2020). However, Kim et al.|(2021)) found evidence that the GSE
is the result of multiple accretion events, which is also supported by our own results of the AMR and orbit
properties of GCs.

Considering the results of |[Kim et al.| (2021} and the distinct characteristics of GSE GCs in the phase
space, we divided the original GSE GCs into four parts. We have extracted three new structures (GSE-a,
GSE-b and GSE-c) from the previously defined GSE, and the remaining main part is still referred to as GSE
GCs. The GSE GCs are selected by

(-1.7x 10° < E < —0.8 x 10° km?s™?)

A (=100 < L, < 800 kpckms ™)

A (—0.1< J¢/Jt0t < 04) (®)

(
(
A ((J> = Jr)/ ot < 0.5)
A (ecc > 0.8)

Based on the IOM diagram in Figs. E], we find that NGC 5694, NGC 6981 (M 72), and NGC 7006 deviate
significantly from their assigned progenitors in M19, and these clusters can be interpreted as GSE GCs.
GSE retains those GCs with the strongest constraints, and the three new structures presented in this paper

are those with weaker constraints in GSE phase space.

3.2.7 GSE-a

Shown as pink circles in Figs. 2H5] these are associated with the first possible accretion event we have
isolated from GSE. The most striking feature of these GCs is their orbits which are close to the equatorial
plane of the MW. These orbits have very low zp,,x values (about 1 kpc). GSE-a exhibits characteristics
different from typical GSE GCs. However, small zy,,x does not fully account for an accretion event in the
history of the MW. We also find that these GCs are concentrated in both the IOM and action space diagrams,

and occupy unique regions. We select GSE-a as follows

(—2x 10° < E < —1.4 x 10° km?s™?)

A (—=800 < L, < 0kpckms™)

A (0.4 < Jp/Jtor < —0.1) ©))

A ((J; = Jr)/Jtor < —0.5)
A (Zmax < 2 kpe)

In addition, their high ecc (> 0.7) makes them easily distinguishable from disk GCs. Their energy and Apo

are also well above the limits of the bulge GCs.

Based on the orbital features and the action space of GSE-a GCs, we think that NGC 6121 is more
likely a member of the GSE-a GCs. [Forbes| (2020) considered NGC 6121 to be an in-situ GC according to
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Fig. 7: GCs of GSE and three new branches split from the GSE. Here we show 4 images that are crucial to
distinguishing these clusters, which are L.-E (upper left), Age-[Fe/H] (upper right), Peri-Apo (lower left),
and action space (lower right). Since NGC 6121 (M 4) significantly deviates from GSE-a in the upper right

panel, it is specially marked. In addition to that, these GCs are well separated into the 4 groups.

its AMR. However, due to the large error in the AMR estimation, we think that NGC 6121 is more likely to
belong to GSE-a. In M19 and BB21, NGC 6121 is taken as the L-E (low energy) GC and it is a Kraken GC
in C22 (See Table[2). As shown in Section [3.2.10] Kraken GC is the L-E GC. From Figure [5] we see that
the GSE-a and the Kraken GCs have clear difference in the action space. Therefore, we propose that NGC
6121 is a GSE-a GC.

For GC VVV CL001, although its orbital properties (ecc, Apo, and Peri) are similar to a GSE-a GC,
its orbit is obviously retrograde and it cannot be related to other progenitors. This makes VVV CL001 the

lowest energy Pot accretion GC identified in this paper.

Although we have not found relevant counterparts to GSE-a in other existing studies, we think that

GSE-a is an accretion event distinct from GSE.

3.2.8 GSE-b

Shown as orange upward-pointing triangles in Figs. 2H3} we find that GSE-b GCs have significantly lower
ecc than that of the GSE GCs. Moreover, the GSE-b GCs in the action space map differ significantly from
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the GSE and Seq GCs (Myeong et al.|2019)). The definition of the GSE-b GCs is

(—1.8x 10° < E < —1 x 10° km?s™?)

A (0 < L, <1200 kpckms™1)

(
AN (01 < J¢/Jtot < 05) (10)
A (0<(J, = Jr)/Jror < 0.4)

(

A (0.5 < ecc < 0.7)

Although GSE-b GCs are close to the GSE GCs in IOM, and their orbital ecc is close to Seq, their action
space positioning distinguishes them. In addition, it seems that the IOM and action space range of the GSE-
b GCs are similar to those of Thamnos in (Naidu et al.|[2020) E] and Pontus in (Malhan et al.|[2022; |Malhan!
2022), and the IOM range of GSE-b slightly different from that of the Thamnos in (Koppelman et al.|2019).

The GSE-b GCs have relatively larger values of .J, than GSE and Seq GCs. In addition, the AMR of
GSE-b GCs is slightly steeper than that of GSE GCs.

Finally, we believe that GSE-b, representing a retrograde system with average energy lower than Seq,
might possibly be associated with Thamnos and Pontus. Hence, we assess GSE-b as probably an accretion

event in the MW’s history.

3.2.9 GSE-c

GSE-c GCs are shown as brow squares in Figs. 2H5] An open question is whether to classify GSE as a
prograde or a retrograde accretion. In the past, it was thought that GSE may be a slight retrograde accretion
to the MW, but the trend is not clear (Massari et al.[2019; Myeong et al.[2019). Recently, |Kim et al.[(2021)
found that GSE tends to be prograde in the inner halo and retrograde in the outer halo. They pointed out that
this may have been caused by more than two different accretions. After identifying GSE-a and GSE-b GCs,
we find that the remaining GCs show clear prograde and retrograde rotations in IOM and action space.
We take GCs with the prograde rotation as GSE-c. We show GSE-c as brown squares in Figs. The

remaining part of the GSE GCs then show clear retrograde rotation. The GSE-c GCs are defined as

(-1.8 x 10° < E < —1 x 10° km?s™?)
A (=1000 < L, < 0 kpckms™1)

(1D
A (0.5 < Jg/Jsor < —0.1)

A (=05 < (J. — Jr)/Jsor < 0)

From these selection criteria, we assign NGC 3333 (M 9), NGC 6584, and Rup 106 to GSE-c.

Comparing with [Naidu et al.| (2020), we find that GSE-c overlaps with Wukong in IOM, but there is
some deviation in action space. We think that GSE-c might be associated with Wukong and be part of the

dwarf galaxy accretion in the MW’s history.

% Tn order to compare our result with the Thamnos, we also used the same potential inNaidu et al.[(2020), we find that the difference

of GSE-b GCs in the action space from our potential and the potential in|Naidu et al.[(2020) is tiny.
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3.2.10 Kraken

Shown as sky blue downward-pointing triangles in Figs. [2H3] the Kraken progenitor was first proposed by
Kruijssen et al.| (2019), and corresponds to the low energy group in|Massari et al.|(2019). The Kraken GCs
have orbits similar to GSE and bulge GCs. Kraken GCs have a more diffuse distribution in action space.
Due to their closeness to the IOM of bulge GCs, it is difficult to distinguish Kraken GCs from the bulge
GCs. While for individual GCs, age can help us distinguish them (Callingham et al.[2022). The selection

criteria for Kraken GCs is

(—2.1 x10° < E < —1.7 x 10° km?s™?)
(12)
A (=400 < L, < 100 kpckms™)

Compared with the M19 low-energy sample, the Kraken sample does not contain NGC 6093 (M 80), NGC
6121 (M 4), NGC 6256, NGC 6441, NGC 6544, and NGC 6681 (M 70).

3.2.11 Potential Associate (Pot)

These Potential (Pot) GCs are those that can not be associated with known major merger events. Therefore,
we think the Pot GCs may be from small accretion events. Some previous studies have attempted to detect
such small-scale accretion events (Myeong et al.|2018alb; Koppelman et al.|2019; |Necib et al.[2020; |Horta
et al.| 2021} [Fiorentin et al.|2021). Although most Pot GCs have high energy, some small accretion events
may occur early in the MW’s lifetime in low energy regions. It is difficult, however, to distinguish them

from other GCs.

4 MW MASS ESTIMATION METHOD

We now consider how we can use the GCs to estimate the mass of the MW. We describe our estimation
method, including the mass estimator, the potential model, and how we fit the parameters needed for the
estimator from the data.

The spherical Jeans equation has been widely applied to estimate the mass enclosed within a certain
radius. Based on this equation, [Watkins et al.| (2010) introduced a family of traced mass estimators which
utilises the discrete positional and kinematical data of different tracers. In this investigation, we apply an
estimator from [Watkins et al.|(2010) employing distance and total velocity,

O[+"}/726 l-a/, 2, .«
mﬁnw@r>

where 7,,x is the most distant GC’s Galactocentric distance, v is the total velocity of the GC, « and -y are

M(< rmax) = (13)

the power law indices for the underlying gravitational potential (® < r~¢) and the number density profile

(p x r77), B is the velocity anisotropy parameter of the GC sample.

4.1 Anisotropy

The velocity dispersion anisotropy parameter 3 is defined as (Binney & Tremaine|2008])

oB+od () — (v0)? + (b3) — (v)?
207 2((02) — (0,)?) (1

where oy and oy are velocity dispersions along the two tangential directions, o, is the radial velocity

B=1-

dispersion. Purely circular orbits correspond to § = —oo, radial orbits correspond to § = 1, and for an
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isotropic distribution of orbits 3 = 0. Note that the velocity here is given in spherical coordinates, while in
Section 2] the velocity is given in Cartesian coordinates.

As shown in Fig. [8] we calculate the S value at different Galactocentric radii. We divide the 0.69 to 60
kpc range to 10 logarithmically uniform shells. Each shell contains approximately 15 GCs for All sample.
Due to the small number of GCs at larger radii, we only bin GCs at less than 60 kpc. In Fig. (8] the 3 values
of each bin are calculated with data in three adjacent bins except the first and last bins. The mean values of
the radius are taken as the radius corresponding to § in those bins. Therefore, 2/3 small bins overlap for two
close radii in the major diagram. The aim of the overlapping bins is to make the curve as smooth as possible
to reflect the general trend of changes in (3, and to reduce Poisson noise. Non-overlapping bins would lead
to large Poisson error and change the /3 curve drastically. Although the average 3 value in each bin depends
somewhat on the particular gridding, the overall trend is robust. Our result indicates that the drop of 8 near
20 kpc may be related to Sgr (Bird et al.[2019,2021). The other drop at ~3-7 kpc could be the result of the
Seq dwarf galaxy.

In Fig. [8] we show the [ value for the “All” and “Halo” samples. The “All” sample includes all GCs
considered in this paper, the “Halo” sample excludes the bulge and disk GCs. The GC numbers for each
sample are given in Table[3] It is seen that 3 increases with the Galactocentric radius, which means that the
orbits of more distant GCs are more radial. Moreover, the 5 curves of ‘All’ and ‘Halo’ are similar, the only
difference is in the middle radii range 4-15 kpc.

Compared with related studies using different tracers, our results around 10kpc are significantly lower
than RR Lyrae type variables, 5 ~ 0.8 (Hattori et al.[2021) and K giants, 5 ~ 0.75 (Bird et al.|2019)), but
only slightly below (~ 0.1) that of blue horizontal branch (BHB) stars, 5 ~ 0.5 (Utkin & Dambis|[2020j}
Bird et al.|[2021)), which are also ancient tracers. The trend of the ‘Halo’ curve is consistent with that in
Bird et al.|(2021), the only difference is that our 3 values are slightly smaller than theirs in the overlapping
radius regions. The GC sample allows us to estimate (3 close to the central region of the MW, where [ is
nearly isotropic and slightly smaller than 0.

As shown in Bird et al.|(2021)), the difference  values from the K giants and BHB is likely due to the
different metallicity distributions. We have checked that if we only use the GCs with [Fe/H] < —1, the 8
distribution from our sample is fully consistent with that inBird et al.|(2021) by using the BHB sample with

the similar metallicity selection.

