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Abstract
The age of a star is one of the most challenging parameters to determine. It
is perhaps also the most important parameter for galactic archaeology, where
we use stars to uncover the history of the Milky Way. In recent years with the
advent of large ground-based spectrosocpic surveys and space-based photometric
surveys, we now have an unprecedented opportunity to study our Galaxy.
This thesis is primarily concerned with spectroscopy of red giants and obtaining stellar parameters to high precision. To fully utilize the massive amounts of
data from the spectroscopic surveys we first need to characterize the precision
and accuracy of our methods. To do this, it is important that we observe the
same star with many different methods to better constrain the analysis and understand the uncertainties. We did a spectroscopic analysis of three giant stars
to determine the atmospheric parameters and characterize the systematic differences that can occur within one method. To constrain this, we used results
from asteroseismology and studies of binary stars. We showed that by varying
the different components of the analysis, we could produce differences larger than
standard quoted uncertainties.
This analysis laid the foundation for the second study about a new method to
determine ages of giants. Current methods either require extensive observations or
only provide low precision. However in recent years, abundance ratios of chemical
elements in stellar atmospheres have been shown to be good age indicators for
dwarf stars at solar metallicity. We succeeded in extending this method to cluster
giants at solar metallicity. Due to the brighter nature of giants compared to
dwarfs, we will be able to use this at much larger distances in the Galaxy.
Lastly, I present preliminary results for a study on young α-rich stars. These
stars have chemical abundance ratios that suggest they are old, but their asteroseismic masses suggest they are young. Understanding the origin of these stars
has been the subject of a number of recent studies. We have gathered high quality
spectroscopic, asteroseismic and astrometric data for a sample ∼10 times larger
than any previously studied to answer this question. Our preliminary results do
not give decisive evidence for one origin.
The first four chapters of this thesis introduce the background for the research
I have carried out during my PhD. The following two chapters present already
published work and chapter 7 presents an ongoing study. In the last chapter I
conclude the thesis and give an outlook on a planned future project.
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Resumé
Alderen af stjerner er en af de mest udfordrende parametre at bestemme. Det
er måske også den vigtigste parameter for galaktisk arkæologi, hvor vi bruger
stjerner til at afdække Mælkevejens historie. I de senere år, med fremkomsten af
store jordbaserede spektroskopiske surveys og rumbaserede fotometriske surveys,
har vi nu en hidtil uset mulighed for at studere vores galakse.
Denne afhandling omhandler primært spektroskopi af røde kæmper og bestemmelse af stjerneparametere med høj præcision. For til fulde at udnytte de
enorme mængder af data fra spektroskopiske undersøgelser, er vi først nødt til at
karakterisere præcisionen og nøjagtigheden af vores metoder. For at gøre dette,
er det vigtigt, at vi observerer den samme stjerne med flere forskellige metoder, så
vi kan begrænse analysen og forstå usikkerhederne. Vi har udført en spektroskopisk analyse af tre kæmpestjerner for at bestemme de atmosfæriske parametre
og karakterisere de systematiske forskelle, der kan opstå indenfor én metode.
For at begrænse dette, har vi brugt resultater fra asteroseismologi og studier af
binærstjerner. Ved at variere de forskellige komponenter af analysen, kunne vi
producere forskelle, der er større end standard citerede usikkerheder i literaturen.
Denne analyse udgjorde grundlaget for det næste studie om en ny metode til
at aldersbestemme kæmpestjerner. Nuværende metoder kræver enten omfattende observationer eller giver kun lav præcision. I de senere år er det dog vist, at
mængdeforhold af grundstoffer i stjerneatmosfærer kan bruges som gode aldersindikatorer for dværgstjerner med sollignende metallicitet. Vi lykkedes med at
udvide denne metode til hobkæmper med sollignende metallicitet. Da kæmper er
mere lysstærke end dværge, kan vi bruge dette over større afstande i galaksen.
Til sidst præsenterer jeg foreløbige resultater fra et studie af unge α-rige stjerner. Disse stjerner har mængdeforhold af grundstoffer, der antyder at de er gamle,
men asteroseismiske masser, der antyder at de er unge. En række nyere undersøgelser har søgt at forstå oprindelsen af disse stjerner. For at undersøge dette,
har vi samlet spektroskopisk, asteroseismisk og astrometrisk data af høj kvalitet
for et udvalg af stjerner, der er ∼10 gange større end noget tidligere undersøgt.
Vores foreløbige resultater giver ikke et entydigt svar på deres oprindelse.
De første fire kapitler introducerer baggrunden for den forskning jeg har udført i løbet af min Ph.D. De følgende to kapitler præsenterer allerede publiceret
arbejde og kapitel 7 præsenterer et igangværende studie. I det sidste kapitel
konkluderer jeg på min afhandling og kigger frem mod et planglagt projekt.
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Preface
This thesis covers the scientific research that I have conducted during my PhD
studies. The work has mainly been carried out at the Stellar Astrophysics Centre
at the Department of Physics and Astronomy at Aarhus University. I was admitted to the PhD program without a Master’s degree, which permitted a duration
of four years to my PhD education. This is standard procedure at the institution.
The studies officially started November 1st, 2013, but due to a stay as a student
support astronomer at the Nordic Optical Telescope on La Palma, Spain, the
education was extended until April, 2019.
The past years have been quite the journey and I consider myself exceptionally
fortunate that I get to do this for a living (even though I sometimes briefly forget
it). I have seen places of the world I never even dreamed of and met people I not
only call my colleagues but also my friends.
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made me the astronomer I am today. You first introduced me to observational
astronomy, telescopes and spectroscopy. Without this, I wouldn’t be doing astronomy today, thank you!. Victor, you have been a mentor for me throughout
my studies and later on also my supervisor. Thank you for all the advise along
the way, for taking an active interest in my future, for the great opportunities
you have given me, and most of all for supporting me and believing in me, even
when things were not great and I needed direction. Without you, I am not sure
I would have completed this PhD, thank you!
My stay at the Nordic Optical Telescope also deserves a special mention.
The staff and other students; Louise, Mika, Jussi and Teet, you made it an
unforgettable year. The late nights at La4, the many board game nights and the
beautiful hikes around La Palma were amazing, thank you! My stay at the not
also showed me that observing is my passion. I am not sure I can ever grow tired
of it. The nights on top of a desolate mountain top under one of the clearest skies
in the world, this is what astronomy is all about! Even the nights, where you
battle the clouds, the wind, the humidity and at 5 in the morning you start to
wonder if the weather has a personal issue with you. Even those nights, I cannot
imagine anything I would rather do for a living.
I would also like to thank everyone at the Stellar Astrophysics Centre. I
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cannot imagine a better environment for my PhD studies or better colleagues,
both former and current. The SAC coffee breaks will always be the best way to
start a working day. Thank you to every member of the Christmas Office over
the years, we’ve made the best office! Thank you to the best pubquiz team, we
may not have won the most trophies, but we definitely have the best team name!
Thank you to my Astronomy on Tap partners, it has been an adventure starting
this with you and I hope it lives on well into the future. Thank you to everyone
in the iSIMBA group for all of the cake at the group meetings (and helpful input
on science). Thank you to everyone who has joined our own little Friday bar,
because what better way to end a work week than with a “fyraftensøl”. Thank
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Introduction and Outline
On a clear night far away from the bright lights of the cities you see it clearly. Our
home, the Milky Way. It arches across the sky in a faint, pale band of light. You
cannot see it with the naked eye, but even a small pair of binoculars will reveal
that the milky band of light contains stars. Billions of stars in fact. The first
person to confirm this was Galileo Galilei when he pointed his first telescope to
the sky in 1610. He noted about the Milky Way that under the view of a telescope
“congeries of innumerable stars grouped together in clusters too small and distant
to be resolved into individual stars by the naked eye” (Galilei, 1610). This did not
fit the picture of Aristotelian Cosmology, in which the Milky Way was believed
to be the point where the celestial spheres met the terrestrial spheres. In 1750
the astronomer Thomas Wright speculated that the Milky Way was a flat layer of
stars, to which our own solar system belonged (Wright, 1750). He also suggested
that some of the very faint nebulae in the sky “in all likelihood may be external
creation, bordering upon the known one, too remote for even our telescopes to
reach”. He thereby suggested that the Universe was much bigger than previously
believed. In 1785 William Herschel attempted to map out the shape of the Milky
Way by surveying the stars in many directions on the sky (Herschel, 1785). He
found an overdensity of stars in one part, which we have later learned is the core
of the Galaxy. At the time however, he did not draw these conclusions; instead
he placed the Sun in the center. This picture lasted for almost 150 years until
Harlow Shapley in 1921 concluded his series of stellar cluster studies (Shapley
& Richmond, 1921), which demonstrated that the Sun was far from the center
of the Milky Way. Soon thereafter, Edwin Hubble provided conclusive evidence
that some of the nebulae in the sky were other galaxies (Hubble, 1925).
Almost 100 years have passed and we are still continuously discovering new
information about our Galaxy. Today we know that the Milky Way is made up
of several stellar populations that have formed at different epochs of the Galactic
history yet share many characteristics. Much of this progress is driven by bigger
and better telescopes. From Galileo’s small refractor telescope to the 100 inch
Hooker Telescope on Mount Wilson that Hubble used to observe other galaxies
to today’s telescopes in space.
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Galactic archaeology
The research field of Galactic archaeology aims to trace the history of the Milky
Way from stellar fossil records. The stars can be as old as the Galaxy itself and
provide samples of the composition of the gas clouds from which they formed. By
studying the ages, motions and chemical compositions of stars in great detail we
can map out the chemical evolution of the Milky Way. Gathering large samples
of stars, where we have determined all of these parameters to high precision and
accuracy, is the most promising way to disentangle the different Galactic stellar
populations.
In recent years we have seen a boom of observational data for Galactic archaeology. Large surveys in many different fields have been completed, some
are still ongoing and more are planned. With the launch of the European Space
Agency’s Gaia satellite, we now have distances and motions of over a billion stars
and the recently launched TESS satellite is expected to provide reliable masses
and ages for ∼500 000 giants. If we combine these measurements with ground
based spectroscopy, we have all of the ingredients we need to uncover the chemical evolution history of the Milky Way. There is however a significant overlap of
characteristics between the different Galactic stellar components, which means
only studying general trends in the large data sets is not enough. We also need to
study smaller samples with the best data available to achieve the highest possible
precision and accuracy.
The age of an evolved star is the most difficult parameter to determine to
a high precision and therefore also one of the largest challenges for Galactic archaeology. Current methods either require extensive observations or only provide
very low precision. In this thesis I will present the work we have done to understand the uncertainties in a fundamental parameter analysis and how the results
from this can be used to determine ages of evolved stars in a new manner using
spectroscopy.

Spectroscopy
The main technique for the research of this thesis is spectroscopy. This was first
explained to me by a teacher many years ago as a ”Dark Side of the Moon” effect
referring to the famous cover of the album with the same name by Pink Floyd.
On this cover is white light entering a prism, where it undergoes refraction and
emerges as all the colors of the rainbow. Slightly more technical, we define spectroscopy as the study of light dispersed according to its wavelength or frequency
by e.g., a prism or a grating. This takes advantage of the fact that all atoms
and molecules absorb and emit light at certain wavelengths. In 1913, the Danish
physicist Niels Bohr hypothesized the quantization of the hydrogen atom (Bohr,
1913). We know today that the Bohr model is a simplified picture of reality that
only correctly reproduce observations for very simple systems. It has since been
replaced by the more sophisticated quantum mechanical model, nevertheless, the
Bohr model still serves as a good introduction: The electrons surrounding the
2

nucleus exist on discrete orbits with specific energies. The electron can jump
to a higher orbit if it absorbs the energy exactly corresponding to the energy
difference between the two orbits. Most often the electron will only stay in this
excited state for a brief moment before jumping back down to the lower state by
releasing the same amount of energy in the form of a photon. Each element in
the periodic table has a unique set of Bohr orbits that is shared with no other element. That means the exciting and de-exciting electrons in each element absorb
and emit light at a unique set of specific wavelengths. These atomic fingerprints
are what we call spectra. When we observe the light coming from the stars spread
over its wavelength components, we see a whole forest of spectral lines that each
corresponds to the jump of electrons between two orbits in the atoms of a single
element. We can measure these signatures and compare to theoretical models
to learn not only which elements are present in the star, but also under which
physical conditions the elements exist, e.g., how hot the star is, and how strong
the gravity is on its surface.

Thesis outline
In this thesis I will first give the background for the work I have carried out
during my studies on spectroscopy of evolved stars to determine ages, which is
presented in the following chapters.
In Chapter 2 I introduce our host Galaxy, the Milky Way. The current consensus on the chemical enrichment history is presented and orbital actions to
study the dynamics of stars in the disk is introduced. I have not conducted
general Galactic studies in my PhD, but this chapter serves as the background
and partly the motivation for determining stellar ages with chemical clocks and
exploring the origin of the young α-rich stars.
In Chapter 3 I introduce red giant stars and their photospheres. This serves
as the theoretical background for the techniques I have used throughout the work
presented in this thesis.
In Chapter 4 I present different methods to obtain atmospheric stellar parameters, i.e., effective temperature, surface gravity and metallicity. Many of them
have not been used directly in this work but instead provided starting points
or external checks on the analysis. Special emphasis is put on the spectroscopic
method of measuring strengths of stellar absorption lines to determine atmospheric parameters and abundances. This is the technique that is mainly used
throughout this thesis.
I present the study we did to characterize differences in a spectroscopic analysis in Chapter 5. By varying which absorption lines, atomic parameters or
program for measuring equivalent widths we use, we can obtain differences on
the resulting atmospheric parameters that are larger than standard quoted uncertainties. We use results from asteroseismology and binary studies to constrain
our analysis, and the results highlight the importance of benchmark stars that
have been studied with several different methods.
3
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Chapter 6 presents an extension of the study from the previous chapter. We
used the results from the analysis in Chapter 5 to measure the abundances of
yttrium and magnesium for our red giant stars. This has previously been shown
to be a good age indicator for dwarfs at solar metallicity and with this study
we have succeeded in extending the parameter range to evolved solar metallicity
stars. Giants are much brighter than dwarfs, which means we can observe them
at much greater distances, and in turn determine ages of stars in different parts
of the Galaxy than just the solar neighborhood.
Chapter 7 presents preliminary results of a study we are currently carrying
out on young α-rich stars. These stars do not fit the overall Galactic chemical
evolution picture that was presented in Chapter 2. Currently there are two main
scenarios put forward in the literature to explain the origin of these stars. In an
attempt to shed more light on this peculiar population and establish which explanation is correct, we have gathered a dataset much larger than any previously
studied. Our preliminary results do not fully speak in favor of one or the other
scenario, but more work is needed.
Finally, in Chapter 8 I summarize the key results of this thesis and present
an upcoming project on extending the [Y/Mg] and other chemical clocks to field
giants with reliable ages from the TESS mission.
In accordance with GSST rules, parts of this thesis were also used in the
progress report for the qualifying examination.
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The Milky Way
Galaxies come in a large range of shapes and sizes and contain billions of stars,
gas, dust and dark matter all bound together by gravity. They are divided into
two main categories, ellipcticals and spirals, where our own Galaxy, the Milky
Way, belongs to the latter. Our position inside the Milky Way allows us to study
it in much greater detail than any other galaxy, which makes it the optimal place
to understand galactic structure and evolution. To study the global properties
of the Milky Way, our position inside it is however not necessarily a good thing,
because dust in the disk hinders our view especially towards the center. This
makes it difficult to map the structure, where especially the spiral arms can
be tricky. Luckily there are many other benefits. We can perform detailed
studies of the interstellar medium (ISM), e.g., star forming regions, and thereby
understand the extinction and reddening in our data caused by the dust. Perhaps
most important of all, we can study the stars. We can not only determine the
kinematics and dynamics of the stars comprising the Galaxy, but we can also
do detailed determinations of their chemical compositions, which give us great
insight into the formation and evolution of our Galaxy, which we in turn can
use to create a template for understanding other galaxies of the same type. Still
today the Galaxy is changing; cold gas flows into the disk, hot gas flows out and
our neighbor dwarf galaxy Sagittarius is being ripped apart by the gravitational
pull of the Milky Way. They will eventually fully merge.

2.1

Galaxy formation

In this section I will give a short overview of our current understanding of how
the Galaxy was formed. The main references are Schneider (2006) and Mo et al.
(2010) and references therein.

2.1.1

From the Big Bang to first light

Figure 2.1 shows the early history of the Universe. Right after the Big Bang, the
Universe was a hot dense plasma of high-energy photons, electrons, protons and
other low-mass particles in thermal equilibrium (Gamow, 1948). 10−36 seconds
later the Universe expanded exponentially in a phase called Inflation, which not
only drove space towards a flat geometry, it also enhanced the small quantum
5

The Milky Way

Figure 2.1: The history of the Universe from the Big Bang to the formation of Galaxies. Figure credit: ESA - C. Carreau (http://www.esa.int/spaceinimages/Images/
2013/03/Planck_history_of_Universe).

fluctuations in the plasma into larger perturbations that started interacting with
the radiation-matter fluid (Guth, 1981). After the expansion slowed back down,
the Universe continued to cool and eventually particles could annihilate with
their anti-particles in what is called the freeze-out. The baryon asymmetry gave
an excess of matter particles compared to anti-matter particles and the building
blocks of our current universe were created. A few minutes after the Big Bang,
protons and neutrons started combining to form deuterium, Helium and a few
other light elements (Alpher et al., 1948; Hoyle & Tayler, 1964; Wagoner et
al., 1967), which set the primordial abundances of the chemical elements that
we know today. After a few days dark matter (DM, matter only detectable
through gravity) started grouping together in large enough clumps to withstand
the expansion of space and instead move towards each other due to their mutual
gravitational pull. The visible baryons and photons were soon pulled into the
gravitational wells from the DM clumps, but gas pressure halted the collapse
and pushed back. This lead to alternating overshoot between the gravitational
collapse and the pressure expansion, which formed standing waves, the acoustic
oscillations. The Universe continued to cool and expand for another 380.000 years
at which point the temperature had reached ∼3000 K and photons no longer had
enough energy to ionize atoms. Until that point, the Universe had been opague
because the photons coupled with the baryons, but now the radiation could move
freely through space. We call this the epoch of recombination or surface of last
scattering.
The Cosmic Microwave Background
The epoch of recombination was when the cosmic microwave background (CMB,
predicted by Gamow (1948) and Alpher & Herman (1948), accidentally discovered by Penzias & Wilson (1965) and explained by Dicke et al. (1965)) that
6
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we still observe today was released. The discovery and study of this is a great
achievement of modern astrophysics and deserves a remark. When the CMB
photons were released from the opague plasma, the temperature was ∼3000 K
but now it had cooled down to ∼2.7 K. The CMB is one of the most ideal black
bodies we observe in nature (Mather et al., 1990), but still we see very small
temperature fluctuations that are signs of the primordial over and under densities (Smoot et al., 1992). From the CMB we have learned a great deal about our
Universe (De Bernardis et al., 2000; Spergel et al., 2007; Planck Collaboration
et al., 2016); 1) the age of the Universe is 13.7 ± 0.2 Gyr, 2) the space-time geometry is flat and 3) the ΛCDM model is favored: ∼75% of the energy density in
the Universe today is in the form of dark energy (a kind of vacuum energy with a
negative equation of state) that is required to explain the accelerating expansion
of the Universe, ∼21% of the energy density is in the form of dark matter and
only the remaining ∼4% is baryonic matter. The energy density from radiation
that dominated the very early Universe is negligible today after the Universe has
cooled down.

2.1.2

The first galaxies

The now rapidly growing dark matter substructures are quickly pulling in the
baryonic gas, which is first believed to happen along one axis forming Zel’dovich
pancakes (Zeldovich, 1970). Because these matter structures are non-spherical
they will be affected by torques and gain angular momentum. This is however
not enough to explain the rotation of galaxies that we observe today and is known
as the cosmological angular momentum problem in the Collisionless Cold Dark
Matter (CCDM) model, our best description of dark matter (e.g., Navarro &
Steinmetz, 2000). While these large scale structures are forming space is still
expanding, which means the structures become denser due to gravity but the
distance between them increases due to the expansion.
The formation of a galaxy happens in two steps; first the dark matter undergoes gravitational collapse and forms clusters, which will then secondly pull in
the baryonic matter (White & Rees, 1978). The dark matter is collisionless in
nature and will settle into a spheroidal shape in equilibrium given by the virial
theorem:
−V = 2K ⇒

GMvir
∼ σ2 ,
rvir

(2.1)

where V is the gravitational potential energy and K is the internal kinetic energy
of the system. Mvir is the mass within the virial radius rvir and σ is the velocity
dispersion of the particles. The gas however is not collisionless and will experience heating and cooling during the collapse. Gas inside the virial radius rvir,gas
is already in hydrostatic equilibrium between the gas pressure and the gravitational pull of the dark matter halo. This means that an infalling shell of gas will
experience a shock front at the virial radius, and will consequently be heated,
which in turn will increase the pressure in the gas shell that will then also reach
7
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hydrostatic equilibrium. As this process continues, the virial radius for the gas
increases with the mass of the gas halo. At the same time, the gas cools by emitting kinetic energy radiatively through collisional ionization and recombination
and also through the excitation and de-excitation of atoms. Higher metallicity
gas will therefore cool faster, which can cause cold streams of accreting material
towards smaller radii (Birnboim & Dekel, 2003). These cooler clumps will eventually settle into a disk supported by rotation due to angular momentum and if
the pressure in the gas gets high enough and the temperature low enough, the
first stars can form and we have a galaxy (Mestel, 1963). This scenario is called
inside-out formation. The first galaxies were believed to be irregular in shape at
first but grew into the zoo we observe today; ellipticals, spirals (disk galaxies) and
irregulars. Some spirals, like our Milky Way, have central overdensities known
as bulges and/or central elongated overdensities known as bars. The dynamics
of the two main types of galaxies are also different; elliptical galaxies are dominated by random motions and spiral galaxies are dominated by rotation of the
disk. Lastly, almost all galaxies have supermassive black holes in their centers.
Their origin is still not well understood but it seems to be tightly linked with the
formation and growth of its host galaxy, because relations have been observed
between the mass of the central supermassive black hole, the velocity dispersion
of the galaxy and its total stellar mass (Ferrarese & Merritt, 2000).

2.1.3

Chemical enrichment of disk galaxies

Supernovae are the explosive deaths of stars, which is a large contributor to the
chemical enrichment of the ISM in the Galactic disk. During the explosion, large
parts of the processed stellar material is ejected into the ISM, which will enrich
it with metals created in the star over the course of its lifetime. The definition of
metals here is the classic astronomy definition, where a metal is any element with
a higher atomic number than Helium. Supernovae are divided into two groups,
type Ia and type II.
Type II supernovae
Type II (also Ib and Ic) are core-collapse supernovae. Increasingly heavier elements are generated by fusion in the stellar core and the more massive the star
is, the higher up this chain can go all the way to iron. After iron there is no
longer energy to be gained by fusion, which means there is nothing to halt the
gravitational collapse of the core. It will therefore continue to collapse until it
reaches a density three times higher than the atomic nucleus where a re-bounce
occurs. This is a shock wave that travels back towards the surface of the star
and heating in-falling material on its way eventually leading to the explosion.
Remaining is the core that has now become a neutron star or a black hole depending on the initial mass of the star. These explosions are extremely luminous
events, reaching considerable fractions of the total luminosity of a galaxy over a
few days to weeks. The ejected visible photons however only carry away a small
8

Chemical enrichment of disk galaxies

Figure 2.2: The chemical shell structure of a massive star pre collapse. (Schneider,
2006)

fraction of the total binding energy released in the explosion, where by far the
largest part is carried away by neutrinos. In fact, in models without the neutrino
shock front, the star would never fully explode (Melson et al., 2015), so even
though neutrinos have a tiny cross section, the density in the collapsed core is
high enough to absorb and scatter them.
The envelope of a massive star is arranged in shells due to the various stages
of nuclear fusion throughout its life with lighter elements towards the surface
and heavier elements in deeper layers (see Fig. 2.2). The explosion will eject
the envelope containing all of the processed material lighter than silicon into the
ISM and thereby enriching it. Because of the nuclear reaction chains in a stellar
core, it is mostly nuclei with an even number of protons and neutrons that are
formed. We call these elements α-elements because they are formed by adding
an α-particle (4 He-nucleus) to successively higher nuclei. During the explosion
some of the silicon is fused into small amounts of heavier elements like iron.
Type Ia supernovae
Type Ia supernovae are thought to be either the merger of two white dwarfs or
the explosion of a white dwarf that has accreted mass from a companion and
exceeded the Chandrasekhar mass (MCh ≈ 1.44M ). A white dwarf is a stellar
core remnant of a lower mass star that has shed its envelope during the planetary
nebulae phase. The internal pressure in a white dwarf does not come from fusion
but from degenerate electrons. The Chandrasekhar mass is the limit for such an
object to be stable. Most lower mass stars never reach core temperatures hot
enough to ignite carbon burning, which means most white dwarfs are composed
mainly of carbon and oxygen. When the accreting white dwarf reaches ≈1.3 M
carbon fusion will ignite, which will transform large parts of the interior to iron
peak elements, i.e., iron, cobalt and nickel. When the white dwarf exceeds MCh
and explodes, it ejects around half a solar mass of iron into the ISM (Schneider,
9
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Figure 2.3: A schematic picture of the chemical evolution of the Galaxy (figure credit:
McWilliam (1997)).

2006). Putting this together, we get most of the α-elements from core-collapse
supernovae and most of the iron-peak elements from type Ia supernovae. The
core-collapse supernovae were the final stages of massive stars, which live fast and
die young. The type Ia supernovae were the final stage of lower mass stars, which
fuse nuclei much slower in the core and therefore live much longer. This explains
why we only observe core-collapse supernovae in star forming regions and young
galaxies but no type Ia supernovae. On top of this, supernovae can start new
episodes of star formation because the shock wave from the explosion can cause
instabilities in the large molecular gas clouds eventually leading to collapse and
new star formation.
If we assume that in the early days of the Milky Way the chemical composition was very poor in metals, that must mean the first stars were only made
of Hydrogen and Helium (and very small amounts of heavier elements). The
most massive stars will then very quickly reach their final stages and explode
as core-collapse supernovae and effectively initializing the chemical enrichment
of the ISM. This is shown schematically in Fig. 2.3. The Initial Mass Function
(IMF) of a stellar population determines the ratio of α elements to iron ([α/Fe])
of the ISM enriched by core collapse supernovae. If the first generation of stars
on average have very high masses, the ISM will be more enriched with metals,
which is indicated by the arrow in Fig. 2.3. In the beginning [Fe/H] will increase
but [α/Fe] will stay constant because only type II supernovae are contributing
to the formation of Fe and α. After ∼1 Gyr the first stars around 3 M will
reach the white dwarf stage and if they have a close companion, they can shortly
after explode as a type Ia supernovae and send large amounts of Fe into the
10
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ISM. Because there are much more Fe compared to α in type Ia explosions, the
[α/Fe] ratio will start to decrease (the knee in Fig. 2.3). New stars formed will
have increasingly higher metal content and the ratios of α to iron-peak elements
slowly decrease until eventually we reach the level that we measure in the Sun
and the rest of the thin disk stars today. The position of the knee depends on the
star formation rate (SFR) as indicated by the arrow in Fig. 2.3. If all stars were
created in a single burst in the beginning, many type II supernovae will explode
after some 100 Myr and [Fe/H] will be high by the time the first type Ia sets in
(knee moves to the right in Fig. 2.3). If on the other hand the stars were created
over a longer period of time with a lower SFR, only a few type IIs will have
raised the [Fe/H] level before the first type Ia explodes (Gilmore & Wyse, 1991)
(knee moves to the left in Fig. 2.3). If at some point star formation stops, the
chemical enrichment will settle at a level of [α/Fe] set by the type Ia explosions
(McWilliam, 1997).
r- and s-process
Elements heavier than iron cannot be created through normal fusion processes
in stellar interiors, but are instead produced by neutron-capture processes in different phases of stellar evolution. In recent years the understanding of different
production sites has come a long way, but especially the amount produced at
these sites is less well understood. To complicate the picture there are two different neutron-capture processes, the slow (s-process) and the rapid (r-process),
and some neutron-capture elements can be produced by both processes (e.g.,
Battistini & Bensby, 2016).
Historically neutrino-induced winds in the explosion of type II supernovae
with stellar masses of 8-10 M have been the main suggested site for the r-process
(Woosley et al., 1994). During the explosion, the neutron flux is very high, which
could allow the r-process to take place. Another production site is the merging
of two neutron stars or a neutron star with a black hole (Freiburghaus et al.,
1999; Surman et al., 2008). This was confirmed in 2017 when LIGO and VIRGO
measured gravitational waves from a merger of two neutron stars. Several teams
succeeded to find and study the optical counterpart of the merger, which revealed
spectroscopic signatures of r-process material being thrown off by the two merging
neutron stars LIGO Scientific Collaboration et al. (2017). Both of these processes
have short timescales and were already active at early times, which explains why
we measure high relative abundances of some neutron-capture elements in metalpoor stars (Frebel & Norris, 2013).
The s-process takes place in the He-burning core and C-burning shells in
evolved massive stars (Pignatari et al., 2010) and in lower mass asymptotic giant
branch (AGB) stars at solar metallicity or lower (Bisterzo et al., 2011). These
processes are expected to happen on timescales slower than the type II supernovae, which explains why we measure higher abundances of s-process elements
in younger stars (see e.g., Nissen, 2015, and Chap. 6 for more on how this can
be used in age determinations of stars). It does however not explain why e.g.,
11
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Sneden et al. (2008) measured very high abundances of s-process elements in
metal-poor dwarf stars in the Galactic halo because dwarf stars still on the main
sequence cannot produce these elements. A suggested explanation for this is
accretion from a higher mass giant companion that has undergone a dredge-up
after the AGB phase and brought these elements to the surface (Aoki et al., 2001).
The overall picture presented in this section fits well with our observations. Generally today we see higher α abundances in older stars, because they are formed
at earlier times when the lower mass stars had not had enough time to reach the
final stages and so the Fe enrichment of the Galaxy was still not present. That
should mean we could directly use the α and iron-peak element abundances to
determine the age of a star. Indeed we do measure the lowest iron content in very
old halo stars and the highest iron content in young disk stars. Unfortunately it
is not this simple. The timescales for both types of supernovae are not very tight
and the ISM enrichment that takes place in the explosion is a local phenomenon
and not galaxy wide. The result is that local differences can cover up the galactic
chemical evolution signatures.

