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The last 20 years have seen a boom in the number of known exoplanetary systems, and many
of the temperate sub-Neptune planets we study orbit low mass M stars. M dwarf stars can host
temperate worlds with periods short enough for rapid followup and precise characterization but
these stars are also extremely active, subjecting their planets to harsh XUV radiation and frequent
flares that can sterilize and evaporate planetary atmospheres. Follow-up studies of potentially rocky
planets in these systems have so far provided only tenuous evidence for their atmospheres and in
some cases what are likely false positive detections caused by stellar active regions like starspots.
Starspots are ubiquitous on M dwarf photospheres and introduce molecular features in the disk-
average stellar spectrum which, if uncorrected, can be mistaken for absorption of molecules like
H20 and TiO in the planet’s atmosphere. With the successful launch of JWST and the promise
of studying exoplanet atmospheres in greater detail than ever before, it is vital that we mitigate
the problem of starspot contamination in exoplanet transmission spectra. How does stellar activity
affect the atmospheres of short-period planets? Do temperate and warm sub-Neptune planets
orbiting M dwarfs retain their atmospheres? To what extent do stellar active regions like starspots
contaminate our observations and obscure the evidence of atmospheric absorption? How can we
accurately measure spot characteristics and mitigate their effects on exoplanet observations? These
questions have motivated the research I present in this thesis, where I describe how I used space-
and ground-based observations to validate new exoplanets found by TESS, search for atmospheric
escape from a nearby terrestrial world, and characterize starspots on the young exoplanet host AU

Microscopii.
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Parameters from fitting the different data combinations with a 3-temperature model.
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2-T" model, most importantly recovering an approximately 3000K spot in either case.

The results we recommend citing for AU Mic’s surtace components are the Ensemble

Model results in the rightmost column of this table.| . . . . ... ... ... ... ..

4.6

Parameters from fitting the different data combinations with a 2-temperature model.

The photometry model uses the 5 photometric variability measurements, the spectral

model uses 12 spectral orders from both visits. The ensemble model is applied to all

the photometric and spectroscopic data. The primary difference compared to 3-T

results can be seen in the temperatures measured for Topor and Ty - 0 0 0 0 0 .

B

Target list of transiting brown dwarfs around M stars, excluding those with highly un-

certain periods and/or radii. The high occurrence of close-in 1:1 spin-orbit resonances

in these systems implies strong magnetic interactions and heavy spot coverage, which

may be observable in multi-wavelength variability and transit measurements.|

. 119



Figure

Figures

xii

.1

Radius-Insolation plot for all confirmed exoplanets downloaded from the NASA Ex-

oplanet Archive on 19 Oct. 2023 (gray), the solar system planets (blue), and HD

209458b, the first transiting exoplanet discovered. The vertical blue bar represents

2
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of March 2020). Highlighted in green is the “recent Venus-early Mars” habitable
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Light curves for all eight of the viable follow-up transits ot TOI 122b. Best fit
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Left: Region of a SALT-HRS spectrum (blue) with the corresponding synthetic

template (orange), where we have offset the flux slightly for clarity. Right: The

broadening function computed from this spectral region. Inspection ot the broaden-
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transit light curves (bottom). Theoretical RV curves for Earth (blue) and Jupiter

(green) masses are shown, as well as 200 random samples from the posterior distri-

butions (red). While we cannot obtain precise planetary masses from these spectra,

we are able to rule out super-planetary mass companions by calculating the maxi-

mum mass consistent with these measurements. These upper-limit masses based on

the 95" percentile samples are 6.7 M; for TOI 122b, and 2.1 My for TOI 237b. . . .

37



p.q%

.9

Corner plots (Foreman-Mackey, 2016) for the MCMC posteriors of all fits for TOI

122b (top) and TOI 237b (bottom). The posteriors from modeling only the phase-
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4.11 Combined-visit model violin plots showing the posterior distributions when modeling

only the spectra and T.g. Spectral orders shown in this plot span 0.557-0.888 pm,

with wavelength decreasing to the right. Top: Temperature components for the hot

(blue), middle (black) and spot (red) components. In yellow is the corresponding

Teg. Most orders exhibit a hot component between 7000-10000 K, consistent with

the temperature of flares in this wavelength range. Spot temperatures are generally

poorly constrained, with the 3000K spot seemingly detected in a handful of orders

(53, 61, 72, 76, 79). Middle: the temperature ratio, Tspot/Tamp. The 5 orders

showing a spot solution tend to show a temperature ratio of between 0.7-0.8. Bottom:

coverage fractions for the spotted (red), ambient (black), and hot (blue) components.

The hot component is very small, less than 3%. There is no clear agreement with spot

coverage between orders, with the largest component being the ambient photosphere

in the early orders while the later orders show more spot-dominated photospheres.

Orders with very poor constraints tend to overlap with orders that are contaminated

by tellurics. Orders omitted from the analysis are grayed out.| . . . . . . .. ... ..
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Cartoon transiting systems with simulated spot contamination spectra showing the

enhanced observability of transiting brown dwarf systems (right) compared to tran-

siting sub-Neptune worlds (left) for constraining the TLSE. Bottom panels: simu-

lated spot-contaminated transmission spectra for a sub-Neptune exoplanet versus a

brown dwart in a wavelength regime relevant to molecular absorption wavelengths

and transmission observations with HS'T and JWST. Uncertainties are only first or-

der estimates set at 50 ppm across all wavelengths to allow a simple comparison

52

This spot crossing simulation tor a 3000 K spot on a 3700 K star from 0.4-2 pym

shows how spot contrasts measured from transit light curves can be used to infer

Spot spectra.] . . . . .. e e e e e e e e e




Chapter 1

Introduction

“Kvery star may be a sun to someone” - Carl Sagan, Cosmos

Planets in our solar system and others have long captured the curiosity and imagination of
humanity, forcing us to reckon with the knowledge that ours may not be the only home for life.
Planets are places we can imagine visiting one day, and that sparks our fundamental human need
to explore and discover and understand that which no one ever has. Only in the last few hundred
years have we begun to study planets in the solar system, and only 3 decades ago were planets
around other stars first confirmed.

My study of planets has inspired the following questions in me:
e What are the surfaces and atmospheres of other planets like?

Are there terrestrial exoplanets like Earth which have atmospheres amenable to life?

What could life, and observational evidence of it, look like on other planets?

What types of stars are most likely to host habitable exoplanets?

e How does the complex physics of low-mass stars affect planetary formation, evolution, and

habitability?

How far can we develop our understanding of exoplanetary systems with current techno-

logical limitations?



Not all of these questions will be answered within my lifetime, but the exoplanet community has
made great strides in characterizing exoplanets and is closing in on the ability to detect atmospheric
biosignatures in the atmospheres of Earth-like planets.

The discovery of life or evidence of biological processes on another planet has scientific and
philosophical implications for humanity that we can hardly predict, and must be treated with
careful and deliberate scientific inquiry. Like all important discoveries, we have to first build our
way to them and lay the important theoretical and observational groundwork which will support the
eventual unambiguous detections of complex atmospheric chemistry in the atmospheres of habitable
worlds. To develop our ability to one day answer those questions, I have addressed some tractable
problems using a combination of space- and ground-based observations to characterize M dwarfs
and their transiting planets.

Transiting exoplanets (Section are those which we can detect when they pass in front of
the face of the star. From these transit light curves (Section we can learn a lot about planetary
characteristics such as the relative size of the planet compared to its star and the period of the
planet. M dwarf stars (Section can host temperate worlds with periods short enough for rapid
followup and precise characterization (covered in Section making these systems particularly
useful for atmospheric studies of small exoplanets. However, these small cool stars are also highly
active and the characteristics of their activity are extremely relevant to the formation, evo-
lution, and habitability of their close-in temperate sub-Neptune worlds. Improving our ability to
account for stellar activity in our observations (Section and our understanding of exoplanets
requires a firm connection between the theoretical background stellar surface and how we interpret
stellar observations within that theory (Section .

The rest of this thesis is laid out as follows: In Chapter 2 I report the discovery of two
exoplanets, TOI 122b and TOI 237b, two warm sub-Neptune exoplanets orbiting inactive stars
straddling the fully-convective limit. These planets do not have measured masses, but could be
viable targets for mass measurements and atmospheric study with sufficient time commitment on

current or future instruments.



In Chapter 3 I search for a Lyman-« absorption signature in and around the transit of nearby
terrestrial exoplanet GJ 1132b with Hubble Space Telescope Wide Field Camera 3 (HST/STIS)
UV data which, if detected, would have indicated an extended cloud of neutral H outflowing from
the planet. This is a terrestrial world orbiting a fully-convective nearby M dwarf, making it a
keystone system in our study of exoplanet atmospheres. Unfortunately there is still no conclusive
evidence showing an atmosphere on this planet, perhaps a bad omen for the long-term retention of
atmospheres on M dwarf planets.

Before we can conclusively determine the presence or characteristics of planetary atmospheres,
we need to solve the outstanding questions of how stellar heterogeneities bias our transit measure-
ments. Starspots introduce anomalous features in the stellar spectrum which contaminate our
measured stellar and planetary parameters in ways that are unique to stellar spectral type and
activity level, so a robust understanding of stellar photospheres and activity is necessary for study-
ing planetary atmospheres. In Chapter 4 I report measurements of spot temperature and filling
factor for the nearby pre-main sequence star AU Mic. This active flare star has multiple transiting
planets with primordial atmospheres we should be able to detect in transmission, but stellar con-
tamination will be affecting the observed transit signals of AU Mic b and ¢ at all wavelengths in
ways that depend on the spot coverage fraction at the time of transit, the coverage fraction on the
transit chord at the time of transit, and the spot and ambient photosphere spectra (assumed to be
time-independent outside of stellar-evolutionary changes in the stellar flux over long timescales).
This is part of an effort to disambiguate the atmospheric signal from stellar contamination in the
HST/WFC3 transmission spectrum of AU Mic b, which is a current work in progress, discussed in

Chapter 5.

1.1 A Brief Overview of Transiting Exoplanets

Exoplanetary systems are randomly aligned to our line of sight, and when a planet’s orbit

is aligned such that we observe it cross the face of the star, we can measure the amount of light

blocked by the planet. The probability of a given star-planet system to transit given by £=. the
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Figure 1.1: Radius-Insolation plot for all confirmed exoplanets downloaded from the NASA Exo-
planet Archive on 19 Oct. 2023 (gray), the solar system planets (blue), and HD 209458b, the first
transiting exoplanet discovered. The vertical blue bar represents the circumstellar habitable zone.



ratio of the radius of a star to the semi-major axis of its planet. Transit light curves contain
other clues about the star-planet system such as orbital elements like period and eccentricity, the
existence of other planets in the system, the presence and composition of a planetary atmosphere,
and the structure and brightness of the stellar surface.

Transits are the most prolific method for planetary discovery, having surpassed other detec-
tion methods with the launch of Kepler (Borucki et al. 2003), the Transiting Exoplanet Survey
Satellite (TESS Ricker et al., [2015), and a number of ground-based transit surveys. As of Septem-
ber 2023, there are 3718 confirmed exoplanets on the NASA Exoplanet Archive (2778 from Kepler,
548 from K2, 392 from TESS), with nearly 2000 additional unconfirmed planet candidates. Of the
5523 total confirmed and unconfirmed candidates, 4122 are transit method detections, with the
next most prolific method being radial velocities (RV; the measurement small Doppler shifts in a
stellar spectrum due to an orbiting object), with 1065 detections. Transiting planets with masses
well constrained by RV measurements become viable candidates for atmospheric observations. As
transit surveys have now returned many of what will forever be the best targets for atmospheric
characterization around nearby stars, there is a shift in focus from detection to characterization,
and a drive to extract as much information from our transit light curves as possible.

The first transiting planet discovered was HD 209458b (Charbonneau et al., 2000), a hot
gas giant orbiting a GO-type star in a close 3.5 day orbit (see Figure . This gas giant was the
first transiting planet to have an RV mass measurement (Mazeh et al., 2000) and subsequently the
first exoplanet whose atmospheric absorption was measured (Charbonneau et al., 2002). While HD
209458 is not a particularly active star, HD 209458b is heavily irradiated on its short orbit and has
been extensively studied to measure outflowing atmospheric species, being the first system where
Lyman-a observations were used to study atmospheric outflow (e.g., Vidal-Madjar et al., [2003;
Linsky et al., 2010). Since its discovery, this heavily studied systems represents a controversial
benchmark in atmospheric studies of transiting gas giants. The detection of sodium in this planet’s
atmosphere (Charbonneau et al. 2002; Vidal-Madjar et al., 2011) has been contested in a more

recent study by [Morello et al. (2022) which took a careful approach to combining data sets and



found no evidence for sodium. Similarly, the detection of molecules in the atmosphere of HD
209548b like HoO and COq are detected in transmission (Sanchez-Lopez et al., 2019; Snellen et al.,
2010)) but not emission (Evans et al.l [2015; Schwarz et al., 2015)); an unresolved mystery which may
be due to atmospheric evolution, stellar spectral features, weak emission features due to a shallow
temperature-pressure profile, or the sensitivity of our results to different techniques, assumptions,

model libraries, and reduction pipelines (e.g., Deming & Sheppard}, 2017} Iyer & Line, 2020)).

1.2 What Do We Learn from Transits?

When a planet transits its star, the first pieces of information we get are the planet-star radius
ratio, the stellar limb-darkening profile, and if more than one transit is observed, the orbital period.
Transits, first characterized analytically by Mandel & Agol (2002), also inform us on the eccentricity
of an exoplanet (Price et al., 2015) or the stellar density (p., [Seager & Mallén-Ornelas, 2003a; Winn
et al.| 2010) (without RV measurements, stellar density and orbital eccentricity are degenerate),
and the possible existence of other planets in the system through transit timing variations (e.g.,
Ballard et al.,[2011)). Being able to measure stellar density (p.) from the transit light curve provides
us with a powerful check on stellar mass and radius. For sub-Neptune planets where M, << M,,

the density is calculated as follows:

3 a\? (1.1)

P~=GeP2\R,) '
where G is the gravitational constant, P is the planet’s orbital period, and Ri* is planet’s semi-major
axis in units of stellar radii (for reference, this value is about 200 for the Earth-Sun system, and

between 10-100 for most warm or habitable-zone sub-Neptune planets in M dwarf systems. The

scaled semi-major axis is measured from the transit duration as:

a Porp

R. #Tp’

(1.2)

where P, is the planet’s orbital period (measured from successive transits and/or RV measure-

ments) and T is the transit duration, shown in Figure
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star. Transit model created with batman (Kreidberg), 2015).




For a circular orbit, the transit duration depends upon the speed with which the planet is
traveling in its orbit and the distance it travels across the stellar face. This distance is 2 x R,
if the planet transits perfectly across the full face of the disk, but in reality most systems have
some observed inclination slightly less than 90 degrees (which would be fully edge-on) that reduces
the transit duration. To include that in our transit models, we define the impact parameter, b,
calculated as:

b= Ri*cosi, (1.3)

where i is the exoplanet’s observed inclination. We can write a more accurate expression for the

transit duration (or re-arrange it to solve for a/R,) with this impact parameter:

Tp =

P;rb \/(R* +Rp)* — (bR*)Q’ (1.4)

a

with the addition of R, to account for cases where the transiting object is so large that the ingress
and egress of the transit are a significant fraction of the duration of transit.

Observing transits in multiple narrow wavebands is called transmission spectroscopy, and
allows us to measure diatomic and molecular species in a transiting planet’s atmosphere (Seager &
Sasselov}, [2000a). The transit depth and apparent radius of the planet will increase as species in
the terminator of a planet’s atmosphere absorb stellar flux. Longer wavelengths probe molecular
features in planetary atmospheres while atomic absorption from species like H occurs at shorter
wavelengths and can reveal escaping atmospheres that help us understand the radiative environment
of the system. Toward optical wavelengths, Rayleigh scattering in exoplanet atmospheres can
create a rise in observed transit depth (e.g., Robinson et al., [2014) and be a further indicator of
the presence of a planetary atmosphere for the same reason a blue sky is evidence of the Earth’s
atmosphere. An additional (sort of) observable piece of evidence of exoplanet atmospheres is the the
presence of clouds (Seager & Sasselov, 2000b) or hazes (Morley et al.,2015). The presence of clouds
and hazes increases the altitude at which the planet’s atmosphere is optically thick at all wavelengths
(like Venus compared to the Earth) and effectively mutes the strength of transmission features. In

practice, it is still challenging to distinguish the lack of an atmosphere from an atmosphere with



a high cloud deck or significant haze coverage though this is likely an observational challenge that

will be solved as our understanding of the range of possible exoplanet atmospheres grows.

1.3 M Dwarfs and Their Planets

M stars are the most numerous in the galaxy (Bochanski et al., |2010)) and populate the main
sequence between 0.08-0.5 Mg, with much longer main sequence lifetimes than more massive stars
as nuclear burning rate scales with mass and is slowest for M stars (Tarter et al.,|2007). Given what
we now know about the occurrence rate of exoplanets, we expect most stars to have planets and
indeed compact multi-planet systems are ubiquitous around M dwarfs (Dressing & Charbonneau,
2015; [Hardegree-Ullman et al.l 2019). M dwarfs are favorable targets for exoplanet transit and
transmission studies because the depth of transit features scales as (Rp/R.)?, which is to say that
for a planet of a given size, its transit depth and atmospheric absorption features will be deeper
around a small star than around a larger star. M dwarfs are also cooler, which has a particular
significance in that their liquid water habitable zones (e.g., Kopparapu et al., [2019) are much
closer to the star and we can detect and study exoplanets with periods of 10s of days in their
star’s habitable zone. A closer habitable zone also means that temperate or cool planets orbiting
M stars have a higher transit probability than around more massive stars. However, while all stars
display some or many forms of stellar activity, M stars are particularly active in ways that throw
the persistence of terrestrial atmospheres into question for these systems.

The activity of low mass stars has been studied for a long time, with Reiners & Basri (2007))
demonstrating the first measurements of magnetic field strength on stars later than M4.5. They
studied the variability of FeH molecular bands with stellar rotation and associated shorter rotation
with greater activity. While all stars decrease in activity with age, these late M stars were found
not to decrease in magnetic activity similar to other stars, but to remain relatively active even
at slow rotation, late into their lives. West et al.| (2015) expand on the age-activity relation for
M stars, finding that old late-type stars are more magnetically active than old earlier-types. This

implies that the latest M type stars, one of the most numerous exoplanet host types in the galaxy
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(Laughlin et all {1997)), have characteristically different dynamo properties and magnetic activity
than more massive stars. In this regime, stars are fully convective and even as they spin down, the
convective turnover time scale can be much longer than the rotation period, resulting in unique
but as-yet poorly understood magnetic properties for these stars.

