
【アブスト】 Sagitarrius ストリームのleading arm(LA) とtrailing arm (TA) 、Sgr矮小銀河コア（SC）に所属する赤色巨星、主系列星、RRLyraeについて、化

学動力学解析を行った。その結果、LAには、TAやSCと比べて軌道離心率の低い（e<0.4）星の割合が多いことがわかった。銀河系と大マゼラン雲（LMC）
との相互作用を考慮すると、LAの軌道離心率や角運動量をよく説明することを示す。さらにSgrコアからより遠くにあるTAのRRLサンプルに見られる軌道
離心率の高い（e>0.6）星は、LMCによる力学的な影響を受けていることを確認した。
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I. 背景: Sgr ストリームのLAとTAに付随する星では、0.3 dex もの金属量差があることが知られている。またSgrコアおよびストリームで金属量勾配があること
も報告されている。こうした観測は、Sgr母銀河にもともと金属量勾配があり、外側の金属量の低い星が最初に銀河系の潮汐力を受けて母銀河から離れて
いくため、と理解されている。一方で、LAの星の固有運動の向きは、ストリームに沿った向きと大きくずれていることが報告されている。銀河系の重力ポテン
シャルが球対称で時間変化しない場合は、母銀河から離れたストリーム星は母銀河と同じような運動をすると期待されるが、Sgrストリームの場合は、より複
雑な形成過程をへて現在の姿になったと考えられている。

運動空間のストリーム（GSE, Helmi ）なども、過去に銀河系重力ポ

テンシャルの時間変化を経験していたはず。どのくらいの影響にな
るのだろうか

II. データ
・ SEGUE/APOGEE/LAMOSTによる視線速度と化学組成（[Fe/H], [Mg/Fe]）
・ 距離の見積もり：Beers+12, Bayesian approach, AstroNN spec-photo distance:  20~27%の誤差
・ 空間分布と固有運動からSgrストリームサンプルを選択（図1）→ 赤色巨星（RGB）: 2380, 主系列星（MS）: 37, RRLyrae (RRL): 7900
・ 軌道パラメータ：Stackel-type potenXal を適用して計算

III. 結果
図２：金属量[Fe/H]は SC > TA > LA → LAのほうが母銀河の外側の低金属量領域にあり、先に母銀河から離れたことを示唆。N体シミュレーションでは、
TAは0.7-3.0Gyr前、LAは2.7-5.0Gyr前に母銀河から離れており、観測の傾向と合致）。e<0.4 のような星はLAの中でもSCから最も離れた位置にある。

【コメント】

IV. 議論
・ LMCによる銀河系のreflex motion の影響を受けている。TAに
比べてLAでは遠銀点距離（rmax）が小さい傾向にあり、特に
Low-e (e<0.4) stars で顕著。
・ 時間変化しない銀河系重力ポテンシャルのもとでは、LAはSC
よりエネルギーが低く、角運動量も小さくなる予想（図５）。しかし
観測では逆の傾向が見えている（図４）
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Figure 3. Metallicity profile of three regions (A, B, and C), as a function of Λ for the RGB/MS stars. Each point is a median value in a bin size
of Λ = 5◦; the error bar is the standard deviation. The color code represents the median eccentricity in each bin, and its scale is shown in the
right color bar. The large open circle represents the median metallicity of the A, B, and C regions. Note that the LA is divided into two regions:
metal rich (A) and metal poor (B). The red horizontal lines indicates the median [Fe/H] of the TA. At the bottom of the figure, the fraction of
stars with e < 0.4 in each region is listed.

These estimates are in good agreement with ours within the
errors.

The chemical contrasts between the LA, TA, and SC sug-
gest that the Sgr progenitor had a different star-formation his-
tory in its center and outskirts, with a higher rate of star for-
mation in its center and a lower rate in its outskirts, establish-
ing a radial abundance gradient. According to the N-body
simulation of the Sgr tidal disruption by Law & Majewski
(2010), the TA stars were stripped within the past ∼ 0.7 – 3.0
Gyr, while the LA stars were stripped ∼ 2.7 – 5.0 Gyr ago.
Due to the outside-in nature of tidal stripping acting on a Sgr
progenitor with abundance gradients (e.g., Law & Majewski
2010; Carlin et al. 2018; Hayes et al. 2020), the stars in the
LA, which were stripped first, are more metal poor than
the ones in the TA. The higher [Mg/Fe] implies that the
stars in the Sgr stream formed more rapidly, likely over a
shorter timescale and with a higher rate of star formation
(Hayes et al. 2020). In line with this, Hayes et al. (2020)
found that their dynamically younger TA sample falls be-
tween the LA and SC in both the [Fe/H] and α-element abun-
dances, suggesting that both gradients were first established
in the Sgr progenitor.

