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Figure 2. (a) SRN flux in units of f∗ cm− 2 s− 1 MeV− 1 calculated with three
reference models of original neutrino spectrum: LL, TBP and KRJ. The flux
of atmospheric neutrinos [66, 67] is also shown for comparison. (b) The same as
(a), but indicating contribution from various redshift ranges. LL is adopted as the
supernova model. These figures are taken from [17].

the distant detector is

dNν̄e

dEν̄e

= |Ue1|2
dNν̄1

dEν̄1

+ |Ue2|2
dNν̄2

dEν̄2

+ |Ue3|2
dNν̄3

dEν̄3

= |Ue1|2
dN0

ν̄e

dEν̄e

+ (1 − |Ue1|2)
dN0

νx

dEνx

, (7)

where the quantities with superscript 0 represent those at production, Uαi is the mixing matrix
element between the α-flavour state and ith mass eigenstate, and observationally |Ue1|2 = 0.7.
In other words, 70% of the original ν̄e survives; on the other hand, the remaining 30% comes
from the other component νx. Therefore, both the original ν̄e and νx spectra are necessary for the
estimation of the SRN flux and spectrum; since the original νx spectrum is generally harder than
that of the original ν̄e, as shown in table 1, the flavour mixing is expected to harden the detected
SRN spectrum.

3. Flux and event rate of SRNs

3.1. Flux of SRNs

The SRN flux can be calculated by equation (3) with our reference models given in section 2.
Figure 2(a) shows the SRN flux as a function of neutrino energy for the three supernova models,
LL, TBP and KRJ. The flux of atmospheric ν̄e, which becomes a background event for SRN
detection, is shown in the same figure [66, 67]. The SRN flux peaks at !5 MeV, and around this
peak, the TBP model gives the largest SRN flux because the average energy of the original ν̄e

is considerably smaller than in the other two models but the total released energy is assumed to
be the same. On the other hand, the model gives a smaller contribution at high-energy regions,
Eν > 10 MeV. In contrast, the high-energy tail of the SRN flux with the LL model extends
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富な情報を我々に与えてほしいものである。

　我々の宇宙には約1 0 9個の銀河がある。ひとつひと
つの銀河には約1 0 1 1個の恒星がある。質量が太陽の
1 0倍以上の恒星は全体の0 .3％程度なので、宇宙のは
じめから起こった超新星爆発の数は1 0 1 7個と見積もら
れる。つまり、平均すると1秒に1回、宇宙のどこか
で超新星爆発が起きてきたことになる。この宇宙のは
じめからの超新星爆発によるニュートリノ（超新星背
景ニュートリノとよばれる）は今の宇宙に満ちている
はずであり、その強度は1平方センチメートルあたり
毎秒数十個と見積もられている。こうしたニュートリ
ノを捉える事ができれば、宇宙のはじめからの重元素
合成の歴史を探ることができるかもしれない。
　図5は地表においてどのようなニュートリノが飛ん
でくるかを示している。色つきの線は各種モデルから
予測される超新星背景ニュートリノのスペクトルであ

る。エネルギーの低い方には原子炉からのニュートリ
ノ、太陽からのニュートリノがあり、エネルギーの高
い方には宇宙線が大気中で作るニュートリノがある。
しかし、2 0 MeV近傍は超新星背景ニュートリノが主
たる成分であると考えられている。ちなみに、太陽
ニュートリノは正粒子のニュートリノであり、それ以
外は反電子ニュートリノである。したがって、反電子
ニュートリノを捉えることができれば、1 0 MeVから
3 0 MeVぐらいの範囲に超新星背景ニュートリノが「見
える」はずである。スーパーカミオカンデでは、超新
星背景ニュートリノの観測に向けて開発研究を始めて
いる。具体的にはタンクの水に質量で 0 .1％のガドリ
ニウムという物質を溶かし、反電子ニュートリノが陽
子と反応した際にでる陽電子と中性子がガドリニウム
に捕獲されて放出されるガンマ線を捉えようという計
画である。現在はその試験段階であるが、本番がスター
トすれば年間何発かの信号を捉えられるはずである。
　超新星ニュートリノは宇宙をみる新たな手法を我々
に与えてくれるはずである。
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図5　地表にふりそそぐいろいろなニュートリノのエネルギー
スペクトル。色つきは超新星背景ニュートリノの予想されるス
ペクトルを示す。

超新星ニュートリノで探る宇宙の歴史
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Figure 11
α-elements, (a) Mg and (b) Ca, in four nearby dwarf spheroidal galaxies: Sgr (orange: McWilliam &
Smecker-Hane 2005, Monaco et al. 2005, Sbordone et al. 2007), Fnx (blue: Shetrone et al. 2003, Letarte
2007), Scl ( green: V. Hill & DART, in preparation, Shetrone et al. 2003, Geisler et al. 2005), and Carina
( purple: Shetrone et al. 2003, Koch et al. 2008a). Open symbols refer to single-slit spectroscopy
measurements, whereas filled circles refer to multiobject spectroscopy. A representative error-bar for the
latter is shown on the left-hand side of the picture. The small gray squares are a compilation of the Milky
Way disk and halo star abundances, from Venn et al. (2004a).

In other dSphs, the knee is not well defined owing to a lack of data, but limits can be established.
The Sgr dSph has enhanced [α/Fe] up to [Fe/H] ≈ −1.0, which is significantly more metal rich
than the position of the knee in the Scl dSph. This is consistent with what we know of the SFH
of Sgr, which has steadily formed stars over a period of 8–10 Gyears and only stopped forming
stars about 2–3 Gyears ago (e.g., Dolphin 2002). The Carina dSph has had an unusually complex
SFH, with at least three separate bursts of star formation (Hurley-Keller, Mateo & Nemec 1998;
see Figure 4). The abundance measurements in Carina are presently too scarce to have any hope
to confidently detect these episodes in the chemical enrichment pattern (e.g., Tolstoy et al. 2003).
It appears to possess [α/Fe]-poor stars between [Fe/H] = −1.7 and −2.0, which suggests that
the knee occurs at lower [Fe/H] than in Scl. It seems that Carina has had the least amount of
chemical evolution before the onset of SNe Ia of all galaxies in Figure 11. In the Fnx dSph,
another galaxy with a complex SFH, the sample does not include a sufficient number of metal-
poor stars to determine even an approximate position of the knee. There are abundances for only
five stars below [Fe/H] = −1.2, and only one below [Fe/H] = −1.5. The knee is constrained to
be below [Fe/H] < −1.5. From this (small) sample of dSph galaxies, it appears that the position
of the knee correlates with the total luminosity of the galaxy, and the mean metallicity of the
galaxy. This suggests that the presently most luminous galaxies are those that must have formed
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(Rocha-Pinto+ 2000)
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The Galactic Star Formation History 13

Figure 9. Left : Milky Way star formation rate as a function of lookback time. Right : The cumulative mass as a function of
lookback time with the contribution from the thin disk (dashed blue), thick disk (dotted green) and halo (double dot-dash red)
highlighted.