2.2

Structure of the Milky Way

Figure 2.4 shows an artist interpretation of what the Milky Way might look like
seen from above the plane of the disk. Figure 2.5 shows a composite panoramic
image of the MW including satellite galaxies. It is a disk galaxy with ∼ 1011
stars. There are three main stellar components; the disk with spiral arms and
a bar, the central bulge and the spherical halo. The amount of spiral arms in
the MW is still debated (Churchwell et al., 2009; Vallée, 2014). The Sun orbits
around the Galactic center on an almost circular orbit with a radius of ∼8 kpc
(e.g., Gillessen et al., 2009) and a velocity of 220 km/s (Kerr & Lynden-Bell,
1986). The Sun is not located directly in the middle of the disk but rather
∼25 pc above the midplane (Jurić et al., 2008). For each stellar component the
number density of stars in the direction perpendicular to the Galactic midplane
can approximately be described by an exponential law:
 
|z|
n(z) ∝ exp
,
(2.2)
hz
where the scale height hZ is specific for each component. In this section I will
give an overview of our current picture of the MW. The main references are the
reviews by Rix & Bovy (2013) and Bland-Hawthorn et al. (2016) and references
therein.

2.2.1

Bar, bulge and halo

Bar
More than half of spirals show central bars, which are elongated and flattened
stellar overdensities that rotate as a solid body, and not differentially like the
12
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Figure 2.4: Artist interpretation of the Milky Way from above. The Sun is located in
the small Orion Arm or Orion Spur in between the bigger Sagittarius and Perseus arms.
Figure credit: NASA/JPL-Caltech/Robert Hurt (http://www.spitzer.caltech.edu/
images/1925-ssc2008-10b-A-Roadmap-to-the-Milky-Way-Annotated).
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Figure 2.5: Panoramic view of the MW. The general components of the MW can
be seen; the stellar disk and the central bulge obscured by dust. Also visible are
the satellite galaxies belonging to the MW. Figure credit: ESO/S. Brunier (https:
//www.eso.org/public/images/eso0932a/).

rest of the disk. They are expected to form when the disk becomes unstable on
a global level, which will make stars move on more elongated orbits that align
with the bar (Dehnen, 2000). The bar in the center of the disk extends out to
R = 5.0 ± 0.2 kpc (Fig. 2.4). It rotates like a solid body unlike the rest of the
disk and resonances are thought to have made structures in the disk in the solar
neighborhood. The scale height of the bar is only 180 pc and it is turned away
from us at an angle of 28◦ - 33◦ (Wegg et al., 2015).
Bulge
Many disk galaxies, including the MW, also show central bulges that for the
MW is a thickening of the bar with a scale height around 440 pc and a scale
length around 700 pc (Fig. 2.5 and Bland-Hawthorn et al., 2016). It is a pseudobulge with a boxy-peanut shape (Skrutskie et al., 2006) and is believed to have
been formed by the bar, which have caused angular momentum transfer in the
disk. This has moved gas towards the center, which heated the orbits in the
bar vertically. It is very challenging to observe the bulge because of the very
high extinction in the disk towards the center and so it is best done at longer
wavelengths, i.e., infrared. Bulge stars are predominantly red and on boxy orbits,
which hints at an old population, like RR Lyrae stars that are known to exist
in the bulge (Ortolani et al., 1995). They have a range of metallicities, −1 .
[Fe/H] . 0 (Zoccali et al., 2003). The center of the bulge contains the central
supermassive black hole, Sagittarius A*, and a nuclear star cluster (Gillessen
et al., 2009; Schödel et al., 2014).
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Halo
The stellar halo is a low-mass spheroidal component reaching beyond 40 kpc that
is believed to have formed during the initial cloud collapse in the formation of the
Galaxy before the cooler inspiralling gas lumps reached the disk (Eggen et al.,
1962). It contains many globular clusters that are very large and dense groups
of stars believed to originate from the same molecular gas cloud. The halo also
has field stars with high random motions, an average rotational velocity of only
∼40 km/s and higher velocities perpendicular to the plane of the Galaxy than disk
stars. Like the bulge, the halo shows a range of metallicities. The most metal
poor stars and globular clusters ([Fe/H] < -0.8) are very old and distributed
spherically around the Galactic center. The younger and less metal poor stars
and globular clusters ([Fe/H] > -0.8) have a more oblate geometrical distribution
and it has been suggested that these could belong to the disk instead of the
halo. The stars and globular clusters in the halo are believed to have two origins:
Some are born in-situ very early on together with the bulge but at much lower
metallicities (Ortolani et al., 1995). Others are found at such large distances
from the center (r > 60 kpc) that it is believed they are not from the Milky Way,
but have been captured from a neighbor such as the Magellanic clouds or the
Saggitarius dwarf galaxy (Bell et al., 2008).

2.2.2

The disk

The disk is composed of two components; stars on mostly circular orbits and
atomic/molecular gas, which is what we refer to as the ISM. Most disk galaxies
show spiral arms in the disk (e.g., the MW, Fig. 2.4), which is why they are often
referred to as spirals. The arms are density perturbations in the disk and have
overdensities of especially young stars and gas and appear to be the main sites
for star formation. They most often wind in the same direction as the galactic
rotation. It is still not well understood what causes these density perturbations
and whether or not they are long-lived.
Gilmore & Reid (1983) found that the amount of stars in the direction of
the Galactic south pole was best fitted with two exponential profiles with two
scale heights, ∼300 pc and ∼1 kpc with more stars in the lower scale height
population. The stars in the two components also appeared to have different
ages, chemistry and kinematics (Fuhrmann, 1998), which led to the definition of
the thin and thick disk. The thick disk is older (∼12 Gyr, Gilmore et al., 1995),
kinematically hotter, more centrally concentrated, more metal-poor, more α-rich
and has more eccentric stellar orbits. Even though we still use the terms thin and
thick disk today, it has since been found to be partly misleading because the disk
has continuously changing properties with both chemical composition and scale
heights (Bovy et al., 2012a,b); both the scale height and the velocity dispersion
increase smoothly with [α/Fe] and there is a continuous anti-correlation between
the radial and vertical scale heights. Moreover, for the disk as a whole, the
velocity dispersion decreases radially.
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Figure 2.6: Disk components selected based on chemistry. Top: [α/Fe] vs [Fe/H].
The dashed line and black squares show the separation between low- and high-α disks.
Bottom: Toomre diagram for the chemically selected components. Figure credit: Silva
Aguirre et al. (2018).
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Figure 2.7: Age distributions for the low- and high-α components. The histrograms
are constructed using equally spaced bins of 0.5 Gyr (low-α) and 1 Gyr (high-α), while
the solid line represents the Gaussian KDE. Figure credit: Silva Aguirre et al. (2018).

More recently, the distinction between disk components has been made by
age and [α/Fe] (Bensby et al., 2014; Silva Aguirre et al., 2018). The right plot
in Fig. 2.6 shows the chemical dissection of the MW disk done by Silva Aguirre
et al. (2018) with the low- and high-α populations separated by the dashed line.
The left plot shows the large overlap between the low- and high-α population
in kinematic space. Analogously, a kinematic separation of the disk leads to
the opposite behavior in chemistry space. In that study, a chemical separation
was chosen due to the probabilistic nature of how the kinematic separation is
done with a Gaussian mixture model. This approach separates the population in
a finite number of Gaussian distributions based on their galactic velocity components and then selects the number of populations according to the Bayesian
Information Criterion. Fig. 2.7 shows the age distributions of the samples separated by [α/Fe]. There is a clear distinction in the age distribution (with ages
from asteroseismology) between the low- and high-α samples. The low-α sample
peaks at ∼11 Gyr and the high-α sample peaks at ∼2 Gyr, but with considerable contamination of young stars in the high-α sequence and old stars in the
low-α sequence. Comparing this to Fig. 2.3 the thick disk stars (high-α) must
have formed earlier during the aforementioned peak in star formation around a
redshift of z ∼ 2, which was 10-12 Gyrs ago.
The overall structure of the disk that we observe today fits well with the
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inside-out formation scenario presented in Section 2.1.2. In the first large gas
cloud, the highest density in the center would also cause the first and most
efficient star formation, which explains why the older and more α rich stars are
mainly found inside the solar radius. The initial SFR decreases outwards from
the center with decreasing gas density and in addition, the new pristine gas falling
in still is located at the edge of the disk. At each radius, an equilibrium would
establish between the iron enrichment from inside and the accreting hydrogen
from outside with lower and lower [Fe/H] values at increasing radii (Schönrich
& McMillan, 2017). The vertical structure of the disk is caused by the star
formation history and heating mechanisms. Agreeing with this, Martig et al.
(2016) found vertical age and metallicity gradients. The origin of the MW thick
disk is however something that is still debated. One explanation is what we
presented here, another is that it was formed already as a thick disk either from
turbulent gas in the early collapse of the primordial gas cloud (before z ∼ 1
Gilmore et al., 1989) or from debris of accreted satellites that left the stars high
above the Galactic plane (Abadi & Navarro, 2003).
In addition to perturbations in the plane of the disk, like spiral arms, the
whole disk plane also appears to be perturbed. Ring-like overdensities in the
amount of stars in the direction away from the center has been found in the
Sloan Digitial Sky Survey (SDSS). They have alternating offsets north and south
of the plane with increasing radius, which leads to the suggestion that it is the
display of a radial wave with vertical oscillations in the disk (Jurić et al., 2008;
Xu et al., 2015). There is also evidence that the disk is warped at higher radii
(Poggio et al., 2017).

2.3

Dynamics

The Galaxy shows differential rotation meaning the rotational velocity of stars
depend on their distance to the galactic center. We define the rotation by the
three velocity components U , V and W , where U is the velocity radially out in
the plane, V is the circular velocity around the center and W is the velocity
perpendicular to the plane. The stars are not moving on simple circular orbits
but rather fluctuating around a circular orbit. To compare the movement of
other stars in the Galaxy to the Sun we define the Local Standard of Rest (LSR),
which is a fictitious rest frame centered on the Sun today but moving on a perfect
circular orbit and by definition has the velocity components ULSR = 0 , VLSR =
V0 , WLSR = 0, where V0 is the orbital velocity at the radius of the Sun. Currently
besides the circular velocity component, the Sun is moving inwards and out of
the plane with peculiar velocity v = (−11, 10, 7.25) km/s (Binney & Tremaine,
2008). These velocities have been used to define the different populations of the
Milky Way because generally the older the population, the larger the peculiar
velocity and velocity dispersion, see e.g., Bensby et al. (2003). This is however
not a simple matter because there are large overlaps between the populations in
velocity space (right plot in Fig. 2.6). The U , V and W components are only a
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snapshot in time. Orbital actions provide a complimentary description of stellar
orbits. To understand this, we first need to introduce the Galactic gravitational
potential (Bovy et al., 2012b).

2.3.1

Gravitational potential

The Galactic gravitational potential Φ describes the total matter distribution
and sets the force field that stars and gas move in. Encounters between stars
in a galaxy happens on timescales longer than the age of the Universe, which
means we can consider a galaxy to be collisionless and in turn the stellar orbits
are only determined by the total gravitational potential of the galaxy and not
affected by nearby stars. We also assume that the gravitational potential does not
change with time, i.e., the Galaxy is in a steady state. Lastly, the gravitational
potential can be approximated as axisymmetric; the Galactic plane (z = 0) is
symmetric around the rotation axis (z-axis). These assumptions are not in full
agreement with what was presented in Sec. 2.2, but in the larger picture for
galactic archaeology and with the precision we can measure and model things
today, they are valid assumptions.
An integral of motion is a function that is conserved along a stellar orbit.
The amount of integrals of motion in a system depends on the symmetries. In
a steady state potential, the energy is conserved. In a spheroidal system there
is symmetry around the z-axis and the z = 0 plane. This gives two conserved
quantities in addition to the energy, where one is the z component of the angular
momentum. In the following I will introduce the action angle variables, where the
three actions are integrals of motion, which can then be used as the arguments
for the stellar DF.

2.3.2

Orbital actions

Stars in the axisymmetric Galactic potential will follow many different kinds
of orbits, e.g., circular orbits, rosetta orbits or shell orbits. To describe how
the orbits evolve over time we need the full 6D information on position and
velocity (x(t), v(t)). Obtaining this information is however very complicated and
often not feasible. Instead we can utilize the integrals of motion, the conserved
quantities. The aforementioned z component of the angular momentum is the
first orbital action, which in the cylindrical coordinate system (R, φ, z) that we
use to describe the Galactic gravitational potential Φ is given as:
Lz =

1
2π

Z

2π

vT · R dφ = Rg · vcirc (Rg ) ,

(2.3)

0

where R and vT are the instantaneous radial position and tangential velocity of
the star. When we integrate vT · R over φ from 0 to 2π, we take the average all
the way around the orbit. This is the definition of the guiding radius Rg in the
potential Φ.
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The total energy along the orbit is another integral of motion and is widely
used:
E=


1 2
vR + vT2 + vz2 + Φ (x) .
2

(2.4)

When E and Lz are two of the three integrals of motion, the third one is problematic. It is a measure of how the energy that is not in rotation is distributed
between the R and z direction. It does not have an analytic expression nor a direct physical interpretation and is therefore not a very practical way of describing
the dynamics of the Galaxy.
Most stars do not follow perfect circular orbits and will therefore also not
remain at the guiding radius all around the orbit, but will instead oscillate around
it both radially and vertically. That leads to the definition of the radial and
vertical actions (Binney & Tremaine, 2008; Trick, 2017):
Z
1 Rmax
vR dR
π Rmin
Z
1 zmax
vz dz ,
Jz =
π 0

JR =

(2.5)
(2.6)

where Rmin and Rmax are the pericenter and apocenter of the orbits and zmax is
the largest vertical distance from the orbit to the midplane. The radial action
JR is a measure of how much the star will radially oscillate around the guiding
radius and the vertical action Jz is a measure of the vertical oscillation. For most
stars in the disk, the oscillations around Rg are small, i.e., the orbits are nearly
circular, and the radial and vertical motions can be considered as decoupled from
each other and from the motion in φ, i.e., the rotation around the Galactic center.
The effective potential that the star moves in around it’s orbit is a function of
the axisymmetric gravitational potential Φ and the centrifugal force:
Φeff (R, z) =

L2z
+ Φ (R, z) .
2R2

(2.7)

For a given value of the z component of the angular momentum Lz , the star will
effectively feel no forces if it is exactly at the guiding radius Rg . If it is at R > Rg
or z 6= 0 it will feel a gravitational pull back towards the Galactic center and the
Galactic midplane. If it is at R < Rg it will be pulled back out to Rg by the
centrifugal force.
In Chapter 7 I will show how actions can be used to study and distinguish
populations of stars in the Milky Way.

2.4

Galactic archaeology

Galactic archaeology aims to understand the structure and evolution of our
Galaxy through stellar fossil records. All stars have signatures of their formation history: We can determine their chemical composition, age and orbit. The
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chemical compositions of the stars are determined by the ISM composition at the
time and place of their birth, which as discussed previously is determined by the
primordial abundance and the local enrichment history. A sub field of galactic archaeology is chemical tagging (Freeman & Bland-Hawthorn, 2002) that assumes
stars of identical chemical composition are born from the same molecular gas
cloud. Determining the stellar chemical abundances to extremely high precision
would then in principle allow us to know which stars were born together. The
precisions needed for this type of analysis is still far from being realized in most
studies today and in Chap. 5 we show that even if very high precision is obtained,
systematic differences that are difficult to characterize can still occur in a normal
spectroscopic analysis. The next parameter important for galactic archaeology
is the stellar age, which is often determined by comparing measurements of stellar parameters, i.e., the effective temperature (Teff ), surface gravity (log g) and
chemical composition to stellar evolution models. In Chap. 6 we discuss different
options for obtaining stellar ages. The orbit of a star described by its orbital
actions is set by the random motions in the gas cloud it was born in and the
effective gravitational potential it moves in as described in the previous section.
The orbit can potentially be altered by effects such as e.g., radial migration.

2.4.1

Galactic surveys

Today, many large scale surveys are being carried out to cover one or more of the
above-mentioned ingredients needed to understand the formation and evolution
of our Galaxy. These surveys provide unprecedented data sets to study trends of
composition, position, movement and age of stars throughout the Galaxy. The
different kinds of surveys are:
1. Astrometric surveys: If we take an image of the sky we can map the
2D coordinates of stars. If we do this repeatedly, we can track how the
stars move in the 2D plane perpendicular to the line of sight. This is the
proper motions. If we continue to take images over months and years, we
can measure the parallaxes and from that the distances. The two most
notable astrometric surveys are both space based satellite missions; Hipparcos (ESA, 1997; Perryman et al., 1997) and Gaia (Gaia Collaboration
et al., 2016).
2. Spectroscopic surveys: If we take spectra of stars we can measure their
chemical composition and other atmospheric parameters to determine their
evolutionary status and age. If we again repeat this over time, we can
measure the line of sight velocity component, the radial velocity. Putting
this together with the astrometric surveys, we now have the full kinematic
solution for the stars. In recent years, several ground based spectroscopic
surveys have been carried out, many are still on-going and more are planned
for the future. Table 2.1 summarizes a few of them. They compliment
each other because they cover different regions of the sky, different stellar
magnitudes, different resolutions and different wavelengths. APOGEE will
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be presented in more detail in Chapter 7 because this data is used for the
analysis of the young α-rich stars; the topic of that chapter.
3. Asteroseismic surveys: The asteroseismic surveys carry out long photometric time series of stars that allows mass, radius and age determinations
of stars to an unprecedented precision. This is the youngest research field
of the ones listed here, and in recent years it has proven incredibly valuable
for galactic archaeology, due to especially the high mass and age precision
(and accuracy, see Chapter 5) of field stars. Notable asteroseismic surveys
are the CoRoT mission (Baglin et al., 2006), the nominal Kepler mission
(Borucki et al., 1997), its extended K2 mission (Howell et al., 2014) and
lastly the TESS mission (Ricker et al., 2014), where the first data release
was in December 2018 and many more are scheduled in the coming years.
The Kepler and K2 missions will be presented further in Sec. 3.2. These
missions all have the one thing in common that they were not designed
to do asteroseismology, but to find exoplanets (except perhaps for CoRoT
that has exoplanets and asteroseismology as two equal science goals). Fortunately, the requirements to time series data are the same (or close to it)
for finding exoplanets and detecting solar-like oscillations.
4. Photometric surveys: The astrometric surveys image the sky to determine positions of stars. If the same thing is done but in several wavelength
passbands, we can get the photometric colors, that can be used to estimate the temperature and metallicity of stars (see Sec. 4.1). This provides
significantly lower precision than spectroscopy but instead it can be done
for much fainter targets and many more at one time. Two notable surveys
are: the infrared Two Micron All Sky Survey (2MASS; Skrutskie et al.,
2006) and the optical to near-infrared Sloan Digitial Sky Survey (SDSS;
Eisenstein et al., 2011).
An inherent problem of surveys is that no survey can provide the full picture
of the MW. Mainly because of our position inside the disk, but also due to more
technical issues such as magnitude limits and resolution limits. Moreover, most
surveys do not have the capacity to observe every single star that e.g., meets the
magnitude requirements, and so a complex selection of targets are made based
on position, color etc. to most optimally fullfill the scientific goals of the survey.
This should all be taken into account when interpreting global trends in the data
to understand our Galaxy, but it is a very complex problem, that often does not
have a perfect unique solution that can easily be applied, see e.g., Nidever et al.
(2014) for an investigation of the APOGEE selection function.
I will get back to the topic of galactic archaeology in both Chapters 6 and 7.
We now have a basic understanding of our Galaxy and I will continue on to the
main topic of this thesis: the tools we use to study the Milky Way - the stars.
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Magnitude limit

b

Gilmore et al. (2012) and Randich et al. (2013)
Steinmetz et al. (2006)
c Cui et al. (2012)
d Majewski et al. (2017)
e De Silva et al. (2015)
f de Jong et al. (2012)
g Kollmeier et al. (Milky Way Mapper; 2017)

a

Gaia-ESO
V < 19 mag
RAVEb
I = 9−12 mag
LAMOSTc
r < 19 mag
SDSS-III/APOGEEd
H = 11 − 14 mag
GALAHe
V = 12 − 14 mag
4MOSTf
G < 18 mag
SDSS-V/MWMg
G < 20 mag, H < 12 mag

a

Survey name
100 000
450 000
2 000 000
100 000
< 1 000 000
20 000 000
> 6 000 000

Number of stars

Resolution
R = 5000 − 47 000
R = 7, 500
R = 1800
R = 22 500
R = 28 000
R = 4000 − 20 000
R = 2000 − 22 500

Table 2.1: Large spectroscopic surveys

3000-11 000 Å
8550-8720 Å
3700-9000 Å
15 000-17 000 Å
4718-7890 Å
3700 - 9500 Å
3600 - 17 000 Å

Spectral range

Galactic surveys
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3
Stars
Before we can use the stars to understand our Galaxy, we first need to understand the stars themselves. In this chapter, stellar evolution is briefly outlined
up to the giant star phase, where all of the stars studied in this thesis reside.
I will then introduce stellar oscillations and the field of asteroseismology, which
has provided many results and insights that we use to constrain the stellar spectroscopic analysis. Lastly, we will turn our attention to the outer parts of stars,
their atmospheres. This is the actual part of the star that we observe and it is
therefore necessary to understand it before we can fully interpret our data.

3.1

Red giants

The main references for this section are Kippenhahn & Weigert (1990) and
Christensen-Dalsgaard (2008).
Stars form through the fragmentation and collapse of a cool molecular gas
cloud when the internal gas pressure is no longer strong enough to prevent the
collapse. This could f.ex. be caused by the pressure wave from a supernova
explosion that was described in Sec. 2.1.3. The point at which the pressure can
no longer uphold gravity is called Jeans instability and happens when the cloud
reaches a certain mass at a given radius r and temperature T called the Jeans
mass:
MJeans =

5kB T
r,
Gm

(3.1)

where kB is Boltzmann’s constant and m is the particle mass. This is derived from
the virial theorem (Eq. 2.1) for the spherical gas cloud that starts collapsing when
it is no longer in equilibrium, −V > 2K. During the collapse the cloud is heated
by the release of gravitational potential energy and eventually the temperature
is high enough in the center that hydrogen fusion starts. The star is born and
will settle on the main sequence (MS), where it will stay for the majority of its
life (see Fig. 3.1). Hydrogen fusion in the core happens in one of two processes,
either by the pp-chain or the CNO cycle. For lower mass stars like the Sun, the
pp-chain is more efficient and therefore dominates the hydrogen burning. When
the temperature reaches 17 · 106 K, the CNO cycle becomes more efficient than
the pp-chain and will therefore dominate the hydrogen fusion in higher mass MS
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Figure 3.1: An HR-diagram of the solar neighborhood from Gaia DR2. The red
clump can be seen as an over density on the middle of the RGB. Figure credit:
ESA/Gaia/DPAC, Carine Babusiaux and Gaia Collaboration et al. (2018a).
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stars. Low mass stars (M < 0.5M ) are fully convective, intermediate mass
stars like the Sun (0.5M < M < 1.1M ) have radiative cores and convective
envelopes. Higher mass stars (M > 1.1M ) have convective cores and mainly
radiative envelopes. The more massive the star is, from 1.1M to about 2M ,
the shallower the convective envelope is. From 2M and up, the envelope is fully
radiative. When a star stops fusing hydrogen in the core the temperature is not
yet high enough to fuse the helium that the core now mostly consists of. With no
radiative pressure from fusion processes to balance gravity, the core contracts and
the burning of hydrogen continues in a thin shell around the core. Outside the
hydrogen-burning shell, the envelope expands drastically. This simple principle is
known as the shell-burning law (Christensen-Dalsgaard, 2008). As this shell fuses
hydrogen to helium and moves out through the hydrogen layer surrounding the
core, the helium piles onto the core, which will cause the core to contract further.
This releases potential energy that heats the core and when the temperature
reaches ∼ 108 K the helium burning starts through the triple-α process.
Stars with 2M ≤ M ≤ 10M all had convective cores on the MS. When
the core contracts after the hydrogen has been depleted, the outer parts of the
star expands and the effective temperature drops. As the star evolves and the
temperature decreases, the outer envelope becomes convective. When it reaches
the Hayashi-line, which is the limit for a fully convective star, it cannot cool
further as it expands (Kippenhahn & Weigert, 1990). Depending on the mass
and chemical composition of the star, the limit is an almost vertical line in the
HR-diagram typically at Teff ≈ 3000-5000 K. Beyond the Hayashi limit, the
star is no longer in hydrostatic equilibrium and it has to adjust itself back to
equilibrium. Instead of cooling further, the luminosity will increase and the star
ascends the RGB. When the core has contracted enough to ignite helium burning,
the core will begin to expand again, which in turn means the outer layers has to
contract following the shell-burning law, and the star moves back down along the
Hayashi line meanwhile increasing the temperature. When thermal equilibrium
is obtained again, the expansion of the core and contraction of the envelope will
stop and the star will sit on the Horizontal Branch until there is no more helium
in the core.
Lower mass stars have central densities that are so high that the electron gas
in the center is close to being fully degenerate. The energy of the particles in
such a gas follows a Fermi-Dirac distribution opposed to the Maxwell-Boltzman
distribution for the particles in a classical gas. The pressure in a degenerate gas is
independent of temperature. When the star stops hydrogen burning in the core
and moves off the MS, the core will also contract slightly, which will increase
the density and thus the degeneracy. The hydrogen burning shell leaves behind
helium that piles up on the core so the core mass increases and it continues
to contract. Again invoking the shell-burning law, the envelope expands and
cools until the star reaches the Hayashi line, where it then moves up the RGB.
The low mass stars, as the higher mass stars, also develops a deep convective
envelope during this phase. For these stars, the temperature and luminosity
at any given point in the star is a function of only the core mass and core
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radius, not the whole star (Kippenhahn & Weigert, 1990). As the core mass
increases, the temperature around the core will increase as the star moves up
the RGB. Combining this with the gravitational potential energy released during
the contraction, the region between the core and the hydrogen burning shell
will heat up, which in turn increases the temperature of the core until it is hot
enough to ignite helium burning. Because the core is degenerate, the increase
in temperature due to the helium fusion in the core cannot cause an increase in
central pressure, so the temperature increase will instead raise the helium fusion
rate, which then again further increases the temperature leading to a thermal
runaway process. During this runaway, for a few minutes to a few hours only, the
luminosity of the core will increase enormously. Eventually the temperature is
high enough to lift the degeneracy and the core will expand until equilibrium is
reached. Due to the briefness of the event, it is called the Helium flash. Although
the luminosity of the core increases so substantially, the outer layers will mostly
absorb it and therefore it is essentially unobservable. The onset of the helium
burning in the degenerate core happens around Mcore = 0.45M independent
of the total stellar mass. This means all low mass stars begin helium burning
at similar luminosities and instead of spreading out along the horizontal branch
depending on total stellar mass and metallicity, they now all sit at the red end
of the horizontal branch, which is also named the red clump (RC, Fig. 3.1).
Stars with convective cores on the MS with masses around 2M and up that
did not go through the Helium flash will end up in a secondary clump. This
clump is harder to observe, as these stars are more massive and shorter lived,
which means fewer stars are in that phase at a given time. Both clumps and the
RGB overlap in the HR-diagram, which can make the three populations hard
to distinguish. Very precise determination of Teff (color) and log g (luminosity)
for these targets are necessary to determine whether they belong to one of the
clumps or the RGB.

3.2

Stellar oscillations

The main reference for this section is Aerts et al. (2010).
Asteroseismology is the study of stellar oscillations. Like our Sun, red giant
stars show oscillations that are stochastically excited by turbulent motions in
the near-surface convection zone. This allows us to probe their interiors. There
are two main types of oscillations, pressure modes (p-modes) where pressure is
the primary restoring force and gravity modes (g-modes) where buoyancy is the
restoring force. p-modes are global standing sound waves that can be described
as spherical harmonics with frequencies characterized by the quantum numbers
(n, l, m). The radial order n is the number of nodes between the center and
surface of the star. The degree l is the number of node-lines on the surface and
the azimuthal order m is the number of such node-lines that pass through the
rotation axis, which can take values between −l and l. When the non-radial
modes (l ≥ 1) travel through the star, the lower part of the wave will experience
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Figure 3.2: Propagation of rays in a cross-section of the stellar interior. a) The
behavior of different degree p-modes. b) The behavior of one g-mode. Figure credit:
(Cunha et al., 2007).

a higher temperature than the upper part of the wave. Higher temperature also
means higher sound speed and the wave will gradually be refracted back towards
the surface. At the surface it will be reflected due to the rapid decrease in density
and return towards the center. This is illustrated in panel a of Fig. 3.2. Higher
degree modes have more reflection points on the surface and will therefore not
penetrate as deep inside the star as lower degree modes. The mode frequency
that we observe at the surface depends on the integrated sound speed along the
ray path, so by observing different degree modes we can essentially map the
sound speed (and thereby temperature profile) at different depths. For solar-like
oscillators, the p-modes are more sensitive to the outer conditions in the stars
and the g-modes are more sensitive to the inner conditions. For high radial order
modes, p-modes of the same degree are equally spaced in frequency (the large
frequency separation ∆ν) and g-modes of the same degree are equally spaced
in period (the period spacing ∆Π). ∆ν is the inverse of the sound travel time
through the star, which means it is directly proportional to the mean density of
the star.
Figure 3.3 shows a power spectrum for the G-type main sequence star 16 Cyg A
as observed by Kepler. It shows both the large and small frequency separations
(δν, the frequency spacing between a pair of l = 0 and l = 2 modes). In the top
left is an inset with a wider frequency range that shows the Gaussian-like modulation of the power of the modes. The frequency of maximum power νmax is the
frequency that has the strongest amplitude or power. This can be determined in
different ways and a common method is to fit a Gaussian envelope to the power
of the frequencies in the inset figure. νmax is then the frequency for the top point
of the envelope. νmax does not have a direct physical interpretation, which is
also why it is not unambiguously defined, but it is related to the acoustic cutoff
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Figure 3.3: The power spectrum of 16 Cyg A, a G-type main sequence star similar to
the Sun, as observed by Kepler. The top left inset shows the modulated envelope of the
frequencies. The top right inset shows rotational splitting of the frequencies. Figure
credit: Chaplin & Miglio (2013).

frequency. This depends on the sound speed and pressure scale height of the
atmosphere, which in turn allows us to determine the surface gravity. The power
of asteroseismology to characterize stars has been used to constrain much of the
spectroscopic analysis presented in this thesis and I will return to the importance
of this in Chapter 5.
As mentioned above, distinguishing between the RGB and RC phase for a
red giant can be very difficult, but stellar oscillations also provide us with a very
powerful tool for this (Bedding et al., 2011). The convective envelope of giant
stars reach much larger depths than for dwarfs. This allows the g-modes in the
core to couple with the p-modes in the envelope and we observe them as socalled mixed modes. Using the period spacing of the mixed modes and the large
frequency separation of the pure p-modes, the RC stars can be separated from
the RGB stars because the RC stars have significantly higher period spacings.
This is however not an easy task, because the high number of mixed modes
contaminates the power spectra leaving the mode identification very difficult.
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Figure 3.4: Positions on the sky of K2 Campaigns along the ecliptic where the Galactic
plane is shown in grey. Figure credit: www.keplerscience.arc.nasa.gov/k2-fields.html.

