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Abstract The motion of baryonic components of the Milky Way is governed by both luminous and dark
matter content of the Galaxy. Thus, the dynamics of Milky Wayglobular clusters (GCs) can be used as
tracers to infer the mass model of the Galaxy up to a large radius. In this work, we apply the directly ob-
servable line-of-sight velocities to test if the dynamics of the GC population are consistent with an assumed
axisymmetric gravitational potential of the Milky Way. Forthis, we numerically compute the phase space
distribution of the GC population where the orbits are either oriented randomly or co-/counter- rotating with
respect to the stellar disk. Then we compare the observed position and line-of-sight velocity distribution of
∼150 GCs with those of the models. We found that, for the adopted mass model, the co-rotating scenario is
the favored model based on various statistical tests. We do the analysis with and without the GCs associated
with the progenitors of early merger events. This analysis can be extended in the near future to include
precise and copious data to better constrain the Galactic potential up to a large radius.

Key words: Galaxy: kinematics and dynamics — globular clusters: general — galaxies: dwarf — Galaxy:
halo — methods: statistical

1 INTRODUCTION

The nearly flat rotation curve of the Milky Way (MW)
in the outer Galaxy, inferred from stellar motion as well
as spectroscopic observation of a variety of tracers of the
interstellar medium (ISM, e.g., Hα, HI and CO emis-
sion lines), is explained by invoking the existence of a
massive dark matter (DM) halo (e.g.,Rubin et al. 1980;
Begeman et al. 1991). Although there are a few galax-
ies for which the rotation curve falls off according to a
Keplerian prediction (Honma & Sofue 1997), the majori-
ty of spiral galaxies exhibit a similar flat rotation curve.
The nature and properties of this dominant componen-
t of the mass in our Galaxy, at present, remain most-
ly uncertain. The mass and density distribution of var-
ious components of the MW have been studied earlier
in detail through mass models (e.g.,Caldwell & Ostriker
1981; Dehnen & Binney 1998; Klypin et al. 2002), kine-
matic models (e.g.,Sharma et al. 2011) and dynamical
models (e.g.,Widrow et al. 2008; Bovy & Rix 2013). The
most notable one among these is the mass model put for-
ward byDehnen & Binney(1998), which considers an ax-
isymmetric potential and three principal components of the
MW, viz. the disk, bulge, and halo. The disk consists of
the ISM, and the thin and thick stellar disks. The bulge and

halo are each described by a spheroidal density distribu-
tion. The HI 21-cm line, in particular, is one of the most
powerful tools to study the kinematics of our Galaxy, as
the radial extent of the HI gas is greater than that of the
visible component. However, the dynamics of the Galaxy
and, in turn, the properties of the DM halo can also be s-
tudied from the structure and kinematics of other baryonic
components, such as globular clusters (GCs) and satellite
galaxies (SGs). In this work, we use the phase space dis-
tribution of GCs based on direct observables (position and
line-of-sight component of their velocity) to check the con-
sistency of the current MW mass model.

Hierarchical structure formation predicts that the
merging of smaller subhalos leads to the formation of a
DM halo (Springel et al. 2008; Frenk & White 2012). The
residual subhalos are observed today as SGs. The MW has
about 59 SGs within 0.5 Mpc from the Galactic center that
are gravitationally bound to the MW, but not all are nec-
essarily in orbit (Kallivayalil et al. 2006; Besla et al. 2007;
Pardy et al. 2020). The MW also has nearly 200 GCs with
a roughly spheroidal distribution around the Galaxy. They
constitute the halo population of our Galaxy. The majority
of these GCs lie at low latitudes in the inner Galaxy, i.e.,
within ∼20 kpc from the Galactic center (Koposov et al.
2007; Dotter et al. 2011; Gaia Collaboration et al. 2018).
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The SGs are more DM dominated than the GCs in their
small-sized halos. In the outermost regions of the Galaxy,
beyond the luminous disk, the gravitational potential of the
DM halo can be constrained from observed velocities of
GCs and SGs (Sofue 2013).