The first known terrestrial exoplanet around an M dwarf star was GJ 1132b. |Berta-Thompson
et al. (2015) discovered this Earth-like (R= 1.130 £ 0.056Rg, M= 1.66 £+ 0.23Mpg; Bonfils et al.,
2018])) exoplanet on a 1.6-day orbital period around a nearby fully-convective low-mass star with
M= 0.21Mg,, (Bonfils et al., 2018)) with the MEarth ground-based transit survey (e.g., Irwin et al.,
2009; Berta et al., 2012)). Since its discovery, this planet has been target of interest for its potential
to have an observable atmosphere (Schaefer et al.,[2016; Morley et al., 2017)) and attempts to detect
an atmosphere have provided controversial and contradictory results. Chapter 3 covers the non-
detection of an escaping atmosphere, but longer wavelength observations from both ground- and
space-based observatories haven’t found consistent evidence of any sort of atmosphere. [Southworth
et al. (2017) and Swain et al.| (2021) claim detections of atmospheric species from the ground
and HST/WFC3 transmission spectra, respectively, while ground-based transmission observations
from Diamond-Lowe et al. (2018]) and independent analyses of HST/WFC3 transmission spectra
by [Mugnai et al. (2021) and Libby-Roberts et al.| (2022) show GJ 1132 b’s transmission spectrum
to have no significant atmospheric absorption. |[May et al. (2023) recently analyzed two transits
of GJ 1132b with JWST NIRSpec and found the first transit consistent with either atmospheric
absorption or stellar contamination, while the second transit showed no significant deviation from
a flat transmission spectrum. This continued mystery particularly highlights the importance of
using multiple observations, instruments, and methods before reporting detections of atmospheric

species in M dwarf exoplanet atmospheres.

1.4 The TESS Followup Observing Program

In 2018, TESS successfully launched and began observing the light curves of bright nearby

stars, eventually surveying 75% of the sky by the end of its initial two-year mission. This telescope
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has the explicit purpose of monitoring hundreds of thousands of bright nearby stars to observe as
many transiting systems as possible, especially sub-Neptune exoplanets on temperate orbits around
M dwarf stars, a demographic undersampled in the Kepler catalog as Kepler targeted a narrower
and deeper field more sensitive to far away solar- and more massive type stars.

To handle the amount and variety of observational followup needed, the TESS Followup
Observing Program (TFOP), hosted alongside TESS at MIT, was set up to organize the incoming
planet candidates and followup observations from teams around the world. I led several ground-
based observing campaigns to validate as many TESS Objects of Interest (TOI) as possible with
ground-based transit followup, with some of the discoveries I contributed to highlighted in Figure
I mostly targeted the smallest planet candidates with the lowest mass stellar hosts, contributing
data to the discovery and validation of LHS 3844b (Vanderspek et all 2019)), LP 791-18 b, ¢, and
d (Crossfield et al., [2019; [Peterson et al., 2023), and TOI 269b (Cointepas et al., 2021); three
nearby M dwarf systems with sub-Neptune and terrestrial exoplanets which are viable targets for
transmission studies. Overall I contributed 38 light curves for 26 different TESS Objects of Interest
to Exo-FOP using a ground-based observation campaign I led using the Las Cumbres Observatory

(LCO).

1.5 Stellar Activity and Atmospheric Escape

The base concern of stellar activity is its effect on planetary atmospheres and habitability.
These stars exhibit some of the most significant stellar activity and typically have XUV-bolometric
luminosity ratios of an order of magnitude greater than solar (France et al., |2013]). In the first few
Gyr of an M dwarf’s life it bombards its planets with high energy radiation, flares, stellar winds,
and other effects.

Flares are known to have a greater effect on atmospheric loss for planets around M stars than
around G or K stars (Chadney et al., 2017), with |Atri & Mogan| (2021)) finding that M0-M4 stars
are likely to erode both primary and secondary atmospheres of terrestrial planets in the HZ through

extreme XUV activity and flaring. |Louca et al.| (2023) model the effects of recurrent flaring from



12

L J
l1e
[ X J ®
= : [ )
9 10-: — \ O
= TOI 122b
=
ju FY s -
© oy
= o4 oo
(%3]
3
©
@©
[ a °
+—J
2
s 11
2 1
LP 791-18d ©® All Confirmed Exoplanets
 Solar System Planets
T T T T rrrT T T I""!‘ T T T T T T T T rrrrTTT T T
104 103 102 10! 100 101 1072 103

Bolometric Flux Received (relative to Earth)

1000K 100K
Planetary Equilibrium Temperature (for zero albedo + efficient circulation)

Figure 1.3: Radius-Insolation diagram of known exoplanets, pointing out those I have published or
helped discover. Insolation is the amount of bolometric stellar flux received by the planet relative
to the solar flux received by the Earth. The vertical blue bar represents the circumstellar habitable
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early and mid-M dwarfs on sub-Neptune exoplanet atmospheres and find that on the timescale of
a few weeks, flares alone significantly alter atmospheric chemistry. Interestingly, they found this to
not have significantly affected the methane chemistry or detection for the larger planets.

Modi et al. (2023) studied the effects of both stellar wind and EUV flux on planetary at-
mospheres and found that stellar winds were ultimately not very effective at stripping planetary
atmospheres and EUV flux was the primary driver of atmospheric loss. They find that planets
orbiting > 0.1AU from active late-type stars are most likely to retain their primordial atmospheres.
Lobo et al.| (2023 modeled the evolution of tidally locked sub-Neptune planets in the habitable
zones of active M stars and found that water worlds will experience runaway greenhouse effects at
young system ages but that there is a chance for habitable conditions on the terminator region of
terrestrial worlds.

Several planets have been observed to have deep and extended transits at Lyman-«, at-
tributed to outflowing gas photo-ionized by the XUV radiation of the host star, like HD 209458b
(Vidal-Madjar et al., 2003; Ehrenreich et al., 2008), HD 189733b (Bourrier et al., 2013), Gl 436b
(Ehrenreich et all 2015; Bourrier et al., [2015; [Bourrier et al., 2021), the TRAPPIST-1 system
(Bourrier et al., 2017c|) and GJ 3470b (Bourrier et al., 2021). This is one of the best probes for in-
ferring atmospheric loss from transiting exoplanets, and from the depth and duration of the transit
we can learn about how quickly neutral hydrogen in the outflow is photo-ionized, the radiative and
tidal forces of the star, and the processes driving escape (e.g., |Waalkes et al |2019; |(Owen & Altaf]
2021]).

If we come to find that terrestrial planets in the habitable zones of M stars rarely retain their
atmospheres, the prospects for life in the galaxy (and our ability to find it) become somewhat bleak
until we are able to detect and study large numbers of habitable-zone planets in sun-like systems,
like with the proposed Habitable Worlds Observatory, which is a telescope combining the designs
and scientific goals of the previously proposed LUVOIR (The LUVOIR Team, 2019) and HabEx
(Gaudi et al., 2020) missions. However, this is not (yet) the case, and the search for atmospheres

in these systems is only beginning, with active and spotted young systems like AU Mic (see Figure
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Figure 1.4: A phase-folded lightcurve of AU Mic from TESS sector 1, showing complex rotational
modulation from surface heterogeneities and spikes in flux from flares.
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1.4) allowing us to study planets which still have their primordial atmospheres in high-activity
environments. The challenge for these systems then becomes the issue of disentangling stellar

contamination from signals due to atmospheric absorption.

1.6 Observational Biases Introduced by Starspots

Stars with convective outer envelopes will exhibit starspots and faculae in regions where
magnetic field lines pass through the photosphere. A sufficient concentration of magnetic field lines
creates a region where magnetic pressure counteracts gas pressure, reducing opacity and increasing
the flux emanating from deeper in the photosphere, creating a bright region known as a facula.
When the concentration of magnetic field lines is great enough, convection is inhibited and instead
of an increase in flux, the magnetic region is cooled via radiation and appears as a dark spot with
temperature that depends on the strength of the magnetic field (Kopp & Rabin, (1992).

As spots on the stellar surface rotate in and out of view they create spectro-photometric
variations in phase with stellar rotation and impart unique spectral features into stellar spectra.
Spots occulted by transiting planets can appear as a bump in the light curve where the flux
contrast and shape of the bump provides clues about the spot morphology, location, and spectrum.
Unocculted spots, however, impart spectral signatures in the disk-averaged spectrum that create
A-dependent changes to the exoplanet transit depth in what is now known as the transit light source
effect (TLSE; Rackham et al. 2018]). Below about 4000 K, absorption features for molecules like
H50O and TiO begin to appear in stellar spectra which may be mistaken for atmospheric signatures in
planetary transmission spectra if the spot coverage on the transit chord is not representative of the
disk-averaged spot coverage. [Iyer & Line| (2020)) find that HoO absorption is widespread in archival
WEFC3 spectra, a phenomenon that may, in many cases, be due to unocculted spots. Starspot
contamination increases in magnitude at bluer wavelengths (see Figure as spot contrast against
the surrounding photosphere increases, the relative stellar background flux decreases, and the
apparent planetary radius increases. In observation, this can appear similar to Rayleigh scattering

in a transiting exoplanet’s atmosphere.
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Figure 1.5: Spot contrast against the photosphere is greatest at blue wavelengths and decreases
toward redder wavelengths (top panel). This corresponds to a decrease in photometric variability

(middle panel) as well as a decrease in spot contamination with wavelength.



17

Spots are ubiquitous on stars with convective outer envelopes, which includes all but the
most massive stars. The greatest spot coverage fraction measured for the sun is about 0.06% (e.g.,
Penza et all 2021) but the sun is a relatively inactive star compared to other solar-type stars, and
is less active than nearly every single M star (e.g., |Basri et al., [2013). Lower mass stars have much
higher coverage fractions of spots, but tend to be spot-dominated instead of facula-dominated like
solar-type stars (Rackham et al., 2018)).

Photometric variations in stellar rotation have long been recognized as a measurable effect
of spot coverage, with direct links to spot coverage and spectrum (Budding, (1977} |Spruit}, (1982).
When spots lie on the transit chord and are occulted by a planet, a bump can be found in the
transit which is used to study the shape and extent of spots, their spectral contrast, planetary
obliquity, and stellar differential rotation (e.g., Budding & Zeilik, |1987; |Silva-Valio, 2008; Aratjo
& Valio, [2023)). There are now over a dozen known systems with spot crossings, with vast potential
for studying spots on these stars and learning more about spot spectra, location, evolution, and
morphology.

Spots and the rotational variations they cause can introduce biases into our measurements of
stars and their planets. Lanza et al.| (2008)) found that magnetic active regions can shift the star’s
photocentre, causing false detections of transiting planets in astrometry. Similarly, Newton et al.
(2016b)) show that when a planet’s orbit is on a similar period to the stellar rotation, radial velocity
measurements and detections can be obscured, most significantly affecting RV measurements for
habitable-zone exoplanets around early (M4V-M1V) M stars, and being less of a problem for
habitable-zone planets around later-type stars. Stars with very short rotation periods (P<1 day)
obscure transit signals regardless of stellar type (Miyakawa et al. 2022), but this effect is less at
redder wavelengths where stellar photometric variability amplitudes decrease.

If spots are left unaccounted for, atmospheric depths can be biased and planets mischarac-
terized in multiple ways. Unocculted spots increase the measured transit depth of the planet with
a chromatic effect and an increasing trend toward bluer wavelengths, making the planet appear

larger than it is in both broadband and high-resolution observations. |Czesla et al.| (2009) found
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Figure 1.6: A cartoon model of the relative effects of atmospheric absorption and unocculted spot
contamination for a planet like AU Mic b around a star like AU Mic.
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that occulted and unocculted spots can both affect transit measurements and that stellar activity

cannot be ignored in exoplanet studies. Other studies have also confirmed this effect, found to

behave differently depending on the resolution of our spectra (Deming & Sheppard, 2017) and also

adding bias to transit duration and TTV signals (Oshagh et al. 2013). Studies have shown that

transit depths can be biased by spots in broad photometric bandpasses (e.g., Ballerini et al., 2012))

as well as in medium- and high- resolution spectra, with the potential to cause both false-positive

and false-negative detections of atmospheric absorption (e.g., |Zhang et al., 2018} [Rackham et al.,

2018}, 2019; Wakeford et al, 2019; [Iyer & Line| 2020). Iyer & Line| (2020) investigate the issue of

spot contamination and find the TLSE is negligible for stars with spot coverage less than about 1%.
Unfortunately, spot coverage fractions this low are uncommon or even rare for low mass exoplanet
hosts.

This effect has become a real problem for state-of-the-art observations of sub-Neptune exo-

planet atmospheres with HST and JWST, with possible spot contamination obscuring our interpre-

tation of atmospheric absorption for M dwarf sub-Neptunes TOI 270d (Mikal-Evans et al., 2023),

K2-33b (Thao et al., 2023)), Gl 486b (Moran et al., 2023), L 98-59¢ (Barclay et al., 2023)), and the

TRAPPIST-1 system (Zhang et al., 2018; Wakeford et al.,|2019; Lim et al.,2023) - all nearby planets

on temperate orbits that are promising targets for atmospheric study. Transmission observations
of these planets show features consistent with spot contamination and/or atmospheric absorption,

with signals entangled until we have a detailed understanding of the stellar surface of each of those

stars at the time of transit. Moreover, Luque & Pallé| (2022) report that sub-Neptune planets in

M dwarf systems can be characterized into three distinct groups based on density; rocky worlds,
water-rich worlds, and gaseous worlds. If densities are highly indicative of distinct planet types,
then the accurate calculation of planetary radii from multi-wavelength transit observations that
also account for starspots is crucial for even the broadest interpretation of transiting sub-Neptune

observations.
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1.7 A Deep Investigation Into An Active, Spotted Star

My current research builds off of the research presented in Chapter 4 to lay the groundwork
for the discovery and characterization of M dwarf exoplanet atmospheres by studying starspot
contamination for the young active planet host AU Microscopii. This very young (24 Myr; [Mamajek
& Bell, 2014) and very close (9.71 pc; |Gaia Collaboration et al., 2023) star is a closely studied
star historically for its high level of activity and significant photometric variabilities (e.g., Hebb
et all [2007), and is now an exoplanet host of high interest for its planetesimal-containing debris
disk (e.g., MacGregor et all [2013) and two transiting warn Neptunes (Plavchan et al., 2020}
Martioli et al., 2021; |Szabé et al., 2021; [Zicher et al. [2022; Donati et al., 2023|). Because of the
young age and proximity of this system, it presents exoplanet transmission targets which we expect
to have atmospheric absorption signatures more detectable than nearly every other sub-Neptune
exoplanet. These planets have not yet lost their primordial atmospheres, and are likely inflated
from only recently being formed, with hydrogen-dominated atmospheres.

This is an extremely active early-type M star (MOVe) with a well-studied magnetic field. AU
Mic has been found to have an asymmetric global magnetic field with a mean field strength of 90
Gauss and spotted magnetic field strengths of 2-3 kG (Kochukhov & Reiners, |2020; Reiners et al.|
2023; |Cristofari et all 2023; Donati et al.l 2023). Donati et al| (2023) measured magnetic field
strengths of 2-2.3 kG with a corresponding spot filling factor of 24 + 3%, somewhat smaller than
the 40 4+ 4% coverage we measured in Chapter 4. In the first order assumption that the empirical
relation derived by Kopp & Rabin| (1992) for sunspot temperature and magnetic field strength
holds somewhat true for AU Mic, field strengths between 2-3 kilo Gauss (kG) should correspond to
spot-to-photosphere temperature ratios of 0.5 (at 3 kG) to 0.9 (at 2 kG), which encompasses our
measurements of spot temperature ratios of between 0.75-0.80 (Tspor = 3000 — 3100K) for AU Mic.

AU Mic’s flaring and XUV activity level may spell doom for the atmospheres of AU Mic b
and ¢, but the young age of the system implies those atmospheres are still observable and have not

been photoevaporated. Some evidence of atmospheric escape from the atmosphere of AU Mic b
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was found by Rockcliffe et al. (2023), with inconsistent measurements which might tie atmospheric
escape to specific mechanisms or high energy events. Studying this system in depth allows us to
glimpse into the very early stages of atmospheric absorption and evolution under an active flare
star which represents a young version of many other exoplanet host stars with transmission targets.
The insights we gain about the atmospheres of AU Mic b and ¢ will help us better understand the
prognosis for sub-Neptune atmospheres subjected to a lifetime of M dwarf stellar activity.

To successfully disambiguate stellar contamination from the HST/WFC3 transmission spec-
trum of AU Mic b, we will need to develop a novel approach which integrates all of our ground-based
and WFC3 data. [Iyer & Line| (2020) demonstrated that simply having priors for spot contamina-
tion does not improve atmospheric retrieval for contaminated spectra, but that a joint inference
of both stellar and planetary parameters is more reliable. Based on this, we will model AU Mic
b’s transmission spectrum using an atmospheric retrieval framework that simultaneously models
spot characteristics similar the model we developed in Chapter 4. The precise constraints we place
on spot characteristics in that chapter gives us optimism for the success of measuring AU Mic
b’s atmospheric absorption, but it may also be the case that the uncertainty on contamination
level obscures a significant absorption signal, which will give us insight into the challenge we are up
against for measuring planetary atmospheres in more distant systems with even weaker atmospheric
signals.

If there are signs of biological processes in the atmospheres of other worlds, then it is a matter
of time until we discover them. Many of the best targets for atmospheric characterization have
been or will soon be found, but there is no shortage of challenges we need to overcome in order
to robustly detect planetary atmospheres and disentangle them from the complex spectrum of the
background star. The following chapters chart a path through observations of transiting exoplanets
and low mass host stars that have left me with many burning questions and several new ideas on
how to answer those questions so that I can help lay the groundwork for the eventual unambiguous

detections of molecular and biogenic species in the atmospheres of temperate and habitable worlds.