Figure 10. Left: Our star formation history (black) compared to Hipparcos results by Vergely et al. (2002) (dashed-red) and
Cignoni et al. (2006) (dotted-cyan). Also shown is the result of Rowell (2013), who inverted the white dwarf luminosity function
of Harris et al. (2006) (green). Right: Comparing our star formation history to results obtained via Galactic chemical evolution
models from Snaith et al. (2015) and Toyouchi & Chiba (2018). Due to the varying units presented by each study, the SFHs
have been normalized, and therefore only the shape should be compared.

the SFR at 600 Myr is seen in the luminosity function of the local 40 pc white dwarf sample from Torres, &

(Fantin+ 2019)
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Figure 9. Left : Milky Way star formation rate as a function of lookback time. Right : The cumulative mass as a function of
lookback time with the contribution from the thin disk (dashed blue), thick disk (dotted green) and halo (double dot-dash red)
highlighted.

Figure 10. Left: Our star formation history (black) compared to Hipparcos results by Vergely et al. (2002) (dashed-red) and
Cignoni et al. (2006) (dotted-cyan). Also shown is the result of Rowell (2013), who inverted the white dwarf luminosity function
of Harris et al. (2006) (green). Right: Comparing our star formation history to results obtained via Galactic chemical evolution
models from Snaith et al. (2015) and Toyouchi & Chiba (2018). Due to the varying units presented by each study, the SFHs
have been normalized, and therefore only the shape should be compared.
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Accretion of satellite galaxies evidenced in the Galactic halo
Helmi+ 2018The “blob”

DATA SIMULATION of 5:1 mass ratio merger

Resemblance between stars in the retrograde blob and stellar particles from simulation 
between pre-existing disk and a heavy (disky) satellite galaxy on 30deg inclination orbit

Helmi et al (2018)Villalobos & Helmi (2008); Belokurov et al. (2018)/the sausage

The “blob”
Chemical sequence

•[alpha/Fe] decreases with [Fe/H] in galaxies 
àblob stars formed elsewhere
àlower SFR; massive: M* ~ 6 x 108Msun (Fernandez-Alvar et al. 2018)

Helmi et al (2018)

APOGEE within  
5 kpc

(see also Nissen & Schuster 2010, 
Hayes et al. 2018, Haywood et al. 

2018, Mackareth et al. 2019)

Gaia-Enceladus

•Debris across tens of thousands of sq degrees

•Also RR Lyrae stars (see also Iorio & Belukorov, 2018; hints In Sesar et al. 2017)

•More than 10 globular clusters associated (on retrograde orbits) & follow tight AMR
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Galactic halo: a graveyard of merged galaxies

• Mergers: characteristic of LCDM
• How many and when did they happen?  

What were the building blocks like? 

snapshots: J. Gardner

t = 1 Gyr t = 2 Gyr

t = 3 Gyr t = 4.5 Gyr

t = 8 Gyr t = Tnow
today

Bullock &
 Johnston 2005, Cooper et al. 2010

Stars as tracers/fossils
substructures in space/kinematics

age distribution and chemistry���&'() a graveyard of merged galaxies

@SDSS

Gaia-Enceladus
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(Genovali+ 2014)
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(Kobayashi & Nakasato 2011)
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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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isotopic compositions are expected to have been lighter than
those in the later-forming Sun rather than isotopically heavier,
the latter contradicting conventional pictures of Galactic
history that lead to the evolution line in Figure 1. The presolar
SiC grains should be linearly aligned in a three-isotope plot
because the initial compositions of the low-mass stars that
made the grains were initially aligned (Clayton 1988; Alex-
ander 1993). Because those different low-mass stars formed at
different presolar times, they had different silicon isotopic
ratios in their ejecta. The problem is clearly that mainstream
SiC grains are richer in the heavier silicon isotopes than in the
Sun, even though the grains must have originated in stars that
formed prior to the Sun. Homogeneous chemical evolution
curves are monotonic and simply cannot accommodate that
experimental fact.

2. DIFFUSION OF STARS

My interpretation of the heavy-isotope excesses in the
majority of the mainstream SiC particles is based on the
diffusion of their parent AGB stars from more central birth-
places of higher metallicity. Galactic zones of differing present
metallicity evolved up the same line in Figure 1; however, the
more metal-rich zones moved up that line faster. The presolar
AGB stars that lost their wind-grown condensates
(STARDUST; Clayton 1978) to the cloud mass from which the
Sun was to be born had diffused outward from somewhat more
central birth locations, which rendered them initially more
metal-rich than the Sun. The outward diffusion may be likened
to the “gravity assist” by which humans investigate Pluto by
scattering from Jupiter. By the natural correlation between
metallicity and secondary-isotope excess (Clayton & Pantelaki
1986; Timmes & Clayton 1996), as reflected in the isotopic

evolution in Figure 1, those AGB stars condensed SiC grains
having 29Siy28Si and 30Siy28Si number ratios greater than those
of the cloud to which those particles were contributed. The
chemical evolution variables, when normalized to unity for
solar composition, may be either FeyH or, with a small change
of scale, 29Siy28Si or 30Siy28Si number ratios.

The situation is superficially confused by the metal-richness
of the Sun itself (Edvardsson et al. 1993). That has been
successfully accounted for in a diffusion model by Wielen,
Fuchs, & Dettbarn (1996), who demonstrated that the Sun can
be interpreted as also having diffused outward from gas of
higher metallicity. They find that the Sun was born at Galac-
tocentric radius R 5 6.6 kpc and has in 4.5 Gyr diffused
outward to its present location at R 5 8.5 kpc. They show that
that magnitude for spatial diffusion of the Sun is consistent
with its velocity diffusion and that DR 5 1.9 kpc is not an
atypical expectation for Dt 5 4.5 Gyr. Wielen & Wilson (1997)
have reanalyzed the C, N, and O isotopic ratios in the ISM for
this model and find a satisfactorily improved interpretation.
Accurate silicon isotopes in stars of differing metallicities
would valuably aid the assessment of this interpretation but
are not yet available.

The physical picture is given in Figure 2. The interstellar gas
is taken to have uniform composition in an annulus at each
value of R. Indeed, Wielen et al. (1996) argue that the small
metallicity dispersion observed for gas and young stars sup-
ports that assumption, whereas the dispersions in the metal-
licities of nearby stars increase with increasing age. They
describe how the observed dispersions represent the diverse
radial birth locations of stars that now find themselves within

FIG. 1.—Silicon isotope deviations in a three-isotope plot. The renormal-
ized mean-ISM evolution of Timmes & Clayton (1996) and its progression up
the m 5 1 slope line with time (right ordinate) at the location of solar birth are
shown as the solid line. This evolution line is expressed as deviations (in parts
per thousand) with respect to the mean ISM at solar birth (note subscripts on
axes labels and see their eq. [2]). The times displayed on the right ordinate shift
to increasingly earlier values for ISM locations increasingly close to the
Galactic center. Deviations of the silicon isotopic compositions from the solar
composition for Murchison grain data series KJG and KJH (177 data points;
Hoppe et al. 1994a, 1994b) are shown; the full data set (584 data points; Hoppe
et al. 1994a, 1994b, 1995, 1996) containing the smaller grain series, KJE, is
omitted for clarity. These SiC grains are mostly isotopically heavier than the
solar isotopic composition, which requires that they have been formed in
carbon stars of higher metallicity than the Sun.