Kepler and K2
The NASA Kepler mission (Borucki et al., 1997) has provided most of the asteroseismic data used in this thesis. It was launched in March of 2009 and the primary
objective was to find an Earth analogue; an Earth-like planet orbiting a Sun-like
star. It is however a ”bi-product” of this mission that has been important for
the work presented in this thesis because the data needed to find a true Earth
analogue are also very well suited for asteroseismic analysis. During the nominal
mission, Kepler stared at the same point in the sky between the constellations
of Cygnus and Lyra for a little over four years continuously taking pictures of
∼160 000 targets every ∼30 min (long cadence) and ∼500 targets every ∼1 min
(short cadence). After four years the second of four reaction wheels broke, which
meant it was no longer possible to keep the spacecraft stable around all three
axes and the Kepler mission came to an end. The camera and everything else
on-board the spacecraft was however still fully operational and engineers succeeded at designing a step-and-stare mission, K2 (Howell et al., 2014). This did
∼80 day long campaigns around the ecliptic and actually continued operations
longer than the nominal Kepler mission. In the fall of 2018, after campaign 19 had
succeeded, the spacecraft ran out of fuel. For the work presented in this thesis,
the K2 mission was also very valuable, because it not only gave us asteroseismic
data for the open cluster M67, that the work presented in Chapters 5 and 6 is
partly based on, but also because it more generally gave us asteroseismic data
in many more directions in the Galaxy than previously available (see Fig 3.4),
and thereby becoming the forerunner for the TESS mission launched in April of
2018.

3.3

The stellar photosphere

The main reference for this section is Gray (2005).
The stellar atmosphere is the transition region between the interstellar medium
and the stellar interior. The nature of the atmosphere is determined by the density of the comprising gasses and the escaping energy. This in turn depends
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Figure 3.5: The temperature distribution in the outer layers of the Sun as a function
of geometrical depth. Figure credit: (Gray, 2005).

mainly on the mass and age of the star but also the chemical composition of
the atmosphere. The physical conditions change substantially through this region, and the temperature in the different layers can be used to quantify this
change, which is shown in Fig. 3.5, where the four basic layers are labelled; the
sub-photosphere, the photosphere, the chromosphere and the corona. The photosphere is where the major parts of the optical stellar spectrum originate, and
is essentially what we study with optical spectroscopy. The physical extent of
the photosphere is usually small compared to the total radius of the star, about
1000 km for the Sun but much larger for giants, as the extent is inversely proportional to the surface gravity. It also depends on the opacity of the gasses.
The temperature of the photosphere changes by about a factor of two from top
to bottom. Instead of choosing the temperature at a specific depth, a common
temperature scale is chosen, which we call the effective temperature, Teff . It is
defined by the total power per unit area radiated by the star:
Z ∞
4
Fν dν = σTeff
,
(3.2)
0

where σ is the Stefan-Boltzmann constant and Fν is the flux leaving the stellar surface at a given frequency. This equation has the shape of the StefanBoltzmann law, which means Teff is the temperature of a black body with the
same power output per unit area as the star. Observationally, the effective temperature is often described by the color, see e.g., Ramírez & Meléndez (2005) or
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Casagrande et al. (2010). In reality, the distribution of power across the stellar
spectrum can differ substantially from a black body. This difference contains a
great deal of information about the star, which is exactly what we study with
spectroscopy, where we look at the amount of light as a function of the wavelength
or the frequency.
To be more specific, it is the amount of light missing at each wavelength that
is of interest. Absorption lines in stellar spectra arise because light coming from
inside the star is absorbed by different atomic and molecular species in the stellar
photosphere. The position, shape and strength of the absorption line depends on
the transition causing the absorption. The nature of the absorber, the amount of
absorbers and the physical conditions in the atmosphere also affect the absorption
line.

3.3.1

Continuous absorption

Before considering the absorption lines in more detail, it is instructive to look at
the continuum because we do not measure the line absorption independently, but
rather the difference between the line absorption and the continuous absorption.
The continuum originates from three different types of transitions in the atoms;
bound-free, free-bound and free-free. A bound-free transition is an ionization
process, where an electron is removed from the atom by an absorbed photon. A
free-bound transition is the opposite where an electron becomes bound to an atom
by emitting a photon and loosing energy. A free-free transition is a scattering
process where a charged particle is accelerated/decelerated after passing close to
another charged particle, which will cause an absorption/emission of a photon.
Most of the continuous absorption is due to hydrogen in some form because
it is very abundant in the stellar atmosphere. For hotter stars (Teff > 8000 K)
neutral hydrogen is the major source of absorption with contributions also from
helium and free electron scattering. For cool stars like red giants, the main continuous absorption in the optical regime comes from the bound-free/free-bound
transitions in the negative hydrogen ion, H− , which is a hydrogen atom with
an extra bound electron. The extra electron is only bound with 0.755 eV, which
means all photons with λ < 16 421 Å have enough energy to ionize H− . The extra
electron needed to form H− comes from ionized metals, so the amount of continuous absorption is linked to the chemical composition of the photosphere and
the degree of ionization. The most important electron donor in the atmospheres
of cool giants is magnesium. Further in the infrared, a free-free component of the
H− absorption becomes dominant. This is when a neutral hydrogen atom collides with an electron. For stars even cooler than those considered here, molecules
also contribute significantly to the continuous absorption, in particular ionized
stages of the H2 molecule and TiO. At shorter wavelengths for these stars, absorption lines can behave as continuous absorption because there are many and
they overlap significantly.
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3.3.2

Spectral line shape

The absorption lines originate from the last possible transition type, the boundbound transitions within the atoms. A bound-bound transition is a photon absorbed by an electron, that is then excited to a higher state but remains bound to
the atom. After some time, depending on the excitation and species, the electron
will decay back to the lower energy state and re-emit the photon. Where the
exciting photons mainly come from the stellar center, the re-emission of photons
can be in any direction leading to a net loss of photons at the wavelength belonging to the transition in question. As a result, we measure ”missing light”,
i.e., absorption lines.
A transition in an atom is associated with a specific energy, but when measuring the absorption lines they are not infinitely sharp. Several physical effects
enter the structuring of the final absorption and each of these has its own variations across the spectral line. The main processes are natural atomic broadening,
pressure broadening, thermal Doppler broadening and small scale velocity fields.
All of these effects have individual profiles that are convolved to create a final
line profile.
The natural atomic broadening is an intrinsic broadening of the spectral line
due to the Heisenberg uncertainty principle, which relates the uncertainty of the
electron energy to the lifetime of the excited state. This is Lorentzian in shape.
Pressure broadening, also called collisional broadening is caused by collisions
between the absorbers and the surrounding particles. This disturbs the energy
levels of the transitions, where the upper energy levels are more affected than
the lower ones. The effect depends on the density of the gas (thereby also the
pressure) and on the temperature because higher temperatures result in higher
particle velocities. Therefore the pressure broadening is very sensitive to the
depth of formation. Pressure broadening also has a Lorentzian profile. In the
atmospheres of giants, the temperature and density is lower, and in turn the
particle velocities are lower and the distances between particles are higher. We
therefore expect less pressure broadening in giants compared to dwarfs. There are
three types of collisions in a normal stellar atmosphere; linear and quadratic Stark
broadening and van der Waals broadening. Stark broadening is the broadening
of spectral lines due to local electric fields of ions and electrons. Van der Waals
broadening is produced by approaches of other neutral atoms, which will perturb
the emitting atom by van der Waals forces. For cool stars, such as giants, the
main contributor is van der Waals interactions and less so linear Stark broadening.
The remaining type is quadratic Stark broadening, which is only relevant in hot
stars. Most lines experience van der Waals broadening whereas the linear Stark
broadening is only for hydrogen lines.
Lastly we have the thermal Doppler broadening. The thermal motions of the
atoms causes broadening of the line profiles due to the Doppler shift of their lineof-sight velocity components. This is temperature dependent because the atoms
in the atmosphere follow a Maxwell distribution. This gives a Gaussian shaped
broadening.
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Other non-thermal velocity fields will also broaden the line profiles. Microturbulence is an example of this. Small scale mass motions cause extra Doppler
broadening. Microturbulence describes velocity fields where the moving elements
are small compared to the optical depth of the surroundings. It is not directly a
physical quantity, but arises in the 1D stellar atmosphere models that we compare our observed quantities to, because the turbulent motions in the stellar
atmospheres cannot be described correctly in only one dimension. To properly
account for this effect, we need 3D stellar atmosphere models, but they are computationally very heavy and larger scale stellar analysis is still not feasible. Large
efforts have however been made to calculate large grids of 3D models (e.g., the
Stagger grid, Magic et al., 2013) that are continuously updated with wider ranges
of parameters and higher resolution.
The final shape of the absorption line is a convolution of all the individual
effects. The line cores are dominated by the Gaussian shaped Doppler broadening
and the wings are dominated by the Lorentzian shaped collisional broadening.
Weak lines with no substantial wings have Gaussian shaped line profiles. For
some absorption lines, hyperfine and Zeeman splitting also contribute to the line
profile broadening. Hyperfine splitting is caused by the magnetic field of the
electron interacting with the nuclear magnetic dipole. It is energy dependent so
the splitting is different for each line. Zeeman splitting is caused by interactions
with nearby magnetic fields analogous to Stark broadening but with much smaller
amplitudes. Rotation and macroturbulence (velocity fields where the moving
elements are larger than the optical depth) are also a type of broadening but
these will only change the shape of the lines, not the strengths. It can therefore
be ignored in some types of analysis, which I will get back to this in the next
chapter.
On top of all the line broadening effects intrinsic to the star, an instrumental
profile has to be convolved with the stellar profile, because the instrument does
not have a perfect transfer function. Spectrographs are introduced in Sec. 4.2.1.

3.3.3

Spectral line strength

As described above, the physical conditions in the atmosphere not only affect the
shape but also the strength of a spectral line. This can be measured using the
equivalent width (EW, Fig. 3.6), which is the width of a box from zero to the
continuum with the same area as the absorption line. It is defined as:
Z
W =
0

∞

Fc − Fν
dν ,
Fc

(3.3)

where Fν is the flux in the line and Fc is the continuum. Most often the spectrum
is normalized and the EW reduces to
Z ∞
W =
(1 − Fν )dν .
(3.4)
0
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F/Fc

1

EW
0
Figure 3.6: Definition of the equivalent width. The box has the same area as the
absorption line and the width of the box is the equivalent width of the absorption line.

It is also related to the amount of absorbers and the temperature of the gas,
which affects the relative populations of the energy levels in the atoms. The
population and depopulation of energy levels are caused by four mechanisms:
1. Radiation: A photon is absorbed and its energy is used to excite an electron.
2. Collisions: Atoms bump into each other and thermal energy excites or deexcites electrons.
3. Spontaneous emission: An electron de-excites spontaneously to a lower
energy level.
4. Stimulated emission: An electron de-excites to a lower energy level by a
passing photon.
In the atmospheric models used in this project, local thermodynamic equilibrium
(LTE) is assumed because collisional interactions dominate over radiative ones.
Local in this case refers to regions with dimensions of unit optical depth, so the
gas in this region is in thermodynamic equilibrium with itself but not necessarily
with the radiation passing through it. The radiation emitted from one of these
small regions follows that of a black body, which means a single temperature can
be used to describe all the particles in that region. The ratio of atoms and ions
excited to two different levels m and n is given by the Boltzmann equation:
Nn
gn −∆χ/(kT )
=
e
,
Nm
gm

(3.5)

where ∆χ = χn − χm is the difference in excitation potential of the two levels
and gn,m are the statistical weights. Similarly, the number of atoms in a level n
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compared to all atoms of the same species becomes
Nn
gn −χn /(kT )
=
e
,
(3.6)
N
u(T )
P
where u(T ) = gi e−χi /kT is the sum of all atoms in all other energy levels, which
is called the partition function. Eq. 3.5 and 3.6 are Maxwell-Boltzmann distributions, which describe the temperature dependence of the relative populations
of the energy levels.
The number of available absorbers also depends on the degree of ionization,
which in LTE is determined by the Saha equation:
(2πme )3/2 (kT )5/2 2u1 (T ) −I/kT
N1
e
,
Pe =
N0
h3
u0 (T )

(3.7)

where N1 /N0 is the ratio of ions to neutral atoms, Pe is the electron pressure,
u1 /u0 is the ratio of ionic to neutral partition functions, me is the electron mass,
h is the Planck constant and I is the ionization potential. In summary, many
things affect the strength of a spectral line, but for most applications, the temperature has the largest effect. Increasing the continuous absorption will lead
to the spectral lines looking weaker, so the relationship between the continuous
absorption and the line absorption is also very important in determining the
strength of a line.
As mentioned, the absorption depends on both the temperature and pressure
in the photosphere. For cool giants, there are two interesting cases to study when
looking at temperature effects; the behaviour of weak lines from a neutral atom
with the element being mostly neutral, and for an ionized atom with the element
being mostly neutral, which are the two cases for metal lines in cool K giants.
The two different cases do not act the same and do not depend on the electron
pressure in the same way. For the ionized lines, the ionization potential also
comes into play. In total, this means that the ratio of line to continuum must be
addressed individually for each line.
As mentioned, a change in pressure in the atmosphere also affects the line
strengths, however not nearly as much as temperature effects. The pressure is
related to the surface gravity, so the change in pressure can be used to estimate the effects of surface gravity. Again, we have to look at the change in the
line absorption compared to the continuous absorption. For cool stars, the gas
and electron pressure dependencies can be translated into approximate gravity
dependencies:
Pg ∝ g 2/3 ,
Pe ∝ g

1/3

.

(3.8)
(3.9)

The effect of pressure can be investigated by writing the Saha equation (Eq.3.7)
as
Nr+1
Φ(T )
=
Nr
Pe

(3.10)
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for the ratio of atoms in ionization states r and r + 1. Φ(T ) is a function that
contains all the temperature dependencies. If we first look at weak lines from an
element where most of the atoms are in the same ionization state (Nr ≈ Ntotal ),
which is the case for neutral iron (FeI) in giants, the line to continuous absorption
goes as 1/Pe ∝ g −1/3 . This means lowering the surface gravity will increase the
line strength. This is in fact not because the line absorption increases but instead
because the H− continuum opacity decreases with Pe effectively extending the
photosphere to larger depths and thereby including more line absorbers. If we
instead look at weak lines from singly ionized iron (FeII), while still assuming
that the majority of iron is in the neutral state (Nr is constant), it can be shown
that the line to continuous absorption goes as 1/Pe2 ∝ g −2/3 Again, lowering the
surface gravity will increase the line strength but this time the effect is much
stronger. To sum up, for cool giants, FeII lines are much more pressure sensitive
than FeI lines. This is of great value in determining the surface gravity of the
star as I will get back to in the next chapter.
The last thing to consider is the effect of changing the abundance of the absorbing species. It is pretty straight forward that increasing the abundance will
increase the line strength. Depending on the strength of the line it is different
parts that are affected, which is described in the next section. This is only considering the case of changing the abundance of one atomic species and it is a
very simplistic description. Changing chemical composition will also affect the
pressure and perhaps the amount of continuous absorption, because a change
in chemical composition can mean a change in number of electron donors that
contribute to the continuous opacity through the H − ion. Generally, increasing the amount of absorbing species will increase the line strength, but exactly
how depends on many other possible changes following along with the chemical
composition change.

3.3.4

Line regimes

When we measure the strengths of absorption lines, we can divide them into
three main regimes: weak lines, saturated lines and strong lines. To determine
which regime a spectral line belongs to, the curve of growth (COG) can be
inspected. This has a different slope in each regime. An example of a COG is
shown in Fig. 3.7. It is a log-log plot that describes how the so-called reduced
EW (log W
λ ) of an absorption line changes as a function of the number of
absorbers of a specific element. Weak lines are on the linear part of the COG,
where the EW is directly proportional to the abundance. When increasing the
amount of the absorbing species the line will increase in strength and grow deeper
until the core saturates. At this stage the EW no longer changes linearly with
increasing absorption. Instead the saturation grows asymptotically towards a
constant value. In the last stage, the strong line regime, the EW now roughly
changes with the square root of the abundance, where most of the increase in
strength will be in the wings of the line. As mentioned in the previous section
about the effective temperature and surface gravity effects, the wings of strong
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Figure 3.7: The equivalent width depends on the abundance of the absorbing species.
This example is for the FeI line at 6065 Å from a model photosphere. Each circle on the
COG in the top panel corresponds to a line profile in the lower panel. Figure credit:
Gray, 2005.

lines are strongly dependent on one or both of these parameters, which makes it
very hard to characterize the effect originating only from the abundance of the
chemical element in question. All in all this means the best lines to measure
abundances of chemical elements in stellar photospheres are weak lines on the
linear part of the COG that are still strong enough to get a secure measure of
the EW.
The details of the COG depend not only on the atmospheric parameters, Teff ,
log g and chemical composition, but also on things such as the continuous absorption at the position of the line, the atomic constants for the line including
hyperfine structure and Zeeman splitting and the type and strength of the dampening. However, every COG looks qualitatively like the one in Fig. 3.7, which
drastically eases the practical use.
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We now have the background and information about stars and stellar photospheres that we need to understand how the extraction of stellar parameters
works. This is the topic of the next chapter.
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Stellar parameters and abundance
determination
To fully describe a star with a stellar model several parameters are needed, where
the most fundamental are the mass, age, and chemical composition. Additional
fundamental parameters are radius, temperature, and surface gravity.
Stellar spectroscopy is a very powerful tool to obtain a range of stellar parameters to high precision. It is however not a solution to everything as some
important stellar parameters cannot be determined by spectroscopy and some
parameters can only be estimated by spectroscopy, but determined to higher
precision by other methods. In this chapter I will first briefly introduce how we
can determine temperature, surface gravity and chemical composition with other
methods before going into more detail with how stellar parameters and surface
abundances are determined with spectroscopy. In Chapter 5 we highlight the
importance of combining different methods. The main reference for this chapter
is Gray (2005).

4.1

Non-spectroscopic methods

This section introduces different ways of obtaining stellar parameters than from
spectroscopy. The list is non-exhaustive as I will focus only on what has been
relevant for the studies presented here as either inputs for first estimates or
constraints for the analysis.

4.1.1

Effective temperature

The determination of the effective temperature is very tightly linked to the determination of radius through the Stefan-Boltzmann law (Eq. 3.2):
Z

∞
2
4
Fν dν = θR
σTeff

(4.1)

0

where θ is the angular radius. That means, if you can measure the angular radius and the flux over a wide enough spectral window, the effective temperature
will follow. From the angular radius, it is also possible to determine the linear
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radius R if the distance is known. The most common way of measuring distances to stars in the Milky Way is via parallax. The Gaia satellite has provided
an unprecedented data set with parallax and proper motion measurements of
more than 1 billion stars. For stars belonging to clusters, the distance can also
be estimated through the distance modulus (m − M ) by isochrone fitting in a
color-magnitude diagram. For this, assumptions (or measurements) are needed
of the iron abundance ([Fe/H]) and reddening (E(B − V )) of the cluster (see e.g.,
Rosvick & VandenBerg, 1998, for NGC 6819). With eclipsing binaries it is possible to measure the linear radius directly, where instead the distance is needed
to determine the angular radius and thereby Teff . Interferometry is another very
powerful astronomic tool that allows us to directly measure the angular sizes of
stars, but this is limited to the very brightest stars in the sky due to the high
demands on photon counts. Combining the long baseline interferometric measurements with the bolometric flux provides a direct measurement of the effective
temperature (e.g Code et al., 1976; Creevey et al., 2012) and combining it with
the parallax yields the linear radius (e.g., White et al., 2013).
Another way to measure Teff of a star is the infrared flux method (Blackwell &
Shallis, 1977; Blackwell et al., 1979, 1980). This takes advantage of the fact that
stars above 4000 K behaves approximately like black bodies in the infrared which
means the spectra can be described with the Rayleigh-Jeans law and the ratio of
the bolometric and monochromatic infrared flux depends on Teff with only very
minor dependency on the metallicity. This makes the modelling much simpler.
It is a widely used method due to especially the low requirements on observing
time because it relies on multi-band photometry. The ratio of the bolometric flux
at Earth FBol (Earth) and the infrared monochromatic flux at Earth Fλ (Earth)
4
is compared to the ratio between the surface bolometric flux (σTeff
) and the
surface infrared monochromatic flux Fλ (model), which is predicted from model
atmospheres. From these ratios Teff is computed iteratively (Casagrande et al.,
2008):
Fλ (model)(n−1) FBol (Earth)(n−1)
=
σFλ (Earth)(n−1)


Teff,n

(1/4)
,

(4.2)

where n is the current iteration step. Because the atmosphere on Earth is not
transparent at all wavelengths, the bolometric flux cannot be measured directly.
Instead to compute the bolometric flux at Earth, multiband photometry is used
and then theoretical model atmospheres are needed to estimate the flux outside
the photometric bands, which takes Teff as an input. Therefore, at each iteration
the estimate of the computed bolometric flux at Earth improves as the temperature improves. Normally, the infrared flux is measured in more than one band
and the equation is solved for each band separately, where then the average of
Teff over all bands at each iteration is used and this is iterated until convergence.
From the infrared flux method, calibrations have been made that allows a
calculation of the effective temperature from colors and an estimated metallicity,
which is very powerful. Examples are presented in Casagrande et al., 2010 and
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Ramírez & Meléndez, 2005 where especially B − V is sensitive to temperature. I
have used this throughout my studies as the starting point for the effective temperature determination in the spectroscopic analysis, and it is explained further
in Chapter 5.

4.1.2

Surface gravity

As described in Chapter 3 asteroseismology is a very powerful tool to obtain
stellar parameters, in particular mass and radius, which in turn gives us the
surface gravity, log g. This will also be discussed in Chapter 5 and we will
therefore not go in more detail here.
Detached eclipsing binaries provide another way of getting very good log g
values, that are both more precise and accurate than what can normally be
achieved with spectroscopy (e.g., Popper, 1980; Brogaard et al., 2017). Radial
velocity measurements provide the projected orbit to very high precision, which
allows us to calculate the minimum masses. We can combine this with photometric time series of the eclipses that yield radii to get the surface gravity. The issue
with binaries is that the spectra contain the light from both stars at the same
time, except during the eclipses (in an ideal case). If we want to study each star
in a binary system individually to e.g., measure the chemical composition, we
need to separate the spectra. If one star is fully eclipsed, it is straight forward to
observe the primary, but extracting the spectrum of the secondary is still difficult.
Often the stars are not fully eclipsed, which means a small percentage of the light
still remains from the eclipsed star. Much time and effort goes into disentangling
these spectra, but it is not always straight forward, because especially the light
ratio is difficult to determine. Throughout this project, I only present work done
on single stars, which means we cannot directly benefit from the surface gravity
from binary star studies. We have however been lucky enough that in one of the
clusters we have worked with (NGC 188) there is an eclipsing binary star near
the MS turn-off, which along with assumptions about mass-loss during the stellar
evolution, can provide a fairly good mass estimate. I will show in more detail,
how this is utilized as starting points for the spectroscopic analysis in Chapter 5.

4.1.3

Metallicity

The metallicity of a star is the estimate of the overall chemical enrichment, which
can also be estimated from photometry using standard filter systems such as the
Johnson-Cousins U BV RI passbands (Johnson & Morgan, 1953; Cousins, 1976)
or the Strömgren uvby passbands (Strömgren, 1966). Although there are many
elements contributing to the metallicity, it is often described with only the iron
abundance relative to hydrogen. The precision from photometry is much lower
than what can be done with spectroscopy, but it is a good starting point for a
spectroscopic analysis or if there is no spectroscopy available e.g., for very faint
targets. A star with more metals in the atmosphere will generally show stronger
absorption lines where most of these are in the bluer parts of the optical spectrum;
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most in U , fewer in B and least in V , which means the star will appear redder.
From this we can define the UV excess, δ (U − B), which is the difference between
the star’s U and B band magnitudes compared to the difference between the U
and B band magnitudes of the stars in the Hyades, a metal rich cluster (Wildey
et al., 1962). This is however also sensitive to the temperature so the B − V color
can be included to account for this. If an absolute value for the metallicity should
be obtained, it is necessary to include a measure of the interstellar reddening.

4.2

Spectroscopy

Determining atmospheric parameters from stellar spectra is not a simple task
and every approach is to some extent model dependent. Which way is better
depends on the stellar type, the resolution and the S/N of the data. Moreover,
many spectroscopists have their own preferred method and each has pros and
cons. In the following section I will highlight the most commonly used methods
with their advantages and disadvantages, but first I will introduce the instruments
we use to gather the data.

4.2.1

Spectrographs

A spectrograph spread the light from a star into its different wavelength components. The most basic spectrograph is an entrance slit from where the light
diverges to a collimator lens or mirror, which parallelizes the beam towards a dispersive element that either transmits or reflects the light back towards a lens that
lastly focuses the light onto the CCD (Nissen, 2001). In high resolution spectroscopy we most often use a cross-dispersed echelle spectrograph. Figure 4.1
shows a schematic view of the light path in a typical echelle spectrograph, in this

Figure 4.1: The left image shows the cross-dispersed spectrum in the focal plane of
the CCD from the SONG spectrograph, photo by Frank Grundahl. The right figure
shows a schematic view of the spectrograph optics. 1 / 4 / 6 Folding mirrors. 2 / 5
Collimator mirrors. 3 Echelle grating. 7 Cross-dispersion prism. 8 Camera and 9
CCD. Figure by René Tronsgaard Rasmussen.
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case the SONG spectrograph on the SONG Hertzsprung Telescope on Tenerife
(Grundahl et al., 2008; Andersen et al., 2014). The light from the telescope enters vertically through a slit and hits a folding mirror. It passes onto a collimator
mirror that parallelizes the light before it hits the echelle grating. An echelle
(ladder in French) grating is a reflection grating with a high angular dispersion,
which is used at high diffraction orders. There is overlap of longer wavelengths
of one order with shorter wavelengths of the next order, which is separated and
stacked by a cross-dispersing prism before the light is focused onto the CCD. The
result is the two dimensional spectrum imaged on the left of Fig. 4.1. This setup
allows high resolution and at the same time a large wavelength coverage, which
makes it ideal for chemical analyses of stars.
In Sec. 3.3.2 we described the different mechanisms that can broaden the
stellar absorption lines including the instrumental profile. Several factors along
the light path in the spectrograph can affect the line profile: Diffraction by
the entrance slit and edges on subsequent optical elements, temporally variable
refraction by the air in the spectrograph, design compromises and manufacturing
imperfections in the optics and lastly scattering within transmission elements or
by dust on optical surfaces (Valenti et al., 1995). For many applications detailed
knowledge of this is not necessary to carry out the intended analysis, but if the
highest precision is desired, the instrumental profile must be characterized.

4.2.2

Spectral classification

Many stars have similar chemical composition, which greatly simplifies the interpretation of stellar spectra, because they are mainly determined by Teff and
log g. This allows us to divide the stars in spectral classes by Teff and luminosity
classes by log g. Figures 4.2, 4.3 and 4.4 show the different spectral classes for
giant stars that are all luminosity class III. Main sequence stars are denoted V,
subgiants (IV), bright giants (II) and supergiants (Ia,Ib). The spectral classes
from hottest to coolest are O,B,A,F,G,K and M, where each are divided into 10
subclasses, e.g., K0, K1, K2 etc. O and B stars are called early types and cooler
classes are called late types (Gray, 2005; Christensen-Dalsgaard, 2008). General
characteristics for the different spectral classes can be summarized as follows:
O

Hot stars with strong UV continuum, weak hydrogen lines and strong ionized helium lines. Teff & 30 000 K.

B

Strong neutral helium lines. Hydrogen lines appear at cool end. 10 000 K .
Teff . 30 000 K.

A

Strong hydrogen lines. Weak neutral metal lines appear. 10 000 K . Teff .
7500 K.

F

Hydrogen lines weaken. Neutral and ionized metal lines increase in strength.
6000 K . Teff . 7500 K.

G

Strong metal lines. Hydrogen lines weaken. 5200 K . Teff . 6000 K.
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Figure 4.2: Optical spectra of hot blue giants at different Teff . Figure credit: (Silva
& Cornell, 1992).
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Figure 4.3: Optical spectra of red cooler giants at different Teff . Figure credit: (Silva
& Cornell, 1992).
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Figure 4.4: Optical spectra of cool giants at different Teff . Figure credit: (Silva &
Cornell, 1992).
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K

Metal lines dominate. Continuum weak at blue wavelengths. Molecular
bands (CN,CH) appear. 3700 K . Teff . 5200 K.

M

Molecular bands (in particular TiO) dominate. Teff . 3700 K.

Spectral classes are simplifications of very complex stellar spectra, but because
they can be determined with low resolution spectra, they provide a quick and
convenient way of determining overall stellar properties. That makes it especially
useful for e.g., target selections for larger studies and as starting points for more
detailed analysis of higher resolution spectra.