4.2. Dynamical Properties

Panel (d) of Figure 2 shows the eccentricity (e) distribution
of the LA (blue), TA (red), and SC (green) for our RGB/MS
sample. One striking feature is that, although there is an over-
lapping region, the e-distribution of the LA is completely dif-
ferent from that of the TA and SC. The TA and SC exhibit
very similar distributions to each other, biased toward higher
eccentricity (e > 0.4). We found median eccentricities of
0.34 ± 0.06, 0.55 ± 0.05, and 0.52 ± 0.08 for LA, TA, and
SC, respectively. Separating into the RGB and MS subsam-

ples yielded 0.34 ± 0.06 for the RGB and 0.33 ± 0.08 for the
MS in the LA, and 0.53±0.04 for the RGB and 0.56 ± 0.09
for the MS in the TA. The uncertainties were derived from
values of eccentricities created 1000 times by a MC method,
after incorporating the uncertainties in the distance, proper
motions, and RV when calculating the eccentricity. In addi-
tion, we checked the scatter of the eccentricity uncertainties
to ensure that the e-distribution for the RGB/MS sample is
not an artifact generated by errors in the RV, distance, and
proper motions. We obtained a dispersion of 0.06+0.06

−0.02 for
the RGB and 0.08+0.03

−0.01 for the MS in the LA, while 0.04+0.05
−0.01

for the RGB and 0.09+0.01
−0.01 for the MS in the TA. For the SC,

which includes only RGB stars, the scatter is 0.08+0.01
−0.01. The

errors were taken at 34% to the left and right from the median
in each uncertainty distribution. We note the consistent be-
havior without large dispersions in the two different samples,
although the MS sample is too small in each arm to compare
to the RGB sample as mentioned in Section 3.1. Nonethe-
less, this proves that the low-e population in the LA indeed
exists. To our knowledge, this is the first time that a larger
fraction of low-e stars is found in the LA compared with the
TA and SC.

Similarly, panel (e) of Figure 2 exhibits the eccentricity
distribution of the Sgr RR Lyrae stars. As noted in the
RGB/MS sample, the TA and SC show a narrow distribu-
tion, with a peak of e ∼ 0.5. In comparison, the LA exhibits
a much broader e-distribution than that of our RGB/MS sam-
ple, ranging from 0.1 to 0.8 due to the large distance coverage
than the RGB/MS sample. Nonetheless, we clearly observe
the low-e population (e < 0.4), confirming the existence of
the low-e RGB/MS stars in the LA. The small eccentricity
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Figure 2. Top panels: Distribution of [Fe/H] (left) and [Mg/Fe] (middle) for RGB/MS stars and [Fe/H] (right) for RR Lyrae stars. The metal-
licity information for the RR Lyrae stars was obtained by cross-matching the RR Lyrae catalog of Ramos et al. (2020) with SDSS/LAMOST
data. The blue, red, and green histograms in each panel indicate the LA, TA, and SC, respectively. Each histogram is normalized by the total
number of stars in each category. Note that there are no [Mg/Fe] distributions for the RR Lyrae stars and no SC histogram in the right panel,
because there exist no SC stars in the SDSS/LAMOST data. Bottom panels: Same as in the top panels, but for the distribution of eccentricity
for the RGB/MS (left), RR Lyrae (middle), and simulated Sgr stars with the LMC (right) from V21. We note the large fraction of low-e stars in
the LA, and a similar behavior is observed in the model as well.

lected Sgr members of RR Lyrae stars to assign the RV, and
calculated their eccentricity, angular momentum, and energy.

