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ABSTRACT
Using the data from the Sloan Digital Sky Survey and the Gaia satellite, we assemble a pure
sample of� 3000 Blue Horizontal Branch (BHB) stars with 7-D information, including posi-
tions, velocities and metallicities. We demonstrate that, as traced with BHBs, the Milky Ways
stellar halo is largely unmixed and can not be well represented with a conventional Gaussian
velocity distribution. A single-component model fails because the inner portions of the halo
are swamped with metal-rich tidal debris from an ancient, head-on collision, known as the
“Gaia Sausage”. Motivated by the data, we build a �exible mixture model which allows us
to track the evolution of the halo make-up across a wide range of radii. It is built from two
components, one representing the radially anisotropic Sausage stars with their lobed velocity
distribution, the other representing a more metal-poor and more isotropic component built up
from minor mergers. We show that inside 25 kpc the “Sausage” contributes at least 50% of
the Galactic halo. The fraction of “Sausage” stars diminishes sharply beyond 30 kpc, which
is the long-established break radius of the classical stellar halo.
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1 INTRODUCTION

Understanding the dynamics of the Milky Way's stellar halo is
not only key to understanding the formation mechanism of the
halo itself (Eggen et al. 1962; Searle & Zinn 1978), but also for
constraining the mass distribution of the Milky Way (Xue et al.
2008; Gnedin et al. 2010; Deason et al. 2012), the history of struc-
tures accreted in the stellar halo (Frenk & White 1980; Johnston
et al. 2008; Belokurov et al. 2018) and hence the cold dark matter
(CDM) paradigm of hierarchical structure formation. Due to the
wide range of applications for detailed measurements of the ve-
locity ellipsoid of the stellar halo, much effort has been made in
understanding its kinematic structure (Frenk & White 1980; Bekki
& Chiba 2001; Sirko et al. 2004; Battaglia et al. 2005; Smith et al.
2009a; Ka�e et al. 2012, 2013). This characterization has some-
times proceeded by using the full phase space distribution func-
tion (Williams & Evans 2015; Das & Binney 2016). More com-
monly, just the �rst and second moments of the velocity distribu-
tion are measured (Chiba & Yoshii 1998; Xue et al. 2008; Bond
et al. 2010; Bowden et al. 2016; Cunningham et al. 2016).

These kinematic properties of the stellar halo can be com-
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pactly described by the anisotropy parameter� de�ned as:

� = 1 �
� 2

� + � 2
�

2� 2
r

(1)

where� r , � � and� � are the velocity dispersions referred to Galac-
tocentric spherical polar coordinates (r; �; � ). The usefulness of
� is greatly enhanced if the velocity dispersion tensor is aligned
in spherical polar coordinates, as otherwise there are cross-terms
which contain additional kinematic information.

Before the release ofGaia data release 2 (DR2), measure-
ments of� have been restricted to the nearby inner halo of the
Milky Way due to the lack of measurements of the proper mo-
tions of stars out to signi�cant distances in the stellar halo (Chiba
& Yoshii 1998; Smith et al. 2009a; Belokurov et al. 2018). Thus, so
far, the attempts to gauge the halo anisotropy in the Galactic out-
skirts have been few and far between (see e.g.Cunningham et al.
2016; Ka�e et al. 2017). With the advent of DR2, we now have un-
precedented access to the proper motions of stars deep in the stellar
halo (Gaia Collaboration et al. 2016, 2018). During the preparation
of this manuscript,Bird et al.(2018) measured the velocity disper-
sion in the stellar halo using a sample of� 8600 K-Giant stars from
the Large Sky Area Multi-Object Fibre Spectroscopic Telescope
(LAMOST) Data Release 5 (Cui et al. 2012). This study presented
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The Halo's Progenitor with BHB Stars 3

2.1 Transformation from Measurement Space

We have the following quantities for each star: Right Ascension and
Declination (�; � ), proper motions in Right Ascension and Decli-
nation (� � ; � � ), errors in those quantities (� � � ; � � � ), covariance of
the proper motion measurements (cov(� � ; � � )), heliocentric radial
velocity (vhel ) and its error (� vhel ), the base 10 logarithmic helio-
centric distance to the star (log10 (dhel )), and its error (� log 10 ( dhel ) ).
Here, we assume that all observables (proper motions, radial ve-
locities, and logarithm of distance) are Gaussian distributed. Next,
we transform the observables to spherical polar coordinates in the
Galactic rest-frame. To account for measurement error, we Monte-
Carlo propagate the errors from the data space to our Galactocentric
coordinates. We then use these samples to compute the covariance
matrix of the 6-D phase space coordinates in the Galactocentric
frame for each star. We also assume that the resulting uncertain-
ties on the Galactocentric parameters are still Gaussian. This is not
strictly speaking correct, as the transformation does not preserve
the Gaussianity of the distributions. However, having checked the
kurtosis of the propagated distributions, we �nd that the effects of
any non-Gaussianity are relatively low.