4.2.3

Effective temperature

The slope of the Paschen continuum (λ > 3647 Å) is a very good temperature
indicator for stars in the range 3500-10 000 K. Figures 4.2, 4.3 and 4.4 show
the optical spectra of giants at different temperatures, where it is clearly seen
how the slope of the Paschen continuum changes with Teff with a negative slope
for hot stars that turns over and becomes positive for cooler stars. It is mostly
independent of spectral lines, unlikely to be affected by non-LTE effects and
only very little dependent on the surface gravity. The steepness of the slope
decides how precise the measurement of Teff can be. Normally the temperature
is determined by fitting models of different Teff to the data, but this can actually
also be used even with only photometry available by measuring the color index
B − V . The B-band is centered around ∼4350 Å and the V -band is centered
around ∼5500 Å. This however is not independent of metallicity because you are
measuring the total flux in each band, which will decrease with increasing line
absorption from metallicity, as compared to the slope of the continuum. The
hot limit for this method is around 10 000 K (between the two middle spectra
labeled B9III and A3III in Fig. 4.2) because above that, the peak of the stellar
flux is at shorter wavelengths than the Balmer jump (the large change in flux
at 3647 Å). Instead UV observations of the Balmer continuum would be more
appropriate, but as this is not possible from the surface of the Earth, this is
in most cases not a method of interest. The cool limit is determined by line
absorption. Around Teff = 3500 K the continuum can no longer be confidently
measured, which on Fig. 4.3 is between the two bottom spectra labeled K4III and
CO. One interesting side note for this method compared to others is the formation
depth of the continuum compared to the spectral lines. The continuum is formed
deeper in the stellar photosphere and it is the temperature of this layer that
is measured, which differs from that of the region where most weaker lines are
formed slightly higher up in the atmosphere. In practice however, the difference
between Teff measured from the continuum and e.g., the excitation temperature
associated with absorption lines is usually negligible.
For hotter stars (O and B) the Balmer jump can be used to estimate Teff .
The somewhat sudden change in continuum flux marks the limit of the Balmer
series and at shorter wavelengths (higher photon energies) the Hydrogen atoms
in the stellar atmosphere are fully ionized giving continuous absorption, which is
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why the continuum below the Balmer jump is called the Balmer continuum. This
ionization is a bound-free absorption as described in Sec. 3.3 that not only depends on temperature but also pressure, which in turn means the surface gravity
will have to be measured separately to solve the ambiguity. For slightly cooler
stars (5000 K to 10 000 K) the pressure is actually the dominant effect on the size
of the jump and it then becomes a measure of the surface gravity and not temperature. The size of the jump can also depend on the metallicity because the
number of electron donors can alter the opacity. In practice this can be very hard
to measure because the strong hydrogen lines blend together at the series limit,
which can distort the Paschen continuum. For later type stars (G and cooler,
Figures. 4.2 and 4.3) the jump becomes too small to measure and is obscured by
the many metal lines. As with the slope of the Paschen continuum, preferably a
spectrum should be used when measuring the size of the jump, but it can also
be estimated from the U − B color index because the U -band is centered on the
Balmer jump and the B-band is slightly redder.
The Balmer lines can also be used as Teff indicators. Especially for Teff <
8000 K the Hγ line is widely used because the strength changes drastically with
temperature while at the same time it is unaffected by pressure. Above 8000 K
Hγ is also pressure sensitive so in order to use it for temperature determinations,
an independent measure of the surface gravity is needed. The interpretation of
the hydrogen line strength is however not simple due to the different theoretical
formulations of the Stark profile, but it will still yield Teff precision at the level
of the Balmer jump or the slope of the Paschen continuum. In practice, the hydrogen line strengths can be a pain to measure in high resolution echelle spectra,
which is preferred for most other applications. This is due to the nature of the
efficiency of the echelle grating, which can be described by a blaze function, that
is then corrected for in the extraction of each order of the spectra. The orders
will typically only span around 50 Å where a strong line will cover a significant
fraction of that. This makes the measurement of the blaze shape for that order
very difficult and the correction will in turn be problematic. Orders with strong
lines are in most cases best avoided and should instead be measured with other
data as e.g., lower resolution long slit spectroscopy.
Metal lines are in many cases the optimal way of measuring Teff of a star
and also the preferred in our studies, which we will get back to in more detail
in Sec. 4.3. I will however briefly mention a different way of using metal lines
to measure Teff that is interesting because of the very good precision that can
be achieved, as low as only 5 K (Gray, 1994). This is known as the line-depth
ratio method, where the central depths of two lines of the same element but with
different excitation potentials are measured. Using lines of the same element
eliminates abundance effects. Lines of different excitation potentials respond
differently to changes in Teff , so when comparing the depth of one high excitation
potential line to one low excitation potential line, the ratio is very temperature
sensitive. This method is also independent of interstellar reddening, spectral
resolution, microturbulence broadening if the lines are of similar strength, and
continuum placement effects if the lines are close together. The accuracy of this
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method is however not nearly as good as the precision. The absolute temperatures
are obtained by measuring many line depth ratios in stars where Teff is already
securely established, which so far is the Sun and stars very similar to the Sun.
Another issue for evolved stars is that the line depth ratios in this parameter
regime also depend on the surface gravity, where again a separate measure of
this would be needed. Calibrations have also been made for super giants by
Kovtyukh et al. (2003).

4.2.4

Surface gravity

The continuum of a star also depends on the surface gravity, but the only useful
measure is the Balmer jump. As mentioned in the previous section, the jump
depends mainly on surface gravity in the temperature range 5000 K to 10 000 K,
but in practice it can only be used in the middle of this range, with peak sensitivity at 7500 K. For late A and early F type stars (∼ 8000 K − 6500 K) it is a
good measure of the surface gravity where the size of the jump decreases with
increasing surface gravity. For the hotter stars, the dependency reverses and the
size of the jump now increases with increasing surface gravity. This sensitivity is
however very low and it can only be used for super giants that have low surface
gravities. Cooler than late F type (∼6500 K) the jump becomes too obscured by
metal lines.
The wings of hydrogen lines can also be used to measure the surface gravity
of early type stars, preferably hotter than ∼8000 K. Cooler than this, the temperature dependency is higher. The top panel of Fig. 4.5 shows the Hβ profile at
different surface gravities for a star with Teff = 7000 K where changing the surface
gravity only alters the wings very little. The next panel shows the same but for a
star with Teff = 10 000 K. Here the wings change dramatically, which allows us to
determine the surface gravity to a much higher precision. When looking at even
hotter stars as shown in the bottom panel for a star with Teff = 25 000 K, the
Balmer lines continuously decrease again, which in turn decreases the sensitivity
for the surface gravity measurement. The best results are obtained by fitting the
line profiles, where the chemical composition also cannot be ignored and should
be measured independently. Again, photometry can give good estimates of this,
where especially the β index (or Hβ ) is used. This compares the flux in two
filters of different widths (30 mÅ and 150 mÅ) centered on the Hβ line. When
using filters of different widths you gain information on the strength of the wings
without actually having the line profile. Other strong lines such as the Ca II
H and K lines, the Na I D lines and the Mg I b lines can be used in the same
way but for cooler stars as they also show strong pressure-broadened wings. For
especially the Na D line doublet, blending can cause significant issues. True for
all of the strong lines is however that temperature and chemical composition cannot be ignored. This means the profile should be fitted to obtain more reliable
results and again it will be much more robust if there are independent measures
of temperature and metallicity.
Common for all pressure diagnostics is the temperature sensitivity, which
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Figure 4.5: Computed Hβ profiles for stars of different temperatures. From top to
bottom: Teff = 7000 K, 10 000 K, 25 000 K. The different color lines represent different
surface gravities: log g = 2.0(black), 3.0(red), 4.0(green) and 5.0(blue). Figure credit:
(Niemczura et al., 2014).

cannot be fully removed. As a result of this, the temperature and surface gravity
of a star are often determined in an iterative way and preferably with a separate
measure of at least one of the two. Another complicating factor is helium, which
produces effects on the stellar spectrum much like surface gravity, but can only
be directly measured for O and B type stars. It increases the mean molecular
weight in the photosphere, which results in a larger pressure at a given optical
depth. In many cases, it does not add a large uncertainty to the surface gravity
determinations, but when very high precision is required or the star is helium
rich, it should be taken into account (Zboril, 2000).
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4.3

The Curve of Growth method

So far in this chapter I have presented many different ways of obtaining stellar atmospheric parameters from other methods than spectroscopy and from larger features of a stellar spectrum such as strong lines and the continuum shape. Lastly,
it is time to present in more detail the method that has been used throughout
the work presented in this thesis, which relies on weak absorption lines. The
walk-through in this section follows that of Gray (2005). With this method the
strength of the absorption line is measured through the equivalent width and
compared to the curve of growth calculated from models. It requires very little
computation and the step from line strength to abundance is more or less direct.
The COG does not appear explicitly but is used indirectly.

4.3.1

Explicit COG

Figure 3.7 shows the COG for a star where the strength of the absorption line
is plotted as a function of the abundance of the species. This is a simplified
way to look at it because a star only has one fixed abundance of a given species,
which means every absorption line belonging to that element should be of equal
strength. But of course, reality is not that simple and as we discussed in Chapter 3, many characteristics of the stellar atmosphere will affect the strengths of
absorption lines. To understand this better we can derive an expression for the
theoretical strength of a weak line where the optical depth is small. We go back
to the Boltzmann equation for atoms in one level compared to all atoms of that
species (Eq. 3.6), define the number abundance of the element E relative to hydrogen as A = NE /NH and define the fraction of absorbers in the jth ionization
stage as Nj /Ne . Putting all of this together we get an expression for the amount
of line absorbers per unit volume N :
N =A

Nj
gn −χn /kT
e
.
NH
NE
u(T )

(4.3)

As mentioned above, because we are considering only a weak line that is formed at
a small optical depth, we can assume that the line strength is directly proportional
to the abundance, which can also be expressed as:
Fc − Fν
lν
dν ≈ D
,
Fc
κn u

(4.4)

where D is a constant, lν is the line absorption coefficient and κν is the continuous
absorption coefficient, so the strength of the line can be increased by increasing
the line absorption or by decreasing the continuous absorption across the line. It
also means that the weak line profile looks very much like the shape of lν because
κν can be assumed to stay constant across the line. We are interested in the total
flux removed by the weak line, so we can define w as the integral over the line
profile in Eq. 4.4:
Z
D ∞
w=
lν dν .
(4.5)
κν 0
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We can now approximate the equivalent width using lν ρ = N α, where ρ is the
mass density and α is the atomic absorption coefficient:
Z
Z ∞
D
D ∞
lν dν =
N αdν .
(4.6)
w=
κν 0
κν ρ 0
When we perform the integral of the absorption coefficient α over the line we
get:
w=

D πe2 λ2
fN ,
κν ρ mc c

(4.7)

where we have also included the f value, which represents quantum mechanical
effects in the population levels. We combine this with Eq. 4.3, take the logarithm
and divide both sides with the wavelength of the absorption line λ to normalize
Doppler dependent phenomena (especially microturbulence and thermal broadening):


w
πe2 Nj /NE
NH + log A + log gn f λ − θex χ − log κν
= log D 2
log
λ
mc u(T )
= log C + log A + log gn f λ − θex χ − log κν ,

(4.8)

where θex = 5040/T , χ is the excitation potential of the line and κν is the
continuum absorption. The expression compressed in C is constant for a given
star and a given ion:
C∝

πe2 Nj /NE
NH .
mc2 u(T )

(4.9)

From this it is evident how the reduced EW of a line not only depends on the
abundance A of the element, but also on the other atmospheric parameters,
the wavelength of the line, the statistical weight of the transition in the atom
g, the oscillator strength f , the excitation potential and the total absorption.
Changes in log A is equivalent to changes in log gf λ, θex χ or log κν , which means
that lines of the same species with a constant A will be displaced depending on
their individual atomic parameters, excitation potential (example in Fig. 4.6) and
continuous absorption at that wavelength. Curves of growth tend to be plotted
in different ways and here we use log (W/λ) vs. log (gf A), where gf are constants
for the line and therefore not shown. The statistical weight and the oscillator
strength are both known quantities of the line in question and the rest of the
parameters in Eq. 4.8 are set by the model photosphere, which in turn means
finding the abundance of the species from the line is a simple matter of matching
the observed EW to a point along the COG corresponding to the abundance.
This is a very straight forward method and not computationally demanding.
As mentioned the COG does not appear explicitly with this method, but in
order to explain the effects the atmospheric parameters have on the abundance
determination, it is instructive to show (parts of) the explicit COG method.
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Figure 4.6: Curves of growth are displaced along the x-axis as the excitation potential
is increased Figure credit: (Gray, 2005).

There is also especially one case where it can be beneficial to study the COG
explicitly and this is to determine the microturbulence parameter as I will get
back to shortly.
The example in Fig. 4.6 of varying the excitation potential in an LTE description highlights well why we prefer to only work with the weak lines. When the
absorption lines saturate, the curves change shape and no longer behaves in the
same way for different excitation potentials. If we instead stay on the linear part,
the curves are only displaced along the x-axis but still show the same behavior
greatly simplifying the analysis. The strong line portion is not included here, but
this also does not behave the same way at different excitation potentials. The
main change when increasing the excitation potential is shifting the COG to a
higher abundance range because fewer atoms will be excited to the absorbing
level so the same EW means a higher abundance of that species. Conversely,
from the observational point of view if you compare two absorption lines of the
same species (Fe in this case) the line with the larger EW must have a smaller
excitation potential. Equation 4.8 showed that changes in log A is equivalent
to changes in θex χ, which means the amount of shift of each curve from χ = 0
can be interpreted as θex χ. For θex like the example shown here, the shift will
decrease with increasing excitation potential, which is explained by the inset in
Fig. 4.6: θex decreases (temperature increases) slightly with increasing excitation
potential, which is because higher excitation potential lines are formed in deeper
layers where the temperature is higher. We will therefore have to include this
temperature dependence if we want the correct amount of shift for each curve.
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Figure 4.7: Curves of growth are displaced along the x-axis due to differences in
temperature distributions in the model photosphere. Figure credit: (Gray, 2005).

Often the changes due to the temperature are so small that our observational
uncertainties will drown it out and it can effectively be ignored. The same exercise can be done with κν , but the shift here is much smaller, especially for lines
that are close in wavelength in later type stars (FGK), where close means within
a few thousand Ångstrøm.
The temperature enters more than once in Eq. 4.8; through the ionization
equilibrium Nj /NE , in the constant C, through the continuous absorption coefficient κν because the continuum will change with temperature as described
earlier, and lastly through θex as described above. These different factors can
either combine or cancel each other out depending on the temperature regime
and the ionization stage. Another less visible way the temperature enters the calculation is the temperature distribution of the photospheric model. Every model
assumes some distribution of temperatures at different optical depths, which can
vary significantly in especially the outer parts of the photosphere where the lines
are formed. Some models simply scale the solar temperature distribution while
others do a full radiative equilibrium calculation. Differences in e.g., the strength
of the convection in the model or differences in the effects of line opacities, called
line blanketing, will also affect the temperature distribution. Figure 4.7 shows
how the COGs are displaced along the x-axis for different temperature distributions where a hotter distribution will give a higher abundance for the same EW.
Again, the saturation parts are also different in the hot and cold model because
in the hotter model saturation of a line core occurs at lower abundance values,
which in turn affects the microturbulence determination.
Like the temperature, the surface gravity also enters Eq. 4.8 through the
ionization equilibrium Nj /NE . in the constant C and through the continuous
absorption coefficient κν . As explained previously, in cool K giants, the neutral
lines are not sensitive to pressure changes and the COGs will not shift, but singly
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Figure 4.8: Curves of growth for FeII lines of different surface gravities are displaced
on the x-axis and coincide in the saturated regime. Figure credit: (Gray, 2005).

ionized lines like FeII will be affected and again a change in log g will cause a
displacement of the curves on the x-axis for the weak part (see Fig. 4.8). For the
saturated part, curves of different surface gravity almost fall on top of each other
making it virtually impossible to distinguish them and should therefore never be
used to determine surface gravity if at all possible.
Throughout this chapter I have mentioned several times that we prefer to
stay on the linear part of the curve of growth because when we get to the saturated part, the slope diminishes and in turn the uncertainties of the analysis
increase. There are several other complicating factors, where the largest is microturbulence, which is shown in Fig. 4.9. This is included in the abundance
analysis to explain the delay of the saturated part of the COG meaning the EW
is measured larger than what is predicted by the model. To determine the value
of the microturbulence if the explicit COG method is used, the EW is first fitted
for the weak lines where there is no microturbulence broadening and then using
the theoretical COG that best fit the data in the saturated regime. Other mechanisms that desaturate the absorption lines like hyperfine and Zeeman splitting
will affect the COG much like the microturbulence, which complicates the picture further. Different temperature distributions can also cause a similar effect
where the hotter model (Fig. 4.7) saturates earlier. Deviations from LTE also
becomes significantly worse for saturated lines where greater deviations delay the
saturation regime. In a direct computational analysis where the COG does not
appear explicitly, desaturation effects can be very difficult to handle, especially
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Figure 4.9: Microturbulence delays the saturated part of the curve of growth by
broadening the absorption line. Figure credit: (Gray, 2005).

because often, only the microturbulence can be adjusted and if the other effects
are significant, it can make it very difficult to fit the microturbulence and thereby
cause an inaccurate determination. For this it can be useful to compare the shape
of an observed COG with a theoretical and not only match the EW to a point
on the theoretical COG.

4.3.2

Determining abundances

The statistical weights and the oscillator strengths are properties of the atom
described by the log gf value that is either calculated theoretically or measured
experimentally in a laboratory. Uncertainties in the oscillator strengths are often
a limiting factor to the spectroscopic analysis, because the determinations are far
from simple. Attempts has also been made at determining the oscillator strengths
in a reverse manor by comparing solar data to a solar model photosphere, but this
is also not without issues. To get around the problematic oscillator strengths it
is possible to do a differential analysis where one star is compared to another and
only the ratios of abundances are obtained. This works best for stars of similar
atmospheric parameters (Teff , log g and [Fe/H]), because it is assumed that they
have identical COGs and when plotting log (W/λ) vs. log (gf A), log (gf ) falls
out and you are left with log (A1 /A2 ). If there is an error in the analysis it will
affect both stars in the same way and by approximately the same amount, which
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means their relative abundances are still correct. This then also means that the
internal uncertainty for a differential analysis can be much better than for an
absolute analysis.
A different approach also using the COG indirectly and mainly involving weak
lines is referred to as spectrum synthesis. Instead of measuring the strength of
each individual line, a model spectrum is computed for a wavelength interval including all the lines in that interval. The abundances of the synthetic spectrum
is adjusted until the best fit to the data is achieved. This is computationally
much heavier than the direct COG method as it essentially is an expansion of
the method to many lines at the same time. This also means there will be many
more parameters to adjust at the same time and with this also many more possible sources of errors and uncertainties. Even with these extra concerns, the
synthesis method is widely used especially when normal ways of measuring the
equivalent widths of lines is very challenging or simply impossible. This could
be if the lines are heavily blended either from many nearby lines, which is the
case at short wavelengths for cool stars, or because the data is not of sufficient
resolution to resolve the lines. Strong broadening of spectral lines can also cause
problems, e.g., if the star is a fast rotator, because even though only the shape of
the line is changed and the strength stay the same, the broadening can be strong
enough to cause blending of nearby lines.
Lastly, I will describe the step by step process of going from a measured EW
to an abundance in practice. If we are fortunate, there is photometry available
for the target we wish to analyze, which gives us first guesses of the atmospheric
parameters as described in the beginning of this chapter. Today, large photometric surveys have been carried out all over the sky with fluxes in several different
bands, which means in many cases, we will have these estimates. If there is no
photometry available, it is advisable to look at some of the other spectroscopic
methods described in this chapter to get a good starting point. In the next
chapter I will dive into the different choices that has to be made when doing the
direct computational analysis with implicit COGs such as which lines to use with
which atomic parameters, how to measure the EW etc. For now, I will skip this
step and assume we have our favorite sample of absorption lines with a given
set of atomic parameters and measured EWs. From these we wish to obtain the
chemical composition of the stellar atmosphere, but first we need to establish the
other atmospheric parameters, Teff , log g, metallicity and microturbulence so we
can use the correct atmospheric model to calculate the COGs. To do this we
need absorption lines of the same element but at different excitation potentials,
different ionization stages and different strengths. The obvious choices for K giants are either iron or titanium lines simply because they are so abundant, but in
principle any element will do. The atmospheric model that best fits the observed
spectrum is then found using three requirements:
1. Abundance vs. excitation potential has to show no trend for lines of the
same ionization stage. If the chosen model is too cold, the states with
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low excitation potential will be overpopulated and the abundance for these
lines will be measured too low. This gives a positive correlation between
abundance and excitation potential and Teff should be increased until the
correlation flattens and excitation equilibrium is reached. For a too hot
model, it will be the opposite.
2. Abundance vs. reduced equivalent width has to show no trend for lines of
the same ionization stage. If the microturbulence of the chosen model is too
high, the stronger lines will increase in strength and the abundances will be
decreased to match the observed line profile. A negative correlation between
abundance and reduced equivalent width is seen and the microturbulence
should be decreased until the correlation flattens.
3. Ionization equilibrium has to be met. The measured abundance of a given
element independent of ionization stage, e.g., FeI and FeII should yield the
same abundance. Singly ionized lines are very sensitive to changes in log g,
which is varied until the singly ionized lines (FeII) agree with the neutral
lines (FeI) from the same species.
For the first two requirements we choose FeI lines because they are insensitive
to changes in surface gravity. When the three requirements are all met at the
same time, the atmospheric model now has the correct stellar parameters and the
abundance of the studied element can be derived. In practice this often means the
three steps (four steps if the abundance of the atmosphere model also needs to be
adjusted) outlined above are iterated many times until a fully consistent solution
is reached (or the closest to it). The effective temperature is the most powerful
parameter for this procedure meaning that changing this has the largest effect
on the final abundance and also that a wrong Teff can easily lead to inaccurate
abundances. The abundances are much less sensitive to changes in log g and so
errors on the surface gravity are less damaging to the abundance result. The
microturbulence is a difficult parameter in this context in the sense that it is
not a true physical parameter of the stellar atmosphere but instead our way
of describing small scale motions in 1D models that cannot otherwise contain
turbulence. This means it is often used as a fitting parameter or calculated
using empirical calibrations, e.g., as presented in Bruntt et al. (2010). If the
analysis is only of weak lines staying on the linear part of the COG, varying the
microturbulence will not have a large effect on the final abundance because it only
affects lines on the saturated (and strong) part of the COG (see Fig. 4.9), which
in turn means the abundances of weak lines are fairly robust to uncertainties on
the microturbulence parameter.
Most often the abundance of an element is presented relative to the Sun using
the logarithm:

[X/H] = log(AX ) − log(AX, ) = log
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where AX = NX /NH . It is common practice to look at the different elemental
abundances relative to iron, [X/Fe], because often abundance patterns are studied
for a range of different metallicities.
Still today in most applications of the COG method, the stellar atmosphere
model is calculated in LTE, because these are much faster to calculate and nonLTE effects are not significant in all parameter ranges. More discussion on this
is presented in Chapter 5. Typically LTE models predict cores of strong lines to
be too shallow, which is another argument for staying away from strong lines in
many cases. Moreover, both LTE and non-LTE models need substantial velocity
broadening both from the rotation of the star but also the velocity fields in the
atmosphere. To achieve a more physically correct description of the latter a full
hydrodynamical 3D model is necessary. This again doubles the complexity of the
calculation many times over and true for both non-LTE and 3D models is that
we still run into problems of having incomplete atomic data or poorly determined
temperature distributions in the atmosphere.
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5
Systematic differences in the
spectroscopic analysis of red giants
In the previous chapters we have introduced the history and structure of our
Galaxy, red giant stars and described the foundation of a spectroscopic analysis.
In Sec. 2.4 we outlined the three main components for observational galactic archaeology studies; the stellar chemical composition, age and orbit. In this chapter
we will focus on the former and get back to the other two in the following chapters. Before determining the chemical composition of a star, we need to know
the atmospheric parameters, which is not a straight forward task. In Chapter 4
we introduced many different ways of obtaining stellar parameters with emphasis
on the main method used in this and the following chapter - measuring equivalent widths of individual stellar absorption lines and comparing it to the COGs.
Depending on how you determine the atmospheric parameters, significantly different values can be obtained and this will in turn affect the measured chemical
composition. Here we present the analysis performed to characterize how much
the obtained atmospheric parameters can differ within the same type of analysis.
This chapter is published in Slumstrup et al. (2019) with only minor alterations.

Chapter summary
A spectroscopic analysis of stellar spectra can be carried out using multiple approaches such as different methods, line lists, atmospheric models, atomic parameters, and solar abundances. The resulting atmospheric parameters from these
choices can vary beyond the quoted uncertainties in the literature. We characterize these differences by systematically comparing some of the commonly adopted
ingredients such as line lists, equivalent width measurements, and atomic parameters. High-resolution and high signal-to-noise (S/N) spectroscopic data of one
helium-core-burning red giant star in each of the three open clusters, NGC 6819,
M67, and NGC 188 were obtained with the FIES spectrograph at the Nordic
Optical Telescope. The M67 target was used to benchmark the analysis, as it
is a well-studied cluster with asteroseismic data from the K2 mission. For the
other two clusters we obtained higher quality data than had been analyzed before, which allows us establish their chemical composition more securely. Using
a line by line analysis, we tested several different combinations of line lists and
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programs to measure equivalent widths of stellar absorption lines to characterize systematic differences within the same spectroscopic method. The obtained
parameters for the benchmark star in M67 vary up to ∼170 K in effective temperature, ∼0.4 dex in log g and ∼0.25 dex in [Fe/H] between the tested setups. Using
the combination of an equivalent width measurement program and line list that
best reproduce the inferred surface gravity from asteroseismology, we determined
the atmospheric parameters for the three stars and securely established the chemical composition of NGC 6819 to be close to solar, [Fe/H]=-0.02±0.01 dex. We
highlighted the significantly different results obtained with different combinations
of line lists, programs, and atomic parameters. The results emphasize the importance of benchmark stars studied with several methods to anchor spectroscopic
analyses.

5.1

Introduction

Several large spectroscopic surveys such as the Radial Velocity Experiment (RAVE;
Steinmetz et al., 2006), the Apache Point Observatory Galactic Evolution Experiment (APOGEE; Majewski et al., 2017), the Gaia-ESO survey (GES; Gilmore
et al., 2012; Randich et al., 2013) and GALactic Archaeology with HERMES
(GALAH; De Silva et al., 2015) are being carried out to better understand the
structure, kinematics, and evolution of stars and our Galaxy. Massive amounts of
data are obtained every day that require a swift, precise, and accurate analysis
to support the scientific goals of the aforementioned surveys. To achieve this,
pipelines have been constructed that analyze the data in a homogeneous way, for
example, ASPCAP (García Pérez et al., 2016) for the case of APOGEE. These
pipelines are normally tested against benchmark stars, which are stars that have
been observed and analyzed by more than one method and have extremely high
quality data. In the case of atmospheric parameters, examples of benchmark
stars can be targets that have either abundances determined to a high level of
precision (e.g., Jofré et al., 2014), effective temperatures measured by interferometry (e.g., Casagrande et al., 2014), and ideally an independent estimate of
surface gravity as well. In the latter case, the advent of asteroseismology as a
tool for galactic archaeology has opened a new window of opportunity via its
synergies with large spectroscopic surveys by providing precise measurements of
log g for thousands of stars across the Milky Way (see, e.g., Miglio et al. 2013,
Casagrande et al. 2016, Silva Aguirre et al. 2018, and Pinsonneault et al. 2018,
just to name a few examples).
Many methods are available for spectroscopic analyses of optical stellar spectra, varying from fitting synthethic spectra to observed spectra to classical equivalent width methods. For each of these methods, there are also different options
for programs; for example Spectroscopy Made Easy (SME; Valenti & Piskunov,
1996), widely applied for synthetic fitting using a chi-square minimization algorithm and MOOG (Sneden, 1973), is widely used for the classical equivalent width
approach. It is well known that these different options do not always yield the
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same result and the extent of the differences can be significant. For a comparison
of spectral synthesis methods, which we do not explore further in this work, see,
for example, Lebzelter et al., 2012. For a comparison of equivalent width studies
in the GES framework, see, for example, Smiljanic et al. (2014), where agreement
between multiple determinations of atmospheric parameters for the same star are
better than 82 K, 0.19 dex and 0.10 dex for Teff , log g and [Fe/H], respectively.
For larger comparisons of both spectral synthesis methods and equivalent width
methods, see, for example, Jofré et al. (2014) and Hinkel et al. (2016), where
more detailed discussions on this and efforts to understand the causes of variations between stellar abundance measurement techniques can be found. Both
studies have a list of stellar spectra analyzed with different methods and with
and without restrictions on stellar parameters and line list. Casamiquela et al.
(2017) studied the differences between spectral synthesis and equivalent widths
by analyzing data of red clump stars in several open clusters and found an offset
between the two methods in metallicity of 0.07 ± 0.05 dex. Moreover, the choice
of absorption lines can highly affect the result. Even when choosing only lines
that have the best measured atomic parameters and are not blended to any level
of significance, strikingly different results in atmospheric parameters can be obtained; see, for example, Doyle et al. (2017) who find variations up to 50 K. This
paper also aims at highlighting this issue.
To perform an accurate spectroscopic analysis, it is necessary to know the
level of systematic uncertainties incurred when a particular selection of, for example, the synthetic fitting method or equivalent width measurement program
is made. This can be achieved by a detailed comparison of the results provided
by these combinations when analyzing the same spectra if an empirical measurement of a stellar property exists as well. For example Smiljanic et al. (2014) and
Casamiquela et al. (2017) used cluster membership as an independent constraint
to evaluate the results. In this paper, we take one step further in this direction by
not only including cluster studies but also asteroseismology in comparison with
spectroscopic results obtained when varying one source of systematic uncertainty
at a time.
In this study, we chose the method of measuring equivalent widths of individual absorption lines and requiring excitation and ionization equilibria to hold
when performing a different analysis. We compare several combinations of line
lists and programs to measure equivalent widths to understand the systematic
uncertainties within the line by line spectroscopic analysis.
We carry out a detailed fundamental parameter and abundance analysis of
three targets, one in each of three open clusters (NGC 6819, M67, and NGC 188),
based on high-resolution and high signal-to-noise (S/N) spectroscopic data from
FIES (FIbre-fed Echelle Spectrograph) at the Nordic Optical Telescope (NOT).
The targets have been selected to be in the same evolutionary phase (heliumcore-burning) to make the analysis as homogeneous as possible. In the case of
NGC 6819 and M67 there are also asteroseismic data available from the Kepler
(Borucki et al., 1997) and K2 missions (Howell et al., 2014). Asteroseismology
provides log g values with much higher precision than can normally be achieved
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with spectroscopy, which can greatly help constrain the spectroscopic analysis
(see, e.g., Valentini et al. 2016 and Pinsonneault et al. 2014, where asteroseismology has been used to calibrate the spectroscopic surface gravity by RAVE
and APOGEE, respectively). It has however been shown that when doing a
fully differential spectroscopic analysis of very high quality data, precision levels
comparable to asteroseismology are achievable. Nissen (2015) did a differential
analysis of solar twins to the Sun with very high quality spectra, R = 115 000
and S/N levels above 600, where an average uncertainty on the surface gravity
of only 0.012 dex is obtained. This work was also compared and found to be in
excellent agreement with a similar analysis by Ramírez et al. (2014) who achieved
a surface gravity precision of 0.019 dex for spectra of R = 83 000 and S/N levels
above 400. It is however important to note that this high level of precision is
only achievable between stars of similar spectral type.
We chose stars in open clusters because they can be assumed to originate from
the same molecular cloud and are therefore expected to have similar chemical
composition and age. This also implies that by studying one confirmed member
of a cluster, we get information about an entire population of stars. Open clusters
have been the subject of extensive studies throughout the years, and therefore our
results can be compared to literature values. This also has implications for other
fields in astrophysics; clusters can be used as calibrators when studying galaxies,
distances in the Universe, and age scales for stars. In order to exploit this fully, we
need precisely determined properties of cluster stars involving different observing
techniques to secure the accuracy.
The data used in our analysis for both NGC 6819 and NGC 188 is of higher
quality (resolution and S/N) than previously used. To our knowledge, there is
no high-resolution data (R>65,000) that also have S/N>100 for NGC 188 in the
literature (see, e.g., Randich et al. 2003, Friel et al. 2010, and Casamiquela et
al. 2017 for previous studies of this cluster). Especially, the higher quality data
allow us to better determine the metallicity of NGC 6819, on which there still is
not a full consensus in the literature even though it is an otherwise very wellstudied cluster by asteroseismology because it is in the Kepler field. Previous
determinations of the metallicity have been done by, for example, Bragaglia et al.
(2001) and Lee-Brown et al. (2015) who analyzed three targets with R ∼ 40 000
yielding [Fe/H] = 0.09±0.03 dex and 200 targets with R ∼ 13 000 yielding [Fe/H]
= −0.02±0.02 dex, respectively.

