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ABSTRACT

Stars with spectral type `A' (also called A-type stars or just A-stars) are bright intermediate

mass stars (� 1.5-2.5 M� ) that make up � 1% of stars within 25 parsecs, and� 20% of the

brightest stars in the night sky (V < 3 mag). Most A-stars rotate rapidly with rotational

velocities that range from� 100 to � 200 km/s in most cases, but can exceed 300 km/s. Such

rapid rotation not only causes a star's observed properties (
ux, temperature, and radius)

to be inclination dependent, but also changes how the star evolves both chemically and

structurally.

Herein we conduct an interferometric survey of nearby A-stars using the CHARA Array.

The long baselines of this optical/infrared interferometer enable us to measure the angular



sizes of stars as small as� 0.2 mas, and directly map the oblate shapes of rotationally

distorted stars. This in turn allows us to more accurately determine their photospheric

properties and estimate their ages and masses by comparing to evolution models that account

for rotation. To facilitate this survey, we construct a census of all 232 A-stars within 50

parsecs (the50PASS) and from that construct a sample of A-stars (theOSESNA) that lend

themselves to interferometric observations with the CHARA Array (i.e., are in the northern

hemisphere and have no known, bright, and nearby companions - 108 stars in total). The

observations are interpreted by constructing a physical model of a rapidly rotating star from

which we generate both photometric and interferometric model observations for comparison

with actual observations. The stellar properties of the best �tting model are then compared

to the MESA evolution models to estimate an age and a mass.

To validate this physical model and the adopted MESA code, we �rst determine the ages

of seven members of the Ursa Major moving group, which are expected to be coeval. With

the exception of one star with questionable membership, these stars show a 1-� spread in

age of 56 Myr. This agreement validates our technique and provides a new estimate of the

age for the group of 414� 23 Myr. We apply this validated technique to the directly-imaged

`planet' host star � Andromedae and determine its age to be 47+27
� 40 Myr. This implies the

companion has a mass of 22+8
� 9 MJup and is thus more likely a brown dwarf than a giant

planet. In total, we present new age and mass estimates for 55 nearby A-stars including six

members of the Hyades open cluster, �ve stars with the� Bo•otis chemical peculiarity, nine

stars which have an infrared excess, possibly from a debris disk, and nine pulsating stars.
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niques: interferometric
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CHAPTER 1

INTRODUCTION

1.1 Stars of the A Spectral Type: Our Brightest Stellar Neighbors

Population I stars with spectral type A have masses that range from 1.5 - 2.5 M� , based on

dynamical measurements of spectroscopic binaries (e.g. Torres et al. 2010), and corresponding

main sequence lifetimes of 3.6 - 1.0 Gyr (assuming� MS / M � 2:5, Kippenhahn et al. 2012).

A-stars make up� 1% of stars within 25 parsecs (Henry & Jao 2015) and while they are not

as numerous as later-type stars, their intrinsic brightness causes them to `punch above their

weight' in the night sky. A-stars make up� 5% of the stars visible with the unaided eye (i.e.,

stars with apparent visible magnitude less than +6 mag) and� 20% of the brightest stars in

the night sky (i.e., brighter than 3rd magnitude, van Leeuwen 2007).

In part because of their brightness, throughout history A-type stars have been among

the most important and best-studied stars in the night sky. In fact, the nearest A-star to

the Sun and brightest star in the night sky, Sirius, formed the basis for the ancient Egyptian

calendar because its heliacal rising1 occurs shortly before the annual 
ooding of the Nile; a

time of vital importance to Egyptian agriculture (Wendorf et al. 2001).

More relevantly to modern astronomers, A-stars have played a pivotal role in testing many

of the astronomical techniques we use today. One example of this include Sirius being among

the �rst stars with a measurement of its proper motion (Halley 1717). Additionally, Vega

was among the �rst stars to have its parallax measured (Uns•old 1968), was the benchmark

1The heliacal rising of a star is the �rst day it rises in the early morning just before sunrise and can be
seen before the glare of the Sun is too great.



2

for the widespread photometric system of Johnson & Morgan (1953), and was the �rst star

for which a circumstellar disk was detected (Harvey et al. 1984), though� Pictoris (another

A-star) was the �rst to have its circumstellar disk directly imaged (Smith & Terrile 1984).

A-stars have also played a major role in the recent �eld of planet-discovery by direct imaging.

The A-star, HR 8799 is the �rst star with multiple directly imaged planets (Marois et al.

2008; Marois et al. 2010) and A-stars still harbor the best-studied of these systems (see

review by Winn & Fabrycky 2015).

1.1.1 The Rapid Rotation of A-Stars

In addition to being more luminous than stars like our Sun, A-type stars are much more

rapidly rotating. In fact, most A-stars rotate rapidly with rotational velocities that can be

as high as� 300 km/s and with average rotational velocities of� 220 km/s for early A-stars

and � 150 km/s for late A-stars (Zorec & Royer 2012) compared to the Sun's equatorial

rotational velocity of 2 km/s. These large rotational velocities are an expected consequence

of angular momentum conservation from a rotating cloud core that collapses by many orders

of magnitude in size (e.g., Bodenheimer 1995). Stars cooler than F5 have large enough

subphotospheric convective zones (Palla & Stahler 1993) to drive a dynamo and make a

strong global magnetic �eld. This magnetic �eld couples with the stellar wind to slow down

rotation (Matt et al. 2012, 2015). A-stars, being hotter than F-type stars, generally do not

have strong enough magnetic �elds for e�ective magnetic braking, and thus remain rapidly

rotating throughout their main sequence lifetime. Interestingly, some peculiar A-stars, such

as certain Ap stars, do have strong enough magnetic �elds to slow them down (St�epie�n 2000;
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Abt 2009, Section 1.1.2).

Rapid rotation a�ects observations of A-stars in a variety of ways. The �rst, and perhaps

most obvious to spectroscopists, is that the spectral lines of rapid rotators are broadened

by an amount roughly equal to twice the projected equatorial velocity of the star. This

makes it di�cult to measure the precise radial velocities that are necessary for discovering

and con�rming extra-solar planets. In fact, only 15 planets and low-mass brown dwarfs have

been discovered around A- (and B-) type stars and none of them were discovered by radial

velocity variation (Hartman et al. 2015, and references therein).

Another e�ect of rapid rotation is that, because of the large centrifugal force involved,

the radius of a rapid rotator at the equator is larger than the radius at its poles. As a

result of this oblateness, there is a latitudinal temperature gradient across the star where

the local temperature is cooler at the equator than it is at the poles. This temperature

gradient is related to the surface gravity according to the relationT(#) / g(#)� where# is

the colatitude on the star,T(#) is the e�ective temperature as a function of colatitute,g(#)

is the surface gravity as a function of colatitude, and� is the gravity darkening coe�cient.

This phenomenon, known as gravity darkening, was �rst described by von Zeipel (1924a,b)

and in the canonical framework, the gravity darkening coe�cient,� is 0.25 for stars with

radiative envelopes. As a consequence of gravity darkening, the inclination of the pole of a

rapid rotator with respect to the observer becomes relevant in determining its luminosity.

Because the pole of a rapid rotator is its brightest point, the observer will determine a higher

luminosity if it has a low (pole-on) inclination than if it had a high (edge-on) inclination.
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Aufdenberg et al. (2006) demonstrate that this can change the apparent luminosity by as

much as 35%.

1.1.2 The Metallicity and Chemical Peculiarity of A-Stars

The internal metallicity of A-stars is notoriously di�cult to measure accurately. Their surface

abundances, even among populations believed to be chemically homogeneous, span a broad

range. For example, the A-stars of the Ursa Major moving group (see Chapter 5) have

measured surface metallicities ([Fe/H]) ranging from� 0.03 to +0.24 dex (King et al. 2003)2.

Moreover, there is evidence that photospheric abundances are anti-correlated with projected

rotational velocity (v sini ), becoming distinctively subsolar (e.g.,. � 0:30) when projected

rotational velocities exceed� 150 km/s (e.g., Takeda & Sadakane 1997; Varenne & Monier

1999). So there is reason to suspect that the photospheric abundances measured for A-stars

do not necessarily match their internal abundances.

Further complicating matters, approximately 10% of A-stars display some form of chemi-

cal peculiarity (Landstreet et al. 2007). There are three major types of chemical peculiarities

that occur in A-stars: Am stars, Ap stars, and� Bo•otis stars (Smith 1996). Am stars have

anomalously strong metal spectral lines and weak Ca II K and/or Sc II lines relative to

the spectral type derived using the Balmer lines. Ap stars have spectral lines that show

enhanced Sr, Cr, Eu, and/or Si abundances. Both Am and Ap stars rotate more slowly

than most chemically normal A-stars withv sini values � 120 km/s (e.g., Abt et al. 1972;

Abt & Moyd 1973; Michaud et al. 1983). It is thought that the di�usion that takes place

2Only �ve of the 12 A-stars in the UMa moving group have abundance measurements listed in King et al.
(2003).
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in the atmospheres of these slowly rotating stars is the cause of their chemical peculiarity.

Am stars are frequently known to be members of close binary systems with periods less

than about 100 days (Abt 2009), so perhaps tidal interactions from these close companions

could be the cause of their slow rotation. Ap stars, on the other hand, tend to have strong

magnetic �elds and these �elds could be the original cause of their slow rotation (St�epie�n

2000). The presence of strong magnetic �elds in Ap stars is thought to be the primary cause

of di�erence between the surface abundances of Am and Ap stars, though only the di�usion

process in the non-magnetic Am stars has been successfully modeled (Bagnulo et al. 2001;

Richer et al. 2000; Vick et al. 2010).

� Bo•otis ( � Boo) type stars are A-stars and early F-stars whose spectra show weak Fe-

peak lines and have solar-like abundances of lighter elements such as C, N, O, and S (Venn

& Lambert 1990; Paunzen et al. 1998). They are entirely di�erent from Am and Ap stars

in that they show no correlation with rotation, with projected rotational velocities similar

to chemically normal A-stars (Abt & Morrell 1995). However, there may be a correlation

between the � Boo phenomenon and youth. The rationale for this correlation is that�

Boo stars have disks that are accreting gas depleted of refractory grains onto the stellar

photosphere and that this is a�ecting the observed abundances (e.g., Baines et al. 2012;

Venn & Lambert 1990).

1.1.3 A-Stars as Hosts for Exoplanets and Debris Disks

As discussed in Section 1.1.1, because of the broad and relatively few spectral lines of A-

type stars, the radial velocity technique for planet discovery and con�rmation is largely
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ine�ective. Despite the observational di�culties in detecting planets around A-stars, it is

thought that such planets do exist as they have been discovered around \retired A-stars",

which are evolved stars with mass estimates that suggest that they had `A' spectral types

when they were on the main sequence (Johnson et al. 2011).

While known planets around main sequence A-stars are rare, many A-type stars are

known to host debris disks (Thureau et al. 2014). The �rst discovered debris disk is hosted

by the A-star, Vega (Aumann et al. 1984) and the �rst imaged debris disk is hosted by� Pic

(Smith & Terrile 1984). A-stars harbor some of the best-studied debris disk systems, some

of which also host planets, including Fomalhaut (Aumann 1985; Kalas 2005),� Pic (Smith

& Terrile 1984), HR 8799 (Sadakane & Nishida 1986; Su et al. 2009), etc.

1.2 Estimating the Ages and Masses of A-Stars

Arguably the two most fundamental properties of a star are its mass and age. The mass of a

star controls the rate at which hydrogen is fused and thus sets its evolutionary timescale; the

gravitational e�ect of this mass also determines the dynamical timescale of objects orbiting

the star. The age determines where a star is in its evolution and provides a reference clock

by which we can assess the evolutionary state of circumstellar disks, debris disks, and/or

planets. While it is straightforward to determine masses for stars in binary systems with well-

known orbits, determining the masses of �eld stars is much more di�cult. Likewise, there are

many methods for estimating the ages of ensembles of stars, but relatively few for individual

stars and even fewer that can be applied to A-stars (Soderblom 2010). Here, we discuss
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the isochrone-�tting method, how it can be used to estimate both the age and the mass of

individual stars, and how observational techniques such as long-baseline interferometry can

be used to improve these age and mass estimates.

1.2.1 Isochrone-Fitting

Traditionally, the isochrone-�tting method has been used to estimate the ages of clusters

by �tting an isochrone3 to measured photometric colors and magnitudes of the stars in the

cluster. This works well for ensembles of stars because they typically have a well de�ned

main-sequence turno� and the uncertainties in the individual measurements of the stars'

colors and 
uxes is mitigated by having multiple stars. Additionally, clusters often have

better-de�ned distances and metallicities than individual stars.

While the isochrone-�tting method generally works better for ensembles of stars than

it does for individual stars, it has the potential to work well for individual A-type stars

since their properties evolve much more substantially than Sun-like stars do during the �rst

� Gyr of their main sequence lifetime. For example, the MESA evolutionary models (Paxton

et al. 2011, 2013) predict that the radius, luminosity, and temperature of a 2 M� star

change by +32%, +20%, and� 10%, respectively, in just 500 Myr after the zero-age main

sequence.4 This can be compared to a 1 M� star that, in the same time frame sees its radius,

luminosity, and temperature change by only +3.0%, +8.8%, and +0.6%, respectively. Figure

3An isochrone in this context represents the properties predicted by evolutionary models for a set of stars
that are the same age but have di�erent masses.

4The zero-age main sequence is de�ned for each star to be the point at which the contribution to the
luminosity of the star due to gravitational contraction is � 1% that of core fusion as predicted by the MESA
evolution code.



8

3.653.703.753.803.853.903.954.004.05
logTeff

0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

lo
g

R
=R

¯

1.0 M ¯

1.5 M ¯

2.0 M ¯

2.5 M ¯

! = 0:0

! = 0:5

(a)

3.653.703.753.803.853.903.954.004.05
logTeff

1.0

0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

lo
g

L
=L

¯

1.0 M ¯

1.5 M ¯

2.0 M ¯

2.5 M ¯

! = 0:0

! = 0:5

(b)

Figure 1.1 Plot of temperature versus radius (1.1a) and temperature versus luminosity (1.1b)
of the evolution tracks of eight stars with masses ranging from 1.0 to 2.5 M� and an angular
rotation rate of either 0% (solid lines) or 50% (dashed lines) that of the break-up velocity.
The red circles represent the properties of each star while on the zero age main sequence (at
41, 22, 9.5, and 5.7 Myr for the 1.0, 1.5, 2.0 and 2.5 M� stars, respectively for! = 0:0 and
49, 26, 11, and 5.9 Myr for! = 0:5) and 500 Myr after that point.

1.1 illustrates these di�erences in evolutionary rates with four stars with masses between 1

and 2.5 M� . Figure 1.1 also illustrates how rapid rotation a�ects how a star evolves (see

Section 1.3.1). The advantages a�orded by A-stars' relatively rapid evolution can be further

capitalized on by using observational techniques that yield high-precision measurements of

fundamental parameters such as long-baseline interferometry.

1.2.2 The Power of Long-Baseline Interferometry

We discuss long-baseline interferometry thoroughly in Chapter 2, but in brief, it is a technique

that takes advantage of the wave nature of light to combine light from multiple telescopes

and achieve spatial resolution proportional to the separation between telescopes. This al-
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lows for very high angular resolution astronomy with current resolution limits on the order

of a tenth of a milliarcsecond (mas). When combined with a bolometric 
ux determined

by �tting a photometric energy distribution (PED) to measured photometry, the interfero-

metrically determined angular diameter yields an e�ective temperature and when combined

with high precision parallax measurements such as those fromHipparcos (Perryman & ESA

1997), it yields a high precision measurement of its linear radius. As discussed in Section

1.2.1, the highly precise radius and temperature thus determined can be used to compare to

evolutionary models for a more precise age estimate further taking advantage of the rapid

evolution of A-stars.

1.3 The Value of Better Ages and Masses

There are many outstanding questions which improved age and mass estimates can answer

about the nature of A-type stars and the systems they are in. Here, we summarize some of

these questions and outline how improved estimates can contribute to their answers.

1.3.1 Observational Test of Evolution Models that Account for Rapid
Rotation

Rapid rotation doesn't only a�ect the observed properties of the star (e.g., von Zeipel

1924a,b, Section 1.1.1), it also a�ects how the star evolves (Sackmann 1970). The meridional


ows that result from rapid rotation cycle hydrogen into the core, e�ectively giving a rapid

rotator a longer main sequence lifespan than a more slowly rotating star of the same mass

(Paxton et al. 2013). Figure 1.1 illustrates this; it is especially noticeable in the 2.0 and 2.5
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M � mass tracks that the properties of the modeled rapid rotators evolve less over 500 Myr

than do those for modeled slow rotators. It is only recently that su�ciently sophisticated

evolutionary models have been developed that account for this e�ect (e.g, Maeder & Meynet

2010; Paxton et al. 2011, 2013). Observations of both rapidly and slowly rotating stars in

clusters and moving groups (see Section 3.3.1) as well as observations of stars in wide bi-

nary systems can potentially provide a self-consistency check between ages inferred for both

rapidly and slowly rotating stars.

1.3.2 Evolutionary Snapshot of Disk and Exoplanetary Systems

The measured and inferred properties of debris disks require knowledge of the accurate

stellar properties as the estimated temperatures and sizes of dust grains are dependent on

the properties of the host star. Furthermore, having better age estimates will help constrain

the timescales and mechanisms of disk dissipation and the transition from remnant to debris

disks, placing much needed constraints on when and how planetesimals form. Since debris

disks are believed to result from recent collisions of planetesimals (e.g., Johansen et al. 2015),

better ages would constrain our understanding of when this occurs as well as the frequency

of these events versus age. Better ages may also help determine how common episodes

analogous to the late heavy bombardment (Gomes et al. 2005) are in other systems.

1.3.3 The Stellar Properties of Directly Imaged Planet Hosts

One common scienti�c driver for new observatories and instruments is to directly image and

spectroscopically study the disks and planets of nearby stars. The known disks and planets
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of nearby A-stars make them preferred targets for this work (e.g., Brandt et al. 2014).

The success of high-contrast imaging techniques such as `Extreme Adaptive Optics',`Nulling

Interferometry' or `Coronographic Imaging' requires knowing the sizes and shapes of the

target stars (e.g, Crepp et al. 2009).

As more directly imaged planets are bound to be discovered around nearby A-stars,

having improved stellar properties and especially ages will be bene�cial in several respects.

Unlike more common planet discovery techniques, the mass of a directly imaged planet can-

not be easily inferred from the observations that led to its discovery. Planetary cooling

models (e.g., Bara�e et al. 2003; Bara�e et al. 2015) must be used to estimate a mass based

on the measured luminosity or temperature of the star and its age. As a consequence, a

more accurate estimate of the age of a star which harbors a directly imaged planet will

lead to a more accurate estimation of the planet's mass. In addition, ages in combination

with basic orbital properties can help distinguish between proposed scenarios for migration,

such as planet-disk interactions that must occur before the disk dissipates (e.g., Goldreich &

Tremaine 1980; Lin et al. 1996), or interactions with other planets (e.g., Adams & Laughlin

2003) that can occur much later (Quinn et al. 2014). As these imaged planet populations

grow, their ensemble properties can potentially distinguish between the proposed formation

scenarios of core accretion and disk instabilities, which likely yield gas giant planets with

distinctly di�erent observable properties up to 1 Gyr (e.g., Fortney et al. 2008). Finally, the

modeled mass of directly imaged planet host stars can be used to constrain the astrometri-

cally determined orbits of the planets (e.g., Konopacky et al. 2016).
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1.3.4 Evolutionary Snapshot of Chemically Peculiar Stars

With accurate age estimates of nearby A-stars, it is possible to address some of the questions

that remain open about chemically peculiar stars. Is the� Boo chemical peculiarity caused

by disk material accreting onto a young star (Venn & Lambert 1990) or is it a manifestation

of a di�usion process like the peculiarities of Am and Ap stars (Michaud & Charland 1986)?

There are some early A-stars that appear to rotate slowly but contrary to the di�usion

hypothesis don't show any signs of chemical peculiarity. There are su�cient numbers of

these systems that it is unlikely that they are rapid rotators oriented pole-on like Vega is

(Royer et al. 2014). It is possible that these stars are truly slow rotators, but are young

enough that there hasn't been enough time for the di�usion process that typically leads to

chemical peculiarity to show an e�ect. Accurate ages for chemically peculiar stars (and stars

that `should' be chemically peculiar but are not) will enlighten these still open questions

about the nature of chemical peculiarity in A-stars.

1.4 Outline for Thesis Work

In this work, we present a novel technique for estimating fundamental stellar parameters of

A-type stars (Chapter 4). This technique involves �tting the interferometric visibilities and

absolute photometry measured for a star to those derived from a model of a rapidly rotating

star. With the radius, luminosity, and rotation speed derived in this manner, we estimate

an age based on evolutionary models that account for rotation. In order to test its validity,

we apply this technique to a group of coeval stars in the Ursa Major moving group (Chapter
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5). We use this validated technique on� Andromedae, a star which hosts a directly imaged

planet (Chapter 6). With this technique in mind, we compile a volume-limited sample of

A-stars within 50 pc and the subset of those for which this technique is usable (Chapter

3). We present all of our observations to date in Chapter 7 and close this document with a

summary of the current status of our results on this project in Chapter 8.
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CHAPTER 2

INTERFEROMETRY

It is well known that light exhibits both the properties of a wave and of a particle (Newton

1718; Young 1804; Einstein 1905). Interferometry takes advantage of the wave nature of

light to extract information about astronomical objects by measuring the interference of

light from the object as observed by two or more telescopes. This allows for the direct

measurement of angular sizes of nearby stars and, with an array containing enough widely-

separated telescopes and sophisticated analysis techniques, even the reconstruction of stellar

images.

2.1 Interferometry as a Tool for Stellar Size Measurements

The vast distances between stars (d> 1010 km) relative to their sizes (� 7 � 105 km for

the Sun) means that stars have incredibly small angular sizes. The star (besides the Sun)

with the largest angular size is Betelgeuse, with a limb-darkened angular diameter of 55.2

� 0.5 mas (Weiner et al. 2000). Adopting the Rayleigh criterion as the resolution limit

of single-dish telescopes (� = 1:22�=D , where � is the wavelength of observation andD

is the diameter of the telescope's primary mirror), it would require a single-dish telescope

observing in the V-band with a diameter of� 3 meters to resolve Betelgeuse1. A 10 meter

class telescope observing in the V-band would be able to resolve stars larger than� 14 mas,

corresponding to a 30 R� star at 10 pc. or a 1 R� star at 0.33 pc.

Interferometry allows for much higher resolution by combining light from spatially sep-

1In fact, the 2.4-m Hubble Space Telescope has resolved Betelgeuse in the ultraviolet (� =0.25 � m).
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arated telescopes and by being able to resolve sources smaller than the formal Rayleigh

criterion. A commonly adopted resolution limit of an interferometer is

� =
�

2B
(2.1)

where � is the wavelength of observation andB is the projected baseline separation be-

tween telescopes. An interferometer operating in the K-band with a baseline separation

between two telescopes of 300 meters would be able to resolve stars larger than� 0.8 mas,

corresponding to a 1.6 R� star at 10 pc. or a 1 R� star at 6.3 pc.

2.2 A Brief History of Stellar Optical Interferometry

2.2.1 19 th and 20 th Century Interferometry

The story of astronomical interferometry truly begins in 1868 when Hippolyte Fizeau suggests

that it should be possible to measure the size of a star (or at least an upper limit of a star's

size) based on its interference pattern (Labeyrie et al. 2006). This was tested by�Edouard

Stephan, who in 1873 used a masked single-aperture to �nd an upper limit on the diameter

of Sirius of 0.158" (North 2008).

It wasn't until the work of Michelson & Pease (1921) that the �rst measurement of

a star's angular diameter was made. Using a 20-ft interferometer mounted to the 100-in

Hooker telescope the diameter of Betelgeuse (� Ori) was measure to be 47 mas. The 20-

ft interferometer was used to measure diameters for 6 more stars over its lifetime (Pease

1921a,b).

Arguably the most proli�c optical interferometer of the 20th century was the Narrabri Ob-
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servatory's Stellar Intensity Interferometer - an interferometer consisting of two segmented

6.7 m telescopes with baseline lengths ranging from 10-188 m. It was used to determine

the angular diameters of all 32 stars within its limiting magnitude (B=+2.5 mag) and dec-

lination range (latitude � 30.31� ) (Hanbury Brown et al. 1974a). Observations of Sirius (�

CMa) made with the Narrabri Interferometer were used to demonstrate the importance of

accounting for the limb-darkening of a star when measuring its size and marked the �rst

time that the second lobe visibilities (see Section 2.3) were measured (Hanbury Brown et al.

1974b).

2.2.2 21 st Century Interferometry

There have been many interferometers in recent decades that have brought the �eld to where

it is today by prototyping the necessary technologies and demonstrating the capabilities of

optical interferometry. There are three interferometers that have not only contributed to

this, but also greatly bene�ted from it and are considered to be the most proli�c optical

interferometers currently operating: the Navy Precision (formerly Prototype) Optical Inter-

ferometer (NPOI), the Very Large Telescope Interferometer (VLTI), and the CHARA Array.

We discuss the CHARA Array in detail in Section 2.4, but here is a brief description of the

NPOI and VLTI.

NPOI is a 6-element interferometer with two subarrays - one for imaging and and one for

astrometry (Armstrong et al. 1998). It is located at Lowell Observatory in Anderson Mesa,

AZ (latitude +35.08 � ) The astrometric subarray consists of four �xed 50 cm siderostats

which feed 12 cm aperatures. The imaging subarray is planned to consist of six portable 50
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cm siderostats which also feed 12 cm aperatures, but currently only has two such siderostats.

The portable siderostats can be combined with the astrometric subarray for imaging with

the new VISION beam combiner (Garcia et al. 2016) or any four of the six siderostats with

the Classic beam combiner. The current baseline distances range from 16 to 79 m with a

planned expansion to 432 m.

The VLTI is a 4-beam interferometer with access to eight telescopes at the Paranal

Observatory on Cerro Paranal, Chile (latitude� 24.63� ). Most frequently, the VLTI uses the

four 1.8 m VLT Auxiliary Telescopes (AT), but occasionally uses the four 8.2 m VLT Unit

Telescopes (UT). The VLTI has baselines ranging from 10 m to 130 m (Glindemann et al.

2003).

Table 2.1 (reproduced from Table 2.2 of Scott 2015) shows the speci�cations of recent,

current, and planned optical/infrared interferometers.
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Table 2.1 The properties of recent long baseline optical interferometers (reproduced from Table 2.2 of Scott 2015).

Interferometer Wavebands Number of
elements

Aperture
diameter (m)

Limiting
magnitude

Baseline
Min (m)

Baseline
Max (m)

V2

Accuracy Status

Center for High Angular
Resolution Astronomy Array V,R,I,J,H,K 6 1.0 9 34 331 0.003 open

Large Binocular
Telescope Interferometer J,H,K 2 8.4 20 22.8 22.8 0.3 open

Naval Precision
Optical Interferometer V,R,I (4)+6+4 1.8+0.5+0.5 9.5 48,9 179,432 0.04 open

Sydney University
Stellar Interferometer B,V,R,I 7 0.14 7(11) 5 160(640) 0.01 open
Very Large Telescope

Interferometer, UTs+ATs J,H,K,N 4+4 8.2+1.8 16 47,11 130,140 0.01 open
Magdalena Ridge

Observatory Interferometer R,I,J,H,K 1(10) 1.4 14 7.8 340 0.01 future
Optical Hawaiian Array

for Nano-radian Astronomy J,H,K 7 3-10 13 85 800 0.01 future
Infrared Spatial
Interferometer N 3 1.65 � � � 10 70 0.01 uncertain

Mitaka optical and
InfraRed Array project R,I 2 0.3 3 30 30 0.1 uncertain

Cambridge Optical
Aperture Synthesis Telescope R,I,J,H 4 0.5 7 4 67(100) 0.04 closed

Grand Interromtre
2 tlescopes R,I 2 1.5 5 10 65 0.1 closed

InfraRed Michelson
Interferometer K 2 0.2 � � � 2.5 19.5 0.01 closed

Infrared Optical
Telescope Array J,H,K 3 0.45 7 6 30 0.02 closed

Keck
Interferometer H,K,L,N 2 10 10.3 85 85 0.04 closed

Palomar Testbed
Interferometer J,H,K 3 0.4 7 86 110 0.02 closed
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2.3 Interferometric Theory and Observables

One of the wave-like properties of light is that it can experience interference. For example,

two beams of monochromatic light from a point source will totally constructively interfere

if one beam travels a distanced and the other travels a distanced � n� , where � is the

wavelength of the light andn is an integer. If the point source is polychromatic, then the

beams will only constructively interfere at one location (known as the `fringe packet') rather

than at all along the wave (see Figure 2.1). If the source is not a point source, the contrast

of the fringe packet is reduced. This is a consequence of di�erent points on a non-point

source interfering at slightly di�erent locations, causing the observed fringe packet to be

smeared out, and reducing the amplitude of the constructive interference. The amplitude of

the interference pattern can thus be used to determine the size of a source. This amplitude

is known as the fringe visibility and is de�ned as

V =
I max � I min

I max + I min
(2.2)

where I max and I min are the maximum and minimum intensity of the fringe packet, respec-

tively.

The above qualitative description of how the observations made by an interferometer

re
ect the properties of what is observed was formally quanti�ed by arguably the most fun-

damental theorem of astronomical interferometry. This theorem derived from the work of

Pieter Hendrik van Cittert and Frits Zernike (known as the van Cittert-Zernike theorem, van

Cittert 1934; Zernike 1938; Born & Wolf 1999) and simply put, it states that the observed
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Figure 2.1 The fringe packet.I max and I min are the maximum and minimum intensity of the
fringe packet, respectively

fringe visibility is a sample of the amplitude of the Fourier transform of the spatial brightness

pro�le of the target of observation. What this means for astronomy is that with interfer-

ometric observations of an astronomical source one can model the 
ux distribution of that

source or if using a su�ciently large number of telescopes (� 4), one can even reconstruct

an image of the source. For a simple model of a uniformly illuminated disk, the visibility

function is

V =
2J1(x)

x
(2.3)

where J1 is a Bessel function of the 1st kind with order 1 and x = �� UD B=� where � UD

is the angular diameter of the uniform disk,B is the baseline of observation, and� is the

wavelength of observation. For the somewhat more realistic model, developed by Hanbury
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Brown et al. (1974b), of a limb-darkened disk, the visibility function is

V = (
1 � � �

2
+

� �

3
)� 1 � [(1 � � � )

J1(x)
x

+ � � (
�
2

)1=2 J3=2(x)
x3=2

] (2.4)

where � � is the linear limb-darkening coe�cient, Jn is an nth order Bessel function, and

x = �� LD B=� where � LD is the angular diameter of the limb-darkened disk. These two

models, illustrated in Figure 2.2, are frequently used, along with interferometric observations,

to determine the sizes of nearby stars.

Because the Fourier transform is complex, it has both an amplitude and a phase. In the

case of the Fourier transform sampled by interferometric observations, this phase is measured

by how far the location of the fringe packet deviates from an equal path length. In practice,

the phase measured by an optical interferometer is unreliable because of atmospheric e�ects.

It is possible to compensate for these atmospheric e�ects by calculating a `closure phase.'

These atmospheric e�ects cancel out when adding the phases of three baselines. For a three

telescope con�guration,

� (i � j ) = � 0(i � j ) + ' (i ) � ' (j )

� (j � k) = � 0(j � k) + ' (j ) � ' (k)

� (k � i ) = � 0(k � i ) + ' (k) � ' (i )

� c = � (i � j ) + � (j � k) + � (k � i ) = � 0(i � j ) + � 0(j � k) + � 0(k � i )

(2.5)

wherei , j , and k are three di�erent telescopes,� (i � j ) is the observed phase for telescopes

i and j , � 0(i � j ) is the intrinsic phase of that observation,' (i ) is the e�ect on the phase of

the atmosphere on telescopei , and � c is the closure phase.
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Figure 2.2 Visibility functions of a 4 mas diameter uniform disk model (solid black line) and
a limb-darkened disk model (dashed blue line) of the same size where the spatial frequency
ranges from 0 to 1.553� 108, corresponding to the CHARA Array's maximum baseline (331
m) and observations in the K-band (2.132� m).