Chapter 2

TOI 122b and TOI 237b, two small warm planets orbiting inactive M dwarfs,
found by TESS

This chapter has been published in the Astronomical Journal as: W. C. Waalkes, Z. K. Berta-
Thompson, K. Collins, A. Feinstein, B. Tofflemire, B. Rojas-Ayala, M. Silverstein, E. Newton, G.
Ricker, R. Vanderspek, D. Latham, S Seager, J. Winn, J. M. Jenkins, J. Christiansen, R. Goeke, A.
Levine, H. Osborn, S. Rinehart, M. Rose, E. Ting, J. Twicken, K. Barkaoui, J. Bean, C. Briceno,
D. Ciardi, K. I. Collins, D. Conti, T. Gan, M. Gillon, G. Isopi, E. Jehin, E. Jensen, J. Kielkopf,
N. Law, F. Mallia, A. Mann, B. Montet, F. Pozuelos, H. Relles, J. Libby-Roberts, C. Ziegler,
TOI 122b and TOI 237b, two small warm planets orbiting inactive M dwarfs, found by TESS, The
Astronomical Journal, 2021, 161, 13.

Specific contributions include: W. C. Waalkes led the data analysis and model fitting, Z. K.
Berta-Thompson provided the finder charts for both systems and PI'd an proposal with which some
of the ground-based light curves were observed, K. Collins organized the TESS Followup Observing
Program (TFOP) which organized various contributions from many sources. B. Tofflemire provided
systemic radial velocities and A. Tokovinin (who chose not to be a co-author on the publication)

provided the SOAR speckle imaging.

2.1 Preface

We report the discovery and validation of TOI 122b and TOI 237b, two warm planets transit-

ing inactive M dwarfs observed by TESS. Our analysis shows TOI 122b has a radius of 2.724+0.18 Rg
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and receives 8.8+1.0x Earth’s bolometric insolation, and TOI 237b has a radius of 1.4440.12 Rg
and receives 3.74+0.5x Earth insolation, straddling the 6.7x Earth insolation that Mercury receives
from the sun. This makes these two of the cooler planets yet discovered by TESS, even on their
5.08-day and 5.43-day orbits. Together, they span the small-planet radius valley, providing useful
laboratories for exploring volatile evolution around M dwarfs. Their relatively nearby distances
(62.23+£0.21 pc and 38.11+0.23 pc, respectively) make them potentially feasible targets for future
radial velocity follow-up and atmospheric characterization, although such observations may require

substantial investments of time on large telescopes.

2.2 Introduction

The Transiting Exoplanet Survey Satellite (TESS, Ricker et al., 2015) follows the 8 year
missions of Kepler (Borucki et al.l |2010) and K2 (Howell et al., [2014), which discovered thousands
of planets. While Kepler typically found planets orbiting faint and distant stars, TESS is examining
the brightest and nearest stars for evidence of exoplanet transits. Over the course of its 2-year
primary mission, TESS has surveyed 85% of the sky, looking at over 200,000 nearby stars with
a 2-minute cadence and many more stars with the 30-minute full frame images (FFIs). TESS is
expected to find up to 4500 planets, 500-1200 planets orbiting M dwarfs, and about 50 planets
within 50 pc (see Sullivan et al., 2015; [Barclay et al., 2018; Ballard), 2019).

M dwarfs are interesting targets for transiting exoplanet studies as they provide the best
opportunity for finding temperate terrestrial planets (Nutzman & Charbonneau, 2008} |Blake et al.)
2008). All main sequence stars less massive than 0.6 Mg fall into the M dwarf category, and they
are the most numerous stellar type in the universe (e.g., Chabrier & Baraffe, 2000). These stars
are very cool (2000 K<T,4<4000K) and very small, so cool planets have shorter periods, higher
transit probabilities and deeper transits than they would around larger stars.

M dwarfs tend to host terrestrial exoplanets more often than gas giants (Mulders et al.l [2015;
Bowler et al |2015]), and these terrestrial planets can more readily be found at lower insolations

given the low luminosities of M dwarfs. Finally, M dwarfs have such long lifetimes that not a
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single M dwarf ever formed has yet evolved off the main sequence (Laughlin et al., [1997)), making
these stellar systems interesting laboratories for very long timescale planetary evolution. For a
comprehensive review of M dwarfs as exoplanet host stars, see [Shields et al. (2019). While the
habitability of planets around M dwarfs remains an open question, the low insolations of M dwarf
planets on short periods creates opportunities for statistically studying the presence and evolution
of planetary atmospheres.

The first year of TESS yielded several small exoplanets orbiting M dwarfs such as LHS
3844b (Vanderspek et al., 2019), the L 98-59 system (Kostov et al., 2019; |Cloutier et al., [2019)),
the TOI 270 system (Gunther et al., 2019), the Gl 357 system (Luque et al., [2019), LTT 1445Ab
(Winters et al., |2019), the LP 791-18 system (Crossfield et al., [2019), and L 168-9b (Astudillo-
Defru et al., [2020). The two planets we present in this paper are challenging for precise RV mass
measurements, but both are smaller than 3 Rg and their low insolations and short periods (see Fig.
position them as interesting candidates for atmospheric follow-up. They may have retained
their atmospheres despite being too hot to be considered habitable and may help us understand
atmospheric evolution and the diversity of atmospheres of small planets.

The rest of the paper is organized as follows. In §2 we describe the TESS observations, the
photometric and spectroscopic follow-up data we gathered, and arguments against these planets
being false positives. In §3 we describe the results of stellar parameter estimation and transit light

curve fitting, and in §4 we discuss the results and their implications for future work.

2.3 Data

2.3.1 TESS Photometry

TESS has four 24 x 24 degree field of view cameras, each with four 2k x 2k CCDs. The TESS
bandpass is 600-1000 nm, and the pixel scale is 21 arcseconds (Ricker et al., 2015)). For our analysis
of the TESS light curves (Fig. , we accessed the TESS data using lightkurve (Lightkurve

Collaboration et all [2018) and downloaded the Science Processing Operations Center (SPOC,
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Date Observatory Filter texp(s) Raperture(”) Ty (BJD TDB)
TOI 122b
2018-09-18 SSO iTelescope Clear 120 4.8 (Egress Only)
LCO SSO (1m) r’ 180 4.28
2018-09-18 LCO SSO (1m) o 20 250 2458379.9015 4 0.0012
2018-10-18 LCO SAAO (1m) I 42 5.45 (Too Noisy)
TRAPPIST South (0.6m) I+z' 60 5.2
2018-11-02 LCO CTIO (1m) ] 1 L6 2458425.6026 4 0.0006
2019-07-10 LCO SAAO (1m) I 50 5.06 2458674.4275 4 0.0012
2019-07-15 LCO SAAO (1m) I 50 3.50 (Too Noisy)
LCO CTIO (1m) g 240 4.67
2019-07-25 LCO CTIO (1m) o 240 280 2458689.6577 4 0.0012
2019-08-04 LCO CTIO (1m) \Y 240 5.45 2458699.8177 4 0.0020
TOI 237b
2018-12-16 LCO SAAO (1m) P 65 4.67 (Bad Ephemeris)
2019-05-07 LCO SAAO (1m) P 100 3.89 (Bad Ephemeris)
2019-06-02 TRAPPIST South (0.6m) I+z 60 5.2 2458637.9225+0:0014
2019-06-14 LCO CTIO (1m) I 60 6.22 2458648.797110-0019
2019-06-19 LCO CTIO (1m) I 60 8.56 (Too Noisy)
LCO CTIO (1m) I 75 5.45
2019-08-02 LCO CTIO (1m) o 200 6T 2458697.7198 + 0.0008
2019-08-13 LCO SAAO (1m) I 70 4.67 2458708.5923 150015
2019-09-03 LCO SAAO (1m) I 70 5.06 2458730.34197 0501

Table 2.1: Ground-based follow-up observations of the two planets, with mid-transit times (if a
transit is detected), exposure times, and filters. For data sets in which a transit is not detected, this
could be due to the transit being missed entirely, or the transit being obscured by noise. LCO is
the Las Cumbres Observatory which includes SAAQO, the South African Astronomical Observatory,
CTIO, the Cerro-Telolo Interamerican Observatory, and SSO, the telescopes at the Siding Spring
Observatory. SSO iTelescope is the Siding Spring Observatory iTelescope, which is not part of
the LCO network. Observations from this site unfortunately missed most of the transit so we do
not include these data in our analysis. We report mid-transit times based on the joint modeling
described in the text.
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Figure 2.1: All confirmed exoplanets and current TESS Objects of Interest (TOIs) (as of February
2020) with current values for R, (Rg) and S (Sg). Orange points are the TOIs (validated and
unvalidated), while the gray points are all confirmed exoplanets (as of March 2020). Highlighted
in green is the “recent Venus-early Mars” habitable zone covering 0.25-1.5 Sg (e.g.,
2019), in which a few systems fall. This optimistic habitable zone is likely shifted to lower
insolations for M dwarfs given more recent studies of energy budgets and albedos for M dwarf

planets (Shields et al., 2019).

\Jenkins et al., 2016a) Presearch Data Conditioning Simple Aperture Photometry (PDCSAP) flux

light curves (Stumpe et al., 2012; Smith et al., 2012; |[Stumpe et al., 2014). The light curves shown
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in Figure are 2-minute cadence data phase-folded to the orbital periods we refined in this work.

TESS Object of Interest (TOI) 122b (TIC 231702397) was observed in Sector 1 of TESS
from 2018 July 25 to 2018 August 22 with CCD 1 of Camera 2. Four transits were observed with
a 5.1 day period and a 6 ppt depth. The SPOC (Jenkins et al., 2016b) pipeline flagged the light
curve as a planet candidate and it was submitted to the MIT TOI alerts pageﬂ (Guerrero et al.,
submitted), where we accessed the preliminary SPOC data validation transit parameters (Twicken
et al., 2018} [Li et al., 2019)) and scheduled follow-up observations with ground based observatories.
Preliminary parameters indicated that the stellar host was an M dwarf, implying the orbiter was
super-Earth or sub-Neptune in size.

TOI 237b (TIC 305048087) was observed in Sector 2 of TESS from 2018 August 22 to 2018
September 20 with CCD 1 of Camera 1. Five transits were observed with a 5.4 day period and a 6
ppt depth. The SPOC pipeline flagged the light curve as a planet candidate and it was submitted
to the MIT TOI alerts page, where we accessed the preliminary transit parameters and scheduled
follow-up observations with ground based observatories. Preliminary parameters indicated that the

stellar host was an M dwarf, implying the orbiter was also super-Earth in size.

2.3.2 Ground-Based Photometry

The follow-up observations are summarized in Table Both systems were observed exten-
sively as part of the TESS Follow-up Observing Program Sub-Group 1 (TFOP SG1) photometric
campaign. Ground-based observations span several months for both targets, from observatories
around the globe. For both TOI 122 and TOI 237, we used the TESS Transit Finder tool, which
is a customized version of the Tapir software package (Jensen) 2013), to schedule the photometric
time-series observations. Ground-based light curves used in the analysis are shown in Figures [2.3
and 2.4

LCO Photometry

Most photometric data were taken at Las Cumbres Observatory sites via the Las Cumbres

! https://tess.mit.edu/toi-releases/
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Figure 2.2: TESS light curves, phase-folded across a full 27-day sector to the periods refined in
this work. We model these light curves with a 3-parameter MCMC that explores values for transit
depth, inclination, and the scaled semi-major axis. The best fit model (50" percentile values) is the
black line, and red lines are random samples drawn from the posterior distributions. The posteriors
from the TESS light curves are consistent with the posteriors for the follow-up observations, with
larger uncertainties. The follow-up observations have allowed us to constrain the transit parameters

effectively.

Observatory Global Telescope (LCOGT) network (Brown et al., 2013). These observations were
done with 1-m telescopes equipped with Sinistro cameras which have a plate scale of 0.389 arcsec-
onds and a FOV of 26.4' x 26.4’. Filters and photometric aperture radii vary between observations
and are provided in Table Additional information and the full datasets can be found on
ExoFOP-TESY .

LCOGT data are reduced via a standard reduction pipeline (“BANZAT”,|McCully et al., 2018])
which performs bias and dark subtractions, flat field correction, bad pixel masking, astrometric
calibration, and source extractionﬁ . We scheduled most observations in red bandpasses (I, i’, z)
where the S/N is highest for M dwarfs. Observing windows were chosen to include the full transit
along with 1-3 hours of pre- and post-transit baseline. Many of our observations were defocused, to
allow longer integration times for brighter stars and to smear the PSF over more pixels, reducing
any error introduced by uncertainties in the flat-field.

We performed differential aperture photometry on the data using the Astrolmage] tool

2 lhttps://exofop.ipac.caltech.edu/tess/
3 |https://lco.global /documentation/data/BANZAlpipeline/
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(Collins et al., [2017). Using a finder chart, we drew apertures of varying radii (see Table
around the target star, 2-6 bright comparison stars, and any stars of similar brightness within
2.5’. Light curves of the nearby stars were examined for evidence of being eclipsing binaries, vari-
able stars, or the true source of the transit signal in TESS’ large pixels. For both of these systems,
the transit was found around the target star, and no evidence of nearby eclipsing binaries or periodic
stellar variation was found within 2.5’ that could have given rise to the transit signal.

TRAPPIST-South Photometry

TRAPPIST-South at ESO-La Silla Observatory in Chile is a 60 cm Ritchey-Chretien tele-
scope, which has a thermoelectrically cooled 2kx2k FLI Proline CCD camera with a field of view
of 22 x 22’ and pixel-scale of 0.65” /px (Jehin et al. 2011} |Gillon et al., [2013). We carried out a
full-transit observation of TOI 122 on 2019 November 02 with I + z filter with an exposure time
of 60 s. We took 222 images and made use of AstrolmagelJ to perform aperture photometry, using
an aperture radius of 8 pixels (5.2”) given the target PSF of 3.77. We confirmed the event on
the target star on time and we cleared all the stars of eclipsing binaries within the 2.5’ around
the target star. For TOI 237 the observations were carried out on 2019 June 02 with I + z filter
and exposure time of 60 s. We took 207 images and used AstrolmagelJ to perform the aperture

photometry, using an aperture radius of 8 pixels (5.2”) given the target PSF of 4.3”.

2.3.3 SOAR Speckle Imaging

High-angular resolution imaging is needed to search for nearby sources not resolved in the
seeing-limited ground-based photometry. Nearby sources can contaminate the TESS photometry,
resulting in a diluted transit and an underestimated planetary radius. We searched for nearby
sources to TOI 122 with SOAR speckle imaging (Tokovinin, 2018) on 2018 December 21 in I-band,
a similar visible bandpass as TESS. Further details of observations from the SOAR TESS survey
are available in Ziegler et al. (2020). We detected no nearby stars within 3” of TOI 122 within the
50 detection sensitivity of the observation, which is plotted along with the speckle auto-correlation

function in Figure Companions within 2.5 magnitudes of the target (which could dilute transit
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Figure 2.3: Light curves for all eight of the viable follow-up transits of TOI 122b. Best fit MCMC
models are in black with 200 random samples plotted in red. Requiring that the transit depth,
semi-major axis, and inclination were identical between visits led to a consistent model that fit all

the transits.
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Figure 2.4: Light curves for ground-based follow-up transits
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of TOI 237b. Best fit MCMC models

are in black with 200 random samples plotted in red. Requiring that the transit depth, semi-major

axis, and inclination were consistent between visits led to a final model that fit all the transits.

depths by 10%) are excluded down to separations of about 0.3”.

2.3.4 Stellar Spectra

Magellan Spectra
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We obtained near-IR spectra of TOI 122 and TOI 237 on 2018 December 22 with the Folded-
port InfraRed Echellete (FIRE) spectrograph (Simcoe et al., [2008). FIRE is hosted on the 6.5
Baade Magellan telescope at Las Campanas Observatory. It covers the 0.8-2.5 micron band with a
spectral resolving power of R = 6000. Both targets were observed in the ABBA nod patterns using
the 0.6” slit. TOI 122 was observed three times and TOI 237 was observed twice, both at 160s
integration time. A nearby AQV standard was taken for both targets in order to aid with telluric
corrections. The reduction of the spectra were completed using the FIREhose IDL packageﬁ .

SALT-HRS Spectra

We obtained optical echelle spectra for each system using the High-Resolution Spectrograph
(HRS; |Crause et al., 2014]) on the Southern African Large Telescope (SALT; Buckley et al., |2006).
Two observations were made for each system (TOI 122 on 2019 August 09, 10; TOI 237 on 2019
August 10, 12), with each epoch consisting of 3 consecutive integrations in the high-resolution mode
(R ~ 46,000). The spectra were reduced using a HRS-tailored reduction pipeline (Kniazev et al.,
2016}, [Kniazev et al.| 2017)E| , which performed flat fielding and wavelength calibration. Due to the
faint apparent magnitudes of these systems, we focused our analysis on wavelengths greater than
5000 A, where the spectra had signal-to-noise > 10.

To determine systemic radial velocities for both systems and to search for spatially-unresolved
stellar companions, we computed spectral-line broadening functions (BFs) for each observation.
The BF is computed via a linear inversion of the observed spectrum with a narrow-lined template,
and represents a reconstruction of the average photospheric absorption-line profile (Rucinski, 1992}
Tofflemire et all 2019). For both systems, the BF is very clearly single peaked, indicating a
contribution from only one star. Figure [2.6] presents a region of the SALT-HRS spectrum for each
system with its corresponding template and broadening function.

For each spectrum, the BFs computed for each echelle order were combined and fit with a

Gaussian profile to determine the system’s radial velocity. Uncertainties on these measurements

* http://web.mit.edu/rsimcoe/www/FIRE/
® http://www.saao.ac.za,/ ~akniazev/pub/HRS_MIDAS/


http://web.mit.edu/rsimcoe/www/FIRE/
http://www.saao.ac.za/$\sim $akniazev/pub/HRS_MIDAS/HRS_pipeline.pdf
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were derived from the standard deviation of the line fits for BFs combined from three independent
subsets of the echelle orders. The radial velocity for each epoch was then calculated as the error-
weighted mean of the three consecutive measurements from each night. More detail on this process
can be found in|Tofflemire et al.[(2019)). From the two epochs spaced one to two days apart, we found

no evidence for radial-velocity variability. The mean and standard error of the RV measurements

are provided in Tables [2.2] and
2.4 False Positive Vetting

Instrumental effects or statistical false positive

From the SPOC data validation reports, the TESS detections are significant with a S/N of
8.0 for TOI 122b and 9.8 for TOI 237b. These are both near the 7-o detection significance cutoff
(Jenkins, [2002)), which means these planets were found near TESS’ observational limits of discovery.
However, given that we redetected transits of both planets from the ground, with consistent depths
and timing, we are confident these detections are in fact robust.

Nearby transit or eclipsing binary

For both of these planets, we searched all nearby (< 2.5 radius) stars in the seeing-limited
LCO data that were bright enough to have caused the detected transits if blended in the TESS
photometry. We found no evidence of sources that were variable or eclipsing on the time scale of
these planets’ orbital periods. Both of these stars have high proper motions, and examination of
archival images indicated that there are no bright stars at the targets’ locations (see Fig. .
In addition, we positively detected a transit in the aperture placed around the target star, so we
believe these detections are not due to any physically-unbound nearby stars.

