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What old stellar populations in the Milky Way tell us?
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■ Abstract The formation and evolution of galaxies is one of the great outstanding
problems of astrophysics. Within the broad context of hierachical structure formation,
we have only a crude picture of how galaxies like our own came into existence. A
detailed physical picture where individual stellar populations can be associated with
(tagged to) elements of the protocloud is far beyond our current understanding. Im-
portant clues have begun to emerge from both the Galaxy (near-field cosmology) and
the high redshift universe (far-field cosmology). Here we focus on the fossil evidence
provided by the Galaxy. Detailed studies of the Galaxy lie at the core of understanding
the complex processes involved in baryon dissipation. This is a necessary first step
toward achieving a successful theory of galaxy formation.

PROLOGUE

The New Galaxy

Weinberg (1977) observed that “the theory of the formation of galaxies is one of
the great outstanding problems of astrophysics, a problem that today seems far
from solution.” Although the past two decades have seen considerable progress,
Weinberg’s assessment remains largely true.
Eggen, Lynden-Bell and Sandage (1962; ELS) were the first to show that it is

possible to study galactic archaeology using stellar abundances and stellar dynam-
ics; this is probably the most influential paper on the subject of galaxy formation.
ELS studied the motions of high velocity stars and discovered that, as the metal
abundance decreases, the orbit energies and eccentricities of the stars increased
while their orbital angular momenta decreased. They inferred that the metal-poor
stars reside in a halo that was created during the rapid collapse of a relatively
uniform, isolated protogalactic cloud shortly after it decoupled from the universal
expansion. ELS are widely viewed as advocating a smooth monolithic collapse of
the protocloud with a timescale of order 108 years. But Sandage (1990) stresses
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Origin of metals in the Universe
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solar abundances of Li, Be, and B are exceptionally low when compared with their neighbors of 
lower and higher atomic numbers. Like the nuclides of lithium, those of beryllium and boron 
have low binding energies of their nuclei and are fragile in stellar interiors, and their major 
nucleosynthetic formation processes are relatively inefficient. Further, the Li abundance in the 
sun is 170-times less than in meteorites because Li is destroyed in the sun. The abundances of C, 
N, and O are high, then with increasing atomic numbers, elemental abundances drop with a 
minimum at Sc, to then steeply rise again to a maximum at Fe. After the “Fe-peak”, abundances 
drop steadily with smaller peaks at certain atomic numbers (see, e.g., Lodders & Fegley 2011 for 
detailed descriptions and references listed in Table 6.).  
 

 
 
Figure 4. Solar system abundances of the elements as a function of atomic number. 

Solar system abundance
Lodders, K. 2020, Solar Elemental Abundances

H, He:  98.5 %
Metals（金属）: 1.5 % 
(O: ~ 0.6 %, C: ~ 0.3%) 
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Why “old” stars matter

Low-mass stars are long-lived:   Gyrs for low-mass ( ) stars

Kinematics of stars are largely conserved: Inference on the initial orbit

The surface chemical composition is preserved during the main-sequence 
phase of stellar evolution: Chemical composition of the birth cloud

> 10 < 1M⊙

Excellent probe of the star formation in the early Universe
e.g. the first (Population III or Pop III) stars



Challenges in stellar age estimates B. R. Jørgensen and L. Lindegren: Determination of stellar ages from isochrones 129

and the observational quantity is much more complicated be-
cause the relative abundances of elements in Z may vary (in
particular the α elements versus other elements). These com-
plications are however beyond the scope of this paper and we
simply assume

[Me/H] ! ζ. (2)

This is a reasonable approximation for the present purpose of
exploring the methodology of age determination by isochrones.
In real applications, considering that typical observational un-
certainties in [Me/H] are (at least) of order ±0.1 dex, this rela-
tion is still useful for stars of about solar metallicity, but should
not be used for metal-poor stars.

2.5. Assumed observational errors

In simulations and for illustration purposes we usually assume
the following standard errors, which are fairly representative of
what can be achieved for F and G dwarfs in the solar neighbour-
hood (Nordström et al. 2004): ±0.1 dex in [Me/H], ±0.01 dex
in log Teff , and ±0.1 mag in MV . We call these nominal er-
rors. However, we shall sometimes consider observational er-
rors that are half or twice the nominal ones.

3. Bayesian estimation of stellar ages

3.1. The posterior probability density function

In Bayesian estimation the parameters to be determined (in this
case τ, ζ and m) are regarded as random variables and their
(posterior) joint probability density function is given by

f (τ, ζ,m) ∝ f0(τ, ζ,m) L(τ, ζ,m) (3)

where f0 is the prior probability density of the parame-
ters (Sect. 3.3) and L the likelihood function (Sect. 3.2).
The probability density function (pdf) f is defined such that
f (τ, ζ,m)dτdζdm is the fraction of stars with ages between τ
and τ + dτ, metallicities between ζ and ζ + dζ, and initial
masses between m and m+ dm. The constant of proportionality
in Eq. (3) must be chosen to make

∫ ∫ ∫
f (τ, ζ,m)dτdζdm = 1.

Integrating f with respect to m gives f (τ, ζ), which is the
posterior joint pdf of τ and ζ. This function is of interest when
studying the age–metallicity relation, since it summarizes the
available information concerning these two parameters, given
the observational data. Integrating once more with respect to ζ
gives f (τ), the posterior pdf of τ, which similarly summarizes
the available information concerning the age of the star.

In the next sections we discuss in some detail the two func-
tions L and f0 that together define the posterior probability
density.

3.2. The likelihood function

The likelihood function L equals the probability of getting the
observed data q for given parameters p. Regarded as a function
of p it is not a pdf – for instance, its integral may be infinite.
We assume independent Gaussian observational errors in each
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Fig. 1. HR diagram showing the location of two hypothetical obser-
vations at (log Teff ,MV ) = (3.825, 3.0) and (3.800, 3.0), with nomi-
nal uncertainties as in Sect. 2.5 (error bars show ±1σ). The zero-age
main sequence (ZAMS) and selected isochrones for log(Z/Z#) = −0.2
(![Me/H]) are also shown. The symbols along the isochrones show
where the initial mass is a multiple of 0.01M#. See text for further
explanation.

of the n = dim(q) observed quantities, with standard errors σi.
The likelihood function is then

L(τ, ζ,m) =




n∏

i=1

1
(2π)1/2σi


 × exp(−χ2/2) (4)

where

χ2 =

n∑

i=1




qobs
i − qi(τ, ζ,m)

σi




2

· (5)

A maximum-likelihood (ML) estimate of the stellar parame-
ters (τ, ζ,m) may be obtained by finding the maximum of this
function, which (in the case of Gaussian errors) is equivalent to
minimizing χ2. ML estimators are in general good estimators
and in many cases nearly optimal (Casella & Berger 1990), so
why not simply adopt the ML age estimate?

