
I.  背景:
・ Very Metal-Poor stars (VMP; [Fe/H]<-2)は、銀河形成初期のプローブとして重要。シミュレーションではVMPの軌道運動は偏りがなく等方的であり、一般的
にはハローやバルジといったspheroid成分に所属していると予測されている。
・ 最近GaiaによってVMPの軌道運動が調べられるようになり、それらの中にかなりの割合で円盤と同じような軌道を持つものがあることがわかってきた。
II. データ： parallaxで太陽から2kpcより遠方に相当する星（15<r<18）を|b|>30°っから選択。MMT/Hectochelleで高分散分光。VMP482天体を使用（図１）

H3 サーベイによる分光データと、Gaiaによる位置天文データを組み合わせて、1<|Z|<3kpcに位置する482天体の金属欠乏星（VMP; [Fe/H]<-2）
サンプルについて、元素組成と軌道運動を調べた。その結果VMP の>70% が円盤と同方向の回転速度（prograde orbit）を持つことがわかった。これは
VMPが矮小銀河の等方的な合体起源である場合に期待されることと矛盾する。また、サンプル中のMSTO星について年齢を求めると、[alpha/Fe]に依らず
古い（~12 Gyr）ことがわかった。VMPがprograde orbitを持つ傾向や、[alpha/Fe]、古い年齢を考え合わせると、天の川銀河は12Gyr 前にはすでに現在の円
盤に沿った運動を獲得しており、それ以降は静かに成長したことを示唆する。
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III. 結果: 
・ 図２、図３： 金属量の低い星で、prograde orbit を持つものが多い。また、その傾向は、[alpha/Fe]の低い星の方が顕著。これは、金属欠乏星の軌道運
動が等方的である場合に期待される傾向（図３グレー線）と大きく異なる。
・サンプル中のMSTO星はisochrone との比較から年齢が見積もられる。VMPの年齢は~12 Gyr程度と古く、[alpha/Fe]に依らない（図４）
・ VMPは一様に古い年齢を持つ一方で[alpha/Fe]にはばらつきがある➡ one-zone の化学進化では説明できない。VMPは複数の起源を持つことを示唆
・ VMPが高い割合でprograde orbitを持つ ➡ VMPは銀河系の古い円盤起源、あるいは円盤に沿う軌道での矮小銀河降着起源

【コメント】 H3-Gaia サンプルの一様解析での結果で興味深い。[alpha/Fe]の分散が優位かどうか気になった ➡個々
の元素に分離してみるとどうなるか？
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Figure 1. Left panel: [↵/Fe] versus [Fe/H] for stars in the sample between �3.5 < [Fe/H] < �1.5, color-coded by Lz (where

prograde is Lz < 0 and retrograde is Lz > 0). A grey line is drawn at 0.25 [↵/Fe] for reference. Right panel: Distribution of

distances from the Galactic midplane for the metal-poor stars. Most of these metal-poor stars reside close to the disk (within

⇡ 3 kpc). The lack of stars below 2 kpc is due to the dwarf selection function. There are 42101 stars with �1.5 < [Fe/H], 852

with �2 < [Fe/H] < �1.5, 399 with �2.5 < [Fe/H] < �2, and 77 with �3 < [Fe/H] < �2.5. The remaining 6 VMP stars not

included in the figure have [Fe/H] < �3.

a higher SNR threshold. The main results (summarized
in Figures 2�4) do not change if we adopt a SNR thresh-
old of 5 or 10. We also select a well defined region of
dwarf stars (log g > 3.5), limiting the sample to stars
within a few kpc of the Galactic plane. We removed
stars with large uncertainties in Lz: �Lz > 0.2 ⇥ 103

kpc km s�1. This cut removes ⇡ 3% of the stars from
the final overall sample, which contains 43,435 stars. Fi-
nally, inspection of the subset of 492 VMP stars by eye
revealed 10 with evidence of problems with either the
data or the fitted solution were removed from the sam-
ple. What remains is our final sample containing 482
VMP stars.