5.2

Observations

We gathered data for confirmed members (Hole et al. 2009, Yadav et al. 2008,
and Stetson et al. 2004) in the helium-core-burning phase, one in each of the
three open clusters NGC 6819, M67, and NGC 188. M67 is a very well studied
nearby solar-like cluster, which has also been observed with the K2 mission, and
that target serves as a benchmark in the analysis. All targets are seen to be
in the helium-core-burning evolutionary phase from color-magnitude diagrams
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(see Fig. 6.1 in Chapter 6). Futhermore the two targets in M67 and NGC 6819
are also confirmed by asteroseismology to be in the helium-core-burning phase
(Corsaro et al. 2012 and Stello et al. 2016).
The observations and data reduction are presented and described in more
detail in Chapter 6 and Table 6.2. Briefly, the spectra were obtained with the
FIbre-fed Echelle Spectrograph (FIES; Telting et al., 2014) at the Nordic Optical
Telescope (NOT). The spectra have high resolution (R = 67 000) and high S/N
(above 100). The co-added spectrum for each star was normalized order by order
with RAINBOW1 . This uses synthetic spectra to help identify continuum points
in the observed spectrum, which is then normalized order by order. After this the
orders are merged and the whole spectrum is shifted to laboratory wavelength.

5.3

Prior information

As a starting point for the spectroscopic analysis, we use photometry and asteroseismology to give first guesses on effective temperature (Teff ), surface gravity
(log g), and metallicity ([Fe/H]). First guesses of effective temperature for the
three targets were calculated with the metallicity dependent color-temperature
relations by Ramírez & Meléndez (2005), which are based on the infrared flux
method. The optical photometry used is presented in Fig. 6.1 in Chap. 6 and
the infrared photometry is from the 2MASS catalog (Skrutskie et al., 2006). The
reddening values presented in Table 6.1 in Chap. 6 used for these calculations
are from Rosvick & VandenBerg (1998), Taylor (2007), and Meibom et al. (2009)
for NGC 6819, M67, and NGC 188, respectively. Results for each filter combination are presented in Table 5.1. The initial guesses for the temperatures were
Table 5.1: Temperatures from temperature-color calibrations.
Target
NGC6819
M67
NGC188

B−V

V −I

V −K

V −J

V −H

avg

4749
4643
4650

4736
4610

4685
4697
4618

4659
4763
4651

4698
4749
4656

4698 ± 33
4718 ± 43
4637 ± 19

taken as averages of the various filter combinations for each target (last column
of Table 5.1). The uncertainties on the photometric temperatures are only the
scatter between the different color-temperature relations for each target and do
not take into account the uncertainty in the relations themselves and should only
be taken as a guide.
With the frequency of maximum power νmax from asteroseismology and Teff
from photometry, the surface gravity can be calculated using the scaling relation
(Brown et al. 1991 and Kjeldsen & Bedding 1995),
!
ν
  T 1/2
max
eff
log g = log
·
+ 4.44 .
(5.1)
3100
5777
1 http://sites.google.com/site/vikingpowersoftware
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This relation is extrapolated from the Sun. Since we apply this relation for
giants, deviations should be expected, which have been quantified in the literature
with, for example, binary studies, parallaxes, and comparisons to interferometry.
Asteroseismic masses have been shown to be accurate to better than 8% (Stello
et al. 2016, Miglio et al. 2016, and Brogaard et al. 2017) and radius better than
4% (Huber et al. 2012, Silva Aguirre et al. 2012, White et al. 2013, Huber et al.
2017, Silva Aguirre et al. 2016, and Sahlholdt et al. 2018). Assuming a stellar
mass of 1.2 M and radius of 10 R , this translates to an accuracy on log g
better than 0.04 dex. Even with only three months of data for the M67 target
with K2, the precision is still better than what has been achieved for giants with
normal spectroscopic methods in the literature that often suffer from systematic
errors on the order of 0.2 dex (e.g., Bruntt et al. 2011, Thygesen et al. 2012, and
Heiter et al. 2015 to name a few) ; the exception to this is a strictly differential
analyses described in the introduction. This provides the strongest constraint to
the spectroscopic analysis. NGC 6819 is in the Kepler field with asteroseismic
measurements available from extensive photometric time series (Corsaro et al.
2012 and Handberg et al. 2017). M67 is in field 5 of the K2 mission, which also
provides asteroseismology but with lower S/N (Stello et al., 2016), as only three
months of time series data have been acquired compared to the four year extent
of the nominal Kepler mission.
There are no oscillation measurements available for NGC 188, but because
there is a binary system near the main sequence turn-off in this cluster it is still
possible to calculate an estimate of the surface gravity from photometry (Nissen,
1997) to a higher precision than for field stars with no strong mass constraints
as follows:
g
M
Teff
log
= 4.44 + log
+ 4 · log
+ 0.4 · (V − 3.1E (B − V ))
g
M
5777
 
1
+0.4 · BC + 2 · log
+ 0.12 , (5.2)
d
where M is the mass. The quantity MNGC 188 = 1.1M is found by using a
turn-off mass in the cluster of 1.1M (Meibom et al., 2009) and assuming the
evolution and mass loss after the turn-off advances as in NGC 6791, where the
mass difference between the turn-off and red clump corresponds to the mass loss
on the red giant branch (Brogaard et al. 2012 and Miglio et al. 2012). The
value V is the V -band magnitude, BC is the bolometric correction, and d is the
distance calculated as

µ−3.1·E(B−V )
1+
5
d = 10
.
(5.3)
The apparent distance modulus in the V -band, µ = (m − M )V , is the difference
between the apparent and absolute magnitude. The reddening and distance
modulus for NGC 188 are from Meibom et al. (2009) and presented in Table 6.1
in Chapter 6. An empirical relation for the bolometric correction in Eq. 5.2
applicable for stars with Teff < 5012 K is given in Torres, 2010 as
2

3

BC = a + b (log Teff ) + c (log Teff ) + d (log Teff ) ,
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where a, b, c, d are coefficients given in the article. The surface gravities from
asteroseismology and photometry for the three targets are NGC 6819: log g =
2.55±0.02 dex, M67: log g = 2.48±0.06 dex, and NGC 188: log g = 2.45±0.14 dex.

5.4

Comparison of methods

To achieve a robust result, we did several realizations of the spectroscopic analysis using different combinations of line lists and equivalent width measurement
programs and compared the outcome to determinations from asteroseismology
and photometry. Because of the high accuracy of the asteroseismic log g as mentioned in Sec. 5.3, we used this as the main calibrator throughout the analysis.
In the following section we describe the analysis carried out in detail, in which we
used the M67 target as a benchmark and SPECTRUM (Gray & Corbally, 1994)
to calculate atmospheric parameters from equivalent widths (see discussion in
Sec. 5.5).
When asteroseismology is available the log g value can be held fixed in the
spectroscopic analysis, which is often the chosen approach when possible. This
can result in ionization equilibrium between FeI and FeII not being reached in the
spectroscopic analysis. In most cases however this does not have a large impact
on the effective temperature because excitation balance, which is used to obtain
Teff , depends on the excitation potentials and abundances of FeI lines, which are
only mildly sensitive to pressure changes in the atmosphere.
Instead of fixing the log g value during our spectroscopic analysis, we used it
as a reference when choosing our preferred combination of line list and equivalent
width measurement program to make the spectroscopic results self consistent and
in agreement with asteroseismology. Doyle et al. (2017) investigated the effect of
fixing log g in the spectroscopic analysis of a set of FGK stars that already had
accurate parameters determined from other methods. They found that fixing
the surface gravity did not improve the precision on the other spectroscopic
parameters, and found an average difference in determined Teff = 3±13 K. This
is however in contrast to Hawkins et al. (2016) and Valentini et al. (2016) who
both found better precision on the other atmospheric parameters when fixing the
log g to the asteroseismic.

5.4.1

Line lists

To test the impact of choosing different combinations of absorption lines, we
adopted one equivalent width measurement program (DAOSPEC, see discussion
in Sec. 5.4.2). When choosing a line list, several considerations have to be made.
The lines should not be blended, they should have well-determined atomic parameters, and they should cover a range of excitation potentials to get a robust
effective temperature determination. Furthermore, the lines should preferably
be weak enough to be on the linear part of their curve of growth (COG), yet
strong enough to yield a significant determination, again covering a range of line
strengths.
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We ensured our lines were not blended by evaluating each individual transition
for our range of atmospheric parameters with the online tool for the Vienna
Atomic Line Database (VALD; Piskunov et al., 1995). Based on our S/N values
of 100-150, we decided that a possible blend should be stronger than 5% to
be considered significant. This however only concerns atmospheric blends. A
separate issue is that of telluric blends, which are in the rest frame of the Earth
and can therefore not be evaluated with a tool like VALD. In order to avoid
telluric blends, we chose to avoid parts of the spectrum with well-known telluric
absorption lines.
We were careful in choosing absorption lines with only reliably determined
atomic parameters, but there are still lines that do not yield the expected element
abundances; for example, some Fe lines in the Sun do not give solar metallicity
when using solar atmospheric parameters. This is the reason why we use the socalled astrophysical oscillator strengths, log gf values as an attempt to minimize
effects from our lack of knowledge of atomic parameters. These are calibrated to
the Sun by analyzing a solar spectrum taken with the same instrumental setup as
the data and then adjusting the log gf values until each absorption line yields the
expected solar chemical abundance. This can result in an increase in the precision
of the metallicity by a factor of two when using calibrated values compared to
laboratory values. It is however important to note that these values give more
precise results by construction, but in doing so a bias can possibly be introduced
in the analysis and care must be taken. Figure 5.1 shows this comparison for
two sets of results for the M67 target using the same line list and program for
measuring equivalent widths, where one set considers laboratory log gf values
and the other astrophysical values. The kernel density estimator (KDE) plot on
the right shows that not only is the scatter larger for the laboratory values (39 K
compared to 18 K), but also the resulting atmospheric parameters change: the
chemical composition, effective temperature, and surface gravity increase when
using laboratory values by ∆[Fe/H] = +0.05, ∆Teff = 100 K, and ∆ log g = +0.27,
respectively (the difference between the two bottom results in Fig. 5.4). The
value for the surface gravity of the M67 target is in poor agreement with the
results from asteroseismology (log gseis = 2.48 ± 0.06 as shown in Fig. 5.5), and
photometry (Teff,phot = 4718 ± 43 K as shown in Table 5.1). For the other two
targets, NGC 6819 and NGC 188, the trend goes in the same direction but is more
pronounced: ∆[Fe/H] = +0.02, ∆Teff = 160 K and ∆ log g = +0.35 for NGC 188
and ∆[Fe/H] = +0.03, ∆Teff = 170 K and ∆ log g = +0.38 for NGC 6819. We
therefore chose to use the calibrated log gf values in our analysis. Doyle et
al. (2017) found similar trends when comparing laboratory and solar calibrated
log gf values, that [Fe/H] is systematically higher with laboratory values, however
their discrepancy on effective temperature is much smaller, <10 K.
As mentioned earlier in this section, the absorption lines preferably have to
be weak enough to be on the linear part of the COG, which describes how the
equivalent width of a line changes as the number of absorbers increase due to a
change in a specific atmospheric parameter, such as the abundance of the element
in question, Teff or log g. For the three stars analyzed here, the linear part of
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Figure 5.1: Comparison of results using DAOSPEC and the line list based on Carraro et al. (2014) for laboratory (blue) vs astrophysical
(green) log gf values for the M67 target. The right plot is a KDE illustrating the scatter in the two samples.
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the COG corresponds to lines with an equivalent width up to about 100 mÅ.
Figure 5.2 shows a comparison between equivalent width measurements of the
same lines but with different programs (more on this in Sec. 5.4.2). Especially in
the left plot of Fig. 5.2 it becomes apparent why stronger lines should be left out
when possible: the scatter increases significantly for the stronger lines (around
∼90 mÅ and above). For instance, when including the stronger lines for the
M67 target with astrophysical log gf values the atmospheric parameters changed
as well: Teff goes from 4680 K to 4650 K (∆Teff =−30 K), log g from 2.43 dex to
2.30 dex (∆ log g= −0.13 dex) and [Fe/H] from -0.03 to 0.00 (∆[Fe/H]=0.03). For
some elements with only a few good absorption lines in the optical part of the
spectrum for a given atmospheric parameter range, the requirement of 100 mÅ
can be difficult to reach. In our case, a few lines with higher equivalent widths
than the 100 mÅ limit were used for elements other than Fe because of the lower
number of lines available.
The higher the S/N of the spectrum, the weaker the chosen lines can be
because the depth of the line has to be significant compared to the noise level of
the spectrum. Given our S/N levels, we set the lower limit at 10 mÅ.
Golden lines
Jofré et al., 2014 collected results for a set of benchmark stars studied in the
framework of the GES collaboration using many different pipelines to study systematic differences in the analysis. They created a list of "golden lines" (presented
in Fig. 5.3), which are FeI and FeII lines all with well-determined atomic data
that are on the linear part of the COG for all of their benchmark stars. These
include FGK dwarfs and FGKM giants. Measurements of the strength of all the
lines in the golden line list by several different groups agree within 2σ. Using only
the golden lines for the FGK giants, the final scatter on the metallicity results
from the different pipelines is around 0.08 dex. This is a good place to start when
choosing lines and we tested this line list on the M67 target. It resulted in the
atmospheric parameters Teff =4820 K,log g =2.85 dex and [Fe/H]=−0.02 dex (see
Fig. 5.4, which shows the results from all the different combinations of line lists
and programs considered in our study). The temperature is significantly higher
than predicted from photometry (see Table 5.1), but the deciding part is the
surface gravity that is much higher than the 2.48 dex predicted from asteroseismology. Even though an uncertainty on log g from spectroscopy of 0.2-0.3 dex is
common, a deviation from the asteroseismic log g of almost 0.4 dex allows us to
discard this line list for the targets analyzed in this work.
Other line lists
We tested other line lists as well based on Carraro et al. (2014), Bragaglia et al.
(2001), Friel et al. (2010), and Tsantaki et al. (2013); in the following we refer
to these works as C14, B01, F10, and T13, respectively. These line lists are all
presented in Fig. 5.3, which shows the excitation potential of all the lines plotted
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Figure 5.2: Comparison of equivalent widths for the M67 target measured with three
routines. Left: ARES vs. DAOSPEC with an average offset of 4.8 mÅ. Right: TAME
vs. DAOSPEC with an average offset of 5.9 mÅ. In the spectroscopic analysis, Fe lines
above 100 mÅ are discarded.
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Figure 5.3: Excitation potentials for each line list plotted as a function of wavelength. The color coding shows the equivalent widths
measured with DAOSPEC. The circles indicate FeI lines and the triangles indicate FeII lines. The gray open circles and triangles in the top
four panels represent common lines with the bottom panel.
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as a function of wavelength color coded by the equivalent width. C14, B01, and
F10 are all selected for cool giants, whereas T13 is for cool dwarfs. The lines in
common from T13, F10, Golden, and B01 with C14 are plotted with gray open
symbols to highlight the differences between the line lists. From this it can be
seen that the main difference between these line lists is the wavelength coverage.
They all have mostly higher excitation potential lines (3 > eV > 5) and all span
the entire range in line strengths. A few differences in the line lists stand out,
which could potentially trace the differences between the results. The F10 line
list has the most even distribution of excitation potentials, which increases the
stability of the results for Teff . It does however have significantly fewer lines than
the other line lists, which overall decreases the precision of the results. The B01
and Golden line lists only have one and two lines with excitation potential below
2 eV, respectively, which makes the Teff determination less accurate. Because
this has a strong effect on determination of the other parameters, the accuracy
on these also decreases. Care should however be taken with strong lines at low
excitation potentials as these are more sensitive to 3D effects (see Bergemann
et al., 2012). The amount of FeII lines also has a strong effect on the precision
and accuracy of the surface gravity determinations. In these determinations the
Golden line list especially stands out, as it has only six FeII lines below 100 mÅ,
which could be the explanation for the discrepancy with the asteroseismic surface
gravity with this line list. A recent review on the accuracy and precision of stellar
parameters is presented in Jofré et al., 2018, where the effects of line selection
is also discussed in more detail. Other differences in the obtained atmospheric
parameters as a result of line selection could also be issues with the atomic
parameters. Even though we ensured all the lines have the best-known atomic
parameters, there could still be problems, as the theoretical calculations and
laboratory measurements of transitions in iron is very difficult to carry out owing
to the complexity of the iron atom. Calibrating each line to the Sun would in
principle remove these effects, but this could add new problems because of the
differences in atmospheric conditions between the Sun and our stars. This is why
it also could be a solution to calibrate to a well-known giant such as Arcturus,
but that would also add uncertainties to the analysis due to the uncertainty on
the metallicity of Arcturus.
Chosen line list
The results using the different line lists with DAOSPEC are presented in Fig. 5.4.
Based on the surface gravity determined from seismology, the final choice of Fe
lines is comprised of the line list from C14 with astrophysical log gf values based
on Grevesse & Sauval (1998) solar abundances and discarding lines stronger than
∼100 mÅ. The choice of non-Fe lines for the final determination of abundances
is based on C14 and Nissen (2015) plus a few additional lines as described in
Sec. 6.4. The C14 Fe line list with laboratory oscillator strengths yields a log g
value within ∼ 3σ of the asteroseismic value, but with a much higher scatter as
shown in Fig. 5.1 and it was therefore discarded. The F10 line list also returns a
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log g value close to the asteroseismic value. Nevertheless, this line list has fewer
usable absorption lines than the others (42 FeI and FeII lines compared to 109
with C14), which gives significantly larger uncertainties (see Fig. 5.4) and a lower
stability of the analysis (see discussion on this in Section 5.6).
The final line list for all elements is in appendix A and available online at
CDS in a machine readable format.

5.4.2

Equivalent widths

The optimal way to measure equivalent widths is to do a manual line by line
analysis, for example, using routines such as splot in IRAF. This can however
be very time consuming since it is preferable to have many lines for each target
and therefore more automatic routines are often used. We tested three different
programs that measure equivalent widths in a more automatic way with less user
interaction; DAOSPEC (Stetson & Pancino, 2008), ARES (Sousa et al., 2007),
and TAME (Kang & Lee, 2012). Comparisons of equivalent width measurements
between the three different programs for the M67 target is shown in Fig. 5.2.
The TAME code can be run both with and without user interaction for the
line fitting. We compare the results with a manual user set continuum. When
line profile fitting it is possible to choose between Gauss and Voigt profiles, where
Voigt profiles should be used for the stronger lines. As mentioned previously, we
chose not to work with stronger lines and therefore the comparison is only for
lines that can be fitted with a Gauss profile. The TAME program measures
equivalent widths 5-7 mÅ higher than DAOSPEC. When using M67 as the test
target the measured equivalent widths results in an effective temperature that
is higher than that expected from photometry by 130 K and a surface gravity
deviating from that expected from asteroseismology by ∆ log g = +0.30 dex (see
Fig. 5.4). This led us to discard this program.
The ARES program fits lines with a Gaussian profile (for stronger lines, there
are other options, but this was not relevant in this case) and does an automatic
continuum placement locally around the absorption line aided by a parameter
that depends on the S/N of the spectrum, which must be set by the user. In
Sousa et al. (2008) a table is given with values of this parameter for different
S/N levels. We varied this parameter to test its effect on the results in the range
corresponding to 90<S/N<200. The impact on the effective temperature was on
the order of ∼ 30 K and on the surface gravity it was ∼0.1 dex. These are not large
variations and we therefore chose to only use the surface gravity as a calibrator
due to the much stronger external constraint on this parameter. The result closest
to the seismic log g value was obtained when using the parameter corresponding
to a S/N between 100 and 125 (the estimated S/N for the M67 spectrum is
around 135); the resulting value was however larger than the asteroseismic value
by ∆ log g = +0.20 dex.
As mentioned in the previous section and shown on Fig. 5.2, the scatter
on the line strength measurement increases for stronger lines (above ∼90 mÅ).
For the targets in this project this was not very significant as we had enough
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well-measured weaker lines and therefore did not have to include stronger lines,
where perhaps fitting Voigt profiles instead of Gaussians become relevant. In
other cases however it can be important to the point that removing the trend
between the element abundance versus reduced equivalent width to determine
the microturbulence is impossible. The microturbulence will instead have to be
calculated from a scaling relation; see, for example, Bruntt et al. (2012). Sousa
et al. (2007) did a comparison between DAOSPEC and ARES and found that on
average, DAOSPEC measures the equivalent widths 1.9 mÅ lower than ARES.
In our study, the equivalent widths from ARES are 4-6 mÅ higher (left panel
of Fig. 5.2), which is most likely mainly due to continuum placement, as ARES
on average places the continuum ∼1% higher than DAOSPEC for our spectrum.
There are a variety of reasons why the difference between ARES and DAOSPEC
in our analysis is larger than that of Sousa et al. (2007), including different line
selection, different spectral types analyzed, or the continuum placement. This is
because as mentioned previously, the parameter used by ARES in the continuum
placement for our spectrum had to be set for a slightly lower S/N than the actual
S/N of the spectrum.
The final choice of program fell on DAOSPEC, which also fits absorption
lines with a Gaussian profile. The continuum is placed automatically around
the absorption lines. It was chosen because as shown in Fig. 5.4 and 5.5, the
measurement of absorption lines yielded results consistent with the more precise
and accurate log g value from asteroseismology. A similar comparison can be
performed with the effective temperature from photometry, which shows the same
trend as Fig. 5.5, but with systematically smaller deviations due to the larger
uncertainty on the effective temperature from photometry. Even though the
photometric effective temperature is less precise than the spectroscopic, it is
reassuring that the results showing the best agreement with the asteroseismic
log g are also those in closest agreement with the photometric Teff . This further
supports the choice of program and line list.
An additional check of our measured equivalent widths was to apply our
method to a solar spectrum. We used a reflected light spectrum of Vesta observed with the same setup as our targets (FIES in the high-resolution mode).
We compare our results using DAOSPEC + C14 to solar equivalent widths measurements done by Scott et al. (2015), and found very good agreement on the
absorption lines we have in common. The average difference is −0.4 mÅ with
a scatter of ∼3 mÅ. It should be noted that since we have not measured the
equivalent widths on the same exact solar spectrum, small differences can be
expected. We found a few of our lines to be blended to an amount that makes
them questionable to use in the solar case, which led us to discard these lines in
our analysis of the giants (N. Grevesse, private communication). After removing
these lines, we end up with the following atmospheric parameters for the Sun:
Teff = 5770 K, log g = 4.35 dex, vmic = 0.90 km/s, [Fe/H] = −0.05 dex. The
small difference to the actual solar atmospheric parameters could arise from the
selection of absorption lines, which is tailored to more evolved stars than the Sun.
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5.5

Atmospheric parameters and abundances

From the comparisons described in the previous section, we chose an iron line list
based on C14 and DAOSPEC to measure the equivalent widths. To calculate atmospheric parameters from the measured equivalent widths we use SPECTRUM
(Gray & Corbally, 1994). This routine carries out computations of atmospheric
parameters under the assumptions of local thermodynamic equilibrium (LTE)
and a plane-parallel atmosphere. The SPECTRUM code comes with auxiliary
programs including ABUNDANCE, which is a routine for computing elemental
abundances from equivalent widths of individual absorption lines using the COG
method (as explained in Sec. 5.4.1).
One of the required inputs for a spectroscopic analysis is a stellar atmosphere
model, where we used a large grid of Kurucz-Castelli ATLAS9 models (Castelli
& Kurucz 2004) interpolated to get the required atmospheric properties. These
are 1D plane-parallel model atmospheres that divide the atmosphere of the star
into many subsequent layers. Within each layer, the atmosphere is in hydrostatic
equilibrium and energy transport is radiative. According to Asplund (2005) and
Mashonkina et al. (2011) non-LTE effects are not relevant for FeII lines and
mostly relevant for FeI lines in low metallicity stars ([Fe/H]<1.0). Thanks to
the online tool INSPECT2 it is possible to check non-LTE corrections for individual lines given a line strength and atmospheric parameters. The data are
from studies by Lind et al. (2012) and Bergemann et al. (2012) and for eight of
our FeII and seven of our FeI lines data are available. For these we get average
changes in FeII of <−0.01 dex and in FeI of ∼0.01 dex. This is within the internal
precision of our analysis and therefore we chose not to include non-LTE effects.
Three-dimensional LTE effects on spectral line formation was discussed by Collet
et al. (2007), where fictitious lines at 3500 Å and 5000 Å were studied for different stellar atmospheres. For the atmosphere similar to the stars in this study
(Teff = 4697 K, log g = 2.2 dex, vmic = 1.5 km/s and [Fe/H] = 0.0) the 3D-1D
LTE corrections to the Fe abundance for the 5000 Å fictitious line vary between
−0.1 dex and 0.2 dex depending on the excitation potential and equivalent width
of the line (see Fig. 5 in Collet et al., 2007). We cannot apply these corrections
because they could be anywhere in the range or consistent with zero, but they
should however be kept in mind. Since this study, fictitious lines at 6000 Å have
been studied in the same way and for our range of atmospheric parameters, the
possible changes to the resulting Fe abundance from these lines are within our
uncertainties (R. Collet, private communication). More recently, studies of 3D
non-LTE effects on the iron abundance have been carried out by Amarsi et al.
(2016) however only for metal-poor stars ([Fe/H] < −1.5 dex). The trend found
is that the corrections needed to decrease with increasing metallicity (see Fig. 4
in Amarsi et al., 2016). In general we should not extrapolate the results outside the parameter range studied. If however the trend were to continue toward
solar metallicity, the corrections needed for our targets would probably be close
2 www.inspect-stars.net
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Figure 5.4: Comparison of atmospheric parameters for the M67 target with different combinations of line lists and program to measure
equivalent widths. Left: Teff variations. Center: log g variations. Right: [Fe/H] variations. The final choice of line list and program is shown
with a triangle in the bottom row. The dashed line in the middle plot indicates the asteroseismic log g; see Fig. 5.5 for a comparison.
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Figure 5.5: Deviation from the asteroseismic log g value for the M67 target for each
method combination (center plot in Fig 5.4). Full agreement with the asteroseismic
log g is indicated with the vertical line and the two dashed lines show 3σ deviations.
The final choice of line list and program is shown with a triangle in the bottom row.

to or within the internal precision on our result. Another necessary input is a
set of atomic and molecular data, where we chose to use the Grevesse & Sauval
(1998) values for the solar atomic abundances. We also tested MARCS atmosphere models, but found very little to no difference in the results with typical
changes below 10 K, 0.01 dex and 0.01 dex for effective temperature, surface gravity, and metallicity, respectively. This has previously been studied in detail by,
for example, Gustafsson et al. (2008) and we do not explore it further here.
The determination of atmospheric parameters was done by requiring that
1) [Fe/H] has no systematic dependence on the excitation potential of the FeI
lines, i.e., requiring that the atmosphere is in excitation equilibrium; 2) [Fe/H]
has no systematic dependence on the strength of the FeI lines; and 3) the mean
[Fe/H] values derived from FeI and FeII lines are consistent, i.e., requiring the
atmosphere to be in ionization equilibrium. The value of [Fe/H] as a function of
excitation potential is sensitive to the effective temperature and is sensitive to
the microturbulence as a function of the reduced equivalent widths of the lines
(log(EW)/λ) because the microturbulence has a larger effect on stronger lines.
The surface gravity is determined through its effect on the electron pressure in
the stellar atmosphere with the ionization equilibrium between FeI and FeII, as
the FeII lines are much more sensitive to pressure changes than the FeI lines.
This is however also affected by the effective temperature and metallicity, which
makes it necessary to make a number of iterations. For the NGC 6819 and M67
targets, we also calculated a new asteroseismic log g with the newly found effective
temperatures. The possible variation on the effective temperature is however low
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enough, that the asteroseismic log g was not significantly affected. The final
results for the atmospheric parameters are presented in Table 5.2 (all targets)
and Fig. 5.4 (for M67, labeled Daospec + C14).