4.2 Number density

Assuming the GC number density takes the form p = kr~7, where k is a constant, the GC count in a given
spherical shell is given by

Tmas e 3—v
N(r) = / Arrpdr = 4ﬂkw. (15)

Tmin -7

Therefore,

(3 — ) Niot

Am(rinak — iy

(16)

where Ny, is the total number of GCs and v # 3. The power-law index -y of the GCs number density profile

is obtained by using all the GCs. Two parameters Yinner and Youter are defined as the indices in the inner
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Fig. 8: Distribution of the anisotropy parameter /3 for different tracers along the Galactocentric radius. We
used the jackknife method to estimate the statistical error. The total uncertainty is the sum of the obser-
vational and statistical uncertainties. The ‘All’ sample include all GCs, while the ‘Halo’ sample excluded
bugle and disk GCs. The K-giant and BHB data from Bird et al.| (2019) and Bird et al.| (2021} are also

shown.

and outer regions, respectively. We fit a broken power law to the data, the posterior probability distribution

p(7,0|N(r)) = p(v|N(r)) is the probability of model parameters -, conditional on a set of data N (r):

p(YIN(r)) o< p(N(r)[0)p(7, 0)

o< Poisson(N(r), 0)p(6]v)

a7

where 6 is possible values, p(N(r)|0) is the likelihood assuming a Poisson distribution. p(v,6) =

p(0]7)p(7) is the joint prior distribution on € and ~. We assume that p(~y) is uniformly distributed.

Fig. [ shows in blue the cumulative number density distribution of all MW GCs. The black solid line
is the maximum likelihood broken power law of the data, and the dashed black line represents the broken
radius at which the power law index changes. Here we take broken radius 04k ~ 4 kpc to distinguish the
bar region and other regions |Wang et al.[(2012]2013)). The parameter fit values with statistical uncertainties
are given in the upper left corner. Since we focus on the halo region of the MW, we adopt v = 3.66 & 0.08

for our mass analysis.

7 To ensure the completeness of the data as much as possible, we use all the distant of GCs presented in [Baumgardt & Vasiliev

(2021)), and so there is a slight difference in the number of GCs.
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Fig. 9: The cumulative number profile for 162 MW GCS A broken power-law model with an index inper
in the inner regions and v,yuter in the outer regions is adopted. The blue cumulative histogram shows the
data, while the solid black line is the best-fitting power-law curve. The best-fitting parameters are given in
the top-left corner of the plot. The uncertainty in this value is the uncertainty in the Bayesian method. The
green vertical dashed line shows the broken radius at ~ 4 kpc. Two red vertical dashed lines represent the

GCs in the best sample at the innermost radius 8 kpc and outermost radius 37.3 kpc (see Sec .

4.3 Gravitational potential

In order to find a suitable « value, we consider five general MW potential models. They are Pil4, BolS5,
Bil7, Mc17, and Pr19. We estimate the gradient of the underlying potential, and summarize the values of
the a parameter for the potential models in Fig. [T0] We fit the curves in the best radius range by linear
regression, and use the average « of the five models as the final o we use. In the best fit range, we obtain

o = 0.388 £ 0.049.

5 THE MASS OF THE MW

In using the spherical Jeans equation to derive the MW miass, it is assumed that a dynamical equilibrium
state is reached, and the tracers follow the same distribution as the particles in the equilibrium system. The
GCs from recent accretion events may not completely satisfy this condition, which may introduce error in
the estimated velocity dispersion anisotropy /3 and the MW mass. To quantify this error, and to obtain a
better estimate of the mass, below we try to assess this deviation from the data itself, and then to select a

sample which is less affected by such deviations.
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Fig. 10: Potential distribution along the radius for different models. Two vertical black dotted lines represent
the best sample range (see Sec[5). The black solid lines show the region of the best-fitting power laws, and
the dashed lines show the extended region outside the best-fitting power laws region. Since there is no clear

difference between halo and total potentials at large r, we use the total potential here.

Once we have the values of the potential power-law index «, the anisotropy parameter 3, and the density
power-law index ~, we can use Equation[I3]to estimate the MW mass enclosed within 7. In this equation,
«, B, and ~y are usually assumed to be constants. However, it is known that these parameters actually vary
with the radius (e.g.Kafle et al.[2012}|Watkins et al.[2019)). Therefore, it is necessary to select an appropriate

radius range. We take 8.0kpc < r < 37.3 kpc as the range of radius for the following reasons:

1. By taking r > 8 kpc we exclude all bulge GCs and most of the disk GCs, so that most of the remaining
GCs come from the halo;

2. The parameters of «, 3, and -y in the selected range are assumed to be constants (Watkins et al.|2019).,
so we need to take a range in which these parameters are nearly constant;

3. Outside of this range, the number density of the GC sample is too small.

The estimated mass of the MW is M (< 37.3kpc) = 0.42370 953 x 10'2 M, from the ‘All’ samplelﬂ,
and M (< 37.3kpc) = 0.43770 952 x 10'2 M, from the ‘Halo’ sample. Although our analysis concentrates
on the radius range from 8 kpc to 37.3 kpc, it can be extended to smaller or larger radii.

Fig. [[T] shows the mass distribution along the MW radius for the different selected samples. It is seen

that the estimated mass from the ‘All’ GC sample is slightly smaller than that obtained from the ‘Halo’

8 In order to keep consistency with Section here we still use the name ‘All’ sample and ‘Halo’ sample, but please keep in mind

that both of them are constrained by 8.0 kpc < r < 37.3kpc.
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Fig. 11: Variation of the MW mass with Galactic radius. The red and green lines represent the results from
All and Halo sample, respectively. The gray dashed line shows the mass profile given by Mc17. The black
star is the mass calculated by using the same GCs as in|Sohn et al.|(2018)). The yellow stars are the result

by using the GCs in |[Watkins et al.| (2019).

sample, which indicates that the bulge and disk GCs in this case tend to decrease the estimate of the MW
mass slightly. It is also noted that the mass profile from our Halo sample is consistent with that in Mc17 by

considering the measurement error of the mass.

In the same figure, we also show the results from|Sohn et al.| (2018) and|Watkins et al.|(2019). These two
results are also obtained by using the GC samples. It is seen that the mass estimated in|Sohn et al.| (2018) is
larger than 20% of the mass from our Halo sample. The error bar of the mass is large in their results due to
a small number of GCs in their sample (only 16 GCs). At r = 21.1 kpc, and » = 39.5 kpc, our estimated

masses form both All and Halo samples are larger than those in|Watkins et al.|(2019).

In order to estimate the virial mass of the MW, we assume that the MW has the similar potential as
that in Mc17, the only difference is that we assume the dark matter halo follows the NFW profile (Navarro
et al.||1996 [1997). We take Mg as the virial mass, and it is defined as the total mass enclosed within a
radius rqqg, inside which the mean density is 200 times the critical density of the universe. The estimated
Moo are 1.117523 x 1012 M, and 1.161033 x 102 M, for the All sample and Halo sample, respectively
(See Table E[) As noted in [Wang et al.| (2020), |[Sohn et al.| (2018)) and [Watkins et al.| (2019) give values of
1711097 x 1012 My and 1.29157% x 1012 M, respectively. Our Magq values are smaller, but the results

are still consistent with each other within the error bar. Our results are closer to the estimates of (Callingham
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Table 3: GC sample, anisotropy parameter, mass within 8-37.3 kpc, Mg, and number of GCs in the

corresponding sample.

Sample B M (< 37.3kpc) M200 Number
[x10" M) [x10"°Mp)]

All 0.31570 050 0.42370:0%3 1117928 49

Halo 0.35115-958 0.437+5-022 1.167533 46

et al.|(2019) based on the dynamics of MW satellite, and that of Zhai et al.|(2018]) based on K giants, which

are Moo = 1177035 x 10'2M ), and Mogg = 1.1170 30 x 1012M, respectively.

6 SUMMARY AND DISCUSSION

With the available high-precision proper motions from the Gaia EDR3 (Vasiliev & Baumgardt|2021), we
have the full six dimensional phase space data for 159 globular clusters (GC) in the Milky Way(MW). We
have revised the classification for these GCs by combining the age-metallicity relation, integrals of motion,
action space and orbit information. The major changes in the classification have been the introduction
of multi-faceted membership criteria to the various subgroups, and splitting the Gaia-Sausage-Enceladus
(GSE) subgroup into smaller groupings. Moreover, we have measured the anisotropy parameter 3 and the

mass of the MW. The main results of this paper can be summarized as follows.

1. We found that 88 GCs may have been accreted by the MW, and we assessed their possible associa-
tions with the progenitor of five know merger events: the Sagittarius dwarf, the Sequoia galaxy, Helmi
Streams, Gaia-Sausage-Enceladus, and Kraken. We isolated three new structures (GSE-a, GSE-b and
GSE-c) from the GSE. These GCs are likely unrelated to the GSE, but further certification is required.

2. There are 26 GCs that could not be associated with the known progenitors, and these members may
have come from multiple small accretion events in the MW’s history. The detailed classification results
of the GCs are given in Table[A.T]

3. The anisotropy parameter [ depends strongly on the selected GC sample. The [ values increases with
the Galactic radius. The 3 values from our Halo GC sample is smaller than those derived from the blue
horizontal branch (BHB) stars in Bird et al.|(2021). However, if we only use the GCs with [Fe/H] < —1,
our 3 distribution will be totally consistent with that in Bird et al.| (2021), which again shows that the
B distribution depends on the metallicity of the sample. The average [ values for different GC samples
are shown in Table[3] Compared with the BHB and K giants, the GC sample allow us to determinate the
B distribution close to the center of the MW. The /3 is negative and close to zero in the central region of
the MW, which indicates that the GC orbits prefer to be circular in this region.

4. We use the scale-free mass estimator of |Watkins et al.| (2010) to estimate the MW mass, and obtain
M (< 37.3kpc) = 0.42370022 x 10'2 M, and Mgy = 1117023 % 10'2 M, from the Halo sample.
Compared with the previous studies, our results are similar with Mgy = 1.17f8ﬁ}) X 1012M® as

obtained by Callingham et al.{(2019) and Magg = 1.1115:55 x 102 M, gotten by Zhai et al|(2018).

The mass measurement method adopted in this paper is the same as in|Sohn et al.[(2018) and Watkins

et al{(2019). The MW mass obtained in|Sohn et al.{(2018) is Magp = 1.7170:27 x 10'2M ;) and in Watkins
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et al| (2019) is Mgy = 1.297075 x 10'2M¢,). By carefully comparing our differences, we found that our
most prominent difference is the selected sample. Eadie & Juri¢|(2019) estimated mass Mago = 0.7770 35 x
10'2M ), and obtain M (r < 39.5 kpc) = 0.3370 (2 x 10'2M(,). Our result is similar to theirs. [Eadie &
Juri¢| (2019) also noted that there is a major differences between their result and the result of |Vasiliev:
(2019Db)), but they did not find the exact reason for this difference. From our studies, we can see that their
difference is most likely due to the different data samples.

