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Abstract

In this thesis, I present the largest single collection of M dwarf stellar radii in over a decade
and contextualize these measurements with the systematic model discrepancies. The mea-
surements of stellar angular diameters are also important in the quantification of the proper-
ties of exoplanets. In order to estimate the property of the exoplanet, it is first necessary to
quantify the properties of the planet’s host star. Using the survey results complemented with
previous direct observations of the angular diameters of low mass stars, I develop updated
updated surface brightness relationships. These relationships allow predictions of angular
diameters using easy to obtain photometry.
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Chapter 1.
The LIGERS Survey Overview

There is a problem with current evolutionary models of low mass stars: the models over-
estimate the radius of the stars by about 5% |18, 113]. The radius of a star is one of its
most basic parameters and influences estimations of other parameters such as the temper-
ature and habitability of planetary companions. The issue with the evolutionary models in
part arises from the relative lack of high accuracy stellar radii to benchmark evolutionary
models. Stellar radii are difficult to measure as all stars outside of the solar system cannot
be resolved by standard ground based observatories and only a select few can be resolved
by space telescopes. Contrarily, other properties of a star such as its luminosity is readily
measurable at the percent level of accuracy.

One of the reasons the evolutionary models may fail to predict the stellar radius accurately
is due to oversimplifications of the energy transport from the core of the star out through the
stellar atmosphere. This is especially problematic for low mass stars which have convective
regions reaching nearly, if not entirely, to their core. The whole of a star’s life is the interplay
of inward gravitational pressure versus outward forces in a delicate balance of hydrostatic
equilibrium.

The issue at play here is that the magnetic force affects the efficiency of convection
inside the star. Though a full theoretical framework of magnetic fields and diffusion in
stellar interiors is not available, there are several treatments which show magnetic fields
can have an appreciable effect on convective energy transport. If convection is impeded,
more of the fusion energy must be transported outward by radiation instead, which has
the consequence of lowering the effective temperature of the star [42, 24]. As the star’s
luminosity is unchanged, the radius of the star increases to compensate. The results of this
survey will allow constraining evolutionary models for the smallest and strongly magnetically
active stars.

In this survey, I measured the diameters of a 14 new low mass stars. Low mass is broken
into two categories: the K stars, which have masses between ~ 0.5-0.8 M, and the M stars,
which have masses between ~ 0.1-0.5 M. This thesis focuses on the M dwarfs, but future
works will expand the survey sample into K dwarfs as well.

I measure the stellar angular diameters using the Georgia State University Center for High
Angular Resolution Astronomy (CHARA) Array. The CHARA Array is an astronomical
interferometer which is capable of measuring angular diameters down to 0.2 milli-arcseconds
(mas), which is much smaller than the resolution limit of standard space or ground based
telescopes. I pair these observations of angular diameters with Gaia parallaxes to compute
the physical diameters of the stars [44]. This survey of angular diameters has been titled
the LSU Interferometry Group for Excellent Radii Survey (LIGERS). The full catalog of
observed targets is in Table 6.1.

With the diameter measurements from this survey and literature photometry measure-
ments, [ have updated surface brightness relationships for M dwarfs. Surface brightness
relations are a tool for estimating angular diameter using only photometric magnitudes of
stars. As colors are unique to stars based on their mass and age, surface brightness relation-
ships allow easy estimation of stellar sizes for distant and faint targets.

As part of the survey, we studied a special exoplanet host star HD 97658. This star is



orbited by a super-Earth planet, a type of planet not present in our Solar System. Our
study of the host star allowed us to characterize the fundamental properties of the planet.
Interferometry has given much to the field of exoplanet science throughout its history. Our
study of HD 97658 is another example of how the measurement of the fundamental properties
of stars influences many sub-fields of astronomy.

In § 2, T introduce the resolution power of telescopes and the need for high resolution
observations. I also describe the historical development of a quantum theory of light and
interferometry. In § 3, I give an overview of historically significant developments in interfer-
ometry and astronomical interferometers. In § 4 and its subsections, I have reproduced an
original work on fitting the diameter of HD 97658, a testbed for the fitting procedure used in
the LIGERS survey. In § 5, I describe the methods used for the interferometric observations
and data analysis. In § 6, I show and discuss the results of the LIGERS survey. In § 7, I
derive and fit surface brightness relations to an extended sample of M dwarfs and compare
to previous results. Finally, in § 8, I conclude the LIGERS survey and the results of this
thesis.



Chapter 2.
Light, Interference, and Interferometry

2.1 Resolution and the Need for Long Baseline Optical Interferometers

The radius of a star is one of its most intrinsic parameters and is also one of the most difficult
to quantitatively measure. This is because even though stars can grow quite large, space is
unfathomably larger. The vast divide in the relative sizes of stars and the space is apparent
in our local neighborhood. The Sun is approximately 100 times the size of the Earth, but the
Solar System is 6,500 times the size of the Sun. The effect is that to all standard telescopes,
stars appear as point sources. Taking a picture of even the closest star to Earth, Proxima
Centauri with a radius of 0.15 R located 4.2 ly away, is equivalent to taking a picture of a
grain of salt in New Orleans from the Baton Rouge.

Astronomical interferometry produces images and measurements at resolutions which are
technically, financially, and practically impossible to achieve otherwise. The resolution of a
telescope is its ability to produce fine details in the images taken with it. Resolution is a
highly desirable quality in astronomy that may be confused with image size. Computers can
change the dimension of an image easily by stretching and scaling, but it does not suffice
to zoom in on an image to find a stellar diameter. Zooming as a process does not reveal
any extra information about the target. Another analog from technology which readily
demonstrates the desire for the highest resolution is development of 4K and 8K resolution
screens. Though the size of the screen is changeable, the level of detail the screens show is
fixed at manufacturing.

Likewise, the finest detail that a telescope can reveal remains fixed at the time that it
is manufactured. The resolution of a telescope, which is represented with the symbol 6,
depends on two factors: the wavelength, or color, of the light observed A and the diameter

of the telescope D:

A
6=122- 2 (2.1)

This expression is called the diffraction limit or the Rayleigh criterion. The diffraction limit
of the telescope given by the Rayleigh criterion has better physical interpretation when
expressed in degrees, or more commonly subdivisions of a degree called an arcsecond, which
is ﬁth of a degree and is given the symbol .

Applying Eq. 2.1 to a 20 cm amateur telescope looking in visible light, A = 650 nm, has
a resolution of 0.8”. Taken at first glance, this is an impressive number, but considering
that the star with one of the largest angular diameters aside from the sun, Betelgeuse, has
an angular diameter of 0.04”. Even worse, this limit is not truly reflective of the resolution
power of that telescope, as the atmosphere smears out the image. The quality and behavior
of the atmosphere is referred to as the seeing and limits the telescope’s resolution in average
conditions to 1-2”. These constraints demand a different approach to resolve the angular
diameters of stars.

Astronomical interferometry is an observational technique which utilizes the wave nature
of light to achieve greater resolution than the standard telescopes which comprise the inter-
ferometer. Interferometry allows us to overcome the diffraction and seeing limitations. This

technique uses the light from two or more telescopes to achieve resolutions that cannot be



obtained by standard ground based observatories.

2.2 Quantum Nature of Light

In order to discuss astronomical interferometry and the design of interferometers, or most of
all astronomical observing, it is necessary to have some understanding of the nature of light.
Light, or electromagnetic radiation, can be approached in two ways: as a particle or as a
wave. It is convenient to treat light as a particle streaming through space when observing
with a normal telescope and camera. It is easy to imagine a particle zipping through the
space and into telescope and landing on the camera. However, the simplicity of the particle
theory fails to explain many phenomena of light. Most importantly for this work, it fails to
explain interference.

Interference is an interaction where two waves are superposed changing the amplitude of
the combined wave. The wave’s amplitude has a simple physical interpretation: for standing
waves, such as waves on water it is just the height; for light waves it is the amplitude of the
electric field which oscillates. In order for the waves to combine and increase the amplitude,
which is called constructive interference, the waves must be in phase. In phase means
the electric fields are spatially oriented such that their peaks are aligned. Deconstructive
interference is the opposite and occurs when the peaks of one wave are aligned with the
troughs of another, cancelling each other out.

Thomas Young demonstrated the wave nature of light in the early 1800s with his quintessen-
tial two-slit experiment. A light source illuminates a screen, which has two rectangular slits
cut into it, and the light from the slits falls on the background. As per the particle theory
of light, it is expected two rectangular beams would emerge onto the background. Rather,
when the light emerges from the slits, it interferes with itself and forms a fringe pattern on
the background. The two-slit experiment and resultant fringe pattern are shown in Figure
2.1.
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Figure 2.1. The Young Two-Slit experiment demonstrates the necessity to treat light as a
wave. Coherent light travels from left to right and encounters the two slits. Two spherical
waves are created at the slits and propagate to the screen. The observed power of the fringe
packet made by the resultant combination of the two spherical waves is shown as the red
line. A detector integrating the power of the fringes placed where the screen is would see the
pattern on the right. The angular separation between the central peak and further peaks
depends on the wavelength of the light and the separation of the slit, as shown in Eq. 2.11.
See § 2.3 for more details on phase and optical path equalization. This figure has been
accessed from the the OpenStax free textbook and is licensed under the Creative Commons
v. 4 license.

A similar experiment demonstrating the interference of light is the Michelson interfer-
ometer, which bears the name of one of the fathers of astronomical interferometry: Albert
Michelson. A schematic of a Michelson interferometer is shown in Figure 2.2.
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Figure 2.2. A Michelson interferometer. Light from a coherent source on the left travels to
the right and encounters a partially transparent mirror. Some of the light is reflected up
and the remainder is transmitted through the mirror. Both partitions of the light encounter
another mirror and are reflected back to the splitting mirror. The orientation of the mirror
causes the two beams to recombine at a detector at the bottom; however, the beams are now
out of phase. This produces an interference fringe pattern on the detector. This figure has
been accessed from the English Wikipedia page for the Michelson Interferometer and is used
under the Creative Commons (CC) by SA license with the following attribution: Michelson
Interferometer.svg: User:Krishnavedala [CC BY-SA 4.0 (http://creativecommons.org/
licenses/by-sa/4.0/)]

The fundamental design of the Georgia State University Center for High Angular Reso-
lution Astronomy Array is similar to that of the Michelson interferometer and the two slit
experiment, with a few modifications. First, the slits need to be replaced with telescopes.
Second, the separation between the slits is replaced with the separation between the tele-
scopes. Third, and last, the path length traveled by either wave must be adjustable such
that the total path length for both waves is equal. These changes are all present in the
simplified diagram of CHARA Array as shown in Figure 2.3.
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Figure 2.3. A simplified schematic of a typical astronomical interferometer. Two, or more,
telescopes collect light from a star. These telescopes have a separation, or baseline, on
the ground of B. However, relative to the sky, the telescopes are separated by Bsin#, the
projected baseline. The light from the two telescopes must have their light travel distance,
the optical path length, equalized before combination. The combination produces a fringe
packet as shown at the bottom. This image was accessed from the CHARA website and is
available at http://www.chara.gsu.edu/public/basics-of-interferometry.

The astronomical interferometer allows observations at extremely small angular resolu-
tions. Whereas the resolution of a typical ground based observatory is restricted by the
atmosphere, an interferometer avoids atmospheric smearing by using information encoded
in the resulting fringes when the telescopes’ light is combined. The resolution of the in-
terferometer is shown in Figure 2.1 as the angular separation of the fringe packets. The
distance between the screen differs for each slit at all points. Where the difference is equal to
an integer number of the wavelength of the light the light from the two slits constructively
interfere. By requiring that the optical path difference puts the two waves one wavelength
out phase, it is a matter of geometry to show that the resulting angular separation depends
only on the wavelength and separation between the slits:

A

"= 5

(2.2)

Using the longest baseline that CHARA can provide at visible wavelengths gives a limiting
resolution of approximately 0.0002 “or 0.2 mas (milli-arcseconds). This beats the diffraction
limit of the Hubble Space Telescope by a factor of about 300. An interesting peculiarity of the
limit on the interferometer is that it does not depend on the size of the telescopes used, but
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only on the wavelength of observed light and separation of the telescopes. Contrarily, for a
standard telescope, improvements in resolution demand an increase in the size of the primary
optic. A refracting telescope rapidly becomes too large and too expensive to manufacture
lenses, and a reflecting telescope will bend under the weight of a massive single mirror.

2.3 Interferometric Observables and the Relation to Stellar Diameter

Even amongst astronomers, interferometry has an air of obtuseness that is worth demysti-
fying. The following derivation of interferometric fringe patterns largely summarizes Han-
bury Brown et al. [54| and the review article Lawson [75|. First, I will derive the interfero-
metric visibilites, which is the quantity measured by the interferometer. Then, I will discuss
its relationship to physical parameters.

Considering only a monochromatic source which is observed by a two telescope interfer-
ometer, the electric field of the light at the first telescopes as a function of time is:

Wy ~ glexiit (2.3)

Where k is the wavevector, which describes the propogation direction and wavelength,
x; is the spatial coordinate of the first telescope, and w is the frequency of the wave. The
baseline can be expressed as B = x5 — x;. This allows expressing the second wave without
the second spatial coordinate:

¢2 ~ eik~XQ—iwt — eik~(B—i—x1)—iwt (24)

It is possible to rewrite these two waves in terms of only the magnitude of the wavevector,
k, and the direction of the object in the sky, s. Simplifying the equation in this way is
attractive because it pulls out the shared delay. Applying this and separating the spatial
and temporal components:

¢1 ~ e—iké-xl e—iwt

w2 ~ efiké-xl efiké-Befiwt

As the magnitude of the electric field has already been ignored, the shared term of e~#*$%1
can also be absorbed into the normalization of the waves. An additional factor of e™*% is
needed for each wave to account for the delay needed in each telescope. For example, the
first wave becomes:

by ~ ek gt (2.7)

With all the major components of light collection and delay correction handled, what re-
mains is the interference of the two waves. The combination is just the linear superimposition
of the two:
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~ e—zwtezkdl + e—zks~B6—zwt€zkd2

— emiwt(gikdy y pikda —iks B (2.10)

This expression is tantalizingly close to an actual observable. All that remains is finding
the magnitude of the combined wave, which is the power, P, and taking the time average:

P~ |[th1or]* = 2(1 + cos(k(8 - B + dy — da)))
~ 2(1 4 cos(kD)) (2.11)

The above Eq. 2.11 is the equation of interference fringes. The equation is currently
unitless, but can readily be scaled to account for the total power absorbed, which is simply
the product of the incident flux on the telescope and the area of the telescope.

Observing the power of the fringes is not enough to glean any information about the
targets. The interferometer is capable of reverting the power of the fringes back into a
brightness distribution of the target. The Michelson visibility, V', is defined from Eq. 2.11
as the contrast:

Pmax - Pmin
V=— 2.12
Pmax+Pmin ( )

This same visibility can be found by expressing the power as an integral over a solid angle
on the sky:

V(k,B) = /A(a, B)F(a, B)e ™BdQ (2.13)

Where o and 8 are the angular sky coordinates, A is the area of the telescopes, and F
is the flux. A final transformation allows the visibility to be expressed in terms of spatial
frequencies, v and v, which can be determined from the orientation of the telescopes and
the target on the sky. These are the coordinates of the Fourier transform of the angular sky
coordinate visibility:

V(u,v) = /A(a,/B)F(a,ﬁ)e_%i(o‘”ﬁ”)dadﬂ (2.14)

As was mentioned, the visibility is connected to the brightness distribution of the source.
The van Cittert-Zernike theorem is the crux of astronomical interferometry [75]. The theorem
allows the construction of arbitrary brightness distribution and to determine the observed
visibilities as a function of the baseline (i.e. spatial frequency).

For this project there are three relevant brightness distributions: point source, uniform
disk, and limb darkened disk. These distributions are shown in the first column of Figure
2.4. A point source is any object which is not resolved for the baseline and wavelength

9



used. At all points in the u-v plane, the point source has the same visibility V' = 1. The
uniform disk is simply a disk of light against the background sky, with all points in the disk
at the same brightness. Approximating a star as a uniform disk falls short when treating the
opacity of the stellar atmosphere. That is to say, when looking at the center of the star, the
observer sees deeper into the star where it is brighter. When looking at the edges, or limbs,
of the star, the observer does not see deeply or into brighter matter. Limb darkening is well
modeled with polynomial fits of low degrees.

Point Source

Uniform Disk Source Bessel Function

Figure 2.4. Relevant brightness distributions and their corresponding Fourier transforms.
Top-left shows a point source which transforms to top-right, a constant plane. Bottom-left
shows a uniform disk which transforms to bottom-right, a Bessel function. The bottom-right
figure shares many similarities with the limb darkened disk solution.

