
最適化：トレーニングサンプルの元素組成を最もよく再現する多項式の係数を求める。

Logg 依存性の分離： log g は今回はnuisance parameterであり、それに依存する項を差し引く
ことで、logg依存性のない[X/Fe]を得る
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Figure 5. Face-on map of the Galactic disk within |z| < 1 kpc showing the rotation of
stars around the Galactic center located at (x, y) = (0, 0). Stars are binned in spatial bins
of �x = �y = 0.5 kpc and colored by the mean self-calibrated metallicity [Fe/H] of stars
within that bin, while arrows point in the mean direction of motion within the plane. The
Sun’s position at (x, y) = (�8.178 kpc, 0) is indicated by �, and the Galactic center is
located at (x, y) = (0, 0). Thin grey lines show Galactocentric rings in steps of �R = 5 kpc,
as well as the outline of the Galactic bar with a half-length of the major axis of 5 kpc and
an axis ratio of 0.4, angled at 25� from our line of sigh to the Galactic Center.

metallicity [Fe/H] in spatial bins of �x = �y = 0.5 kpc. The arrows indicate the

mean motion of the stars around the Galactic center.

In Fig. 6 we show maps of the Galactic disk for four abundances ([Fe/H], [Mg/Fe],

[O/Fe], [Ni/Fe]) split between low- and high-↵ stars. We use the self-calibrated metal-

licity [↵/M] to split the sample, i.e. [↵/M] < 0.12 and [↵/M] > 0.12, respectively.

Maps of all remaining abundances measured by APOGEE DR16 for which we applied

our self-calibration approach are shown in Fig. 9 and 10 in Appendix A, while the dif-

ferences between the self-calibrated and the reported APOGEE DR16 abundances are

shown in Fig. 11 and 12 in Appendix B. We find that all abundances evolve smoothly

with Galactocentric radius. We do not see any evidence for chemically distinct fea-

tures, nor do stars in the Galactic bulge and bar region appear to have a distinct

abundance pattern. While we see strong abundance gradients in the low-↵ disk, the

【アブスト】 天の川銀河のバー（bar）構造の形成過程を解明するうえで、星の元素組成の大規模サンプルが鍵を握っている。一方で、大規模サンプルに

は、明るさやサーベイ領域の制約、恒星の進化段階の違い等による元素組成測定の誤差がある。そのため従来の解析手法では、銀河系内での元素組
成の傾向や、barの星がバルジ星に対して異なる化学組成を持つかどうかなど、正しく評価できていない、この論文では、星のLuminosity の違い等から生
じる系統誤差を取り除いて、精密な元素組成を導出する方法を開発した。この手法をAPOGEE DR16の48,853個のRGB星に適用し、bar とバルジ星の間
で、元素組成に差が見られないことを明らかにした。
【ゴール】 【オリジナリティ】
【ロジック】

Action を活用した新しい元素組成推定手法を開発

GAゼミ@20211221 石垣

銀河系bar の起源の解明

Stellar Abundance Maps of the Milky Way Disk : Eilers et al.  (arXiv: 2112.03295)

I.  背景: ・ 天の川銀河のbar の形成過程や、形成のタイミング（disk・bulgeより前か後か等）についてはまだよくわかっていない。
・ 先行研究では、rGC<3kpcで元素組成の空間分布を調べ、On-barとOff-bar 領域で元素組成分布（[Mg/Fe]-[Fe/H]）が異なることが示されていた（図１）。
・ 一方で従来の元素組成解析方法では、星の進化段階（e.g., Luminosity, logg)の不定性から生じる系統誤差が大きく、本来調べたい元素組成の銀河系
内の位置や運動に対する傾向を正しく評価できていなかった（e.g., 明るい星は遠方まで見えるのに対し、暗い星は近くしか見えない）。
・ 今回の研究では星の進化段階の不定性を除去し、元素組成と、星の現在の位置（R、z）または誕生位置（JR、Jz、Lz）との関係を精度よく評価できる新し

い手法を提案する。

Bar の組成について、解析方法によって異なる結果が得られる。
SDSS-Vで決着がつくか？

II. 解析手法
仮定：星の元素組成（[Fe/H] or [X/Fe]）は、JR、Jz、Lz、logg に関する２次の多項式で表されるとする。

IV. 結果
（図２）Log g の影響を除去する前と後の比較。 Log gによる組成の違いがほぼ除去されている。
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2018), which in turn is reflected statistically in their current orbits, quantified by the

three orbital actions JR, Jz, and Lz. The measured abundances may also depend on

the nuisance parameter log g. Thus, we presume that the stellar abundances can be

modeled as a function of orbital actions and log g. If we adopt a linear model, we

can then separate the physically expected dependencies on the orbital actions from

the unexpected dependencies of the stellar parameters on log g, which we can simply

subtract o↵. Thus we aim to fit for all dependencies of the stellar abundances, and

afterwards subtract the dependencies on nuisance parameters.

