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4.1. Existing Substructures

The first valid group with a GC association is DTG-1,
identified at uthr = u60%. This is the only retrograde
group found in this work, which consists of 29 BHB and
12 RRL stars. A great number of streams and sub-
structures with retrograde motions have been reported
by several studies (Grillmair & Dionatos 2006; Malhan
et al. 2018; Price-Whelan & Bonaca 2018; Myeong et al.
2018b; Malhan et al. 2019; Matsuno et al. 2019; Kop-
pelman et al. 2019; Yuan et al. 2020). These groups
are contributed by at least one substantial merger event
that took place at an early epoch, Sequoia (Myeong
et al. 2019), which also brought in several retrograde
GCs. The distribution of DTG-1 in the action-space
map and (E, Lz) overlaps perfectly with that of the Se-
quoia groups found in the inner halo with d . 10 kpc
(Matsuno et al. 2019; Myeong et al. 2019; Yuan et al.
2020). The Stars in DTG-1 reside at 10 kpc to 40 kpc
from the Sun, but most of them have pericenter dis-
tances . 10 kpc, similar to the Sequoia relic, which is
also consistent with their relatively low orbital energy
E ⇠ �105 to �1.2⇥105 km2 s�2. This implies that
DTG-1 comes from an early accreted dwarf galaxy, pos-
sibly the same one as Sequoia. DTG-1 is very likely part
of the Sequoia debris that currently occupies the outer
halo.
By applying the approach discussed in Sec. 3, we find

that DTG-1 is dynamically associated with NGC 6101,
which is also categorized as a Sequoia GC according to
two di↵erent studies (Massari et al. 2019; Myeong et al.
2019). NGC 6101 has a mass of ⇠ 105M� and low metal-
licity, [Fe/H] = �1.98 (Harris 2010), consistent with
the picture that it was born in the early star-formation
epochs of a classical dwarf galaxy, and accreted to the
MW during the merger. We integrate the orbit of NGC
6101 in forward and backward directions for about three
orbital periods (1.5 Gyr, Torb ⇡ 0.5 Gyr), shown in the
first panel of Figure 3. Although the GC is currently sit-
uated in the South, its orbit comes across the Galactic
plane and traverses most of the stellar members above
the plane.
The largest group among the four is DTG-2, identified

at u = u45%, which has 116 BHB and 136 RRL mem-
bers, covering a large heliocentric distance range from
5 to 50 kpc. The on-sky projection of DTG-2 in equa-
torial coordinates reveals it as the Sgr stream (see the
second panel of Figure 3). We find that six GCs (Whit-
ing 1, M 54, Terzan 7, Arp 2, Terzan 8, and Pal 12) are
associated to DTG-2, all of which have been confirmed
to be associated with the Sgr stream by previous stud-
ies (see, e.g., Law & Majewski 2010; Sohn et al. 2018;
Bellazzini et al. 2020). Note that the association of Pal

Figure 3. The on-sky projection of four DTGs and their
associated GCs, superposed on the halo sample, plotted in
the same way as Fig. 2. First Panel: DTG-1 (Seq; green up-
per triangles) and NGC 6101 in Galactic coordinates. The
forward-integrated orbit (purple) and backward orbit (or-
ange) of the GC traverse the group members, which are all
populated in the North. Second Panel: DTG-2 (the Sgr
stream; salmon right triangles), in equatorial coordinates,
and the six associated GCs, Whiting 1 (R.A. ⇡ 30 �), NGC
6715 (M 54), Terzan 7, Arp 2, Terzan 8, and Pal 12. Third
Panel: DTG-3 (LMS-1; magenta circles) and its associated
pair of GCs, in Galactic coordinates. The steel-blue cir-
cles denote the simulated stream on the orbit of NGC 5024
(purple: forward; orange: backward) with eight apocentric
passages, coincident with the stream members in both hemi-
spheres. The four outliers at l ⇠ � 120� are highlighted
by cyan diamonds. Fourth Panel: DTG-4 (GES; blue dia-
monds) and NGC 6864, in Galactic coordinates, which are
located in the region of the VOD and HAC.
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[abstract] 
globular clusters(GCs)はMWのサブ構造を関連があると考えられているため、GCsを解析することでサブ構造を再現できないか試した。 
その結果、4つのサブ構造を再現することに成功したが、そのうち1つはこれまでに発見されていないストリームであった。 
LMS-1 と名付けたこの streamの特徴を調べ、NGC5024 の親銀河から剥離されることで形成される構造であることが予言された。 
 
[goal] MWのサブ構造を明らかにし、MWが矮小銀河程度であった時期の銀河形成史を明らかにする。 
[originality] GCs を基にMWのサブ構造を解析し、新たな構造を発見した。 
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Zhen	Yuan	et	al.	2020	 arXiv: 2007.05132 

