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ABSTRACT

A significant portion of stars occur as binary systems, in which two stellar compo-

nents orbit a common center of mass. As the number of known exoplanet systems

continues to grow, some binary systems are now known to harbor planets around

one or both stellar components. As a first look into composition of these planetary

systems, I investigate the chemical compositions of 4 binary star systems, each of

which is known to contain at least one planet. Stars are known to vary significantly

in their composition, and their overall metallicity (represented by iron abundance,

[Fe/H]) has been shown to correlate with the likelihood of hosting a planetary sys-

tem. Furthermore, the detailed chemical composition of a system can give insight

into the possible properties of the system’s known exoplanets. Using high-resolution

spectra, I quantify the abundances of up to 28 elements in each stellar component of

the binary systems 16 Cyg, 83 Leo, HD 109749, and HD 195019. A direct comparison

is made between each star and its binary companion to give a differential composition

for each system. For each star, a comparison of elemental abundance vs. condensation

temperature is made, which may be a good diagnostic of refractory-rich terrestrial

planets in a system. The elemental ratios C/O and Mg/Si, crucial in determining

the atmospheric composition and mineralogy of planets, are calculated and discussed

for each star. Finally, the compositions and diagnostics of each binary system are

discussed in terms of the known planetary and stellar parameters for each system.
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Chapter 1

INTRODUCTION

1.1 Discovery of exoplanets

In a time span of less than 2 decades, the study of extrasolar planets (exoplanets)

has progressed at a rapid rate. According to the Extrasolar Planets Encyclopaedia

(exoplanets.eu, as of November 2013), there are currently 1039 known exoplanets,

composing 787 planetary systems. There have been several methods developed to de-

tect these exoplanets, each method providing different types of information regarding

the planetary systems (Perryman, 2011). Three of the primary detection methods

(radial velocity, transit, and direct imaging) are discussed here, although additional

methods (such as gravitational lensing) also exist.

The first method used to detect exoplanets involves measuring the reflex motion

of the host star caused by the gravitational pull of an orbiting planetary companion

(Hatzes et al., 2010). The radial component of this induced motion causes an observed

Doppler shift of the star’s spectrum. This method, known as Radial Velocity (RV)

detection, requires a high-resolution spectrum of the star’s light in order to resolve the

small Doppler shift caused by the star’s planet(s). These data allow the determination

of a planet’s orbital period and the in-plane mass, or M∗Sin(i)- a more massive planet

on a more inclined orbit could cause the same radial velocity signal.

Transit Photometry, another very successful exoplanet detection method, relies on

the slight reduction of observed light from a star when a planet passes in front of the

star’s surface (Bord et al. (2003), Borucki et al. (2009)). This results in an estimate

of the planet’s size (as compared to the host star), as well as the orbital period.
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Transit detections are inherently limited to systems with near-zero inclinations - the

system must be close to edge-on for the transit to be observable from Earth. Transit

and RV measurements provide complimentary knowledge about a system, together

yielding both mass and size information about a planet, allowing its density to also

be constrained (Moutou et al., 2004).

For nearby exoplanet systems with young giant planets at large orbital distances,

direct imaging has also become a method to detect and study exoplanets. Recent

advances in Adaptive Optics (AO) have allowed for sub-arcsecond resolution, allowing

thermal emission from giant planets to be directly observable (Patience et al. (2002),

Rameau et al. (2013)).

Beyond simply detecting the size, mass, and orbital properties of exoplanets, their

atmospheric and bulk compositions can also be inferred by combining spectroscopy

techniques with the methods described above. Spectral analysis of directly imaged

planets has been used to deduce their atmospheric composition (Oppenheimer et al.,

2013). Spectroscopy of a host star during a known planetary transit can probe the

composition and scale height of the planetary atmosphere.

1.2 Host star composition

Although direct imaging spectroscopy and transit spectroscopy can produce im-

pressive results, they are only applicable to a small subset of known systems, relying

on minimum orbital separation and planet brightness (in the case of direct imaging),

and fortunate orbital alignment to allow for observable transits (in the case of tran-

sit spectroscopy). By contrast, high-resolution spectroscopy of a system’s host star

is widely applicable, and can yield detailed elemental composition of the host star.

This method relies on measuring the strength of elemental absorption features present

in a star’s spectra, so the spectral data must be of sufficiently high resolution and

2



signal-to-noise to resolve these absorption features. RV measurements require high-

resolution spectra for the initial exoplanet discoveries, so high-resolution datasets (of

appropriate quality for this analysis) already exist for many known planetary sys-

tems. Therefore, this method provides a simple and widely-applicable first look at

the overall composition of an exoplanetary system.

This method has been used to study the composition of many exoplanet host

stars, however few studies have focused exclusively on host stars in binary or multiple

systems. The goal of this research is to use existing high-resolution spectra to measure

the composition of each stellar component of several binary systems known to contain

exoplanets. This will allow the compositions of those individual planetary systems to

be constrained, as well as giving clues about the long-term history of the planetary

and stellar systems. Furthermore, a comparison between binary components will be

made to look for any systematic differences between binary partners having planets,

and those without currently known planets. Binary systems are an ideal comparison

because the stars are very likely to have formed from the same protostellar nebula at

nearly the same time, giving them very similar ages and initial compositions.

Deriving abundances for elements in stars can be done in a variety of ways. One

of the more detailed ways, which is employed in this study, involves measuring the

strength of individual atomic absorption lines in a high-resolution stellar spectrum,

and then employing a spectral synthesis program such as MOOG and a model stellar

atmosphere to determine what the abundance of each elemental species must be. A

more detailed description of this process is given in Chapter 2.

1.2.1 Reliability of composition studies

Derivations of astrophysical abundances have long been questioned regarding their

degree of accuracy (Worrall, 1972). The abundance analysis method is sensitive to

3



several choices in methodology, and groups with different methodologies may derive

discrepant results, even if they use the same input data (Asplund, 2005). The stellar

parameters used to generate a model atmosphere can be derived in several ways; the

choice of how these parameters are picked will certainly affect the results. Further-

more, the choice of which lines to measure for each element (i.e. the linelist) can have

an effect on the derived abundance. Typically, measuring more lines will produce a

more robust result, but only if the lines are accurately measured and if line blending

is properly accounted for. Line blending occurs when two absorption features are

partially overlapping each other, causing what may appear to be a single, larger ab-

sorption feature. For an accurate measurement, only the contribution from the line

corresponding to the element of interest must be measured. Also, the continuum for a

star must be properly normalized around a line before it can be accurately measured.

The assumption of a specific solar composition is included in a reported stellar

abundance. Adopting different solar abundances can be a source of error between

different groups. Furthermore, some groups will derive overall abundances for each

element, and compare those results with reported solar values. Other groups, to com-

pensate for instrumental effects, will compare abundances line-by-line with a mea-

sured solar spectrum, without using published solar abundances.

Therefore, studies employing a single methodology across multiple stars may pro-

duce more meaningful results than a comparison of results from separate groups with

different methods. For the most accurate comparison of stellar compositions, identi-

cal methodologies -such as from a single study- must be used. Even if the absolute

abundances from a single study are proven to be incorrect, the relative abundances

between stars in that study should still be comparable.
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1.3 Formation and composition of planetary systems

Stellar composition can provide valuable insights about a planetary system, even

if it does not directly reveal planetary composition. Stars compose the vast majority

of the mass in planetary systems, and therefore give a good overall indication of the

system’s composition. In turn, system composition can help answer questions related

to how planets form, and what those planets are likely made of. Furthermore, stellar

composition can place some constraints on the long-term history of a system. A star’s

overall luminosity and evolutionary speed are affected by its composition (particularly

oxygen and iron-peak elements), which can have drastic effects on the location and

duration of its habitable zone (Young et al., 2012). Furthermore, a star’s photospheric

composition may preserve traces of planetary accretion events that have happened in

the system’s past.

Planets form out of condensed material in the protoplanetary disc, so the compo-

sition of the primordial material making up this disc determines the resulting com-

position of the newly formed planets. A star contains the vast majority of the mass

in a stellar system, and the resulting stellar composition will not change drastically

from the primordial molecular cloud core or protoplanetary disc composition. Gravi-

tational settling and mixing will affect the composition of the stellar atmosphere (as

compared to the star’s bulk composition), in a way that can be incorporated into

models. A system’s refractory elements may be preferentially sequestered in planets,

which could also be re-accreted on the star. Overall, however, these are likely small

perturbations on the initial abundances, and the stellar atmosphere does provide a

representative composition of the overall system (Santos et al. (2001), Santos et al.

(2003), Fischer and Valenti (2005)). This composition can be used to understand

the early history and formation process of a stellar system, including the metallicity

5



and heavy element enrichment of the original molecular cloud, as well as subsequent

enrichment such as injections of supernovae material.

1.3.1 Planet-metallicity correlations

One of the early discoveries regarding the statistics of exoplanet host star composi-

tion was the Planet-Metallicity correlation (Fischer and Valenti (2005), Santos et al.

(2005)). These studies established a positive correlation between Iron abundance

(Fe/H) and planet frequency in a sample of F,G, and K type RV host stars. This

planet-metallicity correlation has also been found to hold for other stellar types, being

extended to M stars in the solar neighborhood by Johnson and Apps (2009). The

planet-metallicity trend has been found to be more significant for higher-mass planets

Guillot et al. (2006), with a weaker correlation for sub-Neptune and super-Earth sized

planets.

Figure 1.1: A histogram comparing the metallicities of planet-host and non-host
stellar populations. Figure reproduced from Figure 1 of Santos et al. (2005)
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1.3.2 Formation mechanisms

For giant planets, the two main formation hypotheses are by gravitational insta-

bilities or by core accretion. The gravitational instability model (Boss (1997) and

Boss (2011)) describes the direct self-gravitating fragmentation of a protoplanetary

disc into protoplanetary clouds, which can then condense into giant planets. The

effectiveness of this formation mechanism depends primarily on the mass density and

mass profile of the protoplanetary disc, and is not significantly influenced by disc

composition.

In the core accretion models (Matsuo et al. (2007), Mordasini et al. (2007), Ida

and Lin (2004)), solid materials condense from the protoplanetary disc as it cools.

These solid materials form protoplanets, which collide and build until they are big

enough to grow via gravitational attraction of other material. If the resulting planet

embryo can form before the gaseous material has dissipated from the protoplanetary

disc, then the planet will acquire a gaseous envelope. Because gas dissipates from the

disc over time, the faster a planetary embryo can form (and the more massive it is),

the more gas will be available to that planet, and the larger its overall mass will be

(Kokubo and Ida (2002), Rice et al. (2012)).

Composition can effect the speed and efficiency of core formation, and thus the

type of resulting planets. In a system with higher metallicity, a larger proportion of

the materials will be in the form of early-condensing metallic elements (such as iron),

allowing planetary embryos to form more rapidly and grow larger. Furthermore, in

outer regions of the protoplanetary disc, volatiles such as C and O form into ices, so

a higher abundance of these elements will give additional material to protoplanets

forming in these regions (Öberg et al., 2011). Because of this, the planet-metallicity
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correlation of Fischer and Valenti (2005) gives strong observational support to the

core accretion modes of planetary formation.

1.3.3 Effects of composition

A system’s composition, especially in the abundance ratios of certain elements,

can have many effects on both the star(s) and planets in that system - including effects

related to habitability. Stellar composition affects a star’s emergent properties (such

as effective temperature and luminosity), as well as its long-term evolution. Both of

these effects play an important role in the location and lifetime of a star’s habitable

zone. Oxygen abundance has been found to be particularly important in the lifetime

of a star’s habitable zone, potentially changing the duration of a habitable zone by

gigayears at a given orbital distance (Young et al., 2012).

The physical properties of planets in a system will be strongly influenced by the

abundance ratios of key elements, particularly elements with important roles in rock

and mineral formation, such as C, O, Si, Fe, and Mg. The C/O ratio is of particular

importance for planetary formation and composition (Öberg et al., 2011), affecting

condensation pathways (Bond et al., 2010), determining whether rocky planets will be

dominated by silicate or carbide chemistry, and affecting the atmospheric chemistry

of giant planets (Madhusudhan et al., 2011). In terrestrial silicate planets such as

the Earth, the Mg/Si ratio sets the mineralogy of the mantle, particularly the rela-

tive abundances of the dominant minerals Olivine and Pyroxene (Bond et al., 2010).