The structure of the model—fit for dependencies on both log g and on orbital

actions—when we only care about removing or calibrating out the log g dependencies,

flows from ideas in causal inference: If we were to just fit for dependence of element

abundances on log g, we would find strong dependencies for all elements, since element

abundances depend on Galactocentric position, and hence on their distance from us,

thereby on luminosity (in a flux-limited sample) and thus on log g. This e↵ect is

further compounded by variations in the APOGEE selection function as a function of

Galactic latitude and longitude, which further exacerbates the spatial variations in

the log g distribution. If we simultaneously fit for dependence of abundances on both

log g and orbital actions (as a physically better motivated proxy than mere Galactic

location), the regression can separate the e↵ects coming from log g and from Galactic

orbit. Then the log g dependencies we find have e↵ectively accounted properly for the

confounding e↵ect of Galactic orbit. When we calibrate or adjust the abundances, we

adjust them using only the log g part of the model.

To this end, for each star in our data set (see § 3) we construct a feature vector ~y

containing linear and quadratic terms of the orbital actions JR, Jz, and Lz, which are

the parameters on which the “true” stellar abundances are expected to depend, and

the nuisance parameter log g. Note that in practice we subtract an arbitrarily chosen

o↵set of 2.2 from all log g values, i.e. we take log g̃ = log g�2.2. This implies that our

model calibrates all stellar abundances to the same evolutionary state at log g ⇡ 2.2,

i.e. just above the red clump.

We chose the D-dimensional feature vector ~y to be a second order polynomial,

i.e.
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where D = 12 in this case. The matrix Y contains the feature vectors for each of

the N stars in our sample, i.e. it has a shape D ⇥ N . For each element abundance

[X/Fe]DR16 reported in APOGEE DR16 we now find a D-dimensional coe�cient vector
~# containing the coe�cients for each feature, which minimizes the Euclidean 2-norm,

i.e.

~̂# � argmin
~#

2

64

⇣
[X/Fe]DR16 �Y · ~#

⌘2

�2
[X/Fe]

3

75 , (2)

4 Eilers et al.

2018), which in turn is reflected statistically in their current orbits, quantified by the

three orbital actions JR, Jz, and Lz. The measured abundances may also depend on

the nuisance parameter log g. Thus, we presume that the stellar abundances can be

modeled as a function of orbital actions and log g. If we adopt a linear model, we

can then separate the physically expected dependencies on the orbital actions from

the unexpected dependencies of the stellar parameters on log g, which we can simply

subtract o↵. Thus we aim to fit for all dependencies of the stellar abundances, and

afterwards subtract the dependencies on nuisance parameters.

The structure of the model—fit for dependencies on both log g and on orbital

actions—when we only care about removing or calibrating out the log g dependencies,

flows from ideas in causal inference: If we were to just fit for dependence of element

abundances on log g, we would find strong dependencies for all elements, since element

abundances depend on Galactocentric position, and hence on their distance from us,

thereby on luminosity (in a flux-limited sample) and thus on log g. This e↵ect is

further compounded by variations in the APOGEE selection function as a function of

Galactic latitude and longitude, which further exacerbates the spatial variations in

the log g distribution. If we simultaneously fit for dependence of abundances on both

log g and orbital actions (as a physically better motivated proxy than mere Galactic

location), the regression can separate the e↵ects coming from log g and from Galactic

orbit. Then the log g dependencies we find have e↵ectively accounted properly for the

confounding e↵ect of Galactic orbit. When we calibrate or adjust the abundances, we

adjust them using only the log g part of the model.

To this end, for each star in our data set (see § 3) we construct a feature vector ~y

containing linear and quadratic terms of the orbital actions JR, Jz, and Lz, which are

the parameters on which the “true” stellar abundances are expected to depend, and

the nuisance parameter log g. Note that in practice we subtract an arbitrarily chosen

o↵set of 2.2 from all log g values, i.e. we take log g̃ = log g�2.2. This implies that our

model calibrates all stellar abundances to the same evolutionary state at log g ⇡ 2.2,

i.e. just above the red clump.

