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(solar twins)

✓stars which exhibit stellar atmospheric characteristics 
quite similar to the solar values

✓the measurement of 79 twins in the solar vicinity (≤ 100 pc)

✓ precise determinations of stellar ages (< 0.4 Gyr) and  
chemical abundances (< 0.01 dex)

an effective temperature (≤ 100K), surface gravity (log g: ≤ 0.1), 
[Fe/H] ratio (≤ 0.1 dex)

(Spina+ 2018)

The ages of solar twins are widely distributed over 0-10 Gyr

同金属量の星の年齢に大きなばらつきがある！

太陽双子星



(Bedell+ 2018)

Detailed elemental abundances of solar twins
as a function of stellar ages



@Danna Berry

outward 
migration

inward
migration

Stars radially move on the Galactic disk (: radial migration)
(e.g., Sellwood & Binney 2002; Roskar+ 2008, etc)

This theory predicts that the stars in the solar vicinity represent the 
mixture of stars born at various Galactocentric distances over the disk. 

年齢の異なる太陽双子星はどのように生まれたのか？



What drives the migration of stars?

Spiral arms make stars migrate on the disk in the radial direction 
via an exchange of angular momentum
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solar neighborhood

A new paradigm on the mechanism of spiral arms:

recurrent and transient (a lifetime of ~100 Myr) 
,different the one predicted by the density wave theory (Lin & Shu 1964)



うまく説明できる観測事実I

1010 B. Nordström et al.: The Geneva-Copenhagen survey of the Solar neighbourhood

Fig. 26. Distribution of metallicities for the volume complete sample
of single stars (full histogram). For comparison the dotted curve shows
the reconstructed distribution for G dwarfs from Jørgensen (2000),
which is corrected for scale height effects and measurement errors.

However, as pointed out by Edvardsson et al. (1993) them-
selves, the restriction of their sample to F-type dwarfs auto-
matically excluded any old, metal-rich stars if such existed, a
fact that has been overlooked in several later discussions. The
very recent similar analysis by Reddy et al. (2003) of a larger
number of elements in 181 F and G dwarfs reached substan-
tially the same conclusions as Edvardsson et al. (1993).

The selection criteria underlying the present sample were
specifically designed to include the old, metal-rich stars that
would have been missed by Edvardsson et al. (1993) even if
they existed. At the same time, it was realised that these are
just the stars for which the derived ages will be the most un-
certain, as demonstrated implicitly by Feltzing et al. (2001). In
this context we note that Reddy et al. (2003) find again a more
clear-cut rise of mean metallicity with age than the two stud-
ies just mentioned, primarily because the Reddy et al. sample
contains few old, metal rich stars. It is unclear whether this is
caused by their selection procedure, and it is therefore of inter-
est to re-examine the age-metallicity diagram constructed from
the stars with well-defined ages in the unbiased sample pre-
sented here (see Figs. 27 and 28).

The most obvious features of Fig. 27 remain direct results
of our selection criteria: The absence of stars near the lower
left edge of the diagram is caused by our blue colour cutoff. The
predominance of young, metal-rich stars is due to their intrinsic
brightness and the correspondingly large volume they sample;
the few young, apparently super-metal-rich stars are probably
at least in part distant giant stars for which the interstellar red-
dening has been overestimated (see below and Burstein 2003).

Apart from these features, little variation in mean metallic-
ity is seen, except possibly for the very oldest stars which in
general have kinematics characteristic of the thick disk. Even

Fig. 27. Age–metallicity diagram for 7566 single stars with “well-
defined” ages in the magnitude-limited sample. Note that individual
age errors may still exceed 50% (cf. Fig. 16).

some of these have solar-like metallicities, however, and we
note that Bensby et al. (2003) recently derived a metallicity dis-
tribution for the thick disk that extends to stars with [Fe/H] ≥ 0
and Sun-like [α/Fe] abundance ratios; those stars are, however,
also relatively young, so their thick-disk pedigree may remain
open to question. The “ζ Herculis branch” of disk stars in the
U − V diagram (Dehnen 1998; Skuljan et al. 1999) could be a
source of such stars.