Variations in this mantle composition have strong effects on mantle structure and

dynamics (Ammann et al. (2011), de Koker et al. (2013)), particularly convection

processes, which could potentially influence plate tectonic activity. Finally, the Fe/Si

ratio will manifest in terrestrial planets as the relative size of the iron core to the

rocky silicon-rich mantle.
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1.4 Binary Systems

Studies of stellar multiplicity among G and K type stars in the solar neighborhood

have shown that the majority of these stars (over 60%) occur in binary or multiple

systems (Eggenberger et al. (2004), Duquennoy and Mayor (1991)). Because multiple

systems are so common, they represent an important component in understanding

the overall processes of star and planet formation and dynamics.

In these systems, any compositional differences between components is often of

great interest, requiring studies with consistent methodology. Composition studies

of wide-separation binaries provide a unique, extremely localized probe of planet-

forming conditions. Wide-separation binaries typically experience coeval formation,

from the same nebular material, usually separated by between 1,000 to 10,000 AU.

Therefore, composition studies of wide-binaries probe the differences in primordial

nebular composition on a thousand-AU scale. On such a small interstellar scale,

large composition differences are unlikely; any chemical enrichment event effecting

one star would likely effect the other as well.

1.4.1 Exoplanets in Binary Systems

Exoplanets in binary systems can orbit a single star of the pair (an S-type orbit),

or can posses and orbit encircling both stellar components (a P-type orbit) (Haghigh-

ipour et al., 2009). P-type orbits are much less common, and are more likely to occur

around very close binaries. Also, P-type orbits imply a different and possibly more

complex formation and evolution as compared to planets with S-type orbits. This

study is only concerned with the more common S-type orbits.

In a binary system, the same models for planetary formation still apply, but the

gravitational perturbations caused by the companion star produces an effect on the
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Figure 1.2: A diagram showing the S-type (orbits one component) and P-type (orbits
both component) orbital configurations for an exoplanet in a binary star system.

newly-forming planets. Models indicate that in binary systems, a dust disc will be

truncated, and the condensed materials will fragment into smaller particles, imped-

ing planet formation (Zsom et al., 2011). The effect of disc truncation is strongly

separation dependent (Duchene (2010), Desidera and Barbieri (2007)), being of little

significance for wide-separation binaries.

The presence of a companion star also has a strong impact on planetary orbits

(Kaib et al., 2013), with planets in binary systems being much more likely to get

ejected, and generally having more eccentric orbits. Desidera and Barbieri (2007)

find that among known exoplanet-hosting multiple systems, giant close-in planets

are common in close-separation binaries (confirming earlier statistics by Eggenberger

et al. (2004)), but that wide binary systems have planetary systems generally similar

to field stars, albeit with slightly higher average eccentricities.

Roell et al. (2012) performed an updated statistical study using more recently

available data, and confirmed two trends in close binaries: planetary masses decrease,

and planetary orbital radii increase, with increasing binary separation. This study

also includes up-to-date tables of known binary systems hosting exoplanets having

S-type orbits.
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The search for new binary (or multiple) systems containing exoplanets can be

approached in several ways, as reviewed by Muterspaugh et al. (2007). Planet-search

surveys of known binary systems can discover new exoplanets and provide statistics on

the entire population of binary host-stars. Examples of planet search surveys focused

on binary systems include SARG (Gratton et al. (2003), Carolo et al. (2011)), as well

as several using HARPS (Konacki (2005) and others).

Another approach is to look for undiscovered stellar companions of known exo-

planet hosts. For close or dim companions, this typically requires adaptive optics

imaging. Examples of searches for undiscovered stellar companions to host stars

include Patience et al. (2002), Chauvin et al. (2006), Raghavan et al. (2006), and

Mugrauer et al. (2006). For bright, wide separation companions, searching archival

images and catalogs for co-moving objects can be sufficient. The work presented here

is limited to multiples currently known in existing catalogs such as the CCDM.

1.4.2 Systems in this study

Four stellar systems have been selected for a detailed abundance analysis in this

study: 16 Cygni, 83 Leonis, HD109749, and HD195019. Each system consists of

at least two stellar members of spectral type G or K, with one star harboring at

least one confirmed exoplanet. All systems listed here are listed as binary systems

and confirmed to be physical in Roell et al. (2012) and/or Raghavan et al. (2006).

The selection process used to determine these targets is explained in Chapter 2. For

each system, a simplified schematic shows all currently known stellar and planetary

components of the system, including separation distances.
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16 Cyg (HD 186408 and HD 186427)

16 Cyg is a well-studied system consisting of a pair of solar-twin stars, each having

a small companion of its own. The two main components A and B are of similar

masses, and have spectral types of G1.5V and G3V. They are separated by 859.7 AU.

16 Cyg B is a known planet host, with the radial-velocity (RV) detection of 16 Cyg

B b by Cochran et al. (1996) and confirmed by Raghavan et al. (2006). This planet

has a Msin(i) = 1.5 Mj, a semi-major axis of 1.68 AU, and a high eccentricity of e

= 0.63. 16 Cyg A has also been monitored for RV signals for over 15 years, but no

planets have been detected (Wittenmyer et al., 2006). This non-detection excludes

possible companions with Msin(i) = 2.45 Mj at 5.2 AU, and smaller planets interior

to this. 16 Cyg A was discovered to have an M dwarf companion though AO direct

imaging (Hauser and Marcy (1999), Turner et al. (2001)), which is likely a physically

associated binary (Patience et al., 2002).

Figure 1.3: Schematic of components in the triple system 16 Cyg

83 Leo (HD 99491 and HD 99492)

83 Leo A and B are a pair of comoving high proper-motion stars, separated by 589.4

AU, with spectral types K0IV and K2V, respectively. Both stars are known to be very

metal-rich, with reported [Fe/H] ranging from +0.22 (Feltzing and Gonzalez (2001))

to +0.40 (Heiter and Luck (2003)) for 83 Leo A, and +0.24 (Santos et al. (2005)) to
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+0.36 (Heiter and Luck (2003)) for 83 Leo B. RV surveys detected a planet around

the B component in Marcy et al. (2005), and an additional planet was announced in

2010 (Meschiari et al., 2011). 83 Leo Bb has an M ∗Sin(i) of 0.109 Mj (corresponding

to 36MEarth), orbiting at .123 AU with an e of 0.254. Planet c was found to be more

massive but still sub-Jovian, with an M ∗Sin(i) of 0.36 Mj. It has a semi-major axis

of 5.4 AU, and an eccentricity of 0.106. 7 years of HIRES observations did not detect

any planetary RV signals from 83 Leo A (Marcy et al., 2005).

Figure 1.4: Schematic of components in the binary system 83 Leo

HD 109749

HD 109749 is a metal-rich G3 IV star at a distance of 59 pc. The two components

are separated by 8.35”, corresponding to 495.6 AU. A planet discovery in HD 109749

(around the A component) was reported by the N2K consortium in 2006 (Fischer

et al., 2006). This planet has an M ∗ Sin(i) = 0.28 Mj, and orbits at a=0.06 AU.

The host star was then part of a search for stellar companions to exoplanets, and a

K5V companion was discovered by Desidera and Barbieri (2007) within a year.

13



Figure 1.5: Schematic of components in the binary system HD 109749

HD 195019

The HD 195019 (also HIP 100970 or HO 131 A/B) system has long been known

as a double system, first reported by Hough (1887). The primary, a G3 IV-V, was

discovered to host a planet by Fischer et al. (1999). The planet has an M ∗ Sin(i)

of 3.70 Mj, and orbits the A component at 0.14 AU. The secondary is of spectral

type K3, separated at 149.2 AU. This system was listed as a wide binary in Allen

et al. (2000) and Eggenberger et al. (2004). Han et al. (2001) also provided updated

astrometry about this system.

Figure 1.6: Schematic of components in the binary system HD 195019
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Chapter 2

ANALYSIS AND RESULTS

In this chapter, I discuss the selection of the stellar sample, and the analysis steps

taken for each star to derive elemental abundances. I present the resulting abundance

measurements for each star, as well as their respective uncertainties, and compare

these results to previously published studies where possible.

2.1 Method

2.1.1 Selection process

This study began by identifying stellar systems containing multiple stellar com-

ponents, at least one of which is a known exoplanet host. An up-to-date list of

exoplanet host stars was generated from the Extrasolar Planet Encyclopedia (exo-

planet.eu). Several host stars in this list were listed as being part of known multiple

stellar systems in the Catalog of Components of Doubles and Multiples (CCDM).

Since this catalog contains visual doubles (not physically associated) as well as true

(gravitationally bound) binaries and multiples, the proper motions and parallaxes of

components in each system were obtained using SIMBAD. Systems with discrepant

proper motions or parallaxes were rejected, as these stars are not physically associated

with each other.

In this study, only systems with both companions being F, G, or K spectral types

were considered. Hotter stars (O, B, and A) are too numerically few to have resulted

in matches in the present study. Furthermore, hotter stars are more difficult to

analyze due to less absorption in their atmospheres. Stars cooler than K-type have
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the opposite problem, becoming increasingly difficult due to crowding of the spectrum

with molecular absorption features.

Due to the scope of this project, no new observations could be obtained, and this

study was limited to using existing archival data. Deriving elemental abundances for

a star relies on quantifying elemental absorption features, requiring a high-resolution

spectrum (typically in the optical range). For this study, data from the HIRES (HIgh-

RESolution Echelle Spectrograph) on Keck were used. Availability of HIRES data

for both components further constrained the list of usable stellar systems, yielding

a final sample of 4 multiple-component, exoplanet hosting systems for analysis: 16

Cygni, 83 Leonis, HD109749, and HD195019. Basic info on each of these systems is

shown in Table 2.1.

Two additional systems were initially considered for this study, but could not

be used due to observational issues. HD178911 is a system with A and B compo-

nents; HD178911 B is a known planet host (Raghavan et al., 2006). However, the A

component is itself a spectroscopic binary (Roell et al., 2012), making an accurate

abundance analysis beyond the scope of this project. GJ738 is a narrow binary sys-

tem, with an astrometry-detected exoplanet (Muterspaugh et al., 2010) around one

of the components. HIRES data are available for GJ738 A/B, but the components

are unresolved, precluding abundance analysis of each star individually.

HIRES instrumental background

Although not designed as a planet-finding instrument, HIRES (Vogt et al., 1994) has

seen vast success in providing high-resolution spectra for the RV detection of exoplan-

ets. Located on Keck I, HIRES is a cross-dispersed echelle sptectrograph covering

the 3000 Å- 10000 Å wavelength range. Depending on the mode of operation, the

spectral resolution obtainable by HIRES ranges from R = 25,000 to 85,000. HIRES
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Table 2.1: Sample of 8 stars for this study

Name HD number Location Proper Motion Sp. Type Planets

(mas/yr)

16 Cyg A 186408 295.45, 50.53 -147.82, -159.01 G1.5Vb -

16 Cyg B 186427 295.47, 50.52 -135.11, -163.78 G3V 1

- 109749 A 189.32, -40.81 -157.85, -5.43 G3V 1

- 109749 B 189.32, -40.82 -175, -43 K5V -

HO 131A 195019 A 307.08, 18.77 348.48, -58.39 G1V 1

HO 131B 195019 B 307.08, 18.77 350.2, -58.3 K3 -

83 Leo A 99491 171.69, 3.01 -725.74, 180.67 KOIV -

83 Leo B 99492 171.69, 3.01 -730.81, 188.97 K2V 2

originally functioned with a detector setup consisting of a single CCD; in 2002 this

was replaced by a 3-ccd mosaic, to increase usable spectral resolution and sensitivity.

An example of the raw flux data recorded by a single CCD for one of the analyzed

stars is shown in Figure 2.1. This image shows the dispersed spectrum: light from

the star is dispersed by wavelength into many long vertical lines. In each vertical line

(known as a spectral order), the wavelength increases from bottom to top, and each

vertical line covers a slightly different wavelength range.

Data from HIRES observations are publicly available after a proprietary period

through the Keck Online Archive (KOA) system. Data for all stars in this study

were downloaded using this system, making use of the built-in MAKEE pipeline

for automated data reduction of the raw spectra, including flat-fielding and bias

corrections. The MAKEE pipeline produces a collection of files with usable data

(such as flux) split across many spectral orders. The exact number of spectral orders
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Figure 2.1: A portion of the raw flux data for 83 Leo B. The individual spectral
orders are seen here as bright vertical lines.

depends on the configuration of the spectrograph during the observation. Table 2.2

gives info on each HIRES observation used for data in this study.