2.4 The CHARA Array

2.4.1 Technical Layout of the Array

The CHARA Array is operated by Georgia State University's Center for High Angular

Resolution Astronomy (CHARA). The Array is a six telescope interferometer which operates

at optical and near-infrared wavelengths (McAlister et al. 2005; ten Brummelaar et al. 2005).
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Figure 2.3 Cartoon map of the CHARA Array including the 6 telescopes, beam combining
lab, and supporting facilities. Also noted on the map are other facilities on Mt. Wilson.

Its six telescopes are arranged in a Y-shaped con�guration with unique baseline distances

ranging from 34-331 m. The naming convention for these six telescopes consists of a letter

representing one of three arms of the \Y" (\S" for south, \E" for east, and \W" for west),

and a number indicating the outer telescope (1) or the inner telescope (2) of each arm. A

map of the facility is provided in Figure 2.3. Three beam combiners were used (Classic,

CLIMB, and PAVO) for this work and are discussed below.
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2.4.2 The Classic Beam Combiner

The Classic beam combiner was the �rst combiner on the Array. It operates in the near-

infrared (speci�cally, in broadband H- or K- bands) using two telescopes. At a limiting

magnitude of 8.5 mag, it has the faintest limiting magnitude of all the beam combiners

on the Array. As a broadband two telescope combiner, Classic yields one visibility per

observation.

2.4.3 The CLIMB Beam Combiner

The CLIMB beam combiner is a version of the Classic combiner adapted to combine light

from three telescopes (ten Brummelaar et al. 2013). As a three telescope combiner, CLIMB

yields three visibilities at di�erent baseline orientations and one closure phase for each ob-

servation.

2.4.4 The PAVO Beam Combiner

The Precision Astronomical Visible Observations (PAVO) beam combiner, developed by

Sydney University operates in the visible (speci�cally, the R-band, Ireland et al. 2008). It

can be used as a two- or three-telescope combiner, but is typically used in its two-beam

mode. Because PAVO spectrally disperses the light it combines, measurements with it yield

23 spectrally dispersed visibilities at a single baseline orientation per observation.
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2.4.5 Other Beam Combiners

There are currently three other science beam combiners operating on the Array: VEGA

(Visible spEctroGraph and polArimeter), JouFLU (Jouvence of FLUOR (Fiber Linked Unit

for Optical Recombination)), and MIRC (Michigan Infra-Red Combiner). VEGA is a four-

beam combiner that is capable of high-spectral resolution spectro-interferometry in the vis-

ible (Mourard et al. 2009; Ligi et al. 2013). JouFLU is a two-beam combiner that uses

optical �bers to measure extraordinarily precise near-infrared visibilities (Scott et al. 2013).

MIRC is a six-beam combiner that exploits the large number visibilities and closure phases

available with six-telescope observations to reconstruct near-infrared images (Monnier et al.

2004, 2006).

2.5 The Current State of Interferometric Observations of A-Stars

In no small part because of their brightness, many nearby A-type stars have played a crucial

role in the development of optical interferometry. Nine of the 32 stars with angular diameters

measured by Hanbury Brown et al. (1974a) are A-stars and observations of the A1 star Sirius

led to advances in how limb-darkening is treated in interferometric work (Hanbury Brown

et al. 1974b). Some of the �rst imaging work from an interferometer (NPOI in this case) was

of the binary A-star Mizar A (HD 116656, Benson et al. 1997). In their observations of Vega,

Absil et al. (2006) made the �rst interferometric detection of hot exozodiacal dust around

a main-sequence star and A-stars are still important for studies of exozodiacal dust (Absil

et al. 2013; Scott 2015). The rapidly rotating A-stars Alderamin and Vega were among the
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�rst stars studied by the CHARA Array (van Belle et al. 2006; Aufdenberg et al. 2006).

Altair was the �rst main-sequence star to be interferometrically imaged and to date, four A-

stars have been imaged with MIRC (Monnier et al. 2007, 2012; Zhao et al. 2009). Boyajian

et al. (2012) and Maestro et al. (2013), as part of their work, have collectively measured

the angular diameters of twelve A-stars with Classic and PAVO, respectively and have used

these measurements to improve stellar e�ective temperature scales. We note however that

six of the twelve measured for temperature scale calibration are rapid rotators (v sini & 100

km/s; Royer et al. 2007) and likely are oblate and experience gravity darkening (see Chapter

4). Treating these as spherical limb-darkened stars, as was one in these studies, could thus

bias the inferred temperature scale.
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CHAPTER 3

THE 50 PARSEC A-STAR SAMPLE

3.1 Construction of the 50 Parsec A-Star Sample (50PASS)

We construct a volume limited sample of A-type stars as a basis from which to create the

sample of stars we observe interferometrically. We choose to make our sample volume limited

in order to avoid the Malmquist bias inherent in the more practical magnitude limited or

angular diameter limited approaches (Butkevich et al. 2005). We choose 50 pc as our limiting

distance because all A-stars (which have main-sequence radii ranging from� 1.5 to 2.4 R� )

within this distance should have angular diameters larger than the resolution limit of the

CHARA Array ( � 0.2 mas in the R-band) and have apparent magnitude values brighter than

the limiting magnitude of the Array (K � 7 mag with the CLIMB beam combiner, R� 9 mag

with the PAVO beam combiner).

To construct this sample, we use the results from the updated reduction of the parallax

measurements made by theHipparcossurvey that were done by van Leeuwen (2007). Except

for some close binaries and in crowded �elds, theHipparcossurvey is expected to be complete

to V=7.3 (Perryman et al. 1997), meaning that it provides the most complete set of distance

measurements for nearby A-stars which have apparent V magnitudes brighter than� 7 mag.

Using the online VizieR catalogue access tool (Ochsenbein et al. 2000), the initial catalogue

is constructed by querying theHipparcos catalogue with the following limits:

� The B � V color is between -0.06 and 0.31. These are theB � V colors corresponding

to stars with spectral types ranging between B9 and F0 (Kenyon & Hartmann 1995),
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ensuring that the sample includes all A-type stars.

� The Hp magnitude is less than 10 mag. This excludes white dwarfs from our sample,

which have similar colors but are& 10,000 times fainter.

� The parallax, � hp is greater than 20 mas, corresponding to a distance limit of less than

50 pc.

These limits result in a sample of 272 stars. However, 11 of these stars have a parallax error

(� � ) greater than 10 mas and 25 additional stars have� hip � � � < 20 such that they are not

de�nitively within 50 pc. These 36 stars are removed from the sample in order to ensure

that all stars in the sample are de�nitely within 50 pc and have reasonably accurate distance

estimates. After these cuts are made, there are four stars (with HIP numbers 18531, 32609,

54299, and 89272) that have aB � V color listed as 0.000 in the catalogue suggesting that

theseB � V colors were not measured. The originalHipparcos catalogue (Perryman & ESA

1997) shows that all four of these stars haveB � V colors outside the bounds of our sample

and so they are removed. After all of these cuts, our sample has 232 stars1 in it and these

are presented in Table 3.1. The distribution of these stars across the sky is shown in Figure

3.1. Throughout this document, we will refer to this sample as the50 Parsec A-Star Sample,

or 50PASS.

1 We de�ne \star" here as having a separate entry in the Hipparcos catalogue. As discussed below, each
of these may be a binary or multiple system or may be a wide component of another system.



29

60°S

30°S

0°

30°N

60°N

60°S

30°S

0°

30°N

60°N

0hr4hr8hr12hr16hr20hr24hr

50PASS

Figure 3.1 Plot of the right ascension and declination of50PASS on the sky. Notable subsamples of the50PASS are
indicated, including Hyades members (red stars; 17), Ursa Major moving group nucleus members (green stars; 6), UMa
stream members (light green diamonds; 6), AB Doradus moving group members (orange stars; 2),� Pictoris moving
group members (blue stars; 5), Columba association members (cyan stars; 3), and Argus association members (purple
stars; 4).
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3.2 Observational Sample of E�ectively Single, Northern A-Stars (OSESNA)

Despite being spatially large enough and bright enough to be resolved by the CHARA Ar-

ray, not all members of the50PASS lend themselves to interferometric observations. In

particular, interferometric observations of binary or multiple star systems with projected

separations of less than 2" and of comparable brightness (�m< 5 mag) will add a measure-

able continuum 
ux and bias the visibility measurement. As such, we exclude all stars with

a known bright companion within 2" from the sample to be surveyed. These companions

are identi�ed using the 9th Catalogue of Spectroscopic Binary Orbits (SB9, Pourbaix et al.

2004) and the Washington Double Star Catalogue (WDS, Mason et al. 2001). In addition,

one star (� 1 Dra = HD 159541) is removed from theOSESNAbecause there is another star

of equal brightness close enough that they are indistinguishable in the �nder scopes on the

CHARA telescopes.

Because the CHARA Array is in the northern hemisphere (latitude +34.22� ), stars with

a declination below -10� will also not be observed in this survey. While it is possible to

observe targets between -30� and -10� declination, observing targets at such low elevations

greatly foreshortens the north-south baselines, reducing the resolution in those directions.

Moreover, observing at high airmass introduces complications with calibration (see Section

4.2). The resulting 108 stars, presented in Table 3.2, consist of all the A-type stars that are

within 50 pc, easily accessible from the northern hemisphere, and are not known to have

bright companions within 2". Figure 3.2 shows the distribution of this sample across the

sky. Throughout this document, we will refer to this sample as theObservational Sample of
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E�ectively Single, Northern A-Stars or OSESNA. Figures 3.3 and 3.4 show the distributions

of V magnitude andB � V colors in both the50PASS and the OSESNA.
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Figure 3.2 Plot of the right ascension and declination ofOSESNA on the sky. Notable subsamples of theOSESNA are
indicated, including Hyades members (red stars; 13), Ursa Major moving group nucleus members (green stars; 4), UMa
stream members (light green diamonds; 4), AB Doradus moving group members (orange stars; 1),� Pictoris moving
group members (blue stars; 1), Columba association members (cyan stars; 2), and Argus association members (purple
stars; 2). Grey circles show the RA and Dec of stars that are in the50PASS, but not the OSESNA.
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3.3 Notable Subsamples and Statistics

3.3.1 Members of Clusters and Moving Groups

Of the 232 stars that are in the50PASS, 43 are members of stellar groups (open clusters,

moving groups, or associations). Only 27 of these 43 stellar group members are in the

OSESNA.

3.3.1.1 Hyades Open Cluster

The Hyades is an open cluster centered 47 pc away from the Sun with an estimated age

of 635 Myr (Perryman et al. 1998). As the closest open cluster to the Sun, it is incredibly

well-studied and consequently, has served as a long-standing benchmark for stellar evolution

models (e.g., Dotter et al. 2008). Even still, there is debate about its age (e.g., Brandt

& Huang 2015), which is highly dependent on the location of the main sequence turn-o�,

which is dominated by rapidly rotating early type stars. By cross-referencing our samples

with the Hyades membership list of Perryman et al. (1998), we �nd that there are 17 stars

in the 50PASSthat are in the Hyades with 13 of them being in theOSESNA. The four stars

excluded from theOSESNAhave known or suspected bright companions.

3.3.1.2 Ursa Major Moving Group

With a nucleus distance of 25 pc, the Ursa Major moving group is one of the closest moving

groups to the Sun. Outside of a few studies (e.g., King et al. 2003; King & Schuler 2005;

Ammler-von Ei� & Guenther 2009), the UMa moving group is not well studied. In large
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part, this is because it is a very loose association and its members are spread out across

the sky. For this reason, members of the moving group are generally separated into nucleus

(i.e., members with similar spatial and kinematic coordinates) and stream members (i.e.,

members with similar kinematic coordinates, but spread out across the sky). The moving

group is made up of 15 nucleus members and 47 likely stream members and has an estimated

age of 414 Myr based on interferometric observations and the model we present in Chapter

4 (King et al. 2003; Jones et al. 2015). By cross-referencing our samples with the Ursa

Major Moving Group membership list of King et al. (2003), we �nd that there are 6 nucleus

members and 6 likely stream members (listed as `Y' or `Y?' in Table 5 of King et al. 2003)

in the 50PASS with 4 nucleus members and 4 likely stream member also in theOSESNA.

All four of the stars that are excluded from theOSESNA are excluded because they either

have or are suspected to have a bright companion.

3.3.1.3 AB Doradus Moving Group

The AB Doradus moving group is the closest moving group to the Sun with a nuclear distance

of 20 pc. As with many other loose associations, the age of the AB Doradus moving group is

disputed with age estimates ranging from 50 Myr (Zuckerman et al. 2004) to a Pleiades age of

100-125 Myr (Luhman et al. 2005). Per the membership list of Zuckerman et al. (2004), the

nucleus has 9 members and the stream has 28 members with spectral types ranging from F5

to M3. As all of these members are of later spectral type than A, none of them are included

in the 50PASS. Zuckerman et al. (2011) propose a list of seven additional stream members

that includes the �rst A- and B-type stars proposed to be members. Of these seven stars,
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only two are in the 50PASS: HD 220825 (� Psc) and HD 223352 (� Scl). With a declination

of � 27:9� , � Scl is not included in theOSESNAbecause it falls below our declination limit,

but � Psc is in theOSESNA. Given the strict distance cuto� we use for our sample, two more

stars in the proposed stream membership list, HD 17573 and HD 177178, with distances of

51 pc and 55 pc, respectively and declinations of +27� and +01� , respectively may be targets

of interest for future interferometric study with the CHARA Array.

3.3.1.4 � Pictoris Moving Group

The � Pictoris moving group is one of the youngest nearby moving groups with an age of

24� 3 Myr (Bell et al. 2015). Because the group is so young and so nearby (with an average

distance of 31 pc), it is an ideal sample of stars for direct imaging searches for planets. In

fact, two members have been found to host directly-imaged planets:� Pic itself (Lagrange

et al. 2010), which also has a directly imaged edge-on debris disk system (Golimowski et al.

2006), and 51 Eri (Macintosh et al. 2015). Five stars in the compiled membership list of

McCarthy & White (2012), including � Pic and 51 Eri, are in the50PASS. However, due

to the low declination of the moving group, only 51 Eri (HD 29391) has a high enough

declination (� 1:5� ) to be included in the OSESNA.

3.3.1.5 Columba Association

The Columba association is a young (42+6
� 4 Myr, Bell et al. 2015) nearby group. Two of

its proposed members, HR 8799 (see Chapter 7) and� And (see Chapter 6), are known to

host directly imaged planets, so the age of the association would improve mass estimates for
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these companions. Three stars in the membership list of Zuckerman et al. (2011) are in the

50PASS: HD 16754, HD 48097, and HD 218396 (HR 8799). HD 16754, with a declination

of � 41:1� is not included in the OSESNA, though the other two are.

3.3.1.6 Argus Association

With an average distance of� 100 pc (Torres et al. 2008), the Argus association is rather

distant in the context of the current work. However, because of the large spatial extent of

the � 40 Myr old group (Zuckerman et al. 2011), some Argus members lie within our 50 pc

limit. Four of the members listed for the Argus Association in Zuckerman et al. (2011) are

in the 50PASS: HD 88955, HD 102647 (Denebola), HD 188228 (� Pav), and HD 192640. Of

these, two (HD 88955 and� Pav) are below our declination limit and so are not included in

the OSESNA, but the other two (Denebola and HD 192640) are included.

3.3.2 Rapid Rotators

As described in Chapter 1, A-stars which typically do not have a strong enough global mag-

netic �eld to slow their primordial angular momentum are very often rapidly rotating. We

�nd that just over half of the stars in the 50PASS(126 of 232 stars) have large projected rota-

tional velocities with v sini values greater than 100 km/s and thus have apparent oblateness2

values greater than� 1.03 and are thus measurable with the CHARA Array. The average

v sini of the 50PASS is 119 km/s with a standard deviation of 73 km/s and a median of

106 km/s. For the OSESNA, � 63% of the stars (68 out of 108) have a projected rotational

velocity over 100 km/s. The averagev sini of the OSESNA is 125 km/s with a standard
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deviation of 63 km/s and a median of 115 km/s. The distribution of rotation velocities in

our sample is shown in Figure 3.5.

The work of Zorec & Royer (2012) statistically derives the rotational velocity distribution

of a large sample of A-type stars based on their projected rotational velocities measurements

and assuming randomly oriented rotation axes. Interferometrically measuring the oblateness

and modeling the inclination of the stars in theOSESNA (see Chapter 4) will provide an

independent check on the rotational velocity distribution derived by Zorec & Royer (2012).

3.3.3 � Bo•otis-type Stars

� Bo•otis-type stars are chemically peculiar A- and early F-type stars that are underabundant

in Fe-peak elements and have solar-like abundances of lighter elements (C, N, O, and S)

(Venn & Lambert 1990; Paunzen et al. 1998). There are �ve con�rmed� Boo stars in the

50PASS (Murphy et al. 2015): the prototype, � Boo (HD 125162); planet-host, HR 8799

(HD 218396);� 1 Ori (HD 31295); � Vir (HD 110411); and HD 192640. Additionally, there

are two probable� Boo stars noted in Murphy et al. (2015) that are in the50PASS: Vega

(HD 172167) and� Scl (HD 223352). � Scl is not included in theOSESNA because of its

low declination, but the other six stars are. By estimating the ages of these �ve stars, we

will be able to address the hypotheses discussed in Section 1.1.2 regarding the cause of the

unique abundances of� Boo stars.

2 For this work, we de�ne \oblateness" as the ratio of the equatorial radius and the polar radius; oblateness
values are thus always equal to or greater than 1.0. We de�ne the \apparent oblateness" as the ratio between
the observed major and minor axes of the star.
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Figure 3.3 Histogram of V-band magnitude.
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Table 3.1: 50 Parsec A-Star Sample (50PASS) Members

HD HIP Other RA DEC Spectral v sini D VT B � V KS In Flags
Number Number Identi�er hh:mm dd:mm Type (km/s) (pc) (mag) (mag) (mag) OSESNA

358 677 Alpheratz 00:08 +29:05 B9p 55.0 29.7 2.04� 0.04 2.223 N � ,a,1
1404 1473 � And 00:18 +36:47 A2V 123.0 41.3 4.54 0.05 4.464 Y b
2262 2072 � Phe 00:26 � 43:40 A7V 245.0 23.8 3.99 0.17 3.59 N a,2
3003 2578 � 3 Tuc 00:32 � 63:01 A0V 93.0 45.6 5.09 0.04 4.985 N b,1,2
3326 2852 BG Cet 00:36� 22:50 A5m... 110.0 48.9 6.14 0.3 5.418 N b,1,2
5448 4436 � And 00:56 +38:29 A5V 75.0 39.8 3.9 0.13 3.636 Y b
6695 5310  2 Psc 01:07 +20:44 A3V 149.0 47.3 5.61 0.12 5.22 N b,1
6961 5542 Marfak 01:11 +55:08 A7Vvar 103.0 41.0 4.39 0.17 4.128 Y b
8538 6686 Ksora 01:25 +60:14 A5VvSB 123.0 30.5 2.71 0.16 2.245 Y b
11257 8588 HR 534 01:50 +11:02 F2Vw 29.0 42.0 6.0 0.3 5.098 N b,1
11636 8903 � Ari 01:54 +20:48 A5V... 73.0 18.0 2.7 0.17 2.27 N b,1
11973 9153 � Ari 01:57 +23:35 F0V 107.0 39.5 4.86 0.29 4.354 Y b
12111 9480 48 Cas 02:01 +70:54 A3IV 81.0 35.3 4.55 0.16 4.254 N b,1
12216 9598 50 Cas 02:03 +72:25 A2V 91.0 48.2 3.96� 0.0 3.921 Y b
12311 9236 � Hyi 01:58 � 61:34 F0V 118.0 22.0 2.93 0.29 1.861 N b,2
12446 9487 � Psc B 02:02 +02:45 A2 84.0 46.2 3.83 0.02 3.616 N � ,b,1
13161 10064 � Tri 02:09 +34:59 A5III 70.0 38.9 3.06 0.14 2.678 N b,1
14055 10670 
 Tri 02:17 +33:50 A1Vnn 254.0 34.4 4.02 0.02 3.958 Y b
14622 11090 HR 687 02:22 +41:23 F0III-IV 43.0 47.0 5.88 0.29 5.069 Y b
15008 11001 � Hyi 02:21 � 68:39 A3V 180.0 42.8 4.1 0.03 3.957 N a,2
15089 11569 � Cas 02:29 +67:24 A5pSr 49.0 40.7 4.51 0.15 4.248 N � ,b,1
15427 11477 � For 02:28 � 33:48 A2/A3V 165.0 46.6 5.16 0.09 4.944 N a,2
16555 12225 � Hor 02:37 � 52:32 A6V 315.0 45.6 5.37 0.29 4.525 N a,1,2
16754 12413 s Eri 02:39� 42:53 A2V 245.0 35.7 4.76 0.06 4.46 N F,a,2
16970 12706 Ka�aljidhma 02:43 +03:14 A3V 186.0 24.4 3.5 0.09 3.076 N b,1
17093 12832 38 Ari 02:44 +12:26 A7III-IV 86.0 36.3 5.24 0.23 14.418 Y b
18454 13782 4 Eri 02:57� 23:51 A5IV/V 107.0 47.7 5.51 0.24 4.915 N b,2
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Table 3.1: 50 Parsec A-Star Sample (50PASS) Members

18928 14232 HR 916 03:03 +28:16 F0V 175.0 46.0 6.45 0.31 5.546 Y b
18978 14146 � 3 Eri 03:02 � 23:37 A4V 133.0 27.2 4.13 0.16 3.573 N b,2
19107 14293 � 3 Eri 03:04 � 07:36 A8V 186.0 41.6 5.32 0.19 4.741 Y b
19356 14576 Algol 03:08 +40:57 B8V 55.0 27.6 2.1� 0.0 1.894 N a,1
20320 15197 � Eri 03:15 � 08:49 A5m 82.0 33.6 4.86 0.23 4.225 N � ,b,1
20677 15648 1 Per 03:21 +43:19 A3V 144.0 46.2 4.98 0.05 4.776 Y b
23281 17395 HR 1139 03:43� 10:29 A5m 92.0 42.4 5.66 0.22 5.077 Y b
25490 18907 � Tau 04:03 +05:59 A1V 83.0 35.9 3.92 0.03 3.783 Y b
27045 19990 ! Tau 04:17 +20:34 A3m 78.0 28.9 5.0 0.26 4.362 Y � ,b
27397 20219 h Tau 04:19 +14:02 F3V... 110.0 45.7 5.65 0.28 4.853 Y A,b
27459 20261 58 Tau 04:20 +15:05 F0V 79.0 46.9 5.32 0.23 4.689 Y A,b
27934 20635 � 1 Tau 04:25 +22:17 A7IV-V 94.0 47.2 4.26 0.14 4.077 Y A,b
27946 20641 � 2 Tau 04:25 +22:12 A7V 191.0 45.4 5.34 0.25 4.607 Y A,b
27962 20648 � 3 Tau 04:25 +17:55 A2IV 11.0 45.5 4.32 0.05 4.098 N A,� ,b,1
28024 20711 � Tau 04:26 +22:48 A8Vn 243.0 47.1 4.36 0.26 3.761 Y A,b
28072 20673 BD02 899 04:25� 02:13 F8 0.0 42.7 7.38 0.2 5.727 N a,1
28226 20842 HR 1403 04:28 +21:37 Am 105.0 47.1 5.79 0.27 5.055 Y A,� ,b
28319 20894 � 2 Tau 04:28 +15:52 A7III 77.0 46.1 3.46 0.18 2.88 N A,b,1
28355 20901 b Tau 04:28 +13:02 A7V 105.0 48.9 5.08 0.21 4.534 Y A,� ,b
28527 21029 HR 1427 04:30 +16:11 A6IV 86.0 43.2 4.83 0.17 4.364 Y A,b
28546 21039 81 Tau 04:30 +15:41 Am 40.0 44.9 5.54 0.26 4.903 N A,� ,b,1
28556 21036 83 Tau 04:30 +13:43 F0V 95.0 45.2 5.47 0.26 4.748 Y A,a
28910 21273 � Tau 04:33 +14:50 A8V 144.0 48.5 4.72 0.26 4.074 N A,b,1
29388 21589 90 Tau 04:38 +12:30 A6V 89.0 47.1 4.31 0.12 4.105 Y A,b
29391 21547 51 Eri 04:37� 02:28 F0V 84.0 29.4 5.29 0.28 4.537 Y E,b,*
29479 21673 � 1 Tau 04:39 +15:48 A4m 63.0 45.1 5.13 0.14 4.805 N � ,b,1
29488 21683 � 2 Tau 04:39 +15:55 A5Vn 128.0 47.7 4.72 0.15 4.229 Y A,b
29678 22361 HR 1491 04:48 +75:56 A9IV 110.0 47.1 6.04 0.28 5.221 Y a
30034 22044 HR 1507 04:44 +11:08 F0V 110.0 45.8 5.46 0.25 4.733 Y A,b
31295 22845 � 1 Ori 04:54 +10:09 A0V 120.0 35.7 4.69 0.09 4.416 Y � ,b
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33111 23875 Cursa 05:07� 05:05 A3IIIvar 194.0 27.4 2.83 0.16 2.397 Y b
33641 24340 � Aur 05:13 +38:29 A4m 92.0 46.9 4.89 0.19 4.396 N � ,b,1
37147 26382 122 Tau 05:37 +17:02 F0V 131.0 48.6 5.6 0.24 4.935 Y A,b
37507 26563 d Ori 05:38� 07:12 A4V 186.0 44.6 4.82 0.14 4.42 N b,1
37594 26624 HR 1940 05:39� 03:33 A8Vs 14.0 42.6 6.06 0.29 5.205 Y b
38678 27288 � Lep 05:46 � 14:49 A2Vann 229.0 21.6 3.58 0.1 3.286 N b,2
39014 27100 � Dor 05:44 � 65:44 A7V 172.0 45.9 4.39 0.22 3.84 N b,2
39060 27321 � Pic 05:47 � 51:04 A3V 130.0 19.4 3.91 0.17 3.526 N E,b,2
40183 28360 Menkalinan 05:59 +44:56 A2V 40.0 24.9 1.9 0.08 1.778 N C,b,1
40292 27947 HR 2094 05:54� 52:38 F0Ve... 68.0 34.7 5.36 0.29 4.567 N a,2
40932 28614 � Ori 06:02 +09:38 Am... 26.0 47.5 4.18 0.17 3.637 N � ,b,1
43378 30060 2 Lyn 06:19 +59:00 A2Vs 46.0 48.0 4.46 0.03 4.347 Y b
44769 30419 � Mon A 06:23 +04:35 A5IV 149.0 37.5 4.46 0.21 3.916 Y b
45229 30342 � Pic 06:22 � 56:22 Am 50.0 48.3 5.67 0.24 5.031 N a,2
46304 31167 HR 2386 06:32� 05:52 F0Vnn+... 217.0 41.8 5.67 0.26 4.905 Y b
47105 31681 Alhena 06:37 +16:23 A0IV 15.0 33.5 1.93 0.0 1.917 N b,1
48097 32104 26 Gem 06:42 +17:38 A2V 102.0 43.6 5.25 0.06 5.011 Y F,b
48915 32349 Sirius 06:45� 16:42 A0m... 16.0 2.6 � 1.09 0.01 � 1.39 N b,2
49434 32617 HR 2514 06:48� 01:19 F1V 90.0 40.0 5.82 0.29 5.01 Y a
50241 32607 � Pic 06:48 � 61:56 A7IV 206.0 29.6 3.31 0.23 2.57 N b,2
55568 34782 HR 2720 07:12� 30:49 A8III IV 134.3 47.6 6.17 0.27 5.387 N c,2
56537 35350 � Gem 07:18 +16:32 A3V... 154.0 30.9 3.61 0.11 3.535 Y b
60179 36850 Castor 07:34 +31:53 A2Vm 33.0 15.6 1.58 0.03 1.229 N b,1
70060 40706 q Pup 08:18� 36:39 A4m... 113.0 28.6 4.5 0.22 4.063 N b,2
71155 41307 30 Mon 08:25� 03:54 A0V 134.0 37.5 3.9 � 0.01 4.079 Y b
72037 42080 2 UMa 08:34 +65:08 A2m 26.0 46.8 5.52 0.21 4.934 Y � ,b
74956 42913 � Vel 08:44 � 54:42 A1V 150.0 24.7 1.95 0.04 1.719 N b,1,2
76543 43970 o1 Cnc 08:57 +15:19 A5III 102.0 45.7 5.28 0.15 4.865 Y b
76582 44001 o2 Cnc 08:57 +15:34 F0IV 107.0 46.1 5.75 0.21 5.156 Y b
76644 44127 � UMa 08:59 +48:02 A7IV 154.0 14.5 3.19 0.22 2.66 N b,1
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78045 44382 � Vol 09:02 � 66:23 Am 34.0 38.3 4.05 0.14 3.883 N b,1,2
78209 44901 15 UMa 09:08 +51:36 Am 42.0 28.8 4.54 0.29 4.042 Y � ,b
79439 45493 e UMa 09:16 +54:01 A5V 159.0 35.8 4.87 0.2 4.291 Y b
79469 45336 � Hya 09:14 +02:18 B9.5V 80.0 34.8 3.87� 0.06 3.943 Y b
80007 45238 Miaplacidus 09:13� 69:43 A2IV 140.0 34.7 1.66 0.07 1.487 N a,2
80081 45688 38 Lyn 09:18 +36:48 A1V 212.0 38.3 3.83 0.07 3.416 N b,1
83287 47300 42 Lyn 09:38 +40:14 F0V 113.0 37.6 5.34 0.22 4.752 Y b
83446 47175 M Vel 09:36� 49:21 A5V 133.0 32.3 4.4 0.17 3.938 N b,2
84107 47701 f Leo 09:43 +29:58 A2IV 39.0 49.0 5.68 0.11 5.394 Y b
84999 48319 � UMa 09:50 +59:02 F0IV 110.0 35.6 3.85 0.29 3.153 Y a
85376 48390 g Leo 09:51 +24:23 A5IV 117.0 41.5 5.36 0.23 4.662 Y b
86629 48926 � Ant 09:58 � 35:53 A8IV 50.0 33.3 5.31 0.3 4.477 N d,2
87696 49593 21 LMi 10:07 +35:14 A7V 165.0 28.2 4.54 0.19 4.004 Y C,b
88955 50191 q Vel 10:14� 42:07 A2V 105.0 31.1 3.87 0.05 3.775 N G,a,2
89021 50372 Tania Borealis 10:17 +42:54 A2IV 50.0 42.2 3.46 0.03 3.418 Y b
89571 51384 HR 4062 10:29 +84:15 F0IV 110.0 40.6 5.59 0.24 4.853 N a,1
90132 50888 HR 4086 10:23� 38:00 A8V 270.0 41.5 5.41 0.25 4.686 N a,2
91312 51658 HR 4132 10:33 +40:25 A7IV 128.0 34.6 4.78 0.22 4.197 Y b
92139 51986 p Vel 10:37� 48:13 A3m+... 15.0 26.8 3.91 0.3 3.105 N a,1,2
95382 53824 c Leo 11:00 +06:06 A5III 82.0 46.4 5.04 0.17 4.614 Y b
95418 53910 Merak 11:01 +56:22 A1V 46.0 24.4 2.35 0.03 2.285 Y B,b
95608 53954 b Leo 11:02 +20:10 A1m 21.0 38.9 4.43 0.05 4.315 Y b
97603 54872 Zosma 11:14 +20:31 A4V 180.0 17.9 2.59 0.13 2.144 Y b
99211 55705 
 Crt 11:24 � 17:41 A9V 144.0 25.2 4.13 0.22 3.546 N b,2
102124 57328 � Vir 11:45 +08:15 A4V 144.0 37.4 4.9 0.17 4.409 Y b
102249 57363 � Mus 11:45 � 66:43 A7III 60.0 39.0 3.68 0.16 3.203 N b,2
102647 57632 Denebola 11:49 +14:34 A3Vvar 128.0 11.0 2.16 0.09 1.883 Y G,b
103287 58001 Phecda 11:53 +53:41 A0VSB 178.0 25.5 2.43 0.04 2.429 Y B,b
104513 58684 67 UMa 12:02 +43:02 A7m 89.0 34.3 5.29 0.28 4.553 Y b
106591 59774 Megrez 12:15 +57:01 A3Vvar 233.0 24.7 3.34 0.08 3.104 Y B,b
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108767 60965 � Crv 12:29 � 16:30 B9.5V 236.0 26.6 2.94� 0.01 3.003 N b,2
109536 61468 HR 4794 12:35� 41:01 A7III 110.0 35.5 5.19 0.22 4.571 N a,2
109787 61622 � Cen 12:37 � 48:32 A2V 249.0 40.2 3.88 0.05 3.713 N b,2
110304 61932 
 Cen 12:41 � 48:57 A1IV 85.0 39.9 2.15 � 0.02 2.1 N a,1,2
110411 61960 � Vir 12:41 +10:14 A0V 154.0 36.3 4.91 0.08 4.678 Y � ,b
111968 62896 n Cen 12:53� 40:10 A4IV 85.0 45.6 4.32 0.22 3.714 N a,2
112185 62956 Alioth 12:54 +55:57 A0p 33.0 25.3 1.75� 0.02 1.625 N B,� ,b,1
112429 63076 8 Dra 12:55 +65:26 A5n 144.0 29.3 5.31 0.3 4.425 Y b
115892 65109 � Cen 13:20 � 36:42 A2V 90.0 18.0 2.77 0.07 2.757 N a,2
116656 65378 Mizar 13:23 +54:55 A2V 61.0 26.3 2.25 0.06 1.603 N B,a,1
116842 65477 Alcor 13:25 +54:59 A5VSB 228.0 25.1 4.05 0.17 3.145 Y B,b
118098 66249 Heze 13:34� 00:35 A3V 222.0 22.7 3.41 0.11 3.223 Y b
123998 69896 � Aps 14:18 � 81:00 A2m... 15.0 42.3 4.96 0.24 4.406 N a,2
125158 70035 HR 5349 14:19� 61:16 Am 95.0 48.4 5.29 0.28 4.67 N a,2
125161 69713 Asellus Secundus 14:16 +51:22 A9V 144.0 29.1 4.81 0.24 4.293 Y b
125162 69732 � Boo 14:16 +46:05 A0sh 123.0 30.4 4.21 0.09 3.91 Y � ,b
125442 70104 HR 5364 14:20� 45:11 F0IV 65.0 43.6 4.85 0.31 4.08 N a,2
126248 70400 HR 5392 14:24 +05:49 A5V 201.0 48.8 5.15 0.12 4.771 Y b
127762 71075 Seginus 14:32 +38:18 A7IIIvar 128.0 26.6 3.1 0.19 2.511 Y b
128898 71908 � Cir 14:42 � 64:58 F1Vp 15.0 16.6 3.25 0.26 2.425 N � ,a,2
129422 72131 HR 5482 14:45� 62:52 A7Vn 270.0 48.4 5.44 0.31 4.584 N a,2
130109 72220 109 Vir 14:46 +01:53 A0V 285.0 41.2 3.74� 0.01 3.646 Y b
130841 72622 Zubenelgenubi 14:50� 16:02 A3IV 102.0 23.2 2.79 0.15 2.44 N b,2
135379 74824 � Cir 15:17 � 58:48 A3V 60.0 30.6 4.1 0.09 3.875 N a,2
135559 74689 4 Ser 15:15 +00:22 A4V 138.0 46.1 5.68 0.18 5.177 Y b
137391 75411 Alkalurops 15:24 +37:22 F0V 96.0 34.7 4.38 0.31 3.622 N b,1
137898 75761 10 Ser 15:28 +01:50 A8IV 110.0 39.7 5.22 0.24 4.59 Y b
139006 76267 Alphecca 15:34 +26:42 A0V 138.0 23.0 2.22 0.03 2.206 N C,b,1
140417 77060 � Lib 15:44 � 15:40 A6IV 117.0 45.7 5.48 0.24 4.816 N b,2
140436 76952 
 CrB 15:42 +26:17 A1Vs 112.0 44.8 3.82 0.02 3.67 N b,1



