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1. Searchesfor thelowest metallicity starsin the Milky Way

Elemental abundances of the chemically most primitive stars in the Milky Way aatidooup
galaxies are believed to record the nucleosynthesis yields of the fisirstae universe. Searches
for metal-poor stars are the basis of studies in this field.

In spite of the great efforts of searches for metal-free low-mass sténgs iBalaxy, no object
with [Fe/H]< —4 has been reported until the end of the 20th century. Existence of a metallicity
limit around [Fe/HE —4 was suggested from these results. The discovery of HE 0107-9#4b w
has [Fe/H¥E —5.2 [1] has broken this limit. The review paper by Beers & Christlieb [2] defithe
nomenclature for stars with different metallicity, in which “Hyper Metal-PdéiMP)” and “Ultra
Metal-Poor (UMP)” are assigned for objects with [FefH}-5 and< —4, respectively, while the
range—4 <[Fe/H]< —3 is called “Extremely Metal-Poor (EMP)".

The metallicity is usually estimated by the iron abundance ([Fe/H]). The mostigboient
star known to date is HE 1327-2326 which has [Fe/H]5.4 [3, 4]. The [Fe/H] value is slightly
dependent on the analysis methods, i.e. including or neglecting the noefididis and 3D effects
of the stellar atmosphere. This object, as well as HE 0107-5240, hqviragevery large excesses
of light elements (C, N and O) with respect to iron, in particular carbon g@/F+4). These light
elements would play important roles in the cooling process of gas clouds andrnthow-mass
star formation. Including these elements in metallicity estimates, the existence ofcsitiosd
metallicity for low-mass star formation was supported by the discovery of ted®n-enhanced
stars.

The recent discovery of the new UMP star SDSS J1029+1729 ([RefH, [5]) has a large
impact on such discussion, because this object shows no excess dalégtents ([C/Fef +1).
The formation mechanism of low-mass stars at such low-metallicity is a hot topis ifetial [6, 7].

Including HE 0557-4840 with [Fe/H] —4.8 [8], which also shows an enhancement of carbon
([C/Fel= +1.6), four UMP/HMP stars are currently known (there are a few more #tatscould
have metallicity slightly lower than [Fe/H] —4.0). Two of the four stars are red giants, while the
other two are main-sequence turn-off or subgiant stars. Three stacardon-rich, while the other
shows no excess of light elements. We thus find diversity in the UMP/HMP Isagupn though
the sample size is still very small. Further searches for UMP stars are desihed to understand
the nature of this class of objects and low-mass star formation in the veryusargrse.

2. Statistics of Extremely Metal-Poor Stars

Chemical abundance studies for selected EMP stars in the past decadprbvaded very
useful constraints on nucleosynthesis in early generations of statgugaly in very massive
stars and supernova explosions [9] and on neutron-capture pescg®]. On the other hand, in
order to understand the roles of these processes in the chemical enriabintee Milky Way
and nearby galaxies, statistics of these objects is required. Thanksgtegsamf metal-poor star
surveys and follow-up spectroscopy, the number of EMP stars studisetlbon high resolution
spectra becomes larger than 200. Here observational facts foundtistics of EMP stars are
reviewed and discussed.



Observational evidence for the first stars and constraimstellar models Wako Aoki

2.1 Metallicity Distribution Function

The metallicity distribution function (MDF) is an important indicator of the chemigalugion
of the system. The MDF of the Milky Way halo has been studied by photometddaan to
medium-resolution spectroscopy [11, 12]. Recently, the MDF in the low metaltanitye ([Fe/Hk
—2.5) has been studied based on medium-resolution spectroscopy for alanger of stars found
by the Hamburg/ESO survey [13, 14]. They determined the slope of the MEH#s metallicity
range, and suggested a cut-off at [FefH} 3.5.