The difficulty with the ML estimate in the present case has
to do with the complex morphology of the isochrones, i.e., of
the highly non-linear mapping from p to q. Effectively, it means
that more information is needed to make a good estimate of the
age than provided by the likelihood function alone. An illus-
tration is given in Fig. 1, where we consider the hypothetical
observation of two isolated field stars. The observed data are
depicted together with a selection of isochrones. All isochrones
and data are for [Me/H] ! ζ = −0.2.

For the left data point (log Teff = 3.825, MV = 3.0) there is
only one isochrone going exactly through the observed point,
namely τ = 2.18 Gyr. This is then the best-fitting age in
terms of the χ2 in Eq. (5) and consequently also the ML es-
timate of the age based on the given data. For the second
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Color depends on chemical composition 

Jørgensen & Lindegren 2005

Degeneracy/uncertainty in 
stellar evolution modelsD
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The revolution of Galactic Archaeology with surveys

A&A proofs: manuscript no. 43511corr

Fig. 2. Same as Fig.1 but colour coded
with the median of the stellar metallic-
ity [M/H] in each pixel. In the Galac-
tic plane, the higher metallicity values
of the thin disc are visible. In the cen-
tral Galactic regions, a more metal-poor
mix of bulge and thick disc populations
is present. Far from the disc plane, high-
metallicity thin disc stars at low dis-
tances from the Sun and more distant
metal-poor halo stars are present.

Fig. 3. Same as Fig.2 but colour-coded
with the median of [↵/Fe] in each pixel.
The large structures close to the eclip-
tic poles are artifacts caused by the Gaia
scanning law (see text). Thin disc stars
are visible in the plane thanks to their
low [↵/Fe] values.

properties, and then we illustrate the selection function in ra-
dial and vertical bins. Here, we show the chemical properties
and spatial coverage of three representative stellar populations
selected from the Kiel diagram of the near-plane objects: mas-
sive young stars, bright red giant branch (RGB) objects and hot
turn-o↵ (TO) stars.

3.1. Spatial and chemical trends

Sky maps in Galactic coordinates
The distribution of all the stars in the General sample is pre-
sented in Galactic coordinate maps colour coded according to
distance (Fig. 1), metallicity (Fig. 2), and [↵/Fe] abundance
(Fig. 3).

We first note that the ecliptic pole scanning law (EPSL; Bou-
bert & Everall 2020) pattern is visible in Fig. 3 with slightly
higher [↵/Fe] values. Between 25 July and 21 August 2014 (the
first weeks of Gaia’s nominal mission), Gaia operated in EPSL
mode (Gaia Collaboration, Prusti, T. et al. 2016). During this
period, stars close to the ecliptic poles and along great circles
connecting them were observed a greater number of times than
during Gaia’s nominal scanning law. This leads to spectra with
higher S\N towards the EPSL footprint. As Gaia continues to ob-
serve in nominal scanning law, the S/N will homogenise over the
sky for future data releases.The higher S/N of the spectra along
the EPSL pattern allows the parameterisation of fainter (and
hence more distant) stars in these regions, leading to a slightly
lower mean metallicity and especially larger mean [↵/Fe] values
per pixel.

The metal-rich and relatively ↵-low thin disc is easily iden-
tified in Figs. 1, 2, and 3. In the direction of the Galactic bulge,
outside the Galactic plane, one sees a dominant metal-poor pop-
ulation. Indeed, due to the fact that the bulge is more radially
concentrated, many thick disc stars are present in these regions,
decreasing the median metallicity. The regions located far from
the plane are filled with a mixture of nearby metal-rich ↵-low
disc stars and more distant metal-poor ↵-rich halo stars (see also
Sect. 4).

To complement this first global view, we cut Fig. 2 into dif-
ferent distance intervals from the Sun (see Fig. 4). Similar fig-
ures for the [↵/Fe] distribution are provided in the Appendix
(Fig. C.1). The scanning law features described above are vis-
ible in the closest distance bin (D<0.5 kpc, upper left panel).
Figures 4 and C.1 in the Appendix show that, whereas the sky
is filled by metal-rich and ↵-low thin disc stars within 500 pc
of the Sun, the Galactic discs start to progressively emerge with
increasing distance. The more metal-poor and ↵-rich halo dom-
inates beyond ⇠4 kpc. In the more distant panel, beyond 6 kpc,
the thick disc is well seen on both sides of the Galactic centre
and the thin disc has almost disappeared because of interstel-
lar extinction. An asymmetry can also be seen in the metallicity
map close to the Galactic centre (with the central region being
more metal-rich at positive longitudes than at negative ones),
which may result from the presence of the central bar and an
inhomogeneous distance distribution around the Galactic cen-
tre in this more distant bin due to extinction. Finally, the Small
and Large Magellanic Clouds (SMC and LMC, respectively) are
also clearly visible in this panel, both being rather ↵ poor. We

Article number, page 6 of 49

Chemical abundances of 5.5M stars 
Gaia collaboration et al. 2022

Gaia (ESA)

Parallax (distance)/proper motion: Gaia 

Asteroseismology: TESS, Kepler, K2 
Chemical abundance: LAMOST, GALAH, APOGEE, etc.