One can model two dimensional images of arbitary brightness distributions and apply
a 2D Fourier transform to predict what the visibility distribution is in the u-v plane. The
Fourier transform is reversible, allowing observers to glean information about the bright-
ness distribution of the target on the sky. The Fourier transform of the point source is
simply a constant value at all points. The uniform and limb darkened disk have similar
transformations on the u-v plane and can be written in the same expression:

10



V2=

() (on 22 )] e

Bo
where p is the wavelength dependent limb darkening coefficient, © = L, and J,(z) is

the Bessel function of the first kind. Eq. 2.15 can be used for both the uniform and limb
darkened model by changing the limb darkening coefficient. If no limb darkening is desired,
the coefficient is set to 0.

The preceding theory describes a simple finite bandwidth interferometer which uses only
a single baseline. It also only describes one bit of information that interferometry gives, the
visibility. Instruments using multiple baselines can yield more information about the source
such as the closure phase and polarization. However, these techniques will not be utilized in
this work and are only mentioned for completeness.

The interference of light is more than a quirky behavior of a ghostly particle, or wave,
or both. Interference provides a means to transform the contrast of fringes into informa-
tion about the source. Further, interferometry allows astronomers to observe at resolutions
financially and technically impossible with standard telescopes.

11



Chapter 3.
Astronomical Interferometers

3.1 A Few Historically Significant Interferometers

Astronomy has benefited from a century of astronomical interferometry. Though the original
goal of interferometry was to measure the diameters of stars, it has contributed in the fields
of binary stars, debris disks, exoplanets, and stellar evolution.

The first functioning interferometer was of Michelson’s own design. The device consisted
of a 6 m metal beam which was mounted on the top of the Hooker 100 inch telescope at
Mount Wilson, CA. Michelson’s stellar interferometer used two mirrors at the extremes of
the metal beam and combined the light using the 100 inch primary mirror. The first fringes
were observed from the supergiant star Betelgeuse, § = 40 mas [89]. Michelson’s studies were
carried out in collaboration with the other father of astronomical interferometry, Francis
Pease.

Due to the design, the Michelson stellar interferometer had a fixed baseline throughout
an observation and required manually adjusting the on axis mirrors to change the resolution.
Michelson was unable to manufacture larger beams to increase the angular resolution. Radio
interferometry became the champion of astronomical interferometry twenty years following
the experiments of Michelson. Radio interferometry was a more attractive target as radio
dishes are generally cheaper to develop and the data can be recorded and analyzed later. It
would not be until the advent of the computer age before interferometry could actively track
fringes in the visible or optical wavelengths and probe the sub milli-arcsecond domain.

The next major endeavor in interferometry was the Narrabri Stellar Intensity Interferom-
eter. This was an optical interferometer located in Australia whose observations concluded
in 1974. The Narrabri interferometer utilized a technique dissimilar to a Michelson’s. The
technique of intensity interferometry (not to be confused with Michelson’s amplitude inter-
ferometry) used by Narrabri was based on the work of Brown & Twiss [20] and measures
correlations in the light received at the two telescopes rather than the interference pattern.
Narrabri was used in the measurement of the stellar diameters of the brightest (B magnitude
< 2.5) stars with its ~ 180 m baseline including the brightest star in the night sky Sirius
[52, 53].

A decade later, the Mark III interferometer was constructed on Mount Wilson [110]. The
Mark III surpassed the Michelson stellar interferometer’s baseline with its 32 m span. The
baseline was configurable and was capable of going as small as 3 m. Further improvements
included broadband observations in the visible spectrum. The Mark III greatly contributed
to the study and resolution of spectroscopic binary stars, stars which orbit each other and
whose gravitational effects are observed in the Doppler shifting of the starlight, and the
angular diameters of stars in general [109]. Mount Wilson was the home of the Mark III
interferometer until the early 90s when it was decommissioned. The Mark I1I was eventually
replaced with the primary instrument used in this work, the CHARA Array.

The 1990s saw an explosion in the development of long baseline optical and infrared inter-
ferometers. The Navy Precision Optical Interferometer (NPOI), which began its observations
in 1992, currently boasts the world’s largest single baseline of 437 m, though originally oper-
ated at 10s of meters. NPOI measured diameters of dozens of giant and supergiant stars [96].
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After decades of continual upgrades, NPOI currently is capable of cophasing six telescopes
simultaneously for high precision astrometry and image synthesis.

Around the same time as NPOI began its work, the Palomar Testbed Interferometer
(PTI) was built as a prototyping and development ground for the Keck Interferometer.
PTI developed many of the techniques used in interferometry today such as laser guided
metrology for automated fringe tracking. An interesting first result from PTI that highlights
interferometry’s continual contribution to the field of exoplanets is exploring 51 Peg for an
unresolved companion [14|. 51 Peg is the first solar type star which was found to have a
planet orbiting it which arguable was the beginning of the era of exoplanets [86]. The Keck
Interferometer leverages the 10 m Keck telescopes on a ~ 90 m baseline for a resolution of
5 mas in its shortest operational wavelength. The Keck Interferometer utilized the massive
collecting power of its telescopes to resolve the first extra-galactic object with an interfer-
ometer [114]. Experiments with the Keck Nuller measured dozens of stellar diameters in the
K-band [29].

A final interferometer that I would like to mention here is the Very Large Telescope
Interferometer (VLTT), not only for its creative name, but for the impressive power and
technological developments spearheaded at this instrument. The VLTI can be fed from the
four 8.2 m Unit Telescopes or the 1.8 m Auxiliary Telescopes. At peak performance, the
VLTI has a limiting magnitude of 14. The VLTI has also probed the angular diameters of M
dwarfs [108, 34, 100]. The VLTT is a powerhouse of imaging and astrometry with the recent
GRAVITY instrument [49]. In 2019, the GRAVITY was used to measure the first spectrum
of an exoplanet observed with interferometry [50], further demonstrating interferometry’s
important role in exoplanet science. The GRAVITY instrument has also measured the
diameters of the faint M dwarf binary system GJ 65AB, which are used later in this thesis

[9].
3.2 The CHARA Array

The CHARA Array is an optical and infrared astronomical interferometer which began
construction in 1984 [117]. The array consists of six 1 m telescopes arranged in Y-shaped
spokes. The telescopes are named after the cardinal direction in which they are located
relative to the central lab (E-East, S-South, and W-West) and numbered 1 or 2, where 1 is the
further out telescope. The smallest separation between any two telescopes is approximately
30 m and the largest 330 m. There are 15 different combinations for single baseline observing
modes, with baselines ranging between those two extremes. The full set of available baselines
and smallest resolution available are shown in Table A.1

The light from the primary mirror of a telescope is kicked off the side of the telescope
where it splits. A small portion of the light is sent to an adaptive optics system which
uses deformable mirrors to mitigate atmospheric turbulence. The remainder of the light
goes down through a hole in the base of the telescope where it enters an evacuated pipe
connecting each telescope to the central lab.

Once in the central building the light enters the Optical Path Length Equalization
(OPLE) lab. As the interferometer requires the light from the two telescopes be in phase,
one of the telescopes beams, and path length, is fixed at a certain distance. The other beam
is allowed to vary its OPL by reflecting off movable carts traveling on high precision rails
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inside a 100 m long building. The length of the OPLE lab is necessitated by the requirement
to correct the OPLs by an amount as great as the interferometer’s baseline. The OPLE lab
uses highly precise measurements of a system of mirrors to correct the OPL by an amount
as little as 1 pum. When the OPL has been corrected, the light then leaves the OPLE lab
and is sent to the desired beam combiner.

There are currently four beam combiners that are actively in use on the CHARA array:
Classic/CLIMB; PAVO; MIRC-X; and SPICA. The main distinction between the instru-
ments are the operational bandpasses, the number of simultaneous spectral channels, and
the number of beams combined. There are other important distinctions such as the optical
design, camera specifications, and sensitivity, but for now it suffices to cover the previous
distinctions.

Classic is the original instrument at Mount Wilson and saw CHARA'’s first sky fringes
[116]. The Classic instrument observes in one of two infrared bandpasses, H centered at
1.673 um and K’ centered at 2.133 pum. The smallest resolution with Classic is approx-
imately 0.5 mas. Classic is a single spectral channel instrument, which translates to only
one visibility measurement per object integration. Classic can also take input from a third
telescope, at which point it is no longer Classic, but CLassic Interferometry with Multiple
Baselines or CLIMB.

PAVO differs from Classic in that it is an optical instrument and observes in the Johnson
R filter centered at 635 nm. PAVO is also an integral field unit and records a spectrum of
interference fringes instead of just a single spectral channel [61|. The resolution of PAVO,
0.2 mas, is an impressive improvement upon Classic. PAVO is designed to combine light
from three telescopes, for three distinct combinations, though most frequently it is used on
only a single baseline.

The Michigan Infrared Camera (MIRC/MIRC-X)! is a 6 telescope infrared combiner
[90, 6]. MIRC-X differs from Classic in two significant ways: 1) it can uses all six telescopes
simultaneously; 2) MIRC-X disperses the light before integration to measure a spectrum
of fringes rather than a single channel. While the primary science cases of MIRC-X are
imaging and astrometry, which leverage the ability to measure a different interferometric
property called closure phase, MIRC-X has a powerful use case in measuring stellar diame-
ters. MIRC-X, when operating all 6 telescopes, provides 15 baselines in 8 spectral channels
simultaneously measuring 120 visibility samples — two orders of magnitude more data than
a single observation with Classic. Though powerful, these measurements are correlated and
the observational constraints discussed in § 5.1 still apply.

Finally, there is the SPICA 6 telescope optical beam combiner [94]. SPICA, which is the
upgrade and replacement to CHARA'’s previous multi-telescope optical combiner VEGA [91],
is the newest beam combiner on the mountain and is the visible light analog to the MIRC-
X instrument. SPICA is assisted by near-infrared fringe tracking in the H band. This
allows SPICA to quickly find fringe offsets and maintain OPL equalization. SPICA aims to
characterize over 1,000 stars over a wide range of spectral types. One result from VEGA
somewhat relevant to this thesis is constraining surface brightness relations for late-type red
giants [95]. As will be discussed in Chapter 4, I have utilized VEGA data to characterize a

!The "X" is for the University of Exeter, who has been collaborating with the MIRC team in recent
instrument developments.
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unique K dwarf star.

There are approximately 30 reflections and several beam splittings in the CHARA op-
tical path between the primary telescope and the beam combiner’s camera. Treating just
the reflections, which typically are ~97% efficient at best when averaged over the visible
spectrum, the final throughput is at best 2% of the original gathered light. The throughput
does depend on wavelength, as the mirror coatings perform better for infrared light, but the
sensitivity of the infrared and optical instruments is about the same. The sensitivity limit is
also determined by the readout noise from the instrument’s beam combiner. For this survey,
CHARA'’s design limits targets to brighter than ~8.5 mag in the H or K’ bands.
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Chapter 4.
HD 97658: A Prelude to the Survey

Before the LIGERS survey was undertaken, I measured the diameter of HD 97658 using
the Classic and PAVO beam combiners (with additional data from collaborators using the
VEGA beam combiner). I then characterized its exoplanet HD 97658 b, a super-Earth,
using the TESS lightcurve and literature radial velocity measurements. This was a useful
exercise in developing a reduction pipeline and showing the consistency of three different
beam combiners at the CHARA array. The original publication of my work on HD 97658 is
reproduced here.

4.1 Introduction

Interferometric observations of stars provide a unique opportunity to directly measure one
of the most fundamental parameters of the star: its radius. Interferometry achieves the res-
olution of an extremely large telescope by combining the light from one or multiple pairs of
telescopes across a variety of separations, or baselines. In particular, optical /near-infrared in-
terferometry requires baselines of only tens of meters to achieve resolutions of milli-arcseconds
(mas). Direct measurements of stellar radii at great precision will in turn reduce uncertainty
in other derived stellar parameters (e.g. effective temperature, surface gravity, or density).
Direct observations of stellar radii have highlighted a systematic discrepancy between evolu-
tionary models and reality. Boyajian et al. [18] has shown that stellar evolutionary models
underestimate radii by ~ 5% and overestimate temperatures by ~ 3% for K and M dwarfs.

Observations with interferometric arrays play an important role in understanding as
well as refining exoplanet system properties. In order to understand the properties of the
exoplanet, the properties of the star must first be well constrained. In particular, transiting
exoplanets provide a measure of the planet’s radius, but this measurement is in units of the
host star’s radius. Any uncertainty or bias in stellar radius will propagate into estimates of
the planet’s equilibrium temperature, density, habitability, and composition. Interferometry
gives a direct measurement of the stellar radius with little or no dependence on stellar models.
This technique has been used in the literature to refine the properties of several important
systems, such as 55 Cancri which hosts five radial velocity exoplanets including another
transiting super-Earth [124] and transiting exoplanet host star GJ 436 where evolutionary
models underestimated the stellar radius by ~ 11% [125]. There have also been multiple
interferometric surveys of large numbers of exoplanet host stars such as Baines et al. [8].
The field of interferometry has also seen incredible developments in the field of imaging and
astrometry with the ESO GRAVITY project [49]. In 2019, the GRAVITY collaboration
announced the first spectrum of an exoplanet observed with interferometry and refined the
astrometric position with 100pas precision [50].

This chapter was previously published as Tyler G Ellis, Tabetha S Boyajian, Kaspar von Braun, Roxanne
Ligi, Dénis Mourard, Diana Dragomir, Gail H Schaefer, and Christopher D Farrington “Directly Determined
Properties of HD 97658 from Interferometric Observations” 2021 Astronomical Journal AJ 162 118. The
licensing to reproduce is established in Appendix C. The original article is (G AAS, all rights reserved. The
article has been reproduced by permission of the AAS with the author’s consent. The article can be accessed
at https://doi.org/10.3847/1538-3881/acl41a
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The exoplanet host star HD 97658 is of particular interest in this regard as it is the
home of a transiting super-Earth [36, 56]. HD 97658 is a bright, my=7.78 mag K1 dwarf
with a moderately low iron content of [Fe/H|= —0.23 dex, which was discovered to have a
Neptunian mass exoplanet by the NASA Eta-Earth Keck-HIRES radial velocity survey [56].
Follow-up time series observations with the Spitzer and MOST space telescopes detected a
transit whose depth indicated an estimated planetary radius of a few Earth radii [36, 121].
These properties together make HD 97658b a so-called super-Earth (planets with radii of
1-4 Rg and masses of 1-10 Mg; Bryan et al. 21). Super-Earths can take the form of water
worlds with a smothering dense atmosphere or rocky behemoths with minimal atmospheres,
both often consistent within the uncertainties of planetary mass and radius [36]. Super-
Earths captivate planetary scientists as they are the most populous of observed exoplanets
(30-50% of Sun-like stars host one or more super-Earths [21]), however they do not exist
within our own solar system and must be studied solely as exoplanets.

We are interested in refining the properties of HD 97658b by directly measuring the host
star’s properties. In §4.2, we describe the interferometric observations of HD 97658. In §4.3,
we report the resulting directly measured angular diameter, bolometric flux. In §4.4, we
model and measure the mass of the star. We then derive updated properties of HD 97658
and its planet using the TESS lightcurve and our measured results. Lastly, in §4.4.4 we
summarize and conclude this work.

4.2 Interferometric Observations

We observed HD 97658 over the course of several nights using the Georgia State University
Center for High Angular Resolution Astronomy (CHARA) Array at the Mount Wilson Ob-
servatory using the Classic (near-IR), VEGA (optical), and PAVO (optical) beam combiners
[117, 92, 61]. A summary of the observations is found in Table 4.1.

An interferometer measures visibilities (V'), which quantifies the contrast of the dark
and bright parts of the interference fringe pattern. In practice, this is the contrast of the
time-averaged minimum and maximum power of the fringe pattern (see Lawson [75] for a
full description of what an interferometer measures in Chapter 2.6).

As the visibilities measured at the time of observing include instrumental and atmospheric
effects, it is necessary to observe stars with predictable visibilities to calibrate the data.
These calibrator stars are observed in sequence with a science star and allow a measure of
the combined systematic effects. Calibrators stars are of a known, and ideally unresolved,
size.

Each observation consists of bracketed sequences of the form calibrator 1 - science target
- calibrator 2 (or calibrator 1 again), and then reverse. One bracket is one observation of
the target sandwiched by the calibrators.

As the beam combiners used in this work observe in different bandpasses, it is sometimes
necessary to use different calibrators for each instrument. Wherever possible, we calibrated
the raw square visibilities of the calibrators against each other [123|. This provides insight
into previously unknown duplicity, activity, or other anomalous behaviors in a calibrator.
No stars were expunged from our list of acceptable calibrators for any reason. The limb
darkened angular size of the calibrators and magnitudes are summarized in Table 4.2.
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We chose calibrators for this work using the JMMC Stellar Diameter Catalog (JSDC)
version 2 [25, 38]!. Ideally, we restrict our search for calibrators that are not resolved
on the baselines used with beam combiner’s bandpass. Unresolved sources have predicted
squared visibilities V2 2 0.9. Further, we discard potential calibrators that have known
duplicity and/or have rapid rotation driving equatorial distention. Lastly, preference is
given to calibrators of comparable brightness and with a minimal angular separation in the
sky from the science target.