The estimates of metallicity for the lowest metallicity are, however, not as cexddor &ss
metal-poor stars. Our recent high-resolution studies of metal-poor stang by the SDSS [15]
demonstrate that there exist six objects with [Fe{H}3.5 among the 70 stars with [Fe/H]—3,
suggesting the existence of the low metallicity tail in the MDF. Similar results are elotaiynthe
recent study based on the high resolution spectroscopy of Yong &64l. [

2.2 Carbon-enhanced stars

A remarkable feature found in very metal-poor stars is that many objecislahge excesses
of carbon. Figure 1 shows carbon abundance ratios ([C/Fe]), asciidn of [Fe/H], for Milky
Way field stars. The data are taken from the SAGA database [17][18¢hveontains abundance
data based on high resolution spectroscopy reported in literature. Alihthiegsample would
not be complete, in particular in the less metal-poor ranges ([Be/.5), the high fraction of
carbon-enhanced stars is obvious. Here objects with [S/He].0 (filled circles) are classified
into Carbon-Enhanced Metal-Poor (CEMP) stars. Other definitionstese adopted by previous
studies (e.g., [C/Fe] +0.7 [19]). However, there is a gap in the distribution of [C/Fe] around
[C/Fel= +0.7—1.0, and the classification is not very sensitive to the definition of CEMP stars.
More systematic studies report that the fraction of CEMP is as high as 20;2ihd could be
higher in the lower metallicity range ([Fe/H]—-2.5) [20—22].

CEMP stars are separated into at least two subclasses. One is a gmijpaté that show
large excesses of heavy neutron-capture elements (e.g., Ba). Témses®f carbon and heavy
elements are interpreted as a result of mass transfer from a companiorstaGBvhich should
already have evolved to an unseen white dwarf. The other subclasistsosf CEMP-no stars that
show no excess of heavy neutron-capture elements. The boundéugy wio subclasses is set at
[Ba/Fe}l= +-0.5 by Beers & Christlieb [2].

Figure 2 shows the Ba abundance ratios as a function of [Fe/H] for C&dMB and non-CEMP
stars. There are only several stars that have [Ba/He).5 among non-CEMP stars. The Ba-rich
objects at [Fe/H} —3 with no carbon-excess also show large excesses of Eu, and thecentent
of Ba is attributed to the r-process. On the other hand, 71 among 94 CEKP(&6a%) show
excesses of Ba. This is comparable to the previous estimate of the frac@iMP-s stars among
whole CEMP stars (70-80% [19]). The fraction is, however, depeihde the metallicity. For
[Fe/H]< —3.0, only 6 CEMP-s stars are found among 16 CEMP stars (the fraction is)38(&6
CEMP-s star is found in [Fe/H] —3.3. Hence, the CEMP-no subclass is dominant in the lowest
metallicity range.

The origins of CEMP-no stars have not yet been identified. A promisindidate is the so-
called faint supernova, which ejects only small amounts of Fe in the explasisuiting in a very
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Figure 1. Carbon abundance ratio ([C/Fe]) as a function of [Fe/H]. dh&a are taken from the SAGA
database [18]. [C/Fe] +1.0 (filled circles) are classified into Carbon-Enhanced MP@br (CEMP) stars
here.
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Figure 2: Ba abundance ratios of CEMP stars (left) and of objects fachvbarbon excess is not found
(right). The data are taken from the SAGA database.

low abundance of Fe and a high C/Fe ratio [9]. Such models explain welbtlmedance pattern
of some CEMP-no stars [23]. The higher fraction of CEMP-no stars indlver metallicity is a
constraint on understanding the origins of this class of objects.

2.3 Lithium

Li abundances have been extensively studied for very metal-pogrsaicularly to under-
stand the reason for the serious discrepancy between the obsensdntd i abundance, the so-
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called Spite plateau, of metal-poor turnoff sta#gl() = log(Li/H)+12 ~ 2.2 [24, 25]) and the
primordial Li abundance estimated by standard Big Bang nucleosyntiB#) (nodels adopting
the cosmological parameters determined from observations of the cosmievanerbackground
by the WMAP satellite A(Li) = 2.72 [26]).