➡︎  a chronological table of the chemical enrichment history of our Galaxy



Footprint of the Sky Mapper survey

https://skymapper.anu.edu.au/data-release/#Coverage

Search for the most chemically pristine stars; Narrow-band surveys

SMSS 0313-6708
Sky Mapper survey (Keller+14)

Copyright: ESA/Gaia/DPAC, CC BY-SA 3.0 IGO

The Pristine survey 2589

Figure 1. Synthetic spectra using MARCS stellar atmospheres and the TUR-
BOSPECTRUM code (see Section 2.1 for details) of stars on three different places
on the giant branch with metallicities [Fe/H] = 0.0 (red), [Fe/H] = −1.0
(orange), [Fe/H] = −2.0 (green), [Fe/H] = −3.0 (blue) and for a star with
no metals (black). In the top panel the throughput of the Ca H&K filter used
in Pristine is overplotted (black dashed line).

2011, and the dashed grey filter curve in Fig. 2). The SkyMapper
team has been using this filter to search for (extremely) metal-poor
stars, their sample of candidates have already revealed some in-
triguing very metal-poor stars that were subsequently followed up
with spectroscopy (Howes et al. 2014, 2015; Keller et al. 2014).
Spectroscopic follow-up of several metal-poor stars also selected
from photometry with a narrow-band Ca K filter in an area near the
Galactic bulge are presented by Koch et al. (2016).

In this paper, we describe the Pristine survey, a narrow-band
Ca H&K survey in the Northern hemisphere. This survey utilizes
the unique facility of a (novel) Ca H&K filter for the MegaCam
wide-field imager on the 3.6-m Canada–France–Hawaii Telescope
(CFHT) on the excellent site of Maunakea in Hawaii, in combi-
nation with existing broad-band photometry from SDSS. Pristine
focuses its footprint on high-Galactic-latitude regions (b > 30◦) to
remain within the SDSS footprint. There is a wealth of known sub-
structures within the survey regions – consisting of dwarf galaxies,
globular clusters and stellar streams – which are all very promising
structures to hunt for the oldest stars (e.g. Starkenburg et al. 2017).
The survey data and the data reduction process, including the photo-
metric calibration, are described in Section 2. Our overlap with the
SDSS footprint also ensures that we are essentially self-calibrated
with the help of the SDSS and SEGUE spectra. Section 3 shows
how well we can separate stars of various metallicities and clean
our sample of contaminants. In Section 4 we summarize the main
science cases enabled by Pristine. We show how metallicity sensi-
tive photometry, as performed by Pristine, can probe the Galaxy out
to its virial radius. Not only does it allow for an efficient search for
ultra-metal-poor stars, but it also provides a mapping of the metal-
poor (and probably oldest) components of the Milky Way halo that
will help dissect the Milky Way’s past.

2 TH E S U RV E Y A N D DATA R E D U C T I O N

2.1 The Ca H&K filter properties

Figs 1 and 2 illustrate the properties of the Ca H&K filter used
for Pristine (also known as CFHT/MegaCam narrow-band filter
9303).2 The filter is manufactured by Materion and was received by
CFHT in 2014 November. It is designed to be close to top-hat in its
throughput filter curve as a function of wavelength. By design, the

filter has a width of ∼100
◦
A and covers the wavelengths of the Ca

H&K doublet lines (at 3968.5 and 3933.7
◦
A), thereby also allowing

for a typical spread in radial velocity among the stars observed in
the Galactic halo, making it especially suited for our science. For
the remainder of the paper we will refer to this filter as the CaHK
filter, and to its measured magnitudes as CaHK magnitudes. For
comparison, we also show the SkyMapper v filter used for the same
purpose. Clearly, the CFHT CaHK filter is narrower and more top-
hat, resulting in a better sensitivity to the Ca H&K line strength and
less danger of leakage from other features such as strong molecular
bands in C- and N-enhanced stars, as can be seen from the difference
between the blue and black spectra in the figure.

The expected discriminative power of the CaHK filter is further
demonstrated in Fig. 3. The left-hand panel of this figure shows
the range of a spectral library in temperature and gravity parameter
space and compares this with the stars as expected in a 100 deg2

high-latitude field in an anticentre direction as indicated by the
Besançon model of the Galaxy (Robin et al. 2003). We have created
a library of synthetic spectra, illustrated here by the grey boxes, with
large ranges in effective temperature, gravity and metallicity (−4.0
< [Fe/H] <+0.0) using Model Atmospheres in Radiative and Con-
vective Scheme (MARCS) stellar atmospheres and the TURBOSPECTRUM

code (Alvarez & Plez 1998; Gustafsson et al. 2008; Plez 2008). All
elements are treated as scaled from solar abundances, with excep-
tion of the α-elements that are enhanced relative to scaled solar by
+0.4 in the models with [Fe/H] ≤−1.0. Several individual spectra
from this library are shown in Figs 1 and 2. For each combination of
stellar parameters in the synthetic grid, we evaluate if indeed such a
star is physically expected, by checking if that box of temperature,
log(g) and metallicity is filled with a star in the Besançon model.
All verified synthetic spectra are subsequently integrated with the
response curves of the photometric SDSS bands and average re-
sponse curve of the CaHK filter. If a star with [Fe/H] <−2 is found
for that combination of stellar parameters, we include all models of
[Fe/H] <−2 and lower, motivated by the fact that these stars are too
rare to find all possible physical combinations in a 100 deg2 field of
view in the Besançon model, but that isochrones generally change
very little at these lowest metallicities. We additionally synthesize
all [Fe/H] = −4 models while taking out any absorption lines by
atoms or molecules heavier than Li. This set of additional synthetic
spectra represents our approximation to stars without any metals
at all. The right-hand panel of Fig. 3 demonstrates that the CaHK
filter in combination with SDSS broad-bands is a very powerful
tool to select metal-poor stars. The additional (g − i)0 term on the
y-axis is purely used to flatten the relation such that the fanning
out of the different metallicities is oriented from top to bottom.
The size of the symbols is inversely proportional to their surface
gravities (larger symbols are giant stars, smaller symbol stars are
main-sequence dwarfs). As can be seen from Fig. 3, the surface

2 See http://www.cfht.hawaii.edu/Instruments/Filters/megaprime.html for
the filter curve.
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The record holder of the lowest Fe abundnce: 
SMSS 0313-6701 Galactic location and kinematics

Gaia



Steps in stellar chemical abundance analysis

(Figure by Bengt Gustafsson, 
Astronomical Observatory, Uppsala)

static, plane parallel, local 
thermo-dynamic equilibrium… 

Continuum, line strengths, 
line shape…

… 
: optical depth

T(τ), P(τ), ρ(τ)
τ

Atomic data 
(excitation potential, partition 
function, transition probability)

Physical properties of the star
Teff, log g, [M/H] . . .