We chose the D-dimensional feature vector ~y to be a second order polynomial,

i.e.

~y = [1, JR, Jz, Lz, J
2
R, JRJz, JRLz, J

2
z , JzLz, L

2
z, log g̃, log2 g̃], (1)

where D = 12 in this case. The matrix Y contains the feature vectors for each of

the N stars in our sample, i.e. it has a shape D ⇥ N . For each element abundance

[X/Fe]DR16 reported in APOGEE DR16 we now find a D-dimensional coe�cient vector
~# containing the coe�cients for each feature, which minimizes the Euclidean 2-norm,

i.e.

~̂# � argmin
~#

2

64

⇣
[X/Fe]DR16 �Y · ~#

⌘2

�2
[X/Fe]

3

75 , (2)

Stellar Abundance Maps of the Milky Way Disk 9

100 200

�0.6

�0.4

�0.2

0.0

0.2

[F
e/

H
]
(A

P
O

G
E
E

D
R
16

)

before 0.0 < log g < 1.18

1.18 < log g < 1.58

1.58 < log g < 1.89

1.89 < log g < 2.2

�3000�2000�1000 20 40 10 20 �0.5 0.0 0.5

100 200
JR [kpc km s�1]

�0.6

�0.4

�0.2

0.0

0.2

[F
e/

H
]
(s

el
f-
ca

lib
ra

ti
on

)

after

�3000�2000�1000
Lz [kpc km s�1]

20 40
Jz [kpc km s�1]

10 20
RGC [kpc]

�0.5 0.0 0.5
zGC [kpc]

Figure 2. Stellar abundance gradients for [Fe/H] before (upper panels) and after (lower
panels) applying the self-calibration. We bin all stars in the sample into four bins of log g,
each containing an equal number of stars. The stellar abundances are shown as a function
of the three actions JR, Jz, and Lz that are also fit parameters (three leftmost panels),
as well as the Galactocentric radius RGC and height zGC above the plane (fourth and fifth
panels). While we see clear systematic trends with log g in the APOGEE DR16 abundances,
these dependencies are mostly resolved after the self-calibration, although some small e↵ects
remain, in particular at small Galactic radii.

Figure 3. Same as Fig. 2 for [Mg/Fe].

4. RESULTS

In this section we show that our model eliminates (spurious) dependencies on

log g and present the self-calibrated stellar abundance gradients (§ 4.1), as well as

abundance maps of the Galactic disk (§ 4.2).

4.1. Stellar abundance gradients

The stellar abundances depend on the integrals of motions of their orbit, i.e.

JR, Jz, and Lz, and thus also on the Galactocentric radius RGC and height above

the Galactic plane zGC. In Fig. 2 we show the abundance gradients for the metallicity

[Fe/H] for the labels from the APOGEE DR16 catalog before calibration (top panels),

III. データ： APOGEE DR16 赤色巨星、Gaia、 2MASS、WISEの測光・位置天文データ

（図３）銀河系円盤-バルジ-bar の組成マップ。調べた範囲では元素
組成はスムーズに遷移しており、はっきりした境界はみられない。
（図４）High-alpha/low-alpha 円盤での元素組成分布。Low-alpha円
盤では元素組成の傾きが顕著にみられ、High-alpha円盤では組成
がほぼ一様になっている。

V. 議論
Bar の元素組成について先行研究と異なる結果 （図５） ：先行研究
では、バルジとBarのSelection functionの違いが適切に考慮されて
いなかったためでは。
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Figure 6. Maps of the Galactic disk (within |z| < 1 kpc or a 6� wedge) colored by four
di↵erent chemical abundances after applying the self-calibration for low-↵ stars, i.e. [↵/M] <
0.12 (top panels), as well as high-↵ stars, i.e. [↵/M] > 0.12 (bottom panels). We show the
median abundances of all stars in spatial bins of �x = �y = 0.75 kpc, whenever a bin
contains more than 3 stars. The colorbar ranges between the 7th to 93rd percentile of
median abundances in each panel. The Galactic center is located at (x, y) = (0, 0). The
position of the Sun is marked by �. The number of stars in each map is noted in the lower
right corner of each plot. Maps for all other stellar abundances are shown in Fig. 9 and 10
in Appendix A.

high-↵ disk stars are more chemically mixed and uniformly distributed across the

disk, confirming that they are predominantly older than the low-↵ stars (e.g. Bovy

et al. 2016; Mackereth et al. 2019; Gandhi & Ness 2019; Buck 2020; Yuxi et al. 2021).

