
I. 背景:
・ 最近の観測によって、LMCの軌道や衛星銀河、銀河系ハローストリームの運動が調べられ、LMCの総質量が>10^11Msun に及ぶことがはっきりしてき
た。これは天の川銀河<50 kpc 以内の質量（~ 4 x 10^11Msun）と同程度に相当する。
・ このようなLMCによって天の川銀河の内側がより強い加速を受け、LMCに近づく動きをすることが予測されている。
II.データ： Table 1.

最近の研究でLMCの質量が以前まで考えられていたよりも大きい >10^11Msun であることが示唆されている。もしそうだとすると、銀河系の内部（円
盤・内部ハロー）は外部（>30kpc）よりもLMCによる加速を強く受け、LMCに向かって近づく動きをすると予測される。この論文では、銀河系外部
（50<rGC<100 kpc） にあるハロー星５００天体の視線速度データを集約し、この仮説を検証した。その結果、b<0 では銀河系中心へ近づく動き、b>0で
は銀河中心から遠ざかる動きを検出した。これはLMCによって銀河系の内側が加速を受けている場合に期待される結果と一致する。この結果は、銀
河系外部はLMCの影響によって平衡状態から大きくずれていることを示している。
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III. 結果: 
・ シミュレーション： 銀河系の重力ポテンシャル（NFW halo + Miyamoto-Nagai disk + Hernquist bulge） 内を運動する10^7個の粒子、LMC(Hernquist, 0.2-
3x10^11Msun)は、現在の距離、固有運動、視線速度を５Gyr巻き戻す。LMCの質量1.5 x 10^11Msun についての結果は図１ グレーのコントアと青破線。
・ 観測は図１データ点、各bのbin での平均値と分散を赤で示す。シミュレーションで見られた結果とよく一致している。
・ 図２は観測された視線速度の天空面上での分布。データ（左）とモデル（中央、LMC質量1.5 x 10^11Msun）は良い一致（右）。L>100 ではデータとモデル
の一致が悪い

【コメント】

銀河系ポテンシャルのパラメータへの依存性など、まだ調べるべきことはありそう。PFSではd>50kpc でもMSTOまで届く。
Table 1
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Figure 2. Galacocentric radial velocity versus Galactic latitude for halo stars
with 50 < rGC < 105 kpc. The grey contours show the distribution in a
simulated Milky Way stellar evolved in the presence of a 1.5⇥1011 M� LMC.
The larger colored symbols show the observations from a variety of sources:
X14 (Xue et al. 2014), Y19 (Yang et al. 2019), X08 (Xue et al. 2008), C17
Cohen et al. (2017), D12 (Deason et al. 2012a), B19 (Belokurov et al. 2019).
The dashed blue line shows the mean radial velocity in the simulated stellar
halo. The red points and error bars show the mean and error on the mean
for the data. The dotted black line shows the vGSR = 0 km/s for reference.
The data follows the same overall trend as the simulation with a negative
mean in the Southern hemisphere and a slightly positive mean in the Northern
hemisphere. Note that we do not include the stars classified as Sgr members
in this figure.

part of the Milky Way with respect to its outskirts (e.g. Erkal et al.
2019; Garavito-Camargo et al. 2019; Petersen & Peñarrubia 2020;
Erkal, Belokurov & Parkin 2020). A closer look shows that bulk
motion in the Southern hemisphere has a larger velocity shift than in
the Northern hemisphere. This velocity signature is in good agree-
ment with the simulations and previous predictions (e.g. Garavito-
Camargo et al. 2019; Petersen & Peñarrubia 2020; Cunningham
et al. 2020).

Figure 4 also shows that the observed shifts in radial velocity re-
quire a fairly substantial LMC. In the North, the signal is consis-
tent with an LMC mass between ⇠ 0.5 � 3 ⇥ 1011 M� while in the
South it is consistent with a ⇠ 0.5 � 2 ⇥ 1011 M� LMC. With larger
data sets from upcoming surveys such as the WHT Enhanced Area
Velocity Explorer (WEAVE, Dalton et al. 2014), the Dark Energy
Spectroscopic Instrument (DESI, DESI Collaboration et al. 2016)
and the 4-metre Multi-Object Spectroscopic Telescope (4MOST, de
Jong et al. 2019), it will be possible to measure this shift much more
precisely and thus also better constrain the mass of the LMC and its
e↵ect on the Milky Way.