After this transformation, we work with the Galactocentric ra-
dius (r ), the velocity resolved with respect to spherical polar co-
ordinates(vr ; v� ; v� ), as well as the errors and covariances be-
tween all these parameters. Note that in our convention, disc stars
have negative angular momentum: that is,hv�; disk i � � 220
km/s. For the sun's Galactocentric phase space coordinates, we
use theastropy (?) default values with peculiar motionv� =
(11:1; � 232:24; 7:25) km/s in Galactocentric Cartesian coordi-
nates, galactocentric distance ofr gc; � = 8 :3 kpc, and height above
the disk of z� = 27 pc which come fromReid & Brunthaler
(2004), Gillessen et al.(2009), Chen et al.(2001), andScḧonrich
et al.(2010).

2.2 Removal of Sagittarius

In order to make an unbiased measurement of the shape of the ve-
locity ellipsoid, we remove one obvious unrelaxed substructure, i.e.
the Sagittarius (Sgr) stream. We use the Sgr coordinate system de-
�ned in the Appendix ofBelokurov et al.(2014). Restricting to
stars within 10� of the plane of the Sgr Stream, we then use the
geometry of the stream given byHernitschek et al.(2017) to re-
move stars based on their heliocentric distance, rather than rely-
ing on sky position alone, thereby avoiding over-cleaning our data.
Speci�cally, at a given Sgr longitude~� � , we remove any star which
satis�es:

0 < d helio � dsgr < 3� sgr + 2 (2 � + (� sgr )) (2)

or

� 3� sgr � 2 (2� � (� sgr )) < d helio � dsgr < 0 (3)

where dsgr , � sgr , 2� � (� sgr ), and 2� + (� sgr ) are taken from
columns 3,8,11, and 12 (respectively) of tables A4 and A5 ofHer-
nitschek et al.(2017), anddhelio is the heliocentric distance to a
given star. We also performed removals which included variation
on the mean estimated distance to the Sgr Stream (dsgr ), including
the error estimates on this quantity,� + (dsgr ) and� � (dsgr ). This,
though, made no signi�cant difference to the resulting purity of the
subtraction or the number of stars retained. In an admittedly rather
ad hocmanner, we added two additional bins to the high~� � end
of the leading arm of the Sgr Stream, which mimic the properties
of the last bin on that end. We did this in order to remove additional

contaminants that we observed in the data. This �ltering process is
illustrated in Fig.1 and reduces our sample size to 3,404 stars.

2.3 Blue Straggler Contaminants

Even after removal of the Sgr Stream, there remain a number of
distinct outliers in the distribution of Galactocentric tangential ve-
locities. In Fig.2, we illustrate where these outliers are located in
the space of Balmer line shapes and in the space of SDSS colors.
As we are using the photometric distance relation for BHBs from
Deason et al.(2011), if we applied this relation (unknowingly) to a
Blue Straggler (BS) star, which typically is� 2 magnitudes intrin-
sically fainter, it would overestimate the distance. This star would
then appear to be moving at much greater velocity on the sky. This
explains the distribution we see in Fig.2. Stars with large tangen-
tial velocities preferentially lie in the regions of Balmer line shape
space and color-color space where we expect the largest contami-
nation from BSs (see e.g. Figure 2 ofDeason et al.(2011) or Figure
1 of Xue et al.(2011)). Motivated by this correlation, we remove all
stars with SDSS colors satisfyingu � g < 1:15andg� r > � 0:07
as well as stars satisfyingu � g < 1:15 andc(
 ) < 0:925. The
�rst color-color cut is illustrated in the right panel of Fig.2. After
applying these cuts, we are left with a sample of 3,112 BHB stars.

Finally, we remove stars with[Fe=H] > � 0:75, as this sample
of stars, like the high tangential velocity stars of Fig.2, are observed
to occupy the same areas of Balmer line shape space and color-
color space susceptible to BS contamination. These high metallicity
stars also lie in the region of velocity space associated with the disc,
with small radial velocity dispersion and high mean rotation. It then
makes sense that this contamination appears at high metallicities.