When interpreting Fig. 27 (and Fig. 30), the substantial er-
rors of even the “well-defined” ages should always be kept in
mind; the presence of stars appearing to be as old as 14 Gyr
is easily explained by observational errors. Uncertainties in
the temperature scales of the observed stars and theoretical
isochrones (Sect. 4.5.3) remain a potential source of systematic
error, and numerical details of the age computation may intro-
duce spurious features in diagrams such as Figs. 27 and 30,
which can appear dramatic without the elaborate precautions
described in Sect. 4.5.5, but may remain in more subtle form.

In order to avoid the strong absolute-magnitude bias in
Fig. 27, we plot in Fig. 28 the same data for the volume-limited
subsample within 40 pc. Despite the drastic reduction in num-
ber of stars, the lack of young metal-poor stars produced by
our blue colour cutoff remains well visible and is responsible
for the upturn of the mean relation for the youngest ages. The
disappearance of the young “super-metal-rich” stars supports
their interpretation as an artifact of the de-reddening procedure
for distant giant stars. The lack of any overall metallicity vari-
ation in the thin disk is even more pronounced than before.
Finally, the scatter in [Fe/H] at all ages again greatly exceeds
the observational error of ∼0.1 dex. Limiting the sample to the
best-determined ages leads to the same conclusions.

This picture of the age-metallicity distribution for field stars
agrees well with the most recent studies of open clusters by

L80 ROŠKAR ET AL. Vol. 684

Fig. 1.—Properties of stars in the solar neighborhood. Left: Histogram of birth radii for stars that end up in the solar neighborhood on nearly circular orbits.
The black, red, and blue lines represent all, metal-rich, and metal-poor stars, respectively. Middle: The age-metallicity relation: color contours represent relative
particle densities where point density is high. Diamonds and error bars indicate mean values and dispersion, respectively. Squares show the AMR if stars are
assumed to remain in situ. A small horizontal offset is applied to the two sets of symbols for clarity. Right: Metallicity distribution function (MDF): the simulated
distribution is shown with the solid black histogram; diamonds and asterisks show data from Rocha-Pinto & Maciel (1996) and Holmberg et al. (2007), respectively.
The dashed histogram is the MDF if stars are assumed to remain in situ.

which allow for star formation, the star formation and super-
nova (SN) feedback cycles are initiated (Stinson et al. 2006).
Since our disks form without any a priori assumptions about
the interstellar medium (ISM) or the stellar populations present
in the disk, we can self-consistently follow the evolution of
their properties as the disk grows. Transient spirals cause radial
redistribution of stellar material in a manner analogous to the
mechanism presented in SB02. Due to space limitations, a de-
tailed discussion of these processes is deferred until a future
paper.

Our simulations do not account for the effects of evolution
in a full cosmological context, but in the standard LCDM par-
adigm mergers are significantly more important at early epochs.
The simulation presented here is therefore designed to mimic
the quiescent phase of disk galaxy formation during which the
thin disk forms. The increased resolution gained by stepping
outside of the cosmological context allows us to isolate the
effects of key dynamical processes, which determine multiple
observational characteristics. Despite these simplifications,
physical properties of our model such as the rotation curve,
star formation rate, disk scale length, and disk mass fraction
are analogous to those of observed systems. Preenrichment of
merger fragments would not change the details of disk buildup,
but simply offset the metallicity distribution.

