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Exploring the Universe with Metal-Poor Stars

Anna Frebel

Abstract The early chemical evolution of the Galaxy and the Univesseital to
our understanding of a host of astrophysical phenomenee$ire most metal-poor
Galactic stars (with metallicities down to [Fe/H]—5.5) are relics from the high-
redshift Universe, they probe the chemical and dynamicadiitimns of the Milky
Way and the origin and evolution of the elements throughengynthesis. They also
provide constraints on the nature of the first stars, thaio@ated supernovae and
initial mass function, and early star and galaxy formatibime Milky Way’s dwarf
satellites contain a large fraction (30%) of the known most metal-poor stars that
have chemical abundances that closely resemble those iwhémnt halo stars. This
suggests that chemical evolution may be universal, at basarly times, and that
it is driven by massive, energetic SNe. Some of these sunyjviltra-faint systems
may show the signature of just one such Pop lll star; they mey be surviving first
galaxies. Early analogs of the surviving dwarfs may thusehaayed an important
role in the assembly of the old Galactic halo whose formatiam now be studied
with stellar chemistry. Following the cosmic evolution afiall halos in simulations
of structure formation enables tracing the cosmologicajiorof the most metal-
poor stars in the halo and dwarf galaxies. Together withreutabservations and
additional modeling, many of these issues, including thenization history of the
Milky Way, may be constrained this way. The chapter concdudéh an outlook
about upcoming observational challenges and ways forvegatd uise metal-poor
stars to constrain theoretical studies.
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1 Introduction

As Carl Sagan once remarkdflyou wish to make an apple pie from scratch, you
must first create the Univers@n apple contains at least 16 different elements, and
the human body is even more complex, having at least traceiasof nearly 30
element3, all owing to a 14-billion year long manufacturing proceafied cosmic
chemical evolution. Thus, the basis of chemically compled ehallenging under-
takings such as cooking and baking, not to mention the nafiife, will ultimately
be gained through an understanding of the formation of theents that comprise
organic material. It is thus important to examine how thestituents of an apple,
and by extension the stuff of life and the visible Universeaeavereated: baryonic
matter in the form of elements heavier than primordial hgeimand helium.

This chapter aims at describing that the chemical abundaoloserved in the
most metal-poor stars can be employed to unravel a varietjets#ils about the
young Universe, such as early star formation environmenuisernovae (SNe) nu-
cleosynthesis, and the formation process(es) of the Galaalo. To illustrate the
meaning of low-metallicity, Figurgl 1 shows the progresgiom metal-rich to the
most metal-poor stars; spectra around the strongest bptictne at 386@ are
shown of the Sun and three metal-poor main-sequence téistes. The number
of atomic absorption lines detectable in the spectra dsesaaith increasing metal-
deficiency. In HE 13272326, the star with the currently low Fe abundance, only
the intrinsically strongest metal lines remain observabtecan be seen in the Fig-
ure, these are extremely weak. If a main-sequence star wh lewer Fe value
(or somewhat hotter temperature) was discovered, no Fe limelld be measur-
able anymore. In the case of a metal-deficient giant, the imeuld be somewhat
stronger due to its cooler temperature and thus allow fodibeovery of an object
with [Fe/H] < —6.

Because these most metal-poor stars represent easil\séntetscal equivalents
of the high-redshift universe, and as such, provide a unigokto address a wide
range of near and far-field cosmological topics. In shorttatrgoor stars enable
scientific progress in three areas that bridge our undetstgrof the current state
of the Galactic halo and its old stellar population with tbathe evolution of local
dwarf galaxies, to the formation of large galaxies like thi&iyWay more generally,
as well as the beginning of star and galaxy formation in thiy emiverse.

1. Stellar ArchaeologyConstrains the astrophysical sites and conditions of nu-
cleosynthesis and the major physical processes that deslye sar formation.
Abundance measurements of many elements throughout tiedjgetable of
metal-poor halo stars enable the detailed documentatitreafarliest chemical
enrichment events.

2. Dwarf ArchaeologyProvides constraints on galaxy formation on small scales,
and metal mixing and feedback processes. By comparing alnged of metal-
poor stars in ultra-faint dwarf galaxies to those of equawahalo stars, the uni-
versality of the (beginning of) chemical evolution can b&teel, what the relation

1 http://chemistry.about.com/cs/howthingswork/f/bligetments.htm
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is between the dwarfs and the “building blocks” of the Gatalcalo, and whether
they are the survivors of the first galaxies.

3. Near-Field CosmologyDetermines the role of metal-poor stars as tracers of the

accretion history of the Milky Way halo. The coupling of lawetallicity stellar
abundances with results from cosmological simulationbdksahe study of the
formation mechanism(s) of large galaxies like the Milky Waigh its old halo
and satellites.

For stellar archaeology, large numbers of Galactic metakpalo stars, mostly
found in objective-prism surveys in both hemispheres sickha HK survey of
Beers and collaborators, the Hamburg/ESO survey (Clatisind collaborators),
and more recently SDSS, are needed to gain detailed insighbtshe history and
evolution of our Galaxy (e.g., Beers & Christlieb 2005; Frk& Norris 2011). For
dwarf archaeology, observations of any stars in dwarf i&telalaxies orbiting the
Milky Way are required, although these are more difficultledn than those of the
halo stars. Finally, near-field cosmology encourages tlséesyatic use of metal-
poor stars for studying galaxy formation and cosmologisalegts. In a universe
dominated by cold dark matter (CDM), like the one we live ialaxy formation
proceeds hierarchically through the accretion of smaltgeas onto the main halo.
Simulations show that successive growth is reflected intthe@ance of dark matter
substructures in the halos of large galaxies like the Millggp¥and it is believed that
the luminous satellites of our Galaxy are the visible corpdgs to at least some
of these substructures. Thus, the collective body of nyetal- stars now found in
the halo as well as the dwarf galaxies enable addressing &emuofi important,
outstanding questions that show how closely connectedtkee topics are.

e What is the nature of Pop Il stars? Are the yields of the fildeSlifferent from
today’s? Can the signatures of theorized pair-instab8ide be found in metal-
poor stars?

e What drove early star formation? How/where did the first lmass stars and the
first galaxies form?

e What are the main nucleosynthesis processes and sitesr¢hagsponsible for
forming the elements from the Big Bang until today?

e How did chemical evolution proceed? How do stellar chemiatrd halo kine-
matics correlate? How can the abundances be used to leauhthbdalo forma-
tion process?

e Was the old halo built from accreted satellites? Can acdraétearf galaxies be
identified in the halo? Did the first stars form in dwarf gaés@

Each section of this chapter discusses a significant aspedbich metal-poor
stars offer unique insight into the young universe. Se@isets the overall stage by
introducing the first stars, the halo metallicity distrilout function and considera-
tions regarding early low-mass star formation. Sectionstdbes the role of metal-
poor stars in the Galactic as tracers of the earliest enecti@vents and chemical
evolution. This concept is extended to dwarf galaxies intiSect. Understanding
the formation history of the Milky Way with the help of metabor stars is outlined
in Section 5. Conclusions and an outlook at given in Section 6
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Fig. 1 Spectral comparison of stars in the main-sequence turregfbn with different metal-
licities. Several absorption lines are marked. The vamegiin line strength reflect the different
metallicities. From top to bottom: Sun with [Fe/H 0.0, G66-30 [Fe/H}= —1.6 (Norris et al.
1997) G64-12 [Fe/HE —3.2 (Aoki et al. 2006), and HE1327-2326 [Fe/H]—5.4 (Frebel et al.
2005). Figure taken from Frebel (2010).

Further Reading & Definitions

This chapter is partially based on an article by Frebel (ﬂ)ljﬁht, among other
topics, introduces metal-poor stars as probes for the@aletiorks related to the
early universe. Here, this discussion is extended to shesvtiae versatility and
potential of the oldest stars for dwarf archaeology and-fielt cosmology. The
main aim is to outline the broad picture of studying galaxyration processes with
stellar chemistry. For a more in-depth discussion of stellaindances, abundance
derivations, details on nucleosynthesis and chemicaluiool, kinematics, stellar
age determinations and cosmogony, the reader is referfaebel & Norris (2011)
and references therein.

Since there exist a large range of metal-poor stars in terfintiser metallici-
ties and chemical signatures, Beers & Christlieb (2005pested a classification
scheme. Extensive use will be made of their term “extremedyatrpoor stars”, re-
ferring to stars with [Fe/Hk —3.0. This nomenclature shows that the main metallic-
ity indicator used to determine any stellar metallicitytie iron abundance, [Fe/H],
which is defined as [A/B¥ 10g;5(Na/Ng )« —109;9(Na/Ng)e for the number N of
atoms of elements A and B, amdrefers to the Sun. For example, [Fe/H]-3.0
is 1/1000 of solar Fe abundance. With few exceptions, [Féfétles the overall
metallicity of the objects fairly well.