This �nal cut leaves us with 3,064 BHBs. Assuming that our
cuts in Section2 did not remove BSs in a spatio-kinematic biased
fashion (this is almost certainly not true for cuts 2 and 5), then we
can place a conservative estimate on the number of Blue Straggler
contaminants in theXue et al.(2011) catalog. There are 236 stars
removed by our color-color space cut, an additional 56 are removed
by the color-Balmer line shape cut, and 48 more are removed by the
metallicity cut. Assuming a signi�cant fraction of these 340 stars
are actually BSs we can estimate the contamination at roughly 10%
of the data set. This is indeed a small amount of contamination, but
important to take in to account when making kinematic measure-
ments. Based on the remaining stars with high tangential velocity,
we expect our contamination to be much less than 1% after making
the cuts described here.

3 ANALYSIS

We now wish to understand how the velocity ellipsoid evolves as a
function of Galactocentric radius. In order to account for the mea-
surement errors, we implement a Gaussian deconvolution of the
data performed in velocity space augmented by metallicity.

We take a relatively simple approach to this deconvolution by
considering only four bins in Galactocentric radius. Motivated by
the work ofBelokurov et al.(2018) andDeason et al.(2018), we
place the edge of our last bin at just beyond the apocenter of the
ancient, massive, radial accretion event suggested by these works.
We choose the other bin edges so that the �rst three bins have
roughly the same number of stars. The edges of these four bins are
r = 4 :9; 13:1; 19:2; 30; 67:93 kpc, the �rst and last edges being
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The Halo's Progenitor with BHB Stars 5

Parameter Priors r = 4 :9 � 13:1 kpc r = 13 :1 � 19:2 kpc r = 19 :2 � 30:0 kpc r = 30 :0 � 67:93 kpc

� v � [km/s] - 0:51+3 :18
� 3:18 7:42+2 :76

� 2:77 0:88+2 :79
� 2:72 6:81+5 :01

� 4:97

� v � [km/s] - 7:12+2 :99
� 3:03 9:23+2 :68

� 2:72 3:91+2 :44
� 2:42 15:28+5 :38

� 5:35

� v r [km/s] - � 10:89+4 :52
� 4:76 � 0:09+4 :10

� 4:25 � 5:03+3 :48
� 3:50 � 5:69+4 :89

� 4:88

� v � [km/s] [0,400] 95:01+2 :33
� 2:28 81:07+2 :03

� 1:94 79:38+2 :16
� 2:03 79:81+4 :59

� 4:37

� v � [km/s] [0,400] 87:84+2 :11
� 2:07 81:64+2 :01

� 1:94 69:62+1 :92
� 1:81 85:82+4 :68

� 4:47

� v r [km/s] [0,400] 140:09+3 :39
� 3:28 123:90+2 :99

� 2:91 104:94+2 :54
� 2:47 96:57+3 :54

� 3:44

Corr(v� ; v� ) [-0.5,0.5] 0:05+0 :03
� 0:03 � 0:01+0 :03

� 0:04 0:02+0 :04
� 0:04 � 0:10+0 :08

� 0:08

Corr(v� ; vr ) [-0.5,0.5] 0:09+0 :03
� 0:03 0:05+0 :03

� 0:03 0:07+0 :03
� 0:03 0:00+0 :06

� 0:06

Corr(vr ; v� ) [-0.5,0.5] 0:01+0 :03
� 0:03 0:07+0 :03

� 0:03 0:04+0 :03
� 0:03 0:04+0 :06

� 0:06

� [Fe =H] [dex] [-3,0] � 1:72+0 :01
� 0:01 � 1:75+0 :01

� 0:01 � 1:75+0 :01
� 0:01 � 1:84+0 :02

� 0:02

� [Fe =H] [dex] [0,4] 0:19+0 :01
� 0:01 0:20+0 :01

� 0:01 0:20+0 :01
� 0:01 0:22+0 :02

� 0:02

� out [km/s] [500,3000] 1601:65+943 :50
� 834 :21 1594:84+953 :75

� 847 :71 1263:46+1115 :13
� 638 :11 1315:08+1069 :54

� 666 :18

f out [0,0.01] 0:0009+0 :0015
� 0:0007 0:0010+0 :0016

� 0:0007 0:0012+0 :0021
� 0:0009 0:0025+0 :0034

� 0:0018

ln L med - -16260.83 -16279.96 -15865.73 -7556.01

Table 1. Priors and Posterior estimates on all parameters in the single Gaussian �t, with outlier model. All priors are uniform within the bounds quoted,
those without bounds, we place no prior on. Values quoted are 16th, 50th, and 84th percentiles of the 1d PDF in each parameter. In the last row we quote the
likelihood values evaluated at the 1d medians in each parameter in each bin.

