
I.  背景:
・ 太陽運動を正確に知ることは、銀河系の動力学から系外銀河の運動、暗黒物質直接検出など、様々な分野で重要である
・ 太陽運動は、通常銀河回転方向の運動（V_phi）と、動径・垂直方向の運動（V_R, V_Z）が別々に測定される。さらにこれらの重ね合わせで太陽運動を
説明するにには様々な仮定が入っている。→３つの速度成分を同時に測定するのが望ましい
II. 手法：観測されるストリームの固有運動（vobs, μ）は、ストリームに沿った運動と太陽運動を反映した見かけの運動の重ね合わせ（図１）

太陽運動の３次元速度成分を、銀河系ハローに付随する恒星ストリームの観測データから推定した。我々の方法は、観測されるメンバー星の

固有運動が、メンバー星のストリームに沿った運動と、太陽運動の重ね合わせであるというシンプルな仮定に基づいたもので、銀河系の重力ポテンシャル
に依存しない。銀河中心から3-30 kpc にある 17の恒星ストリームに基づく解析の結果、(V_R, V_phi, V_Z) = (8.88, 241.91, 3.08) km/s となり、過去の研究と
もおおよそ一致する結果を得た。ただし、V_Zについては他のトレーサーに基づく結果に比べて優位に小さい値となった。
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独自のアルゴリズムによる網羅的なストリーム検出、GaiaEDR3 + 分光データ
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太陽のハローに対する運動を測定する

III.データ: Gaia DR2をもとに独自のアルゴリズムで検出された３２のストリーム、Gaia EDR3により測光・位置
天文データを更新（図２）。一部のストリームはSDSS/SEGUE, LAMOST の分光データから、視線速度と[Fe/H]
が分かっている。各星までの距離は星の理論当時曲線と測光を比較して求める（図３）
IV. 結果：
・ ３２個全てのストリームを使うと、V_phi = 7 km/s になるなど、現実的でない値が出てくる。そのため、以下
に当てはまるストリームを解析から省いた（１）空間分布がスムーズでない（ねじれ等がある） （２）
apocenter > 30 kpc (3) pericenterが小さい、かつ円盤と同方向の軌道を持つもの （４）母体となる星団・銀
河が大きいもの（e.g., GD1, ω-cenなど）（図２）
・ １７のストリームのデータを用いてMCMCで推定した今回の結果（図４）

- V_R = 8.88+1.20
-1.22 [km/s],  V_phi = 249.91+1.61

-1.73 [km/s]: ：太陽近傍や銀河円盤のトレーサーで測定さ
れた値とよく合う

- V_Z = 3.08+1.06
-1.10  [km/s] ： SgrAの固有運動や、太陽近傍のトレーサーで推定した場合に比べて4-

5[km/s]程度小さい

【コメント】

・ ストリームの選び方によって結果が

変わってしまう。距離の不定性が大き
い（図３）

・結果を大きく変えてしまうストリーム
が面白い
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Figure 5. Comparing the VR,�, V�,�, Vz,� components of the Sun’s galactic velocity V� between di↵erent studies. The gray histograms
correspond to the posteriors that we obtained by analysing N = 17 streams of the Galactic halo. The colored markers correspond to
the measurements from other studies that analysed the tracers located either at the Galactic center (Drimmel & Poggio 2018), or in
the Galactic disk (Bovy et al. 2012; Reid et al. 2014) or in the solar neighbourhood (Dehnen & Binney 1998b; Schönrich et al. 2010;
Bobylev 2017; Kawata et al. 2019). Küpper et al. (2015) and Hayes et al. (2018) analysed the Pal5 stream and the Sagittarius stream,
respectively, and constrained V�,� assuming a Galactic potential model. While our measurements of VR,�, V�,� are nearly consistent
with the previous studies, however, we find our value of Vz,� is ⇠ 5 km s�1 smaller in comparison with previous measurements. This
implies that the Sun’s velocity depends subtly on the choice of the reference frame (which in our case is the ‘Galactic halo’ as defined by
the stellar streams).

proper motion of Sagittarius A⇤ along the Galactic plane, for
which one obtains V�,� = 248.5 ± 0.5 km s�1 (see Table 3).
Our measurement of V�,� is slightly, but significantly, lower
than this particular value.
Here, we measured the Sun’s velocity with respect to the