FIG. 2.—Representation of the diffusion of the Sun and of three stars that
intersected the presolar cloud as AGB carbon stars. The three solid curves
represent the gradients of the gas metallicity at three different times: today (t 5
0), the time of solar birth (t 5 24.5 Gyr), and t 5 26.0 Gyr. The magnitude of
that gradient today, and the fact on which both Wielen et al.’s (1996)
interpretation and my own rely, is d[FeyH]ydR 5 20.09 dex kpc21. Other
curves take the gradient to have been slightly larger into the past: 20.104 dex
kpc21 at t 5 24.5 Gyr and 20.110 dex kpc21 at t 5 26.0 Gyr. Because those
carbon stars are born in locations metal-rich with respect to the Sun, the three
example AGB stars shown here all lie at larger 29Siy28Si and 30Siy28Si number
ratios than does the presolar cloud. The numbered ordinate may be any of
these three quantities, normalized to unity for the Sun. The number of AGB
stars per unit volume, NAGB , increases toward the Galactic center and is
suggested schematically at t 5 24.5 Gyr. Similarly, the space density NMC of
molecular clouds declines toward the solar position, although it may have a
maximum somewhere near 4 kpc (as shown for illustration). At R 5 6.6 kpc,
where the Sun was born, the flux of AGB stars must be overwhelmingly
outward. The negative gradient in both the number of AGB stars and the
molecular clouds from which they scatter causes the excess outward direction
when viewed from a larger distance (R 5 6.6 kpc).
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be interpreted as also having diffused outward from gas of
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that magnitude for spatial diffusion of the Sun is consistent
with its velocity diffusion and that DR 5 1.9 kpc is not an
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have reanalyzed the C, N, and O isotopic ratios in the ISM for
this model and find a satisfactorily improved interpretation.
Accurate silicon isotopes in stars of differing metallicities
would valuably aid the assessment of this interpretation but
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metallicity dispersion observed for gas and young stars sup-
ports that assumption, whereas the dispersions in the metal-
licities of nearby stars increase with increasing age. They
describe how the observed dispersions represent the diverse
radial birth locations of stars that now find themselves within
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shown as the solid line. This evolution line is expressed as deviations (in parts
per thousand) with respect to the mean ISM at solar birth (note subscripts on
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composition for Murchison grain data series KJG and KJH (177 data points;
Hoppe et al. 1994a, 1994b) are shown; the full data set (584 data points; Hoppe
et al. 1994a, 1994b, 1995, 1996) containing the smaller grain series, KJE, is
omitted for clarity. These SiC grains are mostly isotopically heavier than the
solar isotopic composition, which requires that they have been formed in
carbon stars of higher metallicity than the Sun.

FIG. 2.—Representation of the diffusion of the Sun and of three stars that
intersected the presolar cloud as AGB carbon stars. The three solid curves
represent the gradients of the gas metallicity at three different times: today (t 5
0), the time of solar birth (t 5 24.5 Gyr), and t 5 26.0 Gyr. The magnitude of
that gradient today, and the fact on which both Wielen et al.’s (1996)
interpretation and my own rely, is d[FeyH]ydR 5 20.09 dex kpc21. Other
curves take the gradient to have been slightly larger into the past: 20.104 dex
kpc21 at t 5 24.5 Gyr and 20.110 dex kpc21 at t 5 26.0 Gyr. Because those
carbon stars are born in locations metal-rich with respect to the Sun, the three
example AGB stars shown here all lie at larger 29Siy28Si and 30Siy28Si number
ratios than does the presolar cloud. The numbered ordinate may be any of
these three quantities, normalized to unity for the Sun. The number of AGB
stars per unit volume, NAGB , increases toward the Galactic center and is
suggested schematically at t 5 24.5 Gyr. Similarly, the space density NMC of
molecular clouds declines toward the solar position, although it may have a
maximum somewhere near 4 kpc (as shown for illustration). At R 5 6.6 kpc,
where the Sun was born, the flux of AGB stars must be overwhelmingly
outward. The negative gradient in both the number of AGB stars and the
molecular clouds from which they scatter causes the excess outward direction
when viewed from a larger distance (R 5 6.6 kpc).
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FIG. 4.ÈEvolution of the silicon isotopes relative to iron at 8.5 kpc Galactocentric radius. Inset Ðgure shows the evolution over the entire range of
observable silicon-to-iron ratios in stars, while the main Ðgure expands the metallicity range commonly quoted to constitute Galactic thin disk evolution.
The evolution of 28Si is generally Ñat, indicating its primary nature, while the two neutron-rich isotopes 29Si and 30Si show a marked dependence on the
composition, demonstrating their secondary nature (see Fig. 1).

Type II supernovae is primary, being generally independent
of the initial metallicity, whereas the 29Si and 30Si yields
from Type II supernovae are secondary, with their pro-
duction dependent on the initial metallicity (see Fig. 1).
Stars at earlier epochs from a well-mixed ISM have smaller
metallicities and smaller secondary/primary ratios. The
evolution of the silicon isotopes shown in is quiteFigure 4
di†erent from the one presented in et al. TheGallino (1994).
di†erence is traceable to their assumption or interpretation
that the neutron-rich silicon isotope yields are primary
instead of secondary (compare their Fig. 1).

Injection rates of the silicon isotopes as a function of time
are shown in The age of the Galaxy is taken to beFigure 5.
15 Gyr and the age of the Sun to be 4.5 Gyr. To elucidate
the magnitude and direction of the changes induced by each
source (Type II, Type Ia, and AGBs), four separate calcu-
lations were done. First we describe the procedure used
when any of the three sources are added or subtracted, then
we describe why this procedure may be optimal, and Ðnally
we present an analysis of the Ðgure.

Solid curves in show the case when all threeFigure 5
sources are contributing to 28Si, 29Si, and 30Si. This is the
only unambiguous case and is una†ected by any addition or
subtraction procedure. Dotted curves show the evolution
when Type II supernovae and AGB stars contribute to
changes in 29Si and 30Si, or equivalently, when Type Ia
supernovae contributions to 29Si and 30Si are removed
from the total. The W7 Type Ia masses of 29Si and 30Si were
added into the 28Si, but all other W7 ejecta (e.g., 56Fe)
contribute in their usual manner. Short-dashed curves are
for when only Type II and Type Ia supernovae contribute
to changes in 29Si and 30Si, or equivalently, when AGB

inÑuences on 29Si and 30Si are removed from the total. The
mass fractions of 28Si, 29Si, 30Si ejected by AGB stars were
set equal to the mass fractions of 28Si, 29Si, 30Si when the
AGB stars were born, but all other AGB ejecta (e.g., 12C,
13C) contribute as before. Long-dashed curves show the
evolution when only Type II supernovae contribute to
changes in 29Si, 30Si, or equivalently, when Type Ia super-
novae and AGB stars are removed from the total.