Calibrator selection is a nontrivial process which can affect the uncertainties in final
calibrated data. van Belle & van Belle [120] demonstrated that a 5% uncertainty in the cal-
ibrator diameter can propagate up to a o2 ~ 0.04 uncertainty in the calibrated visibilities,
though the amount depends on interferometer configuration, instrument, and calibrator size.
Oftentimes, for small, faint targets such as HD 97658, most calibrators which are sufficiently
smaller so as to be unresolved are often too faint to be observed. As such, it is sometimes
necessary to compromise for partially resolved calibrators. The caveat with such a compro-
mise is that the target’s diameter will only be known as well as the calibrators. In this work,
the calibrators HD 101688 and HD 96738 are slightly resolved using the PAVO/VEGA beam
combiner and S1-W1 baseline, V2 ~ 0.6. Thus, the predicted angular size of these calibra-
tors are of concern to the error budget. However, within this size regime, # < 0.45 mas, the
dominant source of error is in the measurement of the visibilities rather than assumptions of
calibrator size [120].

We used the isoclassify? program to estimate the angular diameters of these calibrators in-
dependently of the JMMC’s surface brightness relationship method [57, 12|. We find the iso-
classify and JMMC diameters to be consistent, though the adopted isoclassify diameters had
larger, more conservative uncertainties (an average of 1.9x larger). All of differences in size

are less than 1o, with the average statistical tension Avg <(]9150 — Opamc|)/v/ 02, + a?MMC) =
0.33.

As previously mentioned, the greater uncertainty in the calibrated visibilities from using
resolved calibrators is propagated forward into the uncertainty of the fitted angular diameter.
We also note that data taken with the VEGA on several nights are calibrated with only a
single star. However, our analysis finds consistency in the calibrated results from night to
night and between PAVO and VEGA, assuring confidence in our choice of calibrators and
calibration methods |77, 7, 74].

In order to complete an observation, the interferometric fringes must be found by equaliz-
ing the optical path length from the stars to the beam combiner through the two telescopes.
The fringes are found by scanning the additional path length up and down for one of the
telescopes until fringes are detected. In good conditions, scanning initially takes about 5-15
minutes per star and about twice that in difficult observational conditions. Finding the fringe
packet for subsequent observations of the same star typically goes much faster, at most a
few minutes.

Observations with the Classic beam combiner consist of approximately 2.5 minutes of
integration in the H band. Shutter sequences proceed and follow integration. Classic data
are reduced using the REDFLUOR package to produce raw squared visibilities which are then

http://www. jmmc.fr/catalogue_jsdc.htm
2https://github.com/danxhuber/isoclassify
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calibrated using the CALIBIR package — both of these software routines are provided as
binary executables from CHARA 3. Classic observes in a single spectral channel at a time
and gathers a single data point per bracket.

Observations with the PAVO beam combiner consist of around 2 minutes integration
followed by approximately 3 minutes of shutter sequences and dark integration for reduction
and calibration. PAVO data are reduced and calibrated using IDL routines which are also
provided by CHARA [61]*. As PAVO is an integral field unit, it collects a spectra of fringes
with each bracket between 630-950 nm bandwidth (resolution R = 30) [61].

Observations with VEGA require more time. Calibrators are observed during ~15 min
while the science star is generally observed during ~30 min to ensure enough signal. The
data are then reduced using the vegadrs pipeline (92, 93]. VEGA’s bandpass is broken into
20 nm bins and creates two data points per baseline at a time.

Table 4.1. Summary of observations of HD 97658. Both PAVO and Classic instruments were
used in the single baseline mode of the CHARA array, while VEGA uses multiple baselines
simultaneously. See ten Brummelaar et al. [117, Table 1| for a complete description of the
available baselines. Each bracket corresponds to one observation of the target. See § 4.2 for

further details
Date [UT| Baseline Combiner Brackets Calibrators

2015-02-04 S1/W1 Classic ) HD 93152, HD 99267
2015-02-05 S1/W1 Classic 7 HD 95804, HD 99267
2015-02-11  S1/W1 PAVO 4 HD 101688, HD 96738
2017-03-13 W1/W2  VEGA 2 HD 89239
2017-03-17  S2/W2 VEGA 2 HD 107168

2

3

4

2018-04-28 E2/W2 VEGA HD 97638
2019-05-05 S1/W2 VEGA HD 96738
2020-03-05  S2/E2 VEGA HD 96738, HD 107168

Table 4.2. Summary of calibrator stars used in all observing campaigns. All photometry
data are taken from the JMMC Stellar Diameters Catalog v2. The cited angular diameters
are limb darkened and estimated using isoclassify.

Calibrator V mag H mag  fyp|mas]

HD 89239  6.530  6.599  0.159+0.008

HD 93152  5.285 5.384  0.279+0.012

HD 95804  6.766  6.288  0.208+0.005

HD 96738  5.593 5.442  0.269+0.033

HD 99267  6.606  6.091 0.241+£0.006

HD 101688  6.291 5.730  0.281+0.011

HD 107168  6.220 5.969 0.2414+0.011

Shttp://www.astro.gsu.edu/ theo/chara_reduction/index.html
‘https://gitlab.chara.gsu.edu/fabien/pavo.git
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4.3 Directly Determined Stellar Properties

4.3.1 Stellar Diameter

The calibrated squared visibilities V2 can be fit to the radial profile of the 2D Fourier pair
of a uniformly illuminated disk or a limb darkened disk, fyp and 6yp, respectively. The
resulting profile is a function of the projected baseline B, observational wavelength A\, and
most importantly the angular size of the object [54|. The functional form, shown in Eq. 4.1
is a combination of Bessel functions of the first kind, J,(z), scaled with the linear limb
darkening coefficient .

v () (0w g-ﬁiiff))r (4)

TBo

where ©r = ——.

We fit the uniform disk model, Eq. 4.1 with u = 0, for the combined datasets using
the Scipy curve_ fit nonlinear least-squares minimization routine [65]. As part of the fitting
process, we find the optimized fit for many realizations of the dataset by sampling the
wavelength solution uncertainty. The resulting distribution of fits for the uniform disk is
Oup = 0.296 + 0.004 mas. We performed the fitting routine for the VEGA and PAVO
datasets separately as a check for consistency and found the best fit uniform disk angular
diameters of fup veca — 0.28240.024 mas and fyp pavo = 0.296 £ 0.004 mas. As seen in
Fig. 4.1, there is more internal spread amongst the VEGA data than the Classic or PAVO
data, which drives the uncertainty up slightly. The enlarged uncertainties are likely caused
by dividing the starlight of this faint target amongst the multiple simultaneous baselines of
VEGA. We opt not to perform this same fit with the Classic data as HD 97658 is not well
resolved by the instrument, but can still act as a sanity check for the other instruments. The
uniform disk angular diameter and other stellar properties are summarized in Table 4.3.

We fit the limb darkened disk model using the same technique as above, adding in Monte
Carlo realizations of the limb darkening parameter p as part of the fitting process. As all
visibility curves are near unity at low spatial frequencies, it is safe to combine the Classic
data with the VEGA /PAVO data. We estimated the limb darkening parameter p using the
Limb Darkening Toolkit (LDTK) [97, 58|. Throughout this work we find the limb darkening
coefficient and associated limb darkened diameter in the Bessel R filter. We provide the
LDTK module with estimates of T, log(g) = 4.5 £ 0.1, Z = 0.03 £ 0.01. We iterate the
fitting process twice to reflect our refined measurements in 7'.g which goes into the estimation
of the limb darkening coefficient. The first run uses the fit of fypwith our measurement of
the bolometric flux to estimate T, as is discussed in the following section § 4.3.2. Then
we use the results from the first fit of fppto estimate Teg and find our new estimation of pu.
With the final estimation of u, we then find our final fit of 6. We scale the uncertainties
in p by a factor of 5 during each iteration of the fitting process as the LDTK distribution
seems unrealistically tight when compared to Claret & Bloemen [28], though this does not
significantly contribute to the final error budget. Our final estimation of the linear limb
darkening coefficient in the Bessel R filter is ug = 0.629 + 0.014.
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The iteration process resulted in a best fit limb darkened angular diameter of 6;p = 0.314+
0.004 mas. The reduced chi-square for the linear limb darkened model is x?_;;; = 0.934
(p = 0.68), indicating good agreement between theory and observation. This fit and the
calibrated squared visibilities are shown in Figure 4.1 with the uncertainties scaled to fix x?
at unity.

We calculate the physical radius of HD 97658 as 0.728 4+ 0.008 R, using the Gaia
EDRS3, zero-point corrected parallax measurement (Table 4.3). Applying the zero-point
correction, the Gaia parallax of 46.4124+0.022 mas yields a corresponding distance of d =
21.5464+0.011 pc [46, 78|. Previously published radius estimates include Dragomir et al. [36]
who obtained an estimate of 0.70375030 R from evolutionary models fit within EXOFAST
(Eastman et al. [41]) and van Grootel et al. [121] who derived 0.74175 053 Ry from the
spectroscopic temperature, bolometric correction, and Hipparcos parallax. It is of interest
that the estimation of the radius using the evolutionary models in EXOFAST is lower than
the spectroscopic radius and the directly measured radius in this paper. As has been ex-
plored in Boyajian et al. [18], evolutionary models systematically underestimate the radius
by a few percent. The high resolution capabilities of the interferometer complemented with
the exquisite parallax measurements from Gaia allow us to report a physical radius with
about 1/3 the uncertainty of prior works. The uncertainty in our physical radius predomi-
nantly comes from the fit of the angular diameter, with the parallax contribution essentially
negligible.

4.3.2 Bolometric Flux and Temperature

We fit an interpolated K0.5 Pickles [99] template spectrum to collected literature measure-
ments of broadband photometry to measure the bolometric flux. Photometry used in this
fit include measurements in Johnson UBV, Cousins R., I, 2Mass JHK. The photometric
measurements are from van Leeuwen [122], Skrutskie et al. [111], Kotoneva et al. [71], Koen
et al. [70], Bessell [13], Kharchenko [69], Droege et al. [37|, Mermilliod [88§].

Interstellar extinction was fixed at 0 in the fitting routine as the proximity of the star
should render any extinction effects negligible. The fit was also performed with Ay as a free
parameter. This modification found a value of Ay = 0.027 +0.015, so we accept our original
assumption of no extinction for this work.

The template spectra was then scaled to fit to the photometric measurements and in-
tegrated to obtain a bolometric flux Fi,=2.42 + 0.05 x 1078 erg s! cm™ . We use the
updated filter profiles and zero-point corrections as discussed in Mann & von Braun [84].
Further, we account for unknown systematics by applying a 2% addition in quadrature to
the bolometric flux uncertainty as is suggested in Bohlin et al. [15]. Our flux measurement
and the parallax distance gives a stellar luminosity of L=0.351 4+ 0.007 Ls. The assembled
photometry and spectral fit are shown in Figure 4.2. This model has a goodness of fit of
X299 = 0.79 (p = 0.78). Further details of this technique are available in van Belle et al.
[119], von Braun & Boyajian [123]. We extended the infrared portion of the Spectral Energy
Distribution (SED) (A > 12.5 pm) with the WISE W 1-4 data to check for an infrared
excess, but did not observe any such excess [129]. We note that HD 97658 is saturated in
W1 and W2, so we opted to exclude all of these data from the SED fit.

The Stefan-Boltzmann equation can be rewritten to express the temperature in terms of
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Figure 4.1. Top panel shows the calibrated squared visibilities and uncertainties from
CHARA observations of HD 97658 We binned and averaged the data by equal spacing
in of 107 rad™* for clarity, and plot these points over all of the calibrated data shown in trans-
parent grey. Classic observations are shown as red circles grouped on the left at lower spatial
frequencies, VEGA observations are green diamonds in the middle, and PAVO observations
are blue squares grouped on the right at higher spatial frequencies. The fitted visibility curve
for a limb darkened disk is shown as a dashed line with the parameters found in §4.3.1. We
show the uncertainty in the angular diameter as the grey region around the best fit curve.
The residuals for the fit are shown in the bottom panel. See § 4.3.1 for details.

the observables — bolometric flux and angular diameter:

o 1/4
Tog = 2341 - (3) K, (4.2)

2
QLD

where the bolometric flux is in units of 107® erg s cm™? and the angular diameter is in
mas. We determined an effective temperature of Toz=5212 4+ 43 K given the limb darkened
diameter and above bolometric flux. Howard et al. [56] measured the effective temperature
of HD 97658 as 5170 4+ 44 K which was determined from spectroscopy. This temperature is
lower than what we found, but consistent with our result at the 1o level.

4.4 Derived Stellar and Planetary Properties

Using the measured properties above, we compute here other properties of the star and its
planet. As the host star plays an important role in determining many of the properties of
the planet, we can also update several of the estimated properties of the planet with our

22



S AL A S B S B S

& Observed Flux
X

B j'"“
iy |

3.0x107®

Calculated Flux
Model Template Spectrum

T

—2.5x107°

pm’

T

“,2.0x1078

Lem

T

‘n _
m1.5><lO 8
<

1.0x1078F

Flux, [e

T

5.0x107°

Residual [%]
o
!
| : 1
o |
- ]
——
.
.
i

L | | L PR R | L
0 0.5 1 1.5 2 2.5
Wavelength [pm]

Figure 4.2. The template spectrum shown in blue is an interpolated Pickles K0.5V stellar
spectrum with nominal metallicity. We used literature broadband photometry and associated
uncertainties and bandpass widths to scale the spectrum. The photometry is shown as the
black points. The horizontal bars on the photometry data points represent the width of the
filter bandpass. This scaled spectrum was then integrated to yield the bolometric flux. We
calculate the scaled model flux values at the center of the bandpasses and show them as
red crosses here. The bottom panel shows the percent residual of this fit. See § 4.3.2 for
discussion.

improved stellar parameters. We also include new observations of the planet’s transit with
TESS. A summary of all the following results is shown in Table 4.3.

4.4.1 Age and Mass Estimation with Isochrones

We use two stellar evolutionary models to estimate the stellar age and mass. The Garstec and
YaPSI stellar evolutionary models [113, 127| were fit using the bagemass Fortran program
[85]. These models use our directly measured temperature, the luminosity inferred from the
parallax and bolometric flux, the spectroscopically determined [Fe/H| from Howard et al.
[56], and the density inferred from the transit discussed later in this section as predictors of
goodness of fit. We assumed uniform priors on age, mass, and surface [Fe/H]. One of the
issues with estimating age using isochrones for this range of stellar masses is a lower mass
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star afforded a longer time to evolve can have the same observable properties as a higher
mass star that is younger. This bias is reflected as the elongated distribution in age and
mass. We show the posterior distribution for the YaPSI and Garstec models in Figure 4.3.

We then checked the consistency of the two model’s predicted age and mass using a x2-
test. We first combined (i.e. summed) the two posterior distributions for the ages/masses
and computed the resultant median age and mass. We then compute:

72

2
Ty — X
X=> (4.3)
i=1

2
g;

where z; is the median mass/age from the two models, z is the median from the combined
distribution, and o is their associated uncertainties. Assuming that these are drawn from
a x? distribution, the confidence in the agreement of the two posterior distributions can be
computed with:

p= /:O FO)dx? (4.4)

The x? distribution, f(x?), for this case has 2 — 1 = 1 degrees of freedom, for the two
samples of the age/mass. The computed p-value for the ages is p=0.62 and p=0.27 for the
masses. Both the mass and age distributions agree within 95% confidence, so we conclude
that the median and 1o confidence interval of the combined distribution is representative of
both. The combined isochrone models estimated the age of HD 97658 as 3.975(, Gyr and
the mass as 0.77310012 M.

HD 97658 has a chromospheric Ca II H and K activity index of log (R}, ;) = —4.971 [62].
I[saacson & Fischer [62] then used the relationship from Mamajek & Hillenbrand [82, Eq. 3]
to estimate an age of 6.06 = 0.91 Gyr®. Using the Gaia Gp — Grp = 0.843 and the rotation
period of 3442 days from Guo et al. [51], we find another estimate of the age of HD 97658
of 6.25 + 0.56 Gyr using gyrochronology with stardate [5]. Both of these techniques agree
within ~ 1o of the combined isochrone model age from this work.

4.4.2 Exoplanet Modeling with TESS

The TESS mission [101] observed HD 97658 during Sector 22 for a total duration of ap-
proximately 23 days (the full Sector duration of ~ 27 days, minus ~ 4 day gap from d13 to
d17). The normalized PDCSAP lightcurve is presented in Figure 4.4. We first use the short
cadence (2 minute) mission processed PDCSAP time series data to look for signs of rotation
due to starspots rotating in and out of view on the surface of the star. We find that the
average brightness of HD 97658 is stable with a RMS (root mean square) of 385 ppm, having
no evidence of long-term variability due to spots during this observation period. This con-
clusion is consistent with TFESS observation period being shorter than the derived rotation
period P, = 34 +2 d from the spectroscopic analysis of the Calcium H and K lines (Syk)
[51].