2 The 2009 Biermann Award Lecture, originally published intrdsomische Nachrichten by
VCH/Wiley, 2010, 331, 474
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2 Exploring The Early Universe with Metal-Poor Stars

2.1 The First Stars

According to cosmological simulations that are based ontheold dark matter
model of hierarchical structure growth in the Universe, tingt stars formed in
small minihalos some few hundred million years after the Bang. Due to the
lack of cooling agents in the primordial gas, significangfrentation was largely
suppressed so that these first objects were very massiveg(ofder to~ 100 M.;
e.g, Bromm & Yoshida (2011) and references therein). Thia isontrast to low-
mass stars dominating today’s mass function. These olgeeteferred to as Pop-
ulation 1l (Popll) as they formed from metal-free gas. Bet modeling of first
star formation suggests that these early behemoth werdyaptating (Stacy et al.
2010) and new observations have provided evidence in stpfibis claim (Chiap-
pini et al. 2011). Moreover, significant fragmentation & #tar forming cloud may
occur that could lead to multiple first stars in a given mitoh@&lark et al. 2011).

The stars soon exploded as SNe to either collapse into blalels fiprogenitor
masses of 2& Mg, < 140 andV;, > 260) or to die as energetic pair-instability SNe
(PISN; 140< Mg, < 260; Heger et al. 2002). During their deaths, these objects p
vided vast amounts of ionizing radiation (and some of the fiirstals in the case of
the PISNe) that changed the conditions of the surroundirtgnafor subsequent
star formation even in neighboring minihalos. Hence, tloesd generation of stars
might have been less massive (M 10 M.). Partially ionized gas supports the for-
mation of the H, and then the HD molecule, which in turn facilitates moreetif/e
cooling than what is possible in neutral gas. Also, any rsetaldust grains left
behind from PISNe would have similar cooling effects. Thigynthen have led to
the first more regular metal-producing SNe, although ndtiglher mass SNe must
necessarily end in black hole formation. Umeda & Nomoto @Gfuggested that
some 25 M, stars undergo only a partial fallback, so that only some efrtewly
created metals get ejected into the surrounding gas.

By that time, most likely enough metals were present to ensufficient gas
fragmentation to allow for low-mass<(L M) star formation. Stars that formed
from any metal-enriched material are referred to as Pojpul#t(Pop ) stars. More
metal-rich stars like the Sun that formed in a much more nréthlUniverse are
called Population|. Studying the “chemical fingerprint§'tloe oldest, most metal-
poor stars (extreme Pop Il) reveals information about tisériucleosynthesis events
in the Universe; indeed, several metal-poor star abundpatterns have been fit-
ted with calculated Pop Il SN yields (see Secfiod 3.3). Mg, evidence for the
existence of PISNe could potentially be obtained if themrelcteristic signature (a
pronounced effect in the abundance signature of elemettisodi or even atomic
number) were found in metal-poor stars. This has, howew¢yet occurred.
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2.2 The Metallicity Distribution Function of the Galactic Hlo

The metallicity distribution function (MDF) represent®timtegrated chemical evo-
lution of a system which began with the first stars and wasicoatl by many stellar
generations at various astrophysical sites and over diftéimescales.

To establish the MDF of a given system, a large, complete Eaofystars with
good metallicity estimates is required. Over the past twzades, the quest to find
the most metal-poor stars to study the chemical evolutiothefGalaxy led to a
significant number of stars with metallicities down to [FEA—4.0 (see Beers &
Christlieb 2005 for a more detailed review). Those starsevieitially selected as
candidates from a large survey, such as the HK survey (Béatls £992) and the
Hamburg/ESO survey (Wisotzki et al. 1996). A large surveretuired to provide
numerous low-resolution spectra to search for weak-linelths candidates indicat-
ing metal deficiency. Those spectra have to cover the strangtCline at 39332
because the strength of this line indicates the metallioftyhe star, and can be
measured even in low-quality spectra. This is shown in Euif this line is suffi-
ciently weak as a function of the star’s estimated effed&éveperature, an object is
selected as a candidate metal-poor star. For all candjadagzum-resolution spec-
tra (R~ 2,000) are required to more accurately determine the Ca Il &dinength
for a more robust estimate for the Fe abundance. This lindlithe best indicator
for the overall metallicity [Fe/H] of a metal-poor star incduspectra. In the Sloan
Digital Sky Survey and LAMOST survey, the survey spectrartbelves are already
of medium-resolution, allowing for a quicker and more dirgzarch for metal-poor
stars. Photometric surveys like Skymapper with extenslter fiets designed for
stellar work (Keller et al. 2007) will also yield large numib®f high-quality candi-
dates.

To confirm the metallicity, and to measure elemental abucesifrom their re-
spective absorption lines besides that of iron, high-reggmi (R > 20,000) optical
spectroscopy is required (see bottom panel of Fiflire 2)y @ein the various ele-
ments become accessible for studying the chemical evalofithe Galaxy. Those
elements include carbon, magnesium, calcium, titaniuoketj strontium, and bar-
ium, and trace different enrichment mechanisms, eventsimedcales. Abundance
ratios [X/Fe] as a function of [Fe/H] can then be derived tog tighter elements
(Z < 30) and neutron-capture elemenfs> 38). The resulting abundance trends
will be further described in Section 3.2. The final numberleh®ents thereby de-
pends on the type of metal-poor star, the wavelength coeesthe data, and the
data quality itself.

Schorck et al. (2009) and Li et al. (2010) presented MDF$&o stars that are
corrected for various selection effects and other biadesnimber of known metal-
poor stars declines significantly with decreasing meigllibelow [Fe/H]< —2.0)
as illustrated in FigurEl3. Only very few stars are known30) with metallicities
below [Fe/H]< —3.5, but it is these objects that enable the most insight in¢o th
early universe and the beginning of chemical evolution.

The bias-corrected MDF shows how rare metal-poor starlyraad, but also, that
past targeted (“biased”) searches for metal-poor stars hegn extremely success-
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Fig. 2 The three observational steps to find metal-poor starstridlted by means of
HE 1327-2326. Top panel: HES objective-prism spectrum. Middle pakkdium-resolution
spectrum of HE 13272326 in comparison with CS 2287832 ([Fe/H]= —3.7; Norris et al.
2000 and references therein). From this data we measuréd][Fe—4.3 for HE 1327-2326 be-
cause interstellar Ca blended with the Ca Il K line. BottomgdaHigh-resolution spectra of both
objects. Only with the high-resolution data was it possibleletermine the true iron abundance,
[Fe/H] = —5.4, for HE 1327-2326. Figure taken from Frebel et al. (2005b).
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ful at identifying these rare objects (e.g., Frebel et ab&@Christlieb et al. 2008).
The most important achievements in terms of the most irdicidat stars was the
push to a significantly lower stellar metallicity [Fe/H] abst a decade ago: From
a longstanding [Fe/HE —4.0 (CD —38° 245; Bessell & Norris 1984) to [Fe/H}
—5.2 (HE 0107-5240; Chrislieb et al. 20d§)), and down to [Fe/H} —5.4 more
recently (HE 1327%2326; Frebel et al. 2005). Overall, only three stars are know
with iron abundances of [Fe/H} —4.0. The third star, HE 05574840 Norris et
al. 2007 with [Fe/H]< —4.8, bridges the gap between [Fe/H]—4.0 and the two
hyper Fe-poor objects.

0.8 —

0.6 —

No. of stars

02 —

-4 -3.5
[Fe/H]

Fig. 3 Cumulative metallicity distribution function of the Gatachalo based on metal-poor giants
selected form the Hamburg/ESO survey (Schoerck et al.)200@ solid line represents the bias-
corrected MDF, whereas the dotted lines show the level oéramty in the MDF based on the
various correction functions. The dashed line shows themwected, “as observed” MDF — The
difference to the solid line shows how successful seardareth& most metal-poor stars have been.

Beyond these individual stars that form the very tail of thBfa number of
studies involving samples 6§10-30 stars in the metallicity range e#.0[Fe/H] <
—2.5 have been carried out over the years. These works havedslimany impor-
tant details about chemical enrichment and nucleosyrghasd greatly improved
our understanding of the early universe (e.g., McWillianaktl995, Ryan et al.