Finally, we explore how the radial velocity shift varies with posi-
tion on the sky in Figure 5. Since the stellar halo velocity dispersion
is substantial, � ⇠ 100 km/s, we need to average over many stars in
order to measure the shift. In this figure, for each pixel on the sky, we
fit a Gaussian to the radial velocities of the nearest half of the sample
(as measured by angular distance on the sky). This choice is made so
that the uncertainty on the mean for each pixel is roughly constant.
Thus, this figure is e↵ectively smoothed on very large scales corre-

Figure 3. Distribution of radial velocities for halo stars, corrected for the
Sun’s motion, in the Northern and Southern hemisphere. Top panel shows the
distribution of radial velocities in the Northern hemisphere. The unfilled his-
togram shows the distribution of observed radial velocities while the shaded
histogram shows the radial velocity distribution in our fiducial simulation
with an LMC mass of 1.5⇥1011 M�. The dotted vertical line shows 0 km/s for
reference. Both distributions are shifted to positive radial velocities. Bottom
panel shows the distribution of radial velocities in the Southern hemisphere.
These are shifted slightly towards negative radial velocities. Note that the
color scheme is chosen to emphasize the redshift in the North and blueshift
in the South.

sponding to half of the sample’s extent in the Northern and South-
ern hemispheres and we stress that pixels are strongly correlated on
scales smaller than this.

The left panel of Figure 5 shows the average radial velocity of the
data. Note that the footprint comes from a convex hull placed around
the sample. In the South, we defined this hull using Galactic coordi-
nates while in the North we defined the hull using equatorial coor-
dinates (RA/Dec). These choices were made to avoid empty regions
with no nearby stars. The middle panel shows the average radial ve-
locity in the fiducial simulation with an LMC mass of 1.5⇥ 1011 M�.
Note that the sample in the simulation is 100 times larger than the
observed sample and hence the averages are much smoother. The
right panel shows the di↵erence between the data and the model,
normalized by the uncertainty on the mean from the data. Overall,
the model is broadly similar to the data although there are regions in
the South (l > 100�) where the model is a poor match.

4 DISCUSSION

4.1 Proper motion signal

Although the main focus of this work is on radial velocities, we
also investigate the proper motions of the distant halo stars by cross-
matching our sample with Gaia DR2. Of the 492 stars in our sample
which pass all cuts, 468 have proper motions. We compute the re-
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Sample Star type 50 < rGC/(kpc) < 105 Astrometric cuts Sgr cuts hvGSRib<0� (km/s) hvGSRib>0� (km/s)

Xue et al. (2014) K-giants 280 275 189 �9.4 ± 15.1 16.1 ± 7.1
Yang et al. (2019) K-giants 301 171 101 �6.3 ± 21.8 4.1 ± 9.9
Xue et al. (2008) BHB/BS 123 113 99 �30.8 ± 21.3 11.3 ± 9.8

Cohen et al. (2017) RR Lyrae 111 88 86 �66.7 ± 16.8 2.9 ± 10.5
Deason et al. (2012b) BHB/BS 23 22 9 � �

Belokurov et al. (2019) BHB 8 8 8 � �

Total 846 677 492 �27.2 ± 9.1 10.7 ± 4.4

Table 1. Summary of stellar sample used in this work. Note that the rows are organized according to the number of stars which pass the final cuts. Column 1
gives the reference for each sample and Column 2 gives the star type. Columns 3,4,5 show the number of stars which pass each of the cuts in this work. Note
that the cuts are cumulative, i.e. Column 5 shows the number of stars which pass all of the cuts. Column 6,7 show the mean radial velocity in the Southern and
Northern hemispheres. We have omitted this for the samples of Deason et al. (2012b) and Belokurov et al. (2019) due to their small size.