3. RADIAL MIGRATION AND ITS IMPLICATIONS

Models of galactic chemical evolution have been enormously
successful in explaining the properties of stars in our solar
neighborhood (Matteucci & Francois 1989; Carigi 1996; Chiap-
pini et al. 1997; Boissier & Prantzos 1999). One example of
such model results is the age-metallicity relationship (AMR).
The AMR is expected to arise due to progressive enrichment
of the ISM through stellar feedback. Stars of the same age in
the same general region of the galaxy are therefore expected
to have similar metallicities. Indeed, early determinations of
the AMR confirmed that the mean trend of stars in the solar
neighborhood is toward lower metallicity with increasing age
(Twarog 1980). Models, which assume that stars remain where
they are born and return their nucleosynthetic yields to their
local ISM, typically successfully reproduce this trend. How-

ever, evidence suggests that a large amount of scatter is present
in the AMR of field stars (Edvardsson et al. 1993; Nordström
et al. 2004) and open clusters (Friel et al. 2002), meaning that
stars of the same age are observed to have a wide range of
metallicities. In the framework of a galactic disk where radial
annuli are self-enriched, homogeneous, and isolated from one
another, old metal-rich stars or very young metal-poor stars are
an impossibility.

Allowing stars from slightly different regions of the disk to
enter the local sample due to the eccentricity of stellar orbits
has been considered as a possible explanation, but can account
only for up to 50% of the observed scatter (Nordström et al.
2004; Binney 2007). The large amount of scatter in the AMR
therefore poses an important challenge for models of disk for-
mation and should be considered as large a constraint as the
mean trend (Carraro et al. 1998). The unexpected degree of
scatter implies that stars in the solar neighborhood were either
formed from a highly inhomogeneous ISM or have come from
wildly different parts of the galaxy.

In our simulation, the latter option offers an enticing solution.
In the leftmost panel of Figure 1 we show the distribution of
birth radii for stars, which at the end of the simulation are on
nearly circular orbits within an annulus analogous to the solar
radius. We define “solar radius” as a general region of the disk
interior to the disk break, but approximately 2–3 scale lengths
from the center. In our simulated galaxy this region is between
7 and 9 kpc (indicated by dashed lines in Fig. 1). The black
line represents all stars while the blue and red lines show the
distributions of metal poor ([Fe/H] ! !0.3) and metal rich
([Fe/H] 1 !0.1) stars, respectively. Roughly 50% of all “solar
neighborhood” stars have come from elsewhere, primarily from
the disk interior. Interestingly, some metal-poor stars have been
scattered into the solar neighborhood from the outer part of the
disk. Such migration has recently been inferred from obser-
vational data (Haywood 2008). Metal-rich stars, like our Sun,
could have originated almost anywhere in the Galaxy.

3.1. Age-Metallicity Relationship

It has previously been suggested that such large radial mi-
grations could account for the scatter in the observed AMR
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非常に大きな分散

観測 理論

(R
oskar+ 2008)

本来ならこのような相関が見えるはず
なのに

色々な年齢ー[Fe/H]関係を持つ星
のごちゃ混ぜのため見えない

内側から来た星

外側から
来た星



うまく説明できる観測事実II

1010 B. Nordström et al.: The Geneva-Copenhagen survey of the Solar neighbourhood

Fig. 26. Distribution of metallicities for the volume complete sample
of single stars (full histogram). For comparison the dotted curve shows
the reconstructed distribution for G dwarfs from Jørgensen (2000),
which is corrected for scale height effects and measurement errors.

However, as pointed out by Edvardsson et al. (1993) them-
selves, the restriction of their sample to F-type dwarfs auto-
matically excluded any old, metal-rich stars if such existed, a
fact that has been overlooked in several later discussions. The
very recent similar analysis by Reddy et al. (2003) of a larger
number of elements in 181 F and G dwarfs reached substan-
tially the same conclusions as Edvardsson et al. (1993).