Contaminated apertures

The photometric apertures we used for the ground-based observations were typically <6” (see
Table , so we can rule out contaminating sources outside that approximate radius from our
target stars. In the TESS data, the PDCSAP light curves have already been corrected for contam-

ination of nearby sources present in the TIC, and our higher-resolution ground-based observations
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Figure 2.5: 50 detection limits of SOAR Speckle imaging for TOI 122. The inset shows that no
companions were detected down to a limit of 3”.

show depths consistent with the TESS light curves. SALT spectra show both sources to be single-
lined, indicating a lack of evidence for unresolved luminous companions (see Fig. [2.6). We also
obtained SOAR speckle imaging of TOI 122 which indicated there was not a nearby companion
down to a separation of 0.3” which could contaminate the aperture (see Fig. [2.5)).

Non-planet transiting object

Based on the measured transit depths and inferred stellar parameters, we can constrain both
planets to R, <0.8 Ry, which makes them small enough to be in the planet regime (Burrows et al.,

2011)). We also estimate upper-limit masses from the SALT radial velocity data. Using the two RV
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Figure 2.6: Left: Region of a SALT-HRS spectrum (blue) with the corresponding synthetic tem-
plate (orange), where we have offset the flux slightly for clarity. Right: The broadening function
computed from this spectral region. Inspection of the broadening function and individual spectral
lines indicates each system is single-lined, and does not host a short-period stellar companion. Note
that the model temperatures cited on the figure are higher than the values we report for these two
stars; this is discussed in Section [2.5.2

data points for each system, we model a range of masses consistent with these values to estimate
the upper limit planet masses. These models were done using a 100k step MCMC (20k step burn-
in) with the baseline and planet mass as free parameters, the assumption of circular orbits, and
the only constraining prior that the planet mass is non-negative. We find the upper limit (95
percentile) masses for both of these planets to be in the planetary regime: M, < 6.7 My for TOI
122b and 2.1 My for TOI 237b (see Fig. . Lastly, we have transit data in multiple bands for

both objects, with consistent depths. This achromaticity suggests that these are non-luminous

objects such as planets (see [Parviainen et al., 2019).
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Figure 2.7: Finder charts for TOI 122 (top) and TOI 237 (bottom), including scanned red-sensitive
photograph plates from the Digitized Sky Survey (left), 2MASS (middle), and the TESS full-
frame images (right). Circles indicate stars from Gaia DR2, with areas logarithmically expressing

apparent brightness. Crosshairs indicate targets’ position in the year 2019, near the time of the
TESS imaging.
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Figure 2.8: Reconnaissance radial velocity observations from SALT-HRS for both systems, in-
cluding model orbits for different planet masses (top) plotted with the corresponding transit light
curves (bottom). Theoretical RV curves for Earth (blue) and Jupiter (green) masses are shown,
as well as 200 random samples from the posterior distributions (red). While we cannot obtain pre-
cise planetary masses from these spectra, we are able to rule out super-planetary mass companions
by calculating the maximum mass consistent with these measurements. These upper-limit masses
based on the 95 percentile samples are 6.7 My for TOI 122b, and 2.1 Mj for TOI 237b.

2.5 Results

2.5.1 Light Curve Analysis

For both systems, we omitted 2 observations of TOI 122 and 1 observation of TOI 237 where
the transit is completely obscured by the noise. This corresponds to a photometric RMS such that
the transit signal-to-noise is ~ 1, which we argue is justified given the large number of observations
which clearly show a transit (see Table. We also omitted observations that did not capture the
mid-transit, to prevent the MCMC walkers from running away with obviously incorrect mid-transit
times and semi-major axes. We modeled all ground-based light curves simultaneously by requiring
the inclination, a/R,, and R, /R to be the same value across all transits, but allowing T to vary for
transits at different epochs. T is fixed between transits that occurred at the same epoch (where we

have observations from multiple telescopes, for example). To fit the baseline flux alongside the light
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curve parameters, We implemented a linear 2-parameter airmass model of the form (Cy 4+ Csa)B
where a is the airmass at each exposure and B is the BATMAN light curve model. This added up to
24 modeled parameters for TOI 122b and 20 parameters for TOI 237b, the difference being due to
a different number of observations for both systems. After analyzing the follow-up lightcurves and
refining the orbital periods, we modeled the phase-folded TESS light curves to examine how well
the systems’ properties were improved. For a discussion on period refinement, see

The models are created using BATMAN (Kreidberg, 2015), which is based on the analytic
transit model from Mandel & Agol (2002). Stellar limb darkening coefficients were calculated for
each separate bandpass with LDTk, the stellar Limb Darkening Toolkit (Parviainen & Aigrain,
2015)), and these coefficients are listed in Table Figures and show all transit light
curves with models.

We found posterior distributions through Bayesian analysis using emcee (Foreman-Mackey
et al., 2013). We ran the MCMC with 150 walkers and 200k steps, discarding the first 40k
steps (20%) and using uniform priors for all parameters. We chose the number of steps based
on when each chain converged, using the integrated autocorrelation time heuristic built into emcee.
With our 160k steps (post-burn-in), all chains reached >100 independent samples, suggesting
adequate convergence (for a discussion of MCMC convergence, see [Hogg & Foreman-Mackey),
2018)). The priors are set so that the planet does not have a negative radius (0 < R,/R. < 1),
the mid-transit time is within the range of the data, the eccentricity is 0, the semi-major axis
is physically reasonable (2 < a/R, < 200), and the inclination is geometrically limited to be
i < 90oavoidduplicatesolutionso fi;90

The results cited in Tables and are the 50" percentile values with 1-o uncertainties
based on the central 68% confidence intervals of the ground-based MCMC samples which have
had the burn-in removed. In Figure 2.9 we show the posterior distributions from fitting only the
folded TESS light curves as well as posterior distributions for only the follow-up transits, for both
systems. Results from modeling the follow-up transits are consistent with the TESS fits, but the

ground-based follow-up provides much tighter constraints due to the improved signal-to-noise we
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get with the larger-aperture LCO 1-m telescopes and from having additional independent transits.

2.5.2 Stellar Parameters

Mass and Radius: We first used the emprical relations in Mann et al.| (2019) to calculate
stellar masses from Gaia parallaxes and 2MASS K-band magnitudes. From Gaia DR2 (Gaia Col-
laboration et al., [2018)), the distance to TOI 122 is 62.23+0.21 pc and the distance to TOI 237 is
38.1140.23 pc. Using the Mann et al.| (2019)) relations, we get M, = 0.312+0.007 Mg, for TOI 122
and M, = 0.179£0.004 Mg for TOI 237. Using the analogous Mann et al.| (2015) absolute Mg
relation for stellar radii, we found Ry=0.334+0.010 R and 0.21140.006 R for TOI 122 and 237,
respectively. As a verification, we compared the stellar densities from the empirical masses and

radii to the stellar densities calculated directly from the light curves:

3T a\®

P= cpa (R*) , (2.1)
where p, is the stellar density, P is the orbital period of the planet, a/R, is the normalized semi-
major axis, and we have assumed circular orbits (Seager & Mallén-Ornelas, 2003b; Sozzetti et al.,
2007). The densities derived from the light curves are 12.8%5 g em™ for TOT 122 and 25.6733 ¢
cm ™3 for TOI 237, which agree well with the densities from our empirically derived masses and
radii (11.842.0 g cm™ and 27.044.0 g cm™3 for TOI 122 and 237, respectively). Similarly, we
calculated the semi-major axes of these systems from the stellar mass predictions and measured
periods, and convert them to a/R, using the Mann et al.| (2015 empirically predicted radii. These
calculated semi-major axes give us a/Ry of 25.2+1.5 (compared to 25.9ng3 from the light curves)
and 34.742.9 (compared to 34.27} 7 from the light curves) for TOI 122b and 237b.

Effective Temperature (7.¢) and Luminosity: For both stars,we calculated T,g using
six of the different empirical color magnitude relations (equations 1-3 and 11-13 of Table 2) in Mann
et al. (2015)). Taking the weighted average of the six temperatures, we get Teg = 3403+£100 K for
TOI 122 and 32124100 K for TOI 237. For both sets of calculations, the standard deviation of the

six temperatures was ~ 55 K.



40

For stellar luminosities, we calculate the V-band bolometric correction based on the V-
J empirical relation in Mann et al.| (2015). This gives luminosities of 0.0140+£0.0003 L and
0.0041+0.0001 Lg for TOI 122 and 237, respectively. We then compared these luminosities to

the luminosities calculated from the Mann et al.| (2015]) radii and effective temperatures (described

E- ) ()

where we use Tg = 5772 K (Prsa et all [2016). This resulted in L=0.013£0.003 Ly for TOI

above):

122 and L=0.0042+0.0007 Lg for TOI 237, in good agreement with the bolometric-correction
luminosities. Given the collective agreement between light curve densities, bolometric luminosities,
and empirical estimates for radii, masses, and effective temperatures, we adopt the Mann et al.
(2015, [2019)-derived stellar parameters and corresponding uncertainties for these two stars.

We chose to calculate our stellar parameters based on empirical models rather than adopting
values from our spectral observations because of some inconsistencies in the spectra. The method
we used to analyze RV signals from SALT spectra is optimized to detect precise RVs but not to
accurately calculate stellar temperature. Therefore, the temperature that corresponds to the best fit
RV model is not necessarily an accurate estimate of stellar temperature. This aspect of the modeling
does not affect the vsini values presented in this paper. The FIRE spectra indicate TOI 122 is a
significantly larger and hotter M dwarf, opposing other estimates of its size and temperature. We
attribute this to the observing conditions and telluric contamination of the Magellan FIRE spectra,

and we therefore do not use the effective temperatures and radii we derive from these spectra.

2.5.3 Assumption of Circular Orbits

All of the analysis was done under the assumption of circular orbits for these two systems.

To justify this, we calculate the tidal circularization timescales following Goldreich & Soter| (1966)):

2PQ (M, [ a\®
circ = o ’ 2.3
5 637 (M*> (Rp> (23)



Parameter Value Source
TOI 122
TIC ID 231702397 TICv8
RA (J2000) 92:11:47.300 TICv8
Dec (J2000) -58:56:42.25 TICv8
TESS Magnitude 13.048 + 0.007 TICv8
Apparent V Magnitude 15.526 4+ 0.026 TICv8
Apparent J Magnitude 11.531 + 0.024 TICv8
Apparent H Magnitude 11.020 4+ 0.022 TICv8
Apparent K Magnitude 10.771 + 0.021 TICv8
Gaia DR2 ID 6411096106487783296  Gaia DR2
Distance [pc] 62.231+0.21 Gaia DR2
Proper Motion RA [mas yr—!] 138.138+0.089 Gaia DR2
Proper Motion DEC [mas yr—!] -235.8140.076 Gaia DR2
Gaia G mag 14.3357 Gaia DR2
Gaia RP mag 13.1523 Gaia DR2
Gaia BP mag 15.7971 Gaia DR2
Stellar Mass [Mg)] 0.312=£0.007 T
Stellar Radius [Re] 0.334+0.010 T
Tei [K] 34034100 +
Luminosity [Lg] 0.0140+0.0003 1
Stellar log ¢ 4.88 +0.05 This Work
Radial Velocity [km s~ -72.4+1.0 This Work
Stellar Density [g cm™3] 12.8795 This Work
v sing [km s7!] <72 This Work
Ha Equivalent Width [A] 0.09 This Work
TOI 122b
Period [days] 5.078030+£0.000015  This Work
Transit Depth [%] 0.56 This Work
Rp/Rx 0.07540.003 This Work
Planet Radius [Rg] 2.72+0.18 This Work
Planet Mass [Mg] 8.8150 I
Planet Type 100% Neptunian i
Ri* 25.2+1.5 This Work
Semi-major Axis [AU] 0.0392 + 0.0007 This Work
i [degrees] 88.415¢ This Work
Impact Parameter (b) 0.72+59% This Work
Insolation [Sg] 8.8+1.0 This Work
Equilibrium Temperature, Teq [K]:
Bond Albedo = 0.75 (Venus-like) 333 .
Bond Albedo = 0.3 (Earth-like) 431 This Work
Bond Albedo = 0 (Upper Limit) 471
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Table 2.2: System parameters for TOI 122b. TICv8 information can be found in |[Stassun et al.

(2019). f: derived from Mann et al. (2015), I: predicted from Chen & Kipping| (2017)).



Parameter Value Source
TOI 237
TIC ID 305048087 TICvS8
RA (J2000) 23:32:58.270 TICv8
Dec (J2000) -29:24:54.19 TICv8
TESS Magnitude 13.410 £ 0.007 TICv8
Apparent V Magnitude 16.37 £ 0.20 TICv8
Apparent J Magnitude 11.74 +0.02 TICv8
Apparent H Magnitude 11.019 4+ 0.022 TICv8
Apparent K Magnitude 10.896 + 0.025 TICv8
Gaia DR2 ID 2329387852426700800 Gaia DR2
Distance [pc] 38.11+0.23 Gaia DR2
Proper Motion RA [mas yr—!] 151.047+0.108 Gaia DR2
Proper Motion DEC [mas yr—!] -333.19440.156 Gaia DR2
Gaia G mag 14.754 Gaia DR2
Gaia RP mag 13.5016 Gaia DR2
Gaia BP mag 16.4447 Gaia DR2
Stellar Mass [Mg] 0.179-+0.004 T
Stellar Radius [Re] 0.211+0.006 T
Tei [K] 32124100 t
Luminosity [Le)] 0.0041+0.0001 T
Stellar log g [cgs] 5.04 +0.07 This Work
Radial Velocity [km s™!] 7.8+1.0 This Work
Stellar Density [g cm™3] 25.6743 This Work
v sini [km s™!] <64 This Work
Ho Equivalent Width [A] 1.74 This Work
TOI 237b
Period [days] 5.436098+0.000039 This Work
Transit Depth [%)] 0.38 This Work
R, /R 0.062+0.002 This Work
Planet Radius [Rg] 1.44+0.12 This Work
Planet Mass [Mg] 3.0120 I
Planet Type 25% Terran, 75% Neptunian I
Ri* 34.7£2.9 This Work
Semi-major Axis [AU] 0.0341 £ 0.0010 This Work
i [degrees] 89.570¢ This Work
Impact Parameter (b) 0.3070:37 This Work
Insolation [Sg] 3.7+0.5 This Work
Equilibrium Temperature, Teq [K]:
Bond Albedo = 0.75 (Venus-like) 274 .
Bond Albedo = 0.3 (Earth-like) 355 This Work
Bond Albedo = 0 (Upper Limit) 388
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Table 2.3: System parameters for TOI 237b. {: derived from [Mann et al.| (2015), {: predicted from

Chen & Kipping (2017).



Filter ~ Value [u1, us]

Uncertainty [o7, 09]

TOI 122
0.5266, 0.2934
0.5161, 0.2998
0.5209, 0.2644

Vool )

[ ]
o |
i’ [0.3050, 0.2898]
, Eeun

g

)

0.2558, 0.2566

&z [0.2768, 0.2918

(0.0151, 0.0240]
(0.0124, 0.0200]
0.0149, 0.0234]
0.0069, 0.0139]
[0.0046, 0.0098]
0.0067, 0.0140]

TOI 237
g [0.5720, 0.2925]
I [0.2657, 0.2911]
&z [0.2967, 0.3343]

(0.0191, 0.0296]
[0.0100, 0.0205]
[0.0138, 0.0260]
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Table 2.4: Quadratic limb darkening parameters [u1, ug] and associated uncertainties [0, 09|, cal-

culated using LDTk using the stellar parameters listed in Tables and
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where P is the planet’s orbital period and ' quantifies how well the planet dissipates energy under
deformation. Rocky planets tend to have lower ' values while gaseous planets have larger Q’
values. We adopt Q' =1 x 10% for TOI 122b and Q' = 500 for TOI 237b. These values are based
on Q' values derived for the solar system planets, where Earth has " ~100 and Neptune has a
Q' ~ 6 x 10* (Goldreich & Soter, [1966). We do not have measurements of M, for these planets, but
our predicted masses based on the empirical relations in |Chen & Kipping (2017) provide a precise
enough estimate for this timescale. For TOI 122b and 237b, we calculate 7¢. of 0.59 Gyr and 0.17
Gyr, respectively.

From the SALT spectra, we derived upper limits on vsini to be <7.2 km s~! for TOI 122
and <6.4 km s~! for TOI 237, which allow us to derive lower limits on the rotational periods
of both stars under the assumption that the stellar rotation axis is perpendicular to the line of
sight. We find those lower limits to be > 2.3 days for TOI 122 and > 1.7 days for TOI 237. In
addition, the lack of any significant flaring activity or rotational modulation seen in the TESS
light curves for these two systems leads us to assume the stellar rotational periods are long, and
probably greater than 27 days (the TESS observation window for a single sector). While the
relation between rotation period and age for M dwarfs is poorly constrained, [Newton et al.| (2016b)
found the rotation rates of field M dwarfs to be between 0.1 and 140 days, with M dwarfs younger
than 2 Gyr having rotational periods less than 10 days. We also calculate the Ha equivalent widths
(EW) from the SALT spectra, as Ho emission is indicative of the activity level of M dwarfs (see
Newton et all, [2017). We find the EWs to be 0.09 A for TOI 122 and 1.74 A for TOI 237, placing
both of these stars in the canonically inactive regime (EW>-1A). Newton et al.| (2017) provide a
more direct way to estimate the rotational periods of inactive M dwarfs based on a polynomial fit
with stellar mass. Given our derived masses for these two stars, we predict P19 = 72 + 22 d and
Pos7r = 102 4+ 22 d from that relation. From the age-inactivity-spectral type relationship for cool
stars described in West et al. (2008), we predict that TOI 122 (an M3V) is likely older than 2 Gyr,
and TOI 237 (an M4.5V) (spectral types based on |[Rajpurohit et al.l 2013) is likely older than 4.5

Gyr, consistent with our other estimates of their ages.
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We can see a picture emerging that these stars are inactive, slowly rotating, and old, in spite
of precise stellar ages being difficult to obtain for M dwarfs. Given that 7. for both planets is
< 1 Gyr, we assume both planets are on circular orbits. Our assumption that eccentricity is ~ 0 is
also supported by the agreement between the stellar densities calculated from the light curves and

densities based on empirical estimates of mass and radius (see Section [2.5.2)).

