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Abstract

Chemical Abundance Trends in the Milky Way Disk:

Implications on the Origin of the Galactic Thick Disk

by

Judy Y. Cheng

Detailed observations of the Milky Way can be used to test predictions from simulations of disk
formation and evolution, and they serve to complement large galaxy surveys at high redshift.
The observed elemental abundances of old stars in the Milky Way disk, and how they vary with
location in the Galaxy, provide powerful constraints on the chemical enrichment and assembly
history of the disk. We present trends in [Fe/H] and [/ Fe] as a function of Galactocentric radius
R and distance from the plane |Z| using main sequence turnoff stars observed by the Sloan
Extension for Galactic Understanding and Exploration survey. We find that the thick disk of
the Milky Way has no radial metallicity gradient and is chemically homogeneous, whether thick
disk stars are identified by their location (i.e., far from the midplane) or by their chemistry (i.e.,
a-enhanced). Follow-up observations from the High Resolution Echelle Spectrometer at the W.
M. Keck Observatory show that the a-, iron peak, and neutron capture elemental abundances
of stars at |Z| ~ 0.5 kpc also resemble those in the solar neighborhood. In addition, we find that
the high-a population has a short radial scale length. The observed chemical homogeneity is
consistent with a cosmological origin for the a-enhanced thick disk, in which stars far from the
midplane of the disk formed at early times during a chaotic period of high gas accretion when
the disk was turbulent and clumpy. The observations can only be explained by radial mixing
processes, such as disk heating during a minor merger or internal radial migration processes, if

mixing was extremely efficient.
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Chapter 1

Introduction

The nitrogen in our DNA, the calcium in our teeth, the iron in our blood, the carbon in our apple

pies were made in the interiors of collapsing stars. We are made of starstuff. — Carl Sagan

One way to study galaxy formation is to examine the properties of distant galaxies and
watch the formation in action. The more distant these galaxies are, the farther back in time
we are looking, and the most distant galaxies provide us with snapshots of the earliest phases
of galaxy formation. A complementary approach to these large surveys is to study our own
galaxy, the Milky Way, as a case study with which to test various theories of galaxy formation.
While galaxy surveys provide bulk information about an ensemble of galaxies, observations of
the Milky Way provide detailed information about the chemical and kinematic properties of
individual stars and distinct stellar populations.

The specifics of the Galaxy’s past—the amount of gas it accreted, the number of smaller
galaxies it ate up, and the number of generations of stars that were born—have implications on
what we see today. Because stars only fuse atoms in their cores, the chemical compositions of
their atmospheres still reflect the composition of the gas out of which they formed. Old stars

observed in the Milky Way, like fossils on Earth, are imprinted with chemical signatures that



offer clues about the early life of the Galaxy. Astronomers thus act as “Galactic archaeologists,”
using properties of old stars in the Galaxy to understand the environment in which they formed,
i.e., the nascent Milky Way.

Because all elements heavier than helium were made in stars, the chemical composition
of a stellar population allows us to piece together their star formation history. When stars
explode at the ends of their lives, the heavy elements are returned to the interstellar medium
(ISM) and will be incorporated into future generations of stars. Each successive generation
includes more and more heavy elements in its composition. The metallicity of a stellar population
is an indicator of how many generations of stars have come and gone, and the ratios of different
elemental abundances provide constraints on the timescales over which these generations formed.
Moreover, by looking at different locations in the Galaxy, we can examine how the star formation
history in the center of the Galaxy compares to the outskirts, shedding light on how different
parts of the Galaxy were put together.

In this thesis, we examine the chemical properties—the “starstuff”’—of old stars in a
large volume of the Milky Way to understand how some of these stars ended up in a thick disk,

on orbits that take them very far from the midplane of the Galactic disk.

1.1 Thick Disk Formation:

Hierarchical Versus Secular Processes

Traditionally the Galactic disk is thought of as two components: a thin disk of young
metal-rich stars and gas, and a thick disk of older, more metal-poor stars (e.g., Gilmore et al.
1995, Chiba & Beers 2000, Bensby et al. 2004, Ivezi¢ et al. 2008). The existence of a thick
disk was first noted by Gilmore & Reid (1983), and subsequent studies have reported that it
has a scale height about three times larger and a scale length slightly longer than the thin disk

(e.g., Siegel et al. 2002, Juri¢ et al. 2008, de Jong et al. 2010). Compared to the thin disk, the



thick disk has a higher velocity dispersion and lags in rotation compared to the thin disk (e.g.,
Chiba & Beers 2000, Soubiran et al. 2003, Bensby et al. 2003). In addition, its stars have been
shown to be chemically distinct from those of the thin disk, with different trends in a-, r-, and
s-process element abundances (e.g., Edvardsson et al. 1993, Prochaska et al. 2000, Reddy et al.
2003; 2006, Bensby et al. 2003; 2005, Brewer & Carney 2006).

Observations of nearby edge-on spiral galaxies show that thick disks are common (e.g.,
Dalcanton & Bernstein 2002) and have kinematics, structural parameters, and stellar popula-
tions similar to the Galactic thick disk (Yoachim & Dalcanton 2005; 2006; 2008a). The ubiquity
of thick disks in external galaxies, as well as the similarity in their properties, suggests that
whatever process is responsible for the existence of the thick disk is at work in the formation
and evolution of all disk galaxies. Furthermore, because the thick disk is old, the properties of
its stars can be used as a fossil record of the disk’s early formation at z ~ 2.

How stars end up in a thick disk, far from the plane of the Galaxy, is still an open
question. As stars move through the potential of the Galaxy, their initially circular orbits
are perturbed by inhomogeneities such as molecular clouds and spiral waves (e.g., Jenkins &
Binney 1990, Jenkins 1992, Aumer & Binney 2009). This increases their random motions (“disk
heating”) and is the main source of the correlation between age and velocity dispersion seen in
the solar neighborhood (Nordstrom et al. 2004). These mechanisms, however, do not increase
the dispersion in the vertical direction to the level required to explain the large vertical heights
reached by thick disk stars (Binney & Tremaine 2008). In this work, we consider four particular
scenarios of thick disk formation that have been the focus of recent theoretical and observational
studies. Scenarios 1-3 rely on external mechanisms that have been proposed wherein stars can
end up in a thick disk within the context of the hierarchical structure formation predicted by
ACDM cosmology. Scenario 4 requires an internal process than can occur in a disk in complete
isolation.

In Scenario 1, present-day thick disk stars formed first in a thin disk, which then



experiences “vertical heating” as a result of one or more minor mergers (e.g., Villalobos &
Helmi 2008, Read et al. 2008, Kazantzidis et al. 2008; 2009, Purcell et al. 2009, Bird et al.
2012). The satellites impart orbital energy to the stars in the initial disk, which is converted
into random motions, resulting in a large increase in the vertical extent of the disk. This is
especially true at large radii, where many simulated disks show pronounced flares (e.g., Bournaud
et al. 2009). Halo merger histories in cosmological N-body simulations suggest that minor
mergers are common; Stewart et al. (2008) estimate that 70% of Milky Way-sized halos have
experienced a 1:10 merger within the last 10 Gyr. Observationally, streams in the outskirts
of the Milky Way (e.g., Newberg et al. 2002, Belokurov et al. 2007) and other galaxies (e.g.,
Ibata et al. 2001, Martinez-Delgado et al. 2010) provide evidence of recent accretion events.
In addition, Schwarzkopf & Dettmar (2000) find that thick disks are more common in galaxies
undergoing mergers, which suggests that a galaxy’s merging history may play an important role
in determining the structure of the disk.

Scenario 2 also involves mergers and accretion, and can be distinguished from Scenario
1 by where thick disk stars are formed. In this scenario, present-day thick disk stars formed
outside of the Galaxy in satellites or “pre-galactic” clumps which were directly accreted into a
thick disk. The simulations of Abadi et al. (2003) suggest that after a merger most of the stars in
the thick disk component are stars that originally formed in the satellite. Yoachim & Dalcanton
(2006) proposed a scenario in which pre-galactic clumps of stars and gas were accreted; while
the gas fell to the midplane, the stars ended up on orbits that take them to a large distance
from the plane.

Scenario 3 posits that present-day thick disk stars formed where they are seen today,
through chaotic merging of gas-rich clumps at high redshift (e.g., Brook et al. 2004; 2005,
Bournaud et al. 2009). Gas is accreted into a turbulent disk with high velocity dispersion,
similar to the clump-cluster galaxies seen at high redshift (e.g., Elmegreen & Elmegreen 2005)

and predicted by the picture of cold mode accretion (e.g., Dekel et al. 2009, Krumholz & Dekel



2010, Krumholz & Burkert 2010). These clumpy disks are gravitationally unstable, and stars
formed in these clumps will have high velocity dispersions and will end up in a thick disk.

Scenario 4, however, does not rely on any external influences. Recent work has high-
lighted the potential importance of radial migration, an internal secular process, in disk growth
and evolution (e.g., Roskar et al. 2008b, Schonrich & Binney 2009a;b, Martinez-Serrano et al.
2009). Stars that originate at small radii have larger vertical velocity dispersions (e.g., Lewis
& Freeman 1989), and their outward migration causes the disk to become thicker at all radii,
forming a component that looks like a thick disk (Schonrich & Binney 2009b, Loebman et al.
2011). Radial migration can occur when stars interact with transient spiral arms (Sellwood &
Binney 2002) or a steady bar and spiral pattern (Minchev & Famaey 2010, Brunetti et al. 2011).

Understanding the origin of the thick disk, then, is crucial to identifying the most
important processes that shaped the formation of the Galaxy at early times. If the thick disk
is a relic of hierarchical growth as in Scenarios 1-3, then the Milky Way is largely a product of
its environment. Alternatively, if the thick disk is a result of internal processes as in Scenario
4, then the Milky Way would look the same regardless of its surroundings.

Each of these scenarios makes predictions about the kinematic and chemical proper-
ties of stars in the Milky Way. Sales et al. (2009), for example, showed that the expected
distributions of orbital eccentricities could be used to distinguish between the four scenarios.
Consequently, Dierickx et al. (2010) and Wilson et al. (2011) used observations of stars from
the Sloan Digital Sky Survey (SDSS; York et al. 2000) and the RAdial Velocity Experiment
(RAVE; Steinmetz et al. 2006), respectively, to argue against thick disk formation via minor
mergers (Scenarios 1 and 2). In the data, there were too few high-eccentricity stars compared
to the simulation predictions. Di Matteo et al. (2011), however, showed that for Scenario 1, the
expected distribution in eccentricities depended on the orbital parameters and properties of the
satellite galaxy assumed. Additional observations, such as the chemical properties of stars, are

needed to further constrain these thick disk formation scenarios.



1.2 Chemical Abundances and Metallicity Gradients:
Probes of Star Formation History

and Galaxy Assembly

The ratios of different elemental abundances in a stellar population are intimately
linked to its star formation history. Because different elements come from different nucleosyn-
thetic processes in stars with different lifetimes, these elements are injected back into the ISM
on different timescales. For example, a- and r-process elements are produced in Type II super-
novae (SNe) and are returned early to the ISM because their progenitors are short-lived massive
stars. Iron peak elements, however, are primarily produced in Type Ia SNe and are returned
later to the ISM because their progenitors are white dwarfs, which are low mass stars at the end
of their evolution. Lastly, s-process elements are produced in asymptotic giant branch (AGB)
stars. These evolved stars are indicative of an intermediate age population, because only stars
of a limited mass range ever reach this evolutionary stage.

Figure 1.1 shows a schematic diagram of how the iron abundance, or metallicity, [Fe/H]
and a-element enhancement [«/Fe] can be used to infer the star formation history of a stellar
population. Early on, when [Fe/H] is low, Type II SNe are the main contributors of heavy
elements to the ISM and [«/Fe] is high; at later times, when [Fe/H] is higher, Type Ia SNe
become the main contributors and [«a/Fe] decreases. If a population forms rapidly (red) it will
be enhanced in a-elements at higher metallicities than a population that forms over an extended
period of time (blue). Thick disk stars in the solar neighborhood, which are identified using
their kinematic properties, have been found to be enhanced in a-elements (e.g., Edvardsson
et al. 1993, Prochaska et al. 2000, Mashonkina & Gehren 2000; 2001, Reddy et al. 2003; 2006,
Bensby et al. 2003; 2005, Brewer & Carney 2006). Their abundances indicate that these stars

must have formed rapidly over a short period (1-3 Gyr), before Type Ia SNe could contribute
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Figure 1.1: Schematic diagram showing abundance trends for stellar populations with different
star formation histories. Relative abundances of different elements, for example the ratio of
a-elements to iron, can be used as an indicator of the timescale over which star formation
occurred.

very much iron to the interstellar medium (Gratton et al. 2000, Mashonkina et al. 2003, Bensby
et al. 2004).

In addition, the elemental abundances can be used to constrain the kinds of envi-
ronments in which the stars could have formed. Kirby et al. (2008) argue that the presence
of extremely metal-poor stars ([Fe/H] < —3.0) in dwarf spheroidals show that similar objects
could have built up the Milky Way halo. Ruchti et al. (2010; 2011) argue that thick disk stars
are too a-enhanced to have formed in objects like present-day dwarf galaxies, which had more
extended star formation histories (e.g., Tolstoy et al. 2009). The chemical properties of thick
disk stars is thus a powerful tool for understanding the chemical enrichment and star formation
history of the Galaxy.

Furthermore, the spatial variation of the chemical properties of the Galaxy is imprinted
with information about how the galaxy was assembled. One simple illustration of this link is the
inside-out growth scenario, in which the inner parts of the disk started forming stars first and
became chemically enriched earlier. This is shown schematically in the top row of Figure 1.2,

where blue, green, and red indicate metal-poor, intermediate-metallicity, and metal-rich stellar
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Figure 1.2: Schematic diagram showing inside-out growth (top) and rapid formation (bottom),
and the expected behavior of the metallicity [Fe/H] as a function of Galactocentric radius R.

populations, respectively. In this case, the radial metallicity gradient is negative—the metallicity
[Fe/H] decreases with increasing Galactocentric radius R. Another possibility is that the disk
formed rapidly, with stars forming in all parts of the disk at once. This is shown schematically
in the bottom row of Figure 1.2. The end result is a chemically homogeneous disk with a flat
radial metallicity gradient—[Fe/H] is the same at all R. A third possibility is that the disk
forms inside-out, but the stars get mixed around in the disk, taking them away from where
they formed. The gradient will become weaker, or if mixing is very strong, the gradient can be
completely erased.

The metallicity gradient, A[Fe/H]/AR, of old stars in the Milky Way provides an
observational constraint to distinguish between possible formation mechanisms for the thick
disk. For example, if thick disk stars originated in a thin disk and were subsequently heated
by a minor merger (Scenario 1), then they should show a negative radial metallicity gradient
that is characteristic of inside-out growth. Vertical heating of the disk should preserve the
radial metallicity gradient if the radial motions are not dramatically affected by the heating
mechanism. If the radial motions are affected, however, the gradient may get smeared out.
If thick disk stars originated outside of the Galaxy and were deposited in the thick disk via

accretion events (Scenario 2), then the metallicity distribution will have no pattern and may



exhibit clumpiness (Abadi et al. 2003).

If thick disk stars originated in turbulent clumps at times of high gas accretion rates
(Scenario 3), the short timescale for star formation means that no gradient is expected because
different locations in the disk do not experience different chemical enrichment (Brook et al.
2005). If thick disk stars originated in a thin disk and were pushed to larger radii through radial
migration (Scenario 4), then the original gradient would become washed out into a shallow or
nonexistent radial metallicity gradient (Roskar et al. 2008a, Sanchez-Blazquez et al. 2009). The
presence of a metallicity gradient, then, would rule out Scenario 3, and the strength of the
gradient would place quantitative constraints on the amount of radial mixing that could have
occurred (Scenarios 1 and 4). In any case, the metallicity gradient of old disk stars will provide
an important constraint that can be tested using detailed simulations of Milky Way-like galaxies
(e.g., Guedes et al. 2011).

In addition to overall metallicity [Fe/H], abundances of other elements provide further
observational constraints that must be explained by the various thick disk formation scenarios.
Lee et al. (2011b) and Bovy et al. (2011; 2012), for example, use a-element abundances to explore
the kinematic and structural properties of different stellar populations in the Milky Way. The
eventual goal in these types of studies is to use even more elemental abundances to infer the
common origins of stars with similar chemical signatures through “chemical tagging” (Freeman

& Bland-Hawthorn 2002).

1.3 Spectroscopic Observations: SEGUE and HIRES

In this thesis, we use two samples of stars to tackle the question of how the chemical
abundances of stars in the Milky Way disk vary as a function of location in the Galaxy. In
Chapters 2 and 3, we use a large sample of stars outside the solar neighborhood with medium

resolution spectroscopic observations (R ~ 2,000). For these stars, we have limited chemical



abundance information, but the large homogeneous sample allows us to examine the metallicity
distribution in the disk as a function of both Galactocentric radius R and distance from the
Galactic plane |Z|. In Chapter 4, we use followup high-resolution spectroscopic observations
(R ~ 48,000) of a small subsample of these stars to gather information for many more individual
elements. These results represent some of the first detailed abundance analyses for disk stars
outside the solar neighborhood.

The medium resolution spectra were obtained by the Sloan Extension for Galactic
Understanding and Exploration (SEGUE; Yanny et al. 2009) survey, part of the SDSS, which has
collected spectra of ~350,000 stars in the Milky Way. For all of these stars, metallicity [Fe/H]
and a-enhancement [a/Fe] have been determined by the SEGUE Stellar Parameter Pipeline
(SSPP; Lee et al. 2008a;b, Allende Prieto et al. 2008a, Smolinski et al. 2011, Lee et al. 2011a).
An illustration of the spatial coverage of the Milky Way provided by SDSS/SEGUE is shown
in Figure 1.3. We use a sample of ~ 7000 main sequence turnoff stars located at low Galactic
latitude in the region 6 kpc < R < 16 kpc, 0.15 kpe < |Z] < 1.5 kpe. These lines of sight are
aimed at high enough latitude to avoid the dust in the midplane of the disk and at low enough
latitude to still be probing the disk of the Galaxy. The high resolution spectra were obtained for
37 stars at |Z] 2 0.5 kpc using the High Resolution Echelle Spectrometer (HIRES; Vogt et al.
1994) at the W. M. Keck Observatory.

In Chapter 2, we present the radial metallicity gradient of the Milky Way disk at four
vertical heights above the midplane. We find that the radial metallicity gradient becomes flat
far from the plane of the Galaxy, at |Z| > 1 kpc, where the thick disk is expected to be the
dominant stellar population. In Chapter 3, we present the [a/Fe] distribution as a function of
R and |Z|. We find evidence that the high-a population, which is typically associated with the
thick disk, has a short radial extent. In Chapter 4, we present the abundances of 17 a-, iron
peak, and s-process elements for 37 stars at |Z]| = 0.5 kpc. We find that the abundances of

high-a stars are consistent with thick disk stars in the solar neighborhood over a radial range
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Figure 1.3: Tlustration of the coverage of the Milky Way provided by the Sloan Digital Sky
Survey (SDSS). Blue points represent stars observed by SDSS; in Chapters 2 and 3, we use a
subset of this sample. [Credit: Gal Matijevic, University Ljubljana, Slovenia]

6 < R <9 kpc. Our observations are consistent with a cosmological origin for the a-enhanced
thick disk, in which stars far from the midplane of the disk formed at early times during a
chaotic period of high gas accretion when the disk was turbulent and clumpy (Scenario 3). The
observations can only be explained by radial mixing processes, such as disk heating during a
minor merger (Scenario 1) or internal radial migration processes (Scenario 4), if mixing was

extremely efficient.
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Chapter 2

Metallicity Gradients in the
Milky Way Disk as Observed by

the SEGUE Survey

2.1 Introduction

2.1.1 Metallicity Gradients

The spatial variation in the metallicity distribution of old stars in the Milky Way disk
system is linked to the formation and evolution of the Galaxy. The metallicity of stars at
a particular place in the disk depends on the gas accretion rate, star formation history, and
subsequent evolution at that location. For example, in the simplest picture of “inside-out” disk
formation, low angular momentum gas falls to the center of the halo first, forming stars earlier
and becoming chemically enriched much faster than the outer disk (e.g., Larson 1976, Matteucci

& Francois 1989, Chiappini et al. 1997, Prantzos & Boissier 2000). In this scenario, heavy element
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abundances in the interstellar medium generally decrease as a function of Galactocentric radius,
i.e., the metallicity gradient is negative. The presence of radial flows (e.g., Lacey & Fall 1985,
Goetz & Koeppen 1992, Portinari & Chiosi 2000, Spitoni & Matteucci 2011) and the nature of
the early infalling gas (e.g., Cresci et al. 2010), however, have significant impacts on the chemical
evolution of the disk. The exact nature of these processes is not yet fully understood and can
lead to a gradient in the early disk that is weaker or even reversed compared to the simplest
picture. Thus, observations of both the slope and temporal evolution of the radial metallicity
gradient of the disk provide strong observational constraints for chemical evolution models (e.g.,
Chiappini et al. 2001, Cescutti et al. 2007, Magrini et al. 2009).

The radial metallicity gradient of the Milky Way disk has been measured using a
number of different tracers, including Cepheids and open clusters, yielding a value between
~ —0.01 and —0.09 dex kpc! (e.g., Caputo et al. 2001, Friel et al. 2002, Chen et al. 2003, Luck
et al. 2006, Lemasle et al. 2008, Sestito et al. 2008, Pedicelli et al. 2009, Pancino et al. 2010,
Carrera & Pancino 2011, Luck & Lambert 2011). These tracers represent the composition of the
interstellar gas at the time that they were formed, thus the wide variety of tracers studied probe
the metallicity gradient at different times. This simple picture, however, can be complicated
by processes that change the orbits of stars, such as dynamical heating from perturbations like
spiral structure, molecular clouds, or minor mergers, which can make gradients shallower or
wash them out completely.

In addition to the steepness and time evolution of the gradient, nonlinear features in the
metallicity distribution provide further observational constraints. Some authors, for example,
have noted the presence of a discontinuity in the radial metallicity gradient at a Galactocentric
radius of R ~ 10 — 12 kpc, beyond which the metallicity gradient becomes shallower or flat (i.e.,
slope close to or equal to zero) for both open clusters (e.g., Twarog et al. 1997, Yong et al. 2005,
Carraro et al. 2007b, Sestito et al. 2008) and Cepheids (e.g., Andrievsky et al. 2002¢, Yong et al.

2006, Pedicelli et al. 2009). Whether this transition is characterized by a sharp break or by a
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smoother transition is still unclear (see for example, Pancino et al. 2010, Jacobson et al. 2011a).

Several possible explanations for the reported discontinuity have been put forward.
Andrievsky et al. (2004) argue that the presence of the Galactic bar and spiral arms may
influence the star formation rate and flow of gas throughout the disk, affecting the amount of
chemical enrichment that occurs at different radii. Yong et al. (2005) favor star formation in the
outer disk, triggered by small accretion events. This scenario was supported by the enhanced
abundances of o~ and r-process elements of open clusters in the outer disk (e.g., Carraro et al.
2004, Yong et al. 2005). More recent work, however, indicates that these initial measurements
may have been too high, and the outer disk clusters have abundances consistent with those in
the inner disk (e.g., Carraro et al. 2007b, Bragaglia et al. 2008, Friel et al. 2010).

In this Chapter, we present the radial metallicity gradient, A[Fe/H]/AR, of the Milky
Way disk, as a function of height above the plane |Z|, using a sample of 7010 field stars from the
Sloan Extension for Galactic Understanding and Exploration (SEGUE; Yanny et al. 2009), part
of the Sloan Digital Sky Survey (SDSS; York et al. 2000). The sample covers Galactic coordinates
6 kpc < R < 16 kpc, 0.15 kpe < |Z| < 1.5 kpe, where R is the cylindrical Galactocentric radius
and |Z] is absolute distance from the plane.

Our field stars are older than the open clusters and Cepheids used in previous gradient
measurements in the literature and serve to extend the observations of the metallicity distribu-
tion of the disk to older tracers, which can provide constraints on the strength of the gradient
at early times and on how much radial mixing occurred. Previous work with field stars has
indicated that the disk has no radial metallicity gradient far from the midplane (Allende Prieto
et al. 2006, Juri¢ et al. 2008, Katz et al. 2011). Our sample will be useful as a comparison for
both studies of open clusters and Cepheids close to the midplane and studies of field stars at
large heights above the plane.

Additionally, we examine whether a discontinuity in the radial metallicity gradient

exists in the old disk stars. While the distances derived for individual field stars are less accurate
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than for other tracers, our sample is sufficiently large to divide into bins of | Z|, which allows for
an examination of the metallicity distribution in the disk as a function of both R and |Z|. The
distinction between R and |Z| is important, as many of the outer disk tracers in the literature
are also located far from the midplane, and the question of whether the reported trends are a

function of R, |Z], or both, needs to be assessed.

2.1.2 Thick Disk Formation

This work is further motivated by the idea that the metallicity gradient of the old disk
may be used as an observational constraint to distinguish between possible formation mecha-
nisms for the thick disk. Traditionally, the Galactic disk can be thought of as the sum of two
components: a thin disk of young metal-rich stars and a thick disk of older, more metal-poor
stars (e.g., Gilmore et al. 1995, Chiba & Beers 2000, Bensby et al. 2004, Ivezié et al. 2008). The
existence of the Milky Way’s thick disk was first noted by Yoshii (1982) and Gilmore & Reid
(1983), and thick disks with similar kinematics, structure, and stellar populations have since
been observed to be a common feature in nearby spiral galaxies (Dalcanton & Bernstein 2002,
Yoachim & Dalcanton 2005; 2006; 2008a).

The ubiquity of thick disks in external galaxies, as well as the similarity of their prop-
erties, suggests that whatever process is responsible for their existence is important in the
formation and evolution of disk galaxies. Furthermore, because the thick disk is old, the prop-
erties of its stars can be used as a “fossil record” of the disk’s early formation. How stars end
up in a thick disk, far from the plane of the Galactic disk, remains an open question.

Several mechanisms for thick disk formation have been proposed, four of which are
discussed below. Within the context of the hierarchical structure formation predicted by ACDM
cosmology, a thick disk may arise through (1) the puffing up or vertical heating of a pre-existing
thin disk during a minor merger (e.g., Villalobos & Helmi 2008, Read et al. 2008, Kazantzidis

et al. 2008; 2009, Purcell et al. 2009, Bird et al. 2012); (2) the direct accretion of stars formed
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in satellites that merged with the Galaxy (Abadi et al. 2003); or (3) star formation in an
early turbulent disk phase during a period of high gas accretion (e.g., Brook et al. 2004; 2005,
Bournaud et al. 2009). Even in the absence of cosmological accretion, a thick disk may also
arise through (4) radial migration of stellar orbits (e.g., Schonrich & Binney 2009a;b, Loebman
et al. 2011).

Each of these scenarios is motivated by both theory and observations. Halo merger
histories in cosmological N-body simulations suggest that the types of mergers required by
Scenarios 1 and 2 are common; Stewart et al. (2008) estimate that 70% of Milky Way-sized
halos have experienced a 1:10 merger within the last 10 Gyr. Streams in the halo of the Milky
Way (e.g., Newberg et al. 2002, Belokurov et al. 2007) and other galaxies (e.g., Ibata et al. 2001,
Martinez-Delgado et al. 2010) provide observational evidence of such accretion events. Other
recent work, however, has emphasized the importance of smooth gas accretion in the growth of
disk galaxies (Brooks et al. 2009, Dekel et al. 2009), which can lead to a turbulent disk with
high velocity dispersion as in Scenario 3. Observational support for this picture includes the
clump-cluster galaxies (Elmegreen & Elmegreen 2005) and the thick chain and spiral galaxies
(Elmegreen & Elmegreen 2006) seen at high redshift. Lastly, Sellwood & Binney (2002) and
Roskar et al. (2008b;a) showed that resonant interactions between stars and transient spiral
waves can change the radii of stellar orbits while keeping them on circular orbits, leading to the
kind of radial mixing necessary for Scenario 4. Observations of nearby stars indicate that radial
migration is an important process that may shape the correlations between the kinematics,
metallicities, and ages of stars in the solar neighborhood (Haywood 2008).

While there is evidence that the mechanisms described above—minor mergers, early
gas accretion, and radial migration—are at play in galaxy formation, the question of which
mechanism, if any, is the dominant force behind thick disk formation remains unanswered.
Recent work by Sales et al. (2009) is an example of how the kinematics predicted by the four

different scenarios—in particular, the distribution of stars’ orbital eccentricities—can be used
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to test the various scenarios. This approach has been taken observationally by Dierickx et al.
(2010) and Wilson et al. (2011), using stars from the SDSS and the RAdial Velocity Experiment
(RAVE; Steinmetz et al. 2006), respectively. Both studies disfavor the minor merger scenarios,
as they do not observe enough stars with high orbital eccentricities. Numerical simulations by
Di Matteo et al. (2011), however, suggest that the observed eccentricity distribution can be
obtained in the minor merger scenario given different orbital parameters and satellite properties
than those used in the Sales et al. (2009) analysis. The conflicting interpretations show the
need for other observational constraints. In this Chapter we examine the radial metallicity
gradient, A[Fe/H]/AR, as a function of height above the Galactic plane, |Z|, in order to further
distinguish between different thick disk formation scenarios.

For example, if thick disk stars originated in a thin disk and were subsequently heated
by a minor merger, as in Scenario 1, then the observed radial metallicity gradient depends on the
amount of mixing in the radial direction. If most of the heating occurs in the vertical direction,
the thick disk will have the same metallicity gradient as the initial thin disk. Simulations,
however, show that there can be substantial heating in the radial direction (e.g., Hayashi &
Chiba 2006, Kazantzidis et al. 2009, Bird et al. 2012), which suggests that the gradient may be
more shallow or flat than expected. If thick disk stars originated outside of the Galaxy and were
deposited in the thick disk via accretion events, as in Scenario 2, then the metallicity distribution
may exhibit clumpiness. The simulations of Abadi et al. (2003) showed that a single disrupted
satellite roughly ends up in a torus of stars; several disrupted satellites would make up the thick
disk by contributing stars of different metallicities at different radii.

If thick disk stars originated in a turbulent gas disk at high redshift, as in Scenario
3, the short timescale for star formation makes the thick disk chemically homogeneous, with
no metallicity gradient (Brook et al. 2005, Bournaud et al. 2009). If thick disk stars originated
in a thin disk and were pushed to larger radii through radial migration, as in Scenario 4, then

the original gradient would become washed out into a shallow or nonexistent radial metallicity
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gradient (Roskar et al. 2008a, Sénchez-Blazquez et al. 2009). The presence of a gradient, then,
would rule out chemical homogeneity (Scenario 3), while the strength of the gradient would con-
strain the amount of disk heating by minor mergers (Scenario 1) and radial migration (Scenario
4). Examining old disk stars in a large volume, beyond the solar neighborhood, will allow one
to distinguish between the various scenarios.

In contrast to many previous studies, we do not assign our stars to a thin disk or thick
disk component. For samples of nearby stars in the solar neighborhood, this division is often
done by assuming that the thick disk has a larger velocity dispersion and a slower mean rotation
(i.e., thick disk stars are kinematically hot), as in the cases of Bensby et al. (2003) and Venn
et al. (2004). Another method of separating thin and thick disk stars is by their chemistry, as
Lee et al. (2011b) do using [Fe/H] and [«/Fe]; they favor this type of division because a star’s
composition is less likely to change than its spatial location or kinematics. Schénrich & Binney
(2009b) have used mock observations to show that separating thin and thick disk stars using
chemistry versus kinematics yields samples with different properties.! In addition, whether or
not the thin disk and thick disk are truly distinct components is still an open question, with
some studies arguing that the two components arise from a smooth correlation between chemical
and kinematic properties (see discussions by Haywood 2008 and Ivezié¢ et al. 2008).

Because our sample is not restricted to the solar neighborhood, we can compare the
stellar populations of the thin disk and thick disk based on stars’ locations instead of their
kinematics or chemistry, which allows us to avoid assuming a specific model for the Milky Way
disk. In this Chapter, we do not assign individual stars to the thin disk or thick disk. Instead,
we will use the term thick disk to refer to stars that are currently found at large distances from
the plane on their orbits; the term thin disk refers to stars that are found close to the Galactic

mid-plane. Based on double-exponential fits to the vertical scale heights of the stellar density

1For example, a star assigned to the thin disk using chemical criteria may be assigned to the thick disk using
kinematic criteria if it belongs to the inner disk and is in the tail of the rotational velocity distribution. According
to the Schonrich & Binney (2009b) model, this explains the tail of thick disk stars with high [Fe/H] and why
most of the thick disk stars in the Bensby et al. (2003) and Venn et al. (2004) samples are located at radii within
the solar circle.
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distribution in the disk (e.g., Juri¢ et al. 2008, de Jong et al. 2010) we expect the thick disk to
be the dominant population above |Z| ~ 1.0 kpc.

Previous analyses of samples outside of the solar neighborhood have found no radial
metallicity gradient at vertical heights |Z] > 1.0 kpc (Allende Prieto et al. 2006, Juri¢ et al.
2008, Katz et al. 2011). Our sample is complementary because our lines of sight are located
at relatively low Galactic latitude and we can directly compare the radial metallicity gradients
of the thin and thick disks (up to |Z| = 1.5 kpc) using the same sample. In addition, we can
explore whether the reported discontinuity in the outer disk is a purely radial trend or if a
vertical trend is contributing to the observed flattening of the gradient at large R.

This Chapter is organized as follows: the sample selection and data are described in
84.2. We then describe our methods of determining distances and correcting for the selection
function in §§2.3 and 2.4, respectively. Our gradient measurements are presented in §4.3. Error
analysis is presented in §4.2.5. We discuss the results in §4.4 and conclude with a summary in
§2.8. For readers who are only interested in the results, we recommend skipping §§2.4 and 4.2.5.
Further description of our weighting scheme, introduced in §2.4, is provided in Appendix A.

Throughout our analysis we adopt the Galactocentric radius of the Sun, Rgc,o = 8.0 kpc.

2.2 Data

2.2.1 Sample Selection

We measure the metallicity gradient of old main sequence turnoff (MSTO) stars in
low Galactic latitude fields from the SEGUE survey (Yanny et al. 2009, Aihara et al. 2011,
Eisenstein et al. 2011; C. M. Rockosi et al. 2012, in preparation). These stars allow us to
reach the largest distances probed by main sequence stars within the fixed magnitude limits
of the survey. The data were obtained using the same telescope (Gunn et al. 2006), camera

(Gunn et al. 1998), and filter system (Fukugita et al. 1996) as the SDSS. The old MSTO is
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selected to be in the blue part of the color-magnitude diagram (CMD), as described in detail
below, and can be identified using the SDSS Data Release 7 (DR7; Abazajian et al. 2009) ver-
sion of the Catalog Archive Server? as targets with sspParams.zbclass=STAR,SpecObjAll.
primTarget=2048, and PlateX.programName = seglow’%. We also require that there are no
repeat observations so that each star is only counted once. An equivalent query in Data Re-
lease 8% (DRS8; Aihara et al. 2011) is SpecObjAll.class = STAR, SpecObjAll.primTarget =
2048, PlateX.programName = seglow}, and PlateX.isPrimary = 1, where the last require-
ment removes repeat observations.

The programName qualifier selects our targets from a subset of 22 SEGUE plug-plates*
that comprise the “low-latitude” pointings, which are restricted to Galactic latitudes 8° < |b] <
16° (see §3.15 of Yanny et al. 2009). These lines of sight are high enough to avoid the young
star-forming disk, as well as the regions with the most crowding and highest reddening, but
also sufficiently low that they have a long sightline through the disk. The lines of sight fall into
roughly two groups in Galactic longitude: seven at 50° < [ < 110° and another four toward the
anticenter, 170° < [ < 210°.

Each plate covers 7 deg? on the sky, with targets in the magnitude range 16 < g < 20,
where the magnitudes have not been corrected for extinction. In this Chapter, we will refer
to any reddening- or extinction-corrected magnitudes and colors with subscripts gspp and go,
for corrections derived from Schlegel et al. (1998; hereafter SFD98) and isochrone fitting (see
§2.3), respectively. Table 2.1 lists the properties of the 11 lines of sight (two plates per pointing)
included in our sample, ordered by the median extinction E(B — V), obtained from SFD98. For
the total sample, E(B — V') varies between 0.05 and 1.07 mag. On average, there were 600-700
spectra obtained per line of sight.

For most of the SEGUE survey, which was at high Galactic latitude, targets are iden-

2http://casjobs.sdss.org/CasJobs/
3http://skyservice.pha.jhu.edu/casjobs/
4Hereafter we simply refer to the SDSS/SEGUE “plug-plates” as “plates.”
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Table 2.1: Properties for 11 Lines of Sight

Plates R. A. (deg) Decl. (deg) [ (deg) b (deg) E(B—-V)* Ngpectra
2712 2727 105.6 124 203.0 8.0 0.09 744
2536 2544 286.7 39.1 70.0 14.0 0.15 661
2534 2542 277.6 21.3 50.0 14.0 0.17 672
2554 2564 303.0 60.0 94.0 14.0 0.19 734
2678 2696 98.1 26.7 187.0 8.0 0.24 766
2556 2566 330.2 45.1 94.0 -8.0 0.31 728
2668 2672 79.5 16.6  187.0 -12.0 0.33 830
2681 2699 71.5 22.0 178.0 -15.0 0.41 758
2537 2545 334.2 69.4  110.0 10.5 0.49 708
2538 2546 323.1 73.6 110.0 16.0 0.65 716
2555 2565 312.4 56.6 94.0 8.0 0.82 511

& Median value for spectra in line of sight using values from SFD98.

tified as MSTO stars based on their (u— ¢)spp and (g —7)srp colors (see Yanny et al. 2009). In
ugr color space, it is possible to separate the MSTO stars from metal-poor halo stars because
of the large ultraviolet excess of metal-poor stars. In the low-latitude pointings, however, two
issues arise. First, the u-band magnitudes and their uncertainties are unreliable due to the large
extinction in these regions. Second, it is impossible to use a single constant selection in (g—7)srFp
that will yield the same stellar population along every line of sight because the reddening in
these fields is, on average, much higher and more variable than in the high-latitude fields. For
these low-latitude fields, we use a targeting procedure that is more robust to reddening, which
will reliably choose the stars at the blue edge of the CMD. Starting with the photometric objects

identified as stars in the imaging, this selection procedure is as follows.

1. We remove all stars with g > 20 and ¢ < 14.2 (using magnitudes uncorrected for extinc-
tion) to ensure that the targets are sufficiently bright for high-quality spectroscopy in the

expected exposure time.

2. The 7 deg? area of each plate is large enough that the extinction can be highly variable
across the plate, and there are always many more targets than fibers available. We remove
the regions of highest extinction from consideration to maximize the number of useful
spectra. For each half of the plate, we calculate the 75th percentile of the E(B — V)

distribution using the total line-of-sight extinction from SFD98. This procedure is done
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for each half independently to ensure that the targets are approximately evenly distributed

over the plates, since the reach of the fibers is only about half of the plate diameter.

3. We remove all objects with F(B — V) larger than the higher of the two 75th percentile
values. Taking the higher value ensures that there are enough usable targets on each half of
the plate to fill all the fibers given their limited reach across the plate. This should not bias
the sample, as we do not expect that the objects behind more extinction are intrinsically
any different from those that are unobscured. This is especially true for distant objects
that are located far behind the dust. The magnitudes used throughout the rest of this
procedure are corrected using the SED9S extinction values. The SFD98 extinction was
applied so that stars in the same approximate luminosity range were targeted along each

line of sight, despite the large variation in extinction among the different lines of sight.

4. We examine the (g — r)gpp distribution in bins of gsrp, each 1 mag wide. For each
distribution, we find the peak, which is the (¢ — 7)spp color of the MSTO in each g-

magnitude bin. In addition, we determine the half maximum on the blue side; this is

(g - T)half—max .

5. The red cut for each bin is defined as (g — r)cut = (¢ — 7)half—max + 0.25. We fit a line to

(g — 7)eut as a function of guin, where gpi, is the mean gspp of all the stars in each bin.

6. All stars on the blue side of the line are defined as candidate spectroscopic targets with
equal probability of being selected. Targets are randomly chosen from the resulting can-

didate list.

Though the (g — r)sgp color of the population may change from field to field because
of varying amounts of extinction, the identification of the MSTO stars as the bluer population
holds for all lines of sight. As a result, this method is more robust to reddening than the standard

color cuts for normal SEGUE plates. Halo contamination is expected to be low in these plates,
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Figure 2.1: Main sequence turnoff (MSTO) selection. Spectroscopic targets (blue circles) are a
randomly-selected subset of the MSTO stars identified using the photometry of all objects in
the field (grayscale and contours). The contour labels indicate the number of stars per 0.375
by 0.1 mag gspp-(g — r)srp bin. The results are shown for two lines of sight with low and high
extinction (left and right, respectively), as measured by SFD9S.

compared with the higher-latitude pointings (see further discussion in §2.6.2). The color cut,
however, will bias our sample against metal-rich stars, which have redder colors. The severity of
the bias depends on how much the MSTO color changes with metallicity, which in turn depends
on the ages of stars at each metallicity (see further discussion in §§2.6.1 and 2.6.3).

Figure 2.1 shows the results of the procedure outlined above for two lines of sight with
low and high extinction (median E(B—V') = 0.17 and 0.41, respectively). The density of objects
identified as stars in the photometry are plotted in grayscale and contours, while MSTO stars
in our spectroscopic sample are plotted as blue circles. All photometric objects bluer than the
red limit of the spectroscopic sample were considered as candidates for spectroscopy, but only a
randomly selected subset of those were actually observed. In the 22 low-latitude plates, spectra
of 7828 MSTO stars were taken. We keep the targets with good photometry and spectra with
signal-to-noise ratio (S/N) > 10 pixel ~!, where each pixel corresponds to ~ 1A. We remove any
stars which have large discrepancies (> 0.1 mag) in g — r color between different photometric
reductions. We also remove rare blue stars with (¢ — r)spp < —0.25. The resulting sample

contains 7655 spectra with a mean S/N~ 30 pixel .
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Table 2.2: Cluster Metallicities Measured by the SSPP
Cluster® [Fe/H]Lit [Fe/H]Sspp [Fe/H]Lit— [Fe/H]Sspp

M3 -1.50 -1.43 -0.07
M71 -0.82 -0.74 -0.08
NG(C2158 -0.25 -0.29 +0.04
NG(C2420 -0.20° -0.31 +0.11
M35 -0.16 -0.24 +0.08
M67 +0.05° +0.00 +0.05
NGC6791  +0.30 +0.29 +0.01

@ Cluster data are also presented in Smolinski et al. (2011),
with the exceptions of NGC2420 and M67. A full com-
parison of the SSPP for all data in the SEGUE cluster
samples will be presented in C. M. Rockosi et al. (2012,
in preparation). ® Jacobson et al. (2011a). ¢ Randich
et al. (2006).

2.2.2 SEGUE Stellar Parameter Pipeline: Accuracy in Regions of

High Extinction

The SEGUE Stellar Parameter Pipeline (SSPP; Lee et al. 2008a) estimates the effective
temperature Tog, surface gravity log g, and metallicity [Fe/H] for each spectroscopic target in
the survey. We use stellar parameters from the version of the SSPP used for DRS, which includes
improved [Fe/H] estimates at both high and low metallicities (Smolinski et al. 2011). The SSPP
has been extensively tested using globular and open clusters, where true cluster members are
identified using their metallicities and radial velocities (Lee et al. 2008b, Smolinski et al. 2011).

We verify that these results hold for cluster members in our temperature and surface
gravity range (5000 K < Tog < 7000 K, log g > 3.3). Table 2.2 shows the comparison between
the literature values (Column 2) and the SSPP for cluster members in our temperature and
surface gravity range (Columns 3 and 4). The offsets in [Fe/H] between the literature values
and the SSPP are small (within 0.1 dex), and we see no trends with Teg, [Fe/H], and S/N. These
tests show that we can reliably measure trends in [Fe/H] throughout our entire sample volume,
and that the absolute values of the metallicities presented in the Chapter are accurate to 0.1
dex or better.

Each parameter is estimated using multiple methods: 11 for T.g, 10 for logg, and 12
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for [Fe/H]. For T.g in particular, these methods include spectral fitting and y?-minimization
using grids of synthetic spectra (kil3, k24, NGS1), measuring line indices (WBG, HA24, HD24),
neural networks using training sets of both real and synthetic spectra (ANNRR, ANNSR), and
g — r color predictions (Tk, Tq, T1). See Lee et al. (2008a) for complete details on each of these
individual methods. Some methods use only the spectra as input, some use only the photometry,
and some use both. The individual estimates of each parameter are averaged to obtain a final
adopted value. Each individual estimate is valid for some range of (¢ — r)spp color and S/N,
which determines whether it will be included in the final average. A more complicated decision
tree is used for [Fe/H] and is described in detail in the Appendix of Smolinski et al. (2011). We
have 7605 stars that have good stellar parameters; their temperatures fall in the range 5000 K
< Teg < 7000 K, making them F and G dwarfs.

Before using the SSPP parameters, we test whether the parameter estimates are af-
fected by high Galactic extinction. The SSPP was designed to analyze the normal SDSS and
SEGUE data at high Galactic latitude and uses photometry that has been corrected for extinc-
tion using the reddening maps of SFD98. These extinction values reflect the total line-of-sight
extinction, which means that the colors of less distant stars will be overcorrected; they will be
too blue. This effect is likely to result in a systematic error in the parameters estimated by
those methods in the SSPP that use the photometry.

If this overcorrection affects our sample, we expect estimates that use the photometry
to be systematically different when the extinction is high. The left panels of Figure 2.2 show the
discrepancy between the individual T.g estimates and the adopted value as a function of E(B —
V). Whether or not the estimate includes the photometry is indicated in the bottom left of each
righthand panel. We have only plotted estimates that were accepted by the SSPP (i.e., the target
falls in the (g — r)srp or S/N range in which the particular method is reliable). As expected,
the photometry-dependent estimates of Tog (k24, WBG, Tk, T, T1) are systematically higher

(i.e., the color is bluer), compared to the adopted value, for the highest values of extinction.
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Figure 2.2: Left panels: differences between individual SSPP temperature estimates and the
adopted values as a function of SFD98 extinction F(B —V). For estimates that include photom-
etry (k24, WBG, Tk, Tg, Ty), the deviation from the adopted value increases with extinction,
indicating that the temperatures are overestimated due to overcorrection when using the SEFD98
extinction values. Right panels: differences between individual SSPP temperature estimates
and the spectra-only values as a function of extinction. The trend is no longer evident in the
spectra-only estimates, indicating that the spectra-only temperature is more reliable for highly

extincted objects.
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To remove this effect, we calculate new averaged values of T,g using only the estimates
from methods that exclude the photometry (kil3, ANNSR, ANNRR, NGS1, HA24, HD24). The
right panels of Figure 2.2 show the discrepancy between the individual T.g estimates and the
newly calculated spectra-only value as a function of E(B—V). In contrast to the left panels, there
is no clear trend in AT,g with extinction for the individual spectra-only estimates, which suggests
that our new spectra-only average of the temperature is more reliable. At E(B — V) > 0.8, the
median discrepancy between the new spectra-only estimate and the original adopted value is
about 100 — 200K, which is comparable to the expected errors of the SSPP T.g. We show in
§2.6.3 that this could amount to a systematic error in the distance of ~ 20% — 25%. For the
remainder of this Chapter, Teg will refer to the spectra-only value.

No trend with extinction is observed in the photometry-dependent estimates of [Fe/H]
(k24, WBG, CallK2, CallK3, ACF, Call), so we keep the adopted values. This provides a more

robust result, as the adopted value is an average of a larger number of estimators.

2.3 Distances

To calculate distances to each target, we use the spectra-only Tog and SSPP [Fe/H],
plus the theoretical isochrones of An et al. (2009)°, which have been shown to be good matches
to ugriz cluster fiducials. We do not make use of the SSPP log ¢ estimate, as it is relatively
inaccurate near the turnoff, where the expected range of gravities is small compared to the errors.
Twelve sets of An et al. (2009) isochrones at metallicities in the range —3.0 < [Fe/H] < +0.4
are available, with each set having a range of ages up to 15.8 Gyr. The distance uncertainties
are discussed in §2.6.3.

We assign all stars in the sample to the isochrone with the closest metallicity. We
then find the mean temperature for the stars in each metallicity bin by fitting a Gaussian to

the distribution of effective temperatures. We identify the age of the isochrone with the turnoff

Shttp://www.astronomy.ohio-state.edu/iso/sdss.html

27



Table 2.3: Mean Isochrone Ages as a Function of [Fe/H]

Fe/H [a/Fe] log (Ten) (Tew) (K) log (age) (age) (Gyr) Nobj

Fe/H] <-250 +04 3.768 5864 10.2 15.8 9
-2.50 < [Fe/H] < -0.75 +0.3 3.768 5864 10.20 15.8 880
-0.75 < [Fe/H] < -0.40  40.2 3.775 5958 10.05 11.2 2695
-0.40 < [Fe/H| < -0.25 0.0 3.772 9912 10.05 11.2° 1527
-0.25 < [Fe/H] < -0.15 0.0 3.772 5912 10.00 10.0 857
-0.15 < [Fe/H] < -0.05 0.0 3.772 9912 9.95 8.9 732
-0.05 < [Fe/H] < 40.05 0.0 3.763 5796 10.00 10.0 480
+0.05 < [Fe/H] < +0.15 0.0 3.763 5796 9.95 8.9 229
+0.15 < [Fe/H] < 4+0.30 0.0 3.763 5796 9.85 7.1 142
+0.30 < [Fe/H 0.0 3.763 5796 9.70 5.0 54

temperature closest to the measured mean temperature; we refer to this as the turnoff age of the
mean temperature, or TAMT, for each metallicity. Targets hotter than the mean temperature
cannot be placed on the TAMT isochrone, so younger isochrones must be used; these targets
are assigned to the oldest possible age (i.e., the oldest isochrone where the target is cooler than
the turnoff).

Figure 2.3 shows a schematic picture of how ages are assigned to targets depending
on their effective temperatures. The top panel shows six representative isochrones at solar
metallicity, while the bottom three panels show how stars are assigned to these isochrones based
on their place in the Tog distribution. The procedure described above is shown in the panel
labeled “TAMT” while the panels labeled “TO” and “ZAMS” show two other age assumptions
that we use to estimate our distance errors (§2.6.3). Table 2.3 lists the TAMT determined by
finding the mean temperature for each metallicity bin for the 7605 stars in our sample. To test
the effect of using different stellar evolutionary models, we also calculate the TAMT using the
isochrones of the Dartmouth® group (Dotter et al. 2008) and find that the results are within
0.05 dex of those listed in Table 2.3.

Once we have assigned a given target to an isochrone with a particular age and metal-
licity, we use the isochrone to obtain the predicted g — r color for the target’s spectra-only

Teg by linearly interpolating on the isochrone in temperature-color space. A comparison of the

Shttp://stellar.dartmouth.edu/~models/grid.html
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Figure 2.3: Determination of isochrone ages for solar metallicity targets (—0.05 < [Fe/H] < 0.05,
gray dots). Isochrones are shown in the top panel, with the temperature distribution in the
bottom three panels. In practice, the set of isochrones used at each metallicity includes all
available ages, but for clarity we show only six — the oldest, the youngest, and those located
at the mean and lo, 20, and 30 values of the temperature distribution. The colors in the lower
panels indicate which isochrones in the top panel are used to calculate distances for those targets.
We show how ages are assigned to our targets making three possible age assumptions: turnoff
age of the mean temperature (TAMT), turnoff (TO), and zero-age main sequence (ZAMS).
TAMT: for each metallicity, most targets are assigned to a single age (the TAMT) at which
the turnoff temperature is closest to the measured mean of the temperature distribution of the
SEGUE targets. Targets hotter than the mean are assigned the oldest possible age (i.e., the
oldest isochrone where the target is cooler than the turnoff). TO: all targets are assigned to the
oldest possible age, even those cooler than the mean of the temperature distribution. ZAMS:
all targets are assigned to the youngest possible age. The TAMT assumption is used in our
analysis, while the TO and ZAMS assumptions are used to test the accuracy of our distance
estimates (see §2.6.3).
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Figure 2.4: Estimates of the extinction derived from isochrone fitting provide a picture of the
dust distribution along a given line of sight. The left panel shows the isochrone extinction as
a function of derived distance, d, from the Sun. At small d the isochrone extinction is smaller
than the SFDI8 value (indicated by color symbols), but at large d it asymptotes to the SFD98
value. For this line of sight, which has the highest median F(B — V') of our 11 fields, most of
the dust is found within 2 kpc of the Sun. The scatter in isochrone extinction for a given value
of SFD98 extinction may reflect the patchiness of the dust on the plane of the sky. This effect
is seen in the right panel, which shows multiple separate patches that have the same SFD98
extinction values, but may have different distributions of dust along the line of sight. The color
coding in the right panel is the same as in the left.

predicted and observed g — r gives an estimate of the isochrone extinction in g — r, which is also
used to determine the extinction in the g band. The isochrone extinction is an improvement
over the SFD98 values because it does not assume that the target lies behind all of the dust in
the line of sight. We step through this procedure for the two isochrones with the nearest values
of [Fe/H] and then linearly interpolate to find the predicted apparent and absolute magnitudes.
The apparent magnitude, now corrected using the isochrone extinction, along with the predicted
absolute magnitude in the g-band, yield the distance.

In addition to being used in the distance calculation, the isochrone extinction provides
information about the dust distribution along different lines of sight in the field. The left panel
of Figure 2.4 shows the isochrone extinction as a function of the derived distance for one line
of sight, with the color indicating the SFD98 value. There is good general agreement between
the two extinction estimates, especially on a relative scale. Quantitatively, the agreement is

poorest for small distances where the targets are in front of some of the dust, but asymptotes
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to better agreement at large distances. This is consistent with the idea that the SFD98 values
are overestimates because they include all of the dust in the given line of sight. For the line of
sight shown, most of the dust is located within 2 kpc of the Sun, beyond which the isochrone
extinction is approximately constant as a function of distance.

The scatter in the left panel of Figure 2.4 may be explained by the patchiness of the
extinction on the plane of the sky. The right panel of Figure 2.4 shows that the distribution
of E(B — V) varies on small scales. The scatter in the left panel is expected if each region of
high extinction has a different dust distribution along the line of sight. The agreement between
the isochrone extinction and the SFD98 values provides a sanity check which indicates that our
isochrone extinction estimates are reliable.

Sixty-two stars in our sample (0.8%) end up with negative values of isochrone extinc-
tion. Three kinds of stars fall into this category: (1) 17 stars are outliers with very blue g — r
colors. These stars do not contribute to the final measurement; after we apply our weighting
scheme they receive a CMD weight of zero (see §2.4). (2) 7 stars exhibit large changes in g —r
color between different photometric reductions and are likely to be catastrophic errors, possibly
due to blending in the relatively crowded, low-latitude fields. (3) The remaining 38 stars tend
to be faint, and likely have negative reddening because the errors in their temperatures cause
their predicted g — r colors to be redder than their observed colors. We only see these stars in
fields where the reddening is low; in fields where reddening is higher, the observed g — r is much
redder than the predicted g — r, so the temperature errors are not large enough to cause stars
to have negative reddening. We expect just as many objects to have temperature errors that
cause their predicted g — r colors to be bluer, and we leave all of these objects in our sample,
which should give us a more symmetric distribution of errors in our distances.