The selection criteria underlying the present sample were
specifically designed to include the old, metal-rich stars that
would have been missed by Edvardsson et al. (1993) even if
they existed. At the same time, it was realised that these are
just the stars for which the derived ages will be the most un-
certain, as demonstrated implicitly by Feltzing et al. (2001). In
this context we note that Reddy et al. (2003) find again a more
clear-cut rise of mean metallicity with age than the two stud-
ies just mentioned, primarily because the Reddy et al. sample
contains few old, metal rich stars. It is unclear whether this is
caused by their selection procedure, and it is therefore of inter-
est to re-examine the age-metallicity diagram constructed from
the stars with well-defined ages in the unbiased sample pre-
sented here (see Figs. 27 and 28).

The most obvious features of Fig. 27 remain direct results
of our selection criteria: The absence of stars near the lower
left edge of the diagram is caused by our blue colour cutoff. The
predominance of young, metal-rich stars is due to their intrinsic
brightness and the correspondingly large volume they sample;
the few young, apparently super-metal-rich stars are probably
at least in part distant giant stars for which the interstellar red-
dening has been overestimated (see below and Burstein 2003).

Apart from these features, little variation in mean metallic-
ity is seen, except possibly for the very oldest stars which in
general have kinematics characteristic of the thick disk. Even

Fig. 27. Age–metallicity diagram for 7566 single stars with “well-
defined” ages in the magnitude-limited sample. Note that individual
age errors may still exceed 50% (cf. Fig. 16).

some of these have solar-like metallicities, however, and we
note that Bensby et al. (2003) recently derived a metallicity dis-
tribution for the thick disk that extends to stars with [Fe/H] ≥ 0
and Sun-like [α/Fe] abundance ratios; those stars are, however,
also relatively young, so their thick-disk pedigree may remain
open to question. The “ζ Herculis branch” of disk stars in the
U − V diagram (Dehnen 1998; Skuljan et al. 1999) could be a
source of such stars.

When interpreting Fig. 27 (and Fig. 30), the substantial er-
rors of even the “well-defined” ages should always be kept in
mind; the presence of stars appearing to be as old as 14 Gyr
is easily explained by observational errors. Uncertainties in
the temperature scales of the observed stars and theoretical
isochrones (Sect. 4.5.3) remain a potential source of systematic
error, and numerical details of the age computation may intro-
duce spurious features in diagrams such as Figs. 27 and 30,
which can appear dramatic without the elaborate precautions
described in Sect. 4.5.5, but may remain in more subtle form.

In order to avoid the strong absolute-magnitude bias in
Fig. 27, we plot in Fig. 28 the same data for the volume-limited
subsample within 40 pc. Despite the drastic reduction in num-
ber of stars, the lack of young metal-poor stars produced by
our blue colour cutoff remains well visible and is responsible
for the upturn of the mean relation for the youngest ages. The
disappearance of the young “super-metal-rich” stars supports
their interpretation as an artifact of the de-reddening procedure
for distant giant stars. The lack of any overall metallicity vari-
ation in the thin disk is even more pronounced than before.
Finally, the scatter in [Fe/H] at all ages again greatly exceeds
the observational error of ∼0.1 dex. Limiting the sample to the
best-determined ages leads to the same conclusions.

This picture of the age-metallicity distribution for field stars
agrees well with the most recent studies of open clusters by

太陽近傍で
作ることは
できない

観測

金属量リッチ星の存在

(Nordstrom+2004)

太陽金属量を超える星は
20%程度存在するが。。

L116 TSUJIMOTO Vol. 665

Fig. 1.—Abundance distribution function of disk stars against the iron abun-
dance. Solid curves are the predictions of the model with and[Fe/H] p !0.4present

Gyr for Gyr (left) and Gyr (right), respectively. Resultst p 1.5 t p 3 t p 5Ia in in

of the model with Gyr and Gyr for andt p 1.5 t p 5 [Fe/H] p !0.03Ia in present

!0.15 are shown by the dashed curve and dotted curve, respectively. These cal-
culated distributions are convolved using the Gaussian with a dispersion of 0.15
dex in [Fe/H]. Filled and open circles represent data taken from Edvardsson et al.
(1993) and Wyse & Gilmore (1995), respectively. The model distributions and the
observed distribution by Wyse & Gilmore (1995) are normalized to coincide with
the total number of the sample stars used by Edvardsson et al. (1993).