While most abundance trends are radially symmetric with respect to the Galactic

center, we do find some abundances that do not show radial symmetry. For instance

there seems to be an anomalously high [Co/Fe] feature in the Southern part of the

disk, and parts of the outer disk seem to have a lower [Na/Fe] abundance (see Fig. 9).

We do currently not know whether these are real physical e↵ects or simply additional,

non-accounted for systematic issues with the data.

4.3. Metallicity Bimodality

Making use of the newly self-calibrated abundances we can now review the metal-

licity distribution of stars within the Milky Way disk. The distribution of stars in the

[↵/M] vs. [Fe/H] plane has long been an important diagnostics of chemical evolution,

since [↵/M] provides a rough chemical “clock” due to the di↵erent timescales of core

collapse supernovae and supernovae Ia enrichment (e.g. McWilliam 1997).

図２ 図３

図４



図1 （参考）先行研究の探査範囲と結果:

rGC<3kpc では、On-barの方がmetal-rich。Off-barでは
[Fe/H]=0付近で[Mg/Fe]が低い(Lian et al. 2021)

284 J. Lian et al.

Figure 1. Spatial distribution of APOGEE stars in the Galactic X−Y plane.
The larger black circle indicates the total region for our inner Galaxy sample
selection, while the smaller circle marks the boundary between radially
separated sub-samples (Section 2.1). The orange ellipse illustrates the bar
definition adopted in this work. The positions of the Sun and Galactic centre
are marked.

here to refer to the innermost part of the Milky Way, with rGC <

3 kpc, to distinguish from the inner disc at slightly larger radii (rGC

= 3−5 kpc):

(i) mid-plane inside the bulge, rGC < 3 kpc and |z| < 0.5 kpc (356
stars)

(ii) off-plane inside the bulge, rGC < 3 kpc and 0.8 < |z| < 1.5 kpc
(283 stars)

(iii) mid-plane outside the bulge, 3 kpc < rGC < 5 kpc and |z| <

0.5 kpc (2538 stars)
(iv) off-plane outside the bulge, 3 kpc < rGC < 5 kpc and 0.8 <

|z| < 1.5 kpc (3178 stars)

2.2 Spatial resampling

The inner Galaxy has clear radial and vertical gradients in chemical
abundances and age (Zoccali et al. 2017; Garcı́a Pérez et al. 2018;
Bovy et al. 2019; Hasselquist et al. 2020). As a result, the chemical
properties of the on-bar and off-bar regions depend on the radial and
vertical distribution of the stars observed in each region. To conduct
a fair comparison, we randomly resample the on-bar stars to have a
distribution in the rGC−|z| plane identical to that of the off-bar stars.
This random resampling is repeated 100 times to obtain the median
chemical abundance distribution of the resampled on-bar population.
We note that after the resampling of the on-bar stars to match the
radial and vertical distribution of the off-bar stars, the in-bulge on-
bar and off-bar samples (top two in the list above) are concentrated
between rGC ∼ 2 and 3 kpc and heavily weighted to 3 kpc.

3 A BU N DA N C E D I S T R I BU T I O N C O M PA R I S O N S

3.1 Abundance distribution functions

We first compare the [Fe/H] and [Mg/Fe] distribution functions
(MDF and α-DF) of the on-bar and off-bar regions, as illustrated

in Fig. 3. Each column indicates one of the regions in the rGC−|z|
plane described in Section 2.1.

In the middle-right and right columns, which show the comparison
outside the bulge region, the MDF and α-DF of the on-bar and off-
bar stars are remarkably consistent, regardless of vertical height. The
Galactic bar consists of two main sub-components: a buckled inner
bar with a peanut-shaped projected density distribution within rGC

< 3 kpc, and a planar outer bar that extends to rGC ∼ 5 kpc and
is also called the long or thin bar (e.g. Wegg et al. 2015; Barbuy
et al. 2018). The indistinguishable chemical abundance distributions
between the long bar and off-bar disc suggest either very efficient
azimuthal mixing between the two structures or that they have
experienced rather similar star formation and chemical enrichment
histories. The observed azimuthal abundance variation inside the
bulge (shown below) and in external barred galaxies (Neumann et al.
2020), however, disfavours the azimuthal mixing scenario.