Depending on the nature of a DM candidate, the
number of subhalos predicted from cosmological simu-
lations can be as much as a few orders of magnitude
more than the number of dwarf galaxies observed as
satellites (Strigari et al. 2008; McConnachie et al. 2009;
Strigari 2018). The general consensus in theΛ−CDM
model is that the stellar halos of MW type galaxies are
formed from continuous accretion, merger events or tidal
disruption of many smaller DM subhalos at high redshift-
s (Bullock et al. 2001). The outer- and inner-halo of the
MW with overlapping structural components can thus be
assumed to be composed of two kinds of stellar popula-
tions: one that originated in other galaxies and was accret-
ed by MW in merger events, and another which originat-
ed in situ from the evolution of MW itself. They exhibit
different spatial density profiles, stellar orbits and stellar
metallicities (Carollo et al. 2007). Chemodynamical stud-
ies of the latest data fromGaia (Gaia Collaboration et al.
2016) and SDSS (Abolfathi et al. 2018) provide defini-
tive evidence of the presence of tidal debris from a major
merger event around 8–10 Gyr ago, during the early stages
of halo assembly, leaving its imprint on the ‘sausage’
like structure formed in velocity-space (Helmi et al. 2018;
Belokurov et al. 2018; Myeong et al. 2018). Apart from
the Gaia Sausage, there are predictions of accretion due
to other less-massive merging dwarfs (Myeong et al. 2019;
Piatti 2019).

In this paper, we investigate whether these accretion
events could have contributed significantly to the result-
ing dynamics of the GC population. With limited informa-
tion about the orbits, studying the exact dynamics of in-
dividual GCs or SGs is an intricate problem. Instead, we
address here the consistency of the GC phase space dis-
tribution for an assumed gravitational potential. We con-
sider the dataset of GCs (Harris 1996, 2010; Sohn et al.
2018) with known Galactic coordinates (l, b), distance to
the clusters from the Sun,D⊙ and observed line-of-sight
velocity vlos. From this, we construct the distribution of
GCs around the Galactic center. We then use the public li-
censed code GAL POT to simulate, for a given mass model
of the MW, the position-velocity (l vs.vlos) distribution for
a sample of GCs with the same Galactocentric distribution.
A comparison between the simulated and observed phase
space distribution will allow one to check if the assumed
mass model is consistent with the GC dynamics. We also
check how the phase space distribution changes because
of the GCs associated with the progenitor galaxies of the
merger events – Gaia-Enceladus, Sequoia or Sagittarius d-
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Fig. 1 Hammer projection of the Galactocentric distribu-
tion of GCs.

Sph. Please note that the same analysis can be done for the
SGs as well. However, the line-of-sight velocity data are
available for a lesser number of SGs (Newton et al. 2018),
and hence, here we restrict our analysis mostly to GCs.

We discuss the observed statistics for GCs and the
mass model utilized for this analysis in Section2. The
methodology of our analysis and the results are present-
ed in Section3. We discuss the implications of our results
in Section4 and draw our conclusions in Section5.

2 DATA AND MASS MODEL

The catalog of the GCs (Harris 1996, 2010) provides co-
ordinates (l, b), line-of-sight velocityvlos, metallicity, pho-
tometry and other structural parameters. In the following,
we discuss the observed statistics of the GCs and their s-
patial distribution in Section2.1, and present the poten-
tial model employed to calculate the circular velocity from
Galactocentric distanceRG and the setup for GAL POT

code in Section2.2.

2.1 Observed Statistics

For each GC, we calculate the Galactocentric distance
RG, vertical distancez from the Galactic plane and
Galactocentric angular coordinatesθ andφ from l, b and
D⊙ data on the GCs. For this, we took the distance to the
Sun from the Galactic center to beR0 = 8.2 kpc, the best
fit value found inMcMillan (2017). By matching the best
dynamical model obtained inChatzopoulos et al.(2015) to
the proper motion and line-of-sight velocity dispersion da-
ta of nuclear star clusters, they ascertained the value ofR0

to be8.27 ± 0.09|stat ± 0.4|syst, where systematic errors
account for uncertainties in the dynamical modeling. The
number of GCs falls off sharply beyondRG = 20 kpc. The
Galactocentric angular distribution of GCs is depicted us-
ing the Hammer projection in Figure1. As expected, the
distribution is consistent with a uniform spherical distri-
bution. We plot the observed line-of-sight velocitiesvlos
against Galactic longitudel in Figure2, where the color
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Fig. 2 Distribution of the line-of-sight velocity (vlos) as a
function of Galactic longitude (l) for GCs with color bar
indicating the Galactic latitude (b).

bar indicates the value of Galactic latitudeb for the GCs.
The overplotted sinusoidal curve in the figure illustrates
the component ofvlos ∝ sin(l), reminiscent of a similar
boundary for tracers from the Galactic disk. Note that the
mentioned catalog lists 157 sources, of which the velocity
information is available for 143 GCs, and only those are
included in the analyses.

