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Stars record galaxy formation processes in their chemical abundance,
-kinematics, and age. The Milky Way is the only disk galaxy in which we can measure

all these gquantities for individual stars. The Galactic archaeology aims to reconstruct
the formation history of the Milky Way to understand galaxy formation processes in
general by studying its stellar contents. _

While precise measurements of stellar kinematics and stellar ages have been
limited to the solar neighbourhood until recently, space missions are revolutionizing
this situation. The Gaia mission is measuring positions of stars with high precision,
providing distance and proper motion over a large volume. These provide velocities of
stars in the three-dimensional space with a help of radial velocity measurements by
spectroscopy. This information enables us to search for signatures of past galaxy
accretions.

Recent long-term photometric monitoring of stars by the space missions, Kepler
or CoRoT, enables us to obtain power spectra of stellar oscillations. Since stellar
oscillations depend on stellar structure, fundamental information about stars, such as
stellar mass or evolutionary status, can be extracted from oscillation frequencies. This
approach is called asteroseismology. Asteroseismology with data from the space
missions provides mass estimates for a large number of red giants, which are otherwise
almost inaccessible. From these mass estimates, stellar ages have been estimated for
a large number of stars beyond the Solar neighbourhood for the first time.

Thanks to the novel observational data from the space missions and ground-
based large spectroscopic surveys of stars, new stellar populations are revealed. Some
of them seem to challenge our understanding of the galaxy formation, and others might
provide new insights about the Milky Way formation history. The detailed property of
the newly identified populations needs to be investigated in either case. Chemical
abundance allows us further investigations since it should reflect the past star
formation in the population and sometimes contains information about the evolution
of the observed stars.

Chemical abundances are usually measured from high-resolution spectra
obtained with ground-based telescopes. Efforts to measure chemical abundances of
individual stars in the past decades have accumulated data for a large sample of Milky

'Way stars. Through such studies, the power of high-precision abundances is being



recognized. One way to achieve high-precision in abundance analysis is to focus on
relative abundance between stars with similar spectral types. In the analysis of high
quality spectra, the largest source of uncertainties is stellar model atmospheres and
atomic data. Since these affect abundances similarly between stars with similar
spectral types, the relative abundance difference between them can be measured with
high precision without being affected by model atmospheres or atomic data.

In this thesis, I report on observational studies about the Milky Way halo
stellar populations and the Milky Way formation history by combining precise stellar
chemical abundances with kinematics and asteroseismology, which become available
very recently. Previous studies have revealed two major halo populations with different
a~element abundances, low-a and high-a populations. The low-a population is now
considered to be an accreted dwarf galaxy, Gaia Enceladus. Although the two
populations are well characterized in the solar neighbourhood, we aim to explore their
properties beyond the solar neighbourhood. In addition, we aim to study recently
identified halo stellar populations besides the two major ones. These studies constrain
past galaxy mergers that have shaped the Milky Way.

This thesis starts by confirming our standard understanding about the
chemical evolution and the asteroseismology. Recent combination of asteroseismology
and chemical abundances identifies a peculiar stellar population having a high [a/{Fe}]
ratic and relatively high mass, called “young a-rich stars”. Existence of these stars is
not expected in standard chemical evolution models. We obtained high-precision
abundances of multi-elements, including neutron capture elements, for 14 young a-rich
stars. We show that they have abundance patterns similar to typical old a-rich stars in
almost all the elements studied.

Comparison of our radial velocities with previous measurements confirms the
high fraction of young a-rich stars showing radial velocity variation. The lack of
abundance anomaly and the presence of radial velocity variation support the
hypothesis that these stars are indeed a part of the old stellar population in the
Galactic disk but gained mass as a result of binary interaction. This work demonstrates
the validity of the standard framework of chemical evolution and asteroseismology. It
also shows the ability of high-precision abundance in constraining the origin of peculiar
stellar populations.

With this confirmation of our understanding of the chemical evolution, this
thesis then moves on to the interpretation of chemical abundances of a halo stellar
population. Analyses of stellar kinematics using the recent Gaia data pointed out an
excess of stars on highly retrograde orbit with high orbital energy (high-E retrograde
halo). While previous studies suggested its relation to Gaia Enceladus (or the low-a
halo population) or to the globular cluster ® Centauri, it could be independent from
both of them. We select candidate member stars of this high-E retrograde halo from a

database of chemical abundances to investigate its chemical property. We suggest that



the member candidates of the high-E retrograde halo have low Na, Mg, and Ca
abundances than stars belonging to Gaia Enceladus. In addition, the high-E retrograde
halo stars do not show Ba abundance anomalies, such as those seen in @ Centauri.
These results indicate that the high-E retrograde halo is caused by an accretion event
that is independent from Gaia Enceladus or @ Centauri. Moreover, lower a-element
abundances indicate that the progenitor galaxy experienced slower star formation and
hence had lower mass than Gaia Enceladus.

The final part of this thesis adds another type of information, stellar mass and
age from asteroseismolc;gy, into the analysis. We attempt to constrain formation of the
two major halo populations by combining all of stellar chemical abundances, kinematics,
and stellar age (mass) for red giants. This was made possible by the Kepler observation
and large spectroscopic surveys and is the first attempt of such studies for a large
numbef of halo red giant stars beyond the solar neighbourhood. We study 26 halo stars
for this purpose. Since halo stars are metal-poor, we first investigate the reliability of
asteroseismology at low-metallicity, which has been debated in previous studies. We
find that mass of our program stars is systematically over-estimated despite the use of
theoretical correction in a scaling relation of asteroseismology. Although there is a
systematic offset, masses of less evolved giants seem consistently measured in terms
of a relative scale. There is no significant scatter in the measured masses among 15
less evolved stars with an upper limit of mass dispersion of 0.05 Msun. This provides
a constraint on the timescale of star formation as €2 Gyr for the entire stellar halo.

Precise chemical abundance of the program stars enables us to separate our
sample into low-a and high-a halo stellar populations. These two populations show
chemical abundance differences consistent with previous studies of nearby halo turn-
off stars. The chemical abundances indicate that the low-a population formed within a
timescale of 100-300 Myr while the high-a population has even shorter timescale.
Asteroseismology additionally constrains their age difference as <4 Gyr, indicating
their formation epochs are not very different.

In summary, we obtained the following results by combining three stellar
properties, that is,‘ stellar chemical abundances, kinematics, and asteroseismology: i)
we confirm the binary origin of the so-called young a-rich stars whose existence is
unexpected in standard chemical evolution. This result ensures our current
understanding of chemical evolution. ii) There was a galaxy accretion event that was
independent from Gaia-Enceladus or from @ Centauri. It has highly retrograde orbit
with high orbital energy and very low a-element abundances. The abundance indicates
its long star formation timescale, indicating its low mass. iii) Asteroseismology opens
a new window to investigate relative age difference or dispersion among halo stars
beyond the solar neighbourhood. The halo high-a and low-a stellar populations have
short star formation timescales with the low-a having longer timescale than the other.

Their formation epochs are shown to be not significantly different.



These three results demonstrate that the combination of precise chemical
abundances with stellar kinematics and ages is a powerful approach to reveal the
nature of stellar populations in the Milky Way halo, and ultimately constrains the

Milky formation history.
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