
星のAge-Metallicity関係（AMR）は、銀河系円盤の星形成史を調べる上で最も基本的な観測量である。太陽近傍のAMRには大きな分散がある
ことが知られていたが、最近Nissen+20 の解析で、AMRに２つの系列が存在し、AMRの分散はこれに起因することが判った。この論文では、APOGEEのRed
Clump(RC)星で、年齢の指標となる[C/N]と金属量[Fe/H] を用いてNissen+20の結果を検証した。その結果、太陽近傍では、[C/N]-[Fe/H]上で２つの系列が確
認できた。この結果は、太陽近傍では、太陽半径より内側と外側から移動してきた星種族が混在するためと解釈できる。
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VI. 議論：
・ 外部からのガス降着や星のmigraHon 、矮小銀河合体による影響などのシナリオが考えられる。詳しい検証にはより正確な年齢の測定が必要

I.  背景:
・ 外部からのガス流入出がない場合（”Closed-box”化学進化モデル）、星の年齢が若いほど金属量が高くなるAge-Metallicity 関係（AMR）が予想される。
一方で観測からは、AMRには大きな分散があることが知られていた。その原因として、星の動径方向の移動（radial migration）等が考えられている。
・ Nissen+20 は太陽近傍星の高精度分光観測から、AMRに２つの系列が存在することを示した。大規模サンプルで同様の傾向が見られるかどうか、検証
が待たれていた。

・ [C/N] は、First dredge-upを経験した星で年齢の指標になる。First dredge-up 後、恒星内部で起こるCNO Cycle を経た元素組成が恒星表面組成に反映
されるため。RC星になる時点でのC/N比は星質量による。i.e., 重い星ほどRed Clumpになる年齢が若く、C/N比が小さい。

・ RごとにAMRが何系列あ
るのか？星やガスの密度
分布と関連づけられる？

II. データ: SDSS DR16 APOGEE RC Catalog  + astroNN (abundance, distance, age)から、-0.35<[Fe/H]<0.35, |Z|<0.8kpc, [alpha/M]<0.1 のRC星~18000天体
IV. 結果（図１）
・ 太陽半径より内側（R<7kpc）では、[Fe/H]が高く、[C/N]が高め、R<5kpcではinner disk と bulge 成分に分かれている
・ 太陽半径（7<R<9kpc）では、２つの系列が混在している：①R<7kpcで見られた[Fe/H]が高く[C/N]も高い成分、② [Fe/H]と[C/N]の範囲が広く、相関が見ら
れる（図２： 拡大図）

・ 太陽半径より外側（R>9kpc）では[Fe/H]が低く[C/N]が高い
・図３：運動の空間での①と②の分布。①の方がわずかに軌道離心率（e）が大きく、verHcal acHon (jz)が大きい傾向
・図４：元素組成（[X/Fe]）と金属量（[M/H]）の関係。２つの系列の間で相関が異なる元素組成比がいくつか見られ、化学進化のタイムスケールの違いを反
映しているとみられる

図１
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②

・ migraHonが原因とすると、①
は太陽半径より内側から、②は
外側から移動してきた成分と考
えられる。

・ 太陽は②に所属しており、円
盤外側でできたとする
Haywood+19の説を支持
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Figure 4. Kinematics of selected groups. The colors follow the classification from Fig. 3.

3.2.2. Elemental abundances as a function of metallicity

The red and the blue groups are also studied in other
abundance planes, which are shown in Fig. 5. In each
panel a scatter plot of stars coloured by red and blue for
di↵erent abundance ratios as a function of metallicity
is shown. Linear regression fits to the corresponding
distributions of the respective groups as a function of
metallicity have been performed and are indicated with
solid lines of the same colour. The slope and the error
of the regressions are indicated in each panel.
In all panels the abundance trends have a smooth

transition between one and the other sequence. For most
of the elements both sequences merge into one sequence,
behaving as the classical low-↵ chemical sequence found
in the APOGEE data (Jönsson et al. 2020). The slope
of the regression fits of the abundances as a function
of metallicity, however, can di↵er between the red and
blue group for some cases, such as [C+N/Fe], [O/Fe],
[Mg/Fe], [Si/Fe] and [Ni/Fe].
As discussed in Masseron & Gilmore (2015), while the