2.5.4 Insolation and Equilibrium Temperature

In order to form a picture of the thermal environment of these planets, we calculate the
insolation these planets receive, relative to the bolometric flux that Earth receives from the Sun.
We also calculate equilibrium temperatures under different assumptions for the Bond albedo, Ag,
which is the fraction of incident stellar radiation that is reflected by the planet, integrated over
both wavelength and angle.

Under the assumptions of circular orbits, efficient heat redistribution, and planets that are
thermal emitters (for a discussion of these assumptions, see (Cowan & Agol, [2011), we use the
a/R, values derived from our orbital periods and stellar masses to calculate planetary equilibrium

temperature as:

W=

Teq = (1 — Ap) (?) k Test, (2.4)

*

s (i) () 2

where S is the bolometric insolation, a is the semi-major axis derived from the stellar masses and

and insolation as:

orbital periods, R, is the inferred stellar radius, and ag/Re = 215. We present T¢, (see Tables
and as a range of values assuming an Earth-like Ag = 0.3, a Venus-like Ag = 0.75, and

A = 0.

2.5.5 Period Refinement and TTVs

For both systems, we fit a linear model to the TESS epoch and the follow-up epochs to refine

the period, which we cite in Tables and In doing this, we are also able to examine the
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difference between the expected and observed mid-transit times to search for evidence of periodic
TTVs. The reduced-y? of a linear ephemeris (2.2 and 2.3 for TOI 122b and 237b, respectively)
gave marginal hints of variations on the time scale of minutes, but a Lomb-Scargle periodogram (for
a discussion of Lomb-Scargle periodograms, see |VanderPlas|, 2018) applied to the O-C (observed
minus calculated) mid-transit times showed no significant periodicity for either system, so we report

no significant TTV detection.

2.6 Discussion & Conclusions

These two planets help fill the parameter space for cool worlds near the boundary between
rocky and gas-rich compositions. Neither is in the circumstellar habitable zone of its star as
both receive more flux than the approximately 0.9 Sgp moist greenhouse inner limit calculated by
Kopparapu et al.| (2013)) for stars with these effective temperatures. However, with insolations of

8.8+1.0 and 3.7£0.5 Sg, they are relatively cool among known transiting exoplanets.

2.6.1 Radial Velocity Prospects

We do not have mass-constraining radial velocities for these two stars, so we applied the |Chen
& Kipping (2017)) empirical mass-radius forecaster to predict Mooy, :8.8fg:(1) Mg and Mas7y, :S.Of%:?
Mg, based on the planets’ radii. The degeneracy between planet radius and bulk composition leads
to large uncertainties in these predicted masses. The forecaster results classify TOI 122b as 100%
likely Neptunian and TOI 237b as 25% likely to be Terran and 75% likely to be Neptunian, where
“Terran” is the term used by Chen & Kipping| (2017)) to describe worlds similar to the inner ter-
restrial solar system planets and “Neptunian” is used to describe worlds similar in their basic
properties to Neptune and Uranus. The transition between these planet types was found by |[Chen
& Kipping (2017) to be at 2.0+0.7 Mg. We can compare the stellar magnitudes and predicted
RV semi-amplitudes to the current and near-future capabilities of RV facilities. Using the periods,

stellar masses, and predicted planet masses, we estimate RV semi-amplitudes of 7.1 m s~! and 3.4

m s~ for TOI 122b and 237b, respectively. These semi-amplitudes are above the instrumental
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noise floors for many RV spectrographs, although the faint magnitudes of these stars implies that
mass-constraining RV measurements will be very time-intensive.

The CARMENES (Quirrenbach et al., 2010) instrument would require 460 s exposures to
obtain 7.1 m s~! precision for TOI 122 and 2250 s exposures to obtain 3.4 m s~! precision for TOI
237b|§|. The latter is just beyond the 1800s maximum individual exposure time for this instrument,
but the former implies the mass of TOI 122b could be within reach of a reasonably ambitious
CARMENES observing program. Likewise, the Habitable Zone Planet Finder (HPF) spectrograph
(Mahadevan et al., 2012} [2014) could possibly achieve precision as good as 10 m s~! for TOI 122
and 5 m s~! for TOI 237 with 15-minute exposures (see Fig. 2 of Mahadevan et al., [2012). With
slightly longer exposure times, this instrument may be able to achieve mass-constraining precision
for these two planets. The recent discovery of the G 9-40 system (Stefansson et al.l [2020) used
HPF to constrain planetary masses, achieving 6.49 m s~! precision with exposure times of 945 s.
This star has Ky = 9.2, so scaled to the magnitudes of TOIs 122 and 237, we would need exposure
times of ~4 ks to achieve this precision for the systems presented here. Another instrument, the
InfraRed Doppler (IRD) for the Subaru telescope (Kotani et all 2014) also provides some hope.
The sensitivity estimatorﬂ implies that for both of these stars, ~2 m s~! precision (S/N>100) may

be possible with 1 hr exposures.

2.6.2 Atmospheric Characterization Prospects

In order to assess the viability of TOI 122b and TOI 237b for atmospheric studies, we
calculated their emission spectroscopy metrics (ESM) following Kempton et al. (2018]). This metric
represents the S/N of a single secondary eclipse observed by JWST’s MIRI LRS instrument. The
emission S/N scales directly as the flux of the planet and the square root of the number of detected

photons, and inversely to the flux of the star, so hot planets orbiting cool nearby stars will have a

larger ESM.

5 |https://carmenes.caha.es/ext/instrument /index.html
" lhttp://ird.mtk.nao.ac.jp/IRDpub/sensitivity /sensitivity.html
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We calculate the ESM assuming that the planet dayside temperatures are equal to 1.1xTeq
(following the process outlined in [Kempton et al., [2018), and that both have an Earth-like albedo
of 0.3. We find ESM to be 2.9 for TOI 122b and 0.6 for TOI 237b. Compared to GJ 1132b (ESM
= 7.5) these planets are much less favorable for atmospheric follow-up with JWST. A minimum of
12 eclipses would be necessary to achieve a S/N > 10 for TOI 122b and a minimum of 278 eclipses
would be needed for TOI 237b, as the S/N scales as v/Nys. Detecting thermal emission with JWST
would be challenging for TOI 122b and impractical for TOI 237b.

We also calculate the transmission spectroscopy metric (TSM) from Kempton et al.| (2018]).
This metric corresponds to the expected S/N of transmission features for a cloud-free atmosphere,
over 10 hours of observation (5 hours in-transit). Our predicted TSMs are 54 for TOI 122b and
7 for TOI 237b, which imply these planets could both be amenable to transmission spectroscopy
with JWST’s NIRISS instrument, although planetary mass measurements would be necessary to

make precise inferences from their transmission spectra (Batalha et al., |2019).

2.6.3 Volatile Evolution

These two planets span an interesting range of radii and insolations, making them exciting
cases that may help us learn more about the diversity of atmospheres possessed by small planets
orbiting M dwarfs. Figureshows the Jeans escape parameter (e.g., [Ingersoll, 2013, Box 2.2) for
these systems as well as Solar System bodies and all confirmed exoplanets for which this parameter
could be calculated. This ratio of gravitational-to-thermal energy is an extremely approximate
tracer of atmospheric escape, but it can help us qualitatively understand the relative susceptibility
of different planets to atmospheric loss. With only loose predictions for the masses of TOI 122b
and TOI 237b, their position on this plot leaves us with an ambiguous picture of whether they
have atmospheres and what their compositions could be. They may even represent the transition
between worlds that have lost almost all of their H/He (such as Earth and Venus) and worlds that
have retained those lighter elements (such as Neptune or Uranus). Though we cannot determine any

strong constraints with this Jeans approximation alone, these two planets are not in a regime where
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they would have obviously lost their atmospheres, as Mercury and Mars have. A more detailed
investigation into the current and past XUV irradiation, which is a main driver of atmospheric loss,
would be necessary to more cleanly place these planets in context (Zahnle & Catling, [2017)).

TOI 122b is a sub-Neptune-sized planet orbiting an M dwarf that is 33% the radius of our
Sun. It likely has a thick atmosphere but on a 5.1 day orbit, it is far interior to the habitable zone
of its star and irradiated at over 8x the flux of the Earth. It is dim enough to present a challenge
for most existing radial velocity instruments, but mass measurements might be possible with a
sufficient investment of time on IR spectrographs. Its atmosphere is on the edge of detectability
in both emission and transmission with JWST. With a relatively low equilibrium temperature,
there could be very interesting atmospheric chemistry in this planet’s atmosphere that might be
observable with sufficiently ambitious observing programs.

TOI 237b is a super-Earth-sized planet orbiting a M dwarf that is 21% the radius of our
Sun and only 3200 K. With its 5.4 day orbit, it receives nearly 4x Earth insolation from its host
star. Given the size of this planet and dimness of the star, mass measurements are likely very
difficult to achieve, and we may not know its mass for some time. Even cooler than TOI 122b, this
planet cannot be studied with emission spectroscopy, but transmission spectroscopy is possible and
we may be able to learn about this planet’s atmosphere, if it has retained one.

We are left with the following pictures of these systems: TOI 122b and TOI 237b are two
worlds that span planetary radii not seen in our own solar system and are interesting laboratories
to study planet formation, dynamics, and composition. Their long periods leave them too cool for
emission spectroscopy but as a result, they occupy a very interesting space of relatively cool, though
still uninhabitably warm, planets. Thus, they may give us insight to an as-yet poorly understood
type of planetary atmosphere. While more targeted atmospheric or radial velocity studies would
require a significant investment of time for these two systems, they are valuable additions to the

statistical distribution of known planets.
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Figure 2.9: Corner plots (Foreman-Mackeyl 2016) for the MCMC posteriors of all fits for TOI
122b (top) and TOI 237b (bottom). The posteriors from modeling only the phase-folded TESS
light curves (gray) agree with those from modeling only the ground-based follow-up light curves
(black), with the constraints from ground-based telescopes being more precise due to their larger
apertures. Labels on top of the posteriors are from the ground-based results.
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Figure 2.10: The ratio of planetary escape velocity to the thermal energy of an H atom at the
planetary equilibrium temperature (the “escape parameter”; |Jeans, [1905)), for known transiting
and Solar System planets. TOI 122b and TOI 237b are included, using predicted masses from
Chen & Kipping (2017)) to calculate their gravity. This extremely rough proxy for susceptibility to
atmospheric escape indicates these planets may be broadly similar to Earth and Venus, in terms
of ongoing mass loss from their atmospheres. This qualitative comparison does not account for
the important XUV radiation illuminating the planets, either now or in the past. We estimate the
uncertainties for TOI 122b and 237b by propagating our uncertainties from the planet parameters,
which are dominated by large uncertainties on predicted masses.



Chapter 3

Lyman-alpha in the GJ 1132 System: Stellar Emission and Planetary

Atmospheric Evolution

This chapter has been published in the Astronomical Journal as: W. C. Waalkes, Z. K.
Berta-Thompson, V. Bourrier, E. Newton, D. Ehrenreich, E. M.-R. Kempton, D. Charbonneau, J.
Irwin, J. Dittmann, Lyman-a in the GJ 1132 System: Stellar Emission and Planetary Atmospheric
Evolution, The Astronomical Journal, 2019, 158, 50.

Specific contributions include: W. C. Waalkes led the data analysis and model fitting, Z. K.
Berta-Thompson PI'd the HST observing proposal, and V. Bourrier provided detailed analysis of

the escaping exosphere (Figures 3.8 and 3.9).

3.1 Preface

GJ 1132b, which orbits an M dwarf, is one of the few known Earth-sized planets, and at 12
pc away it is one of the closest known transiting planets. Receiving roughly 19x Earth’s insolation,
this planet is too hot to be habitable but can inform us about the volatile content of rocky planet
atmospheres around cool stars. Using Hubble STIS spectra, we search for a transit in the Lyman-a
line of neutral hydrogen (Lyc«). If we were to observe a deep Ly« absorption signature, that would
indicate the presence of a neutral hydrogen envelope flowing from GJ 1132b. On the other hand,
ruling out deep absorption from neutral hydrogen may indicate that this planet does not have a
detectable amount of hydrogen loss, is not losing hydrogen, or lost hydrogen and other volatiles early

in the star’s life. We do not detect a transit and determine a 2-o upper limit on the effective envelope
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radius of 0.36 Ry in the red wing of the Ly« line, which is the only portion of the spectrum we
detect after absorption by the ISM. We analyze the Lya spectrum and stellar variability of GJ1132,
which is a slowly-rotating 0.18 solar mass M dwarf with previously uncharacterized UV activity.
Our data show stellar variabilities of 5-22%, which is consistent with the M dwarf UV variabilities
of up to 41% found by Loyd & France| (2014). Understanding the role that UV variability plays
in planetary atmospheres is crucial to assess atmospheric evolution and the habitability of cooler

rocky exoplanets.

3.2 Introduction

The recent discoveries of terrestrial planets orbiting nearby M dwarfs (Gillon et al., [2017;
Berta-Thompson et al.,|2015; Dittmann et al., 2017; |Bonfils et al., 2018; |[Ment et al., |2019) provide
us with the first opportunity to study small terrestrial planets outside our solar system, and ob-
servatories such as the Hubble Space Telescope allow us to analyze the atmospheres of these rocky
exoplanets. Additionally, it is important that we learn as much as we can about these planets
as we prepare for atmospheric characterization with the James Webb Space Telescope (Deming
et al., 2009; [Morley et all) 2017). JWST will provide unique characterization advantages due to
its collecting area, spectral range, and array of instruments that allow for both transmission and
emission spectroscopy (Beichman et al., 2014).

M dwarfs have been preferred targets for studying Earth-like planets due to their size and
temperature which allow for easier detection and characterization of terrestrial exoplanets. How-
ever, the variability and high UV-to-bolometric flux ratio of these stars makes habitability a point
of contention (e.g., Shields et al 2016} Tilley et al., 2017). It is currently unknown whether rocky
planets around M dwarfs can retain atmospheres and liquid surface water or if UV irradiation and
frequent flaring render these planets uninhabitable (e.g., Scalo et al.| [2007; [Hawley et al., [2014}
Luger & Barnes, [2015; Bourrier et al., [2017a)). On the contrary, UV irradiation may boost the
photochemical synthesis of the building blocks of life (e.g., Rimmer et al., 2018)). We must study

the UV irradiation environments of these planets, especially given that individual M stars with the
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Parameter Value Source
GJ 1132
Mass [Mg] 0.181 4+ 0.019 Berta-Thompson et al. (2015)
Radius [Re)] 0.2105 0 6502 Dittmann et al. (2017)
Distance [pc] 12.04 £ 0.24 |Berta—Thompson et al. 2015D
Radial Velocity [km s™!] 35.1 £0.8 Bonfils et al.| (2018
GJ 1132b
Mass [Mg] 1.66 £ 0.23 Bonfils et al. (2018)
Radius [Rg] 1.13 £ 0.02 Dittmann et al. (2017)
Semi-major Axis, a [AU] 0.0153 £ 0.0005 Bonfils et al.| (2018
Period [days] 1.628931 £ 0.000027 Bonfils et al.| (2018
Epoch [BJD TDB] 2457184.55786 + 0.00032 |Berta—Th0mpson et al. 2015[)
R% 16.541'8:(73‘;) Dittmann et al. (2017
i (degrees) 88.68039 Dittmann et al.| (2017
Surface Gravity [m s™2] 12.9 £ 2.2 Bonfils et al.| (2018)
Equilibrium Temperature, Teq [K]:
Bond Albedo = 0.3 (Earth-like) 529 £ 9 Bonfils et al.| (2018
Bond Albedo = 0.75 (Venus-like) 409 £ 7 Bonlfils et al.| (2018

Table 3.1: GJ 1132 system parameters.

same spectral type can exhibit very different UV properties (e.g., Youngblood et al., [2017), and a

lifetime of UV flux from the host star can have profound impacts on the composition and evolution
of their planetary atmospheres.

One aspect of terrestrial planet habitability is volatile retention, including that of water in
the planet’s atmosphere. One possible pathway of evolution for water on M dwarf terrestrial worlds

is the evaporation of surface water and subsequent photolytic destruction of HoO into H and O

species (e.g., Bourrier et al., [2017a; |Jural, 2004). The atmosphere then loses the neutral hydrogen

while the oxygen is combined into O2/O3 and/or resorbed into surface sinks (e.g., Wordsworth

[& Pierrehumbert]|, 2013} [Tian & Idaj 2015} Luger & Barnes, 2015} [Shields et all 2016} Ingersoll,

1969). In this way, large amounts of neutral H can be generated and subsequently lost from

planetary atmospheres. Studies have shown O and Og alone to be unreliable biosignatures for

M dwarf planets because they possess abiotic formation mechanisms (Tian et all [2014), though

they are still important indicators when used with other biomarkers (see Meadows et al., [2018]).

Understanding atmospheric photochemistry for terrestrial worlds orbiting M dwarfs is critical to
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our search for life.

3.2.1 Prior Work

Kulow et al.| (2014)) and [Ehrenreich et al.| (2015)) discovered that Gliese 436b, a warm Neptune
orbiting an M dwarf, has a 56.34+3.5% transit depth in the blue-shifted wing of the stellar Ly«
line. [Lavie et al| (2017) further studied this system to solidify the previous results and verify
the predictions made for the structure of the outflowing gas made by |Bourrier et al.| (2016). For
planets of this size and insolation, atmospheric escape can happen as a result of the warming of the
upper layers of the atmosphere, which expand and will evaporate if particles begin reaching escape
velocity (e.g., Vidal-Madjar et al. 2003; Lammer et al., [2003; Murray-Clay et al., 2009).

Miguel et al. (2015) find that the source of this outflowing hydrogen is from the He-dominated
atmosphere of Gl 436b, with reactions fueled by OH™. Ly« photons from the M dwarf host star
dissociate atmospheric HoO into OH and H, which destroy He. HI at high altitudes where escape
is occurring is formed primarily through dissociation of Hy with contributions from the photolyzed
H>O.

Modeling of Gl 436b (Bourrier et al., [2015, [2016) demonstrates that the combination of low
radiation pressure, low photo-ionization, and charge-exchange with the stellar wind can determine
the structure of the outflowing hydrogen, which manifests as a difference in whether the light
curve shows a transit in the blue-shifted region of Lya or the red-shifted region and imprints a
specific spectro-temporal signature to the blue-shifted absorption. [Lavie et al. (2017) used new
observations to confirm the Bourrier et al.| (2016) predictive simulations that this exosphere is
shaped by charge-exchange and radiative braking.