With distances for all of our targets, we obtain the spatial distribution of our sample
in Galactic coordinates R and |Z|, as shown in Figure 2.5. The SEGUE targets are shown as

blue dots. Our radial coverage extends mostly to Galactocentric radii at the solar circle and
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Figure 2.5: Spatial distribution of our sample (blue dots) in Galactic coordinates R and |Z|. We
divide our sample into four |Z| slices, indicated by the black boxes. Open cluster and Cepheid
data are plotted with open symbols and pluses/crosses, respectively (see §2.7.2 for details).
Objects from the literature located at |Z| > 1.5 kpc are plotted in gray. We note that all of the
outer disk clusters from the literature are located at large |Z]. Multiple literature values for a
single cluster are connected by lines.

beyond, though at low |Z| it is confined just to the solar circle. About one-third of our sample
is located below the Galactic plane; the b < 0° lines of sight cover the entire radial range outside
of the solar circle. Forty-eight open clusters and 190 Cepheids analyzed in the literature using
high-resolution spectra are also shown (open symbols and crosses, respectively). These data
have been used to study the radial metallicity gradient of the disk and will serve as comparison
samples. The properties of the open clusters are listed in Table 2.4, and the data are described

in more detail in §2.7.2.
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Table 2.4: Open Clusters with High-resolution Observations

Cluster l b d R A [Fe/H] Age Reference
(kpe) (kpe)  (kpe) (Gyr)
Bel7 176.0 -3.6 2.7 10.7 -0.17  -0.15 10.1  Friel et al. (2005)
Be20 203.5 -17.3 8.6 159 -2.55 -0.49 4.1 Yong et al. (2005)
203.5 -174 83 156 -249  -0.30 6.0 Sestito et al. (2008)
Be22 199.9 -8.1 6.0 13.7 -0.84 -0.32 3.3 Villanova et al. (2005)
Be25 226.6 -9.7 114 177 -192 -0.20 5.0 Carraro et al. (2007b)
Be29 197.9 8.0 148 224 4205 -0.54 4.3 Yong et al. (2005)
198.0 8.0 132 208 4183 -0.31 4.0 Sestito et al. (2008)
198.0 81 132 208 +1.85 -0.44 4.5 Carraro et al. (2004)
Be3l 206.2 5.1 5.3 129 4047  -0.53 5.3 Yong et al. (2005)
Be32 208.0 4.4 3.1 109 4024  -0.29 5.5 Sestito et al. (2006)
208.0 4.4 34 11.1 4026  -0.30 5.9 Friel et al. (2010)
Be39 223.5 10.1 43 114 4075 -0.21 7.0 Friel et al. (2010)
Be73 2153  -94 9.8 168 -1.60 -0.22 1.5 Carraro et al. (2007b)
BeT5 234.3 -11.1 91 151 -1.76 -0.22 4.0 Carraro et al. (2007b)
Blancol® 15.6 -79.3 0.3 8.0 -0.26 +40.04 0.1 Ford et al. (2005)
15.6 -79.3 0.3 8.0 -0.26 +0.20 0.1 Edvardsson et al. (1995)
Cr261 301.7  -5.5 2.8 7.0 -0.26 -0.22 6.0 Friel et al. (2003)
301.7 -55 2.8 70 -0.26 +40.13 6.0 Sestito et al. (2008)
301.7  -5.5 2.8 7.0 -0.27  -0.03 6.0 Carretta et al. (2005)
301.7  -5.5 2.8 7.0 -0.26 -0.01 6.0 De Silva et al. (2007)
M67 215.6 31.7 0.9 8.6 +0.45 +40.00 4.3 Santos et al. (2009)
215.7  31.9 0.8 8.6 +0.42 40.02 4.3 Yong et al. (2005)
215.6  31.7 0.9 8.6 +0.45 +40.03 4.3 Friel et al. (2010)
215.6  31.7 0.8 8.6 +044 -0.01 4.3 Jacobson et al. (2011b)
215.6  31.7 0.9 8.6 +40.45 +0.02 4.3 Friel & Boesgaard (1992)
215.6  31.7 0.9 8.6 +40.45 -0.03 4.3 Tautvaisiene et al. (2000)
215.6  31.7 0.9 8.6 +0.45 +40.03 4.3 Randich et al. (2006)
215.6  31.7 0.9 8.6 +0.45 +40.03 4.3 Pace et al. (2008)
Mel66 260.5 -14.2 4.4 9.6 -1.07 -0.38 4.0 Gratton & Contarini (1994)
260.5 -14.2 4.4 9.6 -1.07 -0.33 4.0 Sestito et al. (2008)
Mel71# 228.9 4.5 3.2 103 +0.25 -0.30 0.2 Brown et al. (1996)
NGC1193 146.8 -12.2 5.8 131 -1.23 -0.22 4.2 Friel et al. (2010)
NGC1245 146.6 -8.9 3.0 106 -046 -0.04 1.1 Jacobson et al. (2011Db)
NGC1817 186.1 -13.1 1.5 9.5 -0.34 -0.16 1.1 Jacobson et al. (2011Db)
186.1 -13.1 1.5 9.5 -034 -0.07 1.1  Jacobson et al. (2009)
NGC188 122.8  22.5 1.7 8.9 +0.65 -0.03 6.3 Jacobson et al. (2011b)
122.8 22.5 1.7 8.9 +40.65 +0.12 6.3 Friel et al. (2010)
122.8 22.5 1.7 8.9 +40.65 +0.01 6.3 Randich et al. (2003)
NGC1883 163.1 6.2 39 11.8 +0.42 -0.20 0.7 Villanova et al. (2007)
163.1 6.2 3.9 11.8 4042 -0.01 0.7 Jacobson et al. (2009)
NGC1901* 279.0 -33.6 0.4 8.0 -0.23 -0.08 0.8 Carraro et al. (2007a)
NGC2112* 2059 -12.6 0.9 8.8 -0.19 -0.09 2.0 Brown et al. (1996)
205.9 -12.6 0.9 88 -0.19 +0.16 2.0 Carraro et al. (2008)
NGC2141 198.1 -5.8 3.9 118 -039 -0.14 2.5 Yong et al. (2005)
198.0 -5.8 39 11.8 -0.39 +0.00 2.4 Jacobson et al. (2009)
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Table 2.4: Open Clusters with High-resolution Observations, continued

Cluster l b d R A [Fe/H] Age Reference
(kpe) (kpc) (kpe) (Gyr)
NGC2158 186.6 1.8 40 120 +40.13 -0.28 1.9 Jacobson et al. (2011D)
186.6 1.8 4.0 12.0 +4+0.13  -0.03 1.9 Jacobson et al. (2009)
NGC2194 1973 -2.3 1.9 9.8 -0.08 -0.08 0.9 Jacobson et al. (2011b)
NGC2204 226.0 -16.2 41 111 -1.14  -0.23 2.0 Jacobson et al. (2011a)
NGC2243 239.5 -18.0 3.6 102 -1.11  -0.42 4.7 Jacobson et al. (2011a)
239.5 -18.0 3.6 102 -1.11 -048 4.7 Gratton & Contarini (1994)
NGC2324 2134 3.3 4.2 117 4024  -0.17 0.6 Bragaglia et al. (2008)
NGC2355 2034 11.8 1.9 9.7 +0.39 -0.08 0.8 Jacobson et al. (2011b)
NGC2420 198.1 19.6 25 103 +0.84  -0.57 2.2 Jacobson et al. (2011b)
198.1  19.6 25 103 +0.84 -0.20 2.2 Jacobson et al. (2011b)
NGC2425 2315 3.3 3.3 104 +0.19 -0.15 2.5 Jacobson et al. (2011D)
NGC2477 253.6 -5.8 1.2 84 -0.12 +40.07 1.0 Bragaglia et al. (2008)
NGC2506 230.6 9.9 3.3 104 +0.57 -0.24 1.7 Mikolaitis et al. (2011)
230.6 9.9 3.3 104 40.57  -0.20 1.7 Carretta et al. (2004)
NGC2539* 233.7 11.1 14 8.9 +0.26 +40.13 0.4 Santos et al. (2009)
NGC2660 265.9 -3.0 2.8 8.6 -0.14 +40.04 1.0 Sestito et al. (2006)
NGC3680* 286.8 16.9 0.9 7.8 +0.27  -0.04 1.2 Pace et al. (2008)
286.8 16.9 0.9 7.8 +0.27  -0.03 1.2 Santos et al. (2009)
286.8 16.9 0.9 7.8 40.27 +0.04 1.2 Smiljanic et al. (2009)
NGC3960 294.4 6.2 2.1 74 40.22  +0.02 0.9 Sestito et al. (2006)
NGC6253 3355 -6.2 1.6 6.6 -0.17 +0.46 3.0 Carretta et al. (2007)
335.5  -6.3 1.6 6.6 -0.17 +40.36 3.0 Sestito et al. (2007)
NGC6791*  70.0 10.9 5.9 81 +1.11 +0.37 4.4 Peterson & Green (1998)
70.0 10.9 5.9 81 +1.11 +0.30 4.4 Boesgaard et al. (2009)
70.0 10.9 5.9 81 +1.11 +0.47 4.4 Carretta et al. (2007)
70.0 10.9 5.9 81 +4+1.11 +0.38 4.4  Carraro et al. (2006)
70.0 10.9 5.9 81 +1.11 +0.35 4.4 Origlia et al. (2006)
NGC6819 740 85 8.2 9.7 +1.21 +0.09 2.7 Bragaglia et al. (2001)
NGC6939* 959 123 1.2 8.2 +0.25 +40.00 2.2 Jacobson et al. (2007)
NGC7142  105.0 9.0 3.2 9.3 +0.50 +0.13 4.0 Jacobson et al. (2008)
105.0 9.0 3.2 9.3 40.50 +0.08 4.0 Jacobson et al. (2007)
NGC752*  137.1 -23.2 0.5 83 -0.18 +0.01 1.1 Sestito et al. (2004)
137.1 -23.2 0.5 83 -0.18 -0.09 1.1 Hobbs & Thorburn (1992)
NGC7789 1155 -54 2.2 92 -021 -0.04 1.8 Jacobson et al. (2011D)
1155 -5.4 2.2 9.2 -0.21 +0.02 1.8 Jacobson et al. (2011b)
Ru4 222.0 -5.3 47 119 -043 -0.09 0.8 Carraro et al. (2007b)
Ru7 2254  -4.6 6.0 129 -048 -0.26 0.8 Carraro et al. (2007b)
Saul 2147 74 132 202 +1.70  -0.38 5.0 Carraro et al. (2004)
To2 2320 -6.9 83 146 -099 -0.50 2.2 Brown et al. (1996)
2320 -6.9 83 146 -099 -0.28 2.2 Frinchaboy et al. (2008)
2320 -6.9 8.3 146 -0.99 -0.31 2.2 Villanova et al. (2010)

& Spatial and age information from WEBDA.
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We use our sample of MSTO stars to measure the metallicity gradient of the old disk in
four different | Z| slices, as indicated by the black lines in Figure 2.5. Taking thin and thick disk
scale heights to be ~ 300 and 900 pc, respectively, the lower two slices (0.15 kpe < |Z] < 0.25
kpc and 0.25 kpe < |Z] < 0.5 kpc) are dominated by the thin disk. The third slice (0.5 kpc
< |Z| < 1.0 kpc) is made up of a mix of the thin and thick disks, and the fourth slice (1.0 kpc
< |Z] < 1.5 kpc) is dominated by the thick disk. Of our sample, 7180 stars fall into these four
slices.

Dividing our sample in this way allows a comparison of the radial metallicity gradient
of the thin disk to that of the thick disk, as well as to distinguish between radial and vertical
trends. We note that all of the distant clusters that have been used to study the behavior of
the radial metallicity gradient in the outer disk (R > 15 kpc) are located at least 1.5 kpc from

the Galactic midplane; these are shown in gray in Figure 2.5.

2.4 Correcting for Selection Biases: Weights

To use field stars to determine the metallicity distribution in the disk, we must un-
derstand how the spectroscopic sample is drawn from the underlying population. As there are
many more stars than it was possible for SEGUE to obtain spectra, we must assess whether
the spectroscopic sample is truly representative of all of the stars in the disk. It likely is not,
because our stars are selected to be the bluer stars in the CMD, making our selection biased
against metal-rich and older stars, which have redder colors. The severity of the metallicity bias
will depend on the ages of metal-rich stars; the older and more metal rich they are, the more
likely they are to fall out of our sample. To correct for this bias, we employ a weighting scheme
to step backward in our sample selection and reconstruct the properties of the underlying parent
population. We describe the scheme briefly below; further details are in Appendix A.

There are three major ways in which the spectroscopic sample is different from the
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parent population along each line of sight: (1) the photometric objects in regions with the
highest extinction were not considered for spectroscopy. (2) Not all candidates for spectroscopy
are observed. (3) We observe only MSTO stars using a color cut that is biased against redder
metal-rich stars.

Each star in our sample is given three weights corresponding to the three differences
listed above: (1) the area weight, W, which depends on the coverage of targets on the plane
of the sky in each line of sight; (2) the CMD weight, Wenmp, which depends on the target’s
location in the CMD and corrects for the random selection of a subsample of all candidates for
spectroscopy that pass the MSTO selection; and (3) the LF weight, Wir, which depends on the
target’s Tesr, [Fe/H], and location in the CMD, and corrects for the metallicity bias of the MSTO
selection. The total weight, W, is the product of the three weights Wa, Wemp, and Wig. After
removing targets with W = 0, we are left with a sample of 7010 stars. Details about how each
of these weights is calculated can be found in Appendix A.

Figure 2.6 shows the distribution of the total weight (black) and each individual weight,
as a function of R, in four slices of |Z|. The panels on the right show the distribution of weights.
Wa (green) is the smallest contribution and does not vary significantly. Wir (red) is relatively
constant as a function of R and |Z|, with the distribution having a width of ~ 0.5—1.0 dex. Since
Wir is relatively constant, a systematic error in Wyr, which could arise from using the wrong
luminosity function, will not cause a spurious change in the ratio of metal-poor to metal-rich
stars.

Wemp (blue) shows the most variation because it normalizes for the fact that there
are more stars in the inner disk than the outer disk. Although the variations in Weup are
large, this weight is less uncertain than Wi, as it only requires counting objects in each bin.

Figure 2.6 shows that the change in the total weight W mostly follows the change in Weup.

36



~— I T ‘{

= N $3F fad

E NN

- - 1.0< 12l < 1.5
g R
T 1

log(W)

0.50 < 121 < 1,0

log(W)

0.25 < 12l < 0.50

Total Weight
LF Weight
CMD Weight

log(W)

NO=NWHRIUO=-NWHRUO=NWDHIPRIO= N WM

0.15 < 1Zl < 0.25

.0 8.0 10.0 12.0 14,0 16.0 18.0 20.00.0 0.5 1.
R (kpc) Norm

Figure 2.6: Variation in weights as a function of R and |Z|. The variation in the total weight
W (black) is mostly dependent on the CMD weight Wemp (blue). The LF weight Wi (red) is
fairly constant at all locations, with the width of the distribution being ~ 0.5 — 1.0 dex. The
area weight Wy (green) is the smallest contribution and does not vary greatly between different
lines of sight. While Wenp shows the most dramatic variation, it is also less uncertain than
Wir because it only requires counting objects in CMD bins.

2.5 Results: Radial Metallicity Gradients

The total weights are applied to each target, allowing us to use our sample of MSTO
stars to estimate the properties of the underlying parent population. We divide our sample into
four slices of |Z]: (1) 0.15 kpc < |Z] < 0.25 kpe, (2) 0.25 kpe < |Z] < 0.5 kpe, (3) 0.5 kpe
< |Z| < 1.0 kpc, and (4) 1.0 kpc < |Z] < 1.5 kpc. Within each |Z] slice, we fit a linear gradient
to the data, weighting each target by the total weight determined using the scheme described
in §2.4.

Figure 2.7 shows the radial metallicity gradients for all four |Z| slices for both the
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Figure 2.7: Metallicity [Fe/H] vs. Galactocentric radius R in four |Z] slices. Light blue points
indicate the SEGUE data. The weighted median metallicity and the derived linear fit are shown
as red squares, with the numerical values in the bottom left of each panel. The blue triangles
and values in parentheses show the results we would have obtained if no corrections for known
selection effects had been applied. The spacing of the symbols indicates the radial distribution of
the targets. Open symbols and pluses/crosses are open clusters and Cepheids from the literature
(see §2.7.2 for details). The sizes of the open cluster symbols indicate their ages (smaller symbols
for younger clusters). At low |Z| (< 0.5 kpc) our derived gradient is consistent with published
values. At high |Z| (> 0.5 kpc) the constant [Fe/H] is consistent with the cluster metallicities
reported by Yong et al. (2005) in the outer disk.

unweighted and weighted cases (blue triangles and red squares, respectively). The weighted
slopes are indicated in the bottom left corner of each panel, with the unweighted values in
parentheses. The quoted errors are derived from the Monte Carlo simulations described in
62.6.3 and include only the random errors from uncertainties in the stellar parameters. See
§2.6.3 for a discussion of the systematic errors. The large symbols and navy blue plusses/crosses

show the positions and metallicities for open clusters and Cepheids from the literature (see
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§2.7.2).

In the low |Z] slices (|Z] < 0.5 kpc), we obtain values that are consistent with the
—0.06 dex kpc~! determined by Friel et al. (2002) for open clusters and by Luck et al. (2006)
for Cepheids. Our major result is that in the high |Z]| slices (|Z] > 0.5 kpc), the slope is flat for
the entire radial range 6 kpc < R < 16 kpc. The constant median [Fe/H] in the highest slice
(I1Z] > 1.0 kpe) is consistent with the metallicities reported by Yong et al. (2005) and others at
large R.

Our results are summarized in Figure 2.8, which shows the measured slopes as a func-
tion of vertical height |Z|. The horizontal dotted lines show the values in the literature published
by Friel et al. (2002) and Luck et al. (2006) for open clusters and Cepheids, respectively, which
are consistent with the values we obtained for the low |Z| slices. Again, the red squares show
the values obtained after we apply our weights, and the blue triangles show the values obtained
using the unweighted data without any corrections for the selection function. The observed
trend—flattening slope with increasing |Z|—is seen in both the unweighted and weighted cases.

To test the robustness of this result, we re-measured the gradient for various subsamples
of our data. The purple symbols in Figure 2.8 show the results if we exclude likely halo stars
(see §2.6.2). The gray symbols show the values obtained for restricted ranges in R (7.3 kpc
< R < 12.6 kpc and 7.8 kpc < R < 10.5 kpc). These measurements were done to test that the
flattening of the radial gradient is truly a trend in |Z|, and not just a result of the wider range
in R that is observed in the high |Z] bins. The two restricted ranges in R correspond to the
extent of observations in the two lower |Z| bins. Figure 2.8 shows that gradient becomes flat

with or without weighting and independent of the range in R observed.
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Figure 2.8: Measured gradient, A[Fe/H]/AR, vs. vertical height, |Z|. The horizontal black
dotted lines indicate a flat gradient and the gradient measurement published by Friel et al.
(2002) using open clusters. The horizontal blue dotted lines indicate the gradient measurements
published by Luck et al. (2006) using Cepheids for the ranges 6.6 kpc < R < 10.6 kpc (zone
II) and 4.0 kpc < R < 14.6 kpc (their total sample). The red squares and blue triangles show
the measured gradients (weighted and unweighted, respectively) as a function of height above
the Galactic plane presented in this work. The slope becomes flat at high |Z| using both the
weighted and unweighted results. The number of objects in each |Z] slice is indicated above the
symbols. The gray symbols show the results obtained for restricted ranges in R. The purple
symbols show the results obtained when probable halo contaminants are removed (see §2.6.2).
In each case, the trend of the gradient becoming more shallow with distance from the plane is
still observed, which indicates that our result does not arise due to the increase in the radial
range or contamination from the halo.

2.6 Errors

2.6.1 Metallicity Bias

As described in §2.2.1, our sample of MSTO stars is chosen by making a cut in

(g9 — r)srp, which likely biases it against redder, more metal-rich stars. Theoretical isochrones
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Figure 2.9: Maximum observable ages for metal-rich stars. We compare the SEGUE data (gray
circles) with theoretical isochrones (color, An et al. 2009) to estimate the oldest main sequence
turnoff stars that would fall in our sample. The TAMT (see Table 2.3) and maximum observable
age are shown as solid lines. For [Fe/H]= +0.4 (left panel), the coolest/reddest stars may be as
old as ~ 8 Gyr; for [Fe/H]= 40.2 (right panel), the coolest/reddest stars that fall in our sample
may be as old as ~ 11 Gyr. Based on the measured ages of nearby stars (Bensby et al. 2005,
Casagrande et al. 2011), we do not expect there to be a significant population of old, metal-rich
stars which would be excluded from our sample.

give us an idea of the significance of this bias. Figure 2.9 shows the temperature and (g — r)srp
distributions of metal-rich stars in our sample ([Fe/H] > +0.2, gray circles) against the theo-
retical isochrones of An et al. (2009; color). We estimate that the maximum observable ages
of stars at [Fe/H] = +0.4 and 4+0.2 are ~ 8 and 11 Gyr, respectively. At each metallicity, this
corresponds to the turnoff age of the coolest/reddest stars that pass the selection criteria for
our sample. The TAMT and maximum observable age are shown as solid lines. Based on the
measured ages of nearby stars (Bensby et al. 2005, Casagrande et al. 2011), very few stars with
metallicities [Fe/H] > 40.2 are older than 8 Gyr. We therefore expect that metal-rich stars are
well represented in our sample. For stars with metallicities [Fe/H] < 0.0, there is no significant
bias against stars of any age. We do the same test using isochrones from both Dotter et al.
(2008) and the Padova’ group (Girardi et al. 2004), and we find that the temperature of the
turnoff for a given age does not vary significantly between the different stellar evolution models,

so the above conclusions about the metallicity bias are robust.

Thttp://stev.oapd.inaf.it /cmd
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The arguments presented above suggest that the metallicity bias resulting from our
color selection does not eliminate a significant fraction of the disk population from our sample.
However, the color selection also causes metal-rich stars to be under represented in our data.
We use mock catalogs from the models of Schonrich & Binney (2009a) to quantify how well
we correct for this effect and recover the true metallicity distribution in our sample. We show
below (§2.6.3) that we are able to measure the true gradients within the errors and reproduce the

trends as a function |Z| when we apply the weighting scheme described in §2.4 and Appendix A.

2.6.2 Halo Contamination

Since we are interested in the metallicity distribution of the Galactic disk, we must
assess whether our sample may be contaminated by halo objects. Our sample does not reach
R < 5 kpc, where the bulge is expected to be a significant population. One way to quantify the
amount of contamination is by examining different multi-component models for the Galaxy, in
particular, those of Juri¢ et al. (2008) and de Jong et al. (2010). For the lines of sight in our
sample, these two models predict total halo contaminations of ~ 2% and ~ 0.8%, respectively.
In the most distant |Z| bin, the predicted contaminations increase to ~ 11% and ~ 5.6%,
respectively. The difference in the predictions can be almost entirely attributed to the discrepant
local densities for the halo that were derived (0.51% by Jurié et al. 2008 and 0.17% by de Jong
et al. 2010).

Both models, however, predict that the anticenter lines of sight, aimed toward the
outer disk, will be more contaminated by halo stars. This is especially true in the Juri¢ et al.
(2008) model, which predicts that the two lines of sight that reach the largest values of R will
have 17% — 18% contamination (compared to 9% — 13% in the other lines of sight). If there is
indeed more halo contamination in the outer regions, this should push our measured gradient
to be steeper, since there will be more metal-poor halo stars at large R compared to the inner

disk. However, we see the opposite effect, that the gradient is flatter in the highest |Z| bins.
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Looking at the data, we do not see evidence for significant halo contamination. Halo
stars, which have large velocities and are more metal poor than disk stars, can generally be
identified using their kinematics or chemistry. To assess the effect that such stars may have
on our results, we recalculate the gradient after applying two different cuts to remove potential
halo stars from the data: (1) a metallicity cut that removes all stars with [Fe/H] < —0.7, and
(2) a kinematic cut that removes all stars with Vg < 100 km s™! to remove stars with the
largest velocity offset relative to the projection of the local standard of rest, where Vg, =
Vi +220-cos b-sin | and Vg is the line-of-sight velocity measured from the SEGUE spectra. We
only remove stars with Vga < 100 km s~! along lines of sight with 50 < [ < 130°. We do not
include the lines of sight directed toward the Galactic anticenter because the local standard of
rest is tangent to those directions and the projection does not give a meaningful velocity. The
two cuts remove ~ 700 and ~ 100 stars, respectively. The gradients we measure using each of
these cuts are not significantly different from our main results, as shown by the purple symbols

in Figure 2.8.

2.6.3 Mock Catalog Analysis

To quantify the errors in our analysis, we utilize mock observations generated from
the models of Schonrich & Binney (2009a). By using a model where we know the true stellar
parameters, distances, and metallicity distributions of the targets, we can test whether we are
able to reliably reproduce the ground truth after applying our observational selection to the
mock catalogs and performing the same analysis procedures. As the purpose is merely to assess
how accurately we can measure quantities such as distances and metallicity gradients, this
way of testing our methods is not dependent on having a correct model for the Galaxy. We
do, however, need a model that can reproduce some basic properties of the observed stellar
populations. Schonrich & Binney (2009a) have shown that their model provides a good match

to the properties of stars in the solar neighborhood as observed by the Geneva-Copenhagen
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Figure 2.10: Mock catalog MSTO selection. This figure is analogous to Figure 2.1, but using
simulated observations from Schonrich & Binney (2009a). The full sample of stars (grayscale
and contours) is put through the same sample selection as the real data to yield an analogous
MSTO sample (blue circles). The similarity between the CMDs of the real and mock data shows
that we are using a reasonable model of the Galaxy to test our errors.

Survey (Nordstrom et al. 2004).

We use a mock catalog, provided by R. Schonrich, of 6,701,170 stars with ugriz colors,
stellar parameters, and distances along 10 lines of sight. Targets in the mock catalogs are
assigned stellar parameters using the BaSTI® isochrones. We repeat the same sample selection
described in §2.2.1 on the mock catalog to replicate the effects of using MSTO stars as tracers.
Figure 2.10 is analogous to Figure 2.1 and shows the results of the random subsampling for two
lines of sight. Though the model was not tuned to look like the SEGUE data, the model CMDs
are good matches to the observations.

In our analysis, we use all 111,640 objects that fulfill the MSTO selection to estimate
errors on the distance (§2.6.3). We draw many random subsamples of 6500 MSTO stars to
estimate the systematic and random errors on our gradient measurement (§2.6.3), to simulate
the effect of having a limited number of spectroscopic targets along each line of sight. We repeat
the analysis using different random subsamples to assess how much the results change based on

which particular targets are chosen for spectroscopy.

8http://albione.oa-teramo.inaf.it /
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Errors in Distance Estimates

Systematic Errors: The main source of systematic error in the distance arises from
assumptions we must make when choosing isochrones to estimate the luminosities of our stars.
One source of error is the a-enhancement; An et al. (2009) adopt an a-enhancement scheme
where each value of [Fe/H] has an assumed value of [«/Fe] (see Table 2). We do not expect
the discrepancy between the target and isochrone [a/Fe] to have a large effect on the distance
estimate. The [a/Fe] of stars in our sample (Lee et al. 2011a) are generally within 0.2 dex of
the values assigned to the An et al. (2009) isochrones. Using the [Fe/H]-[a/Fe| grid of Dotter
et al. (2008), we estimate that a 0.2 dex change in [o/Fe], at worst, leads to a ~ 10% change in
the distance for a star on the zero-age main sequence.

For our sample, a larger source of uncertainty is the ages we assign to our targets; the
slope of the main sequence becomes very steep at the turnoff, making the predicted distance
a strong function of the chosen age. We compare the distance estimates obtained using three
different age assumptions, which are shown schematically for stars at solar metallicity (—0.05 <

[Fe/H] < 0.05) in Figure 2.3:

1. Turnoff age of the mean temperature (TAMT). We use one isochrone for most of the
stars in the metallicity bin—this is determined by finding the mean of the temperature
distribution. Targets hotter than the MSTO are assigned to the oldest possible isochrone.
This was the scheme used throughout our analysis (described in §2.3) and illustrated in

the second panel of Figure 2.3.

2. Turnoff (TO). We use the oldest possible isochrone consistent with their measured temper-
ature for all targets—this assumes that every star is located at the turnoff. In comparison
to the TAMT assumption, this approach changes the distances for stars cooler than the

mean temperature of the sample, as shown in the third panel of Figure 2.3.

3. Zero-age main sequence (ZAMS). We use the youngest possible isochrone for all targets—
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Figure 2.11: Fractional error distributions of solar metallicity stars (—0.05 < [Fe/H] < 0.05) for
three different age assumptions, as described in the text (see also Figure 2.3). The TAMT age
assumption gives the best agreement between the calculated and true model distances. Based on
the width of the distribution, we estimate the systematic error on our distance estimates to be
~ 10%. The vertical line indicates where the fractional error is zero. The gray line is a Gaussian
fit to the TAMT distribution where —0.15 < (Ad/d)sys < 0.0, which we use to estimate the
fraction of subgiants in our sample (~ 15%).

this assumes that most targets are located on the zero-age main sequence, as shown in the

fourth panel of Figure 2.3.

To assess the effect of the age assumption alone, we compare our calculated distance,
d, to the true distance from the model, dyoder, for 111,640 mock targets at solar metallicity
(—0.05 < [Fe/H] < 0.05), where theoretical isochrones from different groups show the best
agreement. Any disagreement between the isochrones used to generate the mock catalog and
the isochrones used to calculate the distances will introduce an additional systematic error,

which we discuss at the end of this section. The distributions of the systematic fractional error,

46



(Ad/d)sys, for all three age assumptions are shown in Figure 2.11, where the systematic fractional

error is given by

Ad d — dmodel
— = 2.1
( d )sys dmodcl ( )

Based on the offsets of the distributions, the TO (red dashed line) and ZAMS (blue dash-dotted
line) assumptions overestimate and underestimate the distances, respectively, though the ZAMS
assumption does much worse. The TAMT (black solid line) assumption gives the best agreement
between the calculated and model distances, with an error of ~ 10%, based on the width of the
(Ad/d)sys distribution. Mock targets at other metallicities exhibit the same behavior, with the
TAMT assumption giving the best distances with a mean error of ~ 10%. This error includes
the discrepancy between the isochrone [a/Fe] and that of individual stars, as the model stars
have a range of [«/Fe] that do not exactly match the sequence of the An et al. (2009) isochrones.

Using the (Ad/d)sys distribution, we can also estimate the number of subgiants in our
sample by investigating the long tail of negative fractional errors. The gray line in Figure 2.11
shows a Gaussian fit to the TAMT histogram where —0.15 < (Ad/d)sys < 0.0—this range was
chosen by eye to reflect the range where subgiants were not contributing to the distribution.
By examining the discrepancy between the Gaussian fit and the long tail of negative (Ad/d)gys
values, we estimate the contamination by subgiants to be ~ 15%; we obtain the same result if
we take subgiants to be all stars with (Ad/d)sys < —0.15. We derive similar values for other
metallicities as well.

We can also assess how an error in the value of the TAMT affects the distances that
we obtain in our calculation. If we view the TO assumption as the TAMT assumption with
an incorrect TAMT—one that is too old by 0.2 dex—we can estimate how much the distances
change as a result. Comparing the TAMT and TO results in Figure 2.11, the peak (Ad/d)sys
values of the two assumptions are within 5%, which suggests that any error in the TAMT is
smaller than the error from the age assumption scheme used.

The above analysis can be applied to stars at all metallicities. At each metallicity,
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however, the peaks of the distributions are shifted up to ~ 10% because of differences between
the stellar evolutionary models used (i.e., BaSTT and An et al. 2009 isochrones). This has
the effect of increasing the width of the (Ad/d)sys distribution to ~ 15% for the total sample,
compared to ~ 10% for the solar metallicity sample. The peak of the distribution is at ~ —8%.
The results are similar when using the Dotter et al. (2008) isochrones: at a given metallicity,
the peak of the distribution is shifted up to ~ 10%. For the total sample, the width is ~ 15%
and the peak of the distribution is at ~ —3%.

Random Errors. The random error in the distances is dominated by uncertainties in
the stellar parameters derived by the SSPP; errors in the magnitudes are trivial in comparison.
We examine how the parameter errors propagate through our analysis by generating 500 Monte
Carlo realizations of the mock catalog, with slightly perturbed values of the stellar parameters,
and repeating the same distance measurements each time. For each realization we assign a
Gaussian distribution of perturbations with widths of 200 K and 0.3 dex for Teg and [Fe/H],
respectively. These values are motivated by the errors estimated by Lee et al. (2008a). The

resulting random fractional error, (Ad/d);and, is given by

& _ dpcrturbcd —d (2 2)
d rand d , .

where dperturbed 15 the distance calculated with the new perturbed values of the stellar pa-
rameters. From the distribution of (Ad/d)and, we estimate that the uncertainty in the SSPP
parameters translates to a ~ %15 — 20% error in the distance. These values correspond to the
68% confidence levels derived from the width of the distribution.

We can now calculate the total error in the distance, which combines the systematic
and random errors from the age assumption and the stellar parameters, respectively. Because we
include stars at all metallicities, we are also accounting for the uncertainties from discrepancies

between the BaSTI and An et al. (2009) isochrones. The result is the total fractional error
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(Ad/d)tota1, given by

(Ad) o dperturbed - dmodel
total

y (2.3)

dmodcl

We estimate that, including both the systematic and random errors, we have a total distance
error of ~ 20% — 25%, with a larger contribution from the uncertainty in the stellar parameters
determined by the SSPP. This total error is comparable to the size of the errors in the distances

estimated by Gilmore et al. (1995) for their sample of MSTO stars.

Errors in the Metallicity Gradient Measurement

Systematic Errors. Using the same mock catalog, we also assess how well we measure
the radial metallicity gradients in the disk. Figure 2.12 is the same as Figure 2.8, but shows the
gradient results for the mock catalogs in four |Z] slices. The true gradients, measured using the
entire mock catalog, are shown as black circles. We draw 100 random samples (6500 MSTO stars
each) from the mock catalog using the same selection criteria as the real data (§2.2.1) and follow
the same analysis procedures, including accounting for the weights (§2.4 and Appendix A).

The filled symbols in Figure 2.12 show the mean gradient of the 100 realizations; the
error bars indicate the standard deviation of the distribution. The smaller open symbols show the
gradient measurements for one particular realization, with the error bar indicating the random
error due to the uncertainty in the stellar parameters (see below).

The true gradients (open black circles) are generally within the errors of the weighted
measurements (filled red squares), indicating that our measurements are reliable. More impor-
tantly, the weighted measurements show the same flattening trend with |Z| as the true gradient.
This is not seen in the unweighted gradient measurements (filled blue triangles). While the
metallicity gradient in the model is steep compared to recent observations (e.g., Luck & Lam-
bert 2011), our mock catalog analysis demonstrates that the weighting procedure is necessary
to reproduce the flattening trend.

Random FErrors. The error bars on the open symbols represent the random errors,
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Figure 2.12: Measured gradient, A[Fe/H|/AR, vs. vertical height, |Z|, using mock samples.
This figure is analogous to Figure 2.8, except the samples used are drawn from mock catalogs
of the galaxy model of Schonrich & Binney (2009a). The mean and standard deviation for
100 such samples of MSTO stars are shown as filled symbols. The open symbols show the
measured gradients for one particular random sample, with the error bars showing the random
errors derived from Monte Carlo realizations using perturbed stellar parameters. The black
circles show the true gradient, which is measured using all of the targets in the catalog. The
true gradient generally falls within the errors presented for the weighted gradient (red squares)
measured using the MSTO samples, which indicates that our method of measuring the gradient
gives a reliable result. More importantly, we are able to reproduce the flattening trend seen in
the true gradient. This is not true for the unweighted gradient measurements (blue triangles).
Note that the vertical scale is different from that of Figure 2.8.

which are derived by running our full analysis on one sample of 6500 MSTO stars from the
mock catalog, where we generate 500 Monte Carlo realizations of the mock data with perturbed
stellar parameters. The error bars indicate the 68% confidence levels derived from the width of
the distribution of slopes we obtain in the 500 realizations. This is the same procedure followed

to determine the random distance errors in §2.6.3. The random errors are comparable to the
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systematic errors on the gradient, although in some cases they are larger. The large error bars
for the lowest |Z| bin is due to a combination of the smaller number of stars and the smaller

range in R.

2.7 Discussion

2.7.1 Comparison with Previous Studies

The median metallicity we find at |Z] > 1 kpc ([Fe/H] ~ —0.5) is consistent with the
value published by Gilmore et al. (1995) for their stars located 1.5 kpc above the plane; the
median |Z| for our sample above 1 kpc is 1.24 kpe. Their sample also consisted of an in situ
sample of F/G dwarfs, allowing for a direct comparison. This value is also in agreement with
the mean of Soubiran et al. (2003; —0.48) and the mode of Katz et al. (2011; —0.52) at similar
|Z] heights. The G-dwarf sample of Lee et al. (2011b), also drawn from SEGUE, has median
values of [Fe/H] within 0.1 dex of that of our sample as a function of |Z].

Based on recent observations along two lines of sight, Katz et al. (2011) find that the
similar metallicity distributions of their two fields at 2 kpc < |Z] < 4 kpc are suggestive of
a weak or non-existent radial gradient, although they cannot unambiguously rule it out. Our
results are also consistent with the lack of a radial metallicity gradient found by both Allende
Prieto et al. (2006), using spectra of 12,483 F/G stars from the SDSS, and Jurié¢ et al. (2008),
using photometric metallicities for millions of stars in the SDSS. However, both studies examine
a much higher |Z| sample with a limited R range at the vertical heights that our sample covers.
The present study is complementary to these two studies in that we observe lower Galactic
latitudes, and we are able to make a direct comparison of the thin disk and thick disk using the
same homogeneous sample. Our results are based on a sample that has been carefully corrected
for selection effects, and we use an improved version of the SSPP that is more accurate for

metal-rich stars, which was not available for these previous analyses.
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In their analysis of thick disk stars in the solar neighborhood, Bensby et al. (2003;
2005) find that abundance trends using O, Mg, and Fe do not vary as a function of R or | Zmyax]
in the region 5 kpc < R < 7 kpe, 0 kpe < |Zmax| < 1.1 kpe, where |Zpax| is the maximum
vertical height reached by the calculated stellar orbit. These detailed abundances, together with
our finding of a flat metallicity gradient at large | 7|, are suggestive of a chemically homogeneous

thick disk, although more observational data are needed to confirm this.

2.7.2 Comparison with Open Clusters and Cepheids

In Figures 2.5 and 2.7 we show open cluster and Cepheid data from the literature. These
two classes of objects have been studied extensively with high-resolution spectroscopy and also
span a large range in age, giving them the power to probe the chemistry of the interstellar
medium at different times. Cepheids typically have lifetimes on the order of ~ 100 Myr and
trace the present metallicity distribution. Open clusters can have ages anywhere from less than
a Gyr to greater than 10 Gyr and have been used to examine the temporal evolution of the
disk’s metallicity gradient.

We compare our old disk stars to a sample of open clusters with abundance determi-
nations from high-resolution spectra. We note in particular 39 open clusters from the work of
four groups that have studied clusters at R > 10 kpec: 5 from Yong et al. (2005; Y05), 9 from
Carraro et al. (Carraro et al. 2004; 2007b, Villanova et al. 2005, Frinchaboy et al. 2008; C07), 12
from Bragaglia, Carretta, Sestito, et al. (Bragaglia et al. 2001, Carretta et al. 2004; 2005; 2007,
Sestito et al. 2006; 2007; 2008; BCS), and 19 from Friel, Jacobson, and Pilachowski (Friel et al.
2005; 2010, Jacobson et al. 2008; 2009; 2011a;b; FJP). Additional clusters from the compilation
of Carrera & Pancino (2011; CP11, see their Table 12) are also included; we only consider those
spatially coincident with our sample, i.e., those that are at least 150 pc from the midplane.

Where we did not already have spatial and age information, parameters were obtained using the
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WEBDA? open cluster database. Twenty-three clusters have measured abundances from more
than one study, which provides an indication of the size of the uncertainties and systematics
between groups. For clusters with more than one measurement, a line connects the symbols
representing the different determinations.

Properties of the clusters are listed in Table 2.4. The open clusters have ages ranging
from 0.6 to 10.1 Gyr; the median age is 2.0 Gyr, with only two clusters as old as 7 Gyr, which
makes this cluster sample younger than the typical age of the stars in our sample (see Table 2.3).
The ages of the clusters are indicated by the size of the symbols in Figure 2.5 and 2.7, with older
clusters having larger symbols. It should be noted, however, that the cluster ages are derived
using a variety of methods and are not on the same scale as those of the field stars considered
in this study.

The Cepheid data are taken from Andrievsky et al. (2002b;a;c; 2004) and Luck et al.
(2003; 2006) (AL), and Yong et al. (2006; Y06). Most of the Cepheids in these samples are too
close to the midplane (|Z] < 0.15 kpc) to be directly compared to our sample. Those in the
higher bins (0.5 kpc < |Z] < 1.0 kpc), which are mostly from the Yong et al. (2006) sample,
tend to be at larger radii than our MSTO stars. For consistency we have re-calculated R, |Z|
values using published [, b, and distances with Rgc,o = 8.0 kpc, where necessary.

Both Cepheids and open clusters appear to be slightly more metal rich than the median
metallicities of the old disk stars. Systematic differences in [Fe/H] between different groups can
be up to 0.2 dex, as shown by the clusters with multiple measurements (see Table 2.4 as well as
the discussion in the Appendix of Friel et al. 2010). Given the good agreement between the SSPP
and literature values, however, these systematic differences may not explain the discrepancy. As
we do not see any obvious differences in metallicities between old and young clusters (large versus
small open symbols), the cause of a possible discrepancy is unknown at this time. Understanding

the differences between the different tracers will be crucial to understanding how the disk formed

Yhttp://www.univie.ac.at/webda/
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and its subsequent evolution.

At low |Z], the slopes of the open clusters and field stars do not appear to be dramat-
ically different, as expected given the good agreement between our measurement of the radial
gradient in the low |Z] bins and the values of Friel et al. (2002) and Luck et al. (2006; dotted
lines in Figure 2.8). However, at high |Z|, there are three clusters with metallicities ~ 0.5 dex
higher than the median [Fe/H] for field stars at small R (< 10 kpc). While a steeper slope in
the inner regions of the disk (—0.13 dex kpc™! at R < 8 kpc) has been reported for both open
clusters and Cepheids (e.g., Pedicelli et al. 2009, Magrini et al. 2010), we do not see a steeper
metallicity gradient at R < 8 kpc in our sample of old disk stars.

The question of how the radial metallicity gradient may change over time is still debated
in the literature, with conflicting reports of flattening (e.g., Friel et al. 2002, Chen et al. 2003,
Maciel et al. 2005), steepening (e.g., Stanghellini & Haywood 2010), and constant slopes (e.g.,
Magrini et al. 2009) as a function of time. If the gradient is steeper in the inner disk, as has
been reported, the flatness of the gradient for old disk stars, at face value, implies that the radial
metallicity gradient in the inner disk has grown steeper with time. Radial migration complicates
this issue greatly, however, as the movement of stars from their initial orbits may wash out a
previously existing gradient (e.g., Roskar et al. 2008a). Based on the observations presented
here, we are not able to draw any clear conclusions about the time evolution of the metallicity
gradient in the inner disk.

The disagreement in abundances between young and old tracers is not present in the
outer disk, where the median metallicity of the old disk stars ([Fe/H] ~ —0.5) is consistent with
the metallicities reported by Yong et al. (2005) for outer disk open clusters. Furthermore, the
median metallicity of our sample at |Z] > 1.0 kpc is constant at all values of R, which suggests
that the flattening of the gradient is due to a trend in |Z|. Given the change in the radial range
spanned in each |Z| bin, a superposition of the negative gradient at small |Z] with a flat gradient

at large |Z| could result in an apparent discontinuity in the radial gradient.
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This result suggests that when examining trends in the radial direction, it is important
to take the wvertical information into account. As shown in Figure 2.5, all of the outer disk
clusters from the literature (R > 15 kpc) are located far from the Galactic plane; this has been
noted in previous studies (e.g., Jacobson et al. 2011a, Carrera & Pancino 2011). In the present
work, we find that the mean metallicity of these clusters is consistent with field stars located
at all R at similar vertical heights (|Z] > 1.0 kpc), although our field star sample extends only
to R ~ 15 kpc, whereas the clusters reach radial distances of 20 kpc or more. Based on our
observations of old disk stars, whether the reported discontinuity is truly a feature of the radial
metallicity gradient is unclear.

Our sample does not reach to sufficiently large radii at low latitudes; with the limited
range in R at low |Z|, we cannot confirm that the trend is purely vertical. If the radial gradients
we measure at |Z] < 1.0 kpc extend to large R (> 15kpc) for all | Z|, then the discontinuity in
the radial metallicity gradient of the disk actually reflects the change in slope at different |Z].
Friel et al. (2010) have stressed the need for more high-resolution data of open clusters to build
up a homogeneous, statistical sample; our work shows that it is also necessary to fully sample
a range of both R and |Z] to understand the metallicity trends in the disk. The large R, low
|Z| region of the Galaxy will be probed by future surveys such as APOGEE (Eisenstein et al.

2011).

2.7.3 Implications for Thick Disk Formation

The lack of a radial metallicity gradient far from the Galactic plane provides an obser-
vational constraint that must be matched by any viable scenario for thick disk formation, such
as the four described in §4.1. A flat gradient, as we measure, may come most naturally out of
a turbulent disk at high redshift (Scenario 3). If the thick disk formed rapidly at early times
(e.g., Brook et al. 2004; 2005), then the thick disk would be chemically homogeneous, and the

radial metallicity gradient far from the plane of the disk would be flat.
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The observations can only be explained by current models of radial migration in isolated
disks (e.g., Rogkar et al. 2008a, Schonrich & Binney 2009a) if radial mixing is strong (Scenario
4). These models show that dynamical interactions with spiral arms can move stars from their
initial orbits and make the gradient shallow, but the mechanism must be efficient if it is the
dominant mechanism for forming the thick disk. The degree of radial mixing may be increased
through dynamical interactions with the Galactic bar (Friedli et al. 1994, Martin & Roy 1994,
Minchev & Famaey 2010).

Another possible way to increase the amount of radial mixing in a disk is to place the
disk within a cosmologically motivated accretion history (Scenario 1). The simulations of Bird
et al. (2012) show that stars can move far from their initial orbits in a disk that is bombarded
by multiple minor mergers (e.g., Kazantzidis et al. 2008). Furthermore, the bombarded disk
experiences more radial mixing at high |Z| than an identical disk in isolation. At the midplane,
however, both scenarios show about the same amount of mixing. The increased radial mixing
at high |Z] could be responsible for the lack of a radial gradient.

With our data alone, we cannot rule out the direct accretion of stars that originally
formed in satellites that have been disrupted (Scenario 2). To assess whether the thick disk
exhibits the predicted clumpiness, we would need to investigate the azimuthal variation within
our sample or at more detailed abundances with followup observations. But observations of
the orbital properties of stars in SDSS and RAVE (Dierickx et al. 2010, Wilson et al. 2011)
show that there are not enough high-eccentricity stars to match what is seen in the simulations
of Abadi et al. (2003). Furthermore, recent simulations (Read et al. 2008, Villalobos & Helmi
2008) predict lower numbers of stars being directly accreted during minor mergers than the 2003
simulations.

Other recent work using kinematic constraints — correlations between rotational ve-
locity Vy, [Fe/H], R, and |Z| — have also favored a cosmological formation scenario for the thick

disk (e.g., Spagna et al. 2010, Lee et al. 2011b), although they do not rule out Scenario 4. Both
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of these papers stress the importance of further theoretical work. Only recently have simula-
tions begun to include prescriptions for the formation of stars and their impact on the expected
chemistry of the disk populations (e.g., Brook et al. 2005, Stinson et al. 2010, Loebman et al.
2011; and references therein). The measurement of the radial metallicity gradient at different
heights above the plane is an additional observational constraint that can be used to test new,

improved models for disk evolution and the next generation of simulations.

2.8 Summary

Using a sample of 7010 MSTO stars from the SEGUE survey, we measure the radial
metallicity gradient, A[Fe/H]/AR, as a function of height above the plane |Z|, in the Milky
Way disk. Near the midplane, where our sample is dominated by the thin disk, we see a
negative radial metallicity gradient that is consistent with previously published values (Friel
et al. 2002, Luck et al. 2006, Luck & Lambert 2011). At large vertical heights, where our sample
is dominated by the thick disk, the radial metallicity gradient becomes flat, consistent with
previous work (Allende Prieto et al. 2006) using a sample located at larger |Z|. Our sample,
located at low Galactic latitude, covers a larger range in R at small |Z| and allows us to make
a direct comparison between the thin disk and thick disk using the same sample.

At |Z| > 1.0 kpc, the median metallicity of old disk stars is consistent with the open
cluster metallicities reported by Yong et al. (2005) and others at large R. In addition, our
sample of disk stars shows that the flat gradient at large vertical height |Z]| extends to small
R. Because the outer disk clusters are all located at large |Z|, the reported discontinuity in the
radial gradient is consistent with a transition found using tracers at small |Z]| to large |Z|. We
stress that abundances need to be examined as a function of both R and |Z] in order to truly
understand the observed trends.

In contrast to the outer disk, open clusters and Cepheids in the inner disk at high
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|Z] have median metallicities ~ 0.5 dex higher than old disk stars at the same R and |Z|;
thus, far from the Galactic plane, the younger tracers do not exhibit the same flat metallicity
gradient that is seen in the old disk stars. Whether this is indicative of a metallicity gradient
that becomes steeper with time is unclear, as radial migration may play a role in erasing a
pre-existing gradient in the old disk stars, and what that initial gradient in the early disk may
be is still uncertain.

A flat radial metallicity gradient in the thick disk is consistent with the predictions
of a gas-rich, turbulent disk at high redshift (Brook et al. 2005, Bournaud et al. 2009). It
may also be consistent with the scenarios of radial migration (Roskar et al. 2008a, Schonrich &
Binney 2009b, Minchev & Famaey 2010) or minor mergers (Kazantzidis et al. 2008, Bird et al.
2012), provided that mixing in the radial direction is strong. We also cannot exclude the direct
accretion of stars from satellites in minor mergers (Abadi et al. 2003). While we are not able to
conclusively rule out any of these scenarios, the change in the radial gradient as a function of

height above the plane is an important observational constraint for future theoretical work.
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Chapter 3

A Short Scale Length for the
a-Enhanced Thick Disk of the

Milky Way

3.1 Introduction

Detailed observations of the Galactic thick disk can be used to constrain the relative
importance of cosmological accretion and secular processes in the formation and growth of the
Milky Way disk. Thick disk stars are old (> 8 Gyr, Bensby et al. 2005) and provide a fossil
record of the Galaxy at z ~ 2. Observations of these old stars can serve as a complement to
studies of distant galaxies at early times, many of which are seen to be thick, turbulent, clumpy,
star-forming disks (e.g., Elmegreen & Elmegreen 2005; 2006, Forster Schreiber et al. 2009; 2011).
Observations of nearby galaxies have shown that thick disks are common, with similar properties
(Dalcanton & Bernstein 2002, Yoachim & Dalcanton 2005; 2006; 2008b;a), which suggests that

thick disks are a generic feature of disk galaxies. Thus, the processes responsible for the existence
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of the Milky Way thick disk may play an important role in the formation of all disk galaxies.

Several mechanisms have been proposed to explain the formation of the thick disk.
Four such mechanisms are (1) vertical heating through minor mergers (e.g., Kazantzidis et al.
2008, Read et al. 2008, Villalobos & Helmi 2008, Kazantzidis et al. 2009, Purcell et al. 2009,
Bird et al. 2012); (2) direct accretion of stars from satellites (Abadi et al. 2003); (3) in-situ
formation during an early turbulent disk phase due to high gas accretion rates (e.g., Brook
et al. 2004; 2005, Bournaud et al. 2009); and (4) radial migration of stellar orbits via resonant
interactions with transient spiral structure (e.g., Roskar et al. 2008b;a, Schonrich & Binney
2009a;b, Loebman et al. 2011). Scenarios 1-3 fit within the context of hierarchical structure
formation as predicted by ACDM cosmology, while Scenario 4 is possible in a disk in complete
isolation. Each of these scenarios can be tested through comparisons with the observed chemical
and kinematic properties of stars in the Milky Way.

Since the thick disk’s discovery by star counts (Yoshii 1982, Gilmore & Reid 1983),
an apparent dichotomy between thin and thick disk populations has been established. Stars
belonging to the thick disk are older and more metal poor (e.g, Gilmore et al. 1995, Chiba &
Beers 2000, Bensby et al. 2004, Ivezi¢ et al. 2008). In addition, thick disk stars have chemical
abundance patterns distinct from the thin disk, with thick disk stars being enhanced in a- and
r-process elements (Edvardsson et al. 1993, Prochaska et al. 2000, Mashonkina & Gehren 2000;
2001, Reddy et al. 2003; 2006, Bensby et al. 2003; 2005, Brewer & Carney 2006). The results of
these latter studies show that the scatter in the observed [«/Fe] is small, suggesting that thick
disk stars formed quickly in a well-mixed interstellar medium.

The high [o/Fe] characteristic of thick disk stars indicates that they formed in a pe-
riod of rapid star formation and chemical enrichment, during which Type II SNe were able to
contribute significant amounts of a-elements into the interstellar medium before Type Ia SNe
increased the abundance of iron-peak elements. The observed abundance trends of nearby thick

disk stars have been used to estimate that the thick disk formed over a period of ~1-3 Gyr (Grat-
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ton et al. 2000, Mashonkina & Gehren 2001, Mashonkina et al. 2003, Bensby et al. 2004). The
chemical properties of thick disk stars are thus a powerful tool for understanding the chemical
enrichment and star formation history of the Galaxy.

Whether the enhanced [a/Fe| for thick disk stars in the solar annulus (Rgc,e = 8.0
kpc) is present for in-situ thick disk stars (i.e., those at large |Z|, where the thick disk is
expected to dominate) remains an open question. Early in-situ studies examined only the [Fe/H]
distribution (Gilmore et al. 1995). Analyses of more elements has largely been restricted to stars
in the solar neighborhood, where stars are typically divided into thin and thick disk populations
by their kinematics (e.g., Bensby et al. 2003; 2005). Recently, Bensby et al. (2011) examined
the abundances of a sample of 119 red giants in the inner and outer disks using high-resolution
spectroscopy and found evidence that the [«/Fe] trends observed in the inner disk do not extend
to the outer disk (see also Bensby et al. 2010a, Alves-Brito et al. 2010). Thus, while many of
the thick disk formation scenarios discussed above (such as the work of Brook et al. 2005 and
Schonrich & Binney 2009b) are able to reproduce the dichotomy seen in the chemical properties
of thin and thick disk stars in the solar neighborhood, observations have only begun to test the
models at a wide range of R and |Z| in the Galactic disk.

Using a sample of old disk stars from the Sloan Extension for Galactic Understanding
and Exploration (SEGUE; Yanny et al. 2009) survey, we have begun to explore a larger volume
of the Galaxy. We previously showed that the radial metallicity gradient in [Fe/H] becomes
flat for stars located at vertical heights |Z] > 1 kpc from the Galactic plane, where the thick
disk is expected to be the dominant population (Chapter 2). This result is consistent with a
chemically homogeneous thick disk, which is predicted by thick disk formation during a period
of early gas-rich accretion (Scenario 3). The flat gradient could also be explained if the strength
of radial mixing is sufficient to erase a pre-existing gradient in the thin disk (Scenario 4).

Chapter 2 also demonstrated that the reported flattening trend in the radial metallicity

gradient at R 2 10 kpc (Yong et al. 2005, Luck et al. 2006) could arise because all of the distant
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tracers were located at large |Z|, where the radial gradient is flat. We found that the observed
trend could result from a simple superposition of a negative radial gradient at small |Z| with a
flat radial gradient at large |Z|. Because the clusters discussed in the literature at large R were
also located at large |Z|, it is unclear whether the observed trends are due to changes in the
radial or vertical directions. Therefore, we stressed the importance of examining the trends in
[Fe/H] as a function of both R and |Z].

In this Chapter, we extend our analysis of abundance gradients in the Milky Way to
examine the a-element abundance ratio, [«/Fe], as a function of both Galactocentric radius R
and distance from the plane |Z|, using a sample of 5620 field stars from SEGUE. Our work is
complementary to that of Bensby et al. (2011), as our sample of main sequence turnoff stars is
more than an order of magnitude larger than their sample of 119 K giants. We use a subset of
the sample from Chapter 2, which covers the region 6 kpc < R < 16 kpc, 0.15 kpe < |Z| < 1.5
kpc. We present our data and results in §4.2 and §4.3, respectively. In §3.4, we present estimates
for the thin and thick disk scale lengths; the procedure and errors are described in more detail

in Appendix B. We discuss the implications of our results in §4.4.

3.2 Data

Our sample consists of main-sequence turnoff stars from SEGUE (Yanny et al. 2009,
Eisenstein et al. 2011), part of the Sloan Digital Sky Survey (SDSS; York et al. 2000). The data
are obtained using the same CCD camera (Gunn et al. 1998), telescope (Gunn et al. 2006), and
filter system (Fukugita et al. 1996) as the SDSS. In this paper, we use a subset of stars from the
sample of 7605 main sequence turnoff stars in Chapter 2, which cover the region 6 kpc < R < 16
kpe, 0.15 kpe < |Z| < 1.5 kpe. Briefly, these stars are selected using a cut in g — r color.
Stellar parameters Tog, log g, [Fe/H], and [«/Fe] are determined from low resolution (R ~ 2000)

spectra using the SEGUE Stellar Parameter Pipeline (SSPP; Lee et al. 2008a;b, Allende Prieto
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et al. 2008a, Smolinski et al. 2011, Lee et al. 2011a). In the present work, we select the stars
with sufficient signal to noise (S/N > 20 pixel ™!, where each pixel corresponds to ~ 1A) for
good [a/Fe] measurements, which yields 5771 stars with [a/Fe] measured to a precision of 0.1
dex (Lee et al. 2011a).

The S/N cut effectively imposes a magnitude limit, and because the [«/Fe| of a star
will not affect its magnitude significantly, this magnitude limit does not bias our sample against
low-a stars. Dartmouth isochrones (Dotter et al. 2008) show that a 0.2 dex difference in [a/Fe]
is equivalent to < 0.1 mag difference in g-band magnitude, which corresponds to a 10% error
in distance. This is a small effect compared to the total error in distance 20% — 25% estimated
in Chapter 2. Therefore, we do not expect any significant systematic differences between the
volumes sampled by high- and low-a stars. In our sample, the high- and low-« stars span the
same ranges in R and |Z], and they are seen out to the same distances.

As described in Chapter 2, we assign a weight to each target to correct for selection
effects. The weight accounts for three properties of the selection: (1) objects in regions with
the highest extinction in each line of sight were not considered for spectroscopy. (2) Not all
candidates for spectroscopy are observed. (3) The g — r color cut introduces a bias against
redder, metal-rich stars. We show in Chapter 2 that using the calculated weights successfully
reproduces the true metallicity gradients in a mock catalog. For a detailed discussion of the
selection biases and how we correct for them using our weighting scheme, see §4 and Appendix A.

In addition to the weights we calculated in Chapter 2, we apply a weight to account
for the stars that are removed by the additional S/N cut imposed on this sample; this is a small
effect compared to the other weights. Taking all stars with non-zero weights, we are left with
a sample of 5620 main sequence turnoff stars. Most of the stars that are given weights of zero
are very blue objects, which are likely to be hotter stars that are not on the main sequence (for
more discussion see Appendix A).

Distances were determined using photometric parallax methods, by comparing the
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SSPP stellar parameters and photometry to the theoretical isochrones of An et al. (2009), as
described in Chapter 2. Using a mock catalog of stars generated from the model of Schonrich
& Binney (2009a), we estimate the errors in the distances to be ~ 20% — 25%; see Chapter 2

for details.

3.3 Results

3.3.1 Abundance Trends as a Function of R and |Z|

Figure 3.1 shows [« /Fe] as a function of Galactocentric radius R, in four slices of | Z|, for
our sample of main-sequence turnoff stars, color coded by [Fe/H]. Most of the high-a population
is confined to small radii (R < 10 kpc), consistent with the results of Bensby et al. (2011), who
found a lack of high-a stars in the outer disk. In our sample, this lack of high-« stars is seen at
all |Z|.

Figure 3.2 shows abundance trends in [Fe/H] and [a/Fe]. The top left panel shows
the solar neighborhood sample of Bensby et al. (2003; 2005), in which stars are assigned to
the thin and thick disks (red and blue, respectively) according to their kinematics. In the
solar neighborhood, kinematically hot stars (i.e., thick disk stars) are a-enhanced relative to
kinematically cooler stars (i.e., thin disk stars) at the same [Fe/H]. The top right panel shows
the total SEGUE sample, where we see two populations analogous to the solar neighborhood
thin and thick disk stars: (1) low-« stars that, like solar neighborhood thin disk stars, appear
to follow a linear trend, with [a/Fe] slightly decreasing as [Fe/H] increases, and (2) a tail of
high-« stars that, like solar neighborhood thick disk stars, are more metal poor than the low-a
population.

In the remainder of our analysis, we divide our sample into high- and low-« stars, with
the goal of comparing the high-a (low-a) stars to the kinematically selected thick (thin) disk

stars in the Bensby sample; this is similar to the chemical separation done by Lee et al. (2011b).
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Figure 3.1: a-element abundance ratio [a/Fe| vs. Galactocentric radius R in four | Z| slices. The
SEGUE data are shown as dots, colored coded by [Fe/H]. At all |Z|, the majority of the high-«
stars are located at small R (< 10 kpc).

We make the cut at [a/Fe]= +0.2, where the number of stars appears to drop dramatically at
large R, as seen in Figure 3.1. This is marked by the horizontal dotted line in the top right
panel of Figure 3.2. The number of high- and low-« stars is indicated in the top right corner in
parentheses.

Finally, in the bottom four panels, we show the SEGUE sample divided into four R, | 7|
bins with cuts at R = 10 and |Z| = 0.5 kpc. The numbers in the top right corner of each panel
indicate the weighted fractions of the high- and low-« populations, with the raw number of stars
in parentheses. The weighting has the effect of slightly decreasing the fraction of high-a stars in
each bin, but the effect is not dramatic. This is likely because selection on g — r color is biased

against metal-rich stars (see Chapter 2 for details); metal-poor stars, which are more likely to
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Figure 3.2: Abundance trends [o/Fe] vs. [Fe/H]. Top left panel: the solar neighborhood sample
of Bensby et al. (2003; 2005), with thin and thick disk stars (red and blue, respectively) assigned
according to their kinematics. Top right panel: the total SEGUE sample. The horizontal dotted
line indicates where we make the distinction between low- and high-« stars. Bottom four panels:
the SEGUE sample, divided into four bins of R and |Z|. The labels on the contours indicate the
number of objects in a box with dimensions of 0.15 dex in [Fe/H] and 0.05 dex in [a/Fe|. In each
panel, the weighted fraction of high- and low-« stars (blue and red, respectively) is indicated,
with the raw number of stars in each population in parentheses. The abundance patterns at
R < 10 kpc are similar to those seen for thin and thick disk stars in the solar neighborhood,
with the fraction of high-« stars increasing at large |Z]. At R > 10 kpc, the fraction of high-«
stars is low at all |Z].

be high-« stars, are weighted less heavily to compensate for the bias.

At small R (< 10 kpc, left panels), we see the same high- and low-« populations as in
the total SEGUE sample. The presence of two populations is especially evident at |Z] > 0.5 kpc.
The fraction of high-« stars increases toward large |Z| (> 0.5 kpc), from 12% to 31%, which is
what we expect if the contribution from a high-« thick disk is greater far from the plane. At

large R (> 10 kpc, right panels), in contrast to what is seen at small R, the fraction of high-«
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stars does not increase at large |Z| (> 0.5 kpc); the fraction is low at all |Z|. This observation
at large R is inconsistent with the picture of a high-a population associated with a thick disk
component, which should become more dominant at large |Z] at all R. The main result of
Figure 3.2 is that the [Fe/H]-[a/Fe] properties for stars at small R are consistent with those
found for solar neighborhood stars, while at large R there is a lack of high-« stars. Furthermore,
the fraction of high-« stars at large R does not increase with |Z|, as expected if there is a high-c,
thick disk population in the outer disk.

The change in fraction of high-« stars at large R suggests that the chemical abundances
of stars change with Galactocentric radius, even at large |Z|. But how can this result be
reconciled with the flat radial metallicity gradient at |Z| > 1.0 kpc that we found in Chapter 27
Figure 3.3 shows the radial metallicity gradient A[Fe/H]/AR in four |Z| slices for the total
sample (gray, left column) and divided into low-a (pink, middle column) and high-« stars (blue,
right column). For each sample, we fit a linear trend to the data, with each point weighted to
account for selection biases, as in Chapter 2. The number of stars and the slope of a linear fit
to the data are indicated in the bottom right corner of each panel.

The change in A[Fe/H|/AR with |Z|, as shown in Figure 3.3, is summarized in Fig-
ure 3.4. The radial gradient of the high-« sample (blue triangles) is flat at all R and |Z], but it
is not solely responsible for the flattening trend with |Z| seen in the total sample (gray squares).
The high-a stars do, however, make the gradients for the total sample flatter, especially at
|Z| > 1.0 kpc, where the fraction of high-« stars is the largest. The flattening trend of the
low-a sample (pink diamonds) is closely followed by the trend in the total sample. The results
of Chapter 2 are also shown (black circles) in Figure 3.4. These are slightly different than the
gradients measured for the total sample because of the S/N cut imposed on the sample in this
work, but are still within the uncertainties. The errors are estimated using 500 Monte Carlo
realizations of the data, where we perturb the stellar parameters Tog, [Fe/H], and [o/Fe] by the

typical errors (200 K, 0.3 dex and 0.1 dex, respectively); see Chapter 2 for details.
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Figure 3.3: Galactocentric radius R vs. [Fe/H] in four |Z] slices for high- and low-« stars. Left
column: total sample. Middle column: low-« stars ([a/Fe] < +0.2). Right column: high-« stars
([a/Fe] > +0.2). In each panel the raw number of stars and the measured slope are indicated
in the bottom right corner. The lines show a linear fit to the data, with each star weighted
to account for selection biases. The spacing of the symbols on the linear relation indicates the
radial distribution of the stars. The radial gradient in the total and low-a samples become
flatter at large |Z|, while the radial metallicity gradient of the high-a sample is flat at all | Z|.