[X/Y] = log(NX/NY) − log(NX/NY)⊙

Abundance



The chemical composition: Extremely Fe-poor and carbon enhanced 

 
 

Bessel+15, Nordlander+17

[Fe/H] < − 6.53 (3σ)

 Ca abundance :  of the Sun
➡︎ Formed under extremely pristine 
environment

10−7

Keller+14

C/Ca ratio >  of the Sun
➡︎ Unusual source of metals

104



A scenario for the metal-enrichment source

Pristine (H) gas

Fe, metals

The first metal-enriched stars: 
Extremely metal-poor (EMP) (  )[Fe/H] < − 3

A massive Pop III star 25 − 40M⊙

Keller+14, Takahashi+14, Chan+17, Choplin+19, Chan+20

e.g., SMSS 0313-6708

Umeda&Nomoto05, Tominaga+07, MI, Tominaga, Kobayashi & Nomoto14

Credit: Kavli IPMUTominaga+07Metal yields of a Pop III star 
experiencing large fallback leaving 
a  black hole.∼ 5 − 6M⊙

In a dark matter mini-halo ( ) at ∼ 106M⊙ z ≳ 20



Altogether, these additional comparisons are further con-
firmation that our model for baryonic physics in minihalos
works well.

3.4. Calibration of EPS Mode

To test EPS trees and our implementation of stochastic
feedback, we compare three different cases. First, we run a
Caterpillar tree with spatial feedback (our fiducial model).
Then, we run exactly the same merger tree but ignore the
spatial information and use the stochastic feedback instead.
Those two runs should produce similar results. Then, we run a
third case in which we use an EPS-generated merger tree of a
halo with the same mass as the MW with stochastic feedback.
Ideally, the essential physics can be implemented appropri-
ately, despite the difference in merger tree details, so that also
this last case should produce similar results. However, with
EPS, we follow only the formation history of the MW main
halo and ignore subhalos and environmental effects. Therefore,
we do not expect that this EPS-based run produces identical
results to the Caterpillar-based runs. Previously, we have
confirmed that external feedback affects the observables and

that about 10% of halos are enriched externally before they are
enriched internally (Tarumi et al. 2020).
The comparison between different models of external

feedback can be seen in Figures 13 and 14. The two runs
that are based on the same Caterpillar merger tree result in very
similar star formation rates. The MDFs are slightly different
because we do not accrete externally enriched metals in the run
with stochastic feedback. The run based on EPS merger trees
deviates from the spatially resolved merger trees at high
redshift and low metallicities.
Figure 14 shows how the volume filling fractions of ionized

(top) and metal-enriched (bottom) regions evolve over time.
Again, the two runs based on Caterpillar merger trees are very
similar. To obtain an estimate of the total volume, we divide

Figure 12. Cosmic SFRDs for Pop III stars (top panel) and Pop II stars (bottom
panel). The blue lines show our model prediction, the dashed lines show other
models from the literature (Trenti & Stiavelli 2009; Johnson et al. 2013; de
Souza et al. 2014; Xu et al. 2016a; Jaacks et al. 2018; Mebane et al. 2018;
Sarmento et al. 2019; Visbal et al. 2020), the dotted lines in the bottom panel
show observations (Madau & Dickinson 2014; Behroozi & Silk 2015;
Finkelstein 2016; Behroozi et al. 2019), and the gray dashed–dotted lines in
both panels show the total SFRD (Pop II+Pop III).

Figure 13. Comparison of SFRD (top) and MDF (bottom) between different
MW-like simulations. The gray lines are models from the literature (compare
Figures 11 and 12). We focus on the difference between our three models, and
the SFRD in an MW-like volume should not reproduce the cosmologically
representative SFRD. Hence, we do not focus on the comparison to literature
here, but rather provide them to guide the eye. The two models that are based
on Caterpillar merger trees (blue, orange) provide similar results, whereas the
EPS-based model differs at high redshift and low metallicity.
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The metallicity distribution function at lowest metallicities

Hartwig+22

A smoking gun of the nature of the first stars and their metal enrichment process 

Gray:  Observation

Hunting of the lowest [Fe/H] will go on… 
 e.g. ZERO survey (Subaru/HSC, PI: Chiba, M.) 
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The origin of metals in the early Universe

Big Bang nucleosynthesis 

- Is the standard theory of BBN correct? Are the stellar evolution models correct?

The hydrostatic burning of massive stars, including the first stars

- Is the nature of the first stars different from massive stars at present?

Core-collapse supernovae

- How the massive stars explode? Were the explosion energy and/or geometry different?

Type Ia supernovae

- How white dwarfs explode? 
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Lithium and Big-Bang nucleosynthesis
Production of Li in the Universe 
- Big Bang nucleosynthesis (BBN)
- Cosmic-ray spallation
- Stellar interiors
- Nova 

Fragile
- Destroyed at ~106 K 
(e.g., Hydrogen burning ~ 107 K) 

1804 AOKI ET AL. Vol. 698

Table 1
Program Stars and Observations

Star Obs. Date Exp.a Countsb JD VH (km s−1)c

BS 16545–089 2005 Feb 28 225 16500 2453429.86 −161.54 ± 0.09
CS 22948–093 2005 Jun 19 174 5900 2453541.06 369.24 ± 0.30
CS 22965–054 2005 Jun 20 100 5000 2453541.97 −281.67 ± 0.20
HE 1148–0037 2005 Feb 27 160 15000 2453428.94 −10.88 ± 0.16
CD −24◦17504 2005 Jun 20 20 14000 2453542.12 136.61 ± 0.13
SDSS 0040+16d 2006 Sep 14 80 4800 2453992.90 −49.43 ± 0.07
SDSS 1033+40e 2007 Feb 10 160 4100 2454141.98 −132.87 ± 0.27
G 64–12 2003 Feb 22 300 103000 2453507.76 434.68 ± 0.03
G 64–37 2005 May 18 420 211000 2453508.83 76.65 ± 0.06
HD 84937 2003 Feb 22 180 626000 2452692.83 −14.63 ± 0.03
BD+26◦3578f 2005 May 17 132 342000 2453508.00 −91.23 ± 0.03

Notes.
a Exposure time (minutes).
b Photon counts per pixel at 6700 Å.
c Heliocentric radial velocity.
d SDSS J004029.17+160416.2 = 0418-51884-574.
e SDSS J103301.41+400103.6 = 1430-53002-498.
f HD 338529.