Galactic halo, finding a very similar value compared to pre-
vious work that used the Galactic disk and Galactic center
as references. As such, our measurement provides a useful
external check on other methods of measuring the velocity
of the Sun. However, it also shows that the Galaxy within
the Solar circle is at rest, or almost at rest, with respect to
the dark matter halo over the region traversed by the stream
sample (⇠ 30 kpc radius). It will be interesting to fold in ad-
ditional new streams into our analysis as new data become
available. If the discrepancy in the z-direction motion holds
up, it would provide evidence for di↵erential motion between
the inner and outer Galaxy, which might arise, for instance,
from an external perturbation.
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V. 結論：今回測定したハローに対する
太陽運動は、円盤・銀河中心で測定した
値とおおよそ合っている →ハロー
（<30kpc）と円盤の相対的な運動が小さ
い。V_Zの違いにいついては、ハローが
外部から何らかの力学的な影響を受け
ていることを示唆するかもしれない。
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Table 2. Stars of di↵erent streams with spectroscopic observations from SDSS/Segue and LAMOST surveys. The first two columns
provide the labels and the names of the streams. Columns 3-4 list the equitorial coordinates R.A. and Declination, respectively. Columns
5-7 provide the names of the source survey, measured metallicities and measured line-of-sight velocities, respectively. The last column
provides the predicted velocities from STREAMFINDER.

Label Name R.A. Dec. Survey [Fe/H] vdatalos vmodel
los

[deg] [deg] [dex] [ km s�1] [ km s�1]

14 Gaia-1 190.883396 �8.787459 SDSS/Segue �1.31± 0.04 +210± 2 +249
198.506958 0.319206 SDSS/Segue �1.41± 0.03 +97± 4 +72

21 C-2 244.585242 51.865692 SDSS/Segue �1.82± 0.08 �396± 4 �390
29 Hŕıd 280.618793 40.989063 SDSS/Segue �1.09± 0.04 �221± 4 �217

279.898775 42.446783 SDSS/Segue �1.16± 0.04 �216± 3 �216
280.736164 46.018614 LAMOST �1.05± 0.04 �201± 6 �207

Figure 3. Polynomial fits to the stellar streams in the position space and the distance space. a: The observed positions of stream stars. The
black curves are the best fit polynomial functions obtained using equation 4 and then transformed to the standard equitorial coordinate. b:
The photometric distances of the stream stars (computed using the GaiaEDR3 photometry). The black curves are the best fit polynomial
functions obtained using equation 5. Di↵erent streams are denoted with di↵erent colors to facilitate easier visual discrimination.

guish between the two tidal arms. In reality, a majority of
the observed streams lack any obvious twin tidal arm fea-
tures. Moreover, we also lack the knowledge of the present
day positions of their progenitors. Specifically in our data,
we possess the knowledge of the progenitors for only five
streams. These include Fimbulthul (the stream of ! Cen),
the stream of NGC 3201, the stream of Pal 5, the stream of
M 92, and the stream of NGC 6397. Even among these, the
second tidal arm of Fimbulthul is yet unobserved, as it lies
close to the Galactic plane in a high-extinction region of the
sky. Overall, this makes it nearly impossible for us to identify
the two tidal arms for a majority of streams in our data, and
then fit the two arms separately. Nevertheless, several studies
in the past have worked under the assumption that low-mass
streams can be well approximated as one-dimensional struc-
tures (e.g., Koposov et al. 2010; Newberg et al. 2010; Malhan
& Ibata 2019) and, thus, our implementation to fit the entire
stream with a single function is a reasonable one. Moreover,
any possible systematics due to this e↵ect should average out
as long as we analyse a large number of streams distributed
across the sky. For the sake of consistency, we make this ap-
proximation for all the streams.

To construct the vector vobs,µ, we directly use the observed
proper motion measurements (following eq. 2), without mak-
ing any curve fitting in the proper motion space. Finally,

vectors vd and vobs,µ allow us to compute vreflex,? at every
stellar point (using eq. 3). This gives the “data” values that
we use in the likelihood function (eq. 6 below).

In order to compute the model values of vreflex,? at every
stellar point, we require the 2D positions (↵, �) and distances
(D�) of stars. The 2D positions are adopted directly from
the fitted curves (that we obtained above). However, we no-
ticed some spread in the distance for every stream (⇠ 20% on
average). Thus, in order to correctly account for the distance
gradient present in the streams, we fit the distance to stream
stars with smoothly varying functions of the form

D�(�1) = a2 + b2�1 + c2�
2
1 , (5)

where a2, b2, c2 are the fitting parameters to obtain D�. The
best fit models to the streams are shown in Figure 3.

Finally, we survey the parameter space of
(VR,�, V�,�, Vz,�) using our own Metropolis–Hastings
based MCMC algorithm. The log-likelihood is defined as

lnL =
X

Data

[� ln(�µ↵�µ� ) + lnN � lnD] , (6)
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