3.3.2 Kinematics of the High- and Low-a Populations

In addition to different chemical properties, thin and thick disk stars in the solar
neighborhood exhibit different kinematic properties. A comparison of the kinematics of high-a
stars at large and small R can help distinguish whether high-a stars at large R are the outer
disk tail of the inner disk population, the high-« tail of the outer disk population, or a different
population altogether. In this section we examine the rotational velocities Vy of high- and low-o
stars as a function of R and |Z|. For this analysis, we only consider 3985 stars, which have good

proper motions, as described below.
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Figure 3.4: Radial metallicity gradient, A[Fe/H]/AR, vs. distance from the plane, |Z|, for
high- and low-« stars. The radial gradients for the total sample in this work (gray squares) are
consistent with those of Chapter 2, which were measured using a larger sample with a less strict
S/N cut (black circles). The change in the radial gradient of the total sample as a function of
|Z] is driven by the change in the radial gradient of the low-a stars (pink diamonds); the radial
gradient of the high-a stars (blue triangles) shows no obvious trend and is consistent with a
flat gradient (slope of zero) at all |Z|. The number of stars used in each gradient measurement
in the low- and high-a samples is indicated. The error bars reflect the random errors in the
gradient measurement due to errors in the stellar parameters (see Chapter 2 for details).

We calculate three-dimensional velocities in Cartesian coordinates (U, V, W), and polar
coordinates (Vg, Vg, Vz), using radial velocities along with proper motions obtained by combin-
ing the USNO-B and SDSS catalogs (Munn et al. 2004). We use the criteria of Kilic et al. (2006)
to obtain a sample with clean proper motions: sigRa < 525 mas, sigDec < 525 mas, match
= 1, nFit = 6, dist22 > 7", where sigRa and sigDec are the residual for the proper motion

fit in right ascension and declination, match is the number of objects within a 1” radius, nFit

is the number of plates the object was detected on, and dist22 is the distance to the nearest
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neighbor with g < 22. The efficacy of these criteria have been explored by Dong et al. (2011).
These selection criteria identify 3985 stars in our sample with reliable proper motions;
this subsample has the same distributions in distance, magnitude, color, [Fe/H], and [«/Fe] as
the larger sample of 5620 stars, so we treat it as a representative sample and do not apply any
additional weights. Statistical errors on the proper motions are roughly 3 — 3.5 mas yr—', which

I at a distance of 2 kpc.

correspond to a tangential velocity error of 28 — 33 km s™

In this section we present histograms, corrected using our weighting scheme, which
are needed to properly account for the different sampling along different lines of sight. For
example, there are many more stars in the lines of sight toward smaller R (I < 90°) compared
those at the anti-center (I ~ 180°), but the number of spectra are approximately equal in all
directions. Accounting for this effect is necessary to reproduce the correct distributions, but
doing so magnifies the Poisson noise.

Figure 3.5 shows V;; histograms for the Bensby sample (top left panel), the total SEGUE
sample (top right panel), and the SEGUE sample in the four R, |Z| bins (bottom four panels),
similar to Figure 3.2. In each panel, as in Figure 3.2, the sample is divided into high- and
low-a stars (blue and red, respectively) at [«/Fe]= 0.2. The shaded regions indicate errors
estimated by generating 500 Monte Carlo realizations of our data, where we perturb the stellar
parameters, radial velocities, and proper motions; the typical errors on the radial velocities and

1 respectively.

proper motions are 6.0 km s~ and 3 mas yr~

We calculate the mean rotational velocities (V) for each population (vertical solid
lines) using an outlier-resistant algorithm, which trims values greater than three median absolute
deviations from the median (vertical dotted lines in Figure 3.5). The numerical values of (V)
are indicated in the top right corner of each panel, with the raw number of stars in parentheses.
The errors on the means are indicated by the shaded regions surrounding the vertical solid lines.

1

For the low-a samples, the error on the mean is ~ 2 — 3 km s™", while for the high-a samples,

which have fewer stars, it is ~ 4 — 10 km s~ .
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Figure 3.5: Weighted rotational velocity V; distributions for high- and low-o stars. Top left
panel: the solar neighborhood sample of Bensby et al. (2003; 2005), with thin and thick disk
stars (red and blue, respectively) assigned according to their kinematics. Top right panel: the
SEGUE sample, with high- and low-a stars (blue and red, respectively) divided at [a/Fe]=
+0.2. The shaded regions indicate the errors estimated using 500 Monte Carlo realizations
of our data. Bottom four panels: the SEGUE sample, divided into four bins of R and |Z].
In the top right corner of each panel, the mean rotational velocity (V) of each population
is indicated, with the raw number of stars in each population in parentheses. To calculate
an outlier-resistant (V) (vertical solid lines), we exclude targets that are more than three
median absolute deviations from the median value (vertical dotted lines). The errors on (V)
are indicated by the surrounding shaded regions. At R < 10 kpc, the high-« stars lag in rotation
behind the low-a stars by ~15 km s~!. At R > 10 kpc, the difference in (V) between high-
and low- stars is < 8 km s™!, which is within the measurement errors. The different kinematic
properties of high-« stars at large and small R suggest that they may be different populations
with different origins.

At R < 10 kpe, the kinematics of high-« stars are consistent with those seen for thick
disk stars in the solar neighborhood. Figure 3.5 shows that at all |Z], they lag in rotation behind

1

low-c stars by ~15 km s~ in rough agreement with measurements in the literature (e.g., Chiba

& Beers 2000, Soubiran et al. 2003, Carollo et al. 2010), which have values ~ 20 — 50 km s~ !,
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depending on how the thin and thick disk populations are separated. Like thick disk stars in
the solar neighborhood, the high-a stars at R < 10 kpc also have wider distributions in Vj
and Vg. This result implies that they belong to a kinematically “hotter” population, which has
larger random motions in the radial and vertical directions in addition to a larger lag in V.
For reference, the mean, median, median absolute deviation, and skewness of the populations’
distributions in V4, Vz, and Vg for both high- and low-« stars are tabulated in Table 3.1. The
errors on (V) are indicated.

In addition, there is a large fraction of high-a stars with low V, (< 150 km s™1); this
tail is not present in the low-a population. One way to quantify this feature is to examine the
skewness of the Vy distributions of both populations. We find that for the high-o population, the
skewness of the V distribution is larger than for the low-a population; at |Z| < 0.5 kpce (|Z] > 0.5
kpc) the V,, distribution of the high-o population has a skewness of —1.77705 (—1.2770-3), while
the V; distribution of the low-a population has a skewness of —0.50703 (—0.2070:2).

The skewed shape of the V,, distribution of both high- and low-a stars at R < 10 kpc
is consistent with a population that is falling in density with increasing R. If stars that have
slow (fast) rotational velocities are on orbits with guiding centers within (beyond) the solar
circle, then they are interlopers from the inner (outer) disk (e.g., Binney & Merrifield 1998); the
skewness of the distribution results from the higher stellar densities in the inner disk compared to
the outer disk. Thus the larger skewness of the high-a population in V is consistent with there
being a steeper density gradient for high-a stars compared to that of low-« stars. The steeper
density gradient of the high-« stars is consistent with the picture of the high-a population having
a short scale length compared to the low-a population.

At R > 10 kpc, however, high- and low-« stars have the same mean rotational velocities,
within the errors, and the fraction of high-« stars with low Vy is comparable to that of the low-
« stars. In addition, the widths of the V; and Vi distributions of high- and low-« stars are

similar. While at R < 10 kpc, the different Vj; distributions are indicative of two populations

73



2

Table 3.1: Properties of Velocity Distributions

R<10,|Z] > 05 R>10,]Z]> 0.5
Vs Vz Vr Vs Vz Vr
Low-a High- Low-a High-a Low-a High-a| Low-« High-  Low-a High-a Low-a High-«a
Mean®® 196.6737 180.577% -24  -6.0 1082 939 [21857z7 2108757, 188  21.8 -340 -37.2
Median®  198.8 181.5 0.6  -81 1060  93.3 217.8 208.7 16.6 207  -30.5  -40.4
MAD®¢ 25.2 35.3 245 415 370 438 29.6 34.8 333 310 319 355
Skew -0.50703 177753 0.08 034 020 -0.42 | 0.03793  -04970%  -0.25  -007 177 0.23
R < 10,]Z] < 0.5 R >10,|Z] < 0.5
Vs 2 Vg Vs 2 Vg
Low-« High-a« Low-a High-a« Low-a High-oo | Low-« High-a«  Low-a High-a Low-a High-«
Mean®P 202.971%7 187.973% 1.1 -3.9 50.0  46.1 |[226.3735 2334710% 161 182  -41.1  -256
Median®  203.0 192.0 2.3 6.5 529 463 224.9 240.7 151 1.7  -386  -10.4
MAD?¢ 19.2 34.1 17.0 249 358 452 18.7 20.3 201 159 226 232
Skew 2020192 -1.27703  -0.13  -0.04 -0.18 -0.80 |-0.3370% -0.70752  0.06  -0.07 -0.28  -0.98

2 Mean, median, and MAD reported in km s—!.
b Qutliers clipped at three median absolute deviations.
¢ Median absolute deviation.



with different structural parameters, at R > 10 kpc, we are unable to distinguish between the
kinematics of high- and low-« stars. If high- and low-a stars at R > 10 kpc are part of the
same population, then the observations imply that high-« stars at large and small R may have

different origins.

3.4 Scale Length of the High-a Population

The lack of high-a stars at large R suggests that the high-a population, which is
typically associated with the thick disk, has a short radial extent. The similarity between the
Vg distributions of high- and low-« stars at large R also supports this idea. In this section, we
estimate the scale length of the a-enhanced thick disk by quantifying the fraction of low- and
high-« stars as a function of R and |Z]. We then compare the data to expected values based
on different combinations of thin and thick disk scale lengths, Lipin and Lipick. In addition, we
require that the predicted total stellar density as a function of R and |Z| is consistent with the
total stellar density of the best-fit model obtained by Juri¢ et al. (2008). While it is possible
that the data may be better fit by different analytical functions, we restrict our analysis to a
radial exponential profile for the disk, for which we also have total stellar density measurements.

In using the fractions of high- and low-« stars to estimate the thin and thick disk scale
lengths, we implicitly assume that high-a stars belong to the thick disk and low-« stars belong
to the thin disk, as is observed in the solar neighborhood. We include the second constraint
that the total stellar density match that of Jurié et al. (2008) because our data provide a poor
constraint on the local normalization of the disk models we fit. In our fits, we fix the scale
heights and the total normalization to the Juri¢ et al. (2008) values. We exclude the lowest
|Z] slice, where our sample does not cover a large range in R. In this section, we present the
results of our analysis; details about the our procedure and the uncertainties in our estimates

are provided in Appendix B.
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Figure 3.6: Best-fit thin and thick disk scale lengths. The blue shading shows the reduced x?
values using the fractions of high- and low-« stars as a function of R and |Z| as a constraint. The
thin yellow contours show the constraint of the total stellar density as determined by Jurié et al.
(2008). Our best estimate of the thin and thick disk scale lengths using both constraints are
Linin = 3.4f§:g kpc and Lipick = 1.8:2)1}) kpe, marked by the large orange cross. The 68% contour
for the combined constraint is shown as the thick dashed orange line. The published values of
Jurié et al. (2008) and Bensby et al. (2011) are indicated in green and purple, respectively.

The blue shading in Figure 3.6 represents the reduced x? values we obtain by comparing
the observed and expected values of the high- and low-« fractions, as a function of R and |Z|,
for different combinations of Lipi, and Lipick. The thin yellow contours show the discrepancy
between the total stellar density predicted by each combination of scale lengths and the total
density from the best-fit scale lengths reported by Jurié¢ et al. (2008; see also their Figure 21).
Combining both the constraints of total stellar density from Juri¢ et al. (2008) and the high-
and low-« fractions from our sample, we find the best combination of thin and thick disk scale

lengths to be Lipin = 3.4f%:§ kpe, Linick = 1.8f%:}5 kpc, marked by the large orange cross in
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Figure 3.6. The best fit values and error bars are obtained by marginalizing over each axis
and determining the 68% confidence interval for each scale length. The 68% contour in two
dimensions for the combined constraint is shown as the thick dashed orange line. More details
about the procedure and error analysis are given in Appendix B. The blue-shaded map shows
that for any given thin disk scale length, the preferred thick disk scale length, as constrained by
the high- and low-« fractions (i.e., the white regions), is always shorter thin disk scale length.

We note that our measurement of the thin and thick disk scale lengths is not well
constrained, as we do not have data at large radius near the midplane. Our preferred value for
the thin disk scale length is slightly larger, but consistent with values based on near-infrared
photometry from the Spacelab Infrared Telescope (Kent et al. 1991; ~ 3.0 kpc) and the Cosmic
Background Explorer (Freudenreich 1998; ~ 2.6 kpc). Other SDSS/SEGUE studies, which use
detailed modeling to estimate disk structural parameters, are also consistent with these values
for the thin disk scale length (Juri¢ et al. 2008, Bovy et al. 2011). While our sample’s spatial
coverage is not ideal for constraining the thick disk scale length, it is an improvement on earlier
studies. Furthermore, our best-fit value does not change significantly when we vary the assumed
Jurié et al. (2008) scale lengths or remove possible halo contaminants. See Appendix B for more
details.

Figure 3.7 shows the weighted fractions of high- and low-« stars (blue and red squares,
respectively), as a function of R in three |Z] slices. The shaded regions indicate the errors on
the measured fractions. Each column shows the same data compared to the expected fractions
of thin (pink dotted lines) and thick (blue solid lines) disk stars for three different combinations
of thin and thick disk scale lengths: (1) Lipin = 2.6, Ltnick = 3.6 kpc in the left column (Jurié
et al. 2008), (2) Lihin = 3.8, Linick = 2.0 kpc in the middle column (Bensby et al. 2011), and
(3) Linin = 3.4, Ltnick = 1.8 kpc in the right column (this work). For the Bensby et al. (2011)
scale lengths, we show the predictions for both a constant thick disk scale height (thin, dark

blue line) and one that varies as R /L (thick, light blue line), as described in their paper.
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Figure 3.7: Weighted fractions of high- and low-a stars (blue and red squares, respectively)
vs. Galactocentric radius R in three |Z| slices. The shaded regions indicate the errors on the
measured fractions. Pink dotted and blue solid lines show the expected contributions of the
thin and thick disks, respectively, for different combinations of scale lengths: (1) Linin = 2.6,
Linick = 3.6 kpc in the left column (Jurié¢ et al. 2008), (2) Lihin = 3.8, Ltnick = 2.0 kpc in the
middle column (Bensby et al. 2011), and (3) Linin = 3.4, Linick = 1.8 kpc in the right column
(this work). In the middle column, we also show the expected fractions if the scale height varies
linearly with R /L, as discussed by Bensby et al. (2011; thinner lines). Our data support a

shorter scale length for the high-a population, in agreement with the conclusion of Bensby et al.
(2011).

As seen in Figures 3.1 and 3.2, Figure 3.7 shows that the fraction of high-a stars
decreases at large R, in every |Z| slice. If we assume that the thick disk is populated only by
high-« stars, then the model of Jurié et al. (2008) vastly overpredicts the fraction of high-« stars
at |Z| > 0.5 kpc; in our bin R > 10 kpc, |Z| < 0.5 kpc (Figure 3.2), we would expect ~ 50% of
our sample (~ 700 stars) to be enhanced in [a/Fe] instead of the ~ 10% (~ 200 stars) that we

observe. The data agree much better with a shorter thick disk scale length, consistent with the
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results of Bensby et al. (2011; middle column). Using [«/Fe| as a proxy for membership in the
thin and thick disks in our larger sample, we estimate that the thick disk has a shorter scale

length than the thin disk (right column).

3.5 Discussion

3.5.1 The Thick Disk Scale Length

The results presented above show that the fraction of high-a stars drops off at large R
and that the high-a populations at small and large R have different kinematic properties. Both
of these results are consistent with the properties of the K-giant sample of Bensby et al. (2011),
who found that the lack of high-« stars was consistent with the thick disk having a shorter scale
length than the thin disk (L¢hin = 3.8, Linick = 2.0 kpc). Using our data, we estimate the scale
lengths to be Lipwin = 3.4‘_%:3 and Lipick = 1.8‘_%:}5 kpc. While the scale lengths are not well
constrained with our data, the thick disk scale length is consistently found to be shorter than 2
kpc (see Appendix B).

Independent analyses with other SDSS/SEGUE samples have also found similar scale
lengths for stars with thick disk chemistry. Carollo et al. (2010), using the velocity ellipsoid of
stars in a particular metallicity range and location in the disk (—0.8 < [Fe/H] < —0.6,1 < |Z| < 2
kpc), estimated the thick disk scale length to be 2.2 kpc. In recent work, Bovy et al. (2011)
measured the scale length of their “a-old” population (—1.5 < [Fe/H] < —0.25,0.25 < [a/Fe]
< 0.50) to be 1.96 kpc. While the methods differ, these studies reach the same conclusion: the
population of stars associated with a thick disk component in the solar neighborhood has a short
radial scale length.

It is worth emphasizing, however, that the above results apply for stars with particular
properties. The results presented in this work reflect the fractions of high- and low-« stars,

and our scale length estimate reflects the radial extent of the high-a population, which we

79



associate with the thick disk based on studies of the solar neighborhood. Previous studies of
external galaxies (Dalcanton & Bernstein 2002, Yoachim & Dalcanton 2006) and the Milky
Way (Jurié et al. 2008, de Jong et al. 2010) have relied on surface brightness profiles and star
counts, respectively, which follow the total stellar density, with no information about the stellar
populations.

We now introduce terminology to distinguish between these two methods of identifying
the two components of the disk. First, we will refer to the structural thin and thick disks to
describe the components that are identified using the total stellar densities, either through star
counts or surface brightness profiles (e.g., Gilmore & Reid 1983, Dalcanton & Bernstein 2002).
Second, we will refer to the chemical thin and thick disks to describe the components that are
identified using the chemical and/or kinematic properties of stars (e.g., Bensby et al. 2003; 2005,
Lee et al. 2011b). In our work, we have found that the chemical thick disk has a shorter scale
length than the chemical thin disk.

Whether star counts in the SEGUE imaging along our lines of sight support a short
scale length for the structural thick disk remains an open question. Previous estimates of the
scale length of the structural thick disk in the Milky Way have typically relied on star counts
in higher latitude data and therefore do not have significant leverage in the radial direction
(e.g., Juri¢ et al. 2008, Chang et al. 2011). Our lines of sight reach larger R at small |Z| and
may provide additional constraints on the scale lengths of the structural thin and thick disks.
Comparing star counts in our low latitude lines of sight to different combinations of structural
parameters, as well as exploring different radial profiles, will be the focus of future work.

If the structural thick disk is found to have a short scale length, in agreement with
our result for the chemical thick disk, then we can compare these results to the scale lengths of
structural thick disks seen in external galaxies. Observationally, structural thin and thick disk
scale lengths have been found to be uncorrelated in external galaxies (Dalcanton & Bernstein

2002). For galaxies with circular velocities greater than ~100 km s~1, structural thin disks with
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Table 3.2: Fraction of High-a Stars per Line of Sight

Plug—plates l (O) b (O) Nstars Nhighfoc funwcightcd fwcightcd

2534 2542  50.0 14.0 396 210 0.530 0.486
2536 2544 70.0 14.0 401 155 0.387 0.305
2554 2564 94.0 14.0 600 165 0.275 0.212
2565 2565  94.0 8.0 386 40 0.104 0.103
2556 2566 94.0 -8.0 526 68 0.129 0.092
2538 2546 110.0 16.0 953 92 0.166 0.143
2537 2545 110.0 10.5 467 56 0.120 0.093
2681 2699 178.0 -15.0 495 82 0.166 0.132
2668 2672 187.0 -12.0 670 81 0.121 0.094
2678 2696 187.0 8.0 580 67 0.116 0.080
2712 2727 203.0 8.0 546 93 0.170 0.142

larger scale lengths than structural thick disks have been reported (see Table 5 of Yoachim &
Dalcanton 2006). Having a structural thick disk with a short scale length, then, would not make

the Milky Way an unusual galaxy.

3.5.2 Possible Relation to the Hercules Thick Disk Cloud

In Table 3.2, we list the weighted fraction of high-« stars along each of the 11 lines
of sight in our sample. Most of the 11 lines of sight have fewer than 15% of their stars with
[a/Fe] > +0.2. Three lines of sight at R < 10 kpc, however, have ~ 20% — 50% of their stars
with [a/Fe] > +0.2. These lines of sight are directed toward the Hercules Thick Disk Cloud,
a stellar overdensity in the disk, which has been studied in detail by Larsen et al. (2010; 2011)
and Humphreys et al. (2011).

Larsen et al. (2010) detect this overdensity as an excess in star counts in the first
quadrant (Q1, 0° < I < 90°), compared to the fourth quadrant (Q4, 270° < [ < 360°), in
particular, at Galactic coordinates 20° < [ < 55°,20° < b < 45°. Stars associated with this

overdensity in Q1 lag in rotation by 30 km s~*

compared to stars in Q4, but have metallicities
similar to stars in analogous fields in Q4 (Parker et al. 2004, Humphreys et al. 2011). Their

preferred scenario for the existence of the overdensity is that dynamical interactions with the
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bar cause stars to pile up in a “gravitational wake” (e.g., Hernquist & Weinberg 1992). This
feature may be related to the Hercules-Aquila Cloud seen in the SDSS (Belokurov et al. 2007,
Jurié et al. 2008).

The rotation rates, w, in our three high-a lines of sight (22 — 31 km s=! kpc™!) are
slightly larger than the Q1 fields of Humphreys et al. (2011; 15— 26 km s~! kpc™!), which is not
unexpected, since our lines of sight are at lower Galactic latitude. A direct comparison is not
possible because our samples do not overlap spatially. Additionally, our sample does not cover a
sufficiently large part of the Galaxy to fully test the presence of an asymmetry: all of our inner
disk stars are in Q1, and we have no stars in Q4 with which to make a comparison. We do not
currently have the necessary data to confirm or exclude the possibility that these three lines of

sight are associated with this overdensity.

3.5.3 Implications for Thick Disk Formation

The short scale length of the chemical thick disk can be used to constrain various
scenarios for thick disk formation, such as the four described in §4.1. In the following discussion,
we will use the generic term “thick disk” to refer to both the structural and chemical thick disks.
We assume these to be the same, as is done in all of the models discussed.

The lack of high-« stars at R > 10, |Z| > 0.5 kpc puts an upper limit on the strength
of migration due to transient spiral structure (Scenario 4); the N-body simulation of Loebman
et al. (2011), for example, predicts that this mechanism can transport many high-« stars from
the inner disk to large R and |Z|. In this simulation, high-« stars are present at all R because
they are old and have had more time to migrate to large R. The lack of high-a stars that we
have observed at large R, then, implies that this mechanism cannot be very efficient.

If the stars we observe at large R and | Z| reached their current positions through radial
migration, the limited extent of the high-a population could be evidence that the mechanism

must have some radial dependence on the strength of migration. One such mechanism relies
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on the presence of a bar and a steady state spiral pattern, which leads to more efficient mixing
at certain radii (e.g., Minchev & Famaey 2010, Brunetti et al. 2011). Brunetti et al. (2011),
for example, find that stars that are close to the corotation radius of the bar are more likely
to migrate. If the high-« stars in our sample were born in the bulge and have since migrated
to where we observe them at R < 10 kpc, this would explain the similar abundance patterns
that have been reported for thick disk and bulge stars (Meléndez et al. 2008, Bensby et al. 2009,
Alves-Brito et al. 2010, Bensby et al. 2010b, Ryde et al. 2010, Gonzalez et al. 2011). One way
to test this scenario is to examine whether the kinematic properties of stars in these simulations
are different for those mixed in the inner and outer disks.

If the thick disk does indeed have a shorter scale length than the thin disk, as is
suggested by both our data and the data of Bensby et al. (2011), and radial migration is not the
dominant mechanism, our results may have implications on the formation and merger history
of the Milky Way disk. A range of thick disk scale lengths can result from different merger
histories. Brook et al. (2004; 2007) showed that chaotic gas accretion at early times (Scenario 3)
results in a thick disk with a shorter scale length than the thin disk, while an early gas-rich 2:1
merger of two disks results in a thick disk with a longer scale length. The variation in merger
histories would provide a possible explanation for the range of structural thin and thick disk
scale lengths observed in nearby galaxies (Dalcanton & Bernstein 2002, Yoachim & Dalcanton
2006).

Scenarios involving minor mergers can also be constrained. If thick disk stars originated
from an initially thin disk (Scenario 1) then any heating event must have occurred in a primordial
disk with a short scale length. The predominantly low-« stars at large R and |Z], then, should
come from a more chemically evolved disk. Radial mixing induced by late minor mergers has
been shown to be very efficient for stars in the outer disk (Bird et al. 2012) and could explain
the presence of low-« stars at large R and |Z|. However, predictions can be dependent on the

particular models being examined and their initial conditions (e.g., Di Matteo et al. 2011). If
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thick disk stars originated from an accreted satellite (Scenario 2), then stars contributed by a
single satellite should be located in a torus-like structure, and we should see the same abundance
trends in Q1 and Q4. Our current sample is insufficient in spatial coverage to explore this
possibility.

Finally, the radial gradients in [Fe/H] for high- and low-« stars (see Figures 3.3 and 3.4)
also provide constraints on thick disk formation. Radial migration due to transient spiral struc-
ture (Scenario 4) could explain the flattening trend in the low-a stars, but the mechanism is too
efficient in current simulations, resulting in too many high-« stars in the outer disk, especially at
large |Z|. The observed distributions of [Fe/H] and [«/Fe] could be explained by the following:
first, early gas-rich mergers (Scenario 3) created a chemically homogeneous, high-a population
in a thick disk with a short scale length. Subsequently, a low-a thin disk forms and is heated
by minor merger activity at later times (Scenario 1), mixing stars at large R (e.g., Bird et al.

2012) and flattening the radial metallicity gradient at large |Z|.

3.6 Summary

We have demonstrated, using a sample of 5620 main sequence turnoff stars from the
SEGUE survey, that the high-« population, which is associated with the thick disk in the solar
neighborhood, has a short scale length (Linick ~ 1.8 kpe) and a flat metallicity gradient at all
|Z]. The abundance trends at R < 10 kpc show a dichotomy between high- and low-« stars
similar to that seen between thick and thin disk stars observed in the solar neighborhood (Bensby
et al. 2003; 2005). The fraction of high-« stars increases with |Z|, and these high-« stars lag in
rotation compared to low-a stars (by ~15 km s7!), similar to the difference in kinematics seen
for thin and thick disk stars in the solar neighborhood (Chiba & Beers 2000, Soubiran et al.
2003).

At R > 10 kpc, the fraction of high-a stars is lower than at small R and does not
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increase with |Z]. High-« stars at large R also do not lag in rotation compared to low-« stars,
with both populations having similar mean rotational velocities. These results suggest that the
high-« stars in the outer disks may simply be the tail of the [«/Fe] distribution; the stars far
from the plane in the outer disk (R > 10, |Z]| > 0.5 kpc) likely have different origins than those
far from the plane in the inner disk (R < 10,|Z| > 0.5 kpc).

The fractions of high- and low-« stars are consistent with the expected values for a
thick disk with a short scale length as suggested by Bensby et al. (2011). Using the fractions
of high- and low-« stars as a function of R and |Z|, we estimate the thick disk scale length to
be Linick ~ 1.8 kpc. In addition, it is possible that the lines of sight in our sample with large
fractions of high-« stars are related to the Hercules Thick Disk Cloud, a stellar overdensity
studied by Humphreys et al. (2011). A sample of stars with better spatial coverage, particularly
in Q4, is required to fully explore this possibility.

We find that the presence of a thick disk with a short scale length is consistent with
the scenario of Brook et al. (2004; 2005), in which the thick disk formed during a turbulent disk
phase at early times when gas accretion rates were high. In the outer disk, stars may have been
moved to large R and |Z| through radial mixing due to late minor mergers (e.g., Bird et al.
2012). The lack of high-« stars can be used to constrain the strength of radial migration of stars
from the inner disk induced by transient spiral structure (e.g., Roskar et al. 2008b;a, Schonrich
& Binney 2009a;b, Loebman et al. 2011). If stars in the outer disk arrived at their current
locations through radial migration, some radially-dependent mechanisms may be responsible

(e.g., Minchev & Famaey 2010, Brunetti et al. 2011).
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Chapter 4

High Resolution Spectroscopy of
In Situ Thick Disk Stars: «, Iron
Peak, and Neutron Capture

Elements

4.1 Introduction

The Milky Way disk is often described as the sum of two different populations. In
addition to a thin disk of gas and young stars, there is a thick disk of old stars (Yoshii 1982,
Gilmore & Reid 1983). Thick disk stars in the Milky Way are estimated to be ~ 10 Gyr (Bensby
et al. 2005) and serve as a fossil record of the formation of the Galaxy at z ~ 2. Moreover,
thick disks are a common feature of external galaxies and have been found to have similar

structural properties, kinematics, and stellar populations to the thick disk of the Milky Way
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(e.g., Dalcanton & Bernstein 2002, Yoachim & Dalcanton 2005; 2006; 2008b;a), indicating that
thick disks form through some process important in the formation of all disks.

Many theories have been put forth to explain the existence of the thick disk, and its
origin has been attributed to both external and internal galaxy formation processes. Four of
these scenarios are: (1) vertical heating of a thin disk during a minor merger (e.g., Villalobos &
Helmi 2008, Read et al. 2008, Kazantzidis et al. 2008; 2009, Purcell et al. 2009, Bird et al. 2012);
(2) direct accretion of stars during a minor merger (e.g., Abadi et al. 2003); (3) star formation
during a gravitationally unstable, clumpy disk phase (e.g., Brook et al. 2004; 2005, Bournaud
et al. 2009); and (4) radial migration of stars due to transient spiral arms (e.g., Schonrich &
Binney 2009a;b, Loebman et al. 2011) or a steady-state spiral and bar pattern (e.g., Minchev &
Famaey 2010, Brunetti et al. 2010). Scenarios 1-3 fit within the context of hierarchical structure
formation as predicted by ACDM, while Scenario 4 can occur in a disk in total isolation.

In the solar neighborhood, thick disk stars are typically identified by their “hotter”
kinematics. These stars, which have larger random motions and slower rotation about the
center of the Galaxy, are found to be more metal-poor and enhanced in a- and r-process elements
compared to thin disk stars (e.g., Edvardsson et al. 1993, Prochaska et al. 2000, Mashonkina
& Gehren 2000; 2001, Reddy et al. 2003; 2006, Bensby et al. 2003; 2005, Brewer & Carney
2006). The enhancement of these elements relative to iron provides information about the star
formation history of the thin and thick disks (e.g., Tinsley 1979, McWilliam 1997). For example,
a- and r-process elements are produced in Type II supernovae (SNe) and are returned early to
the interstellar medium (ISM) because their progenitors are shortlived massive stars. Iron peak
elements, however, are primarily produced in Type Ia SNe and are returned later to the ISM
because their progenitors are white dwarfs: low mass stars at the end of their evolution. Stars
that are a-enhanced, such as those in the thick disk, must have formed in a short period, before
Type Ia SNe could contribute very much iron to the ISM. Using these arguments, the thick

disk population has been estimated to have formed over a period of 1-3 Gyr (Gratton et al.
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2000, Mashonkina et al. 2003, Bensby et al. 2004). In addition, some of the observed trends are
extremely tight, with very little scatter, which indicates that the thick disk population formed
in a well-mixed ISM.

The chemical properties of a stellar population can also be used to constrain the kinds
of environments in which its stars could have been formed. Kirby et al. (2008), for example,
argue that the presence of extremely metal-poor stars ([Fe/H] < —3.0) in dwarf spheroidals
show that similar objects could have built up the Milky Way halo. Ruchti et al. (2010; 2011)
argue that thick disk stars are too a-enhanced to have formed in objects like present-day dwarf
galaxies, which had more extended star formation histories (e.g., Tolstoy et al. 2009). Thus
the detailed elemental abundances of thick disk stars are a powerful tool that can advance our
understanding of the origin of the thick disk. While significant work has been done to study
thick disk stars in the solar neighborhood, less is known about in situ thick disk stars, i.e., those
that are far from the midplane of the Galactic disk. In particular, how chemical abundances
change as a function of location in the Galaxy can provide constraints on the likelihood of the
four scenarios described above.

Our previous work used a large homogeneous sample of ~ 7000 main sequence turnoff
(MSTO) stars from the Sloan Extension for Galactic Understanding and Exploration (SEGUE,
Yanny et al. 2009, Eisenstein et al. 2011), part of the Sloan Digital Sky Survey (SDSS, York
et al. 2000). This sample covers the region 6 kpc < R < 16 kpc, 0.15 kpe < |Z| < 1.5 kpc, where
R is Galactocentric radius and |Z| is distance from the plane, and has allowed us to explore
trends in [Fe/H] and [a/Fe] in a larger volume than previous studies. Two main results have
come out of this work. The first result is that the thick disk is chemically homogeneous. We find
that the radial metallicity gradient A[Fe/H]/AR is flat for all stars far from the plane of the
disk (|Z| > 1.0 kpc) (Chapter 2), as well as for high-« stars at all |Z| (Chapter 3). The second
result is that we find that the fraction of high-a stars as a function of R and |Z] is consistent

with the a-enhanced thick disk having a short radial scale length (Chapter 3).
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The lack of a radial gradient at large |Z| and a high-a population with a short scale
length are consistent with the predictions of Scenario 3, in which the thick disk forms during a
clumpy disk phase at early times. This phase has been studied in simulations (Brook et al. 2004;
2005, Bournaud et al. 2009) and observed in galaxies at high redshift (Elmegreen & Elmegreen
2005; 2006, Forster Schreiber et al. 2009). While this may explain the presence of stars far from
the plane in the inner disk, those that are far from the plane in the outer disk are likely to
have arrived at their current locations through other means, possibly through heating during
minor mergers as in Scenario 1. The lack of high-a stars at large R and |Z| also places strict
constraints on Scenario 4, particularly the type of radial migration that is induced by transient
spiral arms (e.g., Roskar et al. 2008b, Loebman et al. 2011).

The detailed chemical properties of in situ thick disk stars at a range of Galactocentric
radius R can provide additional observational constraints. If stars far from the plane have the
same chemical abundance trends as thick disk stars in the solar neighborhood (i.e., those that
are kinematically hot), then the thick disk is truly chemically homogeneous, consistent with
Scenario 3. If stars in the inner and outer thick disks differ in their chemical signatures, then
two different mechanisms may be necessary to explain all of the stars that we observe far from
the plane. Examining many more elements will shed light on where thick disk stars originated
and whether cosmological or secular processes are more important in shaping the thick disk.

In this Chapter, we present individual a-, iron peak, and neutron capture elements of
37 stars observed using the High Resolution Echelle Spectrometer (HIRES, Vogt et al. 1994).
The sample was chosen to span a large range in Galactocentric radius 6 kpc < R < 11 kpc
and to include stars located out of the plane of the Milky Way disk (|Z]| 2 0.5 kpc) in order
to explore the chemical properties of stars located where thick disk stars are expected to be a
larger fraction than in the solar neighborhood. We present the observations and data in §4.2,

followed by the results in §4.3. The implications are discussed in §4.4.
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4.2 Data and Analysis

4.2.1 Observations

Our targets are drawn from the SEGUE survey, which has obtained spectra for over
240,000 stars at medium resolution (R ~ 2000). Stellar parameters effective temperature T,
surface gravity logg, metallicity [Fe/H], and a-enhancement [a/Fe] have been derived using
the SEGUE Stellar Parameter Pipeline (SSPP, Lee et al. 2008a;b, Allende Prieto et al. 2008b,
Smolinski et al. 2011, Lee et al. 2011a). Distances for these stars were determined using pho-
tometric parallax methods, as described in Chapter 2. The R, |Z| distribution of the sample is
shown in Figure 4.1. The SEGUE sample is shown as gray dots, while the targets observed with
HIRES are shown as larger symbols in blue. The light and dark blue symbols indicate objects
at large and small R, respectively, where the division is set at R = 9.5 kpc. Open and filled
circles indicate low- and high-« stars, respectively, where the division is set at [a/Fe] = +0.2
using [a/Fe] as determined by the SSPP. Both of these divisions are motivated by the properties
of the MSTO sample that we observed in Chapter 3.

We obtained observations of 40 stars at |Z| = 0.5 kpec, where two-component models
(e.g., Juri¢ et al. 2008) predict that the contribution of the thick disk population is greater than
in the solar neighborhood. Most of the stars we were able to observe are located at small R,
and we were not able to observe any high-a stars in the outer disk. In Figure 4.1 we also plot
the locations of inner and outer disk giants observed by Bensby et al. (2010a; 2011) and Carney
et al. (2005), which to our knowledge are the only other high-resolution spectroscopic analysis
of disk stars outside the solar neighborhood. These samples use K and red giants, respectively,
and reach larger distances than our stars, so they are complementary in both the stellar tracers

and spatial coverage.
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Figure 4.1: Spatial distribution of our sample in Galactic coordinates R and |Z|. The gray dots
indicate potential targets in the SEGUE survey, while the blue circles indicate the stars observed
with HIRES (Table 4.1). The light and dark blue symbols indicate objects at large and small
R, respectively, where the division is set at R = 9.5 kpc. Open and filled circles indicate low-
and high-« stars, respectively, where the division is set at [a/Fe] = 40.2. The sample consists
of stars at |Z| 2 0.5 kpc, where the thick disk population has a greater contribution than in
the solar neighborhood. Inner and outer disk K giants observed by Bensby et al. (2010a; 2011)
are shown as red crosses and pluses. Outer disk red giants observed by Carney et al. (2005) are
shown as green stars.
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Table 4.1: Observations

SEGUE r texp  Observation Cross Wavelength  RVgsspp  RVuirEs d R Z S/Nat S/Nat S/N at
1D (mag) (s) Date (UT) Disperser Coverage (kms™') (kms™') (kpc) (kpc) (kpc) 4150A 5150A  6150A
1919-173  14.35 2700 2006 Oct 31 HIRESb  3500-6400A 29.1 28.8 0.9 8.2 -0.8 43 50 86
1893-104  14.27 2700 2006 Oct 31 HIRESb  3500-6400A -12.4 -12.0 1.5 7.2 -0.8 32 41 82
1905-243  14.22 2700 2006 Oct 31 HIRESb  3500-6400A 14.3 15.2 1.1 79  -0.7 40 62 82
2307-386  15.05 3600 2006 Oct 31 HIRESb  3500-6400A -4.6 -6.2 1.9 9.4 -1.2 42 52 76
2335-542  15.05 3600 2006 Oct 31 HIRESb  3500-6400A -9.2 -8.4 1.5 9.4 -04 50 76 74
2070-084  14.51 2700 2006 Oct 31 HIRESb  3500-6400A 29.3 334 14 8.5 -1.3 49 69 90
2052-063  13.10 2700 2006 Oct 31 HIRESb  3500-6400A 63.3 64.5 1.9 94 -1.3 64 70 99
2328-059  14.54 3600 2006 Nov 1 HIRESb  3500-6400A -26.1 -26.5 1.3 9.0 -0.9 31 44 79
2068-151  14.96 3600 2006 Nov 1 HIRESb  3500-6400A 96.5 101.3 0.9 8.8 -0.3 43 56 94
2051-595  14.91 2700 2006 Nov 1 HIRESb  3500-6400A 49.4 52.8 1.8 9.2 -1.2 49 68 82
2307-074  14.99 3300 2006 Nov 1 HIRESb  3500-6400A -27.8 -29.8 1.1 8.8 -0.8 43 46 62
2052-537  14.45 4500 2006 Nov 1 HIRESb  3500-6400A -94 -5.4 1.4 9.0 -1.0 46 54 69
2180-560  15.43 4200 2011 Jul 30,31 HIRESb  3500-6400A -61.1 -63.8 2.0 6.5 1.1 57 65 75
2797-017* 14.57 3600 2011 Jul 30 HIRESb  3500-6400A 31.5 21.2 1.9 8.3 -0.8 44 53 74
2798-073  15.19 4800 2011 Jul 30 HIRESb  3500-6400A -20.2 -22.6 1.2 8.5 -0.7 66 64 70
1917-020  14.87 3600 2011 Jul 30 HIRESb  3500-6400A -3.0 -8.4 1.7 7.0 -0.8 39 45 64
2251-632  14.74 2700 2011 Jul 30 HIRESb  3500-6400A 8.2 15.4 1.6 7.2 0.8 36 51 69
2310-312  14.56 2700 2011 Jul 30 HIRESb  3500-6400A -64.5 -73.2 1.5 72 -0.9 43 55 60
1903-096  14.88 3600 2011 Jul 30 HIRESb  3500-6400A -7.2 -9.9 2.1 6.4 0.7 32 56 63
2796-054  15.25 2700 2011 Jul 31 HIRESb  3500-6400A -18.0 -31.9 1.1 79 -1.0 42 60 64
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Table 4.1: Observations, continued

SEGUE r texp  Observation Cross Wavelength  RVsspp  RVHIRES d R Z S/Nat S/Nat S/N at
1D (mag) (s) Date (UT) Disperser Coverage (kms=') (kms~') (kpc) (kpc) (kpc) 4150A 5150A  6150A
2180-545  14.71 2100 2011 Jul 31 HIRESb  3500-6400A 151.2 143.9 1.4 8.0 -1.2 56 97 T
2182-610* 14.44 1800 2011 Jul 31 HIRESb  3500-6400A -24.8 -23.4 2.0 7.0 1.1 51 65 79
2797-407  14.70 1800 2011 Jul 31 HIRESb  3500-6400A -17.1 -21.5 1.8 8.8 -1.1 43 55 62
1916-559  15.22 2700 2011 Jul 31 HIRESb  3500-6400A 50.1 49.8 2.1 7.6 0.7 47 56 65
2305-365  15.26 2700 2011 Jul 31 HIRESb  3500-6400A -77.2 -83.6 1.7 6.7 0.6 38 54 64
2308-336* 14.78 2100 2011 Jul 31 HIRESb  3500-6400A -34.5 -44.2 2.1 6.8 -1.0 47 69 79
1891-140  15.06 2400 2011 Jul 31 HIRESb  3500-6400A 1.2 -5.5 24 6.7 1.4 37 40 64
2311-476  14.94 2100 2011 Jul 31 HIRESb  3500-6400A -81.4 -75.2 1.9 7.3 -0.8 58 54 61
2311-208  14.67 1800 2011 Jul 31 HIRESb  3500-6400A -35.4 -37.5 2.0 75 -1.2 39 48 76
2621-215  14.71 2100 2011 Jul 31 HIRESb  3500-6400A -36.4 -40.7 1.5 79 -14 37 64 84
2038-050  14.69 1400 2011 Jul 31 HIRESb  3500-6400A -8.8 -11.3 1.3 79 -0.6 49 55 61
2038-226  13.77 900 2011 Jul 31 HIRESb  3500-6400A -2.8 -3.1 1.3 79  -0.9 60 78 93
2566-412  17.11 6000 2011 Oct 18 HIRESr  3800-8000A -71.3 -80.5 2.7 103 -0.6 7 13 25
2062-482  16.13 4800 2011 Oct 18 HIRESr  3800-8000A -23.4 -19.8 5.2 9.8 -0.6 28 46 65
2398-036  15.95 4800 2011 Oct 18 HIRESr  3800-8000A -59.7 -63.8 2.5 101 -0.9 21 36 95
2397-014  15.90 4800 2011 Oct 18 HIRESr  3800-8000A 8.0 6.3 2.7 9.8 -1.1 21 38 53
2679-442  15.42 3000 2011 Oct 18 HIRESr  3800-8000A 37.4 29.7 1.9 9.6 -1.0 11 24 33
2682-560  15.49 4500 2011 Oct 18 HIRESr  3800-8000A 40.6 33.0 23 10.2 0.6 29 43 52
2057-001  15.65 10500 2011 Dec 4 HIRESb  3500-6400A 70.6 69.2 26 104 1.0 50 55 61
2053-419  15.67 9600 2011 Dec 5 HIRESb  3500-6400A 18.2 16.0 2.4 9.8 0.8 47 56 62

& Excluded from analysis due to lack of measurable lines.



The data were taken in 2006 and 2011 at the W. M. Keck Observatory using HIRES. All
targets were observed using the C1 slit, which has dimensions 7.0” x 0.861” and gives a resolution
of R ~ 48,000. Most targets were observed using the HIRESD setting and cover a wavelength
range of 3500-6400A; the exceptions are the six targets observed in October 2011, which were
observed using the HIREST setting and cover a slightly larger wavelength range of 3800-8000A.
The data were extracted using the reduction pipeline MAKEE! (MAuna Kea Echelle Extraction)
and reduced using standard IRAF? procedures IMCOMBINE, SCOMBINE, CONTINUUM,
FXCOR, and DOPCOR. Details about the observations are tabulated in Table 4.1. The radial
velocities were determined using FXCOR; radial velocity standards (Udry et al. 1999b;a) are
listed in Table 4.2. We obtain good agreement between our measured radial velocities and those

in the literature.

Table 4.2: Radial Velocity Standards

Name 14 texp Observation RVRer RVuires

(mag) (s) Date (UT) (km s~!)  (kms™1)
HD37160 4.09 28 2006 Oct 31 99.0 98.1
HD42807 6.45 121 2006 Oct 31 6.0 5.8
HD182572  5.16 70 2006 Nov 1 -100.3 -100.7
HD190007 7.46 180 2006 Nov 1 -30.4 -29.9
HD35410 5.07 30 2006 Nov 1 20.7 19.9
HD139323 7.60 665 2011 Jul 30,31 -67.2 -68.2
HD140538 5.86 215 2011 Jul 30,31 19.0 18.1
HD144579 6.66 355 2011 Jul 30,31 -59.5 -60.5
HD38230 7.36 180 2011 Oct 18 -29.2 -30.0
HD32923 5.60 90 2011 Oct 18 20.5 20.1
HD50692 5.74 40 2011 Oct 18 -15.1 -16.2
HD42807 6.45 90 2011 Oct 18 6.0 6.3
HD73667 7.64 720 2011 Dec 4,5 -12.1 -12.1
HD82106 7.20 720 2011 Dec 4,5 29.8 30.2

Thttp:/ /spider.ipac.caltech.edu/staff/tab/makee/index.html
2IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Association of
Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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4.2.2 Equivalent Widths

Our line list is compiled from the line lists of Lai et al. (2008; 2011) and Bensby et al.
(2003; 2005) and references therein. Equivalent widths (EWs) were measured using SPECTRE
(Fitzpatrick & Sneden 1987), which fits Gaussian profiles to absorption line features. Some lines
were remeasured using SPLOT in IRAF. Three of the stars listed in Table 4.1 had few or no
measurable lines and are excluded from the rest of the analysis. The lines and EWs measured
for the remaining 37 stars are tabulated in Appendix C. For stellar parameter determinations
(64.2.3), we have excluded lines with EW > 100 mA or excitation potential EP < 0.2 eV, which

may be saturated or have non-Gaussian line profiles.

4.2.3 Stellar Parameters

We use the grid of ATLAS9 (Kurucz 1993) model atmospheres computed by Kirby
(2011), which includes atmospheres for metallicities in the range —4.0 < [Fe/H] < 0.0 and a-
enhancements in the range —0.8 < [a/Fe] < +1.2. For stars that have supersolar metallicities
([Fe/H] > 0.0), we use metal-rich atmospheres from the grid of Castelli & Kurucz (2003); this
grid has only two [a/Fe] values available (0.0 and +0.4). All of these atmospheres are the
‘ODFNEW’ models, which have improved opacity distribution functions over preceding models.

For each star, we find the best fit solution of stellar parameters Tog, log g, [Fe/H],
and microturbulence & by minimizing three trends in the abundances derived for individual
Fe 1 and Ti 1 lines: (1) Fe 1 abundance log €(Fe) vs. EP, (2) log e(Fe) vs. reduced equivalent
width (log RW), and (3) Ti I abundance log €(Ti) vs. EP. The abundance predicted by each
line is generated using the abfind driver in the most recent version of MOOG (Sobeck et al.
2011), which accounts for Rayleigh scattering. For each solution (i.e., combination of stellar

parameters), we calculate a goodness of fit, v, by adding the slopes of these three trends in
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quadrature:

= (5 () o (CFEm) @

where ( is the ratio of the range of EPs covered by Ti I lines to the range of EPs covered
by Fe I lines. When calculating the slopes, we exclude outliers that are > 30 from the mean
abundance. In addition, we require any acceptable solution to fulfill the following criteria: (1) the
input Fe abundance of the model atmosphere and the output Fe I abundance from MOOG match
within 0.05 dex, (2) the output Fe I and Fe 11 abundances from MOOG match within 0.05 dex
(i.e., ionization balance), and (3) the Ti I and Ti IT abundances from MOOG match within 0.35
dex.

We determine the best fit solution using an automated script. Given an initial guess,
we search the parameter space around it on a 5% grid, where the grid spacings for T.g, log g,
[Fe/H], and & are 100 K, 0.1 dex, 0.1 dex, and 0.1 km s~!. We do not vary [a/Fe] in this
procedure. The script identifies the ten best solutions (i.e., those with the ten lowest values of
) and calculates each best fit parameter to be the mean of the ten best. This best fit solution
is the initial guess for the next iteration. The script continues until the best fit solution has
converged, i.e., is the same for two consecutive iterations.

To lessen the possibility that we have found a local minimum, we search a larger 74
grid. If a different best fit solution is found, we return to searching on 5* grids, as described
above. If the same best fit solution is found, we search a finer 5% grid, where the grid spacings for
Tog and & are 25 K and 0.05 km s~ !, respectively. The final parameter determinations are the
best fit solution within the entire region of parameter space that has been searched. Figure 4.2
shows a schematic diagram of the steps taken by our automated script. For our analysis, the
first initial guess for each star is the result from the SSPP. Because the SSPP does not have
a value for &, we arbitrarily start with & = 1.5 km s—!; this choice does not affect the final

solution.
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Figure 4.2: Schematic diagram of the parameter determination algorithm.

The resulting stellar parameters for the 37 stars are tabulated in Table 4.3. The SSPP
values are the most recent results from Data Release 9 (DR9). The HIRES [a/Fe] is the mean
of [Mg/Fe|, [Si/Fe|, [Ca/Fe] and [Ti/Fe], where each element is weighted by the number of lines
measured. Although [o/Fe] is not varied in the parameter determination, the resulting abun-
dances are in good agreement with the SSPP values. Figure 4.3 shows the comparison between

the SSPP initial guesses and our HIRES determinations. Row 1 shows the discrepancy between
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Figure 4.3: Comparison of SSPP and HIRES stellar parameters. Rows 1-4 show the difference
between the SSPP and HIRES parameters (SSPP—HIRES), Tirrm, Teft, log g, and [Fe/H], as
a function of the HIRES Teg, log g, and [Fe/H].

temperatures determined using the infrared flux method (Casagrande et al. 2010; IRFM) and
our spectroscopic temperatures. Rows 2-4 show the discrepancy between SSPP T.g, log g, and
[Fe/H] determinations and our spectroscopic determinations for MSTO stars (blue circles, as in
Figure 4.1) and two HIPPARCOS stars (red squares, see §4.2.6). Gray triangles show a high-
resolution spectroscopic calibration sample used to make improvements in the SSPP for DR9;
in particular, we show the 48 stars that have properties similar to our turnoff stars (Teg > 5000

K, log g > 3.0, [Fe/H] > —1.5).
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Table 4.3: Stellar Parameters

SEGUE SSpP HIRES
ID T (K) log g [Fe/H] [a/Fe] Tex (K) logg  [Fe/H] [a/Fe] & (kms™!)

1919-173 6279  4.01 -0.06 +0.08 6260717, 4.3377 +0.027095 +0.08 +1.1870 02
1893-104 5946  3.99 -0.18 +0.10 593075y 4.34701% -0.0470%% +0.10 +0.98700%
1905-243 5914  4.32 -0.52 +0.18 618217 4.337007 0927092 +0.18 +0.117008
2307-386 6276  4.24 -0.53 +0.13 62771122 4554095 _0.677097 4+0.13 +1.837017
2335-542 6390 3.92 -0.52 +0.07 60327357 3.81701) -0.73700% +0.07 +1.171003
2070-084 6151  4.05 +0.03 +0.08 5907722 4.037017 +0.0175:0) +0.08 +1.3575:%8
2052-063 6341 3.82 -0.15 +0.05 6272719% 3.92%015 -0.1275:02 +0.05 +1.38700%
2328-059 6096 3.97 -0.05 +0.14 616775 4.487012 +0.037007 +0.14 +1.05159%
2068-151 5836  4.00 -0.52 +0.29 5757792, 4.15703% -0.457002 +0.29 +0.88F5:07
2051-595 6312 3.98 -0.40 +0.08 601575 3.80703% -0.517005 +0.08 +1.0475:08
2307-074 5970  4.08 -0.37 +0.19 5812782 4.237017 -0.34700% +0.19 +1.0575:%5
2052-537 6399  4.00 -0.29 +0.04 6470739 4.387012 -0.25750% +0.04 +1.427008
2180-560 6487 4.19 -0.60 +0.23 60357357 3.74709% -1.09709) +0.23 +1.20%5:30
2798-073 6510  3.92 -0.67 +0.31 63427397 3.75701% -0.93700% +0.31 +1.4975:08
1917-020 6199  3.91 -0.13 +0.05 6327717, 4.657012 -0.057052 +0.05 +1.347005
2251-632 6081 4.15 -0.28 +0.16 597712 4587012 -0.207519 +0.16 +0.7279%8
2310-312 6335 3.93 -1.00 +0.36 628775 4.167075 -1.15700% +0.36 +1.141505
1903-096 5948  4.01 -0.30 +0.15 5807757 4.25%012 -0.3070%0 +0.15 +0.8770%8
2796-054 6545 3.99 -0.82 +0.31 6492752 3.74701% -1.19700) +0.31 +1.79750}
2180-545 6529  3.88 -0.52 +0.11 609075:° 3.627035 -0.947008 +0.11 +1.407519
2797-407 6447  4.01 -0.65 +0.22 6212752 3767018 -0.997507 +0.22 +1.5270%8
1916-559 6495 4.15 -0.69 +0.27 616075° 4.02¥515 -1.00%919 +0.27 +1.1273%
2305-365 5921  3.93 -0.54 +0.29 5540755" 3.6870 12 -0.857002 +0.29 +1.0175:0
1891-140 5828  3.93 -0.02 +0.08 575775 4.257012 +0.057002 +0.08 +1.04700]
2311-476 6197  4.07 -0.47 +0.23 6055752, 4.107020 -0.5875:05 +0.23 +1.04709
2311-208 5905 4.12 -0.64 +0.36 5692752 4.017097 -0.727052 +0.36 +0.9815:09
2621-215 6442  3.83 -0.39 +0.09 6332777, 3.9670% -0.477007 +0.09 +1.3975:90
2038-050 6452 4.08 -0.51 +0.09 6630770, 4.44701% -0.507510 +0.09 +1.4115%9
2038-226 6514  3.95 -0.34 +0.08 6625770 4.45703% -0.267505 +0.08 +1.471058
2566-412 6192 3.88 -0.06 +0.11 613275 4327015 -0.117508 +0.11 +1.0179%
2062-482 6255 3.75 -0.55 +0.16 5850770 3.537097 -0.877007 +0.16 +1.167500
2398-036 6252 3.83 -0.52 +0.16 5935735 3.44701% -0.857002 +0.16 +1.331007
2397-014 6287 3.97 -0.60 +0.20 6292752 4.167015 -0.62700% +0.20 +1.13F5:07
2679-442 6035  4.01 -0.32 +0.17 5952712% 4.34701% -0.307500 +0.17 +0.527098
2682-560 6362  3.99 -0.46 +0.14 6220759 3.767018 -0.727002 +0.14 +1.55150
2057-001 6339  3.89 -0.41 +0.16 6212752 3.94709% -0.587005 +0.16 +1.3975:08

2053-419 6378  3.87 -0.66 +0.20 6145759, 3.8070% -0.897007 +0.20 +1.337007
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4.2.4 Abundances

The abundances we derive for a-, iron peak, and neutron capture elements are tabulated
in Tables 4.4, 4.5, 4.6, 4.7. Fe abundances are given relative to H in Table 4.6. All other
abundances are given relative to Fe (Fe I for neutral species and Fe 1I for ionized species), where
the ratio of two elements X and Y is given by [X/Y] = log;((X/Y) — log;((X/Y),. We have
adopted the solar abundances of Grevesse & Sauval (1998), except for Fe and La, which have
been revised to log €(Fe)= 7.52 (Sneden et al. 1991) and log e(La)= 1.13 (Lawler et al. 2001),
respectively. For each species, we list the mean abundance, the standard deviation, and the
number of individual lines measured in the spectrum.

For most of the lines, we obtain abundances using the abfind driver in MOOG. For
Na, we have applied the line-by-line non-LTE corrections published by Gratton et al. (1999).
For Sc, V, Mn, Co, Cu, Ba, and La, we account for hyperfine splitting using the blends driver.
For iron peak elements Sc, V, Mn, Co, and Cu, we use hyperfine line lists from the Kurucz
tables. For neutron capture elements Ba and La, we use line lists from Gallagher et al. (2010)

and Lawler et al. (2001), respectively. The full list of hyperfine lines is tabulated in Appendix D.