[C/N] abundance changes in giants after they experience
dredge-up, the total amount of C and N stays the same,
reflecting the composition of the birth cloud, which, like
many other chemical abundances, will change as stars
die (see also Fig. 2 of Martig et al. 2016). Hence,
[C+N/Fe] ratios have been used to study the di↵er-
ences of star formation histories in the disk (Masseron &
Gilmore 2015; Hasselquist et al. 2019) as well as metal-
poor stars which might have form in dwarf galaxies and
accreted later on in the Milky Way (Hawkins et al. 2015;
Das et al. 2020; Horta et al. 2021). Around solar metal-
licities, C is made by both, He-burning in the core of
stars as well as in AGB stars, while N is made mostly in
AGB stars (Kobayashi et al. 2020a), therefore [C+N/Fe]
traces the contribution of AGB stars. The fact that the
red group has overall higher [C+N/Fe] abundances than
the blue group might be attributed to the di↵erence in
metallicity, since both C and N have a metallicity de-
pendency, and the red group has mostly metal-rich stars
while the blue group has a wider range in metallicities.
It is noted that the [C+N/Fe] are above zero even for
the blue sequence. This might be related to a systematic
uncertainty in the N abundances of APOGEE, which

obtain a value of 0.2 for the solar N abundance (Jönsson
et al. 2020). Indeed, the recent study of nitrogen abun-
dances in the Sun of Amarsi et al. (2020a) points to-
wards a systematic di↵erence between N measured from
molecular features and atomic features. It is not the
aim of this paper to correct by systematic e↵ects but
to illustrate the trends in both populations and look for
di↵erences. This is another argument of why this work
does not attempt to relate [C/N] directly with an age
value.
Oxygen and magnesium are ↵�capture elements that

are produced inside massive stars and are ejected into
the interstellar medium via core-collapse supernova
(SNII). Both oxygen and magnesium belong to the few
primary elements, e.g., the yields are not a↵ected by
the metal content of the progenitor star. Iron, on the
other hand, is mostly produced by thermonuclear su-
pernova (SNIa), whose progenitors are lower mass stars.
Therefore there is a time delay in the enrichment of
oxygen (or magnesium) and iron (Matteucci & Greggio
1986). There is extensive literature in using in particu-
lar [O/Fe]-[Fe/H] planes to constrain chemical evolution
models, both of the Milky Way (Johnson et al. 2021)
and other galaxies (Maiolino & Mannucci 2019). The
mass of the progenitor galaxy as well as the star for-
mation history can be addressed from the relation be-
tween [↵/Fe] and [Fe/H] for a given stellar population
(Tinsley 1979). The [↵/Fe]-[Fe/H] – hereafter Tinsley-
Wallerstein (TW)3 – diagram on the top right hand
panel of Fig. 5 shows how the blue group has lower
[O/Fe] ratios than the red group for the same metal-
licity. It further shows that while the red stars seem to
have reached a plateau at solar metallicities, the blue
stars still are in the decreasing part of the TW diagram,
suggesting that star formation e�ciency is lower for the
blue group. A similar behaviour is seen for Mg, shown
in the left-hand side panel of the middle row of Fig. 5. It
is interesting to note that these abundance planes in the

3 This is motivated after discussions among astronomers on Social
Media in 2020 about calling this important diagram after Waller-
stein and Tinsley who used and explained it. Many fundamental
diagrams are named after scientists that have first explained.
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Figure 3. Density map of [C/N] and [Fe/H] in the solar

neighbourhood alongside with the 3 main clusters found us-

ing Shift Mean.

disk do not necessarily reflect the same timescales and
epochs of formation and hence, they can not be inter-
preted in a total evolutionary framework. Adding how-
ever a wider range in metallicity might induce further
scatter in the C/N-age relation (Das et al. 2020) and
other systematics which this work is trying to avoid.

3.2. Two populations in the solar neighbourhood

In order to see if the two sequences of AMRs found
by N20 are also present in this larger and independent
dataset, the density map of [C/N] and [Fe/H] for the
stars located in the solar neighbourhood is shown again
in Fig. 3. If these sequences are produced due to two
di↵erent populations tracing di↵erent chemical enrich-
ment histories, investigating more chemical patterns as
well as kinematics is useful. Therefore, only stars lo-
cated at the maxima of the distributions were selected
considering the clustering algorithm Shift Mean, which
is designed to find local bumps in a density estimate of
data (see Chapter 6.4 of Ivezić et al. 2014). The data
of the solar neighbourhood supports 3 main groups.
which are located in the main two populations. One is
more metal-rich (reaching [Fe/H] of 0.3 dex) and can
be considered to be older because the [C/N] ratios are
higher (see e.g. Figure 1) and the other one has a more
extended range in metallicity reaching lower [Fe/H] val-
ues of -0.2 as well as a more extended range in [C/N]
suggesting a larger range in ages reaching younger ages
than the more metal-rich and older population.
The groups are shown as coloured contours in Fig. 3.

The stars from the upper population are given a red
colour, while the stars from the lower population groups
are given blue colours. These are studied in terms of
their kinematics and other elemental abundances.