As giant hydrogen clouds have thus been detected around warm Neptunes (see also the case
of GJ 3470b; Bourrier et al., [2018b)), it opens the possibility for the atmospheric characterization
of smaller, terrestrial planets. Miguel et al. (2015) also find that photolysis of HoO also increases
CO4 concentrations. For Earth-like planets orbiting M dwarfs, understanding the photochemical

interaction of Ly« photons with water is very important for the evolution and habitability of a
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planet’s atmosphere.

3.2.2 GJ 1132b

GJ 1132b is a small terrestrial planet discovered through the MEarth project (Berta-Thompson
et al., 2015). It orbits a 0.181 Mg M dwarf located 12 parsecs away with an orbital period of 1.6
days (Dittmann et al., [2017)). Table summarizes its basic properties. This is one of the nearest
known transiting rocky exoplanets and therefore provides us with a unique opportunity to study
terrestrial atmospheric evolution and composition.

While GJ 1132b is too hot to have liquid surface water, it is important to establish whether
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Figure 3.2: All 14 STIS Ly« spectra in visits 1 (a) and 2 (b) and the averaged stacked spectrum
(c¢). The shape of the stellar Ly« line is a Voigt profile which has been reshaped by convolution
with the STIS line spread function and ISM absorption by neutral atomic hydrogen and deuterium.
The integration regions for summing up the total Ly« flux are the shaded blue and red areas in
(b), with a region in the middle that we omit due to the geocoronal emission. It is apparent that
the blue-shifted region of the spectrum is at the noise level, and therefore unlikely to give us any
viable information. We set the reference velocity for the spectral profiles at 35 km s!, as this is
the cited system velocity (Berta-Thompson et al., 2015).

this planet and others like it retain substantial atmospheres under the intense UV irradiation of
their M dwarf host stars. Knowing whether warm super-Earths such as GJ 1132b regularly retain
volatiles such as water in their atmospheres constrains parameter space for our understanding of

atmospheric survivability and habitability.

Diamond-Lowe et al.| (2018) rule out a low mean-molecular weight atmosphere for this planet
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by analyzing ground-based transmission spectra at 700-1040 nm. By fitting transmission models
for atmospheric pressures of 1-1000 mbar and varying atmospheric composition, they find that
all low mean-molecular weight atmospheres are a poor fit to the data, which is better described
as a flat transmission spectrum that could be due to a >10x solar metallicity or >10% water
abundance. Whether these results imply GJ 1132b has a high mean molecular weight atmosphere
or no atmosphere at all remains to be seen. If we detect a Ly« transit then this implies UV photolysis
of H2O into neutral H and O, leading to outflowing neutral H. The oxygen could recombine into
O and Og, resulting in a high mean-molecular weight atmosphere, and wholesale oxidation of the
surface.

This work serves as the first characterization of whether there is a neutral hydrogen envelope
outflowing from GJ 1132b as well as an opportunity to characterize the deepest (longest integration)

Lya spectrum of any quiet M dwarf of this mass.

3.2.3 Solar System Analogs

The atmospheric evolution and photochemistry we evaluate here is similar to what we have
seen in Mars and Venus. Much of Mars’ volatile history has been studied in the context of Ly«
observations of a neutral H corona that surrounds present-day Mars. |Chaffin et al.| (2015)) use Ly«
observations to constrain Martian neutral H loss coronal structure, similar to what we attempt
in this work. Indeed, Mars has historically lost HoO via photochemical destruction and escape of
neutral H (Nair et al., [1994; Zahnle et al 2008), though the solar wind-driven escape mechanisms
for Mars are not necessarily the same as what we propose for GJ 1132b in this work.

Venus has long been the example for what happens when a terrestrial planet is irradiated
beyond the point of habitability, as is more than likely the case with GJ 1132b. Venus experienced
a runaway greenhouse effect which caused volatile loss and destruction of HyO. [Kasting & Pollack
(1983)) study the effects of solar UV radiation on an early Venus atmosphere. They find that within
a billion years, Venus could have lost most of a terrestrial ocean of water through hydrodynamic

escape of neutral H, after photochemical destruction of HoO. GJ 1132b has a higher surface gravity



99

Intrinsic Lyman-a Spectrum

—— Stacked STIS Spectrum
= 8 —— |ISM Absorption Model
‘:1 --- Modeled Intrinsic Emission
|
S
._.U 6 l /7N
Im I/ \\

o I/ \\
()

S 41 / \
| 1

o /

—

X

x 27

>

[

1215.0 1215.5 1216.0 1216.5 1217.0
Wavelength (A)

Figure 3.3: Intrinsic Lya profile for GJ 1132b, with 200 random MCMC samples in gray. The
absorption and intrinsic emission models were modeled with the Lyapy software which assumes a
Voigt profile for the emission and parameterizes the ISM absorption into velocity, line width, and
column density. Here, the line center is in the system’s rest frame.

than Venus, which would extend this time scale of hydrogen loss, but it also has a much higher
insolation which would reduce the hydrogen loss timescale. Later in this work, we will estimate the
expected maximum mass loss rate for GJ 1132b based on the stellar Ly« profile.

The rest of the paper will be as follows. In §2 we describe the methods of analyzing the
STIS data, reconstructing the stellar spectrum, and analyzing the light curves. In §3 we describe
the transit fit and intrinsic spectrum results. We discuss the results and their implications in §4,
including estimates of the mass loss rate from this planet’s atmosphere. In §5 we describe what

pictures of GJ 1132b’s atmosphere we are left with.
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Figure 3.4: Corner plot showing the samples used in recreating the intrinsic emission profile. We
omitted the stellar radial velocity samples because the prior was well constrained by independent
radial velocity measurements. In this plot, log(A) is the log of the emission amplitude (which has
units of erg s™' cm™? A1), FWHM is the emission Full Width Half Maximum in km s~!, logN (HI)
is the log of the column density of neutral ISM hydrogen (which has units of cm~2), b is the ISM

Doppler parameter in km s~!, and vy is the ISM cloud velocity in km s~
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3.3 Methods

3.3.1 Hubble STIS Observations

To study the potential existence of a neutral hydrogen envelope around this planet, we
scheduled 2 transit observations of 7 orbits each (2 observations several hours from mid-transit for
an out of transit measurement and 5 observations spanning the transit) with the Space Telescope
Imaging Spectrograph (STIS) on the Hubble Space Telescope (HST)E] . We used the G140M grating
with the 52”x0.05” slit, collecting data in TIME-TAG mode with the FUV-MAMA photon-counting
detector. This resulted in 14 spectra containing the Ly« emission line (1216 A), which show a broad
profile that has been centrally absorbed by neutral ISM atomic hydrogen.

We re-extracted the spectra and corrected for geocoronal emission using the calstis pipeline
(Hodge & Baum, [1995). The STIS spectrum extraction involved background subtraction which
accounts for geocoronal emission (see Fig. , leaving us only with the need to model the stellar
emission and ISM absorption. We omit data points from both visits that fall within the geocoronal
emission signal, wavelengths from both visits that overlapped with strong geocoronal emission and
therefore had high photon noise. We thus define our blue-shifted region to be <-60 km s~! and our
red-shifted region to be >10 km s~! relative to the star. One potential source of variability is where
the target star falls on the slit. If it fell directly on the slit, then the observed flux will be more than
if the star was partially off the slit. To account for this, we scheduled ACQ/PEAK observations at
the start of each HST orbit to center the star on the slit and minimize this variability.

In order to analyze the light curves with higher temporal resolution, we used the STIS time-
tag mode to split each of the 14 2 ks exposures into 4 separate 0.5 ks sub-exposures. This detector
records the arrival time of every single photon, which is what allows us to create sub-exposures in
time-tag mode. Each 2D spectrum sub-exposure was then converted into a 1D spectrum. To do
this, we first defined an extraction window around the target spectrum (see Fig. and summed

up all the flux in that window along the spatial axis. Extraction windows were also defined on

1 Cycle 24 GO proposal 14757, PI: Z Berta-Thompson
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Figure 3.5: Modeled light curves from both visits. In addition to the calibrated flux values, we
display the flux in photons s~ because the SNR is very low at Lya and this motivated us to use
a Poisson likelihood in our analysis of the light curves. Some data points fall to negative values,
which can happen when the data point has effectively no flux and then data reduction processes
(such as background subtraction) subtract a slightly higher amount of flux. The gray bars indicate
what we calculate as a 15% "stellar variability” fudge factor - acquired by calculating what size of
error bars would be necessary to result in a y? value of 1 for our best fit models. The blue wing
light curves don’t provide much information due to their extremely low flux but we can see from
the red wing fits that there is an upper limit on the transit depth.

either side of the target in order to estimate the background and subtract that from the target
window. This results in a noisy line core but eliminates the geocoronal emission signature (Fig.

& ) These steps were all performed with calstis.

3.3.2 Stellar Spectrum Reconstruction

With the same spectra used for light curve analysis, we created a single weighted average

spectrum, representing 29.3 ks (8.1 hrs) of integration at Ly« across 14 exposures (Fig. ).

This stacked spectrum was used with LyaPy modeling program (Youngblood et all 2016) that

uses a 9-dimensional MCMC to reconstruct the intrinsic stellar spectrum assuming a Voigt profile.
Modeling observed Lya spectra is tricky because of the neutral ISM hydrogen found between us
and GJ 1132. This ISM hydrogen has its own column density, velocity, and line width which creates
a characteristic absorption profile within our Lya emission line.

This model takes 3 ISM absorption parameters (column density, cloud velocity, Doppler
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parameter) and models the line core absorption while simultaneously modeling the intrinsic emission
which would give us the resulting observations. Turbulent velocity of the ISM is assumed to be
negligible, with the line width dominated by thermal broadening. A fixed deuterium-to-hydrogen
ratio of 1.56 x 10~° (Wood et al.,|2004) is also applied to account for the deuterium absorption and
emission near Lya. Modeling the ISM parameters required us to approximate the local interstellar
medium as a single cloud with uniform velocity, column density, and Doppler parameter. While
the local ISM is more complex than this single component and contains two clouds (G, Cet) in
the line of sight toward GJ 1132 (based on the model described in Redfield & Linsky, [2000), our
MCMC results strongly favored the velocity of the G cloud, so we defined the ISM priors based on
this cloud (Redfield & Linskyi, 2000, [2008).

We use uniform priors for the emission amplitude and FWHM, and Gaussian priors for the HI
column density, stellar velocity, HI Doppler width, and HI ISM velocity. The HI column density and
Doppler width parameter spaces were both truncated in order to prevent the model from exploring
physically unrealistic values. For Ny, we restrict the parameter space to 10'6-102° cm™=2, based on
the stellar distance (12.04 pc) and typical ng values of 0.01 — 0.1 cm™3 (Redfield & Linsky, 2000;
Wood et al., 2005). We limit the Doppler width to 6-18 km s~!, based on estimates of the Local

Interstellar Cloud (LIC) ISM temperatures (Redfield & Linsky), [2000)).

3.3.3 Light Curve Analysis

The extracted 1D spectra were then split into a blue-shifted regime and red-shifted regime,
on either side of the Ly« core (Fig. ) so that we could integrate the total blue-shifted and
red-shifted flux and create 4 total light curves from the 2 visits (Fig. [3.5). Each of these light
curves was fitted with a BATMAN (Kreidberg), 2015) light curve using a 2-parameter MCMC with
the emcee package (Foreman-Mackey et al., 2013). The BATMAN models assume that the transiting
object is an opaque disk, which is usually appropriate for modeling planetary sizes. However, we
are modeling a possible hydrogen exosphere which may or may not be disk-like, and which would

have varying opacity with radius. For this work, we use the BATMAN modeling software with the
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Figure 3.6: Joint posterior distribution for the R,/R, distributions for both visits. Poisson likeli-
hoods were used due to the low photon count regime of these spectra.

understanding that our results tell us the effective radius of a cartoon hydrogen exosphere, with an
assumed spherical geometry.

We fit for R,/R. and the baseline flux using a Poisson likelihood for each visit. We use
a Poisson distribution because at Lycq, the STIS detector is receiving very few photons. Our
log(likelihood) function is:

In(likelihood) = > [d;In(m;) — m; — In(d;!)]
i

where d; is the total (gross) number of photons detected and m; is the modeled number of photons
detected. The photon model is acquired by taking a BATMAN model of in-transit photons and adding

the sky photons, which is data provided through the calstis reduction pipeline. Uniform priors



65

are assumed for both R, /R, and the baseline flux. We restrict our parameter space to explore only
effective cloud radii > 0, representing physically plausible clouds that block light during transit.
By taking simple averages of the light curve fluxes, we find the ratio of the in-transit lux compared
with out-of-transit flux to be 1.01 £ 0.16 for the visit 1 red-wing flux and 0.97 4 0.13 for the visit
2 red-wing. As both are consistent with no detectable transit, the constraints we obtain from the

fitting procedure will represent upper limits on the effective size of any hypothetical cloud.

3.4 Results

3.4.1 Spectrum Reconstruction

Figure shows the best fit emission model with 1-sigma models and a corner plot to display
the most crucial modeling parameters, with MCMC results shown in Table and Figure This
result gives us the total Lya flux for this M dwarf.

The results of the stellar spectrum reconstruction indicate that there is one component of Ly«
flux, though that is potentially a result of the low SNR regime of these observations. Additionally,
our fit indicates that there is one dominant source of ISM absorption between us and GJ 1132 - a
single cloud with velocity —3.1 km s~!, HI column density 10'7? cm=2 and Doppler parameter 13.9
km s~!. Our current understanding of LIC (Redfield & Linsky| 2000, 2008) indicates that there
should be 2 clouds, G and Cet in the line of sight of GJ 1132, but our derived vy is consistent
with the velocity of G, which is reported as —2.73 £0.94 km s~!. We take this to mean that the G
cloud is the dominant source of absorption and that we can subsequently reconstruct this spectrum
under a single-cloud assumption.

By integrating the reconstructed emission profile, we find a Lya flux of 2.88f8:§%x10_14

erg s~ ecm~2 which gives f[Lya]/f[bol] = 2.940.4x10~°, where we have calculated the bolometric

luminosity of GJ 1132b as:
R 2
frol = 0T <) : (3.1)

distance

Where values for the Teg and R, were taken from [Bonfils et al. (2018]) and the distance to the star
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Figure 3.7: Comparison of F[Lya]/F[bol] for GJ 1132 compared with stars in the MUSCLES
Treasury Survey (Youngblood et al., 2016, 2017), TRAPPIST-1 (Bourrier et al., [2017al), HD 97658
(Bourrier et al., 2017b)), GJ 436 (Bourrier et al., 2015), GJ 3470 (Bourrier et al., 2018a), as well
as the Sun (Linsky et al., 2013). The stars shown here are all M and K dwarfs that are known
exoplanet hosts. The error bars on GJ 1132 are statistical errors based on our modeling, so we
have included the flux ratios from both visits (9 months apart) to display the variability we see in

the data, labeled V1 and V2.
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is taken from [Dittmann et al|(2017). Compared with the Sun which has f[Lya]/f[bol] = 4.6x1076
(Linsky et all, |2013), we can see that this M dwarf emits fractionally 6x more of its radiation in
the ultraviolet.

Given the intra-visit stellar variability, we also modeled the average Lya spectra for visits
1 and 2 separately. All modeled parameters (see Fig. were consistent between visits except
the FWHM, which were different by 3-0, and the total integrated fluxes which differed by 2-
o (2.901“8:3{}(10_14 erg s~ cm ™2 for visit 1 and 4.30f8:i§x10_14 erg s~ cm™2 for visit 2). For
the calculation of mass loss rates in section §4.1, we use the integrated flux of the combined

reconstructed spectrum (Fig. [3.3]).

3.4.2 Light Curve Modeling

The light curves for both visits are shown in Figure MCMC modeling of these light
curves resulted in best fit parameters shown in Table [3.3] We report no statistically significant
transits, but we can use the modeling results to calculate limits on the hydrogen cloud parameters.
To ensure that we were not biasing our results by converting from the measured flux counts to

1

photons s™", we also analyzed the flux-calibrated light curves with Gaussian likelihoods based on

pipeline errors and found the results did not significantly differ from what we present here.

3.4.2.1 The STIS Breathing Effect

There is a well-known intra-orbit systematic which shows up in Hubble STIS observations
known as the breathing effect which can result in a change of amplitude of about 0.1% over the
course of an HST orbit. (e.g., Brown et all [2001; Sing et al., 2008} Bourrier et al., 2017al). This
effect is small compared to the photon uncertainty in these observations, but to examine this STIS
systematic, we perform our light curve analysis on the non-time-tagged data. We find that the
results are consistent with our time-tagged analysis, so we posit that this effect does not significantly

alter our conclusions.
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3.4.3 Stellar Variability

The red wing of our spectral data show a highly variable stellar Ly« flux over the course of

these HST visits and we quantify this variability as a Gaussian uncertainty,

02 =02 2 (3.2)

T measured Ophotometric )

where o yeasured is our RMS noise and ophotometric is the calstis-generated error propagated through
our spectral integration. Within one 90-minute HST orbit, we see flux variabilities (o) of 5-16%
for visit 1 and 7-18% for visit 2. Among one entire 18-hour visit, variability is 20% for visit 1 and
14% for visit 2 while in the 9 months between the two visits, there is a 22% offset. These results

are consistent with the 1-41% M dwarf UV variability found by [Loyd & France| (2014]).

3.5 Discussion

With 14 STIS exposures, we have characterized a long-integration Ly« spectrum and fur-
thered our understanding of the intensity of UV flux from this M dwarf. France et al|(2012) find
that as much as half of the UV flux of quiescent M dwarfs is emitted at Ly, so knowing the total
amount of flux at this wavelength serves as a proxy for the total amount of UV flux for this type of
star. Our measurement of this Lya flux provides a useful input for photochemical models of haze,
atmospheric escape, and molecular abundances in this planet’s atmosphere.

From the red-shifted light curves, we can calculate a 2-0 upper limit on the radius of this
potential hydrogen cloud outflowing from GJ 1132b. We calculate this upper limit (see Fig.
by taking the joint (visit 1 & visit 2) posterior distributions that resulted from MCMC modeling
of these light curves and integrating the CDF to the 95% confidence interval and examining the
corresponding R, /R.. The 2-¢ upper limit from the red-shifted Ly« spectra gives us an R, /R of
0.36. The upper limit R;,/R, from the blue-shifted light curves is 0.62 but given the very low SNR
of that data, this is not a meaningful constraint. The red-shifted result is an upper limit on the

effective radius of a hydrogen coma, and the real coma could be much more diffuse and asymmetric.
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Line Velocity [km s™!]