Next, we search for transits in the TESS data by computing a Box Least-Squares (BLS)
periodogram [72], shown in Figure 4.5, using the astropy package . We identify the known

5In order to estimate uncertainty on this age, we applied the suggested RMS of 0.07 dex on log 7 from
Mamajek & Hillenbrand [82]
Shttps://docs.astropy.org/en/stable/timeseries/bls.html
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Figure 4.3. Posterior distribution of age and mass from the bagemass Bayesian evolutionary
track fitting program as discussed in § 4.4. The YaPSI model output is shown on the left
and the Garstec model on right. Higher posterior density is shown as the darker regions in
the bottom left plot. The posterior population distribution for the ages is shown on the top
and the posterior population distribution for the mass is shown on the right. Black dashed
vertical /horizontal lines indicate the median for the age (3.2+1.9 Gyr, 4.7+2.5 Gyr) and mass
(0.7824+0.011 Mg, 0.763 £0.011 M) for the YaPSI and Garstec models, respectively. We
combine the solutions to derive a final estimated age 3.9755, Gyr and mass 0.773%0515 Mg
as described in § 4.4.

transiting planet HD 97658 b, with an approximate period of 9.474 d. We note that only two
transits of HD 97658b are detected in TESS data, while the third falls within the data gap.
We use EXOFASTv2 [40] to simultaneously fit the orbital parameters to the TESS time series
along with the full radial velocity (RV) data series from Dragomir et al. [36]. The program
also simultaneously fit the MIST evolutionary models to estimate stellar properties [26].

EXOFASTv2 reported a transit depth of HD 97658b of 712 4+ 38 ppm with a duration of
2.80 4+ 0.04 hours, centered at BJD 2458904.9366 + 0.0008. With our measurement of the
stellar radius and the transit depth, we compute a planet radius of 2.12 £ 0.06 Rg. The
resultant temperature of HD 97658b can then be found as T., = Tiy/R./2a, neglecting
albedo. We find the equilibrium temperature for planet b of 750+£13 K. Our estimation of
the equilibrium temperature is in line with the estimate from van Grootel et al. [121]. Using
the planetary mass found with EXOFASTv2, 7.54+0.9 Mg, and the planetary radius derived
from our direct measurement of the stellar radius and the TESS transit depth, we determine
a density of p, = 3.7+ 0.5 g cm™3. The density is consistent within 1 ¢ of Dragomir
et al. [36] and van Grootel et al. [121]. This fitting of the RV and transit data yielded a
semi-amplitude of 2.8 £ 0.3 m/s, which is also within 1- ¢ of Dragomir et al. [36]. The low
amplitude RV signal largely limits the uncertainty in the measurements of planet b’s density
and any improvements are due to the decreased uncertainty in the transit depth and stellar
radius.
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Figure 4.4. The TESS PSCSAP 2 min lightcurve binned into 10 minute bins. The known
planet HD 97658b has transits at days 1905 and 1924, as well as a third transit during the

gap.

Finally, we use the TESS time series to look for any additional transiting planets. In-
terestingly enough, the BLS periodogram analysis comes up with a signal at 1.054 d. We
use EXOFASTv2 to model this candidate signal as an additional planet in the system at the
same time as planet b. If such a planet candidate exists, EXOFASTv2 indicates it would have
a period of 1.05443179+ 1000000018 days and cause a transit depth of 88 + 17 ppm lasting
1.36 hours. The Ty for the model was found as BJD 2458907.1 4+ 0.3. Given this depth and
our measurement of the stellar radius, the planet candidate would have a radius of 0.74 Rg.
The planet would be located at 0.019 au with an equilibrium temperature of 1565 K, found
using the same method as for planet b. The transit model overlaps with the known planet
transit and reduces the depth for planet b to 674 + 38 and the corresponding radius to
2.06+0.06 Rg. The folded lightcurve for this planet candidate is shown in Figure 4.6 right
panel. The 10 minute binned out of transit photometry has a root mean square deviation of
39 ppm, about half of the transit depth.

26



1000

HD 97658b
750

500 [— HD 97658¢?

Power

250

Period [days]

Figure 4.5. The Box Least-Squares periodogram of the TESS lightcurve of HD 97658. The
strongest peak coincides with the known planet HD 97658b with a period of ~ 9.5 days.
Most of the other peaks are harmonics of HD 97658h but there is a notable spike at 1.05
days which is explored as a potential planet candidate. There is a peak at ~ 3.8 days which
proved insignificant upon further inspection. The other peaks are harmonics of the 9.5 and
1.05 day signals.
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Figure 4.6. All of the TESS photometry is shown as transparent grey points. The folded
and 10 minute binned TESS photometry with associated errors are shown as blue points.
The transit models from EXOFASTv2 are the dashed black line. Left: The best fit model
for planet b with period 9.4896 days. Right: The EXOFASTv2 transit model for the planet
candidate “c” identified in Figure 4.5 with period 1.054 days is shown as the blue dashed
line. See § 4.4.2 for details. Note that the depth is approximately an order of magnitude
less than the left plot.

In attempts to verify this signal with existing data, we searched the RV data for a signal
with a period of 1.05 days , but did not find evidence to support it. However, we note
that a transiting planet with this period and transit depth would not be massive enough to
induce reflex motions detectable with current RV instruments/observations. We compared
the Bayesian Information Criterion (BIC), a measure of the goodness of the fit that penalizes
over-parameterization, of the single planet model to the two planet model [105]. We find
there is a small preference to the two planet model ABIC ~ —8. However, we still present
this signal as only a candidate due to the low strength of the transit signal and lack of RV
corroboration.

While beyond the scope of this paper, we propose that further investigation of this
candidate would benefit from including archival time series over much longer time baselines
than the TESS Sector 22 data presented here. In particular, enabling transit timing variation
analysis in the orbital fit for planet b in the model could provide additional independent
evidence for the putative companion “c".

4.4.3 Star and Planet Properties from Transit Observables

Seager & Mallén-Ornelas [107] demonstrated that combining the transit depth AF'| duration
7 and period P derived from the exoplanet transit lightcurve analysis yield the stellar density.
Thus, with a direct determination of the stellar radius through interferometry, we can then
directly obtain the stellar mass. This method has been applied to 55 Cnc [31] and HD 219134
[76], for which the joint likelihood of the stellar mass and radius (Lyr, = Larrs(ps, Ry))

28



is expressed through the probability density function (PDF) of the density and radius [see
Eq. (2) of 76]. The PDF of the radius is itself expressed as a function of the PDF of the
observables 01 p (angular diameter) and d (distance), considered as Gaussian.

This yields the PDF of the planetary mass and radius, that depends on AF, P, the
semi-amplitude of the RV measurement K, and L£,;g,. Importantly, this method also allows
computation of the correlation between parameters. This prevents, for example, determining
absurd planetary densities that would not correspond to a realistic planetary mass.

Using this technique, and considering only planet b, we obtain p,—3.140.3 g cm™ which
yields M, = 0.85 4+ 0.08 Mg, with a correlation of Corr(R,,M,)=0.41. This low correlation
is due to the high uncertainty on the stellar density. This direct determination of the mass
is higher but consistent with those obtained with the different stellar evolutionary models.

Applying the stellar mass derived from the transit model, the interferometrically de-
rived stellar radius, transit model, and the RV semi-amplitude we find the planetary mass
M,=83+1.1 Mg and radius R,=2.12+0.06 Rg, with the corresponding density
pp=4.840.7 g cm™3. These measurements are in good agreement with those found from
the EXOFASTv2 analysis. We note that the correlation between the planet’s mass and radius
is very low (Corr(R,, M,) = 0.09). This is explained by Corr(R,,M,), which is already low,
and the high uncertainty on the transit and RV measurements parameters. Observations
with higher precision are needed to reduce these uncertainties and increase the correlation
between the parameters.

4.4.4 Conclusion

In this work we use the GSU CHARA interferometric array to obtain a highly precise mea-
surement of the angular diameter of HD 97658. We combine measurements from both the
infrared Classic instrument as well as the optical PAVO and VEGA instruments for more
complete coverage of the UV plane, which helps ensure a well defined angular diameter. We
also combine photometric measurements from a panoply of sources to find bolometric flux
with SED fitting. These two measurements allow an estimation of temperature independent
of distance measurements.

We provide the most direct measurement of the star’s radius which paired with the Gaia
parallax produce a ~1% uncertainty in the physical radius and a ~ 0.5% uncertainty in
effective temperature. Previous works exploring the properties of HD 97658 were able to
obtain estimates of the stellar radius and temperatures which are in good agreement with
the measurements performed in this work. Because of this we cannot report substantially
different composition and properties of HD 97658 b, but we can provide greater certainty in
the previous results.

Follow-up observations of HD 97658 with JWST will allow a more precise and accurate
measurement of the transit depth. This is a particularly interesting measurement to pin
down as current best measurements of the transit depth are accurate to only ~ 5%, which
complicates more accurate analysis of the planet. These follow up observations would provide
further exciting insight into this nearby super-Earth planet. We also eagerly await the
Magdalena Ridge Observatory interferometer which will enable observations of fainter targets
and baseline bootstrapping which will ease optimal sampling of the UV plane [30].
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Table 4.3.  Summarized Properties of the HD 97658 System
Property Value Source
Measured Stellar Properties
Parallax [mas] 46.412+0.022 |46, 78]
Distance [pc] 21.546 £0.011  [46, 78]
[Fe/H] [dex| ~0.23+0.03 [56]
fup-r [mas] 0.296 + 0.004  §4.3.1 Interferometry
0Lp [mas] 0.314+0.004 §4.3.1 Interferometry
Linear Limb Darkening g 0.6294+0.014 §4.3.1 [97, 58]
R, [Ro] 0.728 +0.008 §4.3.1 Interferometry, Parallax
Fgop lerg s7! em™2] Fpor  §4.3.2 SED Templates
T or[K] 5212+ 43 §4.3.2 Interferometry, SED
L. [Lo] 0.351 £ 0.007 §4.3.2 Fpg), Parallax
Isochrone Properties — § 4.4.1
Age |Gyr] 3.9755,  Combined Isochrone Models
M, [Mg]? 0.773%5015  Combined Isochrone Models
EXOFASTv2 Model Derived Properties — § 4.4.2
Transit Depth [ppm] 712438 EXOFASTv2
Period [days| 9.4897116 4+ 0.0000008 EXOFASTv2
Ty [BID] 2458904.9366 + 0.0008 EXOFASTv2
Rp /R 0.0267+£0.0007 EXOFASTv2
Inclination [deg] 89.05155; EXOFASTv2
Impact Parameter 0.39701% EXOFASTv2
Eccentricity 0.0570 93  EXQFASTv2
M, [Mg]? 0.75+0.02 EXOFASTv2, MIST
M, [ Mg 7.540.9 EXOFASTv2, MIST, K
RV Semi-Amplitude K [m/s] 2.8+0.3 EXOFASTv2, RVs from [36]
a/ Ry 2424+ 0.7 EXOFASTv2
R, [Rg] 2.1240.06 Transit Depth, Interferometric R,
pp |g cm™3] 3.7+ 0.5 Transit Derived R,, M,
Tiq K] 751 +12 EXOFASTv2, a/R,, Test

Stellar and Planetary Properties from Transit Observables — § 4.4.3

Px g em ™3] 3.14+0.3 Transit Observed Properties

M, [Mg]* 0.85£0.08 Interferometric R,, Transit Derived p,
log(g) [ces] 4.644+0.04 Interferometric R,, Transit Derived p,
Corr(R,, M,) 0.41

M, [Mg]? 8.3+1.1 Transit Derived M, (p4, R.) and K

pp g em™3] 4.8 £0.7 Transit Derived M, R,

Corr(Ry,, M,) 0.09

aThe table reflects the computed mass of the star and planet with two different methods. See § 4.4 for
more details.
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Chapter 5.
LIGERS Survey Methods

5.1 Observational Methods

The observations for this survey were carried out between 2008 and 2021 at the Georgia
State University CHARA Array. A summary of the observations is presented in Table B.1.
All data taken in this survey were obtained using the near-IR Classic beam combiner
[117]. The Classic beam combiner uses only two of the six telescopes, and operates in either
the H or K’ bandpass. With the largest baseline and shortest operational wavelength, the

theoretical angular resolution of the interferometer is § = — =~ 0.5 mas.

Astronomical interferometry measures visibilities (V). These visibilities quantify the
contrast of the dark and bright portions of the interference fringe pattern created when the
optical path-length of the telescopes has been equalized. The power of the dark and light
parts of the fringe pattern are integrated and time averaged and reported as a single visibility
for each observation of a star.

The observation sequence used is one target star with different calibration stars observed
before and after (in a sequence of calibrator 1 - science target - calibrator 2). Such a sequence
is typically referred to as a bracket.

The data recorded at the time of observing contains instrumental and atmospheric noise.
The calibrator stars provide a measurement of this noise and allow us to measure and correct
these effects on the science target. This is possible because the calibrators are of a known,
and preferably unresolved, size. Stars with a known size have predictable visibilities; the
offset from which the observed and predicted visibilities differ allow correction of the science
target.

Calibrator stars for this work were gathered from the JMMC Stellar Diameter Catalog
version 2! [25, 38|. T restrict our choice of calibrator stars to stars within ~ 15deg of
the target star. Stars further away may travel through substantially different pockets of
air (in regard to coherence length and turbulence) which can complicate the estimation of
atmospheric effects. T also eliminate stars of known multiplicity or rapid rotation (V sini 2,
100 km/s). A final selection preference is given to stars with comparable color and brightness.
A summary of the calibrators used in this research is presented in Table B.3.

Classic observations consist of approximately 2.5 minutes of integration in either band-
pass with shutter sequences on either side. The raw Classic data are reduced with the
REDFLUOR package to produce instrumental visibilities. The instrumental visibilities are
then organized and calibrated with CALIBIR.

I chose for this work to use the mean power spectrum with bootstrap error estimation
as the visibilty estimator?. This technique for computing the visibilities produces more
realistic uncertainties than fitting various distributions directly to the visibilities and also
produces usable results from lower signal-to-noise data. I also used the linear fit calibration
method which incorporates all observations of each calibrator in measuring the atmospheric
and instrumental effects rather than just the nearest two calibrators. The differences in the

http://www. jmmc.fr/catalogue_jsdc.htm
’https://www.chara.gsu.edu/tutorials/classic-data-reduction
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visibility estimations, calibration, and its effects on the fit will be discussed in the following
section § 5.2.

5.2 Data Reduction and Calibration

Throughout the process of reducing the fringe scans and calibrating the raw visibilities
numerous non-trivial choices are made in handling the data. The two programs used to
accomplish the task of reduction and calibration are respectively REDFLUOR and CALIBIR.
In this section, I will explain the choices made for the M dwarf survey.

After the observations have been concluded, the beam combiner produces a file containing
all of the raw scans from the camera. Depending on the camera and observational settings,
some saturation may be present in the data. The solution is to truncate the signals when
saturation appears. As the Classic beam combiner has two separate output channels due to
the design of the interferometer, the truncation point may differ depending on the quality
of the beam alignment. If the difference in saturation point for the two outputs is small,
I adopt the shorter scan length for both outputs as the truncation point. If the difference
is much larger, then the rest of the analysis for that observation uses the output with the
longest non-saturated scan length.

The saturation cleaned data are then scrubbed of scans where the fringe has been lost.
This occurs due to target loss, tip-tilt alignment issues, poor atmospheric conditions, loss of
delay to equalize the optical path length, or vibrations in the telescope and optics. Large
amounts of bad or empty scans can indicate poor data quality and may increase the visibility
uncertainty or require removing the observation altogether.

Before calculating the visibilities, the two outputs are scrutinized for signal quality
throughout the observation. Occasionally, the alignment of one or both of the outputs will
drift and the signal to noise ratio will consequently decline. Experiences over time with the
CHARA Array indicate the the first output of the Classic instrument typically maintains the
highest throughput and data quality, though where the throughput is good for both signals
the difference signal is used to estimate visibilities.

Now the visibility is measured from the remaining cleaned scans. The scans themselves
are a time domain signal which theoretically contain the visibilities. However, the fringe
signal is buried behind numerous error sources. The predominant error sources come from
scintillation, detector noise, and photon noise. As is frequently the case with time domain
signal analysis, the problem is easier to solve in the frequency domain. The utility of the
frequency domain problem is that as the noise sources are uncorrelated with the fringe
signal, they simply can be subtracted from the power spectrum before computing the fringe
power. The noise estimation comes from the off-star shutter sequences and dark sequence.
The shutter sequences give a measurement of the power spectrum from the detector in the
absence of the fringe, which should only be the noise sources. After subtracting the noise
from the power spectrum, a low pass filter is applied to suppress DC noise in the background
estimation and the top-hat filtered fringe power is integrated yielding the visibility.