2.1.2 Pre-Processing

Several IDL routines and shell scripts were implemented to further process these

data into a format usable by the analysis programs. The spectral dispersion (sepa-

ration in wavelength between consecutive flux points) varies both within individual

spectral orders, as well as from one order to the next. Because the analysis tools

(IRAF splot and ARES ) require a single dispersion value for computations, the flux
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data needed to be converted to a single-dispersion format. To achieve this, the flux

data were interpolated to a constant wavelength spacing. A Gaussian with FWHM

matching the desired spectral dispersion was used to smooth the high-resolution spec-

trum before resampling. This ensured a single dispersion value for each spectral order.

This process was written in IDL and applied to each spectral order individually.

Due to the relative radial motion of each star compared to the Earth, a Doppler

shift is present in each spectrum. This shift is not corrected by the KOA MAKEE

pipeline. Due to the Doppler shift, the observed location of spectral lines is slightly

different than the ”expected” (rest frame) location of those lines (as seen in Fig. 2.2).

In fact, this offset is the measured quantity to precisely determine the radial velocity

of stars in order to detect the presence of Exoplanets using the RV detection method.

In this study, the Doppler-shift was measured using the positions of several easily-

identifiable spectral lines, and comparing to the corresponding rest-frame line centers.

Spectral lines in many different orders were measured, allowing a linear, wavelength-

dependent Doppler shift function to be fit and applied to each stellar spectrum, order

by order.

2.1.3 Linelist

The abundance of each elemental species is derived based on absorption features

(as explained above). A single absorption line can be sufficient to derive an elemental

abundance, however using many lines for a single element generally leads to a better

result. Using multiple lines also allows a better constraint on the uncertainty in de-

rived abundance. The linelist for this study includes 217 atomic absorption lines, from

28 elements. For comparison, similar studies have measured 24 elements (Ramı́rez

et al., 2011), 18 elements (Schuler et al. (2011b), Ecuvillon et al. (2006a)), 17 elements

(Gonzalez (1998)), 12 elements (Kang et al., 2011), and 9 elements (Bodaghee et al.,
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Figure 2.2: Example spectrum showing RV shift of a single line

2003). Several parameters for each line are needed, including the rest-frame line cen-

ter wavelength, excitation potential, and oscillator strength. The appendix A1 shows

these values for the entire line list used in this study, including the equivalent width

for each line as seen in a solar spectrum. Because iron lines are used to calibrate the

appropriate stellar parameters, it is important to include as many reliable iron lines

as possible. This study uses 72 Fe I (neutral iron) and 16 FeII (singly-ionized iron)

lines.

Some elements, such as oxygen, are particularly sensitive to line choice and method-

ology. Of the 5 oxygen lines used in this study, the 6155Å line is the most robust,

while the 6363Å line is blended with a Ni feature. The oxygen infrared triplet consists
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Table 2.2: Observations providing data for this study. The KOAID is formatted to
include the observation date, as: HI.YYYYMMDD.xxxxx

Star Name KOA Name KOA ID Spectral Coverage (Å) SNR

16 Cyg A HR 7503 HI.20060903.23090 3721-7971 147

16 Cyg B HR 7504 HI.20070826.40719 3721-7969 112

HD 109749 A HD 109749 HI.20110412.33419 3721-7969 102

HD 109749 B CD-40 7393B HI.20050627.24308 3800-6423 90

HD 195019 A HO 131A HI.20050625.43149 3683-4862, 6545-7970 143

HD 195019 B HO 131B HI.20051219.18704 3682-4875, 6544-7969 117

83 Leo A LHS 2407 HI.20060112.51171 3723-7971 151

83 Leo B LHS 2408 HI.20060112.51421 3801-7971 162

of 3 distinct lines at 7771, 7774, and 7775Å, and is known to suffer from non-LTE

effects (Ramı́rez et al., 2009), which are not accounted for in my analysis. The non-

LTE effects may cause the oxygen abundances reported in this study to be slightly

underestimated in some cases.

2.1.4 Measurement of Equivalent Widths

The Equivalent Width (EW) of an absorption line is a single quantity used to

describe the overall strength of an absorption line. Equivalent widths can be mea-

sured manually (requiring direct inspection of each spectral line), and there are many

routines available to automate this measurement process. The equivalent width is the

necessary width of a perfectly absorbing feature such that the total removed energy

is the same (Arnett, 1996). The equivalent width of an absorption line (in which Iν

is the line intensity, and IC is the corresponding continuum intensity) is written in

terms of frequency as:

EWν =

∫
line

(
1− Iν

IC

)
dν
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Manual: IRAF splot

The IRAF splot function allows a user to view a spectrum and interactively fit in-

dividual line profiles, selecting appropriate continuum points, selecting the type of

line profile, and even deblending multiple spectral features. The resulting fitted line

profile gives the line’s measured equivalent width. In this work, splot was used to

determine the line centers of well known lines in measuring each spectrum’s RV offset.

Manual splot EW measurements were also used to ensure that the automated system

(ARES) was producing consistent results. Using splot for these measurements is a

much more time-consuming process, but it is also less prone to measurement errors

(such as an automated program selecting the wrong line to measure), as the user

can visually inspect the spectrum to ensure the correct line is being measured. The

downside to an interactive measurement approach (other than the time required) is

that the results obtained by various users, based on differences in technique, can differ

in EW by up to 10 mÅ for larger lines.

Automated: ARES

To quickly measure the Equivalent Widths for the entire linelist, the Automatic Rou-

tine for line Equivalent widths in stellar Spectra (ARES) was used (Sousa et al.

(2007)). ARES has a multi-step process to analyze a given spectrum line by line, us-

ing an input linelist. First, ARES calculates a local continuum around the line, then

fits gaussians to all nearby lines, finally yielding the exact position, EW, FWHM,

and other information for the line of interest. By using a script to run ARES on each

order, a linelist consisting of several hundred lines can be measured (across many

orders) in a short period of time.
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To run, ARES requires a set of input parameters (contained in the file mine.opt).

In units of pixels, smoothder defines the size of a filter used to smooth the derivatives

of the spectrum, which are used to identify line centers. The continuum is fit within

a region around each line, the size of which is given in Å by space. The minimum

spacing (in Å) between consecutive lines is limited by lineresol. The smallest accept-

able EW (in mÅ) is given by miniline - smaller results will be ignored. Finally, rejt

is used by ARES to determine which points to use in fitting the continuum - spectra

with lower SNR should also use a lower rejt to ensure correct placement of the contin-

uum. Typical values for each parameter as used in this analysis are given in Table 2.3.

Table 2.3: Typical ARES parameter values

Parameter name Value

smoothder 3

space 5.0

rejt 0.985

lineresol 0.1

miniline 2

Ares validation

To validate ARES for use, a comparison of Equivalent Widths was made between

the ARES measurements and the manual SPLOT measurements. For two data sets

(16 Cyg A and HD 195019 A), all lines were measured with both SPLOT and ARES

methods. Comparison of these measurements are given as Figures 2.3 and 2.4. The

results show that ARES does not preferentially over- or under-measure equivalent

widths, but there is some scatter around the expected 1:1 trend. There are also some
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outlying points, indicating lines that may have been mis-identified or mis-measured

by ARES. This could be due to ARES choosing the wrong line center and measuring

the wrong line entirely, or from not properly deblending lines. Attempting to deblend

a single line would result in ARES underestimating the EW, while treating a blended

line as a single line would result in an overestimation of the EW. Major outlying lines

are labeled with their element and ionization state.

Figure 2.3: Comparison of EW measurements made with IDL splot against ARES
for 16 Cyg A

In the case of 16 Cyg A, the outlying line measurements corresponded to the

following elements: Fe (4 lines), Ni (2 lines), Mn (2 lines), Si (2 lines), Cr, Y and V

(1 line each). For elements with few overall lines (V, Mn, Y and Cr in particular),

these anomalous lines have a significant impact on both the line uncertainty σµ and

the overall abundance.
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Figure 2.4: Comparison of EW measurements made with IDL splot against ARES
for HD 195019 A (fewer lines could be measured in this data set due to gaps in the
spectral coverage)

2.1.5 Abundance Analysis

The spectral synthesis program MOOG (Sneden (1973)) was used for abundance

analysis. MOOG calculates absorption from elemental and molecular species in a

stellar atmosphere, assuming local thermodynamic equilibrium (LTE). MOOG has

several driver functions for different modes of operation; in this work the abfind driver

is used. MOOG’s abfind driver uses a curve-of-growth analysis to derive an elemental

abundance corresponding to input data given for each spectral line.

MOOG requires a stellar atmosphere model as input; for this work the updated

ATLAS 9 1-d parallel plane stellar atmosphere models were used (based on work of

Kurucz (1993)). ATLAS 9 models the stellar atmosphere as a series of 72 layers,

each with its own temperature and pressure, with the assumption of LTE held within

each layer. Radiative processes, including line absorption, are then solved by MOOG

through each of these layers as photons escape through the stellar atmosphere.
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Several stellar parameters must be set for each atmosphere model: Effective tem-

perature Teff , Surface Gravity Log(g), Metallicity [Fe/H], and Microturbulent Ve-

locity (ξ). Determining these parameters for each star is an important step in the

abundance analysis. One well-known method, known as an Ionization/Excitation bal-

ance, uses many line measurements of a single element, in multiple ionization states,

to determine these stellar parameters directly from the same data used for abundance

analysis. Iron is the typical element choice, due to the vast number of Fe I and Fe II

lines occurring in the visible spectrum.

The ionization/excitation balance is an iterative process based on altering the stel-

lar atmosphere parameters until each measured iron line derives a similar abundance.

Specifically, there should be no correlation between derived Fe abundance and any

spectral line property (ionization state, excitation potential, or reduced equivalent

width). Minimizing these correlations indicates that the chosen atmosphere model is

self-consistent with the observed spectrum (Bubar and King, 2010).

The absorption due to a specific transition at a given temperature is connected to

the excitation potential (EP) of the transition; therefore any trend between EP and

derived abundance indicates an inaccurate temperature. The microturbulent velocity

represents differing velocities of gas parcels on a star’s surface. This velocity difference

contributes to a widening of spectral features, and is therefore related to line’s reduced

equivalent width (rEW = log(EW/λ)). Therefore, a self-consistent microturbulent

velocity will result in no correlation between derived abundance and rEW. Finally,

lines of different ionization states will have different pressure sensitivities, allowing

stellar surface gravity to be determined by matching overall derived abundances of

iron between both ionization states.

To determine appropriate stellar parameters, MOOG was used to calculate abun-

dances and correlations for all measured Fe I and Fe II lines in a spectrum. As a first

26



estimation, stellar parameters from other literature studies (or from a star’s spec-

tral type) were used. The stellar parameters of the atmosphere model (Teff , Log(g),

[Fe/H], and (ξ)) were then gradually altered, in order to reduce correlations as much

as possible. As this was done, the linelist was periodically checked and edited to

remove outlying Fe lines, which could impede the convergence process. Any Fe line

yielding an abundance differing from the average by greater than 0.5 in Log(N) was

removed from the analysis. This typically corresponded to 1 to 1.5 σL (standard

deviations of derived abundances from all Fe lines).

2.1.6 Stellar Parameters from literature

For comparison and validation, stellar parameters reported in the literature were

also obtained for our stellar sample (as given in Table 2.4). When possible, sources

that derived parameters using a similar method (Iron ionization/excitation balance)

were used.

Table 2.4: Stellar parameters for target stars as reported by other studies

Star Temperature Log(g) ξ [Fe/H] Source

16 Cyg A 5780 4.35 0.85 0.09 Heiter and Luck (2003)

16 Cyg B 5800 4.4 0.95 0.06 Heiter and Luck (2003)

HD 109749 A 5899 4.31 1.13 0.32 Sousa et al. (2006)

HD 109749 B - - - - (no published parameters)

HD 195019 A 5830 4.3 1.05 0.05 Heiter and Luck (2003)

HD 195019 B - 4.63 - - Takeda et al. (2007)

83 Leo A 5650 4.45 1 0.40 Heiter and Luck (2003)

83 Leo B 5250 4.60 1.2 0.36 Heiter and Luck (2003)
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2.1.7 Uncertainty Analysis

The derived abundances are affected by three sources of uncertainty: uncertainty

in the measured EW of individual lines, uncertainty in the derived stellar parameters

(σT , σSG, σξ), and a spread of the abundances derived from several lines for a given

element (σµ). Uncertainty in the measured EW from each individual line is not signif-

icant compared to the other two sources, and is not addressed here. The errors from

each source arise independently, so the full uncertainty is given by the components

added in quadrature:

σTotal =
√
σ2
T + σ2

SG + σ2
ξ + σ2

µ

The derived abundance values are sensitive to the choices of adopted stellar pa-

rameters, so uncertainties in these inputs will carry through to the abundance results.