46
Table 3.1: 50 Parsec A-Star Sample (50PASS) Members

141003 77233 Chow 15:46 +15:25 A3V 207.0 47.6 3.68 0.07 3.546 Y C,b
141296 77574 HR 5872 15:50� 45:24 F0V 77.5 45.3 6.19 0.3 5.278 N d,2
141795 77622 � Ser 15:50 +04:28 A2m 47.0 21.6 3.75 0.15 3.425 Y � ,b
142629 78105 � 1 Lup 15:56 � 33:57 A3V 78.3 42.4 5.14 0.13 4.853 N a,2
143466 78180 HR 5960 15:57 +54:44 F0IV 165.0 33.6 5.03 0.27 4.276 Y b
143474 78662 �1 Nor 16:03 � 57:46 A7IV 175.0 39.4 4.69 0.25 4.102 N a,1,2
143584 78286 HR 5964 15:59 +49:52 F0IV 84.0 49.0 6.12 0.29 5.289 Y b
144197 78914 � Nor 16:06 � 45:10 Am 50.0 37.5 4.79 0.23 4.267 N � ,a,2
146624 79881 d Sco 16:18� 28:36 A0V: 39.0 41.3 4.8 0.01 4.739 N b,2
148367 80628 � Oph 16:27 � 08:22 A3m 26.0 41.0 4.68 0.18 4.165 N � ,b,1
149681 80480 HR 6173 16:25 +78:57 F0V � � � 42.9 5.62 0.25 4.989 Y e
153808 83207 � Her 17:00 +30:55 A0V 60.0 47.5 3.91� 0.02 3.916 N b,1
154494 83613 60 Her 17:05 +12:44 A4IV 117.0 40.9 4.93 0.13 4.613 Y b
155125 84012 Sabik 17:10� 15:43 A2.5Va 23.0 27.1 2.44 0.06 2.336 N b,1,2
155154 83317 VX UMi 17:01 +75:17 F0IVn 159.0 46.6 6.25 0.31 5.42 Y b
156164 84379 � Her 17:15 +24:50 A3IVvSB 249.0 23.0 3.15 0.08 2.808 N b,1
156295 84183 HR 6421 17:12 +62:52 F0IV 107.0 43.0 5.61 0.22 5.05 Y b
157728 85157 73 Her 17:24 +22:57 F0IV 92.0 42.7 5.77 0.23 5.18 Y b
157792 85340 b Oph 17:26� 24:10 A3IV:m 78.0 25.5 4.23 0.28 3.338 N b,1,2
159170 85922 HR 6534 17:33� 05:44 A5V 243.0 48.1 5.67 0.19 5.139 Y b
159492 86305 � Ara 17:38 � 54:30 A7V 80.0 44.6 5.31 0.2 4.78 N a,2
159541 85819 � 1 Dra 17:32 +55:11 Am... 86.0 30.2 4.96 0.25 4.243 N � ,b,3
159560 85829 � 2 Dra 17:32 +55:10 Am 68.0 30.5 4.94 0.28 4.159 N � ,b,1
159561 86032 Rasalhague 17:34 +12:33 A5III 228.0 14.9 2.13 0.15 1.683 N b,1
159876 86263 � Ser 17:37 � 15:23 F0IIIp 54.0 32.3 3.61 0.26 2.911 N b,1,2
161868 87108 
 Oph 17:47 +02:42 A0V 210.0 31.5 3.76 0.04 3.622 Y b
165040 88866 � Pav 18:08 � 63:40 Am 30.0 39.9 4.4 0.23 3.804 N a,2
165189 88726 HR 6749 18:06� 43:25 A5V 104.0 41.8 4.99 0.26 4.386 N E,b,1,2
165777 88771 72 Oph 18:07 +09:33 A4IVs 65.0 26.6 3.76 0.16 3.412 Y b
166046 88817 100 Her B 18:07 +26:05 A3V 180.0 38.6 5.84 0.13 5.506 N b,1
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166926 85699 24 UMi 17:30 +86:58 A2m 65.0 46.9 5.83 0.24 5.293 Y a
169022 90185 Kaus Australis 18:24� 34:23 B9.5III 236.0 43.9 1.8 � 0.03 1.771 N b,2
172167 91262 Vega 18:36 +38:46 A0Vvar 24.0 7.7 0.09� 0.0 0.129 Y 
 ,b
172555 92024 HR 7012 18:45� 64:52 A7V 175.0 28.5 4.84 0.2 4.298 N E,a,2
173607 91926 � 2 Lyr 18:44 +39:36 A8Vn 212.0 47.7 4.65 0.18 4.157 N b,1
173648 91971 � 1 Lyr 18:44 +37:36 Am 47.0 47.9 4.4 0.19 3.967 N � ,b,1
173649 91973 � 2 Lyr 18:44 +37:35 F0IVvar 212.0 47.7 5.79 0.28 4.958 Y b
173880 92161 111 Her 18:47 +18:10 A5III 81.0 28.9 4.39 0.15 4.079 Y b
176687 93506 Ascella 19:02� 29:52 A3IV 77.0 27.0 2.62 0.06 2.293 N b,1,2
177196 93408 16 Lyr 19:01 +46:56 A7V 124.0 37.4 5.07 0.19 4.505 Y C,b
177724 93747 Deneb el Okab 19:05 +13:51 A0Vn 317.0 25.5 2.99 0.01 2.876 Y b
178233 93843 HR 7253 19:06 +28:37 F0III 128.0 40.0 5.6 0.3 4.808 Y b
178253 94114 � CrA 19:09 � 37:54 A0/A1V 195.0 38.4 4.13 0.04 4.049 N b,2
180777 94083 59 Dra 19:09 +76:33 A9V 70.0 27.3 5.19 0.31 4.313 Y C,a
181296 95261 � Tel 19:22 � 54:25 A0Vn 420.0 48.2 5.04 0.02 5.008 N E,a,2
181577 95168 � Sgr 19:21 � 17:50 F0III/IV 94.0 38.9 3.99 0.23 3.409 N b,2
184006 95853 � Cyg 19:29 +51:43 A5Vn 240.0 37.2 3.81 0.15 3.598 Y b
186219 97534 HR 7498 19:49� 72:30 A4III 125.0 43.6 5.46 0.23 4.797 N a,2
187642 97649 Altair 19:50 +08:52 A7IV-V 217.0 5.1 0.83 0.22 0.102 Y b
188228 98495 � Pav 20:00 � 72:54 A0V 85.0 32.2 3.95 � 0.03 3.8 N G,b,2
189118 98421 � 2 Sgr 19:59 � 34:41 A4/A5IV 50.0 48.5 5.36 0.17 4.863 N a,2
192425 99742 � Aql 20:14 +15:11 A2V 180.0 46.0 4.97 0.07 4.767 Y b
192640 99770 29 Cyg 20:14 +36:48 A2V 65.0 42.7 4.99 0.15 4.422 Y G,� ,b
192696 99655 33 Cyg 20:13 +56:34 A3IV-Vn 243.0 48.8 4.32 0.11 4.078 Y b
195627 101612 � 1 Pav 20:35 � 60:34 F1III 150.0 27.8 4.83 0.29 4.044 N a,2
195725 101093 � Cep 20:29 +62:59 A7III 53.0 41.8 4.27 0.2 3.719 N b,1
197051 102395 � Pav 20:44 � 66:12 A5IV 75.0 41.4 3.47 0.16 2.799 N b,2
197157 102333 � Ind 20:44 � 51:55 A6:var 150.0 24.2 4.58 0.28 3.82 N a,2
197950 102253 4 Cep 20:43 +66:39 A8V 175.0 42.8 5.66 0.22 5.059 Y b
198639 102843 56 Cyg 20:50 +44:03 A4me... 73.0 41.0 5.12 0.2 4.576 Y b
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201601 104521 
 Equ 21:10 +10:07 F0p 10.0 36.3 4.78 0.26 4.009 N � ,a,1
202730 105319 � Ind 21:19 � 53:26 A5V 210.0 30.3 4.45 0.19 4.145 N a,1,2
203280 105199 Alderamin 21:18 +62:35 A7IV-V 196.0 15.0 2.51 0.26 2.066 Y b
203705 105668 18 Aqr 21:24� 12:52 F0V 138.0 47.1 5.56 0.3 4.757 N b,2
204188 105860 IK Peg 21:26 +19:22 A8m 40.0 46.4 6.14 0.23 5.506 N � ,b,1
207098 107556 � Cap 21:47 � 16:07 A5mF2(IV) 105.0 11.9 2.94 0.18 2.014 N � ,b,1,2
210049 109285 � PsA 22:08 � 32:59 A2V 300.0 41.6 4.52 0.05 4.309 N a,2
210418 109427 Baham 22:10 +06:11 A2V 144.0 28.3 3.55 0.09 3.377 Y b
211336 109857 � Cep 22:15 +57:02 F0IV 91.0 26.2 4.26 0.28 3.538 N b,1
212728 110935 HR 8547 22:28� 67:29 A3V 224.0 43.1 5.63 0.21 5.046 N b,2
213398 111188 � PsA 22:31 � 32:20 A1V 30.0 43.8 4.3 0.01 4.253 N b,2
213558 111169 � Lac 22:31 +50:16 A1V 128.0 31.5 3.78 0.03 3.851 Y b
214846 112405 � Oct 22:46 � 81:22 A9IV/V 49.0 45.8 4.2 0.21 3.715 N b,2
215789 112623 � Gru 22:48 � 51:19 A3V 270.0 39.5 3.52 0.08 3.189 N a,2
216956 113368 Fomalhaut 22:57� 29:37 A3V 93.0 7.7 1.18 0.14 0.945 N b,2
217792 113860 � PsA 23:03 � 34:44 A9V 50.0 29.4 5.2 0.3 4.352 N a,1,2
218045 113963 Markab 23:04 +15:12 B9.5III 144.0 40.9 2.48� 0.0 2.647 Y b
218396 114189 HR 8799 23:07 +21:08 A5V 49.0 39.4 6.04 0.26 5.24 Y F,� ,b,*
219080 114570 7 And 23:12 +49:24 F0V 63.0 24.6 4.61 0.3 3.791 Y b
220825 115738 � Psc 23:26 +01:15 A0p 39.0 47.1 4.95 0.04 4.902 Y D,� ,b
222345 116758 ! 1 Aqr 23:39 � 14:13 A7IV 105.0 43.6 5.05 0.26 4.342 N b,2
222603 116928 � Psc 23:42 +01:46 A7V 70.0 32.7 4.56 0.2 4.064 Y b
222661 116971 ! 2 Aqr 23:42 � 14:32 B9V 148.0 45.5 4.48 � 0.03 4.594 N b,2
223352 117452 � Scl 23:48 � 28:07 A0V 299.0 42.1 4.59 0.0 4.532 N D,
 ,b,2
224392 118121 � Tuc 23:57 � 64:17 A1V 187.0 47.4 5.02 0.06 4.824 N b,2

Flags -

� Membership: [A,B,C,D,E,F,G] correspond to members of [Hyades Open Cluster, Ursa Major Moving Group Nucleus, UMa
Stream, AB Doradus Moving Group, � Pictoris Moving Group, Columba Association, Argus Association]
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� Peculiar metallicity: � correspond to stars with the Am, Ap, or HgMn chemical peculiarities as noted in Renson &

Manfroid (2009); � corresponds to stars con�rmed to have the� Boo chemical peculiarity as noted in Murphy et al. (2015);

 corresponds to stars that probably have the� Boo chemical peculiarity as noted in Murphy et al. (2015).

� Source ofv sin i : [a,b,c,d,e] correspond to [Glebocki & Gnacinski (2005), Royer et al. (2002), Ammler-von Ei� & Reiners
(2012), Pribulla et al. (2014), No v sin i measurement]

� Reason for not in sample: [1,2,3] correspond to [Close bright companion listed in WDS or SB9, Declination below� 10� ,
Equal brightness companion in the �nder]

� Other: [*] corresponds to [Planet Host]

Note: Spectral type, VT , and B � V are from the original Hipparcos catalogue (Perryman & ESA 1997). Distance is from the
updated Hipparcos catalogue (van Leeuwen 2007).K S is from the 2MASS catalogue (Cutri et al. 2003).
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Table 3.2: Observational Sample of E�ectively Single,

Northern A-Stars (OSESNA) Members

HD HIP Other RA DEC Spectral v sini D VT B � V KS Flags
Number Number Identi�er hh:mm dd:mm Type (km/s) (pc) (mag) (mag) (mag)

1404 1473 � And 00:18 +36:47 A2V 123.0 41.3 4.54 0.05 4.464 b
5448 4436 � And 00:56 +38:29 A5V 75.0 39.8 3.9 0.13 3.636 b
6961 5542 Marfak 01:11 +55:08 A7Vvar 103.0 41.0 4.39 0.17 4.128 b
8538 6686 Ksora 01:25 +60:14 A5VvSB 123.0 30.5 2.71 0.16 2.245 b
11973 9153 � Ari 01:57 +23:35 F0V 107.0 39.5 4.86 0.29 4.354 b
12216 9598 50 Cas 02:03 +72:25 A2V 91.0 48.2 3.96� 0.0 3.921 b
14055 10670 
 Tri 02:17 +33:50 A1Vnn 254.0 34.4 4.02 0.02 3.958 b
14622 11090 HR 687 02:22 +41:23 F0III-IV 43.0 47.0 5.88 0.29 5.069 b
17093 12832 38 Ari 02:44 +12:26 A7III-IV 86.0 36.3 5.24 0.23 14.418 b
18928 14232 HR 916 03:03 +28:16 F0V 175.0 46.0 6.45 0.31 5.546 b
19107 14293 � 3 Eri 03:04 � 07:36 A8V 186.0 41.6 5.32 0.19 4.741 b
20677 15648 1 Per 03:21 +43:19 A3V 144.0 46.2 4.98 0.05 4.776 b
23281 17395 HR 1139 03:43� 10:29 A5m 92.0 42.4 5.66 0.22 5.077 b
25490 18907 � Tau 04:03 +05:59 A1V 83.0 35.9 3.92 0.03 3.783 b
27045 19990 ! Tau 04:17 +20:34 A3m 78.0 28.9 5.0 0.26 4.362 � ,b
27397 20219 h Tau 04:19 +14:02 F3V... 110.0 45.7 5.65 0.28 4.853 A,b
27459 20261 58 Tau 04:20 +15:05 F0V 79.0 46.9 5.32 0.23 4.689 A,b
27934 20635 � 1 Tau 04:25 +22:17 A7IV-V 94.0 47.2 4.26 0.14 4.077 A,b
27946 20641 � 2 Tau 04:25 +22:12 A7V 191.0 45.4 5.34 0.25 4.607 A,b
28024 20711 � Tau 04:26 +22:48 A8Vn 243.0 47.1 4.36 0.26 3.761 A,b
28226 20842 HR 1403 04:28 +21:37 Am 105.0 47.1 5.79 0.27 5.055 A,� ,b
28355 20901 b Tau 04:28 +13:02 A7V 105.0 48.9 5.08 0.21 4.534 A,� ,b
28527 21029 HR 1427 04:30 +16:11 A6IV 86.0 43.2 4.83 0.17 4.364 A,b
28556 21036 83 Tau 04:30 +13:43 F0V 95.0 45.2 5.47 0.26 4.748 A,a
29388 21589 90 Tau 04:38 +12:30 A6V 89.0 47.1 4.31 0.12 4.105 A,b
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29391 21547 51 Eri 04:37� 02:28 F0V 84.0 29.4 5.29 0.28 4.537 E,b,*
29488 21683 � 2 Tau 04:39 +15:55 A5Vn 128.0 47.7 4.72 0.15 4.229 A,b
29678 22361 HR 1491 04:48 +75:56 A9IV 110.0 47.1 6.04 0.28 5.221 a
30034 22044 HR 1507 04:44 +11:08 F0V 110.0 45.8 5.46 0.25 4.733 A,b
31295 22845 � 1 Ori 04:54 +10:09 A0V 120.0 35.7 4.69 0.09 4.416 � ,b
33111 23875 Cursa 05:07� 05:05 A3IIIvar 194.0 27.4 2.83 0.16 2.397 b
37147 26382 122 Tau 05:37 +17:02 F0V 131.0 48.6 5.6 0.24 4.935 A,b
37594 26624 HR 1940 05:39� 03:33 A8Vs 14.0 42.6 6.06 0.29 5.205 b
43378 30060 2 Lyn 06:19 +59:00 A2Vs 46.0 48.0 4.46 0.03 4.347 b
44769 30419 � Mon A 06:23 +04:35 A5IV 149.0 37.5 4.46 0.21 3.916 b
46304 31167 HR 2386 06:32� 05:52 F0Vnn+... 217.0 41.8 5.67 0.26 4.905 b
48097 32104 26 Gem 06:42 +17:38 A2V 102.0 43.6 5.25 0.06 5.011 F,b
49434 32617 HR 2514 06:48� 01:19 F1V 90.0 40.0 5.82 0.29 5.01 a
56537 35350 � Gem 07:18 +16:32 A3V... 154.0 30.9 3.61 0.11 3.535 b
71155 41307 30 Mon 08:25� 03:54 A0V 134.0 37.5 3.9 � 0.01 4.079 b
72037 42080 2 UMa 08:34 +65:08 A2m 26.0 46.8 5.52 0.21 4.934� ,b
76543 43970 o1 Cnc 08:57 +15:19 A5III 102.0 45.7 5.28 0.15 4.865 b
76582 44001 o2 Cnc 08:57 +15:34 F0IV 107.0 46.1 5.75 0.21 5.156 b
78209 44901 15 UMa 09:08 +51:36 Am 42.0 28.8 4.54 0.29 4.042� ,b
79439 45493 e UMa 09:16 +54:01 A5V 159.0 35.8 4.87 0.2 4.291 b
79469 45336 � Hya 09:14 +02:18 B9.5V 80.0 34.8 3.87� 0.06 3.943 b
83287 47300 42 Lyn 09:38 +40:14 F0V 113.0 37.6 5.34 0.22 4.752 b
84107 47701 f Leo 09:43 +29:58 A2IV 39.0 49.0 5.68 0.11 5.394 b
84999 48319 � UMa 09:50 +59:02 F0IV 110.0 35.6 3.85 0.29 3.153 a
85376 48390 g Leo 09:51 +24:23 A5IV 117.0 41.5 5.36 0.23 4.662 b
87696 49593 21 LMi 10:07 +35:14 A7V 165.0 28.2 4.54 0.19 4.004 C,b
89021 50372 Tania Borealis 10:17 +42:54 A2IV 50.0 42.2 3.46 0.03 3.418 b
91312 51658 HR 4132 10:33 +40:25 A7IV 128.0 34.6 4.78 0.22 4.197 b
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Table 3.2: Observational Sample of E�ectively Single,

Northern A-Stars (OSESNA) Members

95382 53824 c Leo 11:00 +06:06 A5III 82.0 46.4 5.04 0.17 4.614 b
95418 53910 Merak 11:01 +56:22 A1V 46.0 24.4 2.35 0.03 2.285 B,b
95608 53954 b Leo 11:02 +20:10 A1m 21.0 38.9 4.43 0.05 4.315 b
97603 54872 Zosma 11:14 +20:31 A4V 180.0 17.9 2.59 0.13 2.144 b
102124 57328 � Vir 11:45 +08:15 A4V 144.0 37.4 4.9 0.17 4.409 b
102647 57632 Denebola 11:49 +14:34 A3Vvar 128.0 11.0 2.16 0.09 1.883 G,b
103287 58001 Phecda 11:53 +53:41 A0VSB 178.0 25.5 2.43 0.04 2.429 B,b
104513 58684 67 UMa 12:02 +43:02 A7m 89.0 34.3 5.29 0.28 4.553 b
106591 59774 Megrez 12:15 +57:01 A3Vvar 233.0 24.7 3.34 0.08 3.104 B,b
110411 61960 � Vir 12:41 +10:14 A0V 154.0 36.3 4.91 0.08 4.678 � ,b
112429 63076 8 Dra 12:55 +65:26 A5n 144.0 29.3 5.31 0.3 4.425 b
116842 65477 Alcor 13:25 +54:59 A5VSB 228.0 25.1 4.05 0.17 3.145 B,b
118098 66249 Heze 13:34� 00:35 A3V 222.0 22.7 3.41 0.11 3.223 b
125161 69713 Asellus Secundus 14:16 +51:22 A9V 144.0 29.1 4.81 0.24 4.293 b
125162 69732 � Boo 14:16 +46:05 A0sh 123.0 30.4 4.21 0.09 3.91 � ,b
126248 70400 HR 5392 14:24 +05:49 A5V 201.0 48.8 5.15 0.12 4.771 b
127762 71075 Seginus 14:32 +38:18 A7IIIvar 128.0 26.6 3.1 0.19 2.511 b
130109 72220 109 Vir 14:46 +01:53 A0V 285.0 41.2 3.74� 0.01 3.646 b
135559 74689 4 Ser 15:15 +00:22 A4V 138.0 46.1 5.68 0.18 5.177 b
137898 75761 10 Ser 15:28 +01:50 A8IV 110.0 39.7 5.22 0.24 4.59 b
141003 77233 Chow 15:46 +15:25 A3V 207.0 47.6 3.68 0.07 3.546 C,b
141795 77622 � Ser 15:50 +04:28 A2m 47.0 21.6 3.75 0.15 3.425� ,b
143466 78180 HR 5960 15:57 +54:44 F0IV 165.0 33.6 5.03 0.27 4.276 b
143584 78286 HR 5964 15:59 +49:52 F0IV 84.0 49.0 6.12 0.29 5.289 b
149681 80480 HR 6173 16:25 +78:57 F0V � � � 42.9 5.62 0.25 4.989 e
154494 83613 60 Her 17:05 +12:44 A4IV 117.0 40.9 4.93 0.13 4.613 b
155154 83317 VX UMi 17:01 +75:17 F0IVn 159.0 46.6 6.25 0.31 5.42 b
156295 84183 HR 6421 17:12 +62:52 F0IV 107.0 43.0 5.61 0.22 5.05 b
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Table 3.2: Observational Sample of E�ectively Single,

Northern A-Stars (OSESNA) Members

157728 85157 73 Her 17:24 +22:57 F0IV 92.0 42.7 5.77 0.23 5.18 b
159170 85922 HR 6534 17:33� 05:44 A5V 243.0 48.1 5.67 0.19 5.139 b
161868 87108 
 Oph 17:47 +02:42 A0V 210.0 31.5 3.76 0.04 3.622 b
165777 88771 72 Oph 18:07 +09:33 A4IVs 65.0 26.6 3.76 0.16 3.412 b
166926 85699 24 UMi 17:30 +86:58 A2m 65.0 46.9 5.83 0.24 5.293 a
172167 91262 Vega 18:36 +38:46 A0Vvar 24.0 7.7 0.09� 0.0 0.129 
 ,b
173649 91973 � 2 Lyr 18:44 +37:35 F0IVvar 212.0 47.7 5.79 0.28 4.958 b
173880 92161 111 Her 18:47 +18:10 A5III 81.0 28.9 4.39 0.15 4.079 b
177196 93408 16 Lyr 19:01 +46:56 A7V 124.0 37.4 5.07 0.19 4.505 C,b
177724 93747 Deneb el Okab 19:05 +13:51 A0Vn 317.0 25.5 2.99 0.01 2.876 b
178233 93843 HR 7253 19:06 +28:37 F0III 128.0 40.0 5.6 0.3 4.808 b
180777 94083 59 Dra 19:09 +76:33 A9V 70.0 27.3 5.19 0.31 4.313 C,a
184006 95853 � Cyg 19:29 +51:43 A5Vn 240.0 37.2 3.81 0.15 3.598 b
187642 97649 Altair 19:50 +08:52 A7IV-V 217.0 5.1 0.83 0.22 0.102 b
192425 99742 � Aql 20:14 +15:11 A2V 180.0 46.0 4.97 0.07 4.767 b
192640 99770 29 Cyg 20:14 +36:48 A2V 65.0 42.7 4.99 0.15 4.422 G,� ,b
192696 99655 33 Cyg 20:13 +56:34 A3IV-Vn 243.0 48.8 4.32 0.11 4.078 b
197950 102253 4 Cep 20:43 +66:39 A8V 175.0 42.8 5.66 0.22 5.059 b
198639 102843 56 Cyg 20:50 +44:03 A4me... 73.0 41.0 5.12 0.2 4.576 b
203280 105199 Alderamin 21:18 +62:35 A7IV-V 196.0 15.0 2.51 0.26 2.066 b
210418 109427 Baham 22:10 +06:11 A2V 144.0 28.3 3.55 0.09 3.377 b
213558 111169 � Lac 22:31 +50:16 A1V 128.0 31.5 3.78 0.03 3.851 b
218045 113963 Markab 23:04 +15:12 B9.5III 144.0 40.9 2.48� 0.0 2.647 b
218396 114189 HR 8799 23:07 +21:08 A5V 49.0 39.4 6.04 0.26 5.24 F,� ,b,*
219080 114570 7 And 23:12 +49:24 F0V 63.0 24.6 4.61 0.3 3.791 b
220825 115738 � Psc 23:26 +01:15 A0p 39.0 47.1 4.95 0.04 4.902 D,� ,b
222603 116928 � Psc 23:42 +01:46 A7V 70.0 32.7 4.56 0.2 4.064 b
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Flags -

� Membership: [A,B,C,D,E,F,G] correspond to members of [Hyades Open Cluster, Ursa Major Moving Group Nucleus, UMa
Stream, AB Doradus Moving Group, � Pictoris Moving Group, Columba Association, Argus Association]

� Peculiar metallicity: � correspond to stars with the Am, Ap, or HgMn chemical peculiarities as noted in Renson &
Manfroid (2009); � corresponds to stars con�rmed to have the� Boo chemical peculiarity as noted in Murphy et al. (2015);

 corresponds to stars that probably have the� Boo chemical peculiarity as noted in Murphy et al. (2015).

� Source ofv sin i : [a,b,c,d,e] correspond to [Glebocki & Gnacinski (2005), Royer et al. (2002), Ammler-von Ei� & Reiners
(2012), Pribulla et al. (2014), No v sin i measurement]

� Other: [*] corresponds to [Planet Host]

Note: Spectral type, VT , and B � V are from the original Hipparcos catalogue (Perryman & ESA 1997). Distance is from the
updated Hipparcos catalogue (van Leeuwen 2007).K S is from the 2MASS catalogue (Cutri et al. 2003).
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CHAPTER 4

MODELING STELLAR PROPERTIES

4.1 Data Reduction

Interferometric data from the Classic and CLIMB beam combiners were reduced using the

redclassicand redclimb pipelines, respectively (ten Brummelaar et al. 2013), yielding reduced

visibilities for each observation made. The pipeline used to reduce the observations made

with the PAVO beam combiner is described by Ireland et al. (2008).

4.2 Data Calibration

Many factors, both atmospheric and instrumental, serve to decrease the visibility measured

by an interferometer. This decrease depends in part on atmospheric turbulence at the time of

observation and the airmass at which the star is observed (e.g., Boden 2007; Roddier 1981).

Correcting for these temporal e�ects on the visibility requires frequent observation of a star

with a known angular diameter that is ideally smaller than the interferometric resolution

(�= 2B). Such a star is called a calibrator star. When observed near the target star both

in time (. 30 minutes) and on the sky (. 10� ), the target star's intrinsic visibility (V �
i )

should be observed (V�m) to be reduced by the same amount as the calibrator's (intrinsic -

Vc
i , measured - Vc

m):

V �
i

V c
i

=
V �

m

V c
m

(4.1)

A common method for estimating a calibrator star's size (if it is not known from previ-

ous interferometric measurements) is by �tting a photometric energy distribution (PED) to
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measured photometry. Boyajian (2009) found an average di�erence between angular sizes

determined by PED �tting and angular sizes measured by interferometry to be� 10%, so a

10% error in the angular size is adopted for the calibrator stars observed for this work. Small

calibrator stars are used because the smaller a star is, the less its estimated intrinsic visi-

bility is a�ected by inaccuracies in its size estimate. For example, a small calibrator with a

10% error (angular diameter,� = 0:2� 0:02 mas) observed with the CHARA Array's longest

baseline (B = 331 m) in the K -band will have an estimated intrinsic visibility of 0:974� 0:005

(a 0.5% error due to the inaccuracy of an PED-determined size). A calibrator that is twice

as large (� = 0:4 � 0:04 mas) and observed in the same way will have an estimated intrinsic

visibility of 0 :90� 0:02 (a 2.2% error due to the inaccuracy of an PED-determined size). As

a rule of thumb, good calibrators are ones that either have well-known angular diameters

or are smaller than approximately half the resolution of the observation to avoid signi�cant

errors in the calibrator's visibility (van Belle & van Belle 2005), though in practice, such

small calibrator stars that are also bright enough to observe are rare.