The mathematics and theory of what the interferometer produces and what is calculated
has already been discussed, but as with all measurements, there is some degree of freedom in
what number is finally reported. Historically, the preferred method of calculating visibilities
has shifted. Early results of CHARA, such as Berger et al. [11], had a preference for reporting
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the mean and standard deviation of the measured visibility distribution from the scans. This
choice implies Gaussian behavior in the errors, which is a strong assumption in the complex
system of the interferometer. Larger surveys later on used the log-normal distribution to
measure the nominal value and error, though this method makes similar assumptions about
the data [18].

[ report the mean and standard deviation determined via bootstrapping of the data scans.
In the context of this survey, the most important difference in the mean power spectrum (PS)
estimator is its agnostic approach to the underlying distribution of the data®. The mean
power spectrum method generates 1000 realizations of the data scans through bootstrap
sampling with replacement and measures the visibility from the mean power spectrum of the
synthesized scan sequence.

Figure 5.1 shows one night of observations taken on GJ 752A. The data have been
reduced and calibrated using the same settings in REDFLUOR and CALIBIR, with the
only difference being the choice of visibility estimator. The two sets of visibilities have a
systematic offset, but are all within 20 tension of each other. Notably, the fit statistic for
the Mean PS fit is better than that of the Log Normal. This is due to the more robust
estimation of the noise via the power spectrum bootstrapping. The resultant uniform disk
diameter fits initially appear inconsistent with each other, but the uncertainty in the fit is
underestimated. Once the complete set of observations are added, the inter-night scatter
increases the uncertainty in the fit and improves the consistency.
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Figure 5.1. Reduction of one night of observations of GJ 752A using two different visibility
estimators. Left is the Mean PS estimator and right is the Log Normal estimator.

The final data reduction step before model fitting is to calibrate the visibilities to remove

3The full motivation and details of the changes made to REDFLUOR is available in the appropriate
technical report https://www.chara.gsu.edu/files/chara_technical_reports/tr98.pdf
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instrumental and atmospheric systematic effects. The observation sequence has calibrator
stars observed before and after the science target. The calibrator stars are of known size,
ideally unresolved, which translates to having known visibilities. CALIBIR fits a trendline to
the calibrators to estimate the systematic offset in the visibilities at the time the target was
observed. The proportionality of the predicted calibrator visibility to the known visibility
is a measure of the transfer function of the atmosphere and optical system. This scaling
factor is then applied to the target to correct it. During this process we also calibrate our
calibrators against each other. This provides a test to the goodness of the calibrator and is
useful in determining potential binary or rotationally oblate calibrators.
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Chapter 6.
LIGERS Survey Results

The LIGERS survey represents the largest single survey of low-mass stellar angular diameters
in a decade. Within the survey targets, there are stars in the survey representing spectral
sub-classes which have never before been measured via interferometry. Interferometrically
measured angular diameters provide important benchmarks for establishing empirical rela-
tionships to stellar properties as well as putting critical tests on stellar evolutionary models.
M dwarfs are the most common type of star in the universe. As such, accurate measurements
and techniques for inferring M dwarf stellar parameters are critical. This chapter presents
the analysis and results pertaining solely to the interferometric survey.

6.1 Angular Diameter Fitting

As was discussed in § 2.3, there is a relationship which can be used to extract the angular
diameter of the star from the visibilities. As this survey deals only with stars with circular
cross sections, the calibrated squared visibilities V2 can be fit to the 1-dimensional profile of
the 2-dimensional Fourier pair of the uniform or limb darkened disk. The resulting profile,
Eq. 2.15, is a function of the projected baseline B, observational wavelength A\, and most
importantly the angular size of the object, 6 [54].

My fitting process begins with the uniform disk diameter, 6yp, and then iterating on the
limb-darkened disk, 6;p. For each star, we combine all of the night’s data into a combined
dataset. We then bootstrap many thousands of realizations of the data and find the optimized
uniform disk diameter using the Scipy least squares solver [65].

In order to fit the limb-darkened diameter, first I estimate the limb darkening coefficient
py using the Limb Darkening Toolkit (LDTK) [97, 58]. I provide LDTK with samples of
effective temperature, surface gravity, and metal abundance taken on normal distributions.

The stellar effective temperatures are computed from the bolometric flux using the uni-
form disk diameter with the modified form of the Stefan Boltzmann Law shown in Eq. 6.1.
In the modified equation, the angular diameter is in units of milli-arcseconds and the bolo-
metric flux in units of 107® erg s' cm™ . Where possible, we adopt the bolometric flux
measured from flux calibrated spectro-photometry in Mann et al. [83]. The uncertainties on
the fluxes were inflated by 2% in quadrature to account for the floor in zero-point and filter
profile calibration [15, 84|. For stars that do not have measurements in [83], I apply the
same paper’s bolometric correction relation to literature photometry and derive the absolute
bolometric magnitude of the star. From there, the bolometric flux and luminosity are derived

using the Gaia parallax. The adopted value and source of the bolometric flux are shown in
Table 6.1
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The surface gravity, g = GM/R?, values were found using the mass estimate from the
Mass-Radius relationship developed in Mann et al. [83] and the physical radius derived from
the parallax and uniform disk diameter. I assumed a 10% uncertainty on the estimated
masses, which correlates to an uncertainty of 0.05 dex for log(g).

o 1/4
Tog = 2341 - ( b‘ﬂ) K, (6.1)
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I adopted a uniform estimation of 0.03 + 0.01 for total metal abundance Z. I then inflate
the uncertainty in the modeled u, by a factor of 5, as the uncertainty on the resultant
distributions of y seemed unrealistic compared to Claret & Bloemen [28]. As the angular
diameter’s dependence on p is fairly small for this range of limb darkening coefficient [54],
these approximations and error inflation bear no large effect on the fit of the limb darkened
diameter.

Using the sampled limb darkening coefficients I then fit the data for the limb-darkened
diameter in the same way as the uniform disk diameter. We iterate the fitting process
for the limb-darkened diameter due to the temperature dependence of the limb darkening
coefficient. We scale the uncertainties to force the reduced chi-square to unity. This carries
the assumption that there is no better model for the visibilities than the uniform or limb-
darkened disk. We inspect the fringes and power spectrum to rule out binarity and rapid
rotation, this assumption is reasonable. The final results of the fitting process are presented
in Table 6.1. All plots of the final fits for the survey stars are shown in Figure 6.1.

Finally, we use the Gaia EDR3 parallaxes to compute the physical radius of the survey
stars [44, 43, 45, 79]. Using simple trigonometry, the linear radius is R = 107.5 - /p, where
0 and p, the parallax, are in units of milli-arcseconds. The radius is computed using the
angular diameter and parallax sampled on normal distributions after the parallax is corrected
for zero-point bias [78].
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Figure 6.1. Squared visibility curves for limb darkened disks for the surveyed stars. The
calibrated visibilities are shown as semi-transparent Xs. These are averaged into bins of
width 5 x 10° [rad™!| and overplotted as solid green circles. The best fit model is shown as
a black dashed line with the blue band representing the area covered by +1o in 6y p. The
lo uncertainties are also shown. Bottom panel shows the residual from the model.



Table 6.1. Summary of survey results.

Star Oup Oip 73y Radius Teg L  Parallax [mas] Fpo x1078 N 2
[mas] [mas] [Ro] K] Lg [mas] [ergs! cem™? |
GJ 49? 0.509 £ 0.019 0.519 £ 0.019  0.257 £ 0.011 0.550 £+ 0.020 3649 £+ 75  0.0213 £ 0.0006 101.39140.017 1.5940.061 17  8.75
GJ 1692 0.546+0.023 0.560£0.024 0.304=£0.008 0.675+0.029 4127491 0.1191+0.0012 89.018+0.023 3.02+£0.06 15 16.80
GJ 251 0.553£0.021 0.563£0.022 0.210£0.007 0.337£0.013 3545£71 0.01621+0.00014 179.015+0.028 1.67£0.05 10 441
GJ 273 0.707+0.013 0.7204+0.013  0.2372£0.0013 0.292+0.005 3291£28 0.01070+£0.00009 264.09+0.04 2.40£0.056 13 4473
GJ 408 0.485+0.019 0.493£0.019 0.196+0.006 0.357+0.014 3603£79 0.0196+0.0007 148.15340.025 1.3840.06 1 26 11.13
GJ 625 0.501+0.014 0.509+0.015 0.230740.0019 0.357+0.011 3350£55  0.01442+0.00015 154.32240.016 1.09£0.03 26  5.68
GJ 686 0.49+0.03 0.50+0.03 0.266£0.015 0.440£0.029  3602+123 0.029£0.004 122.52540.018 1.4240.04 10 4.73
GJ 701 0.450£0.017 0.460£0.017 0.290£0.027 0.382+0.014 3953£78  0.03190+0.00026 129.178+0.026 1.72+0.04 13 4.01
GJ 752A 0.743£0.007 0.759£0.007 0.265£0.004 0.482+0.017 3542£18 0.0330+0.0023 169.021+0.024 3.02+£0.06 24  9.10
GJ 846 0.570£0.018 0.584+0.019 0.292+0.015 0.663+0.022 3544463 0.0584+0.0005 94.52+0.05 1.79£0.05 22 14.57
GJ 873 0.634+0.007 0.647+0.007  0.253140.0017 0.35140.004 3269431 0.01263+0.00025 197.9143+0.022 1.5940.05* 29 4.46
GJ 896A 0.616+0.024 0.626+£0.025 0.228=+0.006 0.42240.017 3324+69 0.01942+0.00041 159.61£0.03 1.59£0.056 10  8.21
GJ 905 0.566+0.013 0.579£0.013 0.268+0.011 0.196+0.004 287237 0.00235+0.00006 316.43+0.04 0.76+£0.03 17 5.71
GJ 908 0.684+0.018 0.696+£0.018 0.218040.0020 0.441£0.011 3479£41 0.02626+0.00021 169.176+0.028 2.36+£0.06 22 17.48
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Prior to this work several of these stars had angular diameters estimated from the spec-
trophotometric survey of M dwarfs by Mann et al. [83]. Mann et al. [83] estimate the angular
diameter using the modified form of the Stefan-Boltzmann law after flux calibrating the mea-
surements of the spectral energy distributions. Mann et al. showed that this estimation of
the angular diameter produced results with typical uncertainties of 3-4%. Two other in-
terferometric studies have also measured diameters of LIGERS targets: Berger et al. [11]
measured the diameter of GJ 752 A; and Rabus et al. [100] measured the diameter of GJ
273. All of the LIGERS stars with comparison measurements are shown in Figure 6.2

Where there are overlaps in measurements, generally the LIGERS survey sees agreement.
The LIGERS diameter of GJ 273 and Rabus’ measurement are equivalent. The larger
discrepancy between Berger et al. [11] and my measurement of GJ 752A is tempered by the
uncertainty in Berger’s measurement. The tension between these two measurements is less
than 20. All but two stars (GJ 701 and GJ 908) agree within 20 of Mann’s diameters. Mann
estimated GJ 701’s angular diameter as 0.5518+£0.0253 mas, which has 3.5¢ tension with the
LIGERS measurement. This level of discrepancy is surprising given the expected accuracy of
the other Mann estimated diameters. Follow up on more and longer baselines would provide
further insight, as the observations only sampled to V2 ~ 0.8. However, the data appear
good and internally consistent. Mann’s measurement of GJ 908 is comparatively in closer
agreement with the LIGERS survey. The Mann diameter of GJ 908, 0.6336 4 0.0211 mas
has a tension of 2.20. The observations of GJ 908 star had some nights in poor seeing which
may have contributed to the discrepancy.

6.2 An Anomalous Detection

In the course of the survey, we uncovered two stars with behavior incongruous with a single
star solution. As was discussed in § 2.3, the van Cittert-Zernike theorem allows transforming
any arbitrary distribution of light on the sky to the corresponding visibility distribution in
the UV plane. Any change to the shape or number of stars produces different visibility
patterns. After careful reduction and analysis, the data weakly favor a binary star model
for GJ 49.

GJ 49 is an early M dwarf (M1.5V [3]). In 2019, GJ 49 was found to be the host of a
super-Earth planet [98]. Super-Earths are a type of planet with radii of 1-4 Rg and masses of
1-10 Mg [21]. Asis discussed further in § 4, super-Earths are interesting as they do not exist
within the solar system and must be contextualized solely as exoplanets. The importance of
a well constrained stellar diameter is invaluable for characterizing the super-Earth.

Unfortunately, the interferometric data are not consistent with a single star for GJ 49.
Unlike the visbility curves of single stars which quickly decay after the first null, binary star
visibility curves null multiple times with lobe spacing indicative of the separation between
the sources. Figure 6.3 shows visibility curves for lab fringes for synthetic stars at various
separations [59].
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Figure 6.2. Comparison of LIGERS survey stars to previous measurements. The x-axis is the
LIGERS measured diameter and the y-axis is the comparison diameter. The uncertainties
in either direction are shown. Mann et al. [83] measurements are shown as blue diamonds.
The Berger et al. [11] measurement of GJ 752A is shown as a purple square. The Rabus
et al. [100] measurement of GJ 273 is shown as a green circle. A one-to-one scale is shown
as a dashed black line.
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Figure 6.3. The visibility curves for single circular sources and two circular sources of various
separations [60]. The solid black curve is the single source model. The dashed red curve is
the binary model. Observed visibilities and errors are shown as red points. The x-axis is the
separation between the two optical fibers, which is analogous to the telescope separation.
Note that as the sources are further separated, the lobes squeeze together.

The data and single star fit for GJ 49 is shown in Figure 6.4. Visually, the single star fit
shows a substantial disagreement with the observations. I compared a single and binary star
model using the JMMC LITPro [115] interferometric data fitting software. The p-value of
an F-test on the two models was inconclusive, but weakly favored the binary model p=0.12.
The conclusion of binarity is strengthened by the observations on UT 2014-10-12. On that
night, GJ 49 was observed with two different baselines. When the baselines were switched,
the visibilities drastically changed (shown at spatial frequency ~ 1.8 x 108). This is consistent
with a binary model having different cross sectional distributions of light depending on the
position angle. It is possible that the exoplanet may actually be a false positive detection
due to a hitherto unresolved binary companion.
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Figure 6.4. Squared visibility curve for GJ 49, left,and GJ 169, right. The calibrated visibil-
ities are shown as semi-transparent Xs. These are averaged by spatial frequency in bins of
width 5 x 10¢ [rad~!| and overplotted as solid green circles. The best fit model is shown as
a black dashed line with the blue band representing the area covered by 1o in 6p. The
lo uncertainties are also shown. Bottom panel shows the residual from the model.

Also shown in Figure 6.4 is the visibility curve for GJ 169. While not as storied as GJ 49,
GJ 169 is another early M dwarf (M0.5V). The same fit and statistical tests were performed,
but are less supportive of a stellar companion. This star is presented here for completeness,
but is not included in the remainder of the analyses.

While this work is primarily concerned with the single stars, it is worth appreciating the
rich scientific history of exploring binary star systems with long baseline optical interfer-
ometry. The power of the interferometer allows resolving close-in binaries and determining
precise astrometric motions [103| as well as stellar parameters. The MIRC-X beam combiner
in particular excels at binary science, even capable of surveying galactic Cephied variables
for multiplicity [47]. Despite having enough data to derive an angular diameter which is
consistent with surface brightness relation predictions, we would require more data to con-
fidently classify GJ 49 and 169. As such, these stars have been removed from the survey to
prevent adulterating the other high quality measurements.

6.3 Applications of Measured M Dwarf Diameters

Aside from providing high quality direct measurements of M dwarf angular diameters, bolo-
metric fluxes, and effective temperatures the LIGERS survey will play a vital role in con-
straining evolutionary models. Evolutionary models systematically underestimate the stellar
radius and overestimate the effective temperature. The LIGERS diameters are useful bench-
marks in stellar models.