We do not assume alignment of the dispersion tensor in spher-
ical polars. In fact, the alignment of the velocity dispersion tensor
is an important diagnostic of the gravitational potential (Smith et al.
2009b; An & Evans 2016). From earlier studies based on samples
of halo stars with noisier proper motions, the covariance of veloc-
ities in spherical polar or tilt is believed to be small (e.g.,Smith
et al. 2009b; Evans et al. 2016). This seems to be true of the RR
Lyrae population in the stellar halo, which has been recently anal-
ysed using Gaia DR2 proper motion data byWegg et al.(2018).

The likelihood for this model,L (D j� ), whereD is the vector
of all data points, and� is the vector of model parameters, is given
by:

L (D j� ) =
Y

i

X

j =d ;o

f j L j (D i j� ) (4)

Here, the product indexi runs over all data points and the sum
index j runs over the two different components of the model (1)
the `data' component, denoted by a subscript d and (2) the `outlier'
component denoted by a subscript o. Also,f j is the fraction of
componentj that makes up the total data set. We then have the
likelihoods for the components de�ned as:

L d (D i j� ) = N
�

v i j� ; � d
i

�
N

�
[Fe=H] i j� [Fe =H] ; � [Fe =H] ;i

�
(5)

where N denotes a normal distribution,v i is the velocity of
data pointi in Galactocentric spherical polar coordinates,� �
(� v � ; � v � ; � v r ) is the mean in velocity space of the single Gaus-
sian. The full covariance matrix in velocity space� d

i is a sum
of the covariance matrix from measurement error� i and the co-
variance matrix of the model being �t� d . Additionally, [Fe/H]i is

the metallicity of data pointi , while � [Fe =H] and� [Fe =H] ; i are the
mean and dispersion. Again, the latter quantity is a combination (in
quadrature) of the individual measurement error and the standard
deviation of the model.

The outlier component of the model is relatively rigid, its
properties being described solely by its fractional contribution and
dispersion in tangential velocity. Its likelihood is de�ned as:

L o(D i j� ) = N (v i j0; � o
i ) N

�
[Fe=H] i j� [Fe =H] ; � [Fe =H] ;i

�
(6)

wherev i is the velocity of data pointi , 0 denotes that the out-
lier has zero mean in the velocity space, and� o

i � � i + � o is
the covariance matrix of the distribution which is a combination of
measurement error in the velocity space� i and the width of the
outlier component� o � diag

�
� 2

out ; � 2
out ; � 2

r; out

�
, where� r; out

is the dispersion in the radial velocity space and is set to 150 km/s
and � out is the dispersion in the tangential velocity space and is
allowed to vary as a free parameter of the �t. The parameters of the
outlier component in metallicity space are also �xed throughout the
�t � [Fe =H] = � 1:75, and� [Fe =H] ;i = 0 :2.

3.2 Gaussian Mixture Model

Our second model is a Gaussian Mixture Model (GMM) (Press
et al. 2007) that is motivated by the results of several recent works
which have suggested that the stellar halo could be largely domi-
nated by a single, ancient, extremely radial merger (Belokurov et al.
2018; Myeong et al. 2018a,b; Deason et al. 2018; Kruijssen et al.
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Parameter Priors r = 4 :9 � 13:1 kpc r = 13 :1 � 19:2 kpc r = 19 :2 � 30:0 kpc r = 30 :0 � 67:93 kpc