3 Applying the same non-LTE correction to the Fel abundancedH® 0107-5240 and
HE 1327-2326 leads to a final abundance of [FeAH}-5.2 for HE 0107-5240.
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1996, Cayrel et al. 2004, Barklem et al. 2005, Aoki et al. 2aD&hen et al. 2008,
Lai et al. 2008, Hollek et al. 2011).

2.3 Early low-mass star formation and the connection to
carbon-enhanced metal-poor stars

Early Pop Il stars began to form from the enriched materialdehind by the first
stars. The actual formation process(es) of these initigtitass (M< 0.8 M)
Pop Il stars (i.e. the most metal-poor stars) that live lorigen a Hubble time, are,
however, not well understood so far. Ideas for the requicagdiicg processes nec-
essary to induce sufficient fragmentation of the near-pritiabgas include cooling
through metal enrichment (“critical metallicity”) or dysboling based on enhanced
molecule formation due to ionization of the gas, as well asentomplex effects
such as turbulence and magnetic fields (Bromm et al. 2009).

Fine-structure line cooling through neutral carbon anglghionized oxygen has
been suggested as a main cooling agent facilitating lonsstas formation (Bromm
& Loeb 2003). These elements were likely produced in vashtties in Pop I1l ob-
jects (e.g. Meynet et al. 2006; Chiappini et al. 2011). Gagrirentation is then
induced once a critical metallicity of the interstellar med (ISM) is achieved. The
existence of such a critical metallicity can be probed wattyé numbers of carbon
and oxygerpoor metal-poor stars. Frebel et al. (2007b) developed an “obser
friendly” description of the critical metallicity that icporates the observed C
and/or O stellar abundancéans= log(10°/H +0.3 x 10°/H)) > —3.5. Any low-
mass stars still observable today then has to have C and/bu@ances above the
threshold ofDyans= —3.5 (see Figure 1 in Frebel et al. 2007). At metallicities of
[Fe/H] =z —3.5, most stars have C and/or O abundances that are abovedkbdltt
since they follow the solar C and O abundances simply scajeah do their respec-
tive Fe values. Naturally, this metallicity range is nottahle for directly probing
the first low-mass stars. Below [Fe/H] —3.5, however, the observed C and/or O
levels must be higher than the Fe-scaled solar abundandesdbove the critical
metallicity. Indeed, none of the known lowest-metalligtgrs has Birans below the
critical value, consistent with this cooling theory. Sontez's, however, have values
very close tDyans= —3.5. HE 05574840, at [Fe/H}= —4.75 (Noris et al. 2007),
falls just onto the critical limit (M. Bessell 2009, priv. gon.). A star in the ultra-
faint dwarf galaxy Bootes | hd3yans= —3.2 (at [Fe/H]= —3.7; and assuming that
its oxygen abundance is twice that of carbon). Another @sting case is the most
metal-poor star in the classical dwarf galaxy Sculptor,clittias an upper limit of
carbon of [C/H]< —3.6 at [Fe/H]= —3.8 (Frebel et al. 2010b). Despite some still
required up-correction of carbon to account for atmosgteaibon-depletion of this
cool giant, the star could potentially posses a sub-clifigansvalue.

Overall, more such “borderline” examples are crucial td fes the existence
of a critical metallicity. If fine-structure line cooling we the dominant process for
low-mass star formation, two important consequences wiolllolv: 1) Future stars
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to be found with [Fe/H]< —4.0 are predicted to have these substantial C and/or
O overabundances with respect to Fe. 2) The so-far unexggdarge fraction of
metal-poor objects that have large overabundances of awith respect to iron
([C/Fe] > 1.0) may reflect an important physical cause. About 20% of rrmtal
stars with Fe/HS —2.5 exhibit this behavior (e.g. Beers & Christlieb 2005). More
over, at the lowest metallicities, this fraction is evenhdg All three stars with
[Fe/H] < —4.0 are extremely C-rich, well in line with the prediction ofettine
cooling theory.

This may, however, not the only way for forming low-mass statooling
through dust grains might also have been responsible fdrahsition from Pop Il
to Pop Il star formation. Dust created in high-density regiduring the first SNe ex-
plosions or mass loss during the evolution of Pop Ill starg imduce fragmentation
processes (e.g., Schneider et al. 2006) that lead to theafmmmof subsolar-mass
stars. The critical metallicity in this scenario is a few erslof magnitude below that
of C and O line cooling. If some metal-poor stars are founcetsignificantly below
Dians= —3.5, their existence may still be consistent with the criticallue set by
dust cooling. Irrespective of the differences in coolinghels, such criteria will
need to be incorporated in large-scale simulations to take@mental influences,
such as the available gas mass, into account.

3 Stellar Archaeology

3.1 Validating Stellar Archaeology

The concept of stellar archaeology is based on long-livedrttass metal-poor
main-sequence and giant stars whose chemical abundarec#soaght to reflect
the composition of the gas cloud during their formation periA vital assumption
is that the stellar surface compositions have not beenfigntly altered by any in-
ternal mixing processes given that these stars are faigyalaed despite their old
age. But are there other means by which the surface composiiuld be modified?
Accretion of interstellar matter while a star orbits in thal&y for ~ 10 Gyr has
long been suggested as a mechanism to affect the observediatne patterns. Iben
(1983) calculated a basic "pollution limit” of [Fe/H} —5.7 based on Bondi-Hoyle
accretion. He predicted that no stars with Fe abundancewtikls value could be
identified as such since they would have accreted too muéthed material.
Assuming that stars with such low-metallicities exist (Betample low-mass
Pop Il stars if the IMF was Salpeter-like, and not top-h@agignificant amounts
of interstellar accretion could masquerade the primoralmindances of those pu-
tative low-mass Popllll stars. Analogously, stars with vl abundances, say
[Fe/H] < —5.0, could principally be affected also. To assess the pateaticretion
level, Frebel et al. (2009) carried out a kinematic analggassample of metal-poor
stars to assess their potential accretion histories owep#st 10 Gyr in a Milky
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Way-like potential. The amount of accreted Fe was calcdlbssed on the total ac-
creted material over 10 Gyr. The overall chemical evolutiith time was taken into
account assuming the ISM to have scaled solar abundancestdltar abundances
were found to be little affected by accretion given their gratly fast space ve-
locities. The calculated, “accreted abundances” werendfeer than the observed
measurements by several orders of magnitude. Johnson(20al), on the other
hand, investigated direct accretion onto primordial lo@ssstars. If these stars had
a weak solar-like wind it would prevent the accretion of amgtenial, at least in the
early universe. This would also be true for any low-metélfistars, although it was
not considered by Frebel et al. (2009).

Generally, these studies show that accretion does noffisigmily alter the ob-
served abundance patterns, even in an extreme case in wisien mmoves once
through a very large, dense cloud. The concept of stelldras@logy can thus be
deemed viable. Nevertheless, since there is a large amtréépendency on the
space velocity it becomes obvious that kinematic infororais vital for the iden-
tification of the lowest-metallicity stars in the Milky Wayd the interpretation of
their abundances. A way forward would be an extensive assgaof potential gas
accretion histories for stars throughout the hierarchasaembly of a large galaxy.
However, the uncertainties regarding the existence arehegf stellar winds may
prevent strong conclusions.

3.2 Chemical Evolution of the Galaxy

Generally, there are several main groups of elements obdénvmetal-poor stars,
with each group having a common, main production mechanigna-elements
(e.g. Mg, Ca, Ti) are produced throughcapture during various burning stages
of late stellar evolution, before and during SN explosidrigese yields appear very
robust with respect to parameters such as mass and exptomogy 2) Fe-peak ele-
ments (23 Z < 30) are synthesized in a host of different nucleosynthesisgsses
before and during SN explosions such as radioactive dechgafier nuclei or di-
rect synthesis in explosive burning stages, neutron-captuto lower-mass Fe-peak
elements during helium and later burning stages asrith freeze-out processes.
Their yields also depend on the explosion energy; 3) Light heavy neutron-
capture elementsZ(> 38) are either produced in the slow (s-) process occurring
in thermally pulsing AGB stars (and then transferred to bir@mpanions or de-
posited into the ISM through stellar winds) or in the rapid frrocess most likely
occurring in core-collapse SN explosions. For more detail$N nucleosynthesis
see e.g., Woosley & Weaver (1995).