2.2 The Gravitational Potential

The observed distribution of (l, vlos) for GCs is compared
with the predicted distribution for the model axisymmet-
ric potential of the MW. For this, we have implement-
ed the public licensed code GAL POT. It was originally
written in C++ by Walter Dehnen and later developed by
Paul J. McMillan (McMillan 2017), which is an extension
of a previous model byMcMillan (2011). In addition to
other components, the new model incorporates gas disc-
s that account for the MW’s cold gas. The MW mass is
decomposed into six axisymmetric components – bulge;
DM halo; thin and thick stellar discs; and HI and molecu-
lar gas discs. With an axisymmetric approximation to the
Bissantz & Gerhard(2002) model, the bulge density pro-
file is expressed by

ρb =
ρ0,b

(1 + r′/r0)α
exp[−(r′/rcut)

2] , (1)

wherer′ =
√

R2 + (z/q)2 is in cylindrical coordinates,
with α = 1.8, r0 = 0.075 kpc, rcut = 2.1 kpc and
axis ratio q = 0.5. The total bulge mass considered is
Mb = 8.9 × 109M⊙ with an uncertainty of±10%. The
scale densityρ0,b = 9.93 × 1010M⊙ kpc−3 ±10%. The
thin and thick stellar disc of MW are modeled as exponen-
tial according to theGilmore & Reid(1983) model

ρd(r, z) =
Σ0

2zd
exp

(

− | z |
zd

− R

Rd

)

, (2)

with scale heightzd, scale lengthRd and central sur-
face densityΣ0. The total disc mass isMd = 2πΣ0R

2
d.

The scale heights of the discs are fixed atzd,thin =

300 kpc andzd,thick = 900 kpc. The HI and molecular
gas discs are defined by the functional form mentioned in
Dehnen & Binney(1998) as written below

ρd(R, z) =
Σ0

4zd
exp

(

−Rm

R
− R

Rd

)

sech2(z/2zd) . (3)

Similar to the stellar disc, the gas disc also exhibits an
exponential decline withR, but has a hole in the center
with an associated scale lengthRd. The maximum surface
density is found atR =

√
RdRm, and the total disc mass

is given byMd = 2πΣ0RdRmK2(2
√

Rm/Rd) whereK2

is a modified Bessel function. Also, the disc model poss-
es an isothermalsech-squared profile. The HI disc mod-
el resembles the distribution found inKalberla & Dedes
(2008). The presence of the gas discs significantly deepens
the potential well near the Sun, and hence affects the dy-
namics near the solar neighborhood. The surface density is
set to be 10M⊙ pc−2 at a fiducial value ofR0 = 8.33 kpc,
the distance of the Sun from the Galactic center. The DM
halo density is described by

ρh =
ρ0,h

xγ(1 + x)3−γ
, (4)

wherex = r/rh, with rh the scale radius. They have con-
sideredγ = 1, for the best-fit potential model, which is the
NFW profile (Navarro et al. 1996). GAL POT provides the
gravitational potential associated with axisymmetric den-
sity distributions. It includes the potential models from
Piffl et al. (2014), McMillan (2011), Dehnen & Binney
(1998), McMillan (2017) and their variants. Here, we use
the best-fit potential model ofMcMillan (2017), which
contains four disk components and two spheroidal com-
ponents. The values of various parameters for this best-
fitting potential model are provided in table 3 ofMcMillan
(2017). The mass of the MW within 300 kpc, calculat-
ed by Watkins et al.(2010), is found to be between 1.2
and 2.7×1012M⊙. The estimate yielded by GAL POT is
(1.6 ± 0.3) × 1012M⊙, which is well within the plausi-
ble range. Thus, the potential model is representative and
well-suited while also considering the dynamics of GCs.