The uncertainty in values chosen for each stellar parameter will contribute a term to

the overall uncertainty in derived abundance. The abundance uncertainties depend

on the specific lines used, as well as the given EW measurements for each line, and

therefore must be calculated for each element in each star separately. All elemental

abundances were re-derived (with the same input linelist) using high and low values

for each parameter, while keeping the other parameters set to the nominal value. The

parameter deviations used were: ±150K in Teff , ±0.25 in Log(g), and ±0.30km/s

in ξ. These values are a good representation of the uncertainty encountered in this

study in deriving stellar parameters using the Fe excitation balance method, and are

also the same values used as parameter uncertainties in similar works (Schuler et al.,

2011b).
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Half of difference in derived Log(N) for a given element between upper and lower

stellar parameter inputs is taken as the uncertainty due to that parameter. For

example, the uncertainty in Magnesium abundance due to temperature ([Mg/H]σT )

is calculated as follows:

[Mg/H]σT =
[Mg/H]T=T0+150 − [Mg/H]T=T0−150

2

In this case, T0 is the accepted temperature value. This process gives an uncertainty

for each derived elemental abundance, and is repeated in the same fashion to generate

uncertainty values for each parameter.

When using the abfind driver, MOOG derives an elemental abundance from each

individual spectral line. For elements with more than one measured line, the overall

elemental abundance is the averaged abundance from all lines. The standard deviation

of line-derived abundances (σL) contributes to the intrinsic uncertainty present for

multi-line elements (with N measured lines):

σµ =
σL√
N

The σµ uncertainty can be reduced by including many (reliably-measured) lines in

the analysis.

Due to properties of the specific absorption lines, derived abundances of some el-

ements are more sensitive to variations in each stellar parameter than others. Given

the deviations used in this error analysis, the largest contribution to parameter uncer-

tainty for most elements comes from σT . The elements with the highest temperature

sensitivities are O, Ti I, V, Mn, Sr, and Mo. Elements derived using absorption

features of partially ionized atoms have higher sensitivities to changes in Log(g), par-

ticularly Ti II, Nd II, Eu II, Ce II, and Sc II. Changes in microturbulent velocity

29



most strongly affected the abundances of Sr, Y II, and Ba II. Some elements, Si in

particular, were found to be relatively insensitive to changes in all stellar parameters.

2.1.8 Abundance conventions

Elemental Abundance values represent the relative number density of atoms of

a given element found in a star’s photosphere. There are two conventions used to

quantify this abundance: Log(N) and [m/H]. Log(N) is simply the (base-10) loga-

rithm of the number density of atoms, normalized to the defining value of Hydrogen

as Log(NH) ≡ 12. These values are often compared to solar abundances, denoted

by the bracket notation [Fe/H] (using iron here as the example). In this work, the

internal MOOG solar values are used for comparison, which come from Anders and

Grevesse (1989).

[Fe/H] = Log10

(
NFe

NH

)
?

− Log10
(
NFe

NH

)
�
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2.2 Derived Abundances for each system

Shown in the tables below are the adopted stellar parameters and resulting com-

positions (with uncertainties) for each stellar system. Abundances [m/H] are given

relative to solar values. Identical linelists were used between stars in a given system,

but not necessarily between all systems (due to differences in spectral coverage).

2.2.1 16 Cyg

Table 2.5: Abundances for 16 Cyg

16 Cyg A 16 Cyg B

Temp 5898 5883

Log(g) 4.76 4.77

[Fe/H] 0.06 0.116

microturb. 2.74 2.12

Element [m/H] error [m/H] error

C -0.05 0.15 -0.08 0.12

O -0.12 0.15 -0.11 0.13

Na -0.06 0.10 0.01 0.10

Mg 0.18 0.08 0.05 0.11

Al 0.11 0.08 0.17 0.08

Si -0.06 0.11 0.08 0.06

S 0.31 0.17 0.28 0.23

K -0.20 0.16 0.10 0.17

Ca -0.07 0.15 0.05 0.14

Sc II 0.26 0.11 0.24 0.14

31



Ti I 0.10 0.17 0.15 0.17

Ti II 0.19 0.10 0.25 0.10

V -0.01 0.20 0.22 0.25

Cr 0.01 0.19 0.23 0.18

Mn 0.22 0.23 0.47 0.28

Fe I 0.05 0.09 0.12 0.10

Fe II 0.04 0.13 0.16 0.15

Ni 0.02 0.10 0.12 0.10

Cu -0.06 0.16 -0.05 0.14

Zn -0.19 0.21 -0.32 0.08

Y II -0.03 0.12 -0.01 0.29

Ba II -0.13 0.30 0.06 0.24

Ce II 0.12 0.12 0.18 0.13

Nd II 0.49 0.11 0.53 0.11

Eu II 0.31 0.11 0.41 0.10

16 Cyg, being a long-known bright, binary, planet-hosting system, has been

the target of multiple detailed composition studies including both A and B com-

ponents:Gonzalez (1998) (15 elements), Schuler et al. (2011a) (15 elements), and

Ramı́rez et al. (2011) (24 elements). In this analysis, 28 elements were measured for

16 Cyg A, and 29 for 16 Cyg B. The oxygen abundance in 16 Cyg B was calculated

using both the 6363Å line and the infrared triplet; in the A component the 6363Å

line could not be measured due to a gap in spectral coverage.

Stellar parameters for 16 Cyg A and B have been previously reported by Schuler

et al. (2011a) (Teff = 5796, 5753, Log(g) = 4.38, 4.40, [Fe/H] = 0.07, 0.05, ξ =

1.45, 1.35) and Heiter and Luck (2003) (Teff = 5780, 5800, Log(g) = 4.35, 4.4, [Fe/H] =
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Figure 2.5: Elemental abundances of 16 Cyg A and B (Host)

0.09, 0.06, ξ = 0.85, 0.95). Compared to the parameters used by Schuler et al. (2011a),

I find each component of 16 Cyg to be slightly hotter, with effective temperatures

higher by 100-130 K. This small difference falls within my estimated uncertainty.

However, the Log(g) values (above 4.7) and ξ values (above 2.2) are significantly

higher than used in other studies. In the case of the surface gravity, these values

were used because they resulted in the best balance the Fe I and Fe II abundances,

however these values are unphysically high.

I find the 16 Cyg system to be sub-solar in Carbon and Oxygen in this analysis,

a result which is not consistent with other studies. Zn is also found to be notably

sub-solar. Most elements are found to match well with other studies, with differences

typically less than .10 dex, meaning that my results fall within reported errors in

both studies for most elements. Nd and Eu are found to be notably enhanced in

both components, above .3 dex from solar values. In general, these results are con-

sistent with the 16 Cyg system having two very chemically similar components, with

compositions very similar to our sun.
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2.2.2 83 Leo

Table 2.6: Abundances for 83 Leo

83 Leo A 83 Leo B

Temp 5700 5700

Log(g) 4.5 4.55

[Fe/H] 0.35 0.32

microturb. 1.4 1.0

Element A dex error B dex Error

C -0.04 0.20 -0.20 0.16

O -0.12 0.18 -0.71 0.25

Na 0.37 0.13 1.19 0.38

Mg 0.42 0.18 0.73 0.16

Al 0.47 0.09 0.85 0.10

Si 0.32 0.13 0.16 0.08

S 0.58 0.48 -0.01 0.63

K 0.45 0.18 0.95 0.19

Ca 0.52 0.22 0.93 0.22

Sc II 0.51 0.14 0.72 0.34

Ti I 0.49 0.19 1.22 0.21

Ti II 0.17 0.11

V 0.69 0.20 1.66 0.27

Cr 0.43 0.19 0.99 0.23

Cr II 1.19 0.35 1.25 0.45

Mn 1.46 0.33 1.58 0.29
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Fe I 0.34 0.12 -0.05 0.10

Fe II 0.14 0.15 0.14 0.13

Co 0.02 0.07 0.39 0.37

Ni 0.50 0.12 0.57 0.13

Cu 0.64 0.25 0.91 0.27

Zn 0.21 0.21 0.24 0.19

Sr 0.14 0.23 1.09 0.23

Y II 0.36 0.29 0.23 0.28

Zr II 0.21 0.11 0.00 0.11

Mo 0.09 0.15 1.16 0.21

Ba II 0.49 0.25 0.74 0.19

Ce II 0.41 0.12 0.63 0.20

Nd II 0.52 0.12 0.83 0.18

Eu II 0.17 0.11 0.22 0.11

Figure 2.6: Elemental abundances of 83 Leo A and B (Host)
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Surprisingly, despite being a long-known planet hosting binary system, 83 Leo

has not been the target of any detailed differential composition studies including both

components. 83 Leo A (HD 99491) itself has had several detailed composition studies,

namely Feltzing and Gonzalez (2001) (12 elements), and Takeda (2007)(15 elements).

83 Leo B (HD 99492), with at least 2 known planets, has been analyzed only in terms

of single-element studies, including Iron (Heiter and Luck, 2003), Oxygen (Ecuvillon

et al., 2006b), Beryllium (Gálvez-Ortiz et al., 2011), and Lithium (Favata et al., 1996).

The study by Heiter and Luck (2003) reported the stellar parameters for 83 Leo A

and B as: Teff = 5620, 5250, Log(g) = 4.45, 4.60, [Fe/H] = 0.40, 0.36, ξ = 1.0, 1.2. In

this study, the excitation balance produced best-fit temperatures of 5700 K for both

components of 83 Leo, which is hotter than is found in other studies (and much hotter

than the stars’ spectral types). 83 Leo B is found to have a higher surface gravity,

consistent with its type as a main sequence star (versus the subgiant A component),

although Heiter and Luck (2003) finds a larger difference in surface gravity between

the two components. Contrary to Heiter and Luck (2003), I find Leo A to have the

higher microturbulent velocity of the pair.

Consistent with their known status as super-metal rich stars, I find both A and

B components in 83 Leo to be enriched (compared to the sun) in every element

measured, with the exception of Oxygen. Abundances of Ca, Cr, Mn, and Ni for

83 Leo A are found to be significantly higher than those reported by Feltzing and

Gonzalez (2001) or Takeda (2007), although Co is found to be lower. Similar to the

A component, derived abundances in the B component for Cr and Mn are very high.

Na, V, and Ti are also found to have a very high abundance in 83 Leo B.

Both components in 83 Leo were found to have a sub-solar oxygen abundance,

with the B component being especially depleted. The oxygen abundance for 83 Leo A

was derived using the infrared triplet and the 6155 Å line. Individual line results were
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inspected for 83 Leo B, and the contribution from the 7771 Å line (known to be the

most effected by non-LTE effects) was found to be much lower than the other triplet

lines, and was rejected from the average. Even after this rejection, the remaining O

lines (6363, 7774, and 7775 Å) yield an [O/H] value of -0.71 ± 0.25. This is over

0.7 dex lower than the more thorough, NLTE treatment by Ecuvillon et al. (2006b)

([O/H] = 0.01± 0.08).

