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The approaching launch of the James Webb Space Telescope (JWST), coupled

with the recent all-sky search of the Transiting Exoplanet Survey Satellite (TESS),

heralds a new era in exoplanetary atmospheric characterization, with TESS pro-

jected to detect over one thousand transiting exoplanets smaller than Neptune, and

JWST offering unprecedented spectroscopic capabilities.

My work focuses on optimizing future observations in three ways. First, JWST

time and resources will not allow observations of all TESS discoveries, so we must

prioritize exoplanets for atmospheric characterization. I simulated JWST transmis-

sion spectroscopy observations of the anticipated TESS planet yield and compared

the results to simulated transmission spectroscopy observations of already known

exoplanets. My most significant finding is that several hundred TESS 1.5 to 2.5

Earth radii sub-Neptunes can be observed at higher signal-to-noise than currently



known similarly-sized exoplanets. My work was used as the basis in developing the

Kempton et al. (2018) Transmission Spectroscopy Metric (TSM), which is widely

used by the exoplanet atmosphere community in prioritizing which exoplanets to

observe with JWST.

Second, predictions show that TESS will detect thousands of astrophysical

false positives that mimic exoplanet discoveries by also producing periodic decreases

in starlight. A common scenario occurs when light from the target star blends with

that of nearby eclipsing binary stars. Thus, TESS discoveries must be validated

as true exoplanets using additional instruments or techniques. I designed software

codes to predict how well two multi-band photometry instruments can discriminate

between blended eclipsing binary false positives and true exoplanets. I found that

the instruments can validate hundreds of candidate exoplanets smaller in size than

Neptune.

Finally, previous atmospheric characterization studies have shown that obser-

vations using only infrared instruments—such as those used by JWST—may pro-

duce ambiguous atmospheric compositions. An exoplanet atmosphere may be more

clearly understood by analyzing observations across multiple wavelength regimes.

I analyzed Hubble Space Telescope (HST) transmission spectroscopy data for the

hot Jupiter KELT-7b across wavelengths from the near ultraviolet to near infrared.

This panchromatic analysis helps us better understand observations we can use to

complement the near and mid-infrared observations of JWST, which is particularly

important while HST is still operational.
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Preface

The research presented in Chapters 3 and 4 of this dissertation has been pre-

viously published.

Chapter 3 is presented with only minimal modification since appearing in

Publications of the Astronomical Society of the Pacific (PASP) as “Simulations

Predicting the Ability of Multi-color Simultaneous Photometry to Distinguish TESS

Candidate Exoplanets from False Positives” (Louie et al., 2020). Paper authors

are Dana R. Louie, Norio Narita, Akihiko Fukui, Enric Palle, Motohide Tamura,

Nobuhiko Kusakabe, Hannu Parviainen, and Drake Deming.

Sections 4.1 through 4.6 of Chapter 4 are presented with only minimal modifi-

cation since appearing in PASP as “Simulated JWST/NIRISS Transit Spectroscopy

of Anticipated TESS Planets Compared to Select Discoveries from Space-based and

Ground-based Surveys” (Louie et al., 2018). Paper authors are Dana R. Louie, Drake

Deming, Loic Albert, L. G. Bouma, Jacob Bean, and Mercedes Lopez-Morales. In

addition, I have added Section 4.7 to describe application of this work since publi-

cation.
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Chapter 1: Introduction

Extrasolar planets, or exoplanets, are planets that orbit stars other than our

Sun. Michel Mayor and Didiez Queloz launched the field of exoplanet science in

1995 when they discovered 51 Pegasi b, the first exoplanet detected orbiting a main

sequence star (Mayor & Queloz, 1995), an achievement for which they shared the

2019 Nobel Prize in Physics (Gibney & Castelvecchi, 2019). Mayor and Queloz

detected 51 Pegasi b by measuring the planet’s gravitational tugs on its host star

using the so-called radial velocity technique. Since then, the transit technique has

become the workhorse exoplanet detection method, with the majority of the > 4,000

exoplanets detected since 1995 relying upon this method for discovery (Figure 1.1).

In particular, exoplanet discoveries made using the transit method exploded with

the launch of the Kepler Space Telescope in 2009, and continue at a rapid pace

following the launch of the Transiting Exoplanet Survey Satellite (TESS) in 2018.

Exoplanet transit surveys discover new exoplanets by observing a large number

of potential exoplanet host stars at a predetermined cadence. During an exoplanet

transit, the planet passes in front of its host star as viewed by a distant observer (e.g.

on Earth), thereby causing a measurable decrease in the amount of electromagnetic

(EM) radiation we receive. An exoplanet on a closed orbit will cause repeatable, pe-
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riodic dips in the measured stellar flux (Figure 1.2). The exoplanet transit technique

is powerful because it allows us to measure the radius of the transiting exoplanet

with respect to its host star. The transit depth, δtra, or fractional decrease in flux as

an exoplanet passes in front of its host star, may be expressed as the ratio of cross

sectional areas of the planet and host star, or (e.g., Seager & Mallén-Ornelas, 2003)

δtra ≡
FOOT − FMT

FOOT

=
R2

pl

R2
∗
, (1.1)

where FOOT is the out-of-transit baseline flux received from the host star, FMT is

the flux measured at mid-transit, Rpl is the radius of the planet, and R∗ is the

radius of the host star.1 Thus, with knowledge of the host star radius, the planetary

radius may be determined. Furthermore, if the exoplanet maintains an atmosphere,

we can imagine that atmosphere appearing as an annulus surrounding the planet

during transit. That atmospheric annulus will absorb some of the stellar flux. The

amount of starlight absorbed is wavelength-dependent and varies with the properties

of the atmosphere. By measuring the transit depth at a variety of wavelengths, we

can thus discern properties of the exoplanet’s atmosphere.

In this dissertation, I present three scientific studies I have led that all make

use of the advantages inherent in the transit geometry. This first introductory

chapter places these projects in context by explaining the necessary historical and

scientific background. I begin in Section 1.1 by reviewing key exoplanet transit

discoveries from ground-based and space-based surveys, focusing on those aspects

1Note that equation 1.1 is an idealized equation that does not take into account such effects as
limb darkening, grazing transits, star spots, etc.
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that are relevant to this work. I continue by describing astrophysical false positives

that complicate our efforts to detect transiting exoplanets, and methods employed

to validate and confirm exoplanet detections. I close Section 1.1 by discussing the

advantages of searching for transiting planets orbiting M-dwarf host stars. In Sec-

tion 1.2, I discuss the theory and modeling of planetary atmospheres. I begin with

fundamental concepts, then describe the open-source code Exo-Transmit as an ex-

ample modeling code for transmission spectra. I close Section 1.2 by discussing

atmospheric retrievals. In Sections 1.3 and 1.4, I take a deeper look at two pop-

ulations of planets that do not exist in our own Solar System by reviewing their

Kepler occurrence rates, looking at possible formation mechanisms, and examin-

ing theory and observations regarding their atmospheres. These two populations

are hot Jupiters (§1.3), which are highly-irradiated Jupiter-sized planets that orbit

their stars in ∼10 days or less, and Rpl < 4R⊕
2 planets, or planets that range in

size between Earth and Neptune (§1.4).

After this introductory chapter, in Chapter 2, I present supplemental back-

ground information to assist the reader in understanding the studies described in

Chapters 3 and 4. My work in both Chapters 3 and 4 relies upon predictions of

the exoplanets that will be discovered by the Transiting Exoplanet Survey Satellite

(TESS). In Chapter 2, I quantify some key differences between the Sullivan et al.

(2015) and Barclay et al. (2018) TESS planet yield predictions.

Chapter 3 is a refereed, published study I led to predict the ability of the

Multi-color Simultaneous Camera for Studying Atmospheres of Transiting Planets

2The unit R⊕ refers to an Earth radius, which is approximately 6.378 x 106 m.
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(MuSCAT) instrument, as well as the MuSCAT2 instrument, to distinguish bona fide

exoplanets from false positives. Chapter 2 includes further background information

on the MuSCAT/MuSCAT2 instruments and multi-band photometry.

Chapter 4 contains a refereed, published study which employs simulations to

determine the suitability of TESS-discovered exoplanets to atmospheric character-

ization using the James Webb Space Telescopes (JWST). In Section 4.7, I add to

this published work by applying the simulation tools to recently-discovered TESS

confirmed planets and the Barclay et al. (2018) TESS planet yield predictions.

Chapter 5 contains a preliminary study concerning transit spectroscopy ob-

servations of the hot Jupiter KELT-7b. The planet’s atmosphere has been observed

across wavelengths ranging from the near ultraviolet to near infrared (NIR) regime.

For the first time, I combine near ultraviolet and optical Hubble Space Telescope

(HST) observations of this planet with previous NIR observations.

1.1 Exoplanet Transit Discoveries

Detection of an exoplanet transit requires that observer and host star be

aligned such that the exoplanet passes between them. In other words, the planet’s

orbit is viewed nearly edge-on by the observer. Thus, in a long-term monitoring

campaign, transits will not be detected for the majority of stars, even if many of

those stars indeed host exoplanets. For a circular orbit, the probability that a transit

will be observable, ptransit, is given by (Winn, 2010)
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Figure 1.1: Cumulative number of exoplanets discovered using various techniques.
The Kepler Space Telescope, launched in 2009, boosted the number of detections
made via the transit method. The number of exoplanets discovered via the transit
technique will continue to grow as exoplanet candidate detections from the Transit-
ing Exoplanet Survey Satellite (TESS) are validated and confirmed (§1.1.4). Figure
from NASA Exoplanet Archive: https://exoplanetarchive.ipac.caltech.edu/.
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Planetary Orbit

Figure 1.2: Diagram showing an exoplanet transit. We measure the flux from the
exoplanet’s host star over time. As the planet passes in front of its host star as viewed
by a distant observer, the flux we collect from the host star decreases. Assuming
that the planet itself appears dark during transit (i.e., emits no electromagnetic
radiation), and ignoring the effects of stellar limb darkening and the exoplanet’s
atmosphere, the drop in flux during transit is proportional to the cross sectional
area of the planet divided by that of the host star. Thus, with knowledge of the
host star radius, we can determine the radius of the exoplanet. In this diagram,
the exoplanet atmosphere is represented by an annulus surrounding the exoplanet.
If an exoplanet maintains an atmosphere, atoms and molecules in that atmosphere
will absorb light at certain wavelengths. In turn, the opacity of the atmospheric
annulus and thus the overall cross sectional area of the planet varies with wavelength.
Examination of the wavelength-dependent transit depth thus allows us to estimate
atmospheric composition and other properties such as cloud cover. Note that most
of the electromagnetic radiation emitted by an exoplanetary system during transit
emanates from the host star.
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ptransit =

(
R∗
a

)
≈ 0.005

(
R∗
R�

)(
a

1 AU

)−1

, (1.2)

where R∗ is the stellar radius in units of solar radii (R�),3 and a is the semi-major

axis of the planetary orbit in astronomical units (AU).4 Thus, the probability that

our Earth would pass in front of the Sun as viewed by an extraterrestrial observer is

only ∼0.005, or 1
2
%. Since Jupiter orbits at a ∼ 5.203 AU, the probability of transit

drops to a mere ∼0.1%. Even Mercury, our Sun’s closest orbiting planet at a ∼

0.0129 AU, only has a ∼1.3% probability of transit as viewed by an extraterrestrial

observer. In contrast, the hot Jupiter 51 Pegasi b, which orbits its 1.2R⊕ host star

at a ∼ 0.0527 AU, has an ∼11% probability of transit.

Realization that planets could exist on ultra-short-period orbits resulted in a

paradigm shift, prompting astronomers to begin searching for planets on such orbits.

By the late 1990s, scientists had discovered 11 candidate5 hot Jupiters (§1.3) through

radial velocity surveys. Knowing that the probability of these hot Jupiters transiting

was ∼10% motivated astronomers to search for evidence of exoplanet transits, which

would allow measurement of the planet candidate’s radius and better constraint of its

mass. The mass and radius in turn would allow estimates of the planet candidate’s

bulk density, as well as confirmation of its planetary nature (§1.1.4). Charbonneau

et al. (2000) reported the first full exoplanet transit light curve, that of HD 209458b.

3The unit R� refers to a solar radius, which is approximately 6.957 x 108 m.
4The unit AU refers to an astronomical unit, which is approximately 1.496 x 1011 m. It was

originally conceived as the average orbital distance of the Earth about the Sun.
5An astrophysical signal which could be produced by an exoplanet is referred to as an exoplanet

candidate. We conduct additional observations or analyses to validate or confirm (§1.1.4) the
planetary nature of such candidates.
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That same year, Henry et al. (2000) reported observations of partial transits of the

same planet.

As early as 1971, Rosenblatt (1971) described an automated exoplanet transit

survey that would use 3 wide-field telescopes slaved to a central computer. Based

upon the detectability of planets like those in our solar system to a distant observer,

he estimated that his two color photometric transit survey would detect one or

more planets in a given year. Later, Borucki & Summers (1984) revised the concept

for a ground-based photometric survey that would result in the same estimated

planet yield. Borucki & Summers (1984) also stated that detection of terrestrial-

sized planets was not yet possible with state-of-the-art photometers of the time, and

would require a spaceborne platform to avoid the atmospheric effects of scintillation

and variation in sky transparency. The first transit surveys were implemented within

a decade of discovering hot Jupiter exoplanets, and at last began to yield detections

in the early 2000s.

I begin this section with a review of ground-based (§1.1.1) and space-based

(§1.1.2) transit surveys, focusing on those surveys that have been most productive, as

well as those yielding planets that are referenced in Chapters 4 and 5. Next, I discuss

those astrophysical phenomena that may mimic the signals of transiting exoplanets,

producing false positives (§1.1.3). The possibility of false positive detection requires

us to validate and/or confirm transiting exoplanets as bona fide exoplanets, which I

describe in Section 1.1.4. I conclude this section on transit discoveries by explaining

the advantages of searching for transiting exoplanets orbiting small, M-dwarf host

stars (§1.1.5).
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1.1.1 Ground-based Transit Surveys

The first exoplanet discovered in a ground-based transit survey was OGLE-

TR-56 b. The planet was detected in the third phase of the Optical Gravitational

Lensing Experiment (OGLE-III) (Udalski et al., 2002a,b), and later confirmed via

radial velocity to be a 0.9MX
6 hot Jupiter on a 1.2-day orbit around its host star

(Konacki et al., 2003). The OGLE-III survey yielded the earliest new transiting

planets, finding five out of six transiting planet candidates discovered before 2006.7

The most productive ground-based surveys have been HAT/HATNet (Bakos,

2018) and WASP/SuperWASP (Collier Cameron et al., 2009; Pollacco et al., 2006).

To date, the NASA Exoplanet Archive lists 127 confirmed exoplanets discovered by

HAT/HATNet, and 156 confirmed exoplanets discovered by WASP/SuperWASP.

The Hungarian-made Automated Telescope Network (HATNet) began Northern

operations in 2003, with telescopes in Arizona and Hawaii, and began Southern

operations in 2009 at facilities spread out longitudinally in Chile, Namibia, and

Australia. HATNet discoveries range in size from 0.389RX
8 to 2.085RX, with a

median value of 1.239RX. The planets are on short orbital periods, ranging from

1.2 to 16.2 days, orbiting stellar hosts with Teff ranging from 3,405 K to 8,450 K.

The Wide-Angle Search for Planets (WASP) consortium, with eight-camera arrays

operated robotically in both the Canary Islands and South Africa, began observa-

6The unit MX refers to a Jupiter mass, which is approximately 1.899 x 1027 kg.
7Unless otherwise noted, all statistical information regarding planet discoveries in Section

1.1, to include planet properties, was found using the NASA Exoplanet Archive, https://

exoplanetarchive.ipac.caltech.edu/, accessed 28 October 2020.
8The unit RX refers to a Jupiter radius, which is approximately 7.149 x 107 m.
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tions in 2004. WASP discoveries range in size from 0.51RX to 1.937RX, with a

median value of 1.22RX. The planets are on short orbital periods, ranging from

0.79 to 11.6 days, orbiting stellar hosts with Teff ranging from 4,143 K to 9,360 K.

In general, as can be seen in Figure 1.3, ground-based transit surveys show strong

selection effects in favor of large planets on short-period orbits. The surveys also

favor small, bright host stars (Haswell, 2010).

Bieryla et al. (2015) announced confirmation of KELT-7b, the 1.28MX hot

Jupiter I analyze in Chapter 5. The planet was discovered using the Kilodegree

Extremely Little Telescope (KELT) project, comprised of two 5-cm aperture, wide-

field, robotic telescopes referred to as KELT-North in Arizona, and KELT-South in

South Africa (Pepper et al., 2004, 2012, 2007). To date, KELT has discovered 21

Jupiter-sized planets on short period orbits. KELT discoveries range in size from

1.11RX to 1.91RX, with a median value of 1.57RX. The orbital periods range from

0.97 to 7.85 days, with host star effective temperatures Teff varying from 5,375 K

to 10,170 K.

Two surveys of interest searching for smaller planets are MEarth9 (Irwin et al.,

2009; Nutzman & Charbonneau, 2008) and TRAPPIST10 (Gillon et al., 2011). Un-

like traditional wide-field surveys, the MEarth project telescopes employ narrower

25 arcmin × 25 arcmin fields of view, and employ a unique observing strategy

specifically targeting pre-selected M-dwarf stars. Since 2008, MEarth-North has

specifically targeted ∼2,000 pre-selected bright nearby M-dwarf stars (§1.1.5) us-

9https://www.cfa.harvard.edu/MEarth/Welcome.html
10https://www.trappist.uliege.be/cms/c_5006023/fr/trappist
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Figure 1.3: Confirmed exoplanet discoveries from ground-based surveys. Panel (a)
displays all exoplanets reported by the NASA Exoplanet Archive, accessed 28 Oc-
tober 2020. Panel (b) zooms in on highly irradiated giant planets on orbital periods
P ≤ 10 days. In general, ground-based transit surveys are more sensitive to large
planets orbiting bright host stars on short periods. The 12 smallest planets shown
in panel (a) include discoveries by the MEarth and TRAPPIST surveys, which were
specifically designed to search for small planets orbiting cool, low mass host stars.
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ing 8 identical 0.4-m telescopes on an automated array at Mt Hopkins, Arizona.

Since 2014, the MEarth-South array has surveyed M-dwarfs within 33 pc from its

location in Chile. To date, MEarth has announced 3 exoplanet discoveries: the

super-Earth GJ1214b (Charbonneau et al., 2009), the 1.2R⊕ rocky planet GJ1132b

(Berta-Thompson et al., 2015), and the 1.7R⊕ LHS1140b (Dittmann et al., 2017b).

The Belgian TRAnsiting Planets and PlanetesImals Small Telescope (TRAPPIST)

is a 0.6-m robotic telescope that began operations in Chile in 2010. The TRAPPIST-

North 0.6-m telescope began operations in 2016 (Perryman, 2018). To date, the

only TRAPPIST exoplanet discoveries are TRAPPIST-1 b, c, and d—3 temperate

Earth-sized planets orbiting a Teff ∼ 2,550 K ultra-cool dwarf star at 12 pc dis-

tance (Gillon et al., 2016). Both MEarth and TRAPPIST have played a role in

the discovery of other planets as well, such as LHS1140c (Ment et al., 2019) and

TRAPPIST-1 e, f, g, and h (Gillon et al., 2017). I use GJ1132b, LHS1140b, and

the TRAPPIST-1 planets in my analysis in Chapter 4.

1.1.2 Space-based Transit Surveys

The COnvection, ROtation and planetary Transits (CoRoT) satellite, launched

in 2006 and dedicated to asteroseismology as well as the search for transiting exo-

planets, detected the first transiting exoplanets from space (Auvergne et al., 2009;

Moutou et al., 2013). Notably, the satellite detected the 1.68R⊕ CoRoT-7b, the

first super-Earth planet with a measured radius (Léger et al., 2009), which I use

in my analysis of Chapter 4. The 32 CoRoT discoveries range in size from 0.15RX

12



(CoRoT-7b) to 1.49RX, with a median value of 1.07RX. The orbital periods range

from 0.85 to 95.3 days, orbiting stellar hosts with Teff ranging from 4,950 K to 6,740

K. As is evident by comparing Figures 1.3 and 1.4, space-based transit surveys can

detect planets on longer orbital periods than ground-based surveys.

The Kepler satellite, which conducted its primary mission between May 2009

and May 2013, was the first space-based platform dedicated to detecting and un-

derstanding transiting exoplanet systems (Borucki et al., 2010, 2007; Howell, 2020).

Over its 4-year primary mission, the satellite stared at a 115 square degree field-

of-view in the constellations Cygnus and Lyra, monitoring ∼150,000 main sequence

stars for the tell-tale dips in brightness indicative of transiting exoplanets. The pri-

mary objective of the Kepler mission was to determine the frequency of Earth-sized

planets (1R⊕) orbiting within the habitable zones (Kasting et al., 1993; Kopparapu

et al., 2013, 2014) of Sun-like stars. To accomplish this mission, the Kepler pro-

gram was designed to continuously monitor a large number of main sequence stars.

Sub-objectives of the program included determining the distribution of sizes and

semi-major axes of Rpl ≥ 1R⊕ planets and the frequency of multi-planetary systems

(Borucki et al., 2007). Kepler detected 2,384 of 3,290 (∼72%)11 confirmed transiting

exoplanet discoveries currently listed in the NASA Exoplanet Archive. Many sci-

entists have analyzed the results of Kepler, producing studies on important topics

such as exoplanet occurrence rates and planetary system architectures. I defer a

discussion of those results relevant to my work to Sections 1.3 and 1.4.

After losing two of its four reaction wheels, the Kepler satellite was repurposed

11This number does not include K2 discoveries, described briefly in the next paragraph.
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Figure 1.4: Confirmed exoplanet discoveries from space-based surveys. Panel (a)
displays all exoplanets reported by the NASA Exoplanet Archive, accessed 28 Oc-
tober 2020. Panel (b) zooms in on highly irradiated planets with orbital periods
P ≤ 10 days. We can see that space-based transit surveys allow us to detect planets
on longer orbital periods than ground-based surveys. The plot confirms the Kepler
discovery that planets between the sizes of Earth (1R⊕) and Neptune (4R⊕) are
common (see §1.4), as we can see from the clustering of planets between those two
radii. In addition, TESS is designed to detect planets which are 30 to 100 times
brighter than those detected during the Kepler mission. This too is evident, as the
V-band magnitudes for TESS discoveries are brighter than those of Kepler.
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to complete the K2 mission (Howell et al., 2014). During the K2 mission, the satellite

stared at successive fields of view along the ecliptic plane for ∼83-day periods, with

75 days of each campaign devoted to science observations. The K2 mission detected

422 of 3,290 (∼13%) confirmed transiting exoplanet discoveries currently listed in the

NASA Exoplanet Archive. Thus, Kepler and K2 combined are responsible for ∼85%

of the confirmed transiting exoplanet discoveries listed. By design, K2 searched for

planets orbiting stars brighter than those searched by Kepler,12 and K2 targeted

some interesting sub-groups of planets, such as those in bright open clusters and

star-forming regions (Howell et al., 2014). In Chapter 4, I use the following Kepler

and K2 discoveries in my analysis: Kepler-138b, c, and d; HIP-116454b; K2-3b and

c; K2-95b; and WASP-47d and e.13

The Transiting Exoplanet Survey Satellite14 (TESS, see Ricker et al., 2015,

2014) was launched in April 2018 and completed its primary mission in July 2020.

The TESS primary mission level 1 science requirement was to measure the masses

of 50 transiting Rpl < 4R⊕ exoplanets. To accomplish this goal, TESS stared at

26 observation sectors for successive 27-day observing periods, monitoring a total of

∼200,000 pre-selected target stars at 2-minute cadence. Due to overlap in sectors,

regions near each ecliptic pole were viewed continuously for almost a year through-

out the primary mission, while regions closer to the ecliptic plane were only observed

for 27-day periods (Figure 1.5). TESS targeted stars are 30 to 100 times brighter

12The median V-band magnitude for Kepler host stars is 14.7, while that for K2 is 12.8.
13Analysis of K2 data revealed the presence of WASP-47d and WASP-47e—Neptune and super-

Earth-sized planets, respectively—orbiting the known hot Jupiter host star WASP-47 (Becker
et al., 2015).

14MIT TESS website: https://tess.mit.edu/; NASA TESS website: https://heasarc.

gsfc.nasa.gov/docs/tess/
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Figure 1.5: TESS primary mission observation sectors. (a) The TESS field-of-view
for each sector covers 24 deg by 96 deg. (b) During the primary mission, TESS
observed 26 sectors, 13 in each ecliptic hemisphere. Each sector was observed for 27
days. A 12-deg swath surrounding the ecliptic equator was not observed. (c) Due to
overlap between observation sectors, regions near the ecliptic poles were observed for
periods longer than 27 days. The dashed black circle near the ecliptic pole indicates
the James Webb Space Telescope (JWST) continuous viewing zone. Note that
this diagram was produced prior to the TESS mission. During the actual mission,
observations sectors 14-16 and 24-26 were slightly modified to avoid contamination
by stray Earth and moonlight. See https://tess.mit.edu/observations/ for
details. Figure from Ricker et al. (2015).

than those observed during the Kepler mission, thus facilitating follow-up observa-

tions such as those to measure planetary masses, determine stellar properties, or

characterize planetary atmospheres. The TESS primary mission survey observed

∼85% of the sky, which is 400 times larger than the region surveyed by Kepler.

Members of the TESS Follow-up Observing Program (TFOP) are continually vali-

dating and confirming TESS discoveries. Currently, TESS detections comprise 81 of

3,290 (∼2%) confirmed transiting planet discoveries listed in the NASA Exoplanet

Archive. The TESS extended mission is ongoing. In Chapter 2, I will discuss some

predictions for TESS exoplanet discoveries that I used for my work in Chapters 3

and 4.
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1.1.3 Astrophysical False Positives

The arrival of the first ground-based transit surveys was accompanied by the

detection of many stellar systems that produced the transit durations, depths, and

periods expected from transiting hot Jupiters (Brown, 2003; Charbonneau et al.,

2004). The most common sources of astrophysical false positives were blended

eclipsing binary (BEB) systems, grazing eclipsing binary systems with equal mass

components, and transits by planet-sized stars such as brown dwarfs or white dwarfs

(e.g., Evans & Sackett, 2010; Haswell, 2010). Figure 1.6 depicts each of these cases.

Binary Star Orbit

(a) (b)

Orbit

(c)

Figure 1.6: Astrophysical sources that commonly cause false positives in transit
surveys. In each situation, the signal produced mimics the expected transit duration,
depth, and period of a transiting exoplanet. (a) Light from the targeted stellar
system blends with light from an eclipsing binary stellar system. (b) A binary star
system comprised of two main sequence stars of similar masses and colors produces
grazing eclipses. (c) Planet-sized stars such as brown dwarfs or white dwarfs transit
a main sequence star.

In the BEB scenario, the binary star system may be gravitationally bound
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to the stellar system, but more likely the binary system is located along the same

sightline as the targeted star, but in the foreground or background. In Chapter

3, following Sullivan et al. (2015), I refer to the gravitationally bound case as a

hierarchical eclipsing binary (HEB), and to the foreground/background case as a

blended eclipsing binary (BEB), which is also known as a nearby eclipsing binary

(NEB). Generally, the problems caused by blended light from eclipsing binaries

become progressively worse with larger pixel scale (e.g., Collins et al., 2018). Thus,

since the TESS satellite has a large pixel scale of 21 arcsec pixel−1, candidate TESS

exoplanet discoveries require extensive vetting, analysis, and follow-up observations

to eliminate false positives, validate exoplanet candidates, and to confirm the best

exoplanet candidates as true exoplanets.

1.1.4 Validation and Confirmation of Transiting Exoplanets

Detection of large numbers of astrophysical false positives in early transit sur-

veys necessitated the development of various schemes to optimize the identification

of bona fide exoplanets (Alonso et al., 2004; Brown, 2003; Charbonneau et al., 2004).

Some astrophysical false positives may be identified by photometric data from the

transit survey itself, thus ensuring that only the highest-quality exoplanet candi-

dates are analyzed further (e.g., Sullivan et al., 2015; Torres et al., 2011). The

term validation refers to a process by which we establish that the probability for a

candidate planet being a true exoplanet is much higher than the probability that

it is a false positive. The process may include deeper statistical analyses of tran-
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sit data (e.g., Fressin et al., 2013; Morton, 2012; Morton et al., 2016; Torres et al.,

2011), as well as follow-up observations (e.g., Colón & Ford, 2011; Colón et al., 2012;

O’Donovan et al., 2007, 2006; Parviainen et al., 2020). Ultimately, we more firmly

establish the planetary nature of the very best validated exoplanet candidates by

measuring their masses, a process known as confirmation (e.g., Bluhm et al., 2020;

Jenkins et al., 2019; Nielsen et al., 2020). In this section, using the TESS program

as an example, I explain the procedures used to identify false positives, and then to

further validate and confirm exoplanet discoveries.

Torres et al. (2011) described four diagnostics applied to transit survey pho-

tometric data in order to eliminate clear false positives. Sullivan et al. (2015) later

simulated these methods to predict their efficacy in the TESS mission. Following

Sullivan et al. (2015), I refer to the diagnostics as (1) ellipsoidal variations, (2) sec-

ondary eclipses, (3) lengthy ingress and egress durations, and (4) centroid motion.

These four tests are currently being successfully applied to TESS data via the vet-

ting process (Guerrero, 2020, submitted). In the TESS program, TESS detections

that pass the four tests are considered planet candidates (PCs) and are assigned

a TESS object of interest (TOI) number. Note that failure of a single diagnostic

test will not necessarily preclude a TESS detection from becoming a TOI. I briefly

describe each test below.

Ellipsoidal Variations. Eclipsing binaries in close orbits are subject to gravi-

tational tidal forces that break the spherical symmetry of each star, distorting their

shapes into ellipsoids (Mazeh, 2008). As a result, the cross-sectional area of each

star presented towards a distant observer varies with the phase of the binary orbit.
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The stellar flux measured from the binary system thus varies periodically with or-

bital phase, and the apparent transits in the light curve will be synchronized with

this variation in flux. Appearance of such synchronization in the light curve for a

TESS detection is thus indicative that the detection may be of an eclipsing binary.

Secondary eclipses. Binary star systems differ from a system comprised of a

star and transiting exoplanet because each component of the binary star system

emits significant starlight of its own. In the case where the surface brightnesses of

the two stars differ,15 and when both transit and secondary eclipse are captured in

TESS observations, then we can expect to see significant secondary eclipses in the

TESS light curve that are ∼180 degrees out-of-phase with the apparent planetary

transits. I note that secondary eclipses are visible in some planetary systems as

well (e.g., Wong et al., 2020). Thus, consideration must be given to the equilibrium

temperature of the planet (equation 1.18) and the possibility that the planet itself

would produce secondary eclipses in the TESS light curve.

Lengthy ingress and egress durations. Eclipsing binaries generally have more

prolonged ingress and egress durations than transiting exoplanets. As shown in

Figure 1.2, the exoplanet transit light curve is normally U-shaped, with a relatively

flat bottom throughout mid-transit. In contrast, eclipsing binaries are composed

of two stars that are closer in size, so the resulting light curve is more likely to be

V-shaped. In particular, for two stars that are the same size viewed nearly edge-on,

half of the transit curve will be comprised by the ingress, and half by the egress.

15In the case where the two stars have nearly the same surface brightness, a secondary eclipse
may be mistaken for an additional planetary transit.
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Centroid motion. We can compare the amount of baseline stellar flux, or

out-of-transit flux, falling upon TESS pixels to the amount of light falling upon

the pixels during a putative planetary transit, the in-transit flux. The difference

between the out-of-transit and in-transit flux provides the centroid of the difference

image, which indicates the spatial location of the detected transit. If the difference

image centroid shifts greatly from the centroid of the baseline flux, then the source

of the putative transit is not the targeted star, and is likely to be a nearby eclipsing

binary star.

Those TESS detections assigned a TOI number are passed on to the TESS

Follow-up Observing Program (TFOP) for further validation and confirmation. The

TFOP working group16 includes astronomers leading efforts on multiple observato-

ries to support the TESS mission through such activities as identifying false posi-

tives, refining ephemerides, and confirming the most promising TESS PCs as true

exoplanets by measuring their masses through precise radial velocity (PRV) follow-

up.

As shown in Figure 1.7, planet candidates are successively filtered through

various stages of validation, such that approximately 6% of Rpl < 4R⊕ TESS planet

candidates are selected by the TESS team for PRV follow-up. In general, those

observations conducted at earlier stages are the least time and resource intensive,

with PRV observations consuming the most effort. In Chapter 3, I analyze the ability

of multi-band photometry to distinguish BEB false positives from true transiting

exoplanets. Multi-band photometry is one of the first observational steps applied to

16https://tess.mit.edu/followup
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Figure 1.7: TESS validation and mass measurement process. TESS monitored
∼200,000 pre-selected target stars throughout its primary mission, searching for
signals indicative of transiting exoplanets. After eliminating those detections that
are most likely false positives, promising TESS planet candidates are observed using
ground-based facilities, and are successively filtered through more stringent stages
of validation. Multi-band photometry observations, which I examine in Chapter
3, take place as part of the “Natural Seeing and AO Imaging” step. Ultimately,
approximately 6% of Rpl < 4R⊕ planet candidates are analyzed using precision
radial velocity (PRV) facilities. Figure from https://tess.mit.edu/followup/.

eliminate false positives, taking place as part of “Natural Seeing and AO Imaging.”

Determination of Rpl < 4R⊕ exoplanet masses through confirmation is not

only one of the prime objectives of the TESS program, but is also key to later ex-

oplanet atmospheric characterization (Batalha et al., 2017a, 2019). Radial velocity

(RV) observations are the gold standard in determining transiting exoplanet masses.

Radial velocity refers to velocity along our line-of-sight, and we measure it by de-
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tecting Doppler shifts in the absorption lines of stellar atmospheres. If a star hosts

an exoplanet, the radial velocity for that star will vary repeatedly over time due to

gravitational tugs from the planet. For example, the radial velocity curve for a star

hosting a planet on a perfectly circular orbit would have a sinusoidal shape. Denot-

ing the radial velocity as vr, the RV semiamplitude, K, is defined as 1
2
(vr,max−vr,min).

The RV semiamplitude is related to the stellar mass M∗ and planetary mass Mpl,

both expressed in units of solar radii M�,17 through (Lovis & Fischer, 2010)

K =
28.4329 m s−1

√
1− e2

Mpl sin i

MX

(
M∗ +Mpl

M�

)−2/3(
P

1 yr

)−1/3

, (1.3)

where the orbital period P , eccentricity e, and the RV semiamplitude K can all be

derived from analysis of radial velocity data, as long as observations are taken at

all orbital phases. Assuming that Mpl �M∗, we can thus find the value of Mpl sin i

from radial velocity observations. When the planet transits, the inclination i is

near 90 degrees, so the radial velocity observations essentially provide the planetary

mass.

Exoplanet scientists envision a day when they can study the atmospheres of

Earth-like planets orbiting Sun-like stars. Assuming a circular orbit, equation 1.3

tells us that such planets will have RV semiamplitudes of ∼9 cm s−1. In comparison,

a Jupiter-mass planet on a 1.0 AU orbit would create an RV semiamplitude of ∼28

m s−1, while a 5M⊕ planet on a 1.0 AU orbit would create an RV semiamplitude

of ∼45 cm s−1. Recently developed PRV facilities provide RV precisions of 1 m

17The solar mass M� is approximately 1.988 x 1030 kg.
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s−1 or better (Fischer et al., 2016; Wright & Robertson, 2017), thus allowing the

confirmation of planets as small as Earth orbiting a mid-to-late M-dwarf host star.18

1.1.5 The M-Dwarf Advantage

Low-mass M-dwarf stars comprise 70% of all stars in our galaxy (Bochanski

et al., 2010), and thus are ubiquitous in the solar neighborhood. The masses of

M-dwarfs range from 0.08M� < M∗ < 0.6M� (Reid & Hawley, 2005). The lower

mass limit corresponds to the lowest mass stars able to fuse hydrogen into helium in

their central cores (Chabrier & Baraffe, 1997). The magnitude of the stellar radius

has approximately a one-to-one correspondence with stellar mass for M-dwarfs,19

and thus ranges from 0.08R� < R∗ < 0.6R� (Boyajian et al., 2012).

Charbonneau & Deming (2007) described the multiple advantages of searching

for exoplanets orbiting M-dwarfs. They illustrate the benefits of searching for Earth-

sized planets orbiting in the habitable zones of M-dwarf host stars of stellar types

M4V (0.25M�, 0.25R�, 3,200 K) and M8V (0.10M�, 0.10R�, 2,400 K), rather than

Sun-like stars. Table 1.1 summarizes the results of their investigation.

Compared to transits of Earth-sized planets orbiting Sun-like stars, Table 1.1

shows that Earth-sized planets orbiting within the habitable zones of M-dwarf host

stars are three to five times more likely to transit, their transit depths are 15 to

18A partial list of facilities includes MAROON-X (Seifahrt et al., 2018), NIRPS (Wildi et al.,
2017), GIARPS (Claudi et al., 2016), NEID (Schwab et al., 2016), ESPRESSO (Mégevand et al.,
2014) and KPF (Gibson et al., 2016).

19Boyajian et al. (2012) developed an empirical relationship between the mass and radius of
M-dwarfs, and the exact equation is a second-degree polynomial. However, the relationship is
consistent with a one-to-one correspondence between M-dwarf mass and radius, when measured in
solar units.
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R∗ M∗ a pitransit δiitra Kiii Piv tvtransit transits/yr
(R�) (M�) (AU) (%) (ppt) (m s−1) (days) (hrs)

1.0 1.0 1.0 0.5 0.084 0.089 365.25 13 1

0.25 0.25 0.077 1.6 1.3 0.64 15.6 1.80 23

0.10 0.10 0.017 2.9 8.4 2.17 2.56 0.536 142

Notes:
i Equation 1.2

ii Equation 1.1

iii Equation 1.3, assuming Mpl �M∗, i = 90 deg, and e = 0. Also, note that 1MX ≈ 318M⊕.

iv Equation 1.5

v Equation 1.6

Table 1.1: Advantages of Searching for Earth-sized Planets Orbiting Within Habit-
able Zones of M Dwarfs

100 times greater, and their RV semi-amplitudes are 7 to 24 times larger. In ad-

dition, while our Earth spends ∼13 hours in transit each year, a planet orbiting

an M4V host star will spend 41.4 hours in transit (total of ∼23 transits), while an

M8V host star will spend 76 hours in transit (total of ∼142 transits). Similarly,

large planet-to-star radius ratios make M-dwarf host stars favorable for atmospheric

characterization as well. For these reasons, recent transit surveys such as TESS,

MEarth, and TRAPPIST have targeted low mass stars. In Chapter 2, I review

predictions for the TESS survey planet yield, and in Chapter 4, I discuss my work

in determining how well we can characterize the atmospheres of TESS-discovered

exoplanets with the James Webb Space Telescope (JWST). Despite the advantages

of studying exoplanets orbiting M-dwarfs, I note that the habitability of planets or-

biting M-dwarf host stars is still an active field of investigation (e.g., Shields et al.,

2016).

Equations 1.1–1.3, as well as the useful equations I present in this section,
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allow quick duplication of the Charbonneau & Deming (2007) results, as well as

easy comparisons of the requirements to detect planets orbiting various stellar types.

Note that the semi-major axis shown in Table 1.1 is calculated assuming that the

equilibrium temperature (equation 1.18) and albedo of the planet are the same as

that of Earth.

The orbital period P of a planet is related to its semi-major axis a through

the general form of Kepler’s third law, given by (e.g., Perryman, 2018)

P 2 =
4π2

G(M∗ +Mpl)
a3, (1.4)

where G is Newton’s gravitational constant. If Mpl � M∗, equation 1.4 can more

conveniently be expressed as (e.g., Perryman, 2018)

P ' 1yr

(
a

AU

)3/2(
M∗
M�

)−1/2

(1.5)

where M∗ is in units of solar masses, and a is in AU. Additionally, for an edge-on

transit at 90 degrees inclination, Perryman (2018) conveniently expresses the transit

duration ttransit as

ttransit ' 13

(
M∗
M�

)−1/2(
a

1 AU

)1/2(
R∗
R�

)
hours. (1.6)
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1.2 Exoplanet Atmospheres – Theory and Modeling

When we examine exoplanet atmospheres using the transit technique, we study

the effects of the exoplanet upon the observed spectrum of the host star. The planet’s

transmission spectrum is found by dividing the spectrum of the star recorded during

transit—with the features of the planetary atmosphere imprinted upon it—by the

spectrum of the star recorded out-of-transit. The resulting transmission spectrum

reveals the wavelength-dependence of the transit depth.

To analyze a planetary transmission spectrum, we begin with our knowledge of

planetary atmospheres, derived largely from theoretical analyses and observations of

planets in our own solar system. In this section, I begin by explaining basic concepts

from physics and chemistry that are necessary to describe planetary atmospheres

(§1.2.1). I next illustrate how these concepts are applied in the open-source modeling

code Exo-Transmit (§1.2.2), which I have used in portions of my work. I conclude

this section by explaining how atmospheric retrieval codes can be used to estimate

exoplanet atmospheric properties that are most consistent with observed planetary

transmission spectra. (§1.2.3).

1.2.1 Fundamental Concepts

Since we examine exoplanet atmospheres in transmission by looking at the

effects of those atmospheres on electromagnetic radiation from the host star, I be-

gin this section by reviewing the radiative transfer equation. To understand the

complexities involved in radiative transfer, I define and discuss the topics of optical
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depth, opacity, absorption coefficient, chemical equilibrium, and local thermody-

namic equilibrium. This discussion leads naturally to the understanding that the

temperature and pressure of planetary atmospheres are critical to understanding

radiative transfer. Thus, I next present the concepts of hydrostatic equilibrium,

planetary scale height, and equilibrium temperature. I conclude this section by

explaining the confounding effect of aerosols, clouds, and hazes on exoplanet trans-

mission spectra. This section is necessarily brief, but an in-depth explanation of

exoplanet atmospheres can be found in the two textbooks by Seager (2010) and

Heng (2017).

I begin by presenting the one-dimensional (1D) form of the radiative transfer

equation for a plane-parallel atmosphere, which is (e.g., Seager & Deming, 2010)

µ
dI(z, ν, µ)

dz
= −κ(z, ν)I(z, ν, µ) + ε(z, ν, µ). (1.7)

Equation 1.7 describes how the intensity of a beam of electromagnetic radiation

at frequency ν changes over distance due to absorption and emission. We may

think of the beam of radiation as comprised of photons. In this equation, I is the

intensity in J m−2 s−1 ster−1 Hz−1, z is the vertical distance in m, and µ = cos(θ),

where θ is the angle between the beam of radiation and the normal to the plane-

parallel atmosphere. The first term on the right-hand side of equation 1.7 quantifies

absorption of photons from the beam, to include scattering. The second term on

the right-hand side quantifies photons added to the beam through both emission

and scattering. The absorption coefficient κ is in units of m−1, and the emission ε
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is in J m−3 s−1 Hz−1.