Fig. 3.—Features of chemical evolution in the Galactic disk predicted by
the model in which a metal-rich infall whose elemental abundances match
those of metal-rich bulge stars is introduced in the late stage of disk formation.
See the text for details. The observational data in the upper panel are the same
as in Fig. 1. In the lower two panels, the filled circles and crosses are taken
from Bensby et al. (2005) and Edvardsson et al. (1993), respectively.

Fig. 2.—Correlations of [X/Fe] with [Fe/H] for disk stars (open circles and
crosses) together with metal-rich ( ) bulge stars (filled circles). Except[Fe/H] 1 0
for Mn, filled and open circles represent data from Fulbright et al. (2007) and
Bensby et al. (2005), respectively. The Mn abundances are taken from
McWilliam et al. (2003; filled circles), Feltzing & Gustafsson (1998; open
circles), and Reddy et al. (2003; crosses).

G dwarf problem (e.g., Pagel 1997). Conventionally, it is assumed
that an infalling gas has very low metallicity over the entire period
of disk formation. In practice, models adopting this assumption
apparently reproduce the observed abundance distribution function
(ADF) of disk stars, as demonstrated by many authors (e.g., Yoshii

et al. 1996; Chiappini et al. 1997). However, as will be discussed
in the next section, there exists a fatal problem with the present
models when trying to reproduce the overall ADF by paying at-
tention not only to its metal-poor tail but also to its metal-rich side.
Here we first propose that there exists a switchover from an

accretion of low-metallicity halo gas to accretion of metal-rich
gas onto the disk at the time when the metallicity in the disk
nearly reaches solar metallicity. This is followed by the scenario
in which metal-rich gas was blown away from theGalactic bulge,
cooled down radiatively in the halo, and finally settled down on
the disk that had been formed from a low-metallicity infall up
until that time. Based on this theoretical scheme, the model of
chemical evolution is designed and found to successfully repro-
duce the observed abundance trend of disk stars in the range

. Our scenario is supported by the presence"1 ≤ [Fe/H] ≤ !0.4
of stars with super-solar metallicities, such as –[Fe/H]p !0.2
0.4. We will begin with a discussion of this matter.

(TT 2007)

理論
1:

w/o radial migration

太陽金属量を
超える星を作ろう
とするとピークが

ずれる

(R
oskar+ 2008)

理論2:
w/ radial migration

内側から来た
星々
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First “direct” measurement of the Galactic Bar
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lookback time (Gyr)

The solar system also migrated from the inner disk
(TT &

 B
aba 2020)
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The ages of solar twins are widely distributed over 0-10 Gyr

Locally identified solar twins might be the assembly 
of stars migrating from various RG in the inner disk
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Older twins were born at the disk closer to the center
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the possible sites of r-process elements
neutron star mergers (NSMs)

specific core-collapse supernovae (CCSNe)

the sole site or not?

✓ magneto-rotational supernovae
✓ collapsars

銀河系ディスク上での[r-process/Fe]の傾向(down&up)を説明するためには

delay timeが大きく異なる2つ(short & long)のサイトが不可欠

CCSNeとNSMs両者のmajor contributionを支持

さらに、n≳0などの大きな値が示唆される
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まとめ

❑太陽双子星には年齢と化学組成パターンにvariationが存在する

❑銀河動力学(星の移動)と銀河ディスク上での異なる星形成率を
考慮することで説明できる

❑r過程元素のenrichmentは化学進化の初期とlate phase両者にて
促進されている

❑r過程元素が中性子星合体と共に超新星で合成されている
ことを強く示唆する

貢献度はほぼ同程度と評価できる