The a-element abundances in metal-poor halo stars with [Fe/H]L.5 are en-
hanced by~ 0.4 dex with respect to Fe as seen in Figure 4. This reflects a typi
cal core-collapse SN signature because at later times @midal space at about
[Fe/H] ~ —1.5) the onset of SN la provides a significant contribution ® olver-
all Galactic Fe inventory. As a consequence, thé-E] ratio decreases down to
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Fig. 4 Light element abundance trends of Mg, Ca, and Ti. Black ojrefes represent halo stars,
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the data likely reflects systematic differences betweerditire studies. Assuming this, systematic
uncertainties in abundance analyses may be areud@® dex. Figure taken from Frebel 2010.

the solar value at [Fe/H} 0.0. The general uniformity of light element abundance
trends down to [Fe/H} —4.0 led to the conclusion that the ISM must have been
already well-mixed at very early times (Cayrel et al. 20@therwise it would be
hard to understand why so many of the most metal-poor stass &anost identi-
cal abundance patterns. However, despite the well-defipeddance trends, some
stars, particularly those in the lowest metallicity regishew significant deviations.
Among those are some stars with unusually high or éowlement abundances.
Among the Fe-peak elements, many have subsolar abundaruistat low
metallicity (e.g. [Cr,Mn/Fe]) which become solar-like d®tmetallicity increases.
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Fig. 5 Same as Figulel 4, but for the Fe-peak elements Sc, Cr, andigtomeFaken from Frebel
2010.

This is shown in Figurgl5. It is not clear whether these lamgenabundances are of
cosmic origin or have to be attributed to modeling effectshsas that of non-LTE
(Sobeck et al. 2007; Bergemann et al. 2008). Trends of oteerants are somewhat
overabundant at low metallicity (Co) or relatively unchadghroughout (Sc, Ni).
All elements withZ < 30 hereby have relatively tight abundance trends.

On the contrary, the abundances of the neutron-captureseksnn metal-poor
stars are “all over the place”. Sr has an extremely largeesc@t 3 dex). This indi-
cates that different nucleosynthetic processes must aveiluted to its Galactic
inventory, or that neutron-capture yields are very envinentally-sensitive. Ba has
even more scatter at [Fe/H] —3.0 (see Figur&l6). Some of this spread may be
explained through the existence of massive rotating lowathety stars that pro-
duce large amounts of s-process like Sr and Ba in the earlers@ (Chiappini
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et al. 2011). Other heavier neutron-capture elements, asiciprocess element Eu,
have somewhat less scatter. At the lowest metallicitieg-collapse SNe must have
dominated the chemical evolution (below [FefH]-3.0). Hence, the r-process is
likely responsible for the neutron-capture elements a #arly time. Metal en-
richment through the s-process began to significantly dmrte at somewhat later
times, driven by the evolutionary timescales of stars with-8 M, to become AGB
stars. According to Simmerer et al. (2004), the s-processiwdull operation at
[Fe/H] ~ —2.6.

3.3 Tracing individual SN explosions with the most iron-postars

The faint = 15.2) red giant HE 010#5240 has [Fe/H} —5.2 (Christlieb et
al. 2002). The brighter\{ = 13.5) subgiant HE 13272326 has an even lower
iron abundance of [Fe/HF —5.4 (Frebel et al. 2005; Aoki et al. 2006). The lat-
ter value corresponds to 1/250, 000 of the solar iron abundarfa third star with
[Fe/H] = —4.75 (Norris et al. 2007) was found in 2006. The metallicity loé @i-
ant HE 05574840 is in between the two [Fe/H] —5.0 stars and the next most
metal-poor stars are [Fe/H] —4.0. Hence, it sits right in the previously claimed
“metallicity gap” (between [Fe/H}v —4.0 and [Fe/H]~ —5.0; e.g. Shigeyama et
al. 2003) showing that the scarcity of stars below [FeAH4}-4.0 has no physical
cause but is merely an observational incompleteness. Adktbbjects were found
in the Hamburg/ESO survey making it the so far most succkdatabase for metal-
poor stars.

The most striking features in both [Fe/H] —5.0 stars are the extremely large
overabundances of CNO elements. HE 058840 partly shares this signature by
also having a fairly large [C/Fe] ratio. Other elementalas{X/Fe] are somewhat
enhanced in HE 13272327 with respect to the stars withd.0 < [Fe/H] < —2.5,
but less so for the two giants. Despite expectations, Lic¢cook be detected in the
relatively unevolved subgiant HE 1322326 The upper limit is log(Li) < 1.6,
where log(A) = 10g;o(Na/Ny) + 12. This is surprising, given that the primor-
dial Li abundance is often inferred from similarly unevalvaetal-poor stars (Ryan
et al. 1999). Furthermore, the upper limit found from HE 132326, however,
strongly contradicts the WMAP value (lagLi) = 2.6) from the baryon-to-photon
ratio (Spergel et al. 2007). This may indicates that thefstamed from extremely
Li-poor material. No neutron-capture element is detectedHE 01075240 or
HE 05574840, whereas, unexpectedly, Sr is observed in HE 12326. Mas-
sive rotating stars may be responsible for this neutrortecagelement (Chiappini
etal. 2011).

4 Interestingly, the entire mass of iron in HE 1322326 is actually 100 times less than that in the
Earth’s core. At the same time the star is of course of therastla million times more massive
than the Earth.

5 The other stars are giants. Thus, the surface Li is alreaslyayed due to the thick convection
zone transporting Li to deeper, hotter layers where it hurns
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How can all those signatures be understood in terms of ehdynial enrich-
ment? HE 010#5240 and HE 13272326 immediately became benchmark objects
to constrain various theoretical studies of the early Ursigesuch as the formation
of the first stars (e.g., Yoshida et al. 2006), the chemicalugion of the early ISM
(e.g., Karlsson & Gustafsson 2005) or calculations of PN yields. Their highly
individual abundance patterns have been successfullpdeped by several differ-
ent SNe scenarios. This makes HE 013240 and HE 13272326 early, extreme
Pop Il stars that possibly display the “fingerprint” of justeoPop Il SN. Umeda
& Nomoto (2003) first matched the yields of a faint 23 MBN that underwent a
mixing and fallback process to the observed abundances 00 HE—-5240. To
achieve a simultaneous enrichment of a lot of C and onleli&k, large parts of
the Fe-rich SN ejecta have to fall back onto the newly creatadk hole. Using
yields from a SN with similar explosion energy and mass augnhoto et al. 2005
then reproduced the abundance pattern of HE 323826 also. Trying to fit the ob-
served stellar abundances, Heger & Woosley (2010) are ginglan entire grid of
Pop Il SN yields to search for the best match to the data. Alaimprogenitor mass
range as the Umeda & Nomoto (2003) 25 Mas found to be the best match to
have provided the elemental abundances to the ISM from wthiebe Pop Il stars
formed.

Limongi et al. (2003) were able to reproduce the abundandd& ®107—5240
through pollution of the birth cloud by at least two SNe. Satlal. (2004) proposed
that the abundances of HE 0103240 would originate from a mass transfer of CNO
elements from a postulated companion, and from accretitieafy elements from
the ISM. However, neither HE 0165240 nor HE 13272326 show radial velocity
variations that would indicate binarity. Meynet et al. (8D6xplored the influence of
stellar rotation on elemental yields of 60 Mear-zero-metallicity SNe. The stellar
mass loss rate of rotating massive Poplll stars qualitgtireproduces the CNO
abundances observed in HE 1327326 and other carbon-rich metal-poor stars.

More generally, the observed abundances of the most metalgpars with typ-
ical halo signatures in the range have successfully beemodaped with Pop i
SN yields. Tominaga et al. (2007b) model the averaged almaedpattern of four
non-carbon-enriched stars witht.2 < [Fe/H] < —3.5 with the elemental yields of
a massive, energetie-(30—50M) Pop Il hypernova. The abundances can also
be fitted with integrated yields of Poplll SNe (Heger & Wogsk010). Special
types of SNe or unusual nucleosynthesis yields can then bsidered for stars
with chemically peculiar abundance patterns. It is, howesften difficult to com-
pletely explain the entire abundance pattern of a given Atdditional metal-poor
stars as well as a better understanding of nucleosynthasitha explosion mecha-
nism and the impact of the initial conditions on SNe yields i@quired to arrive at
a more solid picture of the details of early SNe nucleosysithe
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4 Dwarf Archaeology

Simulations of the hierarchical assembly of galaxies wittiie cold dark matter
(CDM) framework (Diemand et al. 2007; Springel 2005) shoat thhe Milky Way
halo was successively built up from small dark matter suiottires, often referred to
as galactic building blocks, as long ago suggested by S&atien (1978). Figurél
shows the substructure around the six simulated, hightréso “Aquarius” halos
atz= 0 (Springel et al. 2008; Lunnan et al. 2011). The satellitesiad the main
halos are clearly visible — these are smaller halos thaiv@dthe violent accretion
process until toda@.They can be regarded as the counterparts to today’s satellit
population of the Milky Way.