� v � ; r [km/s] - � 4:49+4 :55
� 4:41 11:54+2 :25

� 2:26 14:13+2 :31
� 2:30 � 27:39+56 :40

� 73:68

� [Fe =H] ;h [dex] [-3,0] � 1:82+0 :03
� 0:02 � 1:88+0 :01

� 0:01 � 1:85+0 :02
� 0:02 � 1:86+0 :02

� 0:02

� [Fe =H] ;r [dex] [-3,0] � 1:62+0 :02
� 0:02 � 1:60+0 :02

� 0:02 � 1:62+0 :02
� 0:02 � 1:29+0 :10

� 0:13

� [Fe =H] ;h [dex] [0,4] 0:10+0 :04
� 0:05 0:09+0 :03

� 0:04 0:15+0 :02
� 0:02 0:17+0 :04

� 0:06

� [Fe =H] ;r [dex] [0,4] 0:21+0 :02
� 0:02 0:18+0 :02

� 0:02 0:17+0 :02
� 0:02 0:12+0 :20

� 0:09

� v r ;h [km/s] [0,400] 129:24+5 :69
� 5:46 122:03+4 :38

� 4:25 113:62+4 :09
� 3:83 95:21+3 :56

� 3:72

� t; h [km/s] [0,400] 114:27+4 :58
� 4:32 105:41+3 :00

� 2:76 96:72+3 :03
� 3:00 79:33+3 :57

� 3:44

� v r ; r [km/s] [0,400] 109:93+11 :91
� 7:91 78:21+5 :13

� 4:43 62:91+7 :50
� 5:13 176:36+87 :76

� 53:12

� t; r [km/s] [0,400] 58:18+3 :78
� 4:57 34:02+1 :78

� 1:71 29:14+2 :04
� 1:86 145:69+47 :78

� 30:27

� out [km/s] [0,500] 104:16+11 :84
� 16:81 98:60+5 :25

� 5:64 67:75+5 :28
� 6:82 82:87+57 :31

� 54:80

f h [0.01,0.99] 0:52+0 :07
� 0:06 0:55+0 :03

� 0:03 0:55+0 :03
� 0:03 0:96+0 :02

� 0:04

ln L med - � 16205:77 � 16084:97 � 15714:09 � 7552:66

Table 2. Priors and Posterior estimates on all parameters in the Gaussian Mixture Model �t. All priors are uniform within the bounds quoted, those without
bounds, we place no prior on. Values quoted are 16th, 50th, and 84th percentiles of the 1d PDF in each parameter. In the last row we quote the likelihood
values evaluated at the 1d medians in each parameter in each bin.

ing) radial velocity. The two `lobes' are expected to be overlapping
near the peri and the apo of the debris and move further apaprt in
between the turning points. Given the fact that the orbital velocities
increase towards the Galactic Center, combined with the action of
the apsidal precession, the maximal separation between the lobes is
likely attained at small Galactocentric radii.

For this Sausage component, in addition to� , we then have
the following free parameters representing the shape of each of
the two Gaussians: the radial velocity dispersion� v r ; r , the tangen-
tial velocity dispersion,� t; r � � v � = � v � , the mean metallicity
� [Fe =H] ;r , and metallicity dispersion� [Fe =H] ;r . We also allow for
mean rotation� v � ; r in this component, motivated by the �ndings
of Belokurov et al.(2018), Helmi et al.(2018), andMyeong et al.
(2018b), giving us six free parameters.

We then have the likelihood for this GMM de�ned similarly
to Eq. (4) as:

L (D j� ) =
Y

i

X

j =r ;h

f j L j (D i j� ) (7)

wherei is again a product over the data points, andj is a sum over
the different components of the model (r for the radially anisotropic
component and h for the isotropic halo component), whilef j de-
notes the fractional contribution from componentj .

The likelihood of the isotropic halo component is given by:

L h (D i j� ) = N
�

v i j0; � h
i

�
N

�
[Fe=H] i j� [Fe =H] ;h ; � [Fe =H] ;i

�

(8)
where the velocities are normally distributed about zero mean with
a covariance matrix� h

i which is a combination of measurement
error and the intrinsic dispersions.

The likelihood of the radially anisotropic or Sausage compo-
nent is a bit more complicated. It is given by:

L r (D i j� ) =
�

1
2 N (v i j� 1 ; � r

i ) + 1
2 N (v i j� 2 ; � r

i )
�

� N
�
[Fe=H] i j� [Fe =H] ;r ; � [Fe =H] ;i

�
(9)

where the means are� 1 �
�
� v � ; 0; �

�
, � 2 �

�
� v � ; 0; � �

�
, and the

covariance of the Gaussian� r
i is a combination of the measurement

error� i and the intrinsic dispersions� r � diag
�

� 2
v �

; � 2
v �

; � 2
v r

�
.