.99
35231599

log(Amplitude) [erg s™F cm™2 A~

+0.08
-13.237998

FWHM [km s~!

+4.64
114.0274:64

0.13
17.921012

]
log(HI Column Density) [cm 2]
Doppler Parameter (b) [km s™!]

+0.74
13.91+0-74

HI Velocity [km s™1]

1.43
-3.1377 5

Total Flux [erg s™1 cm™2]

_14+4x10715
29 X 10 73><10—15

Total Flux (1 Au) [erg s~ cm™?]

0.03
0.180 05

Table 3.2: Intrinsic emission line model parameters taken from MCMC samples, with 1-o error
bars. Total Flux (1 Au) is the flux if it were measured 1 Au from the star, whereas the Total Flux

is the flux as measured at HST.
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3.5.1 GJ 1132b Atmospheric Loss

In order to connect our results to an upper limit on the possible mass loss rate of neutral H
from this planet’s atmosphere, we follow the procedure outlined in Kulow et al.| (2014).
Assuming a spherically symmetric outflowing cloud of neutral H, the equation for mass loss
is
Myp = dnr®o(ryngr(r) (3.3)
Where v(r) is the outflowing particle velocity and ngy(r) is the number density of HI at a given
radius, r. For this calculation, we will be examining our 2-o upper limit radius at which the cloud
becomes optically thick, where (R,/R4)? = § = 0.13. We assume a v range of 10—100 km s~ 1, which
is the range of the planet’s escape velocity (10 km s~!) and the stellar escape velocity (100 km s—1).

Kulow et al.| (2014) reduce Equation (3) to

with a Lya absorption cross-section o defined as

Ve?

op= ————
MecAVp

(3.5)

where e is the electron charge, m. is the electron mass, c is the speed of light, f is the particle
oscillator strength (taken to be 0.4161 for HI) and Avp is the Doppler width, b/\g, where we use
100 km s~! for b, as was done in [Kulow et al. (2014).

This gives us an upper limit mass loss rate of My; < 0.86 x 10° g s~ for neutral hydrogen,
corresponding to 15.4 x 10° g s~! of water decomposition, assuming all escaping neutral H comes
from H5O. If this upper-limit mass loss rate was sustained, GJ 1132b would lose an Earth ocean
in approximately 6 Myr. If we had actually detected mass loss at this high rate, it would likely
indicate that there had been recent delivery or outgassing of water on GJ 1132b, because primordial
atmospheric water would have been lost on time scales much shorter than the present age of the

System.
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Figure 3.8: Simulations of the GJ1132 system showing the dynamics of a hypothetical outflowing
hydrogen cloud. The left panel shows a top-down view of the system, as a hydrogen tail extends
in a trailing orbit. The right panel shows the view from an Earth line of sight, at mid-transit.
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We can also calculate the energy limited mass loss rate, corresponding to the the ratio of the

incoming XUV energy to the work required to lift the particles out of the atmosphere:

. FXUVT"R% . FXU\/T('R?)
GM, R," GM,

(3.6)

The total Fxyy is the flux value at the orbit of GJ 1132b. Using our derived Lya flux, the
Lyapy package calculates stellar EUV spectrum and luminosity from 100-1171 A based on [Linsky
et al.|(2014). From that EUV spectrum, we then calculate the 5-100 A XUV flux based on relations
described in |King et al.| (2018).

Assuming 100% efficiency, we obtain an energy-limited neutral hydrogen mass loss rate of
3.0 x 10” g s~ ! estimated from the stellar spectrum reconstruction. This energy-limited escape rate
is commensurate with the upper-limit we calculate based on the transit depth and stellar properties
in the previous section. If we assume a heating efficiency of 1% (based on similar simulations done in
Bourrier et al.,|2016), then we arrive at a low expected neutral hydrogen loss rate of 3.0 x 10" g s7!,

below the level of detectability with these data.

3.5.2 Simulating HI Outflow from GJ 1132b

Figure [3.8 shows simulation results for neutral hydrogen outflowing from GJ 1132b from the

EVaporating Exoplanet code (EVE) (Bourrier et al.,[2013,[2016). This code performs a 3D numerical

MCMC Results Visit 1 Visit 2 Joint
R,/R. (R) 0347035 0157038 0.2270%)
R,/R. (B) 0.207024  0.4679:30  .30102

Baseline (v s7') (R) 0.102%g003  0.1367g55;  0.1010:003
013674 1
Baseline (ys~1) (B) 0.01370:0%0  0.01373:9%)  0.013+5-501

+0.001
0.013" 502

Table 3.3: Light curve fit results for MCMC sampling where Poisson likelihoods were used.
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particle simulation given stellar input parameters and atmospheric composition assumptions. These
simulations were performed using the Lya spectrum derived in this work, where the full XUV
spectrum has been found as described in the previous section. This spectrum is used directly in
EVE to calculate the photoionization of the neutral H atoms and calculate theoretical Ly« spectra
during the transit of the planet as they would be observed with HST/STIS. In addition, our Ly«
spectrum is used to calculate the radiation pressure felt by the escaping neutral hydrogen, which
informs the dynamics of the expanding cloud.

EVE simulations were created with the following assumptions: The outflowing neutral hydro-

gen atoms escape from the Roche lobe altitude (~ 5 R),) at a rate of 1 x 107 g 51

, modeled as a
Maxwellian velocity distribution with upward bulk velocity of 5 km s~! and temperature of 7000 K,
resulting in a cloud which could absorb upwards of 80% of the flux in the blue wing. However,
GJ 1132 has a positive radial velocity, so blue-shifted flux falls into the regime of ISM absorption
and the signal is lost. Simulations of the in-transit and out-of-transit absorption spectra as they
would be observed at infinite resolution by HST are shown in Figure [3.9] However, the simulations
don’t rule out that some thermospheric neutral H may absorb some extra flux in the red wing (see
Salz et all 2016} for a justification of simulation parameters). We note that for planets around M
dwarfs, the upward velocity may have a strong influence on the extension of the hydrogen coma.
The thermosphere is simulated as a 3D grid within the Roche Lobe, defined by a hydrostatic density
profile, and the temperature and upward velocity from above. The exosphere is collisionless with
its dynamics dominated by radiation pressure.

There might be other processes shaping the exosphere of GJ 1132b (magnetic field, collisions
with the stellar wind, the escaping outflow remaining collisional at larger altitudes than the Roche
lobe), but for these simulations we take the simplest possible approach based on what we actually
know of the system. Finally, we do not include self-shielding effects of HI atoms within the exo-
sphere, as we do not expect the exosphere is dense enough for self-shielding to significantly alter

the results.

The integrated Lya spectrum corresponds with a maximum ratio of stellar radiation pressure
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Figure 3.9: EVE simulated absorption spectra in-transit and 4 hours pre-transit. We can see that
the only region of significant absorption is at 1215.5 A, where absorption peaks at about 12% as
seen in the bottom panel. While there is a larger expected flux decrease in the blue wing, the signal
is largely in the region that the ISM absorbs and our data are too noisy in the blue wing to detect
the possible absorption signal seen in the models. The mass loss rate corresponding to the above
model is 1x107g s.
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to stellar gravity of 0.4, which puts this system in the regime of radiative breaking (Bourrier et al.,
2015)), which has a slight effect of pushing neutral hydrogen to a larger orbit. However, the gas is
not blown away so the size of the hydrogen cloud will increase if we increase the outward particle
velocity. Since the exosphere is not accelerated, most of its absorption is close to 0 km s™! in
the stellar reference frame, with some blue-shifted absorption because atoms in the tail move to
a slightly larger orbit than the planet. This indicates that the lack of blue-shifted flux in our
observations, due to ISM absorption, is a hindrance to fully understanding the possible hydrogen
cloud around this planet. The upper limit cloud size that we quote is based on the observed red-

1

shifted flux in a system which is moving away from us at 35 km s™, so any cloud absorption of

flux closer to the line center is outside of the scope of what we can detect.

3.6 Conclusions

In this work we make the first characterization of the exosphere of GJ 1132b. Until a telescope
like LUVOIR (Roberge & Moustakas, 2018), these observations will likely be the deepest possible
characterization for Lya transits of this system. If this planet has a cloud of neutral hydrogen
escaping from its upper atmosphere, the effective size of that cloud must be less than 0.36 R
(7.3 Rp) in the red-shifted wing. The blue wing indicates an upper limit of 0.62 R, (12.6 Ry),
though this is a very weak constraint. In addition, we were able to model the intrinsic Ly«
spectrum of this star.

This Ly« transit’s upper limit R,,/R, implies a maximum hydrogen escape rate of 0.08 —0.8 x
10 g s~1. If this is the case, GJ 1132b loses an Earth ocean of water between 6 — 60 Myr. Since
the mass loss rate scales linearly with Fxyy, we estimate that if this planet were in the habitable
zone of its star, about 5x further than its current orbit (based on HZ estimates in Shields et al.,
2016), the planet would lose an Earth ocean of water in as little as 0.15-1.5 Gyr. However, these
values are based on 2-¢ upper limits and theoretical calculations suggest mass loss rates lower than
these values, so further Ly« observations are needed to better constrain this mass loss. In addition,

these estimates are based on the current calculated UV flux of GJ 1132, which likely decreases over
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the star’s lifetime (e.g., Stelzer et al. 2013) and this results in an underestimate of the mass loss.

The relative Lya/Bolometric flux is roughly 1 order of magnitude higher for this M dwarf
than it is for the Sun, which has grave implications for photolytic destruction of molecules in planets
around M dwarfs of this mass. Even when considering the EUV spectrum of GJ 1132 (calculated
with methods described in [Youngblood et all 2016) and the EUV flux of the Sun (Zhitnitsky),
2018), we find that GJ 1132 emits 6x as much EUV flux (relative to Fj) as the Sun.

This work leaves us with several possible pictures of the atmosphere of GJ 1132b:

e The real atmospheric loss rates may be comparable to these upper limits, or they may be
much less, which leaves us with an open question about the atmosphere and volatile content

of GJ 1132b. There could be some loss, but below the detection limit of our instruments.

e If there is a neutral hydrogen envelope around GJ 1132b, then this super-Earth is actively
losing water driven by photochemical destruction and hydrodynamic escape of H. The

remaining atmosphere will then be rich in oxygen species such as O2 and the greenhouse

gas COs.

e GJ 1132b could be Mars-like or Venus-like, having lost its HoO long ago, with a thick COq
and O2 atmosphere remaining, or no atmosphere at all. We posit that this is the most
likely scenario, and thermal emission observations with JWST (Morley et al., 2017)) would

give further insight to the atmospheric composition of GJ 1132b.

e There might be a giant cloud of neutral hydrogen around GJ1132b based on the EVE
simulations, which is undetectable because of ISM absorption. However, if there are other
volatiles in the atmosphere we could detect this cloud using other tracers such as carbon
or oxygen with HST in the FUV, or helium (Spake et al., 2018) with ground-based high-
resolution infrared spectrographs (see |Allart et al., 2018; Nortmann et al., |2018) or with

JWST.

GJ 1132b presents one of our first opportunities to study terrestrial exoplanet atmospheres
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and their evolution. While future space observatories will allow us to probe longer wavelength
atmospheric signatures, these observations are our current best tool for understanding the hydrogen

content and possible volatile content loss of this warm rocky exoplanet.



Chapter 4

Quantifying the Transit Light Source Effect: Measurements of Spot
Temperature and Coverage on the Photosphere of AU Microscopii with

High-Resolution Spectroscopy and Multi-Color Photometry

This chapter has been resubmitted to AAS Journals after being recommended for publication
with minor revision, under the following title: W. C. Waalkes, Z. K. Berta-Thompson, E. Newton,
A. Mann, P. Gao, H. Wakeford, L. Alderson, P. Plavchan, Quantifying the Transit Light Source
Effect: Measurements of Spot Temperature and Coverage on the Photosphere of AU Microscopii
with High-Resolution Spectroscopy and Multi-Color Photometry.

Specific contributions include: W. C. Waalkes led the data analysis and model fitting, Z. K.

Berta-Thompson and E. Newton PI’d some of the observing proposals which provided data for this

paper.

4.1 Abstract

AU Mic is an active 2443 Myr pre-main sequence M dwarf in the stellar neighborhood
(d=9.7 pc) with a rotation period of 4.86 days. The two transiting planets orbiting AU Mic, AU
Mic b and ¢, are warm sub-Neptunes on 8.5 and 18.9-day periods and are targets of interest for
atmospheric observations of young planets. Here we study AU Mic’s unocculted starspots using
ground-based photometry and spectra in order to complement current and future transmission
spectroscopy of its planets. We gathered multi-color LCO 0.4m SBIG photometry to study the star’s

rotational modulations and LCO NRES high-resolution spectra to measure the different spectral
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components within the integrated spectrum of the star, parameterized by 3 spectral components
and their coverage fractions. We find AU Mic’s surface has at least 2 spectral components, a
Tamb:4003fﬁf( ambient photosphere with cool spots that have a temperature of Tspot:3003f$‘;’f{
covering a globally-averaged area of 39 + 4% which increases and decreases by 5.1 +0.3% from the
average throughout a rotation. We also detect a third flux component with a filling factor less than
0.5% and a largely uncertain temperature between 8500-10000K that we attribute to flare flux not
entirely omitted when time-averaging the spectra. We include measurements of spot characteristics
using a 2-temperature model, which we find agree strongly with the 3-temperature results. Our
expanded use of various techniques to study starspots will help us better understand this system
and may have applications for interpreting the transmission spectra for exoplanets transiting stars

of a wide range of activity levels.

4.2 Introduction

Observations from JWST are now revealing exoplanet atmospheres in more detail than ever
before (Ahrer et al., |[2023; |Alderson et al., 2023} |[Feinstein et al., [2023; Rustamkulov et al., [2023; [Fu
et al., [2022)) using an observational technique called transmission spectroscopy (Seager & Sasselov,
2000a; Brown et al., [2001; |Pont et al., [2007; [Berta et al., 2012; Sing et al., [2011). Transmission
spectroscopy is done by measuring the transit depth (which is a proxy for the planet’s radius) of
an exoplanet as a function of wavelength and inferring atmospheric absorption (e.g., Seager &
Sasselov, |2000a)) and/or scattering (e.g., |[Robinson et al., 2014; [Sing et al., 2016) at wavelengths
where the planet’s transit is deeper. The stellar photons that are absorbed by the planet and
its atmosphere originate specifically from the transit chord, the swathe of stellar surface occulted
by the planet which in general is indistinguishable from the surrounding photosphere except in
compact systems which exhibit transits at multiple latitudes. Stellar surfaces can be homogeneous
(i.e., spatially “smooth” aside from granulation and limb-darkening effects), in which case the chord
spectrum is the same as the disk-integrated spectrum, or they can be heterogeneous (containing

active regions), in which case the transit chord is not necessarily representative of the disk-integrated
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stellar spectrum.

A homogeneous stellar background surface has typically been adopted in transmission studies.
While this assumption holds true in some cases, most stars do not have smooth, single-temperature
surfaces but are instead spotted with activity-induced heterogeneities. Spots are created where
magnetic field lines pass through the photosphere and the magnetic pressure overwhelms the local
gas pressure, suspending convection and causing the region within the intersecting field to cool.
Faculae arise from weaker concentrations of field lines where this pressure isn’t enough to suspend
convection but is enough to reduce the local opacity and increase the flux emanating from deeper
in the photosphere, creating a brightening effect (Basri, 2021]).

A non-axisymmetric distribution of spots and faculae creates time- and wavelength-dependent
changes in the stellar surface flux, which has been observed in high-resolution stellar spectra (Wing
et al |1967; Afram & Berdyuginal |2015), color-magnitude relations (Vogt, [1979; Olah et al., 1997),
stellar rotational modulation (Vogt, |[1979; Pass et al.l2023]), and more recently in exoplanet transits
(Brown et al.l |2001} |Pont et al., [2008; [Sing et al., [2011; [Sanchis-Ojeda & Winn, 2011). When spots
or faculae lie on the transit chord and are occulted by transiting planets, they create bumps or dips
in the transit light curve that can bias the exoplanet radius measurement. Occulted active regions,
provided they occupy discrete regions of the transit chord and their flux contrast appears above the
noise, show up directly in transit light curves and can be identified and removed from the measured
transmission spectrum. Unocculted active regions, however, alter the disk-averaged spectrum such
that it is no longer representative of the true source spectrum of photons entering the planetary
atmosphere. This in turn creates spurious A-dependent changes to the exoplanet transit depth in
what is now known as the transit light source effect (TLSE, Rackham et al., 2018} 2019)).

On cool stellar surfaces (below about 4000 K), molecular absorption lines (like HyO, VO,
and TiO, Jones et all [1995; Allard et al., 2012) begin to appear in the stellar spectrum and
become entangled with molecular absorption signals in planetary atmospheres. Cool unocculted
spots with different or deeper molecular absorption lines than the surrounding photosphere will

appear to add molecular absorption at those wavelengths in planetary transmission spectra and
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lead to mischaracterization of exoplanets and their atmospheres. Additionally, unocculted spots
give rise to an increasing transit depth toward bluer wavelengths as their contrast against the

surrounding photosphere increases, which can be mistakenly identified as Rayleigh scattering in a

transiting exoplanet’s atmosphere (e.g., Robinson et al.,2014). Until we can precisely and reliably

determine spot characteristics on our host stars, the signature of exoplanet atmospheres will be
very challenging or impossible to disentangle from spot contamination for nearly all transmission

observations of exoplanets M and K dwarfs. This degeneracy, exemplified in recent transmission

observations of sub-Neptune exoplanets TOI 270d (Mikal-Evans et al. 2023), Gl 486b

2023), K2-33b (Thao et al., |2023), L 98-59 ¢ (Barclay et al., [2023), and temperate terrestrial

exoplanet TRAPPIST-1b (Lim et al.,|2023) is what we aim to mitigate for transmission observations

of AU Mic b by precisely measuring spot characteristics for its host star in this work.

Quantity Value
AU Mic
D [pc] 9.714 4+ 0.002*
Ter [K] 3665 + 31°
M, [Mg)] 0.60 + 0.03°
R. [Ro)] 0.82 + 0.05°
P.o¢ [days] 4.86 + 0.0054

Metallicity [dex] 0.12+0.10°
logg [log1o(cm/s?)] 4.52 £ 0.05°

AU Mic b
P [days] 8.4631427°
R,/R. 0.0433£0.0017°

Table 4.1: System parameters relevant to this study. a: Gaia Collaboration et al. (2023), b:
|Cristofari et al.| (2023)), c: [Donati et al.| (2023), d: Martioli et al.| (2021)), e: Szabé et al.| (2022).