However, these simulations generally only include darktemaand it remains
unclear to what extent small dark halos contain luminoustenan the form of
stars and gas. This question is particularly important wé$pect to the so-called
“missing-satellite” problem which reflects the mismatchte number of observed
dwarf galaxies surrounding the Milky with the predicted raenof substructures for
a Milky Way-like halo. Studying the onset of star formatioraassociated chemical
evolution in dwarf galaxies thus provides some of the culyanissing information
for our understanding of how the observed properties of Iseadtllites relate to
the (dark matter) substructures that build up larger gataxthus, the study of the
entire stellar population of a dwarf galaxy for the purposmferring details about
the nature and origin of the first galaxies and early galaggmmbly is termed “dwarf
archaeology”.

4.1 Chemical Evolution of Dwarf Galaxies

The connection between the surviving dwarfs and those ikablded to form the
halo can partially be addressed by examining in detail teastchemical com-
positions of present-day dwarf galaxies. Establishingitiet chemical histories of
these systems can provide constraints on their dominantichéenrichment events
and timescales. From such information, conclusions atheuftdrmation process of
the Milky Way can be derive. Specifically, detailed knowleds the most metal-
poor stars in a given system allow insight into its earlidsiges of star formation
before the effects of internal chemical evolution were imfgd in stars born later
with higher metallicity. Despite the fact that dwarf gakesiare regarded as “simple”
systems, many of them show extended star formation histevigh similar, albeit
slower, chemical evolution to the Milky Way (for further dés on this topic the
reader is referred to the recent reviews by Tolstoy et al920@ Koch 2009). Al-
together, they are old, gas-less systems, and a tight aboebetween the average
metallicity and systemic luminosity.

6 In this simulation, prescriptions for the population of kidmalos with luminous matter have
already been applied. See Lunnan et al. (2011) for furthiildeand references therein.
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Fig. 7 Projected spatial distribution of surviving substructuse well as accreted material that
forms a stellar halo, in the six Aquarius simulations. Thaeds in kpc. Figure taken from Lunnan
et al. (2011).

Kirby et al. (2008) extended the metallicity-luminosityatonship to the ultra-
faint (L < 10°L.; discovered in the Sloan Digital Sky Survey; SDSS) dwarfseyT
also showed that the lowest luminosity dwarfs have very lgerage metallicities
(down to< [Fe/H] >~ —2.6), with several systems having values lower than those
of the most metal-poor globular clusters. Many individuals even have [Fe/H}

—3, while interestingly, no stars with [Fe/H] —1.0 are found. The combined MDF
of all the ultra-faint dwarfs extends down to [Fe/H]—3.8, and the shape appears
similar to that of the Milky Way halo (for the low-metalligitail, that is), although
perhaps with a slightly larger relative fraction towards thost metal-poor stars.
Thus, it is not surprising that the ultra-faint dwarf gaksccontain a relatively many
of extremely metal-poor stars, with large internal [Fe/Biadance spreads of up to
3dex. These spreads were first found in lower spectral résnldata (e.g., Simon
& Geha 2007; Norris et al. 2008) and later confirmed with higbelution follow-up

of individual stars. At the same time, it became appareritthd0% of the known
stars with [Fe/Hk —3.5 are now found in dwarf galaxies. Segue 1, the most metal-
poor system, contains 15% alone (Frebel et al. in prep.).

Such high-resolution spectra are needed for a full cheraizahdance analysis.
Given the faint magnitude of stars in dwarf galaxies, thesta dre difficult to ac-
quire, but good progress has been made over the past few jyreéast, most stars
with V < 19.2 available in the ultra-faint dwarfs have now been obsethiedway.
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More ultra-faint dwarfs are expected to be found soon ineyssuch as Pan-Starrs,
Skymapper and LSST, thus providing new targets that camdmgmbbserved with
high-resolution on current 6-10 m telescopes.

Generally, these kinds of data enable measurements of chkaundances and
upper limits of 10-15 elements for a given star. For examible,three brightest
stars in each of Ursa Majorll (UMall) and Coma Berenices (Bem and two
stars in Hercules are the first stars in the ultra-faint dwatbxies to have been
observed with high-resolution spectroscopy. Two of themUMa ll) are also the
first known extremely metal-poor stars which are not membérthe halo field
population. Details on the observations and analysis igoles are given in Frebel
et al. (2010a) and Koch et al. (2008). For the UMa Il and Condars, chemical
abundances and upper limits of up to 26 elements were detedTor each star. The
abundance results demonstrate that the evolution of tmeeglts in the ultra-faint
dwarfs is very similar to that of the Milky Way, and likely damated by massive
stars. Thex-elements in these two ultra-faint dwarf stars are overdhuat) showing
the halo-typical core-collapse SNe signature (see Figure 4

The neutron-capture abundances are extremely low in theefalint dwarf stars
(see green (large shaded) circles in Figure 6). The obs@wandd Ba values are up
to two orders of magnitude below the abundances found irca&ypiiW halo stars
with similar Fe content. However, a very large spread (updeX in these elements
is found among halo stars themselves. The large depletichs idwarf galaxy stars
are thus not inconsistent with the halo data since similamyvalues are found in
numerous objects. Interestingly though, the low neutrapture abundances may
represent a typical signature of stars in dwarf galaxiasil8ily low values are also
found in Hercules (Koch et al. 2008) and Draco (Fulbrightle2@04) despite their
sometimes relatively high Fe values of [Fe/H}-2.0 (in Hercules).

By applying improved search techniques also to the moreroas dwarf galax-
ies, the first extremely metal-poor star in a classical dsv&dulptor was recently
discovered (in a sample of 380 stars; Kirby et al. 2009). Thatficity of [Fe/H] ~
—3.8 was confirmed from a high-resolution spectrum taken witlg&llan/MIKE
(Frebel et al. 2010b). Only nine stars in the halo have everild-e abundances
than this object. Shortly afterwards, Tafelmeyer et al1®Qresented additional,
similarly metal-poor stars in Sculptor, and also FornaxeSendiscoveries show that
such low-metallicity stars are indeed present in the marérous dwarfs (see also
Starkenburg et al. 2010), contrary to earlier claims.

The new stars underpin that metallicity spreads-&dex or more are presentin
many classical dwarfs. The chemical abundances obtainedtfre high-resolution
spectrum reveal a similar picture to what has been foundenuttra-faint dwarf
stars. For example, the Sculptor star at [FetH}- 3.8, also has a remarkably simi-
lar chemical make-up compared to that of the Milky Way halthatlowest metal-
licities. This is in contrast to what is found at higher mitéles in these brighter
dwarfs. As can be seen in Figurk 4 (red (small shaded) cjrdlesse stars have
lower stellara-abundance ratios than comparable halo stars, indicafffeyeht
enrichment mechanisms and timescales in these gas-pdensy/&e.g., Shetrone et
al. 2003; Geisler et al. 2005).
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Fig. 8 Current status of available high-resolution spectrosawipgtars in the ultra-faint dwarf
galaxies. Many stars have [Fe/K]—3.0 Large circles indicate extensive abundances studies of
many elements, whereas smaller circles refer to studieslpfaofew elements. Data from Koch et
al. (2008), Feltzing et al. (2009), Frebel et al. (2010aypa@i et al. (2010), Norris (2010b), Norris

et al. (2010a) and Frebel et al. (2011, in prep.)