It is extremely difficult to extract meaningful statements
under the seemingly ““ straightforward ÏÏ approach of start-
ing with only Type II supernovae, adding in Type Ia super-
novae, adding in AGB stars, and then examining the sum of
all three. First, the elemental silicon curves Si(t) for each
case will not be the same. Each elemental silicon history
takes a di†erent amount of time to reach a given [Fe/H]. If
Type Ia events are naively removed, then important iron
contributions are removed, and metallicity based chro-
nometers become unsynchronized. Second, the isotopic
composition at distances and times appropriate for the pre-
solar nebula are di†erent as each source is activated. Each
case will not produce an isotopic solar composition at the
level attained in Figure 5 of et al. There areTimmes (1995).
also ancillary issues of star formation rates and present
epoch supernova rates becoming unacceptably large or
small as various sources are added or removed. Thus, it is
hard to interpret abundance trends under the seemingly
““ straightforward ÏÏ approach, and they may even be incon-
sistent. On the other hand, the procedures described above
for subtracting the 29Si and 30Si contributions from a
source assures that elemental silicon evolves in exactly the
same manner in each case. All of the sources occur in
nature, and one does not want to ““ turn o† the source.ÏÏ We

�'�9 �NHFIO:=47&�9��,@>45.3�"�=

JLGMKM��9	��!��

(Clayton 1997)

(Timmes & Clayton 1996)

I.

II.

III.

I. JLGMKM��929Si/28Si, 30Si/28Si�9
;7E8-�'�?A(+

II. 29Si, 30Si:28Si7:#+)%�$([Fe/H])-
(+��6�/�@CB�
-*B

III. ���9 �:�'-�<C3��?A
=47��6��1C307D��2B



-1.0

-0.5

 0.0

 0.5

 1.0

 1.5

 2.0

-6.0 -5.0 -4.0 -3.0 -2.0 -1.0  0.0  1.0

[M
g/

Fe
]

[Fe/H]

2932

-0.664

2932

-0.664

MP
EMP,RGB

EMP,MS
Crich,RGB

Crich,MS
CEMP,RGB

CEMP,MS
CEMP-s,RGB

CEMP-s,MS
CEMP-no,RGB

CEMP-no,MS

fall-back supernovae

migration from
the inner disk

thin disk

thick disk

accreted dwarf galaxy

halo

�������
����	�



����!# ���� I

����#"�����������������
��	

APOGEE (the Apache Point Observatory of Galactic 
Evolution Experiment)

�> 105 stars 
�2011~2020

�H-band (1.5-1.7 microns)   AH/AV ~ 1/6 
�radial velocity & ~15 chemical elements

3 3 

Top Level Science Requirements  

 First large scale, systematic, uniform spectroscopic study  
 of all major Galactic stellar populations to understand: 
 

• chemical evolution at precision, multi-element level 
 (including preferred, most common metals CNO) 
 -- sensitivity to SFR, IMF 
 

• tightly constrain GCE and dynamical models (bulge, disk, halo) 
 

• access typically ignored, dust-obscured populations 
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Gaia-ESO survey
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,>12 chemical elements

Getting kinematics and abundances

SAGA database
Stellar Abundances for Galactic Archaeology Database

- >1300 very metal-poor stars in >300 literatures

Stellar chemical abundances
Need expensive observations

Suda et al. (2008, 2011, 2017) Yamada et al. (2013) 

Stellar kinematics

Gaia DR2 (25 Apr. 18)
Need precise astrometry

Gaia DR2

Before Gaia
very metal-poor

We are now able to explore chemo-dynamics of very 
metal-poor stars for the first time



APOGEE!" ���� (~70,000 stars)

the MDFs in radial bins of 2 kpc between 3 < R < 15 kpc, and
at a range of heights above the plane between z0 2< <∣ ∣ kpc,
in Figure 5. The MDFs are computed with bins of 0.05 dex in
[Fe/H] for each zone. Splitting the sample into vertical and
radial bins allows us to analyze the changes in the MDF across
the Galaxy, but also minimizes selection effects due to the
volume sampling of the APOGEE lines of sight and our target
selection. Some of the structure (“wiggles”) observed in the
MDFs, particularly above the plane and in the outer disk
(R 13> kpc), is likely due to sampling effects, as the observed
number density of stars in these regions is significantly lower
than in the rest of the Galaxy.

Close to the plane (bottom panel of Figure 5, z 0.5<∣ ∣ kpc)
radial gradients are evident throughout the disk. The peak of
the MDF is centered at high metallicities in the inner Galaxy
([Fe/H] = 0.32 for R3 5< < kpc), roughly solar in the solar
neighborhood (M/H] = +0.02 for R7 9< < kpc), and low
metallicities in the outer disk ([Fe/H] = −0.48 for
13 < R < 15 kpc). The radial gradients observed in the MDF
are similar to those measured across the disk in previous studies
with APOGEE, as is the shift in the peak of the MDF (e.g.,
Anders et al. 2014; Hayden et al. 2014).

The most striking feature of the MDF close to the plane is
the change in shape with radius. The inner disk has a large
negative skewness (−1.68 ± 0.12 for R3 5< < kpc;see
Table 2), with a tail toward low metallicities, while the solar
neighborhood is more Gaussian in shape with a slight negative
skewness (−0.53 ± 0.04), and the outer disk is positively
skewed with a tail toward high metallicities (+0.47 ± 0.13 for

13 < R < 15 kpc). The shape of the observed MDF of the solar
neighborhood is in good agreement with the MDF measured by
the Geneva–Copenhagen Survey (Nordström et al. 2004;
Holmberg et al. 2007; Casagrande et al. 2011), whomeasure
a peak of just below solar metallicity and also find a similar
negative skewness to our observations. There is a slight offset
in the peak metallicity, with the APOGEE observations being
more metal-rich by ∼0.1 dex, but the shapes are extremely
similar. Close to the plane, the distributions are all leptokurtic,
with the inner Galaxy (3 < R < 7 kpc) being more strongly
peaked than the rest of the disk.
As z∣ ∣ increases, the MDF exhibits less variation with radius.

For z 1>∣ ∣ kpc (top panel of Figure 5), the MDF is uniform
with a roughly Gaussian shape across all radii, although it is
more strongly peaked for the very outer disk (R 13> kpc).
However, the populations comprising the MDF(s) at these
heights are not the same. In the inner disk, at large heights
above the plane the high-[α/Fe] sequence dominates the
number density of stars. In the outer disk (R > 11 kpc), the
stars above the plane are predominantly solar-[α/Fe] abun-
dance. The uniformity of the MDF at these large heights is
surprising given the systematic change in the [α/Fe] of the
populations contributing to the MDF. The MDF is similar for
all heights above the plane in the outer disk (R > 11 kpc). At
these larger heights above the plane, the MDFs are leptokurtic
as well, but the trend with radius is reversed compared to the
distributions close to the plane. For z 1>∣ ∣ kpc, the distribu-
tions in the outer disk (R > 11 kpc) are more strongly peaked
than the MDFs for the rest of the disk.
As noted above, the high-[α/Fe] sequence is fairly constant

in shape with radius. The MDF for stars with high-[α/Fe]
abundance ([α/Fe] > 0.18) is presented in Figure 6. The high-
[α/Fe] sequence appears uniform across the radial range in
which it is observed ( R3 11< < kpc),but does display
variation with height above the plane. Close to the plane, the
MDF is peaked at [Fe/H] 0.3= - over the entire radial extent
where there are large numbers of high-[α/Fe] stars,and the
shape is also the same at all locations. However, as z∣ ∣
increases, the MDF shifts to slightly lower metallicities, with a
peak [Fe/H] 0.45= - for z 1>∣ ∣ kpc. At any given height,
there is little variation in the shape or peak of the MDF with
radius for these high-[α/Fe] stars.
Simple chemical evolution models often use instantaneous