4.3 Oblate Star Model

Traditionally, interferometric studies of stars have used a limb-darkened disk model to com-

pare to their interferometric visibilities. The limb-darkened disk model has a convenient

functional form (Eqn. 4.2, where� � is the linear limb darkening coe�cient at the wave-

length of observation, � , Jn is the nth -order Bessel function,x = �B�� � 1, and B is the

projected baseline of the observation), but is inappropriate for rapidly rotating stars as it
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takes neither the distended shape of rapidly rotating stars nor the gravity darkening caused

by this distended shape into account.

V = (
1 � � �

2
+

� �

3
)� 1 � [(1 � � � )

J1(x)
x

+ � � (
�
2

)1=2 J3=2(x)
x3=2

] (4.2)

The model used here employs a Roche geometry and is based on the models used in van

Belle (2012), Aufdenberg et al. (2006), and Monnier et al. (2012). In order to determine the

fundamental properties of rapid rotators, the observed visibilities and broadband photometry

are compared to model-predicted visibilities and photometry. The eight input parameters

for the model star are its equatorial radius (Re), its mass (M � ), its equatorial rotational

velocity (Ve), the inclination of its polar axis relative to our line-of-sight (i ), the gravity

darkening coe�cient used in the model (� ), the temperature at its pole (Tp), the parallax

of the observed star (� plx ), and the position angle of its pole ( ) with a 180� ambiguity. Of

these, the parallax is set byHipparcos measurements, the gravity darkening coe�cient is set

by one of two possible relations (see below), and the mass is estimated from evolution models

(see below). The remaining �ve parameters (Re, Ve, i , Tp, and  ) are allowed to vary under

the constraint that the equatorial velocity (Ve) must yield a modelv sini that is consistent

with the observedv sini .

For Jones et al. (2015), we considered two di�erent gravity darkening laws. With the

canonical gravity darkening law (von Zeipel 1924a,b; Claret 2000b), the stars modeled here

are hot enough to have fully radiative envelopes, giving them a gravity darkening coe�cient,

� , of 0.25. However, a modern gravity darkening law, tested with results from interferometric

observations of rapidly rotating stars (Espinosa Lara & Rieutord 2011) shows that� is
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dependent on the angular rotation rate,! , and ranges from 0.25 for a non-rotating star

(! = 0) to � 0.09 for a star rotating at its breakup velocity (! = 1). In using these two

laws on the rapid rotators of the Ursa Major Moving Group, we found that there was little

di�erence between the two laws, so subsequently, we favor the law of Espinosa Lara &

Rieutord (2011).

The oblateness of a star depends not only on its rotation, but also its mass. After the

best �tting free parameters are determined, the age and mass are calculated using evolu-

tion models. The mass used in the oblate star model is then updated to match the mass

determined by the evolution model. The oblate star model and evolutionary model are run

iteratively until neither the mass nor the free parameters change by more than� 0.1% after

a series of consecutive runs, corresponding to the following changes in parameters: �Re

� 0.002 R� , � Ve � 0.2 km s� 1, � i � 0.1� , � Tp � 8 K, and �  � 0.4� .

The stellar model is constructed by calculating the stellar intensity at each point on an

oblate spheroidal grid, constructed of 51 points along the colatitudinal axis (#) and 51 points

along the longitudinal axis (' ) for a total of 2601 points on the star. To do this, a radius

(R(#)) and surface gravity (g(#), with radial component, gr(#) and polar component,g#(#))

are calculated for each point on the grid (van Belle 2012):

R(#) = 3
Rp

! sin#
cos[

� + arccos(! sin#)
3

] (4.3)
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g(#) =
p

gr(#)2 + g#(#)2; where

gr(#) =
� GM �

R(#)2
+ R(#)(
 sin #)2

g#(#) = R(#)
 2 sin# cos#:

(4.4)

In this prescription, Rp is the model star's polar radius:

Rp = [
1

Re
+

V 2
e

2GM �
]� 1; (4.5)

! is the angular velocity of the star relative to its critical velocity, 
 crit :

! =

r
27
4

w0(1 � w0)2

w0 =
V 2

e Rp

2GM �
;

(4.6)

and 
 is the angular velocity of the star in radians per second:


 = ! 
 crit = ! (
8
27

GM �

R3
p

)1=2: (4.7)

This allows the gravity dependent surface temperature (T(#)) to be calculated at each point

on the grid:

T(#) = Tp

�
g(#)
gp

� �

(4.8)

wheregp is the surface gravity at the model star's pole:

gp =
GM �

R2
p

: (4.9)

A grid of PHOENIX or ATLAS atmosphere models (Husser et al. 2013; Castelli & Kurucz
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2004) are interpolated to determine the intensity spectrum (I� ) at each point on the stellar

model surface grid based on the temperature and surface gravity of those points. The

PHOENIX atmosphere models are preferred for this work because they incorporate the

e�ects of limb darkening. However, ATLAS models are used for stars withTp & 11000 K

because PHOENIX models are limited toT < 12000 K. When using ATLAS models, we use

the linear limb darkening coe�cients of Claret (2000a) to account for limb darkening.

Model photometry is calculated by integrating the 2601 intensity spectra that cover the

star to compute the 
ux spectrum of the star,F� :

F� =
Z �

#=0

Z 2�

' =0
I � (#; ' )� 2

R(#) sin(#) � (#; ' ) d' d# (4.10)

I � (#; ' ) is the intensity spectrum given by either the ATLAS model adjusted by a linear

limb darkening law and the limb darkening coe�cient of Claret (2000a) or the PHOENIX

model. � R(#) is the angular radius of the model star as a function of colatitude.� (#; ' ) is

the cosine of the angle between the observer and the normal of the star:

� (#; ' ) =
1

g(#)
[� gr(#)(sin(#) sin(i ) cos(' ) + cos(#) cos(i )) �

g#(#)(sin(i ) cos(' ) cos(#) � sin(#) cos(i ))] :

(4.11)

Note that I � (#; ' ) = 0 for � < 0 (i.e., only light directed at the observer is included in the

integration). The resulting 
ux spectrum is convolved with the appropriate bandpass �lter

to compute the speci�c 
ux from which the photometry is calculated.

The bolometric 
ux is simply Fbol =
R

F� d� and the apparent luminosity is thenLapp =

4�F bold2. The total luminosity, L tot , is calculated by determiningJ� , the speci�c irradiance
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on each point

J� (Te� ; g) =
Z 1

� =0
I � (Te� ; g; � )� d� (4.12)

integrating over all wavelengths:

Jbol(#) = 2 �
Z

�
J� (Te� ; g) d� (4.13)

and integrating over the model star's surface:

L tot = 2�
Z �

#=0
Jbol(#)R2(#)sin(#) d# (4.14)

This total luminosity, along with the modeled average radius and equatorial velocity are

compared to MESA evolutionary models to estimate an age and mass (see Section 4.4). The

average radius,Ravg, is calculated by averagingR(#) from # = 0 to � radians (i.e., from one

pole to the other):

Ravg =

R�
#=0 R(#)d#

�
(4.15)

Other parameters calculated by the model include the average e�ective temperature,Tavg,

and the average surface gravity,gavg:

Tavg =

R�
#=0 T(#)d#

�
(4.16)

gavg =

R�
#=0 g(#)d#

�
(4.17)

Model visibilities are calculated by �rst creating an image of the model star in the band-

pass of the observations. For example, if the visibilities are observed inH -band, the intensity
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spectra at the di�erent points in the image are convolved with anH -band �lter. A 2D fast

Fourier transform (FFT) is taken of that synthetic image. This image is 4900� 4900 pixels

with � 1000 of those pixels (in the center of the image) being made up of synthetic starlight.

This distribution is designed to produce an image that is high enough resolution to detect

the oblateness and for the FFT to extract accurate visibilities. The model squared visibility

is the complex square of that transform at the observedu and v spatial frequencies and the

model visibilities are the square root of that quantity.

The above prescription yields visibilities and photometry based on a model star that can

be tuned to match the observations. The algorithm described below is employed to �nd the

set of free-parameters (Re, Ve, i , Tp, and  ) that minimizes the di�erence between observed

and model predictions. For each set of input parameters, a reduced� 2 goodness-of-�t metric

is calculated with �ve degrees of freedom for both the visibilities and the photometry. The

�nal � 2 (hereafter, � 2
tot ) is then calculated by adding the� 2 values of the visibility data and

those of the photometry, assuming equal weight for the two. The search algorithm randomly

selects a set of parameters within a given window of parameter space. The initial window

size for the parametersRe, i , Tp, and  is � 0:5 R� , � 20� , � 500 K, and � 30� , respectively.

This search area is decreased over multiple steps, eventually reaching� 0:01 R� , � 1� , � 1

K, and � 1� , respectively. The window size for the parameterVe is � � v sin i
sin( i ) and is centered

on v sin i
sin( i ) and so is dependent on the value ofi for each iteration of the model. This window

is initially centered on the initial guess parameters, but it is re-centered whenever a model

with a smaller � 2
tot is calculated. The best �tting model is determined by minimizing the
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� 2
tot after multiple iterations.

Under the assumption that the uncertainties in the free parameters (Re, Ve, i , Tp, and

 ) are Gaussian and that the model parameters are linear, uncertainties in the free param-

eters are determined using the following prescription: For each data set (photometry and

visibilities), the � 2 (both reduced and unreduced) is scaled such that the reduced� 2 is 1.

The free parameters are then varied individually until the scaled, unreduced� 2 increases by

1. This gives two sets of uncertainties for the free parameters - one for the photometry and

one for the visibilities, with the exception of the position angle, which is only probed by the

visibilities. The �nal uncertainty in each free parameter is determined by adding the two

uncertainties in quadrature under the assumption that the visibilities and photometry are

independent. The uncertainty in the position angle is determined only by comparison with

the visibilities. These uncertainties are then propagated to determine the uncertainties in

the derived parameters.

We used a sample of stars in the Ursa Major moving group (see Chapter 5) to develop

this model and due to the large scatter in the broad-band photometric measurements of

these stars relative to their error, the best �tting model �nds an unscaled� 2
tot of & 100

(dominated by the photometric � 2) when adopting the published errors for the photome-

try measurements, the mean and median of which are 0.016 and 0.011 mag, respectively.

More importantly, few of the photometric measurements overlapped with the model PED

which could indicate underestimates of the photometric error, inaccuracies of the synthetic

spectral energy distribution, incorrect �lter pro�les or zero-points, etc. To account for this,
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photometric errors of 0.03 mag were adopted for all photometric values which had an error

less than 0.03 mag. With these adopted photometric errors, the best �tting models for these

stars had an unscaled� 2
tot of < 15.

4.4 MESA Evolution Model Comparison

To determine ages and masses of rapidly rotating stars, the star's average radius (Ravg),

total luminosity ( L tot ), and equatorial velocity (V e), as determined by the oblate star model

are compared to the predictions of MESA evolutionary models (Paxton et al. 2011, 2013).

This comparison is made by interpolating between evolutionary mass tracks that we generate

using the MESA code for a grid of masses (with a resolution of 0.1 M� ) and initial angular

velocity values (ranging from 0 to 90% the initial critical rate with a resolution of 10%).

These three parameters (Ravg, L tot , and V e) correspond to a star with a unique mass, age

and angular velocity. The mass used by the oblate star model is set equal to the mass

determined by this comparison in the iterative process described above.

To determine the errors in the age and mass, the age and mass are calculated for the ten

points which represent the 1� -errors of the �ve parameters in the oblate star model (i.e.,

[Re � � Re, Ve, i , Tp,  ], [Re, Ve � � Ve, i , Tp,  ], etc.). The lowest and highest values that come

from this procedure represent the lower and upper bounds of the statistical errors presented

here. We note that this method does not take into account any correlations that may be

present between the free parameters.
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4.5 Initial Model Parameters

The � 2 minimization technique that is used to determine the best-�tting model (see Section

4.3) is especially sensitive to the initial guess given for the star's inclination. To account for

this, for each star, the model is run a number of times using various �xed inclinations. The

inclinations chosen range from 90� (edge-on) down to an inclination that would have the

model star rotating at breakup velocity given itsv sini . The best-�tting set of parameters

of these �xed-inclination models is chosen as the set of input parameters for the process

described in Section 4.3. An example of this is shown in Table 4.1, which lists the best-�tting

model parameters and� 2 values for the range of �xed-inclination models done for Megrez

(HD 106591). Figure 4.1 illustrates how the� 2 changes with inclination, showing the� 2 value

as a function ofi for these �xed-inclination models and for the �nal inclination-free model.

Megrez, with av sini of 233 km/s, approaches its critical angular velocity below� 50� when

the rotational velocity is constrained byv sini , so 50� is the lowest inclination for which

we compute �xed-inclination models. That the inclination-free model �nds a best-�tting

inclination of 52� suggests that models run at inclinations lower than 50� would have larger

� 2 values. We illustrate the � 2 values in Figure 4.1 because these are used in determining

uncertainties. While the inclination-free model solution �nds an uncertainty in inclination

for Megrez of � � 3� , Figure 4.1 suggests that if� 2 increases by 1, the inclination would

change by� 18� . This discrepancy may indicate that the uncertainties are underestimated

in some cases because we do not account for potential correlations in free parameters.

The initial guess value forM � that is supplied for the model runs at �xed inclinations is
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Table 4.1 Parameters and� 2 values for the best-�tting �xed-inclination models of Megrez
(HD 106591) using the gravity darkening law of von Zeipel (1924a,b).

i ( � ) � 2
tot � 2

vis � 2
phot Re (R� ) Ve (km/s) Tp (K)  (� )

90 7.796 3.460 4.337 2.419 244.6 9792 53.5
80 7.690 3.402 4.288 2.419 248.5 9793 49.8
70 7.197 3.156 4.040 2.457 260.0 9817 53.4
60 6.506 2.993 3.513 2.466 280.9 9908 52.2
52� 5.933 2.719 3.214 2.512 310.4 10030 51.6
50 6.017 2.707 3.310 2.542 319.0 10028 50.7

Note - (*) Fixed-inclination models include inclination values of 90, 80, 70, 60, and 50� . The 50�

�xed-inclination model has the lowest � 2 value, so the parameters associated with this model run
are chosen to be the initial model parameters for the inclination-free model run. The best-�tting
inclination-free model run for this star �nds a minimum � 2 at an inclination of 52� . The free
parameters associated with this model run are shown here.

determined based on the star's spectral type and the spectral type-mass relations found in

Cox (2000). The initial guess values forRe and Tp are based on the angular diameters and

e�ective temperatures listed in the JMMC Stellar Diameter Catalog (JSDC, Lafrasse et al.

2010) for each star. The initial value for is determined by �tting a uniform ellipse to the

visibilities in the cases where multiple baseline orientations have been used or is set to 0� in

the cases where they have not.
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Figure 4.1 The� 2
tot values (indicated by the circle symbols) of the best-�tting �xed-inclination

models of Megrez (HD 106591) using the gravity darkening law of von Zeipel (1924a,b). The
red circle indicates the �xed-inclination model with the lowest� 2

tot value and the green star
indicates the� 2

tot value of best-�tting inclination-free model run for this star.
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CHAPTER 5

THE AGE OF THE URSA MAJOR MOVING GROUP

5.1 Sample Selection

With a nucleus distance of 25 pc, the Ursa Major moving group is one of the closest and

best-studied moving groups. It consists of 15 nucleus stars and 47 likely stream members

with an estimated age of 500� 100 Myr and a metallicity of Z=0.016 (King et al. 2003). As

summarized in Table 5.1, previous studies have found an age for the moving group ranging

from 200 to 1000 Myr. The introduction of Ammler-von Ei� & Guenther (2009) provides an

excellent history of the study of the UMa moving group.

We de�ne a sample of A-stars in the Ursa Major moving group for interferometric ob-

servations by selecting all stars withB � V colors less than 0.31 from the \UMa nucleus

stars" list in King et al. (2003). The hottest of these stars, has aB � V color of � 0.022 (van

Leeuwen 2007) and an assigned spectral type of A1 (Gray et al. 2003). The resulting list

consists of 7 stars of which 2 stars (Mizar A = HD 116656 and Mizar B = HD 116657) form

a spectroscopic binary pair of comparable brightness (�MV = 1.68 mag). Mizar A and B

are consequently excluded from this sample because the close proximity (� 4 milliarcseconds)

and small � MV of this pair would bias interferometric observations, making it di�cult to

distinguish the physical properties of each star individually. Another of these seven nucleus

stars (Alioth = HD 112185) has a possible companion star. Roberts (2011) identi�es a com-

panion to Alioth with a projected separation of 0:1100and a � M I of 2.31 mag. A fourth of

these seven stars (Alcor = HD 116842) has an observed stellar companion of spectral type



69

M3-M4 and with a projected separation of 1:1100(Zimmerman et al. 2010; Mamajek et al.

2010). However, with a � MH of � 6, the companion is too faint to contaminate the inter-

ferometric observations, so it is not excluded from the sample. None of the other nucleus

stars have known companions (De Rosa et al. 2014). The four nucleus member stars that

are included in this sample are Merak = HD 95418, Phecda = HD 103287, Megrez = HD

106591, and Alcor = HD 116842.

There are 6 additional A-stars that are likely stream members of the moving group

(listed as \Y" or \Y?" in King et al. (2003)). Two of these 6 (Menkalinan = HD 40183

and Alphecca = HD 139006) are spectroscopic binaries with �MV values of � 1 and � 4,

respectively (Pourbaix 2000; Tomkin & Popper 1986) and so are not observed. Of the

remaining four, one star (21 LMi = HD 87696) was not observed due to limited telescope

time. The remaining three (Chow = HD 141003, 16 Lyr = HD 177196, and 59 Dra = HD

180777) are included in the sample. One of these stream stars (59 Dra) has a candidate

brown dwarf companion (Galland et al. 2006), but this is too faint to contaminate the

interferometric observations.

In total, we obtained new interferometric observations for 6 Ursa Major A-type stars

(3 nuclear members and 3 stream members). One additional star, Merak, was observed

interferometrically by a previous study (Boyajian et al. 2012). These seven stars have spectral

types ranging from A0-A7. Merak also has a peculiar metallicity (Royer et al. 2014) and is

an apparent slow rotator with av sini of 46� 2.3 km s� 1. While it is possible that Merak is

a rapidly rotating star oriented pole-on, there is some suggestion that the peculiar metallicity
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of Ap stars is due in part to their slow rotation (Abt 2009, and references therein). Another

apparent slow rotator in the observed sample is 59 Dra with av sini of 70 � 3.5 km s� 1.

59 Dra shows a normal A-star metallicity suggesting that it may be a rapidly rotating star

oriented pole-on. The four stars in this set that are nuclear members have distances within

the very narrow range of 24.4 to 25.5 pc, while the three stream members are more spread

out, having distances of 27.3, 37.4, and 47.6 pc. The properties of all seven stars in the

set are summarized in Table 5.2, which includes spectral type, projected rotational velocity,

Hipparcos distance, photometry, and UMa membership as determined by King et al. (2003).

5.2 Observations

All observations were obtained using the CHARA Array (See Section 2.4). Data were ob-

tained using the Classic, CLIMB, and PAVO beam combiners. The PAVO beam combiner

was used in its two-telescope mode and each observation yields 23 visibilities spectrally dis-

persed across a wavelengths ranging from 0.65-0.79� m. Because PAVO and Classic observa-

tions were taken using two telescopes at a time, only a narrow range of baseline orientations

was used. We note that for two stars (16 Lyr and 59 Dra), we do not have su�cient baseline

orientations to measure oblateness. A general observing strategy was adopted whereby cali-

brator stars (described in Section 4.2) were observed both before and after each target star.

This set of observations is referred to as a visibility bracket. Over 8 nights of observing, a to-

tal of 56 visibility brackets yielding 724 individual visibility measurements were obtained on

6 stars. Boyajian et al. (2012) obtained 25 brackets on Merak with the two-telescope Classic
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beam combiner. Table 5.3 lists the calibrators, beam combiners, baselines, and wavelengths

used during each observation as well as how many brackets were obtained for each star.

5.3 Photospheric Properties of Individual UMa Members

Using the procedure described in Chapter 4, the best �tting models for the six observed Ursa

Major member A-stars show� 2
tot values ranging from 3.1� 13.4. The model �tting using the

vZ gravity darkening law yields a high inclination (i > 70� ) for one star (Alcor), moderate

inclinations (40� < i < 70� ) for two stars (Megrez and Chow), and a low inclination (i <

40� ) for one star (Phecda); both 16 Lyr and 59 Dra have �xed inclinations (see Section 5.5).

These results also show an oblateness,� = ( Re � Rp)=Rp that ranges from 3% to 54% with

an average of 26% and temperature di�erences across the photosphere, �T = Tp � Te that

range from 214 K to 6414 K with an average of 2965 K. The same analysis done using the

ELR gravity darkening law also yields a high inclinations for Alcor, moderate inclinations for

Megrez and Chow, and a low inclination for Phecda. These results show an oblateness range

of 3% to 55% with an average of 24% and temperature di�erences across the photosphere

that range from 192 K to 3769 K with an average of 1696 K. The smaller mean temperature

gradient seen with the ELR law is because that law yields a smaller gravity darkening

coe�cient, � , which lessens the e�ect the local surface gravity has on the local temperature.

Using the vZ law, � is 0.25 for all four observed rapid rotators. The ELR law has� ranging

from 0.138 to 0.242.
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5.4 Merak

The apparent slow rotator, Merak (HD 95418), was observed using the Classic beam combiner

on the CHARA Array previously by Boyajian et al. (2012). We have taken the radius and

luminosity determined by that study as well as itsv sini to determine its age and mass using

the MESA evolution model using a similar process described in Section 4.3, but without any

iteration. Because of this, we do not determine the inclination of this star nor its equatorial

velocity. We assume an edge-on inclination of 90� . The results are compiled in Table 5.5.

5.5 16 Lyr and 59 Dra

When running the model discussed in Chapter 4, the results for the two stream stars, 16 Lyr

and 59 Dra, both yield best �tting values for Ravg and L tot that correspond to unphysical

positions below the zero-age main sequence for their respective best �t values forVe. One way

to reconcile this discrepancy would be for the stars to have a metallicity of Z. 0.013 (� 0.1

dex lower than the moving group). We are cautious against advocating for this interpretation

since, as discussed in Section 5.1, we have insu�cient baseline orientations to fully measure

the oblateness and gravity darkening in these cases. We note that the best �tting values

for Ve for both 16 Lyr and 59 Dra are su�ciently large that they shift the zero-age main

sequence above the best �tting values forRavg and L tot . If theseVe values are too large, this

could explain the unphysicalRavg and L tot without changing the metallicity. With this in

mind, we run the model for these two stars constraining the equatorial velocity to be within

the more modest range of 94 to 202 km s� 1 for each star. This range corresponds to the
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dispersion about the maximum of the probability distribution of equatorial rotation velocities

for late-type A-stars as determined by Zorec & Royer (2012). We make this constraint by

�xing the stars' inclinations such that i = arcsin( v sin i
E[Ve] ) where E[Ve] is the maximum of the

aforementioned probability distribution. This corresponds to inclinations of� 57� and � 28�

for 16 Lyr and 59 Dra, respectively.

5.6 Masses and Ages of Individual UMa Members

The masses calculated by the procedures discussed in Chapter 4 range from� 1.4 to 2.5 M�

for all seven stars in the UMa sample using either the vZ or ELR gravity darkening laws. The

mass estimates for the individual stars are consistent between the two laws within their 1-3%

uncertainties with the exception of Chow, whose mass is 2:333+0 :015
� 0:015 M � using the vZ law or

2:388+0 :036
� 0:021 M � using the ELR law. The ages we calculate range from 401 to 659 Myr for all

seven stars in the sample using the vZ gravity darkening law and 333 to 610 Myr using the

ELR law. With the exception of the star Chow, these age estimates are consistent with being

coeval using either the vZ and ELR laws, despite their larger uncertainties, that range from

2 to 41% and with a mean and median uncertainty of 14% and 12%, respectively. It is worth

noting that the uncertainty in the age is partially dependent on the mass because the radius,

luminosity, and temperature of more massive stars evolve more rapidly, thus allowing for a

more precise determination of the age because �xed uncertainties in these parameters will

correspond to a smaller percent error in the age. We caution that these uncertainties are only

statistical. Systematic uncertainties (such as those in gravity darkening and metallicity) can
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lead to more substantial errors. Only Chow shows a disparity in its age estimates between

the two gravity darkening laws. Chow's age is determined to be 659+11
� 10 Myr when using

the vZ law or 610+14
� 35 Myr when using the ELR law. The �nal ages and masses for the are

presented in Table 5.4.

5.7 Comparison with Other Evolution Models

In order to test the accuracy of the MESA evolution models and to begin to address some of

the systematic errors that may be introduced by them, we compare the results from one of

the stars in our sample across four di�erent evolution models: the MESA models; the Geneva

models (Georgy et al. 2013), which do take rotation into account; the Padova models (Girardi

et al. 2002), which do not account for rotation; and the MESA models again, but without

accounting for rotation. We use the total luminosity, average radius, and equatorial rotation

velocity determined for Alcor (HD 116842)1 as our point of comparison between the four

models. We chose Alcor for this comparison because it is the only rapidly rotating nucleus

member whose rotation speed is less than the maximum predicted by the Geneva models,

which are restricted to values of! of . 0.9 for the masses and ages in question. The results

are listed in Table 5.6.

The absolute ages agree extremely well between the two rotating models, with a per-

centage di�erence of only 0.5% (0.02-� ). The determined stellar masses also show good

agreement, with a percentage di�erence of 3.1% (1.4-� ). The ages determined by the non-

rotating models also agree with each other extremely well with a percentage di�erence of

1Using the vZ gravity darkening law



75

0.9% (0.07-� ), but as expected, they are systematically older than those determined using

the models that account for rotation. The masses determined by the non-rotating models

also show good agreement with each other with a percentage di�erence of 2.1% (1.0-� ).

5.8 A New Age Estimate for the UMa Moving Group

The mean age, uncertainty in the mean, and standard deviation of the 7 Ursa Major moving

group A-stars presented here are 451, 32, and 86 Myr when using the vZ gravity darkening

law and 451, 37, and 98 Myr when using the ELR law. These large standard deviations are

due in large part to the relatively old age we estimate for Chow (659+11
� 10 Myr for the vZ law

or 610+14
� 35 Myr for the ELR law).

The discrepant age for Chow questions its association with the moving group. Of the

seven stars studied here, Chow is one of two stars considered to be a \probable member"

by King et al. (2003); the other �ve are classi�ed as members. As assembled in King et al.

(2003), its space motion is consistent with that of nucleus members, despite being 23 pc

further away (Table 5.2). Since we cannot con�dently exclude Chow as a member, we give

statistics both with and without it. If Chow is excluded, we determine a mean age and

standard deviation for the 6 remaining stars to be 416� 11 Myr when using the vZ law and

424 � 79 Myr when using the ELR law.

A primary goal of this work is to use the ensemble of stellar ages to provide a new, inde-

pendent age estimate for the Ursa Major moving group. The distributions of individual ages

in Figure 5.7, however, illustrates the challenge of doing this robustly as the determined ages



76

contain systematic uncertainties (e.g., gravity darkening), a broad range of statistical uncer-

tainties (that can bias weighted values), and possible non-members (e.g., Chow). Beers et al.

(1990) discuss a variety of statistically robust techniques for computing the central location

(\mean") and scale (\dispersion") of small samples that are potentially contaminated with

outliers or that have and unknown underlying distribution. Following their recommenda-

tions, we choose to compute a median for the central location of the age and use a technique

known as the \gapper" to estimate the dispersion in our sample (see Wainer & Thissen

1976). A median is better in this case because it is in
uenced much less by any individual

point than a mean would be. A median is also preferred over a weighted mean for this

sample because of the broad range of uncertainties that may not account for all systematic

uncertainties. The gapper method is based on the size of the intervals (or \gaps") in an

ordered set of measurements with the \gaps" near the median being weighted more heavily.

The gapper is normalized such that it is equivalent to a standard deviation. The median age

and gapper scale (� g) of the seven A-stars presented here are 415� 71 Myr when using the

vZ law and 408� 110 when using the ELR law.

Since the gapper scale is intended to approximate the standard deviation for a Gaussian

distribution, we use it to de�ne an uncertainty in the median as � gp
n , following standard

convention. The median, gapper scale, uncertainty in the median, mean, and standard

deviation are presented in Table 5.7 for three distinct subsamples of the seven stars observed.

The �rst of these subsamples is the four nucleus stars (Merak, Phecda, Megrez, and Alcor)

which are considered bona �de members of the moving group, and so are of greater interest
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in determining the age of the group. We �nd a median age and gapper scale of 415� 6 Myr

and 404� 55 Myr for the vZ and ELR laws, respectively. The second of these samples is

the full sample of seven stars with an age of 415� 71 Myr (vZ) and 408� 110 Myr (ELR).

The �nal sample is the full sample excluding Chow which, due to its estimated old age, may

be an interloper. Without Chow, we �nd a vZ age of 415� 13 Myr and an ELR age of 404

� 88 Myr.

As discussed in Section 5.3, the model results using the two gravity darkening laws show

no considerable di�erence for individual stars. The vZ law, as illustrated in Figures 5.7-5.8,

does yield more consistent age estimates (� g = 13 Myr) among the observed stars (excluding

Chow) than the ELR law does (� g = 88 Myr). However, given that many of the uncertainties

in the individual measurements are as large or larger than the dispersion in the age estimates,

we consider that this may be a statistical anomaly. Because of this, we hesitate to favor one

law over the other.

To estimate the age of the moving group, we combine the following into one set of age

estimates: the age of Merak determined using the method described in Section 5.4; the ages

of Phecda, Megrez, Alcor, 16 Lyr, and 59 Dra as determined using the vZ law; and the ages

of those same �ve stars as determined using the ELR law. This combined set of ages allow

us to sample what our technique can achieve by accounting for the full spread in ages we

estimate using two gravity darkening laws. With this combined set, we �nd the median age

and uncertainty in the median of the moving group to be 414� 23 Myr.
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Table 5.1 Age Estimates for the Ursa Major Moving Group.
Age Reference

(Myr)
� 300 von Hoerner (1957)

300� 100 Giannuzzi (1979)
630-1000 Eggen (1992)
300-400 Soderblom et al. (1993)
� 500 Asiain et al. (1999)
� 200 K•onig et al. (2002)

500� 100 King et al. (2003)
� 600 King & Schuler (2005)
3932 David & Hillenbrand (2015)

530 � 40 Brandt & Huang (2015)
414 � 23 This work

5.9 Model Precision in the Age Estimate for Isolated A-Stars

Under the assumption that these stars are the same age, the resulting coeval ages provide

validation of not only the model presented here, but also the MESA evolution model and

the physics assumed therein. The dispersion of ages can be used to quantify the precision

of this technique when applied to isolated adolescent-age A-stars. Only three stars (Phecda,

Megrez, and Alcor) of the observed seven are both considered bona �de nucleus members of

the moving group and were fully modeled by the technique presented in Section 4.3. The

median and gapper scale of their six age estimates (an age estimate using the vZ law and

one using the ELR law for each star) is 415� 40 Myr. We use this scale value to determine

a precision in our model of� 10% for stars with masses ranging from� 1.8 - 2.4 M� and at

a few hundred Myr age. Therefore when using this technique on �eld A-stars we expect an

overall uncertainty of 10% in the age estimates.