Metallicity of NGC 6819
As mentioned previously, an asteroseismic value of log g is also available for the
NGC 6819 target, which allows us to use it as a calibrator for our method. When
the spectroscopic analysis was carried out for this star with the same setup as
for the M67 target, the obtained spectroscopic log g (2.52 dex) was in excellent
agreement with the prediction from asteroseismology (2.55 dex, see Sec. 5.3). The
final [Fe/H] for NGC 6819 was found to be −0.02±0.01 dex, which is on the low
end of the previously found values in the literature and in agreement with the
result from Lee-Brown et al. (2015) ([Fe/H]=−0.02±0.02 dex) and slightly lower
than that from Bragaglia et al. (2001) ([Fe/H]=0.09±0.03 dex). As can be seen
from Fig. 5.4 the final combination of Fe line list and program gives results in the
lower end of the range obtained for all three atmospheric parameters for the M67
target and this is also the case for the NGC 6819 target. If we instead use the
combination of ARES + C14, we get [Fe/H] = +0.11 ± 0.01, which is in better
agreement with the high-resolution study from Bragaglia et al. (2001) who did not
have asteroseismology available to constrain the surface gravity. We however also
discarded this combination for NGC 6819 because the obtained surface gravity
is too high (log g = 2.65) to be in agreement with asteroseismology. When
doing this comparison it is important to note that within a cluster, the spread in
abundances of stars can be on the order of the different results for the NGC 6819
target we find (see, e.g., Liu et al., 2016, for a study on abundance scatter in the
Hyades) and since our target is not in either of the two other NGC 6819 studies
mentioned in this work, we cannot make a direct comparison.
The individual abundances for all three targets are listed in Table 5.3. As
expected from other studies (Bragaglia et al. 2001, Friel et al. 2010, and Önehag
et al. 2014) there is no clear sign of alpha enhancement and the abundances are
mostly close to solar; there are a few exceptions such as titanium for NGC 6819.
The magnesium and yttrium abundances are discussed in more detail in Chapter 6 because it has been shown by, for example, Nissen et al. (2017), that [Y/Mg]
is tightly correlated with age for solar-like stars.
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Teff [K]

2.52 ± 0.05
2.43 ± 0.04
2.51 ± 0.06

log g

1.19 ± 0.05
1.21 ± 0.05
1.17 ± 0.06

vmic [km/s]

-0.02 ± 0.01
-0.03 ± 0.01
0.04 ± 0.01

[Fe/H]

97/12
97/12
95/12

n*

-0.02 ± 0.02
0.03 ± 0.02
0.00 ± 0.02

[α/Fe]

Table 5.2: Atmospheric parameters and abundances with only internal uncertainties from spectroscopy with DAOSPEC + C14. The
analysis presented shows that in a different setup, differences could be up toward ∼170 K for Teff , ∼0.4 dex for log g, and ∼0.25 dex for the
metallicity, which should be kept in mind when comparing to other results.
Target

4695 ± 18
4680 ± 18
4580 ± 23

The number of FeI/FeII lines used.

NGC 6819-KIC5024327
M67-EPIC211415732
NGC 188-5085
*
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Table 5.3: Individual abundances

[Na/Fe]
[Mg/Fe]
[Al/Fe]
[Si/Fe]
[Ca/Fe]
[Ti/Fe]
[Cr/Fe]
[Ni/Fe]
[Zn/Fe]
[Y/Fe]
*

5.6

NGC 6819

M67

NGC 188

n*

0.10 ± 0.00
-0.05 ± 0.03
0.02 ± 0.05
0.09 ± 0.04
-0.11 ± 0.06
-0.24 ± 0.05
-0.08 ± 0.04
0.00 ± 0.03
-0.17 ± 0.04
0.03 ± 0.04

0.18 ± 0.04
0.06 ± 0.03
0.11 ± 0.06
0.14 ± 0.04
-0.01 ± 0.05
-0.11 ± 0.03
-0.02 ± 0.04
0.09 ± 0.03
-0.07 ± 0.14
0.07 ± 0.05

0.15 ± 0.03
0.04 ± 0.04
0.14 ± 0.07
0.14 ± 0.04
-0.09 ± 0.08
-0.12 ± 0.04
-0.03 ± 0.05
0.12 ± 0.03
-0.11 ± 0.19
-0.02 ± 0.06

2
4
2
14
7
19
18
32
2
3

The number of absorption lines used in the determination.

Internal uncertainties

In this paper we discussed possible differences and the effect on stellar atmospheric parameters from choice of line list, atomic parameters, and methods to
measure the equivalent widths. On top of these there is the internal precision of
the method itself.
When determining Teff and microturbulence, vmic , the uncertainty on the
final zero-slopes of [Fe/H] versus excitation potential and [Fe/H] versus reduced
equivalent width (e.g., Fig. 5.1) can be easily calculated. To find the internal
uncertainty on Teff and microturbulence, these parameters are varied until a 3σ
difference is produced in one of the two slopes or in the difference between FeI and
FeII abundances. The change in Teff or microturbulence is then divided by the
highest produced difference to give the final 1σ uncertainty, which corresponds
to the internal uncertainty for these parameters listed in Table 5.2.
To calculate the internal log g uncertainty we can use the difference between
FeI and FeII abundances determined as ∆[Fe/H]/σ∆[Fe/H] , where In this case,
σFeI,II is the RMS scatter on the measured abundances of each ionization stage
and nFeI,II is the amount of lines used for the measurements. Once again, we
vary log g until a 3σ difference is produced in one of the two slopes or in the
difference between FeI and FeII abundances. The internal uncertainty on [Fe/H]
listed in Table 5.2 corresponds to the standard error of the mean.
Another way of characterizing the internal uncertainties is to test the stability
of the results. This can be done with a sensitivity analysis, which is a test of how
sensitive the final metallicity is to changes in the other atmospheric parameters.
This was carried out for the M67 target and the results are presented in Table 5.4.
It was only done for one target because the quality of the spectra for each star and
their atmospheric parameters are so similar that the sensitivity can be assumed
to be almost the same for all of them. Comparison of these results to the internal
uncertainties in Table 5.2 reveals that the stability of the analysis is high because
the internal uncertainties are much lower than the variation in the atmospheric
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parameters in the sensitivity analysis.
On top of the internal uncertainties described in this section, there is significant scatter arising from using different approaches (e.g., line lists and measurements of equivalent widths) as discussed in this paper. This is often not
characterized, but instead an extra 0.1 dex is simply added to the internal uncertainty on [Fe/H] and 0.1-0.2 dex for log g, while a systematic uncertainty of
about 100 K is typically added for the effective temperature (see, e.g., Smalley
2005, Bruntt et al. 2010, and Bruntt et al. 2012). Our analysis shows that the
differences can be much larger than this; Fig. 5.4 shows ∼170 K for Teff , ∼0.4 dex
for log g, and ∼0.25 dex for the metallicity. This should be kept in mind when
comparing to other results that make use of a different combination of line list,
program for measuring line strengths, and atomic data.
Table 5.4: Sensitivity of the metallicity to the other atmospheric parameters for the
M67 target.

∆[Fe/H]

5.7

+100 K Teff

+ 0.1 dex log g

+0.1 km/s vmic

+0.03 dex

+0.02 dex

-0.03 dex

Conclusions

We presented a detailed spectroscopic study of three targets in three open clusters, NGC 6819, M67, and NGC 188. These targets are all in the same evolutionary stage and observed with the exact same instrumental setup. To our
knowledge the data for the NGC 6819 and NGC 188 targets are of higher quality
(higher resolution and higher S/N) than previously studied as described in the
introduction. Along with this, we had asteroseismic data available for the two
targets in NGC 6819 and M67, which allowed us to use the M67 target as a benchmark in the analysis and the NGC 6819 target to show the method was properly
calibrated. In turn, it helped us to choose between different combinations of line
lists and equivalent width measurement tools. Testing the different line lists and
programs for measuring equivalent widths allowed us to characterize systematic
differences within the method of a line by line spectroscopic analysis utilizing
excitation and ionization equilibria in the stellar atmosphere.
The differences found on the atmospheric parameters for the M67 target with
the different combinations were shown in Fig. 5.4, where the scatter found in
effective temperature is ∼170 K, ∼0.4 dex in surface gravity, and ∼0.25 dex in
metallicity. The spread on the results for surface gravity is particularly high
compared to the internal uncertainty obtained by each combination of line list
and equivalent width measurement program. Asteroseismology allowed us to
choose the most robust option for this type of targets, which was the combination
of DAOSPEC and the line list based on C14. This was also the result in closest
agreement with the effective temperature from photometry.
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Conclusions

In the current era of large spectroscopic surveys, this study highlights the
possible pitfalls still existing in high precision spectroscopic analysis and why it
is of crucial importance to have external constraints to calibrate the results to
achieve high accuracy.
Using this setup, we also established the metallicity of NGC 6819, which
is an old open cluster in the Kepler field, to be close to solar, i.e., [Fe/H]=0.02±0.01 dex. This result is on the lower end of previous determinations of the
iron abundance for this cluster (see, e.g., Bragaglia et al. 2001 and Lee-Brown
et al. 2015), and it highlights the importance of carefully selecting and measuring
adequate absorption lines with good atomic data for a specific set of targets.
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6
The [Y/Mg] clock works for evolved
solar metallicity stars
Reliable age determinations of stars are crucial for the field of galactic archaeology. If we wish to understand the chemical evolution of the Milky Way (and other
galaxies) we cannot do it with chemical abundances and kinematics/dynamics
alone. Without an age, we can only study how things look today and not how it
has evolved through time.
Previously, reliable age determinations have only been possible for giant stars
if they were cluster members. This is because it is not actually the age of the
giant star itself that is measured but rather the age of the whole cluster, which
can be determined e.g., through isochrone fitting of the main-sequence turn-off,
which is very sensitive to age. All stars belonging to the same cluster are born
with the same chemical mix-up and therefore the mass is the only parameter that
determines how fast a star evolves. The main-sequence turn-off is the part in the
color-magnitude diagram of the cluster, where the most massive stars are that
have not yet evolved off the main sequence. In this part of a color-magnitude
diagram, the isochrones spread out very nicely allowing for a very precise age
determination (uncertainties of about 10%, e.g., VandenBerg et al., 2013).
With the advent of many large scale spectroscopic surveys (Table 2.1), the
possibility of determining individual ages of stars (and especially giants because
they are much brighter than dwarfs by nature) from spectroscopy alone would be
extremely valuable and give us much more insight into the chemical evolution of
our Galaxy. In Sec. 2.1.3 we looked at the larger picture of the chemical evolution
of our Galaxy, where we understood that the [α/Fe] values could be used as an
age indicator. This works on large scales in the MW, but is not very precise,
and as I will present in Chapter 7, has significant shortcomings. Another option
would be the isochrone fitting like we use for clusters, but the isochrones that
spread out very nicely at the main sequence turn-off all fall back on top of each
other on the RGB if we only have spectroscopic parameters available such as Teff
and [Fe/H]. If we however have precise masses, isochrones can give reliable ages
with precision ∼30% (e.g., Miglio et al., 2013; Silva Aguirre & Serenelli, 2016).
One way of obtaining precise masses is asteroseismology, which we explained
in Chapter 5. This is indeed a very valuable tool as I will also get back to in
Chapter 7, but also has shortcomings, because it only works for the brightest
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stars in the sky, or for stars in the pencil-beam fields of CoRoT, Kepler or K2.
The TESS mission that was launched in April of 2018, will greatly increase the
numbers of stars we can get asteroseismic ages for and I will get back to this in
Chapter 8. In 2016, this field took a large leap, when Martig et al. (2016) and
Ness et al. (2016) succeeded independently of each other, to calibrate the [C/N]
ratios to masses of RGB stars after the first dredge up with APOGEE DR12
data. They obtained age precisions of ∼40%, which is not fully as precise as
with asteroseismic masses, but with the much smaller data requirements for this,
the implications are still very large. So far this is mostly suited for population
studies of large samples of stars and ages for individual stars should be viewed
with caution. With more large data sets coming this is a very promising method.
Another very promising age indicator is what we will present in this chapter,
the [Y/Mg] ratio. It has so far been used only for dwarfs, but with this we initiate
the process of extending it to giants. To carry out this analysis we need the high
precision and accuracy of our atmospheric parameters that we discussed in the
previous chapter, because typical amplitudes of chemical clocks are 0.05-0.3 dex
(Nissen, 2015; Nissen et al., 2017). This chapter is published in Slumstrup et al.
(2017) with some alterations for the thesis. Here, we have removed parts of the
analysis explanation because this was already presented in detail in Chapter 5.
We have also added new results obtained since the time of publication.

Chapter summary
Previously [Y/Mg] has been proven to be an age indicator for solar twins. Here,
we investigate if this relation also holds for helium-core-burning stars of solar
metallicity. High resolution and high signal-to-noise ratio (S/N) spectroscopic
data of stars in the helium-core-burning phase have been obtained with the FIES
spectrograph on the NOT 2.56 m telescope and the HIRES spectrograph on the
Keck I 10 m telescope. They have been analyzed to determine the chemical abundances of four open clusters with close to solar metallicity; NGC 6811, NGC 6819,
M67 and NGC 188. The abundances are derived from equivalent widths of spectral lines using ATLAS9 model atmospheres with parameters determined from
the excitation and ionization balance of Fe lines. Results from asteroseismology
and binary studies were used as priors on the atmospheric parameters, where
especially the log g is determined to much higher precision than what is possible
with spectroscopy. It is confirmed that the four open clusters are close to solar
metallicity and they follow the [Y/Mg] vs. age trend previously found for solar
twins. The [Y/Mg] vs. age clock also works for giant stars in the helium-core
burning phase, which vastly increases the possibilities to estimate the age of stars
not only in the solar neighborhood, but in large parts of the Galaxy, due to the
brighter nature of evolved stars compared to dwarfs.
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6.1

Introduction

Stars in an open cluster can be assumed to originate from the same molecular
cloud and are therefore expected to have the same chemical composition and age.
Age is an especially difficult parameter to determine for single field stars and
different methods yield ages that are not necessarily in agreement (Soderblom,
2010), whereas stars in clusters have ages determined to much higher precision
(e.g., VandenBerg et al. (2013)).
Silva et al. (2012), Nissen (2016) and Tucci Maia et al. (2016) investigated
trends of different chemical abundances with stellar age and found that [Y/Mg] is
a sensitive age indicator for solar twins. Feltzing et al. (2017) did an independent
study extending the sample to a much larger range in [Fe/H]. They found that the
relation depends on [Fe/H]. For solar metallicity stars they clearly see the relation,
but for stars with [Fe/H] ∼ -0.5 dex the relation is insignificant and cannot be
used to determine age. Our targets have solar metallicity but are evolved (in
the helium-core-burning phase) and therefore do not have the same atmospheric
properties as the solar twins. They are also located at larger distances than
previously studied. Ages are well determined from cluster studies, which allows
us to determine if the relation found for solar twins persists for helium-coreburning stars. Previously, yttrium abundances of open clusters have been studied
to find possible trends with age, for example, Mishenina et al. (2014) found no
clear trend of [Y/Fe] with age most likely due to large uncertainties, whereas
Maiorca et al. (2011) find a declining trend, but the scatter is large, which could
be affected by the large range in [Fe/H].
We have carried out a detailed fundamental parameter and abundance analysis of six targets in four open clusters (NGC 6811, NGC 6819, M67 and NGC 188)
based on high-resolution and high signal-to-noise ratio (S/N) spectroscopic data
from the Nordic Optical Telescope (NOT) and the Keck I Telescope. For NGC 6811,
NGC 6819 and M67 we have asteroseismic data available from the Kepler (Borucki
et al., 1997) and K2 missions (Howell et al., 2014), which put a strong constraint
on the log g value and can thereby constrain the analysis.
In Sect. 6.2 we present the data taken for this project. In Sect. 6.3, we
describe the analysis. In Sect. 6.4 we present the results. In Sect. 6.5, we test
the [Y/Mg] vs. age relation by Nissen (2016) for our sample of solar metallicity
helium-core-burning stars. Finally, we conclude on the results in Sect. 6.6.

6.2

Targets, observations and data reduction

The data for NGC 6819, M67 and NGC 188 used in the analysis presented in this
chapter is the same that was used in the previous chapter. As mentioned, there
has not been a full concensus on the metallicity of NGC 6819 in the literature
and in the previous chapter we established the metallicity of NGC 6819 to be
very closer to solar, [Fe/H] = −0.02 ± 0.01. M67 is a very well studied nearby
solar-like cluster, which has also been observed with the K2 mission. NGC 188
is also a solar metallicity cluster that is older and fairly well studied, however
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not as well as M67. For the analysis presented in this chapter we added an open
cluster to the sample; NGC 6811, which is also a solar-metallicity cluster and it is
the youngest of the four. For this we have three targets, all confirmed members
(Sandquist et al., 2016). All targets, except the NGC 188 target, is confirmed by
asteroseismology to be in the helium-core-burning phase (Corsaro et al., 2012;
Stello et al., 2016; Arentoft et al., 2017). We have adopted literature values for
reddening, distance modulus and age for each cluster (see Table 6.1).
Table 6.1: Cluster information.
Cluster
a

NGC 6811
NGC 6819b
M67c
NGC 188d

E(B − V )

(m − M )V

0.05
0.16
0.04
0.09

10.3
12.4
9.7
11.2

Age [Gyr]
1.0
2.4
4.1
6.2

±
±
±
±

0.1
0.3
0.5
0.3

a

Molenda-Zakowicz et al. (2014)
Rosvick & VandenBerg (1998)
c Reddening from Taylor (2007), distance modulus and
age from Yadav et al. (2008)
d Meibom et al. (2009)
b

The observations of NGC 6819, M67 and NGC 188 were collected with the
Nordic Optical Telescope (NOT) on La Palma, Spain. Spectra for the three stars
were obtained in the summer of 2013 and 2015 during periods 47 and 51 with the
high resolution FIbre-fed Echelle Spectrograph (FIES) covering the wavelength
region from 3700-7300Å, see Telting et al. (2014) for a detailed description of
the spectrograph. All observations were carried out in the high resolution mode,
R = 67, 000. The individual spectra were reduced with FIEStool1 , an automated
data reduction software for FIES. Lastly, the spectra for each target were shifted
to a common wavelength scale and merged.
The observations of the three targets in NGC 6811 were carried out on the
night of Aug. 23, 2016 using the HIRES spectrograph (Vogt et al., 1994) on Keck
I. All targets were observed with the red cross-disperser, covering the wavelength
region from 4000-7900Å, with a few inter-order gaps for the reddest orders. We
used the ”C5” decker, providing a resolution of R = 37 000. The targets were
observed with the exposure meter in operation (Kibrick et al., 2006) to ensure a
uniform S/N in all spectra. The reductions were performed using the MAKEE
pipeline2 . All observations are presented in Table 6.2.
The co-added spectrum for each star was normalized order by order using
RAINBOW3 , which uses appropriate synthetic spectra to identify continuum
points in the observed spectrum, which are then fitted with a spline function.
The S/N values given in Table 6.2 were estimated from the rms variation of the
flux in a region around 6150 Å.
1 http://www.not.iac.es/instruments/fies/fiestool/
2 http://www.astro.caltech.edu/~tb/makee/
3 http://sites.google.com/site/vikingpowersoftware
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Stetson et al. (2004)

19 41 13.45
08 51 12.70
00 46 59.57

NGC 6819-KIC5024327
M67-EPIC211415732
NGC 188-5085b

b

19 37 02.68
19 36 55.80
19 37 34.63

αJ2000

NGC 6811-KIC9655167
NGC 6811-KIC9716090
NGC 6811-KIC9716522

Target

+40 11 56.2
+11 52 42.4
+85 13 15.8

+46 23 13.1
+46 27 37.6
+46 24 10.1

δJ2000

13.11
10.39
12.31

11.32
11.53
10.65

V

94
97
85

97
94
97

Memb. prop

Table 6.2: Observations information.

21
7
13

1
1
1

Number
of exp.

17.0
3.9
11.5

0.31
0.51
0.15

Total exp.
time [h]

115
135
105

145
140
150

S/N @6150Å

Targets, observations and data reduction
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6.3

Data analysis

Parameters derived from the photometry presented in Fig. 6.1 were used as starting estimates, listed in Table 6.3. The effective temperatures for NGC 6819, M67
and NGC 188 were calculated from the color-temperature calibrations presented
by Ramírez & Meléndez (2005) for different filter combinations (Table 5.1 in
Chap. 5). For each target, an average of the different filter combinations was
used. For NGC 6811 we used the effective temperatures from Arentoft et al.
(2017) as first estimates.
Table 6.3: Adopted parameters from photometry and asteroseismology
Target
NGC 6811-KIC9655167
NGC 6811-KIC9716090
NGC 6811-KIC9716522
NGC 6819-KIC5024327
M67-EPIC211415732
NGC 188-5085
a
b
c

a

Teff [K]

νmax

4924 ± 100
4980 ± 100
4826 ± 100
4698 ± 33
4718 ± 43
4637 ± 19

99.4 ± 2.1
107.8 ± 1.4
53.7 ± 1.0
43.9 ± 1.8b
37.9 ± 2.6c
-

log g
2.91
2.94
2.64
2.55
2.48
2.45

±
±
±
±
±
±

0.01
0.01
0.01
0.02
0.06
0.14

All NGC 6811 values are from Arentoft et al. (2017)
Corsaro et al. (2012)
Stello et al. (2016)

The log g for the stars in NGC 6811, NGC 6819 and M67 in Table 6.3 is from
asteroseismology, (Corsaro et al. 2012; Stello et al. 2016; Arentoft et al. 2017
respectively) calculated with the νmax scaling relations (Eq. 5.1):
!
ν
  T 1/2
eff
max
log g = log
·
+ 4.44 .
(6.1)
3100
5777
The asteroseismic log g values are determined to very high precision and have
been shown to be in very close agreement with the physical log g (e.g., Frandsen
et al. 2013; Brogaard et al. 2016; Gaulme et al. 2016). This provides a strong
constraint on the analysis. For NGC 188, the log g is calculated with Eq. 5.2
using a mass of 1.1M from Meibom et al. (2009) assuming no significant mass
loss on the RGB (Miglio et al., 2012).
The spectroscopic analysis to obtain atmospheric parameters was described in
detail in Chap. 5, where we also tested different line lists and different programs
to calculate the equivalent widths. Here we only present a brief summary of the
analysis.
Based on external constraints from especially asteroseismology, the final choice
of line list is from Carraro et al. (2014) with astrophysical log gf values based
on solar abundances from Grevesse & Sauval (1998). We have omitted lines
stronger than 100 mÅ for Fe and 120 mÅ for other elements. A few additional
magnesium and yttrium lines were added to do a more robust determination of
[Y/Mg] for the [Y/Mg] vs. age relation discussed in Sect. 6.5. The final line
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Figure 6.1: From left to right: The CMDs for NGC 6811, NGC 6819, and M67 with
photometry from Yadav et al. (2008), Hole et al. (2009), and Yontan et al. (2015)
respectively and lastly a CMD for NGC 188 with photometry from Peter Stetson for
one of his standard fields (Stetson et al., 2004). The target star(s) for each cluster is
marked with a red star.

list with the measured equivalent widths for all lines for the three targets in
NGC 6819, M67 and NGC 188 is in Appendix A. The equivalent widths were
measured with DAOSPEC (Stetson & Pancino, 2008) and the auxiliary program
Abundance with SPECTRUM (Gray & Corbally, 1994) was used to calculate
the atmospheric parameters and abundances based on solar abundances from
Grevesse & Sauval (1998) and ATLAS9 stellar atmosphere models (Castelli &
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Kurucz, 2004). Local thermodynamic equilibrium (LTE) is assumed.
The atmospheric parameters were determined by requiring that [Fe/H] has no
systematic dependence on the excitation potential or the strength of the FeI lines
and that the mean [Fe/H] values derived from FeI and FeII lines are consistent. A
number of iterations were realized and for NGC 6811, NGC 6819 and M67, we also
calculated a new asteroseismic log g with the newly found effective temperature,
but the variation in effective temperature is low enough, that the asteroseismic
log g was not significantly affected.

6.4

Atmospheric parameters and abundances

The final result for the atmospheric parameters are presented in Table 6.4. This
is the same as Table 5.2 but with the results for the three NGC 6811 targets
added and the [Y/Mg] ratios for all targets. The uncertainties are only internal
and calculated by varying a parameter until at least a 3σ uncertainty is produced
on either of the two slopes, [Fe/H] vs. excitation potential and [Fe/H] vs. reduced equivalent width, or on the difference between FeI and FeII. The change
in the parameter is then divided by the highest produced uncertainty to give one
standard deviation, provided in Table 6.4. The uncertainties on [Fe/H], [α/Fe]
and [Y/Mg] is the standard error of the mean.
The spectroscopic log g values are, within the uncertainties, in agreement with
the results from asteroseismology. The metallicities for all targets are close to
solar, with NGC 188 having a slightly higher-than-solar abundance and NGC 6811
having a slightly lower-than-solar abundance, which along with the temperature
differences can be seen in the line depths in Fig. 6.2.
The abundances for [Fe/H], [α/Fe], and [Y/Mg] are given in Table 6.4 while
several additional elements is presented in Table 5.3 in Chap. 5. The magnesium
lines used are at wavelengths 5711.09 Å, 6318.70 Å, 6319.23 Å and 6319.48 Å. The
yttrium lines are at 4883.70 Å, 4900.13 Å and 5728.89 Å. Not all of the lines were
usable for each star. The magnesium line at 5711.09 Å (see Fig. 6.2) is, for some
of the targets, stronger than the limit of 120 mÅ for non-iron lines, but it is well
isolated for all stars, and we therefore chose to include it to do a more robust
determination of Magnesium. The final value for [Y/Mg] used for NGC 6811 is
the mean of the three targets.
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a

5085
5115
4880
4695
4680
4580

±
±
±
±
±
±
22
25
30
18
18
23

Teff [K]

The number of FeI/FeII lines used.

NGC 6811-KIC9655167
NGC 6811-KIC9716090
NGC 6811-KIC9716522
NGC 6819-KIC5024327
M67-EPIC211415732
NGC 188-5085

Target
2.96
2.93
2.60
2.52
2.43
2.51

±
±
±
±
±
±
0.08
0.08
0.10
0.05
0.04
0.06

log g
1.09
1.03
1.27
1.19
1.21
1.17

±
±
±
±
±
±
0.05
0.07
0.06
0.05
0.05
0.06

vt [km/s]
-0.08 ± 0.01
-0.11 ± 0.01
-0.12 ± 0.01
-0.02 ± 0.01
-0.03 ± 0.01
0.04 ± 0.01

[Fe/H]
87/11
89/11
87/11
97/12
97/12
95/12

na

0.02 ± 0.02
0.06 ± 0.03
0.03 ± 0.02
-0.02 ± 0.02
0.03 ± 0.02
0.00 ± 0.02

[α/Fe]

Table 6.4: Atmospheric parameters and abundances from spectroscopy

0.09 ± 0.05
0.23 ± 0.06
0.12 ± 0.05
0.08 ± 0.03
0.01 ± 0.03
-0.06 ± 0.06

[Y/Mg]
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Figure 6.2: Two parts of the normalized spectra for one target in each cluster to
illustrate the high quality of the spectra. NGC 6819, M67 and NGC 188 are very similar,
which is also illustrated in the atmospheric parameters in Table 6.4. The NGC 6811
spectrum is for KIC9655167.

6.5

[Y/Mg] vs. age

We introduced the chemical enrichment history of our Galaxy in Sec. 2.1.3. Here
we will focus on magnesium and yttrium.
Magnesium is an α-element mostly originating from type II supernovae explosions, which gives an increase of [Mg/Fe] with increasing stellar age because
iron is also produced in the later type Ia supernovae explosions. Yttrium is an
s-process element and [Y/Fe] is observed to decrease with increasing stellar age.
This is likely a consequence of intermediate mass asymptotic giant branch stars
not yet being important for the production of Y at early times. The slope of
[Y/Fe] with age is steep and opposite to that of [Mg/Fe]. For the solar twins and
Kepler LEGACY sample, Nissen et al. (2017) found the relation:
[Y/Mg] = 0.150(±0.007) − 0.0347(±0.0012) · Age [Gyr].

(6.2)

This relation is plotted in Fig. 6.3. Feltzing et al. (2017) confirmed the relation for dwarfs of solar metallicity but found that it disappears for stars with
[Fe/H]≈ −0.5 and below. We have extended the parameter range to helium96
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Figure 6.3: [Y/Mg] vs. age for the four clusters and Eps Tau in the Hyades. The line
is the relation found by Nissen et al. (2017) in Eq. 6.2 for solar twins. The red point
is an average of the results from Önehag et al. (2014) and the errorbar is the standard
error of the mean for their 14 stars.

core-burning giants at close to solar metallicity, and they also follow the relation
from Nissen (2016) as seen in Fig. 6.3. This result is of particular interest for
galactic archaeology studies as giants are much brighter than dwarfs, which allows
us to study farther regions of the galaxy and not only the solar neighborhood.
Önehag et al. (2014) carried out an abundance analysis of 14 stars in M67 at
different evolutionary stages with high resolution spectra. They find an average
metallicity of [Fe/H]=+0.06 with an average [Y/Mg]=−0.04 ± 0.05, which is a
little lower than our result, but still close to being in agreement with the relation
from Nissen et al. (2017), marked in Fig. 6.3. After the publication of this study,
we have performed a similar analysis on Eps Tau, a red giant in the Hyades open
cluster with a cluster age of 650 Myr and metallicity of [Fe/H] = 0.15 dex. This is
the blue point in Fig. 6.3. Eps Tau has a planetary companion and was observed
with the SONG network to get better mass estimates of the star and planet. The
star was found to have a mass of 2.46 M , which is significantly higher than the
other stars analyzed here and the metallicity is also higher, but the result is still
very close to being in agreement with the relation by Nissen et al. (2017).