As more low-luminosity GCs are discovered (Minniti et al.[2017; |Camargo & Minniti|[2019; Minniti
et al.[2021b; |Obasi et al.[2021} |Garro et al.|2022), and the improvement of the astrometry accuracy by Gaia

mission, more six-dimensioanl observations of GCs will be available, which will refine the mass estimate

of the MW.
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Table A.1: Some results and observations used in this paper. Column (1): the name of GCs. Column (2):

Associated progenitors in this paper. Column (3): right ascension. Column (4): declination. Column (5):

metallicity. Column (6): distance from Sun. Column (7): velocity of the line-of-sight. Column (8): proper

motion in right ascension. Column (9): proper motion in declination. Column (10): correlation coefficient

between i, and ps. Columns (3)-(10) are the observations we used, the specific data sources are described

in Section E}

Cluster Type e é Fe/H d TLOS Lo s corry,
[deg] | [deg] [kpc] [km s~'] [masyr—1 | [masyr']
NGC 104(47 Tuc) D 6.024 |-72.081(-0.72| 4.52 £ 0.03 | -17.45+ 0.16 | 5.252 £ 0.021 | -2.551 £ 0.021 | 0.00
NGC 288 GSE-b | 13.188 [-26.583|-1.32| 8.99 + 0.09 | -44.45+ 0.13 | 4.164 £ 0.024 | -5.705 + 0.024 | 0.01
NGC 362 GSE | 15.809 |-70.849|-1.26| 8.83 £ 0.1 |223.12 4+ 0.28 | 6.694 £ 0.025 | -2.535 + 0.024 | 0.00
Whiting 1 Sgr | 30.737 | -3.253 | -0.7 | 30.59 + 1.17 |-130.41 + 1.79| -0.228 &+ 0.065 | -2.046 £ 0.056 | 0.03
NGC 1261 GSE | 48.068 |-55.216|-1.27| 164+ 0.19 | 71.34 £ 0.21 | 1.596 + 0.025 | -2.064 + 0.025 | 0.01
Pal 1 Pot | 53.334 | 79.581 |-0.65| 11.18 & 0.32 | -75.72 £ 0.29 | -0.252 &+ 0.034 | 0.007 £+ 0.037 | 0.08
AM 1(E 1) Pot 58.760 |-49.615| -1.7 | 11891 £ 3.4 | 118 + 14.14 | 0.291 &+ 0.107 | -0.177 £ 0.086 | -0.22
Eridanus Pot | 66.186 |-21.187|-1.43| 84.68 + 2.89 | -23.15£ 0.73 | 0.51 &+ 0.039 | -0.301 £ 0.041 | -0.09
Pal 2 Pot | 71.525 | 31.381 |-1.42| 26.17 + 1.28 |-135.97 + 1.55| 1.045 £ 0.034 | -1.522 £ 0.031 | 0.04
NGC 1851 GSE | 78.528 |-40.047 |-1.18| 11.95+ 0.13 | 321.4 £ 1.55 | 2.145+ 0.024 | -0.65 £ 0.024 | -0.02
NGC 1904(M 79) GSE | 81.046 |-24.524| -1.6 | 13.08 £ 0.18 | 205.76 = 0.2 | 2.469 + 0.025 | -1.594 &+ 0.025 | 0.00
NGC 2298 GSE |102.248|-36.005|-1.92| 9.83 & 0.17 | 147.154+ 0.57 | 3.32 4 0.025 | -2.175 + 0.026 | 0.01
NGC 2419 Pot |114.535| 38.882 |-2.15| 88.47 £ 24 | -21.1+ 0.31 | 0.007 £ 0.028 | -0.523 £+ 0.026 | 0.03
Pyxis Pot |136.987|-37.227| -1.2 | 36.53 + 0.66 | 40.46 £+ 0.21 1.03 +£ 0.032 | 0.138 £ 0.035 | 0.03
NGC 2808 GSE-a | 138.013 | -64.863 | -1.14 | 10.06 £ 0.11 | 103.57 &+ 0.27 | 0.994 &+ 0.024 | 0.273 + 0.024 | -0.01
E 3(ESO 37-1) D 140.238|-77.282|-0.83 | 7.88 £ 0.25 11.71 £ 0.34 | -2.727 &£ 0.027 | 7.083 £ 0.027 0.00
Pal 3 Pot [151.382| 0.072 |-1.63| 94.84 + 3.23 | 94.04 + 0.8 0.086 + 0.06 | -0.148 £ 0.071 | -0.41
NGC 3201 Seq |154.403|-46.412|-1.59| 4.74 + 0.04 | 493.65 + 0.21 | 8.348 &+ 0.022 | -1.958 + 0.022 | 0.00
Pal 4 Pot |172.318]28.973 |-1.41|101.39 £ 2.57| 724+ 0.24 | -0.188 &+ 0.042 | -0.476 £ 0.041 | -0.14
Crater(Lae 1) Pot |174.069|-10.877| -1.9 [147.23 £ 4.27| 148.1 £ 0.65 | -0.059 &+ 0.125 | -0.116 £ 0.116 | -0.23
NGC 4147 GSE |182.526| 18.543 | -1.8 | 18.54 £ 0.21 | 179.35 £ 0.31 | -1.707 £ 0.027 | -2.09 + 0.027 | -0.02
NGC 4372 D [186.439|-72.659|-2.17| 5.71 £ 0.21 7559 +£ 0.3 | -6.409 £ 0.024 | 3.297 + 0.024 | 0.00
Rup 106 GSE-c | 189.667 | -51.150 | -1.68 | 20.71 £ 0.36 | -38.36 & 0.26 | -1.254 £+ 0.026 | 0.401 + 0.026 | 0.03
NGC 4590(M 68) Pot |189.867|-26.744|-2.23| 104+ 0.1 | -93.11 £ 0.18 | -2.739 &+ 0.024 | 1.779 &+ 0.024 | 0.00
BH 140 Pot |193.473|-67.177| nan | 4.81 £ 0.25 903+ 035 |[-14.848 £ 0.024| 1.224 £+ 0.024 0.00
NGC 4833 GSE-a | 194.891|-70.877 | -1.85| 6.48 & 0.08 | 201.99 £ 0.4 | -8.377 £ 0.025 | -0.963 + 0.025 | -0.01
NGC 5024(M 53) Hel |198.230| 18.168 | -2.1 | 1854+ 0.18 | -63.37 & 0.25 | -0.133 £ 0.024 | -1.331 &+ 0.024 | 0.00
NGC 5053 Hel |199.113]| 17.700 |-2.27| 17.54 &£ 0.23 | 42.82 + 0.25 | -0.329 £+ 0.025 | -1.213 £+ 0.025 | -0.02
NGC 5139(w Cen) Seq |201.697|-47.479|-1.53| 5.43 + 0.05 | 232.78 & 0.21 | -3.25 £ 0.022 | -6.746 + 0.022 | 0.01
NGC 5272(M 3) Hel |205.548|28.377 | -1.5 | 10.18 £ 0.08 | -147.2 + 0.27 | -0.152 £ 0.023 | -2.67 £ 0.022 | 0.00
NGC 5286 GSE |206.612|-51.374|-1.69| 11.1 £ 0.14 | 6238+ 04 | 0.198 + 0.025 | -0.153 + 0.025 | 0.00
AM 4 Pot [209.089 |-27.165| -1.3 | 29.01 & 0.94 | 151.19 £ 2.85 | -0.291 & 0.445 | -2.512 £ 0.344 | -0.36
NGC 5466 Pot [211.364|28.534 |-1.98| 16.12 + 0.16 | 106.82 + 0.2 | -5.342 &+ 0.025 | -0.822 £ 0.024 | 0.01
NGC 5634 GSE-c |217.405| -5.976 |-1.88 | 25.96 £ 0.62 | -16.07 £ 0.6 | -1.692 £ 0.027 | -1.478 + 0.026 | -0.01
NGC 5694 GSE |219.901 |-26.539 | -1.98| 34.84 &+ 0.74 |-139.55 £ 0.49| -0.464 £+ 0.029 | -1.105 + 0.029 | -0.06
IC 4499 GSE-b |225.077 | -82.214 | -1.53| 18.89 &+ 0.25 | 38.41 £ 0.31 | 0.466 + 0.025 | -0.489 + 0.025 | 0.01
NGC 5824 Pot [225.994|-33.068|-1.91| 31.71 £ 0.6 | -25.24 £ 0.52 | -1.189 & 0.026 | -2.234 £ 0.026 | -0.02
Pal 5 Hel |229.019]| -0.121 |-1.41| 21.94 £+ 0.51 | -58.61 & 0.15 | -2.73 £ 0.028 | -2.654 4+ 0.027 | 0.00
NGC 5897 Hel |229.352|-21.010| -1.9 | 12.55 £ 0.24 | 101.31 & 0.22 | -5.422 £ 0.025 | -3.393 &+ 0.025 | -0.01
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Cluster Type @ é Fe/H d TLOS Lhee s corry,
[deg] [deg] [kpc] [km s™1] [mas yr’l] [mas yr’l]

NGC 5904(M 5) Pot |229.638| 2.081 |-1.29| 7.48 + 0.06 53.54+ 0.25 | 4.086 + 0.023 | -9.87 + 0.023 | -0.01
NGC 5927 D [232.003|-50.673|-0.49| 827 £+ 0.11 |-104.09 £ 0.28| -5.056 & 0.025 | -3.217 £ 0.025 | -0.01
NGC 5946 Kraken | 233.869 | -50.660 | -1.29 | 9.64 + 0.51 | 137.6 & 0.94 | -5.331 + 0.028 | -1.657 &+ 0.027 | -0.01
NGC 5986 Kraken | 236.512 | -37.786 | -1.59 | 10.54 & 0.13 | 101.18 & 0.43 | -4.192 &+ 0.026 | -4.568 + 0.026 | -0.01
FSR 1716 D [242.625|-53.749| -1.5 | 7.43 £ 0.27 | -30.7 £ 0.98 | -4.354 £ 0.033 | -8.832 £ 0.031 | 0.00
Pal 14(Arp 1) Pot |242.752| 14958 |-1.62| 73.58 &£ 1.63 | 72.3+ 0.14 | -0.463 + 0.038 | -0.413 4+ 0.038 | 0.12
BH 184(Lynga 7) D [242.765|-55.318|-0.67| 7.9+ 0.16 17.86 + 0.83 | -3.851 £ 0.027 | -7.05 + 0.027 0.02
NGC 6093(M 80) B 244.260|-22.976 | -1.75| 10.34 £ 0.12 | 10.93 £ 0.39 | -2.934 £+ 0.027 | -5.578 £ 0.026 | -0.01
NGC 6121(M 4) GSE-a |245.897 |-26.526 |-1.16| 1.854 0.02 | 71.21 £ 0.15 |-12.514 £ 0.023 |-19.022 £ 0.023| -0.02
NGC 6101 Seq |[246.450|-72.202|-1.98| 14.45+ 0.19 | 366.33 + 0.32 | 1.756 + 0.024 | -0.258 + 0.025 | 0.00
NGC 6144 B 246.808 | -26.023 | -1.76| 8.15 4+ 0.13 | 194.79 + 0.58 | -1.744 4+ 0.026 | -2.607 & 0.026 | 0.00
NGC 6139 Kraken | 246.918 | -38.849 | -1.65 | 10.04 &+ 0.45 | 24.41 &+ 0.95 | -6.081 £ 0.027 | -2.711 =+ 0.026 | 0.01
Terzan 3 D [247.162|-35.340|-0.74| 7.64 £ 0.31 |-135.76 £ 0.57| -5.577 &£ 0.027 | -1.76 &+ 0.026 0.01
NGC 6171(M 107) B 248.133 |-13.054 |-1.02| 5.63 & 0.08 | -34.71 + 0.18 | -1.939 &+ 0.025 | -5.979 &+ 0.025 | 0.00
ES0452-SC11(1636-283) B 249.854|-28.399|-0.81| 7.39+ 0.2 16.37 + 0.44 | -1.423 £+ 0.031 | -6.472+ 0.03 | -0.06
NGC 6205(M 13) GSE-b |250.422 | 36.460 |-1.53| 7.42+ 0.08 | -2449 4+ 0.3 | -3.149 + 0.023 | -2.574 + 0.023 | -0.01
NGC 6229 Pot |251.745| 47.528 |-1.47| 30.11 &£ 0.47 |-137.89 & 0.71 | -1.171 & 0.026 | -0.467 &+ 0.027 | 0.01
NGC 6218(M 12) D |251.809| -1.949 |-1.37| 5.11 &£ 0.05 | -41.67 &+ 0.14 | -0.191 + 0.024 | -6.802 + 0.024 | 0.01
FSR 1735 Kraken | 253.044 | -47.058 | nan | 9.08 + 0.53 | -69.85 + 4.88 | -4.439 + 0.054 | -1.534 + 0.048 | -0.05
(2MASS-GC03)