We use the definition of optical depth, dτ = κ dz, to convert the radiative

transfer equation to an alternative form that depends upon optical depth. This

form of the radiative transfer equation, often used in atmospheric modeling codes,

is given as

µ
dI(z, ν, µ)

dτ
= −I(z, ν, µ) + S(z, ν, µ), (1.8)

where the source function is defined as S = ε/κ. In modeling transmission spectra,

emission is often negligible so that the last term in the radiative transfer equation

can be ignored. Thus, the solution to the equation may be simply expressed using

Beer’s or Lambert’s Law, given by (e.g., Seager, 2010)

I(τν , µ, ν) = I(0, µ, ν)e−τν/µ, (1.9)

where τν is the frequency-dependent optical depth. When applied to a transmission

spectrum, I(τν , µ, ν) is the stellar intensity attenuated by absorption in the planetary

atmosphere, while I(0, µ, ν) is the stellar intensity incident upon the atmosphere.

Although Beer’s Law is simple in form, its application to a planetary at-

mosphere relies upon complex physics and laboratory experiments related to the

determination of the atmospheric absorption. The opacity κ may be separated into

a pure absorption term and a scattering term as (Seager, 2010)

κ(z, ν) = α(z, ν) + σs(z, ν), (1.10)
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where α(z, ν) is the pure absorption coefficient for an atomic or molecular species,

and σs(z, ν) is the scattering coefficient, which represents removal of photons from

a beam of incident light via a change of direction. We calculate these quantities at

a given vertical height z in the planetary atmosphere, which may be specified by

the temperature T and pressure P at that height. For example, the pure absorption

coefficient may be expressed as (Seager, 2010)

α(T, P, ν) =
∑
j

αj(T, P, ν) =
∑
j

∑
i

nji(T, P )σji(T, P, ν), (1.11)

where n refers to the number density in m−3, and σ refers to the absorption cross

section in m2. Here, the summation over j refers to different atomic and molecu-

lar species, while the summation over i refers to different energy level populations.

Atmospheric models typically employ temperature-pressure (T-P) profiles for plan-

etary atmospheres in order to compute absorption cross sections and number den-

sities for atomic and molecular species. Modelers use publicly available line lists,

such as ExoMol20 (Tennyson et al., 2020) or HITEMP21 (Rothman et al., 2010),

to determine the positions and cross sections of absorption lines for each species.

Such line lists are developed using quantum mechanical computations supplemented

with laboratory observations. Heng (2017) describes meticulously the computations

involved in transforming a line list into an atmospheric opacity.

Chemical equilibrium is often assumed in atmospheric modeling codes to com-

pute number densities n of various species. Given an atmospheric layer with a spec-

20http://www.exomol.com/
21https://hitran.org/hitemp/
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ified temperature, pressure, and elemental abundance, chemical equilibrium refers

to the state where the number densities of particles do not change. A method to

determine the number densities of particles in chemical equilibrium is by minimiz-

ing the Gibbs free energy (e.g., Heng, 2017; Seager, 2010). The Gibbs free energy

is not a physical property of matter, but is a restatement of the first law of ther-

modynamics (conservation of energy) in terms of temperature and pressure. The

quantities that Gibbs free energy depend upon—temperature and pressure—may be

inferred directly from spectral data. Mbarek & Kempton (2016) explain in detail

how Gibbs free energy minimization calculations are performed in the context of

an exoplanet atmospheric modeling code to determine chemical equilibrium abun-

dances. Chemical equilibrium is generally a good assumption in the deeper, hotter

layers of an atmosphere. The higher temperatures and pressures of these layers

speed up chemical reactions, so that the time scale for the reactions is shorter than

any disequilibrium process.

Situations where chemical equilibrium may not be achieved include cases where

heat is transported by convection rather than radiation. In these cases, the time

scale for a chemical reaction to occur takes more time than the time scale for up-

welling in the atmosphere. An example of chemical disequilibium which is impor-

tant for exoplanets—and indeed which has been observed in the solar system planet

Jupiter—concerns the dominant carbon species in an atmosphere. The reaction

governing the amount of CO and CH4 in an atmosphere is (Seager, 2010)

CO + 3 H2 −−⇀↽−− CH4 + H2O. (1.12)
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Because CO has a strong double bond that is difficult to break apart, the reaction

proceeds more slowly to the right than to the left. CO is the dominant form of

carbon at higher temperatures, whereas CH4 is the dominant carbon species at

lower temperatures. In Jupiter, we would thus expect to predominantly detect CH4

in the cooler, upper layers of the atmosphere, while CO should not exist. Contrary

to these expectations, CO has been detected, which is evidence of deep vertical

mixing in the atmosphere (Seager, 2010).

In atmospheric modeling codes, the planetary atmosphere is divided into mul-

tiple layers, with temperatures and pressures determined in accordance with the T-P

profile. Computing atmospheric opacity for a model transmission spectrum may be

considered a complex geometric problem where we must consider multiple sightlines

through the limb of the planetary atmosphere. Along each sightline, we view only

portions of the atmospheric annulus from each layer as seen during transit. The

optical depth along these sightlines is often referred to as the slant optical depth

(Kempton et al., 2017).

Modeling codes may handle vertical mixing by employing the concept of a

quench level (e.g., Zhang et al., 2020). We expect that in lower levels of the at-

mosphere (i.e. at higher pressures), chemical reactions will proceed at a faster rate

than vertical mixing. Conversely, there may be higher levels in the atmosphere (i.e.

lower pressures) where vertical mixing occurs more rapidly than chemical reactions

can take place. Since modeling codes divide the atmosphere into multiple layers,

we can define a pressure level—the quench level—in the atmosphere where the rate

for vertical mixing will equal the rate of a given chemical reaction, thus leading
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to chemical disequilibrium at lower pressure levels (i.e., higher in the atmosphere).

Note that the quench level will differ with each chemical species.

An important fundamental concept in radiative transfer is that of local ther-

modynamic equilibrium, or LTE. In general, the radiation field, which we solve for

in the radiative transfer equation, is coupled to the energy level populations of

various chemical species (equation 1.11). By assuming LTE in radiative transfer

calculations, we can use Boltzmann statistics to calculate energy level populations.

Essentially, the energy levels will only depend upon the local conditions in a given

layer of the atmosphere (e.g., Heng, 2017; Seager, 2010). LTE is valid in any region

of the atmosphere where changes in pressure, temperature, and chemistry are small

compared to the photon mean free path. The atmospheric density must be high

enough that collisional processes dominate over any radiative processes. An obvious

situation where LTE does not apply is the upper region of an atmosphere, where

radiation freely escapes into space.

In addition to radiative transfer, we describe exoplanets and their atmospheres

using several basic quantities that were first applied in our own solar system. Next,

I describe the concepts of hydrostatic equilibrium, equilibrium temperature, and scale

height, which can help us better understand the temperatures and pressures at work

in planetary atmospheres.

Hydrostatic equilibrium refers to the stable state of an atmosphere where the

pressure gradient and gravitational forces are balanced, so that the atmosphere is

neither collapsing due to gravity, nor expanding/escaping due to pressure. Mathe-

matically, this concept is expressed as (e.g., Seager, 2010)
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dP

dz
= −gρ, (1.13)

where g is the gravitational acceleration in units of m s−2 and ρ is the density in

kg m−3. Using the definition of optical depth introduced previously, hydrostatic

equilibrium may also be expressed as

dP

dτ
=
gρ

κ
. (1.14)

Equation 1.13 may be combined with an equation of state to derive an ex-

pression for the pressure scale height H, which is a characteristic length scale for a

planetary atmosphere, and describes the exponential drop in pressure with altitude.

For the equation of state we use the ideal gas law, given by

P = nkT =
ρkT

µmH

, (1.15)

where k is Boltzmann’s constant in J K−1, µ is the mean molecular weight in atomic

mass units, and mH is the mass of the hydrogen atom in kg. If we assume an

isothermal atmosphere with constant µ, and neglect variations in g with altitude,

then the pressure lapse rate is calculated to be

P = P0e
−z/H , (1.16)

where P0 is the pressure at the base of the atmosphere in Pa, and H is the atmo-

spheric scale height given by
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H ≡ kT

µmHg
. (1.17)

Thus, scale height is the e-folding vertical distance for pressure. Through the

ideal gas law (Equation 1.15), we can see that density also varies exponentially with

altitude in an isothermal atmosphere. Note that even in non-isothermal and non-

uniform composition atmospheres, the scale height can be calculated locally and is

still a useful quantity.

The equilibrium temperature is a theoretical number that describes the tem-

perature of a planet with no internal energy flux which has reached a state of equi-

librium between energy received from its host star and energy re-radiated by the

planet. Equilibrium temperature is expressed as (e.g., Seager, 2010)

Teq = Teff,∗

(
R∗
a

)1/2[
f ′(1− AB)

]1/4

, (1.18)

where Teff,∗ is the effective temperature of the host star, AB is the Bond albedo of

the planet, and f’ is a factor that accounts for redistribution of heat around the

planet before it is re-emitted. If heat is uniformly redistributed throughout the

entire surface area of the planet (i.e., 4π sr), then f = 1/4 and equation 1.18 may

be written as

Teq = Teff,∗

(
R∗
2a

)1/2[
(1− AB)

]1/4

. (1.19)

Equilibrium temperature is often used to describe a planet’s temperature when
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we have no data concerning that planet. For example, in Chapter 4, I use the equi-

librium temperature to distinguish between various TESS-discovered exoplanets.

I conclude this section with a discussion of the complicating effects of aerosols,

clouds, and hazes upon our interpretation of planetary transmission spectra. I be-

gin by presenting the definition of these terms, as explained by Prof Sarah Hörst.22

The term aerosol is the most general term, and refers to solid or liquid particles in

an atmosphere that absorb or scatter light differently from gaseous species. Thus,

aerosols describes both clouds and hazes, which can be distinguished from each other

via their formation mechanisms. Prof Hörst defines a cloud as “a visible mass of

liquid and/or solid particles suspended in an atmosphere that form from condensa-

tion of atmospheric gases.” We can expect clouds to form at a pressure level where

the partial pressure of a given species exceeds the saturation vapor pressure for that

species (Seager, 2010). Prof Hörst defines haze as “particles produced from chem-

istry in the atmosphere that results in the formation of involatile solids.” Whereas

clouds can move back and forth between the solid and liquid state depending upon

atmospheric conditions, hazes cannot.

Aerosols affect a planetary atmosphere in many ways. For example, clouds

may be very reflective, thus increasing the planetary albedo AB and lowering the

planetary equilibrium temperature (equation 1.18), which in turn affects the T-P

profile of the planet. Clouds may also trap infrared radiation—as in the solar system

planets Venus and Earth—thus raising the surface temperature of the planet. In

planetary transmission spectroscopy, clouds that form at a given pressure level will

22https://www.planetary.org/articles/0324-clouds-and-haze-and-dust-oh-my
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obscure our observations at higher pressures (i.e., lower in the atmosphere). I will

return to the topic of aerosols during my discussion of theory and observations of

hot Jupiter and Rpl < 4R⊕ planet atmospheres in Sections 1.3.3 and 1.4.2.

1.2.2 Exo-Transmit – Forward Modeling Transmission Spectra

Many planetary atmosphere codes have been developed that rely upon the

fundamental concepts described in Section 1.2.1 to produce plausible model spectra

that can explain our observations. The term forward model refers to an atmospheric

model that is produced by assuming values for all input quantities. Here, I briefly

describe the usage and functionality of the open-source Exo-Transmit forward mod-

eling code (Kempton et al., 2017), which I used as part of my work in Chapter 4.

Exo-Transmit is also the basis for the transmission model in the PLATON retrieval

code (Zhang et al., 2019, 2020) described in Section 1.2.3, which I used in my work

in Chapter 5.

Exo-Transmit is an easy-to-use, well documented software package that creates

model transmission spectra for exoplanets ranging in size from hot Jupiters down

to super-Earths. The code solves the radiative transfer equation (equation 1.8) for

pure absorption (equation 1.9) in each layer of the model atmosphere, with the

line-of-sight optical depth computed based upon the opacities (equation 1.10) of the

absorbing species (equation 1.11).

The Exo-Transmit package supplies isothermal T-P profiles with temperatures

ranging from 300 to 1500 K in 100 K increments. Unlike emission spectra, trans-
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mission spectra are not strongly dependent on gradients in the T-P profile, making

isothermal profiles a good first-order modeling choice (Miller-Ricci et al., 2009). For

each temperature, the T-P profile is specified at pressures ranging from 103 to 10−9

bars in logarithmic steps. Wavelengths are computed at a resolving power R =

1000 from 0.3 to 30 µm. The opacities and abundances of 30 individual atomic and

molecular species are tabulated on a T-P-wavelength grid. The package also supplies

equation of state (EOS) files for various chemical species and abundances. Some

choices for EOS files include metallicities ranging from 0.1 to 1000x solar (Lodders,

2003), and C/O ratios ranging from 0.2 to 1.2. The user may also specify an at-

mospheric composition of solely a single molecular type, such as CO2 or H2O. This

is particularly useful for super-Earth atmospheres, which may be produced by out-

gassing of higher mean molecular weight molecules (Elkins-Tanton & Seager, 2008).

The user may supply their own T-P profiles or EOS files, as long as they maintain

the same format as the files supplied by the Exo-Transmit software package.

In atmospheres of mixed composition, Exo-Transmit provides pre-computed

chemical equilibrium tables that were calculated using the Gibbs free energy mini-

mization code described in Mbarek & Kempton (2016). The code provides an option

to include condensation chemistry and rainout. In rainout, a condensed species set-

tles to the lowest level of the atmosphere where it first appeared, which depletes

upper levels in the atmosphere of its constituent atomic species (Mbarek & Kemp-

ton, 2016). The user may include ad-hoc clouds in the model by indicating the

pressure level where clouds are formed. Exo-Transmit will then only complete the

radiative transfer calculations for pressure levels higher in the atmosphere (i.e., at
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lower pressures than the cloud deck). The resulting transmission spectrum therefore

has muted features, since starlight passes through a thinner atmospheric annulus.

The user can specify whether or not to include Rayleigh scattering, and can also in-

dicate to enhance Rayleigh scattering by some factor. Enhanced Rayleigh scattering

alters the slope of the continuum in the optical and near infrared regime, and also

reduces the strength of atomic spectral features. This allows the user to simulate

the presence of additional scattering aerosols that are not explicitly included in the

code otherwise.

To use Exo-Transmit, the user modifies a single input file, specifying the fol-

lowing quantities: planetary and stellar radii, planet surface gravity, pressure level

for clouds (if desired), a factor for excess Rayleigh scattering (if desired), desired T-P

profile, and desired EOS file. The user should specify an isothermal T-P profile with

the temperature selected to coincide with the base of the transmission spectrum,

which is typically near 1 mbar.

1.2.3 Exoplanet Atmospheric Retrievals

Retrieval codes use atmospheric models in a Bayesian framework to indicate

the most probable atmospheric model consistent with an observed spectrum. At-

mospheric retrieval methods allow us to statistically examine observed planetary

atmosphere spectra to infer atmospheric properties such as chemical compositions,

T-P profiles, and presence of clouds or hazes. Madhusudhan & Seager (2009) pi-

oneered application of the method to exoplanet atmospheres in 2009, when they
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analyzed Spitzer and Hubble Space Telescope (HST) data to estimate the T-P pro-

files and molecular abundances in the atmospheres of two transiting hot Jupiters,

HD 189733b and HD 209458b. Here, I describe how atmospheric retrievals are

performed and highlight some of their key features. I emphasize some of the char-

acteristics of the PLATON (Zhang et al., 2019, 2020) retrieval code, which I use

to analyze the KELT-7b transmission spectrum in Chapter 5. I conclude this sec-

tion by comparing and contrasting atmospheric retrieval methods used within our

Solar System to those used on Exoplanets. A more complete pedagogical review of

exoplanet atmospheric retrievals was recently written by Madhusudhan (2018).

To perform an atmospheric retrieval, we first require a data set. For ob-

servations taken during exoplanet transit, an atmospheric transmission spectrum

constitutes that data set. The atmospheric retrieval code itself consists of 1.) a

parametric model, and 2.) an optimization algorithm.

Parametric models are designed to vary parameters within the model to pro-

duce an output model atmospheric spectrum that can be compared with the observed

transmission spectrum. Parameters may include the T-P profile, atmospheric chemi-

cal composition, and presence of aerosols. The atmospheric models generally assume

spherical symmetry, hydrostatic equilibrium, and LTE. Computations to produce

the model atmospheric spectrum are similar to those used in Exo-Transmit (§1.2.2),

although subtle differences exist between codes.

The goal of the optimization algorithm is to extensively and efficiently sam-

ple the parameter space to search for the model solution space that best fits the

data (transmission spectrum). Recent retrieval codes employ Bayesian inference
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techniques such as Markov Chain Monte Carlo (MCMC) and Nested Sampling as

optimization algorithms (e.g., Evans et al., 2017; Waldmann et al., 2015; Zhang

et al., 2020).

Bayesian inference techniques originate from Bayes’ Theorem, which may be

written (e.g., Trotta, 2017; Wall & Jenkins, 2012)

p(θ|d) =
p(d|θ)p(θ)
p(d)

. (1.20)

In this equation, d is our data—the transmission spectrum, and θ represents our

model parameters. p(θ|d) is the posterior probability of our model, given the data.

p(d|θ) is the likelihood function, which we can describe as the probability of the

data given a set of parameters θ. p(θ) is the prior probability distribution of the pa-

rameters, and represents our knowledge about the parameters before examining the

data. For example, when performing a retrieval on a transmission spectrum, we may

have some prior knowledge about the radius of a planet and its host star, as well as

their estimated errors, based upon other observations. Finally, p(d) is a normalizing

constant referred to as the evidence, which ensures the posterior distribution is nor-

malized to unity. Given a transmission spectrum (data), and considering our priors

p(θ), the goal of Bayesian inference is to determine the posterior distribution p(θ|d)

of the model parameters. Techniques such as MCMC and Nested Sampling differ

in their methods to sample the model parameter space and estimate the posterior

distributions and evidences.
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The PLanetary Atmospheric Tool for Observer Noobs (PLATON23, Zhang

et al., 2019, 2020) is a fast, easy-to-use, open-source Python package that produces

model exoplanet transmission and emission spectra, and also computes atmospheric

retrievals based upon observed spectra. The PLATON Bayesian optimization algo-

rithm incorporates either MCMC, via the emcee package (Foreman-Mackey et al.,

2013), or Nested Sampling, via the dynesty package (Speagle, 2020).

PLATON’s transmission code is based upon Exo-Transmit, but the most re-

cent version has incorporated several upgrades. Opacities for chemical species were

updated with the most recent and complete public line lists, such as ExoMol (Ten-

nyson & Yurchenko, 2018) and HITRAN (Gordon et al., 2017), and are available

at R = 1000 and R = 10, 000 over the wavelength regime from 0.3 - 30 µm. For

example, water opacities, which have proven to be an important opacity source in

exoplanet transmission spectra (§1.3.3, §1.4.2), have been updated with the most

recent POKAZATEL water line list (Polyansky et al., 2018). PLATON also allows

incorporation of H– opacity. In addition, the user can download additional opaci-

ties for metallic species, to include Ca, Fe, Ni, and Ti. The user can also download

the more accurate line profiles produced for K (Allard et al., 2016) and Na (Allard

et al., 2019) that more accurately estimate the far wings of the lines for these atoms.

These recent improvements are particularly important in retrievals of hot Jupiter

transmission spectra (§1.3.3).

Exoplanet atmospheric retrievals are rooted in techniques developed for use

on Earth and within our Solar System (e.g., Irwin et al., 2008; Rodgers, 2000).

23https://platon.readthedocs.io/en/latest/

42

https://platon.readthedocs.io/en/latest/


However, exoplanet atmospheric retrievals differ because the data for exoplanets

generally result from spatially unresolved observations taken at relatively low signal-

to-noise (S/N), and the exoplanetary atmosphere may be at conditions not found

in our Solar System. For example, many exoplanets discovered to date are highly

irradiated by their host stars, and thus the planetary atmospheres are much hotter

than those of solar system planets. Furthermore, observations of Earth and other

planets within our Solar System often allow collection of in-situ data to further

inform our analyses. Such data collection is not possible with exoplanet atmospheres

using currently available technologies. In what follows, I briefly discuss an example

of Earth remote sensing observations and the corresponding retrievals, comparing

and contrasting techniques applied to Earth’s atmosphere with the methods applied

in exoplanetary science.

Recent work in atmospheric remote sensing of Earth’s atmosphere has dealt

with changes in the quantity of greenhouse gases such as carbon dioxide (CO2). For

example, the Orbiting Carbon Observatory 2 (OCO-2, see Crisp et al., 2017) is a

NASA dedicated science satellite designed to detect and track variations in CO2 lev-

els within Earth’s atmosphere across time (e.g, seasons) and space (i.e., geographic

regions).24 Whereas exoplanet atmosphere data is derived from analysis of spatially

unresolved observations from the combined light of the planet and host star, OCO-2

satellite measurements are spatially-resolved, high resolution observations, allowing

us to locate CO2 sources and sinks upon the Earth. Furthermore, OCO-2 observa-

tions are supplemented by a global network of ground-based measurement stations.

24https://ocov2.jpl.nasa.gov/mission/
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Crisp et al. (2017) report that since its mission began in 2014, OCO-2 has typi-

cally delivered almost 1 million soundings per day across Earth’s sunlit hemisphere,

where each sounding is observed at high resolving power R ≡ λ
∆λ

> 17, 500, and

where single-sounding random errors and biases are between 0.5 and 1.0 ppm. In

comparison, exoplanet atmospheres observed through the transit method may only

be observed for at most a few transits, and at much lower resolving powers and

with higher instrumental systematic noise values. For example, Kreidberg et al.

(2014a)’s historic analysis of GJ1214b (see §1.4.2) consisted of 12 exoplanet transit

observations across 22 spectral channels at R ≡ λ
∆λ

= 70, with a systematic noise

floor ∼30 ppm. The duration of a single transit for GJ1214b is less than an hour,

and typically astronomers observe an equal amount of time in and out of transit.

Thus, the Kreidberg et al. (2014a) results were derived from approximately a single

day of relatively low resolution observations.

O’Dell et al. (2012) describe the Atmospheric CO2 Observations from Space

(ACOS) retrieval algorithm, which may be used to retrieve the column-averaged

dry-air mole fraction of CO2, denoted XCO2 . The retrieval algorithm itself operates

similarly to retrieval algorithms applied to exoplanet atmospheres. However, the

high quality of remote sensing observations on Earth, as well as data supplied using

ancillary measurements, offer many advantages. For example, meteorological data

such as surface pressure, temperature, and water vapor content are used to inform

the prior parameters for ACOS retrievals. The accuracy of surface pressure mea-

surements is 2-3 hectoPascals, so ACOS retrievals typically use 4 hectoPascals as

the 1-σ prior error width for surface pressure. Without in-situ measurements, prior
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information such as this is simply unobtainable in exoplanet atmospheric retrievals.

OCO-2 data are pre-filtered to eliminate soundings that may result in spu-

rious XCO2 estimates. As one example, an empirically-calibrated cloud-screening

algorithm eliminates soundings with thick clouds or aerosols. For the soundings not

eliminated with pre-filters, ACOS retrieves for a mixture of 4 specific optical path

scattering agents: water clouds, ice clouds, dust, and a carbonaceous mixture. On

the exoplanet front, although aerosols are complex phenomena, our lack of prior

information about their structure and composition (e.g., lack of in-situ measure-

ments), combined with limited information content in our observations, compels us

to represent clouds using parametrized models in our retrievals. Parameters com-

monly used to describe clouds in exoplanet retrievals include opacity, scattering

index, cloud-top or base pressure level, shape, and particle size (Barstow, 2020).

Some retrieval codes are able to account for partial cloud coverage (e.g., MacDon-

ald & Madhusudhan, 2017). The low information content of exoplanet atmosphere

observations often prevents us from disentangling the presence of clouds in an at-

mosphere from other atmospheric properties, such as high mean molecular weight

(e.g., Line & Parmentier, 2016).

O’Dell et al. (2012) used realistic simulations to evaluate systematic and ran-

dom errors in the ACOS retrieval algorithm, to include the effects of cloud screening

and post-retrieval filters. They concluded that the ACOS XCO2 retrieval algorithm is

accurate to 1-2 ppm, thus enabling accurate monitoring of carbon fluxes on regional

scales.
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1.3 Hot Jupiters

The term hot Jupiter refers to a gas giant exoplanet on a short period orbit,

such that the planet is heated significantly by stellar irradiation. Gaudi et al. (2005)

defined these exoplanets as Jupiter-mass planets with semi-major axes a ≤ 0.1AU ,

corresponding to orbital periods 3 < P < 9 days depending upon stellar type. Gaudi

et al. (2005) further distinguished very hot Jupiters as those gas giant planets on

P < 3 day orbits. Recently, the term ultra-hot Jupiter has entered the exoplanet

lexicon, and may be defined as those hot Jupiters with dayside temperatures ≥

2,200 K, and which exhibit distinct atmospheric characteristics (e.g., Parmentier

et al., 2018). In Section 1.3.1, I briefly present hot Jupiter occurrence rates found

using Kepler data. Next, in Section 1.3.2, I motivate the discussion of hot Jupiter

atmospheres by briefly describing how the planetary atmosphere may constrain their

formation and migration mechanisms. Finally, in Section 1.3.3, I review key insights

into our knowledge of hot Jupiter atmospheres based upon theory and observations.

This section serves as a prelude to Chapter 5, where I add to our understanding

of this unique planet category when I present my analysis of the optical and near

infrared (NIR) transmission spectrum for the hot Jupiter KELT-7b.

1.3.1 Kepler Occurrence Rates

Based upon a 6-year radial velocity follow-up campaign of Kepler-discovered

Jupiter-sized exoplanets with orbital periods of up to 400 days, Santerne et al. (2016)

estimated the overall occurrence rate of giant planets on orbits P ≤ 400 days to be
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4.6 ± 0.6%. They further estimated the occurrence rate of hot Jupiters, which they

defined as those giant exoplanets on orbital periods P < 10 days, to be 0.47 ±

0.08%.

1.3.2 Hot Jupiter Formation

Gas giant planets form in protoplanetary disks through either core accretion

(e.g., Pollack et al., 1996) or gravitational disk instability (e.g., Boss, 1997; Helled

et al., 2014). Hot Jupiters (or their progenitor cores) most likely formed beyond the

snow line (a & 3 AU) and then arrived on short orbital periods through either 1.)

inward disk-driven migration (e.g, Rice et al., 2012), or 2.) production of a highly

eccentric orbit with small periapse, followed by tidal circularization (e.g., Perryman,

2018).

One motivation for studying hot Jupiter atmospheres is to gain insight into

planet formation. The atmospheric composition encodes information about the for-

mation and evolutionary history of a hot Jupiter. Öberg et al. (2011) demonstrated

that the C/O ratio of the solids and gases in a protoplanetary disk vary depending

upon the radial location within the disk due to the presence of various snowlines

(H2O, CO2, CO). Their models showed that measuring the C/O and C/H ratios

in a giant planet atmosphere, and determining whether those ratios were substel-

lar, stellar, or superstellar, would place constraints on the formation mechanism

(core accretion or gravitational instability), the formation location (within or be-

yond the water snowline), and the degree of atmospheric pollution by evaporating
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planetesimals during the late stages of planet formation.

Öberg & Bergin (2016) refined the earlier Öberg et al. (2011) model predictions

to include dynamics such as grain growth and pebble drift. They focused on the

effects of CO redistribution to show that both superstellar C/O and C/H ratios

could exist in the gas between the H2O and CO snowlines of a protoplanetary disk.

They proposed that the N/C ratio could be used in conjunction with C/O and C/H

ratios to distinguish between giant planet formation locations.

Recently, Eistrup et al. (2018) have shown that protoplanetary disk chemistry

evolves over time during the era of planet formation—up to 7 Myr. Thus, to properly

interpret planetary atmosphere C/O ratios, disk chemistry must be incorporated

into planet formation models.

Madhusudhan et al. (2014) proposed chemical tests to constrain the migra-

tion pathway for gas giant exoplanets. Two hypotheses for hot Jupiter migration

are interactions with the protoplanetary disk, or some type of disk-free process

such as gravitational interaction with a third body. Madhusudhan et al. (2014)

demonstrated that sub-solar carbon and oxygen abundances likely indicated disk-

free migration processes. Such planets would also have solar or super-solar C/O

ratios.

1.3.3 Hot Jupiter Atmospheres – Theory and Observations

Soon after Mayor & Queloz (1995) announced the first discovery of hot Jupiter

51 Pegasi b, theorists began to expand our planetary atmosphere models to predict
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the properties of these unique worlds. Early work focused on modeling the atmo-

spheres of these highly irradiated planets to predict their chemical composition,

emergent flux, and observational features (e.g., Burrows et al., 1997; Burrows &

Sharp, 1999; Guillot et al., 1996; Saumon et al., 1996; Seager & Sasselov, 1998).

With the detection of the first exoplanet transit (Charbonneau et al., 2000; Henry

et al., 2000), theorists touted the benefits of transmission spectroscopy and began to

lay the foundations for later observational work (e.g., Brown, 2001; Hubbard et al.,

2001; Seager & Sasselov, 2000).

In an early study, Seager & Sasselov (2000) derived the analytical transmission

spectrum for HD 209458 b to foretell the strongest absorption features of giant

exoplanets on short-period orbits. Their predictions of strong alkali metal lines—in

particular the K I resonance doublet (4 2p-4 2s) at 7670 Å and the Na I resonance

doublet (3 2p-3 2s) at 5893.6 Å—were later borne out by observations. In addition,

they accurately predicted strong absorption of stellar photons at 1.083 µm due to

the He I 2 3s-2 3p triplet transition line, an observational diagnostic that has only

been recently exploited (e.g., Allart et al., 2018; Mansfield et al., 2018; Nortmann

et al., 2018; Salz et al., 2018).

Brown (2001) wrote an early pedagogical description of transmission spec-

troscopy, and developed a rigorous model spectrum for HD 209458 b. His work

agreed with that of Seager & Sasselov (2000), with his spectrum showing strong

K I and Na I lines in the optical, as well as strong signatures of CO, CH4, and H2O

in the infrared. Brown (2001) noted the advantages of avoiding the contaminating

effects of Earth’s atmosphere via space-based observations, particularly in the in-
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frared. He also illustrated the obfuscating effects of clouds on transmission spectra.

He cautioned that although transmission spectroscopy would allow insight into the

properties of planetary atmospheric properties, some of these properties are degen-

erate. For example, high altitude clouds and higher heavy element abundances could

produce similar effects on planetary atmosphere spectra.

Charbonneau et al. (2002) published the first detection of an atmospheric fea-

ture attributable to atomic absorption—namely, they reported detection of atomic

sodium near 5893.6 Å in the atmosphere of HD 209458 b, based upon analysis of

HST Space Telescope Imaging Spectrograph (STIS)25 spectra. They noted that the

features were not as strong as expected from their solar metallicity cloud-free model.

They postulated four potential causes of the muted sodium feature: formation of

molecules using sodium in the atmosphere, photoionization of sodium in the upper

atmosphere, low primordial sodium abundance, or high-altitude clouds.

Soon HST transit spectroscopy observations shifted to the infrared regime,

where astronomers sought evidence of molecular features. Unfortunately, the first

NICMOS26 detections of H2O and CH4 (Swain et al., 2008), as well as CO2 (Tinetti

et al., 2010) were deemed questionable (Gibson et al., 2011). However, after its

installation on HST servicing mission 4, the Wide Field Camera 3 (WFC3)27 has

become the mainstay instrument for near infrared space-based transmission spec-

troscopy.

Deming et al. (2013) analyzed HST/WFC3 G141 grism spectra for the two

25https://www.stsci.edu/hst/instrumentation/stis
26The Near Infrared Camera and Multi-Object Spectrometer (NICMOS) has been inoperative

since 2008. See https://stsci.edu/hst/instrumentation/legacy/nicmos.
27https://www.stsci.edu/hst/instrumentation/wfc3
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hot Jupiters XO-1b and HD 209458b using the (then) newly available spatial scan

mode (McCullough & MacKenty, 2012).28 In spatial scan mode, HST is moved

at a small constant rate back and forth perpendicular to the dispersion direction

of the spectrum, such that the target starlight spreads across the detector array

in the spatial direction. When observing bright exoplanet host stars, spatial scan

mode allows selection of longer exposure times without saturating subarray pixels.

Deming et al. (2013) found water absorption of ∼200 ppm near the 1.38 µm H2O

bandhead in the transmission spectra for both XO-1b and HD 209458b. Similar

to the Charbonneau et al. (2002) sodium features, Deming et al. (2013) noted that

the water spectral features were muted compared to expectations from models of

clear atmospheres, and attributed this attenuation to continuous opacity from haze

and/or dust. Following the Deming et al. (2013) analysis of WFC3 spatial scan

data, many other scientists reported detection of NIR H2O features in hot Jupiters

(e.g., Kreidberg et al., 2014b, 2015; McCullough et al., 2014; Wakeford et al., 2013).

The spectral region probed by the HST/WFC3 G141 grism is dominated by

H2O features. Spitzer Space Telescope observations complement those of HST/WFC3

by providing data further into the IR regime. Spitzer began its mission in 2003, and

during its cryogenic phase was able to simultaneously observe in four photometric

bandpasses (centered at 3.6, 4.5, 5.8, and 8 µm) with the Infrared Array Camera

(IRAC), complemented by broadband observations at 24 µm using the Multiband

Imaging Photometer for Spitzer (MIPS, e.g., Deming & Knutson, 2020; Perryman,

28I applied the procedures of Deming et al. (2013), as well as Wilkins et al. (2014), in analyzing
WFC3 spectra for KELT-7b, and summarize those procedures further in Section 5.4.1.
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2018). The Infrared Spectrograph (IRS, Houck et al., 2004) also supported low and

high resolution spectroscopy. However, after March 2009, Spitzer entered its warm

mission, and photometric observations were limited to the 3.6 µm and 4.6 µm band-

passes of IRAC. Although many Spitzer exoplanet observations took place during

the warm mission, data from the 3.6 µm and 4.6 µm bandpasses provide additional

constraints on atmospheric models, since CH4, CO, and CO2 all absorb strongly

in these bandpasses. Unfortunately, because these are photometric bandpasses, the

molecular features are not spectrally resolved, which can lead to some uncertainty

in their interpretation.

Observations using HST/WFC3 in concert with HST/STIS have also proven

fruitful.29 STIS covers wavelengths from 1150 Å to 10300 Å, spanning the near

ultraviolet (NUV) to NIR. Thus, STIS observations offer the opportunity to search

for signs of Rayleigh scattering slopes or of atomic lines such as those of K I and Na

I. In a pioneering study, Sing et al. (2016) compared the 0.3 µm to 5.0 µm spectra of

10 hot Jupiters spanning a large range of planetary temperatures, surface gravities,

masses and radii, which in turn allowed examination of a broad range of planetary

atmospheric parameters. Their analysis included data from HST/STIS (0.3 µm to

1.01 µm), HST/WFC3 (1.1 µm to 1.7 µm), and Spitzer IRAC (3.6 µm and 4.6 µm)—

the broad spectral coverage allowed capture of features from the optical scattering

slope to molecular absorption in the NIR. In addition to optical scattering slopes,

they found prominent spectral absorption features from Na I, K I, and H2O, but

the strength—and even the presence—of the features varied between planets. They

29Note that STIS was off-line from 2004 until HST servicing mission 4 in 2009.
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found that comparison of the planetary radius measured in the optical and NIR

regimes could reveal whether or not the planetary atmosphere was clear or cloudy.

Barstow et al. (2017) performed atmospheric retrievals on the same sample of hot

Jupiters analyzed by Sing et al. (2016). Barstow et al. (2017) found that retrievals

for hot Jupiters with equilibrium temperatures between 1300 and 1700 K pointed to

deeper, gray cloud layers, whereas hot Jupiters with cooler or hotter temperatures

were best explained by higher altitude Rayleigh scattering. Recent work has shown

that stellar activity can also produce larger transit depths in the optical regime that

mimic scattering slopes, thus confounding our interpretation of transmission spectra

and pointing to the importance of stellar activity monitoring (e.g., Rackham et al.,

2018, 2019).

Soon after the Sing et al. (2016) and Barstow et al. (2017) studies, Fu et al.

(2017) performed a statistical analysis of all published HST/WFC3 (1.1 µm to 1.65

µm) spatially scanned spectra available at the time for 34 planets ranging from hot

Jupiters to hot Neptunes. They sought a correlation between the observed H2O

absorption feature and planetary parameters. They found a positive baseline corre-

lation between water absorption expressed in scale heights and planet equilibrium

temperature. Fu et al. (2017) proposed the correlation was due to decreasing cloud

condensation (and thus more H2O absorption) with increasing temperature.

Recently, Gao et al. (2020) used a grid of 1D giant planetary atmosphere

models incorporating an aerosol microphysics model to determine the composition of

aerosols across various temperature regimes. Their model grid spanned equilibrium

temperatures Teq from 700 to 2800 K, surface gravities of 4, 10, and 25 m s−1, and
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both solar and 10x solar metallicities. By comparing their model grid to transmission

spectroscopy observations, they showed that silicates dominate the aerosol opacity

for planets with Teq > 950 K, while hydrocarbon aerosols dominate on planets with

Teq < 950 K.

A number of hot Jupiter transmission spectra display relatively large transit

depths in the short wavelength (< 0.5 µm) regimes. Motivated by their analy-

sis of the WASP-76b transmission spectrum (Fu et al., 2020), Lothringer et al.

(2020) recently showed that metal opacities not commonly considered in planetary

atmosphere models—for example, atoms and ions of Fe, Ti, Ni, Ca, Cr, Mn, and

SiO—may explain these large transit depths. These metals are guaranteed to be

present in conditions near chemical equilibrium. Due to such metal opacities, hot

Jupiters with Teq & 1000 K exhibit NUV transit depths greater than those that

can be explained by Rayleigh scattering alone. Furthermore, in the blue-optical

regime, those hot Jupiters with Teq & 2000 K will have transit depths greater than

those that can be explained by Rayleigh scattering, although for planets with Teq .

2000 K Rayleigh scattering can dominate. Additionally, Allard et al. (2016, 2019)

recently reported the importance of including properly broadened line wings for Na

and K opacities when analyzing hot Jupiter spectra.

1.4 Rpl < 4R⊕ Planets

The work presented in Chapters 3 and 4 addresses follow-up of TESS-discovered

exoplanets. The goal of the TESS mission is to find hundreds of planets smaller in
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size than Neptune (4R⊕), orbiting host stars bright enough to facilitate follow-up

spectroscopic radial velocity and atmospheric characterization observations (Ricker

et al., 2015). Here, I briefly review our knowledge of Rpl < 4R⊕ planet occurrence

rates—to include the radius valley found by analysis of Kepler data—as well as the-

ory and observations concerning Rpl < 4R⊕ planet atmospheres. The radius valley

provides the motivation for part of the analysis presented in Chapter 4.

1.4.1 Kepler Occurrence Rates and the Radius Valley

Analysis of data from NASA’s Kepler space telescope has taught us that the

most common types of planets are Rpl < 4R⊕ super-Earths and sub-Neptunes (e.g.,

Dressing & Charbonneau, 2013, 2015; Fressin et al., 2013) that range in size between

Earth (1R⊕) and Neptune (4R⊕). In addition, Kepler and K2 occurrence rate studies

have revealed a valley (sometimes referred to as a gap) in the radius distribution

between super-Earth and sub-Neptune-sized planets on P < 100 day orbits. The

pioneering work of Fulton et al. (2017a) showed that the radius distribution for Rpl <

4R⊕ planets on short-period orbits cluster about values of ∼ 1.3R⊕ (super-Earths)

or ∼ 2.4R⊕ (sub-Neptunes), with relatively few planets falling into the regime 1.5−

2.0R⊕ (Figure 1.8). Additional studies of Kepler and K2 planet occurrence rates

verified the bimodel distribution of super-Earths and sub-Neptunes (Cloutier &

Menou, 2020; Fulton & Petigura, 2018; Hardegree-Ullman et al., 2020; Martinez

et al., 2019; Van Eylen et al., 2018). Most recently, Cloutier & Menou (2020)

analyzed a sample of 275 confirmed Kepler planets and 53 confirmed K2 planets,

55



Figure 1.8: Radius valley in Rpl < 4R⊕ planets. Kepler occurrence rate studies show
that the radius distribution for Rpl < 4R⊕ planets on short-period orbits cluster
about values of ∼ 1.3R⊕ (super-Earths, shaded in red) or ∼ 2.4R⊕ (sub-Neptunes,
shaded in cyan), with relatively few planets falling into the regime 1.5 − 2.0R⊕.
Figure from Fulton et al. (2017a).

all on P < 100 day orbits of mid-to-late K or M-dwarf host stars (Teff ≤ 4700

K), and confirmed the bimodal distribution in cool, low-mass host stars—the same

stellar types that produce relatively larger transit depths and spectral features in

transmission spectra.

Theories developed to explain the radius gap include mass loss by photoevap-

oration (Jin & Mordasini, 2018; Lopez & Fortney, 2014; Lopez & Rice, 2018; Owen

& Wu, 2013, 2017), core-powered mass loss (Ginzburg et al., 2016, 2018; Gupta &

Schlichting, 2019, 2020), impact erosion by planetesimals (Schlichting et al., 2015;

Shuvalov, 2009; Wyatt et al., 2020), and distinct formation pathways for rocky and
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non-rocky planets, with gas-poor formation explaining rocky planet origins (Lee &

Chiang, 2016; Lee et al., 2014; Lopez & Rice, 2018). To date, observational tests of

the theories do not reveal a conclusive origin for the radius gap. Atmospheric char-

acterization of selected planets will provide important information such as metal-

licities and C/O ratios that will help us refine our theories of planet formation and

evolution, and will also help us to pinpoint the origins of the radius valley.

1.4.2 Atmospheres of Rpl < 4R⊕ Planets – Theory and Observations

CoRoT-7b (Léger et al., 2009) and GJ1214b (Charbonneau et al., 2009) were

the first transiting Rpl < 4R⊕ planets with measured masses and radii. CoRoT-7b is

a 1.7R⊕ planet orbiting a 0.83R� G9V host star, while GJ1214b is a 2.85R⊕ planet

orbiting a 0.216R� M4.5 host star.30 Thus, GJ1214b’s transit depth (equation 1.1)

is larger, and the prospects for observing its atmosphere greater, so a flurry of

theoretical and observational studies related to measuring the planet’s transmission

spectrum accompanied its discovery in 2009 (e.g., Bean et al., 2011, 2010; Berta

et al., 2012; Désert et al., 2011; Miller-Ricci & Fortney, 2010).

Planets between the sizes of Earth (1R⊕) and Neptune (4R⊕) likely form via

different mechanisms, and their atmospheres encode those formation mechanisms.

In our own solar system, Rpl ≤ 1R⊕ planets are rocky with high mean molecular

weight atmospheres, while Neptune is an Ice Giant with a hydrogen and helium dom-

inated atmosphere (e.g., Moses et al., 2020). Atmospheres of solar system terrestrial

30Planetary system parameters are taken from the NASA Exoplanet Archive, accessed 2 Decem-
ber 2020.
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planets formed via outgassing of volatiles from minerals (e.g., Abe & Matsui, 1985;

Lange & Ahrens, 1982). Schaefer & Fegley (2010) examined the chemical compo-

sition of terrestrial atmospheres formed from outgassing during planetary accretion

and described their implications for rocky exoplanets. They determined that at-

mospheric composition would depend upon the source material for outgassing, and

that 4 plausible atmospheric compositions31 were 1.) H2O-rich (steam), 2.) H2-rich

with CO and H2O, 3.) CO-rich with H2, CO2, and H2O, and 4.) CO2-rich with

H2O. Thus, measuring the chemical composition of a rocky exoplanet atmosphere

would provide clues to that planet’s formation history.