Figures 6.5, 6.6, and 6.7 show the LIGERS survey stars augmented with all stars with
measured diameters less than 0.7Rs. The three models used are the Parsec, MIST, and
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YaPSI models [19, 35, 113]. The summary of the properties of these stars is shown in
Table D.1. Notably, the YaPSI models do not even probe the smallest stars studied. The
Parsec and MIST models also diverge for the lowest of masses. The results from the LIGERS
survey provide measurements to constrain the behavior of the stellar models for low mass
stars and will help harmonize the predictions of observed stellar parameters. To compare
the three models, Figure 6.8 shows the ensembles isochrones ran with solar iron abundance.
For this solar abundance, the MIST provided isochrones do not probe the
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Figure 6.5. Hertzsprung-Russel diagram for MIST v. 1.2 isochrones with [Fe/H]| of -0.5, 0,
and 0.5. The solar iron abundance model is shown as a a dashed black line, the super-solar
iron abundance model is shown as the red line above the black dashed line, and the sub-solar
iron abundance is shown as the blue line below the black dashed line. The surveyed stars
are shown with marker size proportional to the radius and shaded according to the iron
abundance.
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Figure 6.6. Hertzsprung-Russel diagram for Parsec isochrones with [Fe/H| of -0.5, 0, and
0.5. The solar iron abundance model is shown as a a dashed black line, the super-solar iron
abundance model is shown as the red line above the black dashed line, and the sub-solar
iron abundance is shown as the blue line below the black dashed line. The surveyed stars
are shown with marker size proportional to the radius and shaded according to the iron
abundance.
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are shown with marker size proportional to the radius and shaded according to the iron
abundance.
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Chapter 7.
Surface Brightness Relations

7.1 Introduction

The second major result in this thesis is the development of new suface brightness color
relations with complementing existing measurements of M dwarf angular diameters. Surface
brightness relationships use easy to measure and readily available photometric magnitudes
to predict stellar angular diameters. As color indices, the difference between the magnitudes
in two filters, of a star are specific to each spectral class, this provides an invaluable tool
for characterizing distant stars where interferometry or other measurement methods are not
available.

It is worth iterating that directly measuring a stellar diameter is difficult and can only be
done for a select number of stars. The three main techniques for directly probing the diameter
are lunar occultation, double line eclipsing binary stars, and, of course, interferometry. While
the constraints of interferometry were previously discussed in § 3, it is interesting to explore
the constraints and productivity of eclipsing binaries and occultations as the motivation for
surface brightness relationships.

Lunar occultation measures the stellar diameter by observing the star’s brightness as the
moon passes in front of the star. If the angular diameter of the star is large enough (2 2 mas
[33]), the star will gradually fade out. The time to full occultation paired with the angular
speed of the moon provides a measure of the stars angular diameter. This is complicated by
Fresnel diffraction against the lunar limb. Instead, it is possible to measure the intensity of
the fringe pattern created by the diffraction and compare that to the intensity of the star
before its occultation to measure the diameter. Despite the geometric constraints, lunar
occultation has measured diameters for over 300 stars [1].

Observations of double lined eclipsing binaries (DEBs) also provide a direct model-free
measurement of the stellar angular diameter. The requirement for the inclination angle to
be very close to 90° greatly limits the number of systems that this technique can study. It is
also necessary that the reflex motions from the orbit be great enough to produce measurable
Doppler shifts for both stars. DEBs are of particular interest because they also provide a
measure of the stellar masses as well as the diameters. The DEBcat has recorded 288 binary
systems (576 individual stars) with well constrained masses and diameters [112]. Typical
uncertainties on the diameters in this catalog are ~ 2%.

Where the above techniques are not possible (i.e. most stars), surface brightness relations
can predict stellar sizes using broadband photometry. Photometric magnitudes measure the
energy emitted from a star over a discrete range of wavelengths. The difference of two
different magnitudes is referred to as a color index and gives a unique characterization of a
stars differential energy emission.

Wesselink [128] derived the relationship between the flux in a given filter, F}, is given by
the effective temperature of the star, 7', and the bolometric correction, BC'y, for that filter:

Fy = log(T) + 0.1BC, (7.1)

The bolometric magnitude, M,, of a star is found from the magnitude in a given filter,
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my, to the bolometric correction:
Mb:mA—FBC',\ — M)y :Mb—BOA (72)

The bolometric magnitude can also be expressed as:
L
My, = —2.5log (—) +4.74 (7.3)
L,

Where L, is the luminosity of the star, and 4.74 = M, . Substituting this into the distance
modulus gives:

my = M, — BC\ + 5log(d/[pc]) — 5 (7.4)
= —2.5log <L£) +4.74 — BCy + 5log(d/[pc]) — 5 (7.5)

As the Stefan-Boltzmann relationship provides a direct relationship between the luminosity
and the temperature and radius, this can be substituted into Eq. 7.3 to yield:

AT R*T*o

= —251 —_— 474 - B 1 — .
5log (47rR%Téa) +4.7 Cy + 5log(d/[pc]) — 5 (7.6)

Employing the properties of logarithms allows the above to be rewritten as:

= 5log (%) —101log(T) + [5log(Rs) + 101og(T) — 0.26] — BC), (7.7)

As 0 = 2R/d, the above can be rewritten to include the angular diameter:

= —5log(0) — 101og(T") + [5 log(Re) + 101og(T,) — 0.26 + 5log (%)} — BC, (7.8)

©

Now substituting in Eq. 7.1, the effective temperature of the star can be eliminated. Also,
at this time, all the constants inside the square brackets will be collapsed into a constant C':

my = —510g(9) —10F\ +C — BC, + BC, (79)

Finally, reworking this to express the flux in the given filter as a function of angular diameter
and magnitude in the filter:

F\=—0.5log(f) —0.1my + C (7.10)
— —0.5log(6) — 0.1m + 4.2207 (7.11)

Where C has been evaluated using the nominal solar values and IAU definitions.
The final step is to equate this expression of the flux to that from the Barnes-Evans
relation, Eq. 7.12 [10]:

F)\ = Z(mx — my)i e (712)

i

49



Where myx and my are the magnitudes in two filters. This relationship was developed by
relating the bolometric flux of a star from the Stefan-Boltzmann relationship to the observed
flux as defined by the magnitude system. Solving the expression after the substitution for
log(0) gives the fit for surface brightness relations used in this chapter:

log(0) = Z(mx —my)" - a; —0.2my (7.13)
a; here are numerical constants, which I fit for in this analysis. Barnes & Evans [10] originally
used only two coefficients (i.e. a linear relationship) to connect the color index and the flux,
though any number of terms may be included. Boyajian et al. [17|, for example, found that
a quadratic term was necessary when considering giants in some filters. Some filters showed
statistically significant improvement when considering cubic or quartic terms.

7.2 Results

For the surface brightness relations, I augmented the LIGERS stars with all published K
and M dwarfs with physical radii less than 0.7 Rg. The limb darkened diameter measure-
ments were sourced from the JMMC measured diameter catalog [39]. After applying the
cut on diameter, 46 stars with high quality diameter measurements remained. The average
uncertainty in angular diameter for the selection of stars is 2.2% with a max uncertainty
of 6.6%. The uncertainty in angular diameter is the predominant source of scatter in the
surface brightness relations as the photometric uncertainties are typically ~ 1%.

There exist dozens of different photometric systems each with their advantages and ap-
plications. For this work, I chose to use the Johnson V, Gaia G, Johnson-Cousins R and
Ic, and 2MASS J, H, and Kg. The Johnson and Johnson-Cousins filters are some of the
most ubiquitous and widely used standard filters. It was necessary in some cases to convert
Johnson R and I filters to the Johnson-Cousins equivalents [81]. The Gaia G was chosen
as it is frequently used in microlensing studies, though its inclusion posed some concerns.
As all of the stars selected are nearby, there is a very real potential for saturation with the
space-based Gaia telescope. Though the release notes for the Gaia data releases have ad-
dressed this, in the course of this work, I took extra care to handle Gaia saturation. Lastly,
the 2MASS magnitudes are included because the inclusion of an infrared bandpass greatly
improves the quality of the surface brightness relations. Unfortunately, much like Gaia, these
stars frequently encounter saturation issues. There exist well characterized color transfor-
mations from Johnson J, H, K magnitudes to 2MASS magnitudes, which circumvents the
problem [22]|. Table 7.1 summarizes the chosen filters’ effective wavelength and filter width.

The majority of the photometry used came from Mann et al. [83]. Mann cataloged flux
calibrated spectrophotometry in the optical and infrared from SNIFS and SpeX instruments
for 183 M stars. These spectra were then integrated with the desired filter profiles to generate
synthetic photometry with exquisite precision. Accounting for zero-point correction and filter
profile uncertainties, the resultant fluxes are thought to be accurate at the 2% level. About
2/3'% of the stars used in this study have synthetic photometry available. The uncertainties
for the synthetic magnitude ranged from 0.02-0.03 mag.

As was acknowledged by Mann, the synthetic Gaia photometry may have a systematic
offset depending on how the telescope behaves once calibrated in-situ. Indeed, I observed
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Table 7.1. Basic information for the photometric filters used for the development of surface

brightness relations. All information was gathered from the SVO Filter Profile Service!
Filter Aeg [nm| AN [nm)|

% 551 8%
G 585 437
Re 635 107
Ic 830 289
J 1235 215
bii 1662 261
K 2152 278

an average discrepancy between the catalog Gaia magnitudes and the synthetic, averaging a
difference of 0.3 mag. After correcting for Gaia’s saturation effects for bright stars (2 < G <
8) [102], the offset persisted. Notably, the difference between the synthetic and measured
was always positive, indicating that Gaia measured these stars as brighter. To correct for
systematic effects, the difference between the synthetic and Gaia photometry was fit with a
simple power law and the correction was added to the synthetic Gaia magnitudes. Additional
terms were added to the fit until the reduced chi-square, x?_3; = 7.66, was minimized. I
suggest a quadratic transformation from the Mann, et al. Gaia magnitudes of:

Ghreal = 0.0006G2,,.., + 0.9638Gyann — 0.0251 (7.14)

Mann

For the remainder of the stars for which we do not have synthetic photometry, I sourced
literature photometry from a multitude of sources. The full set of data used for the surface
brightness relations is available in Table E.1.

The fitting process for the surface brightness relations begins by sampling the photometry
and the angular diameters on a normal distribution with the reported uncertainties. The
zero-point angular diameter is then computed as:

log(0pm,—0) = log(fLp) + 0.2m, (7.15)

Where m,, is the apparent magnitude in the shorter wavelength of the color index. Then
polynomials of the form:

10g (1, —0) = Y _(my —my)" - a; (7.16)
are fit to the zero-point angular diameters as a function of the color index (m, —m,) and
coefficients a;. To determine the appropriateness of additional terms, the Akaike information
criterion (AIC) was computed until the criterion reached a minimum value [2]. The AIC
when corrected for small sample size is defined as:

2p(p+1)

AIC:X2+2p+m

(7.17)

where x? is the sum of squared residuals divided by the squared uncertainties, p is the number
of fit parameters, and N is the number of data points. The AIC statistic is lower when the
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fit and data are in better agreement, but penalizes over-fitting. The coefficients of each fit
and the fit statistics are summarized in Table 7.2. The data and best fit relation for the
twelve different color indices chosen are shown in Figures 7.1, 7.2, and 7.3.
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Figure 7.1. Surface brightness color relations for four color indices. All relations use V' as the reference wavelength. Top left:
(V —I¢), top right: (V' —J), bottom left: (V — H), and bottom right: (V' — Kg). The observed data zero-magnitude diameters
are shown as blue points with vertical and horizontal errors, though the errors are often smaller than the marker size. The best
fit polynomial model is shown as a solid black line over the color range of the avaialable data.
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Figure 7.2. Surface brightness color relations for four color indices. All relations use Rq as the reference wavelength. Top left:
(Rc — I¢), top right: (Rc — J), bottom left: (Rc — H), and bottom right: (Rc — Kg). The observed data zero-magnitude
diameters are shown as blue points with vertical and horizontal errors, though the errors are often smaller than the marker size.
The best fit polynomial model is shown as a solid black line over the color range of the avaialable data.

o4



2F —o—
E — 0
_L75F +
S 15k ° T
g -
1.25F oy
1 =
qgg 007? 7 | | e R :+} s .¥ +—
= = _ o0 T
ER T——— RN -
0270'1 E | | [ H R B sl +
o 0.6 0.8 1 1.2 1.4 1.6 1
(G-Lo)
2.25¢ T " T

log(66-0)

2 \ \ 1 g

o + - &8 o © oo E

£ + ~ 0o 0o ’T" f‘it ¥ o 3

[«=] —+ |

Yy I L 1 L 1 L 1 L 1 L 1 L 1 L |

o 51.5 2 2.5 3 3.5 4 4.5 5
(GK)

Figure 7.3. Surface brightness color relations for four color indices. All relations use G as the reference wavelength. Top left:
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Table 7.2. The coefficients for twelve different surface brightness relationships are shown here. The order of the polynomial was
determined as described in § 7.2. The range denotes the strictly inclusive extent of the color index for which the relationship is
good. These models should not be extrapolated outside the range. For all of these relations, the first (i.e. shortest wavelength)
filter in the index is used as the zero-magnitude reference filter.

Color Index Range | ag Tap a Oay as Tay as Oas RMS [dex] | RMS [%] x2 N
(V —1¢) [0.82-4.15] | 0.36  0.08  0.91 0.10 -0.21 0.04 0.027 0.006 0.03 4.91 7.0 43
(V=) [1.48-6.45] | 0.635 0.023 0.316 0.012 -0.0048 0.0015 --- e 0.03 5.10 9.2 45
(V—H) [1.89-7.06] | 0.409 0.029 0.335 0.013 -0.0057 0.0015 0.03 6.18 8.2 45
(V — Kg) [1.94-7.37] | 0.548 0.010 0.2627 0.0022 0.04 7.01 14.2 46
(G —1I¢) [0.64-1.57] | 0.504 0.043 0.764  0.033 e e 0.06 9.07 24.6 43
(G —J) [1.20 3.81] | 0.426 0.025 0496 0.021 -0.027  0.004 0.03 6.03 105 45
(G—H)  [1.7-442] | 0400 0011 0354 0004 --- . 0.03 6.46 141 45
(G- Kg)  [L75-4.74 | 0471 0015 031  0.06  --- . 0.04 744 18.6 46
(Ro — 1) [0.372.25] | 0.844 0.025 047 004 0.029 0.014 0.03 582 161 42
(Re — J) [1.02-4.54] | 0.679 0.021 0.349 0.015 -0.0101 0.0028 0.03 5.69 13.7 42
(R — H) [1.44-5.15] | 0.448 0.029 0.366 0.018 -0.0095 0.0028 0.03 5.83 22.2 42
(Ro — Kg) [1.49-5.46] | 0.456 0.028 0.335 0.016 -0.0075 0.0022 0.03 6.18 17.0 42
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The surface brightness relations demonstrate the ability to accurately predict angular
diameters for stars based on the most ubiquitous photometric systems. On average, the
relationships developed allow predicting angular diameters with 6% accuracy. Notably, the
relationship for (G — I) has larger dispersion than the others. This is likely because of the
narrow color range and substantial wavelength overlap of the filters.

I compare the (V — I) model shown in Figure 7.4 to models developed by Kervella
et al. [68] and Boyajian et al. [17]. The early work of Kervella et al. [68] included many
angular diameters measured at the CHARA Array, as well as other interferometers, in the
development of their surface brightness relations. These relationships were developed with
42 stars over a (V — I¢) range of -0.02-2.78 mag. The Boyajian et al. [17] added new M
dwarfs to Kervella, et al. , but also imposed a 5% angular diameter uncertainty constraint
and as such used 34 stars over the same color range. Looking at the overlap in color, there
is a scatter of 5.6% when applying the Kervella, et al. relation for the (V — I) index to the
dataset used in this work compared to the 4.8% of my model. The inclusion of the reddest
stars in the sample necessitated cubic terms in the surface brightness relation.

Boyajian et al. [17] developed the first surface brightness relationships which included
a substantial number of main sequence K and M dwarfs. This work was an important
extension and improvement to the prior work of Kervella, et al. which inlcuded only three
M dwarfs, compared to Boyajian, et al. with over twenty. Boyajian’s model like mine
contains a cubic term and has a scatter of 5.7%. As was noted by Kervella et al. [68],
surface brightness relations should not be extrapolated much beyond the color range used in
the calibration. As interferometric surveys such as this thesis are carried out, new surface
brightness relations must be developed to predict diameters for the reddest stars. This is
evident when erroneously extrapolating the Boyajian, et al. model to the most red stars
used in Figure 7.4. Figures 7.5, 7.6, and 7.7 compare models from Kervella et al. [68] and
Boyajian et al. [17]| for the other indices using the Johnson V. The models developed here
represent an extension 1.5 mag redder for (V — I), 2.5 mag for (V —.J), 2 mag for (V — H),
and 2.5 mag for (V — Kj).
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Figure 7.4. Comparison of three different surface brightness relations for the (V' — I¢) color
index. The relation developed in this work is shown as a solid black line, the Boyajian et al.
[17] mopdel is shown as a red dashed line, and Kervella et al. [68] is shown as a large dashed
blue line.

58



-0)

log(6y,

———- Boyajian (2014)
= This work
05 I I | I | I | I | I | I
1.0 2.0 3.0 4.0 5.0 6.0 7.0

(V-))

Figure 7.5. Comparison of two different surface brightness relations for the (V' — J) color
index. The relation developed in this work is shown as a solid black line and the Boyajian
et al. [17] model is shown as a red dashed small dashed line.