NGC 6235 Pot |253.356|-22.177|-1.28 | 11.94 £+ 0.38 | 126.68 + 0.33 | -3.931 &+ 0.027 | -7.587 &+ 0.027 | -0.01
NGC 6254(M 10) Kraken | 254.288 | -4.100 |-1.56| 5.07 £ 0.06 | 74.21 &+ 0.23 | -4.758 £+ 0.024 | -6.597 + 0.024 | -0.02
NGC 6256 D |254.886|-37.121|-1.02| 7.24 £ 0.29 | -99.75 4+ 0.66 | -3.715 + 0.031 | -1.637 £ 0.03 0.00
Pal 15 Pot |254.963| -0.539 |-2.07| 44.1 + 1.14 | 72.27 £ 1.74 | -0.592 + 0.037 | -0.901 &+ 0.034 | 0.02
NGC 6266(M 62) B 255.304 |-30.113 |-1.18| 6.41+ 0.1 | -73.98 + 0.67 | -4.978 & 0.026 | -2.947 £+ 0.026 | 0.01
NGC 6273(M 19) Kraken | 255.657 | -26.268 | -1.74 | 8.34 £ 0.16 | 145.54 £ 0.59 | -3.249 + 0.026 | 1.66 &+ 0.025 0.00
NGC 6284 Kraken | 256.120 | -24.765 | -1.26 | 14.21 + 0.42 | 28.62 &+ 0.73 -3.24+ 0.029 | -2.002 + 0.028 | 0.00
NGC 6287 Kraken | 256.289 | -22.708 | -2.1 | 7.93 + 0.37 |-294.74 + 1.65| -5.01 £ 0.029 | -1.883 + 0.028 | 0.01
NGC 6293 B 257.543|-26.582|-1.99| 9.19 + 0.28 |-143.66 = 0.39| 0.87 £ 0.028 | -4.326 & 0.028 | -0.01
NGC 6304 D [258.634|-29.462|-0.45| 6.15+ 0.15 |-108.62 £ 0.39| -4.07 + 0.029 | -1.088 £ 0.028 | 0.01
NGC 6316 B 259.155|-28.140 |-0.45| 11.15 £ 0.39 | 99.65 £+ 0.84 | -4.969 £+ 0.031 | -4.592 + 0.03 0.01
NGC 6341(M 92) Pot [259.281| 43.136 |-2.31| 8.5+ 0.07 |-120.554+ 0.27| -4.935 £ 0.024 | -0.625 + 0.024 | 0.00
NGC 6325 B 259.496 | -23.768 | -1.25| 7.53 4+ 0.32 | 29.54 + 0.58 | -8.289 + 0.03 -9+ 0.029 0.02
NGC 6333(M 9) GSE-c [259.799|-18.516(-1.77| 83+ 0.14 | 310.75+ 2.12 | -2.18 £ 0.026 | -3.222 &+ 0.026 | 0.02
NGC 6342 B 260.292 | -19.588 | -0.55| 8.01 &£ 0.23 | 11575+ 0.9 | -2.903 &+ 0.027 | -7.116 & 0.026 | 0.00
NGC 6356 D [260.896|-17.813| -0.4 | 15.66 £ 0.92 | 48.18 + 1.82 | -3.75 4 0.026 | -3.392 £ 0.026 | 0.00
NGC 6355 B 260.994 | -26.353 | -1.37| 8.65 + 0.22 |-195.85 £+ 0.55| -4.738 &+ 0.031 | -0.572 + 0.03 0.02
NGC 6352 D [261.371|-48.422|-0.64| 554+ 0.07 |-125.63 £ 1.01| -2.158 & 0.025 | -4.447 £+ 0.025 | -0.01
IC 1257 GSE [261.785| -7.093 | -1.7 | 26.59 £ 1.43 |-137.97 &+ 2.04| -1.007 £ 0.04 | -1.492 + 0.032 | 0.10
Terzan 2(HP 3) B 261.888 |-30.802 |-0.69| 7.75 4+ 0.33 | 134.56 & 0.96 | -2.17 + 0.041 | -6.263 £+ 0.038 | 0.05
NGC 6366 D [261.934| -5.080 |-0.59| 3.44 4+ 0.05 |-120.65+ 0.19| -0.332 4+ 0.025 | -5.16 + 0.024 0.01
Terzan 4(HP 4) B 262.663 |-31.596 |-1.41| 7.59 + 0.31 | -48.96 + 1.57 | -5.462 + 0.06 | -3.711 & 0.048 | 0.19
BH 229(HP 1) B 262.772|-29.982| -1 7+ 0.14 39.76 + 1.22 | 2.523 4+ 0.039 |-10.093 + 0.037| 0.04
FSR 1758 Seq [262.800|-39.808 | -1.5 | 11.09 £ 0.74 | 227.31 &+ 0.59 | -2.881 £ 0.026 | 2.519 &+ 0.025 | -0.01
NGC 6362 D [262.979|-67.048 |-1.09| 7.65+ 0.07 | -14.58 & 0.18 | -5.506 £ 0.024 | -4.763 £ 0.024 | 0.00
Liller 1 B 263.352|-33.390|-0.33| 8.06 & 0.34 | 60.36 + 2.44 | -5.403 + 0.109 | -7.431 &+ 0.077 | 0.30
NGC 6380(Ton 1) B 263.619|-39.070|-0.75| 9.61+ 0.3 -1.48 £ 0.73 | -2.183 £ 0.031 | -3.233 + 0.03 | -0.01
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Cluster Type @ é Fe/H d TLOS Lhee s corry,
[deg] [deg] [kpc] [km s™1] [mas yr’l] [mas yr’l]
Terzan 1(HP 2) B 263.947|-30.482|-1.03| 5.67 + 0.17 | 56.75 + 1.61 | -2.806 &+ 0.055 | -4.861 &+ 0.055 | 0.01
Ton2(Pismis 26) Kraken | 264.039 | -38.541| -0.7 | 6.99 + 0.34 |-184.72+ 1.12| -5.904 + 0.031 | -0.755 + 0.029 | 0.03
NGC 6388 B 264.072 | -44.736 | -0.55| 11.17 £ 0.16 | 83.11 £ 045 | -1.316 & 0.026 | -2.709 £+ 0.026 | -0.01
NGC 6402(M 14) Kraken | 264.401 | -3.246 |-1.28 | 9.14+ 0.25 | -60.71 £ 0.45 | -3.59 £ 0.025 | -5.059 & 0.025 | 0.01
NGC 6401 B 264.652|-23.910|-1.02| 8.06 & 0.24 | -105.44 £ 2.5 | -2.748 £ 0.035 | 1.444 4+ 0.034 | 0.01
NGC 6397 D [265.175|-53.674|-2.02| 2.48 +£ 0.02 | 18.51+ 0.08 | 3.26 + 0.023 |-17.664 + 0.022| 0.00
Pal 6 B 265.926 | -26.225|-091| 7.05 + 0.45 177 £ 1.35 | -9.222 4+ 0.038 | -5.347 &+ 0.036 | 0.03
NGC 6426 Pot |266.228| 3.170 |-2.15| 20.71 £ 0.35 |-210.51 & 0.51 | -1.828 &+ 0.026 | -2.999 &+ 0.026 | 0.02
Djorg 1 GSE-a |266.870 | -33.066 | -1.51| 9.88 & 0.65 |-359.18 &+ 1.64 | -4.693 &+ 0.046 | -8.468 & 0.041 | 0.02
Terzan 5(Ter 11) B 267.020 | -24.779|-0.23| 6.62 + 0.15 | -82.57 + 0.73 | -1.989 4+ 0.068 | -5.243 4+ 0.066 | 0.06
NGC 6440 B 267.220|-20.360 | -0.36| 8.25 + 0.24 | -69.39 + 0.93 | -1.187 & 0.036 | -4.02 + 0.035 0.01
NGC 6441 D [267.554|-37.051|-0.46| 12.73 £ 0.16 | 18.47 £ 0.56 | -2.551 &+ 0.028 | -5.348 & 0.028 | 0.03
Terzan 6(HP 5) B 267.693 |-31.275|-0.56| 7.27 &+ 0.35 | 13645+ 1.5 | -4.979 &+ 0.048 | -7.431 &+ 0.039 | 0.14
NGC 6453 B 267.716 | -34.598 | -1.5 | 10.07 £ 0.22 | -99.23 + 1.24 | 0.203 &+ 0.036 | -5.934 &+ 0.037 | -0.04
UKS 1 GSE-a [ 268.613|-24.145|-0.64 | 15.58 £ 0.56 | 59.38 + 2.63 | -2.04 + 0.095 | -2.754 &+ 0.063 | -0.05
VVV CL001 Pot |268.677|-24.015]-0.64| 8.08 & 1.48 | -327.28 £ 0.9 | -3.487 &+ 0.144 | -1.652 + 0.107 | 0.26
NGC 6496 D [269.765|-44.266 |-0.46| 9.64 £ 0.15 |-134.72 £ 0.26| -3.06 = 0.027 | -9.271 £ 0.026 | 0.01
Terzan 9 B 270.412|-26.840 | -1.05| 5.77 & 0.34 | 68.49 £ 0.56 | -2.121 &+ 0.052 | -7.763 £+ 0.049 | 0.03
Djorg 2(ESO 456-SC38) B 270.454 | -27.826 | -0.65| 8.76 + 0.18 | -149.75 + 1.1 | 0.662 + 0.042 | -2.983 + 0.037 | 0.00
NGC 6517 B 270.461 | -8.959 |-1.23| 9.23 +£ 0.56 | -35.06 = 1.65 | -1.551 &+ 0.029 | -4.47 &+ 0.028 0.03
Terzan 10 GSE-c [270.741 | -26.067 | -1 1021+ 04 | 211.37 + 2.27 | -6.827 + 0.059 | -2.588 £ 0.05 0.01
NGC 6522 B 270.892 |-30.034 | -1.34| 7.29 & 0.21 | -15.23 + 0.49 | 2.566 = 0.039 | -6.438 & 0.036 | -0.02
NGC 6535 Seq [270.960| -0.298 |-1.79| 6.36 + 0.12 [-214.85 4+ 0.46| -4.214 £+ 0.027 | -2.939 £ 0.026 | 0.01
NGC 6528 B 271.207 |-30.056 | -0.11| 7.83 + 0.24 | 211.86 + 0.43 | -2.157 & 0.043 | -5.649 &+ 0.039 | -0.03
NGC 6539 D [271.207| -7.586 |-0.63| 8.16 £ 0.39 35194+ 0.5 | -6.896 & 0.026 | -3.537 £ 0.026 | 0.01
NGC 6540(Djorg 3) B 271.536 |-27.765|-1.35| 591 4+ 0.27 | -16.5£ 0.78 | -3.702 &+ 0.032 | -2.791 £+ 0.032 | -0.02
NGC 6544 GSE-a [271.834|-24.998| -14 | 258 & 0.06 | -38.46 + 0.67 | -2.304 & 0.031 | -18.604 &+ 0.03 | 0.01
NGC 6541 Kraken | 272.010 | -43.715|-1.81| 7.61 + 0.1 |-163.97 + 0.46| 0.287 + 0.025 | -8.847 + 0.025 | 0.00
2MASS-GCO01 D [272.091|-19.830|-1.18| 3.37+ 0.62 | -31.28 £ 0.5 | -1.121 & 0.296 | -1.881 &+ 0.235 | 0.28
ES0280-SC06 GSE-c |272.275|-46.423 | -1.8 | 20.95 £ 0.65 | 9324+ 0.34 | -0.688 &+ 0.039 | -2.777 &+ 0.033 | 0.09
NGC 6553 D [272.315|-25908 |-0.18| 533+ 0.13 | -0.27 £ 0.34 | 0.344 £ 0.03 | -0.454 £ 0.029 | 0.01
2MASS-GC02 GSE-a |272.402|-20.779|-1.08| 5.5+ 044 |-237.75+ 10.1 44+ 09 4.7+ 0.8 0.00
NGC 6558 B 272.574|-31.765|-1.32| 7.47 4+ 0.29 |-195.12+ 0.73| -1.72 + 0.036 | -4.144 4+ 0.034 | 0.04
Pal 7(IC 1276) D [272.684| -7.208 |-0.75| 4.55+ 0.25 | 155.06 & 0.69 | -2.553 &+ 0.026 | -4.568 &+ 0.026 | 0.01
Terzan 12 D [273.066|-22.742| -0.5 | 5.17 4+ 0.38 | 95.61 £ 1.21 | -6.222 4+ 0.037 | -3.052 &+ 0.034 | 0.13
NGC 6569 D [273.412|-31.827|-0.76| 10.53 £ 0.26 | -49.83 £ 0.5 | -4.125 £+ 0.028 | -7.354 £+ 0.028 | 0.01
BH 261(ESO 456-78) D [273.527|-28.635| -1.3 | 6.12 £ 0.26 -45 £+ 15 3.566 + 0.043 | -3.59 4+ 0.037 0.10
NGC 6584 GSE-c |274.657|-52.216| -1.5 | 13.61 £ 0.17 | 260.64 + 1.58 | -0.09 + 0.026 | -7.202 £+ 0.025 | -0.01
Mercer 5 D [275.832|-13.669|-1.28| 554 0.5 185.5+ 3.75 | -3.965 + 0.114 | -7.22 £ 0.111 0.31
NGC 6624 B 275919 |-30.361 | -0.44| 8.02 £+ 0.11 5479+ 04 | 0.124 £ 0.029 | -6.936 &+ 0.029 | 0.00
NGC 6626(M 28) B 276.137|-24.870 | -1.32| 5.37+ 0.1 11.11 + 0.6 | -0.278 4+ 0.028 | -8.922 + 0.028 | -0.01
NGC 6638 B 277.734 | -25.497 |-0.95| 9.78 &+ 0.34 8.63+ 2 -2.518 £ 0.029 | -4.076 £ 0.029 | 0.01
NGC 6637(M 69) B 277.846 | -32.348 | -0.64| 8.9+ 0.1 4748 £ 1 -5.034 £ 0.028 | -5.832 £ 0.028 | 0.04
NGC 6642 B 277.976 | -23.476 | -1.26| 8.05+ 0.2 | -60.61 = 1.35 | -0.173 £ 0.03 | -3.892 + 0.03 0.00
NGC 6652 B 278.940|-32.991 |-0.81| 9.46 + 0.14 | -95.37 + 0.86 | -5.484 £+ 0.027 | -4.274 £+ 0.027 | 0.01
NGC 6656(M 22) D [279.100|-23.905| -1.7 | 3.3+ 0.04 |-148.72 £ 0.78| 9.851 4+ 0.023 | -5.617 £ 0.023 | 0.00
Pal 8 D [280.377|-19.829|-0.37| 11.32 + 0.63 | -31.54 + 0.21 | -1.987 & 0.027 | -5.694 &+ 0.027 | 0.01