2David & Hillenbrand (2015) do not report an age for the UMa moving group. The value listed here
corresponds to the median of the ages they report for the 7 Ursa Major stars studied here (Table 5.2).
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Table 5.2 UMa Sample.
Common HD HIP Spectral vsini b D c V d

T B � V d K e
S UMa

Name Number Number Typea (km/s) (pc) (mag) (mag) (mag) Membershipg

Merak 95418 53910 A1 IVps (SrII) 46� 2.3 24.4� 0.1 2.35 0.033 2.285 Nuclear
Phecda 103287 58001 A1 IV(n) 178� 8.9 25.5� 0.3 2.43 0.044 2.429 Nuclear
Megrez 106591 59774 A2 Vn 233� 11.7 24.7� 0.1 3.34 0.077 3.104 Nuclear
Alcor 116842 65477 A6 Vnn 228� 11.4 25.1� 0.1 4.05 0.169 3.145 Nuclear
Chow 141003 77233 A2 V 207� 10.4 47.6� 0.6 3.68 0.073 3.546 Stream
16 Lyr 177196 93408 A7: V 124� 6.2 37.4� 0.2 5.07 0.186 4.505 Stream
59 Dra 180777 94083 F0 Vs 70� 3.5 f 27.3 � 0.1 5.19 0.308 4.313 Stream

Notes - (a) Nucleus Stars - Gray et al. (2003), Stream Stars - Levato & Abt (1978); (b) Royer et al. (2007); (c) van Leeuwen
(2007); (d) Perryman & ESA (1997); (e) Cutri et al. (2003); (f) Glebocki & Gnacinski (2005); (g) King et al. (2003).
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Table 5.3 Observing Log.
Target Name/HD Cal HD Cal Diameter (mas) Combiner Baseline Bandpass # brackets # visibilities Date

Phecda 99913 0.582� 0.058 Classic E2-W2 K 2 2 4/23/2012
103287 99913 0.582� 0.058 CLIMB S2-E2-W2 K 2 6 6/2/2012

105525 0.392� 0.039 CLIMB S1-E1-W1 K 2 6 5/11/2013
99913 0.582� 0.058 CLIMB S1-E1-W1 K 3 9 5/11/2013

Megrez 108954 0.451� 0.045 CLIMB S1-E1-W1 H 4 12 4/20/2012
106591 108845 0.481� 0.048 CLIMB S1-E1-W1 H 2 6 4/21/2012

108954 0.451� 0.045 CLIMB S1-E1-W1 H 2 6 4/21/2012
Alcor 119024 0.306� 0.031 CLIMB S1-E1-W1 H 4 12 4/20/2012

116842 108954 0.451� 0.045 CLIMB S1-E1-W1 H 1 3 4/21/2012
118232 0.465� 0.047 CLIMB S1-E1-W1 H 2 6 4/21/2012

Chow 140160 0.293� 0.029 CLIMB S1-E1-W1 H 2 6 4/21/2012
141003 137510 0.525� 0.053 CLIMB S1-E1-W1 H 2 6 4/21/2012
16 Lyr 177003 0.156� 0.016 PAVO S2-E2 R 3 69 7/10/2012
177196 172883 0.181� 0.018 PAVO S2-E2 R 2 46 7/10/2012

177003 0.156� 0.016 PAVO E2-W2 R 3 69 8/4/2013
185872 0.256� 0.026 PAVO E2-W2 R 3 69 8/4/2013
177003 0.156� 0.016 PAVO E1-W2 R 3 69 8/5/2013
185872 0.256� 0.026 PAVO E1-W1 R 2 46 8/5/2013

59 Dra 184102 0.263� 0.026 PAVO S2-E2 R 3 69 7/10/2012
180777 201908 0.187� 0.019 PAVO S2-E2 R 3 69 7/10/2012

184102 0.263� 0.026 PAVO E2-W2 R 3 69 8/4/2013
201908 0.187� 0.019 PAVO E2-W2 R 3 69 8/4/2013
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Table 5.4 Age and Mass Estimates for Individual Stars.
Star Mass (M� ) Age (Myr)

Name vZ law ELR Law vZ law ELR Law
Merak 2:509� 0:005 408� 6
Phecda 2:348+0 :055

� 0:060 2:412+0 :053
� 0:060 415+53

� 61 333+43
� 83

Megrez 2:062+0 :030
� 0:033 2:048+0 :035

� 0:030 414+35
� 43 400+38

� 51
Alcor 1:842+0 :027

� 0:031 1:828+0 :027
� 0:030 422+67

� 75 454+60
� 68

Chow 2:333+0 :015
� 0:015 2:388+0 :036

� 0:021 659+11
� 10 610+14

� 35
16 Lyr 1:722+0 :013

� 0:013 1:725+0 :013
� 0:014 401+31

� 32 370+30
� 35

59 Dra 1:447+0 :014
� 0:015 1:443+0 :015

� 0:015 436+156
� 203 580+128

� 162

Table 5.5 Fundamental properties of Merak (HD 95418).
Value Source

Radius (R� ) 3:0210� 0:0383 Boyajian et al. (2012)
Temperature (K) 9193� 56 Boyajian et al. (2012)

Luminosity, L tot (L � ) 58:46� 0:47 Boyajian et al. (2012)
v sini (km s� 1) 46 � 2:3 Royer et al. (2007)
Inclination, i (� ) 90 Assumed

Age (Myr) 408 � 6 This work
Mass (M� ) 2:509� 0:005 This work

Table 5.6 Comparing Evolution Models.
Fundamental Parameters for Alcor (HD 116842)

Average Radius (R� ) 1:846+0 :057
� 0:057

Total Luminosity, L tot (L � ) 13:98+0 :75
� 0:75

Equatorial Velocity (km s� 1) 238:6+10 :0
� 9:2

MESA (with rotation)
Age (Myr) 422+67

� 75
Mass (M� ) 1:842+0 :027

� 0:031
Geneva (with rotation)

Age (Myr) 424+69
� 75

Mass (M� ) 1:899+0 :026
� 0:029

MESA (without rotation)
Age (Myr) 575+45

� 41
Mass (M� ) 1:817+0 :027

� 0:027
Padova (without rotation)

Age (Myr) 580+54
� 56

Mass (M� ) 1:855+0 :027
� 0:029
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Figure 5.1 Top Left - Visibility measurements (red circles) for Phecda (HD 103287) are
compared to the best �t model visibilities (blue squares) assuming the ELR prescription for
gravity darkening. Dashed lines connect individual model and measured values and solid
lines are the error bars. Top Right - Photometric measurements (red circles) for Phecda
(HD 103287) are compared to the best �t model photometry (blue squares) assuming the
ELR prescription for gravity darkening. The spectral energy distribution from which the
PED is calculated is plotted in grey for comparison. Bottom Left - Same as Top Left, but
for the vZ gravity darkening law. Bottom Right - Same as Top Right, but for the vZ gravity
darkening law.
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Figure 5.2 Same as Figure 5.1, but for Megrez (HD 106591).
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Figure 5.3 Same as Figure 5.1, but for Alcor (HD 116842).
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Figure 5.4 Same as Figure 5.1, but for Chow (HD 141003).
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Figure 5.5 Same as Figure 5.1, but for 16 Lyr (HD 177196)
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Figure 5.6 Same as Figure 5.1, but for 59 Dra (HD 180777)
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Figure 5.7 Distribution of stellar masses versus age for 7 stars in the Ursa Major moving
group as determined using the vZ gravity darkening law (5.7a), ELR law (5.7b), and both
(5.7c) with the model described in Section 4.3. The circles are slowly rotating stars (Ve < 170
km s� 1) and the diamonds are rapidly rotating (Ve > 170 km s� 1). The black points are
nucleus members and the white points are stream members. The red point shows the mass
and age of the nucleus member, Merak, that was previously observed by Boyajian et al.
(2012) and is discussed here in Section 5.4. In some cases, the size of the statistical error
bar is smaller than the size of the symbol. The dark vertical lines represent the median in
the ages, the shaded regions represent the gapper scale (the standard deviation equivalent
discussed in Section 5.8). The dotted lines in 5.7c connect the age and mass estimates from
the two di�erent laws.
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Figure 5.8 Same as Figure 5.7, but excluding Chow.
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Table 5.7 Age Estimates and Uncertainties (in Myr) for Various Subsets
vZ law ELR law Combined

n n� Mean � � Median � � g Mean � � Median � � g Mean � � Median � � g
� gp

n
Nucleus Members 4 7 415� 5 415� 6 399� 43 404� 55 407� 34 414� 35 17

All Members 7 13 451� 86 415� 71 451� 98 408� 110 454� 95 415� 93 35
All excluding Chow 6 11 416� 11 415� 13 424� 79 404� 88 421� 59 414� 56 23

n is the number of stars in each subset and also corresponds to the number of age estimates in the vZ and ELR subsets. n� is
the number of age estimates in the combined subsets and corresponds to 2n� 1.



91

CHAPTER 6

THE AGE OF THE KAPPA ANDROMEDAE SYSTEM

6.1 Introduction

The vast majority of exoplanets have been discovered with indirect methods such as studying

the radial velocity variations induced on the host star or measuring how much light from the

host star is blocked by the transiting planet (Winn & Fabrycky 2015). However, the spectral

lines of typical early-type stars are rotationally broadened, making them not conducive to

the precise radial velocity measurements necessary for planetary detection and con�rmation.

In fact, only 15 sub-stellar mass companions have been discovered around early-type stars

(Hartman et al. 2015, and references therein). Five of these were discovered using the transit

method and the remaining ten were discovered with direct imaging. Accurate age estimates

of stars that harbor directly imaged companions are necessary to determine the masses of

the companions because these masses are all dependent on evolution models designed for

low-mass objects that cool with age (e.g., Bara�e et al. 2003).

The B9IVn star, � Andromedae A (hereafter,� And A; other identi�ers include 19 And,

HD 222439, HIP 116805, HR 8976, and T�eng Sh�e �ersh��y�� - The Twenty First Star of Flying

Serpent) is the hottest (Te� � 11200 K) and most massive (M � 2.8 M � ) star known to

host a directly imaged companion (hereafter,� And b), discovered by Carson et al. (2013).

The host star is rapidly rotating with a v sini of � 160 km s� 1 (Glebocki & Gnacinski 2005;

Royer et al. 2007) and is at a distance of 51:6 � 0:5 pc (van Leeuwen 2007). Zuckerman

et al. (2011) consider it to be a member of the 30 Myr Columba association. Carson et al.
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(2013) adopted this age for� And A and used DUSTY cooling models (Bara�e et al. 2003)

to determine the mass of� And b to be 12.8+2 :0
� 1:0 MJup . Hinkley et al. 2013 (hereafter H13)

estimated the age of the system to be 220� 100 Myr, � 7 times older than the age of Columba

by comparing log(g) and Te� estimates to the predictions of stellar models. At this age the

mass of� And b would be 50+16
� 13 MJup , much larger than the traditional boundary of � 13

MJup between planets and brown dwarfs (Spiegel et al. 2011; Molli�ere & Mordasini 2012;

Bodenheimer et al. 2013).

Other studies estimate a range of ages for� And A. Bonnefoy et al. (2014) compare

the star's position on anMV vs. B � V color-magnitude diagram to the predictions of the

Ekstr•om et al. (2012) evolution models and �nd an age. 250 Myr. David & Hillenbrand

(2015) (hereafter DH15) use high-precisionuvby� photometry to estimate theTe� and log(g)

of a large sample of early-type stars, including� And A, and estimate ages by comparing

these values to the predictions of the evolution models of Bressan et al. (2012) and Ekstr•om

et al. (2012). With their Bayesian analysis, they �nd a 95% con�dence interval of 29-237

Myr for � And A and argue that it is not coeval with Columba. Alternatively, the Bayesian

analysis of Brandt & Huang (2015) suggests that coevality with Columba cannot be ruled

out.

To more accurately determine the properties of� And A, including its age, we present

interferometric observations of� And A taken with the PAVO beam combiner on the CHARA

Array. Using the model described in Chapter 4 and in Jones et al. (2015) (hereafter J15), we

determine various fundamental parameters of� And A, including its radius, temperature,
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inclination, and luminosity; and based on comparisons with the MESA evolution model

(Paxton et al. 2011, 2013), determine its mass and age. This procedure was validated

using coeval members of the Ursa Major Moving Group (UMMG), showing that the MESA

evolution models are appropriate for dating rapidly rotating stars by �nding coeval ages

between rapidly and slowly rotating members of the UMMG and by estimating an age for

the group in agreement with the admittedly large range of age estimates for the group. With

an age for the� And system, we estimate a mass for the companion by using the BHAC15

evolution models (Bara�e et al. 2015). Our results are also presented in (Jones et al. 2016)

6.2 Observations and Data Reduction

6.2.1 Visibilities

Observations of� And A were made using the PAVO (Precision Astronomical Visible Obser-

vations) beam combiner on the CHARA (Center for High Angular Resolution Astronomy)

Array (Ireland et al. 2008; ten Brummelaar et al. 2005). The CHARA Array is an optical

interferometer made up of six 1-m telescopes arranged in a Y-shaped con�guration with a

maximum baseline of 331 m. Each telescope is named with a letter designating its arm

(\S"-south, \E"-east, \W"-west) and a number designating its place on the arm (\1"-outer,

\2"-inner). PAVO was used in its two-telescope mode and produces 23 spectrally dispersed

squared-visibility measurements for each observation over a wavelength range of 0.65-0.79

� m. In total, we made 24 observations yielding 552 spectrally-dispersed squared-visibility

measurements over four nights using �ve di�erent baselines in order to measure its oblateness.



94

We observe two di�erent calibrator stars (HD 222304 and HD 220885) shortly before and

after (within � 30 minutes) our observations of� And A and by doing so, we can account

for how the atmosphere dampens the measured visibilities of the target star (Boden 2007;

Roddier 1981). We predict that these calibrator stars have small angular diameters (< 0:27

mas) based on �tting photometric energy distributions to measured photometry. We reduce

and calibrate the data with the reduction pipeline of Ireland et al. (2008). Table 6.1 lists the

dates observations were made, how many observations were made, the baselines used, and

the calibrator used.

6.2.2 Photometry

We take advantage of the ample photometric observations of� And A that have been made

over the years, using photometry from the following sources - JohnsonUBV from Mermilliod

(2006); Str•omgren uvby from Hauck & Mermilliod (1997); JohnsonJK from Selby et al.

(1988); and UV photometry with wavelengths ranging from 1500�A to 3300�A from Thompson

et al. (1978) and Wesselius et al. (1982). IUE spectrophotometry (Boggess et al. 1978) exists

for � And A that we do not use, but matches to our model spectral energy distribution

(SED) and the broadband UV photometry that we use. Following arguments from J15, we

adopt an uncertainty of 0.03 mag for all photometric values.
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Table 6.1 Observing Log.
Cal HD Cal Diameter (mas) Baseline # Observations # visibilities Date
222304 0.263� 0.026 S2-E2 4 92 2012 Dec 21
220885 0.230� 0.023 S2-E2 4 92 2012 Dec 21
222304 0.263� 0.026 W1-E1 1 23 2013 Aug 2
220885 0.230� 0.023 S1-E1 2 46 2013 Aug 2
220885 0.230� 0.023 S1-E1 3 69 2013 Aug 3
220885 0.230� 0.023 W1-S1 3 69 2013 Aug 3
222304 0.263� 0.026 W1-S1 3 69 2013 Aug 3
220885 0.230� 0.023 E1-W2 4 92 2013 Aug 5

6.3 Modeling of Stellar Properties

6.3.1 Oblate Star Model

Because of� And A's rapid rotation ( v sini = 161:6 � 22:2 km s� 1; Glebocki & Gnacinski

2005; Royer et al. 2007), the limb-darkened disk traditionally used to model interferometric

data is insu�cient. Rapid rotation causes a star to have a radius at the equator larger than

its radius at the pole. The ratio between the equatorial and polar radii can be as high as

1.5 when the star is rotating at its breakup velocity (van Belle 2012). The thicker equatorial

bulge of a rapid rotator results in the equator being both cooler and fainter than the pole.

This e�ect, known as gravity darkening, is correlated with the local surface gravity (von

Zeipel 1924a,b).

We account for both the oblateness and gravity darkening of� And A by using the

model of J15, which compares observed photometry and interferometric visibilities to values

generated by a model star that incorporates the e�ects of solid-body rotation, known as a

`Roche model' (van Belle 2012; Roche 1873). The model photometry values are calculated

by integrating ATLAS model SEDs (Castelli & Kurucz 2004) over the visible surface of the
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star, convolving the integrated SED with the appropriate �lter bandpasses, and converting

the resulting 
uxes into magnitudes. To calculate model visibilities, we generate an image

of the model at the observed bandpasses. The model visibilities are calculated by taking

the Fourier transform of this image and sampling the transform at the observed spatial

frequencies.

The model and parameters calculated by the model are described in detail in J15, but

we note three slight di�erences here. One such di�erence is that we use ATLAS model SEDs

for this work rather than the PHOENIX model SEDs used in J15 (Husser et al. 2013), since

they extend to e�ective temperatures hotter than 12000 K. Another di�erence is that we

only use the gravity darkening law of Espinosa Lara & Rieutord (2011), because the data are

not sensitive to di�erences in gravity darkening laws and this law is supported by previous

interferometric observations.

The �nal di�erence is in how uncertainties are calculated. Under the assumption that the

uncertainties in the free parameters are Gaussian and that the model parameters are linear,

we use the following prescription to determine uncertainties in the free parameters: Because

the � 2 values determined by the models are larger than 1, for each data set (photometry and

visibilities), we scale the� 2 (both reduced and unreduced) such that the reduced� 2 is 1.

The free parameters are then varied individually until the scaled, unreduced� 2 increases by

1. This gives two sets of uncertainties for the free parameters - one for the photometry and

one for the visibilities, with the exception of the position angle, which is only probed by the

visibilities. The �nal uncertainty in each free parameter is determined by adding the two
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uncertainties in quadrature under the assumption that the visibilities and photometry are

independent. The uncertainty in the position angle is determined only by comparison with

the visibilities. These uncertainties are then propagated to determine the uncertainties in the

derived parameters. We caution the reader that these uncertainties are statistical and do not

account for systematic uncertainties such as errors in the model spectra, gravity darkening

law, etc. The coevality of oblate and non-oblate A-stars in the UMMG, determined using

this model (J15), suggests that these systematic uncertainties do not dominate the errors.

Figures 6.1 - 6.3 illustrate the best �tting model by showing the modeled visibilities and

photometry as well as the modeled photosphere overlaid with approximate radius measure-

ments at various orientations. Using four di�erent metallicities (justi�ed below), the best-�t

modeled properties are listed in rows 3 - 7 of Table 6.2, and the properties derived from

these are in rows 8 - 20 of Table 6.2.

6.3.2 Stellar Evolution Models

We take the average radius (Ravg), total bolometric luminosity ( Lbol), and equatorial rotation

velocity (Ve) shown in Table 6.2 and use MESA evolution models (Paxton et al. 2011, 2013)

to determine the age and mass of� And A by comparing the modeled values to MESA's

predictions for given masses, ages, and initial rotation rates. MESA models are used because

they can account for the rapid rotation of� And A. The uncertainties in the mass and age

are based on propagated uncertainties in stellar properties (J15).

One systematic source of uncertainty that is di�cult to account for in this analysis is the

metallicity of the evolution model. There are several reasons to suspect that the subsolar
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surface abundance of� And A (e.g. [M/H] = � 0:32� 0:15; Wu et al. 2011) does not trace

its internal abundance. First, the surface abundances of A- and B-stars within populations

believed to be chemically homogeneous span a broad range. Moreover, there is evidence

that photospheric abundances are anti-correlated with projected rotational velocity (v sini ),

becoming distinctively subsolar (e.g.,. � 0:30) when projected rotational velocities exceed

� 150 km/s (e.g., Takeda & Sadakane 1997; Varenne & Monier 1999). Thus, there is reason

to suspect that the internal abundance of� And A is more metal rich than is observed in its

photosphere. Finally, as emphasized by H13, the Galaxy has not recently produced many

stars that are this metal poor. To quantify this, we consider the sample of open clusters

with metallicty measurements assembled in Chen et al. (2003). These 77 clusters have a

mean metallicity of 0.00 dex and a standard deviation of 0.14 dex; the most metal poor

cluster among them has a metallicty of� 0.34 dex. Given these consideration, we adopt

a solar metallicity ([M/H]=0.00 dex, Z=0.0153, Ca�au et al. 2011) for � And A, with an

uncertainty of 0.14 dex. Nevertheless, we also consider a metallicity of [M/H]=� 0.28 dex as

a 2� extremum in our analysis. Figure 6.4 shows the average radius and temperature of�

And A overlaid with mass tracks and isochrones from the MESA evolution models for solar

metallicity which have been interpolated to the modeled rotational velocity.
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6.4 Results and Discussion

6.4.1 The Properties of � And A

We use the model discussed in Section 6.3 to determine the age of� And A for four di�erent

internal metallicities ([M/H]=+0.14, 0.0, � 0.14, and� 0.28) corresponding to the +1-, 0-,

� 1-, and � 2� uncertainties in [M/H], respectively. For the solar metallicity model, we �nd

a radius for the host star ranging from 2:303+0 :039
� 0:016 R� at the equator to 1:959+0 :033

� 0:028 R� at the

pole with an average of 2:109+0 :032
� 0:018 R� . This oblateness is, in part, due to an equatorial veloc-

ity of 283:8+13 :4
� 16:1 km s� 1, which corresponds to an angular rotation rate relative to the critical

rate, ! , of 0:854+0 :021
� 0:028 and which with the modeled inclination of 30:1+3 :1

� 4:8
� gives a modeled

v sini of 142:2+13 :1
� 21:1 km s� 1. Our modeled e�ective temperature ranges from 12050+448

� 39 K at

the pole to 10342+384
� 138 K at the equator with an average of 11327+421

� 44 K, and together with

the modeled radius pro�le, yield a total luminosity of 62:60+9 :83
� 2:23 L � and apparent luminosity

of 72:01+11 :17
� 1:50 L � . We model an average surface gravity (log(gavg)) of 4:174+0 :019

� 0:012 dex, which

is only slightly larger than previous measurements of the star's log(g) ranging from 3.8 to

4.1 dex (Bonnefoy et al. 2014; Fitzpatrick & Massa 2005; Wu et al. 2011).

The age and mass we determine using the best �tting model with a solar metallicity are

47+14
� 21 Myr and 2:768+0 :121

� 0:013 M � , respectively. This young age is due, in large part, to the

low inclination (� 30� ) and large rotation velocity (� 85% critical) which implies that the

apparent luminosity is brighter than the total luminosity because of the e�ects of gravity

darkening and which also changes where the zero-age main sequence (ZAMS) lies on the HR

diagram.
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Most of our modeled parameters show broad agreement between the four di�erent inter-

nal metallicities tested, however the age and the mass show a signi�cant correlation with

metallicity (e.g., a lower metallicity corresponds to an older age and a lower mass). Given

how strongly the internal metallicity a�ects the modeled mass and age of the host star,

we adopt the ages and masses determined at the 1� uncertainties in the metallicity as the

bounds to our �nal uncertainties in the age and mass. The supersolar metallicity model

([M/H]=+0.14) has a radius and luminosity below the ZAMS, so we adopt the age of the

ZAMS, � 7 Myr, as the lower bound of the uncertainty in the age. Given the trend of de-

creasing mass of� 0.1 M � for every 1� decrease in metallicity, we adopt an upper bound of

the uncertainty in our mass to be 0.1M � Thus, our �nal estimate of the age and mass of�

And A is 47+27
� 40 Myr and 2:768+0 :1

� 0:109 M � , respectively.

We note that a more recent age estimate of the Columba association by Bell et al.

(2015) �nds it to be 42+6
� 4 Myr, which is in excellent agreement with our age estimate for�

And A. Despite its outlying Galactic Y position with respect to Columba (2.7� , H13), the

agreement in age suggests that its kinematic association with young nearby groups should

be reconsidered.

6.4.2 A Comparison to Previous Age Estimates

H13 use a variety of methods to estimate the age of� And A, �nding ages ranging from

� 50-400 Myr. Their adopted age of 220� 100 Myr is based on a comparison between

the predictions of the Geneva evolution models (Ekstr•om et al. 2012) which account for a

rotation rate of ! =0.4 and the log(g) (4.10 dex) andTe� (11366 K) measured by Fitzpatrick
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& Massa (2005). This age estimate is signi�cantly older than both the traditionally adopted

age of the Columba association (30 Myr) and our estimate (47+27
� 40 Myr). H13 do note that

such a young age is possible if the host star is rapidly rotating (Ve=Vcrit ' 0:95) with an very

low orientation (' 22� ), which is what we have found with this work.

DH15 use Str•omgren photometry of Hauck & Mermilliod (1997) to determine a log(g)

of 4.35 � 0.14 dex andTe� of 11903� 405 K. From this, they interpolate between the

isochrones generated by the evolution models of Bressan et al. (2012) and Ekstr•om et al.

(2012) to estimate an age of 16 Myr. Superseding this interpolated estimate, they use a

more thorough Bayesian approach and �nd a 95% con�dence interval of 29-237 Myr with a

median age of 150 Myr.

In an attempt to determine how much the choice of evolution model a�ects the estimated

age, we compare the log(g) and Te� values used by both H13 and DH15 to the MESA

evolution models used here. We estimate an age of 185 Myr and 13 Myr using the log(g)

and Te� values used by H13 and DH15, respectively. These estimates are lower than the

estimates made by these two studies by� 20%, which is smaller than the uncertainties in

the age estimates.

6.4.3 The Mass of � And b

In order to determine the mass of� And b, we compare our age estimate for the host

star and the spectroscopically determined e�ective temperature of the companion (2040�

60 K; H13) to the predictions of the updated BHAC15 models of Bara�e et al. (2015).

Uncertainties in the companion mass are determined by using this method to calculate the



102

1e8
0.0

0.2

0.4

0.6

0.8

1.0

V
is

ib
ili

ty

2.0 2.5 3.0 3.5 4.0 4.5 5.0

Spat ial frequency (rad ¡ 1) 1e8

0.15
0.10
0.05
0.00

-0.05
-0.10
-0.15
-0.20

O
 -

 C

Figure 6.1 Observed (red circles) and best-�t model visibilities (blue squares) vs. spatial
frequencies for the solar metallicity model.

mass corresponding to the four points representing the 1� uncertainties in the age and

e�ective temperature of the companion. With this technique, we �nd a mass of 22+8
� 9 MJ

with the uncertainties dominated by the uncertainty in the age which is dominated by the

uncertainty in the metallicity. Figure 6.5 shows the e�ective temperature of� And b from

H13 and our �nal estimate for the age of the system along with the cooling tracks of the

BHAC15 models.
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Table 6.2 Model Results.
Properties of� And A

Internal [M/H] +0.14 0.00a -0.14 -0.28
Internal Z 0.0211 0.0153 0.0111 0.0080

Modeled Properties
Equatorial Radius, Re (R� ) 2:331+0 :068

� 0:011 2:303+0 :039
� 0:016 2:326+0 :029

� 0:023 2:366+0 :023
� 0:027

Equatorial Velocity, Ve (km s� 1) 354:8+7 :3
� 35:4 283:8+13 :4

� 16:1 322:5+19 :2
� 13:3 376:6+14 :4

� 11:5
Stellar Inclination, i (� ) 26:3+1 :0

� 7:9 30:1+3 :1
� 4:8 27:0+2 :2

� 3:2 25:9+2 :3
� 1:9

Polar Temperature,Tp (K) 12195+144
� 177 12050+448

� 39 12167+314
� 46 12348+47

� 322
Polar Position Angle,  (� ) 69:6+3 :2

� 0:9 63:4+5 :2
� 1:0 69:3+0 :5

� 2:7 72:8+0 :9
� 1:2

Properties Derived from Oblate Star Model
Gravity Darkening, � 0:181+0 :011

� 0:002 0:202+0 :004
� 0:004 0:188+0 :004

� 0:006 0:166+0 :004
� 0:006

Angular Rotation Rate, ! 0:947+0 :007
� 0:039 0:854+0 :021

� 0:028 0:921+0 :021
� 0:017 0:978+0 :008

� 0:008
Polar Radius,Rp (R� ) 1:827+0 :078

� 0:016 1:959+0 :033
� 0:028 1:878+0 :030

� 0:043 1:761+0 :028
� 0:034

bAverage Radius,Ravg (R� ) 2:026+0 :056
� 0:012 2:109+0 :032

� 0:018 2:062+0 :022
� 0:031 1:983+0 :022

� 0:029
cAverage Angular Diameter,� avg (mas) 0:365+0 :010

� 0:002 0:380+0 :006
� 0:003 0:371+0 :004

� 0:006 0:357+0 :004
� 0:005

Equatorial Temperature, Te (K) 9662+414
� 140 10342+384

� 138 9933+256
� 231 9222+175

� 240
bAverage Temperature,Tavg (K) 11250+133

� 163 11327+421
� 44 11290+291

� 53 11307+43
� 295

Polar Surface Gravity, log(gp) (cgs) 4:373+0 :008
� 0:036 4:296+0 :019

� 0:012 4:315+0 :018
� 0:013 4:355+0 :017

� 0:014
bAverage Surface Gravity, log(gavg) (cgs) 4:207+0 :004

� 0:022 4:174+0 :019
� 0:012 4:164+0 :014

� 0:009 4:169+0 :011
� 0:014

Equatorial Surface Gravity, log(ge) (cgs) 3:813+0 :091
� 0:041 3:968+0 :028

� 0:025 3:848+0 :032
� 0:054 3:593+0 :054

� 0:082
v sini (km s� 1) 157:4+5 :8

� 44:9 142:2+13 :1
� 21:1 146:2+11 :0

� 16:2 164:7+13 :4
� 11:5

Total Luminosity, L tot (L � ) 55:21+5 :67
� 3:14 62:60+9 :83

� 2:23 58:35+6 :26
� 3:08 53:50+1 :73

� 5:37
Apparent Luminosity, Lapp (L � ) 71:17+3 :72

� 3:99 72:01+11 :17
� 1:50 72:49+7 :67

� 2:04 72:99+1 :24
� 7:22

Visibility � 2 12.99 13.23 13.01 12.85
Photometry � 2 9.68 8.92 8.74 8.75

Total � 2 22.67 22.15 21.75 21.60
Properties Derived from MESA Evolution Models

Age (Myr) Below ZAMS 47+14
� 21 74+21

� 28 82+29
� 28

Mass (M� ) Below ZAMS 2:768+0 :121
� 0:013 2:659+0 :087

� 0:014 2:558+0 :013
� 0:084

Properties of� And b
Te� (K) d 2040� 60

Mass (MJup ) N/A 22 +6
� 7 30+3

� 8 31+4
� 5

Adopted System Properties using [M/H] = 0.00
Age (Myr) 47+27

� 40
Mass of A (M� ) 2:768+0 :1

� 0:109
Mass of b (MJ) 22+8

� 9

aWe adopt as our �nal results those from the solar metallicity models.
bThe average quantities presented here are averaged across the entire surface of the model star.
cThe average angular diameter is determined using the average radius and the distance.
dFrom H13
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CHAPTER 7

THE AGES AND MASSES OF OBSERVED A-STARS

In Chapter 5, we used interferometric measurements to determine the fundamental prop-

erties, including the age and the mass, of seven1 stars that are both members of the Ursa

Major moving group and members of theOSESNA(see Chapter 3). A similar analysis was

performed on the directly imaged `planet' host star� Andromedae (Chapter 6), but at a

distance of 51.6 pc and with aB � V color of � 0.08, it is not a member of theOSESNA.

Here, we present ages and masses of 48 additional stars in theOSESNA, bringing the total

to 55 stars out of 108. This analysis is based on the previous interferometric observations of

12 stars and new interferometric observations of 37 stars2.

Altogether, 22% (12) of the 55 stars have been observed and reported in other studies

and those results are interpreted and presented self-consistently here (Section 7.1). 22% (12

stars) bene�t from the modeling presented in Chapter 4 (Section 7.2). Due to the compu-

tational expense of the model of Chapter 4, data for the remaining 32 stars are analyzed

with less-robust, but more computationally e�cient methods. 33% (18 stars) are modeled

by �tting a limb-darkened ellipse to the observed interferometric visibilities (Section 7.3).

The remaining 25% (14 stars) are modeled by �tting a limb-darkened circular disk to the

observed interferometric visibilities (Section 7.4). The properties of each star as well as the

methods used to determine those properties are discussed in Sections 7.1 - 7.4 and their ages

1We note that one of these seven stars had previously been studied interferometrically and our age and
mass estimates are based on those observations (see Sections 5.4 and Section 7.1).

2One star, � B•ootis, has been observed previously (Ciardi et al. 2007), however, we present new observa-
tions for it and determine fundamental properties for each data set using the methods of Sections 7.1 and
7.3 for the previous and new observations, respectively.
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and masses are shown in Figure 7.1 and discussed in Section 7.5.

Appendix A has details for each star presented here including observing logs, discussion

on quality of observations, what (if any) observations are still necessary, and �gures showing

the observed and modeled visibilities, the observed and modeled photometry, the modeled

photosphere demonstrating the oblate shape of the star, and an H-R Diagram showing the

age and mass estimate for the star.