Figure 1. Selection of Sagittarius stars. Top panel shows the on-sky loca-
tion of stars in Galactic coordinates. We also show lines of constant latitude
(B = �20�, 0�, 20�) in the Sgr stream coordinates of Belokurov et al. (2014).
Middle and bottom panels show the heliocentric distance and radial velocity
relative to the Galactic standard of rest versus the longitude in Sgr stream co-
ordinates, ⇤̃. In each panel the black points show stars that we associate with
the stellar halo, while the blue (red) points show stars in the leading (trailing)
arms of the Sagittarius stream. In the middle and bottom panel, the red (blue)
lines show the observed trend and uncertainty for the leading (trailing) arms
of Sagittarius (Belokurov et al. 2014; Vasiliev, Belokurov & Erkal 2020).
Note that all of the stars shown in this figure have passed our astrometric
cuts described in Sec. 2

a density profile of ⇢ / r�3.5 at large radii using agama (Vasiliev
2019). The LMC is modelled as a Hernquist profile with masses of
[0.2, 0.5, 1, 1.5, 2, 2.5, 3] ⇥ 1011 M�. For each LMC mass, we fix the
scale radius so that the circular velocity at 8.7 kpc matches the ob-
served value of 91.7 km/s (van der Marel & Kallivayalil 2014). The
LMC is initialized based on its present day distance, proper motion,
and line-of-sight radial velocity (Pietrzyński et al. 2013; Kallivayalil
et al. 2013; van der Marel et al. 2002) and rewound for 5 Gyr. At
this time, the Milky Way stellar halo is initialized and evolved to the
present.

We note that while these simulations capture many important as-
pects of the Milky Way-LMC interaction, we model the potentials
of both galaxies as rigid and thus we are neglecting their tidal defor-

mations (e.g. Garavito-Camargo et al. 2019; Petersen & Peñarrubia
2020; Garavito-Camargo et al. 2020). Based on the similarity be-
tween the predictions of Erkal, Belokurov & Parkin (2020), which
use identical simulations to those in this work, and the predictions of
Garavito-Camargo et al. (2019) we believe that our models are cap-
turing the salient parts of how the Milky Way stellar halo is a↵ected
by the LMC.

In Figure 2 we show a contour plot of the radial velocity versus
Galactic latitude for our fiducial simulation with an LMC mass of
1.5 ⇥ 1011 M�. This fiducial LMC mass is selected since it produces
a signal consistent with the observed radial velocities and matches
previous measurements of the LMC mass (e.g. Erkal et al. 2019;
Vasiliev, Belokurov & Erkal 2020). This figure shows contours for
all simulated particles with Galactocentric radii between 50 and 105
kpc to match our sample. For this comparison, we have removed the
particles with l < 0�, b < 0� since we have very few stars in this
quadrant on the sky (see top panel of Fig. 1). Note that as a result we
have undersampled the simulated particles in the North by a factor of
2 so that the North and South are evenly sampled in the figure. The
dashed-blue line shows the mean radial velocity computed in 10�

bins. Similar to the data, this shows a negative radial velocity in the
Southern hemisphere and a positive radial velocity in the Northern
hemisphere.

Next, we compute the distribution of radial velocities in the North-
ern and Southern hemisphere in the data and compare this with our
fiducial model. This is shown in Figure 3. In order to make a fair
comparison, for each star in our sample, we select the 100 closest
particles (in 3D distance) in the fiducial simulation. As expected
from Figure 2, this shows that the radial velocity in the Southern
hemisphere has been shifted to negative velocities while the radial
velocities in the North have been shifted to slightly positive veloc-
ities. Overall, the simulations show a similar distribution of veloci-
ties to the data. Note that there appears to be some substructure in
the Southern hemisphere with an excess of stars with radial velocity
0 < vGSR < 50 km/s. We will discuss this further in Section 4.3.