The interior structure and atmospheric compositions of Rpl < 4R⊕ planets

cannot be constrained by bulk density from mass and radius measurements alone

(Adams et al., 2008). Rogers & Seager (2010a) introduced quaternary diagrams—

shaped like three dimensional tetrahedons—which model a planet as composed of 4

components which are each expressed as mass fractions: a core, mantle, ice layer,

and gas layer. Rogers & Seager (2010a) demonstrated their interior structure model

on 4 planets, including CoRoT-7b, and showed that by using only the measured

mass, radius, and stellar irradiation of a planet, they could constrain the range of

mass fractions possible for each of the 4 components in their quaternary diagrams.

Soon thereafter, Rogers & Seager (2010b) applied the same concepts to GJ1214b.

They found that the GJ1214b low average density of ρpl = 1870±400 kg m3 implied

that the planet has a large gas component. They considered three possible origins for

31The compositions list the primary chemical component, followed by the next most abundant
gases in order of abundance.
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the large gas layer—accretion from the protoplanetary disk, sublimation of ices, and

outgassing from rocky material—and suggested spectral observations to distinguish

between scenarios.

An earlier paper by Miller-Ricci et al. (2009) examined 3 plausible atmospheric

compositions for the super-Earth Gl 581c (M sin i = 5M⊕): a hydrogen-rich atmo-

sphere accreted from the protoplanetary disk, an atmosphere depleted of hydrogen

due to atmospheric escape, and a CO2-rich and H-poor Venus-like atmosphere. They

found that transmission spectra are the best method to distinguish between H-rich

(low mean molecular weight µ) and H-poor atmospheres (high µ) due to the differ-

ence in scale height (equation 1.17) between such atmospheres.

Upon discovery of GJ1214b, Miller-Ricci & Fortney (2010) explored a range

of atmospheres for the planet. They advocated that space-based follow-up observa-

tions would attain the precision to resolve spectral features in a hydrogen-rich at-

mosphere. They predicted that transmission spectra of hydrogen-rich atmospheres

would be dominated by water and methane features. In contrast, they predicted

that hydrogen-poor atmospheres would likely result in flat spectra due to the high

mean molecular weight of such atmospheres. Although measurement of a flat spec-

trum would rule out a cloud-free hydrogen rich atmosphere, a flat spectrum could

also result from a hydrogen-rich atmosphere with aerosols extending into the upper

layers.

On the observational front, Bean et al. (2010) published the first GJ1214b

transmission spectrum, which was produced from ground-based observations and

spanned wavelengths from 780 to 1000 nm. The featureless spectrum ruled out

59



a cloud-free hydrogen-dominated atmosphere at 4.9σ-confidence. However, Bean

et al. (2010) were unable to rule out a high mean molecular weight water vapor

atmosphere. Several additional observational studies of GJ1214b were unable to

decisively distinguish between either a hydrogen-dominated cloudy atmosphere or

a high mean molecular weight atmosphere (Bean et al., 2011; Berta et al., 2012;

Désert et al., 2011; Fraine et al., 2013). Finally, Kreidberg et al. (2014a) used the

HST/WFC3 G141 grism (1.1 to 1.7 µm) in spatial scan mode (see §1.3.3) to pro-

duce a featureless transmission spectrum with enough precision to detect any extant

spectral features in a high mean molecular weight atmosphere. They produced this

high signal-to-noise spectrum by combining observations of 12 transits. Kreidberg

et al. (2014a) ruled out high mean molecular weight atmospheres composed of wa-

ter, methane, carbon monoxide, nitrogen, or carbon dioxide to greater than 5-σ

confidence, thus determining that GJ1214b’s atmosphere must contain aerosols.

In subsequent years, other astronomers have employed the HST/WFC3 G141

grism in spatial scan mode, sometimes combined with other space-based platforms,

to produce transmission spectra for Rpl < 4R⊕ planets. Knutson et al. (2014)

observed the Super-Earth HD 97658b (Rpl = 2.4R⊕, R∗ = 0.74R�, host star Teff =

5175 K and spectral type K1), and ruled out a cloud-free solar metallicity atmosphere

at the 10-σ level. Tsiaras et al. (2016) measured the transmission spectrum for

the hot (Teq ∼ 2000 K) super-Earth 55 Cancri e (Rpl = 1.91R⊕, R∗ = 0.943R�,

host star Teff = 5196 K and spectral type G8V), and determined that the data

were consistent with a hydrogen-rich atmosphere with C/O = 1.1. de Wit et al.

(2018) observed TRAPPIST-1d, e, f, and g—the four TRAPPIST-1 planets within
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or near the system’s habitable zone. Their analysis ruled out cloud-free, hydrogen-

dominated atmospheres for TRAPPIST-1d, e, and f at confidence levels of 8, 6, and

4-σ, respectively. Wakeford et al. (2019) analyzed new HST/WFC3 data from an

additional transit combined with previous data from de Wit et al. (2018) and were

able to rule out a clear, solar H2/He-dominated atmosphere on TRAPPIST-1g at

greater than 3-σ confidence. Benneke et al. (2019) combined HST observations with

Spitzer IRAC and K2 observations to detect water vapor and the likely presence

of liquid and icy water clouds in the 2.6R⊕ habitable-zone (Teq ∼ 255 K) planet

K2-18b. The planet orbits a small, cool (R∗ = 0.45R�, Teff = 3457 K, spectral type

M3V) and bright host star, thus increasing the size of its spectral features. Tsiaras

et al. (2019a,b) analyzed the same HST/WFC3 data and also reported finding water

in the atmosphere of K2-18b, by making use of their publicly available WFC3 data

reduction (Tsiaras et al., 2018) and atmospheric retrieval (Waldmann et al., 2015)

codes. Recently, Edwards et al. (2021) reported a tentative water detection in the

atmosphere of the 1.7R⊕, rocky (ρpl = 7.5 g cm3), habitable zone (Teq ∼ 235 K)

planet LHS-1140b.

The analysis of Rpl < 4R⊕ planet atmospheres is an evolving field of research.

In Chapter 4, I look at the prospects for studying the atmospheres of these fascinat-

ing worlds using the higher resolution and broader spectral coverage of the James

Webb Space Telescope.
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Chapter 2: Supplemental Background Regarding

TESS Predicted Planet Yield and

Validation using Multi-Color Photometry

2.1 Overview

This Chapter presents supplemental background information to assist in un-

derstanding the analyses described in Chapters 3 and 4. The work in both Chapters

3 and 4 relies upon projections of the exoplanets that will be discovered by the Tran-

siting Exoplanet Survey Satellite (TESS). In Section 2.2, I briefly describe various

studies that predict the TESS planet yield, and I then quantify some key differ-

ences between the two planet yield predictions that I rely upon, those of Sullivan

et al. (2015) and Barclay et al. (2018). In Chapter 3, I present a study to predict

the ability of the Multi-color Simultaneous Camera for Studying Atmospheres of

Transiting Planets (MuSCAT) instrument, as well as the MuSCAT2 instrument, to

distinguish bona fide exoplanets from blended eclipsing binary (BEB) false positives

(Figure 1.6). In Section 2.3, I show the difference between the TESS bandpass and

the MuSCAT/MuSCAT2 bandpasses, and I provide insight into how observations

using the multiple bandpasses of MuSCAT/MuSCAT2 can allow us to distinguish
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false positives.

2.2 TESS Predicted Planet Yields

Sullivan et al. (2015) published the first comprehensive predictions of the plan-

ets and astrophysical false positives that TESS would detect. To conduct their anal-

ysis, they synthesized the stellar population of observed stars using the TRIdimen-

sional modeL of thE GALaxy, or TRILEGAL (Girardi et al., 2012). They applied

Kepler planet occurrence rates from Fressin et al. (2013) for FGK stars and from

Dressing & Charbonneau (2015) for Teff < 4000K stars. Finally, they determined

whether a planet would be detected using models for the photometric performance

and sky coverage of the TESS cameras. Sullivan et al. (2015) supplied a publicly

available catalog of planetary system properties based upon their work.

Chapter 4, Sections 4.1 through 4.6, was published as Louie et al. (2018) and

relied upon the Sullivan et al. (2015) TESS estimated planet yield. Since publication

of Louie et al. (2018), additional teams have reevaluated the TESS estimated planet

yield. Bouma et al. (2017) continued the work of Sullivan et al. (2015), using slightly

modified versions of the Sullivan et al. (2015) simulation routines to examine six

plausible options for a TESS Extended Mission. Notably, Bouma et al. (2017)

reported a code error in calculation of dilution due to background stars used by

Sullivan et al. (2015). After correcting this error, Bouma et al. (2017) predicted

30% fewer Earth-sized and super-Earth-sized planets than those found by Sullivan

et al. (2015) during the TESS primary mission.
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Most recently, Ballard (2019) reexamined the number and multiplicity of plan-

ets that TESS would find orbiting M-dwarf host stars. They predicted a 1.2-fold

increase in the number of planets orbiting M-dwarfs, and they also predicted that

TESS would find multiple planets in 20% of the M-dwarf systems.

Barclay et al. (2018) incorporated several improvements upon the Sullivan

et al. (2015) simulations that enabled them to more closely replicate the TESS

primary mission. They used the actual TESS Input Catalog (TIC) Candidate Target

List (CTL, Stassun et al., 2018), version 6.1, rather then TRILEGAL, to provide

the stellar population. The CTL contains 3.8 million stars that the TESS Target

Selection Group has deemed most suitable for detection of small planet candidates.

As discussed in Section 1.1.2, the TESS mission selected 200,000 target stars to be

observed at 2-minute cadence. Barclay et al. (2018) used a realistic selection scheme

based on the techniques applied by the TESS Target Selection Group to pick the

CTL stars for simulated 2-minute observations. In contrast to other studies of the

TESS planet yield (Ballard, 2019; Bouma et al., 2017; Sullivan et al., 2015), Barclay

et al. (2018) limited the number of target stars observed at each ecliptic pole to

6000, which is the maximum possible with the actual flight hardware configuration.

In addition, Barclay et al. (2018) limited full frame image (FFI) targets observed

at 30-minute cadences to those in the CTL, whereas previous works had employed

various cuts based upon stellar magnitudes. Like Sullivan et al. (2015) and Bouma

et al. (2017), Barclay et al. (2018) employed Kepler planet occurrence rates from

Fressin et al. (2013) and Dressing & Charbonneau (2015).

In Chapter 3, we base our analysis on the Barclay et al. (2018) simulated TESS
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discoveries, since this recent work employs the most realistic scheme to predict the

TESS primary mission exoplanet detections. Specifically, we used version 9 of the

Barclay et al. (2018) TESS planet yield, which was posted on-line 18 July 2018.1

Additionally, in Section 4.7, I apply our James Webb Space Telescope (JWST)

simulation tool to predict the suitability of Barclay et al. (2018) predicted TESS

exoplanet discoveries to atmospheric characterization using JWST.

In the remainder of this section, I produce histograms to illustrate key differ-

ences between the versions of the Sullivan et al. (2015) and Barclay et al. (2018)

TESS planet catalogs relied upon for the analyses of Chapters 3 and 4. I begin with

Figure 2.1, which compares the occurrence rate of TESS planets in various size bins.

For the Rpl ≤ 4R⊕ planets we look at in Chapters 3 and 4, Sullivan et al. (2015)

detect greater numbers of planet in all bins with Rpl < 3R⊕. I refer the reader to

Barclay et al. (2018) for a detailed discussion regarding differences between their oc-

currence rates and those of other studies (Ballard, 2019; Bouma et al., 2017; Sullivan

et al., 2015).

Figure 2.2 compares the J-band magnitude of all Sullivan et al. (2015) and

Barclay et al. (2018) TESS discoveries, with various colors indicating the J-band

magnitudes of Rpl ≤ 4R⊕ and Rpl ≤ 2.5R⊕ discoveries. For all bins with J-band

magnitudes less than 12, Barclay et al. (2018) detect more planets per bin. Thus,

Barclay et al. (2018) detect planets orbiting host stars with brighter J-band magni-

tudes.

Figure 2.3 illustrates the distribution of J-band magnitudes for Rpl ≤ 2.5R⊕

1https://figshare.com/articles/Planet_and_host_star_properties/6137672.

65

https://figshare.com/articles/Planet_and_host_star_properties/6137672


0 2 4 6 8 10
Planetary Radius (R )

0

100

200

300

400

500

Nu
m

be
r

11

181

383

488

399

214

157

15 19 9 9 11 8 4 7 5 3 6 6 8

Sullivan et al. 
Planetary Systems

(a)

0 2 4 6 8 10
Planetary Radius (R )

0

100

200

300

400

500

600

700

800

Nu
m

be
r

10

70

198 212

350

524

786

110 116
143

172
200

158
126 126

103 95 108
79 86

Barclay et al. 
Planetary Systems

(b)

Figure 2.1: Histograms comparing the (a) Sullivan et al. (2015) and (b) Barclay
et al. (2018) TESS planet yields. Notably, Sullivan et al. (2015) detect greater
numbers of planet in all bins with Rpl < 3R⊕.
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Figure 2.2: Histograms comparing the (a) Sullivan et al. (2015) and (b) Barclay
et al. (2018) J-band magnitudes over various radius regimes. In general, Barclay
et al. (2018) detect planets orbiting host stars with brighter J-band magnitudes.
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planetary systems in the Sullivan et al. (2015) and Barclay et al. (2018) TESS

primary mission predictions. Although Sullivan et al. (2015) detect larger numbers

of planets in this radius regime, Barclay et al. (2018) report greater numbers of

planets orbiting bright host stars (e.g., J-band magnitude ≤ 9.).

Figures 2.4 and 2.5 show the distribution of stellar temperatures for the Sulli-

van et al. (2015) and Barclay et al. (2018) TESS primary mission predictions. Figure

2.4 shows all planetary system projections, with colored overplots for planetary sys-

tems with Rpl ≤ 4R⊕ and Rpl ≤ 2.5R⊕ planet discoveries. By far, Sullivan et al.

(2015) report a greater number of planets orbiting cool, low mass host stars. Both

studies find the majority of Rpl ≤ 1.5R⊕ planets orbiting cool, low mass host stars.

Barclay et al. (2018) noted that the dearth of planets found orbiting K-dwarfs is a

result of selecting fewer K-dwarfs as 2-minute cadence targets. See Stassun et al.

(2018) for a comprehensive explanation of the source of the CTL “missing” K-dwarfs.

2.3 Distinguishing False Positives with Multi-Band Photometry

The MuSCAT/MuSCAT2 team members are part of the TESS Follow-up Ob-

serving Program, or TFOP, and take part in some of the earliest observations de-

picted in Figure 1.7. As mentioned in Section 1.1.3, TESS’ large pixel scale of 21

arcsec pixel−1 increases the probability that BEB false positives will be detected,

particularly in crowded fields of view. The combination of large pixel scale and

crowded field makes it more likely that light from the targeted star will blend with

that of a nearby eclipsing binary, separated spatially from the target star by only a
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Figure 2.3: Histograms comparing the (a) Sullivan et al. (2015) and (b) Barclay et al.
(2018) J-band magnitudes, showing values only for Rpl ≤ 2.5R⊕ planets. Although
Sullivan et al. (2015) detect larger numbers of planets in this radius regime, Barclay
et al. (2018) report greater numbers of planets orbiting bright host stars (e.g., J-band
magnitude ≤ 9.).
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Figure 2.4: Histograms comparing the (a) Sullivan et al. (2015) and (b) Barclay
et al. (2018) host star effective temperatures over various radius regimes. By far,
Sullivan et al. (2015) report a greater number of planets orbiting cool, low mass
host stars.
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Figure 2.5: Histograms comparing the (a) Sullivan et al. (2015) and (b) Barclay
et al. (2018) host star effective temperatures, showing values only for Rpl ≤ 2.5R⊕
planets. Both studies find the majority of Rpl ≤ 1.5R⊕ planets orbiting cool, low
mass host stars.
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small amount. In this short section, I present a comparison of the TESS and MuS-

CAT/MuSCAT2 bandpasses, and describe qualitatively how BEB false positives

may be distinguished using multi-band simultaneous photometry.

Figure 2.6 compares the TESS bandpass to the MuSCAT2 g, r, i and zs band-

passes. Note that MuSCAT has only the g, r, and zs bandpasses. Figure 2.7 depicts

blackbody curves at 3 temperatures, with the TESS and MuSCAT2 bandpasses

overplotted near the bottom. The blackbody curves may be used to illustrate the

concept behind distinguishing false positives using multi-band photometry.2 Imag-

ine that the blackbody curves represent stars at three different stellar temperatures,

and that the 5000 K blackbody curve is our targeted star. Then, if that Teff = 5000

K star hosts a transiting exoplanet, when the exoplanet transits, the entire stellar

curve will dim by the same proportionate amount (R2
pl/R

2
∗) at each wavelength. In

other words, the exoplanet transit will not be wavelength-dependent. However,

assume instead that the light from the Teff = 5000 K star is blended with the light

from two stars of effective temperatures 4500 K and 3500 K, and assume that the

cooler star periodically eclipses (or transits) the 4500 K star. In other words, assume

we have a BEB. Thus, if we observe in any of the MuSCAT2 bandpasses, we are

observing the integrated light of 3 stars across that bandpass. Whenever the 4500

K star is eclipsed by the cooler star, then only the light from the 4500 K blackbody

curve will decrease by a proportional amount. The amount of light we detect (from

3 stars) during eclipse will decrease in each bandpass, and over time we would mea-

2Note that the actual PHOENIX stellar models we use in our analysis of Chapter 3 are much
more complicated than blackbody curves, but the same concept applies.
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sure something that appears like an exoplanet transit light curve. However, in this

case the transit depth that we measure in each of MuSCAT2’s 4 bandpasses will

be wavelength-dependent. This is because the blackbody curves for each star differ

across wavelength—for example they peak at different wavelengths.
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Figure 2.6: Comparison of the TESS Spectral Response curve from Ricker et al.
(2014) to the Narita et al. (2019) MuSCAT2 Total Transmittance. While MuS-
CAT2 employs 4 bandpasses, the MuSCAT instrument only employs the g, r, and
zs bandpasses.
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Chapter 3: Simulations Predicting the Ability of Multi-Color

Simultaneous Photometry to Distinguish TESS

Candidate Exoplanets from False Positives

3.1 Overview

The Transiting Exoplanet Survey Satellite (TESS) is currently concluding its

2-year primary science mission1 searching 85% of the sky for transiting exoplan-

ets. TESS has already discovered well over one thousand TESS objects of interest

(TOIs), but these candidate exoplanets must be distinguished from astrophysical

false positives using other instruments or techniques. The 3-band Multi-color Si-

multaneous Camera for Studying Atmospheres of Transiting Planets (MuSCAT), as

well as the 4-band MuSCAT2, can be used to validate TESS discoveries. Transits

of exoplanets are achromatic when observed in multiple bandpasses, while transit

depths for false positives often vary with wavelength. We created software tools to

simulate MuSCAT/MuSCAT2 TESS follow-up observations and reveal which planet

candidates can be efficiently distinguished from blended eclipsing binary (BEB) false

positives using these two instruments, and which must be validated using other tech-

1Since publication of Louie et al. (2020), TESS has completed its primary science mission.
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niques. We applied our software code to the Barclay et al. (2018) predicted TESS

discoveries, as well as to TOIs downloaded from the ExoFOP-TESS website. We

estimate that MuSCAT (MuSCAT2 values in parentheses) will be able to use its

multi-color capabilities to distinguish BEB false positives for ∼17% (∼18%) of all

TESS discoveries, and ∼13% (∼15%) of Rpl < 4R⊕ discoveries. Our TOI analysis

shows that MuSCAT (MuSCAT2) can distinguish BEB false positives for ∼55%

(∼52%) of TOIs with transit depths greater than 0.001, for ∼64% (∼61%) of TOIs

with transit depths greater than 0.002, and for ∼70% (∼68%) of TOIs with tran-

sit depths greater than 0.003. Our work shows that MuSCAT and MuSCAT2 can

validate hundreds of Rpl < 4R⊕ candidate exoplanets, thus supporting the TESS

mission in achieving its Level 1 Science Requirement of measuring the masses of 50

exoplanets smaller in size than Neptune. Our software tools will assist scientists as

they prioritize and optimize follow-up observations of TESS objects of interest.

3.2 Introduction

The Transiting Exoplanet Survey Satellite (TESS), which launched 18 April

2018, is projected to detect over one thousand transiting exoplanets smaller than

Neptune (Barclay et al., 2018; Ricker et al., 2016; Sullivan et al., 2015). However,

Sullivan et al. (2015) showed that TESS will also detect several thousand astrophys-

ical false positives, produced by blended light from a target star and eclipsing binary

stars in the foreground/background, or bound to the target star. The TESS Follow-

Up Observing Program (TFOP)2 will facilitate achievement of the TESS Level 1

2https://tess.mit.edu/followup/
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Science Requirement to measure the masses of 50 exoplanets smaller in size than

Neptune. The first step in the TFOP pipeline is to validate candidate exoplanets

by distinguishing true exoplanets from astrophysical false positives.

Transiting exoplanets can be distinguished from astrophysical false positives

by determining the wavelength/color-dependence of the amount of stellar light

received—transiting exoplanets are largely achromatic when observed in different

bandpasses (Alonso et al., 2004; Parviainen et al., 2019). Ground-based multiband

photometry makes use of this color-dependence to distinguish true exoplanets from

astrophysical false positives. The Multi-color Simultaneous Camera for Studying

Atmospheres of Transiting Planets, or MuSCAT (Narita et al., 2015), a 3-color

multiband photometer used on the National Astronomical Observatory of Japan

(NAOJ) 1.88-m telescope at Okayama Astro-Complex (OAC), Japan, is one instru-

ment the exoplanet community uses for TESS validation. The 4-color MuSCAT2

instrument (Narita et al., 2019) installed on the 1.52-m Carlos Sanchez Telescope at

Teide Observatory in the Canary Islands also supports TESS validations with more

than 200 dedicated observing nights per year.3

Sullivan et al. (2015) analyzed the types of false positives that TESS would

detect when observing 200,000 preselected target stars at 2-minute cadences, and

they found that TESS would discover 1103 ± 33 eclipsing binary (EB) systems

which fall into the following three categories:4

1. Eclipsing binaries (EB): the target star is part of a binary system, and it is

3http://vivaldi.ll.iac.es/OOCC/iac-managed-telescopes/telescopio-carlos-sanchez/muscat2/
4Additional false positives would be discovered from full-frame image data, but Sullivan et al.

(2015) only analyzed the 2-minute cadence data.
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grazed by eclipses from its companion. For example, a solar type star may be

grazed by eclipses from a late M dwarf companion.

2. Hierarchical EB (HEB): the target star is a triple or higher-order system, and

one pair of stars eclipses. For example, if the target star is a solar type star,

and another solar type star in the system is eclipsed by an M dwarf, the light

from the target star will dilute the eclipse depth of the EB, producing a light

curve similar to that of a planetary transit of the target star.

3. Blended EB (BEB): the target star blends with an EB in the foreground/background

within the photometric aperture of the target star. This case is similar to an

HEB, except that here the EB is not gravitationally bound to the target star.

Note this may also be referred to as a nearby eclipsing binary (NEB).

Sullivan et al. (2015) examined the possibility of using TESS observation data

to distinguish false positives through (1) ellipsoidal variations, (2) secondary eclipses,

(3) lengthy ingress and egress durations, or (4) centroid motion of the image on the

detector.5 They found that these methods provide clues to help distinguish EBs

for 98.6% of the EBs and 93.0% of the HEBs. However, roughly one-quarter of

the BEBs could not be distinguished from exoplanets using any of these methods,

leaving ∼150 of the false positives indistinguishable from actual exoplanets.

For those cases where TESS observation data cannot distinguish transiting ex-

oplanets from false positives, we turn to ground-based multiband photometry. When

a star is observed in a given photometric bandpass, both transiting exoplanets and

5See Section 1.1.4 for further details regarding these four situations.
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eclipsing binary stars decrease the amount of light received as the planet transits,

or as one star of a binary pair eclipses the other star. Transiting exoplanets block a

portion of the host star’s light, and thus the decreases in host starlight received do

not depend significantly on wavelength. False positives caused by blended light from

target stars and eclipsing binaries also produce signals as one star eclipses its binary,

but as long as the colors of the stars are significantly different, the signal is much

more wavelength dependent (see, e.g., Colón et al., 2012). This wavelength depen-

dence would be evident by comparing the amount of light received in MuSCAT’s

three bandpasses (or in MuSCAT2’s four bandpasses), which collect light over dif-

ferent wavelengths. Notably, the sensitivity of the instrument to a given signal will

depend on the physical parameters (e.g. radius, temperature, etc.) of the star(s) and

planet being observed. These physical parameters will vary tremendously between

TESS planet candidates.

Our goal is to simulate MuSCAT and MuSCAT2 follow-up observations to

reveal which planet candidates can be efficiently distinguished from BEB false pos-

itives using these instruments. This understanding will allow TFOP working group

members to better prioritize and optimize follow-up validations of TESS detections.

We also examine our results to determine any common characteristics between those

planet candidates that can be validated using MuSCAT and MuSCAT2. In addition,

we provide a software tool to assist in planning MuSCAT and MuSCAT2 follow-up

observations. The code reads in a list of parameters for several TESS discoveries

(e.g. a list of TESS objects of interest (TOIs) released to the community on the
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Exoplanet Follow-up Observing Program for TESS (ExoFOP-TESS) website6), and

predicts the probability that each discovery can be successfully distinguished from

BEB false positives using MuSCAT and/or MuSCAT2.

This work presents the results of a computationally simple analysis that can be

easily applied to a large sample of TESS candidate exoplanets. Recently, Parviainen

et al. (2019) showed that multi-color transit photometry can be used to determine

the true radius ratio of an exoplanet candidate to its host star, when the light

from the host star blends with unresolved light sources in the photometric aperture.

Parviainen et al. (2019)’s work is complementary to our current study since their

analysis methods can be applied to any exoplanet candidate after actual observations

are taken with MuSCAT or MuSCAT2.

This chapter is organized as follows. In Section 3.3, we describe the simulated

TESS exoplanet discoveries and the false positives we use in our analysis, and we

explain the design and validation of our MuSCAT and MuSCAT2 simulation tools.

In Section 3.4, we present our findings. We summarize in Section 3.5.

3.3 Methods

True exoplanet transits are largely achromatic, but we expect false positives

produced by blended eclipsing binary stars (BEBs) to produce different transit

depths in the MuSCAT and MuSCAT2 bandpasses. To predict MuSCAT and MuS-

CAT2 performance, we compare the transit depths we would obtain by observing a

large sample of true exoplanets to the transit depths we would obtain in the MuS-

6https://exofop.ipac.caltech.edu/tess/
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CAT and MuSCAT2 bandpasses by observing those same systems as BEB false

positives. We then determine the extent to which MuSCAT and MuSCAT2 can

discriminate between true exoplanet and BEB transit depths. We use the Barclay

et al. (2018) predicted TESS exoplanet discoveries (Section 3.3.1) for our candidate

exoplanet sample. In section 3.3.2, we describe those aspects of the MuSCAT and

MuSCAT2 instruments incorporated into our simulation tools. We also describe our

noise model. We validated our simulation tools by comparing results produced by

the simulations to those from observations of actual transiting exoplanets, incorpo-

rating a random factor to account for variations in quantities such as atmospheric

transmittance and mirror reflectance (Section 3.3.3). We calculate MuSCAT and

MuSCAT2 transit depths for BEB false positives as explained in Section 3.3.4, and

we determine the extent to which MuSCAT and MuSCAT2 can discriminate these

BEBs using the criterion presented in Section 3.3.5. Finally, we applied our tools to

TESS objects of interest (TOIs), as posted to the ExoFOP-TESS website. Figure

3.1 shows a block diagram of our simulation routine.

3.3.1 Predicted TESS Exoplanet Discoveries

Barclay et al. (2018) used Monte Carlo methods to predict the properties of

the exoplanets that TESS is likely to discover, and published a machine-readable file

containing the properties of their 4,373 predicted planetary systems.7 Barclay et al.

(2018) used stars in the TESS Input Catalog (TIC) Candidate Target List (CTL)

(Stassun et al., 2019), employing Monte Carlo techniques to assign planets to the

7https://iopscience.iop.org/article/10.3847/1538-4365/aae3e9/meta#apjsaae3e9t2
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Figure 3.1: Block diagram outlining the major components of our MuSCAT and
MuSCAT2 simulation tools.

stars and determine how many of the planets TESS would detect. They adopted

Kepler planet occurrence rates from Fressin et al. (2013) for AFGK stars, and from

Dressing & Charbonneau (2015) for M stars. The predicted planet yield includes

discoveries orbiting both pre-selected target stars viewed at 2-minute cadence, as

well as stars viewed in full-frame images at 30-minute cadence.

Our simulations use the parameters in the Barclay et al. (2018) machine-

readable file as inputs. For example, we determine whether a given system is ob-

servable from either Okayama Astro-Complex (OAC) or Teide Observatory using

the system’s right ascension and declination. To calculate stellar flux emanating

from the system, we use reported values of stellar effective temperature and log(g)

(calculated from radius and mass) to select an appropriate PHOENIX stellar model,

and we then use reported TESS-band magnitude to scale the PHOENIX model. We
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calculate transit depth using the radii of the planet and star. Note that we ignore

limb darkening in the transit depth calculation, but we deal with a large range of

transit depths across our planetary candidates, and the effects of limb darkening are

relatively small compared to other aspects of our simulation.

3.3.2 MuSCAT and MuSCAT2 Simulation Tools

Our simulation tools incorporate several components. First, we use PHOENIX

stellar spectra to estimate the light received across each bandpass for a given star. In

addition, we include important details regarding MuSCAT8 (Narita et al., 2015) and

MuSCAT29 (Narita et al., 2019) into our simulations, such as geographic location,

telescope aperture, and throughput. We also make assumptions about observational

selections such as exposure times and telescope defocusing based upon experience.

In this section, we describe each aspect of our code in detail, working from the

targeted star to the instrument array in our description.

PHOENIX/BT-NextGen and PHOENIX/BT-Settl stellar emission spectrum

grids (Allard et al., 2012) provide stellar flux across the wavelength regimes of both

the MuSCAT and MuSCAT2 instruments. We employ PHOENIX stellar models for

the target star, as well as the primary and secondary components of BEBs. Our

simulation routine selects the stellar model with effective temperature and log(g)

values closest to those of the particular star(s) in the system we are modeling. We

employ solar metallicity spectra. Louie et al. (2018) provide further details about

8http://esppro.mtk.nao.ac.jp/MuSCAT/observing.html
9http://vivaldi.ll.iac.es/OOCC/iac-managed-telescopes/telescopio-carlos-

sanchez/muscat2/
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the stellar models employed.

The stellar flux (ergs sec−1 cm−2 µm−1) received at Earth is calculated by

scaling the PHOENIX stellar model to the star’s TESS-band magnitude. We then

convert vacuum wavelengths to wavelengths in air as prescribed by Morton (1991).

For each band, MuSCAT throughput10—which includes reflectances and transmit-

tances of the dichroic mirrors, broadband anti-reflection coating on the CCD win-

dows, filters, and quantum efficiencies of the CCDs—is provided in increments of

10 nanometers. MuSCAT2 throughput is provided in increments of 0.5 nanome-

ters. Before applying the throughput to the PHOENIX stellar model, we smooth

the stellar model with a Gaussian to produce a spectrum with resolution matching

that of the throughput. As we split the PHOENIX model light into the three band-

passes of MuSCAT, or the four bandpasses of MuSCAT2, we also apply factors for

atmospheric transmittance, as well as throughput of mirrors M1 and M2 on the tele-

scopes, as reported by Narita et al. (2015, 2019). Next, we multiply by the telescope

area to produce an output flux across each bandpass in ergs sec−1 µm−1. Finally,

we convert this to a photon flux across each bandpass (photons sec−1) by dividing

by the energy per photon hν, where h is Planck’s constant and ν is the frequency

of the photon, and then numerically integrating with respect to wavelength across

each bandpass.

We use the right ascension and declination of the target star to determine

whether the system can be observed using MuSCAT or MuSCAT2. The OAC 188-

cm telescope is located at a latitude of 34◦ 34’ 37.47” North. MuSCAT is unable to

10http://esppro.mtk.nao.ac.jp/MuSCAT/TM_MuSCAT.dat
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observe at declinations greater than 75 degrees. We calculate the fraction of TESS

discoveries visible from OAC by assuming that we wish to view through an airmass

of 2 or less, which equates to 60 degrees from zenith. For simplicity, we assume that

we view all targeted systems as they cross the meridian, so that only the declination

angle enters into our calculation. Thus, TESS discoveries with declination angles

between -25.42 degrees South and +75 degrees North should be visible during some

portion of the calendar year.

We perform a similar calculation for MuSCAT2. The Carlos Sanchez Telescope

is located at latitude 28◦ 18’ 01.8” North and has physical limits of +64.55◦ North

and -36◦ South. Assuming an airmass limit of 2 and that all targeted systems

are observed as they cross the meridian, we determine that TESS discoveries with

declination angles between -31.70 degrees South and +64.55 degrees North should

be visible using MuSCAT2.

Noise associated with our observations originates from multiple sources. In

our simulations, we model photon noise from the target star, BEB component stars

(false positives only), and sky background, as well as scintillation noise, read noise,

and comparison star noise.

We calculate photon noise for the target star and BEB component stars using

Nstar =
√
Fstartexp, (3.1)

where Fstar is the photon flux (photons sec−1) received in a given bandpass from the
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star, and texp is the exposure time in seconds.

We estimate MuSCAT sky background by using the noise values reported for

a moonless night by Narita et al. (2015) during MuSCAT first light observations.

Specifically, we use 19.9 mag arcsec−2, 19.5 mag arcsec−2, and 18.7 mag arcsec−2

for the g
′
2, r

′
2, and z

′
s2 bands, respectively. We then apply the MuSCAT pixel scale,

a Sloan filter conversion tool,11 and the bandpass effective wavelengths and widths

reported by Bessell (2005) to convert mag arcsec−2 in the MuSCAT bandpasses

to an electron noise count per square pixel, nsky, which varies with the exposure

time duration. Sky background noise for a given exposure depends upon the photo-

metric aperture on the CCD over which the photons are spread. We calculate sky

background noise for an exposure using (e.g., Chromey, 2010)

Nsky =
√
nskyπr2

aper, (3.2)

where raper is the radius of the photometric aperture in pixels.

We calculate sky background for MuSCAT2 using the same methods, but for

MuSCAT2 we use the noise values reported for a moonless night by Narita et al.

(2019), which are 20.4 mag arcsec−2, 19.8 mag arcsec−2, 19.0 mag arcsec−2, and 18.2

mag arcsec−2 for g, r, i, and zs bands, respectively.

We calculate scintillation noise using the method described by Young (1967)

and by Dravins et al. (1998), which is given by

11https://www.gemini.edu/sciops/instruments/midir-resources/imaging-

calibrations/fluxmagnitude-conversion
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Nscin = 0.064D−2/3(secZ)7/4e−h/hot−1/2
exp Fstartexp, (3.3)

where D is the diameter of the primary telescope mirror in cm, Z is the local zenith

angle of the target star, h is the elevation of the telescope above sea level (372

meters at Okayama Astro-Complex, Japan, and 2,387 meters at Teide Observatory

in the Canary Islands), and ho = 8000 meters is a constant. We use the zenith angle

calculated as the target star crosses the meridian.

Read noise varies with MuSCAT bandpass and also depends upon whether

fast readout time (0.58 sec) or slow readout time (10 sec) is selected.12 For this

study, we assume all observations are conducted using a fast readout time, which

results in MuSCAT read noise per square pixel nread of 11, 12, and 12 electrons for

the g
′
2, r

′
2, and z

′
s2 bands, respectively. Similarly, MuSCAT2 read noise per square

pixel for fast readout times are 12.35, 11.51, 13.13, and 12.56 electrons for the g,

r, i, and zs bands, respectively. Like sky background noise, read noise for a given

exposure depends upon the photometric aperture. We calculate read noise for an

exposure using

Nread =
√
nreadπr2

aper. (3.4)

Observational experience has shown that bright comparison stars are not al-

12http://esppro.mtk.nao.ac.jp/MuSCAT/observing.html
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ways available within the MuSCAT/MuSCAT2 fields of view,13 so that comparison

stars are a non-negligible noise source.14 However, the actual comparison stars that

will be available for any given candidate exoplanet observation are difficult to predict

in advance.

We incorporate comparison star noise into our results by scaling comparison

star noise (Ncomp) recorded during past observations of WASP-12 (Narita et al., 2015,

2019) to the Barclay et al. (2018) and TOI systems. Although our computations

using WASP-12 are likely to vary from the true comparison star noise for any given

stellar system, we note that our analysis applied to all systems as a whole provides

a reasonable estimate of the effects of comparison star noise on our results. This

is because the V-band magnitude of WASP-12 is 11.57, and the median V-band

magnitude of all Barclay et al. (2018) TESS predicted exoplanets is 11.69. Thus,

the brightness of WASP-12 roughly corresponds to the median brightness of the

Barclay et al. (2018) exoplanet systems. For stars that are dimmer than WASP-12,

we will likely find more bright comparison stars available for relative photometry,

such that comparison star noise will have a lesser effect on the results. However, for

stars that are brighter than WASP-12, we will likely find fewer bright comparison

stars available, so that comparison star noise will have a greater effect on results.

Finally, we determine the overall effect of these noise sources on our measure-

ment of transit depth in each bandpass. To do so, we estimate the noise from all

13The MuSCAT field of view is 6.1 x 6.1 arcmin,2 while that of MuSCAT2 is 7.4 x 7.4 arcmin.2
14We analyzed the sensitivity of our results to comparison star noise by calculating results both

with and without this noise source. For MuSCAT (MuSCAT2 values in parentheses), we estimate
that including comparison star noise decreases the number of candidate exoplanets that can be
distinguished from BEB false positives by ∼3% (∼2%) for all candidate exoplanets, and by ∼2%
(∼1%) for Rpl < 4R⊕ candidate exoplanets.
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sources for a single mid-transit exposure. We add the stellar photon, sky back-

ground, scintillation, and read noise in quadrature, and then divide by total number

of photons received from all stars (targeted star and BEB component stars, if appli-

cable) in one exposure to calculate σ1, the error associated with the aforementioned

noise sources. We then add σcomp = 1/
√
Ncomp to σ1 in quadrature to compute our

total estimated error, σtotal.

Our total noise calculation depends upon exposure times. During actual ob-

servations of bright stars, stellar flux is defocused across a larger number of pixels

to allow for longer exposure times while still remaining within the linear response

regime of the CCD pixels. Defocusing stellar light also mitigates adverse effects

on observations such as scintillation, changing atmospheric conditions, telescope

tracking errors and flat-fielding errors (Southworth et al., 2009).

Our simulation tool includes an algorithm to optimize telescope defocusing

and exposure time for observations of a given system. We limit exposure times in

each band to values between 5 and 60 seconds, and we limit the radius used for

telescope defocusing, raper, to values between 3 and 21 pixels for MuSCAT, and to

values between 2 and 18 pixels for MuSCAT2. Our choice of minimum defocusing

aperture is motivated by the typical seeing conditions, which are 1.5” at Okayama

Astro-Complex, Japan, and 0.8” at Teide Observatory in the Canary Islands. The

maximum aperture radius corresponds to ∼15”, above which the stellar point spread

function becomes asymmetric so that further defocusing is no longer effective.

The defocusing algorithm selects the combination of exposure time and raper
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that maintains CCD response in the linear regime15 while producing the highest

signal-to-noise (S/N) across an entire planetary transit. We calculate S/N using

S/Ntransit = Transit Depth ×
√
mexposure

σ1

. (3.5)

Here, mexposure is the number of exposures recorded during the transit, calculated

by dividing the transit duration by the exposure cadence. The exposure cadence is

equal to the exposure time plus the dead time per exposure, which accounts for the

time required to save data into a proper FITS format and add header information

to the FITS file. Based upon observational experience, we assume a constant 4 sec

dead time for each exposure.

3.3.3 Comparison of Simulation Results to Observations

We compared our output MuSCAT/MuSCAT2 simulation results to actual

data from Fukui et al. (2016)’s MuSCAT observations of HAT-P-14b, as well as

Narita et al. (2019)’s MuSCAT2 observations of WASP-12b. Initially, our calcu-

lations for both target star photons collected and for total noise exceeded those

measured during actual observations. However, we modified our simulation routines

to incorporate random factors to account for the largest sources of the differences

between our calculated results and observed results, which we deemed to be due

to fluctuations in atmospheric transmittance and degradation of mirror reflectance.

We note that our initial simulation output results would lead to better photometric

15The MuSCAT linearity range is <50,000 ADU for <1% non-linearity, while that for MuSCAT2
is <62,000 ADU for <1% non-linearity.
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precision, which in turn would bias our results to indicate better ability to dis-

tinguish BEB false positives than what would likely be encountered during actual

observations. Thus, application of the random factors is designed to maintain the

conservative nature of our results. In this section, we describe the development of

the uniform distributions from which we draw our random factors, and how the

random factors are applied in our code.

For each bandpass of each instrument (MuSCAT or MuSCAT2), we derive

a uniform distribution between some minimum value and 1.0 to account for both

variations in atmospheric transmittance and degradation of mirror reflectivity. A

value of 1.0 on these distributions represents photometric sky conditions soon after

mirror recoating and maintenance. Conversely, a value near the minimum on these

distributions represents poor atmospheric transmittance, with mirror reflectivity

degraded by the maximum amount that we consider.

During a long-term monitoring campaign, Fukui et al. (2019) recorded the

night-to-night variations in relative transmittance of the sky for all bands of both

MuSCAT and MuSCAT2. We use the recorded values as typical variations in at-

mospheric transmittance for each site. The data recorded by Fukui et al. (2019)

show correlation between bandpasses. For example, if atmospheric transmittance

was near 1.0, then that was true of all bandpasses. On the other hand, if the trans-

mittance was near the minimum or near some mid-range value, then that was true

of all bandpasses as well.

Telescope mirror reflectance has been shown to degrade due to chemical re-

actions and physical effects (e.g., Abril-Abril et al., 2016; Holzlöhner et al., 2018;
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Okita et al., 2019). Mirror recoating and cleaning can offset this degradation, but

overall reflectivity has been shown to vary by over 10 percent in the course of a

year (Abril-Abril et al., 2016). In our simulations, we assume that reflectivity will

degrade by as much as 15%.

We create each uniform distribution by taking the variations in atmospheric

transmittance found by Fukui et al. (2019), and decreasing the minimum values

by 0.15 to account for reflectivity degradation. For example, Fukui et al. (2019)

found that MuSCAT r-band atmospheric transmittance varies between 0.65 to 1.0.

Decreasing the minimum value on this distribution by 0.15 to account for mirror

degradation, we use a uniform distribution from 0.50 to 1.0 for MuSCAT r-band.

Similarly, Fukui et al. (2019) found that MuSCAT2 r-band atmospheric transmit-

tance varies between 0.76 and 1.0. Decreasing the minimum value on this distribu-

tion by 0.15 to account for mirror degradation, we use a uniform distribution from

0.61 to 1.0 for MuSCAT2 r-band.