Shttp://kurucz.harvard.edu/linelists.html
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Table 4.4: Abundances of Na, Mg, Si, Ca, Ti

1D Nar ¢ N Mgi o N SiI o N Sim ¢ N Car o N Til o N Tinm o N
Sun 0.03 0.0r 2 0.07 007 3 0.10 0.07 15 0.36 008 2 0.06 010 &8 -0.08 0.09 37 0.00 0.26 23
1919-173 -0.10 0.00 1 0.05 0.06 2 -0.01 0.07 7 -0.19 0.00 1 -0.04 0.15 10 0.13 0.19 22 0.09 0.25 16
1893-104 -0.15 0.06 3 0.00 0.00 1 -0.08 0.10 10 -0.37 0.00 1 -0.04 0.15 11 0.08 0.11 29 0.11 0.21 12
1905-243 1.16 0.00 1 .. e .. 024 000 1 .. e ... -0.08 029 9 032 010 5 0.20 0.21 11
2307-386 ... e ... 038 000 1 .. e .. 005 000 1 009 000 1 029 005 2 039 015 5
2335-542 0.16 0.04 2 -0.09 003 2 0.07 020 2 023 000 1 0.04 012 13 -0.01 0.09 17 0.04 0.25 17
2070-084 ... we .. 003 o007 9 -005 007 2 -011 017 3 005 0.18 11 0.00 0.20 9
2052-063 -0.10 0.10 3 -0.08 0.06 3 0.10 0.07 9 -0.04 0.01 2 0.05 0.14 13 005 0.10 24 -0.01 0.24 19
2328-059 -0.09 0.00 1 -0.07 000 1 0.09 0.11 12 0.02 000 1 0.00 014 9 019 0.11 20 0.18 025 14
2068-151 0.11 0.05 3 033 000 1 015 0.10 13 023 000 1 0.11 0.15 11 031 0.10 29 0.33 0.24 18
2051-595 ... e ... -0.05 002 2 0.08 012 5 .. we .. 0.01 013 11 0.02 0.09 22 -0.03 0.20 18
2307-074 -0.07 0.05 3 .. we .. 0.03 012 10 002 000 1 0.08 013 11 0.04 0.10 22 0.12 0.21 17
2052-537 -0.02 0.03 2 0.04 0.03 2 0.17 000 1 -021 000 1 0.07 020 7 0.23 0.12 10 0.10 0.15 11
2180-560 0.26 0.00 1 032 0.19 3 036 014 3 035 000 1 0.28 021 10 034 0.12 17 031 0.20 15
2798-073 0.19 0.09 2 031 015 2 030 006 4 027 000 1 031 016 13 034 0.10 18 0.39 0.17 14
1917-020 -0.12 0.00 1 -0.05 0.17 2 -0.06 0.12 11 -041 0.00 1 -0.15 0.14 12 -0.05 0.09 20 0.11 0.24 13
2251-632 -0.18 0.10 3 -0.06 0.09 3 -0.06 0.09 11 .. e .. =013 0.16 13 0.00 0.09 26 0.12 0.28 16
2310-312 ... e .. 025 002 2 0.04 008 2 020 000 1 025 012 13 038 0.12 12 041 0.17 15
1903-096 -0.24 0.01 2 0.04 0.02 3 -0.01 0.09 12 0.02 0.00 1 -0.06 0.17 12 0.05 0.11 28 0.10 0.30 16
2796-054 -0.11 0.00 1 0.24 000 1 037 000 1 043 017 9 056 005 6 044 0.18 16
2180-545 ... e .. -0.06 004 2 020 0.09 3 0.11 0.21 10 0.11 0.11 18 0.14 0.21 16
2797-407 024 0.17 2 023 000 1 025 0.01 2 028 019 7 033 0.14 10 033 0.16 11
1916-559 0.19 0.23 2 0.14 0.00 1 .. we .. 011 016 11 0.18 0.14 16 031 0.19 16
2305-365 0.12 0.00 1 038 013 3 036 010 7 014 000 1 0.26 0.11 13 0.27 0.08 25 029 0.23 17
1891-140 -0.17 0.01 2 .. .o .. -0.02 0.09 11 -0.15 0.00 1 -0.13 0.12 10 0.03 0.12 28 0.07 0.23 15
2311-476 0.05 0.03 2 037 0.02 3 023 0.11 11 0.07r 000 1 0.12 0.13 12 0.28 0.16 28 0.24 0.28 17
2311-208 0.16 0.10 4 032 0.12 3 020 0.08 10 0.19 000 1 0.16 0.11 13 0.23 0.11 29 0.27 0.23 16
2621-215 0.01 0.04 3 -0.05 0.03 2 -005 015 5 -0.05 0.00 1 0.01 0.10 11 0.01 0.12 18 0.14 0.25 17
2038-050 0.06 0.00 1 -0.02 0.00 1 we .. 014 007 6 017 020 6
2038-226 -0.10 0.00 1 -0.13 0.14 6 0.00 032 2 027 020 8
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Table 4.4: Abundances of Na, Mg, Si, Ca, Ti, continued

1D Nai o N Mgi o N Sit o N Sim o N Cal o N Tir o N Tinm o N
2566-412 -0.15 0.08 2 -0.23 0.00 1 -0.03 0.13 10 -0.20 0.00 1 0.02 0.22 13 0.17 0.17 11 -0.04 0.26 6
2062-482 -0.02 0.19 3 0.03 0.08 3 0.05 0.19 13 0.04 0.06 2 0.05 0.13 29 0.01 0.11 16 0.05 0.24 22
2398-036 0.21 0.12 2 -0.08 0.05 2 0.10 0.13 11 -0.15 0.10 2 0.06 0.11 25 0.06 0.10 13 0.06 0.18 21
2397-014 0.10 0.04 3 0.12 0.14 2 -0.08 0.12 8 -0.19 0.12 2 0.04 0.12 25 0.08 0.14 14 0.21 0.21 18
2679-442 -0.23 0.10 2 -0.06 0.19 2 -0.04 0.15 16 -0.38 0.00 1 0.05 020 16 0.13 0.15 16 0.21 0.26 17
2682-560 0.20 0.00 1 -0.10 0.08 2 0.23 0.10 5 -0.09 0.00 1 0.06 0.21 11 0.02 020 6 0.04 0.14 38
2057-001 0.04 0.06 2 -0.06 0.11 2 0.03 0.00 1 -0.056 000 1 0.05 022 & 0.00 0.10 18 0.09 0.22 18
2053-419 0.08 0.17 3 0.08 024 2 0.10 0.12 5 -0.20 0.00 1 0.10 0.15 13 0.17 0.21 22 0.11 0.21 18
Table 4.5: Abundances of Sc, V, Co, Zn

ID Scii o N VI c N Coi1 o N Zni o N

Sun 0.08 0.05 6 -0.05 0.06 6 -0.14 0.01 2 0.07 0.04 2

1919-173 0.27 0.12 4 .. ee .. 007 017 2

1893-104 0.16 0.12 6 -0.02 0.11 4 1.25 0.00 1 -0.01 0.15 2

1905-243 0.19 0.00 1 .. e ... =031 0.00 1

2307-386 ... 0.03 0.00 1 ..

2335-542 -0.02 0.03 3 .. e .. 010 0.00 1 -0.05 013 2

2070-084 0.01 0.05 3 -0.02 0.07 3 .. ve .. 0.08 014 2

2052-063 -0.03 0.07 6 ... e ... 0.03 000 1 -0.19 0.08 2

2328-059 0.21 0.10 5 0.11 0.00 1 0.16 0.14 2

2068-151 0.32 0.06 7 0.09 0.06 4 .. e .. 027 005 2

2051-595 -0.09 0.10 2 .. e ... 018 0.00 1 -0.08 0.05 2

2307-074 0.10 0.06 7 0.05 0.15 2 .. ve ... 0.03 0.03 2

2052-537 0.03 0.03 3 .. e .. 010 0.00 1 -0.12 0.01 2

2180-560 0.05 0.11 2 0.07 0.13 2 0.22 000 1 -0.01 0.00 2

2798-073 0.21 0.15 4 .. we ... 017 000 1 0.01 0.05 2

1917-020 0.24 0.09 4 0.08 000 1 -0.02 0.00 1 -0.11 0.01 2

2251-632 0.07 0.17 5 0.08 0.23 4 0.06 0.00 1
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Table 4.5: Abundances of Sc, V, Co, Zn, continued

ID Scu o N VI c N Coi1 ¢ N Zni o N

2310-312 0.02 0.21 2 .. vee .. 014 0.00 1 -0.15 0.00 1

1903-096 0.14 0.06 5 -0.08 0.17 5 .. eee ... 0.01 013 2

2796-054 0.24 0.11 3 0.16 0.00 1 -0.02 0.00 1

2180-545 0.06 0.11 3 0.02 0.00 1 -0.02 0.02 2

2797-407 0.07 0.22 3 0.13 0.00 1 -0.06 0.16 2

1916-559 0.04 0.01 2 0.18 0.00 1 0.02 015 2

2305-365 0.17 0.08 5 .. . .. 041 0.00 1 022 015 2

1891-140 0.18 0.10 4 -0.01 0.05 7 .. eee ... 0.03 0.09 2

2311-476 0.17 0.08 4 0.17 000 1 020 0.00 1 023 012 2

2311-208 0.16 0.04 5 0.09 0.17 4 0.16 0.00 1 0.13 0.09 2

2621-215 0.13 0.11 4 0.09 0.00 1 -0.08 0.06 2

2038-050 ... -0.06 0.00 1

2038-226 0.01 0.15 2 0.02 0.00 1

2566-412 -0.02 0.21 3 e. ... -0.08 0.00 1

2062-482 0.13 0.10 6 0.40 0.00 1 -0.12 0.13 2

2398-036 0.06 0.12 5 -0.07 0.00 1 -0.06 0.04 2

2397-014 -0.04 0.08 4 ... vee .. 022 000 1 -0.16 0.11 2

2679-442 0.13 0.13 5 -0.14 0.09 3 056 0.00 1 020 0.00 1

2682-560 -0.25 0.09 2 0.06 0.00 1 -0.07 0.00 1

2057-001 0.06 0.09 3 0.08 0.00 1 -0.14 0.14 2

2053-419 0.06 0.08 6 0.15 0.00 1 -0.29 0.01 2

Table 4.6: Abundances of Cr, Mn, Fe, Ni, Cu

1) Cri1 o N Cr1 N Mni o N Fenl o N Fel o N Nil o N Cui1l o N
Sun -0.03 0.10 32 0.07r 0.10 9 0.01 010 5 -0.05 0.14 178 -0.03 0.17 30 -0.03 0.11 43 -0.06 0.12 3
1919-173 0.12 0.19 19 0.05 0.11 9 -0.11 0.15 5 0.09 0.15 134 0.00 0.22 21 -0.04 0.13 25 -0.01 0.13 2
1893-104 0.02 0.14 25 0.01 0.11 9 -0.15 0.06 5 0.01 0.16 155 -0.01 0.20 22 -0.05 0.12 35 -0.06 0.00 1
1905-243 0.52 038 7 -0.02 0.11 3 -0.86 0.26 63 -0.93 0.33 12 0.19 026 3 0.16 0.00 1
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Table 4.6: Abundances of Cr, Mn, Fe, Ni, Cu, continued

1D Cri1 o N Crun o N Mni o N Fen o N Fel o N Nir o N Cur1l c N
2307-386  0.18 0.13 2 0.37 0.00 1 .. .. .. -061 0.19 45 -0.61 027 5 0.03 021 2 ..
2335-542 -0.02 0.17 17 0.05 0.19 7 -0.13 0.12 4 -0.69 0.15 140 -0.72 0.17 19 -0.05 0.21 14 -0.18 0.00 1
2070-084 0.12 0.17 12 0.03 0.12 6 -0.08 0.10 3 0.07 0.15 &3 0.02 0.23 11 0.01 0.20 17 -0.04 0.00 1
2052-063 0.02 0.10 21 -0.05 0.13 10 -0.15 0.06 4 -0.06 0.15 154 -0.09 0.13 23 -0.08 0.13 24 -0.19 0.00 1
2328-059 0.06 0.20 24 0.00 0.11 9 -0.12 0.12 4 0.09 0.15 161 0.08 0.13 21 -0.01 0.11 33 0.12 0.00 1
2068-151 0.04 0.15 21 0.04 0.16 7 -0.21 0.13 5 -040 0.16 148 -0.42 0.18 20 0.04 0.17 22 -0.09 0.12 2
2051-595 0.03 0.17 21 0.00 021 7 -0.21 0.12 4 -047 0.15 133 -0.48 0.14 19 -0.07 0.17 13 -0.11 0.00 1
2307-074 0.03 0.13 19 0.06 0.11 6 -0.21 0.08 6 -0.29 0.15 133 -0.32 0.14 16 -0.06 0.14 23 -0.03 0.00 1
2052-537 0.00 0.13 12 -0.01 0.14 6 -0.22 0.12 3 -0.20 0.14 &4 -0.19 0.17 17 -0.06 0.08 8 -0.17 0.00 1
2180-560 -0.02 0.18 12 0.00 0.15 7 -029 0.15 2 -1.03 0.14 113 -1.05 0.09 15 -0.01 0.13 8

2798-073 -0.03 0.16 11 -0.01 0.20 7 -0.20 0.00 1 -0.88 0.13 114 -0.91 0.13 17 0.07r 010 5 ..
1917-020 0.04 0.15 23 0.04 0.11 9 -0.07 0.11 5 -0.01 0.14 141 -0.01 0.17 16 0.02 0.13 22 0.09 0.00 1
2251-632 0.03 0.12 27 0.13 0.11 9 -0.13 0.08 5 -0.14 0.15 162 -0.20 0.19 19 -0.02 0.15 30 0.04 0.00 1
2310-312 -0.12 0.19 11 -0.02 034 3 -042 0.18 2 -1.08 0.14 108 -1.05 0.11 16 -0.01 0.11 4 ..
1903-096 0.00 0.18 25 0.14 0.16 9 -0.22 0.09 5 -0.26 0.16 167 -0.24 026 19 0.04 0.15 28 -0.11 0.11 2
2796-054 -0.03 0.10 2 0.21 006 3 -0.33 0.00 1 -1.14 0.16 84 -1.17 0.15 14 -0.02 0.15 2 ..
2180-545 -0.09 0.18 14 0.14 0.18 &8 -0.25 0.07 4 -0.89 0.14 111 -0.89 0.20 17 -0.01 0.16 8 -0.18 0.00 1
2797-407 0.05 0.21 9 -0.01 0.19 5 -0.39 0.00 1 -094 0.14 90 -0.96 0.15 11 0.07r 013 3 ..
1916-559 -0.08 0.13 10 0.10 0.14 5 -0.22 0.13 2 -0.95 0.15 104 -0.99 0.16 15 0.01 0.06 6 -0.18 0.00 1
2305-365 0.09 0.16 17 0.08 0.12 6 -0.24 0.07 4 -0.80 0.14 136 -0.81 0.15 17 0.04 0.17 18 -0.15 0.00 1
1891-140 0.05 0.19 27 0.09 0.18 9 -0.12 0.09 5 0.09 0.17 163 0.07 0.18 19 -0.02 0.13 39 0.15 0.00 1
2311-476 0.01 0.15 19 -0.01 0.17 10 -0.23 0.06 5 -0.54 0.12 151 -0.58 0.14 17 0.09 0.18 23 0.03 0.00 1
2311-208 0.05 0.16 23 -0.01 0.17 9 -0.35 0.08 6 -0.67 0.12 156 -0.71 0.12 19 0.03 0.17 19 -0.06 0.00 1
2621-215 0.02 0.21 14 0.00 0.12 9 -0.19 0.12 4 -041 0.15 127 -043 0.14 19 -0.01 0.12 11 -0.20 0.00 1
2038-050 0.00 0.08 5 0.26 0.06 2 .. vee .. -0.45 0.16 44 -0.48 0.15 10 -0.07 0.00 1 0.03 0.00 1
2038-226 0.10 0.24 8 0.05 0.15 6 -0.09 0.05 2 -0.20 0.14 50 -0.22 0.12 9 -0.11 0.00 1 -0.24 0.00 1
2566-412 0.02 0.21 15 -0.02 026 4 -0.12 020 5 -0.08 0.19 118 -0.12 0.27 13 0.05 0.25 18 0.03 0.00 1
2062-482 -0.08 0.14 20 0.02 0.13 7 -0.21 0.12 4 -0.80 0.15 170 -0.84 0.23 22 -0.04 0.17 18 -0.34 0.00 1
2398-036 -0.02 0.16 16 -0.08 0.16 7 -0.12 0.06 5 -0.80 0.15 158 -0.84 0.14 22 -0.05 0.28 18 ..
2397-014 -0.02 0.19 12 -0.09 025 6 -0.35 0.21 2 -0.56 0.16 138 -0.59 0.18 22 0.00 0.21 11 -0.23 0.00 1
2679-442 0.00 0.23 22 0.00 025 6 -0.28 0.14 2 -0.25 0.18 171 -0.28 0.23 19 -0.07 0.20 31 0.13 0.00 1
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Table 4.6: Abundances of Cr, Mn, Fe, Ni, Cu, continued

1D Cri1 o N Crun o N Mni o N Fen o N Fel o N Nir o N Cur o N
2682-560 0.02 0.12 8 -0.11 0.08 4 0.05 0.00 1 -0.68 0.19 &8 -0.69 0.19 11 -0.09 020 7
2057-001 0.01 0.23 20 0.05 0.16 8 -0.16 0.06 3 -0.53 0.16 109 -0.56 0.23 17 -0.02 0.11 8 -0.14 0.00 1
2053-419 -0.05 0.16 18 0.02 0.15 7 -0.28 0.19 4 -0.82 0.14 137 -0.87 0.22 19 0.00 0.14 11 -0.13 0.00 1
Table 4.7: Abundances of Y, Zr, Ba, La
1D Y 11 o N Zrn o N Bair o N Latnm o N
Sun -0.07 0.16 8 -0.10 0.06 3 0.00 0.00 1 -0.03 0.02 2
1919-173 0.02 0.07 6 0.14 0.08 2 042 0.00 1 0.14 0.00 1
1893-104 0.03 0.19 8 1.36 0.00 1 0.15 0.00 1
1905-243 0.21 046 4 .. vee .. 014 030 2
2307-386  0.47 0.37 5 200 0.00 1 086 000 1 ..
2335-542 -0.03 0.18 8 -0.15 0.00 1 0.05 0.00 1 -0.05 0.07 2
2070-084 -0.20 0.18 5 -0.02 0.00 1 0.14 0.00 1 0.03 0.00 1
2052-063 -0.01 0.04 6 0.00 0.13 2 033 000 1 0.02 0.00 1
2328-059 -0.10 0.11 9 0.09 0.00 1 028 000 1 0.16 0.00 1
2068-151 -0.02 0.16 7 0.19 0.14 3 023 000 1 0.09 0.00 1
2051-595 -0.16 0.23 8 -0.04 0.00 1 0.52 0.00 1
2307-074 -0.06 0.13 5 0.07 0.02 2 0.05 0.00 1
2052-537 0.05 0.08 4 ... vee ... 046 000 1 ..
2180-560 0.02 0.15 7 0.19 0.00 2 0.06 0.00 1 -0.05 0.00 1
2798-073 -0.02 0.14 5 0.25 0.10 2 0.07 000 1 ..
1917-020 0.10 0.37 7 0.08 0.04 2 044 0.00 1 0.13 0.00 1
2251-632 0.25 0.13 8 026 0.04 3 056 000 1 035 0.00 1
2310-312 0.15 024 5 .. wee ... 001 000 1 ..
1903-096 -0.05 0.10 & 0.01 0.09 4 0.38 0.00 1 0.13 0.00 1
2796-054 0.44 0.07 6 0.78 0.08 2 038 000 1 ..
2180-545 -0.09 0.09 8 0.14 029 2 -0.02 0.00 1 -0.12 0.00 1
2797-407 -0.03 0.08 5 -0.16 0.00 1
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Table 4.7: Abundances of Y, Zr, Ba, La, continued

1D Y 11 o N Zrn o N Bair o N Latim o N
1916-559 -0.19 0.10 4 124 0.00 1 0.08 0.00 1
2305-365 -0.07 0.14 &8 -0.04 0.22 2 0.16 0.00 1 0.06 0.00 1
1891-140 0.12 0.18 7 0.09 020 2 0.17 0.00 1 0.09 0.01 2
2311-476 -0.18 0.12 10 0.11 0.00 1 -0.02 0.00 1 0.09 0.00 1
2311-208 -0.02 0.11 6 0.24 0.00 1 0.00 000 1 -0.03 0.10 2
2621-215 -0.02 0.12 &8 0.03 0.00 1 028 000 1 0.08 0.04 2
2038-050 -0.34 0.00 1

2038-226 -0.10 0.00 1 1.70 0.00 1 0.33 0.00 1

2566-412 -0.03 0.02 2 . .. 039 000 1

2062-482 -0.33 0.20 3 0.13 000 1 024 0.13 2

2398-036 -0.16 0.10 2 0.00 0.00 1 0.08 0.11 2
2397-014 0.00 024 3 -0.01 0.00 1 041 0.16 2 0.17 0.00 1
2679-442 0.03 025 4 046 0.00 1 036 006 2

2682-560 0.00 0.12 2 1.29 0.00 1 0.23 0.11 2
2057-001 -0.09 0.18 &8 -0.05 0.00 1 0.13 000 1 -0.13 0.14 2
2053-419 -0.17 0.08 &8 -0.06 0.00 1 0.10 0.00 1




For each species, we have calculated solar corrections from an analysis of the solar
spectrum? (Delbouille et al. 1973). Using the same techniques described above, we obtain
stellar parameters Tog= 5843755 K, log g= 4.5310 1% [Fe/H]= 0.07515, and &= 0.7975-05 km
s71, in good agreement with the accepted values: Teg= 5780 K, log g= 4.44, and [Fe/H]= 0.0.
Our derived solar abundances are listed in the first row of each abundance table, and all of the
species and the adopted solar values are compiled in Table 4.8. The corrections are made by

subtracting our derived solar abundances from the abundances we obtain for our stars.

Table 4.8: Solar Abundances

Element logen loge [X/Fe] o N
Na1 6.33 6.31 0.03 0.07 2
Mg 1 7.58 7.60 0.07 0.07 3
Sit 7.55 7.60 0.10 0.07 15
Si 1 7.55 7.88 0.36 0.08 2
Cal 6.36 6.37 006 010 8
Sc 11 3.17  3.22  0.08 0.05 6
Ti1 5.02 489 -0.08 0.09 37
Ti 11 5.02 499 0.00 026 23
Vi 4.00 390 -0.05 006 6
Cri1 5.67 5.59 -0.03 0.10 32
Cr1 5.67 5.71 0.07 0.10 9
Mn 1 539 535 0.01 0.10 )
Fe1 7.52 747 -0.06 0.14 178
Fe 11 752 749 -0.03 0.17 30
Co1 4.92 473 -0.14 0.01 2
NiI 6.25 6.17 -0.03 0.11 43
Cu1l 421 410 -0.06 0.12 3
Zn 1 4.60 4.62 0.07 0.04 2
Y o 224 214 -0.07 0.16 8
Zr 11 2.60 247 -0.10 0.06 3
Ba 11 2.13 2.10 0.00 0.00 1
La 11 1.13 1.07 -0.03 0.02 2

4.2.5 Random Errors Due to Equivalent Width Measurements

We estimate errors in our stellar parameters by running 100 Monte Carlo realizations
of our EW measurements. In each realization i, we use a simple bootstrapping method to

generate a random subsample of the EW list and determine the goodness of fit, v;, for the same

4http://bass2000.0bspm.fr/solar_spect.php
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grids that we searched using the real data. Figure 4.4 shows how we can make two different
estimates of the error from this exercise for one star. First, for each realization, we determine a
best fit solution by minimizing -y; using the same method described in §4.2.3. The distributions
in Tesr, log g, [Fe/H], and & of these 100 best fit solutions are given by the red histograms in
Figure 4.4. The red vertical lines indicate the parameters for the best fit solution, where v = 7o,
the minimum value of the goodness of fit using the real data.

Second, we can determine the errors due to degeneracies in the parameter space by
calculating o, the error in vy. We find all of solutions that have v < o, for the real data (i.e.,
those that are as good as the best fit solution, given the errors in the EWs). The distributions
of these “good” solutions are given by the black histograms in Figure 4.4. The black vertical
dotted lines indicate the 68% intervals for the black histograms. In general, for a given star,
the two distributions are comparable. In cases where they are different, the second distribution
tends to be wider, suggesting that degeneracies in the parameter space are the more dominant
factor in the uncertainty of our stellar parameter determinations. We therefore adopt the 68%
intervals of the second distribution (black histograms) as the errors on our stellar parameters.

We can then estimate the correlated errors on our stellar parameters and abundances
by calculating how much they are affected for a given change in a single parameter. For example,
if we fix a star’s temperature to be Tog+ATeg, where AT,g is the error bar derived above, how
does this change the other parameters and the abundances? For each parameter (Teg, log g,
[Fe/H], &), we calculate the changes for both the upper and lower 68% confidence levels, and we
tabulate the larger of the two values. In Table 4.9, we tabulate the changes in parameters, given
perturbations ATeg, Alog g, A[Fe/H], and A& for all of the stars in our sample. In Table 4.10,

we tabulate the changes in the abundances for one star, 1893-104.
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Figure 4.4: Random errors on stellar parameters Tog, log g, [Fe/H], and & for 1893-104. The
red histograms show the distributions of parameters that are the best fit solutions for 100 Monte
Carlo realizations. The red vertical lines show the best fit solution for the real data. The black
histograms show the distributions of parameters that are as good as the best fit solution, given
the errors in the EWSs. The black vertical dotted lines indicate the 68% intervals determined by
the black histograms.
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Table 4.9: Correlated Errors on Stellar Parameters

ID AToq Alog g A[Fe/H] A&,
Alog g AlFe/H] A& ATeg AfFe/H] A& ATer Alogg A& ATeg Alog g AlFe/H]

1919-173  0.10 0.05 0.05 98 0.05 0.03 65 0.12  0.01 15 0.08 0.01
1893-104  0.17 0.06 003 72 0.06  0.05 40 0.08 0.02 70 0.16 0.05
1905-243  0.19 0.08 0.03 118 0.07  0.03 62 0.07 0.09 35 0.03 0.03
2307-386  0.18 0.12  0.04 148 0.09  0.06 162 025 0.04 85 0.12 0.06
2335-542  0.17 0.09 0.11 150 0.07 0.09 82 0.08 007 72 0.08 0.05
2070-084  0.23 0.04 0.04 88 0.04 0.01 118 0.21  0.01 100 0.26 0.06
2052-063  0.13 0.07 0.04 122 0.08 0.03 90 0.14 0.02 155 0.20 0.09
2328-059  0.10 0.07 003 75 0.06  0.02 65 0.06 0.02 158 0.20 0.10
2068-151  0.30 0.10  0.11 135 0.07  0.09 65 0.10 0.02 82 0.16 0.05
2051-595  0.13 0.04 006 182 0.10 012 78 0.14 0.05 78 0.05 0.04
2307-074  0.12 0.05 0.06 68 0.06 0.09 40 0.06 0.02 40 0.12 0.03
2052-537  0.22 0.05 0.04 95 0.06 0.04 70 0.11  0.05 110 0.22 0.09
2180-560  0.14 0.09 014 70 0.02 003 95 0.07  0.08 202 0.12 0.12
2798-073  0.17 0.05 002 95 0.07  0.01 62 0.08 0.02 45 0.03 0.02
1917-020  0.23 0.06  0.07 112 0.05  0.03 40 0.06 0.04 125 0.18 0.07
2251-632  0.17 0.08 0.11 118 0.07 0.03 130 0.18 0.03 82 0.16 0.04
2310-312  0.18 0.07 0.06 162 0.10 0.03 65 0.09 0.04 20 0.03 0.03
1903-096  0.21 0.02 0.09 105 0.03 0.08 132 0.19 0.05 112 0.20 0.05
2796-054  0.13 0.05  0.00 170 0.10  0.05 170 0.30 0.07 130 0.18 0.09
2180-545  0.27 0.18 017 325 0.20 014 220 0.20 0.13 160 0.15 0.09
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Table 4.9: Correlated Errors on Stellar Parameters, continued

1D ATeg Alog ¢ AlFe/H] A&
Alog g AlFe/H] A& ATeg AfFe/H] A& ATer Alogg A& ATeg Alog g AlFe/H]

2797-407  0.12 0.05 0.04 128 0.09 0.05 82 0.12 0.02 90 0.06 0.06
1916-559  0.13 0.08 0.04 98 0.08 0.06 145 0.11  0.18 50 0.02 0.01
2305-365  0.18 0.15  0.17 130 0.13  0.19 142 0.13 0.20 238 0.36 0.19
1891-140  0.21 0.05 008 70 0.04 010 30 0.09 0.10 38 0.09 0.05
2311-476  0.21 0.10  0.08 170 0.11  0.07 80 0.08 0.07 82 0.07 0.04
2311-208  0.23 0.04 0.25 65 0.06 0.15 92 0.08 0.15 48 0.04 0.06
2621-215  0.13 0.05 0.04 82 0.03 0.02 62 0.06 0.02 192 0.24 0.10
2038-050  0.19 0.06 0.02 105 0.05 0.03 115 0.17 0.02 152 0.24 0.08
2038-226  0.18 0.05  0.08 138 0.07 004 70 0.08 0.07 192 0.29 0.12
2566-412  0.12 0.09  0.10 110 0.07  0.06 58 0.05 0.05 122 0.17 0.05
2062-482  0.22 0.05 0.05 90 0.04 0.07 38 0.07 0.02 110 0.27 0.05
2398-036  0.18 0.05 0.07 145 0.07 0.03 40 0.07 0.04 65 0.19 0.04
2397-014  0.17 0.06 0.10 160 0.09 0.08 95 0.05 0.09 38 0.05 0.05
2679-442  0.14 0.06 0.11 70 0.04 0.15 148 0.15 0.15 52 0.12 0.02
2682-560  0.15 0.06  0.07 108 0.07  0.06 75 0.15 0.03 130 0.16 0.07
2057-001  0.10 0.05  0.05 150 0.10  0.10 68 0.09 0.01 120 0.09 0.08
2053-419  0.10 0.07 0.14 118 0.07 0.09 72 0.09 0.02 80 0.06 0.06




Table 4.10: Effect of Parameter Errors on Abundances for 1893-104

Element AT.x Alogg AlFe/H] A&

Fe1 0.06 0.01 0.01 0.00
Fe 11 0.11 0.06 0.02 0.00
Na1 0.08 0.07 0.06 0.06
Sit 0.10 0.08 0.08 0.08
Siln 0.05 0.03 0.03 0.03
Cal 1.30 1.21 1.16 1.16
Sc 11 2.97 2.93 2.92 2.92
Ti1 1.60 1.67 1.65 1.63
Ti1r 0.13 0.12 0.12 0.11
Vi1 1.19 1.16 1.09 1.09
Vi 0.32 0.26 0.27 0.26
Cri1 1.38 1.49 1.50 1.47
Cru 0.10 0.10 0.09 0.09
Mn 1 0.41 0.37 0.30 0.30
NiI 0.94 0.93 0.93 0.92
Cul 1.42 1.40 1.39 1.39
Zn1 1.56 1.52 1.51 1.51
Y1 2.03 2.01 1.99 1.99
Zr 11 0.89 0.81 0.80 0.80
Ba 1l 1.85 1.73 1.71 1.71

4.2.6 Analysis of Stars in Bensby et al. Sample

We identified two stars from the sample of Bensby et al. (2003; 2005) which had archival
data in the Keck Observatory Archive®: HIP83601 and HIP86731. We perform the same analysis
on these data following the procedures described in §4.2.3 and §4.2.4. In general, we find good
agreement with their stellar parameters and abundances.

Figure 4.5 shows the comparison between the EWs measured by Bensby et al. (T.
Bensby, private communication) and by our group. Our EWs are systematically lower and the
discrepancy is larger for stronger lines; this is likely a result of differing determinations of the
local continuum. In addition, for each star, we run our stellar parameter algorithm (§4.2.3)

using the EWs measured by both groups. Table 4.11 shows the parameters published in Bensby

Shttp://www2.keck.hawaii.edu/koa/public/koa.php
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Figure 4.5: Equivalent width comparison between Bensby et al. (2003) and this work. Our
measurements are systematically lower by a few mA, which is likely a result of differences in
setting the local continuum.

et al. (2003) and the parameters determined in this work using both sets of EW measurements.
Published values of parameters based on Strémgren photometry are also listed for each star
(Feltzing et al. 2001, Casagrande et al. 2011). The results in Table 4.11 show that there is good
general agreement with the Bensby et al. (2003) results, whether we use the EW measurements
of Bensby et al. (2003) or our own measurements. These two stars are plotted as red squares in

Figure 4.3.
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Figure 4.6: Abundance comparison between Bensby et al. (2003) and this work for two HIP-
PARCOS stars. We find good agreement between the two independent analyses for most ele-
ments, within 0.1 dex. The errors indicate the scatter in abundances between individual line
measurements.

Table 4.11: Parameter Comparison for Two HIPPARCOS Stars

Teg log g [Fe/H] & Comments

(K) (km s™1)
HIP83601
Casagrande et al. (2011) 6064 4.4  -0.05 Stromgren photometry
Bensby et al. (2003) 6167 4.5 0.07 1.21 High-resolution spectroscopy
This Work (Bensby EWs) 6015 4.3 0.00 1.03 High-resolution spectroscopy
This Work (Cheng EWs) 6322 4.7 0.10 1.26 High-resolution spectroscopy
HIP86731
Feltzing et al. (2001) 5754 ... 0.23 Stromgren photometry
Bensby et al. (2003) 5840 3.8 0.23 1.43 High-resolution spectroscopy
This Work (Bensby EWs) 5875 3.7 0.25 1.49 High-resolution spectroscopy
This Work (Cheng EWs) 6015 4.0 0.30 1.28 High-resolution spectroscopy

Figure 4.6 shows the comparison between elemental abundances published by Bensby
et al. (2003; 2005) and determined by our group using our EW measurements. The numerical
values are tabulated in Table 4.12. Most elements are in good agreement, within 0.1 dex. We
conclude from this comparison that we can compare our abundances to the sample of Bensby

et al. (2003; 2005) without applying any corrections to either set of abundance measurements.
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Table 4.12: Abundance Comparison for Two HIPPARCOS Stars

Bensby et al. This Work

Element Ion [X/Fe] o N [X/Fe] o N A
HIP83601

Fe1 26.0 +0.09 0.10 142 +40.15 0.14 166 +0.06
Fe 11 26.1 +0.05 0.07 26 +40.13 0.16 24 +40.08
Na1 11.0 -0.02 0.04 4 -0.18 0.01 3 -0.16
Mg 1 12.0 -0.02 0.06 4 -0.17 0.03 2 -0.15
Sit 14.0 -0.03 0.08 30 -0.10 0.07 12 -0.07
Cal 20.0 +0.03 0.08 22 -0.10 0.14 9 -0.13
Ti1 22.0 -0.02 0.16 27 +40.03 0.12 31 +40.05
Ti 11 22.1 +0.02 0.18 17 -0.10 0.22 17 -0.12
Cri 24.0 +0.04 0.15 12 +40.02 0.14 26 -0.02
Cro 24.1  -0.02 0.05 9 -0.02 0.09 10 -+0.00
Nit 28.0 -0.10 0.13 49 -0.03 0.09 35 +0.07
7n 1 30.0 -0.10 0.11 2 -0.17 0.06 2 -0.07
Y 11 39.1 +0.00 0.23 6 +0.14 0.09 4 40.14
Ba 11 56.1 +0.24 0.02 4 +0.39 0.00 1 +0.15
HIP86731

Fe1 26.0 +0.25 0.10 144 +40.35 0.16 95 +0.10
Fe 11 26.1 +0.21 0.08 27 +40.31 0.11 6 +0.10
Mg 1 12.0 +0.11 0.03 7 +0.28 0.00 1 +0.17
Sil 14.0 +0.11 0.10 31 -0.01 0.06 4 -0.12
Cal 20.0 +0.05 0.13 22 -0.28 0.18 4 -0.33
Ti1 22.0 -0.06 0.22 29 -0.08 0.12 23 -0.02
Ti 1 22.1 +0.06 0.19 18 -0.18 0.15 8 -0.24
Cri 24.0 +0.01 0.09 13 -0.01 0.18 20 -0.02
Crn 24.1 +0.05 0.07 9 -0.12 0.06 5 -0.17
Nil 28.0 +0.08 0.15 54 +40.04 0.07 19 -0.04
7n 1 30.0 +0.09 0.12 2 40.05 0.00 1 -0.04
Y 11 39.1 -0.10 0.23 6 -0.10 0.31 5 -0.00
Ba 11 56.1 -0.01 0.05 4 +0.15 0.00 1 +40.16

4.3 Results

In this section we present the abundance results for 17 elements: Na, Mg, Si, Ca, Sc,
Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Y, Zr, Ba, and La. We compare our abundances to published
values from several studies: (1) 102 solar neighborhood thin and thick disk stars (Bensby et al.
2003; 2005); (2) ten thick disk stars (Prochaska et al. 2000) and 23 thin and thick disk stars
(Brewer & Carney 2006), for which more elements were analyzed; (3) 117 thick disk stars, which

extend to lower metallicities (Reddy et al. 2006, Reddy & Lambert 2008); (4) 62 inner and outer

115



disk giants, for which a-elements Mg, Si, and Ti were measured (Bensby et al. 2010a; 2011);
and (5) three outer disk red giants (Carney et al. 2005). We have not made any corrections for
systematic offsets between the various datasets. In the discussion of specific elements, we note
differences in the analyses where appropriate.

For each element, we examine whether the high- and low-« stars look like solar neigh-
borhood thick and thin disk stars, respectively. In particular, we discuss whether the distinct
abundance trends in some elements for thick and thin disk stars also exist for high- and low-«
stars. We find that high-a stars have abundances consistent with those of nearby thick disk
stars in all elements; low-« stars, however, may exhibit small offsets in Na, Mg, Si, Ca, Zn, and
Ba compared to nearby thin disk stars. Additionally, we note any trends with Galactocentric

radius R.

4.3.1 Light and a-Elements: Na, Mg, Si, Ca, Ti

The production of the odd-Z light element Na and the a-elements Mg, Si, Ca, and
Ti occurs in massive stars and their explosions (Woosley & Weaver 1995). Older stars tend to
be enhanced in a-elements relative to iron because they formed at an early time when massive
stars were the main contributors to the metal content of the ISM. In general the abundances of
these elements track closely together; any differences may arise due to SNe of stars with different
masses producing different mixtures of a-elements (Woosley & Weaver 1995, McWilliam 1997).

Figure 4.7 shows the abundance trends for Na, Mg, Si, Ca, and Ti, and their variation
with Galactocentric radius R. Our stars are shown as open and filled blue circles, with the
symbols indicating the same properties as in Figure 4.1. Smaller circles are plotted for stars
where the abundance was measured using only one line. The horizontal and vertical dotted lines
indicate the solar values. Where available, we have plotted measurements from Bensby et al.
(2003; 2005; gray squares), Bensby et al. (2010a; 2011; dark red crosses and pluses), Prochaska

et al. (2000; red asterisks), Brewer & Carney (2006; orange diamonds), Reddy et al. (2006)
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and Reddy & Lambert (2008; pink stars), and Carney et al. (2005; green stars). For data from
Bensby et al. (2003; 2005) and Brewer & Carney (2006), open and filled symbols indicate thin
and thick disk membership, where these stars have been assigned by their kinematic properties.
Typical error bars are shown in the top right corner and show the size of the scatter in the
abundances derived from individual lines. The direction and magnitude of solar corrections (see
Table 4.8) are shown in the bottom right corner if the correction changes the abundance by
more than 0.05 dex.

The abundances of our stars are roughly consistent with those of previous studies,
but there are some slight differences. While previous studies have found that Na plateaus at
lower metallicity ([Fe/H] < —1.0), it is not clear whether our stars follow this trend. With
the exception of one star, the stars at [Fe/H] ~ —1.0 are slightly enhanced in Na compared to
those in the solar neighborhood. The discrepancy is about the size of the scatter, however, so
our observations are still consistent with the previous studies. To account for non-LTE effects,
we have applied the line-by-line corrections published by Gratton et al. (1999). None of the
studies that we are comparing to have implemented corrections for non-LTE effects, although
the authors argue that the effects should be small. For our stars, these corrections lead to a
decrease in the abundances, but the effect is not large (< 0.1 dex).

The a-element abundances of high-a stars are consistent with thick disk stars in the
solar neighborhood, which indicates that their star formation histories are not dramatically
different. Low-« stars, however, are slightly underabundant in Na, Mg, Si, and Ca, relative to
thin disk stars in the solar neighborhood. Ti does not show this offset, likely because it is both
an iron peak and a-element and is thought to be produced in both Type Ia and Type II SNe
(Woosley & Weaver 1995). We note that although we are looking far from the plane, low-« stars
are still the dominant population at |Z| 2 0.5 kpc (see Chapter 3).

Like previous studies, we find that high- and low-a stars (filled and open circles, respec-

tively) at the same [Fe/H] have similar abundances in Na, but show distinct trends in a-elements
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Figure 4.7: Light and a-element abundances, Na, Mg, Si, Ca, Ti, as a function of metallicity
[Fe/H] and Galactocentric radius R.

Mg, Si, Ca, and Ti. High-« stars, as expected, are enhanced in all four a-elements. Bensby et al.

(2003) identified the “knee” of the [a/Fe]-[Fe/H] relation for thick disk stars at [Fe/H] ~ —0.4 as
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a signature of the contribution from Type Ia SNe. We do not have enough high-« stars at higher
metallicity to definitively confirm the location of the knee. In our sample, the gap between high-
and low-« stars is most pronounced in Mg; this is likely because the SSPP [a/Fe], which we
have used to identify high- and low-a targets for observation, is most sensitive to Mg.

For low-a stars, some of these elements show a slight increase with R. The chemical
evolution model of Cescutti et al. (2007), in which the disk forms inside out, predicts flatter
gradients for elements that are produced on longer timescales, i.e., those that are produced in
Type Ia SNe. For example, they find slightly steeper slopes for [Si/H| and [Ca/H], which are
partly produced in Type Ia SNe, and a flatter slope for [Mg/H], which is only produced in Type
IT SNe. This behavior will lead to more pronounced increases in [Si/Fe|] and [Ca/Fe] with radius,
which is consistent with what we observe for the low-« stars in our sample. Magrini et al. (2009)

predict a similar enhancement of [a/Fe] in the outer disk.

4.3.2 Iron Peak Elements: Sc, V, Cr, Mn, Co, Ni, Cu, Zn

Iron peak elements are produced by both Type Ia and Type II SNe (Thielemann et al.
1986, Timmes et al. 1995, Woosley et al. 2002). Figures 4.8 and 4.9 show the abundance trends
for Sc, V, Cr, Mn, Co, Ni, Cu, Zn, and their variation with Galactocentric radius R. Symbols
are the same as in Figure 4.7.

Brewer & Carney (2006) found no differences between thin and thick disk stars for
Mn, Cr, Ni, and Cu (Figure 4.8); Reddy et al. (2006) referred to these as “Ni-like” elements. In
contrast, the abundances of “Mg-like” elements Sc, V, Co, and Zn (Figure 4.9) were significantly
enhanced in thick disk stars. Our data show evidence of this separation—the high-« stars tend
to be clustered together in abundance space—but the gap between high- and low-« stars is not
as significant. If thin and thick disk stars have different abundance trends in these elements,
the correlation with a-enhancement could indicate that Type II SNe contribute a non-negligible

amount to the nucleosynthesis of Sc, V, Co, and Zn, while Mn, Cr, Ni, and Cu are almost
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Figure 4.8: Iron peak element abundances, Cr, Mn, Ni, Cu, as a function of metallicity [Fe/H]
and Galactocentric radius R. These elements were identified as “Ni-like” by Brewer & Carney
(2006) and Reddy et al. (2006).

entirely made by Type Ia SNe.

In general there is good agreement between the abundances of our stars and those
of previous studies. Even-Z elements Cr and Ni show tight relations that are close to solar,
although Ni exhibits more variation. Zn is also an even-Z element, but its abundance relative
to iron shows more scatter. Both Ni and Zn have upturns relative to solar at high metallicity,

as seen in the Bensby et al. (2003; 2005) sample; we see possible evidence of this in Zn, but our
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Figure 4.9: Iron peak element abundances, Sc, V, Co, Zn, as a function of metallicity [Fe/H]
and Galactocentric radius R. These elements were identified as “Mg-like” by Brewer & Carney
(2006) and Reddy et al. (2006).

sample does not reach high enough metallicity to confirm the trend. For low-« stars, we see a
very slight underabundance in Zn, similar to what we saw for Na, Mg, Ca, and Si.

For odd-Z elements Sc, V, Mn, Co, and Cu, we also find good agreement between
our stars and those of previous studies. Hyperfine splitting corrections are important for all
of these elements and have been taken into account (see §4.2.4). Unlike Cr and Ni, the odd-

Z elements deviate from solar and are not constant as a function of metallicity. Prochaska
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et al. (2000) reported an overabundance of Sc at [Fe/H] ~ —0.5, with the abundance decreasing
toward [Fe/H] ~ —1.0; the sample of Reddy et al. (2006) suggest a similar trend, and our data
are consistent with this picture. We were not able to measure V for most of our sample, but
the available measurements are in good agreement with previous work. Like previous work, we
find that Co is supersolar and decreases with increasing metallicity, while Mn and Cu are both
subsolar and increase with increasing metallicity.

All of the iron peak elements in the low-a stars appear to be roughly constant with
R, in agreement with what is predicted by Magrini et al. (2009) for [Cr/Fe] and [Ni/Fe]. In
elements where weak trends may be present, the abundance appears to be decreasing slightly

with R.

4.3.3 Neutron Capture Elements: Y, Zr, Ba, La

“Slow” neutron capture, or s-process, elements are produced in neutron-rich envi-
ronments when neutrons are added to iron nuclei faster than the rate of g-decay. While heavy
s-process elements Ba and La are made in the main s-process in asymptotic giant branch (AGB)
stars (Busso et al. 1999, Sneden et al. 2008), light s-process elements Y and Zr also have con-
tributions from the weak s-process in massive stars (e.g., Pignatari et al. 2010). Rows 1-4 of
Figure 4.10 show the abundance trends for Y, Zr, Ba, La, and their variation with Galactocen-
tric radius R. Symbols are the same as in Figure 4.7. Row 5 of Figure 4.10 shows the ratio of
Ba to Y, which is a indicator of the relative contributions of the main and weak components of
the s-process. This ratio provides a constraint on the star formation history of the population,
as metal-poor AGB stars make relatively more Ba than Y; in metal-poor AGB stars there are
more available neutrons for each iron nucleus, leading to the production of heavier s-process
elements.

In agreement with previous studies, we do not see any separation between high and

low-a stars in the weak s-process element Y. Additionally, high-a stars tend to have lower
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Figure 4.10: Neutron capture element abundances, Y, Zr, Ba, La, as a function of [Fe/H] and
R. Row 5 shows the ratio of Ba, a main s-process element, to Y, a weak s-process element.

abundances in Ba, which is consistent with the picture where main s-process elements are made

in metal-poor AGB stars. The populations are not as distinct in our sample as it is in other
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studies. The low-a stars in our sample show a slight overabundance in Ba relative to thin disk
stars in the solar neighborhood. This difference between our stars and the solar neighborhood
sample is even more evident in [Ba/Y]. High [Ba/Y] is indicative of a more extended star
formation history, as has been seen in some dwarf galaxies (e.g., Tolstoy et al. 2009, Colucci
et al. 2012).

For low-« stars, the abundances of Y and Zr appear to decrease at large R, while the
abundances of Ba and La appear to be roughly constant. The ratio [Ba/Y] increases with R,
suggesting that metal-poor AGB stars have contributed more to the chemical enrichment in the

outer disk than in the inner disk, consistent with an increase in a-element abundances with R

4.4 Discussion and Conclusions

In our analysis of 37 stars beyond the solar neighborhood, we find that the elemental
abundances of high-a stars at |Z| = 0.5 kpc are similar to thick disk stars observed in the solar
neighborhood (Prochaska et al. 2000, Brewer & Carney 2006, Bensby et al. 2003; 2005; 2011,
Reddy et al. 2006, Reddy & Lambert 2008). Previous studies have reported that thick disk
stars exhibit distinct abundance trends in a-elements (Mg, Si, Ca, Ti), some iron peak elements
(Sc, V, Co, Zn), and some s-process elements (Ba). Our high-« stars also appear to have high
abundances in Sc, Co, Zn, and low abundances in Ba; we have only measured V in a few of our
high-« stars. The scatter in our trends appears to be larger than in previous studies, however,
and the high- and low-« stars are not as well separated in abundance space. This could be due
to the different selection of targets in this work versus the previous studies. Thin and thick
disk stars in the solar neighborhood were targeted if their kinematics indicated that they had
a high probability of being in one of the components, leading to samples with more “extreme”
kinematics and fewer stars with intermediate properties.

We see no significant trends in the elemental abundances of high-a stars with R in the
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radial range 6.5 kpc < R < 9.0 kpc. In Chapter 3, we found evidence that the canonical thick
disk population (kinematically hot and enhanced in a-elements) is chemically homogeneous and
has a flat radial metallicity gradient in [Fe/H]. The agreement between our high-a stars at
|Z| Z 0.5 kpc and kinematically-selected thick disk stars in the solar neighborhood lend further
support to this picture, extending the analysis to 17 elements. A chemically homogeneous thick
disk is consistent with the thick disk having formed rapidly in a turbulent disk at early times
(Scenario 3, described in §4.1). Another way to get a chemically homogeneous thick disk is to
have very thorough mixing by minor mergers (Scenario 1) or internal radial migration processes
(Scenario 4).

For low-« stars at |Z| 2 0.5 kpc, however, we find that some elements exhibit slight
offsets relative to thin disk stars observed in the solar neighborhood. In comparison to thin disk
stars in the solar neighborhood, these stars are deficient in Na, Mg, Si, Ca, and possibly Zn by
~ 0.1 dex. In addition, our low-« stars are enhanced in Ba relative to nearby thin disk stars by
a similar amount. We see these offsets for low-« stars at all R and, if real, they are suggestive
of a more extended star formation history for stars far from the plane of the disk.

The abundance trends we see for our low-« stars is reminiscent of the properties of
some dwarf galaxies. The distinct behavior of Ti compared to the other a-elements is also seen
in these galaxies (Kirby et al. 2011), and some of the abundance trends we see are intermediate
between the trends for nearby disk stars and the those seen for the Sagittarius dwarf spheroidal
galaxy, which exhibits low abundances in Na, Mg, and Ca and high abundances in Ba (Tolstoy
et al. 2009). We do not, however, see the low abundances of Sc, V, Co, Ni, Cu, Zn, and Y
reported for Sagittarius by Sbordone et al. (2007).

Why would low-a stars far from the plane have a star formation history similar to that
of dwarf galaxies? If radial migration is responsible for the weaker gradient in [Fe/H]| at large
|Z] (Scenario 4), then the stars at large |Z| should be ones that were displaced from the inner

parts of the galaxy and they should be older and more a-enhanced. The low abundances of Ma,
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Ca, and Si, then, seem to disfavor radial migration in the low-« population. These stars also
seem unlikely to have come from a destroyed satellite (Scenario 2) because we see the offsets for
stars at all R, from 6 kpc to 12 kpc.

We see some weak trends in the elemental abundances of low-a stars with R. The
slight increases in [a/Fe| and [Ba/Y] at large R suggest that the relative contribution of Type
IT SNe is higher in the outer disk. We note, however, that [Fe/H] is not constant as a function
of R, and our outer disk stars are more metal-poor than the inner disk stars. A larger sample
with better sampling of the metallicity distribution will yield more concrete results. Metal-rich
high-a stars are needed to discern whether there are different trends for high- and low-« stars
at all metallicities. More stars in the outer disk, particularly high-a stars, are needed to fully
explore the origin of the canonical thick disk population. In this analysis, we have not considered
any biases in our target selection that might have affected the radial trends.

Nevertheless, the results presented here represent a first exploration of the detailed
chemical abundances of stars in a large volume of the Milky Way. Future high-resolution spec-
troscopic surveys of stars in the Milky Way such as APOGEE (Eisenstein et al. 2011) will provide
the large samples needed to explore these questions more completely. Simulations of galaxy for-
mation that follow the detailed chemical enrichment of the stellar populations (e.g., Kobayashi

& Nakasato 2011) will provide explicit predictions that can be tested with these data.
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Appendix A

Calculating Weights

As discussed in §2.4, we assign weights to each of the MSTO stars to reconstruct the
properties of the underlying parent population. There are three major ways in which the spec-
troscopic sample is different from the full population along each line of sight: (1) the photometric
objects in regions with the highest extinction were not considered for spectroscopy. (2) Not all
candidates for spectroscopy are observed. (3) We observe only MSTO stars using a color cut
which is biased against redder metal-rich stars.

Each star in our sample is given three weights which correspond with the three differ-
ences listed above: (1) the area weight, Wa, which depends on the coverage on the plane of the
sky in each line of sight; (2) the CMD weight, Wenmp, which depends on the target’s location in
the CMD; (3) the LF weight, Wi, which depends on the target’s Tog, [Fe/H], and location in

the CMD. The total weight, W is the product of the three weights Wa, Wenmp, and Wip.

A.1 Area Weight

The area weight, W, corrects for the area not covered by the spectroscopic survey

because the 25% most extincted photometric objects were not considered for spectroscopy. These
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objects were removed using the cut described in steps 2 and 3 of §2.2.1. The right-hand panel
of Figure 2.4 shows an example of how the missing area is distributed in the field. Since the
missing area along each line of sight is slightly different, this weight is needed to ensure that
every line of sight effectively probes the same volume of the Galaxy and has equal influence on
the final gradient measurement. Since the dust is mainly in the foreground and our sample is
primarily distant stars, we assume that the volume of the Galaxy behind the high-extinction
patches is the same as the rest of the volume probed by stars along the same line of sight.

We use the extinction map of SFD98 to calculate the area with extinction lower than
the cut. Wy is the ratio of the total area (7 deg?) to the low-extinction area. We note that
the angular resolution of the SFD98 maps is 6.1 arcmin, so that the most extincted regions are

always in irregular, contiguous patches on the sky.

A.2 Color-Magnitude Weight

The CMD weight, Wcnmp, normalizes between the different lines of sight; while each
field has roughly the same number of spectra, the total number of photometric objects varies a
great deal due to the structure of the Galaxy. This weight also accounts for any uneven sampling
due to the stochastic nature of the random selection of spectroscopic targets, especially at the
faint and red limits, where targets are less likely to end up in our sample because they have low-
quality spectra. We divide the CMD into bins of gspp and (g — 7)srp, as shown in Figure A.1
(black lines). We use the SFD98 colors and magnitudes because this is the CMD in which the
g—r cut was applied, meaning that the randomly selected spectra are an unbiased sample of the
underlying CMD; this procedure does not depend on whether the SFD98 colors and magnitudes
are correct. Since the sampling is a smooth function of color and magnitude and changes slowly,
the bins are sufficiently small that we can assume the sampling is constant within each bin.

The magnitude bins are 0.5 mag wide and span the entire range of the sample. Because
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Figure A.1: Weighting for CMD sampling along one line of sight. For each bin (black lines) the
CMD weight Wewmp is calculated by taking the ratio of the number of photometric (gray) to
spectroscopic (blue) objects. Outliers bluer or redder than 20 from the mean value of (¢ —7)srp
are given a weight of zero (open circles). The values of Wenmp vary by less than a factor of 10,
with the highest values in the reddest and faintest bins. This correction accounts for uneven
sampling of the CMD, and provides the normalization for the variation in the number of objects
between different lines of sight.

the CMD bins use corrections from SFD98, which can be affected by reddening, the color bins are
different for each line of sight. To determine the color bins, we calculate the mean and standard
deviation of the (¢ — r)grp colors of stars in each line of sight. Spectra with colors more than
20 from the mean have Woyvp = 0; this removes 217 stars from the sample (open circles). Most
of these are very blue objects (hotter stars that are likely not on the main sequence), although
some red objects are removed as well. The remaining sample in the line of sight is divided into
five equal-sized color bins. In each CMD bin, Weump is the ratio of the number of photometric

objects (small gray dots) to the number of spectroscopic objects (blue circles) and is shown by
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the color coding in Figure A.1. The highest values of Weump are found in the reddest and faintest
bins, while the variation in the middle of CMD is relatively small. The difference between the

smallest and largest values is less than a factor of 10.

A.3 Luminosity Function Weight

The LF weight, Wir, allows us to use the MSTO sample as tracers for the total
underlying population. The CMD bins used to calculate Wyp use the isochrone extinction-
corrected go and (g — 7)o (see §2.3) and are different than those used to calculate Weyp. For
Wemp, we had to account for the random sampling from the total photometric sample using
the SFD98 corrections, but for Wir, we use the isochrone extinction corrections because they
provide the best estimates of the absolute magnitude and g — r colors. The color bins are 0.1
mag wide in the range 0.05 < (g —r)p < 0.85, while the magnitude bins are 0.5 mag wide in the
range 12 < gg < 20; these bins apply for all 11 lines of sight.

In each CMD bin, we find the fraction of the luminosity function that is observed in
the given (g — r)o range. The weight is simply the reciprocal of the fraction. We use luminosity
functions assuming a Chabrier (2001) lognormal initial mass function, generated by the Padova
group (Girardi et al. 2004), where we have modified the faint end of the theoretical luminosity
functions to more closely reflect the shapes of the luminosity functions for disk field stars reported
by Reid et al. (2002) and Bochanski et al. (2010). The modifications are made at magnitudes
fainter than the peak of the luminosity function. The luminosity function used depends on the
age and metallicity of the target.

The derived values for Wyg are shown in Figure A.2 for the entire sample; each panel
shows a different range in metallicity. For a given (g — r)o color, Wi is roughly constant as a
function of magnitude. Within a given color bin, the change in Wi corresponds to different

MSTOs for isochrones of different ages, which are assigned based on the temperatures of the
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Figure A.2: Weighting for LF coverage for the total sample. For each isochrone extinction-
corrected CMD bin (black lines) the LF weight Wi corrects for the fraction of the luminosity
function that is observed. The luminosity function used varies with both metallicity (shown in
four separate panels) and age, which depends on the temperature. This correction accounts for
the bias against redder, metal-rich stars that results from the (¢ — r)spp color selection.

targets as described in §2.3 and Figure 2.3. In a given CMD bin, stars with older ages have
larger LF weights because a smaller fraction of the luminosity function is observable within the
bin. This accounts for the vertical striping pattern seen in the four panels. We assign Wyp = 0
to the three spectra that fall outside the bounds of the CMD bins.

Using the luminosity functions to correct for the fraction of unobserved stars repre-
sented by the stars in each CMD bin corrects for the bias against selecting metal-rich stars for
the spectroscopic sample. The identification of MSTO stars relies on a cut in (¢ — 7)srp, which
preferentially removes metal-rich stars that fall on isochrones with redder turnoff colors. Thus,

for metal-rich stars, more of the population is removed by the color cut, and a smaller fraction
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of the luminosity function is observed. Consequently, metal-rich targets have larger values of
Wrr (lighter blue circles) at the same (g — r)g in the four panels in Figure A.2. In order for
WiLr to make the proper corrections, we need to have a sufficient number of metal-rich stars in
our sample to which we can apply the weights. Based on the arguments presented in §2.6.1, our

sample should satisfy this requirement.
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Appendix B

Scale Length Estimates

B.1 Procedure

To determine the scale lengths of the thin and thick disks, we follow the prescription

of Juri¢ et al. (2008) and model the Galaxy as two double exponential disks plus a two-axial

power-law ellipsoid halo (their Equations 21-24):

p(R,Z) = pp(R, Z; Linin, Hinin)

+fpp(R, Z; Linick, Heniek) + pu(R, Z)

where
Ro
pp(R,Z; L, H) = pp(Re,0) x exp T
o (LR 2426
PATT H
and

pH(Ra Z) = pD(RGaO)fH

Re "
R? 4+ (Z/qu)?

(B.1)

(B.3)

The definitions of the parameters and the values used (the bias-corrected parameters

in their Table 10) are listed in Table B.1. We vary the thin and thick disk scale lengths and fix
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the remaining parameters (including the scale heights and the total normalization) to the Jurié
et al. (2008) values, which are constrained using their photometric sample. Our spectroscopic
sample is not well suited for determining the total stellar density because of the smaller sample
size and the pencil-beam nature of the observations.

For each combination of scale lengths, we calculate a reduced y? statistic to indicate
how well the predicted fractions of high- and low-« stars as a function of R and |Z| reproduce
what we see in our SEGUE sample; these values are indicated by the blue-shaded map in
Figure 3.6. In addition, we calculate how well the sum of the two exponential disks matches
the total density measured by Juri¢ et al. (2008); these values are indicated by the thin yellow
contours in Figure 3.6. This second constraint is not strictly a y? statistic, as we are comparing
two smooth models. We normalize the second constraint such that it has the same 10th and
90th percentile levels as the x? values from the first constraint.

We determine our best-fit scale lengths by calculating a probability for each combi-
nation of scale lengths, where the probability is proportional to e X2 All probabilities are
normalized such that the total probability in the parameter space 1 kpc < Lipin < 10 kpe, 0
kpe < Linick < 8 kpc is equal to one. The thick dashed orange contour in Figure 3.6 shows the
contour that encompasses 68% of the volume under the surface defined by the probabilities. The
best fit value of each scale length is obtained by marginalizing the probabilities over each axis
and determining the peak in one dimension. The error bars indicate the 68% confidence interval
in one dimension. This exercise yields our final results for the scale lengths: Ly, = 3.4:2):3 kpc,

Lthick = 181%% kpC.

B.2 Additional Sources of Error

In this section, we estimate the errors in our scale length estimates due to (1) random

errors in the stellar parameters, (2) systematic errors in the Juri¢ et al. (2008) scale lengths,
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Table B.1: Bias-Corrected Structural Parameters Measured by Jurié¢ et al. (2008)

Parameter Error Definition

Zo = 25 pc 20% Solar offset from the Galactic plane

Linin = 2600 pc 20% Thin disk scale length

Hipin = 300 pc 20% Thin disk scale height

f=0.12 10% Thick disk normalization relative to thin disk at R = Rg, Z =0
Linick = 3600 pc 20% Thick disk scale length

Hipiee = 900 pe 20% Thick disk scale height

fu = 0.0051 25% Halo normalization relative to thin disk at R = Rg,Z =0

qu = 0.64 1 Halo ellipticity

nyg = 2.77 2 Halo power law

<.
20.

and (3) contamination by halo stars. First, we estimate the random errors on the scale lengths
using the same method as in Chapter 2, where we generate 500 Monte Carlo realizations of our
data (see Chapter 2 for more details). In each realization, we perturb the stellar parameters
Tesr, [Fe/H], and [o/Fe] by the typical errors (200 K, 0.3 dex and 0.1 dex, respectively). We find
that errors in the stellar parameters only change the scale lengths by 0.1 kpc.

Second, to estimate the errors in the assumed total density (i.e., the thin yellow contours
in Figure 3.6), we repeat the calculation, varying the Jurié¢ et al. (2008) scale lengths and scale
heights by their reported errors (20%). The purpose of this exercise is to simulate the effect of
systematic errors between the distances of Jurié¢ et al. (2008) and the present work, which will
cause the structural parameters to increase or decrease together. When we increase the Juri¢
et al. (2008) values by 20%, we obtain Lipi, = 8.1*_‘;:? kpe, Linieck = 1.8‘_%:2 kpc; for a 20%
decrease, we obtain Linin = 2.5:1):2 kpe, Linick = 1.7:1):; kpc.