recycling approximations where metals are immediately
returned to the gas reservoir after star formation occurs. This
approach may not be a good approximation for all chemical
elements in the stellar population, but it is more accurate for α-
elements, which are produced primarily in SNe II. We present
the distribution of [α/H] (ADF) across the disk in Figure 7. The
ADF is similar in appearance to the MDF, with radial gradients
across the disk and the most α-rich stars belonging to the inner
Galaxy. The observed gradient in [α/H] is extremely close to
the observed gradient in [Fe/H] close to the plane of the disk
( z 0.5<∣ ∣ kpc;bottom panel of Figure 8). The observed
change in skewness with radius of the ADF (Table 3) is
similar to that of the MDF (Table 2), as shown in the top panel
of Figure 8. Close to the plane, the ADF of the inner disk
( R3 5< < kpc) is more strongly peaked than the MDF in the
same zone, with a significantly larger kurtosis. The main
difference between the ADF and the MDF is above the plane of
the disk;we observe radial gradients in the ADF at all heights
above the plane, which is not the case for the MDF. At large z∣ ∣,

Figure 5. Observed MDF for the entire sample as a function of galactocentric
radius over a range of distances from the plane. The shape and skewness are a
function of radius and height. Close to the plane, the inner Galaxy ( R3 5< <
kpc) is a negatively skewed distribution and a peak metallicity at ∼0.25 dex,
while the outer disk (R > 11 kpc) has a positively skewed distribution with
peak metallicity of 0.4~ - dex . For z 1>∣ ∣ kpc, the MDF is fairly uniform
across all radii.
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Stellar age estimate from asteroseismology
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How Asteroseismology works
Stellar age estimates

Huber+10

𝜈max

Δ𝜈
𝑀 ∝ 𝜈max3 Δ𝜈−4𝑇eff

1.5

𝜈max ∝
𝑔

𝑇eff
∝ 𝑀

𝑅2 𝑇eff

Δ𝜈 ∝ ҧ𝜌 ∝ 𝑀/𝑅3

Scaling relations 
of asteroseismology

Can be applied to red giant stars

Kepler satellite (2009~2013)

(Huber+ 2010)

The Astrophysical Journal Letters, 785:L28 (7pp), 2014 April 20 Epstein et al.

therein), the space-based telescopes CoRoT (Michel et al. 2008)
and Kepler (Borucki et al. 2010) made asteroseismic charac-
terization possible for thousands of stars. In an asteroseismic
analysis, the average spacing between consecutive overtones of
the same angular degree (average large frequency separation,
∆ν) and the peak in the Gaussian-like envelope of mode ampli-
tudes (frequency of maximum oscillation power, νmax) is derived
from the frequency power spectrum. For oscillations driven by
surface convection, empirical scaling relations (hereafter SRs;
Kjeldsen & Bedding 1995 and references therein) connect these
asteroseismic observables to mass, radius, and effective temper-
ature:

∆ν

∆ν⊙
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!
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where ∆ν⊙ = 135.0 ± 0.1 µHz, νmax,⊙ = 3140 ± 30 µHz, and
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The SRs take no account of metallicity dependence and they
were developed for stars like the Sun, so it is not obvious
that they should work for red giant branch (RGB) stars, which
have a different internal structure. There are observational and
theoretical problems with defining and measuring νmax and ∆ν.

Empirical tests of the radius and mass from SRs have been
restricted to metallicities near solar (−0.5 ! [Fe/H] ! +0.4).
Asteroseismic radii agree within < 5% when compared with
interferometry (Huber et al. 2012), Hipparcos parallaxes (Silva
Aguirre et al. 2012), and RGB stars in the open cluster
NGC 6791 (Miglio et al. 2012). SR masses are less precise than
SR radii and fundamental mass calibration is also intrinsically
more difficult. Brogaard et al. (2012) anchored the mass scale of
the super-solar cluster NGC 6791 to measurements of eclipsing
binaries at the main-sequence turn-off (MSTO) and inferred
MRGB = 1.15 ± 0.02 M⊙, lower than masses derived from
standard SRs (MRGB = 1.20 ± 0.01 M⊙ and 1.23 ± 0.02 M⊙
from Basu et al. 2011 and Miglio et al. 2012, respectively). This
is not conclusive evidence that the SRs are in error because the
mass estimates are sensitive to temperature scale and bolometric
corrections. Even using a new less-temperature sensitive SR, Wu
et al. (2014) found MRGB = 1.24 ± 0.03 M⊙ in NGC 6791.

The Kepler Asteroseismic Science Consortium (KASC) de-
tected solar-like oscillations in 13,000+ red giants (e.g., Stello
et al. 2013). As part of the Sloan Digital Sky Survey III
(SDSS-III; Eisenstein et al. 2011), the Apache Point Obser-
vatory Galaxy Evolution Experiment (APOGEE; S. R. Ma-
jewski et al., in preparation) is obtaining follow-up spectra of
these asteroseismic targets. APOGEE uses a high-resolution
(R ∼ 22,500), H-band, multi-object spectrograph whose seven
square-degree field of view (Gunn et al. 2006) is well-matched
to the size of one of Kepler’s 21 CCD modules. The APOKASC

Catalog (M. Pinsonneault et al., in preparation) reports aster-
oseismic and spectroscopic results for stars in the Kepler field
observed in APOGEE’s first year of operations.

M. Pinsonneault et al. (in preparation) describe the astero-
seismic analysis, including the preparation of raw Kepler light
curves (Garcı́a et al. 2011), measurement of ∆ν and νmax, and
outlier rejection procedures. We used up to five methods to ex-
tract ∆ν and νmax from the frequency-power spectrum (Huber
et al. 2009; Hekker et al. 2010, OCT; Kallinger et al. 2010;
Mathur et al. 2010; Mosser et al. 2011, COR). Because the
OCT method had the highest overall completion fraction, the
APOKASC Catalog reports ∆ν and νmax from OCT with un-
certainties that combine, in quadrature, the formal OCT uncer-
tainty, the standard deviation of results from all methods, and
an allowance for known issues with the SR (e.g., Miglio et al.
2012).

We perform with the APOKASC sample the first test of
asteroseismic SR mass estimates in the low-metallicity regime
where strong priors on stellar ages and masses exist. For this, we
identify rare halo stars, explicitly targeting high-proper motion
stars and low-metallicity candidates selected using Washington
photometry (P. Harding et al., in preparation) and low-resolution
spectroscopy.