59



3 T T T T T T
25+ .
2 - -
\O/D L
) i
151 .
1 - —
-~ ———- Boyajian (2014)
= This work
05 I I | I | I | I | I | I |
1.0 2.0 3.0 4.0 5.0 6.0 7.0

(V-H)

Figure 7.6. Comparison of two different surface brightness relations for the (V' — H) color
index. The relation developed in this work is shown as a solid black line, the Boyajian et al.
[17] model is shown as a red dashed small dashed line.
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Figure 7.7. Comparison of two different surface brightness relations for the (V' — Kg) color
index. The relation developed in this work is shown as a solid black line, the Boyajian et al.
[17] is shown as a red dashed small dashed line.

Previous works developing surface brightness relations note the importance of separating
main sequence stars from evolved stars [68, 17, 104]. Though evolved stars and main sequence
stars may overlap in their color index, the underlying physics and nature of energy transport
within the star differ and as such must be separated. Salsi et al. [104] generated a series
of relationships in the (V' — Kg) index for both M dwarfs and giants. As can be seen in
Figure 7.8, the slopes of the relations diverge for giants and dwarfs. The surface brightness
relations developed in this work extend the (V' — Kg) relationship 0.5 mag redder and several
magnitudes bluer than the work of Salsi et al. [104], an important step for estimating the
sizes of the smallest M dwarfs.
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Figure 7.8. Comparison of surface brightness relations from Salsi et al. [104] for M dwarfs
and giants. The relation developed in this work is shown as a black line, the giant relation
is shown as a blue dotted line and the dwarf relationship is shown as a red dashed line.
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Chapter 8.
Conclusion

An underlying thread throughout this work is the significant role that interferometry plays
in the fundamental parameters of stars, but also in exoplanet science. Interferometry gives
access to one of the most intrinsic properties of the star: its radius. The stellar radius is the
key to estimating some of the most important properties of exoplanets and their host stars.

The hunt for an Earth sized planet with an Earth-like climate is limited by the difficulty
of inferring planetary properties in relation to the host star. In this thesis, I measured the
angular diameters of 14 M dwarfs using the CHARA interferometric array. Earth sized
planets are most likely to be detected around M dwarf stars, due to the relative size of the
planet to the star. The great precision of the survey measurements will help in this search.

In the process of the survey, my collaborators and I also made a highly precise measure-
ment of the angular diameter of HD 97658. This star was of particular interest as it is a
super-Earth planet host. We were also able to test the agreement between two of the visibile
light beam combiners at the CHARA Array. The results our study of HD 97658 are direct
measurements of two of the most fundamental properties of a star: its radius and bolometric
flux. We also produced estimations of the stellar effective temperature and physical radius.
All of these properties combine allowed us to further constrain the properties of its host star.

The surface brightness color relations are likely the most widely useful product from this
research. While the angular diameters themselves are useful benchmarks and invaluable in
characterizing the individual systems, the surface brightness relations allow astronomers in
a breadth of sub-fields to accurately estimate stellar diameters. In particular, exoplanets
detected from gravitational lensing benefit from a robust and accurate diameter estimation
method. The relations developed in this work extend to redder (lower mass) stars than any
previously developed.

Previous studies have implicated the interplay of stellar magnetic activity and convection
on the discrepancy between observed and predicted stellar radii. The stars measured in this
survey will allow further exploration of the lowest mass regime in evolutionary models and
hopefully harmonize the predictions with observations.

The completion of this thesis and this survey is a great accomplishment for me as well as
for the interferometry group at LSU. We are providing the wider astronomy community with
the largest single publication of M dwarf diameters in over a decade and a variety of surface
brightness relations for exploring stellar systems much further away. We hope that these
results may one day help characterize an Earth-like exoplanet continuing interferometry’s
great history with exoplanet science.
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Appendix A.
Summary of Baselines Available at the CHARA Array

The available baselines have been taken from the GSU CHARA web page. The resolution has
been derived with Eq. 2.2 assuming operation in the H band. It is possible to characterize
stellar diameters below this resolution; the resolution limit produces square visibilities of

V2 ~0.5.

Table A.1. All possible baselines and the corresponding resolutions in the H band for the
CHARA array.
Baseline Length [m] Resolution [mas]

E1-S1 330.66 0.52
WI-E1 313.53 0.55
E1-52 302.33 0.57
E2-51 278.76 0.62
W1-S1 278.5 0.62
WI1-E2 251.34 0.69
W1-S2 249.39 0.69
E2-52 248.13 0.7

W2-E1 221.82 0.78
W2-51 210.97 0.82
W2-52 177.45 0.97
W2-E2 156.27 1.1

W2-W1 107.92 1.6

E2-E1 65.88 2.62
S52-S1 34.07 2.06
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Appendix B.
LIGERS Survey Observation Log and Calibrator Stars

Table B.1. Summary of observations of the stars in this survey. See Table A.1 for a descrip-
tion of the available baselines as well as the maximum baseline for the chosen telescopes.
Each bracket corresponds to one target data point taken before data sanitation. Further
details of the observations and data are in § 5.1.

Target | UT Date Calibrators Baseline Bandpass Brackets
GJ49 | 2014-08-18 HD3801, HD6795 E1-W1 H 5
2014-10-12 HD6795, HD3801 E1-W1 H 2
2014-10-12 HD6795, HD3801 S1-E1 H 6
2019-11-25 HD4841, HD7284 E1-W1 H 1
2019-11-25 HD4841, HD7284 E1-W1 K’ 2
2021-08-22 HD4841, HD7284 S1-W1 H 1
2021-09-03 HD4841, HD7284 S2-E1 H 2
GJ169 | 2013-08-22 HD27429, HD28677, HD31362  E1-S1 H 5
2013-10-02 HD27429, HD28677 E2-S1 H 5
2021-03-07 HD28527 S2-W1 H 1
2021-08-25 HD27533, HD26571 S1-W1 H 4
2021-09-02 HD27309, HD26571 E1-S2 H 1
GJ251 | 2008-09-17 HD52711 E1-S1 K’ 1
2017-12-02 HD47100, HD56124 E1-W1 K’ 4
2018-01-24 HD56124 E1-S1 K’ 5
GJ273 | 2009-12-01 HD57006, HD60111 E1-W1 K’ 8
2010-04-08 HD60111 E1-S1 H 3
2017-10-29 HD52913, HD65900 E1-S1 H 3
2019-11-25 HD52913 E1-W1 H 1
GJ408 | 2014-03-19 HD96418, HD97658 E1-W1 H 4
2014-03-21 HD96418, HD97658 E1-W1 H 2
2014-04-21 HD96418, HD97658 E1-W1 H 3
2014-04-24 HD96418, HD97658 S2-E1 H 5
2017-12-01 HD96738, HD95242 E1-S1 K’ 2
2018-01-23 HD95242, HD96738 E1-W1 K’ 5
2018-01-24 HD95242, HD96738 E1-W1 K’ 5)
GJ625 | 2010-06-28 HD149650 E1-W1 H 4
2010-06-29 HD149105, HD149650 E1-W1 H 2
2011-08-16 HD149105, HD149650 E1-S1 H 8
2011-08-19 HD149105, HD149650 E1-W1 H 4
2011-08-20 HD149105, HD149650 E1-W1 H 6
2011-08-21 HD149105 E1-W1 H 2
GJ686 | 2014-04-21 HD158806, HD159063 E1-S2 H 3

Table continued
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Target | UT Date Calibrators Baseline Bandpass Brackets
2014-08-13 HD159063 E1-S2 H 5
2021-08-22 HD157740 S1-W1 H 3

GJ701 | 2014-04-21 HD161606, HD165610 S2-E1 H 1
2014-04-24 HD161606, HD165610 S2-E1 H 6
2014-08-13 HD163976, HD165610 S2-E1 H 4
2014-08-16 HD163976, HD165610 E1-W1 H 2

GJ752A | 2011-08-17 HD176095, HD180482 E1-S1 H 1
2011-08-17 HD176095, HD180482 E1-S1 H 1
2011-08-18 HD180482, HD182101 E1-S1 H 5
2011-08-19 HD176095, HD182101 E1-W1 H 6
2011-08-20 HD176095, HD180482 E1-W1 H 6
2019-04-15 HD179491, HD180945 E1-S1 K’ 2
2020-08-25 HD180945 E2-S1 H 3
2021-05-05 HD179491, HD180945 S1-W1 K’ 2
2021-09-02 HD180482 E1-S1 H 1

GJ846 | 2013-08-18 HD205924, HD207202 S1-W1 H 2
2013-08-20 HD205924, HD207202 S1-E1 H 4
2013-08-21 HD205924, HD207202 S1-E1 H 6
2020-08-23 HD205924, HD208632 E1-W1 K’ 2
2020-08-25 HD205924, HD208632, HD208703  E2-S1 H 3
2021-08-26 HD208632, HD209875 S1-W1 H 3
2021-08-27 HD208632, HD209875 S1-E1 H 3
2021-09-02 HD208632, HD209875 S2-E1 H 1

GJ873 | 2008-10-24 HD218470 E1-W1 K’ 3
2010-09-17 HD218470 E1-W1  H-750 Hz 3
2010-09-17 HD2123360 E1-W1  H-1000 Hz 5
2010-09-18 HD213660, HD211211 E1-W1 H 5
2010-09-20 HD211211 E1-S1 H 8
2014-08-15 HD218949,SA034852 E1W1 H 6

GJ896A | 2011-10-03 HD221627, HD220952 E1-S1 H 6
2014-08-14 HD221627, HD220952 E1-S2 H 4

GJ905 | 2012-08-23 HD222556, HD222642 E1-S1 H 5
2012-08-24 HD222556, HD222642 E1-W1 H 6
2013-08-21 HD220885, HD222304 E1-W1 H 1
2014-10-13 HD219306, HD218525 E1-S1 H 5

GJ908 | 2010-06-30 HD221356 S1-E1 H 3
2010-09-18 HD221356 E1-W1 H 7
2010-09-19 HD216735, HD221356 E1-S1 H 10
2019-11-25 HD223438 E1-W1 K’ 2
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Table B.3. Summary of calibrators used in this work. These properties are taken from
the JMMC Stellar Diameter Catalog v. II. The full catalog is available in Vizier table
11/346/jsdc_v2. The uniform disk diameter is estimated from surface brightness relation-
ships. The full description of calibrators is described in § 5.1. Note that the K magnitude
listed here is 2MASS Kg and not the K’ of CHARA.

Star Spectral Type V Mag H Mag Ks Mag 6yp

HD3801 F8 7 5.7 5.6 0.3184+0.0086
HD4841 B5la 6.9 5.4 5.2 0.2589+0.0078
HD6795 F2 6.7 5.6 5.6 0.3146+0.0086
HD7284 F5 7.2 6 5.9 0.2698+0.0062
HD17309  KOIII 7.2 ) 4.9 0.512140.0111
HD26571  BSIII 6.1 5.6 5.6 0.2409+0.007
HD27309  AOsp 5.3 5.6 5.6 0.2365+0.0066
HD27429  F2Vn 6.1 5.2 5.2 0.3722+0.0089
HD27533  F8 7.1 5.7 5.6 0.3192+0.0078
HD28527  A6IV 4.8 4.7 4.4 0.44140.0341
HD28677 F4V 6 5.2 5.1 0.3748+0.0089
HD31362 FO 6.3 5.5 5.4 0.326+£0.0079
HD47100  BSIII 5.3 5.5 5.4 0.2432+0.0075
HD50296 G 10.8 9.2 9.2 0.0664+0.0015
HD52913  A3Vs 6 5.6 5.6 0.2645+0.0073
HD52711 GOV 5.9 4.6 4.5 0.5271£0.0476
HD56124 GO 6.9 5.5 5.4 0.3528+0.0082
HD57006  F8IV 5.9 4.8 4.7 0.4837+0.016
HD60111  F0/2IV/V 5.6 5 4.8 0.4229+0.0247
HD65900 A1V 5.7 5.7 5.6 0.246240.0067
HD95242  KI1III 7.3 4.8 4.7 0.5743+0.0127
HD96418  F8IV 6.9 5.6 5.6 0.317440.0087
HD96738  AOIV 5.7 5.4 5.4 0.2685+0.0074
HD97658 K1V 7.8 5.8 5.7 0.3531+0.0078
HD143549 B3III 7.7 8 8 0.058+0.0023
HD146254 AOIII 6.1 5.7 5.7 0.2405+0.0066
HD149105 GOV 7 5.6 5.5 0.341240.0097
HD149650 A2V 5.9 5.8 5.8 0.2364+0.0064
HD149013 F8V 7 5.8 5.8 0.2921+0.009
HD153229 F3IV/V 6.5 5.6 5.6 0.3076+£0.0095
HD157740 A3V 5.8 5.6 5.5 0.2758+0.0074
HD157935 F5III 6.6 5.7 5.7 0.2988+0.0069
HD158806 F6IV 6.9 5.7 5.7 0.3029+0.0071
HD159063 GOV 7 5.8 5.7 0.3012+0.007
HD161606 A8V 8.6 7.7 7.7 0.1136+0.0033
HD163976 FS8III 7.4 6 6 0.2692+0.0063

Table continued
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Star

Spectral Type

V Mag H Mag Kg Mag 6up

HD165610
HD176095
HD179491
HD180482
HD180945
HD182101
HD205924
HD207202
HD208632
HD208703
HD209875
HD211211
HD213660
HD216106
HD216735
HD218172
HD218470
HD218525
HD218949
HD219306
HD220885
HD220952
HD221356
HD221627
HD222304
HD222556
HD222603
HD222642
HD223438

F5/6V
F5IV

F8

A1V
F5V

FoV
A9IV-Vn
GSIII/TV

F5/6+K(III)

F2v
F6V
A2Vnn
A6V
GO
A1V
F8IV
F5V
A2IV
G5
F5
BOIII
K1IV
F7V
G1IV
B9Ve
F5
ATV
FO
A3III

7

6.2
7.5
5.6
7.2
6.3
5.7
7.6
7.1
6.3
7.2
5.7
9.9
6.8
4.9
7.3
5.7
6.5
7.2
7.5
5.8
7.9
6.5
6.8
5.4
6.9
4.5
7

5.8
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0.8
5.2
2.6
2.3
6.1
2.3
5.1
0.4
6

2.5
6

5.7
2.3
5.4
)

5.9
4.7
6.1
2.7
6.2
5.7
5.7
2.3
5.4
5.4
5.7
4.2
6.4
2.3

5.8
5

9.5
5.2
6

5.2
5

5.3
5.9
5.4
5.9
5.7
5.3
5.3
4.8
5.9
4.6
6

5.6
6.1
5.7
5.6
5.2
5.3
5.4
5.6
4.1
6.3
5.3

0.2918+0.0078
0.3972+0.01
0.343840.0084
0.3002£0.0087
0.2583+0.0062
0.3756+0.0087
0.3775+0.01
0.41944-0.0093
0.274140.0069
0.331440.0089
0.27140.0063
0.2489+0.0069
0.3227+0.0084
0.371340.0086
0.322£0.0299
0.2869+0.0068
0.48740.0348
0.219+0.0059
0.3445+0.0079
0.242740.0059
0.2216+0.006
0.3784+0.0102
0.3861+0.0097
0.383+0.0087
0.2565+0.0073
0.3075+0.0075
0.5392+0.0542
0.214+0.0052
0.30094:0.0082
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Abstract

We conducted interferometric observations with the CHARA Array of transiting super-Earth host HD 97658 and
measured its limb-darkened angular diameter to be 6y = 0.314 + 0.004 mas. The combination of the angular
diameter with the Gaia EDR3 parallax value with zero-point correction (7 =46.412+0.022mas, d=
21.546 4+ 0.011 pc) yields a physical radius of R, =0.728 4 0.008 R.. We also measured the bolometric flux
of the star to be Fyo =2.42+0.05 x 10 8 ergs Yem 2, which, together with angular size, allows a measurement
of the effective temperature Ty = 5212 4 43 K. Our directly determined physical stellar properties are in good
agreement with previous estimates derived from spectroscopy. We used our measurements in combination with
stellar evolutionary models and properties of the transit of HD 97658 b to determine the mass and age of HD 97658
as well as constrain the properties of the planet. Our results and our analysis of the TESS light curve on the planet
(TOI-1821) corroborate previous studies of this system with tighter uncertainties.

Unified Astronomy Thesaurus concepts: Fundamental parameters of stars (555); Interferometry (808); Exoplanets

(498); Late-type stars (909)

1. Introduction

Interferometric observations of stars provide a unique oppor-
tunity to directly measure one of the most fundamental parameters
of the star: its radius. Interferometry achieves the resolution of an
extremely large telescope by combining the light from one or
multiple pairs of telescopes across a variety of separations, or
baselines. In particular, optical /near-infrared interferometry
requires baselines of only tens of meters to achieve resolutions
of milliarcseconds (mas). Direct measurements of stellar radii at
great precision will in turn reduce uncertainty in other derived
stellar parameters (e.g., effective temperature, surface gravity, or
density). Direct observations of stellar radii have highlighted a
systematic discrepancy between evolutionary models and reality.
Boyajian et al. (2012) have shown that stellar evolutionary models
underestimate radii by ~5% and overestimate temperatures by
~3% for K and M dwarfs.