[comment] 
・LMS-1 の存在が銀河形成史にどのような影響を及ぼすのかの考察が待たれる。 
・StarGO 手法の有用性がどれほどなのかが分からない。 
 

図 3 4つの DTGの実空間分布 
上から順に DTG-1 から 4までのメンバー星を示す。 
緑の星印は各 DTGに関連するGCs。 
紫と橙の線はそれぞれ、積分計算で明らかにした GCs の
これまでの軌跡と今後の軌跡。 
特に、DTG-3 については、これまでの軌跡が形成した
streamの計算予想も青雲で表す。 
 

結果: StarGOで検出された構造は4つある。力学空間における分布は図2, 実空間における分布を図3に示した。 
動力学的特徴から、そのうち3つは既に知られている構造である。 
 (DTG-1 は Sequoia の合体イベントにて発生した stream、2は Sgr stream、4はGESのイベントのデブリ) 
しかし残りの 1つ、DTG-3 はこれまで知られた構造のどれとも特徴が一致しない。→新発見の構造かもしれない。 
LMS-1(Low Mass Stellar-debris stream)と名付けたこの構造は、 
 ・軌道エネルギーが中間程度で、Sgr streamよりも銀河中心に近い軌道を有する。 
 ・傾斜角が80度程度で、非常に極性の強い軌道を有する。 
 
 
 

[logic] 
データ: SDSSで調べられたBHBと RRL星、太陽から10~20kpc離れた7,640個の星。 
解析方法: Zhen Yuan et al. (2018)が開発したStarGO という方法を用いた。これは、星々のエネルギー+角運動量の格子空間で
星をプロットし、この空間内でデータ星が集合する領域をサブ構造(DTG)とみなす、学習的な検出方法である。また、いくつかの
GCsを同じ空間内にプロットし、発見された構造の内部に位置する場合、そのGCsとサブ構造は関連しているとみなす。 
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Figure 1. The DTGs and associated GCs on the trained map (left panel), and in the input space (E, L, ✓, �) in the right two
panels, where the latter two angles characterise the directions of orbital poles in Galactocentric coordinates. The gray circles
in the right two panels represent the halo sample used in this study. The four DTGs are shown with di↵erent colors (green,
salmon, magenta, blue), and form separated clumps in the input space. The GCs associated with each DTG are plotted by lime
star symbols filled by the same color as the group color, and are well-within the corresponding clump. The four outliers stars
are marked by cyan diamonds, which sit at the edge of DTG-3 on the neuron map and in the projection of orbital poles (see
Sec. 4.2 for details).

Figure 2. The DTGs and their associated GCs in dynamical space. Left: The projected action-space map. The x-axis is
(J�/Jtot), and the y-axis is (Jz � Jr)/Jtot), where Jtot = Jz + Jr + |J�|. Right: The space of orbital energy vs. the z-component
of angular momentum. The gray circles represent the halo sample. The four DTGs are plotted by di↵erent colors and symbols,
and the BHB members are filled by blue colors. The GCs are plotted by lime star symbols filled by the same color as the
associated groups. DTG-1 (green upper triangles) has a very retrograde orbit, and DTG-4 (blue diamonds) exhibits prominent
radial motion. Both DTG-2 (salmon right triangles) and DTG-3 (magenta circles) have fairly polar orbits, whereas the former
has relatively higher energy.

図2 検出された 4つのDTGの力学的分布。 
左: 作用空間における分布。横軸=Jφ/Jtot・縦軸=(Jz-Jr)/Jtot 
右: エネルギー-角運動量空間における分布 
各点はデータ星を示し、いずれかの構造に属する星は色付き
で示し、さらにBHB は青で塗りつぶして示した。 

LMS-1 と関連するGCsはNGC5024と NGC5053 の 2つ。 
このうち重い方、NGC5024 は矮小銀河が剥離されて残った核であると仮定してN体シミュレーションを実行したところ、 
NGC5053 と、LMS-1のメンバー星の位置をちょうど通過する軌道を得ることができた(図 4)。 
 →LMS-1 は「low-mass dwarf galaxy が拡散することで発生した星デブリの stream」の初例かもしれない。 
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Figure 4. LMS-1, with the pair of GCs, and the simulated stream in the observable sky (Dec. > -10�) on the orbit of NGC
5024 with eight apocentric passages, in Galactocentric coordinates (x, y) and (y, z), plotted in the same way as Figure 3. The
arrow of each stream member indicates its velocity vector, which generally follows the trajectory of the stream at its location.
The observed members are very likely the mixture of stellar debris from multiple wraps stripped at di↵erent epochs.
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図4 DTG-3の軌道計算結果の詳細 
左が x-y 平面、右が y-z 平面での分布を示す。 
色分けの基準は図 3に同じ 
 