A hint for stellar intrinsic depletion, which could be a cause of the aboveeapsocy, is found
in the Li abundances in EMP stars ([Fef} 3). Recent studies [27 —29] reported that the average
Li abundance of EMP stars is lower than that of less metal-poor starghansignificant star-to-
star scatter exists. The strongest evidence for the depletion of Li in regueace turn-off EMP
stars is the discrepancy of the Li abundances between the two compohe@dinary CS 22876—
032 ([Fe/H} —3.7) [30]. Although the secondary is still a warm main-sequence $tg) &nd no
depletion of Li is expected by standard stellar evolution models, its Li amoedia 0.4 dex lower
than that of the primary. If such depletion is effective in all metal-poor sthed could be a cause
of the discrepancy between the Li abundances predicted by the BBNI anudi¢he Spite plateau
value.

On the other hand, no significant scatter is found for Li abundancesrirofti stars with
—3 <[Fe/H]< —2 [31]. This is also demonstrated by the measurement for the two compoifients o
the binary system G 166—45, which have similar stellar parameters of th@® 22876—032 [32]
except for the metallicity. Hence, further studies are required for quavetiestimates of the effect
of the Li depletion inside metal-poor stars in general.

Another surprising fact is the non-detection of Li in the HMP star HE 12326 @(Li) < 0.6)
[33] and the UMP star SDSS J1029+1724L() < 1.1). These are main-sequence turn-off stars
with Tegr > 5800 K, in which surface convection is not expected to be so deep asiginigicantly
depleted. These low Li abundances might be related to the Li depletiod folEMP stars, how-
ever, no promising scenario is proposed to explain consistently the Lidaboes in the whole
sample.

2.4 Neutron-capture elements

Elements heavier than ZiZ (= 30) also provide useful constraints on understanding nucle-
osynthesis and evolution of early generations of stars. Sr and Ba baweeztensively measured
for EMP stars using the strong resonance doublet lines of their singlyeidsizecies in the optical
range (Sil 4078 A, 4215 A and B#l 4554 A, 4934 A).

Sr and Ba represent the elements around the first and second atenp#sks of neutron-
capture elements in solar system material corresponding to the neutronimagfiers 50 and
82. Although the two elements are efficiently produced by the slow neuttptiie process (s-
process), the contribution of the s-process in (low-mass) AGB stars 1® &ists is expected to
be small (or negligible) because of the long time-scale of the evolution of log&stars. Excep-
tions are carbon-enhanced objects with excess of s-process elewmigicts would have received
material through mass transfer in binary systems.

The r-process (main r-process [34]) is believed to be the major contrituteeavy neutron-
capture elements in EMP stars. However, measurements of over-allaatmenplatterns of neutron-
capture elements for metal-poor stars have revealed the existence ddmihezs of light neutron-
capture elements, including Sr. This is clearly found in the well-known brnggtial-poor stars
HD 122563 and HD 88609, in which large excesses of only light newtemure elements are
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found [35, 36]. The process responsible for the formation of lightneaucapture elements is
tentatively called the LEPP (Lighter Elements Primary Process [37]) or wpedcess [38].

The abundance distributions of Sr and Ba exhibit very large scatter ynmvetal-poor stars,
even if carbon-enhanced objects are excluded from the sample. atterss as large as 3 dex at
[Fe/H]~ —3 both in [Sr/Fe] and [Ba/Fe] distributions. Interestingly, the scatter of tium@dance
ratios of the two elements ([Sr/Ba]) is also very large. According to the SA&Abase [17], 30—
40% of objects with—3.5 <[Fe/H]< —3.0 have high Sr/Ba ratios ([Sr/Ba]+0.5). This suggests
that the progenitors of EMP stars in this metallicity range (presumably veryivaasgars) are the
sources of the excess of light neutron-capture elements.

By contrast, no Sr-enhanced star is found in [Fe/H]3.5, although the sample size of objects
for which both Sr and Ba are detected in this metallicity range is still small. This iedi¢hat the
progenitors of [Fe/Hk —3.5 stars are significantly different from those of [FefH} 3.5 stars. The
details of the abundance distributions and implications are discussed by3®¢ki

3. Extremely Metal-Poor starsin dwarf galaxies

Another important progress is that a number of EMP stars have beervelisdoin dwarf
galaxies around the Milky Way. Our local group of galaxies consists dfithdarge spiral galaxies
the Milky Way and M31, and other smaller galaxies. A few tens dwarf galdrags been found
around the Milky Way, and the number is increasing by the recent disesw@frithe so-called ultra
faint dwarf galaxies (see below).