2. THE METAL-POOR SAMPLE

We identified 9 stars among the 1900 red giants in the
APOKASC catalog with [M/H] < −1, measured astero-
seismic parameters, and no “BAD” spectroscopic parameters
(Table 1). Spectroscopic properties in the catalog were derived
using the APOGEE Stellar Parameters and Chemical Abun-
dances Pipeline (ASPCAP; A. E. Garcı́a Pérez et al., in prepa-
ration). ASPCAP used χ2 minimization in a library of synthetic
spectra to find the combination of temperature (Teff), surface
gravity (log g), metallicity ([M/H]ASPCAP), carbon ([C/M]), ni-
trogen ([N/M]), and alpha-element abundance ([α/M]) that best
reproduced the observed spectrum. We adopt the calibration
from Mészáros et al. (2013), who compared the raw ASP-
CAP stellar parameters with well-studied clusters and astero-
seismic log g and corrected raw ASPCAP metallicities to reflect
[Fe/H]. We also performed a line-by-line analysis of Fe, C, O,
Mg, Si, and Al for the three most metal-poor stars, confirming
the ASPCAP stellar parameters and abundances.

We used kinematics to discriminate between halo and disk
populations. APOGEE measures radial velocities accurate to
better than 150 m s−1 (D. Nidever et al., in preparation),
and UCAC-4 (Zacharias et al. 2013) reports proper motions.
Adopting Schlegel et al. (1998) extinctions and Bressan et al.
(2012) bolometric corrections, we calculated luminosities from
SR radii and ASPCAP Teffs and then distances from the Two
Micron All Sky Survey J-band magnitude (Skrutskie et al.
2006). Three-dimensional space velocities (U,V,W ) were
derived using the Johnson & Soderblom (1987) prescription,
correcting for the solar motion relative to the local standard of
rest (LSR; Schönrich et al. 2010). From a Toomre diagram
(Figure 1(a)), the four most metal-poor stars in our sample
show halo-like kinematics, KIC 11181828 and KIC 5858947
are ambiguous, and the remaining three show thick-disk-like
kinematics.

3. ESTABLISHING AGE AND MASS EXPECTATIONS

Independent measurements of the mass and age of halo
and thick-disk stars determined the astrophysical priors that
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CAP stellar parameters with well-studied clusters and astero-
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Mg, Si, and Al for the three most metal-poor stars, confirming
the ASPCAP stellar parameters and abundances.

We used kinematics to discriminate between halo and disk
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better than 150 m s−1 (D. Nidever et al., in preparation),
and UCAC-4 (Zacharias et al. 2013) reports proper motions.
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Table 1: Key Properties of GW170817
Property Value Reference

Chirp mass, M (rest frame) 1.188+0.004
�0.002M� 1

First NS mass, M1 1.36� 1.60M� (90%, low spin prior) 1
Second NS mass, M2 1.17� 1.36M� (90%, low spin prior) 1

Total binary mass, Mtot = M1 +M2 ⇡ 2.740.04�0.01M� 1
Observer angle relative to binary axis, ✓obs 11� 33� (68.3%) 2

Blue KN ejecta (Amax . 140) ⇡ 0.01� 0.02M� e.g., 3,4,5
Red KN ejecta (Amax & 140) ⇡ 0.04M� e.g., 3,5,6

Light r-process yield (A . 140) ⇡ 0.05� 0.06M�
Heavy r-process yield (A & 140) ⇡ 0.01M�

Gold yield ⇠ 100� 200M� 8
Uranium yield ⇠ 30� 60M� 8

Kinetic energy of o↵-axis GRB jet 1049 � 1050 erg e.g., 9, 10, 11, 12
ISM density 10�4 � 10�2 cm�3 e.g., 9, 10, 11, 12

(1) LIGO Scientific Collaboration et al. 2017c; (2) depends on Hubble Constant, LIGO Scientific Collabora-
tion et al. 2017d; (3) Cowperthwaite et al. 2017; (4) Nicholl et al. 2017; (5) Kasen et al. 2017; (6) Chornock
et al. 2017; (8) assuming heavy r-process (A > 140) yields distributed as solar abundances (Arnould et al.,
2007); (9)Margutti et al. 2017; (10) Troja et al. 2017; (11) Fong et al. 2017; (12) Hallinan et al. 2017

Figure 2: Scenario for the EM counterparts
of GW170817, as viewed by the observer (Al
Cameron) from the inferred binary inclination
angle ✓obs ⇡ 0.2� 0.5 (LIGO Scientific Collab-
oration et al., 2017d), as motivated by interpre-
tations presented in several papers (e.g. Cow-
perthwaite et al. 2017; Kasen et al. 2017; Nicholl
et al. 2017; Chornock et al. 2017; Fong et al.
2017; Kasen et al. 2017; Margutti et al. 2017;
LIGO Scientific Collaboration et al. 2017b).
Timeline: (1) Two NSs with small radii . 11
km and comparable masses (q ⇡ 1) coalesce.
The dynamical stage of the merger ejects only
a small mass . 10�2M� in equatorial tidal
ejecta, but a larger quantity ⇡ 10�2M� of
Ye > 0.25 matter into the polar region at
v ⇡ 0.2 � 0.3 c, which synthesizes exclusively
light r-process nuclei (e.g. xenon and silver);
(2) The merger product is a meta-stable hy-
permassive NS, which generates a large accre-
tion torus ⇠ 0.1M� as it sheds its angular mo-
mentum and collapses into a BH on a timescale
of . 100 ms; (3) The torus-BH powers a col-
limated GRB jet, which burrows through the
polar dynamical ejecta on a timescale of . 2
s; (4) Gamma-rays from the core of the GRB
jet are relativistically beamed away from our
sight line, but a weaker GRB is nevertheless
observed from the o↵-axis jet or the hot co-
coon created as the jet breaks through the po-
lar ejecta; (5) On a similar timescale, the ac-
cretion disk produces a powerful wind ejecting
⇡ 0.04M� of Ye . 0.25 matter which expands
quasi-spherically at v ⇡ 0.1 c and synthesizes
also heavy r-process nuclei such as gold and ura-
nium; (6) After several hours of expansion, the
polar ejecta becomes di↵usive, powering ⇠ vi-
sual wavelength (“blue”) kilonova emission last-
ing for a few days; (7) over a longer timescale ⇡
1 week, the deeper disk wind ejecta becomes dif-
fusive, powering red kilonova emission; (8) the
initially on-axis GRB jet decelerates by shock-
ing the ISM, such that after ⇡ 2 weeks its X-ray
and radio synchrotron afterglow emission rises
after entering the observer’s causal cone.
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faint (small-mass) dwarf galaxies

r-process production events did not happen 
while numerous CCSNe explode and increase Fe in the ISM. 