In the left-hand and middle-left panels of Fig. 3, which show
the comparison inside the bulge region, notable differences exist
between the MDF and α-DF of the on-bar and off-bar stars. The
shaded regions indicate the Poisson noise at a given [Fe/H] and
[Mg/Fe]. The MDF of the bar in the mid-plane (upper left panel)
extends to a higher [Fe/H] than the off-bar disc by ∼0.2 dex,
resulting in an excess of very metal-rich stars ([Fe/H] ∼ 0.4) in the
rGC ∼ 2−3 kpc region spanned by our bar stars. The corresponding
α-DF in the bottom-left panel shows no significant difference in the
plane. However, off the plane (middle-left column), there is a clear
excess of metal-rich, low-α stars ([Fe/H] > 0.2 and [Mg/Fe] < 0.1)
on the bar compared to the off-bar sample. To explore the potential
effect of stellar parameters [i.e. log(g) and Teff] on the on-/off-bar
comparison, we resample the stellar parameter distribution of the
on-bar sample to be identical to that of the off-bar sample. With
this further resampling, the differences in MDF and α-DF described
above persist, suggesting that they are not caused by differences in
stellar parameters of the samples. Note that the usage of [Fe/H] in
this work (instead of [M/H]) excludes a minor fraction of metal-rich
stars, which are preferentially located in the bar. Due to the resulting
lower counts, then, we expect the measured significance of the excess
of metal-rich on-bar stars to be less than it would be otherwise.
We also have tested and confirmed that the presence of differences
inside the bulge and absence of such differences outside the bulge
is not due to the disparate number of bulge and out-of-bulge stars.

The excess of low-α stars at larger |z| implies that these stars are
more widely distributed in the vertical direction (i.e. have a larger
scale height) in the inner bar than their counterparts in the off-bar
disc. This is broadly consistent with previous findings that the inner
bar is generally thicker than the disc outside the bulge (e.g. Wegg
& Gerhard 2013), which is believed to be a result of dynamical
heating through the bar buckling process. The relative deficiency of
high-α stars at larger height in the bar is further evidence that these
stars, compared to the low-α stars, are less subject to be buckled. In
addition, the lack of azimuthal abundance variation at 3 kpc < rGC <

5 kpc suggests no chemical signature of the buckling process in the
long bar outside the bulge. It is interesting to note that the presence of
considerable differences in the MDF and α-DF between the on-bar
and off-bar disc within rGC < 3 kpc implies that if there is movement
of stars between these regions, the process is either one-directional
or inefficient.

3.2 [Mg/Fe]–[Fe/H] distribution

Comparisons of one-dimensional MDFs and α-DFs are informative
but could hide additional features due to projection effects. Thus we

MNRAS 500, 282–290 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/500/1/282/5937482 by guest on 20 D
ecem

ber 2021

286 J. Lian et al.

Figure 4. [Mg/Fe]–[Fe/H] distribution of on- (middle row) and off-bar (bottom-row) populations in four regions in the inner Galaxy as indicated in the top row
(similar to Fig. 3). The density in each panel is outlined by a grey contour, and black solid lines show the median [MgFe]–[Fe/H] relation. The distribution of the
on-bar stars (middle row) is repeated in the bottom row of each column as blue dashed contours. The median [Mg/Fe]–[Fe/H] relation of the off-bar population
(bottom row) is repeated in the middle row as red dashed curves.

of very metal-rich stars and larger scale height of low-α stars in
the bar. However, the distribution in the [Mg/Fe]–[Fe/H] diagram
shows that the relative excess of solar-like abundance stars in the
off-bar disc deviates from the [Mg/Fe]–[Fe/H] relation in the bar
and results in a different structure of the low-α branch, compared
to the on-bar stars. This supports the idea that the relative excess
of solar-like abundance stars in the off-bar disc is not caused by a
deficiency at other [Fe/H] and [α/Fe], but is an independent feature
(Section 4.2).