4. RESULTS AND DISCUSSION

4.1. Chemical Properties

Panel (a) of Figure 2 exhibits the metallicity distribution
function (MDF) of our Sgr stream and Sgr core members of
our RGB/MS sample, while panel (b) is for the [Mg/Fe] dis-
tribution. The LA, TA, and SC members are represented by
blue, red, and green respectively. The MDFs indicate that
the LA and TA have a broad distribution, with the former be-
ing overall more metal poor than the latter, while the SC is
dominated by more metal-rich stars with a narrow peak. The
mean metallicity of the LA is 〈[Fe/H]LA〉 = –1.14 ± 0.12
(sys) ± 0.03 (ran), where the systematic error (sys) was de-
rived by the standard deviation of the median metallicities
of APOGEE RGB, SDSS RGB, LAMOST RGB, and SDSS
MS stars in the LA. The random uncertainty (ran) was com-
puted by error propagation of the available random errors of
the four subsamples. Similarly, the mean metallicities of the
TA and SC are 〈[Fe/H]TA〉 = –0.92 ± 0.07 (sys) ± 0.03 (ran)
and 〈[Fe/H]SC〉 = –0.56 ± 0.01 (ran), respectively. Note that

as we have only the giant stars from APOGEE in the SC,
we did not estimate the systematic error. Our derived mean
values agree well with recent studies (e.g., Hayes et al. 2020;
Ramos et al. 2022; Limberg et al. 2023).

Panel (c) of Figure 2 shows the MDF of the TA and LA
for the RR Lyrae stars. Although the peak of the MDFs for
the LA and TA occurs at relatively lower metallicity (around
[Fe/H] = –1.68 and –1.50, respectively) than the RGB/MS
sample, due to the nature of their old stellar population, we
clearly notice the systematic difference in the MDFs between
the LA and TA.

Panel (b) of Figure 2 reveals that, while the SC has a nar-
row symmetric distribution of [Mg/Fe], the distribution of the
LA and TA is skewed to higher [Mg/Fe]. Quantitatively, we
obtained mean [Mg/Fe] values of +0.08 ± 0.07 (sys) ± 0.07
(ran), +0.08 ± 0.07 (sys) ± 0.06 (ran), and –0.05 ± 0.02
(ran) for the LA, TA, and SC, respectively. The systematic
and random errors were calculated in the same way as for
[Fe/H]. Hayes et al. (2020) found that the median [Mg/Fe]
ratios of the LA, TA, and SC are +0.03, –0.01, and –0.03, re-
spectively, while Ramos et al. (2022) obtained a mean value
of [α/Fe] = +0.07 and +0.04 for the LA and TA, respectively.

図２

図３

図３： LA の軌道離心率（青）は低い方に分布、RGB/MS（左）、RRL
（中）の両方のサンプルで同様の傾向。LMCによる銀河系重力ポテ
ンシャルの時間変化を考慮したVasiliev+21のシミュレーション（右）
でも似たような傾向あり。



図１ Sgrストリーム星の選択

図４:エネルギーと角運動量の空間での分布（Sgrコ
アの位置でのL, Eを0としている）
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Figure 1. Distribution of heliocentric distance (d), VGSR, µα, and µδ of the Sgr candidates, as a function of the Sgr stream longitude (Λ). The
gray dots represent the stars in −20

◦ < B < 15
◦, where B is the Sgr stream latitude, d > 12 kpc, and LY < −0.3LZ − 2.5 × 103 kpc km

s−1. The red line in each panel is the fiducial used to select the likely Sgr member stars, derived by a polynomial fit to the Sgr members in the
catalog provided by V21. The black line delineates the ±3σ curve from the fiducial, except for the distance panel, considering the photometric
distance error, which is set to ±4σ away from the fiducial. The orange dots indicate the stars within the black curves in all four panels. The
cluster around Λ = 0◦ and 360◦ is the Sgr core (SC). The stars with Λ < 180◦ belong to the leading arm (LA), while the ones with Λ > 200◦

belong to the trailing arm (TA).

VH−U!cos(l)cos(b)+(VLSR+V!)sin(l)cos(b)+W!sin(b),
where VH is the heliocentric radial velocity. The uncertainty
of each computed quantity was estimated by incorporating
the errors in the distance, proper motions, and RV for each
star.