4.2 Individual Pop 1l Enrichments?

The large number of extremely metal-poor stars in the faindevarf galaxies is
very surprising given the very limited total stellar ma#iin these systems with
Liot < 10°L.,. This represents an opportunity to study the environmerat kuiw-
metallicity galaxy which should have hosted only a few SNenszquently, signs
of individual, stochastic enrichment events may be preskivthe metal-poor stars.
Enrichment by a single 13M has been suggested for the Hercules dwarf

(L ~ 10°L.), based on the chemical abundances of two stars with [Fe/HP.0
and unusually low levels of Ba (Koch et al. 2008). With its Idwminosity of
(Lv = 14,000L) and low metallicity, Simon et al. (2010) determined thab ¢
contains only 0.042 M of Fe (assuming a stellar mass-to-light ratio of 1L,M..).
Canonical SN nucleosynthesis yield calculations prediotaximum Fe yield of
~ 0.1M;, (e.g. Heger & Woosley 2010). The total Fe amount in Leo IV, &yd
extension that of all the other observed elements, could sitem from a single
star that exploded soon after the system formed. The stanirigrgas cloud at that
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Fig. 9 Chemical abundance comparison of Galactic halo stars (opeles, from Cayrel et al.
2004) and stars in the ultra-faint dwarfs (asterisks: UrsgoM|, filled squares: Coma Berenices,
diamonds: Segue 1, Bootes | and Leo V). The abundancesajgragree very well, suggesting a
similar enrichment history of the gas from which all thessesformed. Based on Figure 20 from
Frebel & Norris (2011).

time must have been only 40,000M,. Given that the chemical abundances of the
brightest star that is accessible to high-resolution spscopic studies, resemble
those of metal-poor halo stars, it was suggested that inalsatle Pop Il star was
responsible for Leo IV’s enrichment. Various SN nucleokgsis models invoking
different progenitor masses and explosion energies (€ogninaga et al. 2007b;
Heger & Woosley 2010) have shown that the typical halo abnoelaignature can
be explained this way.

Alternatively, given the shallow potential of these kindsypstems, several SNe
could have contributed to the enrichment, but part of theched gas was soon lost
(e.g., through stellar winds or SN explosions). Future pla@®ns of stars in ultra-
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faint dwarfs will provide more detailed insight. Nevertbss, the currently available
data already suggest that these systems played an impat@&fdr our understand-
ing of the first stars and chemical enrichment events thggeshthe nature of these
relatively small, early systems.

4.3 Are the faintest dwarf satellites surviving first galaes?

Given that the ultra-faint dwarf galaxies are the most mptadr objects we know
of today, they are ideal probes of the physical, chemical,dymamical processes
at work in the early universe. Since these systems have mugtes star formation
histories than the halo of the Milky Way, their stellar pagtidns should preserve
the fossil record of the first supernova (SN) explosions irtlong-lived, low-
mass stars (see also Secfiod 4.2). Hence, the metal-poirstae ultra-faint dwarf
galaxies should be used to empirically constrain the foiangirocess of the first
galaxies, and early galaxy assembly more generally.

Guided by recent hydrodynamical cosmological “ab-ingioiulations (Greif et
al. 2008; Greif et al. 2010) of first galaxy formation, FreBeBromm (2011) de-
veloped a set of stellar abundance signatures that cherastéhe nucleosynthetic
history of such an early system if it was observed in the preday universe. In
particular, the simulations suggest that a first galaxy camdgarded a chemical
“one-shot” event, where only one (long-lived) stellar gextieon forms after the first,
Population Ill, SN explosions. The system would thus be dated by an d/Fe]
enrichment due to enrichment by massive stars as seen inatbeahlow metal-
licity. With no stars present displaying an erstwhile ennient by AGB stars of
SN Ia, thea-enhancement would also be present in stars with higherlimiias
([Fe/H] > —1.5). These criteria thus constrain the strength of negatigdlfack ef-
fects inside the first galaxies.

A comparison of the abundances of about a dozen stars intifaefaint dwarfs
with this one-shot criterion indicates that some of thegstdat satellites could be
surviving first galaxies. Several systems (Ursa Major I aiso Coma Berenices,
Bootes|, LeolV, Segue 1) largely fulfill the requirementsoghnotably the high
o/Fe ratios), indicating that their high-redshift predestes did experience strong
feedback effects that shut off star formation soon afterftimation of the sys-
tem. More observations are needed to firm up these initiatlasions, and also
additional simulations of early metal mixing, turbulenceldhe extend of feedback
in early, assembling galaxies. This will provide clues te tonnection of the first
galaxies, the surviving, metal-poor dwarf galaxies, arellihilding blocks of the
Milky Way.
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5 Near-field cosmology

A long-standing problem, originally noted by e.g. Moore kt(4999) and Klypin
et al. (1999), is that the observed number of Milky Way siésllappears to be
significantly lower than the number of dark matter substriet expected based on
the CDM theory (the so-called “missing satellite problenTfis calls into question
the validity of the CDM picture on the scales of individualaydaes. Many ideas
have been proposed to reconcile the theory with the obsengincluding the pos-
sibility that the dark matter may instead be dynamically fmeg rather than cold
(achieved by making the individual dark matter particlesslenassive). Another
class of models proposes instead that effects related db&e& from baryonic pro-
cesses or heating by cosmic radiation fields may inhibitfetanation in dark matter
halos of sufficiently low mass, rendering them invisiblehEr way, a definitive so-
lution to the missing satellite problem will inform our théss of the nature of the
dark matter and the assembly of galaxies.

Progress has been made through detailed studies of diffgrnees of dwarf
galaxies (ultra-faint, classical dwarf spheroidal, morassive dwarfs such as the
Magellanic Clouds) which orbit the Milky Way. Extensive gbmetric and spec-
troscopic data of these satellites, paired with the disgosEstellar streams in the
Galactic halo arising from past and even ongoing mergersefitassive host with
smaller galaxies, have revealed much about the complexenatthe life and times
of dwarf galaxies and their role in shaping their parent xal&igure[I0 shows a
number of streams that are currently present on the stalardf the Milky Way
due to past accretion events.

Nevertheless it is surprising that the Milky Way overall sasew satellite galax-
ies when its sister galaxy Andromeda appears to have a sigmily larger popu-
lation signaling a potentially very different assemblytbig. By learning about the
Galaxy and its assembly, as well as pushing for large-saalelations to address
cosmic variance and where the Milky Way really fits within #to® of galaxies, we
will soon be able to quantify the host of observations thggsst the unique nature
of our Galaxy.

5.1 Did the stellar halo form from accreted dwarf galaxies?

The overarching questions of near-field cosmology conderméature of the “build-
ing blocks” of large galaxies, and to what extent dwarf gedayplay a role in the
assembly of old stellar halos. This comes at a time when itiqodar the population

of Milky Way ultra-faint dwarf galaxies have been shown toeéx¢remely metal-
deficient systems that host 30% of the known most metal-poor stars. Moreover,
they extend the metallicity-luminosity relationship oéthlassical dwarfs down to
Liot ~ 10°L, (see Kirby et al. 2008 for more details). Future observatisiti reveal
how far this relationship can be extended.
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Fig. 10 Field of Streams: A map of stars in the outer regions of thekivay Galaxy, shown
in a Mercator-like projection. The color indicates the diste of the stars, while the intensity in-
dicates the density of stars on the sky. Structures visibteis map include streams of stars torn
from the Sagittarius dwarf galaxy, a smaller “orphan” stmezossing the Sagittarius stream, the
“Monoceros Ring” that encircles the Milky Way disk, trailssiars being stripped from the glob-
ular cluster Palomar 5, and excesses of stars found towedsonstellations Virgo and Hercules.
Circles enclose new Milky Way companions discovered by tD8S; two of these are faint globu-
lar star clusters, while the others are faint dwarf galaximage credit: V. Belokurov and the Sloan
Digital Sky Survey.

If the old, metal-poor halo was indeed assembled from dwaebges, the metal-
licities of stars in dwarf galaxies must reach values as Is\(oalower) what is cur-
rently found in the Galactic halo population. Moreover, difeendance ratio of those
low-metallicity stars must be roughly equal to those of gglgint stars in the halo.

Earlier works missed finding extremely metal-poor stardandlassical dwarfs,
which posed a significantly problem to the idea of an accrieédad through systems
similar to the surviving dwarfs. However, it has now beenvahdhat this claim
stems merely from biases in earlier search techniques (Cethal. 2009; Kirby et
al. 2008a; Starkenburg et al. 2010; Kirby et al. 2010). Whtipioved methods for
identifying the lowest-metallicity objects, extremely talepoor stars have already
been identified in several dwarf galaxies (Kirby et al. 2088ha et al. 2009; Frebel
et al. 2010b; Tafelmeyer et al. 2010). The higher-met&listars in the classical
dwarfs all have abundance ratios different from comparhale stars. Most strik-
ingly, the a-element abundances are not enhanced, which must be duedadbt
on SN la enrichment at a time when the overall chemical eimiutf these small
systems was less evolved than the halo. It also reflects tiyabfathese stars are
the product of the galaxy’s own chemical evolution that hathimg in common
with that of the Milky Way. However, there is increasing esicte that a transi-
tion to more halo-typical abundance ratios may take plaoarat a metallicity of
[Fe/H] = —3.0 (Cohen et al. 2009; Aoki et al. 2009) in these dwarfs. Thisunse
that if the halo formed from accreted satellites, any systie the classical dwarfs
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must have been accreted at a relatively early time when temidal evolution had
not much progressed. Given that the dwarfs we observe to@ag mot accreted,
they kept forming stars and continued chemical evolutiotil timy lost all their
gas.