4 D ISCUSSION

4.1 Comparison with other works

In a recent closely related work, Bovy et al. (2019) conducted one of
the first comparisons of the stellar chemical abundance distributions
between on-bar and off-bar stars using data from APOGEE DR16.
The comparison was performed for the bar and disc within rGC <

5 kpc and |z| < 0.3 kpc (without spatial resampling). The authors
found that the bar and the off-bar disc have rather similar distributions
in the [Mg/Fe]–[Fe/H] plane, except for a clear excess of old, metal-
poor stars in the bar that was interpreted as evidence of an early
bar formation. In contrast, in a study focused on the on-bar/off-bar
comparison at rGC ∼ 3−4 kpc, Wegg et al. (2019) found the in-bar
stars (defined spatially and kinematically) to be on average more
metal-rich than the surrounding disc stars at similar radii. Queiroz
et al. (2020a) also find that the most metal-rich stars are trapped in
the bar at rGC < 5 kpc.

In this study, we conduct the on-bar and off-bar disc comparison
within four spatial bins. To account for the metallicity gradients,
the on-bar stars are resampled to have a distribution in radius and
height identical to the off-bar sample. Thus we are looking at strictly

azimuthal variations at fixed radius and height. The near-identical
chemical abundance distribution between the bar and disc shown in
Bovy et al. (2019) is confirmed outside the bulge region (3 kpc <

rGC < 5 kpc). However, our comparison reveals a difference inside
the bulge (rGC ∼ 2−3 kpc), with relatively more very metal-rich
stars and fewer solar-metallicity stars in the bar than in the disc.
These differences suggest that the buckled inner bar has experienced
a somewhat different SFH from the disc at the same Galactocentric
radius (see Section 4.2).

The main reason for the different conclusions regarding the bar’s
chemistry in Bovy et al. (2019) and this work appears to be that
the comparisons in these two works are conducted on samples with
different spatial distributions. The inner Galaxy has a clear radial
metallicity gradient, with the populations at smaller radii being more
metal-poor on average (Bovy et al. 2019, confirmed in our data before
resampling). This positive metallicity gradient, combined with the
concentration of the raw on-bar sample at small rGC, gives rise to a
bar that is on average more metal-poor than the off-bar disc within
the larger bar radius of 5 kpc.

It is very interesting to note that nearby barred galaxies exhibit
intriguing abundance differences within their inner regions, with the
elongated bar being slightly more metal-rich and α-poor than the
surrounding disc (Neumann et al. 2020). Similarly metal-enhanced
bars, compared to the disc, are also seen in barred galaxies in
cosmological simulations (Buck et al. 2018; Fragkoudi et al. 2020).
In particular, in the simulation by Buck et al. (2018), the MDF
of the bar also extends to higher metallicity than the disc. These
differences in the stellar compositions between the bar and disc
is qualitatively consistent with the Milky Way stellar observations
as presented in this study. This implies that the bars in our
Galaxy and in external galaxies likely share a common formation
history.
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Figure 15. Comparison between on- and o↵-bar stars within the disk, i.e. |z| < 0.5 kpc.
We select stars only within 2 kpc < RGC < 3 kpc and split the sample into on- and o↵-bar
stars (left panels). Galactocentric rings at 2, 3 and 5 kpc are shown as grey thin lines, as well
as the outline of the Galactic bar. The [Mg/Fe] vs. [Fe/H] distributions of the two stellar
samples do not show any significant di↵erences (right panel).

D. ON-BAR VS. OFF-BAR STELLAR ABUNDANCES

Inspired by the results reported in Lian et al. (2021) we study the [Mg/Fe] vs.

[Fe/H] distribution of stars on the bar compared to stars outside the bar within the

Milky Way disk. However, opposite to Lian et al. (2021) we only chose stars within

a very narrow annulus, i.e. 2 kpc < RGC < 3 kpc (see left panels of Fig. 15), in

order to ensure that the two stellar populations have the same Galactocentric-radial

distribution. We find no significant di↵erence in the chemical properties between on-

and o↵-bar stars, as shown in the right panel of Fig. 15. These results, however, seem

to be independent from our self-calibration: we find that both our results shown in

Fig. 15 and the Lian et al. (2021) results are una↵ected by the self-calibration; that

is, they are not produced by abundance systematics or evolution.

REFERENCES

Ahumada, R., Prieto, C. A., Almeida, A.,
et al. 2020, ApJS, 249, 3,
doi: 10.3847/1538-4365/ab929e

Astropy Collaboration, Price-Whelan,
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図５: この論文でのon-bar vs off-bar 元素組成

bar とバルジが円盤とは異なる元素組成（Leung&Bovy2019）