For each trial of our simulation for a given instrument (MuSCAT or MuS-

CAT2), we draw a random number on a uniform distribution from 0 to 1, nr,0−1.

We draw a unique random number for each Barclay et al. (2018) or TOI system.

Then, for each bandpass of the instrument, we calculate a random factor using

fr,band = vmin,band + nr,0−1 × (vmax,band − vmin,band), (3.6)

where fr,band is the random factor derived for a given bandpass, and vmin,band and

vmax,band are the minimum and maximum values of the uniform distributions cre-
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ated for the corresponding bandpass. Equation 3.6 allows us to model the observed

correlation across bandpasses. For each bandpass and for each stellar system, we

multiply the corresponding random factor, fr,band, by the number of stellar pho-

tons calculated to be collected by the MuSCAT or MuSCAT2 instrument in that

bandpass.

We can apply ad hoc factors16 to ensure that our calculations for target star

photons collected at the telescope exactly match those of the Fukui et al. (2016)

MuSCAT observations of HAT-P-14b and the Narita et al. (2019) MuSCAT2 ob-

servations of WASP-12b. The ad hoc factors that we select for each instrument all

lie within the random uniform distributions developed for the bandpasses of MuS-

CAT and MuSCAT2. By applying these ad hoc factors, our noise calculations for

HAT-P-14b also match those of Fukui et al. (2016) to within 3% for every band. For

MuSCAT2, our noise calculations match those of Narita et al. (2019) to 7%, 6%,

3%, and <1% for the g, r, i, and zs bands. This shows that application of random

factors drawn from the uniform distributions that we developed are more likely to

produce realistic results.

3.3.4 Blended Eclipsing Binary False Positives

We construct false positives for all simulated TESS discoveries in the Barclay

et al. (2018) machine-readable file such that the transit depths for both the false

positive and the transiting exoplanet are the same in the TESS bandpass. During

16We call these factors ad hoc because they are chosen by design, rather than randomly. However,
we select the ad hoc factors from the same uniform distributions developed for our random factors.
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the actual TESS mission, some candidate exoplanets are true exoplanets, while some

are false positives that mimic the signal of a transiting exoplanet. Here, we use the

Barclay et al. (2018) simulated TESS discoveries as a representative sample of the

types of signals that TESS may discover. After creating the false positives, we

determine whether MuSCAT and MuSCAT2 can distinguish varying transit depths

between bandpasses, as described in Section 3.3.5.

To create BEB false positives, we begin by calculating the transit depth for a

true exoplanet using the relationship

∆F

F
=

R2
pl

R2
star

, (3.7)

where ∆F refers to the difference between out-of-transit and mid-transit flux, while

Rpl and Rstar refer to the radii of the planet and of the target star, respectively. By

calculating the exoplanet transit depth using equation 3.7, we inherently assume

that the planet emits no flux of its own.

We pick the primary and secondary components of the BEBs from data files

of simulated stars downloaded from the TRIdimensional modeL of thE GALaxy,

or TRILEGAL (Girardi et al., 2012). We downloaded selections of TRILEGAL

stars17 at Galactic coordinates with Longitudes of 0, 30, 60, 90, 120, 150, and 180

degrees, and at Latitudes of 0, 30, 60, and 90 degrees. We chose solid angles ranging

from 0.0001 deg2 to 1 deg2, depending upon proximity to the Galactic center. In

every case, the data files we downloaded for each Galactic coordinate pair contained

17http://stev.oapd.inaf.it/cgi-bin/trilegal
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selections of over 10,000 stars. We assume symmetry in the Galactic coordinates,

and then choose BEB components from the TRILEGAL data file corresponding to

Galactic coordinates closest to those of the target star under consideration. The

TRILEGAL data files include important parameters for the stars, such as masses,

log(g), effective temperatures, distances, and TESS-band apparent magnitudes.

We choose the primary BEB component such that the star lies on the main

sequence, and so that its apparent magnitude is greater than that of the target

star apparent magnitude (i.e. the primary BEB component is fainter than the

target star). We randomly pick the primary BEB component from the appropriate

TRILEGAL data file, making our selection from stars with maximum and minimum

TESS-band apparent magnitudes between the values of

mBEB,pri,max = mstar − 2.5 log

(
R2

pl

R2
star

)
, (3.8)

and

mBEB,pri,min = mstar − 0.5 log

(
R2

pl

R2
star

)
, (3.9)

where mBEB,pri,max and mBEB,pri,min are our maximum and minimum TESS-band

apparent magnitude limits for the BEB primary component, and mstar is the target

star TESS-band apparent magnitude. Here, the maximum apparent magnitude

limit is chosen such that the ratio of the primary component’s flux to that of the

target star is equal to the transit depth calculated using equation 3.7. We could

expect a primary component magnitude near this value if the primary component
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star is totally eclipsed during transit (i.e. if primary and secondary components

are the same size). Our apparent magnitude selection limits are designed to give

us a wide selection of choices for BEB primary components from the TRILEGAL

file. The number of choices actually available will depend upon the transit depth

in the system under consideration. For most systems, the magnitude cuts provide

hundreds of choices for primary BEB component star with masses ∼1M� or less.

Even the systems with the largest transit depths (∼0.1) provide ∼100 choices for

the BEB primary component star.

Following the method of Greklek-McKeon & Deming (2019), we next select

the desired mass of the secondary component by randomly selecting a mass on a uni-

form distribution between 0.1M� to the mass of the primary BEB component. We

then pick a star from the TRILEGAL catalog that matches this desired secondary

component mass. We note that other authors have used different distributions for

the secondary component masses (e.g., Morton et al., 2016). However, the precise

mass function for BEB components is uncertain, and the uniform distribution used

here provides a reasonable estimate that is suitable for our purposes.

After the primary and secondary components to the BEB are selected, we

calculate the transit depth caused by the BEB system using

∆F

F
=
FOOT − FMT

FOOT

, (3.10)

where FOOT is the out-of-transit flux and FMT is the mid-transit flux. We calculate

out-of-transit flux by summing the total flux from the target star and two BEB com-
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ponent stars. We calculate mid-transit flux by summing total flux from the target

star and BEB secondary star, but we decrease the amount of flux from the BEB

primary component star by the factor R2
BEB,sec/R

2
BEB,pri. Note that our method as-

sumes all BEBs are observed edge-on. We adjust the distance to the BEB such that

the transit depths calculated using equations 3.7 and 3.10 (in the TESS bandpass)

match to within machine accuracy. The adjusted distance is close to that of the orig-

inal TRILEGAL distance, thus preserving the integrity of the TRILEGAL sample.

We then calculate the TESS-band magnitudes of the primary and secondary BEB

components corresponding to the newly calculated distance of the BEB, and apply

our simulation tools as described in section 3.3.2 to determine the noise produced in

the MuSCAT or MuSCAT2 bandpasses for each BEB component star, in addition

to that produced by the target star. We compute transit depths in all MuSCAT

and MuSCAT2 bandpasses by applying equation 3.10 to our estimated flux (Section

3.3.2) for each bandpass.

3.3.5 Distinguishing BEBs with MuSCAT/MuSCAT2

We use a simple computational model to determine whether MuSCAT/MuSCAT2

can discriminate between a true exoplanet and a BEB false positive. We expect the

transit depth for a BEB false positive to vary approximately linearly with wave-

length, such that the transit depths in MuSCAT’s 3 bandpasses—or in MuSCAT2’s

4 bandpasses—can be reasonably fit with a straight line. The MuSCAT/MuSCAT2

simulation tools (Section 3.3.2) applied to BEBs (Section 3.3.4) produce estimated
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transit depths and noise values, σtotal, for each MuSCAT bandpass. For each sys-

tem, we use the estimated transit depths and noise values to find the best-fit linear

least squares line, and then we determine whether that line can be distinguished

from a flat line. We would expect the best-fit line to be flat for a true exoplanet if

the presence of a planetary atmosphere is neglected. Thus, a non-zero slope in the

best-fit line should indicate that the transit depths are those of a BEB false positive.

Mathematically, we find that MuSCAT or MuSCAT2 can discriminate a BEB

if

| slope | − 3 × | slopeerr | > 0, (3.11)

where slope is the slope of the line determined by the least squares fit, and slopeerr

is the error in that slope. We multiply the slope error by 3 to ensure that the slope

of the best-fit line can be clearly distinguished from a flat line.

3.4 Results and Discussion

We applied our MuSCAT and MuSCAT2 simulation tools to the Barclay et al.

(2018) predicted TESS planet yield to determine the characteristics of those plan-

etary systems where the two instruments can best distinguish between true exo-

planets and BEB false positives (Section 3.4.1). Next, we applied our simulation

tools to TESS Objects of Interest (TOIs) posted to the Exoplanet Follow-up Ob-

serving Program for TESS (ExoFOP-TESS) website18 to predict the probabilities

18https://exofop.ipac.caltech.edu/tess/ accessed on 16 August 2019
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that recent TOIs can be distinguished from BEB false positives using MuSCAT and

MuSCAT2 (Section 3.4.2). As discussed in section 3.3.4, our simulation randomly

generates BEBs each time the routine is applied to a group of planetary systems,

and then adjusts the distance to those BEBs so that the transit depth of each BEB

false positive matches that of a true transiting exoplanet in the TESS bandpass.

The ability of a given instrument to actually distinguish a false positive for a given

system will depend upon the characteristics of the BEB in the system, which is

something we will not know a priori. In order to account for natural variation in

BEB component characteristics and attain statistically robust results, for both the

Barclay et al. (2018) planetary systems and the TOIs we report the results attained

over 20 trials. We conducted 20 trials to ensure that our reported results do not

vary by more than 1% throughout our computed 99% confidence regions (Ross,

2014). As described in section 3.3.5, the criterion we use to determine whether or

not MuSCAT or MuSCAT2 can distinguish a true exoplanet from a false positive

relies upon determining the best-fit line to the transit depths. For MuSCAT, we

found the best-fit line using all bandpasses. For MuSCAT2, we found the best-fit

line using the g, r, and zs bands, since these correspond to the three bandpasses of

MuSCAT. Determining the best-fit line using three bandpasses allows more direct

comparison of the MuSCAT and MuSCAT2 results.

Figure 3.2 illustrates the criterion that we use to determine whether MuSCAT

and MuSCAT2 can distinguish BEB false positives. We show two example cases: one

where MuSCAT can distinguish the BEB (Figures 3.2a and 3.2b), and one where it

cannot (Figures 3.2c and 3.2d). The system shown in parts (a) and (b) has a transit
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depth of ∼0.00287 in the TESS bandpass, a transit duration of 2.594 hours, and a

J-band magnitude of 10.42. The target star radius is 0.517R�. If the transit depth

were produced by a true exoplanet, that planet would have a radius of 3.031R⊕.

We created a BEB by adding a primary component star of mass 0.978M�, and a

secondary component star of mass 0.254M�. The system in parts (c) and (d) of

the figure has a transit depth of ∼0.0127 in the TESS bandpass, a transit duration

of 4.944 hours, and a J-band magnitude of 10.65. The target star radius is 1.2R�.

If the transit depth were produced by a true exoplanet, that planet would have a

radius of 4.682R⊕. We created a BEB by adding a primary component star of mass

0.439M�, and a secondary component star of mass 0.424M�.

3.4.1 MuSCAT/MuSCAT2 Ability to Distinguish BEBs

We report the ability of MuSCAT and MuSCAT2 to distinguish BEBs for

the Barclay et al. (2018) systems in Tables 3.1 and 3.2, respectively. Overall, we

find that MuSCAT is able to discriminate BEBs for ∼17% of the 2,575 Barclay

et al. (2018) systems observable from the Okayama Astro-Complex (OAC), while

MuSCAT2 is able to discriminate BEBs for ∼18% of the 2,485 systems observable

from Teide Observatory. Of the systems visible from OAC, 1,306 have transit depths

corresponding to planets with radii less than 4R⊕, and MuSCAT would be able to

discriminate ∼13% of these systems. For MuSCAT2, 1,212 systems have transit

depths corresponding to planets with radii less than 4R⊕, and MuSCAT2 would be

able to distinguish ∼15% of these systems.
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Figure 3.2: Two examples showing estimated transit depth in MuSCAT2’s 4 band-
passes for a BEB, as well as the least squares best-fit line to those transit depths.
For comparison, the TESS-band transit depths for a true exoplanet are also shown.
In panels (b) and (d), we also plot the 3σ hyperbolic confidence bands (Liu et al.,
2008) for the best-fit line to help illustrate the criterion we use to determine whether
MuSCAT2 can discriminate between a BEB false positive and a true exoplanet. If
MuSCAT2 cannot distinguish the BEB, then the line for the TESS-band transit
depth falls within the hyperbolic confidence band. (Note that our criterion in equa-
tion 3.11 is actually much simpler than the hyperbolic confidence bands, which we
use here for illustrative purposes only.) In panels (a) and (b), the magnitude of
the slope of the best fit line exceeds the 3σ slope error magnitude (equation 3.11),
so we determine that MuSCAT2 can discriminate the BEB. In panels (c) and (d),
MuSCAT2 is unable to discriminate the BEB. See text for further details regarding
characteristics of these two systems.
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Total Year 1 Year 2
Ecliptic South Ecliptic North

Barclay et al.
Candidate Exoplanets 4,373 2,196 2,177

Observable from 2,575 539 2,036
Okayama Astro-Complexii (59%) (25%) (94%)

MuSCAT Can Distinguishiii 426 ± 10 98 ± 6 329 ± 9
(Total) (17%) (18%) (16%)

MuSCAT Can Distinguishiv 173 ± 7 39 ± 3 134 ± 7
(Rpl < 4.0R⊕) (13%) (16%) (13%)

Notes:
iWe report the mean number of planets distinguishable over 20 trials, as well as the 99% confidence intervals
(Ross, 2014). Each mean is rounded to the nearest whole number of systems, while each confidence interval
is rounded up to an integer value.

iiWe assume the system is observable if it is visible through 2 airmasses or less at some point during the
calendar year. See section 3.3.2 for details. Percentages in parentheses refer to percent of total Barclay et
al. candidate exoplanets in first row.

iiiWe report the mean number MuSCAT can distinguish, plus or minus the 99% confidence intervals over 20
trials. The number in parentheses is the percentage of the total observable (second row) that MuSCAT can
distinguish.

ivThe number in parentheses is the percentage of observable Rpl < 4.0R⊕ candidate planets (1,306 total)
that MuSCAT can distinguish. Note that 243 Rpl < 4.0R⊕ candidates are observable during year 1, and
1,063 candidates are observable during year 2.

Table 3.1: Predicted number of Barclay et al. (2018) systems where MuSCAT can
distinguish bona fide exoplanets from BEB false positivesi
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Total Year 1 Year 2
Ecliptic South Ecliptic North

Barclay et al.
Candidate Exoplanets 4,373 2,196 2,177

Observable from 2,485 721 1,764
Teide Observatoryii (57%) (33%) (81%)

MuSCAT2 Can Distinguishiii 456 ± 12 142 ± 7 314 ± 11
(Total) (18%) (20%) (18%)

MuSCAT2 Can Distinguishiv 180 ± 8 59 ± 5 121 ± 6
(Rpl < 4.0R⊕) (15%) (18%) (14%)

Notes:
iWe report the mean number of planets distinguishable over 20 trials, as well as the 99% confidence intervals
(Ross, 2014). Each mean is rounded to the nearest whole number of systems, while each confidence interval
is rounded up to an integer value.

iiWe assume the system is observable if it is visible through 2 airmasses or less at some point during the
calendar year. See section 3.3.2 for details. Percentages in parentheses refer to percent of total Barclay et
al. candidate exoplanets in first row.

iiiWe report the mean number MuSCAT2 can distinguish, plus or minus the 99% confidence intervals over
20 trials. The number in parentheses is the percentage of the total observable (second row) that MuSCAT2
can distinguish.

ivThe number in parentheses is the percentage of observable Rpl < 4.0R⊕ candidate planets (1,212 total)
that MuSCAT2 can distinguish. Note that 321 Rpl < 4.0R⊕ candidates are observable during year 1, and
891 candidates are observable during year 2.

Table 3.2: Predicted number of Barclay et al. (2018) systems where MuSCAT2 can
distinguish bona fide exoplanets from BEB false positivesi
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Figures 3.3 and 3.4 show a series of histograms comparing the total number

of systems observable from OAC and Teide Observatory to those that would be

distinguishable as BEB false positives. Surprisingly, the fraction of systems distin-

guishable does not appear to rise with planetary radius. However, the fraction of

distinguishable systems does rise with increasing transit depth and with decreasing

stellar radius. Indeed, Figures 3.3 and 3.4 indicate that transit depth is the most

important indicator of whether or not MuSCAT and MuSCAT2 can distinguish a

true exoplanet from a BEB false positive. In addition, panel (d) in both figures

illustrates that MuSCAT and MuSCAT2 are very powerful in discriminating BEBs

for the smallest host stars (mid-to-late M dwarfs).

We examine transit depth further in Figures 3.5 and 3.6. Here, for each Barclay

et al. (2018) system, we plot transit depth versus planetary radius, stellar effective

temperature, stellar radius, and TESS-band magnitude. The points correspond to

each Barclay et al. system, and are color coded to correspond to the percentage

of trials for which that system could be discriminated as a BEB false positive.

For example, dark red color coding indicates that a given system could not be

distinguished for any trial as a BEB false positive. Conversely, dark blue color

coding indicates that a given system could be distinguished as a BEB false positive

for 100% of the trials. In general, the figures confirm that transit depth is the

most important characteristic in determining whether MuSCAT or MuSCAT2 can

distinguish between true exoplanets and false positives. Both instruments are quite

effective in distinguishing BEBs for systems with transit depths of 0.003 or greater.

Finally, we note some of the limitations of this study. First, our analysis as-
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Figure 3.3: Histograms comparing the total number of Barclay et al. (2018) systems
visible from Okayama Astro-Complex (2,575 systems) to those that would be dis-
tinguishable as BEB false positives using MuSCAT. We plot the number of systems
distinguishable over 20 trials versus (a) planetary radius, (b) transit depth, (c) and
(d) stellar radius, and (e) TESS-band magnitude. We print the average number of
distinguishable systems over 20 trials above each bin. Note that both panels (c)
and (d) show the number of systems versus stellar radius, but panel (d) shows this
information on a refined grid only for Rstar ≤ 3R�. The fraction of systems distin-
guishable does not appear to rise with planetary radius. However, the fraction of
distinguishable systems does rise with increasing transit depth and with decreasing
stellar radius. The large fraction of systems distinguishable at higher values of TESS
magnitude is due to the fact that transit depths in general are larger for dimmer
TESS detections. For example, the median transit depth for systems visible from
Okayama Astro-Complex that have TESS magnitude greater than 13 is 0.00879,
while the median transit depth for systems brighter than TESS magnitude 13 is
0.00112.
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Figure 3.4: Same as Figure 3.3, but for MuSCAT2. Histograms comparing the total
number of Barclay et al. (2018) systems visible from Teide Observatory (2,485 sys-
tems) to those that would be distinguishable as BEB false positives using MuSCAT2.
We plot the number of systems distinguishable over 20 trials versus (a) planetary
radius, (b) transit depth, (c) and (d) stellar radius, and (e) TESS-band magnitude.
We print the average number of distinguishable systems over 20 trials above each
bin. Note that both panels (c) and (d) show the number of systems versus stellar
radius, but panel (d) shows this information on a refined grid only for Rstar ≤ 3R�.
As with MuSCAT, the fraction of systems distinguishable does not appear to rise
with planetary radius. However, the fraction of distinguishable systems does rise
with increasing transit depth and with decreasing stellar radius. The large fraction
of systems distinguishable at higher values of TESS magnitude is due to the fact
that transit depths in general are larger for dimmer TESS detections. For example,
the median transit depth for systems visible from Teide Observatory that have TESS
magnitude greater than 13 is 0.00989, while the median transit depth for systems
brighter than TESS magnitude 13 is 0.00118.
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sumes that we defocus the MuSCAT and MuSCAT2 instruments during observations

(Section 3.3.2), and that light from the targeted star and the BEB component stars

blends together. However, if the instruments are not defocused during observations,

and if the target star and BEB are sufficiently spatially separated, then the target

star and BEB can be observed separately so that the nature of the TOI is much

more easily determined. For this reason, our estimates for the number of planetary

candidates that MuSCAT and MuSCAT2 can discriminate should be considered as

conservative minimal estimates to the number of TOIs that the two instruments

can actually validate. In addition, we note that this study does not take into ac-

count observational factors such as weather or scheduling. Although the capabilities

of MuSCAT and MuSCAT2 appear to be similar, in reality MuSCAT2 is likely to

validate many more candidates than MuSCAT. The MuSCAT2 developers group

has 162 guaranteed nights per year on MuSCAT2,19 and much of that time will be

devoted to TESS follow-up. In addition, useful observing time at Teide Observatory

reaches up to 78% in the summer (Varela et al., 2002).

3.4.2 Application to TESS Objects of Interest

We applied our MuSCAT and MuSCAT2 simulation tools to TESS Objects

of Interest (TOIs) posted to the Exoplanet Follow-up Observing Program for TESS

(ExoFOP-TESS) website,20 to predict the probabilities that recent TOIs can be

distinguished from BEB false positives using MuSCAT and MuSCAT2. At the time

19http://vivaldi.ll.iac.es/OOCC/iac-managed-telescopes/telescopio-carlos-sanchez/muscat2/
20https://exofop.ipac.caltech.edu/tess/
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Figure 3.5: Plots showing the percentage of trials where MuSCAT can distinguish
BEB false positives from true exoplanets for the 2,575 Barclay et al. (2018) systems
visible from Okayama Astro-Complex. Each point represents one Barclay et al. sys-
tem, with the color coding indicating the percentage of trials for which that system
could be distinguished as a BEB false positive. We plot transit depth versus (a)
planetary radius, (b) stellar effective temperature, (c) stellar radius, and (d) TESS-
band magnitude. MuSCAT is quite effective at distinguishing BEBs for systems
with transit depths of 0.003 or greater. For bright TESS magnitudes, MuSCAT
CCD pixels saturate even with defocusing to 15 arcsec (Section 3.3.2), and there-
fore we report that MuSCAT is unable to distinguish BEBs in these bright systems.
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Figure 3.6: Plots showing the percentage of trials where MuSCAT2 can distinguish
BEB false positives from true exoplanets for the 2,485 Barclay et al. (2018) systems
visible from Teide Observatory. Each point represents one Barclay et al. system,
with the color coding indicating the percentage of trials for which that system could
be distinguished as a BEB false positive. We plot transit depth versus (a) plane-
tary radius, (b) stellar effective temperature, (c) stellar radius, and (d) TESS-band
magnitude. MuSCAT2 is quite effective at distinguishing BEBs for systems with
transit depths of 0.003 or greater. For bright TESS magnitudes, MuSCAT2 CCD
pixels saturate even with defocusing to 15 arcsec (Section 3.3.2), and therefore we
report that MuSCAT2 is unable to distinguish BEBs in these bright systems.

109



ExoFOP-TESS was accessed, 995 TOIs had been uploaded to the database, spanning

TESS observation sectors 1 through 12. Since all sectors were in the Ecliptic South,

we found that only 334 systems would be observable from OAC (407 systems from

Teide Observatory) at some time during the year through an airmass of 2 or less. Of

the observable TOIs, the simulation tool could not be applied to 76 systems visible

with MuSCAT (92 systems for MuSCAT2) because the database lacked parameters

required by our routine. For example, some systems lacked values for stellar effective

temperature or log(g), which are required to select a stellar model. Other systems

lacked estimated values for planetary radius, which we use to calculate transit depth.

Below, we discuss the results of applying our routine to the 258 systems visible from

OAC (315 systems from Teide Observatory), for which all required parameters were

available.

In applying our simulation routine to the TOIs, we confirmed that MuSCAT

and MuSCAT2’s ability to distinguish BEB false positives depends largely upon

transit depth. We show this in Figure 3.7, where for MuSCAT2 we plot tran-

sit depth versus planetary radius, stellar temperature, stellar radius, and TESS

magnitude, respectively, indicating with a color bar the percentage of trials where

MuSCAT2 can distinguish the BEBs from true exoplanets. The plots indicate that

MuSCAT2 is quite effective at distinguishing BEBs for systems with transit depths

of 0.003 or greater. In addition, for the TOIs that we analyzed, MuSCAT2 is able

to distinguish BEBs at slightly smaller transit depths for smaller planetary radii,

smaller stellar effective temperatures and radii, and smaller TESS magnitudes (i.e.,

brighter systems).

110



Transit Number Total Number Percentage
Depth (TD) Distinguishable of TOIsi (%)

TD > 0.001 135 ± 5 259 52

TD > 0.002 133 ± 5 217 61

TD > 0.003 128 ± 4 187 68

Note:
iIn this column, we report the total number of systems at the indicated transit depth, out of the 315 TOIs
from TESS’ Southern Ecliptic survey that are observable using MuSCAT2, for which all required parameters
were available.

Table 3.3: Predicted number of TOI systems where MuSCAT2 can distinguish true
exoplanets from BEB false positives (20 trials)

Transit Number Total Number Percentage
Depth (TD) Distinguishable of TOIsi (%)

TD > 0.001 115 ± 5 210 55

TD > 0.002 114 ± 5 179 64

TD > 0.003 108 ± 5 153 70

Note:
iIn this column, we report the total number of systems at the indicated transit depth, out of the 258 TOIs
from TESS’ Southern Ecliptic survey that are observable using MuSCAT, for which all required parameters
were available.

Table 3.4: Predicted number of TOI systems where MuSCAT can distinguish true
exoplanets from BEB false positives (20 trials)

In Tables 3.3 and 3.4, we show our predictions for the number of TOIs distin-

guishable by MuSCAT2 and MuSCAT at transit depths greater than 0.001, 0.002,

and 0.003, respectively. The values reported confirm that both instruments are quite

effective at distinguishing BEBs for systems with transit depths of 0.003 or greater,

but they also show that the two instruments are quite effective for even smaller

transit depths. For example, they can discriminate over half of the systems with

transit depths of 0.001 or greater.

Although not depicted here, our analysis for MuSCAT gives similar results to
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those shown in Figure 3.7. In addition, for MuSCAT, the median transit depth for

those systems that are distinguishable less than 50% of the time is 0.00122, while

that for systems that are never distinguishable is 0.000886. For MuSCAT2, the

median transit depth for those systems that are distinguishable less than 50% of the

time is 0.00131, while that for systems that are never distinguishable is 0.000941.

We can use our simulation tools to predict the probability that a given sys-

tem can be distinguished as either a true exoplanet or a false positive. Overall, for

MuSCAT we found that 16 systems (∼6%) could be distinguished 100% of the time

(all 20 trials). For MuSCAT2, 17 systems (∼5%) could be distinguished 100% of

the time. Table 3.5 lists the 17 TOIs always distinguished by MuSCAT2 in order

of increasing stellar temperature. For MuSCAT, thirty-five systems (∼14%) were

distinguishable at least 90% of the time, while 42 systems (∼13%) were distinguish-

able >90% of the time with MuSCAT2. For both instruments, approximately half

of the systems (135 systems out of 258 for MuSCAT and 158 systems out of 315 for

MuSCAT2) could be distinguished >50% of the time. Eighty-one systems (∼31%)

could never be distinguished by MuSCAT, and 107 systems (∼34%) could never be

distinguished by MuSCAT2.

When we average the results over all 20 trials for each instrument, we find

that MuSCAT can distinguish true exoplanets from BEBs for 115 (45%) ±5 of all

TOIs, while MuSCAT2 can do so for 135 (43%) ±5 of all TOIs. For Rpl < 4R⊕

candidates, MuSCAT can distinguish true exoplanets from BEBs for 13 (18%) ±2

of the 71 TOIs for which we have sufficient parameters to run our simulation tools,

while MuSCAT2 can do so for 16 (18%) ±2 of the 90 TOIs for which we have
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sufficient parameters.

In July 2019, TESS began searching for transiting exoplanets in the Northern

Ecliptic Hemisphere, which is composed of observation sectors 14 through 26. MuS-

CAT and MuSCAT2 will be able to observe most of the TOIs discovered in these

sectors. Our results indicate that MuSCAT and MuSCAT2 will make significant

contributions to the TESS Level 1 Science Requirement of measuring the masses of

50 exoplanets smaller in size than Neptune.
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Figure 3.7: Plots showing the percentage of trials where MuSCAT2 can distinguish
BEB false positives from true exoplanets for 315 TESS Objects of Interest (TOIs)
visible from Teide Observatory. TOIs were downloaded from ExoFOP-TESS on 16
August 2019. MuSCAT2 is quite effective at distinguishing BEBs for systems with
transit depths of 0.003 or greater. For the TOIs that we analyzed, the plots indicate
that MuSCAT2 is able to distinguish BEBs at slightly smaller transit depths for
smaller planetary radii (a), smaller stellar effective temperatures (b) and radii (c),
and smaller TESS magnitudes (i.e., brighter systems) (d).

113



TOIi Teff Rstar Tpl Rpl TESS Transit
(K) (R�) (K) (R⊕) magnitude Depth

227.01 2,808 0.128 187 2.43 14.3 0.0302

736.01 2,940 0.150 302 2.02 13.5 0.0151

278.01 2,955 0.154 781 2.63 13.1 0.0244

549.01 3,009 0.169 680 2.44 14.3 0.0174

543.01 3,085 0.193 714 3.75 15.2 0.0315

516.01 3,109 0.202 581 4.18 14.2 0.0358

497.01 3,333 0.302 492 3.76 13.2 0.0130

643.01 3,369 0.320 339 7.28 13.7 0.0432

538.01 3,411 0.341 632 5.98 14.1 0.0259

1050.01 6,548 1.60 1,619 21.3 11.0 0.0148

951.01 6,730 1.33 1,554 20.2 10.0 0.0193

471.01 6,820 1.34 1,426 15.5 9.78 0.0112

577.01 7,341 1.81 1,917 29.3 12.3 0.0217

508.01 7,346 1.82 1,722 19.3 9.64 0.00946

625.01 7,690 1.63 1,919 18.1 9.61 0.0103

433.01 8,543 3.27 3,578 50.4ii 9.10 0.0199

627.01 9,126 2.31 3,157 22.5 9.95 0.00794

Notes:
iListed in order of increasing stellar effective temperature

iiAlthough listed as a TOI, the calculated radius of this candidate exoplanet is larger than that of any known
exoplanet, and thus the system is likely an eclipsing binary.

Table 3.5: TOIs for which MuSCAT2 Can Distinguish BEBs from True Exoplanets
in 100% of Trials

3.5 Summary and Conclusion

MuSCAT and MuSCAT2 can validate hundreds of Rpl < 4R⊕ candidate exo-

planets, thus supporting the TESS team in achieving its Level 1 Science Requirement

of measuring the masses of 50 exoplanets smaller in size than Neptune. Specifically,

we draw the following conclusions.

1. Transit depth is the most important characteristic in determining whether

or not MuSCAT and MuSCAT2 can distinguish between true exoplanets and

BEB false positives. The two instruments are most effective at distinguishing
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BEBs for systems with transit depths of 0.003 or greater.

2. We estimate that MuSCAT can distinguish BEB false positives for ∼17% of

all TESS discoveries, and ∼13% of Rpl < 4R⊕ discoveries.

3. We predict MuSCAT2 will be able to distinguish BEB false positives for ∼18%

of all TESS discoveries, and ∼15% of Rpl < 4R⊕ discoveries.

4. In analyzing actual TESS objects of interest (TOIs) from the Southern Ecliptic

Hemisphere, we predict that MuSCAT can distinguish true exoplanets from

BEBs for 115 (45%) ±5 of all observable TOIs, and for 13 (18%) ±2 of Rpl <

4R⊕ observable planet candidates.

5. In analyzing TOIs from the Southern Ecliptic Hemisphere, we predict that

MuSCAT2 can distinguish true exoplanets from BEBs for 135 (43%) ±5 of

all observable TOIs, and for 16 (18%) ±2 of Rpl < 4R⊕ observable planet

candidates.

6. In analyzing TOIs from the Southern Ecliptic Hemisphere, we estimate that

MuSCAT can distinguish true exoplanets from BEBs for 115 (55%) ±5 TOIs

with transit depths greater than 0.001, for 114 (64%) ±5 TOIs with transit

depths greater than 0.002, and for 108 (70%) ±5 TOIs with transit depths

greater than 0.003.

7. In analyzing TOIs from the Southern Ecliptic Hemisphere, we estimate that

MuSCAT2 can distinguish true exoplanets from BEBs for 135 (52%) ±5 TOIs

with transit depths greater than 0.001, for 133 (61%) ±5 TOIs with transit
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depths greater than 0.002, and for 128 (68%) ±4 TOIs with transit depths

greater than 0.003.

Our software tools will assist TFOP working group members as they prioritize and

optimize follow-up observations of TESS objects of interest.
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Chapter 4: Simulated JWST/NIRISS Transit Spectroscopy of

Anticipated TESS Planets Compared to

Select Discoveries from Space-Based and

Ground-Based Surveys

4.1 Overview

The Transiting Exoplanet Survey Satellite (TESS) will embark in 2018 on a 2-

year wide-field survey mission,1 discovering over a thousand terrestrial, super-Earth

and sub-Neptune-sized exoplanets (Rpl ≤ 4R⊕) potentially suitable for follow-up ob-

servations using the James Webb Space Telescope (JWST). This work aims to under-

stand the suitability of anticipated TESS planet discoveries for atmospheric charac-

terization by JWST’s Near InfraRed Imager and Slitless Spectrograph (NIRISS) by

employing a simulation tool to estimate the signal-to-noise (S/N) achievable in trans-

mission spectroscopy. We applied this tool to Monte Carlo predictions of the TESS

expected planet yield and then compared the S/N for anticipated TESS discoveries

to our estimates of S/N for 18 known exoplanets. We analyzed the sensitivity of

our results to planetary composition, cloud cover, and presence of an observational

1Since publication of Louie et al. (2018), TESS launched on 18 April 2018, and also completed
its primary science mission in July 2020.
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noise floor. We find that several hundred anticipated TESS discoveries with radii

1.5R⊕ < Rpl ≤ 2.5R⊕ will produce S/N higher than currently known exoplanets in

this radius regime, such as K2-3b or K2-3c. In the terrestrial planet regime, we find

that only a few anticipated TESS discoveries will result in higher S/N than currently

known exoplanets, such as the TRAPPIST-1 planets, GJ1132b, and LHS1140b.

However, we emphasize that this outcome is based upon Kepler-derived occurrence

rates, and that co-planar compact multi-planet systems (e.g., TRAPPIST-1) may

be under-represented in the predicted TESS planet yield. Finally, we apply our cal-

culations to estimate the required magnitude of a JWST follow-up program devoted

to mapping the transition region between hydrogen-dominated and high molecular

weight atmospheres. We find that a modest observing program of between 60 to

100 hours of charged JWST time can define the nature of that transition (e.g., step

function versus a power law).

4.2 Introduction

The approaching launch of the James Webb Space Telescope (JWST), coupled

with the 2018 launch of the Transiting Exoplanet Survey Satellite (TESS), heralds

a new era in exoplanet science, with TESS projected to detect over one thousand

transiting exoplanets smaller than Neptune (Ricker et al., 2014), and JWST offering

unprecedented spectroscopic capabilities through which we can examine exoplane-

tary atmospheres (Beichman et al., 2014; Gardner et al., 2006; Greene et al., 2016).

One goal of exploring exoplanet atmospheres is to identify biosignatures, thus
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firmly establishing whether life exists on planets orbiting other stars (Seager & Dem-

ing, 2010). Further, because water is necessary for life on Earth, we expect life will

develop on planets able to maintain liquid water, and atmospheric water vapor can

be used as a proxy for liquid surface water (Seager, 2013). Rather than focusing on

true Earth analogs, Charbonneau & Deming (2007) describe the advantages offered

through atmospheric characterization of super-Earths orbiting in the habitable zone

(HZ) of nearby M-dwarfs.

Sullivan et al. (2015) used Monte Carlo simulations to predict that TESS will

detect approximately 1,700 transiting planets orbiting pre-selected target stars dur-

ing its 2-year wide-field survey of the northern and southern ecliptic hemispheres.

The simulations employ Kepler-derived planet occurrence rates, as well as photo-

metric performance models for the TESS cameras. Notably, Sullivan et al. (2015)

found that about one-third of the TESS-discovered transiting exoplanets will have

radii less than twice that of the Earth’s, and three-quarters of these Rpl < 2R⊕ plan-

ets will orbit M-dwarfs. Slightly fewer than 10 percent of the Rpl < 2R⊕ planets

will orbit near or within their host star’s habitable zone. Exoplanets found by TESS

will orbit stars 10-100 times brighter than those found during Kepler’s primary mis-

sion, thus facilitating follow-up characterization of their atmospheres (Ricker et al.,

2014).

Although TESS is poised to discover a multitude of M-dwarf-transiting sub-

Neptune-sized and smaller exoplanets, other missions and ground-based projects

have already discovered many favorable transiting planets. NASA’s Kepler space-

craft was repurposed to fulfill the K2 mission, which includes observation of tran-
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siting exoplanets orbiting bright, low-mass stars (Howell et al., 2014). Furthermore,

ground-based surveys such as MEarth (Irwin et al., 2009, 2015; Nutzman & Char-

bonneau, 2008) and TRAPPIST (Jehin et al., 2011) have recently announced ex-

citing exoplanet discoveries, such as that of GJ1132 (Berta-Thompson et al., 2015),

the seven terrestrial-sized TRAPPIST-1 planets (Gillon et al., 2016, 2017), and the

habitable zone super-Earth LHS-1140b (Dittmann et al., 2017b).

The targeted planets for JWST atmospheric characterization studies must be

chosen wisely to maximize the amount of scientific knowledge attained for a given

amount of JWST observation time (Batalha & Line, 2017; Howe et al., 2017). During

its 2-year primary mission, TESS will discover exoplanets continually, and the first

discoveries will not necessarily be those most conducive to follow-up atmospheric

characterization.

One motivation of this work is to determine which TESS discoveries will pro-

duce the highest signal-to-noise (S/N) in transmission spectroscopy using the JWST

Near-Infrared Imager and Slitless Spectrograph (NIRISS) operating in Single Ob-

ject Slitless Spectroscopy (SOSS) mode. To attain this goal, we simulate NIRISS

instrument performance during observations of the anticipated TESS exoplanet dis-

coveries, limiting our predictions to planets with Rpl < 4R⊕. We then compare

our results for the TESS planets to similar predictions for selected exoplanets al-

ready discovered via space-based or ground-based surveys. This comparison allows

us to predict the highest priority TESS discoveries for immediate confirmation and

follow-up observation. Furthermore, the TESS discoveries we examine lie within that

regime where planets transition from rocky planets surrounded by high molecular
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weight atmospheres, to icy sub-Neptunes enveloped in hydrogen-dominated atmo-

spheres (Fulton et al., 2017b). Thus, an additional motivation of our work is to

predict the magnitude of the observational program required to map this transition

region.

Numerous past studies have estimated JWST’s capabilities during exoplanet

atmosphere characterization (Barstow et al., 2015, 2016; Batalha & Line, 2017; Be-

ichman et al., 2014; Belu et al., 2011; Clampin, 2011; Crouzet et al., 2017; Deming

et al., 2009; Greene et al., 2016; Howe et al., 2017; Mollière et al., 2017), and NIRISS

has emerged as the workhorse instrument for transit spectroscopy (e.g., Stevenson

et al., 2016). Greene et al. (2016) modeled archetypal hot Jupiter, warm Neptune,

warm sub-Neptune, and cool super-Earth exoplanets observed using several JWST

instruments during both transit and secondary eclipse. One of their conclusions

was that NIRISS transit spectra alone can often constrain the major molecular con-

stituents of clear solar atmospheres, although additional wavelength coverage may

be required in certain cases. Howe et al. (2017) and Batalha & Line (2017) used

information content analysis—often used in studies of solar system atmospheres—to

explore optimization of multiple JWST instruments and modes during observations

of exoplanet atmospheres in transmission. In their examination of 11 transiting

hot Jupiters, Howe et al. (2017) found that within the constraints of their model,

NIRISS consistently provides the most information content for a given integration

time. Batalha & Line (2017) studied an Rpl = 1.39RJupiter planet of various tem-

peratures, C/O ratios, and metallicities, orbiting WASP-62. They found that a

single observation with NIRISS SOSS always provides the spectra with the highest
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information content and tightest constraints. Additionally, when combining two

modes, the highest information content spectra with tightest constraints are found

by combining NIRISS SOSS with NIRSpec G395 M/H.

Here, we build upon these previous studies by predicting the properties of the

population of TESS discoveries with Rpl ≤ 4R⊕ that will be most conducive to

NIRISS follow-up transit spectroscopy observations, and we then apply our findings

to estimate the scope of a JWST follow-up program to map the transition region

between hydrogen-dominated and high molecular weight atmospheres.

Crouzet et al. (2017) also predicted the capabilities of NIRISS, as well as of

SOPHIE and SPIRou, in a follow-up program of the Sullivan et al. (2015) antici-

pated TESS discoveries. Our work differs from theirs in that we investigate only

NIRISS observations, but we attempt to do so as realistically as possible. We in-

clude the sensitivity of our results to factors such as clouds, planetary composition,

observational overhead, and systematic noise. Our instrument simulator also more

closely emulates actual NIRISS observations for all of the planets considered, and

we employ theoretical transmission spectra (rather than an atmospheric annulus)

to estimate the signal produced by the planetary atmosphere during transit. In

addition, to improve the reliability of our results, we analyze 50 Monte Carlo re-

alizations of the TESS primary mission. Prior to JWST follow-up observations of

TESS-discovered exoplanets, further characterization of TESS planet masses using

the radial velocity technique with instruments such as SOPHIE or SPIRou will be

required. In particular, the SPIRou near-infrared spectrometer will be important

in characterizing the masses of small planets such as those examined in this work.
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Thus, our results are complementary to those of Crouzet et al. (2017) in defining a

JWST follow-up strategy for TESS-discovered exoplanet observations.

Recently, Crossfield & Kreidberg (2017) examined characteristics of six well-

studied warm Neptunes, or short period planets of size 2R⊕ < Rpl < 6R⊕. They

found that the amplitude of a given planet’s spectral transmission features correlates

with either the planet equilibrium temperature, or with the bulk mass fraction of

H/He in the planetary atmosphere. Crossfield & Kreidberg (2017) applied their

findings to the Sullivan et al. (2015) anticipated TESS discoveries within the same

radius regime, estimating the observation time required to distinguish features in

planetary spectra using NIRISS. They show that the number of warm Neptune TESS

planets amenable to atmospheric characterization may decrease by up to a factor

of eight if transmission amplitude decreases linearly with the bulk mass fraction

of H/He. The work of Crossfield & Kreidberg (2017) serves to identify trends in

features of TESS planet discoveries that can be used to select the best planets for

atmospheric characterization follow-up studies.

This paper is organized as follows. In Section 4.3, we describe pertinent exo-

planet system properties for both the anticipated TESS discoveries and the existing

exoplanets; we discuss our use of stellar and transmission spectra; and we describe

the function of our NIRISS simulation tool. In Section 4.4, we present our findings,

quantifying the sensitivity of our results to such factors as planetary composition,

observational overhead, planetary cloud cover, and existence of systematic noise.