2.2.3 HD 109749

Table 2.7: Abundances for HD 109749

HD 109749 A HD 109749 B

Temp 5899 5175

Log(g) 4.31 4.1

[Fe/H] 0.32 0.1

microturb. 1.13 1.1

Element A dex error B dex Error

C 0.09 0.14 0.39 0.21

N -0.03 0.14

O 0.09 0.16 0.54 0.56

Na 0.4 0.10 -0.11 0.12

Mg 0.14 0.21 0.05 0.13

Al 0.3 0.08

Si 0.41 0.11 0.3 0.07

S 0.5 0.32

K 0.51 0.17

Ca 0.27 0.15 -0.37 0.21
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Sc II 0.61 0.22 0.57 0.39

Ti I 0.29 0.17 -0.46 0.21

Ti II 0.14 0.11

V 0.35 0.17 -0.48 0.31

Cr 0.57 0.17 0.1 0.21

Cr II 1.07 0.47 1.51 0.42

Mn 1.18 0.27 0.05 0.34

Fe I 0.32 0.14 -0.09 0.10

Fe II 0.32 0.21 0.48 0.18

Co 0.66 0.41 0.22 0.49

Ni 0.46 0.13 0.21 0.11

Cu 1.05 0.36 0.23 0.23

Zn 0.34 0.09 0.38 0.20

Sr -0.04 0.19 -0.89 0.22

Y II 0.76 0.27 0.74 0.38

Zr II 0.35 0.11 0.92 0.15

Mo 0.2 0.15 -0.5 0.17

Ba II 0.54 0.19 0.24 0.20

Ce II 0.11 0.15 -0.1 0.12

Nd II 1.21 0.18 0.32 0.37

Eu II 0.08 0.11

The planet-hosting HD 109749A has been the target of spectroscopic studies by

Sousa et al. (2006) for stellar parameters and [Fe/H] = +0.32), and Petigura and

Marcy (2011) for the C/O ratio. In addition to carbon ([C/H] = +0.28) and oxygen

([O/H] = -0.02) abundances, Petigura and Marcy (2011) also report values for nickel
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Figure 2.7: Elemental abundances of HD 109749 A (Host) and B

abundance ([Ni/H] = +0.38), which are a by-product of their O abundance calcula-

tions. No published literature references could be found regarding abundances of the

B component. Oxygen abundance was derived using the 6155, 7771, 7774, and 7775

Å lines for HD 109749 A, and the 6155 and 6363 Å lines for HD 109749 B (in both

cases due to available spectral coverage).

Previously published stellar parameters for HD 109749A from Sousa et al. (2006)

(Teff = 5899, Log(g) = 4.31, [Fe/H] = 0.32, ξ = 1.13) were found to satisfy the

excitation/ionization balance, and were adopted for this study. The B component was

found to have a higher temperature (5175), and lower surface gravity (Log(g) = 4.10)

than expected for a main-sequence K5V star.

In this work, HD 109749A is found to have lower carbon and higher oxygen values

than previously reported: [C/H] = +0.09 and [O/H] = +0.09. The A component is

found to be super-solar in most elements, particularly for the cases of Cr, Mn, and

Cu. The B component is found to be significantly depleted relative to solar in Ca,

Ti, V, Sr, and Mo, but to have an Fe abundance near solar.
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2.2.4 HD 195019

None of the available datasets for HD 195019 on KOA included full spectral cov-

erage with all three HIRES CCDs. The data used here covered only CCDs 1 and 3,

corresponding to 3682 - 4875 Å, and 6544 - 7970 Å, with a gap between. For this

reason, fewer lines could be measured, allowing for a total of 50 measured lines. Due

to the smaller number of lines, it was feasible to use SPLOT to measure each line

manually.

Table 2.8: Abundances for HD 195019

HO 131 A HO 131 B

Temp 6000 5585

Log(g) 4.75 4.7

[Fe/H] 0.05 0

microturb. 2.4 3.05

Element A dex error B dex Error

C -0.02 0.14 0.27 0.18

N 0.24 0.14 0.60 0.17

O -0.19 0.15 0.21 0.19

Mg 0.15 0.08 -0.17 0.08

Al 0.14 0.08 -0.02 0.10

Si -0.17 0.02 -0.26 0.04

S 0.14 0.11 0.44 0.14

K 0.04 0.16 -0.17 0.17

Ca 0.11 0.16 -0.31 0.17

Sc II 0.32 0.11 0.25 0.11
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Ti I 0.16 0.14 -0.99 0.15

Ti II 0.14 0.11 0.14 0.11

Fe I 0.14 0.10 -0.09 0.08

Fe II -0.19 0.11 0.31 0.15

Ni -0.08 0.14 -0.34 0.16

Zn -0.36 0.08 -0.45 0.08

Sr -0.39 0.14 -0.78 0.16

Y II -0.46 0.11 -0.58 0.11

Ce II 0.19 0.11 0.17 0.14

Eu II 0.05 0.11 0.55 0.11

Figure 2.8: Elemental abundances of HD 195019 A (Host) and B

Several studies have investigated the chemical composition of planet-host HD

195019 A, however there have been no detailed studies of the B component com-

position beyond Log(g). Component A has been studied by Delgado Mena et al.

(2010) (6 elements important for terrestrial mineralogy), Petigura and Marcy (2011)

(Fe, C, O, and Ni), Schuler et al. (2011b) (15 elements), and Brugamyer et al. (2011)
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(Si, O, and Fe). Oxygen abundance was derived for both components using only the

infrared triplet.

Heiter and Luck (2003) report the stellar parameters of HD 195019 A to be

(Teff = 5830, Log(g) = 4.3, [Fe/H] = 0.05, ξ = 1.05). I find the surface gravity

to be significantly higher (Log(g) = 4.75), and the temperature (6000 K) and mi-

croturbulence (2.40) to be slightly higher. Takeda (2007) report the surface gravity

of HD 195019 B to be 4.63. I find the B component to have slightly higher surface

gravity, and a very high temperature and microturbulent velocity (considering its

spectral type K3V).

Compared to other systems in this sample, the chemical abundances derived from

HD195019 fall within smaller uncertainty values. This may be due in part to the

virtue of measuring each line by hand in splot, reducing the number of mis-measured

or incorrectly identified lines. For HD 195019 A, we find N, S, and Sc, to be more

plentiful than reported by Schuler et al. (2011b), yet also find Si and Zn to be less

abundant. Both components are found to have overall [Fe/H] near solar.

2.2.5 Effect of Stellar Parameter selection

As compared to other studies in the literature, this work differs in the linelist,

the individual line measurements, and the adopted stellar parameters. Each of these

factors contributes to the difference of derived abundances between this and other

studies. To compare these factors, the effect of stellar parameter choice was investi-

gated in particular. In other words, how much of the differences between studies can

be attributed to the differences in adopted stellar parameters? To address this, the

abundances of several stars were re-calculated, assuming the same stellar parameters

used by other studies (Schuler et al. (2011a), Schuler et al. (2011b)) instead of the

stellar parameters resulting from the ionization/excitation balance. For these calcu-
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lations, the input data (including linelists and measured EWs) were the same as used

for the abundance calculations elsewhere in this work. These re-derived abundances

(with literature stellar parameters), the abundances from the corresponding studies,

as well as abundances from this work, are shown in Figures 2.9 and 2.10.

Figure 2.9: Elemental Abundances in 16 Cyg A, using stellar parameters from this
work (Teff = 5898, Log(g) = 4.76, [Fe/H] = 0.06, ξ = 2.74), as well as those from
Schuler et al. (2011a) (Teff = 5796, Log(g) = 4.38, [Fe/H] = 0.07, ξ = 1.45)

Adopting stellar parameters from Schuler et al. (2011a) yields derived abundances

closer to the results of that study for about half of the 16 elements analyzed in both

studies. The remaining elements show either negligible change or deviation away from

the results of Schuler et al. (2011a). For some elements (K, Mg, Mn, Cu, Ba, Ce,

Eu, Nd), the literature parameters yield abundances outside the error bars of this

study. These results show that the selection of stellar parameters, while responsible

for some of the discrepancies between this study and previous results, cannot account

for differences in all elements.
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Figure 2.10: Elemental Abundances in 16 Cyg B, using stellar parameters from this
work (Teff = 5883, Log(g) = 4.77, [Fe/H] = 0.116, ξ = 2.12), and from Schuler et al.
(2011a) (Teff = 5753, Log(g) = 4.40, [Fe/H] = 0.05, ξ = 1.35)

2.2.6 Outlying Abundances

Some elements are found to have very high (or low) abundances across many stars

in our sample. This may reflect consistent errors in the methodology (an example

being the outliers in Figure 2.3, most of which are likely due to mis-measurements

by ARES), rather than true anomalies in the chemical compositions. Sulfur is found

to have high abundances in most of the studied stars, but frequently with high line

uncertainties as well (σµ). This could indicate that a single line (out of the 3 or 4

typically measured) is contributing to an anomalously high abundance. In many of

the stars, Chromium could be measured in multiple ionization states, with neutral

(Cr I) and singly ionized (Cr II) states having measurable absorption lines. While

these two ionization states should ideally derive the same elemental abundance, the

derived Cr II abundances are discrepantly high in many of the target stars. In cases

with multiple Cr II lines, (σµ) is typically very high.
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Some of the rare-earth elements measured in this study (La, Nd, and Hf in partic-

ular) are seen in extreme abundance in several stars. In some cases, these elemental

abundances are found to differ from solar values by over 1.0 dex, representing a sig-

nificant enrichment. In most cases, these elemental abundances are derived from a

single line measurement, meaning that a single mismeasured line could lead to an

erroneous abundance derivation. Furthermore, in the case of elements with only one

line measured, no σµ was included in the uncertainty estimates, resulting in generally

lower uncertainties than multi-line elements.
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Chapter 3

CONCLUSION

In this chapter, I interpret and discuss the chemical compositions previously derived:

8 stars (occurring as two components of 4 binary systems), have been analyzed for a

suite of between 18 and 28 elements, depending on available spectral coverage. Each

binary system in this study has one component with at least one known exoplanet.

First, I discuss the differential composition of each binary system - how does each

star compare to its binary companion, in terms of elemental abundances? Do any

compositional patterns exist between hosts vs. non-hosts across multiple systems?

Also, I address some properties of the planetary systems that can be connected to

stellar composition, including preliminary measurements of system-wide C/O and

Mg/Si ratios. Also, the implications of system composition are discussed in terms of

possible planet formation, by analyzing trends of elemental abundance vs. elemental

condensation temperature.

3.1 Differential Comparisons

One of the motivations of this work is to analyze the differential composition of

these binary systems - that is, how do the stars within each multiple system vary

chemically with respect to each other? Presumably, both stars formed out of the

same nebular material, meaning their initial compositions should be nearly identical.

Therefore, any significant observed differences in composition should be due to planet

formation or other subsequent events (such as the re-accretion of planetary material).
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Table 3.1 and Fig. 3.1 show the differential abundances for each system. Only

elements with measurements in both stars could be compared. The values have all

been calculated with respect to planet-hosting status as follows:

∆x = Log(Nx)Host − Log(Nx)Non−host

The uncertainty in differential abundance for a given element is simply the sum of

uncertainties from the abundance of each star.

Table 3.1: Differential Abundances

16 Cyg 83 Leo HD 109749 HD 195019

Element B-A error B-A error A-B error A-B error

C -0.03 0.28 -0.16 0.36 -0.3 0.35 -0.29 0.32

N -0.36 0.32

O 0.01 0.28 -0.59 0.43 -0.45 0.73 -0.4 0.34

Na 0.07 0.20 0.82 0.51 0.51 0.22

Mg -0.13 0.19 0.31 0.34 0.09 0.35 0.32 0.16

Al 0.06 0.16 0.38 0.19 0.16 0.19

Si 0.14 0.17 -0.16 0.20 0.11 0.18 0.09 0.06

S -0.03 0.41 -0.59 1.11 -0.3 0.25

K 0.30 0.33 0.5 0.37 0.21 0.33

Ca 0.12 0.29 0.41 0.44 0.64 0.36 0.42 0.33

Sc II -0.02 0.24 0.21 0.48 0.04 0.61 0.07 0.21

Ti I 0.05 0.34 0.73 0.40 0.75 0.38 1.15 0.29

Ti II 0.06 0.20 0 0.22

V 0.23 0.45 0.97 0.47 0.83 0.48

Cr I 0.22 0.36 0.56 0.42 0.47 0.38
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Cr II 0.06 0.80 -0.44 0.89

Mn 0.25 0.51 0.12 0.62 1.13 0.61

Fe I 0.07 0.19 -0.39 0.22 0.41 0.25 0.23 0.17

Fe II 0.12 0.28 0 0.28 -0.16 0.40 -0.5 0.26

Co 0.37 0.45 0.44 0.91

Ni 0.10 0.20 0.07 0.25 0.25 0.24 0.26 0.30

Cu 0.01 0.30 0.27 0.52 0.82 0.59

Zn -0.13 0.29 0.03 0.40 -0.04 0.29 0.09 0.16

Sr 0.95 0.46 0.85 0.41 0.39 0.30

Y II 0.02 0.41 -0.13 0.57 0.02 0.65 0.12 0.22

Zr II -0.21 0.22 -0.57 0.26

Mo 1.07 0.36 0.7 0.32

Ba II 0.19 0.54 0.25 0.44 0.3 0.39

La -0.22 0.48

Ce II 0.06 0.25 0.22 0.31 0.21 0.27 0.02 0.25

Nd II 0.04 0.22 0.31 0.30 0.89 0.55

Eu II 0.10 0.21 0.05 0.22 -0.5 0.22

The overall chemical differences between binary components display a range of

traits in the 4 systems studied here. 16 Cyg, in which both components have very

similar spectral types (G3V and G1.5V), shows only minor chemical differences be-

tween the two components. The most disparate elements in 16 Cyg are K, V, Cr, and

Mn, all having 0.2 < ∆x ≤ 0.3, meaning that even these elements have overlapping

error bars. This agrees with other studies (Schuler et al., 2011a), which have shown

the two components to be nearly chemically identical (with the exception of Li).