Thus, concerning the 7Li abundances in very metal-poor stars,
we are confronted with three problems: (1) the discrepancy
between the observed Spite Plateau value and the prediction of
standard BBN models adopting the baryon density determined
by CMB measurements, (2) a possible trend of the Li abundance
as a function of metallicity in extremely metal-poor (EMP) stars,
and (3) the low Li abundance in HE 1327–2326 (see also the
summary by Piau et al. 2006). Although possible connections
between the above three problems are still unknown, we
have obtained measurements of Li abundances for several
EMP turnoff stars in a search for hints to solving these Li
puzzles.

In this paper, we report measurements of Li abundances for
very metal poor (VMP) and EMP stars. Our sample includes
eight stars with [Fe/H] < −3, among which four stars are
studied for the first time. The sample selection and high-
resolution spectroscopy are described in Section 2. Section 3
reports the determination of stellar parameters and details of the
measurement of Li abundances. Uncertainties and comparisons
with previous work are also discussed in this section. We
discuss the implications of our measurements in Section 4,
and consider possible correlations with the derived stellar
atmospheric parameters, other elemental abundances, and the
kinematics of the sample.

2. OBSERVATIONS

High-resolution spectra of VMP and EMP main-sequence
turnoff stars were obtained in the course of three different ob-
serving programs, using the Subaru Telescope High Dispersion
Spectrograph (HDS; Noguchi et al. 2002). Table 1 lists the ob-
jects and details of the observations. The spectra of the first five
objects were obtained in an observing program for EMP stars in
2005 (Aoki et al. 2006). The two objects from the SDSS sample
were observed in a program for carbon-enhanced metal-poor
(CEMP) stars (Aoki et al. 2008). Although these two stars were
selected as candidate CEMP turnoff stars having [Fe/H] < −3,
they turned out to show no clear carbon excess in our high-
resolution spectroscopy, thus were good targets for studying the
Li abundances in the extremely low metallicity range. The other
four bright stars were observed with very high signal-to-noise
ratios (S/N) in order to measure Li isotope ratios (P.I.: S. Inoue).

Figure 1. Spectra around the Li i resonance line. The open circles show the
observed spectra normalized to the continuum level, which has been vertically
shifted for presentation purposes. A synthetic spectrum for the derived Li
abundance is overplotted by a line for each star.

Lithium abundances for seven objects in our sample have
been recently measured with high-resolution spectroscopy by
other authors. The stars CS 22948–093 and CS 22965–054
were studied by Bonifacio et al. (2007). The five bright objects
are well-known stars for Li studies. BD+26◦3578 was recently
studied by Asplund et al. (2006). Li abundances of G 64–12 and
G 64–37 were measured by Ryan et al. (1999) and Boesgaard
et al. (2005). Ryan et al. (1999) also determined Li abundances
for HD 84937, BD+26◦3578, and CD −24◦17504. Duplica-
tions of targets with previous studies provide the opportunity to
examine the consistency between independent abundance mea-
surements. The Li abundances of the other four stars (BS 16545–
089, HE 1148–0037, SDSS 0040+16, and SDSS 1033+40) are
reported for the first time by the present study.

The spectral resolution for the last four stars in Table 1 is
R = 90,000 or 100,000. The other objects were observed with
R = 60,000 with 2 × 2 CCD on-chip binning. An exception is
SDSS 1033+40, which was observed with R = 45,000 to collect
sufficient photons, using a wider slit, under relatively poor
seeing conditions. The spectra cover 4100–6800 Å, although the
coverage is slightly different between the individual observing
programs.

Data reduction was carried out with standard procedures us-
ing IRAF.11 Photon counts at 6700 Å are listed in Table 1.
Spectra of this wavelength region are shown in Figure 1.

11 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc. under cooperative agreement with the National Science
Foundation.

Aoki et al. 2009

The Li resonance line in metal-poor stars

BBN ( )t ≲ 300s



The predictions of the primordial Li abundanceand

3He/H = (1.00± 0.07)× 10−5 (7)

FIG. 3: The light element abundances of D, 3He, 7Li by number with respect to H, and the mass

fraction of 4He as a function of η. The thickness of the bands represents 1 σ uncertainties in the

calculated abundance. The yellow band gives the WMAP η [3].

The BBN predictions can be compared directly with current observational determina-

tions of the light element abundances. The BBN likelihood functions can be defined by a

convolution over η

LBBN(X) =
∫

dη LBBN(η|X) LWMAP(η) (8)

12

Cyburt+08 CMB

Predicted Li abundance
Standard BBN



The cosmological Li problem
BBN + CMB  (Cyburt et al. 2008)A(7Li) = 2.72+0.05

−0.06

 (1) “Spite plateau” 
(Spite & Spite 1982) 

 (2) Meltdown? 

Aoki+09

Incomplete understanding in Li production/
destruction in stars? 
Non-standard theories for the BBN?