We use our estimated S/N to produce simulated spectra for three existing exoplan-

ets. In Section 4.5, we apply our findings to estimate the scope of a JWST follow-up
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program devoted to mapping the transition region between high molecular weight

and hydrogen-dominated atmospheres. We summarize in Section 4.6.

4.3 Methods

We require three major components to successfully predict NIRISS signal-to-

noise. First, we require system parameters for the planetary systems that we wish

to observe. Below, we describe our use of anticipated TESS discoveries in Section

4.3.1, and our use of planets already discovered in space-based and ground-based

surveys in Section 4.3.2. The second major component is model spectra for both the

star and the planetary atmosphere, which we describe in Section 4.3.3. Finally, we

require a simulator that models NIRISS operational performance, which we present

in Section 4.3.4.

4.3.1 Predicted Properties of TESS Discoveries

Sullivan et al. (2015) used Monte Carlo simulations to predict the proper-

ties of the planets that TESS is likely to detect, and published a catalog of 1,984

planets representing the planet yield from a single Monte Carlo realization of the

TESS primary mission. The published catalog only includes planets detected from

preselected target star observations rather than full frame image data. The target

star detections make up all of the expected TESS detections for Rpl < 2R⊕, and

∼30% of the detections for 2R⊕ < Rpl < 4R⊕. Sullivan et al. (2015) adopted Kepler

planet occurrence rates from Fressin et al. (2013) for FGK stars, and from Dressing
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& Charbonneau (2015) for stars with Teff < 4000 K.

The Sullivan et al. (2015) TESS simulated planet catalog contains properties

of the planetary systems, which we use as inputs to the NIRISS simulator. Pa-

rameters include stellar temperature and radius, distance and J-band magnitude,

and planetary radius and insolation. We assume all planets are on circular orbits

with an impact parameter of 0.5 during transit. From the catalog properties, we

can calculate other required quantities, such as transit duration (T14) and orbital

semi-major axis. Importantly, the simulated TESS planet catalog does not contain

planetary mass, which is required to calculate the scale height of the atmosphere

for the planets, and thus is important in estimating the transmission spectroscopy

signal.

To calculate the mass of the TESS planets, we explored using a variety of

empirical mass-radius relationships (Chen & Kipping, 2017; Weiss & Marcy, 2014;

Wolfgang et al., 2016), and ultimately adopted the Chen & Kipping (2017) model.

Chen & Kipping (2017) examine 316 objects with well-constrained masses and radii

to develop their relationship. In fitting their empirical data, they employ a broken

power-law spanning four regimes which they describe as Terran, Neptunian, Jovian,

and Stellar worlds. Unlike other approaches, in their analysis Chen & Kipping

(2017) treat the transition points between regimes as free parameters. Their final

result is a probabilistic model with credible intervals of values for the transition

points, power-law indices in each regime, and radius dispersion in each regime.

In our application of the Chen & Kipping (2017) broken power-law model to

TESS planets with Rpl < 4R⊕, we employ only the portion of the model valid for
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Terran and Neptunian worlds, which is given by

Mpl = 0.9718R3.58
pl (4.1)

for Rpl < 1.23R⊕, and

Mpl = 1.436R1.70
pl (4.2)

for 1.23R⊕ ≤ Rpl < 14.26R⊕, where mass and radii are given in units of M⊕ and

R⊕, respectively. We apply only the basic model and do not vary the parameters

within the credible interval.

In reality, the planets that TESS discovers will not fall squarely upon the Chen

& Kipping (2017) mass-radius relationship, but will exhibit some variation depend-

ing upon planetary composition, which in turn will affect the signal-to-noise (S/N)

we compute in this project. To determine the sensitivity of alternative planetary

compositions on our results, we show in Section 4.4 the S/N attained for planets

composed of pure iron (Fe), pervoskite (MgSiO3), and ice (H2O). In Figure 4.1,

we compare the Chen & Kipping (2017) mass-radius relationship to the theoretical

mass-radius relationships found in Seager et al. (2007) for planets of homogeneous

compositions. All models are applied to the Sullivan et al. (2015) predicted TESS

exoplanet discoveries.

The Sullivan et al. (2015) catalog of TESS discoveries represents only one

possible realization of the TESS primary mission. To improve statistical confidence

in our results, we also applied our NIRISS simulator to Monte Carlo simulations for

50 trials of the TESS primary mission, provided by Bouma et al. (2017). Bouma
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et al. (2017) used the same techniques as Sullivan et al. (2015) in determining the

planet yield for each trial of the TESS primary mission.2

4.3.2 Selection of Known Exoplanets for Comparison

We examined the NASA Exoplanet Archive3 (Akeson et al., 2013) and the

literature seeking Neptune-sized or smaller (Rpl ≤ 4R⊕) confirmed exoplanet dis-

coveries likely to produce strong signals in transmission if observed by NIRISS. For

example, with all other factors the same, an exoplanet with a larger planet-to-star

radius ratio will produce a larger transmission spectrum signal. In addition, a planet

with a smaller density will have an atmosphere with a larger scale height, which will

also produce a higher signal. In searching the archive, we sought planets with masses

estimated through observations that are orbiting host stars smaller than the Sun.

Tables 4.1 and 4.2 list the exoplanets and their parameters used in this study. In

Sections 4.3.2.1 and 4.3.2.2 we discuss further details concerning our choice of these

exoplanets for examination.

4.3.2.1 Space-Based Exoplanet Discoveries

We primarily examine space-based discoveries from the K2 mission (Howell

et al., 2014). However, we also look at one discovery from the COnvection, ROtation

and planetary Transits (CoRoT) minisatellite mission (Baglin et al., 2006), as well

as one multiplanetary system discovered during Kepler’s primary mission (Borucki

2Fifty trials of TESS primary mission from Bouma et al. (2017) may be found at http://

scholar.princeton.edu/jwinn/extended-mission-simulations.
3http://exoplanetarchive.ipac.caltech.edu
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Figure 4.1: Comparison of the empirical Chen & Kipping (2017) mass-radius rela-
tionship (equations 4.1 and 4.2) to the theoretical models of Seager et al. (2007).
In (a) we show the masses calculated for each model applied to the Sullivan et al.
(2015) predicted TESS exoplanet discoveries. In (b) we show the resulting exo-
planet densities. Masses and densities of space-based and ground-based discoveries
analyzed in this project are plotted for comparison.
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et al., 2009).

In October 2009, Léger et al. (2009) announced CoRoT-7b, heralding the

discovery as the first super-Earth with a measured radius. The planet serves as an

interesting point of comparison to TESS discoveries, since it orbits a G9V host star

that is hotter than most of the best anticipated TESS discoveries.

Kepler discovered thousands of exoplanet candidates, but only some of these

planets have estimated masses. A search of the NASA Exoplanet Archive4 reveals

that Kepler-138 is the only M-dwarf hosting planets with estimated masses and with

radii less than 1.5R⊕. We consider this system to determine how the S/N compares

to the TESS discoveries.

The K2 mission differs from and is complementary to TESS in that the tar-

get fields are located along the ecliptic plane, a field that is not observed during

the TESS primary mission. In this study, we first compare the anticipated TESS-

discovered exoplanets to those K2-discoveries with M dwarf host stars. In particular,

we look at two planets from the K2-3 system, as well as K2-95b. We did not look at

K2-3d due to uncertainties in its mass estimate. We add to this list HIP-116454b,

a 2.53R⊕ planet orbiting a bright K-dwarf which was K2’s first exoplanet discovery.

The planet serves as an interesting point of comparison because its brightness is

near the NIRISS J-band limiting magnitude, and the host star is somewhat hot-

ter than the best-anticipated TESS discoveries. We also examine Neptune-sized

WASP-47d and the super-Earth WASP-47e, which orbit a G9V host star with an

estimated radius slightly larger than our Sun’s. Because these latter three planets

4Accessed 3 May 2017
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Exoplanet J Distance Stellar Stellar Planet Planet Planet Semi- Impact
Radius
R∗

Temperature Radius
Rpl

Mass
Mpl

Temperaturea major
Axis

Parameter
b

(mag) (pc) (R�) (K) (R⊕) (M⊕) (K) (AU)

CoRoT-7bb 10.301 153.7 0.820 5259 1.585 4.73 1756 0.017016 0.713

HIP-116454bc 8.60 55.2 0.716 5089 2.53 11.82 690 0.0906 0.65

K2-3bd 9.421 42 0.561 3896 2.14 8.1 463 0.0769 0.54

K2-3ce 9.421 42 0.561 3896 1.644 2.1 344 0.1405 0.31

K2-95bf 13.312 172 0.402 3471 3.47 10.99 415 0.0653 0.32

Kepler-138bg 10.293 66.5 0.442 3841 0.522 0.066 444 0.077 0.53

Kepler-138c 10.293 66.5 0.442 3841 1.197 1.970 409 0.0906 0.922

Kepler-138d 10.293 66.5 0.442 3841 1.212 0.640 344 0.12781 0.767

WASP-47dh 10.613 200 1.18 5475 3.71 12.75 986 0.0846 0.18

WASP-47e 10.613 200 1.18 5475 1.87 9.11 2221 0.01667 0.17

Notes:
aEquilibrium temperatures are calculated assuming zero albedo and uniform redistribution of heat.

bCoRoT-7b system parameters from Léger et al. (2009), Barros et al. (2014), and Haywood et al. (2014).

cHIP-116454b system parameters from Vanderburg et al. (2015).

dK2-3b system parameters from Sinukoff et al. (2016) and Dai et al. (2016).

e K2-3c system parameters from Sinukoff et al. (2016) and Almenara et al. (2015).

f K2-95b system parameters from Obermeier et al. (2016) and Mann et al. (2017). Obermeier et al. (2016)
estimated the planetary mass using an empirical mass-radius relationship.

g Kepler-138a, b, and c system parameters from Muirhead et al. (2012), Jontof-Hutter et al. (2015), and
Souto et al. (2017).

h WASP-47d and e system parameters from Becker et al. (2015) and Sinukoff et al. (2017).

Table 4.1: Space-based exoplanet discoveries used for comparison

orbit host stars that are hotter, and thus larger, than many TESS discoveries, we

expect the transit depths to be smaller, and thus the S/N to be lower, than most

TESS discoveries.

4.3.2.2 Exoplanets Discovered by Ground-Based Surveys

The ground-based discoveries examined in this work were found in either

the MEarth survey or the TRAnsiting Planets and PlanetesImals Small Telescope

(TRAPPIST) survey.

The MEarth-North and MEarth-South transit surveys were designed to search

for super-Earths orbiting mid-to-late M dwarfs with radii less than 0.33R� that
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are located within 33 parsecs of the Earth (Irwin et al., 2009, 2015; Nutzman &

Charbonneau, 2008). Here, we examine two MEarth-South discoveries: GJ1132b

and LHS1140b.

Berta-Thompson et al. (2015) announced the discovery of GJ1132b in Novem-

ber 2015. Since that time, further studies conducted using ground-based facilities

and the Spitzer Space Telescope have allowed further refinement of system param-

eters such as stellar and planetary radii (Dittmann et al., 2016). The water at-

mosphere we examine in this work is one plausible atmospheric composition for

GJ1132b. In addition, Dittmann et al. (2017b) recently reported observations of

LHS1140b, a nearby 1.4R⊕ super-Earth orbiting its M dwarf host star within the

habitable zone. The authors note that if this super-Earth had an extended magma-

ocean phase, then water may have remained in the mantle until the star reached its

current luminosity, thus allowing the presence of water in its atmosphere.

One goal of the TRAPPIST survey is to monitor a select sample of ultra-

cool dwarf stars for planetary transits (Jehin et al., 2011). Gillon et al. (2016,

2017) determined that TRAPPIST-1 hosts at least seven Earth-sized planets that

are likely to be tidally synchronized. de Wit et al. (2016) analyzed the combined

transmission spectrum of TRAPPIST-1 b and c, determining that the featureless

spectrum ruled out a cloud-free hydrogen-dominated spectrum on the two planets.

However, heavier atmospheres, such as the water atmosphere studied here, remain

plausible. Although here we examine the signal produced by water lines in a water

atmosphere, we note that the actual atmospheric composition of the TRAPPIST-1

planets depends upon several factors, such as X-Ray and EUV fluxes, which are
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areas of active research (Bourrier et al., 2017; O’Malley-James & Kaltenegger, 2017;

Wheatley et al., 2017).

Multiple recent studies (Quarles et al., 2017b; Wang et al., 2017) have esti-

mated the masses of the TRAPPIST-1 planets in order to further constrain the

planetary compositions. In this work, we use the planetary masses inferred by

Quarles et al. (2017b) using N-body dynamical simulations that determine plane-

tary parameters stable over millions of years.

The masses of the TRAPPIST-1 planets and of LHS-1140b are not well con-

strained. Since the density of the planet used in simulations impacts the scale height

and thus the predicted S/N, uncertain mass estimates may lead to incorrect con-

clusions. Thus, for comparison, we also calculate S/N for the TRAPPIST-1 planets

and LHS-1140b by assuming an Earthlike composition. We use the semi-empirical

mass-radius relationship developed by Zeng et al. (2016), assuming a core mass frac-

tion of 0.3, the same as that for Earth and Venus. Since the relationship does not

apply to planets with masses less than 1M⊕, for TRAPPIST-1d and TRAPPIST-1e,

we simply assume the density is the same as that of Earth’s. Table 4.3 shows the

masses and densities we used for these alternative calculations.

4.3.3 Spectra

The models we use for stellar and transmission spectra allow us to estimate

both the signal and the noise that we detect from a given planetary system. With

stellar model spectra, we determine the number of photons output by a host star
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Exoplanet J Distance Stellar Stellar Planet Planet Planet Semi- Impact
Radius
R∗

Temperature Radius
Rpl

Mass
Mpl

Temperaturea major
Axis

Parameter
b

(mag) (pc) (R�) (K) (R⊕) (M⊕) (K) (AU)

GJ1132bb 9.245 12.04 0.2105 3270 1.13 1.62 579 0.01619 0.38

LHS-1140bc 9.612 12.47 0.186 3131 1.43 6.65 230 0.0875 0.155

TRAPPIST-1bd 11.4 12.1 0.117 2559 1.088 0.76 400 0.01111 0.126

TRAPPIST-1c 11.4 12.1 0.117 2559 1.057 1.34 342 0.01522 0.161

TRAPPIST-1d 11.4 12.1 0.117 2559 0.722 0.41 288 0.02144 0.170

TRAPPIST-1e 11.4 12.1 0.117 2559 0.919 0.58 251 0.02818 0.120

TRAPPIST-1f 11.4 12.1 0.117 2559 1.045 0.69 219 0.03707 0.382

TRAPPIST-1g 11.4 12.1 0.117 2559 1.130 1.43 199 0.04510 0.421

Notes:
aEquilibrium temperatures are calculated assuming zero albedo and uniform redistribution of heat.

bGJ1132b system parameters from Berta-Thompson et al. (2015) and Dittmann et al. (2017a).

cLHS-1140b system parameters from Dittmann et al. (2017b).

dTRAPPIST-1 system parameters from Gillon et al. (2017) and Quarles et al. (2017a).

Table 4.2: Ground-based exoplanet discoveries used for comparison

Exoplanet Planet Planet
Mass, Mpl Density

(M⊕) (g cm−3)

LHS-1140b 3.73 7.03

TRAPPIST-1b 1.36 5.81

TRAPPIST-1c 1.22 5.69

TRAPPIST-1d 0.38 5.51

TRAPPIST-1e 0.78 5.51

TRAPPIST-1f 1.17 5.65

TRAPPIST-1g 1.56 5.96

Table 4.3: Masses for select exoplanets assuming an Earthlike composition
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at each wavelength across the NIRISS bandpass. The photons received from the

host star make up the major source of noise in our simulations. Our transmission

spectroscopy code provides the wavelength-dependent fraction of the stellar area

that is blocked by an exoplanet during transit, which constitutes the signal in our

simulations. In Sections 4.3.3.1 and 4.3.3.2, we describe these important inputs to

our NIRISS simulator.

4.3.3.1 Stellar Spectra

PHOENIX/BT-NextGen and PHOENIX/BT-Settl stellar emission spectrum

grids (Allard et al., 2012) provide stellar flux across the NIRISS bandpass at a res-

olution of ∼2 Angstroms. We employ solar metallicity spectra, which include the

effects of absorption from molecules such as water vapor (Barber et al., 2006) in the

stellar atmosphere. The host stars of our target systems range in effective temper-

ature from 2,090 K to 14,655 K. We employ BT-Settl models for host stars with

effective temperatures less than 2,600 K,5 and BT-NextGen models for those systems

with higher effective temperatures. BT-NextGen models span stellar temperature

values from 2,600 K to 70,000 K, and log(g) values from −0.5 to 6.0. Stellar models

are provided in log(g) increments of 0.5, and in temperature increments of 100 K

up to a stellar temperature of 7,000 K, then in temperature increments of 200 K

up to a temperature of 12,000 K, and thereafter in temperature increments of 500

K. Our simulation routine selects the stellar model with effective temperature and

5In all of our calculations, only 43 systems adopt BT-Settl stellar models. For the published
Sullivan et al. (2015) planetary systems, only one has a host star of temperature less than 2,600
K, and for the 50 Monte Carlo realizations of the TESS primary mission, only 42 stellar systems
(out of 124,173) have host stars with effective temperatures less than 2,600 K.
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log(g) values closest to the particular planetary system we wish to observe.

4.3.3.2 Planetary Atmospheres and Transmission Spectra

The TESS planet catalog discussed in Section 4.3.1 includes planetary radii,

but the radii do not vary with wavelength, and the Sullivan et al. (2015) simulations

make no assumptions regarding planetary atmospheres. For the known planets

discussed in Section 4.3.2, we can make some assumptions regarding likely planetary

atmospheres based upon observations and estimated bulk densities. Recent research

has identified the radius regime from 1.5R⊕ to 2R⊕ as the transition region from

rocky, terrestrial planets with high molecular weight atmospheres to sub-Neptune

planets enveloped in hydrogen-dominated atmospheres (Elkins-Tanton & Seager,

2008; Fulton et al., 2017b; Kempton, 2011; Marcy et al., 2014; Miller-Ricci et al.,

2009; Rogers, 2015).

Clear Atmospheres—For the purposes of our calculations, we assume that all

planets with Rpl ≤ 1.5R⊕ are enveloped in a clear, isothermal water atmosphere

(mean molecular weight µ = 18), and we assume that all planets with 1.5R⊕ <

Rpl ≤ 4R⊕ are surrounded by a clear, isothermal hydrogen-dominated atmosphere

(µ = 2.39). We use an isothermal atmosphere because we do not have sufficient

information to justify a more complex structure, and also because transit spectra

are not directly sensitive to the source function in the exoplanetary atmosphere.

For each planet, we calculate the equilibrium temperature assuming zero albedo

and uniform redistribution of heat. These temperatures are reported for known
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exoplanets in Tables 4.1 and 4.2. In reality, some planets in the transition region will

likely have heavy atmospheres, some will likely have lighter atmospheres, and some

will be rocky cores stripped of an atmosphere. By assuming a single atmospheric

composition within the two radii regimes, we can better determine the contributions

of other planetary parameters on resultant S/N.

For most planetary compositions, the spectrum of water vapor will dominate

the NIRISS spectral region. We estimate the signal produced by water lines in the

isothermal planetary atmospheres by employing a version of a spectral transmittance

code presented previously in Deming et al. (2013). Here, we modify the code to cover

the NIRISS bandpass. Our code uses a slant-path geometry, assuming a 200-layer

atmosphere in hydrostatic equilibrium, with pressures in the layers equally spaced

in log from 1 to 107 dynes cm−2. The hydrogen-dominated atmospheres include

continuous opacity due to collision-induced absorption of H2 (Borysow, 2002; Zheng

& Borysow, 1995). For the water atmospheres, we place a solid surface at 1 bar

(106 dynes cm−2). We calculate water opacity using water lines (Barber et al.,

2006) downloaded from the Exomol Database6 (Tennyson & Yurchenko, 2012). Our

code scales the strengths of the lines at the isothermal temperature of the planet,

and then bins the scaled strengths of the water lines into bins of width 0.01 cm−1,

much smaller than the NIRISS resolution (Deming & Sheppard, 2017). We convolve

the high-resolution transmission spectrum output by our code to the resolution of

the NIRISS instrument prior to employing the output spectrum in our NIRISS

6http://www.exomol.com/data/data-types/linelist/H2O/1H2-16O/BT2/, accessed 29 Jan
2017
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simulator.

We previously validated the code as described in Deming et al. (2013). In ad-

dition, our code is in close agreement with output results from Line et al. (2013a),

as shown in their Figure 5. In this work, we further compare our code to the out-

put results of Exo-Transmit (Kempton et al., 2017), as shown in Figure 4.2 for a

super-Earth (Rpl = 1.28R⊕) at equilibrium temperature 788 K with a clear water

atmosphere. The system parameters of the chosen super-Earth correspond to mean

values of system parameters for the published Sullivan et al. (2015) TESS planets

in the radius regime Rpl ≤ 1.5R⊕. Exo-Transmit produces transmission spectra at

a fixed spectral resolution R = 1000. Our code produces a high-resolution spectrum

with millions of lines across the NIRISS bandpass at sub-Doppler resolution (R >

300,000 across the NIRISS bandpass), which we then convolve with a Gaussian to

produce the R = 1000 spectrum illustrated in Figure 4.2. The Exo-Transmit spec-

trum retains more structure since the spectrum is produced at a native resolution R

= 1000, whereas our high-resolution code is smoothed to the same resolution. The

average values across the two spectra are in close agreement.

Cloud Effects—Our spectral transmittance code allows placement of an opaque

cloud layer at a pressure level of our choice. In this work, we examine the effects of

clouds by placing an opaque cloud deck at a pressure of 10 mbar for planets with

both water and hydrogen-dominated atmospheres.

Use of Transmittance Code with Planetary Systems—When applying our spec-

tral transmittance code to the known exoplanets, we apply the code to each planet

individually, using the system parameters reported in Tables 4.1, 4.2, and 4.3. How-
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Figure 4.2: Comparison of our transmission spectroscopy code to Exo-Transmit
(Kempton et al., 2017) for a super-Earth (Rpl = 1.28R⊕) at equilibrium temperature
788 K with a clear water atmosphere. The system parameters of the chosen super-
Earth correspond to mean values of system parameters for the published Sullivan
et al. (2015) TESS planets in the radius regime Rpl ≤ 1.5R⊕. Both spectra have
resolving powers of 1000 but differ in details due to binning (see text).
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ever, when applying the code to the Sullivan et al. (2015) anticipated TESS planets

and to the 50 Monte Carlo realizations of the TESS primary mission data, it is

computationally expedient to scale the transmission spectra to planetary systems

with mean values of stellar radius and planetary radius, mass, and temperature for

the Sullivan et al. (2015) anticipated TESS planets within each radius regime. The

remainder of this subsection outlines the method we employ in scaling the trans-

mission spectrum of each TESS planet to one of the two reference planets.

Our code outputs a transmission spectrum equivalent to the transit depth of

each reference planet. In general,

Transit Depth =
Areapl

Area∗
=

(Rpl + h)2

R2
∗

, (4.3)

where Rpl is the radius of the solid surface of the planet, h is the wavelength-

dependent thickness of the atmosphere, and R∗ is the stellar radius. Expanding

equation 4.3 and ignoring small terms, we find

Transit Depth ≈
R2

pl

R2
∗

+
2Rplh

R2
∗
. (4.4)

The second term in equation 4.4 is the wavelength-dependent term that must be

scaled to each planetary system. We note that since h represents the thickness of

the atmosphere, it must be proportional to the atmospheric scale height H, which

is found from

H =
kTpl

µmHg
=

kTplR
2
pl

µmHGMpl

, (4.5)
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where k is Boltzmann’s constant, Tpl is the equilibrium temperature of the planet,

mH is the mass of the hydrogen atom, and g =
GMpl

R2
pl

is the acceleration due to

gravity on the planet, where G is the universal gravitational constant and Mpl is

the mass of the planet. Denoting the second term in equation 4.4 with the variable

S, substituting equation 4.5 for H ∝ h, and dropping various constants, we find

S =
2Rplh

R2
∗
∝
TplR

3
pl

MplR2
∗
∝ Tpl

ρplR2
∗
, (4.6)

where ρpl is the density of the planet.

We use equation 4.6 to scale the atmosphere of any TESS planet in one of

the two radius regimes to the appropriate reference planet. Specifically, using the

subscript T to refer to the TESS planetary system, and the subscript “ref” to refer

to the reference planetary system, we have

ST = Sref ×
Tpl,T

Tpl,ref

× ρpl,ref

ρpl,T

×
R2
∗,ref

R2
∗,T

, (4.7)

where ST is the wavelength-dependent transmission spectrum for the TESS system,

scaled to the reference transmission spectrum Sref for the regime of interest.

4.3.4 Description of NIRISS Simulator

In this work, our simulator predicts the S/N attainable by NIRISS, operating

in SOSS mode, during 10-hour observation programs of the Sullivan et al. (2015)

anticipated TESS discoveries, predicted TESS discoveries from 50 Monte Carlo re-
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alizations of the TESS primary mission, and the known exoplanets listed in Tables

4.1 and 4.2. We chose 10 hours per target to represent the order of magnitude

observation time, tobs, required to complete a statistical survey project of multiple

exoplanets. Except as noted during our description of observational overhead, our

simulations equally apportion the observation time to periods in and out of transit.

We do not take into account minor effects such as stellar limb darkening, and we

assume that the entire cross sectional area of the planet blocks the star throughout

the transit. For comparison, we also examine the S/N attainable in more intensive

100-hour observation programs of the potentially habitable TESS planets—those

with Rpl ≤ 1.5R⊕ and cool or temperate equilibrium temperature.7

We have developed our NIRISS simulator in consultation with the NIRISS

instrument team, and we have incorporated the latest NIRISS design values into our

simulator to the extent possible.8 In this section, we describe in detail the method

we use to model NIRISS observations. We close the section by briefly explaining

how we explore the effects of observational overhead and the presence of systematic

noise on our S/N results.

4.3.4.1 Predicting JWST/NIRISS S/N

The NIRISS SOSS mode offers three readout modes covering wavelengths from

0.6 to 2.8 microns (Doyon et al., 2012). Here, we estimate NIRISS S/N only for Or-

7In planning actual observation programs, visibility of the targeted planetary systems and
potential contamination by partly overlapping spectra from nearby stars must be considered:
http://maestria.astro.umontreal.ca/niriss/SOSS_cont/SOSScontam.php. These topics are
beyond the scope of this work.

8http://jwst.astro.umontreal.ca/?page_id=51
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der 1 spectra produced in nominal (256 x 2048 pixel subarray) and bright (96 x 2048

pixel subarray) modes, spanning wavelengths from 0.8 to 2.8 microns.9 The bright

mode read time (2.213 sec) is faster than that of nominal mode (5.491 sec), thus al-

lowing observation of brighter targets before saturating the subarray pixels. A weak

cylindrical lens at the entrance to the NIRISS cross-dispersed grism spreads light

across approximately 23 pixels in the spatial direction, also enabling observation of

brighter objects before reaching pixel saturation.

Given a targeted planetary system for NIRISS observations, our simulation

begins by selecting the appropriate PHOENIX stellar model, which provides out-

put stellar flux in ergs sec−1 cm−2 Å−1. We convolve the stellar spectrum with a

Gaussian corresponding to the NIRISS optics resolution (∼1.6 pixels FWHM), and

then convert the model flux output at the star to a photon flux arriving at the

JWST observatory by scaling the stellar model to the J-Band magnitude of the

star, multiplying by the area of JWST (25.3 m2), and then dividing by the energy

per photon hν, where h is Planck’s constant and ν is the frequency of the pho-

ton. We calculate the signal produced by the planetary atmosphere by determining

the wavelength-dependent portion of the stellar photons that are blocked by the

atmospheric annulus during transit (equation 4.3).

To determine the signal and noise detected by NIRISS, we must account for

instrument throughput and dispersion. The NIRISS design team has provided an

estimate of throughput across the NIRISS bandpass at a resolution of 1 nm. The

estimate includes detector quantum efficiency and transmission through all opti-

9The blue cut-off in bright mode is 0.9 microns due to the smaller size of the subarray.
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cal elements of the JWST observatory, NIRISS instrument, and GR700XD grism.

We apply the wavelength-dependent throughput to the stellar model and to the

wavelength-dependent signal produced by the atmosphere during transit. The dis-

persion of 0.974 nm/pixel allows us to determine the wavelength range of each

NIRISS subarray column in the dispersion direction. Knowing the wavelength (and

frequency) range covered by each column in the dispersion direction, we can then

determine the photon flux spread across the spatial direction both in and out of

transit. Our simulation also incorporates noise due to zodiacal light (Kelsall et al.,

1998) and JWST telescope thermal background (Swinyard et al., 2004), but these ef-

fects are negligible in practice for the observation of the bright transiting planet host

stars. Read noise and dark currents are also regarded as negligible for well-exposed

integrations.

Before calculating the signal and noise produced during an observation pro-

gram, we must first determine the efficiency of the observation. The on-sky efficiency

achievable with NIRISS depends upon the brightness of the targeted stellar system.

The integration time of a given observation is determined by the number of reads,

also known as ngroups, performed before resetting the well (Batalha et al., 2017b;

Beichman et al., 2014). The time to reset the well is equal to the time to perform

one read, which we denote as tframe. We calculate integration time10 with

tint = tframe × (ngroups − 1), (4.8)

10http://maestria.astro.umontreal.ca/niriss/simu1D/SOSS_Simulator_Guide.pdf

143

http://maestria.astro.umontreal.ca/niriss/simu1D/SOSS_Simulator_Guide.pdf


and on-sky efficiency using

η =
ngroups − 1

ngroups + 1
. (4.9)

Our simulation calculates and employs the maximum on-sky efficiency possible with-

out saturating any pixels. We do this by calculating the maximum number of ngroups

we can use without any pixels accumulating greater than the full well capacity of

72,000 electrons.11 In performing this calculation, we make use of the fact that

when the photon flux is spread across the pixels in the spatial direction, 7% of the

photons fall in the peak pixel. In calculating efficiency, we consider only correlated

double sampling, where flux is calculated by subtracting the last read from the first

read. The NIRISS design also allows a superbias subtraction method to calculate

flux when observing brighter objects, but this mode has more uncertainty in its

noise properties, and we do not consider it in this work.

In calculating ngroups, our simulator first assumes that we are observing in

nominal mode. If the required value of ngroups is less than 2, which is the minimum

value of ngroups required when using correlated double sampling, then we recalculate

ngroups using bright mode instead. For some stellar systems, pixels will saturate

even in bright mode. For the Sullivan et al. (2015) planets, the plot of our output

results shows those systems which were observed using bright mode, and we also

indicate those systems where some pixels saturate. When analyzing the 50 trials of

11We used full well capacity in our calculations since that is the value used by the NIRISS 1D
SOSS simulator. Going to full well capacity could result in systematic effects (Wilkins et al.,
2014). Thus, we examined using 55,000 electrons rather than full well capacity and found that
on-sky efficiency and therefore S/N changes minimally in most cases. The greatest change in S/N
of ∼20% occurs for systems that are viewed at ngroups = 3 (η = 0.5) for 72,000 electrons and then
ngroups = 2 (η = 0.33) for 55,000 electrons. The conclusions of this work are unaltered by changing
the electron level used for saturation.
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TESS data, we present our results as a 2-dimensional histogram in S/N-R⊕ space.

In presenting these results, we ignore those systems where pixel saturation occurs

in bright mode.12 For those systems that are dim, the highest value of ngroups our

simulator employs is 88 (Beichman et al., 2014). After the optimum number of

ngroups has been calculated, our simulator determines the on-sky efficiency using

equation 4.9.

Knowing the efficiency, the observation time, and the photon flux from the

star falling across the pixels, the stellar shot noise is determined by using

Nshot =
√
η tobs F∗, (4.10)

where Nshot represents the photon shot noise and F∗ is the photon flux falling across

the pixels. Photon shot noise is the primary source of noise for the S/N values we

report in Section 4.4.

A similar calculation is possible for the signal. Knowing the number of stellar

photons blocked by the atmospheric annulus across the NIRISS bandpass, we can

calculate the signal produced by the water lines in the atmosphere from

Satm = η
tobs

2
Fatm, (4.11)

where Satm represents the signal produced by the atmosphere and Fatm is that por-

tion of the stellar flux blocked by the atmospheric annulus.

12If the systems where pixel saturation occurs are included, our results support the same con-
clusions.
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The S/N varies greatly across the NIRISS bandpass, which is to be expected

since the strength of water lines and the brightness of the host star differ with

wavelength. In this work, after calculating the wavelength-dependent values of Nshot

and Satm across the columns of the NIRISS subarray, we next calculate the integrated

S/N for the detection of the atmosphere across the NIRISS bandpass. In Figure 4.3,

we illustrate graphically our calculation of the signal (equation 4.11) in each column

across the subarray, as well as the integrated S/N, which is what we report on our

Figures in Section 4.4.
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Figure 4.3: Graphical illustration showing our calculation of signal (equation 4.11)
in each column of the NIRISS subarray, as well as the integrated S/N across the
NIRISS bandpass. The left vertical axis (blue curve) shows the transit depth, while
the right vertical axis (orange curve) shows photon flux. In calculating integrated
S/N, Ni is the noise both in and out of transit due to stellar photons, zodiacal light,
and JWST telescope background.

We validated our NIRISS simulation code by comparing it to the 1D SOSS
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simulator developed by the NIRISS instrument design team.13 For all planetary

systems where we compared the two codes, our results differed from those of the

1D SOSS simulator by 8 to 11%. In Figure 4.4, we depict the out-of-transit stellar

photons collected per column on the NIRISS subarray as estimated by both our

simulator and that of the NIRISS instrument team for a 100-hour observation pro-

gram of GJ1132. In this case, our photon count per pixel exceeds that found by the

NIRISS 1D SOSS simulator by ∼11%.
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Figure 4.4: Comparison of the out-of-transit photon count per column of our NIRISS
simulator to that of the NIRISS 1D SOSS simulator produced by the instrument de-
sign team. Here, we compare photon counts for 72 transit observations of GJ1132b.
In this case, our photon count per column exceeds that found by the NIRISS 1D
SOSS simulator by ∼11%. For all planetary systems where we compared the two
codes, our results differed from those of the 1D SOSS simulator by 8 to 11%.

13http://maestria.astro.umontreal.ca/niriss/simu1D/simu1D.php
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4.3.4.2 Observational Overhead

Observational overhead accounts for the fact that during actual JWST obser-

vations, not all of the telescope time devoted to a program will be used for science.

Rather, some of the time will be used to slew the observatory or set up the instru-

ment. In general, the clock time for a JWST observation is given by14

tclock = (tslew + tscience + tinstrument)× 1.16 + tscheduling. (4.12)

Here, tslew = 30 min is the time to slew the telescope;15 tscience is the observation time,

both in and out of transit; tinstrument = 17.1 min is an instrument overhead time;16

and tscheduling = 60 min is the additional JWST time required when scheduling an

observation with a start time more precise than 24 hours, certainly the case with

exoplanet transits. The factor of 1.16 is observatory overhead that takes into account

losses due to calibrations and dead time of JWST. We note that equation 4.12 is

the current expression used to estimate clock time, but the expression is likely to

change when JWST is operational.

To determine the effects of observational overhead, we modify equations 4.10

and 4.11 so that we calculate Nshot and Satm using the number of transits, ntrans,

14https://jwst-docs.stsci.edu/display/JPPOM/Overhead+Duration+Components
15The time to slew JWST varies depending upon the slew distance in arcseconds: https://jwst-

docs.stsci.edu/display/JPPOM/Slew+Times. The longest slew time reported, for 180 degrees,
is ∼1 hour, so we use half of this time for all TESS systems.

16Instrument overhead time includes target acquisition (10 minutes) and filter wheel move-
ments. Further details can be found at: https://jwst-docs.stsci.edu/display/JPPOM/

NIRISS+Overheads.
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and transit duration (T14), ttrans, as

Nshot =
√

2 η ntrans ttrans F∗, (4.13)

and

Satm = η ntrans ttrans Fatm. (4.14)

Then, we calculate ntrans using

ntrans =
tobs

(2ttrans + 47.1)× 1.16 + 60
, (4.15)

where times are in minutes. As before, we use tobs = 10 hrs = 600 min. Note

that equations 4.13 and 4.14 could be used in place of equations 4.10 and 4.11

in the simple observation program described previously, where we apportion equal

amounts of time in and out of transit, but in that case, the number of transits would

be calculated using the simple relationship ntrans = tobs/(2ttrans).

4.3.4.3 Systematic Noise per Transit Observation

In Section 4.4, we examine the effects of the systematic noise per transit ob-

servation on TESS discoveries, and then go on to show the spectra that may be

anticipated for NIRISS observation programs of the known exoplanet K2-3c, both

with and without considering this systematic noise. A relatively low residual system-

atic noise level is anticipated for JWST observations, since with existing instruments

we have already achieved residual noise levels of ∼25 ppm with Hubble (Kreidberg
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et al., 2014a) and ∼30 ppm using Spitzer (Demory et al., 2016). Here we adopt the

noise floor used by Greene et al. (2016) of 20 ppm for one planetary transit. We

note that the exact nature of the systematic noise will not be known until JWST

commissioning. However, we expect that any residual noise will be due to system-

atic effects that can be represented by an equivalent sine wave because instrumental

noise is commonly bandwidth-filtered. For the observation programs we examine,

multiple transits will be observed, with the state of the instrument different for

each telescope pointing, and where the equivalent sine wave representing systematic

effects is most likely observed at a different phase during each observation. Thus,

we assume the systematic noise will decrease as the square root of the number of

independent measurements, or transits.

To determine the effects of systematic noise on the integrated S/N across the

entire NIRISS bandpass for the Sullivan et al. (2015) anticipated TESS planets, we

apply the systematic noise to each resolution element (i.e., 2 columns). However,

in presenting spectra for K2-3c, we bin the S/N into 64 bins across the NIRISS

bandpass. Binning increases S/N above that of the individual NIRISS resolution

elements, but reduces resolving power across the bandpass. For 64 bins, resolving

power ranges from almost 30 at the blue cut-off to about 95 at the red cut-off. For

the spectrum where systematic noise has been incorporated, the noise in each of the

64 bins is calculated with

Nbin,total =

√
N2

bin,shot +

(
20× 10−6

√
ntrans

× Fbin,∗

)2

, (4.16)
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where the second term inside the square root on the right-hand side of the equation

represents the adjustment made due to systematic noise.

4.4 Results and Discussion

In this section, we present our analysis of attainable NIRISS S/N in 10-

hour observation programs of the Sullivan et al. (2015) predicted TESS planets,

as well as our analysis of 50 Monte Carlo realizations of TESS primary mission

data, with comparisons to expected S/N for known exoplanets. For comparison, we

also examine the S/N attainable in more intensive 100-hour observation programs of

the potentially habitable Sullivan et al. (2015) predicted TESS planets–those with

Rpl ≤ 1.5R⊕ and cool or temperate equilibrium temperatures. First we show our

results for the Sullivan et al. (2015) planets where mass is calculated using the Chen

& Kipping (2017) mass model. We then explore the effects of planetary composi-

tion, observational overhead, and existence of planetary clouds on these results. We

next show our results from analyzing 50 Monte Carlo realizations of TESS primary

mission data. We conclude the section by presenting our analysis of the effects of

systematic noise on our predicted S/N for the TESS anticipated discoveries. Ad-

ditionally, based upon our estimates of NIRISS S/N, we create sample spectra for

the known exoplanet K2-3c, illustrating the effects of adding systematic noise to a

simulated spectrum.
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4.4.1 S/N for Anticipated TESS Discoveries

We present our predicted NIRISS S/N for the anticipated TESS discoveries

published by Sullivan et al. (2015) in Figure 4.5, overplotting our predictions of S/N

for existing exoplanet discoveries from space-based and ground-based surveys. We

then present predicted S/N for more thorough 100-hour observation programs of

potentially habitable TESS discoveries in Figure 4.6. Our results show that TESS

is likely to discover many super-Earths and sub-Neptunes (1.5R⊕ < Rpl ≤ 4R⊕)

that are more amenable to atmospheric characterization than anything we have yet

discovered. However, our results also show that for small exoplanets (Rpl ≤ 1.5R⊕)

we expect very few TESS discoveries will be better for atmospheric characterization

than already-discovered exoplanets. We emphasize that this outcome is based upon

Kepler-derived occurrence rates, and that co-planar compact multi-planet systems

(e.g., TRAPPIST-1) may be under-represented in the predicted TESS planet yield.

Closer examination of the small anticipated TESS planets with the highest

anticipated S/N reveals the properties of the TESS discoveries likely to be most

conducive to follow-on atmospheric characterization studies. Two small planets

achieved NIRISS S/N higher than TRAPPIST-1b without saturating any of the

NIRISS pixels, and three cold or temperate planets with radii ∼ 1.4R⊕ have a higher

S/N than LHS1140b. Table 4.4 shows that these planetary systems with high S/N

values have system parameters comparable to those of GJ1132b, LHS1140b, and the

TRAPPIST-1 planets, so it is not surprising that NIRISS is able to attain a high

S/N. The planets orbit nearby low radii ultra-cool or M dwarf host stars, which
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Figure 4.5: Integrated Signal-to-Noise (S/N) we predict for NIRISS detection of
the atmosphere of anticipated TESS planets in 10-hour observation programs of all
planets. We also show integrated S/N for known exoplanets discovered from space-
based and ground-based surveys. Our results show that TESS is likely to find many
planets with promising properties in the radius regime 1.5R⊕ < Rpl < 4R⊕. In
particular, the planets found in the radius regime 1.5R⊕ < Rpl < 2R⊕ will help to
define the parameter space where planetary atmospheres transition from hydrogen-
dominated to high molecular weights. However, TESS is unlikely to discover many
terrestrial-sized planets more amenable to atmospheric characterization than those
that have already been discovered. We emphasize that the outcome for terrestrial-
sized planets is based upon Kepler-derived occurrence rates, and that co-planar
compact multi-planet systems (e.g., TRAPPIST-1) may be under-represented in
the predicted TESS planet yield. The apparent step function at 1.5R⊕ results from
assuming all planets with Rpl ≤ 1.5R⊕ have water atmospheres, and all planets with
1.5R⊕ < Rpl < 4R⊕ have hydrogen-dominated atmospheres (Section 4.3.3.2).
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Figure 4.6: Integrated Signal-to-Noise (S/N) we predict for NIRISS detection of the
atmosphere in 100-hour observation programs of potentially habitable anticipated
TESS discoveries—planets with Rpl ≤ 1.5R⊕ and cool or temperate equilibrium
temperatures. We compare resulting S/N to that of known discoveries from space-
based and ground-based surveys.

appear relatively bright when observed in the J-band. In addition, from Table 4.4

we see that the estimated radial velocity semi-amplitude for these planets is ∼3 m

s−1 or greater for all except the smallest planet. Thus, we anticipate that current

or forthcoming radial velocity instruments should be able to estimate the masses of

these promising TESS discoveries.