We repeated the same calculations for the simulated Sgr
stars under the influence of the MW interacting with the
LMC, using the coordinates, distances, proper motions, and
radial velocities provided by V215. We use our calcu-
lated eccentricity, angular momentum, and energy for these
model stars to compare with our Sgr member stars from the
RGB/MS and RR Lyrae samples, as described in Section 4.

3. SELECTION OF SGR STELLAR STREAM STARS

3.1. The RGB and MS Samples

The success of this study depends on how well we identify
genuine members of the Sgr stellar stream. Because identify-
ing stellar debris in a coordinate system aligned with a stel-
lar stream can improve its characterization (Majewski et al.
2003; Belokurov et al. 2014), we introduced the Sgr stream

5 Model data can be downloaded from https://zenodo.org/record/4038141.

coordinates (Λ, B) to select the members of the Sgr stream,
and converted the equatorial coordinates (α, δ) to Sgr stream
coordinates using the prescription of Belokurov et al. (2014).
In these coordinates, the Sgr longitude (Λ) increases in the di-
rection of the Sgr core motion, and the Sgr latitude (B) points
to the North Galactic Pole. We made use of the positional and
kinematic information with respect to the Sgr orbital plane,
and devised the following two-step selection criteria based on
the Sgr members provided by V21 to reduce contamination.

1. Based on the spatial distribution and distances of the
Sgr stream stars, we initially select stars that are within
–20◦ < B < 15◦ and located at heliocentric dis-
tance larger than d = 12 kpc (Belokurov et al. 2014;
Ibata et al. 2020). Then, we apply a broad kinematic
cut of LY < –0.3LZ – 2.5×103 kpc km s−1 (Li et al.
2019; Jönsson et al. 2020; Naidu et al. 2020). The gray
dots in Figure 1 indicate the stars that pass these ini-
tial cuts. These stars exhibit a broad scatter in all four
panels, indicating that they are not completely free of
contamination from non-Sgr stars.

2. In the second step, we employ the Sgr member catalog
provided by V21 to further reduce the halo interlopers.
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Figure 4. Angular momentum–energy (L − E) diagram for the RGB/MS stars (left panels), the RR Lyrae stars (middle panels), and a Sgr
model with LMC (right panels). The bottom panels are the stars with e < 0.4. Both L and E quantities are re-scaled to have zero at the location
of the Sgr core as in V21. The color code is the same as in Figure 2. Note that as the SC stars in the right panel are buried in the LA and TA,
they are not clearly visible in the panel. We clearly see the offset of the LA from the TA and SC (top left), and we do not observe many stars
with e < 0.4 in the TA and SC (bottom left). The RR Lyrae sample (bottom middle) exhibits the same pattern, and qualitatively, a similar
behavior is observed in the Sgr model with the LMC perturbation adopted from V21 (bottom right).

Figure 5. Eccentricity distribution as a function of Λ. The cyan dots
are the RGB/MS stars, while the magenta points indicate the RR
Lyrae stars. The black background represents the number density
produced by a Sgr model with LMC, which is adopted from V21.
The cluster around Λ∼ 0◦ and 360◦ are the SC. We clearly observe
that the eccentricity increases for the stars closer to the SC for the
LA, while the opposite behavior is seen for the TA; the farthest stars
from the SC have higher eccentricity.

The different behavior in the e-distribution should be re-
flected in the rmax distribution as well. Our RGB/MS sample

has a mean rmax of 33.6 ± 0.6 kpc for the LA and 53.4 ± 1.0
kpc for the TA, thus the LA has the shorter rmax, as in other
studies. However, we obtained a mean rmax of 33.9 ± 0.8
kpc for the low-e stars in the LA, unlike the expected shorter
rmax. As mentioned above, this is because the LA stars in
our RGB/MS sample are dominated by the low-e stars that
are farther away from the SC. However, the RR Lyrae stars,
which contain more high-e stars close to the SC, yielded a
mean rmaxof 56.6 ± 0.3 kpc, 49.2 ± 0.4 kpc, and 47.1 ±
0.7 kpc for the TA, LA, and LA stars with e < 0.4, respec-
tively, resulting in a smaller rmax for the low-e stars in the
LA, as expected. The Sgr model with perturbation from the
LMC has a more uniform stellar distribution, and clearly sug-
gests a shorter distance of rmax; we derived a mean rmax dis-
tance of 45.3 kpc and 37.6 for the LA and the LA stars with
e < 0.4, respectively. Therefore, we can interpret that the
rmax distance of low-e stars in the LA became shorter due to
the influence of the MW’s reflex motion.