As the Galactocentric distance to a source can be writ-
ten asRG =

√

R2
p + z2, for non-coplanar orbits of the

GCs we express the approximate circular velocity as

vR =

(

dΦ

dRG
RG

)1/2

, (5)

dΦ

dRG
=

dΦ

dRp

Rp

RG
+
dΦ

dz

z

RG
, (6)

whereRp = RG sin θ is the component of galactocentric
distance in the plane of the disk andz is the vertical height
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Fig. 3 l vs.vlos plot for (left) mixed rotation, (middle) co-rotation and (right) counter-rotation; obtained from the simulated
data points constrained by observed distribution. The color bar indicates the values of Galactic latitudeb.
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Fig. 4 The top panel displays the median value ofvlos in each bin with error bars representing the velocity range covered
by the first and third quartile values. The bottom panel depicts thep value for a 1D K-S test between observation and
models, in eachl bin with ∆l = 30◦.

to the source.Φ = Φ(R, z, dΦ/dR, dΦ/dz) is the poten-
tial of the system. GAL POT takes as input the values ofRp

andz, and produces outputvR. As described in Section3,
this is then utilized to compute the expectedvlos for a given
distance and direction.

3 ANALYSIS AND RESULTS

For this assumed mass model, as described in Section2.2,
we next investigate the expectedl vs. vlos distribu-
tion numerically by transforming the velocity in the
Galactocentric frame to that in the observer frame. For this,
we consider GCs as test particles, their angular position-
s (θ, φ) distributed uniformly on the surface of a sphere
and the Galactocentric distancesRG having the same dis-

tribution as the observed one. For better statistics, we have
implemented 200 times the number of data points in each
∆RG = 2 kpc bin, so that the relative number of test par-
ticles in thel vs. vlos distribution represents the proba-
bility density of observing a GC at that (l, vlos). The an-
gle ψ, between the rotation axis of the disk and the u-
nit vector perpendicular to the GC’s orbital plane, is tak-
en as a random variable. From the circular velocityvR
obtained using GAL POT, we then computel, b and vlos
for the test particles. Note that the value ofnz = cosψ

determines whether the GC is co-rotating (cosψ > 0),
counter-rotating (cosψ < 0) or mixed (no constraint on
ψ). These simulatedl vs.vlos distributions are displayed in
Figure3, in the left, middle and right panels for mixed, co-
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rotating and counter-rotating scenarios, respectively. The
color bars in the figures indicate the values of Galactic lati-
tudeb in these plots. As expected, these distributions quan-
titatively deviate significantly from that of neutral hydro-
gen and CO in the Galactic disk (Kalberla & Dedes 2008;
Dame & Thaddeus 2011) due to the non-coplanar distribu-
tion of GCs.

We bin thevlos data into30◦ intervals overl, and find
the median value ofvlos in each l−bin for the various
rotation models, as well as the observed data. We show
this in the upper panel of Figure4 along with error bars
that represent the velocity range covered by the first and
third quartile values, thus encompassing 50% of the da-
ta points. For the observed values, the shaded region indi-
cates the region about the median for extrapolated values
of the first and third quartiles. In the bin for thel range
between90◦ − 120◦, no data forvlos are present from ob-
servation. It can be seen that the median values in each bin
for the co-rotation model are closer to those for observed
data. To compare the observed distribution with the expect-
ed distributions from these three models, we applied the
Kolmogorov-Smirnov (K-S) test (Fasano & Franceschini
1987). The test returns the K-S test statisticd and the sig-
nificance levelp. Smallerp values indicate that the da-
ta are significantly different from the model. The one-
dimensional K-S statistics for thevlos distributions, con-
sidering the entirel range, suggest that the observed dis-
tribution is more likely to match the co-rotation of GCs
than counter or mixed rotation. We also perform a one-
dimensional (1D) K-S test for thevlos distribution in each
l−bin of 30◦ interval. The results are depicted in the lower
panel of Figure4. The obtainedp value from the 1D K-S
test is higher for the co-rotational model than for counter
or mixed rotation.

The K-S test is also well-suited to compare two sam-
ples of two-dimensional (2D) distributions obtained from
the data and model. Here we consider the 2D dataset corre-
sponding tol andvlos values. The obtainedd andp values
for comparison between the various modes of rotation with
the observed data are listed in Table1. We find that thep
value is highest for the co-rotation model. Thus, the null
hypothesis that the two samples are drawn from the same
distribution cannot be rejected for the co-rotation model.
However, with the significance level being lower, the null
hypothesis can be rejected for counter or mixed rotation.
These results are consistent with that from 1D K-S tests.
This clearly implies that, for the assumed mass model, the
observed phase space distribution (l − vlos) of the GCs is
consistent with a sample preferentially co-rotating with the
Galactic disk.