The chemical differences in the other systems are much more pronounced. 83
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Figure 3.1: Differential compositions for each binary system

Leo B is deficient compared to its binary companion in O, but enriched (beyond

uncertainty) in Na, Al, K, Ti, V, Sr, and Mo.

The HD 109749 shows the biggest overall difference between stars, with the planet-

hosting A component is found to be statistically enriched relative to its companion

in many elements: Na, Ca, Ti, V, Mn, Cu, Sr, Mo, and Nd. Zr is the only element

found to be more abundant in HD 109749 B (beyond the abundance uncertainties).

The HD 195019 systems shows the A component to have a severe overabundance

in Ti I, but this is likely a result of a very low Ti I measurement in the B component.

Furthermore, the two stars are found to have quite similar Ti II abundances, arguing

against any true difference in abundances. The Iron abundances also show discrepant

patterns for ionization states, arguing against any real difference. N, O, and S are

seen in higher proportions in the B component, while the A component has greater

Mg, Ca and Sr.
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Some elements show similar behavior between components across several binary

systems. The elements C, N, O, S, and Zr are relatively depleted in most of the

planet-host companions, although O, N, and Zr are the only elements in which this

trend is beyond the combined elemental uncertainties. Elements found in notably

greater abundance in the planet-hosting components (across multiple systems) include

Na, Ca, V, and Mo. Strontium had the strongest result: in the 3 systems having

measurable Sr lines, all planet hosts had Sr abundances far above (∆[Sr] & 0.4) their

non-host companions.

Several published studies seek to find correlations of individual element abundance

to planet existence. Some studies, such as Beirão et al. (2005) and Gilli et al. (2006),

find that planet hosts are also statistically enriched in other heavy elements (such

as Al, Mg, Na, and others) in addition to Fe, but that these enrichments do not

significantly deviate from what would be expected from galactic chemical evolution

models for increasing metallicity.

Above what is accounted for by galactic chemical evolution, V and Mn were found

in enriched abundances among planet-hosting stars by Bodaghee et al. (2003). Kang

et al. (2011) also find Manganese abundance to be statistically higher in planet hosting

stars, as compared to a non-host control sample. In the 3 binary pairs of this study

that Mn was measured in, only HD109749 shows a notable Mn enrichment in the host

star.

Silicon, as one of the most important rock-forming elements, has been studied

with respect to planet occurrence by several groups. Robinson et al. (2006) report

enrichment in Si and Ni for planet-hosting stars, both of which are explained by their

core-accretion simulations. Brugamyer et al. (2011) look for trends in Si and O with

respect to planet existence, and find a 99% probability that the planet detection rate

depends on the Si abundance of a host star, even after after accounting for [Fe/H].
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This is interpreted to mean that silicate grain nucleation is a critical step in the core-

accretion process. In our 4 star systems, both host and non-host stars show silicon

abundances very similar to their companions.

3.2 Trends with Condensation Temperature

The details of mineral condensation from a protoplanetary disc is a deep topic

with many well-established references, including Lodders (2003), Ebel and Grossman

(2000), and Ebel (2006). In summary, during the star formation process, a fraction of

material is incorporated into a protoplanetary disc surrounding the star. The material

in this disc is able to cool and gradually solidifies into solid mineral grains. Some ele-

ments (H and noble gasses) never solidify, existing as a gas and either being absorbed

into a planetary or stellar atmosphere, or dissipating into the interstellar medium.

Volatile elements are only able to condense in low-temperature environments, result-

ing in different types of ices. Refractory elements (including most metals) condense

earlier from the protoplanetary disc, at high temperatures. The condensation tem-

perature of an element, TC , is the temperature below which an element in a gaseous

state (in the protoplanetary disc) will condense into an initial mineral state.

The core-accretion model of planetary formation supports the observed planet-

metallicity correlation by surmising that systems which are initially metal-rich will

experience enhanced planet formation. In this case, the enhanced metallicity observed

in planet-hosts is a primordial signature of the planet-forming environment.

Self-enrichment (as initially suggested by Gonzalez (1997)) provides an alterna-

tive, second-order effect which could also explain (or contribute to) this enhanced

metallicity. In this scenario, a star could accrete volatile-depleted material from its

protoplanetary disc, causing the photosphere to become enriched in high TC elements.

However, studies by Smith et al. (2001) and Ecuvillon et al. (2006a), despite finding
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some stars with positive abundance trends in TC , found no overall difference in TC

trends between planet-hosts and non planet-hosts.

Beyond a star simply having or lacking planets, the type of planetary system may

have a detectable effect on self-enrichment trends. Meléndez et al. (2009) found the

sun to be depleted in refractory (TC < 900K) elements, as compared to 11 solar-

twin stars. Ramı́rez et al. (2009) also found that most solar twins ( 85%) in a larger

sample (64) were enhanced in more refractory elements as compared to the sun. One

possible explanation for this is that the sun could not re-accrete as much refractory

material from the protoplanetary disc, for it was locked up in the terrestrial planets.

In this way, the “unusual” abundance pattern (deficiency of refractory elements) seen

in the sun could be a sign of terrestrial planet existence. The ”non-host” binary

components in this study are not currently known to have any short-period giant

planets, but smaller and more distant planets cannot be ruled out. Furthermore, true

terrestrial planets would be beyond the current RV sensitivity for all components in

this study, encouraging methods to infer such information indirectly.

Gonzalez et al. (2010) studied TC trends in a wider range of stellar types (extending

beyond solar-twins), and confirmed that stars with (giant) planets have more negative

TC trends than a sample without known planets. This negative trend was also found to

be more pronounced in higher metallicity ([Fe/H] > 0.1) stars with planets. Ramı́rez

et al. (2010) also confirm that a negative trend of abundance vs. TC for refractory

elements is a likely signature of terrestrial planets, using abundance results from six

separate studies.

Schuler et al. (2011b) derived higher-precision abundances for a sample of stars

with known giant planets and positive overall trends in [m/H] vs TC , therefore being

likely candidates for self-enrichment. While they confirm the overall positive [m/H]

vs TC trends in all stars, when only accounting for refractory elements, both positive
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and negative trends in [m/H] vs TC are observed. All stars with positive trends within

refractory elements also possessed hot jupiters, supporting the idea that any terrestrial

planets were previously accreted during inward Type 1 planetary migration (Ida and

Lin, 2008). Stars with negative slopes were found to have planets with wider orbits,

consistent with the idea that less planetary migration resulted in less self-enrichment

of refractory elements.

In a similar fashion to previous studies, I compare the derived abundances in

each system to the condensation temperatures of those elements. The condensation

temperatures used (seen here as Table 3.2) are taken from the 50% condensation

temperatures in a solar-system composition gas, as given by Table 8 of Lodders (2003)

(these are the same values of TC used by Schuler et al. (2011b) in their analysis). These

values refer to a temperature at which 50% of an elemental species has condensed

into solid condensate material, and 50% of the element is still in a vapor phase.

Table 3.2: Elemental condensation temperatures

Element 50% TC

C 40

N 123

O 180

Na 958

Mg 1336

Al 1653

Si 1310

S 664

K 1006

Ca 1517
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Sc 1659

Ti 1582

V 1429

Cr 1296

Mn 1158

Fe 1334

Co 1352

Ni 1353

Cu 1037

Zn 726

Sr 1464

Y 1659

Zr 1741

Mo 1590

Ba 1455

La 1578

Ce 1478

Nd 1602

Eu 1356

Hf 1684

In the following section, graphs display the abundance relative to solar vs TC for

each system. Two best-fit lines are calculated for each stellar data set: one using all

elements, and another using only refractory (TC > 900K) elements. The calculated

linear functions for each relation are shown on the graphs, with the trendline slopes

in units of dex K−1.
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Figure 3.2: Abundances of 16 Cyg as a function of Condensation Temperature
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Both components of 16 Cyg show a moderately positive slope in abundance vs

TC . This matches well with the overall result first reported by Schuler et al. (2011a),

however the slopes here (16 and 33 ×10−5 dex K−1, including all elements) are found

to be greater than that study reported (∼ 5×10−5 dex K−1) . Positive slopes in both

systems indicate the likely lack of terrestrial planets, according to the arguments of

Ramı́rez et al. (2010).

In the case of 16 Cyg B, a lack of terrestrial planets is in agreement with the high

eccentricity and relatively close orbit of 16 Cyg Bb. A giant planet on an eccentric

orbit would cause the orbits of small interior planets to by dynamically unstable.

Terrestrial material forming interior to Bb would have been scattered and destroyed.

Both components of 83 Leo show high abundances of refractory elements, and

solar to sub-solar abundances of volatile elements, giving them positive overall trends

in abundance vs. TC . The very positive slopes seen in these stars can be partially ex-

plained by their high overall metallicity. Galactic chemical evolution results in higher

metallicity stars having lower [O/Fe] ratios (Ramı́rez et al., 2007), which increases

the overall slopes seen in abundance vs. TC .

Accounting for only refractory elements, both components show negative TC

trends of similar magnitude. This depletion of high TC elements may indicate that

refractory material in this system was able to efficiently condense into dust (and

later planets, where it remains sequestered), without being reaccreted onto the par-

ent star. In the case of 83 Leo B, this material may be held in the cores of the two

known sub-Jovian size planets, and perhaps in hitherto undiscovered smaller rocky

planets.

Due to a low abundance of volatile elements, HD 109749 A has a positive over-

all trend of abundance vs. TC trend. However, when accounting for only refractory

elements, the trend of abundance vs. TC becomes negative. This deficiency of the
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Figure 3.3: Abundances of 83 Leo as a function of Condensation Temperature
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Figure 3.4: Abundances of HD 109749 as a function of Condensation Temperature
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Figure 3.5: Abundances of HD 195019 as a function of Condensation Temperature

most refractory elements may indicate that the high TC material is held in a plan-

etary system. The B component shows a slight negative overall TC trend, and a

slight positive TC trend for refractory elements, however the large spread between

abundances of individual elements precludes any strong conclusions about potential

planetary systems.

HD 195019A shows a small Tc trend with an overall slope of 3×10−5dexK−1 for all
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elements, and a slightly larger 10 ×10−5dexK−1 for only refractory elements. These

values are in good agreement with those found by Schuler et al. (2011b), who report a

refractory slope of 9.07 ×10−5dexK−1 and give a similar self-enrichment explanation:

given the fact that this star is host to a 3.7 Mj Hot-Jupiter planet at .14 AU, the

slight enhancement in TC elements may be due to inward planetary migration of

early-formed refractory planetesimals and their subsequent accretion onto the star.

HD 195019B is found in both cases to have negative trends in TC vs Abundance.

In other systems, this has been hypothesized as a sign of terrestrial planet formation.

Unfortunately the scatter in abundances is large and the correlation is very weak, so

no strong conclusions should be made here.

3.3 Elemental Ratios

In a star, elements usually occur as a neutral or ionized gas, and while cooler stars

do host some molecular species in their atmospheres, these molecules generally do not

contribute to the overall structure or behavior of the star. However, in the case of

planetary material, many elements exist as chemically processed compounds, miner-

als, and ices. It is the intrinsic physical properties of these resulting compounds and

minerals which then give rise to the extrinsic properties of planetary cores, mantles,

crusts, and atmospheres. Therefore, while elemental abundances may be considered

the ’building blocks’ of stars, condensed minerals may be a more appropriate concep-

tual building block for planets.