Lastly, to test the robustness of our results, we repeat the calculation after removing
stars that may belong to the halo. Halo stars also have a short scale length and are enhanced
in [a/Fe]. We adopt the three criteria to identify probable halo stars: (1) a metallicity cut
that removes all stars with [Fe/H] < —0.7, (2) a kinematic cut, which removes all stars with
V, < 150 km s™!, and (3) a kinematic cut that removes all stars with Vga < 100 km s™*
to remove stars with the largest velocity offset relative to the projection of the local standard
of rest, where Va1 = Vg + 220 - cosb - sinl and Vg is the line-of-sight velocity measured from

the SEGUE spectra. We only remove stars with Vga < 100 km s~! along lines of sight with
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50° < [ < 130°. We do not include the lines of sight directed toward the Galactic anticenter
because the local standard of rest is tangent to those directions, and the projection does not give
a meaningful velocity. For all three criteria we obtain the same scale lengths, which suggests
that halo contamination does not affect our scale length measurements.

The above analysis shows that the best-fit thick disk scale length is not significantly
affected by errors in the stellar parameters, our assumptions of the total stellar density, and pos-
sible contamination from halo stars. The thin disk scale length, however, is not well-constrained
because we are limited by the lack of coverage in R and |Z|, particularly in the plane of the
Galaxy. Future surveys such as APOGEE (Eisenstein et al. 2011) will be able to provide stricter

constraints on both scale lengths.
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Appendix C

Equivalent Width Measurements

We present below the equivalent width measurements for the 37 stars discussed in
Chapter 4. Each table shows the equivalent width measurements for 6-8 stars in units of mA.
The stars are presented in the order they were observed, except those in Table C.5. These six
stars were observed using the HIRESr setting and cover a larger wavelength range than the rest

of the sample.
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Table C.1: Equivalent Width Measurements, Table 1 of 5

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059

161

5682.65 11.0 -0.699 2.100 98.4 56.7 82.3

5688.19 11.0 -0.420 2.100 72.0

6154.23 11.0 -1.530 2.100 27.8 19.5
6160.75 11.0 -1.230 2.100 45.7 46.6 64.4 34.8 49.6
4571.10 12.0 -5.570 0.000 94.3 57.4 75.6

4730.04 12.0 -2.347 4.350 57.0 35.5
5711.09 12.0 -1.630 4.340 98.0 85.2 54.9 83.7 94.3
5665.55 14.0 -2.040 4.920 38.3 39.3 48.5 31.2 41.7
5684.49 14.0 -1.420 4.950 59.4
5690.43 14.0 -1.870 4.930 47.1 56.3 43.6 97.8
5701.10 14.0 -2.050 4.930 34.5
5772.15 14.0 -1.750 5.080 52.2 61.2 47.0 51.6
5793.07 14.0 -2.060 4.930 46.5
5948.54 14.0 -1.230 5.080 85.0 78.6 37.8 52.1 75.3 83.5
6125.03 14.0 -1.570 5.610 31.5 29.8 42.5 28.3 28.8
6142.49 14.0 -1.480 5.620 34.0 27.5 43.8 33.5 32.8
6145.02 14.0 -1.370 5.610 43.6 36.4 47.3 32.2 36.3
6155.13 14.0 -0.760 5.620 76.9 78.3 36.9 88.2
6237.32 14.0 -1.010 5.620 57.9 66.0 55.3 67.1
6243.82 14.0 -1.300 5.616 46.6 60.3 57.0
6244.48 14.0 -1.320 5.616 56.1 o7.1
6347.09 14.1 0.260 8.120 42.8 57.2 73.4 73.2 70.2
6371.35 14.1 -0.050 8.120 48.4 33.0 53.1 57.5

4318.66 20.0 -0.210 1.900 53.0 94.8
4512.27 20.0 -2.030 2.520 20.8
4526.93 20.0 -0.420 2.710 79.1 80.8 44.8 66.4 85.8
4578.56 20.0 -0.558 2.520 78.5 29.1 51.3 82.8 69.9 75.0
4685.27 20.0 -0.940 2.930 45.1

5260.39 20.0 -1.780 2.520 29.7 23.5

5261.71 20.0 -0.730 2.520 87.0 94.9 58.0 82.3 89.9
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Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059
5349.47 20.0 -0.310 2.710 94.1 52.7

5512.99 20.0 -0.266 2.930 81.6 74.3 . 48.3 75.6

5588.76  20.0 0.358 2.510 89.8
5590.13 20.0 -0.710 2.510 89.2 87.5 57.1 75.7 80.6
5601.28 20.0 -0.438 2.520 60.3 88.8

5857.46 20.0 0.240 2.930 84.5

5867.57 20.0 -1.610 2.930 21.3

6102.73 20.0 -0.790 1.880 52.2 81.9

6122.23 20.0 -0.320 1.890 68.3
6161.30 20.0 -1.270 2.520 56.5 7.7 69.9 42.1 52.6
6166.44 20.0 -1.140 2.520 55.4 64.7 31.1 68.9 49.2 60.9
6169.04 20.0 -0.800 2.520 80.3 89.9 48.7 51.0 77.2 85.0
6169.56 20.0 -0.480 2.520 92.1 38.1 62.6 91.0 98.1
5239.82 21.1 -0.765 1.450 56.5 58.2 34.7 66.1 52.8 61.6
5526.82 21.1  0.020 1.770 95.2 84.7 66.3 94.1 86.8 84.1
5640.99 21.1 -1.130 1.500 48.1 47.9
5657.88 21.1 -0.600 1.510 82.5 1.7 49.3 83.1 74.9 80.0
5667.15 21.1 -1.360 1.500 44.7 30.6
5669.04 21.1 -1.120 1.500 49.4 40.2 41.1 49.1
5684.20 21.1 -1.080 1.507 59.4

3924.53 22.0 -0.940 0.020 70.3 35.0

3958.22 22.0 -0.176 0.050 65.5

3998.64 22.0 -0.060 0.050 79.1

4008.93 22.0 -1.072 0.021 86.5
4512.74 22.0 -0.480 0.840 53.7 61.4 28.2 25.3 44.4 54.2
4518.03 22.0 -0.325 0.830 57.0 75.3 30.1 32.5 50.6 61.9
4533.25 22.0 0476 0.850 98.4
4534.78 22.0 0.280 0.840 89.5 91.9 78.8 60.1 78.6 92.1
4548.77 22.0 -0.354 0.830 63.4 69.6 30.1 73.8 48.9 63.9
4555.49 22.0 -0.490 0.850 53.7 58.7 65.8 44.2 55.4
4617.28 22.0 0.390 1.750 67.0 66.9 46.5 63.5
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Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059
4623.10 22.0 0.170 1.740 44.3 50.2 31.7 45.3
4758.12 22.0 0.425 2.250 34.6 32.2 37.1 24.2 37.4
4759.28 22.0 0.514 2.250 33.8 38.6 43.6 28.1 40.7
4778.26 22.0 -0.210 2.240 12.4
4820.41 22.0 -0.439 1.500 28.9 33.5 37.8 20.6 354
4840.88 22.0 -0.450 0.900 55.6 68.4 24.8 69.0 41.0 59.1
4913.62 22.0 0.220 1.870 51.5 28.5 44.8
4981.74 22.0 0.504 0.850 599.6 88.2 69.6 99.1

4997.10 22.0 -2.118 0.000 31.2

4999.51 22.0 0.250 0.830 92.9 59.3 91.6
5016.17 22.0 -0.574 0.850 52.3 60.9 16.1 40.1 55.7
5022.87 22.0 -0.430 0.830 54.9 66.3 32.9 48.9 64.0
5024.85 22.0 -0.600 0.820 63.2 20.5 43.8

5039.96 22.0 -1.130 0.020 76.0 38.0 85.4 57.1

5064.66 22.0 -0.990 0.050 75.7 38.4 62.4

514547 22.0 -0.574 1.460 27.7
5192.98 22.0 -1.006 0.020 77.4 76.0 31.4 44.1 86.2 56.6 79.6
5210.39 22.0 -0.884 0.050 78.9 87.3 43.6 47.5 98.7 67.1 81.8
5866.45 22.0 -0.840 1.070 374 45.1 46.3
5953.16 22.0 -0.329 1.890 26.8

5965.83 22.0 -0.409 1.880 274

5978.54 22.0 -0.496 1.870 204
6258.10 22.0 -0.355 1.440 33.8 47.1 30.6 42.3
6258.71 22.0 -0.240 1.460 50.9 61.1 81.2 36.9 63.0
6261.11 22.0 -0.480 1.430 34.9 39.0 23.3 40.6
3987.61 22.1 -2.730 0.610 48.6 38.5 43.8 58.1
4028.35 22.1 -1.000 1.890 87.0 86.9 41.2 69.0 72.0 92.1 94.4
4395.84 22.1 -1.970 1.240 66.5 74.4

4417.72 221 -1.430 1.160 56.7 90.7
4418.33 22.1 -1.990 1.240 79.7 77.3 54.9 89.2 79.7 84.8
4544.02 22.1 -2.410 1.240 44.9 22.6 25.0 49.0 43.5




Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059

29!

4563.77 22.1 -0.960 1.220 63.7
4568.33 22.1 -2.650 1.220 29.8 30.3 36.5
4571.98 22.1 -0.530 1.570 7.8
4583.42 22.1 -2.720 1.160 39.3 20.0 32.6 34.7
4589.95 22.1 -1.790 1.240 90.0 86.9 36.1 75.8 71.5 99.1 93.9 93.3
4636.32 22.1 -3.020 1.165 22.5 24.8 14.9 214
4708.67 22.1 -2.210 1.240 64.0 40.6 65.4 55.8 64.3
4779.98 22.1 -1.370 2.048 70.2 65.7 32.2 56.7 58.0 82.9 76.8 75.3
4805.09 22.1 -1.120 2.061 53.7 79.2 79.1

4874.01 22.1 -0.790 3.090 36.3 45.3 42.1
4911.20 22.1 -0.330 3.120 57.2 54.0 38.8 56.0 59.8
5005.17 22.1 -2.540 1.570 22.8

5154.07 22.1 -1.920 1.570 777 76.1 52.6 81.0
5185.91 22.1 -1.350 1.890 50.9 75.6 70.3
5211.53 22.1 -1.160 2.590 38.3 15.0 37.1 40.8
5336.79 22.1 -1.630 1.580 82.4 75.9 28.9 70.8 62.8 87.9 80.4 83.1
5381.01 22.1 -1.970 1.570 67.6 66.4 26.7 50.5 69.6
5418.78 22.1 -2.110 1.580 62.6 51.6 41.1 61.7 58.0 57.7
5490.69 22.1 -2.430 1.566 26.0

4115.18 23.0 0.070 0.290 68.7 25.2

4875.49 23.0 -0.810 0.040 39.5

5670.86 23.0 -0.420 1.080 15.8

5703.59 23.0 -0.210 1.050 27.1
5727.06 23.0 -0.010 1.080 26.3 33.3 29.1
6039.73 23.0 -0.650 1.060 11.6
3592.03 23.1 -0.370 1.100 92.7 87.8 48.9 70.4 88.7 86.4 83.9
3951.97 23.1 -0.744 1.480 67.9 49.0 72.4
3732.02 24.0 -2.570 0.000 54.9 53.3 61.5
3768.74 24.0 -0.920 2.544 44.5
4272.90 24.0 -0.980 2.900 23.3

4351.05 24.0 -1.430 0.968 35.6
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Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059
4412.23 24.0 -2.670 1.030 19.9

4496.84 24.0 -1.140 0.941 69.6
4511.90 24.0 -0.343 3.090 29.6 34.8 27.5 29.4
454595 24.0 -1.370 0.941 72.2 78.6 57.9 46.8 88.4 65.6 75.6
4580.04 24.0 -1.660 0.941 73.6 45.7 66.8
4591.39 24.0 -1.740 0.968 81.0 86.6
4616.12 24.0 -1.190 0.983 84.3 83.6 45.5 48.3 97.8 4.7 79.9
4626.17 24.0 -1.330 0.968 70.0 74.6 41.8 64.2 71.1
4646.15 24.0 -0.740 1.030 66.2
4651.28 24.0 -1.460 0.983 79.1 70.4 33.5 87.5 59.0 70.3
4652.15 24.0 -1.040 1.004 86.8 93.7 51.6 68.6 56.0 79.2 89.5
4689.38 24.0 -0.400 3.125 59.8
4708.02 24.0 0.070 3.168 53.4 48.6 25.2 57.7 40.3 44.8
4718.43 24.0 0.240 3.195 54.7 60.0 28.6 32.1 68.4 48.0 55.5
4724.41 24.0 -0.733 3.090 28.9 36.0 20.0 27.1
4730.72 24.0 -0.192 3.080 40.1
4737.35 24.0 -0.100 3.090 46.4 42.0 55.2
4789.34 24.0 -0.330 2.544 56.2 79.1 48.7 52.1
4801.03 24.0 -0.130 3.120 38.8 41.0 36.4
4814.28 24.0 -1.220 3.087 15.2
4936.34 24.0 -0.250 3.113 34.7 49.0 31.0 34.9
4964.93 24.0 -2.526 0.940 29.3 31.0 20.9
5067.72 24.0 -1.070 2.709 29.2
5247.57 24.0 -1.590 0.961 65.6 77.1 24.6 33.2 55.2 65.7
5296.69 24.0 -1.360 0.983 76.2 83.9 45.9 97.8 69.7 N
5297.39 24.0 0.000 2.900 80.1 96.2 62.8 71.4
5300.74 24.0 -2.000 0.983 52.9 14.4 46.6
5345.80 24.0 -0.950 1.004 87.0 71.9 89.3
5348.31 24.0 -1.210 1.004 90.4 55.7 75.8 81.7
5409.77 24.0 -0.670 1.030 88.2 85.5

5702.32 24.0 -0.670 3.449 18.3
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Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059
5783.09 24.0 -0.500 3.320 25.7 17.6
5783.89 24.0 -0.295 3.320 29.9 39.0 31.8
5787.93 24.0 -0.083 3.320 35.4 44.5 31.7 40.8
6330.09 24.0 -2.900 0.940 22.3
4554.99 24.1 -1.373 4.070 55.7 49.4 38.2 63.2 54.4
4558.65 24.1 -0.656 4.070 88.1 83.0 37.2 . 74.6 85.7
4588.20 24.1 -0.826 4.070 74.0 71.4 28.8 71.8 66.3 88.9 82.1 73.7
4592.06 24.1 -1.419 4.070 53.8 49.1 29.9 58.3 58.5 50.6
4616.63 24.1 -1.210 4.073 53.7 48.7 33.6 65.4 58.1 52.9
4848.23 24.1 -0.999 3.870 54.3 72.1
5237.33 24.1 -1.155 4.070 60.9 55.1 25.3 36.2 60.6 58.2 53.7
5305.86 24.1 -2.060 3.830 35.6 42.3
5308.42 24.1 -1.790 4.070 27.6 25.7 30.9 30.0
5310.69 24.1 -2.240 4.070 16.3 17.3 13.3
5313.59 24.1 -1.640 4.070 39.3 34.4 44.4 40.4 37.1
5502.09 24.1 -1.970 4.168 25.1

4055.55 25.0 -0.080 2.140 78.5
4709.72  25.0 -0.339 2.890 49.5 57.2 65.9 43.0 51.7
4739.11 25.0 -0.490 2.940 37.1 48.2 59.6 394
4761.53 25.0 -0.138 2.950 57.6 62.3 28.5 51.1 97.1
4783.43 25.0 0.042 2.300 47.8 93.6 82.4

4823.51 25.0 0.144 2.320 43.5 92.2 73.2
6013.50 25.0 -0.252 3.070 67.9 70.8 18.9 76.4
6021.80 25.0 0.030 3.080 82.3 81.4 39.6 95.2 63.2 4.7
3916.74 26.0 -0.604 3.237 92.0 61.6 81.9 78.1
3917.18 26.0 -2.155 0.990 99.6 96.2
3949.96 26.0 -1.251 2.176 99.8 84.9 79.5 92.3 95.3
4114.45 26.0 -1.303 2.832 78.5 83.1 36.2 65.4 92.3 78.5 83.9
413291 26.0 -1.006 2.845 79.8
4139.94 26.0 -3.629 0.990 57.2 61.8 21.8 35.3 36.2 73.9 54.2 63.8
4157.79 26.0 -0.403 3.417 81.2 94.5 78.9




Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059

FASE

417492 26.0 -2.969 0.915 97.8 ..

4175.64 26.0 -0.827 2.845 99.6 85.3 76.9 99.3

4184.91 26.0 -0.869 2.832 91.0 53.3 78.2 71.6 91.7

4216.19 26.0 -3.356 0.000 79.1

4217.56 26.0 -0.484 3.430 76.8

4222.22  26.0 -0.967 2.450 95.1

4238.81 26.0 -0.233 3.397 87.3
4347.24 26.0 -5.503 0.000 30.0 30.9 26.8
437594 26.0 -3.031 0.000 95.8
4388.41 26.0 -0.682 3.603 61.1 84.7
4389.25 26.0 -4.583 0.052 o7.7 63.8 25.5 60.9 55.2
4489.75 26.0 -3.966 0.121 83.0 93.6 50.5 63.2 76.8 87.5
449457 26.0 -1.136 2.198 98.7
4517.52 26.0 -1.860 3.071 99.1 65.7 31.1 23.6 72.8 50.6 99.9
4523.41 26.0 -1.960 3.654 28.6 32.7 22.6 34.1
4547.85 26.0 -1.010 3.546 74.9 80.7 57.5 87.8 74.6 76.8
4551.65 26.0 -2.030 3.943 20.3 17.9
4556.93 26.0 -2.660 3.251 25.5 14.6
4566.52 26.0 -2.380 3.300 31.2 274 35.9
4574.23 26.0 -2.450 3.211 23.5 30.3 34.2 19.2 24.7
4587.13 26.0 -1.740 3.573 47.1 65.0 40.1 46.1
4593.53 26.0 -2.030 3.943 19.3 22.2 18.8
4602.01 26.0 -3.154 1.608 63.8 65.4 32.5 68.9 56.7 59.8
4602.95 26.0 -2.220 1.485 57.6 81.9 98.3
4630.12 26.0 -2.587 2.279 60.1 66.4 36.9 28.5 78.2 53.2 65.6
4632.92 26.0 -2.913 1.608 96.3 48.8 66.7 48.7
4635.85 26.0 -2.360 2.840 39.7 45.7 34.7 41.7
464743 26.0 -1.351 2.949 60.4
4672.84 26.0 -4.240 1.610 24.2 19.1
4683.56 26.0 -2.320 2.832 44.5 49.3 56.5 33.0 42.3

4690.14 26.0 -1.640 3.687 43.3 25.9 54.5 38.1 474




Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059

8GT

4733.59 26.0 -2.990 1.485 69.6 7.2 34.0 52.6 94.0 70.0 76.5
4741.53 26.0 -1.760 2.830 64.7 65.5 38.7 78.8 60.0 66.2
4745.80 26.0 -1.270 3.654 63.6 70.5 26.7 34.3 76.7 58.7 68.7
4779.45 26.0 -2.020 3.415 28.5 34.9 38.7 24.7 33.8
4787.83 26.0 -2.600 2.998 29.0 30.2 43.5 23.7 31.6
4788.76  26.0 -1.763 3.237 o7.7 58.8 30.9 67.7 48.4 58.1
4789.65 26.0 -0.910 3.547 74.0 79.1 40.4 54.2 72.0 76.6
4802.52 26.0 -1.820 4.610 12.9
4802.88 26.0 -1.510 3.642 53.5 55.0 23.9 28.3 67.0 49.0 97.1
4808.16 26.0 -2.740 3.251 25.3 19.5
4809.94 26.0 -2.680 3.573 12.6 19.2
4835.87 26.0 -1.470 4.103 33.1 424 30.9 40.6
4839.52 26.0 -1.820 3.270 49.7 61.6 24.1 44.6 51.9
4844.01 26.0 -2.050 3.547 36.4 41.2 23.0 31.1
4882.14 26.0 -1.640 3.420 70.3 22.6 29.1 58.7 60.1
4892.87 26.0 -1.290 4.220 50.3 55.5 31.3 41.8
4903.32 26.0 -0.926 2.882 87.2
4905.14 26.0 -2.020 3.929 29.1 17.8 214
4917.24 26.0 -1.160 4.191 55.5 60.5 29.8 71.6 48.5 56.5
4924.77 26.0 -2.114 2.279 80.6 85.0 474 47.5 52.5 79.9 89.5
4938.82 26.0 -1.077 2.875 54.1 81.8 95.2
4939.69 26.0 -3.340 0.859 90.0 62.6 56.0 85.7 87.9
4961.92 26.0 -2.250 3.634 25.6 14.4
4962.58 26.0 -1.182 4.178 48.8 43.9 21.8 55.9 40.0 45.7
4966.09 26.0 -0.871 3.332 83.6 72.9 98.3
4994.14 26.0 -3.080 0.915 92.4 44.1 75.4 75.4 81.5 98.5
5001.87 26.0 -0.010 3.882 88.7
5014.94 26.0 -0.303 3.943 97.5 98.8 72.8 87.1 99.1
5044.21 26.0 -2.060 2.850 59.8 78.4 28.1 32.0 69.8 52.9 61.9
5049.83 26.0 -1.355 2.279 58.6 91.8

5051.64 26.0 -2.795 0.915 95.8 98.9 91.5




Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059

6GT

5054.64 26.0 -1.920 3.640 25.5 33.3 18.4 32.8
5067.16 26.0 -0.970 4.220 57.8 65.5 35.2 69.8 51.2 61.5
5068.77 26.0 -1.042 2.940 49.4 74.4 96.9

5074.75 26.0 -0.230 4.220 79.7

5079.74 26.0 -3.220 0.990 79.0
5083.35 26.0 -2.958 0.958 96.6 51.3 72.4 75.7 89.2 98.1
5088.16 26.0 -1.680 4.150 274 19.1 26.6
5090.78 26.0 -0.400 4.260 79.8 77.4 25.4 54.6 53.4 89.3 68.9 77.1
5109.66 26.0 -0.980 4.300 74.8 68.6 24.7 41.4 80.4 62.2 69.2
5123.73 26.0 -3.068 1.011 90.6 71.2 62.0 85.4 89.9
5125.12 26.0 -0.080 4.220 98.7 85.1
5127.37 26.0 -3.307 0.915 80.7 87.3 29.3 63.5 57.8 89.8 76.0 80.7
5131.48 26.0 -2.515 2.223 80.0 48.3 60.5 73.4
5133.69 26.0 0.200 4.180 50.9 90.6
5141.74 26.0 -2.238 2.424 73.3 72.7 38.2 83.6 61.0 68.2
5145.09 26.0 -2.876 2.198 31.8 45.4 28.9 39.4
5150.85 26.0 -3.037 0.990 72.3 62.8 95.0
5151.92 26.0 -3.322 1.011 81.5 90.9 54.6 52.6 75.2 83.4
5162.28 26.0 0.020 4.180 48.5 98.0 79.3

5166.28 26.0 -4.195 0.000 59.6 86.9
5187.92 26.0 -1.371 4.143 50.4 47.9 24.2 38.2 41.3
5191.47 26.0 -0.551 3.038 99.4

5192.35 26.0 -0.421 2.998 99.9

5194.95 26.0 -2.090 1.557 69.2 93.1 79.3 93.7
5198.72 26.0 -2.135 2.223 80.6 89.9 40.8 54.1 57.0 99.8 78.4 83.7
5202.34 26.0 -1.838 2.176 98.1 93.3

5216.28 26.0 -2.150 1.608 84.8 82.5
5217.40 26.0 -1.162 3.211 90.7 99.9 55.2 62.8 62.9 87.4 91.6
5225.53 26.0 -4.789 0.110 56.7
5242.46 26.0 -0.967 3.634 71.5 81.8 48.8 48.6 88.5 70.1 4.7

5243.78 26.0 -1.120 4.256 48.5 7.7 23.3 43.0 50.6




091

Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059
5247.06 26.0 -4.946 0.087 63.2 50.3
5250.22 26.0 -4.938 0.121 48.0 53.2
5266.56 26.0 -0.385 2.998 82.6

5281.80 26.0 -0.834 3.038 48.3 83.2

5283.63 26.0 -0.525 3.241 97.8
5288.53 26.0 -1.510 3.680 46.3 52.0 21.6 55.4 40.6 51.9
5295.32 26.0 -1.670 4.415 19.3 21.2 20.6
5302.31 26.0 -0.720 3.283 90.9 75.8
5307.37 26.0 -2.987 1.608 85.9 47.3 96.8 75.1 83.8
5321.11 26.0 -1.090 4.435 31.2 32.2 38.4 28.2
5322.01 26.0 -2.803 2.279 44.3 53.2 32.3 48.7
5324.19 26.0 -0.103 3.211 83.8

5332.92 26.0 -2.776 1.557 32.6 62.7 49.6

5339.94 26.0 -0.720 3.266 91.7 79.7

5364.87 26.0 0.228 4.446 46.1 78.4
5365.40 26.0 -1.020 3.573 73.6 72.4 28.6 42.4 67.8 70.1
5367.47 26.0 0.443 4.415 87.8 75.4

5369.97 26.0 0.536 4.371 82.6
5373.70  26.0 -0.760 4.470 56.1 54.5 15.5 25.9 62.9 47.8 56.9
5379.58 26.0 -1.514 3.695 46.1 51.5 28.2 99.8 41.9 51.3
5383.38 26.0 0.645 4.312 99.6

5386.34 26.0 -1.740 4.154 25.5 28.1 23.5
5389.49 26.0 -0.400 4.410 71.8 5.7 23.6 56.4 46.5 79.6 68.0 72.3
5393.18 26.0 -0.715 3.241 94.5 76.3

5395.22 26.0 -2.150 4.446 13.0

5397.14 26.0 -1.993 0.915 80.4
5398.29 26.0 -0.710 4.446 60.6 63.4 34.0 75.6 57.0 59.6
5401.27 26.0 -1.890 4.320 17.1
5405.36  26.0 -1.390 4.390 324 34.4
5406.78 26.0 -1.720 4.370 25.2 22.2 254
5409.14 26.0 -1.200 4.370 43.3 48.1 65.0 42.9 394
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Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059
541091 26.0 0.398 4.473 62.4 90.1 96.1

5415.20 26.0 0.642 4.386 63.8 84.0 .
5417.04 26.0 -1.660 4.415 22.0 29.7 16.0 26.8
5424.08 26.0 0.520 4.320 99.9 90.4

5483.10 26.0 -1.410 4.150 40.7
5487.14 26.0 -1.430 4.410 29.3 29.1 28.9 27.7
0487.77 26.0 -0.620 4.140 81.3 38.0 48.2 78.7

5497.52 26.0 -2.830 1.010 42.9 82.1
5501.48 26.0 -3.047 0.958 47.6 80.8 96.2 99.5
5506.79 26.0 -2.797 0.990 93.8
5522.45 26.0 -1.520 4.209 33.2 36.5 39.3 24.9 33.3
5525.556 26.0 -1.080 4.230 44.6 50.2 55.9 38.3 48.0
5546.51 26.0 -1.210 4.372 37.3 46.6 51.3 34.9 36.8
5547.00 26.0 -1.880 4.218 22.5 18.2
5553.58 26.0 -1.310 4.430 36.8 54.8 35.7 46.8
5554.88 26.0 -0.350 4.550 83.7 91.3 37.0 95.7 74.2 85.2
5560.22 26.0 -1.160 4.435 41.0 50.2 40.7 41.0
5567.39 26.0 -2.670 2.610 36.7 63.3 67.5 40.5 56.5
5569.63 26.0 -0.486 3.417 93.1 81.1
5576.10 26.0 -0.940 3.430 77.2 394 68.4 86.5 97.3
5587.58 26.0 -1.840 4.140 45.0
5618.64 26.0 -1.276 4.209 43.6 42.8 16.5 50.0 34.2 40.8
5619.61 26.0 -1.670 4.386 29.2
5620.49 26.0 -1.810 4.150 43.7 26.8 33.8
5624.04 26.0 -1.220 4.390 43.3 19.1 38.6 46.7
5624.54 26.0 -0.755 3.420 50.3 91.9 64.8 98.8
5635.83 26.0 -1.860 4.256 18.1 24.6
5641.44 26.0 -1.080 4.260 48.6 54.7
5650.00 26.0 -0.920 5.100 28.4 35.2
5650.70 26.0 -0.860 4.550 36.6 33.7 41.0 31.9
5651.48 26.0 -2.000 4.470 13.0




Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059

91

5652.33 26.0 -1.920 4.260 22.1 23.4 26.9 17.5
5653.89 26.0 -1.540 4.390 30.7 34.3 37.7 31.5
5662.52 26.0 -0.573 4.178 88.4 90.2 304 43.0 71.6 80.6
5667.52 26.0 -1.500 4.480 39.8 44.7 27.6 37.9
5679.02 26.0 -0.820 4.650 38.1 55.9 18.8 66.5 37.7 49.1
5686.53 26.0 -0.446 4.548 27.5 60.0
5701.56 26.0 -2.216 2.559 69.8 76.1 29.0 51.0 87.3 65.8 75.9
5705.47 26.0 -1.360 4.300 29.4 28.8 44.0 25.3 32.3
5705.98 26.0 -0.490 4.610 77.3 87.1 76.0 83.2
5717.84 26.0 -1.100 4.284 54.2 52.9 54.7 61.3
573177 26.0 -1.270 4.256 44.5 50.2 19.4 60.4 44.5 50.9
5741.86 26.0 -1.673 4.256 22.7 26.9 28.9 21.6
5752.04 26.0 -0.940 4.550 43.3 46.4 18.7 58.2 44.8 49.3
5753.12 26.0 -0.688 4.260 66.3 71.5 40.6 75.6 67.9 71.6
5762.99 26.0 -0.410 4.210 90.6 66.2 90.2
5775.09 26.0 -1.298 4.220 51.1 48.8 62.7 51.1 52.6
5793.92 26.0 -1.660 4.220 31.3 34.6 274
5806.73 26.0 -1.030 4.608 43.4 44.1
5809.22 26.0 -1.740 3.880 41.3 31.0 41.1
5814.81 26.0 -1.940 4.283 11.6 13.9
5816.38 26.0 -0.601 4.548 70.1 27.9 51.0 70.4
5852.23 26.0 -1.300 4.548 30.8 44.6 22.9 31.7
5855.09 26.0 -1.478 4.608 14.8 18.0
5856.10 26.0 -1.328 4.294 24.3 16.6 28.3
5858.78 26.0 -2.260 4.220 11.2
5859.60 26.0 -0.550 4.550 60.5 59.7 22.0 26.4 75.9 53.9 61.9
5862.35 26.0 -0.330 4.550 80.6 70.9 27.7 63.1 44.3 91.5 67.4 76.6
5883.81 26.0 -1.260 3.960 62.8 60.4 44.6 51.0
5902.48 26.0 -1.810 4.590 19.1
5905.68 26.0 -0.770 4.652 58.2 24.4 62.5 43.2 61.0

5927.80 26.0 -1.070 4.652 29.3 28.9 50.3 35.9




Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059

€91

5929.68 26.0 -1.380 4.548 26.6 39.0 28.4 33.3
5930.19 26.0 -0.140 4.650 75.9 80.1 59.1 91.4 70.7 80.7
5934.67 26.0 -1.120 3.929 68.5 71.3 28.4 69.3 55.4 62.9
5952.72  26.0 -1.340 3.980 49.6 54.9 42.5
5956.71 26.0 -4.608 0.859 35.2 43.9 48.5 36.9
5976.79 26.0 -1.330 3.940 66.7 62.8 23.3 54.7 59.0
5983.69 26.0 -0.660 4.550 65.7 64.7 71.6 61.0
5984.83 26.0 -0.260 4.730 70.2 85.0 49.2 94.2 66.6 74.5
6003.02 26.0 -1.110 3.880 69.2 40.2 66.8 75.3
6024.05 26.0 0.030 4.550 97.1 97.3 41.5 74.2 60.0 86.5 96.5
6027.06 26.0 -1.089 4.076 55.2 60.3 21.7 34.9 67.6 46.5 61.6
6055.99 26.0 -0.370 4.730 63.2 68.7 20.5 274 79.8 54.8 62.9
6065.49 26.0 -1.530 2.608 40.0 69.0 73.6 91.3
6078.50 26.0 -0.330 4.790 68.4 35.2 82.2 54.9 70.3
6079.02 26.0 -1.100 4.652 37.0 16.2 40.4
6082.72 26.0 -3.573 2.223 274 13.1
6085.26 26.0 -2.710 2.759 35.8 33.7
6094.38 26.0 -1.920 4.652 18.7
6096.67 26.0 -1.880 3.984 25.7 30.0 29.2 22.8 32.7
6127.90 26.0 -1.400 4.140 34.1 45.7 30.1 41.7
6136.62 26.0 -1.400 2.453 83.8

6137.00 26.0 -2.950 2.198 63.3

6137.70 26.0 -1.403 2.588 55.5 774 75.6
6151.62 26.0 -3.299 2.176 34.9 42.0 28.9 35.0
6157.73 26.0 -1.220 4.076 53.0 52.1 17.7 25.2 65.0 46.4 53.0
6165.36 26.0 -1.474 4.143 35.0 41.4 45.8 27.0 37.7
6173.34 26.0 -2.880 2.223 55.0 60.1 71.0 50.5 63.7
6180.20 26.0 -2.650 2.730 39.5 47.8 35.0 47.9
6188.00 26.0 -1.670 3.943 30.1 44.0 27.3 37.7
6191.57 26.0 -1.416 2.433 91.4

6200.32 26.0 -2.437 2.608 54.5




Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059

791

6213.44 26.0 -2.482 2.223 73.3 83.9 46.9 83.0 62.0 73.5
6219.29 26.0 -2.433 2.198 80.6 85.3 46.8 88.0 67.0 85.9
6226.74 26.0 -2.200 3.880 22.0 20.7
6229.23 26.0 -2.805 2.845 33.8 22.6
6230.74 26.0 -1.281 2.559 97.3 85.6
6240.65 26.0 -3.173 2.223 28.6 22.5 35.4
6246.33 26.0 -0.877 3.603 93.4 66.4 63.5 87.6 98.3
6252.56 26.0 -1.687 2.404 98.2 82.7 97.7

6254.26 26.0 -2.430 2.280 67.2 64.6
6265.14 26.0 -2.550 2.176 67.6 79.7 41.4 39.6 82.0 62.4 76.8
6270.23 26.0 -2.609 2.858 38.6 49.1 31.2 35.8
6271.28 26.0 -2.700 3.330 16.7
6290.97 26.0 -0.730 4.730 69.9 57.4 58.9
6297.80 26.0 -2.740 2.223 72.6

6301.51 26.0 -0.718 3.654 63.8

6302.50 26.0 -1.110 3.690 78.1 98.4 65.0
6315.31 26.0 -1.230 4.140 61.3 45.6 70.8
6315.81 26.0 -1.660 4.076 29.3
6322.69 26.0 -2.426 2.588 70.3 70.2 78.3 58.6 73.3
6330.85 26.0 -1.720 4.733 30.2 27.0
6335.33 26.0 -2.177 2.198 86.5 90.2 69.2 51.1 78.6 85.0
6344.15 26.0 -2.923 2.433 57.5 27.9
6355.04 26.0 -2.291 2.845 72.1 32.0 78.3 57.2 66.9
6358.69 26.0 -4.468 0.859 76.9 51.8 67.5
4178.86 26.1 -2.443 2.583 87.6 82.2 46.2 69.4 72.2 95.1 96.8 88.9
4416.82 26.1 -2.600 2.778 88.3 80.9 61.3 94.2 96.5 83.2
4491.40 26.1 -2.640 2.856 77.6 77.6 56.5 66.6 85.6 75.1
4508.30 26.1 -2.350 2.856 92.9 86.6 42.2 86.9 76.6 99.0 90.2
4520.23 26.1 -2.620 2.807 83.4 79.2 35.2 69.5 92.3 82.7
4541.52 26.1 -2.970 2.856 84.5

4576.34 26.1 -2.920 2.844 70.3 64.9 24.7 54.4 72.8 74.2 64.1
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Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059
4582.83 26.1 -3.062 2.844 67.4 59.3 46.7 71.1 66.1 62.2
4583.84 26.1 -1.740 2.807 66.7
4620.52 26.1 -3.188 2.828 58.0 52.7 42.5 63.5 62.1 58.6
4629.34 26.1 -2.480 2.810 92.9 42.7 92.7 75.5
4635.31 26.1 -1.580 5.956 14.8 22.5 21.9
4670.17 26.1 -4.070 2.583 57.3

4833.19 26.1 -4.790 2.657 9.8

4893.82 26.1 -4.270 2.828 18.7 11.2 . 24.9 15.8
4993.35 26.1 -3.680 2.807 41.5 49.8 26.9 48.3 49.7 42.1
5018.45 26.1 -1.350 2.891 94.9
5132.67 26.1 -4.090 2.807 254 27.5 22.7
5197.58 26.1 -2.054 3.230 83.2 80.6 66.2 64.2 94.9 86.3
5234.63 26.1 -2.210 3.221 91.3 83.9 34.2 78.7 71.6 91.8 85.4
5264.81 26.1 -3.233 3.230 51.3 46.9 38.1 57.1 45.5
5276.00 26.1 -1.900 3.199 90.3
5284.11 26.1 -3.200 2.891 72.8 59.6 24.0 43.2 68.8 62.4
5325.56 26.1 -2.570 3.221 42.6
5414.08 26.1 -3.482 3.221 38.5 27.0 24.2 33.4
5534.85 26.1 -2.860 3.245 73.5 62.6 54.3 81.5 75.9 63.0
5627.50 26.1 -4.078 3.387 15.4

5991.38 26.1 -3.650 3.153 59.4 40.8
6084.10 26.1 -3.880 3.199 18.5 29.0
6149.25 26.1 -2.840 3.889 45.3 374 34.3 44.4 50.0 42.2
6247.56 26.1 -2.430 3.892 61.7 60.1 35.2 47.0 79.4 60.7 56.1
6369.46 26.1 -4.360 2.891 22.2 27.7 26.1
4121.33 27.0 -0.320 0.920 85.3 84.1 100.0

5352.056 27.0 0.060 3.560 16.9

3807.15 28.0 -1.180 0.420 92.8
4686.22 28.0 -0.580 3.600 54.2 56.0 32.5 30.2 62.2 43.1 54.7
4831.18 28.0 -0.320 3.610 62.0 34.1
4857.40 28.0 -0.830 3.740 42.0 39.9 44.7 36.2




Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059

991

4866.27 28.0 -0.210 3.539 61.1 33.3 75.5 70.9
4904.42 28.0 -0.190 3.540 80.3 79.4 42.8 87.5 67.1 79.8
4913.98 28.0 -0.630 3.740 46.7 49.3 36.2 47.2
4935.83 28.0 -0.380 3.940 53.7 56.8 66.8 41.9 56.7
4953.21 28.0 -0.580 3.740 40.3 474 18.4 52.3 38.1 45.1
4998.22 28.0 -0.690 3.606 41.9 45.2 55.7 39.3 50.9
5010.94 28.0 -0.900 3.630 32.5 37.0 43.2 30.0 40.1
5035.37 28.0 0.290 3.630 93.5 87.7 593.8 68.1 68.7 79.5 90.8
5048.85 28.0 -0.390 3.850 52.7 55.9 29.0 66.4 46.6 61.9
5082.35 28.0 -0.540 3.660 51.5 54.5 22.8 54.2 41.1 55.5
5084.11 28.0 -0.060 3.680 77.4 81.2 62.0 55.1 85.4 71.7 82.2
5088.54 28.0 -1.080 3.850 22.5 21.7
5088.96 28.0 -1.290 3.680 15.9
5094.42 28.0 -1.120 3.830 22.6
5102.97 28.0 -2.660 1.680 38.7 22.9 39.6
5115.40 28.0 -0.140 3.830 59.5 65.3 23.2 41.1 74.2 61.6 68.1
5578.72 28.0 -2.640 1.680 33.1 43.2 26.9 36.2
5587.86 28.0 -2.140 1.930 50.2 43.8
5589.36 28.0 -1.140 3.900 15.7 21.7 17.8
5593.74 28.0 -0.840 3.900 29.9 32.6 42.7 23.2 28.6
5625.32 28.0 -0.701 4.090 34.7
5682.20 28.0 -0.469 4.100 42.7 21.9 35.9 41.6
5748.35 28.0 -3.260 1.680 22.2

5754.67 28.0 -1.850 1.930 56.1 65.8 24.8 48.1
5760.83 28.0 -0.805 4.100 28.6 19.6 24.5
5805.22 28.0 -0.638 4.170 36.2 27.2 34.8
5846.99 28.0 -3.210 1.680 16.2 14.7
5892.87 28.0 -2.340 1.990 84.7
5996.74 28.0 -1.010 4.236 16.2 20.1
6007.32 28.0 -3.410 1.677 21.8

6086.28 28.0 -0.515 4.260 41.8




291

Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ion loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059
6108.12 28.0 -2.430 1.680 45.0 60.5 33.4 64.3 48.3 53.8
6111.08 28.0 -0.820 4.090 24.6 29.7 31.8 18.8 28.7
6128.97 28.0 -3.330 1.680 16.5
6175.37 28.0 -0.535 4.090 41.2 33.1 41.7
6176.81 28.0 -0.529 4.090 52.9 56.2 1.7 43.7 58.7
6186.71 28.0 -0.965 4.100 24.7
6223.98 28.0 -0.910 4.106 29.8 21.6
6314.66 28.0 -1.770 1.930 70.1 48.1 68.1
6327.60 28.0 -3.060 1.680 34.8
5105.54 29.0 -3.720 1.380 63.5 30.3 29.5 87.2 51.4 78.2
5782.12 29.0 -1.780 1.642 60.9 65.9
4722.16 30.0 -0.390 4.030 74.9 69.8 47.6 85.2 61.3 76.7
4810.54 30.0 -0.170 4.080 72.5 68.9 24.8 47.1 84.6 63.9 76.0
4607.34 38.0 0.280 0.000 32.2 82.7 27.0 33.4
3549.01 39.1 -0.280 0.130 70.8 45.9 58.7 65.2 63.9 99.2
3600.74 39.1 0.280 0.180 76.0 74.9 39.2 61.2 72.8 79.2 71.3
3747.55 39.1 -0.910 0.100 53.3 41.8
3774.33 39.1  0.210 0.130 86.7 49.6 68.8 72.6
3788.70 39.1 -0.070 0.100 78.0 59.6

3818.34 39.1 -0.980 0.130 42.0
3950.36  39.1 -0.490 0.100 62.9 62.5 68.5 51.6 75.2 72.2 62.2
4398.01 39.1 -1.000 0.130 48.1 37.6
4883.69 39.1 0.070 1.080 59.6 58.4 50.4 40.7 65.1 63.8 54.8
4900.12 39.1 -0.090 1.030 87.3
5087.43 39.1 -0.170 1.080 44.0 39.2 11.1 44.5 29.7 52.6 39.6
5123.22 39.1 -0.830 0.990 29.9
5200.41 39.1 -0.570 0.990 33.6 30.3 39.9 30.2
3607.38 40.1 -0.700 1.240 52.0

3714.78 40.1 -0.960 0.530 28.2 26.8
4208.99 40.1 -0.510 0.710 45.8 22.2 50.2 48.8 41.4
4496.97 40.1 -0.890 0.710 95.1




891

Table C.1: Equivalent Width Measurements, Table 1 of 5, continued

A (A) Ton loggf EP 1919-173 1893-104 1905-243 2307-386 2335-542 2070-084 2052-063 2328-059
3692.36  45.0 0.173 0.000 28.7

4554.04 56.1 0.140 0.000 83.2
5853.69 56.1 -0.910 0.600 71.5 62.3 28.7 82.1 45.0 7.2 75.6 65.9
3988.51 57.1 0.210 0.170 43.0 45.2 19.7 60.3 44.9 41.8
3995.75 57.1 -0.060 0.170 19.8
4086.71 57.1 -0.070 0.000 39.6 19.8 48.8 40.9 40.5

Table C.2: Equivalent Width Measurements, Table 2 of 5

A (A) Ton loggf EP 2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632
5682.65 11.0 -0.699 2.100 78.0 79.2 65.5 33.2 80.9
5688.19 11.0 -0.420 2.100 93.2 63.4 58.1
6154.23 11.0 -1.530 2.100 27.1 19.8 24.2 18.9
6160.75 11.0 -1.230 2.100 41.7 39.1 43.5
4571.10 12.0 -5.570 0.000 70.5 67.0 48.9 48.1 89.0 89.1
4730.04 12.0 -2.347 4.350 55.3 25.5 51.3
5711.09 12.0 -1.630 4.340 68.3 74.6 56.2 61.6 86.0 87.6
5665.55 14.0 -2.040 4.920 28.5 34.8 32.6
5684.49 14.0 -1.420 4.950 49.4 43.8
5690.43 14.0 -1.870 4.930 39.7 35.0 40.3 40.5 30.2
5701.10 14.0 -2.050 4.930 26.8 30.0 30.8 30.6
5708.40 14.0 -1.470 4.950 48.6 35.0 374
5772.15 14.0 -1.750 5.080 35.6 38.2 45.4 39.2
5793.07 14.0 -2.060 4.930 36.9 31.2 40.0 37.6
5948.54 14.0 -1.230 5.080 69.2 63.3 64.6 45.3 37.1 73.8 68.4
6125.03 14.0 -1.570 5.610 24.5 9.9 19.5 26.2




691

Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632
6142.49 14.0 -1.480 5.620 18.8 26.8
6145.02 14.0 -1.370 5.610 28.7 26.2 34.7
6155.13 14.0 -0.760 5.620 61.1 64.4 31.2 37.1 73.2
6237.32 14.0 -1.010 5.620 50.8 41.5 45.8 47.1
6243.82 14.0 -1.300 5.616 21.0 40.7 36.4
6244.48 14.0 -1.320 5.616 33.4 32.6 33.0 38.5 33.4
6347.09 14.1 0.260 8.120 42.0 42.0 46.3 54.3 49.2

6371.35 14.1 -0.050 8.120 42.7

4318.66 20.0 -0.210 1.900 93.2 97.1
4526.93 20.0 -0.420 2.710 74.6 61.1 86.0 55.1 40.9 38.0 64.2 65.5
4578.56 20.0 -0.558 2.520 67.5 53.5 78.3 62.1 41.1 39.4 72.6 68.1
4685.27 20.0 -0.940 2.930 43.5 324 41.6 23.2 44.6
5260.39 20.0 -1.780 2.520 20.8 15.8
5261.71 20.0 -0.730 2.520 81.2 65.6 85.7 74.3 50.7 51.8 82.6 80.6
5512.99 20.0 -0.266 2.930 70.0 33.7 44.7 72.9 73.6
5590.13 20.0 -0.710 2.510 82.3 66.2 73.5 73.0 49.4 51.5 72.3 84.0
5594.47 20.0 0.050 2.510 96.6 94.8
5601.28 20.0 -0.438 2.520 82.6 70.7 79.5 51.9 55.6 89.3 89.2
6102.73 20.0 -0.790 1.880 93.9
6161.30 20.0 -1.270 2.520 49.7 53.6 21.2 44.7 47.1
6166.44 20.0 -1.140 2.520 47.6 36.0 66.7 16.3 474 50.4
6169.04 20.0 -0.800 2.520 78.1 55.1 87.5 63.8 40.8 75.9 76.9
6169.56 20.0 -0.480 2.520 90.4 68.9 95.7 84.2 56.1 99.3 97.0
5001.47 20.1 -0.520 7.500 15.3
5239.82 21.1 -0.765 1.450 48.7 39.2 46.1 43.2 33.3 53.8 47.3
5526.82 21.1  0.020 1.770 80.9 73.6 71.5 78.3 60.0 97.2 84.9 67.8
5640.99 21.1 -1.130 1.500 42.0 34.9 38.6
5657.88 21.1 -0.600 1.510 66.6 61.1 58.9 35.5 52.2 76.3 55.2
5667.15 21.1 -1.360 1.500 30.2 31.3 14.0
5669.04 21.1 -1.120 1.500 31.8 29.4 25.5 42.1

5684.20 21.1 -1.080 1.507 39.8 33.0




0LT

Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632
3924.53 22.0 -0.940 0.020 61.2 47.1 29.5 30.4 50.5 55.1
3958.22 22.0 -0.176 0.050 91.7 86.9 66.3 62.0

3998.64 22.0 -0.060 0.050 92.4 78.0 73.1

4008.93 22.0 -1.072 0.021 38.4 394
4512.74 22.0 -0.480 0.840 62.5 34.6 48.9 32.5 20.1 23.3 45.6 50.6
4518.03 22.0 -0.325 0.830 66.8 42.7 57.4 52.7
4534.78 22.0 0.280 0.840 90.2 73.1 87.8 70.4 60.8 55.0 78.6 83.1
4548.77 22.0 -0.354 0.830 61.1 47.0 60.5 40.7 32.0 27.3 48.1 53.7
4555.49 22.0 -0.490 0.850 56.5 34.9 53.7 25.1 17.8 41.6 53.1
4617.28 22.0 0.390 1.750 59.5 40.7 54.4 50.7 53.8
4623.10 22.0 0.170 1.740 51.3 30.5 31.7 14.7 34.4 43.8
4758.12 22.0 0.425 2.250 35.4 14.9 28.3 26.5 30.4
4759.28 22.0 0.514 2.250 36.9 214 32.2 15.2 12.4 28.9 33.8
4820.41 22.0 -0.439 1.500 31.4 15.5 29.1 19.5 27.1
4840.88 22.0 -0.450 0.900 59.3 32.7 52.4 19.8 45.7 50.8
4913.62 22.0 0.220 1.870 42.2 20.5 44.1 14.9 35.3
4981.74 22.0 0.504 0.850 82.1 92.1 73.0 68.1 93.8 96.8
4999.51 22.0 0.250 0.830 96.8 74.2 61.0 61.2 84.6 91.8
5016.17 22.0 -0.574 0.850 58.5 31.7 48.2 21.5 39.6 47.2
5022.87 22.0 -0.430 0.830 64.3 37.1 61.5 38.4 25.2 20.9 49.3 51.5
5024.85 22.0 -0.600 0.820 59.0 27.9 60.0 40.5 21.1 23.3

5039.96 22.0 -1.130 0.020 73.9 43.5 30.7 59.7

5064.66 22.0 -0.990 0.050 73.4 72.3
5087.06 22.0 -0.780 1.430 17.8 12.6
5113.45 22.0 -0.780 1.440 22.3
5192.98 22.0 -1.006 0.020 72.3 49.0 74.5 30.7 34.9 60.5 69.3
5210.39 22.0 -0.884 0.050 86.2 o1.1 72.1 60.8 49.0 46.6 65.7 63.1
5219.71 22.0 -2.292 0.020 22.2 15.4
5662.16 22.0 -0.110 2.320 20.5
5866.45 22.0 -0.840 1.070 40.9 29.1 34.4 28.6
5922.11 22.0 -1.470 1.050 10.7




Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632

TLT

6258.10 22.0 -0.355 1.440 44.5 33.5 25.1 46.0
6258.71 22.0 -0.240 1.460 58.7 33.4 35.4 31.0 44.5
6261.11 22.0 -0.480 1.430 37.5 36.9
3987.61 22.1 -2.730 0.610 57.8 42.5 49.0 43.0 35.0 38.8 47.0
4028.35 22.1 -1.000 1.890 89.6 80.8 82.1 79.2 66.4 74.3 86.5 76.1
4394.06 22.1 -1.770 1.220 74.6 63.9 72.2
4395.84 22.1 -1.970 1.240 67.9 62.2 61.8 48.2 58.8 56.5
4399.77 22.1 -1.270 1.240 85.4 95.2

4417.72 22.1 -1.430 1.160 93.4 93.4

4418.33 22.1 -1.990 1.240 71.0 63.6 69.5 64.3
4544.02 22.1 -2.410 1.240 38.6 33.1 29.5 31.7
4568.33 22.1 -2.650 1.220 23.5 23.3 21.9 21.8 28.6 22.3
4583.42 22.1 -2.720 1.160 27.6 21.0 29.0 16.0 24.3 23.9
4589.95 22.1 -1.790 1.240 82.1 79.4 81.4 79.3 75.4 73.7 91.6 79.6
4636.32 22.1 -3.020 1.165 21.5 22.2 11.8
4708.67 22.1 -2.210 1.240 46.1 424 46.2 43.9 43.7
4779.98 22.1 -1.370 2.048 66.7 61.5 62.2 67.1 57.0 58.1 70.2 66.1
4798.54 22.1 -2.430 1.080 34.9
4805.09 22.1 -1.120 2.061 64.5 74.8 97.4 89.7
4865.62 22.1 -2.590 1.120 40.7

4874.01 22.1 -0.790 3.090 37.3 34.4 19.7 27.4 35.7
4911.20 22.1 -0.330 3.120 51.2 48.1 36.0 46.5
4981.36 22.1 -3.160 1.570 8.7
5005.17 22.1 -2.540 1.570 23.0

5154.07 22.1 -1.920 1.570 65.0 65.2 62.6 54.0 61.7
5185.91 22.1 -1.350 1.890 63.0 66.3 65.7 50.3 97.3 73.5 58.9
5211.63 22.1 -1.160 2.590 29.2 41.8
5336.79 22.1 -1.630 1.580 70.3 66.2 69.2 70.7 61.8 70.9 75.5 72.9
5381.01 22.1 -1.970 1.570 55.8 49.4 53.9 46.8 48.1 60.1 55.0
5418.78 22.1 -2.110 1.580 60.3 39.2 47.1

5490.69 22.1 -2.430 1.566 22.9




CLT

Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632
4115.18 23.0 0.070 0.290 66.9 63.6 15.3

4116.47 23.0 -0.310 0.280 45.5
4406.63 23.0 -0.190 0.300 70.3 13.8 46.8 62.5
487549 23.0 -0.810 0.040 32.6 21.0
5627.64 23.0 -0.370 1.080 23.1
5727.06 23.0 -0.010 1.080 19.8
6090.22 23.0 -0.060 1.080 21.5
3545.19 23.1 -0.390 1.100 76.1 75.7 73.1 72.2
3592.03 23.1 -0.370 1.100 78.6 80.4 79.0 79.3 62.3 69.8 70.2 65.5
3951.97 23.1 -0.744 1.480 63.7 63.4 95.1 57.5 41.2 51.7 52.5 55.3
3732.02 24.0 -2.570 0.000 51.4 55.2
3768.74 24.0 -0.920 2.544 42.1 294
3928.64 24.0 -1.310 1.004 28.3
4272.90 24.0 -0.980 2.900 17.5 16.5
4373.26 24.0 -2.300 0.983 22.0
4496.84 24.0 -1.140 0.941 91.8 76.2 76.0 57.7
4511.90 24.0 -0.343 3.090 19.8 14.4 23.7 24.0 28.4
454595 24.0 -1.370 0.941 62.0 60.1 73.2 48.9 30.3 67.9 69.4
4580.04 24.0 -1.660 0.941 62.1 46.0 69.9 52.1 25.8 26.6

4591.39 24.0 -1.740 0.968 63.8 55.0 71.8

4600.74 24.0 -1.250 1.004 50.1
4616.12 24.0 -1.190 0.983 74.8 61.7 79.5 63.2 36.4 76.2 80.4
4626.17 24.0 -1.330 0.968 63.9 53.6 72.2 54.5 31.9 70.6 72.2
4646.15 24.0 -0.740 1.030 75.3 96.6 82.0 50.4 51.5
4651.28 24.0 -1.460 0.983 62.3 43.8 65.1 50.8 29.0 23.1 66.9 62.5
4652.15 24.0 -1.040 1.004 80.6 66.7 86.7 69.3 40.0 42.1 86.2 84.8
4708.02 24.0 0.070 3.168 33.7 26.5 38.1 23.0 13.1 40.0 38.9
4718.43 24.0 0.240 3.195 45.3 36.4 51.4 38.3 21.3 43.5 47.6
472441 24.0 -0.733 3.090 20.5 24.3
4730.72 24.0 -0.192 3.080 26.4 18.5
4737.35 24.0 -0.100 3.090 35.8 41.7 43.4




Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632

€LT

4789.34 24.0 -0.330 2.544 41.8 34.9 48.2 42.5 48.0
4801.03 24.0 -0.130 3.120 36.7
4936.34 24.0 -0.250 3.113 31.4 29.9 35.1 33.6
4964.93 24.0 -2.526 0.940 17.9
5067.72 24.0 -1.070 2.709 20.5 22.3
5247.57 24.0 -1.590 0.961 56.1 44.2 60.5 61.0 54.7
5296.69 24.0 -1.360 0.983 74.1 55.5 72.6 56.4 21.7 76.6 76.9
5297.39 24.0 0.000 2.900 47.7 66.8
5300.74 24.0 -2.000 0.983 44.4 40.0 39.6
5312.87 24.0 -0.550 3.449 14.4
5345.80 24.0 -0.950 1.004 82.2 71.9 90.3 50.2 43.5 89.6 90.4
5348.31 24.0 -1.210 1.004 75.4 99.1 82.7 60.1 29.2 31.0 73.2 75.3
5409.77 24.0 -0.670 1.030 90.9 62.1 59.8

5712.75 24.0 -1.030 3.011 14.2
5783.09 24.0 -0.500 3.320 17.1 18.0
5783.89 24.0 -0.295 3.320 28.6 30.6
5787.93 24.0 -0.083 3.320 28.5 35.8
4554.99 24.1 -1.373 4.070 34.5 43.6 39.4 39.7 28.1 27.0 50.3 44.1
4558.65 24.1 -0.656 4.070 65.1 81.1 84.4 58.3 68.4 87.2 7.4
4588.20 24.1 -0.826 4.070 53.7 66.7 63.8 68.4 50.1 59.4 75.7 62.7
4592.06 24.1 -1.419 4.070 35.8 42.8 41.5 44.2 18.1 25.2 43.0
4616.63 24.1 -1.210 4.073 27.8 43.7 38.6 25.5 52.9 39.0
4848.23 24.1 -0.999 3.870 53.2 56.5 59.6 38.2 38.4 67.2 61.8
5237.33 24.1 -1.155 4.070 36.4 41.1 44.4 57.8 24.6 30.4 52.6 47.3
5305.86 24.1 -2.060 3.830 13.6 27.6 20.2
5308.42 24.1 -1.790 4.070 21.4
5313.59 24.1 -1.640 4.070 12.9 36.6 29.5
4055.55 25.0 -0.080 2.140 83.2 92.0 73.2 41.8 51.1 98.5
4709.72  25.0 -0.339 2.890 32.0 25.6 44.7 44.5 46.8
4739.11 25.0 -0.490 2.940 30.4 34.6 39.1 46.5

4761.53 25.0 -0.138 2.950 43.0 31.6 44.5 42.4 15.5 58.6 54.1




VLT

Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632
4783.43 25.0 0.042 2.300 99.2 87.9 95.0 45.6 49.4
4823.51 25.0 0.144 2.320 44.9
6013.50 25.0 -0.252 3.070 55.3 53.4 56.6
6021.80 25.0 0.030 3.080 56.0 47.2 68.0 41.7 77.1 69.0
3916.74 26.0 -0.604 3.237 71.6 64.3 89.9 4.7 95.1
3917.18 26.0 -2.155 0.990 95.4 99.4 79.9
3949.96 26.0 -1.251 2.176 88.1 79.1 84.9 77.2 78.4 86.6 90.2
4114.45 26.0 -1.303 2.832 73.6 66.1 80.1 69.1 49.8 45.8 82.2 74.4
4132.91 26.0 -1.006 2.845 80.0 63.4
4139.94 26.0 -3.629 0.990 58.4 40.1 64.9 43.3 21.6 54.2 S7.7
4147.68 26.0 -2.104 1.485 84.7 61.5 65.0
4157.79 26.0 -0.403 3.417 82.2 97.3 87.4 64.5 75.2 99.4
417492 26.0 -2.969 0.915 81.9 56.4 55.6
4175.64 26.0 -0.827 2.845 93.0 83.0 92.1 67.8 72.6
4184.91 26.0 -0.869 2.832 91.3 83.6 93.0 87.7 59.7 60.9 93.4 88.2
4187.05 26.0 -0.548 2.450 99.6 88.2
4199.10 26.0 0.156 3.047 97.4 90.1
4216.19 26.0 -3.356 0.000 76.2 2.7
4217.56 26.0 -0.484 3.430 98.2 84.5 92.4 67.1 65.5
4222.22 26.0 -0.967 2.450 79.2 e
4233.61 26.0 -0.604 2.482 92.5
4238.81 26.0 -0.233 3.397 98.8 81.2 73.1
4250.13 26.0 -0.405 2.469 95.0
4282.41 26.0 -0.779 2.176 87.7
4347.24 26.0 -5.503 0.000 24.5 26.1 19.7
437594 26.0 -3.031 0.000 85.9 85.1
4388.41 26.0 -0.682 3.603 68.1 69.0 46.5 50.6 81.7
4389.25 26.0 -4.583 0.052 54.8 39.5 59.5 29.8 14.7 17.5 54.0 52.5
4489.75 26.0 -3.966 0.121 81.3 70.1 90.7 66.9 45.7 84.1
4494.57 26.0 -1.136 2.198 88.7 92.4
4517.52 26.0 -1.860 3.071 48.8 37.3 53.3 39.3 21.3 51.1 58.7




Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632

GLT

4523.41 26.0 -1.960 3.654 25.3 21.1 24.8 27.7
4547.85 26.0 -1.010 3.546 67.4 64.8 77.6 62.9 42.5 40.9 70.9 70.9
4551.65 26.0 -2.030 3.943 11.4 10.6
4566.52 26.0 -2.380 3.300 14.6 29.3 14.1 23.6 28.0
4574.23 26.0 -2.450 3.211 14.0 27.1 17.8 18.4
4587.13 26.0 -1.740 3.573 34.9 27.3 39.0 23.0 42.0 43.7
4593.53 26.0 -2.030 3.943 16.8
4602.01 26.0 -3.154 1.608 54.3 44.9 60.1 19.0 16.7 55.5 99.8
4602.95 26.0 -2.220 1.485 96.7 88.6 93.2 70.0 63.8
4630.12 26.0 -2.587 2.279 52.9 38.8 47.9 40.7 22.7 18.6 60.4 58.2
4632.92 26.0 -2.913 1.608 86.4 64.7 65.1 35.7 28.7 98.3
4635.85 26.0 -2.360 2.840 32.6 22.0 44.4 20.8 40.7 39.5
464743 26.0 -1.351 2.949 65.4 75.4 48.5
4658.30 26.0 -2.990 3.267 15.5
4672.84 26.0 -4.240 1.610 16.4
4683.56 26.0 -2.320 2.832 33.8 18.5 33.4 35.8 41.0
4690.14 26.0 -1.640 3.687 33.9 26.1 23.7 10.1 414 43.4
4733.59 26.0 -2.990 1.485 66.1 56.5 68.9 67.5 36.7 30.0 79.4
4741.53 26.0 -1.760 2.830 55.2 49.4 62.0 52.8
4745.80 26.0 -1.270 3.654 55.1 43.0 62.4 51.1 28.8 65.2 57.9
4779.45 26.0 -2.020 3.415 23.6 26.2 28.9 30.1
4787.83 26.0 -2.600 2.998 21.5 14.0 27.6 24.0 27.1
4788.76  26.0 -1.763 3.237 48.2 43.0 51.4 11.8 57.3 54.5
4789.65 26.0 -0.910 3.547 68.4 63.0 68.6 77.9
4802.88 26.0 -1.510 3.642 38.5 54.4 35.1 12.6 51.7 48.7
4808.16 26.0 -2.740 3.251 20.5 17.0 14.0
4809.94 26.0 -2.680 3.573 8.7 16.3
4835.87 26.0 -1.470 4.103 25.8 33.7 38.8
4839.52 26.0 -1.820 3.270 48.0 33.6 42.0 14.2 54.8
4844.01 26.0 -2.050 3.547 24.2 15.7 25.9 31.0 28.1

4871.33 26.0 -0.362 2.865 86.1 93.2




Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632

9LT

4872.14 26.0 -0.567 2.882 78.5 85.1
4882.14 26.0 -1.640 3.420 44.3 65.2 42.0 18.7 17.9 59.2 61.3
4890.76 26.0 -0.394 2.875 91.0 85.6
4892.87 26.0 -1.290 4.220 31.8 26.0 38.8 38.3 40.3
4903.32 26.0 -0.926 2.882 97.3 70.2 70.5
4905.14 26.0 -2.020 3.929 15.5 13.9
4917.24 26.0 -1.160 4.191 44.0 38.7 45.9 21.2 57.8 50.8
4924.77 26.0 -2.114 2.279 74.9 64.7 77.6 71.6 34.8 30.6 80.1 75.5
4938.82 26.0 -1.077 2.875 86.0 974 86.1 65.1 59.4
4939.69 26.0 -3.340 0.859 82.5 71.5 90.1 70.7 40.5 41.3 84.2 87.7
4961.92 26.0 -2.250 3.634 13.4 13.0 14.8
4962.58 26.0 -1.182 4.178 33.7 26.1 37.5 10.3 40.3 36.3
4966.09 26.0 -0.871 3.332 87.7 77.6 97.3 76.9 54.4
4994.14 26.0 -3.080 0.915 87.6 75.3 91.2 53.9 53.0 85.2 87.7
5001.87 26.0 -0.010 3.882 75.9

5014.94 26.0 -0.303 3.943 83.8 75.7 94.4 85.2 53.8 52.2 94.4
5044.21 26.0 -2.060 2.850 50.1 41.1 47.7 44.1 20.7 17.4 56.0 57.5
5049.83 26.0 -1.355 2.279 94.8 79.9 76.0

5051.64 26.0 -2.795 0.915 74.3 68.7
5054.64 26.0 -1.920 3.640 27.2 24.7 17.1
5067.16 26.0 -0.970 4.220 46.4 43.6 40.6 22.7 56.9 55.5
5068.77 26.0 -1.042 2.940 98.1 88.9 89.9 59.9 96.6
5074.75 26.0 -0.230 4.220 93.0 86.3 96.7 85.7 56.6 60.1 93.7 99.0
5079.74 26.0 -3.220 0.990 41.3
5083.35 26.0 -2.958 0.958 87.8 82.3 94.6 79.9 55.4 47.7 90.7 93.1
5088.16 26.0 -1.680 4.150 18.6 14.8 174 19.0
5090.78 26.0 -0.400 4.260 64.9 o1.1 71.1 55.6 33.2 29.1 73.7 74.3
5109.66 26.0 -0.980 4.300 55.2 46.5 68.0 49.1 24.2 65.0 55.0
5123.73 26.0 -3.068 1.011 91.2 76.4 91.3 75.0 49.4 48.5 92.4 87.0
5125.12 26.0 -0.080 4.220 99.2 67.2 67.8

5127.37 26.0 -3.307 0.915 78.7 69.3 80.2 66.8 52.4 41.3 81.9 79.6




Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632

LLT

5131.48 26.0 -2.515 2.223 67.1 68.6 47.5 74.3
5133.69 26.0 0.200 4.180 96.2 71.6 76.6
5141.74 26.0 -2.238 2.424 64.9 50.4 67.5 50.1 70.2 70.1
5145.09 26.0 -2.876 2.198 36.6 39.2 34.9
5150.85 26.0 -3.037 0.990 88.8 73.9 86.3 52.0 51.3 96.6
5151.92 26.0 -3.322 1.011 79.8 69.0 85.2 68.7 40.5 83.7
5162.28 26.0 0.020 4.180 99.9 93.2 96.5 63.0 65.9

5166.28 26.0 -4.195 0.000 69.1 75.6 46.9 48.3 91.4

5171.61 26.0 -1.793 1.485 90.4
5187.92 26.0 -1.371 4.143 36.6 28.9 43.9 24.4 39.1 38.7
5191.47 26.0 -0.551 3.038 71.5 70.2

5192.35 26.0 -0.421 2.998 90.2 90.4

5194.95 26.0 -2.090 1.557 84.8 88.1 66.7 71.0 96.6
5198.72 26.0 -2.135 2.223 77.3 68.8 77.6 63.2 50.0 38.3 78.9 82.6
5202.34 26.0 -1.838 2.176 72.2

5216.28 26.0 -2.150 1.608 83.6 97.6 67.1 70.5
5217.40 26.0 -1.162 3.211 79.6 69.4 86.8 77.0 39.4 47.8 88.5 94.3
5225.53 26.0 -4.789 0.110 61.4 33.6 60.3 58.2
5242.46 26.0 -0.967 3.634 82.5 50.1 63.8 31.8 37.6 69.9 79.4
5243.78 26.0 -1.120 4.256 37.1 26.5 48.6 12.2 49.1
5247.06 26.0 -4.946 0.087 44.5 53.0
5250.22 26.0 -4.938 0.121 50.5 28.0 47.0 50.9 53.4
5253.03 26.0 -3.940 2.280 10.4
5254.95 26.0 -4.764 0.110 32.6

5266.56 26.0 -0.385 2.998 93.8 92.7

5281.80 26.0 -0.834 3.038 93.4 99.8 62.0 74.4

5283.63 26.0 -0.525 3.241 88.4 4.7
5288.53 26.0 -1.510 3.680 38.5 36.0 44.6 45.7
5295.32 26.0 -1.670 4.415 21.1
5302.31 26.0 -0.720 3.283 98.3 86.2 66.0 67.8

5307.37 26.0 -2.987 1.608 72.2 56.6 74.1 31.1 27.8 68.1 72.8




8LT

Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632
5321.11 26.0 -1.090 4.435 30.6 33.3 31.1
5322.01 26.0 -2.803 2.279 33.1 36.8 47.2 48.8
5324.19 26.0 -0.103 3.211 89.3 97.1

5332.92 26.0 -2.776 1.557 39.7

5339.94 26.0 -0.720 3.266 93.1 66.4 65.8

5364.87 26.0 0.228 4.446 83.2 99.9 63.0 57.0
5365.40 26.0 -1.020 3.573 59.8 49.7 1.7 57.5 35.7 27.5 62.2 67.8
5367.47 26.0 0.443 4.415 97.2 95.0 55.1 67.2

5369.97 26.0 0.536 4.371 94.4 69.7 70.3
5373.70  26.0 -0.760 4.470 39.2 45.2 35.1 18.0 51.8 51.3
5379.58 26.0 -1.514 3.695 44.7 27.9 39.4 36.1 48.0 42.5
5383.38 26.0 0.645 4.312 81.3 86.6
5386.34 26.0 -1.740 4.154 20.6 19.5 17.3
5389.49 26.0 -0.400 4.410 60.3 51.7 74.2 26.1 28.6 63.5 67.2
5393.18 26.0 -0.715 3.241 95.4 81.2 94.3 65.9 595.5

5397.14 26.0 -1.993 0.915 99.1
5398.29 26.0 -0.710 4.446 40.7 39.9 59.8 48.4 25.5 21.6 58.3 54.4
5401.27 26.0 -1.890 4.320 12.5
5406.78 26.0 -1.720 4.370 17.8 21.0
5409.14 26.0 -1.200 4.370 26.9 36.4 39.8 40.3
541091 26.0 0.398 4.473 83.5 79.7 96.9 65.5 62.2

5415.20 26.0 0.642 4.386 99.5 81.5 77.5
5417.04 26.0 -1.660 4.415 15.1 19.8 18.7
5483.10 26.0 -1.410 4.150 23.0
5487.14 26.0 -1.430 4.410 16.6 29.9 30.4
5487.77 26.0 -0.620 4.140 67.9 73.6 33.7 32.0

5497.52 26.0 -2.830 1.010 98.2 86.0 . 96.9 66.6 61.1
5501.48 26.0 -3.047 0.958 90.3 79.4 97.1 77.9 64.0 57.1 99.2 96.9
5506.79 26.0 -2.797 0.990 98.2 87.2 95.7 72.6 68.6
5522.45 26.0 -1.520 4.209 24.7 25.1 22.1
5525.55 26.0 -1.080 4.230 30.1 37.2 41.5




Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632

6.1

5546.51 26.0 -1.210 4.372 41.5
5547.00 26.0 -1.880 4.218 18.4
5553.58 26.0 -1.310 4.430 38.3 35.1 32.9 33.3
5554.88 26.0 -0.350 4.550 63.0 64.9 72.6 64.8 26.7 28.7 T 76.0
5560.22 26.0 -1.160 4.435 24.0 32.7 48.5
5567.39 26.0 -2.670 2.610 36.4 40.8 48.7 42.3
5569.63 26.0 -0.486 3.417 95.0 73.0

5572.85 26.0 -0.275 3.397 82.4

5576.10 26.0 -0.940 3.430 81.3 71.3 90.3 76.1 47.7 48.5 93.6

5586.77 26.0 -0.144 3.368 96.2 93.3

5618.64 26.0 -1.276 4.209 37.4 37.8
5619.61 26.0 -1.670 4.386 254 19.1
5620.49 26.0 -1.810 4.150 254
5624.04 26.0 -1.220 4.390 33.2 25.1 40.1
5624.54 26.0 -0.755 3.420 85.5 90.0 60.2
5635.83 26.0 -1.860 4.256 21.0 20.2
5636.70 26.0 -2.560 3.640 9.7
5641.44 26.0 -1.080 4.260 44.9 49.4 47.7
5652.33 26.0 -1.920 4.260 10.9

5661.35 26.0 -1.756 4.284 12.4
5662.52 26.0 -0.573 4.178 63.9 58.5 67.2 40.3 78.0
5667.52 26.0 -1.500 4.480 20.2 27.3 30.3
5679.02 26.0 -0.820 4.650 30.4 26.6 43.9 29.7 42.6 51.7
5686.53 26.0 -0.446 4.548 45.8 62.1
5701.56 26.0 -2.216 2.559 62.1 53.7 63.0 65.6 71.0
5705.47 26.0 -1.360 4.300 16.5 26.4 34.1 24.8
5705.98 26.0 -0.490 4.610 57.6 73.6
5717.84 26.0 -1.100 4.284 43.5 314 47.3 48.3 17.3 46.5 49.1
573177 26.0 -1.270 4.256 40.2 31.0 46.2 44.8 33.5
5741.86 26.0 -1.673 4.256 19.5 19.4

5752.04 26.0 -0.940 4.550 28.1 42.6 42.2 41.1




Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632

08T

5753.12 26.0 -0.688 4.260 49.7 60.5 26.0 62.6 59.8
5760.36  26.0 -2.440 3.642 16.6
5762.99 26.0 -0.410 4.210 82.4 70.3 87.3 8.7 47.2 50.2 95.7
5775.09 26.0 -1.298 4.220 33.6 30.6 45.9 42.5 44.6
5793.92 26.0 -1.660 4.220 23.1 16.5
5806.73 26.0 -1.030 4.608 46.0 37.0
5809.22 26.0 -1.740 3.880 36.3 33.6
5814.81 26.0 -1.940 4.283 9.1
5816.38 26.0 -0.601 4.548 46.5 99.1 46.0 62.8
5852.23 26.0 -1.300 4.548 19.5 20.8 29.6 27.1
5855.09 26.0 -1.478 4.608 13.4 18.5 16.5
5856.10 26.0 -1.328 4.294 21.6 20.1 17.6
5858.78 26.0 -2.260 4.220 8.3
5859.60 26.0 -0.550 4.550 49.7 53.8 50.7 46.2 14.8 18.3 58.8 54.8
5862.35 26.0 -0.330 4.550 59.7 50.8 64.3 62.0 29.2 32.0 83.4 73.5
5883.81 26.0 -1.260 3.960 47.4 57.8
5905.68 26.0 -0.770 4.652 38.1 48.9 44.7
5927.80 26.0 -1.070 4.652 28.9 28.4
5929.68 26.0 -1.380 4.548 224 27.9
5930.19 26.0 -0.140 4.650 88.3 7.7 70.3 30.7 74.2
5934.67 26.0 -1.120 3.929 53.3 66.4 41.4 17.2 14.0 60.3 60.0
5940.99 26.0 -2.050 4.180 19.7
5952.72  26.0 -1.340 3.980 35.6
5956.71 26.0 -4.608 0.859 39.6 26.0 36.9
5976.79 26.0 -1.330 3.940 48.1 50.9
5983.69 26.0 -0.660 4.550 47.7 53.9 53.6 52.0
5984.83 26.0 -0.260 4.730 57.2 51.5 71.5 61.1 62.9 68.8
6003.02 26.0 -1.110 3.880 62.6 53.9 68.5 56.4 25.5 67.0 70.9
6024.05 26.0 0.030 4.550 80.9 75.9 92.1 83.4 47.0 51.4 91.7 93.2
6027.06 26.0 -1.089 4.076 44.1 40.1 49.7 43.0 60.3 51.9

6055.99 26.0 -0.370 4.730 47.2 97.9 49.2 60.7 50.2




Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632

18T

6065.49 26.0 -1.530 2.608 97.9 84.2 98.2 84.4 69.8 60.3 97.2 93.2
6078.50 26.0 -0.330 4.790 52.0 64.1 62.8 70.8
6079.02 26.0 -1.100 4.652 30.4 36.9 25.5
6082.72 26.0 -3.573 2.223 15.7 26.8
6085.26 26.0 -2.710 2.759 21.1 30.4
6096.67 26.0 -1.880 3.984 24.5
6127.90 26.0 -1.400 4.140 28.1 36.0 38.1
6136.62 26.0 -1.400 2.453 99.8 82.2 64.7 67.4

6137.70 26.0 -1.403 2.588 94.6 80.3 95.9 66.9 65.5
6151.62 26.0 -3.299 2.176 31.3 30.1 28.5 33.4
6157.73 26.0 -1.220 4.076 41.7 30.9 47.6 46.9 44.1
6165.36 26.0 -1.474 4.143 24.9 33.5
6173.34 26.0 -2.880 2.223 47.5 29.6 51.3 16.9 48.7 52.5
6180.20 26.0 -2.650 2.730 17.8 41.1 35.7 36.9
6188.00 26.0 -1.670 3.943 32.8
6191.57 26.0 -1.416 2.433 98.6 60.7
6200.32 26.0 -2.437 2.608 55.2 60.1
6213.44 26.0 -2.482 2.223 71.7 53.3 33.2 25.0 63.9 66.0
6219.29 26.0 -2.433 2.198 75.2 58.6 81.3 61.3 43.6 36.2 7.3 78.4
6229.23 26.0 -2.805 2.845 21.8 22.8 24.5
6230.74 26.0 -1.281 2.559 98.5 75.2 75.4
6240.65 26.0 -3.173 2.223 274 23.8 37.8
6246.33 26.0 -0.877 3.603 86.2 68.2 88.4 75.6 48.1 93.5
6252.56 26.0 -1.687 2.404 89.7 89.0 96.8 86.1 59.6 57.4 92.3
6254.26 26.0 -2.430 2.280 95.3 93.4 40.6 95.7
6265.14 26.0 -2.550 2.176 68.5 59.9 67.1 30.7 70.0 70.0
6270.23 26.0 -2.609 2.858 32.9 34.2 38.8
6290.97 26.0 -0.730 4.730 51.8
6297.80 26.0 -2.740 2.223 59.8 55.6 54.8 43.9
6301.51 26.0 -0.718 3.654 85.7 98.5 94.9 90.0

6302.50 26.0 -1.110 3.690 60.3




Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632

G8T

6315.31 26.0 -1.230 4.140 57.2 46.0
6322.69 26.0 -2.426 2.588 60.7 52.1 70.1 56.3 59.6
6335.33 26.0 -2.177 2.198 74.0 60.4 88.9 66.3 39.3 44.2 87.3 78.3
6344.15 26.0 -2.923 2.433 38.5 224 49.6 46.5 45.2
6355.04 26.0 -2.291 2.845 474 33.6 51.6 20.9 50.0 51.6
6358.69 26.0 -4.468 0.859 46.5 30.6 62.1 60.6 55.1
4178.86 26.1 -2.443 2.583 79.6 88.2 75.8 92.3 70.3 75.2 83.2 75.6
4416.82 26.1 -2.600 2.778 63.1 71.6 67.4 76.4 54.0 63.8

4491.40 26.1 -2.640 2.856 59.7 68.4 69.8 73.1 55.3 99.5
4508.30 26.1 -2.350 2.856 74.2 85.8 7.3 84.8 68.5 76.7 85.7 79.9
4520.23 26.1 -2.620 2.807 67.4 79.9 72.4 84.2 58.2 65.5

4541.52 26.1 -2.970 2.856 52.5 66.5 66.4 44.7 41.8
4576.34 26.1 -2.920 2.844 45.7 59.8 53.9 62.1 44.9 42.5 73.4 58.6
4582.83 26.1 -3.062 2.844 42.0 53.5 53.7 52.8 36.9 38.5 63.7 50.5
4583.84 26.1 -1.740 2.807 92.5
4620.52 26.1 -3.188 2.828 42.9 52.3 43.7 54.7 29.3 32.9 61.2 43.7
4629.34 26.1 -2.480 2.810 80.9 85.8 77.6 85.9 68.6 78.0 95.9 80.7
4635.31 26.1 -1.580 5.956 20.5
4833.19 26.1 -4.790 2.657 8.8
4893.82 26.1 -4.270 2.828 18.4 11.8
4993.35 26.1 -3.680 2.807 20.0 26.9 30.9 16.9 38.0 26.5
5132.67 26.1 -4.090 2.807 18.6 15.3
5197.58 26.1 -2.054 3.230 64.0 76.7 71.3 80.8 65.4 68.5 85.8 68.3
5234.63 26.1 -2.210 3.221 69.3 76.3 83.2 85.2 63.2 63.7 80.4 74.8
5264.81 26.1 -3.233 3.230 324 34.5 44.6 241 28.5 44.4 33.1
5284.11 26.1 -3.200 2.891 44.5 52.2 47.0 379
5325.56 26.1 -2.570 3.221 32.9 52.5 34.2
5414.08 26.1 -3.482 3.221 15.2 31.0 34.2 20.1
5534.85 26.1 -2.860 3.245 48.9 56.6 58.0 69.9 47.8 57.6
5991.38 26.1 -3.650 3.153 30.7 24.4

6149.25 26.1 -2.840 3.889 22.6 30.2 40.0 36.3 27.2




Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632

€81

6247.56 26.1 -2.430 3.892 41.0 60.2 41.6 65.2 324 39.5 53.1 40.1
4121.33 27.0 -0.320 0.920 94.5 91.4 76.1 71.2 99.3
4686.22 28.0 -0.580 3.600 42.7 31.5 49.0 31.6 46.7 44.0
4831.18 28.0 -0.320 3.610 55.7 56.5 44.3 18.5 23.1
4857.40 28.0 -0.830 3.740 33.6 34.8 33.3
4866.27 28.0 -0.210 3.539 56.8 70.2
4904.42 28.0 -0.190 3.540 73.8 54.3 73.9 59.7 40.6 69.8 63.9
4913.98 28.0 -0.630 3.740 31.4 38.2 41.2 37.5
4935.83 28.0 -0.380 3.940 40.8 31.0 45.8 49.5 45.3
4953.21 28.0 -0.580 3.740 35.8 241 40.1 41.8 38.1
4998.22 28.0 -0.690 3.606 34.8 24.6 35.1 13.8 42.6 39.4
5003.75 28.0 -3.130 1.680 19.5 21.6 21.6
5010.94 28.0 -0.900 3.630 23.6 16.1 25.9 35.6 28.3
5035.37 28.0 0.290 3.630 76.7 64.2 78.3 76.9 43.6 90.4 86.0
5048.85 28.0 -0.390 3.850 41.3 43.5 10.7 13.7 53.8 48.2
5082.35 28.0 -0.540 3.660 44.8 32.9 44.4 30.3 17.7 19.3 47.6 54.8
5084.11 28.0 -0.060 3.680 69.5 58.4 72.6 64.1 34.1 39.1 79.2
5088.54 28.0 -1.080 3.850 16.1
5094.42 28.0 -1.120 3.830 15.0
5102.97 28.0 -2.660 1.680 29.2 30.2
5115.40 28.0 -0.140 3.830 57.3 51.0 54.3 50.5 25.8 30.7 61.8
5197.17 28.0 -1.140 3.900 12.9
5578.72 28.0 -2.640 1.680 30.3 33.4 36.9
5587.86 28.0 -2.140 1.930 39.0
5589.36 28.0 -1.140 3.900 12.0
5593.74 28.0 -0.840 3.900 19.5 29.1 29.6
5625.32 28.0 -0.701 4.090 30.5
5682.20 28.0 -0.469 4.100 29.2 34.7 36.2
5754.67 28.0 -1.850 1.930 55.8 28.8 56.4 46.7 55.3
5760.83 28.0 -0.805 4.100 25.4 26.9

5805.22 28.0 -0.638 4.170 294 25.9




V81

Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) Ion loggf EP  2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632
5846.99 28.0 -3.210 1.680 14.0
5892.87 28.0 -2.340 1.990 56.2 61.5
6007.32 28.0 -3.410 1.677 13.3
6086.28 28.0 -0.515 4.260 36.5
6108.12 28.0 -2.430 1.680 53.8 50.4 39.9 40.8
6175.37 28.0 -0.535 4.090 30.5 32.5
6176.81 28.0 -0.529 4.090 42.1 46.3 50.0 44.0
6204.60 28.0 -1.140 4.090 17.5
6314.66 28.0 -1.770 1.930 54.3 56.2 53.9
5105.54 29.0 -3.720 1.380 64.4 44.4 68.6 35.3 66.6 69.7
5218.21 29.0 0.300 3.800 29.9
4722.16 30.0 -0.390 4.030 61.8 51.0 57.0 50.8 32.7 33.0 59.2 58.5
4810.54 30.0 -0.170 4.080 66.0 55.0 65.9 59.2 40.1 43.8 66.3
4607.34 38.0 0.280 0.000 24.0 38.5 34.3
3549.01 39.1 -0.280 0.130 50.7 47.9 97.8 46.6 50.9 58.1
3600.74 39.1 0.280 0.180 63.2 74.5 71.1 74.0 64.0 61.5 75.1 80.1
3611.04 39.1 0.010 0.130 47.8 54.7
3774.33 39.1  0.210 0.130 81.9 72.6 74.5
3788.70 39.1 -0.070 0.100 58.5 71.9 61.9 52.6
3950.36  39.1 -0.490 0.100 54.7 51.6 62.5 40.9 51.6 61.1 53.7
4398.01 39.1 -1.000 0.130 37.6
4883.69 39.1 0.070 1.080 44.7 39.5 49.9 55.6 39.5 55.3
5087.43 39.1 -0.170 1.080 33.3 27.6 32.3 38.2 214 24.2 43.6 40.1
5123.22 39.1 -0.830 0.990 34.2 26.1
5200.41 39.1 -0.570 0.990 18.5 18.0 29.2
5509.91 39.1 -1.010 0.990 44.4
3714.78 40.1 -0.960 0.530 20.0 23.2 14.5 13.9 22.0 26.2
4050.33 40.1 -1.060 0.710 21.2 17.4
4208.99 40.1 -0.510 0.710 35.4 33.5 36.1 25.3 30.6 37.7 37.3
3692.36  45.0 0.173 0.000 37.0
4130.65 56.1 0.530 2.720 39.8
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Table C.2: Equivalent Width Measurements, Table 2 of 5, continued

A (A) TIon loggf EP 2068-151 2051-595 2307-074 2052-537 2180-560 2798-073 1917-020 2251-632
5853.69 56.1 -0.910 0.600 52.0 69.1 50.5 68.4 34.9 34.2 71.3 65.3
3988.51 57.1 0.210 0.170 28.3 27.3 29.6 10.4 37.3 43.6
4086.71 57.1 -0.070 0.000 30.1 13.6 33.0 37.6
Table C.3: Equivalent Width Measurements, Table 3 of 5

A (A) Ton loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140
5682.65 11.0 -0.699 2.100 32.7

5688.19 11.0 -0.420 2.100 23.5 66.6 47.4 82.5
6154.23 11.0 -1.530 2.100 16.7 12.5 36.7
6160.75 11.0 -1.230 2.100 29.4 . 55.6
4571.10 12.0 -5.570 0.000 43.4 97.2 29.8 441 53.3 50.3 94.9

4730.04 12.0 -2.347 4.350 47.8 49.3

5711.09 12.0 -1.630 4.340 45.9 92.8 43.5 91.3
5665.55 14.0 -2.040 4.920 27.0 47.6
5690.43 14.0 -1.870 4.930 36.9 35.7 51.5
5701.10 14.0 -2.050 4.930 30.2 324 43.1
5772.15 14.0 -1.750 5.080 42.2 20.2 32.6 61.3
5793.07 14.0 -2.060 4.930 35.2 49.7
5948.54 14.0 -1.230 5.080 23.1 68.3 28.8 35.3 36.1 69.3 88.6
6125.03 14.0 -1.570 5.610 20.9 35.9
6142.49 14.0 -1.480 5.620 23.6 24.2 31.9
6145.02 14.0 -1.370 5.610 22.9 22.9 43.8
6155.13 14.0 -0.760 5.620 18.9 63.1 36.9 35.7 55.4 92.1
6237.32 14.0 -1.010 5.620 53.0 65.3
6244.48 14.0 -1.320 5.616 32.0
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Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140
6347.09 14.1 0.260 8.120 35.6 44.2 30.9 47.3
4283.01 20.0 -0.224 1.890 88.6 90.1

4318.66 20.0 -0.210 1.900 79.3 88.9 85.4 93.0 85.5
4512.27 20.0 -2.030 2.520 13.7 26.9
4526.93 20.0 -0.420 2.710 61.6 34.5 32.1 31.3 64.7 87.4
4578.56 20.0 -0.558 2.520 32.2 72.5 37.9 38.1 41.5 37.7 71.8 87.2
4685.27 20.0 -0.940 2.930 22.2
5260.39 20.0 -1.780 2.520 21.4 9.6 15.5 35.7
5261.71 20.0 -0.730 2.520 45.6 87.6 54.4 52.1 39.7 76.6

5349.47 20.0 -0.310 2.710 42.5 54.4
5512.99 20.0 -0.266 2.930 30.8 33.5 64.8 87.9
5588.76  20.0 0.358 2.510 87.8 96.0 93.7
5590.13 20.0 -0.710 2.510 374 79.3 53.2 52.2 58.7 41.4 69.1 91.3
5594.47 20.0 0.050 2.510 87.8

5601.28 20.0 -0.438 2.520 44.0 91.3 56.7 52.3 44.4 79.2

5857.46 20.0 0.240 2.930 66.9 79.7
5867.57 20.0 -1.610 2.930 12.9 26.9
6102.73 20.0 -0.790 1.880 64.1

6122.23 20.0 -0.320 1.890 87.5 96.4
6161.30 20.0 -1.270 2.520 43.2 47.7 73.7
6166.44 20.0 -1.140 2.520 25.3 53.5 45.2 72.3
6169.04 20.0 -0.800 2.520 70.5 32.2 T1.7 93.6
6169.56 20.0 -0.480 2.520 97.3 91.3

5001.47 20.1 -0.520 7.500 9.7

4400.39 21.1 -0.540 0.610 63.8 771
5239.82 21.1 -0.765 1.450 50.2 34.7 24.4 21.8 47.0 61.5
5526.82 21.1 0.020 1.770 33.4 76.4 50.7 62.0 50.2 49.5 75.9 91.3
5640.99 21.1 -1.130 1.500 39.6 32.0
5657.88 21.1 -0.600 1.510 62.1 42.0 55.6 53.0 53.1 85.2
5669.04 21.1 -1.120 1.500 28.3 29.1 44.2
3924.53 22.0 -0.940 0.020 20.0 61.7 24.2 25.6 57.2 69.1
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Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140
3958.22 22.0 -0.176 0.050 62.8 63.4 66.8 72.8 83.1

3998.64 22.0 -0.060 0.050 66.6 67.1 70.6 95.5

4008.93 22.0 -1.072 0.021 29.4 24.8 32.6 43.4 33.4
4512.74 22.0 -0.480 0.840 16.7 52.3 19.0 15.2 55.4 70.3
4518.03 22.0 -0.325 0.830 58.6 78.5
4533.25 22.0 0476 0.850 . 63.4

4534.78 22.0 0.280 0.840 55.6 82.4 52.3 58.4 57.6 51.2 87.6
4548.77 22.0 -0.354 0.830 241 59.2 30.2 18.5 58.1 76.2
4555.49 22.0 -0.490 0.850 52.7 15.8 19.0 52.7 64.5
4617.28 22.0 0.390 1.750 52.9 22.8 24.3 28.7 50.7 67.1
4623.10 22.0 0.170 1.740 40.7 12.1 10.9 35.2 65.2
4758.12 22.0 0.425 2.250 31.8 30.3 43.5
4759.28 22.0 0.514 2.250 34.4 10.4 31.7 51.6
4778.26 22.0 -0.210 2.240 19.7
4820.41 22.0 -0.439 1.500 27.9 29.6 48.3
4840.88 22.0 -0.450 0.900 22.8 59.0 48.6 73.4
4913.62 22.0 0.220 1.870 35.5 34.8 56.7
4981.74 22.0 0.504 0.850 60.3 68.7 74.2 74.1 69.2 98.0

4999.51 22.0 0.250 0.830 57.9 94.5 51.9 58.4 54.4 86.3

5009.66 22.0 -2.260 0.020 17.7
5016.17 22.0 -0.574 0.850 53.6 17.4 50.7 75.3
5022.87 22.0 -0.430 0.830 21.9 59.6 23.6 24.7 20.7 58.1 75.0
5024.85 22.0 -0.600 0.820 22.2 51.3
5039.96 22.0 -1.130 0.020 65.0 34.1 20.5 24.2 80.5
5043.59 22.0 -1.730 0.840 13.7
5087.06 22.0 -0.780 1.430 15.4 26.5
5173.75 22.0 -1.118 0.000 25.9
5192.98 22.0 -1.006 0.020 35.1 38.0 32.4 66.9 92.2
5210.39 22.0 -0.884 0.050 34.7 79.1 34.2 41.1 39.6 80.3 92.9
5219.71 22.0 -2.292 0.020 17.0
5866.45 22.0 -0.840 1.070 36.4 57.6




Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140

88T

5922.11 22.0 -1.470 1.050 11.7 27.7
5941.75 22.0 -1.520 1.050 18.6 244
5965.83 22.0 -0.409 1.880 43.5
5978.54 22.0 -0.496 1.870 21.8 29.6
6126.22 22.0 -1.420 1.070 12.7 28.6
6258.10 22.0 -0.355 1.440 36.2 39.2 54.8
6258.71 22.0 -0.240 1.460 54.8 394 78.2
6261.11 22.0 -0.480 1.430 34.5 55.4
3987.61 22.1 -2.730 0.610 27.6 38.6 30.5 43.5 31.0 57.3 S7.7
4012.39 22.1 -1.610 0.570 88.3 91.3
4028.35 22.1 -1.000 1.890 58.8 83.4 75.0 69.0 73.4 62.9 81.2 94.3
4312.86 22.1 -1.160 1.180 96.2

4394.06 22.1 -1.770 1.220 57.6 66.0 66.7
4395.84 22.1 -1.970 1.240 38.9 64.8 45.2 55.3 56.1 40.4 62.9
4399.77 22.1 -1.270 1.240 81.2 92.3 93.0 94.1 82.6

4544.02 22.1 -2.410 1.240 22.0 39.3

4563.77 22.1 -0.960 1.220 96.9 99.0
4568.33 22.1 -2.650 1.220 23.2 29.2 35.3
4583.42 22.1 -2.720 1.160 30.7 14.8 18.2 29.1 37.6
4589.95 22.1 -1.790 1.240 62.2 80.5 69.1 76.5 75.1 67.6 81.3
4609.27 22.1 -3.260 1.180 17.8
4636.32 22.1 -3.020 1.165 18.4 18.4 33.4
4708.67 22.1 -2.210 1.240 40.5 38.8 57.6 60.2
4779.98 22.1 -1.370 2.048 42.7 70.8 55.6 54.5 53.1 49.5 62.0 78.9
4798.54 22.1 -2.430 1.080 25.1 26.8

4805.09 22.1 -1.120 2.061 53.2 93.0 63.5 74.5 67.8 65.3 82.5

4865.62 22.1 -2.590 1.120 41.3
4874.01 22.1 -0.790 3.090 27.5 30.5 18.8 29.6 42.8
4911.20 22.1 -0.330 3.120 274 40.0 34.8 42.9 63.4
5129.16 22.1 -1.390 1.890 42.8 99.2

5154.07 22.1 -1.920 1.570 37.3 50.3 56.3 43.2 68.9 84.2




Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140

68T

5185.91 22.1 -1.350 1.890 36.0 61.8 47.2 56.3 56.0 46.1 69.9 .
5211.63 22.1 -1.160 2.590 294 32.2 43.2
5336.79 22.1 -1.630 1.580 49.8 73.6 57.2 63.6 59.6 50.7 70.1 83.3
5381.01 22.1 -1.970 1.570 38.2 55.7 40.0 50.5 39.7 60.6 71.4
5490.69 22.1 -2.430 1.566 24.7

4115.18 23.0 0.070 0.290 55.6

4406.63 23.0 -0.190 0.300 66.0
4864.74 23.0 -0.960 0.020 43.9
487549 23.0 -0.810 0.040 21.8 50.9
5627.64 23.0 -0.370 1.080 15.3
5670.86 23.0 -0.420 1.080 21.5
5703.59 23.0 -0.210 1.050 33.1
5727.06 23.0 -0.010 1.080 17.1 42.9
6039.73 23.0 -0.650 1.060 17.2
6090.22 23.0 -0.060 1.080 41.6
3538.23 23.1 -1.640 1.070 22.8
3545.19 23.1 -0.390 1.100 54.0 79.6 56.0 68.2 63.2 71.4 87.9
3592.03 23.1 -0.370 1.100 57.2 70.7 59.4 59.4 62.5 59.7 2.7 88.4
3951.97 23.1 -0.744 1.480 46.5 40.7 57.7 57.7
3732.02 24.0 -2.570 0.000 51.2 76.6
3768.74 24.0 -0.920 2.544 34.5

3908.76  24.0 -1.050 1.004 20.5 50.6

3963.69 24.0 0.620 2.544 39.9
4272.90 24.0 -0.980 2.900 19.5 41.9
4274.80 24.0 -0.220 0.000 94.4
4373.26 24.0 -2.300 0.983 20.8 43.1
4496.84 24.0 -1.140 0.941 44.0 58.1 45.7
4511.90 24.0 -0.343 3.090 24.9 23.3 45.8
454595 24.0 -1.370 0.941 24.6 67.1 33.3 26.7 64.8 91.7
4580.04 24.0 -1.660 0.941 70.0 30.0 28.8 21.1

4591.39 24.0 -1.740 0.968 60.5
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Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140
4600.74 24.0 -1.250 1.004 25.2

4613.36 24.0 -1.650 0.961 45.0
4616.12 24.0 -1.190 0.983 71.4 36.5 37.9 38.3 64.7 92.5
4626.17 24.0 -1.330 0.968 16.1 67.3 31.0 30.8 31.3 59.0 87.0
4646.15 24.0 -0.740 1.030 40.3 38.0 55.7 57.5 80.2
4651.28 24.0 -1.460 0.983 67.8 23.2 224 58.7 84.6
4652.15 24.0 -1.040 1.004 33.3 84.4 48.9 44.5 72.1

4663.82 24.0 -0.390 3.111 46.7

4689.38 24.0 -0.400 3.125 24.6
4700.62 24.0 -1.254 2.710 10.0
4708.02 24.0 0.070 3.168 38.3 12.9 28.8 55.6
4718.43 24.0 0.240 3.195 45.7 17.4 35.0 71.3
472441 24.0 -0.733 3.090 16.6 41.6
4730.72 24.0 -0.192 3.080 26.1 48.2
4801.03 24.0 -0.130 3.120 26.2 60.2
4936.34 24.0 -0.250 3.113 29.7 50.2
5065.92 24.0 -1.380 2.708 34.2
5067.72 24.0 -1.070 2.709 15.4 38.5
5247.57 24.0 -1.590 0.961 84.8
5287.20 24.0 -0.870 3.438 15.5
5296.69 24.0 -1.360 0.983 70.3 36.3 66.3 97.4
5297.39 24.0 0.000 2.900 62.1 32.7 96.1
5300.74 24.0 -2.000 0.983 42.0

5345.80 24.0 -0.950 1.004 39.9 89.5 56.1 45.7 46.2 86.8
5348.31 24.0 -1.210 1.004 16.0 75.5 41.2 23.0 62.1 96.9
5409.77 24.0 -0.670 1.030 48.1 49.5 63.3 59.6 97.5
5702.32 24.0 -0.670 3.449 14.0 25.8
5783.09 24.0 -0.500 3.320 33.0
5783.89 24.0 -0.295 3.320 23.9 44.2
5787.93 24.0 -0.083 3.320 23.5 42.1
6330.09 24.0 -2.900 0.940 254
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Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140
4554.99 24.1 -1.373 4.070 49.3 33.5 26.2 23.5 33.0 58.9
4558.65 24.1 -0.656 4.070 50.0 80.0 62.1 74.8 62.8 54.2 64.1 87.3
4588.20 24.1 -0.826 4.070 39.0 65.5 593.3 69.1 52.2 46.9 54.1 69.7
4592.06 24.1 -1.419 4.070 40.1 21.2 43.6 22.8 26.0 53.3
4616.63 24.1 -1.210 4.073 40.0 35.2 29.9 52.7
4848.23 24.1 -0.999 3.870 19.4 57.5 53.6 34.7 34.8
5237.33 24.1 -1.155 4.070 46.9 41.9 28.5 35.4 54.2
5305.86 24.1 -2.060 3.830 19.9 27.3
5308.42 24.1 -1.790 4.070 21.7 22.5
5313.59 24.1 -1.640 4.070 19.6 47.2
3577.87 25.0 -0.010 2.110 29.6

4055.55 25.0 -0.080 2.140 36.5 27.0 54.2 42.2 45.8 80.5
4709.72  25.0 -0.339 2.890 39.0 14.8 27.8 67.4
4739.11 25.0 -0.490 2.940 34.4 59.4
4761.53 25.0 -0.138 2.950 52.5 19.2 17.5 32.5 77.6
4783.43 25.0 0.042 2.300 36.0 37.2 68.1 46.8 54.0 89.9

4823.51 25.0 0.144 2.320 33.0 32.2 65.1 56.6 49.7
6013.50 25.0 -0.252 3.070 54.3 82.8
6021.80 25.0 0.030 3.080 65.1 18.3 47.7 94.7
3891.93 26.0 -0.734 3.415 45.8 54.7

3916.74 26.0 -0.604 3.237 47.0 39.3 51.6

3917.18 26.0 -2.155 0.990 72.3 62.1 80.8 84.2 81.8

3949.96 26.0 -1.251 2.176 67.9 92.1 72.9 84.5 79.7 68.1 88.2
4114.45 26.0 -1.303 2.832 38.5 74.2 30.5 54.7 46.7 45.4 73.5 89.1
4132.91 26.0 -1.006 2.845 56.8 44.4 67.3 58.2 60.8
4139.94 26.0 -3.629 0.990 57.1 21.0 18.9 17.8 52.6 71.0
4147.68 26.0 -2.104 1.485 53.0 53.3 67.3 66.3 67.7 85.5

4157.79 26.0 -0.403 3.417 51.5 51.2 76.1 67.0 65.9 90.3

4174.92 26.0 -2.969 0.915 51.7 47.8 68.2 58.2

4175.64 26.0 -0.827 2.845 60.8 91.2 60.0 75.8 71.9 70.0 87.1

4184.91 26.0 -0.869 2.832 53.0 93.0 43.3 66.7 65.8 62.0 77.6




Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140

c61

4187.05 26.0 -0.548 2.450 88.2 82.3 87.6

4199.10 26.0 0.156 3.047 91.3 94.1 99.7 95.6

4216.19 26.0 -3.356 0.000 67.3 67.0 75.9 72.2 67.6

4217.56 26.0 -0.484 3.430 47.8 84.1 95.2 71.5 70.3 99.9 85.6

4222.22 26.0 -0.967 2.450 63.2 68.3 78.7 85.1 78.9

4233.61 26.0 -0.604 2.482 89.7 81.6 98.7 94.4 95.6

4238.81 26.0 -0.233 3.397 60.7 62.3 82.0 68.4 2.7

4250.13 26.0 -0.405 2.469 92.1 97.8

4271.16 26.0 -0.349 2.450 98.3

4282.41 26.0 -0.779 2.176 82.4 85.2
4347.24 26.0 -5.503 0.000 19.9 15.4 39.7
437594 26.0 -3.031 0.000 79.2 72.0 87.5 87.3 78.4
4388.41 26.0 -0.682 3.603 42.5 84.7 36.9 54.0 48.6 98.3
4389.25 26.0 -4.583 0.052 56.6 20.0 21.1 68.1
4471.68 26.0 -5.995 0.110 15.3

4489.75 26.0 -3.966 0.121 33.8 83.0 47.1 42.6 82.4

4494.57 26.0 -1.136 2.198 81.6 78.7 98.5 97.4 86.8
4517.52 26.0 -1.860 3.071 55.4 18.9 17.2 46.6 82.2
4523.41 26.0 -1.960 3.654 23.0 18.3 42.7
4547.85 26.0 -1.010 3.546 32.6 73.4 35.7 50.5 40.8 43.2 62.2 88.1
4551.65 26.0 -2.030 3.943 15.1 254
4556.93 26.0 -2.660 3.251 15.4 244
4566.52 26.0 -2.380 3.300 24.6 43.8
4574.23 26.0 -2.450 3.211 22.9 13.1
4587.13 26.0 -1.740 3.573 42.7 25.3 60.0
4592.66 26.0 -2.449 1.557 49.7
4593.53 26.0 -2.030 3.943 18.9 30.4
4602.01 26.0 -3.154 1.608 22.5 56.5 19.2 21.3 48.8 74.6
4602.95 26.0 -2.220 1.485 67.1 96.9 54.5 75.0 64.1 67.4 95.4
4630.12 26.0 -2.587 2.279 14.0 55.6 26.1 17.5 16.3 46.4 7.3

4632.92 26.0 -2.913 1.608 224 98.1 33.4 80.6




Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140

€61

4635.85 26.0 -2.360 2.840 35.8 54.8
4647.43 26.0 -1.351 2.949 36.8 31.2 51.7 53.4 49.0
4672.84 26.0 -4.240 1.610 38.9
4683.56 26.0 -2.320 2.832 38.1 26.7 97.1
4690.14 26.0 -1.640 3.687 39.6 274 57.5
4726.15 26.0 -3.190 2.998 14.4
4733.59 26.0 -2.990 1.485 30.1 74.1 38.4 40.1 38.0 67.4 89.8
4741.53 26.0 -1.760 2.830 16.1 60.4 17.6 48.5 69.8
4745.80 26.0 -1.270 3.654 20.8 65.6 27.0 23.3 22.3 44.0 81.3
4779.45 26.0 -2.020 3.415 24.7 16.9 45.1
4787.83 26.0 -2.600 2.998 28.5 17.2 44.9
4788.76  26.0 -1.763 3.237 55.8 43.2 67.8
4789.65 26.0 -0.910 3.547 63.4 86.7
4802.52 26.0 -1.820 4.610 17.1
4802.88 26.0 -1.510 3.642 44.6 16.2 45.2 62.4
4808.16 26.0 -2.740 3.251 13.5 24.5
4809.94 26.0 -2.680 3.573 25.6
4835.87 26.0 -1.470 4.103 19.0 59.8
4839.52 26.0 -1.820 3.270 474 15.9 38.3 65.2
4844.01 26.0 -2.050 3.547 28.4 19.3 49.0
4871.33 26.0 -0.362 2.865 84.3 79.0 93.3

4872.14 26.0 -0.567 2.882 77.5 71.4 92.5 82.9 84.6
4882.14 26.0 -1.640 3.420 14.4 61.0 24.5 26.0 24.6 47.8 81.1
4890.76 26.0 -0.394 2.875 84.2 83.6

4891.50 26.0 -0.112 2.851 92.5
4892.87 26.0 -1.290 4.220 32.1 24.8 99.3
4903.32 26.0 -0.926 2.882 56.2 54.3 79.9 70.0 68.1
4905.14 26.0 -2.020 3.929 22.1 37.5
4917.24 26.0 -1.160 4.191 46.0 16.9 38.8 71.3
4919.00 26.0 -0.342 2.865 88.8 90.1 99.6

4924.77 26.0 -2.114 2.279 28.5 81.6 16.5 47.0 40.0 70.3 97.2




Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140

V61

4938.82 26.0 -1.077 2.875 51.5 72.1 93.9

4939.69 26.0 -3.340 0.859 41.7 86.3 27.5 48.5 45.9 81.6
4961.92 26.0 -2.250 3.634 11.6 28.7
4962.58 26.0 -1.182 4.178 39.7 25.0 55.5
4966.09 26.0 -0.871 3.332 43.2 37.6 64.6 63.6 58.7 83.9

4994.14 26.0 -3.080 0.915 48.7 91.2 40.3 56.5 52.2 47.9 85.4

5001.87 26.0 -0.010 3.882 58.9 78.0 67.3 70.9 87.8

5014.94 26.0 -0.303 3.943 42.4 93.3 45.7 63.5 54.9 53.3 77.0
5016.48 26.0 -1.680 4.260 30.5
5044.21 26.0 -2.060 2.850 55.1 26.3 50.1 73.3
5049.83 26.0 -1.355 2.279 71.0 68.7 79.5 71.6 75.9

5051.64 26.0 -2.795 0.915 59.5 64.0 81.6 79.4 75.3
5054.64 26.0 -1.920 3.640 254 16.5 41.6
5058.49 26.0 -2.830 3.640 5.6
5067.16 26.0 -0.970 4.220 10.3 54.7 25.6 27.4 47.5 77.1
5068.77 26.0 -1.042 2.940 55.7 99.9 45.9 69.0 57.2 56.4 83.1

5074.75 26.0 -0.230 4.220 45.1 95.5 42.3 64.0 53.0 53.6 86.0

5079.74 26.0 -3.220 0.990 51.5

5083.35 26.0 -2.958 0.958 42.8 92.5 48.0 60.0 53.9 54.3 87.0
5088.16 26.0 -1.680 4.150 20.4 39.0
5090.78 26.0 -0.400 4.260 20.6 69.4 19.0 39.9 33.5 34.3 58.6 89.6
5104.44 26.0 -1.590 4.280 23.0
5109.66 26.0 -0.980 4.300 62.4 31.1 23.5 22.3 36.7 74.0
5123.73 26.0 -3.068 1.011 42.2 89.3 33.9 58.7 56.3 59.3 83.1

5125.12 26.0 -0.080 4.220 53.3 47.7 64.1 66.2 70.7
5127.37 26.0 -3.307 0.915 81.4 25.1 52.1 47.5 53.6 71.6 98.9
5133.69 26.0 0.200 4.180 61.3 59.0 82.9 85.6 81.2 98.4
5141.74 26.0 -2.238 2.424 21.8 70.1 35.9 30.1 59.7 94.3
5145.09 26.0 -2.876 2.198 31.5 24.4 58.3
5150.85 26.0 -3.037 0.990 41.1 92.5 32.9 56.3 53.1 85.3

5151.92 26.0 -3.322 1.011 28.4 25.1 44.7 49.0 33.7




Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140

S6T

5162.28 26.0 0.020 4.180 56.6 44.2 80.3 67.0 71.8 87.6

5166.28 26.0 -4.195 0.000 32.5 98.7 51.4

5171.61 26.0 -1.793 1.485 80.0 69.0 98.3
5187.92 26.0 -1.371 4.143 38.1 20.5 63.5
5191.47 26.0 -0.551 3.038 63.7 90.8 86.0 82.1

5192.35 26.0 -0.421 2.998 78.7 74.0 97.1

5194.95 26.0 -2.090 1.557 65.2 56.3 78.3 74.1 91.2

5198.72 26.0 -2.135 2.223 30.8 88.4 49.0 52.2 43.9 65.1

5202.34 26.0 -1.838 2.176 59.5 56.4 74.0

5216.28 26.0 -2.150 1.608 62.2 54.1 69.8 71.8 91.5

5217.40 26.0 -1.162 3.211 33.3 95.9 33.2 49.3 48.5 474 70.1
5223.19 26.0 -1.783 3.635 27.8
5225.53 26.0 -4.789 0.110 52.2 40.6 76.3
5232.95 26.0 -0.057 2.940 96.7 99.8
5242.46 26.0 -0.967 3.634 68.7 37.3 39.9 36.5 58.1 78.1
5243.78 26.0 -1.120 4.256 41.7 14.7 23.5 63.3
5247.06 26.0 -4.946 0.087 39.6
5250.22 26.0 -4.938 0.121 52.2 41.9 80.7
5253.03 26.0 -3.940 2.280 16.5
5254.95 26.0 -4.764 0.110 22.8 22.7

5266.56 26.0 -0.385 2.998 83.0 85.4 94.8 95.5 82.9

5281.80 26.0 -0.834 3.038 62.5 57.9 74.2 64.2 96.6

5283.63 26.0 -0.525 3.241 74.3 84.6 81.8 78.6
5288.53 26.0 -1.510 3.680 42.0 13.6 38.8 61.8
5295.32 26.0 -1.670 4.415 12.6 35.7
5302.31 26.0 -0.720 3.283 52.4 55.3 69.9 53.6 58.6 97.5
5307.37 26.0 -2.987 1.608 20.3 71.0 35.1 28.3 62.0 94.0
5321.11 26.0 -1.090 4.435 27.8 40.8
5322.01 26.0 -2.803 2.279 46.8 27.9 64.9
5324.19 26.0 -0.103 3.211 85.3 88.6 99.5 95.1

5332.92 26.0 -2.776 1.557 33.5 34.4




96T

Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140
5339.94 26.0 -0.720 3.266 56.5 46.7 76.0 64.2 55.8 94.9

5364.87 26.0 0.228 4.446 54.9 95.1 51.1 71.9 42.8 84.6
5365.40 26.0 -1.020 3.573 21.0 60.5 29.6 53.3 74.5
5367.47 26.0 0.443 4.415 53.3 95.3 82.8 71.3 64.7 92.5

5369.97 26.0 0.536 4.371 60.9 64.7 85.6 80.8 69.7
5373.70  26.0 -0.760 4.470 50.1 32.2 66.8
5379.58 26.0 -1.514 3.695 47.6 15.9 38.5 63.9
5383.38 26.0 0.645 4.312 72.3 67.6 83.5 86.1
5386.34 26.0 -1.740 4.154 18.7 35.5
5389.49 26.0 -0.400 4.410 67.4 19.2 34.4 28.1 50.0 82.3
5393.18 26.0 -0.715 3.241 56.7 51.1 72.6 73.1 61.8 90.8

5397.14 26.0 -1.993 0.915 93.7 98.1
5398.29 26.0 -0.710 4.446 15.3 55.5 32.2 22.0 40.6 79.4
5401.27 26.0 -1.890 4.320 12.8 31.9
5405.78 26.0 -1.844 0.990 98.4
5406.78 26.0 -1.720 4.370 27.0 39.7
5409.14 26.0 -1.200 4.370 39.8 56.8
541091 26.0 0.398 4.473 64.6 58.0

5415.20 26.0 0.642 4.386 61.3 66.6 78.2 70.6
5417.04 26.0 -1.660 4.415 18.8 32.7
5487.14 26.0 -1.430 4.410 24.5 51.5
0487.77 26.0 -0.620 4.140 17.8 46.8 31.2 39.8 51.5

5497.52 26.0 -2.830 1.010 51.8 52.8 72.3 66.7 61.0 93.6

5501.48 26.0 -3.047 0.958 47.6 64.6 62.8 57.2 84.8

5506.79 26.0 -2.797 0.990 58.8 72.6 68.0 66.4 91.3
5522.45 26.0 -1.520 4.209 29.8 49.4
5525.556 26.0 -1.080 4.230 41.0 29.5 69.6
5546.51 26.0 -1.210 4.372 32.2 49.9
5547.00 26.0 -1.880 4.218 23.6
5553.58 26.0 -1.310 4.430 58.5
5554.88 26.0 -0.350 4.550 70.9 27.6 52.1 90.3




Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140

161

5560.22 26.0 -1.160 4.435 45.3 54.2
5567.39 26.0 -2.670 2.610 49.1 34.2 68.5
5569.63 26.0 -0.486 3.417 53.6 54.3 79.4 54.7 68.4 96.7

5572.85 26.0 -0.275 3.397 76.7 98.3 82.0

5576.10 26.0 -0.940 3.430 38.9 93.4 61.0 53.0 474 79.6

5586.77 26.0 -0.144 3.368 81.2 71.1 97.9 88.3
5618.64 26.0 -1.276 4.209 56.5
5619.61 26.0 -1.670 4.386 20.3 41.3
5620.49 26.0 -1.810 4.150 23.1 47.3
5624.04 26.0 -1.220 4.390 35.8 10.2 18.4 50.4
5624.54 26.0 -0.755 3.420 36.1 66.3 49.8 53.4
5635.83 26.0 -1.860 4.256 22.3 40.9
5636.70 26.0 -2.560 3.640 11.9
5641.44 26.0 -1.080 4.260 48.9 30.1 68.0
5650.00 26.0 -0.920 5.100 33.6
5650.70  26.0 -0.860 4.550 39.5
5652.33 26.0 -1.920 4.260 17.6 28.3
5653.89 26.0 -1.540 4.390 38.2
5662.52 26.0 -0.573 4.178 30.6 59.4
5679.02 26.0 -0.820 4.650 42.6 26.2 62.3
5686.53 26.0 -0.446 4.548 40.9
5701.56 26.0 -2.216 2.559 71.9 55.5 87.1
5705.47 26.0 -1.360 4.300 24.7 38.1 36.9
5705.98 26.0 -0.490 4.610 65.5
5717.84 26.0 -1.100 4.284 45.0 14.8 36.1 64.7
5731.77 26.0 -1.270 4.256 39.8 18.9 35.5 55.7
5741.86 26.0 -1.673 4.256 16.3 32.2
5752.04 26.0 -0.940 4.550 37.6 20.6 55.9
5753.12 26.0 -0.688 4.260 60.5 24.7 7.3
5762.99 26.0 -0.410 4.210 93.9 34.9 99.1 50.5 42.6 68.8

5775.09 26.0 -1.298 4.220 40.4 15.8 20.8 62.2




Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140

861

5793.92 26.0 -1.660 4.220 24.2 36.8
5805.76  26.0 -1.490 5.030 15.1
5806.73 26.0 -1.030 4.608 41.8 59.1
5809.22 26.0 -1.740 3.880 55.3
5814.81 26.0 -1.940 4.283 14.5 19.3
5816.38 26.0 -0.601 4.548 22.5 36.0 83.6
5838.37 26.0 -2.240 3.940 23.1
5852.23 26.0 -1.300 4.548 30.6 36.8
5855.09 26.0 -1.478 4.608 17.7
5856.10 26.0 -1.328 4.294 23.2 37.1
5858.78 26.0 -2.260 4.220 9.7
5859.60 26.0 -0.550 4.550 53.7 19.9 23.1 33.6 73.7
5862.35 26.0 -0.330 4.550 73.7 38.9 32.9 55.3 85.7
5883.81 26.0 -1.260 3.960 48.5 68.5
5905.68 26.0 -0.770 4.652 43.9 22.8 59.3
5927.80 26.0 -1.070 4.652 28.7 43.0
5929.68 26.0 -1.380 4.548 29.3 41.9
5930.19 26.0 -0.140 4.650 24.2 71.1 26.8 27.9 33.5 57.5 88.7
5934.67 26.0 -1.120 3.929 61.5 30.7 77.9
5940.99 26.0 -2.050 4.180 11.0
5952.72  26.0 -1.340 3.980 64.5
5956.71 26.0 -4.608 0.859 33.1 24.8 57.3
5976.79 26.0 -1.330 3.940 46.1 38.6 69.4
5983.69 26.0 -0.660 4.550 57.1 39.2 74.6
5984.83 26.0 -0.260 4.730 56.2 46.4 87.5
6003.02 26.0 -1.110 3.880 65.8 22.9 424 84.9
6024.05 26.0 0.030 4.550 36.8 88.7 28.8 52.8 45.5 52.1 72.0
6027.06 26.0 -1.089 4.076 51.4 40.1 68.0
6055.99 26.0 -0.370 4.730 56.5 37.2 76.9
6065.49 26.0 -1.530 2.608 49.3 94.2 42.2 60.9 86.0

6078.50 26.0 -0.330 4.790 55.3 35.3 80.8




Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140

661

6079.02 26.0 -1.100 4.652 24.7 10.7 47.2
6082.72 26.0 -3.573 2.223 16.5 42.6
6085.26 26.0 -2.710 2.759 28.4 53.6
6089.57 26.0 -0.900 5.020 22.2 35.9
6093.65 26.0 -1.470 4.608 35.4
6096.67 26.0 -1.880 3.984 17.1 44.4
6098.25 26.0 -1.880 4.560 28.6
6127.90 26.0 -1.400 4.140 30.2 24.9 479
6136.62 26.0 -1.400 2.453 54.7 64.1 68.2