We repeat our calculation of K-S statisticd and sig-
nificance levelp after excluding the GCs from the dataset
that may have originated from merging dwarf galax-

Table 1 2D K-S test for Data vs. Model

Dynamics K-S statisticd p value

Mixed-rotation 0.119441 0.100220
Co-rotation 0.112045 0.148733
Counter-rotation 0.221819 0.000062

ies. Even after removing the GCs associated with Gaia-
Enceladus (Myeong et al. 2019), the progenitor galaxy of
the ‘sausage’, and GCs from less massive progenitors
like Sagittarius, Canis Major and Kraken (Kruijssen et al.
2019), the co-rotation model is still found to be the pre-
ferred model in explaining the observedl vs.vlos distribu-
tion. In fact, removing only the ‘sausage’ population yields
p = 0.49994 for co-rotation, the highest among all the s-
cenarios considered. On further excluding the other GCs
from less massive parent dwarfs (Sagittarius, Canis Major
and Kraken), thep value is found to be 0.255308. This a-
grees with the observation that the Sequoia stars exhibit a
strong retrograde motion, whereas the Sausage stars have
no net rotation and move on predominantly radial orbits
(Myeong et al. 2019).

4 DISCUSSIONS

We applied a standard Galactic mass distribution model
from GAL POT to understand the phase space distribution
of GCs in the MW Galaxy. For modeling, we restrict our-
selves to simplified circular orbits of GCs and an axisym-
metric gravitational potential of the MW. Note that the ec-
centricity of the GC orbits cannot be constrained at present
from available observations alone in a model-independent
manner. The uncertainties in the observed parameters de-
pend on the inherent assumptions in modeling the under-
lying potential (Simpson 2019). With better data, when
the eccentricity distribution is more constrained, this anal-
ysis can be further improved. Here, instead of consider-
ing a non-circular orbit for individual GCs, we have done
an order of magnitude consistency check using the distri-
bution of observed proper motion. The observed trend is
found to be in broad agreement with theGaia measure-
ments (Eadie & Jurić 2019; Vasiliev 2019). Currently, reli-
able proper motion data are available for only 34 GCs from
Gaia (Watkins et al. 2019). We plan to carry out an extend-
ed but similar analysis with position (l, v), line-of-sight ve-
locity and proper motion of the entire sample (expected to
be soon available for the full sample) in the near future.
Mass estimates of the MW found in these studies and also
in Watkins et al.(2010) andPosti & Helmi (2019) are al-
l consistent with each other within a factor of two. They
have utilized a potential model which is similar to that im-
plemented in the best-fit potential model of GAL POT.

Please note, our analysis is a simple but complemen-
tary method to the Jeans analysis of radial velocities for
kinematic tracers like stars or star clusters to model the
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gravitational field of galaxies. However, the Jeans analy-
sis requires measurement of the radial velocity, which is
difficult, and its dispersion, which, in turn, depends on
the functional form of the circular velocity of the under-
lying potential. Also, with the details of the orbits being
unknown, these measurements have uncertainties from ve-
locity anisotropy, stellar halo density profile at large dis-
tances (Battaglia et al. 2005; Bı́lek et al. 2019), etc. The ra-
dial distribution can be extrapolated for an incomplete GC
survey, but the radial velocity dispersion, which is not a di-
rectly observable quantity, has to be deduced from the line-
of-sight velocity measurements (Binney & Mamon 1982),
and will suffer from the same uncertainties as in our anal-
ysis. It is worth mentioning that the conclusion drawn here
is based on a static potential. Indeed, this is a simplifica-
tion for the purpose of this study. The mass of the different
components of the Galaxy changes through a significant
amount of merging during the Galaxy evolution over Gyr
timescale. A complete analysis including the full orbital
evolution of the Galactic GCs is, unfortunately, beyond the
scope of the current analysis. However, based on the cur-
rent observations, we expect that the main result of this
analysis, that the GCs are preferentially co-rotating, will
not significantly alter even when the time variation is in-
cluded in the modeling.