3. RESULTS

We begin with an overview of the sample in Figure 1.
The left panel shows the distribution of stars in [↵/Fe]
versus [Fe/H] for [Fe/H]< �1.5. Inspection of this panel
shows a fair number of stars above and below [↵/Fe] of
0.25 which motivates our working definition of high and
low-↵ for the VMP stars. In general, the more metal-
poor stars have higher [↵/Fe] ratios, as expected from
previous work (e.g., Carretta et al. 2000). and chemical
evolution models (e.g., Kobayashi et al. 2006). Curi-
ously, there is an additional interesting population of
VMP, low-↵ stars. It is also important to note there
are no extremely metal-poor ([Fe/H] < �2.9) stars with
low-↵ in our sample. Average error bars are plotted
along the bottom.
The right panel of Figure 1 shows the distribution

of absolute distances, |Z|, from the Galactic plane, for

stars of di↵erent metallicities. The overall distribution
is driven largely by (a) the selection function (specifi-
cally the parallax cut), and (b) the dwarf selection/cut,
such that stars in the sample are confined to 1 . |Z| . 3
kpc from the Galactic plane. There are no strong dif-
ferences in |Z| as a function of metallicity for the most
metal-poor stars in our sample ([Fe/H]< �1.5).
In Figure 2 we show the distribution of stars in orbital

energy (E) and the z�component of angular momentum
(Lz) space. These two quantities should be approx-
imately conserved in a static axisymmetric potential;
E�Lz space has therefore become a popular projection
in which to view stellar populations in the Galaxy. Each
column contains a narrow range in metallicities from
�3.5 to �1.5 in 0.5 dex increments. The top panel shows
high-↵ stars ([↵/Fe]> 0.25) and the bottom panel shows
low-↵ stars ([↵/Fe]< 0.25). The more metal-rich panels
show evidence of the Gaia-Sausage-Enceladus (GSE) ac-
creted dwarf galaxy (Belokurov et al. 2018; Helmi et al.
2018), composed of a population of stars at Lz ⇡ 0. An
unexpected result is the large fraction of stars on pref-
erentially prograde orbits (Lz < 0) at the lowest metal-
licities (a result first reported in Sestito et al. 2020a;
Sestito et al. 2020). This is most dramatic in the lower
left panel, which shows a mostly prograde-moving popu-
lation of ten out of twelve low-↵, metal-poor stars. One
unbound star (E > 0) is not shown in the last panel.
The key result of this work is shown in Figure 3. In

the left panel we show the fraction of stars on prograde
orbits (Lz < 0) as a function of [Fe/H] for both the high
and low-↵ stars. We also show the predictions from the
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Figure 3. Left panels: Fraction of stars on prograde orbits as a function of metallicity. Top panel includes all sample stars.

Results in the bottom panel are shown separately for high and low�↵ stars in red and blue, respectively. As expected, the

stars become more disk-like with prograde rotation at higher metallicities. Surprisingly, the prograde fraction increases again

for the VMP stars. Gray lines feature stars from the Rybizki et al. (2018, R18) mock MW catalogue (characterized by a smooth

disk and halo) for comparison. In R18 the VMP stars are dominated by halo stars on isotropic orbits, and hence the prograde

fraction converges to ⇡ 0.5. Right panels: Similar to the left panels, but now for the disk-like fraction of stars as a function of

metallicity. The disk-like fraction of the low-↵ stars mirrors the bottom left panel, while the high-↵ stars are consistent with a

flat ratio at [Fe/H] < �1.5.