Observations with interferometric arrays play an important role
in understanding as well as refining exoplanet system properties.
In order to understand the properties of the exoplanet, the
properties of the star must first be well constrained. In particular,
transiting exoplanets provide a measure of the planet’s radius, but
this measurement is in units of the host star’s radius. Any
uncertainty or bias in stellar radius will propagate into estimates of
the planet’s equilibrium temperature, density, habitability, and
composition. Interferometry gives a direct measurement of the
stellar radius with little or no dependence on stellar models. This
technique has been used in the literature to refine the properties of
several important systems, such as 55 Cancri, which hosts five
radial-velocity exoplanets including another transiting super-Earth
(von Braun et al. 2011), and transiting exoplanet host star GJ 436,
where evolutionary models underestimated the stellar radius by
~11% (von Braun et al. 2012). There have also been multiple
interferometric surveys of large numbers of exoplanet host stars
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such as Baines et al. (2008). The field of interferometry has also
seen incredible developments in the field of imaging and astrometry
with the ESO GRAVITY project (Gravity Collaboration et al.
2017). In 2019, the GRAVITY collaboration announced the first
spectrum of an exoplanet observed with interferometry and
refined the astrometric position with 100zas precision (Gravity
Collaboration et al. 2019).

The exoplanet host star HD 97658 is of particular interest in
this regard as it is the home of a transiting super-Earth (Howard
et al. 2011; Dragomir et al. 2013). HD 97658 is a bright,
my=7.78 mag K1 dwarf with a moderately low iron content of
[Fe/H] = —0.23 dex, which was discovered to have a Neptunian
mass exoplanet by the NASA Eta-Earth Keck-HIRES radial-
velocity survey (Howard et al. 2011). Follow-up time series
observations with the Spitzer and MOST space telescopes
detected a transit whose depth indicated an estimated planetary
radius of a few Earth radii (Dragomir et al. 2013; van Grootel
et al. 2014). These properties together make HD 97658b a so-
called super-Earth (planets with radii of 1-4 R, and masses of
1-10 M); Bryan et al. 2019). Super-Earths can take the form of
water worlds with a smothering dense atmosphere or rocky
behemoths with minimal atmospheres, both often consistent
within the uncertainties of planetary mass and radius (Dragomir
et al. 2013). Super-Earths captivate planetary scientis they are
the most populous of observed exoplanets (30%—50% of Sun-like
stars host one or more super-Earths; Bryan et al. 2019); however,
they do not exist within our own solar system and must be studied
solely as exoplanets.

We are interested in refining the properties of HD 97658b by
directly measuring the host star’s properties. In Section 2, we
describe the interferometric observations of HD 97658. In
Section 3, we report the resulting directly measured angular
diameter, bolometric flux. In Section 4, we model and measure
the mass of the star. We then derive updated properties of




Appendix D.
Stellar Properties of Literature Stars

Table D.1. Stellar properties used in this study to highlight the need for model improvements.

Star \ log(L/Le) 0olgy Ter [K] or R, OR [Fe/H|] ojpe/mp  Ref. [Fe/H]
GJ1 -1.643 0.013 3640 51 0.379 0.002 -0.51 0.08 [55]
GJ33 -0.56 0.013 5020 66 0.693 0.003 -0.27 0.05 [118]
GJ65A -2.874 0.012 2697 88 0.167 0.006 -0.03 0.2 [67]
GJ65B -2.947 0.012 2651 93 0.159 0.006 -0.12 0.2 [67]
GJ15A -1.647 0.009 3603 21 0.384 0.002 -0.3 0.08 [83]
GJ176 -1.451 0.011 3701 85 0.456 0.021 0.14 0.08 [83]
GJ205 -1.189 0.009 3825 21 0.577 0.002 0.49 0.08 [83]
GJ251 -1.788 0.014 3545 71 0.337 0.013 -0.02 0.08 [83]
GJ273 -1.968 0.009 3291 28 0.292 0.004 -0.11 0.08 [83]
GJ338A | -1.116 0.009 3940 37 0.592 0.009 -0.01 0.08 [83]
GJ338B | -1.116 0.009 3974 43 0.582 0.011 -0.01 0.08 [83]
GJ380 -0.954 0.009 4159 26 0.64 0.004 0.24 0.08 [83]
GJ406 -2.977 0.025 2678 47 0.15 0.005 0.25 0.08 [83]
GJ408 -1.712 0.017 3603 79 0.357 0.014 -0.11 0.16 [106]
GJ411 -1.658 0.009 3548 25 0.391 0.004 -0.38 0.08 [83]
GJ412A | -1.633 0.009 3550 43 0.402 0.008 -0.37 0.08 [83]
GJ436 -1.606 0.018 3458 58 0.437 0.014 0.01 0.08 [83]
GJ447 -2.435 0.014 3208 86 0.196 0.011 -0.02 0.08 [83]
GJ526 -1.43 0.009 3626 35 0.487 0.007 -0.31 0.08 [83]
GJ551 -2.821 0.012 2896 38 0.154 0.001 0.04 0.25 [73]
GJ581 -1.922 0.011 3359 31 0.322 0.005 -0.15 0.08 [83]
GJ625 -1.845 0.014 3350 55 0.354 0.011 -0.35 0.08 [83]
GJ628 -1.957 0.011 3379 40 0.306 0.006 -0.03 0.08 [83]
GJ649 -1.357 0.01 3592 47 0.54 0.013 0.03 0.08 [83]
GJ674 -1.795 0.013 3421 169 0.36 0.018 -0.257 0.08 [55]
GJ686 -1.529 0.011 3602 123 0.44 0.029 -0.25 0.08 [83]
GJ687 -1.661 0.01 3420 32 0.419 0.006 0.05 0.08 [83]
GJ699 -2.466 0.01 3225 23 0.187 0.001 -0.4 0.08 [83]
GJ701 -1.491 0.011 3953 78 0.382 0.014 -0.22 0.08 [83]
GJ702B | -0.824 0.012 4388 76 0.669 0.008 -0.24 0.05 [23]
GJ725A | -1.819 0.009 3398 24 0.354 0.003 -0.23 0.08 [83]
GJ725B | -2.059 0.011 3106 38 0.322 0.006 -0.23 0.08 [83]
GJ729 -2.395 0.011 3207 54 0.205 0.006 -0.18 0.08 [83]
GJ752A | -1.48 0.009 3542 18 0.531 0.03 0.1 0.08 [83]
GJ809 -1.284 0.011 3727 30 0.545 0.006 -0.06 0.08 [83]
GJ832 -1.54 0.012 3609 61 0.434 0.006 -0.17 0.09 [73]
GJ846 -1.202 0.012 3544 63 0.663 0.022 0.02 0.08 [83]
GJ873 -1.896 0.012 3269 31 0.351 0.004 -0.9 0.16 [106]
GJ876 -1.882 0.011 3280 27 0.353 0.005 0.17 0.08 [83]
GJ880 -1.281 0.009 3724 22 0.548 0.003 0.21 0.08 [83]
GJ887 -1.433 0.009 3690 24 0.469 0.002 -0.06 0.08 [83]
GJ896A | -1.708 0.015 3324 69 0.421 0.017 0.03 0.08 [83]
GJ905 -2.624 0.018 2872 37 0.196 0.004 0.23 0.08 [83]
GJ908 -1.587 0.011 3479 48 0.441 0.011 -0.45 0.08 [83]
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Appendix E.
Surface Brightness Relation Data
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Table E.1. The complete set of photometry and angular diameters used for the development of surface brightness relations in
§ 7. Italicized magnitudes denote values obtained via color transformation relationships.

Star ‘ 1% oy G oG R¢ ORo I Ol J oy H OH Kg OKg 01D op 0 Ref Phot. Refs
GJ15A 8.12 0.03 7.15 0.02 7.12 0.02 5.99 0.03 490 0.03 4.30 0.03 4.04 0.03 1.005 0.005 [1§] [83]
GJ169 8.34 0.03 7.63 0.02 7.46 0.02 6.63 0.03 5.7 0.03 5.04 0.03 485 0.03 0.56 0.024 This work [83]
GJ176 9.99 0.03 8.9 0.02 8.95 0.02 7.7 0.03 6.49 0.03 5.89 0.03 5.6 0.03 0.448 0.021 [126] [83]
GJ205 7.93 0.03 7.04 0.02 7.01 0.02 593 0.03 4.8 0.03 4.12 0.03 3.86 0.03 0.943 0.003 [18] [83]
GJ251 10.07 0.03 8.76 0.02 8.92 0.02 746 0.03 6.11 0.03 5.52 0.03 5.27 0.03 0.563 0.022 This work [83]
GJ273 9.89 0.03 8.48 0.02 8.68 0.02 7.10 0.03 5.68 0.03 5.12 0.03 4.89 0.03 0.783 0.01 This work  [83]
GJ338A | 7.65 0.03 6.92 0.02 6.76 0.02 5.90 0.03 493 0.03 4.25 0.03 4.03 0.03 0.871 0.014 [1§] [83]
GJ338B | 7.65 0.03 6.99 0.02 6.76 0.02 590 0.03 4.93 0.03 4.25 0.03 4.03 0.03 0.856 0.016 [18] [83]
GJ380 6.54 0.03 5.92 0.02 5.68 0.02 4.88 0.03 3.98 0.03 333 0.03 3.19 0.03 1.225 0.008 [18] [83]
GJ406 13.52 0.03 10.88 0.02 11.61 0.02 9.37 0.03 7.07 0.03 6.46 0.03 6.15 0.03 0.582 0.02 [100] [83]
GJ411 7.5 0.03 6.50 0.02 6.48 0.02 5.28 0.03 4.17 0.03 3.60 0.03 336 0.03 1.432 0.013 [1§] [83]
GJ412A | 8.78 0.03 7.83 0.02 7.73 0.02 6.62 0.03 555 0.03 497 0.03 474 0.03 0.764 0.016 [1§] [83]
GJ436 10.69 0.03 9.46 0.02 9.56 0.02 8.16 0.03 6.91 0.03 6.30 0.03 6.04 0.03 0.417 0.013 [125] [83]
GJ447 11.15 0.03 9.48 0.02 9.83 0.02 &8.13 0.03 6.57 0.03 6.00 0.03 5.68 0.03 0.54 0.029 [100] [83]
GJ526 8.48 0.03 7.54 0.02 7.46 0.02 6.32 0.03 524 0.03 4.71 0.03 4.56 0.03 0.835 0.013 [18] [83]
GJ581 10.58 0.03 9.30 0.02 9.45 0.02 8.02 0.03 6.72 0.03 6.13 0.03 5.9 0.03 0.476 0.007 [100] [83]
GJ625 10.12 0.03 9.03 0.02 9.06 0.02 7.82 0.03 6.63 0.03 6.07 0.03 584 0.03 0.509 0.015 This work [83]
GJ628 10.1 0.03 8.7 0.02 8.89 0.02 733 0.03 595 0.03 539 0.03 508 0.03 0.661 0.014 [100] [83]
GJ649 9.67 0.03 8.72 0.02 8.7 0.02 7.6 0.03 6.5 0.03 5.88 0.03 5.63 0.03 0.484 0.012 [126] [83]
GJ686 9.60 0.03 8.64 0.02 8.6 0.02 7.5 0.03 6.38 0.03 5.82 0.03 5.56 0.03 0.503 0.033 This work [83]
GJ687 9.18 0.03 7.94 0.02 8.1 0.02 6.68 0.03 5.35 0.03 4.78 0.03 4.50 0.03 0.859 0.013 [18] [83]
GJ699 9.53 0.03 8.11 0.02 8.32 0.02 6.73 0.03 5.3 0.03 4.8 0.03 4.53 0.03 0.952 0.005 [18§] [83]
GJ701 9.39 0.03 8.42 0.02 84 0.02 731 0.03 6.18 0.03 5.59 0.03 532 0.03 0.46 0.017 This work [83]
GJ725A | 8.9 0.03 7.77 0.02 7.84 0.02 6.47 0.03 5.2 0.03 4.64 0.03 4.41 0.03 0.937 0.008 [18] [83]
GJ725B | 9.73 0.03 8.43 0.02 8.60 0.02 7.13 0.03 5.2 0.03 5.21 0.03 4.96 0.03 0.851 0.015 [18] [83]
GJ729 10.53 0.03 9.02 0.02 9.23 0.02 7.62 0.03 6.23 0.03 5.66 0.03 539 0.03 0.642 0.02 [100] [83]
GJ752A | 9.14 0.03 8.01 0.02 8.08 0.02 6.74 0.03 5.54 0.03 4.92 0.03 4.7 0.03 0.836 0.049 This work [83]
GJ809 8.57 0.03 7.68 0.02 7.64 0.02 6.63 0.03 549 0.03 4.83 0.03 4.58 0.03 0.722 0.008 [1§] [83]
GJ846 9.18 0.03 8.31 0.02 8.23 0.02 7.24 0.03 6.21 0.03 5.53 0.03 535 0.03 0.584 0.019 This work [83]
GJ876 10.18 0.02 8.77 0.02 8.98 0.02 741 0.03 595 0.03 5.31 0.03 5.04 0.03 0.705 0.009 [100] [83]

Table continued
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Star ‘ %4 ay G (oXe! RC ORc IC OIc J () H OH KS OKg GLD gp 0 Ref Phot Refs
GJ880 8.67 0.02 7.72 0.02 7.67 002 655 003 539 003 472 0.03 454 0.03 0.744 0.004 [18] [83]
GJ8gr 734 002 647 0.02 637 0.02 5.29 0.03 4.21 0.03 3.58 0.03 3.33 0.03 1.328 0.005 [100] [83]
GJ896A 102 0.02 894 0.02 9 0.02 7.45 0.03 6.17 0.03 5.59 0.03 5.33 0.03 0.626 0.025 This work [83]
GJ905 12.37 0.02 10.24 0.02 10.73 0.02 876 003 684 003 622 003 587 0.03 0.579 0.013 This work [83]
GJ908 9.00 0.02 806 0.02 802 0.02 6.89 0.03 582 0.03 532 003 509 0.03 0.69 0.018 Thiswork [83]
GJ1 856 001 7.68 0.06 759 0.01 6.43 0.01 528 0.02 4.53 0.02 4.52 0.02 0.812 0.005 [100] [70]
GJ105 582 0.02 550 0.05 52% 0.02 472 0.02 401 002 351 002 543 0.02 103 0.007 [1§] [64] [48]
GJ166A 443 0.02 4.18 005 393 002 350 002 289 002 247 002 2238 0.02 1504 0.006 [18] [64] [63]
GJ33 576 0.02 547 0.05 520 0.02 4.7 0.02 418 002 37 002 359 0.02 0.868 0.004 [1§] [64] [63]
GJ408 10.02 0.02 898 0.05 895 0.02 7.65 0.02 6.34 002 577 002 55 0.02 0.493 0.019 This work [70]
GJ49 9.56 001 867 0.05 --- K 7.70  0.05 6.23 0.02 5.58 0.02 5.37 0.02 0519 0.019 This work [4] [32]
GJ551 11.05 0.03 898 0.05 9.45 0.03 741 003 536 002 484 006 438 003 1.103 0.007 [100] [32] [80]
GJ631 574 0.02 555 0.05 529 0.02 492 0.02 426 002 385 002 3580 0.02 0724 0.011 [1§] [64] [63]
GJ65A 12.57 0.05 10.51 0.05 --- e 71 0.06 6.52 0.05 6.2 0.05 0.573 0.02 [67] [4] [67]
GJ65B 12.52 0.0 10.82 0.05 --- .-+ 726 0.05 6.68 005 6.36 005 0.554 0.021 [67] 4] [67]
GJ674 941 001 834 0.05 834 0.01 7.01 0.01 5.69 0.02 514 0.01 4.87 0.01 0.737 0.037 [100] [70]
GJ702B | 6.06 0.05 554 0.05 --- ce cee e cee .~ 357 005 1.221 0.015 [1§] [27]
GJ832 867 0.01 774 005 7.67 0.0l 648 0.01 529 0.02 4.72 0.02 447 0.02 0.814 0.01 [100] [70]
GJ873 10.29 0.01 9.01 005 9.08 005 757 0.05 611 003 555 003 5.3 0.02 0.647 0.007 This work [4]
GJ892 557 0.02 523 0.05 4.98 0.02 4.47 002 380 002 387 002 327 0.02 103 0.021 [1§ [64] [63]
HD103095 | 6.44 0.02 6.20 0.05 5.97 002 6.18 002 483 0.02 442 0.02 4.8 0.02 0597 0.004 [66] [87]
HD189733 | 7.65 0.03 743 005 7.13 0.03 6.68 0.03 6.07 0.03 5.59 0.03 5.54 0.03 0.385 0.005 [16] [70] [32]
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