We then �t each Galactocentric distance bin individually using the
above likelihood. We do not require the Sausage component to have
a larger radial velocity dispersion than the isotropic component, nor
do we impose any requirement that it is of higher metallicity. We
adopt very conservative (unifrom) priors for each parameter in our
�t and allow for each of these characteristics to arise from the �t.

For the single-Gaussian component �t to the data there are a
total of 52 free parameters (13 for each of the four distance bins)
while for the two-component model there are 44 free parameters
(11 for each of the four distance bins). In this sense, the two-
component model actually has fewer degrees of freedom than the
single Gaussian model.

4 RESULTS

After sampling the model parameters usingemcee, we obtain their
posterior distribution functions (PDFs), which have only a single
mode and have shapes very close to Gaussian. In Tab.1 and 2
we show the parameter estimates from our �ts, quoted as the 16th,
50th, and 84th percentiles of the 1d posteriors in each parameter.
For each model parameter, we use the median (50th percentile) of
the 1d PDF as a parameter estimate. To assess the performance of
the model against the data, we use these estimated best-�t param-
eters to sample the model and convolve each sampled point with a
Gaussian error sampled randomly from the data set. The resulting
predictive distributions can be compared to the data in Fig.4, 5,
and6.

Upon inspection of Fig.4, it is clear that the distribution of the
data is not well explained by a single Gaussian component. This is
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consistent with the results ofDeason et al.(2011). Here, for the
�rst time, we directly track the change in the stellar halo composi-
tion over a large range of radii. Our results strongly argue that the
stellar halo of the Milky Way is in large part unrelaxed, even in its
innermost parts.

Our model �t provides further evidence for the inner 30 kpc
of the stellar halo of the Milky Way being in large part domi-
nated by an ancient, massive, radial merger event. According to
our models, this massive event contributed a signi�cant fraction
of the stellar halo's mass. Its fractional contribution to the stellar
halo varying as a function of radius, but it makes up� 50% of the
metal-poor stellar halo in the inner 30 kpc. As our sample is bi-
ased towards metal-poor stars, and thus against the metal-rich Gaia
Sausage (seeBelokurov et al. 2018), this should really be viewed
as a lower bound on the fractional contribution of this merger event
to the overall halo contents. The prospects of larger datasets with
seven-dimensional phase space information suggests elaborations
of our work here will shortly be possible. In particular, it is unclear
whether the Gaia Sausage is the residue of a single very radial in-
fall, or two or more infalls, one prograde and one retrograde (c.f.,
Kruijssen et al. 2018). The methodology of this paper applied to the
kinematics and chemistry of still larger samples of halo stars may
enable further clues to be deduced about the remote history of our
Galactic home.

ACKNOWLEDGEMENTS

The authors would like to thank Lina Necib, Mariangela Lisanti,
Denis Erkal, David Spergel, Douglas Boubert, Chervin Laporte,
and the members of the Cambridge Streams Group for useful
discussions. LL thanks Adrian Price-Whelan and Goni Halevi
for technical assistance. This project was developed in part at the
2018 NYC Gaia Sprint, hosted by the Center for Computational
Astrophysics of the Flatiron Institute in New York City. This
work has made use of data from the European Space Agency
(ESA) mission Gaia (http://www.cosmos.esa.int/gaia), processed
by the Gaia Data Processing and Analysis Consortium (DPAC,
http://www.cosmos.esa.int/web/gaia/dpac/consortium). Funding
for the DPAC has been provided by national institutions, in
particular the institutions participating in the Gaia Multilateral
Agreement. A.D. is supported by a Royal Society University
Research Fellowship. A.D. also acknowledges the support from
the STFC grant ST/P000541/1. The research leading to these
results has received funding from the European Research Council
under the European Union's Seventh Framework Programme
(FP/2007-2013) / ERC Grant Agreement n. 308024.