The recent discovery of tidal debris from what ap-
pears to be an ancient major merger event∼10 Gyr a-
go (Helmi et al. 2018; Myeong et al. 2018), referred to
as ‘Gaia Sausage’, is predicted to dominate the Galactic
stellar halo at distances ranging from the MW bulge re-
gion to the MW halo’s break radius at around 20–30 kpc
(Simion et al. 2019; Deason et al. 2018; Vincenzo et al.
2019; Lancaster et al. 2019). Belokurov et al.(2018) have
estimated the virial mass of Gaia-Enceladus, the progen-
itor galaxy, to beMvir > 1010M⊙. Other such stud-
ies in the past have provided evidence of similar such
accretion episodes like the Sequoia event and merger
of less massive progenitors like Canis Major, Kraken
and Sagittarius (Ibata et al. 1995; de Boer et al. 2015;
Kruijssen et al. 2019; Myeong et al. 2019; Barbá et al.
2019). Many of the GCs in our sample are associated with
these merger events. Hence, we repeat the analysis by ex-
cluding those GCs that are associated with earlier merg-
er events, to check whether the preferentially co-rotating
GC population is mostly due to the mergers. However,
our analysis, after excluding these GCs, still shows (some-
what improved) accordance with the co-rotation model,
considering the observed dynamics. This is indicative that
the preferentially co-rotating model is not entirely due to
known accretion events.

Finally, a similar analysis can also be done with the
SGs. A similar preliminary analysis shows a marginal-
ly better match with the co-rotation model; however, the

data are sparse. Out of 59 SGs of the MW with known
distance (within 0.5 Mpc), velocity information is avail-
able for only 28 (Drlica-Wagner et al. 2015; Bechtol et al.
2015; Koposov et al. 2015). Only recently, the data for SGs
and dwarf spheroidals are reaching unprecedented refine-
ment in the era of ongoing observational surveys (e.g.,
Abbott et al. 2018). We plan to employ the improved da-
ta set, including the recent proper motion measurements,
with the complete sample of GCs and SGs for a detailed
study in the future.

5 CONCLUSIONS

In this study, we have compared the observed (l, vlos) phase
space distribution of the MW GCs with a simple scenario
based on the standard mass model of the Galaxy. We use
the best-fit potential model in GAL POT for this, and com-
pare the direct observables, position and line-of-sight ve-
locity, to check if the GC dynamics are consistent with the
adopted mass model. Multiple statistical measures show
that the model with a co-rotating GC population is fa-
vored over a counter-rotating or randomly rotating sample
of GCs. We also find that even when the GCs associat-
ed with various progenitors of early merger events are ex-
cluded from the dataset, co-rotation is still found to be the
preferred model. The recent compelling evidence of major
merger events, along with the identification of GCs associ-
ated with these events, has significantly changed our per-
ception of MW halo formation. The signatures of massive
impacts during the evolutionary stage of Galaxy formation
are retained in the substructures through their kinematical
and chemical composition data. Extending such analysis
with precise data of GC dynamics, including the reliable
proper motion of the complete sample, may be able to ex-
plain the overall co-rotation of the GC population fully and
also put better constraints on the MW mass model.
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Bı́lek, M., Samurović, S., & Renaud, F. 2019, A&A, 625, A32
Binney, J., & Mamon, G. A. 1982, MNRAS, 200, 361
Bissantz, N., & Gerhard, O. 2002, MNRAS, 330, 591
Bovy, J., & Rix, H.-W. 2013, ApJ, 779, 115
Bullock, J. S., Kravtsov, A. V., & Weinberg, D. H. 2001, ApJ,

548, 33
Caldwell, J. A. R., & Ostriker, J. P. 1981, ApJ, 251, 61
Carollo, D., Beers, T. C., Lee, Y. S., et al. 2007, Nature, 450,

1020
Chatzopoulos, S., Fritz, T. K., Gerhard, O., et al. 2015, MNRAS,

447, 948
Dame, T. M., & Thaddeus, P. 2011, ApJL, 734, L24
de Boer, T. J. L., Belokurov, V., & Koposov, S. 2015, MNRAS,

451, 3489
Deason, A. J., Belokurov, V., Koposov, S. E., & Lancaster, L.