At lower metallicities the fraction drops to 0.5, reflect-
ing the dominant contribution from halo stars with no
net rotation.
As expected, the data shows a high fraction of stars

on prograde orbits at [Fe/H]> �0.75 and a rapid drop in
prograde fraction over the range �1.5 <[Fe/H]< �0.75
because metal-poor stars are preferentially associated
with the halo. The downturn at -1.0 [Fe/H] occurs due

to GSE stars, which have a metallicity distribution that
peaks at [Fe/H] ⇡ �1.2. These stars generally have low-
[↵/Fe] (Conroy et al. 2019a; Naidu et al. 2020), which ex-
plains why the low�↵ prograde fraction drops at higher
metallicity than the high�↵ population.
Surprisingly, the fraction of stars on prograde or-

bits increases with decreasing metallicity below [Fe/H]
⇡ �1.5, reaching values of & 0.8 at the lowest metallic-
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Figure 2. Top panels: E � Lz space for high-↵ ([↵/Fe] > 0.25) stars in 0.5 dex bins from �3 to �1.5 in [Fe/H]. An isotropic

distribution of metal-poor halo stars should have no net rotation. Unexpectedly, the most metal-poor stars have the highest

fraction of stars on prograde orbits. Bottom panels: Similarly to the top panel, E �Lz space for low-↵ ([↵/Fe] < 0.25) stars in

0.5 dex bins. Interestingly, an even greater fraction of the VMP stars are on prograde orbits for the low-↵ population. At the

lowest metallicity bin (�3 < [Fe/H] < �2.5) ten out of twelve stars are prograde-moving.

Rybizki et al. (2018, R18) mock GDR2 catalog, matched
to the dwarf selection function in this study. R18 em-
ploys smooth models for the stellar thin and thick disks
and halo, making it a useful aid for comparison with the
data in our sample.2 The right panel shows the fraction

2
The metallicities of halo stars in R18 were increased by 0.55 dex

to agree with the average metallicity of the Galactic stellar halo

(Conroy et al. 2019a).

of stars on disk-like orbits (Lz < �0.5⇥103 kpc km s�1,
which corresponds to e . 0.7 in our sample).3

The R18 model forms a useful baseline for what we
might expect to observe in Figure 3. At high metal-
licities the prograde fraction rises to 1.0, reflecting the
dominant contribution of disk stars at high metallicities.

3
The uncertainties shown in Figure 3 were calculated assuming a

binomial distribution with a uniform prior, where the posterior

is defined by P (p|k,N) / P (k|p,N)P (p) and p is the true un-

derlying fraction of prograde stars, k is the observed number of

prograde stars, and N is the total number of stars in the bin.

The uncertainties measure the likelihood of k given N , with a

probability of p. This means that a sample in which all stars

have Lz < 0 will not necessarily result in a prograde fraction of

one; the uncertainties measure the likelihood of observing this

fraction of prograde stars, not the likelihood of the stars being

prograde.
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Figure 4. Age versus [↵/Fe] for stars in four metallicity bins. Stars in this plot are restricted to those on or near the main

sequence turno↵ (3.5 <log g< 4.3) where more robust isochrone ages can be attained. Grey square points highlight stars with

a log age error greater than 0.1. Mean error bars are shown in the bottom left-hand corner of each plot. Stars with log age

error > 0.1 are not included in the average error bars. A grey line at 12 Gyr and at 0.25 [↵/Fe] is shown in each panel for

reference. Notably, when excluding stars with large age uncertainties, there are no prominent trends in age with [↵/Fe] for the

most metal-poor stars. This is in contrast to the behavior seen in stars at higher metallicities (e.g., Haywood et al. 2013; Bonaca

et al. 2020). For comparison, the fraction of all stars with ages < 10 Gyr jumps from about 16% to 34% from the bottom left

and right panels at �2 < [Fe/H] < �1.5 and �1.5 < [Fe/H] < �1 respectively. Note, this plot di↵ers from those shown in other

work due to the H3 selection function, which misses younger stars near the Galactic plane.

ities in the sample. In addition, the prograde fraction of the low�↵ stars is somewhat higher than the high�↵

図２：サンプルのE-Lz平面での分布

図４： 年齢 vs [alpha/Fe]