Classifying globular clusters and applying them to estimate the mass of the Milky Way 33
Cluster Type @ é Fe/H d TLOS Lhee s corry,
[deg] [deg] [kpc] [km s™1] [mas yr’l] [mas yr’l]
NGC 6681(M 70) Kraken | 280.803 | -32.292 | -1.62 | 9.36 + 0.11 | 216.62 &+ 0.84 | 1.431 + 0.027 | -4.744 £+ 0.026 | 0.01
NGC 6712 Kraken | 283.268 | -8.706 |-1.02| 7.38 & 0.24 |-107.45 £+ 0.29| 3.363 + 0.027 | -4.436 &+ 0.027 | 0.02
NGC 6715(M 54) Sgr [283.764|-30.480|-1.49| 26.28 &+ 0.33 | 143.13 + 043 | -2.679 £ 0.025 | -1.387 £ 0.025 | 0.00
NGC 6717(Pal 9) B 283.7751-22.701|-1.26 | 7.52 £ 0.13 3025+ 09 | -3.125 & 0.027 | -5.008 £ 0.027 | 0.03
NGC 6723 B 284.888 |-36.632 | -1.1 8.27+ 0.1 -94.39 + 0.26 | 1.028 4+ 0.025 | -2.418 £ 0.025 | 0.00
NGC 6749 D 286.314| 1.900 | -1.6 | 7.59 &+ 0.21 | -58.44 + 0.96 | -2.829 £ 0.028 | -6.006 £ 0.027 | 0.01
NGC 6752 D 287.7171-59.985|-1.54| 4.12 £ 0.04 | -26.01 £ 0.12 | -3.161 = 0.022 | -4.027 £ 0.022 | -0.01
NGC 6760 D 287.800| 1.030 | -0.4 | 8.41 £ 0.43 =237+ 1.27 | -1.107 &£ 0.026 | -3.615 £ 0.026 | 0.02
NGC 6779(M 56) GSE |289.148| 30.183 |-1.98| 10.43 &+ 0.14 |-136.97 &+ 0.45| -2.018 £ 0.025 | 1.618 £ 0.025 0.01
Terzan 7 Sgr [289.433|-34.658|-0.32 | 24.28 4+ 0.49 | 159.85 + 0.14 | -3.002 £ 0.029 | -1.651 £ 0.029 | 0.05
Pal 10 D 289.507| 18.579 | -0.1 | 894 £+ 1.18 | -31.7 4+ 0.23 | -4.322 + 0.029 | -7.173 £ 0.029 | 0.02
Arp 2 Sgr [292.184|-30.356 | -1.75| 28.73 &+ 0.34 | 122.64 + 0.29 | -2.331 £ 0.031 | -1.475 £ 0.029 | 0.05
NGC 6809(M 55) Kraken | 294.999 | -30.965 | -1.94 | 5.35 4+ 0.05 174.7 & 0.17 | -3.432 4+ 0.024 | -9.311 £ 0.024 | 0.01
Terzan 8 Sgr [295.435|-33.999|-2.16| 27.54 4+ 0.42 | 148.43 + 0.17 | -2.496 £ 0.027 | -1.581 + 0.026 | -0.02
Pal 11 D 296.310| -8.007 | -0.4 | 14.02 £ 0.51 | -67.64 £ 0.76 | -1.766 £ 0.03 | -4.971 £ 0.028 | 0.04
NGC 6838(M 71) D 298.444 | 18.779 | -0.78 4 £ 0.05 2272+ 0.2 | -3.416 £ 0.025 | -2.656 £ 0.024 | 0.00
NGC 6864(M 75) GSE-c |301.520{-21.921|-1.29| 20.52 & 0.45 |-189.08 &+ 1.12| -0.598 £ 0.026 | -2.81 £ 0.026 0.02
NGC 6934 Pot |308.547| 7.404 |-1.47| 15.72 & 0.17 |-406.22 4+ 0.73 | -2.655 £ 0.026 | -4.689 + 0.026 | 0.01
NGC 6981(M 72) GSE |313.365(-12.537|-1.42| 16.66 + 0.18 [-331.39 4+ 1.47| -1.274 £ 0.026 | -3.361 + 0.026 | 0.00
NGC 7006 GSE |315.373| 16.187 |-1.52| 39.32 + 0.56 |-383.47 + 0.73| -0.128 £ 0.027 | -0.633 + 0.027 | 0.00
Laevens 3 Pot |316.727| 14.980 | -1.8 | 61.77 + 1.65 | -70.3 £ 0.82 | 0.172 & 0.101 -0.666 + 0.08 | -0.02
NGC 7078(M 15) D 3224931 12.167 |-2.37| 10.71 &£ 0.1 | -106.84 & 0.3 | -0.659 £ 0.024 | -3.803 &+ 0.024 | 0.01
NGC 7089(M 2) GSE |323.363| -0.823 |-1.65| 11.69 & 0.11 -3.78 £ 0.3 3435+ 0.025 | -2.159 + 0.024 | 0.01
NGC 7099(M 30) GSE-b [325.092|-23.180|-2.27| 8.46 £ 0.09 |-185.19 + 0.17| -0.737 £ 0.025 | -7.299 £+ 0.024 | 0.01
Pal 12 Sgr [326.662|-21.253|-0.85| 1849+ 03 | 2791 £ 0.28 | -3.22 4+ 0.029 | -3.333 £ 0.028 | 0.08
Pal 13 Pot |346.685| 12.772 |-1.88| 23.48 &+ 0.4 253+ 0.22 1.748 £ 0.049 | 0.104 £ 0.047 | -0.02
NGC 7492 Pot |347.111|-15.611|-1.78| 24.39 + 0.57 | -176.7 + 0.27 | 0.756 £ 0.028 | -2.32 £+ 0.028 0.03
Table A.2: Positions, velocities, apocenter and pericenter in Galactocentric coordinate system for the full
159 GC Sample. Columns (1): the name of GCs. Columns (2)-(4): Position in the x, y and z directions.
Columns (5)-(7): Velocity components. Columns (8)-(9): apocenter and pericenter.
Cluster X Y Z U v w Apo Peri
[kpc] [kpc] [kpc] [km s~'] [km s~'] [km s~'] [kpc] [kpc]
NGC 104(47 Tuc) |-6.31 £ 0.04(-2.59 4+ 0.02|-3.17 £ 0.02 | -77.30 4+ 1.87 | 163.86 + 5.42 | 46.17 + 0.98 | 7.57 £ 0.03 | 5.59 + 0.24
NGC 288 -8.29 4+ 0.03] 0.05 £ 0.00 |-8.97 £ 0.09 | -4.49 £ 2.05 | -5591 £ 6.36 | 50.39 £ 0.88 | 12.38 £ 0.08 | 2.03 £ 0.24
NGC 362 -5.00 &£ 0.05(-5.21 £ 0.06|-6.37 = 0.07 | -93.77 £+ 2.91 |-105.71 £ 6.05| -67.58 + 1.50 | 12.36 £ 0.22 | 0.26 £ 0.12
Whiting 1 +22.51 + 0.55/4.74 + 0.18 |-26.65 + 1.02(247.22 + 10.62| 20.93 4+ 12.80 | -9.72 + 6.76 | 61.05 £ 5.69 |21.33 + 1.89
NGC 1261 -8.12 £ 0.04+10.07 = 0.12-12.93 £ 0.15] 79.17 £ 2.79 | 50.55 & 5.81 | 68.60 £ 1.98 | 20.93 £ 0.26 | 1.27 £ 0.23
Pal 1 +14.97 + 0.20/ 8.08 = 0.24 | 3.68 £ 0.11 | 63.70 4+ 2.28 | 199.19 &+ 5.63 | -24.97 £ 2.07 | 18.52 + 0.54 [14.40 & 0.54
AM I(E 1) -24.31 + 0.46-77.22 + 2.18-88.96 + 2.51| 18.44 + 45.84 | 2091 £+ 47.97 | 43.25 + 42.33 | 12595 + 7.24 (19.21 + 18.44
Eridanus +58.33 + 1.71139.22 £+ 1.34-55.74 + 1.91| 53.16 £ 13.19 | 51.80 & 17.46 |140.21 4+ 12.47| 124.00 &+ 5.58 [13.88 &+ 4.37
Pal 2 -33.67 + 1.274.25 + 0.21 |-4.04 £ 0.20| 109.37 &+ 2.99 | -2.57 4+ 12.98 | 8.00 + 4.33 38.89 £ 1.47 | 0.80 £ 0.55
NGC 1851 +12.41 + 0.06(-8.83 4+ 0.10|-6.83 £ 0.08 | -82.72 4+ 2.22 | -75.31 £ 5.77 | -82.60 &= 2.00 | 20.30 &+ 0.26 | 0.56 £+ 0.16
NGC 1904(M 79) +15.94 + 0.11]-8.37 £ 0.11|-6.37 £ 0.09 | -43.94 + 2.39 | -24.31 + 5.79 | 5.60 + 2.10 19.55 4+ 0.18 | 0.28 &+ 0.17
NGC 2298 -12.09 + 0.08/-8.61 + 0.15]-2.68 £ 0.05| 79.68 + 3.06 | 26.90 £ 5.69 | 67.34 + 2.26 | 16.57 + 0.26 | 1.00 + 0.23
NGC 2419 +88.02 + 2.12/-0.52 4+ 0.01|37.91 + 1.01| 7.54 £ 5.39 |33.28 £ 13.69 |-52.25 + 10.85| 96.97 + 2.38 [12.74 &+ 3.64
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Cluster X Y Z U \'% w Apo Peri
[kpc] [kpc] [kpc] [km s~ '] [km s~ 1] [km 5] [kpc] [kpc]