7.1 Previous Observations

Twelve OSESNAmembers have been previously observed interferometrically. Five of these

were observed with CHARA/Classic (Boyajian et al. 2012; Ciardi et al. 2007), four with

CHARA/PAVO (Baines et al. 2012; Maestro et al. 2013), and three with CHARA/MIRC

(Monnier et al. 2007; Zhao et al. 2009; Monnier et al. 2012). The Classic and PAVO studies

assume that the nine stars observed are spherical and thus report a unique radius, e�ective

temperature, and total luminosity. We use the method discussed in Section 4.4 to determine

these stars' ages and masses assuming that, for each star, the average radius is the measured

radius, the total luminosity is the measured luminosity, and the equatorial rotation velocity

is the measuredv sini of the star. This latter is equivalent to assuming that the stars are

oriented edge-on (i = 90� ).

The three stars previously observed with CHARA/MIRC rotate rapidly (Altair, Alderamin,

and Vega). In all three cases, equatorial rotation velocities were reported based on measured

v sini and inclination values. However total luminosity measurements were only reported for
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two of the stars (Alderamin and Vega), and average radii were reported for none of them.

In order to be consistent with the other ages and masses we present in this work, we use the

equatorial radius, polar temperature, rotational velocity, and inclination values measured by

the MIRC studies and the model presented in Chapter 4 to determine the average radii of

Altair, Alderamin, and Vega as well as the total luminosity of Altair. It is from these total

luminosity and average radius values (as well as the measured equatorial rotation velocity

values) that we determine ages and masses for these three stars using the method of Section

4.4.

The measured and modeled parameters for all twelve previously observed stars are sum-

marized in Table 7.1 and our age and mass estimates for them are presented in Table 7.5.

7.2 Full Modeling

Twelve stars in theOSESNAhave been modeled using the \full model" described in Chapter

4. Six of these stars3 are members of the Ursa Major moving group (see Chapter 5) and six

are members of the Hyades open cluster. In Appendix A, we present new interferometric

observations of these six Hyades members. We note that four of these six only have ob-

servations along a single orientation which is insu�cient coverage to directly measure their

oblateness or gravity darkening, though �ve of the six stars have relatively lowv sini values

(ranging from 79 to 105 km/s with a median value of 89 km/s). Nevertheless, we present

results for all twelve stars using the full model in Tables 7.2 and 7.5 and discuss the ages of

3A seventh Ursa Major moving group member is discussed in Chapter 5, but its age and mass are based
on the results of a previous interferometric study (see Sections 5.4 and 7.1).
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the six Hyads in Section 7.6.1.

7.3 Ellipse Fitting

In addition to the twelve stars summarized in Section 7.2, 18 stars in theOSESNA have

su�cient interferometric observations for full modeling. However, the full modeling is very

computationally expensive4 so we present a method for estimating preliminary ages and

masses by �tting an ellipse to the measured visibilities. The distorted shapes of rapidly

rotating stars are not strictly ellipse-like, but this approximation allows us to account for,

to �rst order, the distorted shape and gravity darkening.

We de�ne an ellipse such that the major axis corresponds to the equatorial angular

diameter of the star and the minor axis is the projected polar angular diameter. At the

position angle of each interferometric observation, we calculate the visibility of a star with

a limb-darkened angular diameter corresponding to the diameter of the ellipse along that

axis. A � 2 value is calculated by comparing these visibilities to those that are observed and

the major-axis, minor-axis, and position angle of the minor-axis of the ellipse are tuned to

minimize the � 2 value to �nd the best-�tting parameters.

The only parameters of the star that can be directly determined with this method

are the equatorial angular diameter and the polar position angle. To constrain the polar

temperature and thus determine the temperature pro�le of the modeled star (recall that

T(#) = Tp(g(#)=gp)� ), we run the model of Chapter 4 with the alteration that we only

4One iteration of the model can take as much as 3 minutes and the �tting routine calls for thousands of
iterations to be run. These can be run in parallel on the GSU Physics & Astronomy 32-core cluster `Galileo'
to speed up its operation, but its speed is dependent somewhat on Galileo's subscription rate.
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compare to observed photometry and that we only allow polar temperature to vary. For

this, we assume an equatorial rotational velocity (Ve) of the star to be the mode of the mass-

dependent rotational velocity probability distribution of Zorec & Royer (2012) which ranges

from 148 to 220 km/s for stars with masses ranging from 1.8 to 3.5 M� , respectively, and we

assume an inclination ofi = arcsin(v sini=Ve). If the measuredv sini value is greater than

the assumedVe value, Ve is instead assumed to be thev sini and the inclination is assumed

to be 90� . After �tting to the photometry to determine the polar temperature, the average

radius and total luminosity are calculated and, along with the assumed equatorial rotational

velocity, are used to determine age and mass using the method of Section 4.4.

The measured and modeled parameters for the 18 stars modeled with the ellipse �tting

method described in this section are presented in Table 7.3 and their ages and masses are

presented in Table 7.5. Discussion and relevant �gures of individual stars can be found in

Appendix A.

7.4 Disk Fitting

There are 14 stars for which we have some interferometric observations, but not at su�cient

baseline orientations to determine their oblateness. We model these stars in a manner nearly

identical to that of Section 7.3, but keep the modeled minor and major axes �xed and equal,

and keep the position angle of the pole arbitrarily �xed as 0� . Though we model the projected

shape of these stars to be circular, just as in Section 7.3, we assume these stars to have an

equatorial rotation rate equal to the mode of the probability distribution of (Zorec & Royer
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2012) and an inclination ofi = arcsin(v sini=Ve). The measured and modeled parameters for

these 14 stars are presented in Table 7.4 and their ages and masses are presented in Table

7.5. Discussion and relevant �gures of individual stars can be found in Appendix A.

7.5 Preliminary Age and Mass Estimates of Observed Stars

Using three di�erent prescriptions for interpreting interferometric observations, we present

preliminary age and mass estimates for 55 stars that are members of theOSESNA. While the

three prescriptions di�er in their assumptions, they are self-consistent in the assumed physics

and adopted evolution model. With the exception of Ursa Major moving group and Hyades

open cluster members, we adopt a \solar neighborhood" metallicity ofZ = 0:0153+0 :0058
� 0:0042

([M/H]=0 :00� 0:14) following the same arguments made in Section 6.3.2 for� Andromedae.

We adopt a metallicity of Z = 0:016 ([M/H]=+0.02) for UMa members (King et al. 2003)

and a metallicity of Z = 0:0194 ([M/H]=+0.10) for Hyades members (Taylor & Joner 2005).

Our age estimates for the 55OSESNAmembers range from 24 to 1104 Myr with an average

uncertainty of 138 Myr and our mass estimates range from 1.44 to 2.72 M� with an average

uncertainty of 0.07 M� . The mean age of the 42 �eld stars5 presented here is 529 Myr

with average uncertainties in the age and mass of 166 Myr and 0.08 M� , respectively. The

uncertainty in the \solar neighborhood" metallicity is the dominant source of uncertainty in

our age and mass estimates of �eld A-stars.

5This excludes the seven UMa members and the six Hyades members.
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Figure 7.1 Age and mass estimates of all stars in theOSESNAwith interferometric observa-
tions. Green star symbols represent nuclear members of the Ursa Major moving group, green
diamond symbols represent UMa stream members, red star symbols represent members of
the Hyades open cluster, and black circle symbols represent �eld stars.

7.6 Discussion

As highlighted in Chapter 3, theOSESNAcontains many interesting star systems including

cluster and moving group members as well as stars with the� Boo chemical peculiarity. Here

we summarize the results for and interpretations of the ages for six members of the Hyades

open cluster, nine debris disk host stars, nine pulsating stars, and �ve� Boo stars.
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7.6.1 The Age of the Hyades Open Cluster

Our age estimates for six stars in the Hyades open cluster can be combined to provide an

age for the cluster. The ages for the six individual stars range from 648 to 1012 Myr with

a median age of 746 Myr and a \gapper" scale (see Chapter 5) of 146 Myr. Given that the

gapper scale is, by design, meant to be equivalent to a standard deviation, this results in an

uncertainty in the median of these ages is 60 Myr.

Our age estimate of 746� 60 Myr is older than the canonical age estimate of the cluster

(625 � 50 Myr; Perryman et al. 1998), which is based on the H-R Diagram positions of

�ve early-type stars near the main sequence turn o�. As emphasized in Chapter 1 and in

Brandt & Huang (2015), the rapid rotation of early-type stars not only causes their observed

properties (radius, luminosity, temperature, etc.) to be inaccurate (and thus causes their

H-R Diagram positions to be inaccurate), but rapid rotation also a�ects how a star evolves

and thus causes an inferred age based on non-rotating evolution models to be inaccurate.

Our age estimate is in good agreement with the 750� 100 Myr age estimated with the

Bayesian methodology of Brandt & Huang (2015), though they use the di�erent evolution

models (speci�cally, the models of Georgy et al. (2013) which also account for the e�ects

of rotation on evolution and the non-rotating models of Girardi et al. (2002) to interpolate

between rotating models).

We caution, however, that this age estimate for the Hyades is less robustly determined

than that for the Ursa Major moving group. Firstly, 5 of these stars have photometry or

visibilities that are not well �t by the model ( � 2
tot & 11, see Appendix A). Whether these
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discrepancies are due to errors in observations or in the model remains to be determined.

Secondly, four of these six stars have interferometric observations along too few baseline

orientations to measure oblateness and thus need more interferometric observations. All

four of these (as well as one of the other six) have relatively lowv sini values (ranging from

79 to 105 km/s with a median value of 89 km/s), and so may not be oblate.

Finally, the estimated ages for these six stars appear to be somewhat dependent on the

mass of the star (see Figure 7.2). The gravity darkening law of Espinosa Lara & Rieutord

(2011) was used in determining these ages and it may be necessary to reconsider its use even

though we argue for its use in Chapter 6. This trend is seen in our age estimates for members

of the Ursa Major moving group and is commented on in Section 5.8, but we hesitated to

favor a gravity darkening law given that the uncertainties in the individual measurements

in the ages of UMa members are larger than the dispersion in the age estimates. However,

seeing this trend also occur in age estimates for the Hyades cluster suggests that it may be

caused by using this gravity darkening law over the canonical law of von Zeipel (1924a,b).

If there is a mass dependence in the gravity darkening law, it is unclear how this might bias

our age estimate of the Hyades.

7.6.2 The Ages of Debris Disk Systems

Based on observations with the Spitzer Space Telescope, nine of the stars6 for which we

present new age and mass estimates have detected mid-infrared excesses above that of the

6� 1 Ori (HD 31295), Denebola (HD 102647), Megrez (HD 106591),� Vir (HD 110411) which, interestingly,
is also host to one of the few discovered exocomet systems (Welsh & Montgomery 2013),� Boo (HD 125162),

 Oph (HD 161868), Vega (HD 172167), HR 8799 (HD 218396), and� Psc (HD 220825).
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Figure 7.2 Age and mass estimates of stars in the Hyades open cluster. The grey vertical
line shows the median age of the six stars and the shaded region shows the gapper scale
(standard deviation equivalent discussed in Chapter 5 and Section 7.6.1).

photosphere (Rieke et al. 2005; Morales et al. 2009). These excesses are attributed to the

presence of a debris disk (e.g., Su et al. 2005), which in turn is interpreted by many as sign-

posts of planetesimals and exoplanets. Previous studies have suggested that the frequency

of debris disks declines with age (Rhee et al. 2007). Our new age estimates allow us to

investigate this trend more robustly for A-stars.

Two of the nine known disk host stars (� Vir and � 1 Ori) for which we estimate ages have
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upper limits on their ages based on the lower bound of the \solar neighborhood" metallicity7.

The other seven stars have age estimates ranging from 85 to 584 Myr and, assuming� Vir

and � 1 Ori are arbitrarily young, the median age of the nine stars is 308 Myr (including

both age estimates for� Boo). Given that none of these stars have age estimates larger

than 584 Myr, this further supports that the presence of debris disks are indeed a youthful

phenomenon.

7.6.3 The Ages of Classic Pulsators

Because the instability strip crosses the main sequence in the region that early F- to early

A-type stars inhabit, many A-stars are classic pulsators (i.e.,
 Doradus- or � Scuti-type

variables). Seven of the stars8 for which we estimate ages and masses are� Sct variables

(Rodr��guez et al. 2000), which exhibit pulsations driven from an opacity mechanism, and

thus are distinct from lower mass stars that pulsate from a convection driven mechanism.

However, these stars show at most only a few pulsations frequencies and not enough is known

about either their pulsation mode or the star itself to use the oscillation frequency to probe

the star's structure and internal rotation (e.g., Bouabid et al. 2013). Our age estimates for

these seven stars range from 456 to 1012 Myr with a median of 876 Myr. With the exception

of two stars (Asellus Secundus and 29 Cyg), these stars are old with ages ranging from 858

to 1012 Myr with a median of 967 Myr.

7These stars' observed properties are below the ZAMS for evolution models constructed using the solar
metallicity (Z=0.0153, [M/H]=0.00) and the upper bound of the \solar neighborhood" metallicity (Z=0.0211,
[M/H]=+0.14). However, an age and mass can be determined using the lower bound of the \solar neighbor-
hood" metallicity (Z=0.0111, [M/H]= � 0.14). This age sets an upper limit on the age of the star.

858 Tau (HD 27459), � Tau (HD 28024), � UMa (HD 84999), Asellus Secundus (HD 125161), Seginus
(HD 127762), HR 5960 (HD 143466), and 29 Cyg (HD 192640).
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We also estimate ages and masses for two
 Dor pulsators identi�ed in Henry et al.

(2007): 8 Dra (HD 112429) and HR 8799 (HD 218396).
 Dor pulsators exhibit pulsations

similar to � Sct stars, but are believed to be restricted to only youthful stars since none have

(yet) been found in old open clusters (Krisciunas et al. 1995). The ages we determine for

these two stars agrees with this hypothesis as they are both young. We estimate an upper

limit on the age of 8 Dra of 102 Myr based on the lower bound of the \solar neighborhood"

metallicity and an age of 362+443
� 358 Myr for HR 8799.

7.6.4 The Ages of � Bo•otis Stars

There are �ve stars with the � Bo•otis ( � Boo)-type chemical peculiarity in theOSESNA

(see Sections 1.1.2, 1.3.4, and 3.3.3): the prototype,� Boo (HD 125162); `planet' host, HR

8799 (HD 218396);� 1 Ori (HD 31295); � Vir (HD 110411); and 29 Cyg (HD 192640). It

is suggested that the� Boo phenomenon is caused by accretion from a disk of gas that

has been depleted of refractory grains (Venn & Lambert 1990). If this disk is primordial

or debris-like, these stars should all be younger than� 500 Myr (see discussion in Baines

et al. 2010). Both � Boo and HR 8799 have been observed previously and so we estimate

their fundamental properties with the method of Section 7.1. In addition, we present new

observations of� Boo, � Vir, and 29 Cyg and analyze them with the method of Section 7.3.

We present two estimates of age and mass for� Boo: one based on results from previous

interferometric observations (Section 7.1) and one based on the ellipse-�tting model described

in Section 7.3. These two estimates are consistent with each other within the, admittedly

large, uncertainties. Finally, we present new observations of� 1 Ori and analyze them with
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the method of Section 7.4.

Despite anomalous surface abundances, for our age and mass estimates of these stars,

we assume the \solar neighborhood" metallicity (Z=0:0153+0 :0058
� 0:0042, [M/H]=0.00 � 0.14). Two

stars (� 1 Ori and � Vir) have modeled average radius and total luminosity values below the

ZAMS when calculated using solar metallicity (Z=0.0153). Upper limits on their ages (213

and 129 Myr, respectively) are set by the parameters modeled using the lower limit of the

\solar neighborhood" metallicity (Z=0.0111). The ages of the other three stars (� Boo, HR

8799, and 29 Cyg) range from 362 to 584 Myr, but all with lower bounds on uncertainties (as

determined with the upper limit of the \solar neighborhood" metallicity) below the ZAMS.

Age and mass estimates of� Boo-type stars are presented in Table 7.5 and illustrated in

Figure 7.3. Our age estimates for all �ve stars are consistent with the \young" hypothesis.

Further supporting this, we note that four of the �ve � Boo systems have a detected IR

excess that is attributed to the presence of a debris disk (Rieke et al. 2005; Morales et al.

2009). If there is a gas component to these disks, it could be the reservoir of this accreted

clean gas.



121

0 200 400 600 800 1000 1200 1400
Age (Myr)

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

2.1

M
a

ss
 (

M
¯

)

HR 8799

¼1 Ori (D)

29 Cyg

½ Vir (E)

¸  Boo (O)

¸  Boo (E)

Figure 7.3 Age and mass estimates of� Boo-type stars. For comparison's sake, the x-axis is
the same as that for Figure 7.1.
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Table 7.1: Parameters of stars in theOSESNA which

have been previously observed.

HD HIP Other Re Ve i Tp  ! L tot Lapp Ravg

Number Number Identi�er (R � ) (km/s) ( � ) (K) ( � ) (L � ) (L � ) (R � )
Stars with measured inclination

172167 91262 Vega 2:726+0 :006
� 0:006 197:2 6:2+0 :4

� 0:4 10070+90
� 90 � 58+6

� 6 0:774+0 :012
� 0:012 47:2+2 :0

� 2:0 58:4+2 :2
� 2:2

b2:542+0 :005
� 0:005

187642 97649 Altair 2:029+0 :007
� 0:007 285:5 57:2+1 :9

� 1:9 8450+140
� 140 � 61:8+0 :8

� 0:8 0:923+0 :006
� 0:006

b11:61+0 :78
� 0:74

b11:36+0 :77
� 0:73

b1:819+0 :006
� 0:006

203280 105199 Alderamin 2:740+0 :044
� 0:044 272:4 55:7+6 :2

� 6:2 8588+300
� 300 � 178:84+4 :3

� 4:3 0:941+0 :020
� 0:020 18:1+1 :8

� 1:8 17:9 b2:393+0 :033
� 0:033

Stars assumed to rotate edge on
5448 4438 � And � � � 75+3 :8

� 3:8 90a 8320+150
� 150 � � � � � � 40+3

� 3 � � � 3:03+0 :11
� 0:11

95418 53910 Merak � � � 46+2 :3
� 2:3 90a 9193+56

� 56 � � � � � � 58:46+0 :47
� 0:47 � � � 3:0210+0 :0383

� 0:0383
95608 53954 b Leo � � � 21+1 :1

� 1:1 90a 9540+180
� 180 � � � � � � 24:1+1 :4

� 1:4 � � � 1:80+0 :07
� 0:07

125162 69732 � Boo � � � 123+6 :2
� 6:2 90a 8887+242

� 242 � � � � � � 16:3+0 :6
� 0:6 � � � 1:70+0 :1

� 0:1
141795 77622 � Ser � � � 47+2 :4

� 2:4 90a 8084+102
� 102 � � � � � � 12:134+0 :296

� 0:296 � � � 1:783+0 :040
� 0:040

177724 93747 Deneb el Okab � � � 317+15 :9
� 15:9 90a 9205+95

� 95 � � � � � � 38:492+0 :627
� 0:627 � � � 2:449+0 :046

� 0:046
213558 111169 � Lac � � � 128+6 :4

� 6:4 90a 9131+167
� 167 � � � � � � 28:552+0 :678

� 0:678 � � � 2:143+0 :074
� 0:074

218396 114189 HR 8799 � � � 49+2 :5
� 2:5 90a 7193+87

� 87 � � � � � � 5:05+0 :29
� 0:29 � � � 1:44+0 :06

� 0:06
219080 114570 7 And � � � 63+3 :2

� 3:2 90a 7380+90
� 90 � � � � � � 7:8+0 :6

� 0:6 � � � 1:71+0 :02
� 0:02

Notes - (a) Assumed; (b) Calculated by our model.
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Table 7.2: Parameters of stars in theOSESNA which

have been modeled with the full model of Chapter 4

HD HIP Other Re Ve i Tp  ! L tot Lapp Ravg

Number Number Identi�er (R � ) (km/s) ( � ) (K) ( � ) (L � ) (L � ) (R � )
27459 20261 58 Tau 2:362+0 :020

� 0:061 123:0+22 :2
� 6:3 41:9+20 :9

� 4:8 7419+41
� 69 164:6+1 :2

� 6:5 0:560+0 :081
� 0:025 13:02+0 :29

� 0:65 13:37+0 :29
� 0:65 2:299+0 :019

� 0:057
27934 20635 � 1 Tau 3:171+0 :053

� 0:055 89:6+8 :6
� 2:7 90:0+0 :0

� 16:1 8084+19
� 36 21:8+2 :8

� 0:0 0:436+0 :037
� 0:012 35:17+1 :14

� 1:16 34:23+1 :10
� 1:11 3:123+0 :052

� 0:053
28024 20711 � Tau 5:220+0 :087

� 0:677 300:2+35 :4
� 3:4 58:1+15 :4

� 3:5 7966+500
� 0 13:1+9 :9

� 4:3 0:996+0 :004
� 0:020 36:77+10 :11

� 6:30 34:72+9 :52
� 5:56 3:764+0 :036

� 0:366
28226 20842 HR 1403 1:849+0 :012

� 0:038 143:2+21 :3
� 13:9 49:7+19 :3

� 2:5 7606+11
� 90 26:9+0 :3

� 1:8 0:594+0 :070
� 0:049 8:582+0 :235

� 0:380 8:681+0 :215
� 0:383 1:792+0 :011

� 0:036
28527 21029 HR 1427 2:283+0 :057

� 0:038 88:2+10 :6
� 10:0 90:0+0 :0

� 35:6 7893+348
� 40 2:4+10 :7

� 29:4 0:398+0 :043
� 0:042 16:71+3 :20

� 0:54 16:33+3 :14
� 0:52 2:254+0 :055

� 0:037
29388 21589 90 Tau 2:798+0 :076

� 0:067 85:8+19 :1
� 4:9 86:8+3 :1

� 16:0 8118+142
� 41 136:5+15 :1

� 0:0 0:404+0 :081
� 0:022 28:17+2 :01

� 1:30 27:51+1 :97
� 1:26 2:762+0 :074

� 0:066
103287 58001 Phecda 3:385+0 :204

� 0:257 386:3+10 :5
� 8:4 28:5+5 :7

� 5:9 10520+194
� 220 18:4+72 :6

� 54:3 0:999+0 :001
� 0:002 44:57+3 :39

� 3:61 64:74+4 :99
� 5:32 2:500+0 :088

� 0:121
106591 59774 Megrez 2:511+0 :074

� 0:068 318:9+15 :5
� 15:6 50:0+4 :0

� 4:1 9550+143
� 126 50:9+44 :4

� 42:6 0:972+0 :011
� 0:014 22:04+1 :34

� 1:14 23:33+1 :43
� 1:20 2:124+0 :051

� 0:048
116842 65477 Alcor 2:001+0 :062

� 0:065 234:1+12 :9
� 11:8 86:8+2 :9

� 17:3 8762+112
� 119 154:0+71 :7

� 74:5 0:827+0 :026
� 0:026 13:67+0 :72

� 0:74 11:85+0 :66
� 0:66 1:849+0 :053

� 0:055
141003 77233 Chow 4:195+0 :092

� 0:084 282:2+10 :1
� 9:7 50:1+2 :7

� 2:7 9539+104
� 93 159:8+27 :0

� 25:0 0:985+0 :006
� 0:007 58:17+2 :57

� 2:25 61:72+2 :73
� 2:39 3:472+0 :061

� 0:056
177196 93408 16 Lyr 1:651+0 :023

� 0:024 101:3+16 :1
� 17:6 56:9+30 :1

� 24:7 8270+53
� 57 13:0+25 :9

� 25:6 0:401+0 :058
� 0:066 10:45+0 :29

� 0:30 10:42+0 :29
� 0:31 1:630+0 :023

� 0:024
180777 94083 59 Dra 1:518+0 :033

� 0:033 100:9+32 :0
� 42:3 28:2+34 :2

� 25:9 7164+68
� 68 161:2+1 :0

� 37:2 0:417+0 :116
� 0:168 4:966+0 :302

� 0:292 5:118+0 :219
� 0:216 1:497+0 :032

� 0:032



124
Table 7.3: Parameters of stars in theOSESNA which

have been modeled with the ellipse model of Section 7.3

HD HIP Other Re Ve i Tp  ! L tot Lapp Ravg

Number Number Identi�er (R � ) (km/s) ( � ) (K) ( � ) (L � ) (L � ) (R � )
8538 6686 Ksora 3:476+0 :165

� 0:159 177:0 44:0 8681+14
� 207 101:3+10 :9

� 11:1 0:775+0 :012
� 0:012 45:01+3 :81

� 4:14 47:36+4 :13
� 4:34 3:260+0 :144

� 0:140
25490 18907 � Tau 2:517+0 :460

� 0:507 185:0 26:7 9005+71
� 161 145:1+28 :7

� 62:8 0:733+0 :043
� 0:058 28:24+9 :81

� 9:44 31:49+11 :73
� 10:94 2:384+0 :408

� 0:459
33111 23875 Cursa 4:233+0 :283

� 0:209 194 90:0 8792+25
� 0 112:5+31 :8

� 31:8 0:852+0 :015
� 0:012 64:49+7 :49

� 5:33 56:13+5 :97
� 4:30 3:879+0 :235

� 0:175
84999 48319 � UMa 3:500+0 :256

� 0:238 170:0 40:3 7518+11
� 126 74:3+16 :4

� 17:0 0:801+0 :018
� 0:018 25:06+3 :27

� 2:91 27:03+3 :68
� 3:25 3:260+0 :220

� 0:207
97603 54872 Zosma 2:538+0 :148

� 0:139 180:0 90:0 8639+5
� 299 65:1+18 :7

� 21:3 0:732+0 :015
� 0:015 24:42+2 :60

� 3:22 22:36+2 :26
� 2:97 2:404+0 :132

� 0:125
102647 57632 Denebola 1:848+0 :069

� 0:066 160:0 53:1 8562+24
� 109 18:6+10 :3

� 9:9 0:617+0 :009
� 0:009 13:56+0 :95

� 0:89 13:61+0 :96
� 0:89 1:785+0 :064

� 0:062
110411 61960 � Vir 1:584+0 :304

� 0:174 176:0 61:0 9250+38
� 84 N=A 0:606+0 :044

� 0:028 13:57+5 :20
� 2:65 13:23+4 :99

� 2:55 1:533+0 :283
� 0:163

118098 66249 Heze 2:422+0 :466
� 0:340 222:0 90:0 9219+10

� 0 14:7+19 :5
� 24:1 0:821+0 :042

� 0:038 26:30+9 :23
� 6:09 23:23+7 :43

� 5:08 2:243+0 :392
� 0:294

125162 69732 � Boo 2:201+0 :473
� 0:741 185:0 41:7 8769+97

� 134 142:3+32 :1
� 34:8 0:716+0 :050

� 0:105 19:71+8 :18
� 10:41 20:73+8 :90

� 11:11 2:092+0 :422
� 0:680

127762 71075 Seginus 3:265+0 :201
� 0:149 176:0 46:7 7945+24

� 178 15:7+59 :0
� 53:9 0:784+0 :015

� 0:012 27:65+3 :05
� 2:40 28:75+3 :25

� 2:50 3:056+0 :175
� 0:131

130109 72220 109 Vir 3:212+0 :385
� 0:455 285:0 90:0 11008+19

� 0 33:1+31 :0
� 17:9 0:940+0 :018

� 0:029 77:81+15 :34
� 17:10 62:11+10 :31

� 12:11 2:808+0 :284
� 0:350

161868 87108 
 Oph 2:119+0 :387
� 0:456 210:0 90:0 10101+8

� 0 171:7+29 :3
� 43:1 0:738+0 :043

� 0:063 31:38+10 :89
� 11:12 28:56+9 :28

� 9:76 2:005+0 :342
� 0:413

165777 88771 72 Oph 2:744+0 :252
� 0:244 176:0 21:7 7940+59

� 163 159:3+22 :6
� 16:2 0:757+0 :023

� 0:024 19:94+3 :36
� 3:06 22:76+4 :12

� 3:70 2:585+0 :222
� 0:217

178233 93843 HR 7253 1:722+0 :419
� 0:185 160:0 53:1 7616+18

� 182 N=A 0:639+0 :056
� 0:028 7:258+3 :554

� 1:382 7:286+3 :583
� 1:390 1:658+0 :385

� 0:172
184006 95853 � Cyg 3:135+0 :440

� 0:367 240:0 90:0 9337+33
� 0 7:7+44 :8

� 41:2 0:900+0 :026
� 0:027 41:60+9 :97

� 7:80 34:93+7 :35
� 5:98 2:811+0 :345

� 0:297
192640 99770 29 Cyg 1:865+0 :728

� 0:332 176:0 21:7 8619+29
� 81 N=A 0:648+0 :085

� 0:049 13:89+11 :37
� 4:23 15:20+13 :31

� 4:78 1:794+0 :662
� 0:309

210418 109427 Baham 2:257+0 :335
� 0:219 176:0 54:9 9102+5

� 149 N=A 0:684+0 :036
� 0:026 24:60+7 :01

� 4:19 24:55+7 :01
� 4:18 2:158+0 :304

� 0:201
222603 116928 � Psc 2:388+0 :326

� 0:482 160:0 25:9 7576+62
� 152 60:5+20 :0

� 37:2 0:694+0 :033
� 0:058 13:21+3 :42

� 4:46 14:52+4 :00
� 5:09 2:279+0 :295

� 0:443
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Table 7.4: Parameters of stars in theOSESNA which

have been modeled with the disk model of Section 7.4

HD HIP Other Re Ve i Tp ! L tot Lapp Ravg

Number Number Identi�er (R � ) (km/s) ( � ) (K) (L � ) (L � ) (R � )
6961 5542 Marfak 2:526+0 :253

� 0:262 160.0 40.1 8046+9
� 105 0:689+0 :025

� 0:028 18:80+3 :57
� 3:43 19:80+3 :87

� 3:68 2:413+0 :229
� 0:240

11973 9153 � Ari 2:252+0 :072
� 0:072 160.0 42.0 7609+16

� 130 0:684+0 :008
� 0:008 12:02+0 :71

� 0:78 12:55+0 :76
� 0:80 2:153+0 :066

� 0:066
14055 10670 
 Tri 1 :969+0 :115

� 0:113 254.0 90.0 10701+16
� 0 0:810+0 :014

� 0:015 31:74+3 :28
� 3:11 27:99+2 :68

� 2:56 1:830+0 :099
� 0:098

14622 11090 HR 687 1:797+0 :064
� 0:064 160.0 15.6 7462+16

� 113 0:653+0 :009
� 0:009 7:244+0 :480

� 0:467 8:028+0 :563
� 0:545 1:727+0 :059

� 0:059
20677 15648 1 Per 1:895+0 :064

� 0:063 160.0 64.2 9234+25
� 198 0:601+0 :008

� 0:008 19:39+1 :24
� 1:60 18:94+1 :19

� 1:56 1:835+0 :060
� 0:059

31295 22845 � 1 Ori 1:633+0 :052
� 0:052 160.0 48.6 9183+40

� 86 0:632+0 :008
� 0:008 13:79+0 :82

� 0:80 14:26+0 :89
� 0:84 1:574+0 :048

� 0:048
79469 45336 � Hya 1:789+0 :161

� 0:160 177.0 26.9 10917+16
� 145 0:601+0 :021

� 0:023 33:66+5 :86
� 5:42 36:17+6 :55

� 6:00 1:732+0 :150
� 0:150

89021 50372 Tania Borealis 3:099+0 :357
� 0:371 185.0 15.7 9149+17

� 140 0:766+0 :028
� 0:033 44:37+9 :39

� 9:02 51:82+11 :94
� 11:21 2:913+0 :312

� 0:330
91312 51658 HR 4132 2:384+0 :115

� 0:116 160.0 53.1 7702+27
� 160 0:690+0 :012

� 0:013 14:08+1 :26
� 1:22 14:15+1 :27

� 1:24 2:277+0 :105
� 0:106

112429 63076 8 Dra 1:449+0 :067
� 0:067 160.0 64.2 7642+26

� 191 0:610+0 :011
� 0:012 5:298+0 :465

� 0:491 5:177+0 :450
� 0:479 1:402+0 :063

� 0:063
125161 69713 Asellus Secundus 1:643+0 :198

� 0:206 160.0 64.2 7937+18
� 155 0:619+0 :029

� 0:033 7:865+1 :835
� 1:729 7:670+1 :764

� 1:668 1:587+0 :184
� 0:193

143466 78180 HR 5960 1:962+0 :118
� 0:121 165.0 90.0 7701+7

� 0 0:676+0 :015
� 0:016 9:605+1 :077

� 1:058 8:969+0 :965
� 0:957 1:878+0 :108

� 0:111
173880 92161 111 Her 1:501+0 :199

� 0:212 160.0 30.4 8460+29
� 77 0:591+0 :031

� 0:036 8:642+2 :256
� 2:151 9:164+2 :476

� 2:334 1:455+0 :186
� 0:200

220825 115738 � Psc 1:703+0 :314
� 0:341 176.0 12.8 9440+43

� 94 0:623+0 :043
� 0:055 16:83+6 :16

� 5:74 18:59+7 :22
� 6:56 1:644+0 :291

� 0:320
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Table 7.5: Ages and Masses of ObservedOSESNAMem-

bers

HD HIP Other Age Mass Metallicity Method
Number Number Identi�er (Myr) (M � ) Z Flag