Specific minerals are defined by a set stoichiometric ratio of elements, so the

resulting mineral (and therefore planetary) compositions in a planetary nebula are

sensitive to the initial chemical compositions, particularly in terms of elemental ratios.

While many planet-formation models have only relied on solar-system type compo-

sitions, Bond et al. (2010) carried out terrestrial planetary-formation simulations in
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which the protoplanetary disc composition was a free input parameter. This study

identified the Mg:Si and C:O ratio as key parameters determining the mineralogy of

resulting terrestrial planets. Simulations of planetary formation using variable input

compositions have been continued by Elser et al. (2012).

Table 3.3 gives the resulting C/O and Mg/Si ratios for each program star. The

ratios are calculated by comparing the derived number density of each atomic species:

A/B =
NA

NB

=
10Log(NA)

10Log(NB)

Also given are the upper and lower limits for each ratio, given the calculated

uncertainty of each element (as given in Ch. 2). For example, to calculate the upper

limit of C/O ratio, a star’s uncertainty in C is added to its C abundance, while

the uncertainty in O is subtracted from the O abundance, to yield the largest ratio

possible within the given uncertainties. These upper and lower limits provide the

error bars for Figure 3.6.

Table 3.3: Elemental Ratios

C/O Mg/Si

Star calculated upper lower calculated upper lower

16 Cyg A 0.501 1.01 0.25 1.862 2.90 1.20

16 Cyg B 0.457 0.82 0.25 1.000 1.48 0.68

83 Leo A 0.513 1.22 0.22 1.349 2.75 0.66

83 Leo B 1.380 3.54 0.54 3.981 6.84 2.32

HD 109749 A 0.427 0.86 0.21 0.575 1.21 0.27

HD 109749 B 0.302 1.80 0.05 0.603 0.95 0.38

HD 195019 A 0.631 1.23 0.32 2.239 2.86 1.75

HD 195019 B 0.490 1.14 0.21 1.318 1.71 1.02
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Figure 3.6: C/O ratio vs. Mg/Si ratio for each star

3.3.1 Carbon to Oxygen Ratio

The ratio of Carbon to Oxygen is one of the most important chemical metrics

of an exoplanetary system, and has been the subject of numerous theoretical and

observational studies. The C/O ratio of an exoplanet is determined partially by the

initial composition of the protostellar nebula, as well as by the position within the

protoplanetary disc that a planet forms (Öberg et al., 2011).

The C/O ratio is a primary factor responsible for determining how silicon will be

distributed between carbon and oxide species (Bond et al. (2010)). Due to differ-

ences in condensation pathways, there is thought to be a divide between a carbide-

dominated and oxide (silicate) dominated chemical regimes, likely occurring around

C/O ratios of 0.8. Systems with C/O ratios less than this will have silicate-dominated

compositions akin to the solar system (having an estimated C/O ratio of 0.54 (Lod-

62



ders and Amari, 2005). Planets formed from higher C/O ratios could be dominated

by carbide chemistry (SiC, graphite, and diamond being key mantle minerals), as

suggested by Madhusudhan (2012). High C/O ratios have been observed in some

transiting hot-Jupiter systems, inferred to have significant effects on atmospheric

chemistry (Moses et al., 2013).

Of the 8 stars analyzed in this study, 7 have C/O ratios below 0.8, with most

falling near the Solar value of 0.54. Rocky planets in these systems are expected to

have similar silicate chemistry to the solar system.

83 Leo B is found to be depleted in most volatiles, including Carbon ([C/H] =-

0.20) and Oxygen ([O/H] = -0.71). This very low oxygen abundance yields a very

high C/O ratio, nearly 1.4. However, the lower uncertainty limit on the C/O ratio

of 83 Leo B is near solar, at 0.54. Furthermore, using the higher Oxygen abundance

derived by Ecuvillon et al. (2006b) gives a lower C/O ratio, potentially below 0.8.

3.3.2 Magnesium to Silicon Ratio

In terrestrial planets, Iron and siderophile elements differentiate into a metallic

core due to their high density. Most of the remaining material forms a rocky mantle,

dominated by Magnesium and Silicon oxides. The mineral composition of this mantle

is set from the available Magnesium to Silicon ratio, making this ratio an extremely

important parameter in the resulting mantle properties of terrestrial planets. Olivine

(Mg2SiO4) and Pyroxene (MgSiO3) are two key silicate minerals in the earth’s man-

tle. For systems with varying Mg/Si ratios, these minerals will occur in different

proportions.

Based on models by Bond et al. (2010), systems with very high Mg/Si ratios

(> 2) will form planets with almost entirely Olivine, and very low Mg/Si ratios will

result in pyroxenes and feldspars. The sun has an intermediate Mg/Si ratio of 1.05,
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corresponding to terrestrial planets dominated by pyroxene (and olivine) mineralogy.

The stars in this study span Mg/Si ratios from near 0.5 to above 3.

16 Cyg B, well-known as a solar twin, is found here to have C/O (0.46) and Mg/Si

(1.00) ratios indistinguishable from the sun. In HD 109749, both components have

very similar C/O and Mg/Si ratios, so despite large variations in the abundances of

some elements discussed earlier, the overall composition of hypothetical terrestrial

planets in these systems is likely to be very similar. The planet-hosting HD195019 A

is found to have a high Mg/Si ratio of 2.24.

Although 83 Leo A is found to have elemental ratios very close to the mean values

of large stellar samples, 83 Leo B appears in this study to be a chemical outlier, with

drastically different ratios than the other stars studied here. Even at the limits of

its large uncertainty, 83 Leo B has very high C/O and Mg/Si ratios as compared to

the other stars in this sample, as well as to samples from other studies. These values

make the planets in 83 Leo B very strong candidates for Carbon planets, which would

also contain nearly all their silicon in the form of Olivine (with nearly no Pyroxene

present).

3.4 System Architectures

Although all the systems in this study have two main stellar components, their

stellar architectures and planetary systems display a range of properties. 16 Cyg is

in fact likely a triple system (Patience et al., 2002), including a M dwarf companion

in a close orbit around 16 Cyg A at 22 AU. Physical properties of each stellar system

are reiterated in Table 3.4. Separation distances are given from the A component of

the system.

The systems HD 109749 and 195019 are similar in terms of several properties.

Both systems have a planet-hosting G-type primary, accompanied by a K-type sec-
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Table 3.4: Stellar and Planetary properties

System Stellar properties Planet properties

Comp. Sp. type Separation a Msin(i) e

(AU) (AU) (MJup)

16 Cyg

B G3V 860 1.68 1.5 0.63

A G1.5Vb - - -

C M 22 - - -

HD 109749 A G3V 0.06 0.28 0.01

B K5V 496 - - -

HD 195019 A G1V 0.14 3.7 0.03

B K3 150 - - -

83 Leo B K2V 589 0.123 0.109 0.254

5.4 0.36 0.106

A K0IV

ondary with no detected planets. Furthermore, both planetary systems are composed

of one massive planet, close-in planet, on a nearly circular orbit. Formation of these

”hot Jupiters” almost certainly occurred at much larger orbital distances, after which

the planets experienced inward migration to their present orbits. This process would

have resulted in the host stars re-accreting a large amount of initial protoplanetary

disc material. Evidence for this has been observed as a positive [m/H] vs TC trend

for refractory elements, in HD195109A by Schuler et al. (2011b) and confirmed here

for both stars. This putative re-accretion trend is more pronounced in HD109749,

which also has a much smaller (super-neptune size) planet of 0.28 Mj. One possible

explanation is that the HD195019A system has sequestered more of its refractory

material its larger planet.
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A major difference between the systems is the orbital separation between stel-

lar components, being 3.3 times larger in HD109749. The binary companion of a

planet-forming system is expected to truncate the protoplanetary disc, with increas-

ing effect at close orbital distances. Given these two (otherwise similar) systems, it is

therefore surprising that the smaller planet is found in the system with wider stellar

components.

16 Cyg is the most self-similar system in this study - the two main components are

both ”solar twins”, G type stars with similar properties and compositions to the sun.

The A and B components have been found (both in this study and by others) to be

nearly indistinguishable in stellar parameters and elemental composition (other than

the case of Li), with most measurements falling within mutual uncertainties. One of

the major differences between the stars is the known planetary system of 16 Cyg B,

and the lack of known planets around 16 Cyg A. However, 16 Cyg A does have an

orbiting companion object - the M dwarf 16 Cyg C. The existence and proximity (22

AU) of 16 Cyg C may provide a reason that no (large) planets exist around 16 Cyg

A: tidal disturbances from 16 Cyg C may have prevented (or impeded) the formation

of any large objects in 16 Cyg A’s protoplanetary disc.

The two components of 83 Leo are both K-type stars, however they differ in their

evolutionary stage. The A component is a K0IV subgiant star, while the planet-

hosting B star is a main-sequence K2V. This system is the only multi-planet system

in our study, with two sub-jovian planets of Msin(i) = 0.109 and 0.36 Mj.

Based on the negative trend in abundance vs. condensation temperature for 83

Leo B (described earlier), it may be argued that the observed depletion of higher TC

elements is a sign of refractory material sequestered in the planetary system. While

the two known planets are too large to be terrestrial worlds, it is possible that they

contain large refractory-rich cores. Undiscovered smaller planets could also contain
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significant amounts of refractory material. By contrast, the more evolved 83 Leo A

has no known planets. Given the star’s very high metallicity, it is quite likely that

at some point 83 Leo A harbored a planetary system. One possibility is that a close-

in planetary system did develop around 83 Leo A, but was much later re-accreted

into the star as it underwent post main-sequence evolution into a subgiant. This

possibility would fit with the very positive [m/H] vs TC trend observed in the star.

3.5 Concluding remarks

In this research, stellar abundances have been analyzed for 4 binary systems, and

interpreted with regards to the exoplanets in each system. Looking at stellar elemental

compositions over a wide suite of elements helps to give an overall view of the system,

especially when comparing the exoplanet host star to its non-host binary companion.

The strongest single-element trend found in this study is that of Sr, which was found

in greater quantities in every Exoplanet host as compared to its binary companion.

In general, it is found that the chemical similarity of the binaries studied here

matches well with the similarity of their spectral types. In the system having the

most chemically similar components, 16 Cyg, both components also have very similar

spectral types (G1.5V and G3V). The systems HD109749 and HD195019 have binary

components of disparate masses (each with a G-type and K-type component ), and

also have compositions that differ from each other more significantly.

While this study cannot directly determine the composition of individual planets,

it does place some constrains on system-wide composition of the 4 binary systems.

Most of the stars in this study have C/O and Mg/Si ratios within the ”normal” (ac-

cording to solar-system composition) range. Rocky planets, if they exist in these sys-

tems, would be dominated by Silicate minerals with an intermediate Olivine/Pyroxene

mix.
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83 Leo B is found to have an exotic composition. This system has known planets

with orbits of 1.23 and 5.4 AU, placing one inside and one outside the star’s expected

Habitable zone. The host star is found to have a composition with extremely high

Mg/Si and C/O ratios, as well as being relatively depleted in the more refractory

elements. This indicates that 83 Leo’s planets have a large refractory budget, and

that the system’s rocky material is carbide-dominated. Such planets, with large cores

and carbide mantles (as well as Carbon-rich atmospheres), would be extremely unlike

any in our solar system.

3.5.1 Future work

This type of abundance analysis would benefit from several advances, both in

the methodologies applied here (which were limited by the duration of this study),

as well as in terms of a wider theoretical framework. The methods used in this

study would be much improved with a more streamlined data processing pipeline.

Especially beneficial would be an automated iterative program to more fully explore

the parameter space of stellar atmospheres, which would allow for more accurate

stellar parameters. Furthermore, as demonstrated by Figure ??, more work can

be done to improve the agreement of ARES and splot measurements of Equivalent

Widths. Finally, given the fact that multiple HIRES observations of each target are

needed for RV surveys, it may be beneficial to perform the entire abundance analysis

on multiple datasets for a single star. The average abundance from all observations

could then be used, and the spread in these measurements could give an additional

uncertainty quantification.