REFERENCES

Aihara H., et al., 2011,The Astrophysical Journal Supplement Series, 193
An J., Evans N. W., 2016,ApJ, 816, 35
Battaglia G., et al., 2005,MNRAS, 364, 433
Bekki K., Chiba M., 2001,ApJ, 558, 666
Belokurov V., et al., 2014,MNRAS, 437, 116
Belokurov V., Erkal D., Evans N. W., Koposov S. E., Deason A. J., 2018,

preprint, (arXiv:1802.03414 )
Bird S. A., Xue X.-X., Liu C., Shen J., Flynn C., Yang C., 2018, preprint,

(arXiv:1805.04503 )
Bond N. A., et al., 2010,ApJ, 716, 1
Bovy J., 2015,The Astrophysical Journal Supplement Series, 216, 29
Bowden A., Evans N. W., Williams A. A., 2016,MNRAS, 460, 329

Chen B., et al., 2001,ApJ, 553, 184
Chiba M., Yoshii Y., 1998,AJ, 115, 168
Cui X.-Q., et al., 2012,Research in Astronomy and Astrophysics, 12, 1197
Cunningham E. C., et al., 2016,ApJ, 820
Das P., Binney J., 2016,MNRAS, 460, 1725
Deason A. J., Belokurov V., Evans N. W., 2011,MNRAS, 416, 2903
Deason A. J., Belokurov V., Evans N. W., An J., 2012,MNRAS, 424, L44
Deason A. J., Belokurov V., Evans N. W., Johnston K. V., 2013,ApJ, 763,

113
Deason A. J., Belokurov V., Koposov S. E., Lancaster L., 2018, preprint,p.

arXiv:1805.10288(arXiv:1805.10288 )
Eggen O. J., Lynden-Bell D., Sandage A. R., 1962,ApJ, 136, 748
Evans N. W., An J. H., 2006,Phys. Rev. D, 73, 023524
Evans N. W., Sanders J. L., Williams A. A., An J., Lynden-Bell D., Dehnen

W., 2016,MNRAS, 456, 4506
Foreman-Mackey D., Hogg D. W., Lang D., Goodman J., 2013,PASP, 125,

306
Frenk C. S., White S. D. M., 1980,MNRAS, 193, 295
Gaia Collaboration et al., 2016,A&A , 595, A1
Gaia Collaboration Brown A. G. A., Vallenari A., Prusti T., de Brui-

jne J. H. J., Babusiaux C., Bailer-Jones C. A. L., 2018, preprint,
(arXiv:1804.09365 )

Gillessen S., Eisenhauer F., Trippe S., Alexander T., Genzel R., Martins F.,
Ott T., 2009,ApJ, 692, 1075

Gnedin O. Y., Brown W. R., Geller M. J., Kenyon S. J., 2010,ApJ, 720,
L108

Goodman J., Weare J., 2010,Communications in Applied Mathematics and
Computational Science, Vol.˜5, No.˜1, p.˜65-80, 2010, 5, 65

Helmi A., Babusiaux C., Koppelman H. H., Massari D., Vel-
janoski J., Brown A. G. A., 2018, preprint,p. arXiv:1806.06038
(arXiv:1806.06038 )

Hernitschek N., et al., 2017,ApJ, 850, 96
Johnston K. V., Bullock J. S., Sharma S., Font A., Robertson B. E., Leitner

S. N., 2008,ApJ, 689
Ka�e P. R., Sharma S., Lewis G. F., Bland-Hawthorn J., 2012,ApJ, 761
Ka�e P. R., Sharma S., Lewis G. F., Bland-Hawthorn J., 2013,MNRAS,

430, 2973
Ka�e P. R., Sharma S., Robotham A. S. G., Pradhan R. K., Guglielmo M.,

Davies L. J. M., Driver S. P., 2017,MNRAS, 470, 2959
Kruijssen J. M. D., Pfeffer J. L., Reina-Campos M., Crain R. A., Bastian

N., 2018,MNRAS,
Lancaster L., Belokurov V., Evans N. W., 2018, preprint,p.

arXiv:1804.09181(arXiv:1804.09181 )
Merritt D., 1985,AJ, 90, 1027
Myeong G. C., Evans N. W., Belokurov V., Sanders J. L., Koposov S. E.,

2018a, preprint, (arXiv:1805.00453 )
Myeong G. C., Evans N. W., Belokurov V., Sanders J. L., Koposov S. E.,

2018b,ApJ, 856, L26
Necib L., Lisanti M., Belokurov V., 2018, preprint,

(arXiv:1807.02519 )
Osipkov L. P., 1979, Soviet Astronomy Letters,5, 42
Posti L., Binney J., Nipoti C., Ciotti L., 2015,MNRAS, 447, 3060
Press W. H., Teukolsky S. A., Vetterling W. T., Flannery B. P., 2007, Nu-

merical Recipes 3rd Edition: The Art of Scienti�c Computing, 3 edn.
Cambridge University Press, New York, NY, USA

Reid M. J., Brunthaler A., 2004,ApJ, 616, 872
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