Two prominent features in Figure 4.5 lead us to examine the following ques-

tions. First, why are there so many cold and temperate super-Earth and sub-

Neptune planets with S/N comparable to or better than that for hot planets with

similar planetary radii? Does this make sense, given the fact that we would expect

the scale height of the planetary atmosphere, and thus the signal, to increase with

an increase in the temperature of the planet’s atmosphere? Second, the S/N appears
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TESS J V Distance Stellar Stellar Planet Planet Radial
Velocity

NIRISS

Catalog Radius
R∗

Temperature Radius
Rpl

Temperature Semi-
Amplitude

S/N

Number (mag) (mag) (pc) (R�) (K) (R⊕) (K) (m s−1)

922 11.3 16.2 13.2 0.116 2730 1.39 290 6.65 23.8

1308 7.97 11.6 8.71 0.249 3370 1.49 289 2.90 16.0

1622 11.4 15.3 26.9 0.172 3230 0.71 693 0.76 30.6

1745 10.4 14.0 25.1 0.224 3340 1.09 904 2.97 23.6

1919 12.2 16.8 22.4 0.119 2840 1.40 236 5.08 12.2

Note:
Planetary systems parameters, including the estimate of radial velocity semi-amplitude, are taken from
Sullivan et al. (2015). NIRISS signal-to-noise is calculated in this work.

Table 4.4: Terrestrial-Sized Anticipated TESS Planets with High NIRISS S/N

relatively flat in the radius regime 1.5R⊕ < Rpl ≤ 4R⊕. But according to equation

4.6, the signal produced by the atmosphere should increase as density decreases, and

Figure 4.1 shows that density decreases with planetary radius across this regime.

Why doesn’t the S/N have a positive slope on this plot?

The considerable number of cold and temperate super-Earths and sub-Neptunes

with relatively high S/N is explained by realizing that the signal depends not only

on the temperature of the planet’s atmosphere, but also on the planet’s density and

the cross sectional area of the star, as can be seen by examining equations 4.5 and

4.6. In Figure 4.7, we plot a dimensionless ratio of planet temperature, density,

and stellar cross-sectional area (the “signal”) versus planet temperature. The col-

orbar on the plot indicates stellar temperature. We see that many of the cold and

temperate planets predicted by Sullivan et al. (2015) have system parameters that

produce a high value of the dimensionless ratio, which accounts for the considerable

number of cold and temperate planets with relatively high S/N values in Figure 4.5.

In particular, the highest values of the dimensionless ratio are produced by those
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planets orbiting the coolest host stars, which also have the smallest cross-sectional

areas.

Figure 4.7: Examination of cold and temperate planets suitable for atmospheric
characterization. The signal produced by the planetary atmosphere varies directly
with the planet’s temperature, and inversely with the planetary density and stellar
cross-sectional area. We create a dimensionless ratio of these factors by multiplying
by k

µG
, where k is Boltzmann’s constant, G is Newton’s gravitational constant,

and µ is the molecular weight in kg of the hydrogen-dominated atmosphere. We
then plot this dimensionless ratio versus planetary temperature for those planets
with 1.5R⊕ < Rpl ≤ 4R⊕. We see that many of the cold and temperate planets
predicted by Sullivan et al. (2015) have system parameters that produce a high value
of the dimensionless ratio, which accounts for the considerable number of cold and
temperate planets with relatively high S/N values in Figure 4.5. In particular, the
highest values of the dimensionless ratio are produced by those planets orbiting the
coolest host stars, which also have the smallest cross-sectional areas.

The apparent flatness of the S/N in the radius regime 1.5R⊕ < Rpl ≤ 4R⊕ of

Figure 4.5 results from a combination of the type of preselected target stars chosen

for the TESS survey and the planet occurrence rates employed for those target stars

in the Sullivan et al. (2015) simulations. For multiple planets orbiting the same host

star, we expect S/N to increase with planetary radius. However, the TESS planets
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of various radii orbit different host stars, and other factors will also influence S/N.

Nevertheless, we would expect that if we plot S/N versus Rpl for a large sample of

TESS host stars of the same stellar type, the best-fit line should have a positive

slope. We illustrate this in Figure 4.8 by showing S/N versus planetary radius, with

the symbols color-coded by stellar temperature. By referring to each color (i.e.,

each stellar type) separately, we detect a trend towards a positive slope across the

sub-Neptune radius regime. To aid in visualization, we also plot best-fit lines for

host stars of three different stellar temperatures. However, we emphasize that we

are only looking qualitatively for a positive trend. Although the host stars have the

same stellar temperatures, the planetary systems vary in stellar radii, distance from

Earth (affecting brightness and thus on-sky efficiency η), and planetary equilibrium

temperature, all of which will influence the attainable S/N. For the best-fit lines,

we used 18 planetary systems to compute the best-fit line for 3300K, 22 planetary

systems to compute the best-fit line for 3500K, and 25 planetary systems (with

5470K ≤ Teff ≤ 5530K) to compute the best-fit line for 5500K. For each of the three

stellar temperatures examined, we use the same PHOENIX stellar model spectra

for all host stars.

4.4.2 Sensitivity to Planetary Composition

We turn now to an examination of the sensitivity of our results shown in

Figure 4.5 to various factors, beginning with planetary composition. For each TESS

planet, Figure 4.9 shows the S/N attained for three homogeneous compositions,
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Figure 4.8: For a given host star, the signal produced by the planetary atmosphere
during transit increases with planetary radius. However, this increase in S/N with
planetary radius is hidden in Figure 4.5 since all of the TESS systems are shown on
a single Figure. In addition, the stellar types observed vary with planetary radius
due to a combination of the preselected target stars chosen for the TESS mission
and the planet occurrence rates employed for those target stars in the Sullivan et al.
(2015) simulations. Here, we plot S/N versus planetary radius with the color of the
symbols indicating stellar temperature. By referring to each color (i.e., each stellar
type) in this Figure separately, we detect a trend towards a positive slope across
the sub-Neptune radius regime. To aid in visualization, we also plot best-fit lines
for host stars of three different stellar temperatures. From top to bottom, the three
lines are for host star temperatures of 3300K, 3500K, and 5500K. Each line spans
planetary radii values between the lowest and highest planetary radii values used in
fitting the line.
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where we calculated masses using theoretical models (Seager et al., 2007), and we

compare to the S/N predicted for the Chen & Kipping (2017) empirical mass model.

For comparison, we overplot our predictions of S/N attainable for currently known

exoplanets.

In the radius regime examined, the NIRISS S/N attained for a given TESS

planet with an ice composition is 6 to 7 times higher than that attained for an iron

composition. The S/N values for the pervoskite composition and Chen/Kipping

mass model lie between the values for ice and iron. The wide variation of S/N for

TESS planets of different compositions emphasizes the importance of constraining

planetary masses prior to conducting JWST observations (Batalha et al., 2017a).

Low density is one factor contributing to a relatively high S/N. Referring to

Figure 4.1, we see that the relatively low estimated densities of the TRAPPIST-1

planets contribute to their high S/N. In fact, the S/N for most of the TRAPPIST-1

planets falls when density is estimated using an Earth-like composition. Interest-

ingly, although the current density estimate of LHS-1142b lies near that of a dense,

pure iron planet, its S/N rivals that of similarly-sized TESS planets with masses

calculated using the Chen/Kipping empirical relationship. In fact, the S/N for LHS-

1142b rises when we estimate its mass using an Earth-like composition. Thus, as

the masses of these planets are further constrained, we would expect our predictions

of S/N to change.
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Figure 4.9: Integrated Signal-to-Noise (S/N) we predict for NIRISS detection of the
atmosphere in 10-hour observation programs of anticipated TESS planets for four
different compositions. We calculated masses for the three homogeneously composed
planets using the theoretical relationships of Seager et al. (2007), and we compared
this to the S/N attainable with masses calculated using the Chen & Kipping (2017)
empirical relationship. We overplot our predictions of S/N for known exoplanets,
where we used the masses reported in Tables 4.1, 4.2, and 4.3. For the Sullivan et al.
(2015) anticipated TESS planets, our predicted NIRISS S/N for an ice composition
is 6 to 7 times higher than that for a dense iron composition. To better visualize the
impact of various compositions on a single planet, we chose five anticipated TESS
planets and outlined the four symbols (one for each composition) in black, joining
the symbols with a black line.
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4.4.3 Observational Overhead Effects

The S/N estimates presented thus far assume 10-hour observation programs,

with equal amounts of time in and out of transit. Figure 4.10 shows that when

observational overhead is considered in 10-hour observation programs, we will have

a 7 to 9 percent decrease in predicted S/N for the TESS anticipated discoveries,

with the coolest host stars suffering the largest impacts. Planetary systems with

short transit durations suffer greater effects from the constant time periods per visit

required to set up the JWST observatory or the NIRISS instrument. The reason for

this impact is that planetary systems with short transit durations must be revisited

more often in order to accumulate a given amount of scientific observation time.

Thus, a greater amount of the total requested telescope time is devoted to non-

scientific activities. Note that the apparent decrease in the number of cool host

stars with planetary radius in Figure 4.10 is due to a combination of a selection bias

for M dwarfs in the preselected TESS target stars, the planet occurrence rates used

in the Sullivan et al. (2015) simulations, and increased TESS sensitivity to shorter

period exoplanets.

4.4.4 Cloud Effects

The presence of clouds in planetary atmospheres decreases S/N by effectively

blocking transmission of stellar radiation above some pressure level, allowing us to

detect spectral features due to molecular absorption only in regions of the atmo-

sphere above the level where clouds condense. As shown in Figure 4.11, we estimate
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Figure 4.10: Our predictions of the percent decrease in Signal-to-Noise (S/N) when
considering observational overhead for 10-hour observation programs. In general,
the coolest stars suffer the highest percent decrease in S/N. This is because the
transit duration is generally shorter for cooler—and thus smaller—stars, where the
orbital semi-major axis is shorter. The decrease in the number of cool host stars with
planetary radius results from a combination of a selection bias for M dwarfs in the
preselected TESS target stars, the planet occurrence rates used in the Sullivan et al.
(2015) simulations, and increased TESS sensitivity to shorter period exoplanets.
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the effects of clouds on S/N by placing an opaque cloud deck at 10 mbar. For small

planets with water atmospheres (Rpl ≤ 1.5R⊕), the S/N for clear atmospheres shown

in Figure 4.5 is about 1.5 times higher than that found for cloudy atmospheres. For

larger planets with hydrogen-dominated atmospheres (1.5R⊕ < Rpl ≤ 4R⊕), we

find that S/N for clear atmospheres is about 5.5 times greater than that for cloudy

atmospheres.

During actual observations, the percentage of cloud cover as well as the pres-

sure level where clouds condense will vary depending upon the observed exoplanet.

In Section 4.5, we explore this statistical variation in cloud effects by applying ran-

dom fluctuations to the number of atmospheric scale heights through which water

absorption can be detected.

4.4.5 Analysis Of 50 Trials of TESS Primary Mission

The catalog of anticipated TESS discoveries published by Sullivan et al. (2015)

represents only one possible outcome for the planet yield from the TESS primary

mission. To achieve a more statistically robust prediction of the suitability of TESS

primary mission discoveries to atmospheric characterization, we examined data from

50 Monte Carlo realizations of the TESS primary mission. We present our results

as Figure 4.12, a 2-dimensional histogram in S/N-Rpl space. We place thirty bins

logarithmically from 100 to 103 along the S/N axis, and every 0.1R⊕ along the Rpl

axis. The number of planets found in a given bin is an average of the number pre-

dicted over all 50 trials of the TESS primary mission, and represents the expected
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Figure 4.11: Our predictions showing the anticipated Signal-to-Noise (S/N) achiev-
able in 10-hour observation programs of planets with cloud decks placed at a pres-
sure of 10 mbar. When compared to our results in Figure 4.5, cloudy atmospheres
will reduce S/N values for small planets with water atmospheres (Rpl ≤ 1.5R⊕)
by about 1.5 times, and for larger planets with hydrogen-dominated atmospheres
(1.5 < Rpl ≤ 4R⊕) by about 5.5 times.
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number of planets we will discover in that regime. As in Figure 4.5, we overplot

our predictions of S/N for existing discoveries from space-based and ground-based

surveys. Figure 4.12 supports our conclusions from Figure 4.5. While TESS will

discover very few terrestrial-sized planets more amenable to atmospheric charac-

terization than those that have already been discovered, TESS is likely to find

many planets with promising properties in the radius regime 1.5R⊕ < Rpl ≤ 4R⊕.

However, we reiterate that this outcome is based upon Kepler-derived occurrence

rates, and that co-planar compact multi-planet systems (e.g., TRAPPIST-1) may

be under-represented in the predicted TESS planet yield.

Numerical integration of various regions of Figure 4.12 provides some quan-

titative insight into our conclusions. For example, if we integrate the region with

Rpl < RGJ1132b and S/N > S/NGJ1132b, we find that TESS is likely to discover

only 1.84 planets in this regime over its 2-year primary mission. Similarly, TESS

is likely to discover only about 6.18 cold or temperate planets (T < 373K) with

radii less than and S/N higher than LHS1140b with an Earthlike density. In the

radius regime 1.5R⊕ < Rpl ≤ 2R⊕, TESS will discover about 245 planets over

its primary mission with S/N greater than that of K2-3c. Similarly, in the radius

regime 2R⊕ < Rpl ≤ 2.5R⊕, we predict TESS will discover about 391 planets with

S/N greater than that of K2-3b. Thus, TESS is likely to discover many promising

super-Earth and sub-Neptune-sized exoplanet targets.
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Figure 4.12: Two-dimensional histogram showing the Signal-to-Noise (S/N) we pre-
dict for 10-hour observation programs based upon analysis of 50 Monte Carlo real-
izations of the TESS primary mission. Thirty bins are logarithmically spaced from
100 to 103 along the S/N axis, and bins are spaced every 0.1R⊕ along the Rpl axis.
For comparison, we overplot our results for existing discoveries from space-based
and ground-based surveys.
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4.4.6 Sensitivity to Systematic Noise

We present our estimates of NIRISS S/N sensitivity to systematic noise for

the anticipated TESS discoveries in Figure 4.13. For 10-hour observation programs,

we find that systematic noise will cause S/N to decrease by up to ∼20% (i.e., S/N is

∼0.8 times that without systematic noise), with the hottest host stars suffering the

greatest effects. One reason that the hottest stars are affected most is that the TESS

discoveries with the hottest host stars also generally have the longest orbital periods

and the longest transit durations, so that fewer visits are required to accumulate 10

hours of observation time. Since the systematic noise decreases with the square root

of the number of observed transits, the hottest host stars are thus affected more.

Brighter host stars also generally suffer greater effects.

Importantly, we note that the spectral scale at which we apply the systematic

noise is critical. In our results for the 1,984 Sullivan et al. (2015) TESS planets, we

applied the systematic noise to the resolution elements (i.e., two columns) across

the NIRISS bandpass. If instead the systematic noise is applied to larger bins (e.g.,

32 columns) across the NIRISS bandpass, the effects of the systematic noise are

magnified. In Figure 4.14, we show the results of applying systematic noise to the

known exoplanet K2-3c. As described in Section 4.3.4.3, we apply the systematic

noise to each of the 64 bins in our spectra. For K2-3c, we also tried applying the

systematic noise to each NIRISS resolution element (i.e., two columns) instead, and

we found that in that case the effects of the systematic noise on each of the 64 bins

was negligible.

167



Figure 4.13: Our predictions of the percent decrease in Signal-to-Noise (S/N) when
a 20 ppm residual noise level—decreasing with the square root of the number of
transits—is incorporated into 10-hour observation programs. The decrease in S/N
is not uniform across all Sullivan et al. (2015) anticipated TESS discoveries, but
varies with planetary system properties, reaching up to ∼20% for some systems.
In 10-hour observation programs, the hottest host stars are affected the most by
systematic noise. This is partially because the orbital period and transit duration
of TESS discoveries are longest for the hottest host stars, so that fewer visits are
required to complete a given observation program. In addition, the brightest host
stars suffer the greatest effects.
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We use estimated S/N for a 10-hour observation program of K2-3c, which

we assume has a hydrogen-dominated atmosphere, to develop the predicted trans-

mission spectra of Figure 4.14. In the S/N presented in previous sections, photon

noise constitutes the major noise source. In our predicted spectral plot for K2-3c,

we show two spectra: one where photon noise dominates, and one with systematic

noise incorporated in addition to all other sources of noise. Although the addition

of systematic noise does affect the output spectra in Figure 4.14, the variation of

transit depth with wavelength—as caused by water lines in an atmosphere—will still

be detectable in a 10-hour observation program.
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Figure 4.14: Predicted transit spectra resulting from a 10-hour observation pro-
gram of the known exoplanet K2-3c, assuming a hydrogen-dominated atmosphere.
Spectra for the planet are shown both with and without systematic noise. The sys-
tematic noise is set at 20 ppm for one transit, but decreases as the square root of the
number of transits. Although systematic noise will affect the quality of the observed
spectrum, the variation of transit depth with wavelength should be detectable.
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4.5 JWST Follow-Up Observation Program

We have shown in Sections 4.4.1 and 4.4.5 that TESS will discover many

promising exoplanet targets for atmospheric characterization in the radius regime

1.5R⊕ < Rpl < 2R⊕. Recent work has shown that planetary atmospheres are

likely to transition from hydrogen-dominated atmospheres to high molecular weight

atmospheres within this radius regime (Fulton et al., 2017b; Rogers, 2015). Here,

we use our results from Section 4.4 to estimate the scope of a JWST follow-up

observation program of TESS discoveries that would enable us to map the transition

from low to high mean molecular weight atmospheres.

We have run 100,000 trials of a synthetic observing program that seeks to

map the nature of the transition from low to high molecular weight atmospheres.

For each trial, we compare our synthetic observations to two possible functions that

describe the transition in water vapor absorption going from exo-Neptunes to the

domain of rocky planets at small radii. Since our simulations use a step function

in atmospheric composition with the discontinuity at 1.5R⊕, that step function is

our first possible transition function. We compare it to a function wherein the

water absorption measured in equivalent scale heights (see below) is assumed to be

a linear function of the log of planetary radius, similar to the power law described

by Kreidberg et al. (2014a). For each trial observing program, we calculate the

Bayesian Information Criterion for the step function, and the power law after fitting

to the data. Since our synthetic data are based on the step function, a sufficiently

intense JWST transit spectroscopy program should produce a BIC value exceeding
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(by > 10) the BIC value for the best fitting power law.

Our trials seek to incorporate realistic observing conditions as much as possi-

ble. The primary limitation will be due to the presence of clouds on the exoplanets.

For hot Jupiters, clouds reduce the magnitude of the water absorption from ∼ 5

scale heights in a clear atmosphere to much less. In their statistical study, Iyer

et al. (2016) found an average of 1.8 scale heights of absorption in hot Jupiters, and

Fu et al. (2017) found 1.4 scale heights with a larger sample. We therefore scale

our calculated spectra and S/N ratios to the equivalent of N scale heights for each

planet, and we vary N by adding random fluctuations to mimic the cosmic variation

in cloud occurrence. (This assumes that the cloud properties of small planets are

statistically similar to the hot Jupiters, but inadequate statistics for small planets

allow no alternative.) We adopt a log-normal distribution for N , using the average

value (1.4) and dispersion (σ = 0.13 in log10), from Fu et al. (2017). For each trial,

we choose 2 to 15 planets orbiting stars brighter than J=10, picking an equal number

randomly from both ranges in radii (< 1.5R⊕ and ≥ 1.5R⊕). We observe one transit

of each planet, we include JWST’s charged overhead per visit to each transit based

on equation 4.12, and we convert our scaled synthetic spectra and signal-to-noise

ratios to an equivalent number of scale heights, under the assumption that every

planet has a mean molecular weight of 2.3 (i.e., a H-He atmosphere). This scaling is

not physical, but conveniently serves to illustrate the transition between the H-He

and water vapor atmospheres.

We fit our transition functions to the number of equivalent scale heights of ab-

sorption as a function of planetary radius. The number of equivalent scale heights
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Figure 4.15: Examples of results from two of our trial synthetic JWST observing
programs using NIRISS. The abscissa is planet radius, and the ordinate is the equiv-
alent number of scale heights of absorption, scaled to a mean molecular weight of
2.3. Since the small planets have water vapor atmospheres, their equivalent scale
height values are small, reflecting the high molecular weight of their atmospheres.
The top panel observes 18 planets in 117 hours of charged JWST time, at one transit
per planet. It easily discriminates the step function from the poorly-fitting power
law (blue line), with a BIC difference of 180. The lower panel shows results from a
66-hour observing program, wherein the power law (blue line) is a better fit (BIC
smaller by 15) than the step function, in spite of the fact that these synthetic data
were drawn from a distribution using the step function.
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effectively measures the composition of the atmosphere, because the high molecular

weight atmospheres will produce smaller signals. Our simulated observing program

interprets those small signals as fewer equivalent scale heights. This simple method

follows Miller-Ricci et al. (2009), and is a conservative (worst-case) procedure be-

cause more sophisticated analysis methods (e.g., retrievals for all planets as per

Line et al. 2013b) would have greater ability to clarify the nature of the transition

function.

Figure 4.15 shows two example trials from our simulation. The top panel

shows a 117-hour observing program that obtains spectra of 9 planets in each radius

regime (18 planets total), and it easily discriminates the step function from the

power law. However, the lower panel shows a 66-hour observing program (10 total

planets) that would conclude in favor of the power law, in spite of the fact that the

synthetic data are derived from the step function. That occurs because two of the

rocky planets have very small observed errors, and by chance the power law that

connects them extends reasonably well to the larger planets. Since the planets with

the smallest errors dominate χ2 (and hence the BIC), the result in this case would

erroneously conclude in favor of a power law relation between planet radius and

atmospheric mean molecular weight.

Considering the totality of our 100,000 trials, we find good news, and bad

news, both illustrated in Figure 4.16. The good news is that the TESS planets

will enable even modest observing programs (between 60 and 100 hours of charged

time) to define the physical nature of the transition between low and high molecular

weight atmospheres. Specifically, the cumulative distribution of ∆BIC values for
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Figure 4.16: Cumulative distribution of the difference in Bayesian Information Cri-
teria for best fit step functions and the power law, wherein a difference greater than
10 (vertical dashed line) strongly favors the step function. The blue line shows the
distribution for observing programs between 60 and 100 hours of charged JWST
time, and the green line is for programs between 100 and 140 hours.
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the 60-100 hour observing programs exceeds 10 (strongly supporting the step func-

tion) 76% of the time, and 100-140 hour observing programs have ∆BIC exceeding

10 for 88% of the trials. The bad news is that even the largest programs fall short

of the levels of certainty that are desired for such an important problem (we would

prefer 95% or greater). However, inspection of the failed cases (as in the lower panel

of Figure 4.15) indicates how to achieve greater certainty. Observing programs of-

ten fail when a relatively few planets are observed to high signal-to-noise, and they

dominate the BIC values, but the random nature of cloud coverage biases the best

fitting function. Specifically, a cloudy atmosphere on a small planet combined with

a clear atmosphere on a larger planet, can be mis-interpreted as a trend in mean

molecular weight. Other caveats are that the transition from low- to high-molecular-

weight atmospheres may be more complex than either of our simple models, and

the nature and occurrence of clouds may differ from the statistical behavior that

we have inferred based on current observations. Nevertheless, based on our simple

assumptions, we conclude that good observing program design (uniformity in ob-

served signal-to-noise from planet to planet), combined with analysis methods that

break degeneracies between water abundance and cloud coverage, can potentially

enable JWST observing programs of 60 to 100 hours to define the nature of the

transition in atmospheric properties going from Neptunes to rocky super-Earths.
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4.6 Summary and Conclusion

We have analyzed the anticipated TESS discoveries published by Sullivan et al.

(2015), as well as 50 Monte Carlo realizations of the TESS primary mission produced

by Bouma et al. (2017), to predict the NIRISS S/N likely to be achieved in trans-

mission spectroscopy of the TESS planets. In order to predict the TESS discoveries

with the best prospects for atmospheric characterization, we compared our results

to predictions of S/N for 18 already known exoplanets. In calculating S/N, we

modeled all Rpl ≤ 1.5R⊕ planets with cloud-free pure water atmospheres, and all

1.5R⊕ < Rpl < 4R⊕ planets with clear hydrogen-dominated atmospheres. We in-

vestigated the effects of planetary composition, cloud cover, and systematic noise

on our results. We found:

1. TESS will find hundreds of super-Earths and sub-Neptunes (1.5R⊕ < Rpl ≤

4R⊕) capable of producing higher S/N than already known exoplanets. In

particular, TESS is likely to produce ∼245 planets within the radius regime

(1.5R⊕ < Rpl ≤ 2R⊕) with S/N higher than that of K2-3c, and ∼391 planets

within the radius regime (2R⊕ < Rpl ≤ 2.5R⊕) with S/N higher than that of

K2-3b.

2. TESS will find very few terrestrial-sized planets (Rpl ≤ 1.5R⊕) with NIRISS

S/N better than that of already-known exoplanets such as the TRAPPIST-1

planets, GJ1132b, or LHS1140b. However, we note that the Sullivan et al.

(2015) and Bouma et al. (2017) anticipated TESS discoveries are based upon
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the Kepler planet occurrence rates reported by Fressin et al. (2013) and Dress-

ing & Charbonneau (2015), and that co-planar compact multi-planet systems

orbiting ultra-cool dwarf stars (e.g., TRAPPIST-1) may be under-represented.

Such systems may boost the number of TESS-discovered rocky planets pro-

ducing high NIRISS S/N in transmission spectroscopy.

3. Our analysis of planetary composition shows that attainable S/N is sensitive

to planet density. NIRISS S/N for an ice composition is 6 to 7 times higher

than that for a dense iron composition. Thus, we emphasize the importance

of constraining planet mass prior to conducting JWST follow-up observations

for a given planet.

4. The presence of an opaque cloud deck at 10 mbar will decrease attainable S/N

by about 5.5 times for planets with hydrogen-dominated atmospheres. Longer

observation programs will be required to constrain molecular abundances in

planets with clouds. In addition, Greene et al. (2016) showed that 1-11 spec-

tra, requiring multiple JWST instruments, may be necessary to fully constrain

cloudy atmospheres.

5. Residual systematic noise will decrease attainable S/N in 10-hour observation

programs by up to∼20%, with hotter and brighter host stars suffering the most

effects. We assume the systematic noise will decrease with the square root of

the number of observed transits, so effects will be minimized in programs that

observe more transits within a given total duration. We applied the systematic

noise to each resolution element (i.e, 2 columns) when examining its effects on
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the TESS planets.

6. We applied our NIRISS S/N calculations to estimate the required magnitude of

a JWST follow-up program devoted to mapping the transition region between

high molecular weight and hydrogen-dominated atmospheres. We conclude

that the TESS planets will allow relatively modest observing programs (60 to

100 hours of charged JWST time) to define the nature of that transition (e.g.,

step function versus a power law). However, it will be necessary to design the

observing program to have good uniformity in S/N, so that the results are not

biased by a few planets with high S/N and unusual atmospheric conditions

(e.g., cloud coverage).

4.7 Addendum

The results presented through Section 4.6 are based upon application of our

NIRISS simulation routines to the Sullivan et al. (2015) TESS estimated planet

yield, and have been published in Louie et al. (2018). Since that time, two papers

have been published that warrant further discussion. As described in Chapter 2,

Barclay et al. (2018) released a revised TESS planet yield based upon target stars in

the actual TESS Input Catalog (TIC, Stassun et al., 2018). In addition, Kempton

et al. (2018) developed a simple-to-compute analytic metric that can be applied to

quickly filter those TESS discoveries most amenable to atmospheric characterization,

which in turn identifies those planets to prioritize for rapid radial velocity follow-up.

In this short section, I compare our results of NIRISS S/N for the predicted Barclay
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et al. (2018) TESS planet yield to those of the Sullivan et al. (2015) projected

planet yield. In addition, I downloaded the 80 available TESS confirmed transiting

exoplanet discoveries from the Exoplanet Archive,17 and compare our calculations of

NIRISS S/N to the Kempton et al. (2018) Transmission Spectroscopy Metric (TSM)

for these planets.

4.7.1 NIRISS S/N for Barclay et al. (2018) TESS Planet Yield

Figure 4.17 presents our predicted NIRISS S/N for the projected Barclay et al.

(2018) TESS planet yield, with predictions of S/N for previously known exoplanets

(same as in Figure 4.5) overplotted for comparison. Comparing Figures 4.5 and 4.17

qualitatively, we can readily see that more of the Barclay et al. (2018) planetary

systems must be observed in bright mode, and indeed more of those observations

would exceed the saturation level of the NIRISS pixels. In addition, the number of

planets appear sparser in the radii regimes Rpl < 1.5R⊕, as well as 1.5R⊕ ≤ Rpl <

2.5R⊕ of Figure 4.17. The sparse appearance of planets in these radii regimes is

not surprising, since Barclay et al. (2018) reported fewer planet discoveries in these

regimes than Sullivan et al. (2015). See Figure 2.1.

Table 4.5 quantifies the trends seen by comparing Figures 4.5 and 4.17. Sul-

livan et al. (2015) report detecting 2.4 times the number of Rpl < 1.5R⊕ planets

as Barclay et al. (2018), yet fewer of them must be observed in bright mode, and

only 8 systems (4%) would result in pixel saturation, whereas 12 of the Barclay

et al. (2018) systems (15%) would cause saturation. Similarly, Sullivan et al. (2015)

17https://exoplanetarchive.ipac.caltech.edu/, accessed 23 November 2020.

179

https://exoplanetarchive.ipac.caltech.edu/


report detecting 2.1 times the number of 1.5R⊕ ≤ Rpl < 2.5R⊕ planets as Barclay

et al. (2018), yet fewer planets must be observed in bright mode and fewer systems

would cause pixel saturation. For the 2.5R⊕ ≤ Rpl < 4.0R⊕ radius regime, Barclay

et al. (2018) would detect more systems, and again the percentage of systems that

must be observed in bright mode and the percentage of systems resulting in pixel

saturation are higher than for the Sullivan et al. (2015) systems. Examining the

results from Table 4.5, it is also clear that the total number of Rpl < 1.5R⊕ planets

differ: Sullivan et al. (2015) found 1833, while Barclay et al. (2018) reported 2150.

Figure 4.17: Same as Figure 4.5, but applied to the Barclay et al. (2018) predicted
TESS discoveries. Compared to Figure 4.5, we see that more of the Barclay et al.
(2018) planetary systems must be observed in bright mode, and indeed more of those
observations would exceed the saturation level of the NIRISS pixels. In addition,
the number of planets appear sparser in the radii regimes Rpl < 1.5R⊕, as well as
1.5R⊕ ≤ Rpl < 2.5R⊕. While Figure 4.5 shows only 2 planets with NIRISS S/N
greater than that of GJ1132b (without pixel saturation), 8 Barclay et al. (2018)
planets meet those criteria.

As described in Chapter 2, Barclay et al. (2018) used the TIC Candidate
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Planet Size Sullivan et al. Systems Barclay et al. Systems
J (mag) J (mag) J (mag) J (mag)

Number min max Number min max

Rpl < 1.5R⊕ Total 192 4.961 13.57 80 1.791 11.8

Bright 19 (10%) 4.961 8.210 24 (30%) 1.791 8.084

Saturated 8 (4%) 4.961 7.238 12 (15%) 1.791 7.005

1.5R⊕ ≤ Rpl < 2.5R⊕ Total 871 3.862 15.23 410 4.348 12.756

Bright 61 (7%) 3.862 8.349 96 (23%) 4.348 8.299

Saturated 14 (1.6%) 3.862 7.326 33 (8%) 4.348 7.297

2.5R⊕ ≤ Rpl < 4.0R⊕ Total 770 3.397 14.49 1660 4.179 13.29

Bright 77 (10%) 3.397 8.31 263 (16%) 4.179 8.41

Saturated 27 (3.5%) 3.397 7.321 95 (6%) 4.179 7.36

Note:
Columns 3 and 6 show the number of planetary systems meeting various criteria. Bright refers to systems that
must be observed in NIRISS Bright Mode, as described in Section 4.3.4. Saturated refers to those systems
where the saturation level of 72000 electrons per pixel is exceeded during observations. The percentages in
parentheses represent the percentage of systems in a given radius regime that meet the applied criterion.
For example, 19 of 192, or 10%, of Rpl < 1.5R⊕ must be observed in bright mode.

Table 4.5: NIRISS Atmospheric Characterization Predictions for Sullivan et al.
(2015) and Barclay et al. (2018) TESS Planet Yields—Comparison of Bright Mode
and Saturation

Target List (CTL) as their stellar population. However, Barclay et al. (2018) noted

that a particular problem in developing stellar catalogs based upon photometric

colors is distinguishing between dwarf main sequence stars and subgiants. Gaia

data release 2 (Gaia Collaboration et al., 2018, 2016) has been used to update

stellar parameters (e.g., radii) in more recent versions of the TIC, but these updates

were not incorporated into version 6.1 used to produce the Barclay et al. (2018)

catalog. I manually examined the properties of Barclay et al. (2018) systems where

the planetary radii were less than 1.5R⊕. I excluded 7 systems from Figure 4.17

that appear to be subgiant stars, since the J-band magnitudes are too bright for the

reported stellar radii. Table 4.6 lists the excluded systems. As a point of comparison,

the closest M-dwarf star to Earth at 4.24 light years, Proxima Centauri, has a J-band

magnitude of 5.357 and stellar temperature Teff ≈ 3042 K.
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Barclay J R∗ T∗,eff Rpl Tpl NIRISS
System (mag) (R�) (K) (R⊕) (K) S/N

1023 5.486 0.266 3155 1.079 336 34.5

1024 5.486 0.266 3155 1.408 280 31.8

1025 5.486 0.266 3155 1.300 424 43.3

1927 3.501 0.377 3671 1.127 870 111.2

2018 2.962 0.703 3925 1.062 546 27.1

2123 4.953 0.422 3308 0.987 474 31.0

3651 1.791 0.300 3330 1.238 383 159.6

Note:
If observed using NIRISS, all systems in this Table would require use of bright mode, and all observations
would result in pixel saturation.

Table 4.6: Probable Subgiant Stars in Barclay et al. (2018) Rpl ≤ 1.5R⊕ TESS
Planet Yield

The number of Barclay et al. (2018) systems that would require NIRISS ob-

servations in bright mode, and the number of systems that would saturate NIRISS

pixels, is not surprising in light of the Chapter 2 comparisons between the Sullivan

et al. (2015) and Barclay et al. (2018) simulated systems. Although Sullivan et al.

(2015) detect larger numbers of Rpl ≤ 2.5R⊕ planets, Barclay et al. (2018) report

greater numbers of planets orbiting bright host stars (e.g., J-band magnitude ≤ 9)

in this radius regime. See Figures 2.2 and 2.3.

The most encouraging difference between Figures 4.5 and 4.17 is the number

of Rpl < 1.5R⊕ planets amenable to atmospheric characterization. While only two

Sullivan et al. (2015) simulated planets attain NIRISS S/N greater than that of

GJ1132b (without pixel saturation), 8 Barclay et al. (2018) planets meet those

criteria. In Table 4.7, I list those 8 planets, as well as the temperate Rpl < 1.5R⊕

Barclay et al. (2018) planet with the highest NIRISS S/N.18 In addition, I note

18Two Barclay et al. (2018) planets are excluded from the Table since observations with NIRISS
would result in pixel saturation. Two Sullivan et al. (2015) planets with NIRISS S/N greater than
that of GJ1132b in the same radius regime would also result in pixel saturation.
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Barclay J R∗ T∗,eff Rpl Tpl NIRISS
System (mag) (R�) (K) (R⊕) (K) S/N

2766 9.234 0.152 2947 1.287 684 61.4

3112 10.417 0.145 2985 0.692 641 58.6

606 9.754 0.230 3178 1.474 691 29.7

916 10.842 0.174 3027 1.119 731 29.6

212 8.299 0.231 3371 1.273 599 27.3

137 11.148 0.125 2763 1.185 413 26.9

166 9.236 0.202 3296 1.494 423 26.8

2203 8.896 0.202 3107 0.893 409 25.7

4255 9.169 0.237 3257 0.967 360 15.3

Note:
Here, we report the eight Rpl ≤ 1.5R⊕ Barclay et al. (2018) planets that would attain the highest S/N if
observed with NIRISS SOSS. Additionally, we report the temperate planet that would attain the highest
NIRISS S/N during observations.

Table 4.7: Barclay et al. (2018) Rpl ≤ 1.5R⊕ Simulated TESS Planets with Highest
NIRISS S/N

that analysis of data from 50 trials of the TESS primary mission resulted in ∼1.84

planets with Rpl < RGJ1132b and S/N > S/NGJ1132b. In Table 4.7, 4 planets meet

those same criteria. Thus, I conclude that although Barclay et al. (2018) report

about 40% the number of Rpl < 1.5R⊕ planets compared to Sullivan et al. (2015),

the planets reported make more suitable atmospheric characterization targets.

4.7.2 NIRISS S/N and Transmission Spectroscopy Metric for TESS

Confirmed Planets

Kempton et al. (2018) developed the Transmission Spectroscopy Metric (TSM)

as a simple-to-compute analytic metric that could be applied to TESS discoveries

to prioritize them for radial velocity (RV) follow-up observations. As mentioned in

Chapter 1, planet mass determination via RV follow-up is critical prior to conducting
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atmospheric characterization observations (Batalha et al., 2017a, 2019). The TSM

can be applied to predict planet suitability for transmission spectroscopy not only

for JWST follow-up observations, but also for future observatories such as ground-

based Extremely Large Telescopes (ELTs) and the Atmospheric Remote-Sensing

Infrared Exoplanet Large-survey (ARIEL, Tinetti et al., 2016).19

The Transmission Spectroscopy Metric (TSM) is calculated using (Kempton

et al., 2018)

TSM = (Scale Factor) ×
R3

pl Tpl

Mpl R2
∗

10−mJ/5, (4.17)

where mJ is J-band magnitude. The Scale Factor is a value defined in Kempton

et al. (2018) Table 1 and is designed to give one-to-one scaling between the TSM and

the meticulously calculated NIRISS S/N values of (Louie et al., 2018) for mJ > 9

host stars. The Scale Factor also absorbs unit conversion factors, allowing radii

and planetary mass to be expressed in Earth and Solar units. Since the TSM

was developed to correlate with the (Louie et al., 2018) NIRISS S/N, we would

expect TSM and NIRISS S/N values for the TESS confirmed planets (CPs) to be

approximately equal for those systems with mJ > 9 host stars.

Figure 4.18 shows predicted NIRISS S/N for TESS CPs. Numbers next to

the data points correspond to the TESS CP in their order of listing within the

Exoplanet Archive. Two of the Rpl ≤ 1.5R⊕ TESS CPs have NIRISS S/N greater

than that of GJ1132b, and they are LHS 3844b (CP #35)20 and TOI-504b (CP

19https://arielmission.space/
20I note that Kreidberg et al. (2019) reported Spitzer phase curve observations of LHS 3844b
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#67). Several of the 1.5R⊕ < Rpl ≤ 4R⊕ have estimated NIRISS S/N values

greater than those of previously known planets in the same radius regime. However,

a few of those targets are so bright that they cannot be observed without reaching

NIRISS saturation levels. In general, the TESS CP NIRISS S/N values seem to

be consistent with our estimated NIRISS S/N values for the Barclay et al. (2018)

planet catalog. In Table 4.8, I list the two Rpl ≤ 1.5R⊕ TESS CPs and the eight

1.5R⊕ < Rpl ≤ 4R⊕ TESS CPs with the highest NIRISS S/N values, with TSM

listed for comparison.

Figure 4.18: Integrated S/N we predict for NIRISS detection of the atmosphere for
TESS confirmed planets (CPs) downloaded from the Exoplanet Archive on 23 Nov
2020. Results are consistent with expectations from analysis of the Barclay et al.
(2018) projected planets. See Table 4.8 for the properties of the two Rpl ≤ 1.5R⊕
TESS CPs and the eight 1.5R⊕ < Rpl ≤ 4R⊕ TESS CPs with the highest NIRISS
S/N values.

Figure 4.19 shows a comparison of our NIRISS S/N predictions to the Kempton

and ruled out a thick (> 10 bar) atmosphere.
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Planet CP J R∗ T∗,eff Rpl Tpl NIRISS TSM nagroups

Name Number (mag) (R�) (K) (R⊕) (K) S/N

TOI-270d 64 9.099 0.38 3386 2.13 340 170 207 4

LP 791-18c 37 11.599 0.17 2960 2.31 370 164 163 42

L 98-59db 33 7.933 0.31 3412 1.57 409 159 233 3

HD 39091cb,c 80 4.869 1.1 6037 2.042 1170 118 229 2

HD 63433bb,c 22 5.624 0.91 5640 2.15 968 109 208 2

TOI-1130b 43 9.055 0.69 4250 3.65 810 104 126 4

HD 63433cb,c 23 5.624 0.91 5640 2.67 679 102 194 2

TOI-270c 63 9.099 0.38 3386 2.42 424 101 123 4

LHS 3844b 35 10.046 0.19 3036 1.303 805 38.0 40.6 10

TOI-540b 67 9.755 0.19 3216 0.903 611 36.7 39.7 8

Notes:
a Observational efficiency may be calculated using equation 4.9.

b System must be observed using NIRISS bright mode.

c Observation will saturate NIRISS pixels.

Table 4.8: TESS Confirmed Planets with Highest Estimated NIRISS S/N

et al. (2018) TSM values for TESS CPs. The NIRISS S/N values are color-coded

according to the J-band magnitude of the system. The TSM value corresponding

to a given CP is found by tracing a vertical line at the appropriate value of Rpl

from the NIRISS S/N symbol to the TSM symbol above it. As expected, the TSM

values for the dimmest systems (highest J-band magnitudes), or deepest blue colors,

coincide most closely with the estimated NIRISS S/N. For brighter systems (lower

J-band magnitudes), or redder colors, a larger gap appears between the TSM and

estimated NIRISS S/N.

As Kempton et al. (2018) discussed, the Louie et al. (2018) NIRISS S/N es-

timates take into account the on-sky efficiency (equation 4.9), while the TSM does

not. Thus, if desired, the TSM could be corrected by adjusting for the duty cycle.

By visually examining the output results for the TESS CPs, I found that although

the difference between NIRISS S/N and TSM correlates generally with J-band mag-

nitude, the correlation is not exact. The value of ngroups may be a better predictor
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Figure 4.19: Here, we compare the results of our NIRISS S/N to the (Kempton et al.,
2018) Transmission Spectroscopy Metric (TSM) for the TESS confirmed planets
(CPs) shown in Figure 4.18. The NIRISS S/N values are color-coded according to
the J-band magnitude of the system. The TSM value corresponding to a given CP is
found by tracing a vertical line at the appropriate value of Rpl from the NIRISS S/N
symbol to the TSM symbol above it. As expected, the TSM values for the dimmest
systems (highest J-band magnitudes), or deepest blue colors, coincide most closely
with the estimated NIRISS S/N.
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Figure 4.20: Here, we compare the results of our NIRISS S/N to the (Kempton et al.,
2018) Transmission Spectroscopy Metric (TSM) for the TESS confirmed planets
shown in Figure 4.18. The colorbar corresponds to ngroups required for NIRISS
observations. In general, NIRISS S/N and TSM agree to within 10% for ngroups > 6
(on-sky efficiency η ≥ 0.714). If ngroups = 2 (on-sky efficiency η = 0.333), TSM
ranges from 1.7 to 2 times the value of estimated NIRISS S/N.
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of whether or not the NIRISS S/N and TSM values will agree. Figure 4.20 shows a

comparison between NIRISS S/N and TSM, but with a colorbar corresponding to

ngroups. In general, NIRISS S/N and TSM agree to within 10% for ngroups > 6 (on-

sky efficiency η ≥ 0.714). If ngroups = 2 (on-sky efficiency η = 0.333), TSM ranges

from 1.7 to 2 times the value of estimated NIRISS S/N. The TESS CPs for which

estimated NIRISS S/N and TSM correspond most closely are LP 791-18b (CP #36;

NIRISS S/N = 20.20; TSM = 20.02) and LP 791-18c (CP #37; NIRISS S/N =

164.0; TSM = 163.1), which are two planets residing in the same system, straddling

the so-called Fulton gap (Figure 1.8), orbiting a Teff = 2960K, J-magnitude 11.559

host star. The system would require ngroups = 42 (on-sky efficiency η = 0.953) to

observe. Kempton et al. (2018) designed the TSM to apply not just to JWST, but

to other observatories such as the ELTs. Thus, the differences between estimated

NIRISS S/N and the TSM point to the importance of considering the facilities that

will be used for atmospheric characterization when evaluating a TESS candidate

exoplanet for follow-up mass determination.