In connecting the composition of a Host star with that of its planets, more detailed

models are needed to simulate composition-dependent condensation and planetary

formation. Work such as Bond et al. (2010) has begun to address this question, but
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significant work remains to be done in analyzing the detailed effects on planetary

formation and dynamics of non-solar compositions. One especially relevant point

can be seen in the many studies (including this one) connecting published condensa-

tion temperatures (such as from Lodders (2003)) with trends in systems of varying

compositions. The published elemental condensation temperatures are those of the

minerals that would form given a solar composition. However, for systems deviating

from solar composition, the condensation pathways would be different, resulting in

elements condensing into different minerals at different temperatures. Published ele-

mental condensation temperatures assume a composition - if composition is meant to

be a variable of study, then the entire condensation sequence should be recalculated

for that composition.

Given better models to connect host star and planet composition, stellar abun-

dance analyses such as this will provide an easily-obtainable wealth of chemical infor-

mation, thereby revealing the broad diversity of system and planetary compositions

present in our galaxy.
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Iron Linelist

Wavelength Ionization state Lower Ex. Pot. Log(Osc. St.) EQWsolar
5,247.06 26 9 · 10−2 −4.94 67.6
5,358.12 26 3.3 −3.16 10.2
5,412.79 26 4.44 −1.71 20.1
5,522.45 26 4.21 −1.55 37.5
5,539.28 26 3.64 −2.66 17.4
5,543.94 26 4.22 −1.14 65.2
5,546.5 26 4.37 −1.31 51.2
5,546.99 26 4.22 −1.91 24.3
5,560.21 26 4.43 −1.19 52.1
5,577.03 26 5.03 −1.55 9.7
5,579.34 26 4.23 −2.4 10.3
5,651.47 26 4.47 −2 20.7
5,652.32 26 4.26 −1.95 23.2
5,653.87 26 4.39 −1.64 40
5,667.52 26 4.18 −1.58 51.8
5,679.02 26 4.65 −0.92 58.9
5,731.76 26 4.26 −1.3 57.2
5,732.28 26 4.99 −1.56 14.2
5,741.85 26 4.26 −1.85 34.7
5,752.03 26 4.55 −1.18 54.5
5,775.08 26 4.22 −1.3 53.6
5,778.45 26 2.59 −3.48 17.7
5,784.66 26 3.4 −2.53 27.8
5,809.22 26 3.88 −1.61 50.8
5,852.23 26 4.55 −1.17 41.1
5,855.09 26 4.61 −1.48 22.2
5,856.1 26 4.29 −1.56 33.7
5,858.79 26 4.22 −2.18 13
5,902.47 26 4.59 −1.81 10.3
5,905.67 26 4.65 −0.73 54.2
5,927.79 26 4.65 −1.09 41.8
5,929.67 26 4.55 −1.41 38.4
6,005.54 26 2.59 −3.6 21.2
6,027.05 26 4.08 −1.09 63.8

6,079 26 4.65 −1.12 42.9
6,085.26 26 2.76 −3.1 41.4
6,105.13 26 4.55 −2.05 13.2
6,127.91 26 4.14 −1.4 46.6
6,151.62 26 2.18 −3.3 47.4
6,157.73 26 4.08 −1.26 56.1
6,159.37 26 4.61 −1.97 11.9
6,165.36 26 4.14 −1.47 40.1
6,180.21 26 2.73 −2.78 55.1
6,187.99 26 3.94 −1.72 48.8
6,220.78 26 3.88 −2.46 18.7
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6,226.73 26 3.88 −2.22 26.4
6,229.23 26 2.85 −2.97 33.9
6,240.65 26 2.22 −3.23 44.2
6,271.28 26 3.33 −2.72 27.8
6,293.92 26 4.83 −1.72 13.6
6,380.74 26 4.19 −1.38 46.9
6,494.5 26 4.73 −1.46 45.6
6,498.95 26 0.96 −4.7 42.6
6,518.37 26 2.83 −2.45 58.9
6,581.21 26 1.49 −4.68 20.5
6,597.56 26 4.79 −1.07 41.6
6,608.02 26 2.28 −4.03 16
6,627.54 26 4.55 −1.68 24.4
6,703.57 26 2.76 −3.16 41.2
6,705.1 26 4.61 −1.39 44
6,710.32 26 1.49 −4.88 14.1
6,713.75 26 4.79 −1.52 17.4
6,715.38 26 4.61 −1.64 25
6,716.22 26 4.58 −1.92 15.9
6,725.35 26 4.1 −2.3 15.8
6,726.67 26 4.61 −1.13 47.5
6,733.15 26 4.64 −1.58 24.1
6,739.52 26 1.56 −4.79 13
6,752.72 26 4.64 −1.3 37.3
6,786.86 26 4.19 −2.07 23.4
6,837.01 26 4.59 −1.69 18.3
6,857.25 26 4.08 −2.04 23.4
5,234.62 26.1 3.22 −2.22 83.5
5,425.26 26.1 3.2 −3.16 42.5
5,991.38 26.1 3.15 −3.55 29
6,084.11 26.1 3.2 −3.8 20.2
6,147.74 26.1 3.89 −2.83 72
6,149.25 26.1 3.89 −2.88 34.4
6,238.39 26.1 3.89 −2.75 47.7
6,247.56 26.1 3.89 −2.44 51.9
6,369.46 26.1 2.89 −4.23 16.6
6,416.92 26.1 3.89 −2.88 37.6
6,432.68 26.1 2.89 −3.52 41.7
6,442.95 26.1 5.55 −2.64 6
6,446.4 26.1 6.22 −2.11 3.7
6,456.38 26.1 3.9 −2.07 61.5
7,479.7 26.1 3.89 −3.53 9.2
7,515.84 26.1 3.9 −3.42 12.6
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Other Elements

Wavelength Ionization state Lower Ex. Pot. Log(Osc. St.) EQWsolar
4,523.08 58.1 0.51 4 · 10−2 14.4
4,607.34 38 0 0.28 46.9
4,628.16 58.1 0.52 0.23 20.3
4,730.04 12 4.34 −2.39 76.8
4,773.96 58.1 0.92 0.25 10.5
4,810.54 30 4.08 −0.17 90.8
4,854.87 39.1 0.99 −1 · 10−2 16.1
4,900.12 39.1 1.03 −9 · 10−2 57.4
5,024.85 22 0.82 −0.56 73.2
5,052.15 6 7.68 −1.3 37.8
5,082.35 28 3.66 −0.59 69.1
5,087.43 39.1 1.08 −0.17 48.6
5,088.54 28 3.85 −1.04 33.6
5,088.96 28 3.68 −1.24 31.3
5,092.8 60.1 0.38 −0.65 7.6
5,094.42 28 3.83 −1.07 32.6
5,105.55 29 1.52 −1.52 90.8
5,112.28 40.1 1.66 −0.59 9.7
5,113.45 22 1.44 −0.73 27.6
5,115.4 28 3.83 −0.28 79.2
5,200.42 39.1 0.99 −0.49 39
5,218.21 29 3.82 0.47 55.6
5,219.71 22 2 · 10−2 −2.24 29.1
5,220.09 29 3.82 −0.45 16.1
5,300.75 24 0.98 −2.13 62.2
5,304.18 24 3.46 −0.69 20.1
5,305.87 24.1 3.83 −1.97 26.7
5,308.42 24.1 4.07 −1.82 26.9
5,311.63 72 1.78 0.13 4.4
5,318.36 21.1 1.36 −2 13.2
5,319.82 60.1 0.55 −0.28 11.7
5,342.71 27 4.02 0.54 32.7
5,352.05 27 3.58 6 · 10−2 26.5
5,380.32 6 7.68 −1.61 21.9
5,394.67 25 0 −3.5 81.1
5,420.36 25 2.14 −1.46 87.1
5,473.39 39.1 1.74 −0.83 9.4
5,570.39 42 1.33 0.43 9.6
5,690.43 14 4.93 −1.77 52.6
5,711.09 12 4.35 −1.83 104.1
5,727.06 23 1.08 −1 · 10−2 39.6
5,783.09 24 3.32 −0.5 31.2
5,783.89 24 3.32 −0.29 45.8
5,787.93 24 3.32 −8 · 10−2 47.4
5,793.08 14 4.93 −2.06 44.9
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5,847.01 28 1.68 −3.41 23.2
5,853.69 56.1 0.6 −1 66.7
5,866.46 22 1.07 −0.76 48.7
5,867.57 20 2.93 −1.57 25.2
5,978.54 22 1.87 −0.5 21.7
6,013.53 25 3.07 −0.25 78.7
6,016.67 25 3.08 −0.1 93.6
6,039.74 23 1.06 −0.65 13.2
6,046.02 16 7.87 −0.51 17.1
6,064.63 22 1.05 −1.94 10.1
6,086.28 28 4.26 −0.51 37.9
6,090.22 23 1.08 −6 · 10−2 34
6,091.18 22 2.27 −0.37 15.3
6,111.08 28 4.09 −0.81 35.8
6,111.65 23 1.04 −0.71 11.7
6,125.03 14 5.61 −1.51 33.8
6,126.22 22 1.07 −1.43 23.2
6,130.14 28 4.27 −0.94 22.4
6,141.73 56.1 0.7 −7 · 10−2 132.8
6,142.48 14 5.62 −1.54 36.8
6,145.01 14 5.62 −1.36 40.3
6,154.23 11 2.1 −1.53 39.8
6,155.13 14 5.62 −0.78 81.4
6,156.8 8 10.7 −0.43 4.1
6,160.75 11 2.1 −1.23 58.4
6,161.3 20 2.52 −1.27 59.8
6,166.44 20 2.52 −1.14 72.3
6,169.04 20 2.52 −0.79 104.1
6,169.56 20 2.53 −0.47 106.7
6,175.37 28 4.09 −0.53 50.5
6,176.8 28 4.09 −0.53 67.3
6,177.25 28 1.82 −3.51 15.2
6,204.61 28 4.09 −1.11 22.8
6,244.48 14 5.61 −1.36 48.4
6,245.62 21.1 1.51 −1.02 36.2
6,251.83 23 0.29 −1.34 16.1
6,258.1 22 1.44 −0.35 52.3
6,261.1 22 1.43 −0.48 46.8
6,318.72 12 5.11 −1.99 39.8
6,320.42 57 0.17 −1.39 5.2
6,327.6 28 1.68 −3.23 40
6,336.1 22 1.44 −1.74 7.8
6,362.35 30 5.79 0.14 55.6
6,363.79 8 0 −9.72 4.9
6,378.26 28 4.15 −1 33.1
6,390.49 57 0.32 −1.47 3.2
6,414.59 28 4.15 −1.18 16.2
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6,455 27 3.63 −0.24 16.2
6,455.6 20 2.52 −1.5 58.7
6,471.66 20 2.53 −0.59 85.2
6,482.81 28 1.93 −2.97 40.7
6,491.56 22.1 2.06 −1.79 36.8
6,496.91 56.1 0.6 −0.41 112.2
6,499.65 20 2.52 −0.59 79.8
6,506.35 40 0.63 −0.64 2.5
6,532.88 28 1.93 −3.47 17.9
6,572.8 20 0 −4.28 33.2
6,587.62 6 8.54 −1 14
6,598.61 28 4.23 −1.02 21
6,604.6 21.1 1.36 −1.3 37.1
6,606.95 22.1 2.06 −2.79 6.9
6,635.14 28 4.42 −0.82 19.2
6,643.64 28 1.68 −2.01 101.4
6,645.13 63.1 1.38 0.2 5.6
6,696.03 13 3.14 −1.58 38.1
6,698.67 13 3.14 −1.95 21.9
6,721.86 14 5.86 −0.94 49.1
6,757.17 16 7.87 −0.31 17
6,767.78 28 1.83 −1.89 70.1
6,772.32 28 3.66 −0.98 50.9
6,842.04 28 3.66 −1.48 25.8
7,113.17 6 8.65 −0.77 22.7
7,115.17 6 8.64 −0.93 26.7
7,116.96 6 8.65 −0.91 18.5
7,138.91 22 1.44 −1.7 3.8
7,357.73 22 1.44 −1.12 27
7,468.27 7 10.3 −0.19 4.1
7,657.61 12 5.11 −1.28 103.1
7,698.98 19 0 −0.17 166.2
7,771.94 8 9.15 0.37 79.9
7,774.17 8 9.15 0.22 65.7
7,775.39 8 9.15 0 49.6
7,835.31 13 4.02 −0.47 47.6
7,836.13 13 4.02 −0.31 61.7
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