5448 4438 � And 611+51
� 74 2:232+0 :095

� 0:077 0:0153+0 :0058
� 0:0042 P

6961 5542 Marfak 911+101
� 158 1:874+0 :078

� 0:069 0:0153+0 :0058
� 0:0042 D

8538 6686 Ksora 649+66
� 98 2:266+0 :103

� 0:075 0:0153+0 :0058
� 0:0042 E

11973 9153 � Ari 1078+158
� 161 1:701+0 :062

� 0:058 0:0153+0 :0058
� 0:0042 D

14055 10670 
 Tri 24+109
� 23 2:335+0 :052

� 0:083 0:0153+0 :0058
� 0:0042 D

14622 11090 HR 687 1001+300
� 379 1:533+0 :072

� 0:057 0:0153+0 :0058
� 0:0042 D

20677 15648 1 Per 328+136
� 171 1:990+0 :085

� 0:069 0:0153+0 :0058
� 0:0042 D

25490 18907 � Tau 583+84
� 154 2:096+0 :121

� 0:138 0:0153+0 :0058
� 0:0042 E

27459 20261 58 Tau 1012+35
� 20 1:776+0 :010

� 0:021 0.0194 F
27934 20635 � 1 Tau 648+11

� 7 2:226+0 :016
� 0:016 0.0194 F

28024 20711 � Tau 876+54
� 20 2:168+0 :058

� 0:085 0.0194 F
28226 20842 HR 1403 725+53

� 45 1:648+0 :009
� 0:021 0.0194 F

28527 21029 HR 1427 766+17
� 131 1:896+0 :089

� 0:012 0.0194 F
29388 21589 90 Tau 672+27

� 41 2:125+0 :038
� 0:023 0.0194 F

31295� 22845 � 1 Ori < 213 � 1:819 0:0153+0 :0058
� 0:0042 D

33111 23875 Cursa 578+53
� 77 2:444+0 :109

� 0:082 0:0153+0 :0058
� 0:0042 E

79469� 45336 � Hya < 90 � 2:293 0:0153+0 :0058
� 0:0042 D

84999 48319 � UMa 986+146
� 118 1:974+0 :084

� 0:103 0:0153+0 :0058
� 0:0042 E

89021 50372 Tania Borealis 577+59
� 111 2:283+0 :109

� 0:081 0:0153+0 :0058
� 0:0042 D

91312 51658 HR 4132 1045+148
� 129 1:757+0 :062

� 0:060 0:0153+0 :0058
� 0:0042 D

95418 53910 Merak 408+6
� 6 2:509+0 :005

� 0:005 0:016 P
95608 53954 b Leo 223+107

� 123 2:113+0 :079
� 0:069 0:0153+0 :0058

� 0:0042 P
97603 54872 Zosma 668+140

� 145 2:020+0 :090
� 0:080 0:0153+0 :0058

� 0:0042 E
102647 57632 Denebola 490+164

� 220 1:809+0 :078
� 0:061 0:0153+0 :0058

� 0:0042 E
103287 58001 Phecda 333+43

� 83 2:412+0 :053
� 0:060 0.016 F

106591 59774 Megrez 400+38
� 51 2:048+0 :035

� 0:030 0.016 F
110411� 61960 � Vir < 129 � 1:825 0:0153+0 :0058

� 0:0042 E
112429� 63076 8 Dra < 102 � 1:462 0:0153+0 :0058

� 0:0042 D
116842 65477 Alcor 454+60

� 68 1:828+0 :027
� 0:030 0.016 F

118098 66249 Heze 500+133
� 145 2:091+0 :108

� 0:086 0:0153+0 :0058
� 0:0042 E

125161 69713 Asellus Secundus 456+284
� 452 1:603+0 :080

� 0:058 0:0153+0 :0058
� 0:0042 D

125162 69732 � Boo 254+149
� 183 1:923+0 :077

� 0:065 0:0153+0 :0058
� 0:0042 P

125162 69732 � Boo 584+175
� 580 1:949+0 :125

� 0:250 0:0153+0 :0058
� 0:0042 E

127762 71075 Seginus 858+111
� 121 2:031+0 :090

� 0:078 0:0153+0 :0058
� 0:0042 E

130109 72220 109 Vir 282+123
� 42 2:721+0 :083

� 0:152 0:0153+0 :0058
� 0:0042 E
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Table 7.5: Ages and Masses of ObservedOSESNAMem-

bers

141003 77233 Chow 610+14
� 35 2:388+0 :036

� 0:021 0.016 F
141795 77622 � Ser 610+199

� 204 1:752+0 :070
� 0:065 0:0153+0 :0058

� 0:0042 P
143466 78180 HR 5960 967+195

� 289 1:631+0 :074
� 0:054 0:0153+0 :0058

� 0:0042 D
161868 87108 
 Oph 249+130

� 248 2:245+0 :098
� 0:166 0:0153+0 :0058

� 0:0042 E
165777 88771 72 Oph 975+102

� 174 1:884+0 :086
� 0:061 0:0153+0 :0058

� 0:0042 E
172167 91262 Vega 411+53

� 123 2:395+0 :123
� 0:072 0:0153+0 :0058

� 0:0042 P
173880� 92161 111 Her < 143 � 1:634 0:0153+0 :0058

� 0:0042 D
177196 93408 16 Lyr 370+30

� 35 1:725+0 :013
� 0:014 0.016 F

177724 93747 Deneb el Okab 447+159
� 164 2:275+0 :123

� 0:107 0:0153+0 :0058
� 0:0042 P

178233 93843 HR 7253 780+328
� 600 1:550+0 :115

� 0:060 0:0153+0 :0058
� 0:0042 E

180777 94083 59 Dra 580+128
� 162 1:443+0 :015

� 0:015 0.016 F
184006 95853 � Cyg 544+102

� 84 2:276+0 :113
� 0:090 0:0153+0 :0058

� 0:0042 E
187642 97649 Altair 418+214

� 342 1:764+0 :093
� 0:063 0:0153+0 :0058

� 0:0042 P
192640 99770 29 Cyg 475+211

� 446 1:822+0 :207
� 0:096 0:0153+0 :0058

� 0:0042 E
203280 105199 Alderamin 781+138

� 187 1:936+0 :090
� 0:072 0:0153+0 :0058

� 0:0042 P
210418 109427 Baham 509+115

� 154 2:057+0 :095
� 0:074 0:0153+0 :0058

� 0:0042 E
213558 111169 � Lac 432+100

� 116 2:141+0 :085
� 0:075 0:0153+0 :0058

� 0:0042 P
218396 114189 HR 8799 362+443

� 358 1:455+0 :056
� 0:059 0:0153+0 :0058

� 0:0042 P
219080 114570 7 And 908+236

� 303 1:566+0 :066
� 0:054 0:0153+0 :0058

� 0:0042 P
220825 115738 � Psc 85+259

� 66 1:971+0 :094
� 0:185 0:0153+0 :0058

� 0:0042 D
222603 116928 � Psc 1104+145

� 120 1:730+0 :076
� 0:137 0:0153+0 :0058

� 0:0042 E

Note - (*) For the solar (Z=0.0153) and supersolar (Z=0.0211) metallicities tested, the modeled
parameters (average radius, total luminosity, equatorial velocity) fell below the zero age main
sequence, so an upper limit on the age is set by the results found with the subsolar metallicity
(Z=0.0111) evolution models. The lower bound on the mass is also set by the results found with
the subsolar metallicity evolution models.

Flags - (F) Full modeling; (E) Ellipse �tting; (D) Disk �tting; (P) Age/Mass determined based
on parameters derived by previous interferometric studies
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CHAPTER 8

SUMMARY

A-type stars make up only � 1% of stars within 25 parsecs (Henry & Jao 2015), but due to their

inherent brightness, they make up� 20% of the brightest stars in the night sky (i.e., brighter than

3rd magnitude; van Leeuwen 2007). In large part because of their brightness, A-stars have been

and continue to be vital to the development of new astronomical techniques.

Most A-stars rotate rapidly with rotational velocities that can be as high as � 300 km/s and with

average rotational velocities ranging from� 150 to � 220 km/s for low-mass and high-mass A-stars,

respectively (Zorec & Royer 2012). This rapid rotation a�ects the study of A-stars in many ways.

Because of the rotational broadening of spectral lines, it is more di�cult to measure the precise

radial velocities required for detecting or con�rming extrasolar planets. The large centrifugal force

induced by such rapid rotation causes the radius of the star to be larger at its equator than at

its poles (oblateness) and as a result, the star is hotter and brighter at its poles than it is at

its equator (gravity darkening; von Zeipel 1924a,b). This oblateness and gravity darkening cause

measured photospheric properties to be inclination dependent. Finally, rapid rotation also a�ects

how an A-star evolves (Sackmann 1970). The meridional 
ows that result from rapid rotation cycle

hydrogen into the core, e�ectively giving a rapid rotator a longer main sequence lifespan than a

more slowly rotating star of the same mass (Paxton et al. 2013).

Understanding the underlying physics and structural evolution of A-stars has been inhibited

by the di�culty in estimating ages and masses of A-stars by comparisons with evolution models.

This, in large part, stems from their non-solar like characteristics which make those comparisons

uncertain. Herein, we conduct an interferometric study with the CHARA Array using a physical

model of oblate stars in order to more accurately determine the photospheric properties of rapidly
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rotating A-type stars and, as a result, more accurately estimate their ages and masses by comparing

to evolution models that account for rotation. This analysis can be applied to coeval populations of

stars (i.e., clusters and moving groups) to test these new evolution models. More accurate estimates

of the ages of disk and exoplanetary systems will help to constrain the timescales and mechanisms

of various open questions about disk and planet formation and evolution. Of particular interest are

planets and low-mass brown dwarfs that have been discovered through direct imaging. An accurate

estimate of the system's age along with accurate planet/brown dwarf cooling models (e.g., Bara�e

et al. 2003; Bara�e et al. 2015) are necessary for accurately determining the companion's mass.

Our A-star study begins with a census of all nearby A-stars in order to minimize observational

biases. For practical purposes, we construct two samples of A-stars. The50PASS (50 Parsec A-Star

Sample) is a sample of all 232 A-type stars within 50 parsecs. However, since not all stars lend

themselves to the interferometric observations made by the CHARA Array, we cull this sample

down to those members which have a declination higher than� 10� , and for which there are no

known, bright (�m < 5 mag), and nearby (within 2") companions. We call this culled sample

of 108 stars the OSESNA or the Observational Sample of E�ectively Single, Northern A-Stars.

Furthermore, we identify several notable subsamples within the50PASS and OSESNA including

members of clusters, moving groups, and associations (19% -50PASS, 25% -OSESNA), stars with

projected rotation rates exceeding 100 km/s (54% -50PASS, 63% - OSESNA), and stars with the

� Boo chemical peculiarity (5 stars).

We present interferometric observations for 44 systems using the Classic (Section 2.4.2), CLIMB

(Section 2.4.3), and PAVO (Section 2.4.4) beam combiners on the CHARA Array. In total 6273

visibility measurements were obtained over 54 nights. The 44 systems observed include six members

of the Ursa Major moving group, six members of the Hyades open cluster, seven disk hosts, eight
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pulsators, and four � Boo stars. Only one (� And) of these 44 systems observed is not a member

of the OSESNA. Previous observations of 12OSESNA members (one of which is also an UMa

member) exist and the results of these studies are used in making new estimates of age and mass

for these 12 stars.

Interferometric measurements along multiple baselines allow us to measure the oblateness and

directly account for the e�ects of rapid rotation. In practice, we do this by constructing a model

with a Roche geometry based on eight parameters:Re, M � , Ve, i , � , Tp, � plx , and  . Visibilities and

photometry are calculated using model-generated images and PEDs, and compared to measured

visibilities and photometry. Five of the model parameters (Re, Ve, i , Tp, and  ) are allowed

to vary, with Ve constrained by i and the measuredv sin i . Age and mass estimates are made

by comparing the modeled average radius, luminosity, and equatorial velocity of a star to those

parameters determined by MESA evolution models. The mass determined by the MESA model is

then used in the Roche model and this process is repeated until the models converged. Because

this model is computationally expensive, we present two alternate methods for determining age

and mass estimates that are less robust, but allow for preliminary age and mass estimates to be

made. These are the ellipse �tting method (Section 7.3) which �ts a limb-darkened ellipse model to

visibilities and the disk �tting method (Section 7.4) which �ts a limb-darkened circular disk model

to visibilities.

We present age and mass estimates for seven members of the Ursa Major moving group: Merak

(HD 95418, nucleus member, previously observed by Boyajian et al. 2012), Phecda (HD 103287,

nucleus member, observations presented here), Megrez (HD 106591, nucleus member, observations

presented here), Alcor (HD 116842, nucleus member, observations presented here), Chow (HD

141003, stream member, observations presented here), 16 Lyr (HD177196, stream member, ob-
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servations presented here), and 59 Dra (HD180777, stream member, observations presented here).

Four of these stars (Phecda, Megrez, Alcor, and Chow) are known to be rapidly rotating withv sin i

& 170 km s� 1 causing them to be measurably oblate. The six stars with observations presented

here (Phecda, Megrez, Alcor, Chow, 16 Lyr, and 59 Dra) are all analyzed with the full model (see

Chapter 4 and Section 7.2) and the previously observed star (Merak) is analyzed using the method

described in Section 7.1.

Since this coeval subsample represents the highest quality dataset, we use it to test two di�er-

ent gravity darkening laws; in principle, the one that incorporates more accurate physics should

give more consistent age estimates. However, neither law is favored by the interferometric and

photometric data (i.e., both laws give similar � 2 values), nor is either law favored by the �nal age

estimates. The dispersion in the age estimates is signi�cantly smaller for the ages estimated using

the vZ law than the ELR law. However, because this dispersion is of the same order of magnitude

as the statistical uncertainties in the ages, we consider that this may be a statistical anomaly. The

age we estimate for the stream member, Chow, makes it considerably older than the moving group

as a whole and it is thus excluded as a potential interloper in our �nal age estimate. Because

neither gravity darkening law is favored, we combine the ages estimated with the vZ and ELR laws

to determine the overall age of the moving group.

By determining the ages of these coeval stars, we validate this technique for use on individual

�eld stars and determine a model uncertainty of approximately 10% for stars with masses ranging

from � 1.8 - 2.5 M� . Using this technique, we �nd the age of the Ursa Major moving group to be

414 � 23 Myr. This result is consistent with previous age estimates for the Ursa Major moving

group but is more precise by a factor of four.

Though it is not a member of the OSESNA, we present observations of the directly imaged
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planet host star � And. Using these observations, the star's photometry, and itsv sin i , we constrain

an oblate star model from which we calculate various fundamental parameters. These parameters

include the star's luminosity, radius pro�le, and equatorial rotation velocity which are compared

to the predictions of the MESA evolution models in order to estimate an age and mass for the

star. Four internal metallicities ([M/H]=+0.14, 0.0, � 0.14, and� 0.28) are tested and we �nd that

metal-rich models yield a progressively higher mass and younger age than more metal-poor models

do.

Because the internal metallicity of the star is expected to be solar ([M/H]=0.00� 0.14), we

adopt the solar metallicity model with the uncertainties in our �nal age and mass governed by the

uncertainty in the metallicity. With this model, we determine an age of 47+27
� 40 Myr for the system

and a mass of 2:768+0 :1
� 0:109 M � for � And A. Based on this age, the e�ective temperature of the

companion, and the BHAC15 evolution models, we determine the mass of� And b to be 22+8
� 9

MJup .

Among the 55 OSESNA members for which we estimate ages and masses are six members of

the Hyades open cluster. Using our age estimates of the individual Hyades members, we estimate

an age for the cluster itself of 746� 60 Myr which is older than the canonical age of the cluster

(625 � 50 Myr; Perryman et al. 1998), but in good agreement with an updated age estimate of

750 � 100 Myr (Brandt & Huang 2015). Five of the 55 stars are classi�ed as� Boo stars. Three

of these have ages that range from 254 to 584 Myr with mean uncertainties of 318 Myr and the

other two have upper limits on their age of 213 and 129 Myr governed by the age estimated for

the upper bound on the \solar neighborhood" metallicity. Given the large uncertainties in these

age estimates, the ages of the �ve� Boo stars are all consistent with the \young" hypothesis that

the � Boo chemical peculiarity is caused by recent accretion of gas, which is more likely for young
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systems.

For the ensemble sample of 55OSESNA stars presented, our age estimates range from 24 to

1104 Myr with an average uncertainty of 138 Myr and our mass estimates range from 1.44 to 2.72

M � with an average uncertainty of 0.07 M� . The mean age of the 42 �eld stars presented is 529 Myr

with average uncertainties in the age and mass of 166 Myr and 0.08 M� , respectively. The largest

source of uncertainty is the uncertainty in the assumed \solar neighborhood" metallicity, which

is di�cult to measure and interpret for rapidly rotating chemically peculiar stars. Our assembled

A-star age and mass estimates represent an important milestone in the e�ort to determine ages

and masses more robustly.



134

Appendix
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A Status of Observations of Stars in the OSESNA

A.1 HD 5448

HD 5448 (other identi�ers - � And, 37 And, HIP 4436, HR 269, Ku�� S�u b�a) has been observed

previously by Maestro et al. (2013). We use the method of Section 7.1 to estimate an age and mass

based on these observations.
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Figure A.1 The comparison with MESA evolution models for HD 5448.
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A.2 HD 6961

HD 6961 (other identi�ers - Marfak, � Cas, 33 Cas, HIP 5542, HR 343, G�e D�ao s��) was observed

on two nights in August of 2012 using the Classic and PAVO beam combiners. Visibilities and

photometry were separately �t using the disk-�tting method of Section 7.4. The � 2 values for the

visibilities and photometry are 1.272 and 56.017, respectively for a� 2
tot value of 56.017.
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Figure A.2 The photosphere (a), photometry (b), visibilities (c), and comparison with MESA
evolution models (d) for HD 6961.
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Table A.1 HD 6961 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
3360 0.290� 0.029 E2-W2 PAVO 6 138 2012 Aug 21
12303 0.264� 0.026 E2-W2 PAVO 5 115 2012 Aug 21
3360 0.290� 0.029 E1-W1 Classic 2 2 2012 Aug 21
12303 0.264� 0.026 E1-W1 Classic 2 2 2012 Aug 21
3360 0.290� 0.029 E2-W2 PAVO 5 115 2012 Aug 22
3360 0.290� 0.029 E1-W1 Classic 3 3 2012 Aug 22
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A.3 HD 8538

HD 8538 (other identi�ers - Ksora, Ruchbah, � Cas, 37 Cas, HIP 6686, HR 403, G�e D�ao s�an)

was observed on three nights in September of 2013 and December of 2014 using the CLIMB beam

combiner. Visibilities and photometry were separately �t using the ellipse-�tting method of Section

7.3. The � 2 values for the visibilities and photometry are 10.505 and 96.872, respectively for a� 2
tot

value of 107.377.

Table A.2 HD 8538 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
11946 0.269� 0.027 S1-W1-E1 CLIMB 2 6 2013 Sep 9
12303 0.264� 0.026 S1-W1-E1 CLIMB 2 6 2013 Sep 9
6210 0.464� 0.046 S1-W1-E1 CLIMB 2 6 2013 Sep 10
12303 0.264� 0.026 S1-W1-E1 CLIMB 3 9 2013 Sep 10
11946 0.269� 0.027 S1-W1-E1 CLIMB 3 9 2014 Dec 9
12303 0.264� 0.026 S1-W1-E1 CLIMB 3 9 2014 Dec 9
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Figure A.3 The photosphere (a), photometry (b), visibilities (c), and comparison with MESA
evolution models (d) for HD 8538.
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A.4 HD 11973

HD 11973 (other identi�ers - � Ari, 9 Ari, HIP 9153, HR 569) was observed on two nights in

August and September of 2015 using the PAVO beam combiner. Visibilities and photometry were

separately �t using the disk-�tting method of Section 7.4. The � 2 values for the visibilities and

photometry are 1.717 and 58.714, respectively for a� 2
tot value of 60.431.
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Figure A.4 The photosphere (a), photometry (b), visibilities (c), and comparison with MESA
evolution models (d) for HD 11973.
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Table A.3 HD 11973 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
10982 0.200� 0.020 W2-E2 PAVO 2 46 2015 Aug 11
14191 0.247� 0.025 W2-E2 PAVO 3 69 2015 Aug 11
10982 0.200� 0.020 S2-E2 PAVO 2 46 2015 Sep 14
14191 0.247� 0.025 S2-E2 PAVO 2 46 2015 Sep 14
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A.5 HD 14055

HD 14055 (other identi�ers - 
 Tri, 9 Tri, HIP 10670, HR 664, Ti�an D�a Ji�ang J�un sh��) was observed

on three nights in August and September of 2015 using the PAVO beam combiner. Visibilities and

photometry were separately �t using the disk-�tting method of Section 7.4. The � 2 values for the

visibilities and photometry are 1.598 and 32.161, respectively for a� 2
tot value of 33.760.
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Figure A.5 The photosphere (a), photometry (b), visibilities (c), and comparison with MESA
evolution models (d) for HD 14055.
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Table A.4 HD 14055 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
13869 0.259� 0.026 W2-E2 PAVO 3 69 2015 Aug 11
10205 0.272� 0.027 W2-E2 PAVO 2 46 2015 Aug 11
13869 0.259� 0.026 S2-W2 PAVO 2 46 2015 Aug 12
10205 0.272� 0.027 S2-W2 PAVO 2 46 2015 Aug 12
13869 0.259� 0.026 S2-E2 PAVO 2 46 2015 Sep 14
10205 0.272� 0.027 S2-E2 PAVO 2 46 2015 Sep 14
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A.6 HD 14622

HD 14622 (other identi�ers - HIP 11090, HR 687) was observed on two nights in September and

October of 2011 using the PAVO beam combiner. Visibilities and photometry were separately �t

using the disk-�tting method of Section 7.4. The � 2 values for the visibilities and photometry are

1.961 and 5.547, respectively for a� 2
tot value of 7.508.
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Figure A.6 The photosphere (a), photometry (b), visibilities (c), and comparison with MESA
evolution models (d) for HD 14622.
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Table A.5 HD 14622 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
16350 0.167� 0.017 S1-E1 PAVO 3 69 2011 Sep 30
14372 0.134� 0.013 S1-E1 PAVO 4 92 2011 Sep 30
16350 0.167� 0.017 S1-E1 PAVO 6 138 2011 Oct 1
14372 0.134� 0.013 S1-E1 PAVO 3 69 2011 Oct 1
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A.7 HD 20677

HD 20677 (other identi�ers - 1 Per, HIP 15648, HR 1002) was observed on two nights in September

and October of 2011 using the PAVO beam combiner. Visibilities and photometry were separately

�t using the disk-�tting method of Section 7.4. The � 2 values for the visibilities and photometry

are 1.697 and 24.399, respectively for a� 2
tot value of 26.096.
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Figure A.7 The photosphere (a), photometry (b), visibilities (c), and comparison with MESA
evolution models (d) for HD 20677.
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Table A.6 HD 20677 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
20809 0.189� 0.019 S1-E1 PAVO 2 46 2011 Sep 30
21699 0.196� 0.020 S1-E1 PAVO 3 69 2011 Oct 1
20809 0.189� 0.019 S1-E1 PAVO 3 69 2011 Oct 1
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A.8 HD 25490

HD 25490 (other identi�ers - � Tau, 38 Tau, HIP 18907, HR 1251) was observed on two nights in

the Septembers of 2012 and 2013 using the Classic and CLIMB beam combiners. Visibilities and

photometry were separately �t using the ellipse-�tting method of Section 7.3. The � 2 values for

the visibilities and photometry are 3.459 and 57.264, respectively for a� 2
tot value of 60.722.
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Figure A.8 The photosphere (a), photometry (b), visibilities (c), and comparison with MESA
evolution models (d) for HD 25490.
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Table A.7 HD 25490 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
26912 0.285� 0.029 S1-E1 Classic 5 5 2012 Sep 26
26793 0.245� 0.025 S1-E1 Classic 4 4 2012 Sep 26
26793 0.245� 0.025 S1-W1-E1 CLIMB 2 6 2013 Sep 7
26912 0.285� 0.029 S1-W1-E1 CLIMB 2 6 2013 Sep 7
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A.9 HD 27459

HD 27459 (other identi�ers - 58 Tau, HIP 20261, HR 1356) was observed on three nights in

November of 2014 using the PAVO beam combiner. Visibilities and photometry were simultaneously

�t using the method of Chapter 4. The � 2 values for the visibilities and photometry are 4.447 and

7.462, respectively for a� 2
tot value of 11.910. It is a member of the Hyades open cluster.
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Figure A.9 The photosphere (a), photometry (b), visibilities (c), and comparison with MESA
evolution models (d) for HD 27459.
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Table A.8 HD 27459 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
26793 0.245� 0.025 W2-S1 PAVO 3 69 2014 Nov 17
29589 0.218� 0.022 W2-S1 PAVO 2 46 2014 Nov 18
26793 0.245� 0.025 W2-S1 PAVO 2 46 2014 Nov 18
26793 0.245� 0.025 W1-S1 PAVO 1 23 2014 Nov 19
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A.10 HD 27934

HD 27934 (other identi�ers - � 1 Tau, 65 Tau, HIP 20635, HR 1387) was observed across four nights

in August 2012, December 2012, and August 2013 using the PAVO beam combiner. Visibilities

and photometry were simultaneously �t using the method of Chapter 4. The � 2 values for the

visibilities and photometry are 5.099 and 20.080, respectively for a� 2
tot value of 25.180. It is a

member of the Hyades open cluster.

Table A.9 HD 27934 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
28226 0.293� 0.029 E2-W2 PAVO 6 138 2012 Aug 21
28149 0.191� 0.019 E2-W2 PAVO 4 92 2012 Aug 21
28226 0.293� 0.029 E2-W2 PAVO 2 46 2012 Aug 22
28149 0.191� 0.019 S2-E2 PAVO 3 69 2012 Dec 21
28929 0.164� 0.016 S2-E2 PAVO 1 23 2012 Dec 21
23753 0.215� 0.022 E1-W2 PAVO 3 69 2013 Aug 5
28149 0.191� 0.019 E1-W2 PAVO 4 92 2013 Aug 5
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(a) (b)

(c) (d)

Figure A.10 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 27934.
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A.11 HD 28024

HD 28024 (other identi�ers - � Tau, 69 Tau, HIP 20711, HR 1392) was observed on �ve nights across

September 2010, August 2012, and December 2012 using the Classic and CLIMB beam combiners.

Visibilities and photometry were simultaneously �t using the method of Chapter 4. The � 2 values

for the visibilities and photometry are 6.413 and 22.885, respectively for a� 2
tot value of 29.298. It

is a member of the Hyades open cluster.

Table A.10 HD 28024 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
27429 0.345� 0.035 S1-E1 Classic 2 2 2010 Sep 7
27429 0.345� 0.035 S1-E1 Classic 2 2 2010 Sep 8
27901 0.357� 0.036 S1-E1 Classic 1 1 2010 Sep 8
28226 0.293� 0.029 S1-W1-E1 CLIMB 2 6 2012 Aug 19
28149 0.191� 0.019 S1-W1-E1 CLIMB 2 6 2012 Aug 20
28226 0.293� 0.029 S1-W1-E1 CLIMB 4 12 2012 Dec 22
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(a) (b)

(c) (d)

Figure A.11 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 28024.
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A.12 HD 28226

HD 28226 (other identi�ers - HIP 20842, HR 1403) was observed on two nights in September and

October of 2011 using the PAVO beam combiner. Visibilities and photometry were simultaneously

�t using the method of Chapter 4. The � 2 values for the visibilities and photometry are 1.160 and

1.611, respectively for a� 2
tot value of 2.771. It is a member of the Hyades open cluster.

(a) (b)

(c) (d)

Figure A.12 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 28226.
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Table A.11 HD 28226 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
28149 0.191� 0.019 S1-E1 PAVO 3 69 2011 Sep 30
29646 0.234� 0.023 S1-E1 PAVO 2 46 2011 Sep 30
28149 0.191� 0.019 S1-E1 PAVO 5 115 2011 Oct 1
28929 0.164� 0.016 S1-E1 PAVO 2 46 2011 Oct 1
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A.13 HD 28527

HD 28527 (other identi�ers - HIP 21029, HR 1427) was observed on one night in November of

2014 using the PAVO beam combiner. Visibilities and photometry were simultaneously �t using

the method of Chapter 4. The � 2 values for the visibilities and photometry are 6.255 and 24.159,

respectively for a � 2
tot value of 30.414. It is a member of the Hyades open cluster.

(a) (b)

(c) (d)

Figure A.13 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 28527.
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Table A.12 HD 28527 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
29589 0.218� 0.022 W2-S1 PAVO 2 46 2014 Nov 18
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A.14 HD 29388

HD 29388 (other identi�ers - 90 Tau, HIP 21589, HR 1473) was observed on one night in November

of 2014 using the PAVO beam combiner. Visibilities and photometry were simultaneously �t using

the method of Chapter 4. The � 2 values for the visibilities and photometry are 1.601 and 26.439,

respectively for a � 2
tot value of 28.040. It is a member of the Hyades open cluster.

(a) (b)

(c) (d)

Figure A.14 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 29388.
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Table A.13 HD 29388 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
26793 0.245� 0.025 W2-S1 PAVO 2 46 2014 Nov 18
29589 0.218� 0.022 W2-S1 PAVO 2 46 2014 Nov 18
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A.15 HD 31295

HD 31295 (other identi�ers - � 1 Ori, 7 Ori, HIP 22845, HR 1570) was observed on one night in

September of 2015 using the PAVO beam combiner. Visibilities and photometry were separately

�t using the disk-�tting method of Section 7.4. The � 2 values for the visibilities and photometry

are 1.658 and 4.973, respectively for a� 2
tot value of 6.632.

(a) (b)

(c) (d)

Figure A.15 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 31295.
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Table A.14 HD 31295 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
34203 0.239� 0.024 E2-W2 PAVO 2 46 2015 Sep 14
29589 0.218� 0.022 E2-W2 PAVO 2 46 2015 Sep 14
29589 0.218� 0.022 S2-E2 PAVO 2 46 2015 Sep 14
34203 0.239� 0.024 S2-E2 PAVO 1 23 2015 Sep 14
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A.16 HD 33111

HD 33111 (other identi�ers - Cursa, Dhalim, � Eri, 67 Eri, HIP 23875, HR 1666, Y�u J��ng s�an)

was observed on three nights in February 2012, September 2013, and December 2014 using the

Classic and CLIMB beam combiners. Visibilities and photometry were separately �t using the

ellipse-�tting method of Section 7.3. The � 2 values for the visibilities and photometry are 15.633

and 119.290, respectively for a� 2
tot value of 134.923.

Table A.15 HD 33111 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
37077 0.444� 0.044 S1-W1 Classic 1 1 2012 Feb 3
34503 0.455� 0.046 S1-W1-E1 CLIMB 2 6 2013 Sep 8
34180 0.361� 0.036 S1-W1-E1 CLIMB 1 3 2013 Sep 8
34180 0.361� 0.036 S1-W1-E1 CLIMB 2 6 2014 Dec 9
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(a) (b)

(c) (d)

Figure A.16 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 33111.
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A.17 HD 79469

HD 79469 (other identi�ers - � Hya, 22 Hya, HIP 45336, HR 3665) was observed on one night in

March 2015 using the PAVO beam combiner. Visibilities and photometry were separately �t using

the disk-�tting method of Section 7.4. The � 2 values for the visibilities and photometry are 2.293

and 10.117, respectively for a� 2
tot value of 12.410.