6137.70 26.0 -1.403 2.588 50.8 60.8 56.9 53.1 85.6
6151.62 26.0 -3.299 2.176 34.6 20.6 49.6
6157.73 26.0 -1.220 4.076 52.5 38.8 71.4
6165.36 26.0 -1.474 4.143 30.3 46.8
6173.34 26.0 -2.880 2.223 60.0 39.9 75.0
6180.20 26.0 -2.650 2.730 37.5 57.7
6188.00 26.0 -1.670 3.943 37.8 51.4
6200.32 26.0 -2.437 2.608 57.6 74.3
6213.44 26.0 -2.482 2.223 62.6 32.2 20.1 66.1 89.2
6219.29 26.0 -2.433 2.198 79.2 40.8 36.1 67.3 91.7
6226.74 26.0 -2.200 3.880 35.8
6229.23 26.0 -2.805 2.845 21.8 44.5
6230.74 26.0 -1.281 2.559 62.9 69.2 81.1 65.8 82.2
6240.65 26.0 -3.173 2.223 28.5 54.8
6246.33 26.0 -0.877 3.603 93.7 52.1 43.5 47.0 4.7

6252.56 26.0 -1.687 2.404 49.0 99.4 67.6 58.3 56.6 91.4

6254.26 26.0 -2.430 2.280 36.3 94.5 35.6 54.9 48.4 41.1
6265.14 26.0 -2.550 2.176 21.7 65.6 37.3 26.7 22.2 66.7 88.0
6270.23 26.0 -2.609 2.858 33.3 57.4
6271.28 26.0 -2.700 3.330 26.1
6290.97 26.0 -0.730 4.730 56.7 68.4

6297.80 26.0 -2.740 2.223 61.1 83.0




Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140

00¢

6302.50 26.0 -1.110 3.690 86.5
6315.31 26.0 -1.230 4.140 82.4
6315.81 26.0 -1.660 4.076 44.0
6322.69 26.0 -2.426 2.588 64.4 23.5 47.6
6330.85 26.0 -1.720 4.733 36.1
6335.33 26.0 -2.177 2.198 28.1 82.4 57.4 35.8 42.2 75.0 97.3
6344.15 26.0 -2.923 2.433 51.0 33.6 71.3
6355.04 26.0 -2.291 2.845 55.5 41.1 79.8
6358.69 26.0 -4.468 0.859 63.0 42.0 87.4
4178.86 26.1 -2.443 2.583 59.0 63.0 68.5 72.8 72.6 63.8 73.2 89.1
4233.17 26.1 -1.809 2.583 86.0 99.5
4416.82 26.1 -2.600 2.778 49.5 59.4 62.1 774
4491.40 26.1 -2.640 2.856 41.0 69.1 47.3 65.1 o7.7 48.4 58.7 84.1
4508.30 26.1 -2.350 2.856 57.5 80.0 69.9 80.9 68.7 69.4 4.7 93.5
4520.23 26.1 -2.620 2.807 47.1 61.0 69.7 62.2 61.9 69.5 91.0
4541.52 26.1 -2.970 2.856 32.8 57.3 44.6 41.7 54.6
4576.34 26.1 -2.920 2.844 28.8 61.1 38.6 60.5 42.5 39.3 48.8 72.1
4582.83 26.1 -3.062 2.844 27.9 58.4 25.8 40.6 29.2 40.1 64.5
4583.84 26.1 -1.740 2.807 92.7 95.0
4620.52 26.1 -3.188 2.828 41.4 20.1 38.3 29.0 31.8 99.2
4629.34 26.1 -2.480 2.810 58.9 89.9 74.5 80.5 76.7 68.5 79.7

4635.31 26.1 -1.580 5.956 10.8
4893.82 26.1 -4.270 2.828 21.1
4923.93 26.1 -1.206 2.891 96.1
4993.35 26.1 -3.680 2.807 33.5 22.4 23.9 41.7
5132.67 26.1 -4.090 2.807 14.0 11.1 324
5197.58 26.1 -2.054 3.230 50.8 79.2 62.5 76.6 62.7 61.8 65.8 86.7
5234.63 26.1 -2.210 3.221 46.3 76.4 65.3 73.5 69.9 51.7 57.9 83.1
5264.81 26.1 -3.233 3.230 14.4 35.7 29.1 24.3 14.9 274 46.9
5276.00 26.1 -1.900 3.199 72.1 85.0 92.1

5284.11 26.1 -3.200 2.891 26.0 46.5
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Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140
5325.56 26.1 -2.570 3.221 35.2 32.8 27.8 47.1
5414.08 26.1 -3.482 3.221 20.5
5534.85 26.1 -2.860 3.245 59.6 36.9 57.8 27.8 37.9 59.2
5991.38 26.1 -3.650 3.153 26.0 37.9
6149.25 26.1 -2.840 3.889 37.6
6247.56 26.1 -2.430 3.892 52.9 46.8 39.5 53.8
4121.33 27.0 -0.320 0.920 59.6 54.3 73.2 72.4 71.3

5369.56 27.0 -1.590 1.740 20.7

3807.15 28.0 -1.180 0.420 93.2

3858.30 28.0 -0.970 0.420 96.5
4686.22 28.0 -0.580 3.600 44.0 18.4 15.0 35.9 61.7
4857.40 28.0 -0.830 3.740 30.4 34.7 55.8
4866.27 28.0 -0.210 3.539 61.9 49.2 80.8
4904.42 28.0 -0.190 3.540 20.8 68.5 234 40.5 28.2 62.0 80.0
4913.98 28.0 -0.630 3.740 41.9 28.1 54.0
4935.83 28.0 -0.380 3.940 474 19.4 14.1 40.2 62.0
4953.21 28.0 -0.580 3.740 35.7 12.5 26.1 52.6
4998.22 28.0 -0.690 3.606 38.1 57.0
5003.75 28.0 -3.130 1.680 37.7
5010.94 28.0 -0.900 3.630 28.6 27.9 49.5
5035.37 28.0 0.290 3.630 374 82.9 54.3 49.8 51.1
5048.85 28.0 -0.390 3.850 46.0 24.0 33.5 2.7
5082.35 28.0 -0.540 3.660 45.2 19.1 36.3 65.6
5084.11 28.0 -0.060 3.680 74.6 43.5 57.9 88.2
5088.54 28.0 -1.080 3.850 30.1
5088.96 28.0 -1.290 3.680 14.9 28.0
5094.42 28.0 -1.120 3.830 16.6 30.3
5102.97 28.0 -2.660 1.680 33.3 26.1 51.8
5115.40 28.0 -0.140 3.830 21.3 58.2 31.1 27.6 27.3 48.6 73.2
5197.17 28.0 -1.140 3.900 21.8
5578.72 28.0 -2.640 1.680 45.3 56.8




¢0¢

Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ion loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140
5587.86 28.0 -2.140 1.930 28.1
5589.36  28.0 -1.140 3.900 23.9 23.3
5593.74 28.0 -0.840 3.900 35.9 . 38.5
5754.67 28.0 -1.850 1.930 17.4 49.7

5760.83 28.0 -0.805 4.100 23.4
5805.22 28.0 -0.638 4.170 36.8
5846.99 28.0 -3.210 1.680 20.3
5892.87 28.0 -2.340 1.990 58.9 42.1
5996.74 28.0 -1.010 4.236 21.9
6007.32 28.0 -3.410 1.677 15.2 37.8
6086.28 28.0 -0.515 4.260 44.8
6108.12 28.0 -2.430 1.680 47.3 37.5 65.6
6111.08 28.0 -0.820 4.090 32.1
6128.97 28.0 -3.330 1.680 18.7 274
6175.37 28.0 -0.535 4.090 35.3 42.9
6176.81 28.0 -0.529 4.090 52.0 65.3
6186.71 28.0 -0.965 4.100 22.6
6204.60 28.0 -1.140 4.090 19.9
6223.98 28.0 -0.910 4.106 38.5
6314.66 28.0 -1.770 1.930 51.2 85.9
6322.17 28.0 -1.210 4.154 22.5
6327.60 28.0 -3.060 1.680 42.1
6360.82 28.0 -1.150 4.170 28.0
5105.54 29.0 -3.720 1.380 68.6 19.6 15.2 50.9 99.2
5218.21 29.0 0.300 3.800 34.5
4722.16 30.0 -0.390 4.030 58.7 39.2 27.1 36.5 58.6 73.2
4810.54 30.0 -0.170 4.080 25.2 58.6 28.7 45.9 44.8 35.2 57.5 75.7
4607.34 38.0 0.280 0.000 18.0 44.7
3549.01 39.1 -0.280 0.130 53.8 49.2 45.2 43.5 53.8 7.3
3600.74 39.1 0.280 0.180 47.5 65.8 71.9 63.0 59.7 49.7 71.5 81.3
3611.04 39.1 0.010 0.130 42.9 62.4 62.1 55.0
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Table C.3: Equivalent Width Measurements, Table 3 of 5, continued

A (A) Ton loggf EP  2310-312 1903-096 2796-054 2180-545 2797-407 1916-559 2305-365 1891-140
3774.33 39.1 0.210 0.130 69.3 . 52.9 68.1 83.9
3788.70 39.1 -0.070 0.100 61.3 76.1 62.5 66.1 41.5 58.4
3818.34 39.1 -0.980 0.130 28.6
3950.36  39.1 -0.490 0.100 31.0 52.5 56.0 55.3 44.2 35.6 59.3 73.2
4398.01 39.1 -1.000 0.130 40.8
4883.69 39.1 0.070 1.080 33.5 48.1 37.7 46.1 59.3
5087.43 39.1 -0.170 1.080 32.4 26.0 54.3
5119.12 39.1 -1.360 0.990 18.1
5123.22 39.1 -0.830 0.990 23.1 12.8
5200.41 39.1 -0.570 0.990 16.0 19.9
3714.78 40.1 -0.960 0.530 21.6 27.4 14.1 38.8
4050.33 40.1 -1.060 0.710 13.3
4161.21 40.1 -0.590 0.710 35.6
4208.99 40.1 -0.510 0.710 32.5 37.3 22.4 34.8 41.4
4317.32 40.1 -1.450 0.710 10.0
4496.97 40.1 -0.890 0.710 45.7
3692.36 45.0 0.173 0.000 38.0 50.2
5853.69 56.1 -0.910 0.600 20.6 62.7 36.2 39.4 25.1 29.5 52.1 68.3
3988.51 57.1 0.210 0.170 38.8 18.0 31.9 73.4
3995.75 57.1 -0.060 0.170 49.6
4086.71 57.1 -0.070 0.000 35.4 16.2 31.3 45.0
Table C.4: Equivalent Width Measurements, Table 4 of 5
A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419

5682.65 11.0

-0.699 2.100

97.6

64.4

53.8

48.8

37.0
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
5688.19 11.0 -0.420 2.100 83.3 76.5 75.9 71.2 82.1 74.8 68.2
6154.23 11.0 -1.530 2.100 21.5
6160.75 11.0 -1.230 2.100 29.2 25.8 10.7
4571.10 12.0 -5.570 0.000 84.0 90.1 57.8 42.4 56.8 45.2
4730.04 12.0 -2.347 4.350 41.0 41.2 25.5
5711.09 12.0 -1.630 4.340 85.7 92.2 64.9 61.0
5665.55 14.0 -2.040 4.920 16.8 20.2 17.1 17.2
5690.43 14.0 -1.870 4.930 28.6 23.3 12.5
5701.10 14.0 -2.050 4.930 19.0 254
5708.40 14.0 -1.470 4.950 39.4
5772.15 14.0 -1.750 5.080 29.5 31.1 18.0 16.1
5793.07 14.0 -2.060 4.930 27.2
5948.54 14.0 -1.230 5.080 64.6 58.5 58.7 34.7
6125.03 14.0 -1.570 5.610 19.0 17.6

6142.49 14.0 -1.480 5.620 21.7

6145.02 14.0 -1.370 5.610 22.0 18.1
6155.13 14.0 -0.760 5.620 52.2 47.8 324
6237.32 14.0 -1.010 5.620 44.9 38.4 25.8

6243.82 14.0 -1.300 5.616 23.9

6244.48 14.0 -1.320 5.616 36.5
6347.09 14.1 0.260 8.120 474 31.0 58.6 52.2 30.8
4318.66 20.0 -0.210 1.900 90.3
4512.27 20.0 -2.030 2.520 8.6

4526.93 20.0 -0.420 2.710 64.4 60.0 57.6 45.6
4578.56 20.0 -0.558 2.520 55.2 64.2 99.1 49.8 50.2 41.5
4685.27 20.0 -0.940 2.930 30.6 28.6 17.7
5260.39 20.0 -1.780 2.520 15.1
5261.71 20.0 -0.730 2.520 64.2 69.5 61.6 60.9 50.8
5349.47 20.0 -0.310 2.710 45.2
5512.99 20.0 -0.266 2.930 56.8 59.8 54.9 53.8 56.2 41.2
59588.76 20.0 0.358 2.510 95.7
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
5590.13 20.0 -0.710 2.510 68.8 67.8 04.7 60.9 71.4 57.2
5601.28 20.0 -0.438 2.520 71.4 77.0 71.4 62.8 71.9 55.4
6102.73 20.0 -0.790 1.880 82.1 81.2
6161.30 20.0 -1.270 2.520 39.2 27.2
6166.44 20.0 -1.140 2.520 36.9 43.5 30.0 38.0 234
6169.04 20.0 -0.800 2.520 53.3 70.9 58.0
6169.56 20.0 -0.480 2.520 71.4 82.5 70.8 52.5
5001.47 20.1 -0.520 7.500 8.0
4400.39 21.1 -0.540 0.610 84.9 73.8
5239.82 21.1 -0.765 1.450 45.7 374 42.6 44.9 41.3 37.1
5526.82 21.1 0.020 1.770 75.4 62.1 84.4 67.3 76.5 62.5
5640.99 21.1 -1.130 1.500 26.1 21.5
5657.88 21.1 -0.600 1.510 52.8 45.8 58.2 45.0
5669.04 21.1 -1.120 1.500 24.1 22.6 31.9 14.7
3924.53 22.0 -0.940 0.020 41.1 52.0 30.8 25.7 36.5 314
3958.22 22.0 -0.176 0.050 72.8 78.9 61.4
3998.64 22.0 -0.060 0.050 89.0 94.0 7.2 84.1 70.9
4008.93 22.0 -1.072 0.021 70.2 46.6
4512.74 22.0 -0.480 0.840 41.7 49.8 29.3 22.9 19.4
4518.03 22.0 -0.325 0.830 61.0 33.1 29.4
4533.25 22.0 0.476 0.850 64.4
4534.78 22.0 0.280 0.840 73.6 81.9 61.8 62.7 56.8
4548.77 22.0 -0.354 0.830 41.7 52.8 30.8 28.8 34.8 27.7
4555.49 22.0 -0.490 0.850 37.5 51.0 21.6 19.2
4617.28 22.0 0.390 1.750 43.1 44.8 31.5 29.0 304 23.9
4623.10 22.0 0.170 1.740 27.1 37.5 17.5 20.5

4758.12 22.0 0.425 2.250 22.5 23.7 15.8 10.6 12.7

4759.28 22.0 0.514 2.250 22.3 34.0 19.9 20.3

4820.41 22.0 -0.439 1.500 21.9 24.7

4840.88 22.0 -0.450 0.900 42.2 47.3 28.4 25.6 34.5
4913.62 22.0 0.220 1.870 27.9 31.1 11.6
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
4981.74 22.0 0.504 0.850 90.6 89.4 7.2 66.0 78.2 72.2
4999.51 22.0 0.250 0.830 82.3 86.4 74.3 69.2 64.7
5016.17 22.0 -0.574 0.850 38.8 43.8 16.4
5022.87 22.0 -0.430 0.830 38.8 54.2 32.5 25.5
5024.85 22.0 -0.600 0.820 38.1 48.1 24.6 20.9 21.5
5039.96 22.0 -1.130 0.020 49.7 56.3 40.1 27.3
5064.66 22.0 -0.990 0.050 35.9
5087.06 22.0 -0.780 1.430 8.7

5113.45 22.0 -0.780 1.440 18.3

5147.48 22.0 -2.012 0.000 19.3 7.7
5192.98 22.0 -1.006 0.020 55.1 67.5 44.6 42.0 37.0
5210.39 22.0 -0.884 0.050 62.2 75.1 54.3 37.2 49.7 34.2
5644.14 22.0 0.050 2.270 16.6

5662.16 22.0 -0.110 2.320 9.4

5866.45 22.0 -0.840 1.070 19.6
5941.75 22.0 -1.520 1.050 12.3
6258.10 22.0 -0.355 1.440 22.5 39.5 14.8
6258.71 22.0 -0.240 1.460 30.3 43.7

6261.11 22.0 -0.480 1.430 20.9 32.1
3987.61 22.1 -2.730 0.610 49.3 44.0 52.8 48.9 41.4
4028.35 22.1 -1.000 1.890 76.5 74.1 83.8 64.2 72.8 7.2 70.3
4394.06 22.1 -1.770 1.220 76.6 62.9 59.0
4395.84 22.1 -1.970 1.240 59.2 67.6 44.7 54.6 48.8
4399.77 221 -1.270 1.240 98.4 96.9 91.5 84.7
4544.02 22.1 -2.410 1.240 30.3 36.6 29.3 27.4 31.9

4563.77 22.1 -0.960 1.220 98.6

4568.33 22.1 -2.650 1.220 17.2 20.0
4583.42 22.1 -2.720 1.160 18.8 24.8 23.7 244 12.3
4589.95 22.1 -1.790 1.240 81.9 77.4 86.3 88.1 80.6 72.2
4636.32 22.1 -3.020 1.165 12.6 13.7 12.6
4708.67 22.1 -2.210 1.240 45.2 44.9 44.2 44.3 32.8
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
4779.98 22.1 -1.370 2.048 60.6 58.1 66.2 68.6 65.4 53.8
4798.54 22.1 -2.430 1.080 30.3
4805.09 22.1 -1.120 2.061 85.8 76.4 88.1 69.0 88.1 82.2 69.0
4874.01 22.1 -0.790 3.090 34.0 28.5 32.9 17.7
4911.20 22.1 -0.330 3.120 47.0 38.7 43.4 33.7
5005.17 22.1 -2.540 1.570 14.8
5154.07 22.1 -1.920 1.570 64.8 55.3 60.7 67.6 67.5 44.8
518591 22.1 -1.350 1.890 97.9 64.9 69.3 63.2 53.7
5211.53 22.1 -1.160 2.590 32.8 19.4
5336.79 22.1 -1.630 1.580 76.8 64.3 72.4 68.8 72.1 63.9
5381.01 22.1 -1.970 1.570 41.7 46.4 61.6 50.6 60.9 43.9
5490.69 22.1 -2.430 1.566 14.1

4115.18 23.0 0.070 0.290 48.2
4389.98 23.0 0.200 0.280 29.1
4406.63 23.0 -0.190 0.300 34.7 57.4

4875.49 23.0 -0.810 0.040 16.3

6090.22 23.0 -0.060 1.080 17.5

3538.23 23.1 -1.640 1.070 52.0
3545.19 23.1 -0.390 1.100 73.2 70.6 81.7 60.5 56.3
3592.03 23.1 -0.370 1.100 72.1 66.1 75.9 55.6 66.9 65.5
3951.97 23.1 -0.744 1.480 48.3 46.3 58.8 45.1 52.0 48.3
3941.48 24.0 -1.390 1.030 224
3963.69 24.0 0.620 2.544 43.9
4272.90 24.0 -0.980 2.900 15.4
4496.84 24.0 -1.140 0.941 75.6 84.9 82.3 62.5
4511.90 24.0 -0.343 3.090 13.0
4545.95 24.0 -1.370 0.941 56.3 59.4 45.8 37.4 54.4 38.0
4580.04 24.0 -1.660 0.941 45.7 41.9 37.0
4591.39 24.0 -1.740 0.968 42.8 52.8 37.6 39.3 26.7
4600.74 24.0 -1.250 1.004 54.1

4613.36 24.0 -1.650 0.961 70.9
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
4616.12 24.0 -1.190 0.983 60.1 66.1 60.3 50.2 49.0
4626.17 24.0 -1.330 0.968 48.8 55.1 47.6 54.4 38.9 38.7
4646.15 24.0 -0.740 1.030 77.1 68.6 64.9 69.6 64.8
4651.28 24.0 -1.460 0.983 46.2 53.5 43.5 36.2 41.7 33.7
4652.15 24.0 -1.040 1.004 67.0 70.8 63.5 63.5 67.3 54.5
4708.02 24.0 0.070 3.168 23.5 23.6 14.7 16.5
4718.43 24.0 0.240 3.195 29.8 32.2 25.6 35.4 20.1
4737.35 24.0 -0.100 3.090 17.0

4789.34 24.0 -0.330 2.544 31.1 36.5

4936.34 24.0 -0.250 3.113 13.8 21.6 14.6

5065.92 24.0 -1.380 2.708 10.1

5067.72 24.0 -1.070 2.709 12.9
5247.57 24.0 -1.590 0.961 37.0 44.2 39.4 37.0 21.7
5296.69 24.0 -1.360 0.983 52.9 60.8 53.4 46.3 35.9
5297.39 24.0 0.000 2.900 41.7 48.4 44.2

5300.74 24.0 -2.000 0.983 19.2 25.0
5345.80 24.0 -0.950 1.004 7.2 74.5 75.9 53.1 73.4 65.4 53.8
5348.31 24.0 -1.210 1.004 54.5 65.8 47.3 43.8 48.1 54.6 38.6
5409.77 24.0 -0.670 1.030 87.9 90.0 90.2 74.6 98.7 83.8 64.4
5787.93 24.0 -0.083 3.320 19.5
4554.99 24.1 -1.373 4.070 32.5 26.5 43.5 50.7 40.8 25.8
4558.65 24.1 -0.656 4.070 73.7 59.2 7.4 82.3 82.5 69.6
4588.20 24.1 -0.826 4.070 60.8 46.7 70.7 66.7 77.5 64.7 51.9
4592.06 24.1 -1.419 4.070 36.5 24.8 43.8 42.7
4616.63 24.1 -1.210 4.073 30.2 21.4 42.7 38.1 30.5
4848.23 24.1 -0.999 3.870 49.2 36.3 58.8 63.2 97.5 44.0
5237.33 24.1 -1.155 4.070 36.4 26.3 48.8 53.1 46.3 33.1
5305.86 24.1 -2.060 3.830 13.5 10.6 24.9

5308.42 24.1 -1.790 4.070 15.0 7.8 19.1
5313.59 24.1 -1.640 4.070 19.7 27.0 24.9 19.0
5502.09 24.1 -1.970 4.168 16.7
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
3577.87 25.0 -0.010 2.110 50.3
4055.55 25.0 -0.080 2.140 71.5 75.8 79.1 82.5 71.8 58.2
4709.72  25.0 -0.339 2.890 24.3 20.3

4739.11 25.0 -0.490 2.940 21.1 18.2 18.7
4761.53 25.0 -0.138 2.950 28.9 25.2 27.3 15.8
4783.43 25.0 0.042 2.300 83.9 83.4 79.4 81.2 81.2 69.4
4823.51 25.0 0.144 2.320 82.3 72.4 92.2 86.3 70.8
6013.50 25.0 -0.252 3.070 22.7 31.2
6021.80 25.0 0.030 3.080 38.2 38.1 32.5 44.0 40.2 31.8
3891.93 26.0 -0.734 3.415 53.5
3916.74 26.0 -0.604 3.237 63.3 64.4 63.2 57.6
3917.18 26.0 -2.155 0.990 97.6 98.5 85.1 91.9 80.8
3949.96 26.0 -1.251 2.176 80.0 85.7 84.4 77.8 76.8
4114.45 26.0 -1.303 2.832 65.3 69.3 57.8 49.3 65.7 56.8 50.8
4132.91 26.0 -1.006 2.845 66.8
4139.94 26.0 -3.629 0.990 40.0 50.2 33.4 34.5 28.6
4147.68 26.0 -2.104 1.485 73.2
4157.79 26.0 -0.403 3.417 87.9 76.6 69.7 94.1 84.1 72.3
4174.92 26.0 -2.969 0.915 63.8
4175.64 26.0 -0.827 2.845 82.3 85.4 90.0 80.2 84.9 73.4
4184.91 26.0 -0.869 2.832 75.1 80.6 77.9 83.8 73.7 63.7
4199.10 26.0 0.156 3.047 99.5
4216.19 26.0 -3.356 0.000 88.4 78.6
4217.56 26.0 -0.484 3.430 83.9 83.0 83.9 84.6 66.2
4222.22  26.0 -0.967 2.450 86.0 95.2 89.8
4233.61 26.0 -0.604 2.482 91.7
4238.81 26.0 -0.233 3.397 94.6 95.1 87.8 93.7 74.4
4282.41 26.0 -0.779 2.176 94.9
4375.94 26.0 -3.031 0.000 93.8 96.4 87.9
4388.41 26.0 -0.682 3.603 65.3 59.7 57.6
4389.25 26.0 -4.583 0.052 34.7 27.7 23.0 25.3 26.5
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
4489.75 26.0 -3.966 0.121 69.2 74.1 57.5 56.4 50.6
4494.57 26.0 -1.136 2.198 98.6 89.2
4517.52 26.0 -1.860 3.071 314 36.2 30.0 27.6

4523.41 26.0 -1.960 3.654 12.2 12.7
4547.85 26.0 -1.010 3.546 99.2 59.4 54.7 52.3 61.7 49.2
4566.52 26.0 -2.380 3.300 18.4

4574.23 26.0 -2.450 3.211 10.4

4587.13 26.0 -1.740 3.573 23.1 274 25.6

4593.53 26.0 -2.030 3.943 6.6
4602.01 26.0 -3.154 1.608 42.2 43.7 34.6 36.6 23.1
4602.95 26.0 -2.220 1.485 86.0 87.1 85.6 70.1 84.6 92.1 71.9
4630.12 26.0 -2.587 2.279 42.9 42.5 42.8 36.3 28.2
4632.92 26.0 -2.913 1.608 61.8 67.1 65.6 57.6 63.7 38.7
4635.85 26.0 -2.360 2.840 24.5 22.8 15.9
4647.43 26.0 -1.351 2.949 68.1 61.9 60.4
4672.84 26.0 -4.240 1.610 9.3

4683.56 26.0 -2.320 2.832 18.0 274
4690.14 26.0 -1.640 3.687 24.0 27.8 15.2 18.9 12.9
4733.59 26.0 -2.990 1.485 59.4 62.6 55.2 40.2 54.5 44.7
4741.53 26.0 -1.760 2.830 44.8 42.3 39.4 38.8 32.0
4745.80 26.0 -1.270 3.654 46.0 43.5 42.7 34.0 39.6 42.3 28.4
4779.45 26.0 -2.020 3.415 15.5 15.5

4787.83 26.0 -2.600 2.998 11.2
4788.76  26.0 -1.763 3.237 33.5 35.2 32.6 39.6 21.7
4789.65 26.0 -0.910 3.547 61.1 54.5

4802.88 26.0 -1.510 3.642 34.3 25.4

4835.87 26.0 -1.470 4.103 18.9
4839.52 26.0 -1.820 3.270 28.9 31.9 25.5 29.6 22.0
4844.01 26.0 -2.050 3.547 17.5 16.6
4872.14 26.0 -0.567 2.882 88.9
4882.14 26.0 -1.640 3.420 36.0 36.4 36.3 34.2 23.7
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
4892.87 26.0 -1.290 4.220 27.0 24.2 20.1 10.7
4903.32 26.0 -0.926 2.882 93.3 92.5 84.4 90.6 82.0
4917.24 26.0 -1.160 4.191 33.7 36.8 36.9 22.6 28.2 23.1
4924.77 26.0 -2.114 2.279 60.0 63.5 50.8 38.4 99.1 53.7 46.3
4938.82 26.0 -1.077 2.875 85.5 89.2 80.3 72.6
4939.69 26.0 -3.340 0.859 71.5 74.9 61.1 38.1 61.0 52.2
4962.58 26.0 -1.182 4.178 23.1
4966.09 26.0 -0.871 3.332 79.5 7.7 82.0 87.4 73.3 66.2
4994.14 26.0 -3.080 0.915 76.5 72.4 74.8 74.1 60.4
5001.87 26.0 -0.010 3.882 92.5 90.8 89.7 77.9
5006.12 26.0 -0.615 2.833 98.5
5014.94 26.0 -0.303 3.943 68.3 74.1 73.1 80.0 79.5 64.9
5044.21 26.0 -2.060 2.850 38.1 38.8 34.1 39.5 29.9
5049.83 26.0 -1.355 2.279 97.5 96.7 79.4 95.1 94.2 81.3
5051.64 26.0 -2.795 0.915 84.9 91.1 82.3
5054.64 26.0 -1.920 3.640 18.6

5067.16 26.0 -0.970 4.220 31.8 36.8 37.2 28.8 37.8 28.4
5068.77 26.0 -1.042 2.940 83.4 90.1 83.1 87.0 76.3 78.6
5074.75 26.0 -0.230 4.220 80.3 76.3 79.5 71.6 78.4 72.8 61.4
5079.74 26.0 -3.220 0.990 55.1
5083.35 26.0 -2.958 0.958 73.6 78.2 72.2 71.8 72.6 62.3
5090.78 26.0 -0.400 4.260 49.7 55.6 53.1 45.9 55.8 49.2 40.0
5109.66 26.0 -0.980 4.300 41.9 43.9 40.3 43.0 32.1
5123.73 26.0 -3.068 1.011 73.1 82.9 69.6 63.7 59.5
5125.12 26.0 -0.080 4.220 96.1 91.8 90.1 82.5 96.1 86.4 74.8
5127.37 26.0 -3.307 0.915 60.3 69.7 58.8 59.6 58.0 50.2
5131.48 26.0 -2.515 2.223 50.1 51.3 32.0
5133.69 26.0 0.200 4.180 95.5 99.7 90.6 82.3
5141.74 26.0 -2.238 2.424 50.1 53.3 44.0 41.3 40.7 31.4
5150.85 26.0 -3.037 0.990 74.1 83.1 76.8 71.3 58.2
5151.92 26.0 -3.322 1.011 64.1 69.1 60.1 53.0 50.8 46.5
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
5162.28 26.0 0.020 4.180 90.8 90.5 90.8 87.4 70.6
5166.28 26.0 -4.195 0.000 65.3 66.1 69.8 54.5
5171.61 26.0 -1.793 1.485 93.3
5187.92 26.0 -1.371 4.143 21.6 23.0 22.0
5191.47 26.0 -0.551 3.038 93.4 90.8
5192.35 26.0 -0.421 2.998 96.7
5194.95 26.0 -2.090 1.557 87.4 91.5 81.2 84.6 76.4
5198.72 26.0 -2.135 2.223 62.2 71.7 65.1 61.5 66.4 53.6
5202.34 26.0 -1.838 2.176 87.2
5216.28 26.0 -2.150 1.608 94.1 84.5 86.1 84.2 73.8
5217.40 26.0 -1.162 3.211 68.4 73.7 66.8 54.8 73.9 69.2 55.1
5225.53 26.0 -4.789 0.110 42.6 24.7
5242.46 26.0 -0.967 3.634 55.2 51.9 57.4 53.5 40.6
5243.78 26.0 -1.120 4.256 28.1 29.1 28.9

5247.06 26.0 -4.946 0.087 40.6

5250.22 26.0 -4.938 0.121 31.6 34.5 20.1
5254.95 26.0 -4.764 0.110 53.0 43.3
5266.56 26.0 -0.385 2.998 99.3
5281.80 26.0 -0.834 3.038 98.0 90.5 84.8 76.9 88.5 84.5 78.2
5283.63 26.0 -0.525 3.241 97.8 89.4
59288.53 26.0 -1.510 3.680 26.9 30.1 24.0 17.7
5295.32 26.0 -1.670 4.415 10.9 15.5
5302.31 26.0 -0.720 3.283 89.3 97.0 82.4 87.5 90.6 78.4
5307.37 26.0 -2.987 1.608 54.4 58.0 46.1 38.9
5321.11 26.0 -1.090 4.435 12.2 15.6
5322.01 26.0 -2.803 2.279 21.6 25.8 16.3
5332.92 26.0 -2.776 1.557 40.6
5339.94 26.0 -0.720 3.266 88.6 95.1 84.5 77.6 91.3 81.8 70.5
5364.87 26.0 0.228 4.446 83.1 80.3 79.2 82.9 67.5
5365.40 26.0 -1.020 3.573 48.0 44.2 43.2 42.9 36.8
5367.47 26.0 0.443 4.415 83.3 88.9 90.0 97.0 78.8 72.3
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
5369.97 26.0 0.536 4.371 80.8
5373.70  26.0 -0.760 4.470 27.5 32.8 254 31.9 18.9
5379.58 26.0 -1.514 3.695 27.7 28.4 31.9 28.5
5383.38 26.0 0.645 4.312 86.8
5389.49 26.0 -0.400 4.410 45.2 47.7 44.8 34.5 44.4 51.3 37.5
5393.18 26.0 -0.715 3.241 86.3 89.5 84.1 73.9 90.6 91.8 68.3
5398.29 26.0 -0.710 4.446 41.8 38.9 38.9 41.2

5409.14 26.0 -1.200 4.370 25.2 20.3
541091 26.0 0.398 4.473 85.5 81.9 93.5 75.4 61.7
5415.20 26.0 0.642 4.386 99.1 98.9 91.2

5417.04 26.0 -1.660 4.415 10.0

5483.10 26.0 -1.410 4.150 18.2

5487.14 26.0 -1.430 4.410 10.3
5487.77 26.0 -0.620 4.140 592.3 48.3 55.7 58.9 39.0
5497.52 26.0 -2.830 1.010 82.7 90.6 79.2 70.7 83.9 91.0 80.5
5501.48 26.0 -3.047 0.958 73.9 83.2 66.0 72.1 76.9 61.2
5506.79 26.0 -2.797 0.990 85.5 90.4 81.9 79.9 91.6 2.7
5522.45 26.0 -1.520 4.209 17.9

5525.55 26.0 -1.080 4.230 22.2 24.5 22.6

5546.51 26.0 -1.210 4.372 22.3 23.1

5553.58 26.0 -1.310 4.430 15.8

5554.88 26.0 -0.350 4.550 47.1 47.5 51.1 50.2

5560.22 26.0 -1.160 4.435 21.7 20.6 28.1

5567.39 26.0 -2.670 2.610 24.2 27.8 28.4
5569.63 26.0 -0.486 3.417 88.9 93.1 96.3 80.2 89.9 87.7 80.5
5576.10 26.0 -0.940 3.430 70.2 7.7 72.2 64.6 78.3 69.8 56.3
5586.77 26.0 -0.144 3.368 97.2
5618.64 26.0 -1.276 4.209 15.2 23.5

5619.61 26.0 -1.670 4.386 12.0

5624.04 26.0 -1.220 4.390 16.8 15.2 16.7
5624.54 26.0 -0.755 3.420 81.2 87.7 82.9 85.9 58.2
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
5641.44 26.0 -1.080 4.260 15.4
5662.52 26.0 -0.573 4.178 52.3 54.3 60.8 37.8
5679.02 26.0 -0.820 4.650 27.6 26.4 23.7

5686.53 26.0 -0.446 4.548 39.9 41.6 48.1
5701.56 26.0 -2.216 2.559 44.5 55.6 39.8 49.0 31.6
5705.47 26.0 -1.360 4.300 13.0
5705.98 26.0 -0.490 4.610 42.0 42.0 53.2 28.9
5717.84 26.0 -1.100 4.284 24.7 37.9 28.3 15.7
5731.77 26.0 -1.270 4.256 25.1 24.4 27.5

5752.04 26.0 -0.940 4.550 21.1 20.8
5753.12 26.0 -0.688 4.260 47.4 52.0 42.5 36.2
5762.99 26.0 -0.410 4.210 61.5 69.4 75.4 60.6 82.8 71.6 52.6
5775.09 26.0 -1.298 4.220 26.9 27.0

5793.92 26.0 -1.660 4.220 16.2

5806.73 26.0 -1.030 4.608 17.1

5809.22 26.0 -1.740 3.880 20.6

5816.38 26.0 -0.601 4.548 35.9 39.0 37.3 40.7

5852.23 26.0 -1.300 4.548 17.1
5859.60 26.0 -0.550 4.550 34.9 42.3 43.4 28.3 35.9 26.8
5862.35 26.0 -0.330 4.550 92.1 52.7 35.6 58.2 47.5 34.8
59883.81 26.0 -1.260 3.960 354 29.4 31.9

5905.68 26.0 -0.770 4.652 26.4 24.0 24.4

5927.80 26.0 -1.070 4.652 19.3 17.1 19.7

5929.68 26.0 -1.380 4.548 15.0
5930.19 26.0 -0.140 4.650 595.3 55.7 50.7 53.0 44.2
5934.67 26.0 -1.120 3.929 43.6 46.1 36.6

5956.71 26.0 -4.608 0.859 15.1

5976.79 26.0 -1.330 3.940 40.8 31.2 26.1
5983.69 26.0 -0.660 4.550 40.6 40.7 23.0
5984.83 26.0 -0.260 4.730 52.1 46.2 43.5 45.6
6003.02 26.0 -1.110 3.880 44.7 41.6 41.2 54.7 41.9 36.3
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
6024.05 26.0 0.030 4.550 75.3 71.3 67.0 67.2 76.1 62.8 53.9
6027.06 26.0 -1.089 4.076 35.2 36.3 314 21.8 35.2 25.5
6055.99 26.0 -0.370 4.730 37.1 37.3 39.4 30.5
6065.49 26.0 -1.530 2.608 75.5 83.9 74.6 89.2 85.8 71.8
6078.50 26.0 -0.330 4.790 36.3 40.3 41.8 30.2
6079.02 26.0 -1.100 4.652 22.9

6127.90 26.0 -1.400 4.140 19.5 19.2
6136.62 26.0 -1.400 2.453 96.6 82.5
6137.00 26.0 -2.950 2.198 31.5 16.8
6137.70 26.0 -1.403 2.588 85.6 92.9 88.8 74.5 84.4 91.3 73.6
6151.62 26.0 -3.299 2.176 17.9 18.1

6157.73 26.0 -1.220 4.076 32.8 36.3 25.9

6165.36 26.0 -1.474 4.143 20.5 19.4
6173.34 26.0 -2.880 2.223 34.6 38.4 29.6 11.8
6180.20 26.0 -2.650 2.730 234 241
6200.32 26.0 -2.437 2.608 46.5 30.6
6213.44 26.0 -2.482 2.223 50.2 54.9 43.8 37.3 34.3
6219.29 26.0 -2.433 2.198 59.0 59.3 51.3 62.0 45.5
6230.74 26.0 -1.281 2.559 94.9 93.4 87.7 98.7 91.9 86.8
6240.65 26.0 -3.173 2.223 24.3 11.1
6246.33 26.0 -0.877 3.603 68.5 77.9 63.5 66.5 56.8
6252.56 26.0 -1.687 2.404 78.9 86.0 81.2 7.3 69.7
6254.26 26.0 -2.430 2.280 70.5 69.5 66.4 54.8
6265.14 26.0 -2.550 2.176 54.2 59.7 42.1 48.8 32.8
6270.23 26.0 -2.609 2.858 19.9 17.7

6290.97 26.0 -0.730 4.730 37.5
6301.51 26.0 -0.718 3.654 73.6 65.7 58.6
6302.50 26.0 -1.110 3.690 45.3

6322.69 26.0 -2.426 2.588 39.1 39.0

6330.85 26.0 -1.720 4.733 14.2
6335.33 26.0 -2.177 2.198 62.8 69.9 67.3 66.2 63.8 479
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
6344.15 26.0 -2.923 2.433 23.7 25.3

6355.04 26.0 -2.291 2.845 30.1 37.3

6358.69 26.0 -4.468 0.859 23.7 39.6 32.1
4178.86 26.1 -2.443 2.583 73.1 67.6 84.3 74.3 76.8 71.0
4233.17 26.1 -1.809 2.583 99.7
4416.82 26.1 -2.600 2.778 64.6 55.5 72.5 80.9
4491.40 26.1 -2.640 2.856 63.0 54.1 74.9 62.6 71.8 68.9 60.8
4508.30 26.1 -2.350 2.856 73.5 65.4 83.4 78.8 92.0 84.7 7.3
4520.23 26.1 -2.620 2.807 64.4 82.8 76.8 80.6 70.3 57.0
4541.52 26.1 -2.970 2.856 97.5 64.8 95.1 66.7 63.5 52.0
4576.34 26.1 -2.920 2.844 57.6 46.4 62.9 52.0 67.2 62.2 47.7
4582.83 26.1 -3.062 2.844 50.7 35.1 56.7 52.9 50.6 38.9
4583.84 26.1 -1.740 2.807 91.9
4620.52 26.1 -3.188 2.828 40.0 28.7 49.1 39.7 31.7
4629.34 26.1 -2.480 2.810 80.7 70.7 92.1 87.5 96.2 88.9 78.0
4635.31 26.1 -1.580 5.956 13.2
4993.35 26.1 -3.680 2.807 29.1 15.3 30.8 21.8
5197.58 26.1 -2.054 3.230 67.3 58.0 7.3 78.5 67.9
5234.63 26.1 -2.210 3.221 73.6 56.4 7.3 69.7 81.1 88.4 71.4
5264.81 26.1 -3.233 3.230 32.2 24.6 39.2 37.1 33.2
5284.11 26.1 -3.200 2.891 40.0 31.8 48.6 97.1 47.0
5325.56 26.1 -2.570 3.221 34.7 27.7
5414.08 26.1 -3.482 3.221 11.9 23.7 13.4
5534.85 26.1 -2.860 3.245 51.8 29.8 64.5 41.9 57.1 46.9
9991.38 26.1 -3.650 3.153 15.3

6149.25 26.1 -2.840 3.889 16.9 29.1 23.5
6247.56 26.1 -2.430 3.892 41.4 28.7 58.0 54.7 51.9
4121.33 27.0 -0.320 0.920 92.2 97.8 85.7 65.7 81.6 85.6 79.4
4686.22 28.0 -0.580 3.600 28.8 34.7 30.1 26.7 15.5
4831.18 28.0 -0.320 3.610 42.5 38.4 30.2
4857.40 28.0 -0.830 3.740 21.2
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
4904.42 28.0 -0.190 3.540 57.8 59.2 55.1 51.1 53.6 41.5
4913.98 28.0 -0.630 3.740 27.8 27.1
4935.83 28.0 -0.380 3.940 36.6 35.2 22.9 18.8 34.2 22.2
4953.21 28.0 -0.580 3.740 26.3 22.7 14.4
4998.22 28.0 -0.690 3.606 20.1

5010.94 28.0 -0.900 3.630 18.8 18.0 13.8
5035.37 28.0 0.290 3.630 73.3 73.2 71.1 60.5 62.3
5048.85 28.0 -0.390 3.850 34.8 34.0 28.9

5082.35 28.0 -0.540 3.660 31.3 33.4 23.4
5084.11 28.0 -0.060 3.680 64.5 56.4 57.1 51.9 43.2
5102.97 28.0 -2.660 1.680 19.5 19.4
5115.40 28.0 -0.140 3.830 44.8 47.9 40.2 30.2
5578.72 28.0 -2.640 1.680 15.4
5587.86 28.0 -2.140 1.930 20.9

5589.36  28.0 -1.140 3.900 13.7

5593.74 28.0 -0.840 3.900 22.5 15.5

5682.20 28.0 -0.469 4.100 26.7
5754.67 28.0 -1.850 1.930 36.6 46.5 204
58056.22 28.0 -0.638 4.170 18.2

5892.87 28.0 -2.340 1.990 40.2

6086.28 28.0 -0.515 4.260 21.0

6108.12 28.0 -2.430 1.680 28.9 38.8

6175.37 28.0 -0.535 4.090 22.9 25.0 20.7
6176.81 28.0 -0.529 4.090 36.5 27.8 25.3 13.4
6314.66 28.0 -1.770 1.930 36.0
51056.54 29.0 -3.720 1.380 46.7 50.9 29.5 26.8 25.2 31.9 22.5
4722.16 30.0 -0.390 4.030 60.0 50.5 46.8 48.3 27.5
4810.54 30.0 -0.170 4.080 60.4 52.1 57.5 47.1 35.5
4607.34 38.0 0.280 0.000 21.0
3549.01 39.1 -0.280 0.130 474 46.4 47.5 31.2 52.0 37.1
3600.74 39.1 0.280 0.180 56.1 62.8 67.9 65.0 64.3 57.0
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Table C.4: Equivalent Width Measurements, Table 4 of 5, continued

A (A) Ion loggf EP 2311-476 2311-208 2621-215 2038-050 2038-226 2057-001 2053-419
3611.04 39.1 0.010 0.130 69.9
3747.55 39.1 -0.910 0.100 26.7
3774.33 39.1 0.210 0.130 65.0 61.5 80.8 69.9 63.9
3788.70 39.1 -0.070 0.100 52.0 58.5 54.5
3950.36 39.1 -0.490 0.100 47.7 48.6 61.1 53.7 45.5
4398.01 39.1 -1.000 0.130 26.1
4883.69 39.1 0.070 1.080 43.9 43.4 53.1 51.2 35.6
5087.43 39.1 -0.170 1.080 24.1 27.6 36.5 31.6 21.9
5123.22 39.1 -0.830 0.990 10.1 20.0
5200.41 39.1 -0.570 0.990 14.4 21.5
4687.81 40.0 0.550 0.730 10.8
4208.99 40.1 -0.510 0.710 30.4 32.0 31.9 26.9 19.2
4496.97 40.1 -0.890 0.710 82.3
4130.65 56.1 0.530 2.720 20.2
5853.69 56.1 -0.910 0.600 40.0 37.8 58.1 58.1 50.7
3988.51 57.1 0.210 0.170 23.5
3995.75 57.1 -0.060 0.170 14.4
4086.71 57.1 -0.070 0.000 25.5 22.4 27.0 22.9 20.3
4333.75 57.1 -0.060 0.170 27.8 13.2
Table C.5: Equivalent Width Measurements, Table 5 of 5
A (A) Ton loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
5682.65 11.0 -0.699 2.100 37.5 43.3 51.1
5688.19 11.0 -0.420 2.100 94.8 65.6 74.1 77.9 92.3 75.7
6160.75 11.0 -1.230 2.100 40.1 9.5 23.1 25.0




61¢

Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
4571.10 12.0 -5.570 0.000 74.1 64.3 58.1 65.1 86.4 42.9
4730.04 12.0 -2.347 4.350 23.5
5711.09 12.0 -1.630 4.340 56.1 52.1 57.7 73.1 49.3
5665.55 14.0 -2.040 4.920 34.4 17.5

5684.49 14.0 -1.420 4.950 22.0

5690.43 14.0 -1.870 4.930 14.5

5701.10 14.0 -2.050 4.930 16.3 17.7

5708.40 14.0 -1.470 4.950 39.1
5772.15 14.0 -1.750 5.080 37.0 17.8 34.1 17.8
5793.07 14.0 -2.060 4.930 22.9
5948.54 14.0 -1.230 5.080 67.5 41.8 39.4 43.6 65.2 47.3
6142.49 14.0 -1.480 5.620 19.7

6145.02 14.0 -1.370 5.610 9.4 23.3

6155.13 14.0 -0.760 5.620 70.0 36.9

6243.82 14.0 -1.300 5.616 31.7

6244.48 14.0 -1.320 5.616 43.1

6721.84 14.0 -0.939 5.860 19.8

7003.57 14.0 -0.830 5.960 39.3 21.7 24.1 46.5

7005.89 14.0 -0.730 5.980 36.0 27.6 97.3

7034.90 14.0 -0.880 5.870 62.9 52.1

7405.77 14.0 -0.820 5.610 73.3 49.7 54.6 42.9 78.1
7415.95 14.0 -0.730 5.610 57.8 37.8 58.5
7423.50 14.0 -0.580 5.620 74.8 59.8 42.6 77.5 60.2
7680.27 14.0 -0.590 5.863 39.6 42.6
7800.00 14.0 -0.720 6.180 33.3

7918.38 14.0 -0.510 5.954 74.0 31.5 35.7 30.2 52.2

7932.35 14.0 -0.370 5.964 36.8 414 37.9

7944.00 14.0 -0.210 5.984 52.9 49.7 44.8 92.3

6347.09 14.1 0.260 8.120 52.6 36.5 41.1 40.8
6371.35 14.1 -0.050 8.120 28.0 23.6 23.2 24.2 30.5
4283.01 20.0 -0.224 1.890 93.3 98.2
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
4289.37 20.0 -0.300 1.880 87.4 87.1 69.4
4318.66 20.0 -0.210 1.900 95.9 95.4 97.2

4425.44 20.0 -0.360 1.880 86.4 95.3 97.2

4435.69 20.0 -0.520 1.890 93.3 92.1 89.6

4456.61 20.0 -1.660 1.900 66.8 25.3 30.2 40.3 55.0

4526.93 20.0 -0.420 2.710 47.8 47.8 40.4
4578.56 20.0 -0.558 2.520 58.9 46.1 49.2 50.1 66.7 42.5
4685.27 20.0 -0.940 2.930 19.5 46.9
5260.39 20.0 -1.780 2.520 6.5 6.2
5261.71 20.0 -0.730 2.520 77.0 52.4 57.1 46.7 89.2 50.3
5349.47 20.0 -0.310 2.710 49.5 52.7

5512.99 20.0 -0.266 2.930 57.3 41.1 42.8
5588.76  20.0 0.358 2.510 99.3 97.5 90.2 96.2
5590.13 20.0 -0.710 2.510 72.4 54.5 48.8 48.1 84.1
5601.28 20.0 -0.438 2.520 63.9 62.9 50.1 89.3 60.0
5857.46 20.0 0.240 2.930 72.1 75.1 76.5

6102.73 20.0 -0.790 1.880 77.9 85.3 81.4

6161.30 20.0 -1.270 2.520 49.5 17.8 43.1

6166.44 20.0 -1.140 2.520 54.0 30.8 28.7 25.7 49.2

6169.04 20.0 -0.800 2.520 50.9 42.5 51.0 66.0

6169.56 20.0 -0.480 2.520 67.2 61.4 66.9 82.3

6449.82 20.0 -0.550 2.520 99.0 57.6 57.5 56.9 73.1

6455.61 20.0 -1.300 2.520 46.3 22.1 21.9 28.5

6471.67 20.0 -0.690 2.520 81.6 51.6 50.7 51.0 71.8
6493.79 20.0 -0.110 2.520 84.4 83.7 81.8 85.1
6499.65 20.0 -0.820 2.520 71.1 46.6 48.6 48.2 73.9 48.8
6717.69 20.0 -0.524 2.710 91.5 59.4 55.8 60.9 84.5 61.4
7148.15 20.0 0.218 2.710 90.3 92.2 86.4 95.8
4400.39 21.1 -0.540 0.610 84.1 86.6 66.9 85.0 71.2
5239.82 21.1 -0.765 1.450 50.5 40.2 43.3 31.1 42.6
5526.82 21.1 0.020 1.770 81.5 67.8 65.7 58.8 66.9 58.7
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
5640.99 21.1 -1.130 1.500 35.3 32.7

5657.88 21.1 -0.600 1.510 47.8 62.1 60.2 37.8 66.7

5669.04 21.1 -1.120 1.500 23.0 32.3

3924.53 22.0 -0.940 0.020 29.6 35.3
3958.22 22.0 -0.176 0.050 66.6 69.3 66.1 76.7 73.8
3998.64 22.0 -0.060 0.050 72.5 78.6 58.5
4512.74 22.0 -0.480 0.840 65.7 32.8 294 24.1 48.0

4518.03 22.0 -0.325 0.830 51.1 34.8 31.8 21.3 65.5

4533.25 22.0 0.476 0.850 93.3 64.4 79.9
4534.78 22.0 0.280 0.840 87.7 65.1 59.4 57.0 57.7
4548.77 22.0 -0.354 0.830 57.9 39.8 43.1 25.8

4555.49 22.0 -0.490 0.850 28.5 36.0 17.5 41.1
4617.28 22.0 0.390 1.750 45.0 30.7 31.8 28.0 52.2 20.3
4623.10 22.0 0.170 1.740 19.0 16.1

4681.92 22.0 -1.070 0.050 34.0

4758.12 22.0 0.425 2.250 9.9 13.3

4759.28 22.0 0.514 2.250 16.0 34.2

4840.88 22.0 -0.450 0.900 593.7 28.9 28.0 39.9

5064.66 22.0 -0.990 0.050 50.1 38.7

5113.45 22.0 -0.780 1.440 21.3

5145.47 22.0 -0.574 1.460 19.6

5147.48 22.0 -2.012 0.000 26.3
5173.75 22.0 -1.118 0.000 39.2
5192.98 22.0 -1.006 0.020 76.2 40.6 394 41.7 68.6
5210.39 22.0 -0.884 0.050 69.6 50.9 48.3 46.7 69.5 31.5
5490.15 22.0 -0.933 1.460 11.4

6258.10 22.0 -0.355 1.440 39.9

6258.71 22.0 -0.240 1.460 47.1

6261.11 22.0 -0.480 1.430 27.5 14.2

6554.24 22.0 -1.220 1.440 13.5
3987.61 22.1 -2.730 0.610 37.5 61.6 32.0




(@éd

Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
4028.35 22.1 -1.000 1.890 70.8 78.7 72.3 62.9 64.8
4394.06 22.1 -1.770 1.220 58.2 62.8 59.1 66.7 67.8
4395.84 22.1 -1.970 1.240 62.0 60.0 51.4 55.4

4399.77 22.1 -1.270 1.240 87.3
4417.72 22.1 -1.430 1.160 96.0 89.0 79.6 90.7 82.4
4418.33 22.1 -1.990 1.240 52.3 67.8 49.2
4444.56 22.1 -2.210 1.120 52.8 56.7 33.7 66.4 42.3
4450.49 22.1 -1.450 1.080 91.9

4544.02 22.1 -2.410 1.240 33.4

4568.33 22.1 -2.650 1.220 21.1

4583.42 22.1 -2.720 1.160 23.7 15.3 13.0 24.7

4589.95 22.1 -1.790 1.240 73.0 75.2 67.4

4636.32 22.1 -3.020 1.165 14.1

4657.20 22.1 -2.150 1.240 39.8

4708.67 22.1 -2.210 1.240 46.5 35.6 46.3 53.7
4779.98 22.1 -1.370 2.048 61.0 54.9 49.5 61.9 53.4
4798.54 22.1 -2.430 1.080 38.0 30.8 33.2 .
4805.09 22.1 -1.120 2.061 4.7 78.2 73.6 68.1
4865.62 22.1 -2.590 1.120 43.8

4874.01 22.1 -0.790 3.090 21.4 31.9

4911.20 22.1 -0.330 3.120 40.8 56.3

5154.07 22.1 -1.920 1.570 71.2 64.7 58.5 51.2 66.4

5185.91 22.1 -1.350 1.890 56.9 62.6 52.7 66.9

5211.53 22.1 -1.160 2.590 33.9 34.9 26.8 30.7 .
59336.79 22.1 -1.630 1.580 63.7 99.7 72.9 55.4 63.8 62.2
5381.01 22.1 -1.970 1.570 40.6 45.8 41.8 66.6

5418.78 22.1 -2.110 1.580 42.8 37.1 36.1 38.7 59.5

4115.18 23.0 0.070 0.290 45.3

4116.47 23.0 -0.310 0.280 31.9

4389.98 23.0 0.200 0.280 32.7

4875.49 23.0 -0.810 0.040 18.6
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
3951.97 23.1 -0.744 1.480 50.7 49.9 50.7 39.2 .