To investigate the connection of the low-e stars with the
perturbation of the LMC more closely, we used the RGB/MS,
RR Lyrae, and Sgr model samples to produced the angular
momentum–energy (L − E) diagram in Figure 4, similar to
figure 11 of V21. The L and E quantities are re-scaled to be
zero at the Sgr core in this Figure. As V21 well illustrated,

‘Skinny Milky Way’, says Sagittarius 3791

Figure 1. The formation of a tidal stream in the energy and angular momentum space. Each of the three panels show snapshots of an N-body simulation in E
and L space at different time steps along the progenitor’s orbit, namely at pericentre (left), between pericentre and apocentre (middle) and at apocentre (right).
The progenitor forms an elongated pseudo-ellipse which rotates (and changes its aspect ratio) as the orbital phase of the satellite grows. In this diagram, the
unbound debris are seen as two fans offset from the E and L of the progenitor’s centre of mass. The cloud with greater E and L is the trailing arm and the fan
with lower E and L is the leading arm. Once unbound the positions of stars in the ‘bow-tie’ are frozen (bar possible small changes of the angular momentum
in non-axisymmetric potentials).

Figure 2. Left: distribution of the tidal debris produced in the N-body simulation in configuration space. The particles are coloured by ‘phase’, a metric
monotonically increasing along the stream. This particular snapshot of the simulation corresponds to the fourth pericentric passage, some 4 Gyr after the onset
of disruption.Right: distribution of the debris in E and L space. The colouring scheme applied to the stream ‘bow-tie’ is the same as in the left-hand panel. The
particles are binned in E and L space and the median value of the phase in each bin is shown. The main panel shows all stream particles created up to this time
step. The mini-panels on the right show the distributions of particles created at the previous stripping epochs. Note that particles created the earliest (Epoch 1)
have had the most time to spread along the stream, thus creating a strict energy sorting. Even though particles from different individual epochs overlap in the
configuration space, the energy sorting persists as evidenced by the main panel.

the situation at the apocentre crossing) where the debris form two
fans, offset from the energy and angular momentum of the progeni-
tor. The leading tail is composed of particles with lower E and lower
L, the trailing tail particles have higher E and higher L relative to
the progenitor. Curiously, given the shape and the extent of the tidal
debris cloud, it barely overlaps with the progenitor’s ellipse at the
pericentre and the apocentre. Therefore, one would conclude that
very little material is stripped at the pericentric crossing, and almost
none at the apocentric.

As Fig. 1 illustrates, there is a tight correlation between the initial
conditions of the debris and the orbital phase of the progenitor at
stripping. In other words, after just one radial period, the stars in the
stream will be sorted according to their energy, with the most distant
portions of the tails populated by stars with the largest differences in
energy with respect to the progenitor. As the satellite completes the
subsequent revolutions on its orbit, the stars in the freshly unbound
debris are launched with the same (E, L) properties as the previously

torn-off stars, but from locations much closer to the progenitor as
compared to the current positions of the earlier stripped material.
Therefore, as the disruption progresses and more stars are being
pumped into the tails, the strict energy sorting is blurred: at each
location along the stream, the debris possesses a mixture of !E
and !L. However, depending on the mass of the progenitor, which
determines the extent of the !E, !L distributions and its orbital
period, the debris might not have enough time to fully mix.

Fig. 2 shows exactly how much mixing can be expected for a
Sgr-like disruption. The left-hand panel of the figure shows the dis-
tribution of the debris in the orbital plane, colour-coded according
to the particle offset from the progenitor as measured along the
stream. The right-hand panel shows the familiar ‘bow-tie’ pattern
of debris in (E, L) space colour-coded using the same notation.
This particular snapshot of the simulation corresponds to the fourth
pericentric passage, some 4 Gyr after the onset of disruption. Up to
now, the satellite has experienced three bouts of tidal stripping and
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図５（参考）: Gibbons+14による時間変化しな
い銀河系ポテンシャルでのシミュレーション