4.7.3 Summary and Additional Conclusions

In this addendum, I have used the predicted NIRISS S/N to compare the

suitability of the Sullivan et al. (2015) and Barclay et al. (2018) TESS simulated

planetary systems for atmospheric characterization. In addition, I have estimated

the NIRISS S/N for TESS confirmed planets (CPs) listed on the NASA Exoplanet

Archive, and have compared that estimated S/N to the (Kempton et al., 2018) TSM.
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I make the following conclusions:

1. Although Barclay et al. (2018) report about 40% the number of Rpl < 1.5R⊕

planets compared to Sullivan et al. (2015), the planets reported make more

suitable atmospheric characterization targets.

2. Our estimated NIRISS S/N for TESS CPs is consistent with expectations from

our analysis of the Barclay et al. (2018) projected TESS discoveries.

3. The Kempton et al. (2018) Transmission Spectroscopy Metric (TSM) is a valu-

able metric to prioritize TESS discoveries for follow-up mass determination,

followed by atmospheric characterization. However, in prioritizing TESS tar-

gets, consideration should also be given to limitations of the instruments that

will be used in the near-term for atmospheric characterization. In particular,

efficiency of JWST/NIRISS observations will be reduced for bright exoplanet

host stars.
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Chapter 5: Transmission Spectroscopy of the Hot Jupiter KELT-7b

5.1 Overview

We present and analyze the composite 0.3 - 5.0 µm transmission spectrum of

the hot Jupiter KELT-7b. The planet was observed with HST STIS and WFC3 as

part of the Panchromatic Comparative Exoplanet Treasury (PanCET) program, and

we combine those data with TESS Sector 19 and previously reported Spitzer IRAC

observations. We present the HST STIS transmission spectrum for the first time. We

examine the atmospheric properties of KELT-7b using the isothermal equilibrium

chemistry PLATON retrieval code with the dynesty nested sampling package, and

find our transmission spectrum is consistent with a subsolar C/O = 0.35+0.21
−0.19, high

metallicity log Z
Z�

= 1.44+1.04
−0.88 atmosphere with high altitude clouds condensing at a

pressure level log Pcloud

Pascals
= 1.94+1.20

−0.78. By comparing the Bayesian evidence for models

with and without various opacity sources, we found strong evidence for H2O opacity,

corresponding to a 3.6-σ detection in frequentist terms. By analyzing the STIS

spectrum only, we found moderate evidence for K opacity, corresponding to a 3-σ

detection. The planets’s subsolar C/O ratio combined with supersolar metallicity are

in agreement with predictions for disk-driven planet migration. Furthermore, KELT-

7b’s retrieved supersolar metallicity agrees well with the Thorngren & Fortney (2019)
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predicted value of 21.08 × solar, with an uncertainty of 7.00.

5.2 Introduction

Bieryla et al. (2015) reported the discovery and confirmation of KELT-7b, a

hot Jupiter orbiting the bright (V = 8.54), rapidly rotating F-type star HD 33643.

The planet was detected via the Kilodegree Extremely Little Telescope (KELT)

transit survey (Pepper et al., 2007), which was specifically designed to detect planets

orbiting bright (8 < V < 10) host stars (§1.1.1).

Bieryla et al. (2015) completed multiple observations to confirm the planetary

nature of KELT-7b. They observed 10 full or partial transits in multiple bandpasses

from ground-based facilities, and also collected 64 high-resolution (R = 44, 000)

spectra using the Tillinghast Reflector Echelle Spectrograph (TRES) at Mt. Hop-

kins, Arizona for both confirmation and radial velocity (RV) analyses. Using the

transit observations and RVs as inputs, and relying upon Yonsei-Yale stellar evolu-

tionary models (Demarque et al., 2004), Bieryla et al. (2015) derived the KELT-7

system parameters with the EXOFAST (Eastman et al., 2013) modeling package by

performing a global fit of stellar and planetary properties. We use the Bieryla et al.

(2015) system parameters in our analysis of this Chapter, and list those parameters

in Table 5.1.

Because KELT-7 is a rapidly rotating (∼ 73± 0.5 km s−1) star, the spin-orbit

alignment of KELT-7b may be estimated by making use of the Rossiter-McLaughlin

(RM) effect (McLaughlin, 1924; Rossiter, 1924). Bieryla et al. (2015) found a spin-
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Parameter Units Value

Stellar Parameters

R∗ Radius (R�) 1.732+0.043
−0.045

M∗ Mass (M�) 1.535+0.066
−0.054

log g∗ Surface Gravity (cgs) 4.149± 0.019

T∗,eff Effective Temperature (K) 6789+50
−49

Planetary Parameters:

Rpl Radius (RX) 1.533+0.046
−0.047

Mpl Mass (MX) 1.28± 0.18

ρpl Density (g cm−3) 0.442+0.079
−0.068

Tpl,eq Equilibrium Temperature (K) 2048± 27

Primary Transit Parameters:

To Mid-Transit Time (BJDTDB) 2456355.229809± 0.000198

P Period (days) 2.7347749± 0.0000039

Rpl/R∗ Planet Radius (R∗) 0.09097+0.00065
−0.00064

apl/R∗ Semi-major Axis (R∗) 5.49+0.12
−0.11

i Inclination (degrees) 83.76+0.38
−0.37

Note:
All parameters from Bieryla et al. (2015).

Table 5.1: System Parameters for KELT-7b

orbit alignment of λ = 9.7◦±5.2◦, where λ is angle between the angular momentum

vector of the planetary orbit and the angular momentum vector of stellar rotation as

viewed on-sky (Ohta et al., 2005). Zhou et al. (2016) applied Doppler tomography to

the Bieryla et al. (2015) TRES spectra to recompute KELT-7b’s spin-orbit alignment

as λ = 2.7◦ ± 0.6◦. Zhou et al. (2016) found no evidence that KELT-7’s rotation

rate had been modified via star-planet tidal interactions, suggesting that the spin-

orbit alignment is primordial. The spin-orbit alignment has implications for planet

formation, which we discuss further in Section 5.7.

Pluriel et al. (2020) also characterized the atmosphere of KELT-7b. They

analyzed Hubble Space Telescope (HST) Wide Field Camera 3 (WFC3) data for

KELT-7b in both transmission and emission. For their transmission analysis, they
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added transit depths from the Transiting Exoplanet Survey Satellite (TESS) and

Spitzer’s Infrared Array Camera (IRAC, see Garhart et al., 2020). Their spectral

retrievals showed that KELT-7b’s transmission spectrum is consistent with a cloud-

free atmosphere containing H2O and H– opacities. We expand upon the Pluriel

et al. (2020) analysis by examining HST Space Telescope Imaging Spectrograph

(STIS) data, which comprises transit depths in the optical regime, for the first time.

In Section 5.7, we compare the results of our analysis with those of Pluriel et al.

(2020).

In this Chapter, we produce and analyze the 0.3 - 5.0 µm transmission spec-

trum for the hot Jupiter KELT-7b based upon observations (§5.3) from HST WFC3

and STIS, TESS, and Spitzer IRAC. We explain our data analysis procedures in

Section 5.4 and our derivation of white light curves for WFC3 and STIS in Section

5.5. In Section 5.6, we explain our techniques to produce the HST WFC3 and STIS

transmission spectra, and we present our composite transmission spectrum for all

observations. In Section 5.7, we analyze this spectrum using the PLATON retrieval

code (see §1.2.3, as well as Zhang et al., 2019, 2020), compare our results with pre-

vious work, and discuss our findings within the larger context of planet formation.

We summarize in Section 5.8, and discuss future work in Section 5.9.

5.3 Observations

The Panchromatic Comparative Exoplanet Treasury (PanCET) program is

an HST General Observer (GO) Cycle 24 large program, led by principal investi-
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gators (PIs) Professor David Sing and Dr. Mercedes López-Morales (Program ID

14767). The program was designed to observe planets ranging in size from super-

Earths to Jupiter, across the entire spectral range of HST from ultraviolet (UV)

to near infrared (NIR), with the goal of comparing the characteristics of planetary

atmospheres, thus gaining insights into the underlying physical processes.

As part of the PanCET program, we observed three primary transits of KELT-

7b, one on 28 February 2017 using the STIS G430L grating (0.29 to 0.57 µm), one

on 25 August 2017 with the STIS G750L grating (0.52 to 1.0 µm), and one on 18

October 2017 using the WFC3 G141 grism (1.1 to 1.7 µm). In order to gather

enough baseline out-of-transit (OOT) flux, we observed 5 orbits during each visit.

We measured baseline OOT flux during 3 orbits and mid-transit flux during 2 orbits.

Our WFC3 visit began by using the F139M filter to take an undispersed

image of the star, which was later used for wavelength calibration. WFC3 G141

grism observations took advantage of spatial scanning mode (see §1.3.3) to increase

the signal-to-noise (S/N) of each exposure. We used round-trip scanning mode

with 22 sec exposures, adopting a scanning rate of 0.9 arcsec sec−1. We adopted

NSAMP=4, allowing 4 non-destructive reads per exposure, and employed SPARS10

readout mode.1 In total, we collected 93 science exposures using forward scan, and

93 in reverse scan mode. To reduce overhead, our observations were recorded on the

256×256 subarray.

Our STIS visit made use of successful strategies and instrument set-ups from

1See the WFC3 Instrument Handbook at https://www.stsci.edu/hst/instrumentation/

wfc3 for further details.
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past programs to maximize photometric precision. We utilized the 52×2 arcsec

slit (widest available) to minimize slit losses and telescope breathing. We reduced

overhead by reading out only the 1024×128 subarray upon which the STIS spectrum

falls. To prepare the STIS array for science observations, we took a short 1 sec

exposure at the beginning of each orbit, which was later discarded in our analyses.

The purpose of this exposure was to eliminate a systematic effect observed in past

programs (e.g., Evans et al., 2013; Nikolov et al., 2015, 2014; Sing et al., 2015),

whereby the first STIS exposure of any given orbit produces a lower number of

counts on the array. To increase the duty cycle, no changes were made to the

instrument settings during the visit, and a single wavelength calibration (wavecal)

exposure of the target was taken using the 52×0.2 arcsec slit following all transit

observations. Flat fielding and tungsten lamp wavelength exposures were taken after

transit observations as well, during Earth occultation of the last orbit.

For STIS observations, we collected a total of 96 science exposures with the

G430L grating, and 120 science exposures using the G750L grating. For all STIS

exposures, the detector gain was set to 4. Exposure times of 116 sec and 88 sec were

used for the G430L and G750L gratings, respectively.

Figure 5.1 shows example spectra from our STIS and WFC3 observations,

with the alternating light and dark bands illustrating the wavelength bins used in

our spectral analyses.

TESS observed KELT-7b at 2-min cadence between 28 November and 23 De-

cember 2019 during its Primary Mission survey of Sector 19 in the Northern Ecliptic

Hemisphere. We analyze the TESS light curves to compute a transit depth in the
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Figure 5.1: Example spectra from our observations using the HST STIS (a) G430L
and (b) G750L gratings, as well as (c) WFC3 G141 grism. For each spectrum,
alternating light and dark bands show the wavelength bins we adopted in our spectral
data analyses.
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TESS bandpass that we include in our transmission spectrum.

We complement our HST and TESS observations by adding Spitzer transit

depths reported by Garhart et al. (2020) for the Infrared Array Camera (IRAC) 3.6

and 4.5 µm bandpasses.

5.4 Data Analysis

5.4.1 WFC3 Data Analysis

We follow the Deming et al. (2013) methods in our WFC3 data analysis, relying

upon the Wilkins et al. (2014) procedures for wavelength calibration. We highlight

key aspects of these methods and procedures in this section. We refer the reader to

Deming et al. (2013) for extensive discussion of the analysis techniques.

We employed the KELT-7b *.ima.fits files—hereafter referred to as IMA files—

downloaded from the Mikulski Archive for Space Science (MAST) in our analysis of

the spatially scanned spectra. When using round-trip scanning mode, the forward

and reverse scans are recorded in separate IMA files. We analyzed the data for

all forward and reverse scan directions separately—93 IMA files for the forward

direction, and 93 for the reverse—producing transmission spectra for each direction,

and then we combined the forward and reverse transmission spectra into our final

WFC3 G141 transmission spectrum.

Our analysis begins by producing a WFC3 spectral data frame such as that

shown in Figure 5.2. During spatial scan mode, the electron accumulation levels

are measured via a series of non-destructive reads of the detector throughout the
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exposure, and these electron accumulation levels are recorded in extensions to the

IMA data file. We followed the method described in the Appendix to Deming et al.

(2013), which makes use of the difference between two successive non-destructive

reads to find the spectrum over a limited range of rows. We then apply a top-

hat function to that limited spectrum to zero out rows not containing the target

star, which eliminates background flux levels except those close to the target star.

By looking at the difference between each pair of non-destructive reads in turn,

we gradually build up the spectral data frame for one IMA file. We next correct

obviously hot pixels by applying filters to each row in two passes. In the first

pass, we compare the value of a given pixel to the value of a 7-point median filter

applied across the row for that pixel, setting obviously hot pixels (those where the

difference between the pixel value and its median is > 2000 electron counts) equal

to the median value. In the second pass, we look at the value of a given pixel across

time. We compare its value for a given exposure (a given IMA file) to the value of

a 7-point median filter calculated across all IMA files (comparing forward scan files

to forward scan only, and reverse scan files to reverse scan only). If the pixel value

differs from its median across time (across IMA files) by more than 4σ, then the

value of that pixel is replaced by its median.

After constructing our initial spectral data frame, we apply wavelength and

flat-field calibrations. Wavelength calibration uses a mathematical formula—dependent

upon the centroid position of the target star nondispersed image2 upon the subarray—

to determine the wavelength of light falling upon a given pixel along the x-direction

2We downloaded the *.flt.fits file with the target star nondispersed image from MAST.
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of the first order spectrum. The WFC3 G141 grism wavelength calibration for-

mula was originally developed by Kuntschner et al. (2009). However, Wilkins et al.

(2014) applied empirically developed correction factors that modified some of the

original coefficients in the mathematical formula by up to 10%. The empirically

derived correction factors ensure that the stellar hydrogen lines for Paschen Beta

(1.282 µm) and Brackett-12 (1.646 µm) appear at the correct wavelengths in the

observed stellar spectrum. We apply the Wilkins et al. (2014) empirically modified

wavelength calibration in our analysis, and we also check to ensure that the Paschen

Beta hydrogen line is at the expected wavelength value.

We next apply a wavelength-dependent flat field calibration, which is a func-

tion of where the stellar spectrum falls upon the subarray. Following this calibration,

we perform additional steps—again in two passes—to check for discrepant pixels

across time (across IMA files) in our spectral data frame. In the first pass, for a

given row, we perform a linear fit of the value of a given pixel across time (across

IMA files) to the sum of all pixels in that row across time. If the value of a pixel

in a given IMA file differs by more than 8σ from the linear fit, then we replace the

value of that pixel with the value of the linear fit. In the second pass, we perform a

linear regression analysis, and replace any pixels differing by greater than 4σ from

the fit. In practice, the number of pixels replaced by our 4σ fit was miniscule, less

than 2 pixels per spectral data frame (∼10−3 %). Following these corrections, we

perform a final 5-point median filter check across rows in each IMA file to eliminate

any remaining discrepant pixels. During this check, we replace any pixel differing

from its median value by greater than 8σ with its median.
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Figure 5.2: Example spatial scan image of KELT-7 upon the 256×256 WFC3 sub-
array following flat-fielding and background subtraction. The scan height spans 168
pixels.

As a final step in our initial calibration, we subtract any residual background

from our spectral data frame. We find the background flux level by computing the

median value of those pixels outside of our spectral data frame. Figure 5.2 shows a

spatially scanned image of KELT-7b upon the 256×256 WFC3 subarray following

flat-fielding, background subtraction, and smoothing of discrepant pixels.

For each 2-dimensional (2D) spatially scanned image and each IMA file, we

create a 1-dimensional (1D) stellar spectrum, such as that depicted in Figure 5.1c,

by summing each column of the 2D image. These 1D stellar spectra provide the

starting point to produce both our white light curve (§5.5.1) and our transmission
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spectrum (§5.6.1).

5.4.2 STIS Data Analysis

Our STIS data analysis includes procedures similar to those used for our WFC3

analysis, but is simpler since movement of the spectrum upon the detector is min-

imized, and our analysis begins with precalibrated data files. We employed the

KELT-7b *.flt.fits files—hereafter referred to as FLT files—downloaded from MAST

in our analysis of G430L and G750L spectra. STIS science data recorded in FLT files

are preprocessed for bias subtraction, dark subtraction, flat-fielding, and linearity

correction using the Space Telescope Science Institute (STScI) calstis3 calibration

pipeline.

One FLT data file is produced for each orbit, with individual spectra for each

orbit saved as FITS file extensions. We analyzed 93 G430L spectra and 120 G750L

spectra. Example spectra—as read from the FITS file extensions—are depicted

upon the 1024×128 STIS subarray in Figure 5.3. The green box surrounding the

spectrum shows the pixel range that we used in our analysis.

After loading our spectral images, we correct discrepant pixels using methods

similar to those employed for our WFC3 analysis. We correct the pixels in two

passes, where for each pass we compare pixels only within a given orbit. First, we

check for extreme values by comparing a given pixel value on the array to a 7-point

median filter value calculated for that same pixel across exposures for a given orbit.

3See the STIS Data Handbook at https://www.stsci.edu/files/live/sites/www/files/

home/hst/instrumentation/stis/documentation/_documents/stis_dhb.pdf for further de-
tails.

202

https://www.stsci.edu/files/live/sites/www/files/home/hst/instrumentation/stis/documentation/_documents/stis_dhb.pdf
https://www.stsci.edu/files/live/sites/www/files/home/hst/instrumentation/stis/documentation/_documents/stis_dhb.pdf


0 200 400 600 800 1000
Pixels, Dispersion Direction

0

100
STIS G430L

0 200 400 600 800 1000
Pixels, Dispersion Direction

0

100
STIS G750L

0

5000

10000

15000

20000

25000

30000

El
ec

tr
on

s
Figure 5.3: Example images of STIS G430L and G750L spectra upon the 1024×128
subarray. The green box, which spans 1014 pixels in the dispersion direction and 30
pixels in the spatial (vertical) direction, shows the pixel range that we used in our
analysis.
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This first pass corrects any pixels differing from the median by more than 20%, if

the absolute difference from the median is greater than 80 electron counts. Any such

discrepant pixel value is replaced by its median value. In the second pass, we replace

any pixel by its median value if the pixel value differs from its 7-point median value

(across orbital exposures) by greater than 4σ.

Next, we create 1D spectra, like those shown in Figure 5.1a and b, by summing

along the columns of each spectral image. This summation provides the flux level

associated with each column in the dispersion, or x, direction. We calculate the

associated wavelength for each column by reading the reference x-direction pixel

and reference wavelength from the FLT file, and then applying the dispersion in the

±x direction. The reference wavelength for the G430L grism is 4300 Å, while that

for the G750L grism is 7751 Å. The dispersion for the G430L grating is 2.73 Å/pixel,

and that for the G750L grating is 4.92 Å/pixel. As with our WFC3 analysis, we

perform our spectral data analysis (§5.6.2) based upon the 1D spectra.

5.4.3 TESS Data Analysis

We downloaded the KELT-7b transit light curve file from MAST, and analyzed

the 9 observed Sector 19 transits to compute the transit depth and uncertainty in the

TESS bandpass. We first extracted the 9 transits from the complete 2-min cadence

TESS light curve for Sector 19, and then we normalized each transit with its median

out-of-transit flux. For each of the 9 transits, we generated theoretical transit curves

using the methods of Mandel & Agol (2002), employing the Bieryla et al. (2015)
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Telescope Wavelength
(µm)

Bandwidth
(µm)

Transit Depth
(ppm)

Uncertainty
(ppm)

TESSa 0.7865 0.4 7920 175

Spitzerb 3.6 0.8 7925 62

Spitzer 4.5 1.0 8092 36

Notes:
a We analyzed TESS Sector 19 observations of KELT-7b to calculate TESS transit depth and errors. See
Section 5.4.3.

b Spitzer IRAC transit depths and errors from Garhart et al. (2020).

Table 5.2: KELT-7b TESS and Spitzer Transit Depths and Uncertainties

values for Period P , inclination i, and semi-major axis a/R∗, as well as the Claret

(2017) quadratic limb darkening coefficients for the TESS bandpass. With these

parameters fixed, we varied the planet-to-star radius ratio Rpl/R∗ to determine the

best fit curve for each transit, which we define as the curve resulting in the lowest

root mean square deviation between the TESS and theoretical transit curves. Our

transit depth for a given TESS transit curve is then computed using the best fit

curve planet-to-star radius ratio as (Rpl/R∗)
2. Figure 5.4 shows our fits, transit

depths, and root mean square errors for each curve. We then combined the 9 transit

depths and errors derived from each light curve according to the methods described

by textbooks such as Chromey (2010) and Wall & Jenkins (2012) for combining

multiple independent estimates for a given variable. We report our values for TESS

transit depth and uncertainty in Table 5.2.

5.5 White Light Transit Curves

We produce white light transit curves for both HST WFC3 (§5.5.1) and STIS

(§5.5.2). The term white light refers to the total amount of light received across
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Figure 5.4: KELT-7b transits observed by TESS in Sector 19. We estimate transit
depths and uncertainties for the nine observed transits, and include our combined
estimate for transit depth and uncertainty on our composite transmission spectrum
(Figure 5.13).
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all wavelengths for a given instrument. We produce white light transit curves by

summing the flux received in all spectral channels across a given subarray. White

light curves typically require correction for systematic effects. Sections 5.5.1 and

5.5.2 present the white light curves for WFC3 and STIS, respectively, and describe

those corrections applied to create the curves.

5.5.1 WFC3 White Light Transit Curves

We create the data points for our raw white light transit curve by simply inte-

grating our 1D stellar spectra across wavelength. The result is the total amount of

flux—represented by electrons recorded on the WFC3 subarray—received through-

out the time period of our observations. We typically plot the white light curve as

the flux level versus orbital phase, with the phase of mid-transit equal to zero.

Past HST WFC3 transit observations have shown a systematic effect whereby

the amount of electrons recorded on the subarray throughout a given orbit gradually

increases across time. Deming et al. (2013) dubbed this systematic effect the hook,

since the “Γ” shape is reminiscent of a fishhook. The hook effect is typically most

severe during the first orbit, as the telescope settles into its new pointing position

and the instrument begins to collect data. Figure 5.5 shows our normalized raw

white light curve for both forward and reverse scan directions, where the hook is

clearly visible. Following standard practice for HST WFC3 transit observations

(e.g., Evans et al., 2016; Haynes et al., 2015), we eliminate all data points collected

during the first orbit from our white light curve transit fit, as well as from our
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Figure 5.5: Normalized uncorrected white light curve for WFC3 forward and reverse
scan directions. Systematic effects are most evident for data collected during the
first orbit.

spectral analysis (§5.6.1).

We correct the hook in the white light curve by dividing the data points from

each orbit by a pattern representing the systematic effects. The pattern is created

by averaging the normalized flux for each data point in the out-of-transit (second

and fifth) orbits (see, e.g., Berta et al., 2012). Figure 5.6 shows the WFC3 white

light curve corrected using the pattern.

To fit the white light transit, we generated theoretical transit curves using the

methods of Mandel & Agol (2002), employing quadratic limb darkening coefficients

(Claret & Bloemen, 2011). We utilize the orbital parameters (Period P , inclination

i, and semi-major axis a/R∗) reported by Bieryla et al. (2015) in the discovery paper.

With these parameters fixed, we vary the planet-to-star radius ratio (Rpl/R∗) and
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Figure 5.6: Corrected normalized white light curve for WFC3 forward and reverse
scan directions. Here, orbit 1 has been omitted.

the time of mid-transit (to account for imprecision in the ephemeris) to determine

the best fit curve, which is shown in Figure 5.6.

5.5.2 STIS White Light Transit Curves

We create the data points for the STIS raw white light transit curve by sum-

ming the total amount of flux received across columns for each spectral image (Fig-

ure 5.3). We then normalize the raw white light curve by the median value of the

out-of-transit data points (Figure 5.7). As with our WFC3 analysis, we correct the

systematic effects in the STIS raw white light curve by dividing the data points from

each orbit by a pattern, which is created by averaging the normalized flux for each
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data point in the out-of-transit orbits.4 We present our STIS corrected, normalized

white light curves in Figure 5.8. The fits to the white light curves are computed

using the same procedures as those for WFC3.

A few STIS data points could not be corrected using the pattern, and they are

not shown in Figure 5.8. For the G430L grating, we omitted the first exposure of

each orbit from our data analysis, which is a common practice (e.g., Alam et al.,

2020). In addition, we eliminated orbit 1 from our analysis, although it is shown in

Figure 5.8. For the G750L grating, orbit 2 suffered from an overall decrease in the

amount of flux as compared to orbits 1 and 5 (the other out-of-transit orbits), so

we eliminated all exposures from the second orbit from our data analysis.

5.6 Transmission Spectrum

5.6.1 WFC3 Transmission Spectrum

Our WFC3 transmission spectrum is formed from wavelength and time-dependent

residuals between shifted template model spectra and each 1D stellar spectrum

(§5.4.1). As reported by Deming et al. (2013), the 1D stellar spectra we produce are

offset with respect to wavelength—in the case of KELT-7b, they are offset by up to

±0.2 pixels. We follow Deming et al. (2013) and use a shift routine to compare each

1D stellar spectrum to a series of template spectra that are shifted in 0.001 pixel (or

wavelength) increments. The template spectra are created by averaging the values

4Note that we developed a separate pattern for each visit. In this case, we developed one
pattern for the G430L grating using orbits 2 and 5, and one for the G750L grating using orbits 1
and 5.
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Figure 5.7: Normalized uncorrected white light curves for STIS (a) G430L and (b)
G750L gratings. The G750L grating recorded an uncharacteristically low level of
flux for orbit 2, so we omitted it from our data analysis and it is not shown here.
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Figure 5.8: Corrected normalized white light curves for STIS (a) G430L and (b)
G750L gratings. The G750L grating recorded an uncharacteristically low level of
flux for orbit 2, so we omitted it from our data analysis and it is not shown here.
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of the columns for all out-of-transit spectra for either the forward or reverse scan

direction, depending upon which data we are analyzing. The shape of all template

spectra are the same—their only difference is the pixel/wavelength shift. We deter-

mine which template spectrum (which shift) provides the best fit to each 1D stellar

spectrum by finding the best fit linear model to the data, where the best fit model

is found by minimizing the standard deviation of the residuals between the model

and the data. The linear model essentially stretches the template in intensity.

As explained by Deming et al. (2013), for each stellar spectrum throughout our

transit, the residuals between our best fit model spectrum and our data (the stellar

spectrum) hold the information that we seek to form our transmission spectrum.

The residuals are functions of both time (different IMA files, or orbital phases) and

wavelength. For each wavelength of the residual, we perform a linear regression

analysis to determine the extent to which the residual across time (throughout the

transit) depends upon a scaled version of the white light transit curve, a series of or-

dinal time steps (Deming et al. (2013)’s ordinal baseline), and an array constructed

of a series of shapes for each orbit. Each of the orbital shapes is created by nor-

malizing the flux in a given orbit by the average flux for that orbit. The coefficient

to the scaled white light transit curve returned by the fit is the differential tran-

sit depth, and when added to the white light curve transit depth it gives us the

transit depth for a given wavelength. These wavelength-dependent transit depths

are binned across 4 columns to produce our transmission spectrum for either the

forward or reverse direction.

Deming et al. (2013) explain in detail two methods used to compute errors on
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the differential transit depths: one that makes use of residuals, and one applying a

prayer-bead analysis (Gillon et al., 2007). In practice, we use the method relying

upon residuals since the estimated errors are higher and thus more conservative.

We briefly review that method here. Residuals for the differential transit curves are

computed by subtracting the best-fit differential transit from the data points for

each differential transit. The scatter of the transit curve, σ1, is computed by finding

the standard deviation of these residuals. Next, we successively calculate values

of σN, where N is the number of transit points we consider, from 1 up to half the

number of transit points in our curve. Deming et al. (2013) present the relationship

log σN = log σ1 − 0.5 logN , which allows us to compute the associated error for N

points in the differential transit curve. We use this relationship to compute σNin
and

σNout , the errors on the number of points in-transit and out-of-transit. We then add

these errors in quadrature to compute our estimated error for a given differential

transit depth.

Finally, we produce the combined spectrum by combining the forward and

reverse scan transit depths and their errors in each bin according to the methods

described by textbooks such as Chromey (2010) and Wall & Jenkins (2012) for

combining multiple independent estimates for a given variable. We present our

transmission spectrum for HST WFC3 in Figure 5.9, with transit depths and their

uncertainties reported in Table 5.3.
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Wavelength (µm) Transit Depth (ppm) Uncertainty (ppm)

1.116 7928 47

1.134 8073 41

1.153 7962 43

1.172 7969 44

1.191 8051 41

1.209 8113 39

1.228 8090 37

1.247 8044 41

1.266 8085 43

1.284 8062 46

1.303 8095 46

1.322 8137 51

1.341 8083 42

1.359 8079 37

1.378 8038 39

1.397 8052 41

1.416 8146 45

1.434 8095 44

1.453 8073 43

1.472 8088 42

1.491 8019 40

1.509 7890 42

1.528 8002 43

1.547 8028 46

1.566 7997 52

1.584 7859 53

1.603 7838 54

1.622 7848 51

1.641 7879 48

Table 5.3: KELT-7b WFC3 G141 Grism Transit Depths and Uncertainties
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Figure 5.9: HST WFC3 transmission spectrum produced by our analysis.

5.6.2 STIS Transmission Spectrum

Our STIS spectral analysis begins by examining the 1D spectra (§5.4.2). As

with the WFC3 analysis (§5.6.1), we find that the STIS 1D spectra are slightly offset

with respect to wavelength upon the subarray, and thus we begin by determining

the shift required to align the spectra. Our procedure is much like that described

in Section 5.6.1 for WFC3, except that the initial template spectrum is created by

averaging the columns for all 1D spectra in our data set. We then create a set of

800 template spectra that are shifted by up to ±4 pixels, in 0.01 pixels increments,

along the dispersion direction, or x-axis (see Figure 5.3). We perform a linear fit

between each of our 1D spectra and the set of template spectra. For a given 1D

spectrum, the template spectrum producing the smallest root mean square deviation
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between that 1D spectrum and linear model fit reveals the x-axis pixel shift for that

1D spectrum. We apply our shift routine twice to the STIS 1D spectra, each time

shifting the 1D spectra by the prescribed number of pixels and recording the total

pixel shift applied.

After the 1D spectra are shifted, we next examine the transit light curves

for the STIS wavelength bins depicted in Figure 5.1 and listed in Tables 5.4 and

5.5. The bin widths are designed to achieve similar fluxes in each spectroscopic

channel and also to isolate stellar absorption lines. We produce spectroscopic data

points for a given bin, or channel, by summing the columns of the 1D spectra

corresponding to that bin. We correct for wavelength-independent systematic trends

by dividing the spectroscopic data points for each orbit in a given channel by the

same pattern derived to correct the STIS raw white light curve. We then perform

a linear regression to jointly fit a systematics model and a Mandel & Agol (2002)

analytic transit light curve to the spectroscopic data points in a given channel.

Our systematics detrending model includes corrections for the HST orbital phase,

time, and the tilt, shape, and shift of the spectra upon the detector subarray. We

computed the Mandel & Agol (2002) analytic transit light curve using the orbital

parameters (Period P , inclination i, planet-to-star radius ratio Rpl/R∗, and semi-

major axis a/R∗) from Bieryla et al. (2015), and the four parameter non-linear limb

darkening coefficients derived with the Magic et al. (2015) 3D theoretical models.

We compute the transit depth in a given spectroscopic channel from the correlation

coefficient to the analytic transit curve.

Since the transit depth is essentially the difference between our out-of-transit
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flux and in-transit flux, the error on that depth is the quadrature sum of the out-of-

transit and in-transit errors. We assume that the error on each spectroscopic transit

data point is equal to the root mean square deviation, σ, between our spectroscopic

transit curve and the regression analysis fit. The transit error is then given by√
σ2/nout + σ2/nin, where nout and nin refer to the number of out-of-transit and

in-transit spectroscopic data points, respectively. The values of our transit errors

are 1-2× those of the photon errors in each spectroscopic channel.

We show our spectroscopic transit curves and residuals for the G430L and

G750L gratings in Figures 5.10 and 5.11. The data points have been corrected

for systematics, and the best fit transit curves are overplotted with solid lines.

We present our HST STIS transmission spectrum in Figure 5.12, with TESS-band

transit depth and uncertainty overplotted for comparison. We list STIS transit

depths and their uncertainties in Tables 5.4 and 5.5.
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Figure 5.10: Spectroscopic light curves for STIS G430L data. Data were corrected
for systematics as described in Section 5.6.2, and the best fit transit curve is over-
plotted in blue. Note that orbit 1 and the first exposure of each orbit were omitted
from our data analysis and are not shown.
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Figure 5.11: Spectroscopic light curves for STIS G750L data. Data were corrected
for systematics as described in Section 5.6.2, and the best fit transit curve is over-
plotted in dark green. Note that orbit 2 was omitted from our data analysis and is
not shown.
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Figure 5.12: HST STIS transmission spectrum produced by our analysis. We over-
plot our derived value of the TESS-band transit depth. The width of the TESS data
point indicates the width of the TESS bandpass.
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Wavelength Bin (µm) Transit Depth (ppm) Uncertainty (ppm)

[0.2898, 0.3499] 8095 167

[0.3499, 0.3700] 7946 150

[0.3700, 0.3868] 7890 137

[0.3868, 0.4041] 7803 123

[0.4041, 0.4151] 7740 130

[0.4151, 0.4261] 7913 110

[0.4261, 0.4371] 7901 117

[0.4371, 0.4426] 7623 132

[0.4426, 0.4481] 7901 127

[0.4481, 0.4536] 7821 127

[0.4536, 0.4591] 7769 133

[0.4591, 0.4646] 8069 145

[0.4646, 0.4701] 8122 125

[0.4701, 0.4756] 7937 121

[0.4756, 0.4811] 8113 137

[0.4811, 0.4921] 7870 90

[0.4921, 0.4976] 8099 133

[0.4976, 0.5030] 7860 103

[0.5030, 0.5085] 7844 117

[0.5085, 0.5140] 7759 125

[0.5140, 0.5195] 7763 113

[0.5195, 0.5250] 7754 126

[0.5250, 0.5305] 7777 120

[0.5305, 0.5360] 7732 127

[0.5360, 0.5415] 7895 122

[0.5415, 0.5469] 7879 129

[0.5469, 0.5524] 7779 117

[0.5524, 0.5579] 8065 131

[0.5579, 0.5634] 8086 117

[0.5634, 0.5688] 7906 124

Table 5.4: KELT-7b STIS G430L Grating Transit Depths and Uncertainties
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Wavelength Bin (µm) Transit Depth (ppm) Uncertainty (ppm)

[0.5263, 0.5550] 8023 72

[0.5550, 0.5648] 8039 88

[0.5648, 0.5745] 8145 99

[0.5745, 0.5843] 8054 78

[0.5843, 0.5940] 7992 81

[0.5940, 0.6038] 8026 103

[0.6038, 0.6135] 8098 100

[0.6135, 0.6233] 8180 78

[0.6233, 0.6330] 7887 99

[0.6330, 0.6428] 7802 90

[0.6428, 0.6526] 8335 95

[0.6526, 0.6623] 8273 79

[0.6623, 0.6721] 8076 74

[0.6721, 0.6818] 7979 85

[0.6818, 0.6916] 8178 90

[0.6916, 0.7014] 8067 96

[0.7014, 0.7111] 8192 102

[0.7111, 0.7209] 8064 99

[0.7209, 0.7307] 8072 105

[0.7307, 0.7404] 8098 126

[0.7404, 0.7502] 8155 117

[0.7502, 0.7600] 8105 122

[0.7600, 0.7698] 8345 121

[0.7698, 0.7795] 8257 124

[0.7795, 0.7991] 8232 114

[0.7991, 0.8186] 8071 101

[0.8186, 0.8381] 8038 118

[0.8381, 0.8840] 7939 97

[0.8840, 0.9299] 7841 113

[0.9299, 1.0245] 7676 172

Table 5.5: KELT-7b STIS G750L Grating Transit Depths and Uncertainties
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5.7 Results and Discussion

After producing our transmission spectrum, we next examine what this spec-

trum reveals about KELT-7b’s atmospheric properties. In this section, we employ

the isothermal equilibrium chemistry PLATON retrieval code, version 5.1 (§1.2.3,

Zhang et al., 2019, 2020) to explore KELT-7b’s transmission spectrum (§5.7.1). We

then discuss our retrieval results in Section 5.7.2, compare our results to those re-

ported by Pluriel et al. (2020) in Section 5.7.3, and briefly assess the implications

of KELT-7b’s chemistry on its planet formation pathway in Section 5.7.4.

5.7.1 KELT-7b Atmospheric Retrievals

PLATON is a fast, easy-to-use, open source retrieval code that employs isother-

mal, equilibrium chemistry parametric models to explore the prior parameter space

(§1.2.3). We chose to use PLATON in our analysis for several reasons. First, the

code is well-documented, with a dedicated paper and website, and it is publicly avail-

able. We found that only the publicly available Tau-REx3 code (Al-Refaie et al.,

2019),5 recently updated from a previous version (Waldmann et al., 2015), has a

similar level of documentation. Second, PLATON retrievals can be performed on

the order of a few hours or less using a laptop computer, allowing rapid exploration

of parameter space to quickly determine those parameters which may be of most

importance in explaining a transmission spectrum. In contrast, a typical retrieval

takes days to weeks on a standard desktop computer (Zhang et al., 2019). However,

5https://github.com/ucl-exoplanets/TauREx3_public
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we note that benchmark tests of the improved Tau-REx3 code demonstrate that it

rivals PLATON in speed (Al-Refaie et al., 2019). Third, the PLATON transmission

spectrum forward model is based upon Exo-Transmit (Kempton et al., 2017), which

was developed by a University of Maryland (UMD) professor, and UMD Astronomy

Department members have developed in-house expertise in using the code. Finally,

PLATON has been used with success in multiple other PanCET analyses (e.g., Alam

et al., 2020; Chachan et al., 2019; Fu et al., 2020; Sheppard et al., 2021).

One key difference between exoplanet retrieval codes used to analyze trans-

mission spectra deals with the scheme used to retrieve atmospheric chemical com-

position. PLATON allows the user to specify two parameters to determine chemical

composition: metallicity and C/O ratio (Zhang et al., 2019). Metallicity is expressed

as the abundance of metals6 with respect to hydrogen [M/H], and is specified in

PLATON as a multiple of the solar value (Asplund et al., 2009). Some retrieval

codes employ free chemistry retrieval schemes, whereby each chemical species is re-

trieved based upon spectral features (e.g., ATMO, see Evans et al., 2017; Wakeford

et al., 2017). Free retrieval codes then allow computation of C/O directly based

upon abundances of carbon and oxygen bearing species such as CO, CO2, H2O, or

CH4. See Madhusudhan (2018) for a recent review with further details concerning

retrieval codes that have been employed in published works.

We incorporated many of the options available in the updated PLATON ver-

sion 5.1 retrieval code (§1.2.3). Because we expect metal opacities to be important

in the optical regime observed by STIS, we downloaded the updated line profiles

6In Astronomy, the term metal refers to all elements heavier than helium.
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Parameter Symbol Distribution Range/Widtha Default Value

Planet Radius Rpl Uniform 1.38 - 1.68Rb

X 1.53RX
Limb Temperature T Uniform 1024 - 3072Kc 2048Kd

Carbon-to-Oxygen Ratio C/O Uniform 0.05 - 2.0 0.53e

Metallicity Z Log-uniform 0.1 - 1000Z� 1Z�

Planet Mass Mpl Gaussian 0.18MX 1.28MX
Stellar Radius R∗ Gaussian 0.045R� 1.73R�

Cloudtop Pressure Pcloud Log-uniform 10−1 - 106Pa 104Pa

Notes:
a Range for uniform or log-uniform; width is standard deviation of a Gaussian.

b Range from 0.9 to 1.1 times the default value.

c Range from 0.5 to 1.5 times the default value.

d Equilibrium temperature from Bieryla et al. (2015).

e Solar C/O.

Table 5.6: Prior Parameter Distribution for Fiducial Model

produced for K (Allard et al., 2016) and Na (Allard et al., 2019), which more ac-

curately estimate the far wings of the lines for these atoms. We also incorporate

H– opacity (John, 1988) into our fiducial model, since this opacity source has been

shown to be important for highly irradiated giant planets like KELT-7b (Parmentier

et al., 2018). We use the dynesty nested sampling package (Speagle, 2020) to sam-

ple the model parameter space and estimate posterior distributions and evidences.

Nested sampling offers several advantages compared to Markov Chain Monte Carlo

(MCMC) Bayesian samplers. An important advantage relevant to this work is that

nested sampling generates Bayesian evidence, lnZ, in addition to the posterior dis-

tribution (Speagle, 2020). The Bayesian evidence allows comparison of two models

by computing the odds ratio, O, between a pair of atmospheric models. In addition,

nested sampling possesses well-motivated stopping criteria.

We define our fiducial model as one where we fit for the parameters listed
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in Table 5.6, with prior distributions and default values as indicated. In addition,

we fix the Rayleigh scattering slope at 4 for our fiducial model. Our choice of

distribution for each prior parameter is driven by the degree of prior knowledge

concerning a given parameter. In general, we choose Gaussian distributions for

parameters where we have a high degree of confidence in the prior distribution, while

we choose uninformative uniform or log-uniform prior distributions for parameters

where we possess less prior knowledge. Specifically, the mass of the planet is well-

constrained by radial velocity analyses, so we specify a Gaussian prior with a width

equivalent to the 1-σ uncertainty in that prior value. We follow this same logic

and use a Gaussian prior for stellar radius, since it is also well constrained by prior

observations. The default value and width for both of these parameters are taken

from the Bieryla et al. (2015) discovery paper (Table 5.1). We also use the planet

radius from Bieryla et al. (2015) as the default value. However, since planet radius

is closely related to the wavelength-dependent transit depth—our data—we choose

a noninformative uniform prior. The range of planet radius values yields a range

of transit depths from 0.67% to 1%, when computed using equation 1.1 with the

default value of stellar radius. Transit depths for all data points of Figure 5.13

clearly fall within this range of values, thus demonstrating that our choice of prior

values for planet radius should not constrict our retrieval solution. Our priors for

C/O ratio and metallicity span the full range of values supported by PLATON.