Pyxis 113.63 + 0.10-35.82 + 0.64 4.48 + 0.08 | 108.72 £+ 6.24 | 207.96 &+ 5.63 | 158.69 + 6.46 | 93.34 4+ 5.77 |18.64 + 0.95
NGC 2808 -6.10 £ 0.04]-9.65 + 0.11[-1.95 + 0.02| 56.02+ 2.11 | 141.96 + 539 | 29.97 + 1.48 | 14.62+ 0.25 | 0.85+ 0.06
E3(ESO37-1) [-5.36 £ 0.09]-6.90 + 0.21|-2.55 + 0.08 |-218.01 &+ 7.44| 104.10 £+ 6.78 | 98.06 + 3.19 | 12.58 + 0.84 | 8.96 & 0.16
Pal 3 143.16 & 1.18-61.23 & 2.07/63.37 + 2.14| 38.72 + 30.33 [140.52 + 23.32| 61.84 + 16.64 | 111.88 + 9.69 [52.49 & 13.78
NGC 3201 -7.58 4+ 0.03]-4.65 &+ 0.04| 0.73 + 0.01 |250.14 + 2.38 [-206.17 + 5.49| 148.62 + 1.15| 27.76 + 0.92 | 8.39 + 0.05
Pal 4 137.25 + 0.75-12.03 + 0.31/96.50 & 2.47| 1.35 & 20.43 | -7.49 + 20.29 | 49.02 &+ 6.37 | 107.34 4+ 2.72 | 6.09 & 4.28
Crater(Lae 1) 0.38 + 0.26 198.43 + 2.92[109.12 & 3.23/ 23.48 + 92.67 | 78.89 + 54.46 | 54.80 + 49.60 [150.18 + 272.4481.55 + 48.48
NGC 4147 934 + 0.04]-3.93 £ 0.05(18.11 & 0.21| -41.11 & 3.02 | -20.44 & 6.47 | 130.08 + 1.24 | 2541 4+ 0.29 | 0.58 & 0.25
NGC 4372 =529 + 0.11[-4.81 £ 0.17|-0.96 + 0.04 | -99.67 & 5.68 | 77.23 + 6.66 | 64.69 + 2.78 | 7.354 0.07 |2.94 =+ 0.16
Rup 106 2244 0.19 }17.40 &+ 0.31| 4.18 & 0.07 |-118.73 + 3.43|218.71 + 5.68 | 32.16 + 2.73 | 33.26 + 1.17 | 4.86 + 0.22
NGC 4590(M 68) |-4.00 £+ 0.05|-7.31 £+ 0.07| 6.13 & 0.06 |[-170.92 + 2.50| 281.88 + 5.44 | 17.44+ 1.47 | 28.58 + 1.23 | 9.11 & 0.07
BH 140 -5.55 + 0.14[-4.02 £ 0.21|-0.35 + 0.02 }221.81 & 14.97]-17.30 + 11.27| 32.13 + 1.98 | 1032+ 0.72 | 1.99 &+ 0.16
NGC 4833 -4.63 £ 0.06]-5.34 £+ 0.07|-0.89 + 0.01| -95.02 & 3.34 | -61.74 & 5.84 | -41.76 &+ 1.18 | 8.08 & 0.11 | 0.66 & 0.09
NGC 5024(M 53) |-5.20 + 0.05|-1.49 + 0.01|18.22 + 0.17| 56.91 + 2.74 | 148.58 + 5.87 | -72.56 + 0.99 | 22.44 4+ 0.28 | 8.70 + 0.45
NGC 5053 -5.07 + 0.05]-1.38 + 0.02(17.22 4+ 0.22| 53.38 + 2.77 | 144.07 + 6.05 | 35.14 + 1.04 | 18.03 4+ 0.20 |[10.32+ 0.58
NGC 5139(w Cen)|-4.87 £ 0.05|-4.07 £+ 0.04| 1.41 & 0.01 | 9542+ 1.86 | -28.97 & 5.56 | -87.47+ 1.78 | 7.01+ 0.12 | 1.58 & 0.13
NGC 5272(M 3) |-6.68 £ 0.04| 1.34 4= 0.01 {10.00 & 0.08| 64.78 + 2.10 | 120.94 + 5.64 |-134.29 + 0.93| 1598 + 0.16 | 4.96 &+ 0.26
NGC 5286 -0.93 4+ 0.10]-8.16 & 0.11{ 2.04 + 0.03 | 59.34 4+ 2.00 |203.50 + 5.62 | 8.69 + 1.57 | 12.88 + 0.33 | 0.72 + 0.08
AM 4 10.49 & 0.59115.48 + 0.4916.01 & 0.50[150.89 4+ 50.13|-58.17 + 41.041173.83 4+ 45.57 31.49 + 25.24 |23.75 + 4.23
NGC 5466 -4.76 £ 0.05]3.06 + 0.03 [15.48 &+ 0.15|-217.20 & 3.50| -41.80 & 6.52 | 225.84 + 1.57 | 47.22 4+ 1.61 | 6.39 + 0.23
NGC 5634 8.01 + 0.40 |-5.18 & 0.13|19.66 + 0.48| -59.88 4 3.48 | -20.83 & 9.05 | -25.45 4+ 2.38 | 22.47 + 0.68 | 2.55 + 0.50
NGC 5694 18.16 + 0.56}14.54 & 0.31/17.56 &= 0.37|-113.40 & 3.70| 138.46 £ 7.80 |-171.12 & 4.99| 57.40 & 1.90 | 2.52 & 0.40
IC 4499 2.54 4 0.15 }14.07 + 0.19-6.61 + 0.09| 31.14 + 2.58 |241.20 + 5.61 | -61.48 + 2.36 | 27.59 + 1.00 | 6.96 + 0.25
NGC 5824 17.94 & 0.50113.55 + 0.26/11.88 & 0.22| -97.52 + 3.28 | -68.95 & 8.96 |-179.93 + 5.07| 34.58 + 1.57 |14.62 + 1.25
Pal 5 7.14 £ 035|022 + 0.01 |15.73 £ 0.36| -47.50 + 2.68 -150.65 + 11.02 -11.81 + 2.25 | 17.69 + 0.54 | 9.51 + 1.24
NGC 5897 221+ 020 |-3.18 + 0.06| 6.33 + 0.12 | -34.55 + 3.19 |-137.15 + 8.88| 91.51 &+ 1.70 | 9.33 + 0.38 |2.43 + 0.30
NGC 5904(M 5) |-3.06 + 0.05|0.34 4 0.00 | 5.46 &+ 0.04 | 301.02 &+ 2.70 | 82.59 &+ 5.61 |-182.06 & 2.05| 25.40 + 0.67 | 2.34 + 0.08
NGC 5927 -1.29 4 0.10|-4.54 & 0.06| 0.70 + 0.01 [-205.38 & 2.55|106.12 + 621 | 6.58 + 1.32 | 5.64+ 0.16 | 4.26 + 0.06
NGC 5946 -0.05 + 0.44(-5.16 + 0.28| 0.71 & 0.04 | -7.61 + 7.45 |-29.65 + 12.03| 98.46 + 4.61 | 578+ 0.30 | 0.13+ 0.12
NGC 5986 1.27 & 0.12 [-4.00 + 0.05| 2.42 + 0.03 | -8.43 + 2.32 | -79.55 + 6.68 | -13.10 £ 1.61 | 5.10 £ 0.10 | 0.44 + 0.08
FSR 1716 -1.76 £ 0.24]-3.74 £ 0.14{-0.20 + 0.01 |-181.72 & 6.53|-17.95 + 11.66|-115.28 + 4.81| 5.19+ 022 |2.46 £ 0.15
Pal 14(Arp 1) 39.71 + 1.08[26.20 + 0.59(49.28 + 1.11| 99.05 & 9.93 | 69.42 & 15.11 | 123.06 + 9.79 | 100.98 + 3.01 | 1.97 + 1.30
BH 184(Lynga 7) |-1.43 + 0.14|-4.09 + 0.08|-0.38 + 0.01 |-125.82 + 3.65| -5.88 + 7.42 | -88.05+ 2.32 | 4.654+ 0.07 | 1.80 &+ 0.09
NGC 6093(M 80) | 1.50 & 0.12 |-1.24 + 0.01| 3.44 & 0.04 | 896+ 1.83 |-55.81+ 6.58 | -63.16+ 1.79 | 4.02+ 0.11 | 0.79 + 0.11
NGC 6121(M 4) |-6.42 + 0.04|-0.28 + 0.00| 0.53 & 0.01 | 56.18 + 1.77 | 38.07 + 5.76 | -3.17 = 0.94 | 6.69 &+ 0.05 | 0.54 & 0.09
NGC 6101 2,104 0.14 |-9.34 + 0.12|-3.94 + 0.05|296.21 &+ 2.18 | 76.20 + 5.84 [-190.88 + 2.23| 35.75+ 1.26 [10.01 + 0.14
NGC 6144 -0.41 4 0.13]-1.10 & 0.02] 2.20 + 0.03 | 184.53 + 1.88 | 99.24 + 5.97 | 43.61 + 1.30 | 3.81+ 0.09 | 1.42+ 0.12
NGC 6139 1.33 + 0.41 |-3.02 4+ 0.13| 1.21 + 0.05 | -68.17 + 4.88 |-36.55 + 13.14| 130.81 + 5.39 | 3.68 + 0.33 | 1.16 + 0.28
Terzan 3 -0.88 + 0.29]-1.94 + 0.08| 1.23 & 0.05 |-181.80 & 3.19| 105.61 + 8.87 | 89.27 + 4.36 | 3.34+ 0.09 |2.24 + 0.05
NGC 6171(M 107)-3.00 £ 0.08| 0.31 & 0.00 | 2.21 & 0.03 | 10.07 + 1.81 | 86.51 + 6.11 | -57.65+ 1.30 | 3.81 £ 0.05 | 1.12 £ 0.10
ESO452-SC11  |-1.02 + 0.20|-1.02 + 0.03| 1.55 4+ 0.04 | 20.28 + 1.87 | 36.51 & 7.86 | -95.35+ 3.19 | 2454+ 0.05 |0.22+ 0.12
(1636-283)
NGC 6205(M 13) |-5.28 + 0.05| 4.81 + 0.05 | 4.87 & 0.05 | -30.54 &+ 1.99 | -22.35+ 5.51 | -77.33+ 1.39 | 8.81+ 0.05 | 1.20 & 0.09
NGC 6229 -1.66 £ 0.11]22.03 + 0.34{19.48 + 0.30| 7.88 4+ 4.11 | 2221 + 6.19 | 47.46 + 3.53 | 30.26 + 0.48 | 0.92 & 0.37
NGC 6218(M 12) |-3.76 + 0.06| 1.24 4+ 0.01 | 2.27 4+ 0.02 | 48.78 + 1.93 | 107.87 + 5.59 | -85.45 + 1.23 | 480+ 0.04 |2.03+ 0.13
FSR 1735 0.31 & 0.49 |-3.23 + 0.19(-0.29 + 0.02|-111.77 + 5.95|107.63 & 11.10| 115.44 + 6.55| 424+ 040 | 1.244 0.13

(2MASS-GC03)
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Cluster X Y zZ U A% w Apo Peri
[kpc] [kpc] [kpc] [km s~ '] [km s~ '] [km s~ '] [kpc] [kpc]