4261.35 24.0 -0.690 2.913 36.6

4337.55 24.0 -1.090 0.968 63.7 68.7

4351.05 24.0 -1.430 0.968 33.7 35.4 57.4
4496.84 24.0 -1.140 0.941 65.7
4511.90 24.0 -0.343 3.090 32.3

4535.12 24.0 -1.020 2.544 10.3 15.6

4545.95 24.0 -1.370 0.941 41.9 35.1 52.9
4580.04 24.0 -1.660 0.941 54.7 41.2 41.3 36.4 62.2 34.7
4591.39 24.0 -1.740 0.968 24.8

4600.74 24.0 -1.250 1.004 55.4

4616.12 24.0 -1.190 0.983 83.6 48.6 42.9 60.8
4626.17 24.0 -1.330 0.968 70.6 49.0 43.3 36.3 56.7 43.6
4646.15 24.0 -0.740 1.030 66.6 59.8 76.1 93.6

4651.28 24.0 -1.460 0.983 61.8 35.0 31.9 26.3
4652.15 24.0 -1.040 1.004 79.3 56.4 61.2 79.0 52.8
4708.02 24.0 0.070 3.168 17.8 33.2

4718.43 24.0 0.240 3.195 23.9

4724.41 24.0 -0.733 3.090 30.8

4730.72 24.0 -0.192 3.080 32.1

4737.35 24.0 -0.100 3.090 21.9

4789.34 24.0 -0.330 2.544 21.7 30.2

4801.03 24.0 -0.130 3.120 16.7 22.9

4829.37 24.0 -0.510 2.545 19.8 20.6 24.3

4936.34 24.0 -0.250 3.113 21.5

5110.75 24.0 -1.320 2.709 11.0

5247.57 24.0 -1.590 0.961 53.9 30.4 33.7 28.3 55.5
5296.69 24.0 -1.360 0.983 43.1 . 38.3 68.6 41.6
5297.39 24.0 0.000 2.900 38.4 35.7

5300.74 24.0 -2.000 0.983 14.7 37.3
5345.80 24.0 -0.950 1.004 84.1 67.2 69.9 63.7 96.0 68.2
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
5348.31 24.0 -1.210 1.004 69.6 53.7 46.9 50.8 79.2 47.9
5409.77 24.0 -0.670 1.030 . 79.6 78.9 78.9 82.1
5783.09 24.0 -0.500 3.320 27.3

5785.02 24.0 -0.379 3.320 26.5

5787.93 24.0 -0.083 3.320 29.6 18.0

6978.49 24.0 0.143 3.460 294
4554.99 24.1 -1.373 4.070 29.1 30.0 27.9
4558.65 24.1 -0.656 4.070 85.2 67.7 69.1 63.6 73.6 66.1
4588.20 24.1 -0.826 4.070 61.4 56.8 63.1 54.9 60.7 55.9
4592.06 24.1 -1.419 4.070 45.3 27.3 26.7
4616.63 24.1 -1.210 4.073 33.1 39.5 20.2 36.2 32.7
4848.23 24.1 -0.999 3.870 53.5 49.6 49.3 35.9 62.5

5237.33 24.1 -1.155 4.070 36.8 35.7 39.3 33.5

5313.59 24.1 -1.640 4.070 18.3 14.6

4055.55 25.0 -0.080 2.140 75.2 2.7

4709.72  25.0 -0.339 2.890 39.2 21.7 19.6 11.4 34.1

4761.53 25.0 -0.138 2.950 64.0 25.1 26.6
4783.43 25.0 0.042 2.300 71.5 79.9 73.6 74.6
4823.51 25.0 0.144 2.320 71.5 78.6 72.5 96.6 71.8
5432.55 25.0 -3.795 0.000 26.6

6013.50 25.0 -0.252 3.070 54.7 25.1
6021.80 25.0 0.030 3.080 56.1 24.6 37.5 30.8 57.2 41.3
3891.93 26.0 -0.734 3.415 48.2 92.0

3916.74 26.0 -0.604 3.237 63.8 66.0 83.8
3917.18 26.0 -2.155 0.990 88.5 99.0 82.1 89.5
3949.96 26.0 -1.251 2.176 78.1 93.9 78.0

4114.45 26.0 -1.303 2.832 58.2 55.0 67.6 61.5

413291 26.0 -1.006 2.845 72.2 69.1

4134.69 26.0 -0.649 2.832 85.3
4139.94 26.0 -3.629 0.990 29.9 37.6 38.3 99.5 27.7
4147.68 26.0 -2.104 1.485 84.1 84.6 72.6
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
4157.79 26.0 -0.403 3.417 80.1 70.4 75.2

4174.92  26.0 -2.969 0.915 74.2 62.3
4175.64 26.0 -0.827 2.845 87.1 73.6 65.8 78.4 80.7
4184.91 26.0 -0.869 2.832 88.3 72.2 74.2 70.7 76.7 69.2
4187.05 26.0 -0.548 2.450 99.6
4216.19 26.0 -3.356 0.000 85.7 77.9 77.3 90.6
4217.56 26.0 -0.484 3.430 66.4 72.6 66.7
4222.22  26.0 -0.967 2.450 88.1 93.2 81.5 93.1 84.7
4229.77 26.0 -3.427 1.485 38.2

4233.61 26.0 -0.604 2.482 99.5

4238.81 26.0 -0.233 3.397 81.5 95.4 89.0 93.0
428241 26.0 -0.779 2.176 98.0 85.9
4375.94 26.0 -3.031 0.000 95.0 99.2 87.5
4388.41 26.0 -0.682 3.603 68.2 57.4 56.0 93.3 58.4
4389.25 26.0 -4.583 0.052 41.5 32.8 22.1 62.0 19.1
4430.62 26.0 -1.659 2.223 75.6 84.3

4439.89 26.0 -3.002 2.279 214
4442.35 26.0 -1.255 2.198 91.4 97.0 98.9 98.5
4442.84 26.0 -2.792 2.176 15.9
4447.73 26.0 -1.342 2.223 85.1 88.0 87.8 82.8
4461.66 26.0 -3.210 0.087 85.8 82.4

4489.75 26.0 -3.966 0.121 82.7 55.8 60.6 65.1 85.2
4494.57 26.0 -1.136 2.198 97.2 96.7 96.6 99.8
4517.52 26.0 -1.860 3.071 58.4 28.9 26.8 31.8
4547.85 26.0 -1.010 3.546 50.0 57.8 54.6 69.9 64.7
4566.52 26.0 -2.380 3.300 25.8
4602.01 26.0 -3.154 1.608 31.0 30.1 63.7 27.8
4602.95 26.0 -2.220 1.485 76.2 79.9 78.4 85.1 74.2
4630.12 26.0 -2.587 2.279 35.3 34.7 38.6 50.1
4632.92 26.0 -2.913 1.608 99.8 40.5 55.8
4635.85 26.0 -2.360 2.840 17.6 25.2
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
4647.43 26.0 -1.351 2.949 52.8 64.0 58.4 82.5
4683.56 26.0 -2.320 2.832 16.3 26.9 17.2
4690.14 26.0 -1.640 3.687 31.2 21.3 23.5 17.4
4733.59 26.0 -2.990 1.485 73.0 48.6 50.1 42.0 62.9 50.5
4741.53 26.0 -1.760 2.830 55.8 35.9 35.6 33.1 45.7 33.3
4745.80 26.0 -1.270 3.654 44.0 30.6 28.3

4788.76  26.0 -1.763 3.237 32.5 39.4 25.5 43.0

4789.65 26.0 -0.910 3.547 60.6 54.9 49.0 49.2 62.4

4798.27 26.0 -1.174 4.186 39.4

4802.88 26.0 -1.510 3.642 45.7 21.4 20.0 35.0

4835.87 26.0 -1.470 4.103 22.0

4839.52 26.0 -1.820 3.270 394 21.5 46.1

4844.01 26.0 -2.050 3.547 14.3 30.3
4871.33 26.0 -0.362 2.865 99.5
4872.14 26.0 -0.567 2.882 91.2
4882.14 26.0 -1.640 3.420 51.8 32.5 34.7 30.5 50.0 30.9
4892.87 26.0 -1.290 4.220 12.4 35.2
4903.32 26.0 -0.926 2.882 81.2 87.0 83.1 84.6
4905.14 26.0 -2.020 3.929 18.3

4917.24 26.0 -1.160 4.191 32.7
4924.77 26.0 -2.114 2.279 66.2 42.3 57.2 49.8 75.3 50.4
4938.82 26.0 -1.077 2.875 71.8 74.9 69.5 88.3 61.1
4939.69 26.0 -3.340 0.859 76.1 56.2 56.4 57.5 78.0 55.1
4962.58 26.0 -1.182 4.178 36.0
4966.09 26.0 -0.871 3.332 68.5 69.7 66.2 89.6 74.0
5067.16 26.0 -0.970 4.220 29.3 374 55.7
5068.77 26.0 -1.042 2.940 74.1 72.4 74.3 73.5
5074.75 26.0 -0.230 4.220 70.8 71.2 66.5 92.2 73.4
5079.74 26.0 -3.220 0.990 57.2 61.1
5083.35 26.0 -2.958 0.958 67.7 71.0 61.6 87.1 71.3
5088.16 26.0 -1.680 4.150 20.7
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
5090.78 26.0 -0.400 4.260 72.1 40.6 45.4 36.5 63.6 50.1
5109.66 26.0 -0.980 4.300 63.4 30.9 31.7 35.7 52.3

5123.73 26.0 -3.068 1.011 64.0 67.8 64.6 83.6
5125.12 26.0 -0.080 4.220 78.8 84.0 84.1 77.6
5127.37 26.0 -3.307 0.915 77.8 56.7 65.7 59.7 85.7 58.6
5131.48 26.0 -2.515 2.223 61.1 37.2 38.1 62.2
5133.69 26.0 0.200 4.180 88.8 81.9 86.8 99.9
5141.74 26.0 -2.238 2.424 39.1 41.8 36.1 63.8 38.4
5150.85 26.0 -3.037 0.990 63.6 59.2 63.9 83.3 72.3
5151.92 26.0 -3.322 1.011 49.9 52.1 61.9
5162.28 26.0 0.020 4.180 80.8 70.2 75.9 94.1
5166.28 26.0 -4.195 0.000 82.7 61.3 65.4 57.0 91.7

5171.61 26.0 -1.793 1.485 99.2

5187.92 26.0 -1.371 4.143 34.0

5191.47 26.0 -0.551 3.038 90.1 92.4 91.9

5192.35 26.0 -0.421 2.998 99.4
5194.95 26.0 -2.090 1.557 84.4 84.6 79.3 96.8 78.2
5198.72 26.0 -2.135 2.223 75.5 58.3 54.4 04.7 73.3 54.3
5202.34 26.0 -1.838 2.176 93.9 91.4
5216.28 26.0 -2.150 1.608 86.3 84.0 83.6 76.0 74.4
5217.40 26.0 -1.162 3.211 98.0 54.2 56.2 63.1 85.4 54.5
5225.53 26.0 -4.789 0.110 38.2 234 18.1 43.3

5242.46 26.0 -0.967 3.634 49.4 43.3 43.3 71.0

5243.78 26.0 -1.120 4.256 16.8 204 37.8

5247.06 26.0 -4.946 0.087 62.9 44.7

5250.22 26.0 -4.938 0.121 51.5 25.0 18.5 49.1

5254.95 26.0 -4.764 0.110 44.8

5266.56 26.0 -0.385 2.998 99.9
5281.80 26.0 -0.834 3.038 95.4 78.7 78.6 91.3
5283.63 26.0 -0.525 3.241 88.7 93.6 86.1

59288.53 26.0 -1.510 3.680 53.3 48.1
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
5295.32 26.0 -1.670 4.415 16.4
5302.31 26.0 -0.720 3.283 70.0 73.2 68.2 96.6 79.6
5307.37 26.0 -2.987 1.608 47.5 43.9 68.6 44.6
5322.01 26.0 -2.803 2.279 43.1
5332.92 26.0 -2.776 1.557 68.7 43.5 57.8 43.3 70.4 55.7
5339.94 26.0 -0.720 3.266 81.3 74.9 70.0 81.0
5364.87 26.0 0.228 4.446 99.1 75.1 72.3 72.8 97.2

5365.40 26.0 -1.020 3.573 54.0 40.2 43.8 39.9 56.8
5367.47 26.0 0.443 4.415 80.4 72.3 73.8 77.3
5369.97 26.0 0.536 4.371 81.3 79.5 91.1 85.6
5373.70  26.0 -0.760 4.470 53.0 21.1 23.4 35.9

5376.84 26.0 -2.280 4.294 11.9

5379.58 26.0 -1.514 3.695 20.2 44.8
5383.38 26.0 0.645 4.312 88.8 96.3 97.7 96.0
5389.49 26.0 -0.400 4.410 73.4 38.3 40.1 45.5 59.6
5393.18 26.0 -0.715 3.241 79.9 76.6 74.3 84.0
5398.29 26.0 -0.710 4.446 67.3 30.8 29.8 29.2 55.8 33.8
5405.36  26.0 -1.390 4.390 28.8 7.1
5406.78 26.0 -1.720 4.370 21.2

5409.14 26.0 -1.200 4.370 37.5

5410.91 26.0 0.398 4.473 69.1 74.4 72.2 90.9
5415.20 26.0 0.642 4.386 85.8 84.0 90.3 93.3
5417.04 26.0 -1.660 4.415 15.8 15.9

5424.08 26.0 0.520 4.320 92.3
5445.04 26.0 0.040 4.390 66.5 64.2 66.0 74.8
5461.56 26.0 -1.800 4.446 12.1

5466.39 26.0 -0.620 4.370 30.7 31.5 38.2 52.6

5466.99 26.0 -2.230 3.573 15.8

5473.90 26.0 -0.690 4.150 38.1 38.4 33.5 53.0

5483.10 26.0 -1.410 4.150 30.8 29.2
5487.77 26.0 -0.620 4.140 40.6 47.2 52.2 47.5
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
5497.52 26.0 -2.830 1.010 7.3 77.6 78.3 94.6 81.4
5501.48 26.0 -3.047 0.958 68.3 74.9 67.5 85.7
5506.79 26.0 -2.797 0.990 81.8 77.9 79.3 97.9 82.3
5522.45 26.0 -1.520 4.209 37.0

5525.55 26.0 -1.080 4.230 44.7

5553.58 26.0 -1.310 4.430 20.0
5554.88 26.0 -0.350 4.550 69.9 39.2 39.1 44.7 76.7 47.6
5560.22 26.0 -1.160 4.435 14.1 36.8 14.0
9567.39 26.0 -2.670 2.610 19.4 16.6 52.2
5569.63 26.0 -0.486 3.417 79.7 79.5 73.5 94.9 86.2
5576.10 26.0 -0.940 3.430 98.6 66.7 65.2 71.5 83.0

5624.04 26.0 -1.220 4.390 46.6 14.5
5624.54 26.0 -0.755 3.420 80.4 71.0 69.6 83.7 73.1
5641.44 26.0 -1.080 4.260 35.3

5653.89 26.0 -1.540 4.390 21.6

5662.52 26.0 -0.573 4.178 73.9 52.6 54.1 66.8

5667.52 26.0 -1.500 4.480 23.6

5679.02 26.0 -0.820 4.650 45.6 23.5 27.1 35.1

5686.53 26.0 -0.446 4.548 51.2 27.2 36.8 40.3 55.3

59701.56 26.0 -2.216 2.559 67.7 41.4 50.8 45.6 44.1

5705.98 26.0 -0.490 4.610 314 58.1
5717.84 26.0 -1.100 4.284 17.6 23.8
573177 26.0 -1.270 4.256 44.6

5752.04 26.0 -0.940 4.550 21.3 32.9

5753.12 26.0 -0.688 4.260 64.6 36.9 73.9
5762.99 26.0 -0.410 4.210 80.7 58.4 59.2 52.2 70.4 56.3
5775.09 26.0 -1.298 4.220 42.1 254

5806.73 26.0 -1.030 4.608 15.0

5816.38 26.0 -0.601 4.548 45.1 26.4 22.6 24.4 44.6

5852.23 26.0 -1.300 4.548 21.4

5859.60 26.0 -0.550 4.550 70.1 32.2 27.1 31.5 44.4
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
5862.35 26.0 -0.330 4.550 43.7 45.2 45.4 72.0 42.9
5883.81 26.0 -1.260 3.960 41.3
5905.68 26.0 -0.770 4.652 22.8 14.7
5927.80 26.0 -1.070 4.652 23.3
5929.68 26.0 -1.380 4.548 14.8
5930.19 26.0 -0.140 4.650 56.7 43.5 45.8 41.9 57.2 42.7
5934.67 26.0 -1.120 3.929 46.3 33.2 32.5 23.1 47.6 37.0
5952.72  26.0 -1.340 3.980 31.8 34.6
5956.71 26.0 -4.608 0.859 24.9 29.8
5976.79 26.0 -1.330 3.940 24.2 48.8
5983.69 26.0 -0.660 4.550 61.4 27.6 26.8
5984.83 26.0 -0.260 4.730 79.9 41.1 56.5
6003.02 26.0 -1.110 3.880 72.2 42.0 42.0 55.9
6024.05 26.0 0.030 4.550 88.7 62.2 55.3 61.1 77.6 69.7
6027.06 26.0 -1.089 4.076 56.0 29.3 46.9
6055.99 26.0 -0.370 4.730 48.2 28.7 28.7 50.3
6065.49 26.0 -1.530 2.608 89.5 71.2 77.9 63.8 86.6 74.9
6078.50 26.0 -0.330 4.790 63.3 25.0 34.0 40.0
6079.02 26.0 -1.100 4.652 29.0 20.8
6127.90 26.0 -1.400 4.140 32.0
6136.62 26.0 -1.400 2.453 79.4 77.1 96.2
6137.00 26.0 -2.950 2.198 52.5 29.1 46.3
6137.70 26.0 -1.403 2.588 83.0 73.8 71.1 88.0 84.2
6151.62 26.0 -3.299 2.176 29.1 24.7
6157.73 26.0 -1.220 4.076 47.1 23.8 21.6 43.2
6165.36 26.0 -1.474 4.143 27.2 21.1 11.2
6173.34 26.0 -2.880 2.223 51.8 29.5 26.2 48.1
6180.20 26.0 -2.650 2.730 43.7 39.6
6188.00 26.0 -1.670 3.943 31.2
6191.57 26.0 -1.416 2.433 78.1 79.1 84.4 95.2
6200.32 26.0 -2.437 2.608 66.7 29.9 37.5 54.4
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
6213.44 26.0 -2.482 2.223 65.7 41.7 43.2 30.2 64.1

6219.29 26.0 -2.433 2.198 71.3 50.2 39.6 39.8 65.3

6229.23 26.0 -2.805 2.845 19.0
6230.74 26.0 -1.281 2.559 94.7 95.4 87.2 93.0
6240.65 26.0 -3.173 2.223 37.9
6246.33 26.0 -0.877 3.603 63.8 66.3 66.3 83.2 61.3
6252.56 26.0 -1.687 2.404 99.4 70.2 75.3 68.5 86.6

6254.26 26.0 -2.430 2.280 85.3 598.5 56.9 88.5

6265.14 26.0 -2.550 2.176 69.1 43.4 41.0 44.1 99.9

6270.23 26.0 -2.609 2.858 30.8 34.5

6290.97 26.0 -0.730 4.730 36.4 19.9

6297.80 26.0 -2.740 2.223 1.7 39.9 52.0

6301.51 26.0 -0.718 3.654 64.3 68.5

6302.50 26.0 -1.110 3.690 62.1 95.3 32.6

6315.31 26.0 -1.230 4.140 20.7

6322.69 26.0 -2.426 2.588 35.4 31.1 46.0
6330.85 26.0 -1.720 4.733 9.7
6335.33 26.0 -2.177 2.198 63.6 58.9 60.1 54.3 82.3 55.3
6344.15 26.0 -2.923 2.433 39.3 "
6355.04 26.0 -2.291 2.845 64.8 21.8 29.3 18.3
6358.69 26.0 -4.468 0.859 24.3 20.0

6380.75 26.0 -1.376 4.186 40.8 17.3 16.1 25.2
6393.61 26.0 -1.576 2.433 83.3 79.9 75.2 82.8
6400.01 26.0 -0.290 3.603 89.1 85.2

6408.03 26.0 -1.020 3.690 80.2 47.9 49.9 41.4 66.3

6411.66 26.0 -0.718 3.654 66.6 71.0 68.2 85.3

6430.85 26.0 -2.006 2.176 66.9 77.0 68.1 89.6

6469.21 26.0 -0.730 4.830 43.8 30.4

6475.63 26.0 -2.940 2.560 12.3 11.7

6481.87 26.0 -2.984 2.279 51.2 34.7

6494.98 26.0 -1.273 2.404 98.5 98.3 92.5
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
6495.74 26.0 -0.840 4.830 24.5

6498.94 26.0 -4.687 0.958 19.7 26.1

6546.24 26.0 -1.540 2.760 91.2 62.3 59.0

6677.99 26.0 -1.418 2.692 79.5 87.2 66.2 98.5

6726.67 26.0 -1.070 4.610 27.8

6733.15 26.0 -1.480 4.640 20.0
6750.16 26.0 -2.621 2.424 56.6 37.4 30.2 26.1 55.8 28.8
6810.27 26.0 -0.986 4.607 30.3 39.1

6820.37 26.0 -1.290 4.638 16.7

6843.65 26.0 -0.890 4.548 46.0 37.8

6855.18 26.0 -0.740 4.560 30.4 28.0 29.8 43.9

6857.25 26.0 -2.160 4.070 20.5 7.8

6858.15 26.0 -0.930 4.608 31.0

6862.50 26.0 -1.470 4.560 16.9
6978.85 26.0 -2.450 2.480 66.5 31.4 63.3 29.6
6999.88 26.0 -1.460 4.100 34.7 314 16.4
7022.95 26.0 -1.150 4.190 19.6

7038.22 26.0 -1.200 4.220 57.5 22.5 37.2

7107.46 26.0 -2.040 4.190 21.6

7127.57 26.0 -1.360 4.990 14.9

7130.92 26.0 -0.750 4.220 65.3 37.2 36.7 38.1 99.2

7132.98 26.0 -1.630 4.070 24.8

7142.52 26.0 -1.030 4.950 23.9 15.7

7284.84 26.0 -1.700 4.140 294 214

7288.74 26.0 -1.280 4.220 36.1 25.4 25.8

7306.56 26.0 -1.690 4.180 27.5 21.4

7411.16 26.0 -0.280 4.280 84.6 55.9 55.6 54.0 79.6

7418.67 26.0 -1.380 4.140 38.9
7440.92 26.0 -0.720 4.910 32.0 111
7445.75 26.0 0.030 4.260 69.4 64.6 61.5 91.7 69.3
7568.91 26.0 -0.940 4.280 56.8 32.9 54.3
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
7583.79 26.0 -1.890 3.020 51.9 39.6 35.9 35.9 56.2

7586.04 26.0 -0.130 4.310 97.1 45.8 52.5 67.8 89.2
7588.31 26.0 -1.210 5.030 6.2
7748.27 26.0 -1.750 2.950 43.1 46.9 65.2 47.9
7751.12 26.0 -0.850 4.990 20.6
7780.57 26.0 -0.040 4.470 94.4 49.4 61.2 86.4 66.6
7807.92 26.0 -0.620 4.990 37.9

4178.86 26.1 -2.443 2.583 72.8 77.1 88.4

4233.17 26.1 -1.809 2.583 98.8

4416.82 26.1 -2.600 2.778 64.2 72.5 62.4 59.0

4491.40 26.1 -2.640 2.856 65.4 67.5 58.7 69.4
4508.30 26.1 -2.350 2.856 76.2 70.1 84.0 68.1 73.3 76.8
4520.23 26.1 -2.620 2.807 78.1 65.5 67.7 71.5 70.4
4541.52 26.1 -2.970 2.856 53.7 53.1

4555.89 26.1 -2.250 2.828 74.5
4576.34 26.1 -2.920 2.844 58.1 52.4 58.7 45.4 50.3 58.4
4582.83 26.1 -3.062 2.844 43.2 40.5 51.2 40.1 37.5 41.6
4583.84 26.1 -1.740 2.807 95.2

4620.52 26.1 -3.188 2.828 33.8 44.1 36.3 35.9

4629.34 26.1 -2.480 2.810 79.4 81.4 76.2 85.1

4635.31 26.1 -1.580 5.956 15.5

4656.98 26.1 -3.570 2.891 19.1
5100.66 26.1 -4.200 2.807 10.8
5132.67 26.1 -4.090 2.807 274
5197.58 26.1 -2.054 3.230 69.7 75.0 64.5 68.9 79.3
5234.63 26.1 -2.210 3.221 69.3 73.0 75.1 60.6 63.4 76.0
5264.81 26.1 -3.233 3.230 53.6 36.9 34.1 24.4 42.6 32.1
5284.11 26.1 -3.200 2.891 66.9 48.0 41.2 54.7

5325.56 26.1 -2.570 3.221 29.2 32.8

5414.08 26.1 -3.482 3.221 35.1 13.1 15.7

5425.26  26.1 -3.390 3.199 29.1 30.4 21.8 23.6
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
5534.85 26.1 -2.860 3.245 50.1 50.0 47.0 50.4 56.9
6149.25 26.1 -2.840 3.889 22.6 28.6 .
6239.95 26.1 -3.570 3.889 12.8
6247.56 26.1 -2.430 3.892 39.1 44.2 42.4 37.0 44.9
6416.93 26.1 -2.880 3.892 41.8 26.0 29.9 32.6
6432.68 26.1 -3.500 2.891 22.1 29.0
6456.39 26.1 -2.190 3.903 71.6 61.9 52.7
6516.08 26.1 -3.372 2.891 36.7 37.8 37.3
7222.40 26.1 -3.400 3.890 13.5
7449.34 26.1 -3.310 3.890 10.4
7711.73  26.1 -2.680 3.900 33.7
4121.33 27.0 -0.320 0.920 96.9 78.3 83.2 81.2
5369.56 27.0 -1.590 1.740 31.6
3858.30 28.0 -0.970 0.420 93.1
4686.22 28.0 -0.580 3.600 22.5 18.0 23.6 47.8
4831.18 28.0 -0.320 3.610 32.8 32.6 41.7 47.7 30.7
4857.40 28.0 -0.830 3.740 26.1
4866.27 28.0 -0.210 3.539 47.1 42.7 62.7
4904.42 28.0 -0.190 3.540 48.5 54.0 45.5 72.0 43.0
4913.98 28.0 -0.630 3.740 30.5
4935.83 28.0 -0.380 3.940 45.1 29.1 21.4 23.5 33.2
4953.21 28.0 -0.580 3.740 18.2 49.7
5082.35 28.0 -0.540 3.660 47.9 14.6 25.8 34.2
5084.11 28.0 -0.060 3.680 77.1 44.9 47.5 43.0 67.9
5088.54 28.0 -1.080 3.850 20.2
5094.42 28.0 -1.120 3.830 9.9
5102.97 28.0 -2.660 1.680 14.7
5115.40 28.0 -0.140 3.830 35.0 36.8 41.2 54.4 45.0
5578.72  28.0 -2.640 1.680 27.1 48.0
5587.86 28.0 -2.140 1.930 11.7 33.0
5589.36  28.0 -1.140 3.900 8.7
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
5593.74 28.0 -0.840 3.900 20.4 22.3

5682.20 28.0 -0.469 4.100 33.0

5754.67 28.0 -1.850 1.930 68.6 25.9 46.7

58056.22 28.0 -0.638 4.170 24.9
5892.87 28.0 -2.340 1.990 24.6 25.2 19.3
6108.12 28.0 -2.430 1.680 58.9 18.1 33.2

6175.37 28.0 -0.535 4.090 40.0

6176.81 28.0 -0.529 4.090 39.4 28.7

6223.98 28.0 -0.910 4.106 33.4

6314.66 28.0 -1.770 1.930 51.1

6767.77 28.0 -2.170 1.830 72.0 33.7 40.2 58.1

6772.31 28.0 -0.987 3.660 32.3
7122.20 28.0 0.048 3.540 79.3 50.4 51.7 45.5 71.8 43.9
7414.50 28.0 -2.570 1.990 29.9 23.6

7422.27 28.0 -0.129 3.630 69.7 46.0 52.2 38.3 60.9

7715.59 28.0 -1.010 3.700 28.5

7727.62 28.0 -0.162 3.680 83.4 49.9 47.8 61.9
7748.89 28.0 -0.130 3.700 60.8 36.6 27.2 31.5 53.2 35.1
7788.93 28.0 -2.420 1.950 62.5 33.3 32.0 24.3
7797.59 28.0 -0.180 3.900 27.0 41.6 22.1
5105.54 29.0 -3.720 1.380 66.8 24.2 22.9 68.4
4722.16 30.0 -0.390 4.030 43.3 44.7 394 42.8
4810.54 30.0 -0.170 4.080 64.7 42.9 49.7 40.1 65.4

4607.34 38.0 0.280 0.000 16.6

4161.79 38.1 -0.600 2.940 16.7

3950.36  39.1 -0.490 0.100 36.2 56.0 54.3
4883.69 39.1 0.070 1.080 49.6 39.1 39.6 35.4 47.7 42.5
5087.43 39.1 -0.170 1.080 24.8 21.0 294 394
5200.41 39.1 -0.570 0.990 21.2

5205.73 39.1 -0.340 1.030 38.2

5402.78 39.1 -0.510 1.840 13.4
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Table C.5: Equivalent Width Measurements, Table 5 of 5, continued

A (A) Ion loggf EP  2566-412 2062-482 2398-036 2397-014 2679-442 2682-560
4208.99 40.1 -0.510 0.710 33.8 31.2 20.9 41.5
4496.97 40.1 -0.890 0.710 . 67.2
59853.69 56.1 -0.910 0.600 65.3 49.1 47.5 45.9 51.4 50.2
6496.90 56.1 -0.380 0.604 84.6 82.7 84.8 91.7 89.0
3995.75 57.1 -0.060 0.170 19.4




Appendix D

Hyperfine Line Lists

We present below the hyperfine line lists for Sc, V, Mn, Co, Cu, Ba, and La used in the
analysis of Chapter 4. For iron peak elements Sc, V, Mn, Co, and Cu, we use the Kurucz line list
tables!. We assume a solar isotopic composition for Cu (69.17% %3Cu, 30.83% ¢ Cu; Anders &
Grevesse 1989). For neutron capture elements Ba and La, we use line lists from Gallagher et al.
(2010) and Lawler et al. (2001), respectively. We assume a Solar System isotopic composition
for Ba (2.4% '**Ba, 6.6% *°Ba, 7.9% ®%Ba, 11.3% '3"Ba, and 71.8% !3®Ba). La has only one

stable isotope, 13?La.

Lhttp: //kurucz.harvard.edu/linelists.html
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Table D.1: Hyperfine Line List

A (A) Ion EP loggf Ref |[X(A) Ion EP log gf Ref

4400.379 21.1045 0.605 -1.983 KUR | 5641.014 21.1045 1.499 -2.056 KUR
4400.383 21.1045 0.605 -1.175 KUR | 5641.016 21.1045 1.499 -2.040 KUR
4400.383 21.1045 0.605 -1.788 KUR | 5657.886 21.1045 1.506 -1.126 KUR
4400.387 21.1045 0.605 -1.403 KUR | 5657.888 21.1045 1.506 -1.696 KUR
4400.387 21.1045 0.605 -1.735 KUR | 5657.893 21.1045 1.506 -1.696 KUR
4400.390 21.1045 0.605 -1.689 KUR | 5657.894 21.1045 1.506 -1.524 KUR
4400.390 21.1045 0.605 -1.761 KUR | 5657.895 21.1045 1.506 -1.538 KUR
4400.392 21.1045 0.605 -1.983 KUR |5657.899 21.1045 1.506 -1.538 KUR
4400.393 21.1045 0.605 -1.860 KUR |5657.901 21.1045 1.506 -2.220 KUR
4400.393 21.1045 0.605 -2.075 KUR |5657.902 21.1045 1.506 -1.549 KUR
4400.394 21.1045 0.605 -1.788 KUR | 5657.904 21.1045 1.506 -1.549 KUR
4400.395 21.1045 0.605 -2.705 KUR | 5657.906 21.1045 1.506 -1.722 KUR
4400.396 21.1045 0.605 -1.735 KUR | 5657.906 21.1045 1.506 -3.646 KUR
4400.396 21.1045 0.605 -2.082 KUR | 5657.908 21.1045 1.506 -1.722 KUR
4400.398 21.1045 0.605 -1.761 KUR |5657.909 21.1045 1.506 -1.898 KUR
4400.398 21.1045 0.605 -1.860 KUR | 5667.136 21.1045 1.499 -1.834 KUR
4400.398 21.1045 0.605 -2.559 KUR | 5667.141 21.1045 1.499 -2.030 KUR
4400.399 21.1045 0.605 -2.082 KUR | 5667.148 21.1045 1.499 -2.030 KUR
5239.813 21.1045 1.454 -0.770 KUR | 5667.154 21.1045 1.499 -3.215 KUR
5526.770 21.1045 1.767 -2.665 KUR | 5667.157 21.1045 1.499 -2.034 KUR
5526.775 21.1045 1.767 -2.262 KUR | 5667.163 21.1045 1.499 -2.034 KUR
5526.779 21.1045 1.767 -1.452 KUR | 5667.167 21.1045 1.499 -2.289 KUR
5526.779 21.1045 1.767 -2.050 KUR | 5669.038 21.1045 1.499 -1.500 KUR
5526.783 21.1045 1.767 -1.247 KUR | 5669.044 21.1045 1.499 -1.597 KUR
5526.783 21.1045 1.767 -1.940 KUR | 5669.047 21.1045 1.499 -1.722 KUR
5526.786 21.1045 1.767 -1.181 KUR | 5684.190 21.1045 1.506 -1.573 KUR
5526.787 21.1045 1.767 -1.919 KUR | 5684.191 21.1045 1.506 -2.062 KUR
5526.788 21.1045 1.767 -1.185 KUR | 5684.193 21.1045 1.506 -2.761 KUR
5526.789 21.1045 1.767 -0.523 KUR | 5684.204 21.1045 1.506 -1.866 KUR
5526.790 21.1045 1.767 -1.246 KUR | 5684.205 21.1045 1.506 -1.946 KUR
5526.790 21.1045 1.767 -2.028 KUR | 5684.206 21.1045 1.506 -2.321 KUR
5526.791 21.1045 1.767 -0.644 KUR | 5684.215 21.1045 1.506 -2.321 KUR
5526.792 21.1045 1.767 -1.368 KUR | 5684.216 21.1045 1.506 -2.066 KUR
5526.793 21.1045 1.767 -0.780 KUR | 5684.217 21.1045 1.506 -2.050 KUR
5526.793 21.1045 1.767 -1.551 KUR | 6245.621 21.1045 1.506 -1.582 KUR
5526.794 21.1045 1.767 -0.936 KUR | 6245.629 21.1045 1.506 -2.322 KUR
5526.795 21.1045 1.767 -1.121 KUR | 6245.631 21.1045 1.506 -1.7563 KUR
5526.795 21.1045 1.767 -1.355 KUR | 6245.636 21.1045 1.506 -3.322 KUR
5526.795 21.1045 1.767 -1.697 KUR | 6245.638 21.1045 1.506 -2.139 KUR
5640.989 21.1045 1.499 -1.563 KUR | 6245.640 21.1045 1.506 -1.960 KUR
5640.996 21.1045 1.499 -2.052 KUR |6245.644 21.1045 1.506 -2.904 KUR
5641.001 21.1045 1.499 -1.856 KUR |6245.646 21.1045 1.506 -2.106 KUR
5641.001 21.1045 1.499 -2.751 KUR | 6245.647 21.1045 1.506 -2.231 KUR
5641.006 21.1045 1.499 -1.936 KUR | 6245.650 21.1045 1.506 -2.670 KUR
5641.010 21.1045 1.499 -2.311 KUR |6245.651 21.1045 1.506 -2.165 KUR
5641.010 21.1045 1.499 -2.311 KUR |6245.652 21.1045 1.506 -2.649 KUR
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Table D.1: Hyperfine Line List

A (A) Ion EP loggf Ref |[X(A) Ion EP log gf Ref

6245.655 21.1045 1.506 -2.524 KUR | 4116.444 23.0051 0.275 -1.706 KUR
6245.656 21.1045 1.506 -2.348 KUR | 4116.444 23.0051 0.275 -1.961 KUR
6245.657 21.1045 1.506 -2.427 KUR |4116.448 23.0051 0.275 -1.507 KUR
4111.730 23.0051 0.300 -1.232 KUR | 4116.448 23.0051 0.275 -1.706 KUR
4111.730 23.0051 0.300 -1.428 KUR |4116.448 23.0051 0.275 -3.614 KUR
4111.735 23.0051 0.300 -1.207 KUR | 4116.454 23.0051 0.275 -1.443 KUR
4111.735 23.0051 0.300 -1.218 KUR | 4116.454 23.0051 0.275 -1.507 KUR
4111.735 23.0051 0.300 -1.428 KUR |4116.454 23.0051 0.275 -2.371 KUR
4111.742 23.0051 0.300 -1.080 KUR |4116.463 23.0051 0.275 -1.443 KUR
4111.742 23.0051 0.300 -1.104 KUR |4116.463 23.0051 0.275 -1.474 KUR
4111.742  23.0051 0.300 -1.207 KUR | 4116.463 23.0051 0.275 -1.654 KUR
4111.751 23.0051 0.300 -0.913 KUR | 4116.474 23.0051 0.275 -1.248 KUR
4111.751 23.0051 0.300 -1.061 KUR | 4116.474 23.0051 0.275 -1.474 KUR
4111.751 23.0051 0.300 -1.104 KUR |4116.474 23.0051 0.275 -1.655 KUR
4111.762 23.0051 0.300 -0.744 KUR |4116.486 23.0051 0.275 -0.956 KUR
4111.762  23.0051 0.300 -1.061 KUR | 4116.486 23.0051 0.275 -1.655 KUR
4111.762  23.0051 0.300 -1.072 KUR | 4379.180 23.0051 0.300 -0.846 KUR
4111.776 23.0051 0.300 -0.585 KUR | 4379.185 23.0051 0.300 -0.728 KUR
4111.776 23.0051 0.300 -1.072 KUR |4379.185 23.0051 0.300 -1.298 KUR
4111.776 23.0051 0.300 -1.149 KUR |4379.193 23.0051 0.300 -0.610 KUR
4111.792 23.0051 0.300 -0.437 KUR |4379.193 23.0051 0.300 -1.087 KUR
4111.792  23.0051 0.300 -1.149 KUR | 4379.193 23.0051 0.300 -2.298 KUR
4111.792  23.0051 0.300 -1.364 KUR | 4379.203 23.0051 0.300 -0.498 KUR
4111.811 23.0051 0.300 -0.301 KUR |4379.203 23.0051 0.300 -0.991 KUR
4111.811 23.0051 0.300 -1.364 KUR |4379.203 23.0051 0.300 -2.091 KUR
4115.142 23.0051 0.286 -1.735 KUR |4379.216 23.0051 0.300 -0.394 KUR
4115.145 23.0051 0.286 -1.455 KUR | 4379.216 23.0051 0.300 -0.955 KUR
4115.145 23.0051 0.286 -1.735 KUR | 4379.216 23.0051 0.300 -2.063 KUR
4115.145 23.0051 0.286 -2.756 KUR | 4379.232 23.0051 0.300 -0.298 KUR
4115.149 23.0051 0.286 -1.317 KUR |4379.232 23.0051 0.300 -0.971 KUR
4115.149 23.0051 0.286 -1.455 KUR |4379.232 23.0051 0.300 -2.143 KUR
4115.149 23.0051 0.286 -2.057 KUR | 4379.250 23.0051 0.300 -0.208 KUR
4115.155 23.0051 0.286 -1.251 KUR | 4379.250 23.0051 0.300 -1.0563 KUR
4115.155 23.0051 0.286 -1.317 KUR | 4379.250 23.0051 0.300 -2.335 KUR
4115.155 23.0051 0.286 -1.610 KUR |4379.271 23.0051 0.300 -0.124 KUR
4115.164 23.0051 0.286 -1.244 KUR |4379.271 23.0051 0.300 -1.271 KUR
4115.164 23.0051 0.286 -1.251 KUR |4379.271 23.0051 0.300 -2.724 KUR
4115.164 23.0051 0.286 -1.279 KUR | 4406.582 23.0051 0.300 -1.830 KUR
4115.175 23.0051 0.286 -1.016 KUR | 4406.582 23.0051 0.300 -2.026 KUR
4115.175 23.0051 0.286 -1.244 KUR | 4406.588 23.0051 0.300 -1.805 KUR
4115.175 23.0051 0.286 -1.309 KUR | 4406.588 23.0051 0.300 -1.816 KUR
4115.188 23.0051 0.286 -0.797 KUR | 4406.588 23.0051 0.300 -2.026 KUR
4115.188 23.0051 0.286 -1.309 KUR | 4406.596 23.0051 0.300 -1.678 KUR
4115.188 23.0051 0.286 -1.513 KUR | 4406.596 23.0051 0.300 -1.702 KUR
4115.203 23.0051 0.286 -0.610 KUR | 4406.596 23.0051 0.300 -1.805 KUR
4115.203 23.0051 0.286 -1.513 KUR |4406.606 23.0051 0.300 -1.511 KUR
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Table D.1: Hyperfine Line List

A (A) Ion EP loggf Ref |[X(A) Ion EP log gf Ref

4406.606 23.0051 0.300 -1.659 KUR | 5627.624 23.0051 1.080 -1.743 KUR
4406.606 23.0051 0.300 -1.702 KUR | 5627.624 23.0051 1.080 -1.947 KUR
4406.619 23.0051 0.300 -1.342 KUR | 5627.634 23.0051 1.080 -1.450 KUR
4406.619 23.0051 0.300 -1.659 KUR | 5627.634 23.0051 1.080 -1.678 KUR
4406.619 23.0051 0.300 -1.670 KUR | 5627.634 23.0051 1.080 -1.743 KUR
4406.635 23.0051 0.300 -1.183 KUR | 5627.642 23.0051 1.080 -1.678 KUR
4406.635 23.0051 0.300 -1.670 KUR | 5627.642 23.0051 1.080 -1.685 KUR
4406.635 23.0051 0.300 -1.747 KUR | 5627.642 23.0051 1.080 -1.713 KUR
4406.654 23.0051 0.300 -1.035 KUR | 5627.649 23.0051 1.080 -1.685 KUR
4406.654 23.0051 0.300 -1.747 KUR | 5627.649 23.0051 1.080 -1.751 KUR
4406.654 23.0051 0.300 -1.962 KUR | 5627.649 23.0051 1.080 -2.044 KUR
4406.675 23.0051 0.300 -0.899 KUR | 5627.654 23.0051 1.080 -1.751 KUR
4406.675 23.0051 0.300 -1.962 KUR | 5627.654 23.0051 1.080 -1.889 KUR
4864.703 23.0051 0.017 -2.164 KUR | 5627.654 23.0051 1.080 -2.491 KUR
4864.708 23.0051 0.017 -2.164 KUR | 5627.658 23.0051 1.080 -1.889 KUR
4864.708 23.0051 0.017 -2.340 KUR | 5627.658 23.0051 1.080 -2.169 KUR
4864.715 23.0051 0.017 -2.000 KUR | 5627.658 23.0051 1.080 -3.190 KUR
4864.715 23.0051 0.017 -2.465 KUR | 5627.659 23.0051 1.080 -2.169 KUR
4864.715 23.0051 0.017 -2.590 KUR | 5703.574 23.0051 1.050 -1.415 KUR
4864.725 23.0051 0.017 -1.992 KUR | 5703.574 23.0051 1.050 -1.415 KUR
4864.725 23.0051 0.017 -2.026 KUR | 5703.574 23.0051 1.050 -1.716 KUR
4864.725 23.0051 0.017 -3.018 KUR | 5703.575 23.0051 1.050 -0.778 KUR
4864.738 23.0051 0.017 -1.743 KUR | 5703.575 23.0051 1.050 -0.994 KUR
4864.738 23.0051 0.017 -2.153 KUR | 5703.575 23.0051 1.050 -1.243 KUR
4864.753 23.0051 0.017 -1.527 KUR | 5703.575 23.0051 1.050 -1.251 KUR
4875.462 23.0051 0.040 -2.616 KUR |5703.575 23.0051 1.050 -1.277 KUR
4875.464 23.0051 0.040 -2.331 KUR | 5703.575 23.0051 1.050 -1.404 KUR
4875.464 23.0051 0.040 -2.586 KUR | 5703.575 23.0051 1.050 -1.591 KUR
4875.468 23.0051 0.040 -2.143 KUR | 5703.575 23.0051 1.050 -1.841 KUR
4875.468 23.0051 0.040 -2.586 KUR | 5703.575 23.0051 1.050 -2.269 KUR
4875.468 23.0051 0.040 -2.637 KUR | 5670.832 23.0051 1.080 -1.093 KUR
4875.474 23.0051 0.040 -2.052 KUR | 5670.832 23.0051 1.080 -2.101 KUR
4875.474 23.0051 0.040 -2.198 KUR | 5670.832 23.0051 1.080 -3.402 KUR
4875.474 23.0051 0.040 -2.762 KUR | 5670.844 23.0051 1.080 -1.198 KUR
4875.481 23.0051 0.040 -1.943 KUR | 5670.844 23.0051 1.080 -1.890 KUR
4875.481 23.0051 0.040 -2.030 KUR | 5670.844 23.0051 1.080 -3.004 KUR
4875.481 23.0051 0.040 -2.984 KUR |5670.854 23.0051 1.080 -1.314 KUR
4875.491 23.0051 0.040 -1.745 KUR | 5670.854 23.0051 1.080 -1.817 KUR
4875.491 23.0051 0.040 -2.084 KUR | 5670.854 23.0051 1.080 -2.800 KUR
4875.491 23.0051 0.040 -3.394 KUR | 5670.863 23.0051 1.080 -1.443 KUR
4875.503 23.0051 0.040 -1.581 KUR |5670.863 23.0051 1.080 -1.811 KUR
4875.503 23.0051 0.040 -2.280 KUR | 5670.863 23.0051 1.080 -2.703 KUR
4875.517 23.0051 0.040 -1.440 KUR | 5670.870 23.0051 1.080 -1.589 KUR
5627.612 23.0051 1.080 -1.044 KUR | 5670.870 23.0051 1.080 -1.858 KUR
5627.612 23.0051 1.080 -1.947 KUR | 5670.870 23.0051 1.080 -2.703 KUR
5627.624 23.0051 1.080 -1.231 KUR | 5670.875 23.0051 1.080 -1.759 KUR
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5670.875 23.0051 1.080 -1.963 KUR | 6090.218 23.0051 1.080 -1.195 KUR
5670.875 23.0051 1.080 -2.858 KUR | 6090.218 23.0051 1.080 -1.336 KUR
5670.878 23.0051 1.080 -1.963 KUR |6090.223 23.0051 1.080 -1.282 KUR
5670.878 23.0051 1.080 -2.159 KUR | 6090.223 23.0051 1.080 -1.450 KUR
5670.880 23.0051 1.080 -2.226 KUR | 6090.225 23.0051 1.080 -2.646 KUR
5727.027 23.0051 1.080 -0.685 KUR | 6090.226 23.0051 1.080 -1.304 KUR
5727.027 23.0051 1.080 -1.693 KUR | 6090.227 23.0051 1.080 -1.838 KUR
5727.027 23.0051 1.080 -2.994 KUR |6090.228 23.0051 1.080 -2.236 KUR
5727.039 23.0051 1.080 -0.790 KUR | 6090.229 23.0051 1.080 -1.395 KUR
5727.039 23.0051 1.080 -1.482 KUR |6090.231 23.0051 1.080 -1.583 KUR
5727.039 23.0051 1.080 -2.596 KUR | 6090.231 23.0051 1.080 -2.014 KUR
5727.049 23.0051 1.080 -0.906 KUR | 6090.232 23.0051 1.080 -1.889 KUR
5727.049 23.0051 1.080 -1.409 KUR | 6090.233 23.0051 1.080 -1.838 KUR
5727.049 23.0051 1.080 -2.392 KUR | 6090.233 23.0051 1.080 -1.868 KUR
5727.058 23.0051 1.080 -1.035 KUR |3577.838 25.0055 2.113 -1.044 KUR
5727.058 23.0051 1.080 -1.403 KUR | 3577.838 25.0055 2.113 -1.555 KUR
5727.058 23.0051 1.080 -2.295 KUR | 3577.838 25.0055 2.113 -2.652 KUR
5727.065 23.0051 1.080 -1.181 KUR | 3577.845 25.0055 2.113 -0.911 KUR
5727.065 23.0051 1.080 -1.450 KUR |3577.845 25.0055 2.113 -1.367 KUR
5727.065 23.0051 1.080 -2.295 KUR |3577.845 25.0055 2.113 -2.521 KUR
5727.070 23.0051 1.080 -1.351 KUR |3577.853 25.0055 2.113 -0.781 KUR
5727.070 23.0051 1.080 -1.555 KUR | 3577.853 25.0055 2.113 -1.312 KUR
5727.070 23.0051 1.080 -2.450 KUR | 3577.853 25.0055 2.113 -2.618 KUR
5727.074 23.0051 1.080 -1.555 KUR |3577.864 25.0055 2.113 -0.659 KUR
5727.074 23.0051 1.080 -1.751 KUR |3577.864 25.0055 2.113 -1.350 KUR
5727.076 23.0051 1.080 -1.818 KUR |3577.864 25.0055 2.113 -2.953 KUR
6039.710 23.0051 1.063 -1.995 KUR | 3577.877 25.0055 2.113 -0.546 KUR
6039.715 23.0051 1.063 -1.814 KUR | 3577.877 25.0055 2.113 -1.538 KUR
6039.716 23.0051 1.063 -1.296 KUR | 3577.893 25.0055 2.113 -0.442 KUR
6039.719 23.0051 1.063 -1.783 KUR |4055.519 25.0055 2.141 -1.721 KUR
6039.720 23.0051 1.063 -1.588 KUR | 4055.520 25.0055 2.141 -1.466 KUR
6039.723 23.0051 1.063 -1.847 KUR | 4055.523 25.0055 2.141 -1.523 KUR
6039.723 23.0051 1.063 -1.994 KUR | 4055.524 25.0055 2.141 -1.402 KUR
6039.726 23.0051 1.063 -2.046 KUR | 4055.525 25.0055 2.141 -1.721 KUR
6039.726 23.0051 1.063 -2.711 KUR | 4055.529 25.0055 2.141 -1.458 KUR
6039.727 23.0051 1.063 -1.995 KUR |4055.531 25.0055 2.141 -1.227 KUR
6039.728 23.0051 1.063 -3.954 KUR |4055.532 25.0055 2.141 -1.523 KUR
6039.729 23.0051 1.063 -1.814 KUR | 4055.538 25.0055 2.141 -1.489 KUR
6039.729 23.0051 1.063 -2.301 KUR | 4055.539 25.0055 2.141 -1.035 KUR
6039.730 23.0051 1.063 -1.783 KUR | 4055.541 25.0055 2.141 -1.458 KUR
6039.731 23.0051 1.063 -1.847 KUR |4055.548 25.0055 2.141 -1.671 KUR
6039.731 23.0051 1.063 -2.046 KUR |4055.550 25.0055 2.141 -0.850 KUR
6090.199 23.0051 1.080 -0.692 KUR | 4055.552 25.0055 2.141 -1.489 KUR
6090.207 23.0051 1.080 -0.833 KUR | 4055.564 25.0055 2.141 -0.679 KUR
6090.213 23.0051 1.080 -0.997 KUR | 4055.565 25.0055 2.141 -1.671 KUR
6090.213 23.0051 1.080 -1.532 KUR |4709.693 25.0055 2.886 -0.949 KUR
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4709.698 25.00556 2.886 -1.941 KUR | 6013.478 25.0055 3.070 -0.766 KUR
4709.701 25.0055 2.886 -1.941 KUR | 6013.499 25.0055 3.070 -0.978 KUR
4709.706 25.0055 2.886 -1.120 KUR | 6013.518 25.0055 3.070 -1.251 KUR
4709.711 25.0055 2.886 -1.759 KUR | 6013.527 25.0055 3.070 -1.455 KUR
4709.713 25.0055 2.886 -1.759 KUR | 6013.533 25.0055 3.070 -1.661 KUR
4709.717 25.0055 2.886 -1.305 KUR | 6013.538 25.0055 3.070 -1.309 KUR
4709.721 25.0055 2.886 -1.728 KUR | 6013.547 25.0055 3.070 -1.330 KUR
4709.723 25.0055 2.886 -1.728 KUR | 6013.552 25.0055 3.070 -1.485 KUR
4709.726 25.0055 2.886 -1.497 KUR |6013.562 25.0055 3.070 -1.807 KUR
4709.729 25.0055 2.886 -1.793 KUR | 6013.566 25.0055 3.070 -1.853 KUR
4709.730 25.0055 2.886 -1.793 KUR | 6013.566 25.0055 3.070 -2.409 KUR
4709.733 25.0055 2.886 -1.672 KUR | 6013.567 25.0055 3.070 -2.029 KUR
4709.735 25.0055 2.886 -1.991 KUR | 6021.746 25.0055 3.073 -2.668 KUR
4709.736 25.0055 2.886 -1.991 KUR |6021.772 25.0055 3.073 -1.451 KUR
4709.737 25.0055 2.886 -1.736 KUR | 6021.774 25.0055 3.073 -2.316 KUR
4739.072  25.0055 2.939 -1.041 KUR | 6021.795 25.0055 3.073 -1.275 KUR
4739.072  25.0055 2.939 -1.518 KUR | 6021.798 25.0055 3.073 -2.191 KUR
4739.088 25.00556 2.939 -1.416 KUR | 6021.804 25.0055 3.073 -0.533 KUR
4739.088 25.0055 2.939 -1.518 KUR |6021.813 25.0055 3.073 -1.249 KUR
4739.088 25.0055 2.939 -1.590 KUR |6021.817 25.0055 3.073 -2.270 KUR
4739.100 25.0055 2.939 -1.416 KUR |6021.821 25.0055 3.073 -0.673 KUR
4739.101 25.0055 2.939 -1.548 KUR | 6021.827 25.0055 3.073 -1.316 KUR
4739.101 25.0055 2.939 -3.125 KUR | 6021.834 25.0055 3.073 -0.831 KUR
4739.109 25.0055 2.939 -1.548 KUR | 6021.837 25.0055 3.073 -1.492 KUR
4739.109 25.0055 2.939 -1.916 KUR |6021.843 25.0055 3.073 -1.015 KUR
4761.499 25.0055 2.951 -1.025 KUR |6021.846 25.0055 3.073 -1.522 KUR
4761.507 25.0055 2.951 -0.564 KUR | 6021.847 25.0055 3.073 -1.237 KUR
4761.511 25.0055 2.951 -0.928 KUR | 4121.294 27.0059 0.922 -0.993 KUR
4761.519 25.0055 2.951 -1.041 KUR | 4121.301 27.0059 0.922 -1.098 KUR
4761.524 25.0055 2.951 -0.928 KUR |4121.308 27.0059 0.922 -1.214 KUR
4761.536 25.0055 2.951 -1.472 KUR |4121.313 27.0059 0.922 -1.343 KUR
5432.506 25.0055 0.000 -4.377 KUR | 4121.316 27.0059 0.922 -2.001 KUR
5432.510 25.0055 0.000 -5.155 KUR | 4121.318 27.0059 0.922 -1.489 KUR
5432.535 25.0055 0.000 -5.155 KUR | 4121.321 27.0059 0.922 -1.790 KUR
5432.538 25.0055 0.000 -4.640 KUR |4121.322 27.0059 0.922 -1.659 KUR
5432.541 25.0055 0.000 -4.992 KUR |4121.324 27.0059 0.922 -1.717 KUR
5432.561 25.0055 0.000 -4.992 KUR |4121.326 27.0059 0.922 -1.863 KUR
5432.564 25.0055 0.000 -4.971 KUR | 4121.327 27.0059 0.922 -1.711 KUR
5432.566 25.0055 0.000 -4.987 KUR | 4121.329 27.0059 0.922 -1.758 KUR
5432.580 25.0055 0.000 -4.987 KUR |4121.329 27.0059 0.922 -2.126 KUR
5432.583 25.0055 0.000 -5.418 KUR |4121.331 27.0059 0.922 -1.863 KUR
5432.584 25.0055 0.000 -5.089 KUR |4121.332 27.0059 0.922 -2.059 KUR
5432.594 25.0055 0.000 -5.089 KUR |4121.336 27.0059 0.922 -2.758 KUR
5432.595 25.0055 0.000 -6.117 KUR | 4121.336 27.0059 0.922 -3.302 KUR
5432.596 25.0055 0.000 -5.351 KUR | 4121.337 27.0059 0.922 -2.603 KUR
5432.601 25.0055 0.000 -5.351 KUR |4121.338 27.0059 0.922 -2.603 KUR
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4121.338 27.0059 0.922 -2.700 KUR | 5218.202 29.0063 3.814 -0.758 KUR
4121.338 27.0059 0.922 -2.904 KUR |5218.202 29.0063 3.814 -1.904 KUR
5352.045 27.0059 3.574 0.060 KUR |5218.202 29.0065 3.814 0.050 KUR
5369.569 27.0059 1.739 -2.854 KUR |5218.202 29.0065 3.814 -0.758 KUR
5369.569 27.0059 1.739 -2.854 KUR |5218.202 29.0065 3.814 -1.904 KUR
5369.569 27.0059 1.739 -3.155 KUR | 5782.053 29.0065 1.641 -2.924 KUR
5369.577 27.0059 1.739 -2.690 KUR | 5782.059 29.0063 1.641 -2.924 KUR
5369.577 27.0059 1.739 -2.716 KUR |5782.062 29.0065 1.641 -3.225 KUR
5369.577 27.0059 1.739 -3.030 KUR |5782.066 29.0063 1.641 -3.225 KUR
5369.590 27.0059 1.739 -2.433 KUR |5782.074 29.0065 1.641 -2.526 KUR
5369.590 27.0059 1.739 -2.682 KUR | 5782.078 29.0063 1.641 -2.526 KUR
5369.590 27.0059 1.739 -3.280 KUR | 5782.105 29.0065 1.641 -2.526 KUR
5369.607 27.0059 1.739 -2.217 KUR | 5782.106 29.0063 1.641 -2.526 KUR
5369.607 27.0059 1.739 -2.843 KUR |5782.117 29.0063 1.641 -2.526 KUR
5369.607 27.0059 1.739 -3.708 KUR |5782.117 29.0065 1.641 -2.526 KUR
5105.503 29.0065 1.388 -3.720 KUR | 5782.170 29.0063 1.641 -2.079 KUR
5105.505 29.0063 1.388 -3.720 KUR | 5782.173 29.0065 1.641 -2.079 KUR
5105.506 29.0065 1.388 -2.766 KUR | 4554.001 56.1137 0.000 -0.636 GAL
5105.509 29.0063 1.388 -2.766 KUR | 4554.002 56.1137 0.000 -1.033 GAL
5105.509 29.0065 1.388 -2.720 KUR | 4554.002 56.1137 0.000 -0.636 GAL
5105.510 29.0065 1.388 -3.896 KUR | 4554.003 56.1135 0.000 -0.636 GAL
5105.511 29.0063 1.388 -2.720 KUR | 4554.004 56.1135 0.000 -1.033 GAL
5105.512 29.0063 1.388 -3.896 KUR | 4554.004 56.1135 0.000 -0.636 GAL
5105.515 29.0065 1.388 -2.653 KUR |4554.034 56.1134 0.000 0.170 GAL
5105.517 29.0063 1.388 -2.653 KUR | 4554.034 56.1136 0.000 0.170 GAL
5105.519 29.0065 1.388 -2.398 KUR | 4554.036 56.1138 0.000 0.170 GAL
5105.520 29.0063 1.388 -2.398 KUR | 4554.050 56.1135 0.000 -0.189 GAL
5105.530 29.0065 1.388 -2.750 KUR | 4554.053 56.1135 0.000 -0.636 GAL
5105.531 29.0063 1.388 -2.750 KUR | 4554.053 56.1137 0.000 -0.189 GAL
5105.536 29.0063 1.388 -2.148 KUR | 4554.054 56.1135 0.000 -1.337 GAL
5105.536 29.0065 1.388 -2.148 KUR | 4554.056 56.1137 0.000 -0.636 GAL
5105.558 29.0063 1.388 -1.942 KUR | 4554.057 56.1137 0.000 -1.337 GAL
5105.560 29.0065 1.388 -1.942 KUR | 5853.686 56.1137 0.604 -2.066 GAL
5218.190 29.0065 3.814 -0.728 KUR | 5853.687 56.1135 0.604 -2.066 GAL
5218.191 29.0063 3.814 -0.728 KUR | 5853.687 56.1137 0.604 -2.009 GAL
5218.192 29.0065 3.814 -0.406 KUR | 5853.688 56.1135 0.604 -2.009 GAL
5218.192 29.0065 3.814 -0.774 KUR | 5853.689 56.1135 0.604 -2.215 GAL
5218.193 29.0063 3.814 -0.406 KUR | 5853.689 56.1137 0.604 -2.215 GAL
5218.193 29.0063 3.814 -0.774 KUR | 5853.690 56.1134 0.604 -1.010 GAL
5218.196 29.0063 3.814 -0.156 KUR | 5853.690 56.1135 0.604 -2.620 GAL
5218.196 29.0063 3.814 -0.661 KUR | 5853.690 56.1135 0.604 -1.914 GAL
5218.196 29.0063 3.814 -1.728 KUR | 5853.690 56.1135 0.604 -1.466 GAL
5218.196 29.0065 3.814 -0.156 KUR | 5853.690 56.1136 0.604 -1.010 GAL
5218.196 29.0065 3.814 -0.661 KUR | 5853.690 56.1137 0.604 -2.620 GAL
5218.196 29.0065 3.814 -1.728 KUR | 5853.690 56.1137 0.604 -1.914 GAL
5218.202 29.0063 3.814 0.050 KUR | 5853.690 56.1137 0.604 -1.466 GAL
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5853.690 56.1138 0.604 -1.010 GAL | 3988.573 57.1139 0.403 -1.263 LAW
5853.691 56.1135 0.604 -2.215 GAL | 3995.708 57.1139 0.173 -1.282 LAW
5853.692 56.1137 0.604 -2.215 GAL | 3995.711 57.1139 0.173 -1.458 LAW
5853.693 56.1135 0.604 -2.009 GAL |3995.716 57.1139 0.173 -1.109 LAW
5853.693 56.1137 0.604 -2.009 GAL |3995.721 57.1139 0.173 -3.209 LAW
5853.694 56.1135 0.604 -2.066 GAL |3995.724 57.1139 0.173 -1.282 LAW
5853.694 56.1137 0.604 -2.066 GAL | 3995.728 57.1139 0.173 -1.098 LAW
6496.898 56.1137 0.604 -1.886 GAL |3995.734 57.1139 0.173 -1.780 LAW
6496.899 56.1135 0.604 -1.886 GAL |3995.738 57.1139 0.173 -1.109 LAW
6496.901 56.1137 0.604 -1.186 GAL | 3995.743 57.1139 0.173 -1.256 LAW
6496.902 56.1135 0.604 -1.186 GAL | 3995.750 57.1139 0.173 -1.084 LAW
6496.906 56.1135 0.604 -0.739 GAL | 3995.757 57.1139 0.173 -1.098 LAW
6496.906 56.1137 0.604 -0.739 GAL | 3995.771 57.1139 0.173 -0.686 LAW
6496.910 56.1134 0.604 -0.380 GAL | 3995.779 57.1139 0.173 -1.256 LAW
6496.910 56.1136 0.604 -0.380 GAL | 4086.695 57.1139 0.000 -1.266 LAW
6496.910 56.1138 0.604 -0.380 GAL | 4086.698 57.1139 0.000 -1.108 LAW
6496.916 56.1135 0.604 -1.583 GAL | 4086.702 57.1139 0.000 -1.119 LAW
6496.916 56.1137 0.604 -1.583 GAL | 4086.705 57.1139 0.000 -1.292 LAW
6496.917 56.1135 0.604 -1.186 GAL | 4086.707 57.1139 0.000 -0.696 LAW
6496.918 56.1137 0.604 -1.186 GAL | 4086.708 57.1139 0.000 -1.094 LAW
6496.920 56.1135 0.604 -1.186 GAL | 4086.710 57.1139 0.000 -1.790 LAW
6496.922 56.1137 0.604 -1.186 GAL |4086.711 57.1139 0.000 -3.219 LAW
3988.445 57.1139 0.403 -1.362 LAW | 4086.712 57.1139 0.000 -1.468 LAW
3988.446 57.1139 0.403 -1.839 LAW | 4086.717 57.1139 0.000 -1.292 LAW
3988.452 57.1139 0.403 -1.140 LAW | 4086.719 57.1139 0.000 -1.119 LAW
3988.454 57.1139 0.403 -19.790 LAW | 4086.720 57.1139 0.000 -1.108 LAW
3988.454 57.1139 0.403 -1.362 LAW | 4086.721 57.1139 0.000 -1.266 LAW
3988.464 57.1139 0.403 -1.041 LAW |4333.718 57.1139 0.173 -1.282 LAW
3988.466 57.1139 0.403 -1.985 LAW |4333.723 57.1139 0.173 -1.109 LAW
3988.468 57.1139 0.403 -1.140 LAW | 4333.725 57.1139 0.173 -1.458 LAW
3988.482 57.1139 0.403 -1.015 LAW | 4333.731 57.1139 0.173 -1.098 LAW
3988.484 57.1139 0.403 -1.355 LAW |4333.733 57.1139 0.173 -3.209 LAW
3988.486 57.1139 0.403 -1.041 LAW |4333.740 57.1139 0.173 -1.282 LAW
3988.504 57.1139 0.403 -1.068 LAW |4333.742 57.1139 0.173 -1.256 LAW
3988.507 57.1139 0.403 -0.969 LAW | 4333.744 57.1139 0.173 -1.780 LAW
3988.510 57.1139 0.403 -1.015 LAW | 4333.753 57.1139 0.173 -1.109 LAW
3988.532 57.1139 0.403 -1.263 LAW | 4333.758 57.1139 0.173 -1.084 LAW
3988.535 57.1139 0.403 -0.683 LAW |4333.771 57.1139 0.173 -1.098 LAW
3988.538 57.1139 0.403 -1.068 LAW |4333.775 57.1139 0.173 -0.686 LAW
3988.569 57.1139 0.403 -0.455 LAW |4333.791 57.1139 0.173 -1.256 LAW
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