PLATON supports cloud levels between 10−4 and 108. However, we find that in all

of our models, the credible interval for clouds is well-contained within the regime

from 10−1 and 106. Our range of cloud-top pressures contains those pressure levels
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where atmospheric modelers predict that clouds will form (e.g., Robinson & Catling,

2014). In addition to the prior parameter distributions listed in Table 5.6, we fix

the stellar temperature at the Bieryla et al. (2015) value, since stellar temperature

has little impact on the transmission spectrum, and since the published value will

always be better than any value derived from a retrieval based upon a transmission

spectrum (Zhang et al., 2019).

PLATON’s rapid computation speed allowed us to quickly explore a few vari-

ations upon the fiducial model. The odds ratio, or Bayes factor, defined as the

ratio of evidences between two models, allows us to statistically determine whether

a given model is preferred over an alternative (Trotta, 2008). In general, the model

with the higher value of Bayesian evidence is preferred. We use the Jeffrey’s scale

from Trotta (2008) to interpret the degree of preference for one model over another.

We examined adding a uniform fit to the scattering slope, as well as a uniform fit

to the WFC3 data point offsets.7 Our prior parameter distributions for scattering

slope and WFC3 offset are listed in Table 5.7, and we compare our results from

the 3 retrievals in Table 5.8. The best-fit models for all 3 retrievals are depicted

alongside our data in Figure 5.14.

When we compare the fiducial model to the two more complicated models (i.e.,

the models with 8 fitting parameters rather than 7), Jeffreys’ scale indicates there is

inconclusive evidence to prefer either of the two more complicated models over the

fiducial model. Trotta (2008) explains that Bayesian model comparison provides a

formal method to apply Occam’s razor—the simplest model compatible with the

7PLATON currently supports offsets only with WFC3 data.
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Parameter Symbol or
Abbreviation

Distribution Rangea Default Value

Scattering Slope s Uniform 4 - 9 4b

WFC3 Offset WO Uniform -500 - 500 ppm 0 ppm

Notes:
a Range of values explored.

b The default value of 4 corresponds to Rayleigh scattering.

Table 5.7: Prior Parameter Distributions - Scattering Slope and WFC3 Offset

Model log10 Z
a Zb C/Oc log10 Pcloud

d lnZe Of Interpretationg

Fiducial (F) 1.44+1.04
−0.88 3.63 - 302 0.35+0.21

−0.19 1.94+1.20
−0.78 588.4 Reference Basis Model

F + s 1.63+0.68
−0.66 9.33 - 204 0.32+0.22

−0.18 1.52+0.75
−0.68 588.3 1.1 Inconclusive

F + WO 1.71+0.89
−1.03 4.79 - 398 0.36+0.23

−0.20 2.04+2.10
−1.01 588.5 0.9 Inconclusive

Notes:
a Median log metallicity with 16% and 84% quantiles, in units of log solar metallicity.

b 68% credible interval for metallicity, in units of solar metallicity.

c Median C/O ratio with 16% and 84% quantiles.

d Median log pressure level for base of cloud deck in Pascals, with 16% and 84% quantiles.

e Natural logarithm of Bayesian evidence Z computed by dynesty nested sampling package.

f Here, the odds ratio O is the ratio of the Bayesian evidence of the fiducial model to that of the other
models.

g Interpretation using Jeffreys’ scale from Trotta (2008).

Table 5.8: Comparison of Fiducial and More Complicated Model Retrievals

available evidence should be preferred. Thus, we use our fiducial model in our next

analysis, where we explore the importance of various atomic and molecular species

in our retrieval.

Figure 5.15 depicts a corner plot showing the results from a PLATON retrieval

using our fiducial model. Histograms along the diagonal of the corner plot indicate

median values and 68% credible intervals for each of our retrieved parameters. Our

results indicate that our transmission spectrum is consistent with a subsolar C/O

ratio (median 0.35), supersolar metallicity (median 27.5 × solar) atmosphere. The
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median value for the base of the cloud deck is at 87 Pascals, indicating high altitude

clouds. The 68% credible interval for the base of the cloud deck ranges between 14 -

1380 Pa, or between 0.14 mbar and 13.8 mbar. We note a degeneracy between cloud

pressure levels and metallicity. Higher metallicities correlate with clouds at higher

pressures, and vice versa. This degeneracy makes sense, since both high metallicities

and high altitude (low pressure) clouds produce the same effect of muting spectral

features. Values of stellar radius, planet mass, and planet radius are close to their

prior values. As expected, the retrieved limb temperature of 1093 K (68% credible

interval 904 K to 1282 K) is less than the planet’s equilibrium temperature. We

discuss the results of this PLATON retrieval further in Section 5.7.2.

Next, we compute the odds ratio between the fiducial model and a series of

models lacking various opacity sources to determine whether models with those

opacity sources are preferred or not. If the fiducial model has a higher Bayesian

evidence than the model without a given opacity source, then that opacity source

is important to the model. Jeffrey’s scale indicates the degree to which the opacity

source is preferred. As described earlier in this section, we expect H– opacity to

be important for highly irradiated giant planets like KELT-7b (Parmentier et al.,

2018). We expect atomic and molecular opacities from H2O, K, Na, CO, and CO2

to be important across the 0.3 - 5.0 µm wavelength regime examined in this study.

We thus examine the significance of these opacity sources. Table 5.9 lists the results

of our analysis. Of the opacity sources examined, we find that only H2O opacity is

strongly favored in our analysis. We note that the odds ratio found for H2O opacity

is equivalent to a ∼3.6-σ detection in frequentist terms (Trotta, 2008).
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Figure 5.14: Best fit models corresponding to PLATON retrieval of fiducial model,
as well as fiducial model with fits for either scattering slope or WFC3 offset. In
each case, PLATON retrieves a subsolar C/O ratio, supersolar metallicity, cloudy
atmosphere (see Table 5.8). For each model, the reduced chi-squared χ2

ν is greater
than 1, indicating that the fit has not fully captured the data. However, the fit
allowing WFC3 offset in particular allows the model to capture some of the variation
in the optical regime. Note that the models are not shown between data sets.
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Figure 5.15: Corner plot depicting the results of our PLATON retrieval for the
fiducial model, and using the prior distribution listed in Table 5.6. Histograms along
the diagonal of the corner plot indicate median values and 68% credible intervals for
each of our retrieved parameters. Our results are consistent with a subsolar C/O
ratio, supersolar metallicity atmosphere with clouds forming at low pressure.
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Model lnZa Ob Interpretationc

Fiducial (F) 588.4 Reference Basis Model

F Without H– 588.5 0.9 Inconclusive

F Without H2O 581.5 992 Strong evidence

F Without K 588.4 1 Inconclusive

F Without Na 588.4 1 Inconclusive

F Without CO 588.3 1.1 Inconclusive

F Without CO2 587.5 2.46 Inconclusive

Notes:
a Natural logarithm of Bayesian evidence Z computed by dynesty nested sampling package.

b Here, the odds ratio O is the ratio of the Bayesian evidence of the model including all opacity sources (the
Basis Model) to the model without various opacity sources. A high odds ratio indicates that the model with
that opacity source is preferred.

c Interpretation using Jeffreys’ scale from Trotta (2008).

Table 5.9: Detection of Various Atomic and Molecular Species

Model Instrument lnZa Ob Interpretationc

Fiducial (F) STIS G430L, G750L 351.2 Reference Basis Model

F Without K STIS G430L, G750L 348.1 22 Moderate evidence

F Without Na STIS G430L, G750L 351.9 0.5 Inconclusive

Fiducial (F) WFC3 G141 140.3 Reference Basis Model

F Without H2O WFC3 G141 134.5 330 Strong evidence

Notes:
a Natural logarithm of Bayesian evidence Z computed by dynesty nested sampling package.

b Here, the odds ratio O is the ratio of the Bayesian evidence of the model including all opacity sources (the
Basis Model) to the model without various opacity sources. A high odds ratio indicates that the model with
that opacity source is preferred.

c Interpretation using Jeffreys’ scale from Trotta (2008).

Table 5.10: Examination of STIS and WFC3 Data for Various Species
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The composite spectrum examined thus far combines data from two STIS

gratings, WFC3, TESS, and Spitzer IRAC. Observations were taken at different

times when the planetary system may have been in a different state. For example,

stellar activity, spots, and faculae have been shown to affect transmission spectra

(e.g., Rackham et al., 2018, 2019), and those effects will differ as the stellar activity

level changes over time. Variations in the state of the instrument, as well as in

data analysis procedures applied between data sets, can alter the white light transit

fit between data sets, which may in turn lead to offsets between data sets (e.g.,

Diamond-Lowe et al., 2014; Stevenson et al., 2014).

To overcome the inherent shortcomings from combining data sets, we examined

the importance of various opacity sources by performing PLATON retrievals on STIS

data only as well as WFC3 data only. For the STIS only data, we examined Na and

K opacity, since those opacity sources are predicted in the optical regime (Seager &

Sasselov, 2000). For the WFC3 data only, we examined H2O opacity, since it has

been shown to be an important opacity source in the WFC3 bandpass (see §1.3.3).

The results of our analysis are shown in Table 5.10. Our most important finding is

that analysis of STIS data provides moderate evidence supporting detection of K

opacity. The odds ratio found for K opacity is equivalent to a 3.0-σ detection in

frequentist terms (Trotta, 2008).
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5.7.2 Discussion of Retrieval Results

The PLATON fiducial model retrieval applied to the KELT-7b 0.3 - 5.0 µm

transmission spectrum reveals a subsolar C/O ratio, supersolar metallicity atmo-

sphere with high altitude clouds. Retrievals of slightly more complicated models,

which include fits for either scattering slope or WFC3 offsets, indicate the same gen-

eral characteristics for KELT-7b’s atmosphere. Qualitatively examining our com-

posite transmission spectrum in Figure 5.13, we note higher transit depths—and

thus higher opacities—coincident with the well-known 1.4 µm H2O-band (§1.3.3).

We also note higher transit depths and thus higher opacities near the K I resonance

doublet at 0.77 µm and the Na I resonance doublet at 0.59 µm (Seager & Sasselov,

2000). At blue-optical wavelengths, the downward slope from ∼0.3 µm to 0.4µm is

consistent with Rayleigh scattering as well as opacity from atomic metals and ions

(see §1.3.3, Lothringer et al., 2020).

The best fit model from the fiducial retrieval fails to capture the rich variation

in transit depths displayed by the KELT-7b transmission spectrum. Rather, the

model flattens the spectrum by imposing some combination of high altitude clouds

and metallicity to mute the features. The only model that displayed some of the

variation due to Na and K opacities was that of the fiducial model with a WFC3

offset. Despite these limitations, by examining various opacity sources, we were

able to show that the KELT-7b composite transmission spectrum is consistent with

detection of H2O at the 3.6-σ level, and that the STIS-only transmission spectrum

is consistent with detection of K at the 3-σ level. In this section, we will highlight
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some of the limitations of the PLATON retrievals conducted thus far, and how we

will overcome these limitations in our future work (§5.9). The topics addressed

include instrumental offsets, the possibility of inhomogeneous clouds, free chemistry

retrievals, and forward models with enhanced metal opacities.

We briefly discussed the potential for offsets between data sets in Section

5.7.1. One reason that the PLATON fiducial retrieval mutes the features of the

transmission spectrum (i.e, through some combination of high metallicity and high-

altitude clouds) is that the code is unable to account for variation in transit depths

between data sets. Rather, the code flattens the spectrum, thus returning a best fit

model that is an average between the high and low transit depth features. If the

data sets are offset, however, including free parameters for offsets of all instruments

may improve results, allowing a retrieval solution that better matches the data.

This hypothesis is supported by our limited analysis of WFC3 offsets. Only our

models allowing for WFC3 offsets returned best fit models that clearly showed some

of the expected optical bandpass spectral features, such as those for Na and K.8

Sheppard et al. (2021) recently published a more complicated retrieval analysis for

HAT-P-41b, where they found that their best fit model included offsets for 3 data

sets—those from STIS G430L, STIS G750L, and WFC3. Examination of offsets

between STIS data sets in particular may allow better understanding of the KELT-

7b transmission spectrum. For example, the STIS G430L transmission spectrum

appears to have several inexplicably low data points between 0.5 and 0.6 µm. If

8Note, however, that models allowing WFC3 offsets as free parameters in general showed only
limited increases in lnZ, and χ2

ν values for best fit models showed little to no improvement.
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the entire STIS G430L spectrum were shifted upward, the blue-optical slope may

be better explained with a combination of Rayleigh scattering and metal opacity

sources (Lothringer et al., 2020). In addition, the low data points between 0.5 and 0.6

µm would then be more in-line with the STIS G750L data near those wavelengths.

Only a more complicated retrieval that includes offsets from multiple instruments

will reveal whether this indeed provides better insight into our data.

Inhomogeneous cloud cover along a planet’s terminator strongly impacts our

interpretation of transmission spectra (Line & Parmentier, 2016). The strong inci-

dent irradiation upon tidally locked hot Jupiters drives a strong west-to-east circu-

lation pattern, which in turn results in a temperature gradient of several hundred

degrees (e.g., Showman & Guillot, 2002). Thus, the atmospheric properties on the

east and west limb of a hot Jupiter may be drastically different. Of particular im-

portance to transmission spectroscopy, the cooler west limb may have species that

have condensed to form clouds, while those same species may remain in a gaseous

state along the hotter east limb. In addition, 3D general circulation models of hot

Jupiter atmospheres have also shown north-south variations in the distribution of

cloud cover (e.g., Parmentier et al., 2013). Since our instruments are unable to

resolve the planet itself, much less specific regions along the planet’s limb, a trans-

mission spectrum is comprised of integrated light from the entire terminator of the

planet, which likely includes some regions that are clear and some that are cloudy.

Line & Parmentier (2016) showed that the effect of nonuniform clouds is nearly

indistinguishable from the effect of a high mean molecular weight atmosphere on a

transit forward model. This degeneracy differs from that of an opaque uniform cloud
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deck, since the wavelength-dependent shape of a uniform cloud deck in a transit

forward model differs from that of a high mean molecular weight atmosphere, and

thus in theory could be distinguished. Both MacDonald & Madhusudhan (2017)

and Sheppard et al. (2021) developed partial cloud retrieval schemes and showed

their transmission spectra were most consistent with inhomogeneous cloud models.

By incorporating partial clouds, Sheppard et al. (2021) found that their retrieved

metallicity more closely aligned to hot Jupiter planet evolution models (Thorngren

& Fortney, 2019). Since inhomogeneus cloud cover is expected to be a feature of

hot Jupiter atmospheres, we will explore the effects of including a free parameter

for partial cloud cover in future retrievals.

We briefly introduced free chemistry retrievals in Section 5.7.1. While PLA-

TON determines atmospheric chemical composition using free parameters for metal-

licity and C/O ratio, free chemistry retrievals determine individual chemical species

abundances based upon spectral features. Recently, Welbanks et al. (2019) exam-

ined exoplanet atmospheric metallicity trends by using a free retrieval scheme to

estimate abundances of H2O, Na, and K in a sample of 19 exoplanets. Among

their findings for gas giant planets, they showed that while the Na and K abun-

dances correlated with each other, they were often vastly different from the H2O

abundances. They suggested that the differing trends in species abundances argued

against the use of chemical equilibrium models using only metallicity and C/O ratio

to determine atmospheric chemistry. Different species may be differently enhanced,

and variation between species may only be detected using free retrievals. In the

past, other PanCET studies have successfully used PLATON alongside other free
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chemistry retrieval schemes to better understand exoplanet atmospheres (e.g., Fu

et al., 2020; Sheppard et al., 2021). We will work with the PanCET team to better

interpret our results using the free chemistry ATMO retrieval code (Evans et al.,

2017; Wakeford et al., 2017).

Lothringer et al. (2020) recently showed that opacity sources not commonly

considered in exoplanet atmosphere models will increase the transit depths at wave-

lengths shorter than 0.5 µm in hot Jupiter exoplanets with Teq & 2000 K (see 1.3.3).

PHOENIX forward models, which incorporate these opacity sources, have been suc-

cessfully applied in the past to explain high apparent opacity levels shortward of 0.5

µm (e.g., Fu et al., 2020), and we will work with the PanCET team to apply these

forward models to the KELT-7b transmission spectrum.

5.7.3 Comparison to Previous Results

Pluriel et al. (2020) examined the same HST WFC3 spectra for KELT-7b,

and they used the TauREx3 free retrieval scheme to determine the KELT-7b at-

mospheric properties (Al-Refaie et al., 2019). Their results using HST WFC3 data

alone were consistent with a cloud-free (68% credible region for cloud base pressure

level from 224 to 105 Pascals) atmosphere containing H2O and H– opacities. They

performed additional retrievals, successively adding additional data sets. When they

added Spitzer archival data (Garhart et al., 2020), their results pointed to CO de-

tection. When they added the relatively short wavelength TESS transit depth, they

no longer detected H– opacity, but instead detected FeH to explain shorter wave-
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length absorption within the G141 grism. The Pluriel et al. (2020) results make no

statements concerning overall atmospheric metallicity or C/O ratio.

The most significant difference between our results and those of Pluriel et al.

(2020) concerns the existence of high altitude clouds. To compare our results more

directly, we performed a retrieval using WFC3 data only, and our results still indicate

that high altitude clouds (68% credible region for cloud base pressure level from 8 to

589 Pascals) are required to mute the H2O features. Our retrieved limb temperature

is also over 250 K cooler than the 1385 K temperature found by Pluriel et al.

(2020). This result is not surprising given the correlation between temperature and

cloud formation (e.g., Fu et al., 2017). Although PLATON does not support direct

retrieval of species abundances, we used Bayesian evidence to compare models with

and without various opacity sources to determine the importance of those opacities.

Overall, our results agree with those of Pluriel et al. (2020) in that our model

containing H2O is strongly preferred to that without. Although examination of H–

opacity was inconclusive, this result is in agreement with the Pluriel et al. (2020)

retrieval including the TESS data point, which lies within the STIS G750L bandpass.

5.7.4 Implications for Planet Formation

Zhou et al. (2016) suggested that the spin-orbit alignment of KELT-7b is pri-

mordial. Hot Jupiters are believed to have migrated inward after formation (§1.3.2),

and the well-aligned orbit of KELT-7b indicates the planet most likely migrated in-

ward via planet-gas interactions with its protoplanetary disk (Lin et al., 1996).
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Eistrup et al. (2018) recently demonstrated that the C/O ratio in protoplanetary

disks evolves over time during the era of planet formation. If KELT-7 did indeed

migrate inward via planet-gas interactions, subsolar C/O values are possible, with

the lowest C/O ratios extant in the primordial gas at the latest times (∼7 Myr).

Other elemental ratios evolve differently throughout the disk over time. Thus, more

precise measurement of a variety of atomic and molecular abundances may allow us

to further constrain the evolutionary pathway of this interesting giant planet.

Our median retrieved metallicity for the KELT-7b fiducial model is 27.5 ×

solar, with the 68% credible region spanning from 3.63 to 302 × solar (see Table

5.8). Thorngren & Fortney (2019) recently combined planet evolutionary models

with observed exoplanet radii, insolation, and ages within a Bayesian framework to

compute the atmospheric metallicities for individual planets. For KELT-7b, they

estimated a metallicity of 21.08 × solar, with an uncertainty of 7.00. Their 95%

percentile upper limit on KELT-7b metallicity is 33.65 × solar. Thus, our retrieved

metallicity value agrees well with the Thorngren & Fortney (2019) predictions. In

addition, Madhusudhan et al. (2014) showed that hot Jupiters that form via core

accretion and then migrate through their protoplanetary disks will have supersolar

metallicities combined with subsolar or solar C/O ratios. Thus, our findings that

KELT-7b has a supersolar metallicity and subsolar C/O ratio are in agreement with

Madhusudhan et al. (2014)’s predictions of disk-driven migration.
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5.8 Summary and Conclusion

We have produced and analyzed the composite 0.3 - 5.0 µm KELT-7b trans-

mission spectrum, comprised of HST STIS and WFC3 data, as well as TESS-band

transit depth and archival Spitzer IRAC 3.6 and 4.5 µm data. We analyzed the

STIS transmission spectrum for the first time.

We examined the transmission spectrum using the isothermal equilibrium

chemistry PLATON retrieval code with the dynesty nested sampling package. Our

retrieval results show the KELT-7b transmission spectrum is consistent with a sub-

solar C/O = 0.35+0.21
−0.19, high metallicity log Z

Z�
= 1.44+1.04

−0.88 atmosphere with high

altitude clouds condensing at a pressure level log Pcloud

Pascals
= 1.94+1.20

−0.78. By comparing

the Bayesian evidence for models with and without various opacity sources, we found

strong evidence for H2O opacity, corresponding to a 3.6-σ detection in frequentist

terms. By analyzing the STIS spectrum only, we found moderate evidence for K

opacity, corresponding to a 3-σ detection.

KELT-7b was previously shown to follow an orbital path well-aligned with

its host star’s spin axis, implying that it migrated to its current location through

its protoplanetary disk via planet-gas interaction (Bieryla et al., 2015; Zhou et al.,

2016). The planets’s subsolar C/O ratio combined with supersolar metallicity are in

agreement with Madhusudhan et al. (2014)’s predictions for disk-driven migration.

In addition, the planet’s subsolar C/O ratio may be explained by recent chemical

models showing that the C/O ratio of the protoplanetary disk evolves over time

during the era of planet formation (Eistrup et al., 2018). Furthermore, KELT-7b’s
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retrieved superstellar metallicity agrees well with the Thorngren & Fortney (2019)

predicted value of 21.08 × solar, with an uncertainty of 7.00. Future studies may

help to unravel more details of the planet’s evolutionary pathway as we measure

additional chemical abundances.

HST is currently programming observations through October 2022,9 and will

maintain a stable orbit through at least the mid-2030s.10 The James Webb Space

Telescope (JWST) is scheduled to launch in October 2021. As shown in Chapter 4,

the unprecedented wavelength coverage and resolution of JWST, combined with new

exoplanet targets discovered by TESS, heralds a new era in exoplanet atmosphere

discovery. However, JWST will probe only the infrared regime. Therefore, it is

incumbent upon exoplanet scientists to work together to develop observation plans

that capitalize upon the upcoming unique time period, when it will be possible to

simultaneously observe UV/optical bands using HST and IR bands with JWST.

5.9 Future Work

The analysis and results presented in Sections 5.1 through 5.8 rely largely upon

University of Maryland analysis tools (e.g., Deming et al., 2013; Wilkins et al., 2014)

and publicly available codes (e.g., Zhang et al., 2019, 2020). In the future, I will

work with the PanCET team to further refine our data reduction analysis and the

interpretation of our results. In particular, I will complete the following work:

1. In this Chapter, the planetary system parameters used for data analysis to

9https://hst-docs.stsci.edu/hsp
10https://www.discovermagazine.com/the-sciences/how-much-longer-will-the-

hubble-space-telescope-last
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produce the KELT-7b transmission spectrum relied upon the Bieryla et al.

(2015) discovery paper. I will update the system parameters by using EXO-

FASTv2 (Eastman et al., 2019) to perform a global model fit to the stellar

and planetary parameters. In this analysis, I will employ our HST, TESS,

and Spitzer data, as well as stellar properties from the TESS Input Catalog,

version 8 (TIC-8, Stassun et al., 2019, 2018), which makes use of Gaia Data

Release 2 (Gaia Collaboration et al., 2018, 2016). I will report the results of

this analysis and reproduce the transmission spectrum based upon any changes

to the system parameters.

2. I will compare our output STIS transmission spectra with those obtained from

PanCET team members using their analysis techniques (e.g., Nikolov et al.,

2015, 2014). If any large discrepancies exist between the output transmission

spectra, we will identify their source to ensure that the final spectrum produced

is of the highest quality possible.

3. PanCET team members have access to forward models and atmospheric re-

trieval codes that will yield further insight into the atmosphere of KELT-7b.

For example, PHOENIX forward models self-consistently solve the radiative

transfer equation layer-by-layer assuming chemical and radiative-convective

equilibrium. These models have proven useful in past analyses to predict opac-

ity sources at blue-optical wavelengths (Fu et al., 2020; Lothringer et al., 2020).

In addition, the ATMO retrieval code can retrieve abundances of molecular

species of interest (Evans et al., 2017; Wakeford et al., 2017). I will work with
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PanCET team members to further analyze the output transmission spectrum

of KELT-7b.

4. As part of our updated retrieval analysis, we will consider the effects of includ-

ing free parameters for inhomogeneous cloud cover and instrumental offsets

(for all instruments, particularly the 2 STIS gratings and WFC3 G141). In

addition, if observational data are available, we will analyze the star KELT-7

for stellar activity, and model those effects in our retrievals.
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Appendix A: Facilities and Software

We made use of the following facilities and software while conducting the

research described in this dissertation.

A.1 Facilities

1. Exoplanet Follow-up Observing Program for TESS (ExoFOP-TESS) website

(https://exofop.ipac.caltech.edu/tess/)

2. Mikulski Archive for Space Telescopes (MAST, https://archive.stsci.edu/)

3. NASA Exoplanet Archive (https://exoplanetarchive.ipac.caltech.edu/

- Akeson et al., 2013)

A.2 Software

1. astropy (https://www.astropy.org/ - Astropy Collaboration et al., 2018,

2013)

2. corner.py (https://corner.readthedocs.io/en/latest/index.html - Foreman-

Mackey, 2016)

3. DYNESTY (https://github.com/joshspeagle/dynesty - Speagle, 2020)
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4. Exo-Transit (https://github.com/elizakempton/Exo_Transmit - Kemp-

ton et al., 2017)

5. IDL Astronomy User’s Library (https://idlastro.gsfc.nasa.gov/)

6. MatPlotLib (https://matplotlib.org/ - Hunter, 2007)

7. MuSCAT/MuSCAT2 Python Simulation Code written by Dana Louie (Chap-

ter 3)

8. NIRISS IDL Simulation Code written by Dana Louie (Chapter 4)

9. NumPy (https://numpy.org/ - Harris et al., 2020)

10. PLATON (https://github.com/ideasrule/platon - Zhang et al., 2019,

2020)

11. SciPy (https://www.scipy.org/ - Virtanen et al., 2020)
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O., & Garćıa Muñoz, A. 2020, AJ, 160, 51, arXiv:2005.11293

Allard, F., Homeier, D., & Freytag, B. 2012, Philosophical Transactions of the Royal
Society of London Series A, 370, 2765, arXiv:1112.3591

Allard, N. F., Spiegelman, F., & Kielkopf, J. F. 2016, A&A, 589, A21

Allard, N. F., Spiegelman, F., Leininger, T., & Molliere, P. 2019, A&A, 628, A120,
arXiv:1908.01989

Allart, R., Bourrier, V., Lovis, C., Ehrenreich, D., Spake, J. J., Wyttenbach, A.,
Pino, L., Pepe, F., Sing, D. K., & Lecavelier des Etangs, A. 2018, Science, 362,
1384, arXiv:1812.02189

249

https://ui.adsabs.harvard.edu/abs/1985LPSC...15..545A
https://ui.adsabs.harvard.edu/abs/1985LPSC...15..545A
https://ui.adsabs.harvard.edu/abs/2016SPIE.9906E..3UA
https://ui.adsabs.harvard.edu/abs/2016SPIE.9906E..3UA
https://ui.adsabs.harvard.edu/abs/2016SPIE.9906E..3UA
https://ui.adsabs.harvard.edu/abs/2008ApJ...673.1160A
http://www.arXiv.org/abs/0710.4941
https://ui.adsabs.harvard.edu/abs/2008ApJ...673.1160A
http://adsabs.harvard.edu/abs/2013PASP..125..989A
http://adsabs.harvard.edu/abs/2013PASP..125..989A
http://adsabs.harvard.edu/abs/2013PASP..125..989A
http://adsabs.harvard.edu/abs/2013PASP..125..989A
http://adsabs.harvard.edu/abs/2013PASP..125..989A
http://adsabs.harvard.edu/abs/2013PASP..125..989A
http://www.arXiv.org/abs/1307.2944
https://ui.adsabs.harvard.edu/abs/2019arXiv191207759A
https://ui.adsabs.harvard.edu/abs/2019arXiv191207759A
http://www.arXiv.org/abs/1912.07759
https://ui.adsabs.harvard.edu/abs/2020AJ....160...51A
https://ui.adsabs.harvard.edu/abs/2020AJ....160...51A
https://ui.adsabs.harvard.edu/abs/2020AJ....160...51A
https://ui.adsabs.harvard.edu/abs/2020AJ....160...51A
http://www.arXiv.org/abs/2005.11293
http://adsabs.harvard.edu/abs/2012RSPTA.370.2765A
http://adsabs.harvard.edu/abs/2012RSPTA.370.2765A
http://www.arXiv.org/abs/1112.3591
https://ui.adsabs.harvard.edu/abs/2016A&A...589A..21A
https://ui.adsabs.harvard.edu/abs/2019A&A...628A.120A
https://ui.adsabs.harvard.edu/abs/2019A&A...628A.120A
http://www.arXiv.org/abs/1908.01989
https://ui.adsabs.harvard.edu/abs/2018Sci...362.1384A
https://ui.adsabs.harvard.edu/abs/2018Sci...362.1384A
https://ui.adsabs.harvard.edu/abs/2018Sci...362.1384A
http://www.arXiv.org/abs/1812.02189


Almenara, J. M., Astudillo-Defru, N., Bonfils, X., Forveille, T., Santerne, A., Al-
brecht, S., Barros, S. C. C., Bouchy, F., Delfosse, X., Demangeon, O., Diaz, R. F.,
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P., Hatzes, A. P., Henning, T., Herrero, E., Hidalgo, D., Isopi, G., Jeffers, S. V.,
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Sanjuan, J., Scuderi, S., Sozzetti, A., Pérez Ventura, H., Diaz Marcos, H., Galli,
A., Gonzalez, C., Riverol, L., & Riverol, C. 2016, in Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series, Vol. 9908, , 99081A

Cloutier, R. & Menou, K. 2020, AJ, 159, 211, arXiv:1912.02170

Collier Cameron, A., Pollacco, D., Hellier, C., West, R., WASP Consortium, & SO-
PHIE & CORALIE Planet-Search Teams. Transiting Planets, ed. , F. PontD. Sas-
selov & M. J. Holman, Vol. 253, 29–35

255

https://ui.adsabs.harvard.edu/abs/2019AJ....158..244C
https://ui.adsabs.harvard.edu/abs/2019AJ....158..244C
https://ui.adsabs.harvard.edu/abs/2019AJ....158..244C
https://ui.adsabs.harvard.edu/abs/2019AJ....158..244C
http://www.arXiv.org/abs/1910.07523
https://ui.adsabs.harvard.edu/abs/2009Natur.462..891C
https://ui.adsabs.harvard.edu/abs/2009Natur.462..891C
https://ui.adsabs.harvard.edu/abs/2009Natur.462..891C
https://ui.adsabs.harvard.edu/abs/2009Natur.462..891C
http://www.arXiv.org/abs/0912.3229
https://ui.adsabs.harvard.edu/abs/2004AIPC..713..151C
https://ui.adsabs.harvard.edu/abs/2004AIPC..713..151C
https://ui.adsabs.harvard.edu/abs/2004AIPC..713..151C
https://ui.adsabs.harvard.edu/abs/2000ApJ...529L..45C
https://ui.adsabs.harvard.edu/abs/2000ApJ...529L..45C
http://www.arXiv.org/abs/astro-ph/9911436
https://ui.adsabs.harvard.edu/abs/2002ApJ...568..377C
https://ui.adsabs.harvard.edu/abs/2002ApJ...568..377C
http://www.arXiv.org/abs/astro-ph/0111544
http://adsabs.harvard.edu/abs/2007arXiv0706.1047C
http://www.arXiv.org/abs/0706.1047
http://adsabs.harvard.edu/abs/2017ApJ...834...17C
http://www.arXiv.org/abs/1603.08614
https://ui.adsabs.harvard.edu/abs/2010tms..book.....C
http://adsabs.harvard.edu/abs/2011IAUS..276..335C
http://adsabs.harvard.edu/abs/2011IAUS..276..335C
http://adsabs.harvard.edu/abs/2011IAUS..276..335C
https://ui.adsabs.harvard.edu/abs/2017A&A...600A..30C
http://www.arXiv.org/abs/1804.10295
https://ui.adsabs.harvard.edu/abs/2011A&A...529A..75C
https://ui.adsabs.harvard.edu/abs/2016SPIE.9908E..1AC
https://ui.adsabs.harvard.edu/abs/2016SPIE.9908E..1AC
https://ui.adsabs.harvard.edu/abs/2016SPIE.9908E..1AC
https://ui.adsabs.harvard.edu/abs/2016SPIE.9908E..1AC
https://ui.adsabs.harvard.edu/abs/2016SPIE.9908E..1AC
https://ui.adsabs.harvard.edu/abs/2016SPIE.9908E..1AC
https://ui.adsabs.harvard.edu/abs/2016SPIE.9908E..1AC
https://ui.adsabs.harvard.edu/abs/2020AJ....159..211C
http://www.arXiv.org/abs/1912.02170
https://ui.adsabs.harvard.edu/abs/2009IAUS..253...29C
https://ui.adsabs.harvard.edu/abs/2009IAUS..253...29C
https://ui.adsabs.harvard.edu/abs/2009IAUS..253...29C


Collins, K. A., Collins, K. I., Pepper, J., Labadie-Bartz, J., Stassun, K. G., Gaudi,
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S., Aerts, C., Altavilla, G., Álvarez, M. A., Alvarez, R., Alves, J., Anderson, R. I.,
Andrei, A. H., Anglada Varela, E., Antiche, E., Antoja, T., Arcay, B., Astraat-
madja, T. L., Bach, N., Baker, S. G., Balaguer-Núñez, L., Balm, P., Barache, C.,
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T., McMillan, P. J., Messina, S., Michalik, D., Millar, N. R., Molina, D., Moli-
naro, R., Molnár, L., Montegriffo, P., Mor, R., Morbidelli, R., Morel, T., Morris,
D., Mulone, A. F., Muraveva, T., Musella, I., Nelemans, G., Nicastro, L., Noval,
L., O’Mullane, W., Ordénovic, C., Ordóñez-Blanco, D., Osborne, P., Pagani, C.,
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Roegiers, T., Roelens, M., Romero-Gómez, M., Rowell, N., Royer, F., Ruiz-Dern,
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nowska, D., Straižys, V., ter Linden, M., Terrell, D., Theil, S., Tiede, C., Troisi,
L., Tsalmantza, P., Tur, D., Vaccari, M., Vachier, F., Valles, P., Van Hamme, W.,
Veltz, L., Virtanen, J., Wallut, J. M., Wichmann, R., Wilkinson, M. I., Ziaeepour,
H., & Zschocke, S. 2016, A&A, 595, A1, arXiv:1609.04153

Gao, P., Thorngren, D. P., Lee, G. K. H., Fortney, J. J., Morley, C. V., Wakeford,
H. R., Powell, D. K., Stevenson, K. B., & Zhang, X. 2020, Nature Astronomy, 4,
951, arXiv:2005.11939

Gardner, J. P., Mather, J. C., Clampin, M., Doyon, R., Greenhouse, M. A., Hammel,
H. B., Hutchings, J. B., Jakobsen, P., Lilly, S. J., Long, K. S., Lunine, J. I.,
McCaughrean, M. J., Mountain, M., Nella, J., Rieke, G. H., Rieke, M. J., Rix, H.-
W., Smith, E. P., Sonneborn, G., Stiavelli, M., Stockman, H. S., Windhorst, R. A.,
& Wright, G. S. 2006, Space Science Reviews, 123, 485, arXiv:astro-ph/0606175

Garhart, E., Deming, D., Mandell, A., Knutson, H. A., Wallack, N., Burrows, A.,
Fortney, J. J., Hood, C., Seay, C., Sing, D. K., Benneke, B., Fraine, J. D., Kataria,
T., Lewis, N., Madhusudhan, N., McCullough, P., Stevenson, K. B., & Wakeford,
H. 2020, AJ, 159, 137, arXiv:1901.07040

Gaudi, B. S., Seager, S., & Mallen-Ornelas, G. 2005, ApJ, 623, 472, arXiv:astro-
ph/0409443

Gibney, E. & Castelvecchi, D. 2019, Nature, 574, 162

Gibson, N. P., Pont, F., & Aigrain, S. 2011, MNRAS, 411, 2199, arXiv:1010.1753

Gibson, S. R., Howard, A. W., Marcy, G. W., Edelstein, J., Wishnow, E. H., & Pop-
pett, C. L. 2016, in Society of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series, Vol. 9908, , 990870

Gillon, M., Demory, B. O., Barman, T., Bonfils, X., Mazeh, T., Pont, F., Udry, S.,
Mayor, M., & Queloz, D. 2007, A&A, 471, L51, arXiv:0707.2261

Gillon, M., Jehin, E., Lederer, S. M., Delrez, L., de Wit, J., Burdanov, A., Van
Grootel, V., Burgasser, A. J., Triaud, A. H. M. J., Opitom, C., Demory, B.-O.,
Sahu, D. K., Bardalez Gagliuffi, D., Magain, P., & Queloz, D. 2016, Nature, 533,
221, arXiv:1605.07211

Gillon, M., Jehin, E., Magain, P., Chantry, V., Hutsemékers, D., Manfroid, J.,
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Fenouillet, T., Gaboriaud, A., Gallic, A., Gamet, P., Gavalda, P., Grolleau, E.,
Gruneisen, R., Gueguen, L., Guis, V., Guivarc’h, V., Guterman, P., Hallouard,
D., Hasiba, J., Heuripeau, F., Huntzinger, G., Hustaix, H., Imad, C., Imbert,
C., Johlander, B., Jouret, M., Journoud, P., Karioty, F., Kerjean, L., Lafaille,
V., Lafond, L., Lam-Trong, T., Landiech, P., Lapeyrere, V., Larqué, T., Laudet,
P., Lautier, N., Lecann, H., Lefevre, L., Leruyet, B., Levacher, P., Magnan, A.,
Mazy, E., Mertens, F., Mesnager, J.-M., Meunier, J.-C., Michel, J.-P., Monjoin,
W., Naudet, D., Nguyen-Kim, K., Orcesi, J.-L., Ottacher, H., Perez, R., Peter,
G., Plasson, P., Plesseria, J.-Y., Pontet, B., Pradines, A., Quentin, C., Rey-
naud, J.-L., Rolland, G., Rollenhagen, F., Romagnan, R., Russ, N., Schmidt, R.,
Schwartz, N., Sebbag, I., Sedes, G., Smit, H., Steller, M. B., Sunter, W., Surace,
C., Tello, M., Tiphène, D., Toulouse, P., Ulmer, B., Vandermarcq, O., Vergnault,
E., Vuillemin, A., & Zanatta, P. 2009, A&A, 506, 287, arXiv:0908.0241

Lin, D. N. C., Bodenheimer, P., & Richardson, D. C. 1996, Nature, 380, 606

Line, M. R., Knutson, H., Deming, D., Wilkins, A., & Desert, J.-M. 2013a, ApJ,
778, 183, arXiv:1310.4796

Line, M. R. & Parmentier, V. 2016, ApJ, 820, 78, arXiv:1511.09443

Line, M. R., Wolf, A. S., Zhang, X., Knutson, H., Kammer, J. A., Ellison, E., Deroo,
P., Crisp, D., & Yung, Y. L. 2013b, ApJ, 775, 137, arXiv:1304.5561

Liu, W., Lin, S., & Piegorsch, W. W. 2008, International Statistical Review, 76, 39,
arXiv:https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1751-5823.2007.00027.x

Lodders, K. 2003, ApJ, 591, 1220

Lopez, E. D. & Fortney, J. J. 2014, ApJ, 792, 1, arXiv:1311.0329

Lopez, E. D. & Rice, K. 2018, MNRAS, 479, 5303, arXiv:1610.09390

Lothringer, J. D., Fu, G., Sing, D. K., & Barman, T. S. 2020, ApJL, 898, L14,
arXiv:2005.02528

Louie, D. R., Deming, D., Albert, L., Bouma, L. G., Bean, J., & Lopez-Morales, M.
2018, PASP, 130, 044401, arXiv:1711.02098

Louie, D. R., Narita, N., Fukui, A., Palle, E., Tamura, M., Kusakabe, N., Parviainen,
H., & Deming, D. 2020, PASP, 132, 084403, arXiv:2006.10765

269

http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://adsabs.harvard.edu/abs/2009A%26A...506..287L
http://www.arXiv.org/abs/0908.0241
https://ui.adsabs.harvard.edu/abs/1996Natur.380..606L
http://adsabs.harvard.edu/abs/2013ApJ...778..183L
http://adsabs.harvard.edu/abs/2013ApJ...778..183L
http://www.arXiv.org/abs/1310.4796
https://ui.adsabs.harvard.edu/abs/2016ApJ...820...78L
http://www.arXiv.org/abs/1511.09443
http://adsabs.harvard.edu/abs/2013ApJ...775..137L
http://adsabs.harvard.edu/abs/2013ApJ...775..137L
http://www.arXiv.org/abs/1304.5561
http://www.arXiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1751-5823.2007.00027.x
https://ui.adsabs.harvard.edu/abs/2003ApJ...591.1220L
https://ui.adsabs.harvard.edu/abs/2014ApJ...792....1L
http://www.arXiv.org/abs/1311.0329
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.5303L
http://www.arXiv.org/abs/1610.09390
https://ui.adsabs.harvard.edu/abs/2020ApJ...898L..14L
https://ui.adsabs.harvard.edu/abs/2020ApJ...898L..14L
http://www.arXiv.org/abs/2005.02528
http://adsabs.harvard.edu/abs/2018PASP..130d4401L
http://adsabs.harvard.edu/abs/2018PASP..130d4401L
http://www.arXiv.org/abs/1711.02098
https://ui.adsabs.harvard.edu/abs/2020PASP..132h4403L
https://ui.adsabs.harvard.edu/abs/2020PASP..132h4403L
http://www.arXiv.org/abs/2006.10765


Lovis, C. & Fischer, D. 2010, Radial Velocity Techniques for Exoplanets, ed. S. Sea-
ger, 27–53

MacDonald, R. J. & Madhusudhan, N. 2017, MNRAS, 469, 1979, arXiv:1701.01113

Madhusudhan, N. 2018, Atmospheric Retrieval of Exoplanets, 104

Madhusudhan, N., Amin, M. A., & Kennedy, G. M. 2014, ApJL, 794, L12,
arXiv:1408.3668

Madhusudhan, N. & Seager, S. 2009, ApJ, 707, 24, arXiv:0910.1347

Magic, Z., Chiavassa, A., Collet, R., & Asplund, M. 2015, A&A, 573, A90,
arXiv:1403.3487

Mandel, K. & Agol, E. 2002, ApJL, 580, L171, arXiv:astro-ph/0210099

Mann, A. W., Gaidos, E., Vanderburg, A., Rizzuto, A. C., Ansdell, M., Med-
ina, J. V., Mace, G. N., Kraus, A. L., & Sokal, K. R. 2017, AJ, 153, 64,
arXiv:1609.00726
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F., Boyd, P., Brown, D. J. A., Bryant, E. M., Burke, C., Cochran, W. D., Cooke,
B. F., Demangeon, O. D. S., Dı́az, R. F., Dittman, J., Dorn, C., Dumusque,
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