3.2.1. Kinematics

Figure 4 shows the distributions of di↵erent dynami-
cal quantities for the stars enclosed in the red and blue
groups of Fig. 3.
The left-hand panels show the distributions of the

stars in the classical Toomre diagram, which was also
plotted by N20. While there is a large overlap between
both groups, the red group has a tendency of having
lower tangential velocities but slightly higher vertical
and radial velocities than the blue group. This result
agrees with N20, who also found that their red (old)
group had a larger velocity dispersion and a larger ro-
tational lag than the blue (younger) group, which is en-
couraging. Di↵erences in kinematics are in any case min-
imal, here and in N20, making it di�cult to add more
about the origin of these two groups from the velocities
alone.
The middle panels plot the relation of the stellar or-

bits angular momenta Lz and the eccentricities e. As in
the left-hand panel, the overlap between both groups is
large, and only slight di↵erences can be identified from
the histograms. Both groups have relative circular or-
bits, with a range of eccentricities comparable and below
e < 0.4. The red group presents, however, a tendency
of having stars slightly more eccentric at 0.3 < e < 0.4
than the blue group, indicating that more stars in the
red group have been kinematically heated. This makes
sense since the red group has overall higher [C/N] abun-
dance ratios than the blue group, hence the red group
has stars that are generally older, and old stars are kine-
matically hotter than young stars (e.g. Soubiran et al.
2008; Mackereth et al. 2019; Sharma et al. 2020; Bird
et al. 2021).
While the overlap in Lz is large, the red group has

overall lower angular momenta than the blue group. If
the red group is associated to a sequence of stars tracing
the chemical enrichment history of the inner disk, then
they could have radially migrated. The ‘churning’ e↵ect
of radial migration move stars outwards by keeping ec-
centricities fixed but loosing angular momenta (Feltzing
et al. 2020), which is consistent with the behaviour of
the distributions of the red group compared to the blue
group. However, having two distributions with di↵erent
Lz does not necessarily mean one population has lost an-
gular momentum, since eccentric orbits might also be an
indicator of just visitors. In fact, the right-hand panels
show the radial and vertical actions jr and jz, respec-
tively. Again, both groups heavily overlap in the scatter
plot, but the distributions allow for a better inspection
of possible di↵erences. While the radial action distribu-
tion is very similar for both groups, there is a di↵erence
in the vertical actions jz.
The di↵erence in Lz and jz between the red and the

blue sequences might thus be interpreted as stars be-
ing born in di↵erent regions. More specifically, the red
sequence might show stars formed at smaller Galactic
radii that due to their higher eccentric orbits compared
to the blue sequence reach the solar neighbourhood.

図２
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Figure 5. Abundance ratios as a function of metallicity of selected groups from the [C/N]-[Fe/H] diagram. Linear regression

fits to the data of the corresponding groups are displayed for guidance.

APOGEE data show a turn-around in the abundances
around solar metallicities (Jönsson et al. 2020), which
might also be seen in the [Mg/Fe] - [Fe/H] trends with
optical spectroscopy (Adibekyan et al. 2012).
Silicon is another ↵-capture element which presents a

slight change of slope in the regression fits between the
blue and the red population. This element is believed
to be produced by both, SNII as well as SNIa, hence it
does not correlate directly with Mg which is mostly pro-
duced by SNII. Furthermore, the production mechanism
in SNII is di↵erent to Mg which translates to a depen-
dency on the progenitor’s mass (Blancato et al. 2019).
In the populations of this study, the Si abundance is a
combination of the many SNII of lower mass, in addi-
tion to SNIa. The fact that the red and the blue groups
have a slight di↵erence can be an e↵ect of the di↵erent
metallicities between the groups (SNIa contribution) as
well as age (SNII contribution).

Nickel is an iron-peak element which is synthesised in
SNIa as well as inside massive stars and expelled into
the interstellar medium via explosions in essentially the
same way as Fe. It is therefore expected that [Ni/Fe]
has an overall flat and solar value for an extended range
in metallicity. But as recently discussed by Kobayashi
et al. (2020b), the large variety of possible progenitors
of SNIe, makes it hard to reproduce and interpret the
observed [Ni/Fe] abundance ratios, especially at high
metallicities (see also Palla 2021, for the e↵ect of yields
of di↵erent SNIe prescriptions). Since the yields di↵er
between the di↵erent white dwarfs progenitors of the
supernovae, the elemental abundance ratios will be af-
fected when changing the contribution of such progen-
itors. While the metal production of SNIa is indepen-
dent of metallicity, it production rate can be a↵ected by
metallicity, since the lifetime of the secondary star of the
binary depends on the progenitor metallicity.