M* < a few 104 M¤M* ~ a few105 – 106 M¤

([Fe/H]=log (Fe/H)* -
log (Fe/H)¤)

ultra faintclassical

(Ret II is excluded)

(TT
&

Shigeyam
a

2014)
The rarity of r-process event is identified

Such a rarity supports NS mergers as the site of r-process elements 

a broadly constant r-process abundance with increasing [Fe/H]

stellar mass: 



“r-process galaxy”
(Ji+  2016)

identify a rare event and a high r-process yield

stellar mass of
~2400M¤

a jump by more
than two orders of 
r-process abundance 

no counterparts in other UFDs a big abundance jump

ultra faint dwarf galaxy  Reticulum II
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Figure 7: Magnesium (top) and europium (middle and bottom) abundance evolutions of the Milky
Way. Here, the minimum delay time of SNe Ia is set to be 40 (dashed), 400 (solid), and 1000 Myr
(short dashed curve). The minimum delay time of neutron star mergers is chosen to be 20 Myr and
their delay time distribution is set to be / t

�1 (middle) and / t
�1.5 (bottom). The star formation

history is assumed to follow the cosmic star formation history (left) and to be a constant with
time (right). Also shown are the observed data of the magnesium and europium abundances of
metal poor stars as blue points from SAGA database (Suda et al., 2008).
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Extended Data Figure 9: Galactic chemical evolution. Comparison of model predictions with
observational data for magnesium and europium abundances from the SAGA database142 and eu-
ropium abundances of galactic disk stars134. Model predictions are shown for different minimum
delay times of Supernovae Type Ia with respect to star formation. a, Comparison for magnesium
as a representative ↵-element. b, comparison for europium as an r-process tracer assuming both
neutron star mergers and collapsars contribute to galactic r-process nucleosynthesis. Note that the
decreasing trend of [Eu/Fe] at high metallicity can be obtained. c, comparison as in b, but assum-
ing that only neutron star mergers contribute to galactic r-process nucleosynthesis, showing that
merger-only models cannot explain the [Eu/Fe] trend of stars in the galactic disk.

49

(Siegel+ 2018)

r-process enrichment in the Galaxy
The prediction by NS mergers is NOT compatible with the observed feature

of Galactic disk

Short GRB rate = NS merger rate

delay time distribution (DTD) of NSM 

≈ DTD of sGRB ∝ t-1

Faster enrichment than the expectation from
∝ t-1 seems to be required such as a large 
contribution (~80%!) from collapsars (Siegel+2018).

(Fong+ 2017)
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Study of the Galactic bulge 
confirms that r-process 
enrichment with DTD∝ t-1
is not consistent with the
observations.

Faster enrichment such as 
the form of DTD∝ t-1.5 is 
required.t-1
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the event rate of NSMs deduced from the gravitational-wave 
detection by Advanced LIGO/Virgo Observing Runs 1  and 2

gives 110-3840 Gpc-3yr-1 (the 90% confidence intervals)
with the most probable value around ~1000 Gpc-3yr-1

��

��
������� ������



the uniformity of elemental ratios
exists only for heavy r-nuclides

(Montes+ 2007)
[Eu/Fe]

[X
/E

u]

Sr

Y

Zr

Ba

La

Ce

Nd

Sm

NS mergers, in general, do not 
seem to produce light r-process
elements.

Implication I

“Galactic halo field stars”

A nonuniform abundance pattern 
for light r-nuclides may suggest that 
they are produced in the different 
site from heavy r-nuclides

r-process features

But, see TT, Nishimura & Kyutoku (2020)



(Watson+ 2019)

the latest discovery of a signature 
of synthesized light r-process 
element (Sr) in the afterglow 
of GW170817
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of spectral-line lists for these codes, all of which yield consistent results. 
For our own LTE code, we adopt a fiducial temperature of 3,700 K, which 
is our final model’s best-fit temperature corrected by the Doppler factor 
(−0.23) of the absorption features that we determine below; changing 
the temperature of our LTE model in the range 3,700–5,100 K does not 
markedly affect our results.

To identify the absorption features, we seek lines with wavelengths 
blueshifted by 0.1–0.3c, corresponding approximately to 390–500 nm 
and 900–1,160 nm in the rest frame (see Methods). The lines will also 
be broadened with an observed width that depends on the velocity 
and geometry. For spherically expanding ejecta, the line broadening 
will be similar to the expansion velocity of the gas. We do not attempt 
a detailed geometric model here because it depends on assumptions 
about the geometry of the gas and the wavelength-dependent opacity, 
with substantial relativistic and time-delay corrections.

We adopt an initially agnostic view of the expected abundances. We 
use solar r-process abundance ratios (the total solar abundances of heavy 
elements18 with s-process elements subtracted19), as well as abundances 
from two metal-poor stars that are old enough to be dominated by the 
r-process in their neutron-capture abundances20,21. These three sets 
span a wide range in their ratios of light-to-heavy r-process abundances 
(Fig. 2). We also produce absorption spectra for each element individu-
ally (Extended Data Figs. 1, 2).

Our LTE models using abundances from a solar-scaled r-process and 
metal-poor stars all show that Sr produces a strong feature centred 
at an observed wavelength of roughly 800 nm, as well as features at 

wavelengths shorter than around 400 nm, for our adopted blueshift 
(Fig. 3; see also Extended Data Fig. 3). The restframe wavelengths of the 
longer-wavelength features are 1,000–1,100 nm. It is worth noting that 
Sr is typically considered an s-process element because only about 30% 
of the cosmic (solar) abundance is produced by the r-process18,19. For 
this reason it has not always been considered in kilonova simulations. 
However, it is one of the more abundant r-process elements, account-
ing for at least a few per cent by mass of all such elements19. Of all of the 
r-process elements, Sr displays by far the strongest absorption features 
in this region of the spectrum (Extended Data Figs. 2, 3). Ba produces 
strong absorption, as do the lanthanide elements, but only in the optical 
region at wavelengths shorter than about 650 nm. The spectral features 
that we observe can therefore only be due to Sr, an element produced 
near the first r-process peak.

The 810-nm feature was previously proposed12 to originate in absorp-
tion from Cs I and Te I. This identification can now be ruled out, because 
neither Cs I nor Te I produces strong lines in a plasma at this temperature 
(Extended Data Fig. 3). Much stronger lines would be expected from the 
ions of other elements that are co-produced with Cs (atomic number 
Z = 55) (for example, the lines from La II; see Methods).

The most abundant r-process elements are those in the first peak 
(Fig. 2)—elements with mass numbers (A) of around 80—and of these, 
it is Sr, Y (Z = 39) and Zr (Z = 40) that are easily detected in a low-density, 
roughly 4,000-K thermal plasma, because these elements have low exci-
tation potentials for their singly charged ions. Seen in this context, the 
detection of Sr in AT2017gfo is not surprising, despite prior expectations 
that the spectra would be dominated by heavier elements14,22. Further-
more, the atomic levels in Sr that give the absorption lines observed at 
810 nm are metastable. Photo-excitation can increase the population 
in these states, strengthening the 810-nm feature markedly23 compared 
with the resonance blue/near-ultraviolet absorption lines. Ba and the lan-
thanide series contribute substantially to the total opacity of r-process 
material in the optical region of the spectrum (Fig. 2), yet we do not 
detect strong optical features. We cannot on this basis, however, easily 
exclude the presence of elements with mass numbers of more than 140 
or so. Even if we could exclude the presence of heavier elements in the 
outer layers of the thermal, expanding cloud, there is no way from these 
early spectra of excluding the possibility that such elements could exist 
at lower depths or in an obscured component.