In Figure 4 we fit a Gaussian to the radial velocities in the North-
ern and Southern hemispheres separately. We also perform the same
fit on the particles in the simulation matched to the observed sample
for the 7 di↵erent LMC masses under consideration. Note that the
sample in the simulation is 100 times larger which explains the sub-
stantially smaller error bars. The top panel and bottom panels show
the mean radial velocity in the North and South respectively. Over-
all, the mean radial velocity exhibits a dipole where the mean in the
North is redshifted, i.e. moving away from us, while the mean radial
velocity in the South is blueshifted, i.e. moving towards us. This is
consistent with the picture in which the LMC accelerates the inner
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Figure 5. Mean radial velocity over the footprint of the stellar sample considered in this work. For each pixel on the sky, we compute the mean velocity of the
nearest half of the stellar sample in the same hemisphere. Thus this figure is e↵ectively averaged on scales corresponding to roughly half the sample’s extent
in the North and South. Left panel shows the mean radial velocity for our stellar sample. The black points show the location of the stellar sample used in this
work. Middle panel shows the mean radial velocity for the simulated stellar halo. Note that the sample of stars in the simulated stellar halo is 100 times larger
which makes the map smoother. Right panel shows the di↵erence between the data and the model normalized by the uncertainty in the data. This shows that the
mean radial velocity over sky broadly matches the expected signature of a 1.5 ⇥ 1011 M� LMC.

Figure 6. Comparison of the mean proper motions in observations and sim-
ulations. The top panel and bottom panel show the mean proper motion in
Galactic longitude (hµ⇤l i) and latitude (hµbi) respectively. In each panel, the
dashed line and shaded region show the observed mean proper motion and
1� uncertainty. The grey error bar shows the systematic uncertainty in proper
motion on large angular scales (Lindegren et al. 2018; Gaia Collaboration
et al. 2018b). The black error bars show the mean proper motion in simulated
stellar haloes with di↵erent LMC masses. The observed proper motions are
small and consistent with a broad range of LMC masses at the 2� level.

4.4 Uncertainty in the Milky Way mass

Throughout this work we have kept the Milky Way mass fixed and
only varied the mass of the LMC. However, given that there is sub-
stantial uncertainty in the Milky Way mass (e.g. Wang et al. 2020),
we investigate what happens if we increase our Milky Way mass.

For this test, we keep the Milky Way disk and bulge unchanged, but
increase the Milky Way halo mass by 50% to 1.2⇥1012 M�. Since we
keep the same scale radius and concentration for the halo, we note
that this means the inner Milky Way will be inconsistent with mea-
surements. We rerun the simulation described in Section 3 with this
more massive Milky Way in the presence of a 1.5 ⇥ 1011 M� LMC,
make mock observations of the resulting halo, and compute the mean
radial velocity in the North and South. Interestingly, we find that in-
creasing the halo mass by 50% only changes the predicted mean
radial velocity by ⇠ 15% in the Southern hemisphere. This modest
e↵ect is likely due to the fact that as the LMC falls in, the part of the
Milky Way which is decoupling from the outer Galaxy (i.e. within
⇠ 30 kpc), has a substantial mass contribution from the Milky Way
disk. If we kept the same mass profile within this region, it is likely
that the change in predicted radial velocity would be even smaller.
Thus, the predicted shift in velocity is only weakly dependent on the
total Milky Way mass.

4.5 Stellar halo sloshing as a tracer of past interactions

Interestingly, the disk and stellar halo in Andromeda show a signif-
icant velocity o↵set (see Fig. 7 in Gilbert et al. 2018). This may
be due to the accretion of a massive satellite and indeed Hammer
et al. (2018) suggest Andromeda may have experienced a 4:1 merger
which finished 2-3 Gyr ago. In light of this we note that the stellar
halo sloshing seen in the Milky Way is likely long lived. The or-
bital periods of stars at 30 kpc (i.e. the region within which the halo
responded adiabatically) are ⇠ 1 Gyr (e.g. Fig. 11 in Erkal et al.
2019) and it will likely take several orbital periods for the Milky
Way stellar halo to reequilibrate after the LMC’s perturbation. Thus,
a velocity o↵set of the disk and stellar halo in external galaxies may
be a useful tracer of substantial mergers. We note that it is possi-
ble that there could still be some residual sloshing in the Milky
Way due to the GES merger (Belokurov et al. 2018; Helmi et al.
2018). However, given how well the predicted LMC signal matches
the observed velocity structure of the outer halo, and given the large
LMC masses inferred from other techniques (e.g. Kallivayalil et al.
2013; Peñarrubia et al. 2016; Erkal et al. 2019; Vasiliev, Belokurov
& Erkal 2020), we do not believe that the GES is responsible. More
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