6.6

Conclusion

Atmospheric parameters and abundances have been determined for the four open
clusters, NGC 6811, NGC 6819, M67 and NGC 188 with an equivalent width analysis of individual spectral lines from high-resolution, high S/N observations from
the NOT and the Keck I Telescope. The parameters obtained agree very well with
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the literature, and especially, the log g values agree with predictions from asteroseismology. The metallicities of all four clusters are nearly solar, with NGC 6811
being slightly sub-solar.
The empirical relation between [Y/Mg] and age as presented by Nissen et al.
(2017) was found to hold also for helium-core-burning giants of close to solar
metallicity. After the publication of these results, we have carried out an independent study of the red giant Eps Tau in the Hyades, which is close to being
in agreement with the relation found for dwarfs. This is of great importance to
galactic chemical evolution studies, as the brighter nature of giants allows us to
probe the Galaxy to greater distances and not only the solar neighborhood.
The results presented here are for red giants in only five open clusters. In
Chapter 8 I present the plans for a study of TESS giants to get much more data
to validate the findings presented here and extend it to field giants, which would
be a key result for galactic archaeology.
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Young α-rich stars
In the previous chapter we presented a new method for age determination of
giant stars. We will get back to this in the next chapter, but for now, we take a
little excursion to a peculiar population of stars, that does not fit our standard
chemical evolution models of the Milky Way.

7.1

Chapter summary

Standard chemical evolution models of the Milky Way can reproduce the general
trend of an old α-rich thick disk and a young α-poor thin disk that the Sun
belongs to. In 2015, two separate studies presented a new paradigm of young
α-rich stars that cannot be explained by the models. The proposed explanations
for this was either the stars were born from a reservoir of gas that has not
been contaminated, or that the stars are not actually young, but only look young
because they are evolved blue stragglers. We have collected a sample of more than
10 000 red giants with spectrosocpic, asteroseismic and astrometric data available,
where we find ∼300 young α-rich stars, corresponding to ∼25% of the total
α-rich population. We find very similar chemical and dynamical distributions
between the young and old α-rich samples. This suggests the two populations
have formed and evolved under very similar conditions, but not identical. We
have yet to properly account for the selection function of this sample, which
means the current conclusions are only preliminary.

7.2

Introduction

The [α/Fe] ratio can be used as an age indicator (see Sec. 2.1.3): If a star has
an [α/Fe] ratio higher than the Sun it must have been born from a gas that
was less enhanced in iron than the gas cloud from which the Sun was formed,
because the main Fe polluters had not had time to enrich the ISM (e.g., Pagel,
2009). α elements are produced mainly in type II supernovae along with some
iron. Type II supernovae are the deaths of massive stars that live fast and die
young, which in turn means they were the main contributor to the interstellar
enrichment in the early times of the Galaxy. As time passed the much slower type
Ia supernovae started enriching the ISM with many more iron peak elements and
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the [α/Fe] ratio decreased to the levels that we measure in younger stars today
(e.g., the Sun). They are believed to be the explosive deaths of less massive stars
in binary systems. Normally these stars (like the Sun) will end their lives as
very slowly cooling white dwarfs. If however they are in a binary system, they
can accrete mass from a companion until they reach the Chandrasekhar mass
(MCh = 1.44 M ) and explode in some of the most luminous events known in the
Universe. Therefore a star with a higher [α/Fe] ratio than the Sun should also
have been born before the Sun. Several studies have showed this paradigm to
work well for the solar neighborhood, e.g., Edvardsson et al. (1993), Fuhrmann
(1998, 2011), and Haywood et al. (2013).
Age determinations of single stars with isochrones based on only photometric
and spectroscopic parameters are extremely difficult and most often yield very
large uncertainties. More recently however, asteroseismology has opened up the
possibility to determine ages of single stars to precisions around 25-30 % (Silva
Aguirre & Serenelli, 2016). Due to the intrinsic brightness of giant stars, we can
observe them at large distances, which makes them prime targets to study the
history of our Galaxy. Silva Aguirre et al. (2018) did an age dissection of the
Milky Way disk with a sample of Kepler red giant stars spanning out to 2 kpc.
They found the high-α population peaks at an age of ∼11 Gyr while the low-α
population peaks at ∼2 Gyr. They identified this as the classic thick and thin disk
populations, where the thick disk stars also showed higher velocity dispersions
in the V and W components. The observed bimodality in the [α/Fe] vs. [Fe/H]
plane can be interpreted as a star-formation gap between the thin and thick
disk that occured ∼8-9 Gyr ago, which is the essence of the two-infall model, a
chemical evolution model of our Galaxy presented by Chiappini et al. (1997) that
is widely used today.
In 2015, this picture was challenged by the discovery of young but α-rich
(YαR) stars in two different studies by Chiappini et al. (2015) and Martig et
al. (2015) (henceforth C15 and M15). C15 use seismic data from the CoRoT
mission (Baglin et al., 2006) to determine ages and spectroscopic data from the
Apache Point Observatory Galactic Evolution Experiment (APOGEE; Majewski et al., 2017) to determine chemical abundances in the collaboration named
CoRoGEE (Anders et al., 2017). M15 use the APOKASC sample, a collaboration with asteroseismic data from Kepler (Borucki et al., 1997) and spectroscopy
from APOGEE. C15 reports a total of 28 or 17 YαR stars depending on how
strict they make the requirements to belong to this population. They see a
clear distinction between the inner and outer CoRoT fields, where the inner field
pointing towards the Galactic center shows a much higher occurence rate than
the outer field pointing towards the Galactic anti-center. M15 finds 14 or 5
stars in the APOKASC sample also depending on how strict the requirements
for selecting the population are. These stars are all located in the Kepler field,
which is pointing tangential to the solar circle and above the Galactic midplane.
Although these two studies are the first to consider this peculiar population of
YαR stars, they are not the first to observe them. In previous studies like e.g.,
Bensby et al. (2014) or Bergemann et al. (2014) they are also present, but were
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not studied in more detail probably due to smaller sample sizes and/or much
larger uncertainties on the age estimates.
Different explanations have been put forward for the YαR stars and they
can be divided in two general categories, where the former have received more
support in the most recent literature: i) They are not actually young, but only
seem so because they are evolved blue straggler stars (BSS), i.e., binary mergers,
and therefore more massive than similar aged single stars. ii) They are truly
young, but have curious α abundances because they have been formed either
during a recent gas accretion episode in the MW or near the corotation radius of
the Galactic bar. The radius of co-rotation formation scenario was put forward
by C15 because they find a much larger fraction of the YαR stars in the inner
CoRoT region than the outer. Here the gas can be kept inert for longer because
it is not shocked as often by the passage of higher density regions, i.e., the spiral
arms (Bissantz et al., 2003; Combes, 2014). M15 also support this explanation
and reject the BSS formation scenario because they find too many YαR stars
compared to previous studies of the frequency of BSSs in clusters. Jofré et al.
(2016) (J16) did a radial velocity follow up study of 13 stars from the M15
sample plus 13 old α-rich (OαR) stars, where each has parameters similar to one
of the young stars. They find a binary fraction of at least 50% for the young
sample compared to ∼30% for the old sample, which supports the BSS scenario.
They also measure the [C/N] abundance ratios, which following Martig et al.
(2016) and Ness et al. (2016) can be converted to a mass. These are compared
to population synthesis models that show the values can be explained by mass
transfer in binary systems giving further support to the BSS scenario. They
argue that the frequency of BSSs will be higher for field giants than in clusters,
which means the argument made by M15 would not be valid for this sample.
Yong et al. (2016) (Y16) also did a spectroscopic follow up of the four YαR
stars in the smaller sample from M15 with the strictest requirements and find
no other chemical signatures pointing to a special origin. They also point to the
mass difference needed to make the YαR stars as old as the rest of the high-α
population (from ∼1.4 M to ∼1.0 M ) corresponds well with the BSS formation
scenario (Dotter et al., 2008; Sills et al., 2009). Silva Aguirre et al. (2018) looked
at the guiding radii for both the C15 and M15 samples to look for dynamic
information about the points of origin, but they distribute themselves like the
rest of the high-α population, which makes it very unlikely that they have been
born at a separate location. Izzard et al. (2018) performed a population synthesis
study, to look at the possible frequency of binaries in a stellar population like
the thick disk. They find that only a few percent of thick disk stars can interact
in binary star systems to become as massive as the YαR. To reach the high
frequency that has been found in the samples, they need to set a large initial
close-in binary fraction and tweak the orbital-period distributions.
In an attempt to shed more light on this peculiar population of YαR stars, we
have gathered a much larger sample at larger distances than previously studied.
We have asteroseismically determined masses and APOGEE data for all. We now
also have Gaia astrometry available to study the dynamics to a higher precision
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than previously possible. In Sec. 7.3 we present our sample. In Sec. 7.4 we present
the analysis and discussion of preliminary results. In Sec. 7.5 we conclude on the
current findings and discuss the possibilities going forward.

7.3

Data

The data used for this study is collected from three different sources, where two
are publicly available; 1) The CoRoGEE sample, a cross-match of oscillating red
giants in CoRoT and APOGEE (Anders et al., 2017). 2) The stars from the
Yu et al. (2018) (Kepler field) sample that also have APOGEE data. 3) The
K2 Galactic Archaeology Program, which are stars in the K2 fields with groundbased spectroscopy available (K2 GAP; Stello et al., 2017), where we have chosen
only the targets with APOGEE data. This dataset is not yet publicly available.
Red giant stars show solar-like oscillations. These are regularly spaced in
frequency and can be described by the global asteroseismic parameters ∆ν, the
large frequency separation, and νmax , the frequency of maximum power (see
Sec. 3.2). The asteroseismic data is from three different space missions; CoRoT
(606 stars), Kepler (8854 stars) and K2 (Howell et al., 2014), where we have
used data from six fields; campaigns 1, 2, 4, 6, 7 and 11 (769 stars in total).
This gives us a total sample of 10229 stars with asteroseismology, spectroscopy
and astrometry. The distribution of the stars in the Galaxy is shown with grey
points in Fig. 7.1. The YαR stars are plotted in blue and represented in almost
every field direction. The CoRoT targets (the Anders et al., 2017, sample) are
from both fields; LRa01 ((l, b) = (212, −2)) and LRc01 ((l, b) = (37, −7)), and
have been observed for ∼140 days. The Kepler giants in the nominal Kepler field
located at (l, b) = (76, 14) have all been observed in long cadence, i.e., ∼30 min
exposures for the full four year duration of the mission (Yu et al., 2018). The K2
targets have also all been observed in long cadence (30 min) and each campaign
lasted approximately 80 days.
The spectroscopic data is from APOGEE Data Release 14 (DR14). The 2.5 m
SDSS telescope situated at the Apache Point Observatory in New Mexico, USA
(Gunn et al., 2006), feeds a multi-fibre high resolution infrared spectrograph
(R = 22 500). The primary objective of APOGEE was to study the dynamical
structure and chemical history of the Galaxy. The observations in the infrared
make it possible to look through the dust that obscures significant fractions of
the disk and bulge of our Galaxy. The infrared spectra are all reduced with
the APOGEE data reduction pipeline (Nidever et al., 2015) and analyzed with
the APOGEE Stellar Parameter and Chemical Abundances Pipeline (ASPCAP;
García Pérez et al., 2016). This does spectral synthesis fitting with a χ2 minimization to a grid with seven dimensions; Teff , log g, vmic , metallicity [M/H],
α enhancement [α/M], carbon enhancement [C/M] and nitrogen enhancement
[N/M]. Previously, ASPCAP only used 6D grids not including the microturbulence, which was instead calculated from a simple surface gravity dependence
(vmic = 2.48 − 0.32 · log g), but with DR14, microturbulence is now included in
102

Data

the grid. After the best fit model is found, the parameters are assigned to the star
and another round of synthesis fitting is done, but this time in smaller regions
to obtain internaly calibrated abundances for 20 individual elements (up from 15
in previous data releases) based on Asplund (2005) solar abundances. Only the
C and N abundances are not calibrated. The internal calibrations include corrections to remove temperature dependencies, which is done by observing stellar
clusters with [Fe/H] > -1 that are assumed to have homogeneous abundances.
Lastly, external calibrations are applied as well. The effective temperatures show
a small metallicity dependency, which is removed by calibrating to photometric
temperatures. The surface gravities are calibrated to asteroseismic values. The
metallicity and α enhancement are calibrated with star clusters and very nearby
stars in the solar circle, respectively.
The astrometric data is from Gaia Data Release 2 (DR2 Gaia Collaboration
et al., 2018b). The primary objective of the Gaia mission is to chart the threedimensional map of the Milky Way to unveil the composition, formation and
evolution of our Galaxy. Gaia will provide precise positional and radial velocity
measurements for about one billion stars, which amounts to ∼1% of the total
Galactic stellar population.
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Figure 7.1: The distribution of the full sample in grey and the YαR sample in blue. The left plot is a projection from an edge-on view of
the disk and the right plot is a projection from a top-down view. The Sun is at a Galactic radius of 8 kpc and distance of 25 pc above the
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Analysis and discussion
Determining stellar properties with BASTA

The stellar masses and ages are computed with the BAyesian STellar Algorithm
(BASTA; Silva Aguirre et al., 2015). This takes as input the ∆ν and νmax , which
for the Kepler sample are from Yu et al. (2018) calculated with the SYD pipeline
(Huber et al., 2009). For the K2 sample the global asteroseismic paramters
are also calculated with the SYD pipeline, but this is not yet published. For
the CoRoT sample, ∆ν and νmax are from Mosser et al. (2010). More inputs
for BASTA are the Teff and [M/H] from APOGEE and when available also the
evolutionary stage from Hon et al. (2018). These quantities are all compared to
a set of Bag of Stellar Tracks and Isochrones (BaSTI; Pietrinferni et al., 2004)
to determine the stellar properties. The ∆ν and νmax are used through the
asteroseismic scaling relations (Ulrich, 1986; Brown et al., 1991):
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where h∆ν i and νmax, are the solar reference values that depend on the pipeline
used to extract the stellar ∆ν and νmax . There is strong evidence that metallicity,
effective temperature and evolutionary phase causes offsets in the νmax scaling
relation (see White et al., 2011; Guggenberger et al., 2016; Sharma et al., 2016).
Corrections presented in (Serenelli et al., 2017), are implemented in BASTA,
which in turn will give more reliable ages. Scaling stellar parameters from the
Sun could potentially cause issues especially when the stars are at a different
evolutionary stage, e.g., red giant branch (RGB) or red clump (RC) stars, but
several studies show they are accurate to better than 8 % in mass (e.g., Miglio
et al., 2016; Stello et al., 2016; Brogaard et al., 2017) and better than 4 % in
radius (e.g., Huber et al., 2012; Silva Aguirre et al., 2012; White et al., 2013;
Silva Aguirre & Serenelli, 2016; Huber et al., 2017; Sahlholdt et al., 2018).
After the stellar parameters have been computed, the distance is also computed with the parallax from Gaia, at least one apparent magnitude (e.g., JHKs
magnitudes from 2MASS (Skrutskie et al., 2006) where an AAA requirement is
made on the photometric quality flag) and the extinction map from Green et al.
(2018) to get the reddening E(B −V ). The reddening is then transformed into an
absorption for a given filter using the temperature and metallicity dependent extinction coefficients from Casagrande et al. (2014), Schlafly & Finkbeiner (2011)
or the default relation A = 3.1E(B − V ) by Cardelli et al. (1989) if no calculated
values are available. From this the distance modulus and bolometric magnitudes
are computed to get the distance. With the now derived distance value, the
process is repeated until the extinction changes by less than 0.001 mag between
iterations. For the majority of the stars, the best results for the distances are obtained by including the parallaxes from Gaia, but for the stars at large distances,
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Figure 7.2: [α/Fe] vs. age. The whole sample are the grey points and the YαR stars
are the blue pentagons with errorbars. The grey shaded area is the part of this plot
that cannot be explained by the Multi-zone Disc model presented by Chiappini (2009).

the parallax can be very uncertain, and better results are obtained by leaving
it out. We plan to do the modelling again and instead of directly inverting the
parallax from Gaia to get distance, we will use the Bailer-Jones et al. (2018) distances because this properly accounts for the non-linearity of the transformation
and the asymmetry of the resulting probability function. We only expect this
to lead to minor corrections for our targets and therefore expect our preliminary
results presented here to still be true.

7.4.2

Choosing the YαR sample

The thresholds for what constitutes a YαR star are not fully established in the
literature. Mainly it is a star with an [α/Fe] ratio corresponding to the old thick
disk, but a mass that corresponds better with the young thin disk. The two main
samples, C15 and M15 (J16 and Y16 use subsets of the M15 sample) define YαR
slightly different, but the idea is the same. They both have two samples, where
one is a subset of the other with stricter requirements. M15 find 14 stars with
[α/Fe] > 0.13 and younger than 6 Gyr. The smaller sample is 4 stars with [α/Fe]
> 0.20 and younger than 4 Gyr. C15 define YαR to be outside of agreement with
the Multi-zone Disc model presented in Chiappini (2009). They have 28 stars
that within 1σ are not in agreement with the model and 17 stars that within 2σ
are not in agreement. We chose the latter approach, which is shown in Fig. 7.2.
Due to the much larger size of our sample, we decided to be more conservative
and chose only stars that within 3σ uncertainties still fall within the grey shaded
area and can therefore not be described by the Chiappini (2009) Multi-zone Disc
model.
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We excluded stars with [Fe/H] < −1 for two reasons: i) The scaling relations
break down below this value (Epstein et al., 2014). ii) The ASPCAP internal
calibrations of elemental abundances are based on stellar clusters with [Fe/H] >
-1, which means the validity of the calibrations below this value is not known.
This also means that the APOGEE stars are generally chosen to have [Fe/H]
> -1 and putting this constraint only excluded 80 stars from the full sample
of 10229 stars. Another 25 stars were excluded because the parameter fitting
yields age uncertainties of 0 and cannot be trusted. We also checked the YαR
stars for binarity by cross-matching with the Price-Whelan et al. (2018) sample,
where they calculated the likelihood of companions in APOGEE DR14 with a
custom-built Monte Carlo sampler called The Joker. We did not find any of our
targets to have ln K > −0.2, which means there are no signs of companions in
the APOGEE data. In total we find 296 YαR stars (blue pentagons in Fig. 7.2).
For comparison, the OαR sample contains 847 stars, which means ∼25 % of the
total α-rich population are young.

7.4.3

Chemical trends

The [α/Fe] value from the ASPCAP pipeline is derived in the initial spectral
synthesis fitting to the 7D grid, where [α/Fe] is one of the dimensions. It is
an overall value of the elements O, Mg, Si, S, Ca and Ti. The second step of
the pipeline is the determination of the individual elemental abundances with
the now known stellar parameters. We have chosen to not use the global [α/Fe]
value from the pipeline, but rather an average of the [Mg/Fe] and [Si/Fe] ratios.
These are the two α elements that affect the Teff of RGB stellar evolution models (Vandenberg et al., 2012) and are two of the most well-behaved α elements
in APOGEE. Fig. 7.3 shows the individual α elements compared to the global
[α/Fe], where the bottom plot is the average of [Mg/Fe] and [Si/Fe] that we use
as the [α/Fe] value. There is a slight trend in the difference between the global
[α/Fe] and our [α/Fe] value, where especially high [α/Fe] values differ. Here, in
the α-rich regime, the global [α/Fe] values are on average slightly lower than the
Mg+Si average (∼0.03 dex with a scatter of 0.02 dex). Had we used the global
[α/Fe] values, 40 stars in our YαR sample would no longer be considered αrich. We have yet to fully explore the effects of this choice in order to do better
comparisons to previously published results.
Figure. 7.4 shows the [α/Fe] vs [Fe/H] for the full sample. The bimodality
of the thin and thick disk is clearly visible and the color coding by age also
shows the expected younger thin disk at low α enhancement. The YαR sample
is highlighted in the bottom panel and it is evident that they cover the same
region of this plot as the classical old α-rich thick disk stars.
M15 looked at the individual α abundances and found no evidence of erroneous abundance determinations that could lead to wrongly identified α-rich
stars. Y16 gathered new spectroscopic data to do an independent analysis of the
four youngest and most α-rich stars of the M15 sample to confirm the ASPCAP
abundances of the APOGEE spectra. M15 used the global [α/Fe] from ASPCAP,
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Figure 7.3: Residual plots for the individual α elements in APOGEE DR14 for our
sample vs. the [α/Fe] value from the ASPCAP pipeline that is the combination of all
six individual elements found with a global fit to the whole spectrum. The bottom plot
is the average of [Mg/Fe] and [Si/Fe] that we have used as the [α/Fe] value.

where Y16 took the average of O, Si, Ca and Ti from their own analysis as the
[α/Fe] value. They find subtle differences between their four α elements, but
the average is very similar to the ASPCAP global [α/Fe] values and they conclude that there are no unusual chemical abundance pattern for the four YαR
stars. They also looked at the iron-peak elements Cr, Ni and Cu, where there are
also no signs of systematic disagreements with ASPCAP values or any peculiar
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Figure 7.4: The top panel shows [α/Fe] vs [Fe/H] for the full sample color coded by
age. The bottom panel shows the same plot but with the YαR stars highlighted.

abundance patterns. This is a very valuable independent check on the ASPCAP
abundances, while also showing these four stars are not chemically peculiar in
any other way, except for the higher α abundances. For our much larger sample,
we have performed the same analysis with ASPCAP abundances to look for signs
of other chemical peculiarities in the population as a whole. Figure 7.5 shows
comparisons of elemental abundances for both the YαR and OαR samples. The
Kernel Density Estimators (KDEs) show the distribution of the two samples.
The bottom panel shows the KDEs for the metallicity [Fe/H], which do not show
the same shapes. The YαR sample has a narrower distribution with a shoulder
around [Fe/H] = -0.6 and it drops off sooner at higher metallicities close to solar.
Similarly, the OαR sample has slightly wider distributions for the α elements at
lower values. These two effects are explained by how we have selected the YαR
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samples. The bottom plot and the right plots are KDEs illustrating the distribution of
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sample. Instead of doing a lower cut-off at a specific α abundance, we chose to
let this depend on the age (Fig. 7.2). Because this is anchored in which parts
of the age-α plane that can be reproduced by the chemical evolution models, we
cannot perform the same lower α cutoff for the OαR sample. The overabundance
of YαR stars at [Fe/H] ∼-0.6 is however not explained by this. To understand
whether or not this is significant, we will have to perform further statistical tests,
which will be done in the future (see Sec. 7.5).
Minchev et al. (2013) looked at the [O/Fe] ratios of their models in more
detail. They find they can only produce [O/Fe] values above 0.1 for stars born
inside a galactocentric radius of 9 kpc if they are older than 6 Gyr. Outside 9 kpc
(where we find only very few of our stars) it can be observed in stars as young as
4 Gyr. For [O/Fe] values of 0.2 and above, the stars will always have to be older
than 7 Gyr regardless of birth location. The YαR sample peaks at [O/Fe]∼0.2
with many stars above that value. As a population they can therefore not be
explained as truly young stars that have been born at larger galactocentric radii
and afterwards migrated in. Another thing in Fig. 7.5 is the different appearance
of Ti compared to the other α elements (no slope with [Fe/H]). This is probably
not an astrophysical signature, but rather issues with Ti in the ASPCAP pipeline.
Panel six in Fig. 7.3 also illustrates this with not only large scatter in the titanium
measurements, but also strong trends of both high- and low-α stars.
Overall, the YαR stars distribute themselves very much like the OαR stars
and there are also not in this much larger sample any signs of chemical peculiarities. To test the hypothesis that the YαR stars are a separate population
from the OαR stars, we performed an Anderson-Darling test, which currently
allows us to reject the null hypothesis that they are drawn from the same parent
population to a significance level of 1%. That means, we cannot fully disregard
the explanation that the YαR stars are a separate population that are indeed
young but originating from a special place in the disk with a different chemical
composition. We have not yet properly accounted for the selection function of the
samples, which means this result may change, especially because the AndersonDarling test is very sensitive at the edges of samples, which is also where the
selection function will have the biggest effect.
Y16 also looked at the neutron capture elements Ba, La and Eu, where Ba
and La are s-process elements and Eu is r-process. Like yttrium (Chapter 6), Ba
is an s-process element and is expected to increase with decreasing stellar age
due to the increasing contribution from low- and intermediate-mass AGB stars as
time has passed in the Galaxy. Y16 finds values corresponding to stellar ages >
2 Gyr when comparing to studies done of open clusters by D’Orazi et al. (2009),
which is still in good agreement with the seismic age determinations. However,
what is interesting is that Y16 find the Ba abundance to decrease with decreasing
stellar age, i.e., the opposite trend. This is a very interesting result and should
most certainly be followed up with a larger sample like ours. Unfortunately it is
not possible to measure Ba in APOGEE data and therefore this will have to be
done in a separate study.
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Figure 7.6: [C/N] vs. seismic mass and surface gravity for both the OαR and YαR
stars. The dashed orange lines in the left plot are sequences in a population synthesis
presented in J16.

[C/N] as a measure of stellar age
In Chapter 6 we discussed different possible age indicators in red giants, where
the [C/N] ratio is a very interesting option, especially for population studies.
Martig et al. (2016) and Ness et al. (2016) used APOGEE DR12 data together
with asteroseismic masses to calibrate the variation of the [C/N] ratio with stellar
mass as the star evolves up the RGB. Both of these studied are calibrated to DR12
and cannot directly be applied to our sample because we use DR14 values. We
can however look at the trends of [C/N] values with the seismic mass and surface
gravity (Fig. 7.6). This shows that only very few of the YαR star masses can be
explained by the single star evolution scenario giving weight to the BSS scenario.
The descending orange dashed line in the left plot is the normally expected anticorrelation between [C/N] and mass in a single star post first dredge up scenario:
The CNO cycle increases the amount of N in the stellar core and decreases the
C. A higher mass core has a higher temperature and therefore a larger fractional
part of the core will be hot enough to burn carbon, which in turn means that
higher mass stars will have more nitrogen compared to carbon in the interior.
During the first dredge up, the CN-processed material from the inner parts of
the star that is rich in nitrogen and depleted in carbon is mixed to the surface.
This lowers the surface [C/N] ratio giving rise to the [C/N] anti-correlation with
mass for single post first dredge up stars. The horizontal dashed orange line is
not explained by single star evolution, but is another sequence that shows up in
a population synthesis of an old thick disk population with an initial 50% binary
fraction (Izzard et al., 2018). This could possibly be interpreted as the binary star
[C/N] evolution and some of the YαR stars follow this, which hints at the BSS
scenario as a very likely explanation for these stars. The problem is however the
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too low occurrence rates of evolved BSSs in the thick disk population synthesis.
To achieve a frequency of evolved blue stragglers comparable to the frequency of
YαR stars in the total high-α population, it was necessary to increase the initial
close-in binary fraction and tweak the orbital-period distribution from what we
expect based on observations of the solar neighborhood today.
The [C/N] ratio not only depends on the mass but also on the occurrence
of the first dredge up, which Masseron & Gilmore (2015) show is expected to
happen around log g = 3. To distinguish stars that have not yet undergone the
first dredge up phase from those that have, we plot [C/N] as a function of surface
gravity on the right plot of Fig. 7.6. Here we also see a change in [C/N] values
after log g = 3. From this it seems that after this point, some of the YαR show
lower [C/N] values than the OαR and the YαR population has a much higher
spread in [C/N]. The population synthesis studies by Izzard et al. (2018) show
that mass transfer in a binary system happens mainly during the Hertzsprung
Gap, which is before the first dredge up. This means the star will be polluted
with unprocessed material ([C/N]∼0) and then undergo dredge up, which in turn
means the polluted star has a higher mass and the mixing will be more effective
during the dredge up phase. Consequently, the [C/N] value will decrease more
than compared to a less massive star, effectively making the star look younger.

7.4.4

Dynamics

In Mackereth et al. (2019) they present results from the EAGLE model (Crain
et al., 2015; Schaye et al., 2015), which simulates the formation and evolution
of galaxies in the context of ΛCDM cosmology. In a simulation of the MW
they reproduce the bimodality of the Galactic disk in Fig. 7.4 when they study
dynamics of stellar orbits such as the eccentricities and radius at perigee Rperi .
They find the α-rich thick disk to have higher orbital eccentricities and smaller
Rperi . Figure 7.7 shows these same trends for our sample. This is the same plot
as Fig. 7.4 but color coded by eccentricity (top) and radius at perigee (bottom).
This shows that the overall evolution of the Galactic disk is reproduced by our
full sample and the YαR stars that are highlighted with pentagons seem to follow
the trend of the old thick disk. To study this in more detail, we have looked at
the dynamics of the populations.
In Sec. 2.3.2 we introduced the concept of orbital actions for stars moving
in an axisymmetric potential. With the new very high quality astrometric data
from Gaia DR2, it is possible to calculate the orbital actions to high precision
and thereby study the dynamics of a population. For this analysis we have used
galpy1 (Bovy, 2015) with the MWPotential2014 to calculate the action angle
coordinates. For non-spherical, axisymmetric potentials, the action calculations
have to be approximated, where galpy has a few different options and we have
chosen the Stäckel fudge method (Binney, 2012), which is recommended for a
MW potential. Figure 7.8 shows the action distribution of the full sample here
1 http://github.com/jobovy/galpy
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Figure 7.7: Like Fig. 7.4 but color coded by eccentricity in the top panel and radius
at pericenter in the bottom panel. The α-rich thick disk shows higher eccentricities and
smaller radius at pericenter.