Measurement of Li abundances in the most 
metal-poor stars is the key!
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Figure 6
A(Li) versus Teff (left) and [Fe/H] (middle and right) for near main-sequence stars having [Fe/H] < −2.0. The circles represent data
from: (a) Ryan et al. (1999, abbreviated here as RNB) and Norris et al. (2000, abbreviated as NBR) who both use one-dimensional
(1D/LTE) models; (b) Meléndez et al. (2010, abbreviated as M10) who use 1D/NLTE models; and (c) Sbordone et al. (2010,
abbreviated as S10) who use 1D/LTE models and Teff from the Infrared Flux Method, Bonifacio et al. (2012b, abbreviated as B12)
using 3D/NLTE, and González Hernández et al. (2008, abbreviated as G10) using 1D/LTE models. (Teff -scale details are given when
authors present multiple results.) The Li abundances in the right panels are a subset of those presented in the middle panels, after
exclusion of stars that may have experienced Li destruction, following Meléndez et al. (2010). (Here we use slightly different zero points
for the Meléndez et al. criterion to allow for differences in Teff scales.) The red star symbols refer to three stars with [Fe/H] < −4.5 and
are described in Section 3.6. The most Fe-poor star, SM 0313−6708, with [Fe/H] < −7.3 and A(Li) = +0.7, is connected by a long
upward arrow to the Li abundance it may have had when on the main sequence. See Section 3.6 for discussion. The horizontal line in
each panel represents the primordial lithium abundance. Abbreviations: LTE, local thermodynamic equilibrium; NLTE, non-LTE.
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A(Li) versus Teff (left) and [Fe/H] (middle and right) for near main-sequence stars having [Fe/H] < −2.0. The circles represent data
from: (a) Ryan et al. (1999, abbreviated here as RNB) and Norris et al. (2000, abbreviated as NBR) who both use one-dimensional
(1D/LTE) models; (b) Meléndez et al. (2010, abbreviated as M10) who use 1D/NLTE models; and (c) Sbordone et al. (2010,
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using 3D/NLTE, and González Hernández et al. (2008, abbreviated as G10) using 1D/LTE models. (Teff -scale details are given when
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for the Meléndez et al. criterion to allow for differences in Teff scales.) The red star symbols refer to three stars with [Fe/H] < −4.5 and
are described in Section 3.6. The most Fe-poor star, SM 0313−6708, with [Fe/H] < −7.3 and A(Li) = +0.7, is connected by a long
upward arrow to the Li abundance it may have had when on the main sequence. See Section 3.6 for discussion. The horizontal line in
each panel represents the primordial lithium abundance. Abbreviations: LTE, local thermodynamic equilibrium; NLTE, non-LTE.
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Synthesis of CNO in stars
Hydrogen burning through the CNO cycle
- Main-sequence stars with

-
≳ 1M⊙

T ∼ 1.5 × 107 K

Helium burning through the triple alpha process
- The core of the red giant tip
- T ∼ 1 × 108 K

©天文学辞典

Carbon burning
- Massive stars 
- T ∼ 6 × 108 K

Bottle neck: most of the 
12C are converted to 14N



CNO enrichment in the early Universe

Core-collapse supernova 

Credit: NASA

Asymptotic Giant Branch (AGB) stars Winds from rotating massive stars



The origin of carbon-enhanced metal-poor (CEMP) stars

More metal-poor stars show higher [C/Fe] 
ratios

Possible explanation

- Supernovae of the first stars 

- Mass transfer from an AGB companion

- Dust cooling in the formation of low-mass 
second-generation stars 

- Rotating massive stars
Saccardi et al. 2023

?



Faint supernovae of the first stars

The carbon enhancement as the result 
of fallback of Fe or Ca to the compact 
remnant 
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Figure 12
Examples of the abundance-fitting procedure for five of the most iron-poor stars with [Fe/H] < −4.5 (black
circles) to infer properties of the Population III stars that enriched their respective birth gas clouds (data
taken from Ishigaki et al. 2014b). From top to bottom, the observed stellar iron abundances are [Fe/H] <

−7.3, −5.7, −5.4, −4.8, and −4.7. Red squares and green triangles show 25 M" model results for
supernovae with E51 = 1 (in units of 1051 erg) and E51 = 10, respectively, for the carbon-enhanced stars in
the top four panels. The bottom panel shows a noncarbon-enhanced star fit with a 40 M" model having
energies of E51 = 1 and 30 (red squares and green triangles, respectively). Note the factor of two change on
the [X/Ca] axis for this panel. The gray triangles with the dotted line indicate a higher-energy model having
an alternative set of parameters. Reproduced with permission of M. Ishigaki.

triangles). For the C-rich stars, in the top four panels, 25 M" models with E51 = 1 and 10 are
used. For the C-normal star, SD 1029 +1729, in the bottom panel, 40 M" models with energies
of E51 = 1 and 30 are presented. Although the authors were unable to determine one best-fitting
energy for SM 0313−6708 because of the small number of elements observed, they do report best
fits of E51 = 1 for the three other C-rich stars, and E51 = 30 for the C-normal star.

5.4.4. The case for rotation. An important exception to the good fits in Figure 12 is nitrogen
in the warm C-rich subgiant HE 1327−2326 (Teff = 6190 K, log g = 3.7, [Fe/H] = −5.7,
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Tominaga+07

Mixing zone

Ejection

Umeda&Nomoto02, 03, Iwamoto+05, Tominaga+07, Ishigaki+14

Ishigaki+14, Frebel & Norris 2015

Fallback

The origin of CEMP stars remain unclear…  Larger samples of elemental abundances in EMP stars are needed.



α-element: the most popular tracer of galactic chemical evolution

Massive stars with   → The core is hot enough to ignite carbon∼ 10 − 100M⊙

Carbon and Neon burning（ ）T ∼ 109 [K], t ∼ 600 [yr]

Oxygen burning（ ）T ∼ 2 × 109 [K], t ∼
1
2

[yr]

Silicon burning（ ）T ≥ 3 × 109 [K], t ∼ 1 [day]

Abundance of nuclei determined by the temperature and density (thermal equilibrium) 
→　Onion-skin-like structure with an iron core

→ Na、Mg、Ne、O 

→ Si、S

→ Fe、Ni (F-peak elements) 

* α-element



The fate of massive stars

Presence of high-energy photon
→　Photo-dissociation of Fe (endothermic)

An electron and a proton to produce neutrons 
→　Lose electron degenerate pressure 

Extremely high temperature and density（ ）　T ∼ 8 × 109 [K], ρ ∼ 1013 [kg m−3]

Binding energy per nuclei

Eb = Δmc2 = [Zmp + (A − Z)mn − mnucleus] c2

➡︎ Losing pressure support leads to Fe core-collapse　
➡︎ Core-collapse supernova → supernova nucleosynthesis



Explosive nucleosynthesis in core-collapse supernovae (CCSNe)