Given that a simple r-process abundance LTE model can account 
well for the first-epoch spectrum, we expand it to the subsequent three 
epochs, while the kilonova is still at least partially blackbody like. With 
a freely expanding explosion we expect to begin observing P Cygni 
lines once the outer absorbing ‘atmosphere’ begins to become more 
optically thin and attain a substantial physical radius with respect to 
the photospheric radius. We fit the first four epochs as a blackbody 
with P Cygni lines from Sr. We fit only the strongest lines in order to 
reduce our computational time to a manageable level, as these lines 
provide most of the opacity at these wavelengths. These fits are shown 
in Fig. 4 and offer a compelling reproduction of the spectra at all three 
epochs. The P Cygni model has free parameters for the velocities of the 
photosphere and atmosphere, which change the shape of the profile. 
The fit is remarkable given its simplicity and our lack of knowledge of 
the system geometry. We note that P Cygni emission components are 
always centred close to the rest wavelength of the spectral lines, so 
the observed wavelength of the emission line is not a free parameter. 
The most prominent emission component observed throughout the 
spectral series is centred close to 1,050 nm, and the weighted restframe 
centre of the near-infrared lines from Sr is also 1,050 nm. This adds to 
our confidence in the line identification based on the simple thermal 
r-process absorption model.

We further confirm our results using TARDIS (‘temperature and radia-
tive diffusion in supernovae’), extending this code’s atomic database to 
include elements up to 92U by using the latest Kurucz line list24 with its 
2.31 million lines. Our TARDIS models produce results very similar to 
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Fig. 1 | Spectrum of the kilonova AT2017gfo, showing broad absorption 
features. The spectrum shown was taken with the spectrograph X-shooter 1.5 
days after the neutron-star merger GW170817. The dashed black line in the upper 
panel is the blackbody component of a blackbody model with broad absorption 
lines (see main text). The residuals of data minus blackbody are shown in the 
lower panel, with the dashed grey line indicating the 1σ uncertainty on each 
spectral bin. The data in the sections overplotted with grey bars are affected by 
telluric features or are poorly calibrated regions and are not included in the fit.  
Fλ is the flux per unit wavelength.



[Ba/H]

(Worley+ 2013)

(Sobeck+ 2011)

“Globular cluster M15 “

a large scatter in 
Ba & Eu abundances 

On the other hand, 

no scatter in 
Zr & Y abundances 

A single NS merger occurred after 
the formation of M15 is considered to
make a scatter in r-process elements

a NS merger in M15 produced 
only heavy r-nuclides

a large star-to-star variation in heavy r-nuclides

no variations in light r-nuclides

Implication II



variations in 
54Cr/52Cr

Isotope anomalies are seen 
only for light r-nuclides

What made isotope anomalies?
Likely, ejection from a nearby 
CCSN
�Other isotopes support
�depends on the location 

from the sun

,suggesting that regular CCSNe
produce light r-nuclides

(Yokoyama+2020)

Implication III
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Thorium in solar twins 13

Figure 6. [Th/X]ZAMS as a function of the isochrone stellar age (where X: H, Fe, Nd, Eu and Si): a statistically robust linear fit is
shown in each plot (blue solid line). The fitting equation with coe�cients and their errors inside parenthesis are also displayed. The fits
correspond to 53 thin disc solar twins only (black filled circles). Specifically for the plots [Th/Fe]ZAMS-Age and [Th/Eu]ZAMS-Age, an
additional fit is also shown (red solid line) by excluding one borderline 3� outlier (HIP 101905, a 1.2Gyr old star relatively poor in Th),
but the results do not change significantly. Data of excluded stars are plotted together for illustration purposes only (red empty triangles:
four ↵-rich old stars, and magenta empty square: the chemically anomalous in s-elements HIP 64150). Sun’s data are also plotted as
reference (green solar standard symbol), although are consistent with the fits.

MNRAS 000, 1–9 (2018)

R. da Silva et al.: Neutron-capture elements across the Galactic thin disk using Cepheids

Fig. 2. Abundances of neutron-capture elements as a function of RG.
Our results (filled blue circles) are compared with those of Luck et al.
(2011, LII, magenta crosses), Luck & Lambert (2011, LIII open green
circles), and Lemasle et al. (2013, LEM, red triangles). The blue solid
line shows the linear regression of our Cepheid sample, while the black
dashed line the linear regression of the entire Cepheid sample. The blue
error bars give the mean spectroscopic error of the current sample. The
abundances available in the literature have similar errors.

solar mixture adopted in the current investigation (Grevesse et al.
1996). Moreover, to overcome possible differences between the
Cepheids and field stars concerning either the different diagnos-
tics adopted to determine distances or the use of different spec-
tral lines when plotting these data, we adopted the zero-points
of our gradients at the solar Galactocentric distance. We note
that when dealing with the S04 data, we only selected the more
metal-rich stars ([Fe/H] > −1.0) to be more consistent with the
metallicity range of the current Cepheids. The figure shows that
the radial gradients of the five neutron-capture elements based
on the Cepheids agree quite well with the abundances for field
dwarf stars in the Galactic thin disk. The fact that the giants in
the S04 sample covers only a limited range of Galactocentric
distances across the solar circle does not allow us to constrain
the radial gradient.

In Fig. 3 we also plot the Y abundances recently provided
by Origlia et al. (2013, hereafter O13) for three red supergiant
(RSG) stars in the Scutum cluster. They used high-resolution
(R ∼ 50 000) NIR (Y, J, H, K) spectra collected with GIANO at
the Telescopio Nazionale Galileo (TNG). The comparison fur-
ther supports previous results by Bono et al. (2015) and G15
concerning the underabundance of iron and α-elements in blue
and red supergiants located either in the near end of the Galactic
bar or in the Galactic center. The Y abundances display the

Fig. 3. Abundances of neutron-capture elements as a function of RG.
The radial gradients we derived for Cepheid stars (dashed line) are com-
pared with field dwarfs analyzed by Reddy et al. (2003, R03, magenta
squares) and with field dwarfs (crosses) and giants (open circles) ana-
lyzed by Simmerer et al. (2004, S04). From the latter only stars with
[Fe/H] > −1.0 are plotted. RSGs in the Scutum cluster analyzed by
Origlia et al. (2013, O13, triangles) are also shown.

same underabundance when compared with similar abundances
of classical Cepheids located in the inner edge of the Galactic
thin disk.

3.3. Age dependence of the [neutron-capture/H] ratios

The results concerning the abundance gradients discussed in
the above sections use the Galactocentric distance as indepen-
dent variable. However, classical Cepheids when compared with
other stellar tracers have the particular advantage that their pul-
sation period is highly anticorrelated with their individual ages
(Bono et al. 2005, G15). The typical pulsation age of short-
period (P ∼ 1.0−1.5 days) Cepheids is indeed on the order of
200 Myr, while for long-period (P ∼ 100 days) Cepheids it is
on the order of 10 Myr. The exact range in age depends on the
chemical composition and on the adopted evolutionary frame-
work (see Anderson et al. 2015 and Tables 4 and 5 in Bono
et al. 2005). This provides the unique opportunity of constrain-
ing the chemical enrichment history of the thin disk during the
last ∼300 Myr (G14, G15).

To constrain the age dependence of the metallicity gradients,
Fig. 4 shows the same elemental abundances plotted in Fig. 2,
but as a function of the logarithmic period. Data plotted in this
figure show that the investigated neutron-capture elements dis-
play well-defined positive gradients as a function of the pulsation
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(Botelho+ 2019)

solar twins’ Th abundance

(da Silva+ 2016)

supporting evidence?
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