Due to their simple nature, the ultra-faint systems are ebgukto retain signa-
tures of the earliest stages of chemical enrichment in tteitar populations. If
the halo was assembled from early analogs of the survivingridwmost of the
metal-poor halo stars should have been deposited thenegdlatie-time accretion
events (Frebel et al. 2010a; Simon et al. 2010; Font et abRMddeed the chemi-
cal abundances of individual stars in the faintest galastiggiest a close connection
to equivalent, extremely metal-poor halo stars in the Galax

The recent high-resolution studies (Feltzing et al. 2008bEl et al. 2010a; Nor-
ris et al. 2010a,2010b; Simon et al. 2010) provide evidehatthe abundance pat-
terns of light elementsZ(< 30) in these dwarfs are remarkably similar to the Milky
Way halo, even for stars with [Fe/H] —3.0. this is illustrated in Figurgl9 which
shows a very detailed comparison between halo and ultnd-davarf galaxy stars.
The similarity between the data sets is clearly seen. Howeieen the limited
number of stars it is still unclear up to what metallicity thedo-typical abundances
are found in these systems. There are indications that #raichl evolution in the
ultra-faint dwarfs may have been very inhomogeneous, asal #iat a number of
stars show strong carbon-enhancement (Norris et al. 20T&kgn altogether, these
features are found among the lowest metallicity halo staeking a plausible case
for an accretion-built halo, at least for stars with [FeAd}-2.5.

These observational results about the halo assembly aaélgroonsistent with
the predictions of CDM cosmological models (e.g. Robertsioal. 2005; Johnston
et al. 2008). While the majority of the mass that formed theeirpart of the stellar
halo (at [Fe/H~ —1.2 to —1.6) was provided at early times by much larger systems
such as the Magellanic Clouds, the outer halo assembledeatilmes. In fact, as
shown in Figure 9, it is still assembling today, with ongoaugretion event leading
to a variety of streams and substructure. The similarithefdchemical abundances,
suggesting the same chemical enrichment history in these ptior to their for-
mation, make it plausible to assume that the ultra-faintrfiggalaxies contributed
(some) individual metal-poor stars to the Galaxy. Theses siiee now found primar-
ily in the outer Galactic halo.

However, these systems may not have been sufficiently nurag¢ocaccount for
the entire metal-poor end of the Fe metallicity distribotaf the Milky Way halo.
Since the classical dSphs have more stellar mass and havethaesn to also con-
tain at least some of the most metal-poor stars (e.g., Kitlay. 009; Frebel et al.
2010b), they could have been a major source of the lowesticdy halo stars.
Additional observations of more extremely metal-poor starthe various dwarf
galaxies are highly desirable in the quest to determineviddal MDFs for each of
these galaxies, and how those would compare with each atldehat of the Milky
Way.
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5.2 Towards constraining the reionization history of the My Way

Cosmological simulations of the growth of structure havavaithat galaxy assem-
bly proceeds hierarchically. The results of these studée® indicated a mismatch
between the predicted number of low-mass, dark mattersudistes and the actual
observed number of satellite galaxies around the Milky Wag;“missing satellite

problem”. The underlying cause of this discrepancy can kestigated with cos-
mological simulations. By examining the impact of variolg/gical processes on
the evolution of faint galaxies, the nature of the survivinginous satellites and
their stellar content can be understood in more detail. Apoirtant question is this
regard is which effects critically determine the number ol satellites hosting

luminous matter throughout the build-up of a large galarg, whether there would
be enough of them to form a metal-poor stellar halo of thegthaimilar to what is

found for the Milky Way.

One explanation for the small number of faint satelliteshist tas the universe
reionizes, the increased temperature of the IGM preveetsitmallest halos from
accreting and cooling gas, preventing further star foromatin this scenario, the
nature and abundance of the faintest dwarf galaxies carinniple provide a con-
straint on the reionization history of the Milky Way (Munoizag 2009, Busha et al.
2010, Lunnan et al. 2011). This is illustrated in Figlré 1hjolk shows observed
and predicted luminosity functions of dwarf galaxies faz gix Milky Way-like ha-
los from the Aquarius simulation, combined with four ditet reionization models.
The dotted line shows the prediction with no reionizatidie@s, clearly illustrating
the “missing satellite” problem. This is the case for all B&dos. The general halo-
to-halo scatter (factor of 2-3; see also Figure 7), howestargests that the missing
satellite problem is in part due to cosmic variance. Moreaeking the effects of
reionization into account has a pronounced impact of jusfaimtest halos. While
larger halos (equivalents to today’s brighter dwarf gataxiare relatively insensi-
tive to a non-instantaneous reionization prescriptioa ithmber of surviving small
galaxies changes significantly with the reionization mddedifferent mean reion-
ization redshift and Thompson optical depths still in agreat with the WMAP
value (Komatsu et al. 2011).

Given these initial results, it appears promising to usehthighter end of the
luminosity function to constrain the halo-to-halo scattehile the faint end will
enable to discriminate reionization histories. Howevenla understanding of how
“normal” the Milky Way is and where falls within these haloe-halo variations and
will be required. Future simulations may be able to quarttiy nature and being
of the Galaxy with respect to the majority of other large geda. Knowing the
substructure abundance of galaxy halos is critical forprieting observations of the
satellite populations of all large galaxies, including kigky Way and Andromeda.
Moreover, estimates would become possible of the stellatribution to the halo
as a function of halo mass and the associated merger andiaadristory.

Altogether, the opportunity to constrain the reionizatiistory of the Milky Way
through a careful analyses of the faintest satellite pdjfmuavill help understanding
the nature of these systems themselves. Knowing the fracfiGurviving small
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Fig. 11 Observed luminosity function of dwarf galaxies (black dards) in comparison with
models employing four different physically motivated mization histories for the six Aquarius
halos. Note the scatter in the numbers of simulated s&liitnong the halos (factor of 2-3) as
well as similar variations of the faint end caused by theedéht reionization histories. The dotted
lines depict satellite population unaffected by reiori@atFrom Lunnan et al. (2011).

halos with truly old stars that formed before reionizati®wf critical importance so

it can be established that today’s metal-poor stars indeed the earliest times and
enrichment events. Using the cosmological simulationsttogy with prescriptions

for luminous matter, feedback processes and chemical ol{e.g., Cooper et al.

2010) will shed more light on the cosmological origin of theshmetal-poor stars.

Stellar and dwarf archaeology meet near-field cosmologyekarctly these kinds

of questions, and only the combination of high-quality aliaBons and powerful

cosmological simulations will enable the progress thaggiired to understand the
early star and galaxy formation and the evolution of our owitky§\Way.

6 Outlook

Old metal-poor stars have long been used to learn about tigitmms of the early

Universe. This includes the origin and evolution of the clwaielements, the rel-
evant nucleosynthesis processes and sites and the ovezalical and dynamical
history of the Galaxy. By extension, metal-poor stars piteionstraints on the na-
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ture of the first stars and their initial mass function, therofcal yields of first/early
SNe, as well as early star and galaxy formation processésgding the formation
of the galactic halo.

Supported by these large-scale survey efforts, the fieldeaf-field cosmology
has been catapulted into an “excited state” because it@dmsimany astrophysical
problems related to galaxy formation. It is thus very tim&yextensively pursue
research into the oldest stars and stellar populationsidwarf galaxies. They not
only enable us to study the history of galaxies with diffémeasses and luminosi-
ties, but also facilitate an in-depth study of what role d(eg)l galaxies may have
played in the build-up of the stellar halo.

6.1 Observational Challenges

Finding more of the most metal-poor stars (e.g., stars wit/H] < —5.0) is of
great importance for addressing the topics described énctiépter in more detail.
However, as outlined these stars are extremely rare (8klatral. 2009) and dif-
ficult to find. The most promising way forward is to survey krgolumes further
out in the Galactic halo. But how feasible is it to identifist with even lower
metallicities? Frebel et al. (2009) calculated the minimoinservable Fe and Mg
abundances in the Galaxy by combining the critical meiafliaf [C/H] i, = —3.5
(the criterion for the formation of the first low-mass stayBsomm & Loeb (2003)
with the maximum carbon-to-iron ratio found in any metabpstar. The result-
ing minimum Fe value is [Fe/H}, = —7.3. Analogously, the minimum Mg value
is [Mg/H]in = —5.5. If [C/H]min Was lower, e.g., [C/Hji, = —4.5, as suggested
by recent dust cooling computations, the minimum obsee/&el and Mg abun-
dances would accordingly be lower. Spectrum synthesisitzdlons suggest these
low abundance levels are indeed measurable from each ofrtregest Fe and Mg
lines in suitably cool metal-deficient giants.