Nucleosynthesis products 
depends on
- Explosion energy
- Mass cut

E51 = E/1051[erg] Ishigaki et al. 2014

Complete Si burning: Fe, Ni, Co, Zn

Explosive Ne burning: O, Si

Explosive C burning: Ne, Mg

Incomplete Si burning: Cr, Mn

More elements are created at the time of explosion  　
Normal energy

High energy



Chemical abundances of EMP stars as a tracer of Pop III CCSN yields  

Extremely metal-poor (EMP) stars: The 
chemical abundance pattern reflects a single 
or a few Pop III CCSN yields

The α-element abundances in particular 
depend on the progenitor masses 

The initial mass function (IMF) of the Pop III 
stars

15M⊙

25M⊙

40M⊙

100M⊙

Pr
og

en
ito

r m
as

s

Explosion energy

E51 = 10

E51 = 1

E51 = 30

Ishigaki+18



A possible chemical signature of an extremely massive Pop III star
Xing+23, Nature

A new evidence of the presence of extremely massive ( ) Pop III stars as a source of metals in the early Universe> 100M⊙

Credit: LAMOST

Credit: NAOJ

High Si/Mg



Type Ia supernovae: the production of Fe-peak elements 

A white dwarf accreting mass from the 
companion

Merger of two white dwarfs 

A thermonuclear explosion of a C-O white dwarf with  M ∼ MCh

Nucleosynthesis yields depend on
- Central density of the white dwarf  

~107-109 g/cm3 
- Initial chemical composition

Products
- Fe-peak elements (Mn, Fe, Ni)



Present-day probes of the chemical evolution of the Universe 

Metal abundances in the Perseus galaxy 
cluster by Hitomi satellite

Solar system material, Solar photosphere, galaxy clusters
Tsujimoto+95, Mernier+18, Simionescu+19



MSTO stars with age > 12 Gyrs (×) 
from Value-added catalog of 
GALAH DR3 (  stars)
( Sharma+18; Buder+20; see also 
Sanders&Das18)

∼ 600,000

Isochrones of 10 Gyrs 
Solar-α、α-enhanced

Stars with halo-like 
kinematics 
(
) from GALAHxGaia 
EDR3

|v − v⊙ | > 150km/s

Old Halo Stars (OHS) 

“Old Halo Stars” : candidate of stars belonging to the old stellar 
population in the Solar neighborhood (e.g., Di Matteo+19, 

Gallart+19)

Selecting nearby old stars by kinematics + elemental abundances + ages



[X/Fe]-[Fe/H] subgroups

Low-α

High-αMetal-poor

• High-α: rotation along the 
disk

• Low-α: high-eccentricity, 
Gaia-Sausage-Enceladus

• Metal-poor: small  
(zero net rotation)

LZ

e.g., Nissen&Schuster10, Hawkins+15, Hayes+18, 
Helmi+18, Belokurov+18, Koppelman+18, Simpson+20



Constraints on the contribution of SN Ia to the metals in old halo stars

Low-α

High-α
Metal-poor

Mean of the posterior distribution of fIa

Mass fraction of Fe from Type Ia: 42%

 44%

 19%

Posterior fIa

Posterior fIa

The relative fraction of SNIa of 5-10% best explain 
the abundances in old halo stars Ishigaki+21

About 20-40% of the mass of Fe 
from SNIa in the early Universe



Chemical evolution models with all the possible channels 

Kobayashi et al. 2020



Contents

How to find “old” or metal-poor stars in the Milky Way?

- Wide-field imaging and spectroscopic surveys

What metal-poor stars tell us?

- The origin of elements in the early Universe

Open questions about the origin of elements

- Prospects with new instruments and telescopes



Summary of the open questions in the next decade

The nature of the very first (PopIII) stars in the Universe 

- Diversity in chemical abundances in the outer Milky Way halo

- Consistency with the high-z observations (e.g. JWST)

Supernova explosion mechanisms

- Elements produced by explosive nucleosynthesis

The complete explanation of the Solar-system abundances 

- Chemical evolution and the formation of the Milky Way



Recent and future multi-element surveys of Galactic stellar populations

Chiappini et al. 2001, 2003; Sellwood & Binney 2002; Abadi
et al. 2003; Bournaud et al. 2009; Schönrich & Binney 2009;
Minchev & Famaey 2010; Bird et al. 2013; Minchev et al.
2013, 2014; Kubryk et al. 2015). Coupled with orbital
information derived from precise radial velocities, these data
probe the role of dynamical phenomena such as large-scale
dissipative collapses, mergers, gas flows, bars, spiral arms,
dynamical heating, and radial migration.

Conventional echelle spectroscopy programs to deliver HR
spectroscopic data useful for Galactic archaeology demand
substantial resources, often on the world’s largest telescopes.
Consequently, while heroic efforts have been devoted to
surveying stars in a wide variety of environments—including,
e.g., dwarf spheroidals, globular clusters, the Magellanic
Clouds, tidal streams, and the Galactic bulge—until very
recently the solar neighborhood was the only region for which
multiple hundreds or thousands of observations had been
assembled for “Galactic field stars” (e.g., Edvardsson et al.
1993; Bensby et al. 2003; Fuhrmann 2004; Venn et al. 2004;
Nissen & Schuster 2010; Soubiran et al. 2010; Adibekyan et al.
2012, 2013; Bensby et al. 2014). These studies traditionally
relied on kinematically selected samples to harvest from the
nearby stars of accessible apparent brightnesses a broad spread
of stellar ages and population classes. For stellar populations
not represented in the solar neighborhood, like the Galactic
bulge, and for in situ studies of field stars outside of the solar
neighborhood, HR observations are only now generating
samples with hundreds of stars. In the inner Galaxy where
foreground dust obscuration is a formidable challenge, many
previous samples were concentrated to a handful of low
extinction sight lines, such as Baade’s Window. Unfortunately,
the aggregate of these piecemeal collections of spectroscopic
data, heterogeneously assembled, can give a biased and
incomplete view of the Milky Way.