NGC 6235 345+ 0.38 |-0.22 + 0.01| 2.78 & 0.09 | 144.30 &= 1.82 }-234.33 + 16.77| -43.48 + 3.12 | 8.84 + 1.44 |3.39+ 043
NGC 6254(M 10) |-3.67 & 0.06| 1.22 4+ 0.01 | 2.00 + 0.02 | 122.89 + 1.88 | 73.10 £ 6.04 | 4846+ 1.06 | 470 £ 0.05 | 1.75+ 0.10
NGC 6256 -1.12 £ 0.29(-1.53 + 0.06| 0.42 £ 0.02 |-115.82 + 2.20| 146.95 + 7.37 | 67.47 £ 298 | 231+ 0.08 | 1.64 £ 0.25
Pal 15 29.90 + 0.98(12.98 £+ 0.34|18.10 &+ 0.47| 141.75 &+ 4.57 | 51.70 & 10.76 | 47.59 £ 691 | 49.09 + 1.60 | 1.71 &+ 0.74
NGC 6266(M 62) |-1.86 &= 0.10{-0.71 £ 0.01| 0.82 £ 0.01 | -88.20 + 1.93 | 92.53 + 594 | 63.59 + 1.54 | 2.69 £ 0.16 | 0.91 £ 0.07
NGC 6273(M 19) | 0.04 & 0.16 |-0.45 £ 0.01| 1.36 £ 0.03 | 130.37 = 1.93 | 214.33 & 5.55 | 170.96 £ 2.98 | 446+ 0.17 | 045+ 0.18
NGC 6284 5.81 &+ 0.42 |-0.40 £ 0.01| 2.44 + 0.07 | 16.33 + 2.01 | 897+ 9.15 |105.02 £ 344 | 6.55+ 043 |0.36 £ 0.12
NGC 6287 -0.39 £+ 0.37]0.02 + 0.00 | 1.52 £ 0.07 |-298.85 + 2.61| 77.03 £ 9.66 | 60.95 £ 5.34 | 558+ 0.18 | 0.16 + 0.08
NGC 6293 0.90 + 0.28 |-0.38 £ 0.01| 1.25 4+ 0.04 |-117.92 £+ 1.88| 119.52 £+ 6.83 |-151.12 £ 4.49| 298 + 0.30 | 0.29 £ 0.09
NGC 6304 -2.06 + 0.16|-0.45 + 0.01| 0.58 & 0.01 |-110.78 £ 1.81| 158.85 + 6.14 | 7547 + 2.25 | 2954+ 0.14 | 1.60 &+ 0.12
NGC 6316 290 4+ 0.39 |-0.55+ 0.02| 1.11 4 0.04 | 85.48 + 2.17 -108.45 &+ 13.72) 9249 + 3.27 | 423+ 049 |0.97 £ 0.26
NGC 6341(M 92) |-5.59 &+ 0.04| 6.48 = 0.05 | 4.87 + 0.04 | -22.87 + 1.99 | 32.14 £ 558 | 98.35+ 1.77 | 10.67 =+ 0.09 | 0.26 & 0.13
NGC 6325 -0.73 £ 0.33] 0.13 + 0.01 | 1.05 £ 0.05 | 39.15 + 1.83 }186.43 £ 20.06 73.23 £+ 3.06 | 2.00 + 0.22 | 0.82 £+ 0.30
NGC 6333(M 9) |-0.05 £ 0.14|0.79 &+ 0.01 | 1.54 £ 0.03 | 329.66 + 2.76 | 122.27 4+ 6.16 | 65.57 + 1.38 | 7.97 £ 0.21 | 0.82 £ 0.04
NGC 6342 -0.30 & 0.22|0.67 £ 0.02 | 1.35 &+ 0.04 | 158.75 £ 2.12 | -29.88 £ 9.69 | -30.04 4+ 2.03 | 1.99 + 0.04 | 0.77 & 0.12
NGC 6356 7.124+ 091 | 1.80 £ 0.11 | 2.76 + 0.16 | 84.01 = 3.03 [111.15 £+ 22.35110.32 £ 6.02| 9.00 + 1.27 |3.65+ 1.23
NGC 6355 0.44 + 0.22 |-0.06 £+ 0.00| 0.82 4 0.02 |-198.55 £ 1.91| 118.76 £ 6.56 | 136.67 £ 4.04 | 2.56 + 0.16 | 0.21 £ 0.08
NGC 6352 -2.97 + 0.07|-1.75 + 0.02|-0.68 4+ 0.01 |-150.05 £ 2.11| 163.50 + 5.67 | 6.44 £ 1.13 4204 0.11 | 3.11 &+ 0.08
IC 1257 16.52 + 1.32| 7.32 + 0.39 | 6.92 + 0.37 | -55.30 &= 4.41 |-11.49 &+ 13.61| -15.90 &+ 4.53 | 20.04 &+ 1.50 | 0.56 + 0.38
Terzan 2(HP 3)  |-0.47 &+ 0.34(-0.50 £ 0.02| 0.31 + 0.01 | 13248 + 2.08 | 1.48 + 11.85 | -48.90 4+ 3.13 | 0.99+ 0.30 |0.33 £+ 0.11
NGC 6366 -5.04 £ 0.06| 1.04 = 0.01 | 0.96 £ 0.01 | -65.47 £ 1.80 | 140.08 £ 5.50 | -61.95 £+ 1.08 | 6.07 + 0.16 | 2.09 £ 0.11
Terzan 4(HP 4)  |-0.62 + 0.31|-0.53 £ 0.02| 0.17 & 0.01 | -54.79 + 2.43 | 30.14 &+ 10.72 | 97.00 £ 4.22 | 0.88 £ 0.22 | 0.26 & 0.04
BH 229(HP 1) -1.18 + 0.15|-0.31 &+ 0.01| 0.26 &+ 0.00 | 49.02 4+ 2.14 | 8.67 & 7.43 |-245.04 £ 5.34| 2.03 + 0.11 | 0.34 &+ 0.04
FSR 1758 271 + 0.74 |-2.07 £+ 0.14|-0.64 £ 0.05|251.00 & 2.16 | 227.91 £+ 5.77 |192.48 + 13.58| 14.08 & 3.62 | 3.44 £ 0.63
NGC 6362 -2.17 £ 0.07|-4.13 + 0.04|-2.30 £ 0.02 |-116.93 + 2.14| 33.57 £ 597 | 100.26 + 1.46| 5324+ 0.03 |2.67 £ 0.07
Liller 1 -0.15 £ 0.34{-0.73 & 0.03[-0.02 £ 0.00 | 39.81 & 3.30 +109.84 £ 16.04 25.66 = 3.49 | 097 + 0.12 | 0.20 £ 0.12
NGC 6380(Ton 1) | 1.29 4+ 0.31 |-1.64 £ 0.05|-0.58 £+ 0.02 | -20.38 + 2.14 | 70.21 + 7.87 | 11.64 + 1.68 | 2.37 £ 0.19 | 0.32 £ 0.05
Terzan 1(HP 2) |-2.52 & 0.18|-0.24 & 0.01| 0.10 & 0.00 | 61.50 £ 2.36 | 92.09 + 7.38 | 1.17 + 1.73 272+ 0.19 | 0.71 £ 0.10
Ton2(Pismis 26) |-1.29 + 0.33|-1.12 £ 0.05|-0.41 &+ 0.02 |-181.80 & 2.13| 148.60 &+ 8.16 | 170.34 + 7.31| 3.50 £ 0.30 | 1.67 + 0.14
NGC 6388 2.56 + 0.16 |-2.77 £ 0.04|-1.32 £ 0.02| 4947+ 195 | 71.23 + 6.10 | -19.37 £ 1.59 | 4.17+ 0.11 | 1.18 £ 0.05
NGC 6402(M 14) | 0.06 £ 0.22 | 3.21 & 0.09 | 2.34 + 0.06 | 46.76 £ 3.05 | -28.05 + 8.95 | 19.66 £ 1.55 | 4.08 £ 0.08 | 0.54 &+ 0.08
NGC 6401 -0.14 + 0.25/0.48 £+ 0.01 | 0.56 + 0.02 |-101.26 £ 3.00| 229.43 + 5.65 | 118.38 & 3.89 | 2.51 + 0.10 | 0.20 + 0.11
NGC 6397 -5.93 + 0.04|-0.90 = 0.01|-0.50 & 0.00 | -58.62 = 1.88 | 99.27 £ 5.70 |-130.31 & 1.40| 6.39 =+ 0.04 |2.45+ 0.15
Pal 6 -1.13 £ 0.46|0.26 + 0.02 | 0.22 £ 0.01 | 194.56 £ 2.25 |-62.66 + 21.03|181.26 £ 11.06| 3.18 & 0.61 | 0.08 £ 0.07
NGC 6426 9.36 &+ 0.30 | 9.35 £ 0.16 | 5.76 &+ 0.10 | -11.47 & 3.50 |-156.54 £ 7.87| -28.45 £ 2.67 | 17.41 &+ 0.61 |3.92 £ 045
Djorg 1 1.69 £ 0.65 [-0.57 + 0.04(-0.43 + 0.03 |-374.18 £ 2.98}187.43 £ 30.29| 7.24 + 2.48 | 11.39 4+ 4.33 | 1.20 £+ 0.36
Terzan 5(Ter 11) |-1.58 &= 0.15| 0.44 & 0.01 | 0.20 £ 0.00 | -58.84 + 1.92 | 67.12 + 7.07 | -26.42 £ 2.35| 1.83£ 0.15 | 0.28 £ 0.06
NGC 6440 -0.02 £ 0.24| 1.11 + 0.03 | 0.55 £ 0.02 | -33.63 £ 2.12 | 7893 £+ 7.18 | -37.80+ 2.04 | 133+ 0.04 | 0.17 £ 0.07
NGC 6441 442+ 0.16 [-1.43 £ 0.02|-1.12 + 0.01 | -13.60 = 1.94 |-110.71 £ 7.12| -25.27 + 1.96 | 4.83 £ 0.16 | 1.82+ 0.16
Terzan 6(HP 5)  [-0.91 & 0.35]-0.18 £ 0.01|-0.27 & 0.01 | 140.30 & 2.37 |-65.95 £ 15.86| 18.44 £ 1.92 | 137+ 0.38 | 0.35+ 0.04
NGC 6453 1.84 £ 0.22 [-0.75 £+ 0.02(-0.68 + 0.02 |-116.01 £ 2.24| 14.82 + 7.48 |-137.85 4+ 3.79| 2.52+ 0.23 | 0.33 £ 0.07
UKS 1 7.34 4+ 0.56 | 1.39 £ 0.05| 0.19 + 0.01 | 92.34 + 3.33 | -0.06 £ 11.62 | 35.17 + 6.77 | 8.13+ 0.60 | 0.29 £ 0.18
VVV CL001 -0.17 £ 147 0.74 &+ 0.14 | 0.11 £ 0.02 |-304.53 + 2.77|94.23 + 23.35 | 86.31 + 1587 | 4.54+ 1.84 | 0.67 £ 0.37
NGC 6496 1.11 £ 0.14 |-1.97 &+ 0.03|-1.68 £ 0.03 |-223.29 &+ 2.36|-154.63 &+ 8.59| -45.52 £ 1.87 | 5.62+ 0.36 |2.40+ 0.12
Terzan 9 -2.41 4+ 0.33/10.36 + 0.02 |-0.19 4+ 0.01| 90.74 + 1.98 | 36.12 + 13.55| -49.71 + 3.54 | 2.74+ 0.33 | 0.38 + 0.13
Djorg 2 0.56 £ 0.19 | 0.42 £ 0.01 |-0.38 = 0.01 |-137.70 £ 2.04| 143.47 £ 6.05 | -70.78 & 2.66 | 1.39 £ 0.15 | 0.68 £ 0.12