Future surveys such as Skymapper (Keller et al. 2007) and Q8W will pro-
vide an abundance of new metal-poor candidates as well gdaietdwarf galax-
ies. By accessing such stars in the outer Galactic halo ardf dyalaxies we will
be able to gain a more complete census of the chemical andrdgalshistory of
our own Galaxy. Since the lowest metallicity stars are etqubto be in the outer
halo (e.g., Carollo et al. 2011), their corresponding kingmproperties may pre-
vent them from accreting too much enriched material fromI8M during their
lives so that their surface composition would not be alt€red, increased; Frebel
et al. 2009). Hence, selecting for the most metal-poor chaids will increasingly
rely on our ability to combine chemical abundances with Riaéc information. Fu-
ture missions such as GAIA will provide accurate proper ovifor many object
that currently have no kinematic information availableglirding for most of the
currently known metal-poor giants.

However, many, if not most, of these future metal-poor cadatgis will be too
faint to be followed up with the high-resolution spectrgsgoecessary for detailed
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abundance analyses. This is already an issue for many twardidates leaving
the outer halo a so far largely unexplored territory: Theitlifar high-resolution
work isV ~ 19 mag, and one night’s observing with 6-10 m telescopegjsired
for the minimum useful signal-to-nois&/N) ratio of such a spectrum. With the
light-collecting power of the next generation of opticdéseopes, such as the Giant
Magellan Telescope, the thirty Meter Telescope or the EemoELT, and if they
are equipped with high-resolution spectrographs, it wdaddpossible to not only
reach out into the outer halo in search of the most metal-gtaos, but also provide
spectra with very higtg/N ratio of somewhat brighter stars. For example, the so-
called r-process enhanced stars which provide crucial geaptonstraints on the
nature of this nucleosynthesis process require exquiateeqliality e.g. for uranium
and lead measurements that are currently only possibléaéovery brightest stars
(e.g., Frebel et al. 2007).

It appears that the hunt for the metal-deficient stars in tigalaxies may have
just begun since these dwarfs host nearly a third of the kdowsmetallicity stars..
The detailed abundance patterns of the stars in UMall, CamBm® IV, etc. are
strikingly similar to that of the Milky Way stellar halo, tsuenewing the support for
dwarf galaxies as the building blocks of the halo. Futurealisries of additional
faint dwarf galaxies will enable the identification of manyma metal-poor stars
in new, low-luminosity systems. But also the brighter dSipége to be revisited for
their metal-poor content (Kirby et al. 2009). More stardatlbwest metallicities are
clearly desired to better quantify the emerging chemigmaiures and to solidify
our understanding of the early Galaxy assembly proces®tfiegwith advances in
the theoretical understanding of early star and galaxy &ion and SNe yields, a
more complete picture of the evolution of the Milky Way Gatand other systems
may soon be obtained. Only in this way can the hierarchicaying paradigm for
the formation of the Milky Way be put on firm observational gnal.

6.2 Constraining the Theoretical Framework

An important next step towards a full understanding of thfarib universe is to
combine the phenomenological approach of collecting nesepfational data with
theoretical knowledge about the formation of the first gatiens of stars and galax-
ies. This way, tools can be developed that allow for cosmobily motivated inter-
pretations of the abundance patterns of metal-poor stabgth the halo and dwarf
galaxies. The new field of dwarf archaeology promises a mamgptete understand-
ing of early enrichment events and the processes that lealasgformation at the
end of the cosmic dark ages. At the same time, this will haeéopind implications
for the search of the major enrichment mechanisms in the eail’erse and the
physical origin of these stars.

Understanding the Milky Way as a whole is thereby of crugigbortance. Most
importantly, new results have raised the question of howdgbe Milky Way of in
representing a typical, large spiral galaxy. Our Galaxyfisroused as a reference,
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especially when comparing its general properties withergerived from simula-
tions of the formation of large galaxies. But recent worksthtobservationally and
theoretically, have shown that our Galaxy has at least abuausual features. The
existence of the long discovered Magellanic Cloud sa¢sllitave recently garnered
significant attention (Boylan-Kolchin et al. 2010, Liu et2011) in this respect. Ob-
servational analyses using Sloan Digital Sky Survey dataarfy other large spiral
galaxies confirmed that galaxies like the Milky Way are venjikely to have two
companions as bright as the Magellanic Clouds. Indeed thess 5% of galaxies
host two such bright companions, and more than 80 percehtbasuch satellites
at all. Previously, Boylan-Kolchin et al. (2010) have exaed this issue using the
Millennium simulation of Springel et al. (2005) and findirat the Milky Way was
unusual in hosting the Magellanic Clouds.

Furthermore, the evolutionary differences between theékywidnd Andromeda
need to be to established. The Milky Way did not undergo nrajngers with other
galaxies since nearly 11 billion years, whereas Andromedizwent many merg-
ers in a recent past (a few billion years). Only then, can baetstood how the
different formation histories influence the extent of suing substructure and dif-
ferences in properties such as the stellar mass, disk radidanetal-deficient halo
between the sister two galaxies. Assessing the degree amality” of the Milky
Way will be vital for understanding of whether or not the Migic Clouds were
only recently accreted by the Milky Way, as proposed by Beslal. (2007) based
on new proper motion measurements.

A major step forward would be a detailed understanding ofntiigsing satel-
lite problem. This is of great interest in cosmology, botls@tvationally and theo-
retically, but also many associated fields e.g, regarditaxgeormation or dwarf
galaxy studies. Is the overproduction of halo substrucatize= 0 in DM simula-
tions really based on physical processes associated vethat that lights up dark
halos, or is it merely an artifact of past simulations? It hasn shown that cosmic
variance may play an important role, and without properlgrgifying this effect,
perhaps no conclusions can be drawn at this point in timeeNeless, the fact
that the Milky Way may not be an ordinary galaxy may partly lekpthe missing
satellite problem as all simulation results are always cameg to the observations
associated with the Galaxy.

Progress can be made by carrying out simulations that aintatporating near-
field cosmological constraints to address, e.g., the uyidgrphysical causes of the
missing satellite problems beyond cosmic variance. Talehout the effects that
influence the number of small subhalos over the course ofriiverse, studies are
now being carried out that aim at quantifying the impact ofgtally motivated,
patchy, reionization histories on the faintest halos (é.gnnan et al. 2011). While
these studies may partly resolve the missing satellitelpnofthe overall halo-to-
halo differences in the populations is of a similar levekyanting strong, global
conclusions. The way forward it to quantify the level andeext of variations of
the substructure around Milky Way galaxies. Only then a nemnolf specific details
about the origin and evolution of subhalos with differensses equivalent to those
of a variety of observed dwarf galaxies, perhaps analogousassive Magellanic
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Cloud-sized objects, classical dwarf Spheroidal galaxied even fainter systems,
can be understood.

In summary, the details of the many physical processes thetrg the evolution
of a luminous halo at z=0 will need to be known to conclusivadigress the for-
mation of large galaxies within the hierarchical assemblyadigm. They will need
to be coupled to simulation results, quantified, and contbarehe observations.
Hopefully, in the not too distant future, there will be unalégled opportunities to
study the assembly of galaxy halos in close connected toebdts of the latest
observations of dwarf galaxies, halo stars and stellaastsefound in the Milky
Way. For example, [Fe/H] spreads in dwarf galaxies and estiblished abun-
dance trends are important to constrain the chemical ewalin dwarf galaxies.
These quantities are crucial for the development of prpsoris for the chemical
enrichment throughout the hierarchical merging processeldver, they constrain,
e.g., metal mixing, turbulence and feedback effects inyestdr forming halos, as
simulated in hydrodynamical “ab-initio” simulations (e.Greif et al. 2010).

All these works will soon become possible in great detailbagd-scale parallel
supercomputers will enable ever more realistic simulatmfistructure formation as
part of the early universe, and on large scales down to z=(a €lmilar timescale
increasingly detailed observations of stars in the halo @trd-faint dwarfs will
become available (e.g., Skymapper). However, obsenatitume will likely not be
able to uncover the underlying physical processes to ceivelly confirm the details
of the assembly history of the Milky Way stellar halo and theroological origin of
the ancientv 13 Gyr old stars which must have formed long before the MilkgyW
was fully assembled.
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