(a) (b)

(c) (d)

Figure A.17 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 79469.
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Table A.16 HD 79469 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
74280 0.226� 0.023 S1-W1 PAVO 3 69 2015 Mar 5
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A.18 HD 84999

HD 84999 (other identi�ers - � UMa, 29 UMa, HIP 48319, HR 3888) was observed on three nights

in April 2012 and December 2014 using the CLIMB beam combiner. Visibilities and photometry

were separately �t using the ellipse-�tting method of Section 7.3. The � 2 values for the visibilities

and photometry are 13.856 and 63.110, respectively for a� 2
tot value of 76.966.

(a) (b)

(c) (d)

Figure A.18 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 84999.
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Table A.17 HD 84999 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
82621 0.412� 0.041 S1-E1-W1 CLIMB 2 6 2012 Apr 21
85795 0.308� 0.031 S1-E1-W1 CLIMB 2 6 2012 Apr 21
85795 0.308� 0.031 S1-W1-E1 CLIMB 4 12 2014 Dec 8
85795 0.308� 0.031 S1-W1-E1 CLIMB 3 9 2014 Dec 9
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A.19 HD 89021

HD 89021 (other identi�ers - Tania Borealis, � UMa, 33 UMa, HIP 50372, HR 4033, S�an T�ai

s�an, Zh�ong T�ai y��) was observed on �ve nights in the Aprils of 2011 and 2012 using the Classic

and CLIMB beam combiners. Visibilities and photometry were separately �t using the disk-�tting

method of Section 7.4. The� 2 values for the visibilities and photometry are 2.154 and 54.676,

respectively for a � 2
tot value of 56.831.

Table A.18 HD 89021 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
83287 0.418� 0.042 S1-E2 Classic 3 3 2011 Apr 15
89744 0.510� 0.051 S1-E2 Classic 2 2 2011 Apr 16
83287 0.418� 0.042 S1-E2 Classic 4 4 2011 Apr 17
83287 0.418� 0.042 S1-E1 Classic 4 4 2011 Apr 18
89744 0.510� 0.051 S1-E2 CLIMB 1 3 2012 Apr 22
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(a) (b)

(c) (d)

Figure A.19 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 89021.
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A.20 HD 91312

HD 91312 (other identi�ers - HIP 51658, HR 4132) was observed on two nights in December 2014

using the PAVO beam combiners. Visibilities and photometry were separately �t using the disk-

�tting method of Section 7.4. The � 2 values for the visibilities and photometry are 1.739 and

94.001, respectively for a� 2
tot value of 95.740.

(a) (b)

(c) (d)

Figure A.20 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 91312.
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Table A.19 HD 91312 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
90840 0.273� 0.027 S2-W2 PAVO 3 69 2014 Dec 8
90840 0.273� 0.027 S2-W2 PAVO 2 46 2014 Dec 9
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A.21 HD 95418

HD 95418 (other identi�ers - Merak, � UMa, 48 UMa, HIP 53910, HR 4295, B�ei D�ou �er, Ti�an

Xu�an) has been observed previously by Boyajian et al. (2012). We use the method of Section 7.1 to

estimate an age and mass based on these observations. It is a nucleus member of the Ursa Major

moving group.

Figure A.21 The comparison with MESA evolution models for HD 95418.
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A.22 HD 95608

HD 95608 (other identi�ers - 60 Leo, HIP 53954, HR 4300) has been observed previously by

Maestro et al. (2013). We use the method of Section 7.1 to estimate an age and mass based on

these observations.

Figure A.22 The comparison with MESA evolution models for HD 95608.
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A.23 HD 97603

HD 97603 (other identi�ers - Zosma, � Leo, 68 Leo, HIP 54872, HR 4357, T�ai W�ei Zu�o Yu�an

wu, X��sh�angxi�ang) was observed on one night in May of 2013 using the CLIMB beam combiner.

Visibilities and photometry were separately �t using the ellipse-�tting method of Section 7.3. The

� 2 values for the visibilities and photometry are 2.773 and 31.865, respectively for a� 2
tot value of

34.638.

Table A.20 HD 97603 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
95608 0.427� 0.043 S1-W1-E1 CLIMB 4 12 2013 May 14
99285 0.441� 0.044 S1-W1-E1 CLIMB 4 12 2013 May 14
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(a) (b)

(c) (d)

Figure A.23 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 97603.



178

A.24 HD 102647

HD 102647 (other identi�ers - Denebola, � Leo, 94 Leo, HIP 57632, HR 4534, W�ud��zu�o-y��) was

observed on three nights in April of 2012 and May of 2013 using the Classic and CLIMB beam

combiners. Visibilities and photometry were separately �t using the ellipse-�tting method of Section

7.3. The � 2 values for the visibilities and photometry are 20.188 and 24.774, respectively for a� 2
tot

value of 44.962.

Table A.21 HD 102647 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
99285 0.441� 0.044 E2-W2 Classic 2 2 2012 Apr 23
106661 0.336� 0.034 S1-W1-E1 CLIMB 1 3 2013 May 12
99285 0.441� 0.044 S1-W1-E1 CLIMB 2 6 2013 May 15
106661 0.336� 0.034 S1-W1-E1 CLIMB 3 9 2013 May 15
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(a) (b)

(c) (d)

Figure A.24 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 102647.
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A.25 HD 103287

HD 103287 (other identi�ers - Phecda, 
 UMa, 64 UMa, HIP 58001, HR 4554, B�ei D�ou s�an, Ti�an

J��) was observed on three nights in April and June of 2012 and May of 2013 using the Classic and

CLIMB beam combiners. Visibilities and photometry were simultaneously �t using the method of

Chapter 4. The � 2 values for the visibilities and photometry are 7.646 and 5.798, respectively for

a � 2
tot value of 13.444 using the gravity darkening law of von Zeipel (1924a,b). The� 2 values for

the visibilities and photometry are 6.897 and 6.045, respectively for a� 2
tot value of 12.942 using

the gravity darkening law of Espinosa Lara & Rieutord (2011). It is a nucleus member of the Ursa

Major moving group.

Table A.22 HD 103287 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
99913 0.582� 0.058 E2-W2 Classic 2 2 2012 Apr 23
99913 0.582� 0.058 S2-E2-W2 CLIMB 2 6 2012 Jun 2
105525 0.392� 0.039 S1-E1-W1 CLIMB 2 6 2013 May 11
99913 0.582� 0.058 S1-E1-W1 CLIMB 3 9 2013 May 11



181

(a)

10 -11

10 -10

10 -9

F
lu

x 
(e

rg
/s

/c
m

^2
/A

)

10 -4

Wavelength (cm)

10
5
0
5

10
15

P
er

ce
nt

 D
iff

er
en

ce

(b)

1e8
0.0

0.2

0.4

0.6

0.8

1.0

V
is

ib
ili

ty

0.8 1.0 1.2 1.4 1.6 1.8 2.0
Spat ial frequency (rad ¡ 1 ) 1e8

0.4
0.3
0.2
0.1
0.0
0.1
0.2
0.3

O
 -

 C

(c) (d)

Figure A.25 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 103287 using the gravity darkening law of von Zeipel
(1924a,b).
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Figure A.26 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 103287 using the gravity darkening law of Espinosa
Lara & Rieutord (2011).
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A.26 HD 106591

HD 106591 (other identi�ers - Megrez, � UMa, 69 UMa, HIP 59774, HR 4660, B�ei D�ou s��, Ti�an

Qu�an) was observed on two nights in April of 2012 using the CLIMB beam combiner. Visibilities

and photometry were simultaneously �t using the method of Chapter 4. The � 2 values for the

visibilities and photometry are 2.719 and 3.214, respectively for a� 2
tot value of 5.933 using the

gravity darkening law of von Zeipel (1924a,b). The � 2 values for the visibilities and photometry

are 2.664 and 4.133, respectively for a� 2
tot value of 6.797 using the gravity darkening law of Espinosa

Lara & Rieutord (2011). It is a nucleus member of the Ursa Major moving group.

Table A.23 HD 106591 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
108954 0.451� 0.045 S1-E1-W1 CLIMB 4 12 2012 Apr 20
108845 0.481� 0.048 S1-E1-W1 CLIMB 2 6 2012 Apr 21
108954 0.451� 0.045 S1-E1-W1 CLIMB 2 6 2012 Apr 21
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Figure A.27 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 106591 using the gravity darkening law of von Zeipel
(1924a,b).
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Figure A.28 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 106591 using the gravity darkening law of Espinosa
Lara & Rieutord (2011).
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A.27 HD 110411

HD 110411 (other identi�ers - � Vir, 30 Vir, HIP 61960, HR 4828) was observed on three nights

in March and May of 2015 using the PAVO beam combiner. Visibilities and photometry were

separately �t using the ellipse-�tting method of Section 7.3. The � 2 values for the visibilities and

photometry are 1.074 and 35.473, respectively for a� 2
tot value of 36.547.

(a) (b)

(c) (d)

Figure A.29 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 110411.
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Table A.24 HD 110411 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
110423 0.274� 0.027 S1-W1 PAVO 2 46 2015 Mar 5
111397 0.220� 0.022 S1-W1 PAVO 2 46 2015 Mar 5
110423 0.274� 0.027 S2-W2 PAVO 2 46 2015 May 11
111397 0.220� 0.022 S2-W2 PAVO 2 46 2015 May 11
111133 0.170� 0.017 S2-W2 PAVO 2 46 2015 May 11
110423 0.274� 0.027 S2-W2 PAVO 2 46 2015 May 12
111397 0.220� 0.022 S2-W2 PAVO 2 46 2015 May 12
110423 0.274� 0.027 W2-E1 PAVO 2 46 2015 May 12
111397 0.220� 0.022 W2-E1 PAVO 2 46 2015 May 12
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A.28 HD 112429

HD 112429 (other identi�ers - 8 Dra, HIP 63076, HR 4916) was observed on two nights in May

of 2015 using the PAVO beam combiner. Visibilities and photometry were separately �t using the

disk-�tting method of Section 7.4. The � 2 values for the visibilities and photometry are 1.505 and

30.924, respectively for a� 2
tot value of 32.429.

(a) (b)

(c) (d)

Figure A.30 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 112429.
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Table A.25 HD 112429 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
119476 0.238� 0.024 W2-S2 PAVO 2 46 2015 May 11
117376 0.252� 0.025 W2-S2 PAVO 1 23 2015 May 11
119476 0.238� 0.024 W2-E1 PAVO 2 46 2015 May 12
110462 0.194� 0.019 W2-E1 PAVO 2 46 2015 May 12
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A.29 HD 116842

HD 116842 (other identi�ers - Alcor, Suha, 80 UMa, HIP 65477, HR 5062, Arundhati) was observed

on two nights in April of 2012 using the CLIMB beam combiner. Visibilities and photometry were

simultaneously �t using the method of Chapter 4. The � 2 values for the visibilities and photometry

are 4.498 and 4.021, respectively for a� 2
tot value of 8.519 using the gravity darkening law of von

Zeipel (1924a,b). The� 2 values for the visibilities and photometry are 4.481 and 4.235, respectively

for a � 2
tot value of 8.716 using the gravity darkening law of Espinosa Lara & Rieutord (2011). It is

a nucleus member of the Ursa Major moving group.

Table A.26 HD 116842 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
119024 0.306� 0.031 S1-E1-W1 CLIMB 4 12 2012 Apr 20
108954 0.451� 0.045 S1-E1-W1 CLIMB 1 3 2012 Apr 21
118232 0.465� 0.047 S1-E1-W1 CLIMB 2 6 2012 Apr 21
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(c) (d)

Figure A.31 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 116842 using the gravity darkening law of von Zeipel
(1924a,b).
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Figure A.32 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 116842 using the gravity darkening law of Espinosa
Lara & Rieutord (2011).
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A.30 HD 118098

HD 118098 (other identi�ers - Heze,� Vir, 79 Vir, HIP 66249, HR 5107) was observed on one night

in May of 2013 using the CLIMB beam combiner. Visibilities and photometry were separately �t

using the ellipse-�tting method of Section 7.3. The � 2 values for the visibilities and photometry

are 3.829 and 73.704, respectively for a� 2
tot value of 77.533.

(a) (b)

(c) (d)

Figure A.33 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 118098.
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Table A.27 HD 118098 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
118022 0.363� 0.036 S1-W1-E1 CLIMB 6 18 2013 May 14
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A.31 HD 125161

HD 125161 (other identi�ers - Asellus Secundus,� Boo, 21 Boo, HIP 69713, HR 5350, Ti�an Qi�ang

�er) was observed on two nights in May of 2015 using the PAVO beam combiner. Visibilities and

photometry were separately �t using the disk-�tting method of Section 7.4. The � 2 values for the

visibilities and photometry are 1.048 and 54.859, respectively for a� 2
tot value of 55.907.

(a) (b)

(c) (d)

Figure A.34 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 125161.
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Table A.28 HD 125161 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
120198 0.219� 0.022 W2-S2 PAVO 2 46 2015 May 11
121409 0.216� 0.022 W2-S2 PAVO 2 46 2015 May 11
128998 0.215� 0.022 W2-S2 PAVO 2 46 2015 May 11
120198 0.219� 0.022 S2-W2 PAVO 2 46 2015 May 12
121409 0.216� 0.022 S2-W2 PAVO 2 46 2015 May 12
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A.32 HD 125162

HD 125162 (other identi�ers - � Boo, 19 Boo, HIP 69732, HR 5351, Xu�ang�e) was observed on two

nights in May of 2013 and June of 2015 using the Classic and CLIMB beam combiners. Visibilities

and photometry were separately �t using the ellipse-�tting method of Section 7.3. The � 2 values

for the visibilities and photometry are 2.632 and 173.447, respectively for a� 2
tot value of 176.079. It

has also been observed previously by Ciardi et al. (2007). In addition to the ellipse-�tting method,

we also use the method of Section 7.1 to estimate an age and mass based on these observations.

Table A.29 HD 125162 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
125406 0.379� 0.038 S1-W1-E1 CLIMB 2 6 2013 May 14
129002 0.275� 0.028 W1-E1 Classic 3 3 2013 May 14
125406 0.379� 0.038 W1-E1 Classic 1 1 2013 May 14
129002 0.275� 0.028 S1-W1-E1 CLIMB 3 9 2015 Jun 8
120047 0.277� 0.028 S1-W1-E1 CLIMB 2 6 2015 Jun 8
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(a) (b)

(c) (d)

Figure A.35 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for the ellipse model of HD 125162.
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Figure A.36 The comparison with MESA evolution models for HD 125162 based on the
previous observations of Ciardi et al. (2007).
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A.33 HD 127762

HD 127762 (other identi�ers - Seginus,
 Boo, 27 Boo, HIP 71075, HR 5435, Zh�aoy�ao) was observed

on two nights in May of 2013 using the Classic and CLIMB beam combiners. Visibilities and

photometry were separately �t using the ellipse-�tting method of Section 7.3. The � 2 values for

the visibilities and photometry are 2.727 and 74.134, respectively for a� 2
tot value of 76.861.

(a) (b)

(c) (d)

Figure A.37 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 127762.
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Table A.30 HD 127762 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
127986 0.399� 0.040 S1-W1-E1 CLIMB 3 9 2013 May 11
127986 0.399� 0.040 S1-W1 Classic 1 1 2013 May 11
127986 0.399� 0.040 S1-W1-E1 CLIMB 4 12 2013 May 14
125111 0.317� 0.032 S1-W1-E1 CLIMB 2 6 2013 May 14
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A.34 HD 130109

HD 130109 (other identi�ers - 109 Vir, HIP 72220, HR 5511) was observed on two nights in May of

2013 using the Classic and CLIMB beam combiners. Visibilities and photometry were separately

�t using the ellipse-�tting method of Section 7.3. The � 2 values for the visibilities and photometry

are 3.044 and 47.992, respectively for a� 2
tot value of 51.036.

(a) (b)

(c) (d)

Figure A.38 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 130109.
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Table A.31 HD 130109 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
128272 0.379� 0.038 S1-W1 Classic 3 3 2013 May 12
126248 0.379� 0.038 S1-W1 Classic 2 2 2013 May 12
126248 0.379� 0.038 S1-W1-E1 CLIMB 3 9 2013 May 15
128272 0.379� 0.038 S1-W1 Classic 2 2 2013 May 15
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A.35 HD 141003

HD 141003 (other identi�ers - � Ser, 28 Ser, HIP 77233, HR 5867, Ti�an Sh�� Y�ou Yu�an wu, Chow)

was observed on one night in April of 2012 using the CLIMB beam combiner. Visibilities and

photometry were simultaneously �t using the method of Chapter 4. The � 2 values for the visibilities

and photometry are 0.763 and 2.329, respectively for a� 2
tot value of 3.092 using the gravity darkening

law of von Zeipel (1924a,b). The� 2 values for the visibilities and photometry are 1.080 and 3.835,

respectively for a � 2
tot value of 4.915 using the gravity darkening law of Espinosa Lara & Rieutord

(2011). It is a stream member of the Ursa Major moving group.

Table A.32 HD 141003 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
140160 0.293� 0.029 S1-E1-W1 CLIMB 2 6 2012 Apr 21
137510 0.525� 0.053 S1-E1-W1 CLIMB 2 6 2012 Apr 21
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(c) (d)

Figure A.39 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 141003 using the gravity darkening law of von Zeipel
(1924a,b).
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(c) (d)

Figure A.40 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 141003 using the gravity darkening law of Espinosa
Lara & Rieutord (2011).
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A.36 HD 141795

HD 141795 (other identi�ers - � Ser, 37 Ser, HIP 77622, HR 5892, Ti�an Sh�� Y�ou Yu�an b�a, Pa) has

been observed previously by Boyajian et al. (2012). We use the method of Section 7.1 to estimate

an age and mass based on these observations.

Figure A.41 The comparison with MESA evolution models for HD 141795.
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A.37 HD 143466

HD 143466 (other identi�ers - HIP 78180, HR 5960) was observed on one night in August of 2015

using the PAVO beam combiner. Visibilities and photometry were separately �t using the disk-

�tting method of Section 7.4. The � 2 values for the visibilities and photometry are 1.264 and

38.225, respectively for a� 2
tot value of 39.488.

(a) (b)

(c) (d)

Figure A.42 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 143466.
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Table A.33 HD 143466 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
140728 0.246� 0.025 W2-E2 PAVO 2 46 2015 Aug 11
149650 0.219� 0.022 W2-E2 PAVO 2 46 2015 Aug 11
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A.38 HD 161868

HD 161868 (other identi�ers - 
 Oph, 62 Oph, HIP 87108, HR 6771) was observed on three nights in

April of 2012 and June and July of 2013 using the Classic and CLIMB beam combiners. Visibilities

and photometry were separately �t using the ellipse-�tting method of Section 7.3. The � 2 values

for the visibilities and photometry are 4.277 and 10.815, respectively for a� 2
tot value of 15.092.

(a) (b)

(c) (d)

Figure A.43 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 161868.
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Table A.34 HD 161868 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
162917 0.449� 0.045 S1-E1-W1 CLIMB 2 6 2012 Apr 20
162917 0.449� 0.045 S1-E1-W1 CLIMB 1 3 2012 Apr 21
163641 0.160� 0.016 E1-W1 Classic 3 3 2013 Jun 6
162917 0.449� 0.045 S1-W1-E1 CLIMB 3 9 2013 Jul 2
161149 0.385� 0.039 S1-W1-E1 CLIMB 3 9 2013 Jul 8
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A.39 HD 165777

HD 165777 (other identi�ers - 72 Oph, HIP 88771, HR 6771) was observed on two nights in May of

2013 using the Classic and CLIMB beam combiners. Visibilities and photometry were separately

�t using the ellipse-�tting method of Section 7.3. The � 2 values for the visibilities and photometry

are 10.630 and 185.580, respectively for a� 2
tot value of 196.210.

(a) (b)

(c) (d)

Figure A.44 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 165777.
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Table A.35 HD 165777 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
165910 0.169� 0.017 S1-W1 Classic 1 1 2013 May 12
165910 0.169� 0.017 S1-W1-E1 CLIMB 2 6 2013 May 12
167134 0.333� 0.033 S1-W1-E1 CLIMB 4 12 2013 May 12
165910 0.169� 0.017 S1-W1-E1 CLIMB 2 6 2013 May 13
167134 0.333� 0.033 S1-W1 Classic 1 1 2013 May 13
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A.40 HD 172167

HD 172167 (other identi�ers - Vega, � Lyr, 3 Lyr, HIP 91262, HR 7001, Zhi N•u) has been observed

previously by, among others, Monnier et al. (2012). We use the method of Section 7.1 to estimate

an age and mass based on these observations.

Figure A.45 The comparison with MESA evolution models for HD 172167.
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A.41 HD 173880

HD 173880 (other identi�ers - 111 Her, HIP 92161, HR 7069) was observed on two nights in

September of 2014 using the PAVO beam combiner. Visibilities and photometry were separately

�t using the disk-�tting method of Section 7.4. The � 2 values for the visibilities and photometry

are 1.126 and 97.113, respectively for a� 2
tot value of 98.239.

(a) (b)

(c) (d)

Figure A.46 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 173880.
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Table A.36 HD 173880 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
170878 0.255� 0.026 W2-S2 PAVO 3 69 2014 Sep 14
174262 0.210� 0.021 W2-S2 PAVO 2 46 2014 Sep 14
170878 0.255� 0.026 W2-E2 PAVO 5 115 2014 Sep 15
174262 0.210� 0.021 W2-E2 PAVO 5 115 2014 Sep 15
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A.42 HD 177196

HD 177196 (other identi�ers - 16 Lyr, HIP 93408, HR 7215) was observed on three nights in

July of 2012 and August of 2013 using the PAVO beam combiner. Visibilities and photometry were

simultaneously �t using the method of Chapter 4. The � 2 values for the visibilities and photometry

are 1.083 and 6.313, respectively for a� 2
tot value of 7.396 using the gravity darkening law of von

Zeipel (1924a,b). The� 2 values for the visibilities and photometry are 1.141 and 6.265, respectively

for a � 2
tot value of 7.406 using the gravity darkening law of Espinosa Lara & Rieutord (2011). It is

a stream member of the Ursa Major moving group.

Table A.37 HD 177196 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
177003 0.156� 0.016 S2-E2 PAVO 3 69 2012 Jul 10
172883 0.181� 0.018 S2-E2 PAVO 2 46 2012 Jul 10
177003 0.156� 0.016 E2-W2 PAVO 3 69 2013 Aug 4
185872 0.256� 0.026 E2-W2 PAVO 3 69 2013 Aug 4
177003 0.156� 0.016 E1-W2 PAVO 3 69 2013 Aug 5
185872 0.256� 0.026 E1-W1 PAVO 2 46 2013 Aug 5
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Figure A.47 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 177196 using the gravity darkening law of von Zeipel
(1924a,b).
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(c) (d)

Figure A.48 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 177196 using the gravity darkening law of Espinosa
Lara & Rieutord (2011).
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A.43 HD 177724

HD 177724 (other identi�ers - Deneb el Okab, � Aql, 17 Aql, HIP 93747, HR 7235, Ti�an Sh�� Zu�o

Yu�an li�u) has been observed previously by Boyajian et al. (2012). We use the method of Section

7.1 to estimate an age and mass based on these observations.

Figure A.49 The comparison with MESA evolution models for HD 177724.
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A.44 HD 178233

HD 178233 (other identi�ers - HIP 93843, HR 7253) was observed on three nights in August and

September of 2015 using the PAVO beam combiner. Visibilities and photometry were separately

�t using the ellipse-�tting method of Section 7.3. The � 2 values for the visibilities and photometry

are 1.254 and 19.047, respectively for a� 2
tot value of 20.301.

(a) (b)

(c) (d)

Figure A.50 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 178233.
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Table A.38 HD 178233 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
182255 0.213� 0.021 S2-W2 PAVO 2 46 2015 Aug 11
171301 0.209� 0.021 S2-W2 PAVO 2 46 2015 Aug 11
182255 0.213� 0.021 W2-E2 PAVO 1 23 2015 Aug 11
182255 0.213� 0.021 S2-W2 PAVO 2 46 2015 Aug 12
182255 0.213� 0.021 E2-W2 PAVO 2 46 2015 Sep 14
171301 0.209� 0.021 E2-W2 PAVO 2 46 2015 Sep 14
171301 0.209� 0.021 S2-E2 PAVO 2 46 2015 Sep 14
182255 0.213� 0.021 S2-E2 PAVO 2 46 2015 Sep 14
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A.45 HD 180777

HD 180777 (other identi�ers - 59 Dra, HIP 94083, HR 7312) was observed on three nights in July and

August of 2012 using the PAVO beam combiner. Visibilities and photometry were simultaneously

�t using the method of Chapter 4. The � 2 values for the visibilities and photometry are 1.488 and

5.100, respectively for a� 2
tot value of 6.588 using the gravity darkening law of von Zeipel (1924a,b).

The � 2 values for the visibilities and photometry are 1.541 and 5.060, respectively for a� 2
tot value of

6.602 using the gravity darkening law of Espinosa Lara & Rieutord (2011). It is a stream member

of the Ursa Major moving group.

Table A.39 HD 180777 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
184102 0.263� 0.026 S2-E2 PAVO 3 69 2012 Jul 10
201908 0.187� 0.019 S2-E2 PAVO 3 69 2012 Jul 10
184102 0.263� 0.026 E2-W2 PAVO 3 69 2012 Aug 4
201908 0.187� 0.019 E2-W2 PAVO 3 69 2012 Aug 4
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Figure A.51 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 180777 using the gravity darkening law of von Zeipel
(1924a,b).
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Figure A.52 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 180777 using the gravity darkening law of Espinosa
Lara & Rieutord (2011).
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A.46 HD 184006

HD 184006 (other identi�ers - � Cyg, 10 Cyg, HIP 95853, HR 7420) was observed on four nights in

September of 2010 and in April and August of 2012 using the Classic and CLIMB beam combiners.

Visibilities and photometry were separately �t using the ellipse-�tting method of Section 7.3. The

� 2 values for the visibilities and photometry are 1.714 and 77.757, respectively for a� 2
tot value of

79.471.

Table A.40 HD 184006 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
178207 0.248� 0.025 S1-E1 Classic 4 4 2010 Sep 7
184875 0.290� 0.029 S1-E1 Classic 3 3 2010 Sep 7
177196 0.415� 0.042 S1-E1 Classic 1 1 2010 Sep 8
184960 0.514� 0.051 S1-E1 Classic 8 8 2010 Sep 8
175824 0.453� 0.045 S1-E1-W2 CLIMB 2 6 2012 Apr 22
177196 0.415� 0.042 S1-E1-W2 CLIMB 3 9 2012 Apr 22
177196 0.415� 0.042 S1-W1-E1 CLIMB 3 9 2012 Aug 19
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(a) (b)

(c) (d)

Figure A.53 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 184006.
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A.47 HD 187642

HD 187642 (other identi�ers - Altair, � Aql, 53 Aql, HIP 97649, HR 7557, H�eg�u �er, Qi�an Ni�u X��ng,

Ni�u L�ang X��ng) has been observed previously by, among others, Monnier et al. (2007). We use the

method of Section 7.1 to estimate an age and mass based on these observations.

Figure A.54 The comparison with MESA evolution models for HD 187642.
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A.48 HD 192640

HD 192640 (other identi�ers - 29 Cyg, HIP 99770, HR 7736) was observed on three nights in

April and September of 2014 using the PAVO beam combiner. Visibilities and photometry were

separately �t using the ellipse-�tting method of Section 7.3. The � 2 values for the visibilities and

photometry are 1.330 and 20.561, respectively for a� 2
tot value of 21.891.

(a) (b)

(c) (d)

Figure A.55 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 192640.
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Table A.41 HD 192640 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
188892 0.138� 0.014 S2-W2 PAVO 3 69 2014 Apr 14
188892 0.138� 0.014 W2-E2 PAVO 6 138 2014 Sep 15
193369 0.249� 0.025 W2-E2 PAVO 4 92 2014 Sep 15
197392 0.205� 0.021 S2-W1 PAVO 5 115 2014 Sep 18
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A.49 HD 198639

HD 198639 (other identi�ers - 56 Cyg, HIP 102843, HR 7984)



232

A.50 HD 203280

HD 203280 (other identi�ers - Alderamin, � Cep, 5 Cep, HIP 105199, HR 8162, Ti�an G�ou wu) has

been observed previously by Zhao et al. (2009). We use the method of Section 7.1 to estimate an

age and mass based on these observations.

Figure A.56 The comparison with MESA evolution models for HD 203280.



233

A.51 HD 210418

HD 210418 (other identi�ers - Baham, � Peg, 26 Peg, HIP 109427, HR 8450, W�ei S�u �er) was

observed on three nights in August of 2012 and June of 2015 using the CLIMB beam combiner.

Visibilities and photometry were separately �t using the ellipse-�tting method of Section 7.3. The

� 2 values for the visibilities and photometry are 5.002 and 8.214, respectively for a� 2
tot value of

13.216.

Table A.42 HD 210418 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
208565 0.267� 0.027 S1-W1-E1 CLIMB 1 3 2012 Aug 20
211924 0.200� 0.020 S1-W1-E1 CLIMB 2 6 2012 Aug 20
209409 0.276� 0.028 S1-W1-E1 CLIMB 2 6 2015 Jun 7
209409 0.276� 0.028 S1-W1-E1 CLIMB 2 6 2015 Jun 8
213998 0.430� 0.043 S1-W1-E1 CLIMB 3 9 2015 Jun 8
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(a) (b)

(c) (d)

Figure A.57 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 210418.
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A.52 HD 213558

HD 213558 (other identi�ers - � Lac, 7 Lac, HIP 111169, HR 8585, T�eng Sh�e y��) has been observed

previously by Boyajian et al. (2012). We use the method of Section 7.1 to estimate an age and

mass based on these observations.

Figure A.58 The comparison with MESA evolution models for HD 213558.
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A.53 HD 218396

HD 218396 (other identi�ers - HIP 114189, HR 8799) has been observed previously by Baines et al.

(2012). We use the method of Section 7.1 to estimate an age and mass based on these observations.

Figure A.59 The comparison with MESA evolution models for HD 218396.
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A.54 HD 219080

HD 219080 (other identi�ers - 7 And, HIP 114570, HR 8830) has been observed previously by

Maestro et al. (2013). We use the method of Section 7.1 to estimate an age and mass based on

these observations.

Figure A.60 The comparison with MESA evolution models for HD 219080.
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A.55 HD 220825

HD 220825 (other identi�ers - � Psc, 8 Psc, HIP 115738, HR 8911, Y�un Y�u y��) was observed on

one night in August of 2013 using the PAVO beam combiner. Visibilities and photometry were

separately �t using the disk-�tting method of Section 7.4. The � 2 values for the visibilities and

photometry are 0.844 and 30.255, respectively for a� 2
tot value of 31.100.

(a) (b)

(c) (d)

Figure A.61 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 220825.
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Table A.43 HD 220825 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
218700 0.234� 0.023 E1-W2 PAVO 6 138 2013 Aug 5
224926 0.221� 0.022 E1-W2 PAVO 3 69 2013 Aug 5
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A.56 HD 222603

HD 222603 (other identi�ers - � Psc, 18 Psc, HIP 116928, HR 8984, Y�un Y�u s��) was observed on

two nights in September of 2013 using the Classic and CLIMB beam combiners. Visibilities and

photometry were separately �t using the disk-�tting method of Section 7.4. The � 2 values for the

visibilities and photometry are 8.496 and 73.058, respectively for a� 2
tot value of 81.554.

(a) (b)

(c) (d)

Figure A.62 The photosphere (a), photometry (b), visibilities (c), and comparison with
MESA evolution models (d) for HD 222603.
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Table A.44 HD 222603 Observing Log.

Cal HD Cal Diameter (mas) Baseline Combiner # Observations # visibilities Date
220825 0.321� 0.032 S1-W1-E1 CLIMB 2 6 2013 Sep 7
223346 0.350� 0.035 S1-W1-E1 CLIMB 1 3 2013 Sep 7
220825 0.321� 0.032 S1-W1-E1 CLIMB 2 6 2013 Sep 8
223346 0.350� 0.035 S1-W1-E1 CLIMB 1 3 2013 Sep 8
223346 0.350� 0.035 S1-W1 Classic 1 1 2013 Sep 8
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