(ESO 456-SC38)
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Cluster X Y Z U \'% w Apo Peri
[kpc] [kpc] [kpc] [km s~ '] [km s~ 1] [km 5] [kpc] [kpc]
NGC 6517 0.50 4+ 0.54 | 3.02 4 0.19 | 1.09 & 0.07 | 49.52 + 4.99 |41.81 + 13.05 | -31.92 + 2.66 | 3.63+ 0.27 | 0.47 &+ 0.05
Terzan 10 1.99 + 0.41 | 0.79 £ 0.03 |-0.34 & 0.01|250.50 + 3.05 | -8.76 & 12.14 | 22541 + 942 | 630+ 1.17 | 0.74 + 0.19
NGC 6522 -0.91 + 0.21]0.13 & 0.00 |-0.50 + 0.01 | -14.52 & 1.85 | 93.75 + 7.09 |-177.27 + 5.57| 146+ 0.12 | 0.59 & 0.13
NGC 6535 261+ 0.11]2.864 0.06 | 1.16 = 0.02 |-125.51 & 2.13| 20.20 + 6.04 | 38.79 + 1.78 | 471+ 0.09 | 1.08 & 0.08
NGC 6528 -0.37 4+ 0.24]0.16 + 0.00 |-0.57 & 0.02 | 224.33 + 1.79 | 27.10 + 9.06 | -40.55+ 2.05 | 1.80+ 0.23 | 0.18 + 0.03
NGC 6539 -0.61 4+ 0.37|2.87 + 0.14 | 0.96 + 0.05 | 113.55 + 3.82 | 19.08 & 12.74 | 178.36 & 8.12| 3.50 + 0.19 | 2.13 + 0.17
NGC 6540 230+ 0.28]0.34 4 0.02 |-0.34 + 0.02| 4.67+ 1.98 |125.95+ 7.86| 60.72+ 2.77 | 241+ 024 | 121+ 0.18
(Djorg 3)
NGC 6544 -5.62 + 0.07]0.26 & 0.01 [-0.08 + 0.00| -9.05 + 1.89 | 29.25 + 7.16 | -76.99 & 220 | 5.84 & 0.06 | 0.42 £ 0.11
NGC 6541 -0.85 4 0.10]-1.39 & 0.02{-1.47 & 0.02 [-228.60 &+ 2.06| 5.53 4+ 6.44 |-111.44 + 2.33| 4.22+ 0.06 | 1.35+ 0.04
2MASS-GCO1  |-4.83 + 0.61]0.62 4 0.11 | 0.02 & 0.00 | -13.21 & 2.34 | 204.86 + 9.50 | 847+ 4.18 | 5.18+ 0.59 |3.81 % 0.65
ES0280-SC06  [11.72 + 0.63|-4.63 £ 0.15|-4.59 + 0.14 | 23.65 + 3.15 |-42.48 + 10.59| -72.60 & 4.11 | 14.03 4+ 0.72 | 1.19 & 0.48
NGC 6553 -2.88 + 0.13] 0.49 & 0.01 |-0.27 + 0.01 | 10.63 + 1.82 |239.35 + 5.53 | -5.88 + 1.20 | 3.85+ 0.19 |2.84+ 0.13
2MASS-GC02  |-2.77 + 0.44|0.93 4+ 0.08 |-0.05 + 0.01 |215.06 + 10.89/147.82 & 23.00}139.52 + 26.48 6.75+ 1.00 | 0.86 + 0.23
NGC 6558 -0.75 4 0.29] 0.03 £ 0.00 |-0.78 & 0.03 [-184.08 & 1.89| 86.23 + 827 | 12.44 + 1.63 | 1.92+ 0.28 | 0.27 + 0.09
Pal 7(IC 1276)  |-3.97 + 0.24| 1.69 + 0.10 | 0.46 & 0.03 | 196.23 & 3.04 | 197.37 & 8.19 | 23.80 + 1.04 | 7.38+ 0.46 |3.67+ 0.11
Terzan 12 -3.07 £ 038/ 0.75 4 0.06 |-0.18 + 0.02 | 129.67 + 2.78 [122.12 + 11.69| 101.23 + 7.44 | 395+ 044 | 1.824+ 0.19
NGC 6569 2.28 4+ 0.26 | 0.09 + 0.00 [-1.23 + 0.03 | -33.70 + 1.89 }176.09 + 11.61| 23.41 + 1.64 | 2.82+ 0.30 | 1.95+ 0.29
BH 261 -2.08 + 0.25]0.36 + 0.01 |-0.56 & 0.02 [-44.24 + 15.20| 198.83 + 6.13 |-128.61 + 6.13| 3.63 + 0.36 | 1.57 + 0.24
(ESO 456-78)
NGC 6584 423 + 0.16 [-4.00 + 0.05|-3.86 + 0.05| 68.94 4+ 3.27 |-224.52 &+ 7.51|-237.78 & 2.89| 21.92 & 1.30 | 2.01 £ 0.21
Mercer 5 291 + 0.48] 1.67 & 0.15 |-0.00 = 0.00 | 253.25 + 7.24 | 95.60 & 19.73 | 9.38 + 2.76 | 6.154 0.62 |2.09+ 0.12
NGC 6624 -0.24 4 0.11]0.39 + 0.01 |-1.10 & 0.02 | 59.44 + 1.76 | 14.06 + 6.41 |-122.65+ 2.17| 143+ 0.02 | 0.42 + 0.04
NGC 6626(M 28) |-2.88 + 0.10| 0.73 & 0.01 [-0.52 + 0.01 | 40.16 = 1.87 | 42.11 &+ 6.79 | -91.65 &+ 2.14 | 3.04+ 0.11 | 0.51 + 0.07
NGC 6638 143 4 034 [ 1.33 4 0.05 |-1.22 4+ 0.04| 52.324+ 2.89 | 27.27 4+ 946 | 2535+ 1.72 | 242+ 031 |0.14 £ 0.04
NGC 6637(M 69) | 0.57 & 0.11 | 0.26 & 0.00 |-1.59 + 0.02 | 82.42 + 2.07 | -66.82 & 6.52 | 81.86+ 1.78 | 1.83+ 0.04 | 0.95+ 0.08
NGC 6642 -0.30 £ 0.20| 1.36 & 0.03 [-0.90 + 0.02 | -32.10 & 2.23 | 99.95 + 6.51 | -46.58 & 2.09 | 2.08 & 0.04 | 0.08 & 0.05
NGC 6652 1.09 & 0.14 | 0.25 4+ 0.00 |-1.87 + 0.03 | -46.69 + 2.03 | -34.99 + 6.85 | 164.94 + 2,53 | 3.10+ 0.14 | 0.31 & 0.03
NGC 6656(M 22) |-4.96 + 0.05] 0.56 + 0.01 |-0.42 + 0.01 |-155.76 + 1.93| 205.57 + 5.51 |-148.44 + 2.28| 10.13 + 0.25 | 2.89 &+ 0.09
Pal 8 275+ 0.60 | 275 + 0.15 |-1.35 & 0.08| 54.41 & 4.41 |-76.02 + 18.11| -29.47 + 2.77 | 434+ 0.50 | 1.30 + 0.40
NGC 6681(M 70) | 0.95 4 0.11 | 0.46 4 0.01 |-2.03 + 0.02 | 198.75 + 1.99 | 88.91 + 5.88 |-181.40 + 2.20| 5.89+ 0.16 | 0.31 & 0.09
NGC 6712 -1.53 4+ 0.22]3.15 + 0.10 |-0.55 &+ 0.02 | -61.42 + 2.01 | 116.21 + 6.16 |-159.04 + 5.76| 5.18 + 0.27 | 0.15 + 0.08
NGC 6715(M 54) |17.17 + 0.32| 2.49 4 0.03 |-6.44 + 0.08 | 235.66 & 2.25 | -25.63 + 7.17 | 202.13 + 4.26 | 45.57 + 2.31 [14.79 + 0.39
NGC 6717(Pal 9) [-0.99 + 0.13| 1.64 + 0.03 |-1.42 + 0.03 | 91.37 + 2.18 | 4921 + 6.29 | 2631 + 1.36 | 240+ 0.03 | 0.95+ 0.04
NGC 6723 -0.29 + 0.10] 0.01 & 0.00 |-2.46 + 0.03 |-100.32 &+ 1.79| 171.28 + 5.68 | -33.12 4+ 1.52 | 3.58 &+ 0.11 | 1.36 & 0.07
NGC 6749 2,064 0.17]4.48 + 0.12 [-0.29 &+ 0.01 | 104.70 + 431 | 1791+ 7.70 | 0.82+ 1.36 | 4.99+ 0.06 | 1.52+ 0.08
NGC 6752 478 + 0.05]-1.48 + 0.01|-1.77 + 0.02 | -27.13 + 1.81 | 165.25 + 5.43 | 60.52+ 1.03 | 5.53+ 0.05 |3.41+ 0.16
NGC 6760 -1.39 + 0.34]4.954 0.25 |-0.57 + 0.03 | 95.07 + 4.86 | 122.78 + 8.04 | -19.51 &+ 1.92 | 5.83+ 0.20 | 1.96 + 0.07
NGC 6779(M 56) |-3.44 + 0.07]9.16 + 0.12 | 1.52 & 0.02 | -83.13 & 2.14 | 121.02 + 5.57 | 111.26 £ 222 | 1320+ 0.27 | 1.02 &+ 0.12
Terzan 7 14.56 + 0.47| 1.35 4 0.03 |-8.36 + 0.17 | 268.40 + 3.06 | -35.77 & 8.86 | 197.04 + 5.89 | 50.12 + 4.37 |14.62 + 0.52
Pal 10 2744 0.73] 7.07 £ 0.95 | 0.43 + 0.06 [271.55 4+ 37.53| 3.72 & 29.47 | 25.63 + 3.04 | 11.80 + 4.88 | 6.36 + 1.03
Arp 2 18.37 & 0.33]3.99 + 0.05 |-10.25 4 0.13| 249.49 + 2.89 | -20.14 & 7.64 | 177.36 & 4.77 | 51.22 + 2.83 |18.02 & 0.43
NGC 6809(M 55) |-3.33 £ 0.06] 0.75 + 0.01 |-2.10 + 0.02 | 210.58 £ 1.84 | 21.27 + 6.05 | -56.11 &+ 1.03 | 6.10+ 0.07 | 1.09 &+ 0.07
Terzan 8 16.74 + 0.38] 2.52 4 0.04 |-11.50 + 0.18| 278.88 + 3.08 | -23.20 & 7.82 | 172.55 + 4.80 | 59.32 4+ 4.01 |17.76 + 0.46
Pal 11 331+ 041 |7.13+ 0.25|-3.78 + 0.14| 130.58 & 6.57 |-91.63 &+ 12.04| -12.96 + 2.46 | 882+ 0.45 |4.94+ 0.76
NGC 6838(M 71) |-5.99 + 0.04| 3.33 4 0.04 [-0.30 + 0.00| 63.92 + 1.95 | 186.23 + 5.56 | 38.854+ 1.02 | 7.11 & 0.07 |4.964+ 0.18
NGC 6864(M 75) | 9.14 &+ 0.38 | 6.42 4+ 0.14 |-8.94 + 0.20 | -69.52 & 3.00 | -79.64 &+ 8.35 | 52.19 + 2.57 | 1642+ 0.55 | 0.85+ 0.32
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Cluster X Y Z U \'% w Apo Peri
[kpc] [kpc] [kpc] [km s~ '] [km s~ 1] [km 5] [kpc] [kpc]
NGC 6934 0.94 4 0.11 [11.73 + 0.13[-5.09 + 0.06| 88.29 + 4.19 |-309.31 & 6.22| 121.97 + 2.05 | 44.17 + 2.42 | 2.78 + 0.22
NGC 6981(M 72) | 3.26 & 0.13 | 8.07 & 0.09 |-9.00 + 0.10 | -61.27 & 3.03 |-152.63 + 6.45| 171.32 + 2.10 | 22.88 + 0.60 | 0.27 & 0.13
NGC 7006 8.16 + 0.23 |33.23 + 0.47|-13.07 & 0.19] -59.30 + 5.08 |-142.45 + 6.25| 85.83 &+ 491 | 51.62+ 1.33 |2.15+ 0.53
Laevens 3 17.35 + 0.66|51.52 + 1.32|-22.33 + 0.57| 65.78 & 24.09 | 80.36 &= 13.89 | 115.04 & 25.25| 75.74 + 3.49 |11.66 + 4.62
NGC 7078(M 15) |-4.17 + 0.05| 8.62 4+ 0.08 [-4.90 + 0.05| 106.47 + 2.42 | 46.85+ 5.58 | -30.16 = 1.60 | 10.80 + 0.07 | 3.97 + 0.14
NGC 7089(M 2) |-2.54 + 0.06| 7.61 + 0.07 |-6.82 + 0.07 | -73.68 & 2.33 | 140.28 + 5.68 |-172.67 + 2.24| 18.75+ 042 | 0.62 + 0.13
NGC 7099(M 30) |-3.04 + 0.07|2.64 &+ 0.03 |-6.17 + 0.07 | -1.48 + 2.23 | -87.66 = 6.25 | 108.03 £ 1.16 | 879+ 0.12 | 1.34 £ 0.10
Pal 12 251 + 0.18 | 6.32 + 0.10 |-13.67 & 0.22| 327.64 + 5.52 | 10.03 & 7.08 | 108.15 + 2.71 | 49.43 £ 3.67 [15.08 & 0.27
Pal 13 =735 + 0.04[17.23 + 0.28]-15.90 + 0.26|-161.80 & 6.31|208.49 + 6.57 | -78.46 & 4.25 | 54.87 + 2.34 | 6.59 & 0.55
NGC 7492 -1.73 4 0.15]8.75 + 0.21 |-21.84 + 0.51| 3.53 4 3.72 | -81.33 4 8.79 | 71.64 + 2.77 | 2631 + 0.67 | 2.47 + 0.72
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