Truly comprehensive evolutionary models for the Milky
Way must be informed and constrained by statistically reliable,
complete, or at least unbiased Galactic archaeology studies,
which require the construction of large, truly systematic, and
homogeneous chemokinematical surveys covering expansive
volumes of the Milky Way and sampling all stellar populations,
including, in particular, those dust-obscured inner regions
where the bulk of the Galactic stellar mass is concentrated. A
number of ambitious “Galactic archaeology” spectroscopic
surveys that aim to fill this need (1) have been previously
undertaken, such as RAVE (Steinmetz et al. 2006), SEGUE-1
(Yanny et al. 2009), SEGUE-2 (Rockosi et al. 2009), and
ARGOS (Freeman et al. 2013), (2) are currently underway,
such as LAMOST (Cui et al. 2012), Gaia/ESO (Gilmore et al.
2012), GALAH (Zucker et al. 2012), and Gaia (Perryman et al.
2001), (3) or are envisaged, e.g., those associated with the
WEAVE (Dalton et al. 2014), 4MOST (de Jong et al. 2014),
and MOONS (Cirasuolo et al. 2014) instruments. Although
each of these surveys focuses on large samples of 100,000
stars, all of the past and ongoing endeavors are based on optical
observations and are therefore strongly hampered by interstellar
obscuration in the Galactic plane (Figure 1, bottom); this makes
it challenging to sample significant numbers of stars within the
very dusty regions of the Milky Way that are both central to
constraining formation models and encompass most of the
Galactic stellar mass (and some projects, like the RAVE,
SEGUE, and GALAH surveys, specifically avoid low Galactic
latitudes). Therefore, with optical wavelength surveys, it is

challenging to assemble a systematic census having compar-
able or sufficient representation of all Galactic stellar popula-
tions and across wide expanses of the Galactic disk and bulge.
While other surveys, such as BRAVA (Rich et al. 2007),

ARGOS (Freeman et al. 2013), and Gonzalez et al. (2011) aim
to fill at least part of this void by specifically focusing on the
Galactic bulge, they utilize target selection criteria that differ
from those of surveys of other parts of the Milky Way, which
makes it difficult to generate a holistic picture of stellar
populations and their potential connections. Moreover, apart
from GALAH and the Gaia/ESO survey, these other studies
are limited to MR spectroscopy (R<10,000; Figure 1), and so
they are unable to provide reliably the kind of detailed
elemental abundance information that is now a key input to the
models, while at the same time the moderate velocity precisions
can limit their sensitivity to more subtle, second-order
dynamical effects (e.g., perturbations by spiral arms and the
bar, dynamical resonances, velocity-coherent moving groups
and streams).

1.2. APOGEE: Basic Architecture and Motivations

In contrast to previous and ongoing surveys, the Apache
Point Observatory Galactic Evolution Experiment (APOGEE)
in Sloan Digital Sky Survey III (SDSS-III) was designed to

Figure 1. APOGEE in the context of other Galactic archaeology surveys, past,
present, and future. The top panel shows the number of Milky Way stars,
observed or anticipated, as a function of survey resolution. For those surveys
with at least a resolution of R=10,000, the bottom panel shows the expected
nominal depth of the survey for a star with = -M 1V in the case of no
extinction (right end of arrows) and in the case of =A 10V (left end of arrows).
In both panels, already completed surveys are shown in black, ongoing surveys
in dark gray, and planned surveys in light gray. For surveys with multiple
resolution modes, data in the top panel are plotted separately for high resolution
(HR), medium resolution (MR), and/or low resolution (LR). For the Gaia/
ESO survey, data for the “Inner Galaxy” and “Halo” subsamples are shown
separately as well. “Gaia-RV” includes Gaia HR spectra of enough S/N to
deliver radial velocities, whereas “Gaia” indicates only those with S/N high
enough for abundance work. For Gaia, we adopted A AG V from Jordi et al.
(2010), assuming - =( )V I 1.7;C 0 sample numbers were taken from http://
www.cosmos.esa.int/web/gaia/science-performance.
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The Astronomical Journal, 154:94 (46pp), 2017 September Majewski et al.
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 =24Nelem

 =21Nelem

PFS-MR
 > 6Nelem

Probing multiple nucleosynthesis channels: core-collapse SNe, SNIa, s/r/i process, etc.

Majewski et al. 2017

= λ/Δλ



Covering large volumes
Hayden et al. 2015

Solar neighborhood

Sun

APOGEE plate (~ 300 stars) 
Majewski+15

Majewski et al 2017



Multi-element abundances: probe of multiple nucleosynthesis channels 

41

Buder et al. 2021

Core-collapse 
supernovae

Type Ia supernovae

Asymptotic Giant 
Branch stars

Neutron star merger

Big bang 
nucleosynthesis

Elemental abundance distribution from GALAH survey



The next generation instruments
• Prime Focus Spectrograph (PFS)/Subaru

• Wide field (1.3deg^2), >２３００ fibers

• Identification of chemically pristine stars in the 
dwarf satellite galaxies and field halo stars.

• HROS/TMT

• Detailed elemental abundance estimates of the 
most metal-poor stars

• Test theories of supernova/stellar nucleosynthesis 

➡︎ Nature of the first stars and their metal yields

2394 fibers in the field-of-view

The prime focus



PFS: wide-field and deep spectroscopic surveys of 
the dwarf satellites

Walker et al. 2009, AJ, 137, 3100; Walker et al. 2009, ApJS, 171, 389
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TMT：High-resolution spectroscopy of stars in ultra-faint dwarfs

Credit: Kavli IPMU

Frebel et al. 2014

8-10m telescopes

TMT
The nature of the first 
stars

Ultra-faint dwarf galaxies: A large fraction of CEMP and r-rich stars　

➡︎ Best suited to constrain the astrophysical sources responsible for producing the metals

Segue I



Summary
How to find “old” or metal-poor stars in the Milky Way?

- Wide-field imaging and spectroscopic surveys have been successful in finding chemically pristine stars and constraining their metallicity 
distribution function (MDF).

- The MDF at the lowest [Fe/H] range is important, but missing.

What metal-poor stars tell us?

- The origin of elements in the early Universe have been constrained by chemical abundance patterns in metal-poor stars.

- The primordial abundance and BBN

- The nature and explosion mechanisms of the Pop III stars 

- Progenitors of SNIa

Open questions about the origin of elements

- Prospects with new instruments and telescopes: a larger volume including the Milky Way outer halo and more detailed elemental 
abundances to constrain supernova yields in the early Universe. 