2018, ApJL, 862, L1
Dehnen, W., & Binney, J. J. 1998, MNRAS, 298, 387
Dotter, A., Sarajedini, A., & Anderson, J. 2011, ApJ, 738, 74
Drlica-Wagner, A., Bechtol, K., Rykoff, E. S., et al. 2015, ApJ,

813, 109
Eadie, G., & Jurić, M. 2019, ApJ, 875, 159
Fasano, G., & Franceschini, A. 1987, MNRAS, 225, 155
Frenk, C. S., & White, S. D. M. 2012, Annalen der Physik, 524,

507
Gaia Collaboration, Prusti, T., de Bruijne, J. H. J., et al. 2016,

A&A, 595, A1
Gaia Collaboration, Helmi, A., van Leeuwen, F., et al. 2018,

A&A, 616, A12
Gilmore, G., & Reid, N. 1983, MNRAS, 202, 1025
Harris, W. E. 1996, AJ, 112, 1487
Harris, W. E. 2010, arXiv e-prints, arXiv:1012.3224
Helmi, A., Babusiaux, C., Koppelman, H. H., et al. 2018, Nature,

563, 85
Honma, M., & Sofue, Y. 1997, PASJ, 49, 453
Ibata, R. A., Gilmore, G., & Irwin, M. J. 1995, MNRAS, 277,

781
Kalberla, P. M. W., & Dedes, L. 2008, A&A, 487, 951
Kallivayalil, N., van der Marel, R. P., Alcock, C., et al. 2006,

ApJ, 638, 772

Klypin, A., Zhao, H., & Somerville, R. S. 2002, ApJ, 573, 597
Koposov, S. E., Belokurov, V., Torrealba, G., & Evans, N. W.

2015, ApJ, 805, 130
Koposov, S., de Jong, J. T. A., Belokurov, V., et al. 2007, ApJ,

669, 337
Kruijssen, J. M. D., Pfeffer, J. L., Reina-Campos, M., Crain,

R. A., & Bastian, N. 2019, MNRAS, 486, 3180
Lancaster, L., Koposov, S. E., Belokurov, V., Evans, N. W., &

Deason, A. J. 2019, MNRAS, 486, 378
McConnachie, A. W., Irwin, M. J., Ibata, R. A., et al. 2009,

Nature, 461, 66
McMillan, P. J. 2011, MNRAS, 414, 2446
McMillan, P. J. 2017, MNRAS, 465, 76
Myeong, G. C., Evans, N. W., Belokurov, V., Sand ers, J. L., &

Koposov, S. E. 2018, ApJL, 856, L26
Myeong, G. C., Vasiliev, E., Iorio, G., Evans, N. W., &

Belokurov, V. 2019, MNRAS, 488, 1235
Navarro, J. F., Frenk, C. S., & White, S. D. M. 1996, ApJ, 462,

563
Newton, O., Cautun, M., Jenkins, A., Frenk, C. S., & Helly, J.C.

2018, MNRAS, 479, 2853
Pardy, S. A., D’Onghia, E., Navarro, J. F., et al. 2020, MNRAS,

492, 1543
Piatti, A. E. 2019, ApJ, 882, 98
Piffl, T., Binney, J., McMillan, P. J., et al. 2014, MNRAS, 445,

3133
Posti, L., & Helmi, A. 2019, A&A, 621, A56
Rubin, V. C., Ford, W. K., J., & Thonnard, N. 1980, ApJ, 238,

471
Sharma, S., Bland-Hawthorn, J., Johnston, K. V., & Binney, J.

2011, ApJ, 730, 3
Simion, I. T., Belokurov, V., & Koposov, S. E. 2019, MNRAS,

482, 921
Simpson, J. D. 2019, MNRAS, 488, 253
Sofue, Y. 2013, PASJ, 65, 118
Sohn, S. T., Watkins, L. L., Fardal, M. A., et al. 2018, ApJ, 862,

52
Springel, V., Wang, J., Vogelsberger, M., et al. 2008, MNRAS,

391, 1685
Strigari, L. E. 2018, Reports on Progress in Physics, 81, 056901
Strigari, L. E., Bullock, J. S., Kaplinghat, M., et al. 2008,Nature,

454, 1096
Vasiliev, E. 2019, MNRAS, 484, 2832
Vincenzo, F., Spitoni, E., Calura, F., et al. 2019, MNRAS, 487,

L47
Watkins, L. L., Evans, N. W., & An, J. H. 2010, MNRAS, 406,

264
Watkins, L. L., van der Marel, R. P., Sohn, S. T., & Evans, N. W.

2019, ApJ, 873, 118
Widrow, L. M., Pym, B., & Dubinski, J. 2008, ApJ, 679, 1239


	Introduction
	Data and Mass Model
	Observed Statistics
	The Gravitational Potential

	Analysis and Results
	Discussions
	Conclusions