√
plotted as JR vs. RGuide and color coded by parallax uncertainty from Gaia
DR2. JR is the radial orbital action, which is one of the integrals of motion. The
z-component of the angular momentum LZ is another integral of motion, which is
actually what is on the x-axis, but normalized by the solar circular velocity to get
the guiding radius. That means the guiding radius is the radius of the orbit the
star would have if it was on a circular orbit and the radial orbital action tells us
how much the star will oscillate around this circular orbit. (0,0) in this plot is the
Galactic Center and (8,0) is a perfect circular orbit at the solar Galactocentric
distance. Values of JR > 0 means the star is not on a perfect circular orbit,
the bigger the value, the further away from a circular orbit. The stars on the
left ”arm” are stars from inside the solar circle that are at the apocenter of
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Figure 7.8: The action distribution (RGuide , JR ) of the full sample color coded by
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their orbits and stars on the right ”arm” are stars from outside the solar circle
currently at the pericenter of their orbits. The stars in this plot falling below
the two arms are outliers, and the color-coding also shows that they have larger
parallax uncertainties, which means we cannot fully trust the action calculations.
Figure 7.9 shows the same plot but now only looking at the OαR and YαR
stars. Again (as with the chemical analysis) the YαR stars have very similar
dynamics to the OαR stars suggesting they have been subject to the same physical
processes in the Galactic disk. Like C15 we only see very few YαR stars with
guiding radii higher than solar, which could support the hypothesis that they
originate from the same area near co-rotation of the bar. It could however also
support the BSS hypothesis, because the old thick disk is more centrally located
than the thin disk (Sec. 2.2). If the BSS scenario is the correct explanation, the
YαR stars should show the same dynamic distribution as the OαR stars. The
KDEs in Fig. 7.9 show that the YαR sample has a wider distribution in guiding
radii, but we also see that several of the YαR stars are in the part of this plot
below the inner ”arm”, where we in Fig. 7.8 saw high parallax uncertainties and
therefore are not sure we can trust the action calculations. These stars are also
generally at higher distances, where in the BASTA modelling we have chosen to
not use the parallax as a constraint, but instead calculate the distances through
the iterative process. Going forward, we will look at trimming the sample in
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this area. The KDE for the radial orbital action of the YαR sample shows
similar shape as the OαR sample, but the distribution is shifted toward higher
values of JR , i.e., the YαR stars show higher deviations from circular orbits
than the OαR stars. Minchev et al. (2013, 2014) discussed how stars born near
the bar-corotation have a high probability of being expelled to an outer region
via radial migration. If in this process the orbits are perturbed more than for
other populations, this result could speak in favor of this scenario. In a study
presented by Vera-Ciro et al. (2014) radial migration is found to only cause
little radial heating of a disk and no appreciable vertical heating, which suggests
radial migration cannot explain the higher radial actions for the YαR stars. To
understand if the shift we see is statistically significant we have again performed
an Anderson-Darling test. For the dynamic distribution we get the same result
as for the chemical distribution, that we can reject the null-hypothesis to a 1%
siginificance level that the OαR and YαR stars can be drawn from the same
parent population, which again does not speak in favor of the BSS scenario.
Again however, we point out that we have not yet corrected for the selection
function. Implementing this can potentially change the result of the AndersonDarling test and eventually agree with the result from Silva Aguirre et al. (2018)
that find the OαR and YαR stars can be drawn from the same parent population
regarding their dynamics.
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Figure 7.10 shows the same as Fig. 7.9 but this time plotting the vertical
orbital action instead of the radial. This tells us how much the stars are oscillating
up and down in the disk. From this we see that the vertical oscillations are smaller
than the radial oscillations for both samples. They also have the same shape of
the distribution, but the YαR sample is shifted towards higher vertical actions,
i.e., larger vertical oscillations. This again suggests the two samples are separate
and that the YαR sample has undergone more or stronger heating processes
in their dynamic evolution than the OαR sample. Again, we have to specify,
that selection effects have not yet been properly taken into account, which could
change this picture.

7.5

Preliminary conclusions and future prospects

We have gathered a sample of red giants ∼10 times larger than any previously
studied with good asteroseismic, spectroscopic and astrometric data to determine
the origin of the peculiar population of young α-rich stars first identified four
years ago by Martig et al. (2015) and Chiappini et al. (2015).
We have analyzed the spectroscopic data to find trends in the elemental abundances but found no clear signs of peculiarities. We have defined our [α/Fe] values as the average of [Mg/Fe] and [Si/Fe] instead of the [α/Fe] value provided by
117

Young α-rich stars

ASPCAP. This choice increases our sample size by 40 stars and we will carry out
more tests to fully map the effects of this choice in order to better compare our
results to previous studies. There is a possibility that the α elements are offset
slightly for the young sample compared to the old, but we will have to do further
tests to confidently confirm this and make sure it is not a signature of how we
have selected the sample. The [C/N] ratios for RGB stars have previously been
shown to be a good mass (age) indicator (Salaris & Cassisi, 2005; Martig et al.,
2016; Ness et al., 2016). Population studies done for the thick disk (Izzard et al.,
2018) find that binary systems can alter the otherwise expected anti-correlation
of the [C/N] ratio with mass on the RGB. We compared our sample to this and
found that it does look like many of the [C/N] ratios for the YαR stars could
be explained by the binary scenario, however some of them still follow what is
expected for single star evolution and the population synthesis cannot reproduce
the high frequency of YαR stars that we see in our sample (∼25%).
We have calculated orbital actions for the entire sample and found that the
YαR stars look very similar to the OαR stars, which suggests they have similar formation scenarios. There are however subtle differences that can prove
very important, but we suspect that once we correct for selection effects, these
differences may disappear as presented in Silva Aguirre et al. (2018).
We cannot yet give a conclusion as to which scenario is correct; the blue
straggler scenario, where the stars only look young due to high masses, or the
co-rotation scenario, where the stars are truly young, but have been formed in
a special reservoir of gas that has not been polluted like the rest of the MW
disk. The preliminary results show that the YαR and OαR samples are very
similar, both chemically and dynamically, but there are small differences that
could mean they are not originating from the same population. Before we draw
final conclusions we still have a few more things to look at. First we need to
properly account for the selection function of our sample. We suspect this might
remove the small differences between the young and old samples. We are therefore
currently most in favor of the blue straggler scenario. In the comparisons between
the OαR and YαR samples we also have to account for the different ways these
were selected depending on their age as mentioned in Sec. 7.4.3
Further in the future it would be very interesting to gather a higher resolution
optical spectroscopic data set for these stars, because this will allow us to test
other interesting signatures that was mentioned by Yong et al. (2016): i) s-process
elemental abundances have been shown to be age-indicators (e.g., Chap. 6), but
this is not possible to measure in APOGEE spectra. ii) Mass-transfer or mergers
in binary systems could cause line-broadening in the spectra of these stars, but
APOGEE does not provide a broadening parameter and the spectral resolution
is on the low end to study this (R∼22 500). We have cross-matched our sample
with the Tayar et al. (2015) sample that found anomalous and fast rotators in
the first APOKASC sample, but there is no overlap. Y16 also found no sign
of line-broadening for their four stars. iii) Radial velocity follow up to look for
variations in this as signs of binarity is also very important. J16 studied the
YαR stars with emphasis on this, where they found RV variations in at least
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50% of their sample. Lastly it could also give clues to look at the spectral energy
distributions for these targets, because (as pointed out by Y16) if the stars show
IR excess it could be caused by debris disks or dusty circumstellar envelopes in
binary systems. In the M15 sample, 5 of the 14 stars show clear IR excess.
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Conclusions and outlook
In this thesis I have presented my research on the spectroscopic fundamental
parameter analysis of red giant stars and its implications for stellar ages and
galactic archaeology. I will now briefly recap the main conclusions of my studies,
give the status of ongoing work and present a project that I will take on in the
near future during a post-doc at the European Southern Observatory in Chile.

8.1

Summary and conclusions

The research presented in this thesis spans a broader range of topics, from the
detail oriented spectroscopic study to the larger population study, but all with
emphasis on using the most well-determined stellar parameters to achieve the
scientific goals. The opening chapters (1 to 4) of the thesis gave a general introduction to our Galaxy and the fields of galactic archaeology and stellar spectroscopy. These introductions serve as a basis for the chapters that follow (5 to
7) with two published studies and one still ongoing.
Chapter 5 presented the published study we carried out on characterizing
the possible differences that can occur in a spectroscopic analysis of red giants
using the equivalent width method. This was backed by the very precise and
accurate surface gravities from asteroseismology. We gathered data for three
stars in three open clusters; NGC 6819, M67 and NGC 188. By varying which
iron lines we used, which set of atomic parameters we used and how we measured
the equivalent widths, we could produce differences on the obtained atmospheric
parameters larger than standard quoted uncertainties from similar spectroscopic
studies. With the accurate surface gravities from asteroseismology and binary
star studies we could make a selection on which combination of line list, atomic
parameters and equivalent width measurement program gave the best results.
We used this to securely establish the metallicity of NGC 6819, on which there
was not a full consensus in the literature. This study laid the foundation for the
results presented in the next chapter and also highlights a few key things: 1) The
importance of a homogeneous analysis when high internal precision is the goal.
2) The importance of benchmark stars studied with several methods when high
accuracy is the goal.
Chapter 6 presented the published study we carried out on extending the
[Y/Mg] vs. age relation found for solar metallicity dwarfs to solar metallicity
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giants. The presented results built upon the analysis and results presented in the
previous chapter. We used the spectroscopic setup that we had previously established and added another open cluster to the list; NGC 6811, which is younger
than the others and where we had data available for three red giants. We now had
high quality data for confirmed members of four open clusters spanning an age
range of 5 Gyr. This allowed us to test the [Y/Mg] chemical clock and we found
that it also works for the cluster giants of close to solar metallicity. After these
results had been published, we carried out the same analysis for Eps Tau, a red
giant in the Hyades, an open cluster that is younger than the others, which meant
we expanded the age range further. This has a slightly super-solar metallicity,
but still the results are close to being in agreement with the [Y/Mg] chemical
clock discovered for dwarfs.
In Chapter 7 we changed the setup to now involve a much larger dataset with
pipeline parameters. We have a sample of over 10 000 stars with some of the best
survey data available; asteroseismic ages, APOGEE atmospheric parameters and
chemical abundances and Gaia DR2 astrometry. This is still ongoing work and
the results presented in this chapter are only preliminary. The young α-rich stars
are a peculiar population of stars that was first really noticed in 2015 by Martig
et al. (2015) and Chiappini et al. (2015). They do not fit with the overall picture
we have of the Milky Way and its chemical enrichment history that was presented
in Chapter 2. Two main explanations for these stars have been put forward: 1)
They are not actually young but more massive as the result of mass transfer or
mergers in evolved blue straggler systems. 2) They are truly young, but have
formed from a reservoir of gas that has not been contaminated like the rest of
the disk throughout the lifetime of the Galaxy. This could be near co-rotation
of the bar. We have separated the high-α stars in a young and old component,
where currently they look very similar both chemically and dynamically, but the
statistical tests we have performed reveal that they can in fact not be drawn
from the same parent population. This suggests the young sample could have a
(slightly) different origin than the old standard thick disk sample. However, we
still need to take important effects into account, especially the selection functions
of the samples, which could alter the results. In Silva Aguirre et al. (2018) the
opposite result was obtained after selection effects were corrected for; the young
and old samples show the same dynamical distributions. Our sample is more
than 10 times larger compared to what has previously been studied so we could
very well find different results.

8.2

Calibrating chemical clocks for TESS giants with accurate
asteroseismic ages

In recent years with the advent of large-scale spectroscopic surveys such as
APOGEE, GALAH, RAVE and Gaia-ESO (all presented in Table 2.1), we have
massive amounts of spectroscopic data that have given us an unprecedented opportunity to study our Galaxy. These data are however only useful for galactic
122

Calibrating chemical clocks for TESS giants with accurate asteroseismic ages

archaeology studies if the parameters extracted by the spectroscopic pipelines are
both precise and accurate. The studies and results presented in Chapters 5 and 6
showed that we could determine atmospheric parameters to a high enough precision for cluster giants to confirm the tight correlation between [Y/Mg] and age
originally discovered for solar twins by Silva et al. (2012) and Nissen (2015).
With this project, we will use asteroseismic ages to calibrate the relation also
for field giants. This opens up the possibility to study these so-called chemical
clocks for individual stars to much further distances, which in turn will give us
insight into the formation and evolution of the Milky Way on a larger scale.
Asteroseismology is currently the best way to determine ages for single field
stars, where especially the CoRoT, Kepler and K2 missions have provided very
high quality photometric time series. This is however limited to the nearest
∼3 kpc and efforts have been made to find other ways of securely determining
ages at larger distances for field stars. In recent years [C/N] ratios of red giant
branch stars have also been used to determine masses and thereby ages (Ness
et al., 2016, Martig et al., 2016), but this method is mainly valid for population
studies and not very precise for individual stars. With the recent launch of the
TESS satellite we will get asteroseismic data for the brightest targets over the
whole sky and it is expected that masses and thereby ages can be determined
for ∼500,000 giants. We will use a small subset with the best of this data to
extend the calibration of the chemical clocks for giants that was presented in
Fig. 6.3 in Chapter 6. The first full data set we will receive from TESS is of
the southern sky, where the continuous viewing zone (coinciding with the JWST
continuous viewing zone) at a declination of -66◦ will give the highest precision
data. The first part of this dataset was released in December 2018 with several
more releases in the coming months. By the beginning of my post-doc at ESO,
we will have almost the full one year coverage of the continuous viewing zone,
which will allow us to determine ages to a high enough precision to choose the
final sample before the winter observing semester at ESO, where we have applied
for time.
We plan to explore the parameter space further for the chemical clocks confirmed for solar twins and thereby extend our 2017 study (Chapter 6) to single
field giants. It was found by Feltzing et al. (2017) that the relation disappears
at lower metallicities for dwarf stars and it would therefore be necessary to explore this in more detail for a range of atmospheric parameters (e.g., [Fe/H] and
[α/Fe]) before confidently applying it to giants to obtain ages. At the moment
GALAH is the only spectroscopic survey that provides yttrium abundances, but
the precision in the latest data release (Buder et al., 2018) is not high enough to
confidently calibrate this relation for giants. To achieve a high enough precision,
spectroscopic data of high resolution (R & 100 000) and high signal-to-noise (S/N
& 200) are required (Nissen et al., 2017) along with long time series photometric
data to determine asteroseismic ages.
If the chemical abundance ratios (e.g., [Y/Mg] and [Y/Al]) along with other
promising chemical clocks can be proven to work for giants as well as dwarfs, it
will allow us to expand age determinations of single field stars to significantly
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further distances due to the much brighter nature of giants, which would be
a key result for galactic archaeology and very important for not only current
spectroscopic surveys but also upcoming, such as the surveys to be carried out
with the 4MOST facility. When TESS has observed the entire southern sky, it
will turn and observe the entire northern sky for a year as well. This will provide
an unprecedented asteroseismic data set of the full sky that can be analyzed in
a homogenuous way like our analysis in Chapter 5 showed the importance of.
A very interesting extension of this research would be the YαR stars from
Chapter 7, that we are currently working on. If they are old stars that only appear
young due to e.g., mergers, they should have retained their surface abundances,
which means if we could calibrate the [Y/Mg] and [Y/Al] relation along with
other potential chemical clocks for field giants, we could determine if they appear
chemically old by other standards than only the alpha element abundances. For
this it will again be necessary to gather a high quality spectroscopic data set to
measure the abundance of especially yttrium to high precision.
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Line list
Table A.1: Line list for the analysis done in Chapters 5 and 6. The full table is
available in a machine-readable format at CDS

Wavelength
[Å]

Element

5052.1350
6154.2170
6160.7420
5711.0910
6318.7010
6319.2280
6319.4790
6696.0110
6698.6440
5517.5420
5645.6010
5665.5710
5684.4830
5690.4270
5701.1040
5793.0610
6125.0010
6142.4760
6145.0050
6243.8070
6244.4610
6721.8170
6741.5880
6045.9620
6743.5720
5260.3920
5512.9870
5867.5590
6161.2750

6.0
11.0
11.0
12.0
12.0
12.0
12.0
13.0
13.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
16.0
16.0
20.0
20.0
20.0
20.0

Exc. Pot.
[eV]

log gf

7.685
2.102
2.104
4.346
5.108
5.108
5.108
3.143
3.143
5.082
4.929
4.920
4.954
4.929
4.929
4.929
5.613
5.619
5.616
5.616
5.616
5.861
5.984
7.867
7.866
2.521
2.932
2.932
2.523

-1.433
-1.600
-1.260
-1.742
-2.020
-2.242
-2.719
-1.562
-1.830
-2.554
-2.120
-2.040
-1.700
-1.840
-2.080
-2.060
-1.580
-1.530
-1.450
-1.270
-1.340
-1.090
-1.750
-1.820
-0.920
-1.820
-0.300
-1.630
-1.293

NGC 6819KIC5024327

EW [mÅ]
M67EPIC211415732

NGC 1885085

12.0
81.5
105.4
129.6
68.0
49.5
25.0
76.9
54.0
22.5
56.9
66.2
78.7
66.1
53.7
62.4
44.8
41.5
45.6
59.2
52.8
62.7
24.0
20.0
64.4
109.6
54.2
114.0

10.3
82.1
107.6
133.7
71.3
51.3
26.2
78.7
55.0
24.5
54.7
65.3
74.0
65.7
56.2
62.9
43.7
40.5
44.5
53.6
56.1
58.2
23.0
17.8
10.5
69.5
114.3
58.2
113.1

11.1
92.7
111.4
138.9
77.3
55.4
29.5
89.9
65.4
24.7
58.7
68.4
73.9
65.3
55.6
65.4
43.7
42.1
46.1
60.2
64.2
42.5
19.5
69.7
116.2
61.8
125
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Table A.1: Line list for the analysis done in Chapters 5 and 6. The full table is
available in a machine-readable format at CDS

Wavelength
[Å]

Element

6166.4290
6455.5940
4913.6340
5062.1150
5113.4500
5145.4740
5219.7100
5282.3990
5295.7840
5490.1530
5648.5680
5739.4730
5922.1090
5965.8060
6091.1710
6126.2100
6258.0990
6554.2140
5211.5410
5336.7950
5418.7740
5490.7010
5670.8510
4801.0440
4936.3560
4964.9460
5214.1410
5238.9700
5272.0110
5287.1810
5300.7580
5304.1830
5318.7770
5329.1530
5628.6390
5783.0650
5783.8690
6330.0830
6661.0550
5237.3200
5246.7610

20.0
20.0
22.0
22.0
22.0
22.0
22.0
22.0
22.0
22.0
22.0
22.0
22.0
22.0
22.0
22.0
22.0
22.0
22.1
22.1
22.1
22.1
23.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.0
24.1
24.1
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Exc. Pot.
[eV]

log gf

2.521
2.523
1.873
2.160
1.443
1.460
0.021
1.053
1.066
1.460
2.495
2.249
1.046
1.879
2.267
1.066
1.443
1.443
2.590
1.582
1.582
1.566
1.081
3.121
3.113
0.941
3.369
2.709
3.449
3.438
0.983
3.463
3.438
2.913
3.422
3.323
3.322
0.941
4.193
4.073
3.713

-1.136
-1.320
0.161
-0.420
-0.820
-0.600
-2.292
-1.640
-1.680
-0.950
-0.350
-0.724
-1.450
-0.540
-0.430
-1.360
-0.340
-1.210
-1.456
-1.600
-2.080
-2.730
-0.578
-0.140
-0.280
-2.490
-0.753
-1.410
-0.482
-0.957
-2.120
-0.730
-0.720
-0.194
-0.790
-0.450
-0.335
-2.880
-0.365
-1.155
-2.436

NGC 6819KIC5024327

EW [mÅ]
M67EPIC211415732

NGC 1885085

111.1
107.1
92.4
47.9
77.3
83.9
99.7
70.3
65.4
78.3
44.2
38.0
89.1
61.9
89.4
106.3
79.9
50.0
104.4
80.2
54.7
98.4
84.6
78.8
94.1
37.7
44.9
51.7
33.1
117.7
41.1
42.5
113.3
41.9
68.5
94.8
90.1
31.3
64.1
27.4

109.6
102.9
95.8
59.1
79.2
91.8
105.4
75.4
70.2
80.7
44.4
41.6
91.5
63.3
92.9
117.6
86.5
49.1
103.9
83.8
55.2
104.4
85.7
82.6
95.8
33.8
45.3
58.2
34.0
116.8
39.1
41.9
113.8
44.0
67.4
95.6
95.8
29.9
63.0
26.2

111.2
101.1
62.9
84.9
99.4
115.1
85.5
77.5
88.3
54.3
49.2
105.4
109.1
72.8
104.5
94.8
45.0
106.9
81.6
119.1
89.4
87.4
103.1
39.5
52.3
60.8
37.1
45.9
46.4
74.2
102.2
108.0
36.7
62.3
-

Table A.1: Line list for the analysis done in Chapters 5 and 6. The full table is
available in a machine-readable format at CDS

Wavelength
[Å]

Element

5058.5100
5180.0650
5196.0670
5197.9470
5223.1930
5243.7830
5253.0310
5288.5290
5294.5560
5295.3190
5321.1170
5326.1570
5386.3370
5401.2970
5441.3440
5460.8790
5461.5500
5464.2810
5470.0970
5494.4680
5522.4500
5525.5520
5538.5200
5539.2820
5546.5140
5552.6990
5560.2140
5587.5800
5608.9850
5611.3590
5618.6370
5619.6020
5635.8270
5636.7020
5651.4720
5652.3160
5677.6910
5679.0260
5680.2340
5705.4650
5717.8300

26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0

Exc. Pot.
[eV]

log gf

3.642
4.473
4.256
4.301
3.635
4.256
2.279
3.695
3.640
4.415
4.435
3.573
4.154
4.320
4.312
3.071
4.445
4.143
4.445
4.076
4.209
4.230
4.217
3.642
4.371
4.956
4.435
4.143
4.209
3.635
4.209
4.386
4.256
3.640
4.473
4.260
4.103
4.652
4.186
4.301
4.284

-2.750
-1.120
-0.590
-1.480
-2.243
-0.930
-3.849
-1.550
-2.680
-1.530
-1.261
-2.210
-1.700
-1.720
-1.590
-3.530
-1.612
-1.582
-1.610
-1.960
-1.400
-1.184
-1.559
-2.610
-1.080
-1.800
-1.000
-1.650
-2.360
-2.960
-1.260
-1.480
-1.560
-2.530
-1.780
-1.760
-2.680
-0.680
-2.370
-1.455
-0.990

NGC 6819KIC5024327

EW [mÅ]
M67EPIC211415732

NGC 1885085

32.0
84.7
92.5
55.8
58.4
85.0
61.7
94.4
42.0
54.4
68.1
77.1
60.5
60.7
58.2
30.6
51.7
70.4
49.5
59.3
71.2
87.0
60.8
43.8
82.8
18.2
74.8
67.6
34.8
34.0
79.2
66.5
66.1
51.8
41.2
53.7
23.3
81.2
35.0
69.5
94.3

36.6
82.5
97.6
59.4
58.9
86.8
65.8
94.7
43.0
53.5
66.4
77.5
61.3
59.4
60.6
34.3
53.6
72.7
52.0
61.8
71.7
86.7
68.9
50.0
82.0
16.8
76.1
69.7
33.9
34.8
77.6
63.7
65.9
55.7
42.6
54.4
22.3
79.7
33.3
72.1
93.9

41.9
87.6
100.5
58.3
64.4
89.6
70.1
97.7
48.4
55.3
71.0
84.5
64.0
70.3
62.4
38.4
56.6
71.4
55.3
64.9
72.2
84.2
72.8
57.0
87.8
18.0
74.0
71.9
38.2
36.3
81.4
71.0
69.6
60.0
44.4
59.6
28.1
81.1
39.3
74.1
98.0

127

Line list
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available in a machine-readable format at CDS

Wavelength
[Å]

Element

5731.7650
5741.8480
5742.9520
5752.0330
5760.3490
5775.0790
5853.1480
5855.0770
5856.0840
5859.5860
5861.1040
5881.2700
5927.7860
5929.6720
5983.6800
6007.9590
6027.0510
6056.0000
6079.0050
6082.7020
6093.6370
6094.3630
6096.6570
6098.2460
6120.2410
6159.3600
6165.3520
6187.3840
6187.9790
6220.7740
6226.7240
6271.2760
6311.4890
6315.8000
6330.8360
6380.7400
6392.5260
6436.3790
6496.4590
6556.7730
6581.1840

26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0

128

Exc. Pot.
[eV]

log gf

4.256
4.256
4.178
4.548
3.642
4.220
1.485
4.608
4.294
4.548
4.283
4.608
4.652
4.548
4.548
4.652
4.076
4.733
4.652
2.223
4.608
4.652
3.984
4.558
0.915
4.608
4.143
2.831
3.943
3.881
3.883
3.332
2.831
4.076
4.733
4.186
2.279
4.186
4.795
4.795
1.485

-1.060
-1.640
-2.320
-0.867
-2.450
-1.040
-5.170
-1.540
-1.550
-0.388
-2.400
-1.770
-1.020
-1.170
-0.558
-0.620
-1.020
-0.340
-0.960
-3.550
-1.340
-1.610
-1.810
-1.800
-5.930
-1.890
-1.430
-4.190
-1.660
-2.370
-2.110
-2.763
-3.150
-1.650
-1.170
-1.280
-3.956
-2.410
-0.520
-1.705
-4.750

NGC 6819KIC5024327

EW [mÅ]
M67EPIC211415732

NGC 1885085

89.7
60.2
35.8
79.1
60.4
89.9
53.6
44.7
65.3
99.3
25.7
40.0
66.7
68.5
97.8
87.7
99.1
97.0
71.4
93.8
57.9
44.2
74.1
42.8
51.1
34.9
81.2
25.8
87.2
52.8
61.8
63.5
74.8
73.4
59.7
89.3
67.2
33.7
90.1
33.5
91.6

90.8
62.3
36.1
81.1
60.2
92.4
56.6
47.0
65.7
99.3
26.0
40.0
68.3
69.4
97.2
87.1
99.9
95.0
75.3
94.2
57.2
43.3
75.3
42.0
54.2
34.8
78.2
26.0
85.0
53.8
64.0
65.1
73.1
76.5
58.9
89.7
68.0
33.4
91.0
38.1
91.2

92.3
67.0
41.9
82.2
58.4
96.1
63.1
46.4
67.2
100.
28.2
42.6
67.8
70.3
95.7
89.2
103.
99.0
73.6
98.9
59.3
45.6
75.1
43.3
64.5
38.4
83.0
29.1
87.4
57.4
64.8
68.3
80.0
80.1
60.5
99.1
76.0
35.0
94.0
36.3
-

Table A.1: Line list for the analysis done in Chapters 5 and 6. The full table is
available in a machine-readable format at CDS

Wavelength
[Å]

Element

6591.2930
6608.0060
6624.9980
6627.5340
6699.1240
6703.5480
6713.7220
6725.3370
6726.6500
6733.1340
6739.5030
6745.9470
6752.7050
6786.8420
5197.5830
5234.6390
5264.8120
5325.5630
5425.2550
5991.3590
6084.1030
6149.2380
6247.5480
6369.4500
6432.6670
6456.3690
4935.8440
5010.9510
5094.4190
5102.9870
5155.1330
5197.1780
5468.1130
5578.7210
5589.3590
5643.0820
5748.3480
5760.8290
5805.2150
5996.7240
6007.3070

26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.0
26.1
26.1
26.1
26.1
26.1
26.1
26.1
26.1
26.1
26.1
26.1
26.1
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0

Exc. Pot.
[eV]

log gf

4.593
2.279
1.011
4.548
4.593
2.758
4.795
4.103
4.607
4.638
1.557
4.076
4.638
4.191
3.230
3.221
3.230
3.221
3.199
3.153
3.199
3.889
3.892
2.891
2.891
3.903
3.941
3.635
3.833
1.676
3.898
3.898
3.847
1.676
3.898
4.165
1.676
4.105
4.167
4.236
1.676

-2.030
-3.990
-5.330
-1.500
-2.170
-3.010
-1.440
-2.220
-1.010
-1.440
-4.934
-2.730
-1.244
-1.920
-2.230
-2.180
-3.130
-3.210
-3.290
-3.590
-3.800
-2.750
-2.350
-4.180
-3.630
-2.080
-0.350
-0.870
-1.090
-2.810
-0.640
-1.240
-1.630
-2.790
-1.200
-1.237
-3.280
-0.780
-0.696
-1.040
-3.364

NGC 6819KIC5024327

EW [mÅ]
M67EPIC211415732

NGC 1885085

27.3
68.3
97.3
58.0
26.0
90.2
47.9
44.4
75.2
54.5
67.3
23.3
66.3
58.7
86.9
92.2
55.7
54.7
51.0
47.8
35.0
43.9
54.4
32.2
57.9
70.1
70.5
67.9
44.1
95.5
68.4
53.1
28.2
113.9
51.4
32.5
87.4
64.4
65.2
43.1
78.2

24.9
70.2
93.7
58.8
22.7
90.3
44.6
45.1
74.5
54.4
70.3
24.4
69.6
57.6
90.3
88.3
61.3
54.4
52.5
47.4
35.2
43.7
55.7
32.9
55.9
70.4
78.6
73.4
47.7
97.5
73.3
57.0
30.4
115.4
51.0
33.4
93.1
64.6
64.4
43.5
78.7

30.6
73.8
64.0
30.7
96.0
44.4
49.5
76.7
56.0
77.8
27.6
73.8
59.0
81.9
86.1
52.9
53.4
47.0
47.2
34.4
42.5
52.7
28.9
52.3
63.1
76.3
71.6
48.3
100.8
69.3
60.1
31.6
50.8
35.4
98.3
64.6
68.4
45.7
85.9
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Line list
Table A.1: Line list for the analysis done in Chapters 5 and 6. The full table is
available in a machine-readable format at CDS

Wavelength
[Å]

Element

6086.2740
6111.0630
6128.9700
6130.1290
6176.8030
6177.2390
6204.5930
6223.9690
6322.1490
6327.5900
6378.2420
6482.7810
6586.2960
6598.5780
6635.0990
6772.2930
4722.1810
4810.5470
4883.6980
4900.1290
5728.8940

28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
28.0
30.0
30.0
39.1
39.1
39.1
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Exc. Pot.
[eV]

log gf

4.266
4.088
1.676
4.266
4.088
1.826
4.088
4.105
4.153
1.676
4.153
1.935
1.951
4.236
4.419
3.658
4.030
4.078
1.084
1.033
1.839

-0.470
-0.800
-3.330
-0.930
-0.210
-3.540
-1.110
-0.950
-1.220
-3.100
-0.830
-2.830
-2.800
-0.940
-0.770
-0.930
-0.338
-0.137
0.070
-0.090
-1.270

NGC 6819KIC5024327

EW [mÅ]
M67EPIC211415732

NGC 1885085

68.2
62.1
83.9
40.4
92.1
54.5
49.8
54.9
36.3
103.6
60.2
103.0
102.6
45.2
50.1
81.6
77.3
80.6
96.4
94.4
13.8

69.6
62.9
82.7
41.9
93.4
65.1
51.5
53.9
39.1
108.0
60.0
107.7
01.0
47.3
50.6
83.7
83.4
78.7
96.7
95.9
13.7

71.0
69.8
95.2
46.7
97.2
72.6
57.2
56.7
37.9
110.7
65.3
114.9
111.7
53.4
49.7
86.0
82.8
74.6
94.3
96.1
10.0
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