Until several years ago, no EMP stars have been found in dwarfigaland some difference
in the metallicity distribution function between dwarf galaxies and the field haloswggested
based on the metallicity estimates from medium resolution spectroscopy (e}y. Hidwvever,
subsequent studies adopting new calibrations for the metallicity estimates, bédtieme avail-
able by comparisons with estimates based on high resolution spectra foifecaigmumber of
EMP stars, have revealed that EMP stars are not deficient in dwaxigmld1]. The results are
confirmed by the high resolution follow-up studies, which have alreadyd@everal objects with
[Fe/H]< —3.5 in dwarf galaxies [42].

In particular, the average metallicity of ultra faint dwarf galaxies is quite lowd,tae fraction
of EMP stars among the sample seems to be quite high [43]. These galaxéesityayv 10* solar
luminosities, indicating that the number of stars involved in a galaxy is very snadsélgalaxies
have been discovered only recently by SDSS [44] because of theitédlarglensity.

The chemical compositions of EMP stars in dwarf galaxies studied by highutes spec-
troscopy are similar to those of EMP stars in the field halo [42, 45], while sogmifidifferences
are found for less metal-poor stars [46]. Discoveries of EMP stardltira (iaint) dwarf galaxies
suggest that the early generations of stars have been formed in small ststlems like the cur-
rent (ultra faint) dwarf galaxies and incorporated into the Milky Way halbe fumber of EMP
stars studied for dwarf galaxies is, however, still too small to derive anglasion, and further
observational studies are strongly desired.
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4. Future prospect

The recent studies of the most metal-poor stars revealed that low-massastée formed even
at [Fe/Hk < —4. Such studies encourage further searches for more metal-poverometal-free
low-mass stars in the Galaxy. Another important question is the existenceeaf siassive stars
among first generations of stars that ended their lives by pair-instabiligrsavae. Large scale
surveys of Galactic stars with multi-object spectrograph like SDSS, LAM@4&ithe photometric
survey Skymapper will play important roles in the searches for firstrgéinas of stars or their
signature.

For the follow-up high resolution spectroscopy for these field stars,edlsaw for candidate
EMP stars in dwarf galaxies, high resolution spectrographs mountedger k@fescopes are re-
quired. That will be available by next generation Extremely Large Tefesc¢ELTS) planned for
operation in 2020s, including Thirty Meter Telescope (TMT), Giant Magellalescope (GMT)
and European ELT (E-ELT).

5. Discussion

Weiping Lin: Is scattering in Li and Ba abundance meaning one need to use more paramete
to normalise the data in order to find new physicsRoki: Although the size of the scatter in Li
and Ba, and probably the reason for them, is different, such scattereig @ kinderstanding the
phenomena found in EMP stars.

Yeisson Osoriddtomic diffusion was proposed as possible explanation of the cosmological L
problem. Is it as relation diffusion-Z that help to explain the scatter of Li inFE3flars? -Aoki:
Metallicity dependence is necessary to explain the trend and scatter otihdabces of metal-
poor stars. It may be difficult, however, to explain the extremely low Li alamees in the two
UMP/HMP stars even if metallicity dependence is included in the models of diffusio

Raphael Hirschi:ls the absence of Sr-enriched stars at the lowest metallicities statistically
significant? -Aoki: There are only four stars for which Sr/Ba ratio is determined in [Fe/HB.6,
and the statistics are still insufficient. There are, however, severalfetawhich low Sr abundance
or its low upper limit is determined without Ba abundance measurement, sugpibtisuggestion
for the low Sr/Ba in this metallicity range.

Chiaki Kobayashi:Can you summarise the statistics of binarity of C & Ba enhanced stars?
— Aoki: High frequency of the binaries among CEMP stars with Ba-excess is foypdevious
studies as well as by our current monitoring of radial velocities for thiege.SThere are, however,
several stars in this class that do not show any change of radial velmetyfurther monitoring is
meaningful.
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