AU Microscopii AU Mic (Torres & Ferraz Mello, 1973)) is a nearby (9.7 pc; |Gaia Collab-

oration et al., 2023)), young (24 + 3 Myr; Mamajek & Bell, [2014)), rapidly rotating (Pyot = 4.86 d;

[Plavchan et al., [2020; Donati et al. 2023) pre-main sequence M dwarf with a debris disk (Kalas

et al., [2004; |Chen et al., 2005; MacGregor et al.,2013)). This star has an inflated radius as it settles

onto the main sequence, with M= 0.60 My, and R= 0.82 R (Donati et al. [2023) and an effective

temperature of 3600-3700K (e.g., |Afram & Berdyugina, 2019; Plavchan et al. 2020} Cristofari
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2023) There are two transiting warm Neptunes on 8.46 and 18.86-day periods (Hirano et al.

2020; [Plavchan et al., 2020; Martioli et all [2021} |Gilbert et al., 2022; Zicher et all [2022) and 2

unconfirmed candidate non-transiting planets on 12.74 and 33.39-day periods recently discovered

through transit timing variations and radial velocity analysis (Wittrock et al., 2022, [2023; Donati

. The existence of an observable debris disk with interior transiting planets is a rare
and exciting architecture that holds vast scientific potential.

Furthermore, this system is one of the best cases we have for studying star-planet interactions
and the effects of young M dwarf activity on planetary atmospheres, an issue of great interest and

concern in the search for terrestrial atmospheres and potentially habitable planets orbiting M dwarf

stars (e.g., [Shields et al., 2016} Louca et al., [2023). This star’s frequent high-energy flaring that

may eventually lead to photo-evaporation of the atmospheres of AU Mic b and ¢ (Feinstein et al.)

and even in the case where atmospheres are preserved, the long term implications of young
M dwarf activity on planetary habitability are ominous. By continuing to study AU Mic and its
planets, we can build an internally consistent understanding of a nearby multi-planet system in the
early stages of formation with a stellar surface evolving on months-long timescales (e.g.,

2023). System parameters are summarized in Table and a thorough review of AU Mic’s

stellar and planetary characteristics can be found in |Donati et al.| (2023).

Transmission Observations of AU Mic b The observations we present in this work
are part of a companion study alongside HST/WFC3 transmission spectra of AU Mic b; the first

on 2021 Aug 30 (BJD 2459455.98) and the second on 2022 Apr 14 (BJD 2459684.40). Because

AU Mic’s spots evolve noticeably over time (e.g., |Szabd et all 2021} 2022} |Gilbert et al. 2022),

we have collected photometric and spectroscopic observations contemporaneous with the WFC3
observations to provide constraints on spot contamination at the time of both transmission visits.
This transmission spectrum will be analyzed in the context of our results and presented in a
subsequent paper.

Objectives and Layout In order to characterize AU Mic’s spots and forward-model

the spot contamination level in AU Mic b’s transmission spectrum, we assembled a self-consistent
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statistical framework that combines multi-color time-series photometry with contemporaneous high-
resolution spectroscopy. This method allows us to break observational degeneracies between spot
coverage and spot contrast and better understand the bulk characteristics of AU Mic’s spots. We
use bulk to mean the spatially-unresolved flux-weighted characteristics based on the treatment of
spots as discrete regions without complex temperature profiles, ignoring for example the distinction
between umbra and penumbra. These are heavy assumptions, but we argue that our models are
appropriate for the quality of our data and the information we hope to obtain.

This paper is laid out as follows: in Section we describe the types of observations used
in spot analysis and the specific observations we acquired, along with the data reduction and
processing. In Section [£.4) we describe our methods of analyzing AU Mic’s rotational modulations
, assembling the self-consistent statistical framework for modeling spot filling factor and
temperature , and forward-modeling the spot contamination in AU Mic b’s transmission
spectrum . In Section we report the results of our spot model and in Section we
discuss the physical implications of our results, how they compare to previous studies, and the

limitations of our approach.

F21 Data
x 1107 — NRES Observation |
=] —— AU Mic b Transit |
Ly 054 LCO Siding Spring
g | LcocTio | | |
42 1.001 | LCO Teide |
@ | LCO Siding Spring
€ 095 I | |
45 50 55 60 65 70
+2.4594e6
S22 Data

T T T
x 11097 NRes observation | |
= 105 — AU Mic b Transit |
w - LCO Siding Spring | I
$ .l | cocmo | | I |
i | LCO Teide I ' I
% 0.95 | LCO Sutherland i
o I LCO §iding Spring | | | i1 |

| | |

70 75 80 85 90 95
Time [B)D] +2.4596¢6

Figure 4.1: Processed and baseline-corrected photometry data for all filters in visits F21 (top) and
S22 (bottom) with vertical markers showing the temporal distribution of WFC3 (red) and NRES
(green) observations. The color of each photometric data point is based on the LCO site where
that data was observed. The time between transit observations is 229 days.
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4.3 Observations and Data Reduction

Observing Spots Starspot characteristics are difficult to disentangle in practice as there
is a degeneracy between spot coverage and temperature contrast that creates similar observational
effects within a single waveband. In addition, the physics and structure of stellar surfaces is poorly
understood for all but the most heavily studied stars. Stars of different type, rotation rate, and
magnetic field strength exhibit differing forms of surface phenomena which are or will eventually
be relevant to understand for the future of exoplanet discovery and characterization.

Breaking spot degeneracies can be done by combining observations across optical and infrared
wavelengths. Short-wavelength broadband photometry allows us to probe starspots where they
stand out the most against the stellar background (higher flux contrast toward the Wien limit),
while long-wavelength observations are useful for identifying molecular characteristics of starspots
where they overlap with planetary atmospheric absorption. Broadband photometric variability
measurements help us probe different temperature components on rotating stars, but generally only
provides a lower limit on total spot coverage due to unknown axisymmetries in spot distribution
(Apai et al., 2018). Photometric variability amplitudes decrease with wavelength as the two flux
components approach the Rayleigh-Jeans limit, so measuring rotational variability across the optical
to the infrared provides strong constraints on the spot-to-photosphere temperature contrast (e.g.,
Strassmeier & Olah, (1992).

High-resolution, time-series spectra have been used to study the relationships between stellar
activity tracers and spot coverage (e.g., Schofer et al., 2019; Medina et al. [2022). For spectroscopic
studies, stellar spectra are modeled as a combination of two or more temperature components (often
referred to as spectral decomposition, e.g., |Gully-Santiago et al., [2017}; Zhang et al., 2018} |Wakeford
et al., [2019). Specific molecular lines are often used as spot tracers including TiO (Wing et al.,
1967; |Vogtl, 11979)), CaH, MgH, FeH, and CrH (e.g., Neff et al. [1995; Afram & Berdyugina, 2019).
We recommend Berdyugina| (2005); |Apai et al.| (2018); Rackham et al. (2018) for a more thorough

review of starspots and the techniques used to study them.
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4.3.1 Data

We acquired Las Cumbres Observatory (LCO) 0.4m ¢-, r'-, and i’-band| SBIG photometry
and Network of Robotic Echelle Spectrographs (NRES) high-resolution echelle spectra on two
separate visits spanning 2-3 weeks around their respective transmission observations (occurring in
Fall 2021 and Spring 2022, hereafter F21 and S22). These data were acquired contemporaneously
with observations of AU Mic b’s HST/WFC3 transmission spectrum (see Figure [4.1)) with the hope
of precisely constraining the magnitude of spot contamination at the appropriate stellar epoch and

phase.

4.3.1.1 SBIG Imaging

Photometry was acquired between 2021 Aug 12-2021 Sept 03 (F21) and 2022 Apr 01-2022
Apr 27 (S22) using 5 separate telescopes automatically scheduled depending on weather, telescope
availability, and target observability. Typical exposure times were 20s in ¢/, 10s in 7/, and 6s in
7. Photometric data were automatically reduced into calibrated images by the BANZAI pipeline
(McCully et al.) 2022) and downloaded from the LCO Science Archiwﬂ . We performed aperture
photometry with AstrolmageJ’s multi-aperture photometry tool (Collins et all 2017). For each
filter, the same 3 comparison stars are used to account for local atmospheric effects throughout
the night and measure the target star’s relative flux. The fact that AU Mic is far brighter than
its nearby comparison stars (g’, r’, and i’ magnitudes of 9.579+0.05, 8.636+0.09, and 7.355+0.14,
respectively [Zacharias et al., 2012)) means that the photon noise in the photometry is set by the
comparison star brightness, rather than by AU Mic itself. Scintillation also contributes significantly
to the photometric noise budget, particularly in the ¢ photometry where exposure times are very
short to avoid AU Mic saturating. After performing aperture photometry, S/N per exposure was
300-600 in F21 ¢’ and »/, 200-300 in F21 4/, and 500-1000 in S22 ¢’ and . For the first visit (F21),

we have 450 exposures in SDSS ¢’, 1036 exposures in 7/, and 1175 in . For the second visit (S22)

!https://lco.global/observatory/instruments/filters/
2 https://archive.lco.global/
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https://archive.lco.global/

Order
53*
54
55
56
57
58
59*
60
61*
62
63
64
65
66
67
68
69*
70
71*
72*
73*
74
75*
76*
77
78
79
80
81*
82*
83*

A (pm)
0.873-0.888
0.858-0.872
0.842-0.857
0.826-0.841
0.810-0.826
0.798-0.812
0.784-0.798
0.771-0.784
0.759-0.772
0.746-0.760
0.734-0.748
0.723-0.736
0.712-0.724
0.701-0.713
0.690-0.702
0.680-0.692
0.671-0.682
0.661-0.672
0.652-0.663
0.642-0.653
0.634-0.645
0.625-0.636
0.617-0.627
0.609-0.619
0.601-0.611
0.593-0.603
0.586-0.596
0.578-0.588
0.571-0.581
0.564-0.574
0.558-0.567
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Note
TiO line [8860 A]

Excluded - Telluric Contamination
Excluded - Telluric Contamination
Excluded - Telluric Contamination
Excluded - Telluric Contamination

Excluded - Poor Fit
TiO line [7600 A]
Excluded - Poor Fit
Excluded - Telluric Contamination
Excluded - Telluric Contamination
Excluded - Telluric Contamination — TiO line [7150 A]
Excluded - Telluric Contamination — TiO line [7050 A]
Excluded - Telluric Contamination
Excluded - Telluric Contamination

Excluded - Poor Fit
H-o band

Excluded - Poor Fit
Excluded - Telluric Contamination

Excluded - Poor Fit
Excluded - Telluric Contamination

Excluded - Telluric Contamination
Excluded - Poor Fit

Table 4.2: Details on the NRES Echelle spectra acquired for this study. The full spectrum spans
0.39-0.91 pm (orders 119-52) but we truncate the table and the analysis at orders 53 and 83 to
focus on orders which are not dominated by noise. Orders that we omit from the final analysis
are noted with a brief explanation, and further discussion of modeling specific orders is provided
in the Appendix. Most omitted orders were heavily contaminated by telluric absorption, whereas
the orders labeled “Poor Fit” typically exhibit extremely cold spots, at the limit of the spectral
library. Note that wavelength decreases with order.



87

we have 328 in ¢’ and 330 in 7’.

For each night of observations, we stitch together all data in a single filter and take the median
in order to minimize the effect of flares. We use scipy.optimize to fit an initial sinusoid model for
sigma-clipping. We clip 10—o outliers from the initial model to account for flux variations outside of
the rotational modulation (i.e., flares), generate an optimized fit with scipy.optimize.minimize,
clip 5 — o outliers from that model, re-optimize a final time, and normalize uncertainties based on
the reduced x? statistic from this final optimized fit. The first cutoff is set at 10 — o because after
median binning, the uncertainties were underestimated and a slightly wrong initial model could
easily exclude otherwise useful data. The second cutoff is set at 5 — o to account for any extreme
outliers still remaining without being too restrictive, accounting for known uncertainties in the
chosen model. After processing, the typical per-night S/N was 70-100 for ¢’ and 7’ and 30-50 in ¢,
with a total of 19 data points for F21 ¢/, 18 for /, 17 for F21 ¢/, 28 data points for S22 ¢’, and 30
for S22 /. The per-night S/N only reaches to 100 because we set a minimum uncertainty of 1% on

the post-processing photometry based on the per-night spread in flux.

4.3.1.2 NRES Spectra

AU Mic’s spectrum was observed in the 0.39 — 0.91ym NRES bandpass with 600s exposure
times resulting in a total of 38 observations from 2021 August 24-2021 September 09 (F21) and 48
observations from 2022 April 02-2022 April 18 (S22). The R=>53,000 NRES spectra were reduced
by the BANZAI-NRES pipeline (McCully et all [2022) and downloaded from the LCO Science
Archive. Spectra from individual observations show typical peak S/N of 35 where the star is
brightest (around order 60) and drops off to below 10 in order 52 and beyond order 83, so we omit
orders outside of this range from our analysis. We processed the spectra with the chromaticﬂ
tool, first correcting for the velocity shift in each order’s spectra from the movement of the Earth
in different positions of its orbit. This was -9.5km/s in F21 and 33.0 km/s in S22 derived from a x?

grid search using a single-temperature optimized model spectrum and scipy.optimize.minimize.

3 https://github.com/zkbt/chromatic
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We median-combine spectra in time to one averaged spectrum per night resulting in 7 spectra in
F21 and 17 spectra in S22. We also bin each spectrum to 0.05 nm (roughly R=11000-18000); this
is greater than the Doppler broadening width of 0.015-0.024 nm that we estimate for the NRES
bandpass based on AU Mic’s vsini of 8 — 9 km/s (e.g., Donati et al., 2023). Zeeman broadening
is an additional effect which alters line profiles in magnetically active stars (e.g., Gray, [1984), but
we calculate the Zeeman broadening (Reiners et al., [2013)) to be less than rotational broadening
at these wavelengths and accounted for within our chosen bin size. Many of our spectral orders
overlap with absorption bands in Earth’s atmosphere so we trim out any wavelengths where the
molecular line transmission fraction of the atmosphere is < 0.995 (i.e., any wavelength at which
>0.5% of the photons are absorbed) based on time-averaged telluric data from Skycalc (Noll et al.,
2012; Jones et all 2013). We run a o-clipping routine that first calculates an optimized single-
temperature PHOENIX model (Husser et all 2013) for each spectrum, and second clips emission
lines, defined as points > 3 — o above the optimized model. Uncertainties on the time-averaged
spectra are inflated to give a reduced x? of 1 when fit against a 3650K template. This is an increase
in uncertainty of 7-55x depending on the order, resulting in typical per-order S/N of 10-40.

After processing, we omitted two-thirds of the spectral orders from the final analysis based
on their level of telluric overlap or in some cases because the ambient or spotted component was
very poorly constrained, possibly due to the spectral model fidelity problem (Iyer & Line, [2020;
Rackham & de Wit [2023)). The orders we include in the final analysis are 53, 54, 59, 61, 69, 71,
72, 75, 76, 81, 82, and 83, with details in Table £.2] In F21, there are total of 1831 spectral data
points, with 1828 in S22, for a total of 3659 spectral data points. Discussion on the choice of orders

to include and spectral model results for each individual order are in the Appendix.

4.4 Methods

Our analysis is ordered in three steps:

(1) Measuring the stellar rotation signal, where photometric data is modeled as a sine wave to
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infer the semi-amplitude of stellar variability.

(2) Modeling spot characteristics, where we infer spot characteristics based on AU Mic’s Teg,
measured photometric variabilities, and the time-averaged spectra. This is the primary

focus of our analysis.

(3) Forward modeling the TLSE, where we take the posterior samples from our modeling to
calculate the range of spectral contamination we can expect in the HST/WFC3 transmission

data for AU Mic b.

Figure shows the cartoon stellar surface we model as a combination of ambient photo-
sphere with a characteristic spectrum S(A,Tamp) and spots with characteristic spectra S(A, Tspot)
covering a globe-averaged fspor which deviates from the average coverage by £A fypor throughout
the stellar rotation. We include a third flux component (not shown on the figure) and label this
component “hot” (with attributes fhot and Thet) as we are uncertain about the physical source of
the measured hot component, if it exists. The primary results we report in section come from
this 3-temperature modeling, but we also test a 2-temperature model and discuss its results and
implications in section The two visits are modeled with the same set of parameters (implying
no change to the surface components between visits), an assumption we test and discuss later in

the paper.

4.4.1 Measuring Photometric Variability

Once the photometry data were processed as described in Section [£.3] we measure the rota-

tional variability with a sinusoidal model with the following form:
F(t) = A sin(2nt/P) + Bcos(2nt/P) + Cy, (4.1)

where t is the time of an individual data point, P is the stellar rotation period which we keep fixed
at 4.86 days, A and B are amplitude parameters, and CY is the offset parameter unique to each

camera in each visit. We fit each camera’s data separately as we expect different cameras to have
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slightly different responses and should be normalized to their separate average fluxes. While AU
Mic has a notably asymmetric light curve (e.g., the TESS light curves shown in |[Martioli et al.,
2021)) and |Angus et al.| (2018) caution against using simple sinusoidal models to fit stellar rotation
curves, our goal here is not to infer a precise rotation curve morphology and spot distribution but
to measure the relative amplitude of flux variability between separate bandpasses.

Using emcee (Foreman-Mackey et al., 2013)), we ran a Markov Chain Monte Carlo (MCMC)
with 100 walkers, 1000 steps, and 25% burn-in. We used the auto-correlation time to judge when
the sampler had converged for each parameter (e.g., Hogg et al., [2010). Median-value parameters
and their 1-0 uncertainties calculated from the sample distributions are propagated through to the

following reformulation of Equation
F(t) = X sin(2nt/P + 0) + Cy, (4.2)

where X = VA? + B? and 0 = arccos(A/X). X is the photometric semi-amplitude of variability
(or %) for a given photometric bandpass, which we use as inputs for the spot characteristics
model described below. We inflate the uncertainty on each variability measurement by 25% to

account for the assumptions of a simple rotation curve and negligible facular contribution.

Quantity Prior
Ter [K] 3650 + 100
Thot [K] U[Tambv 12000]

K] U[2300, T amp)

Tspot [

Tamb [K] U {Tspoty Thot]
fhot U[0,05]
fspot u[oa(LO'fhot)]

Afspot Z/{[O, fspot]

Table 4.3: Priors placed on our model parameters in the spot characteristics Monte Carlo simula-
tion.

4.4.2 Spot Characteristics Model

To draw inferences about AU Mic’s spot and facula characteristics, we assembled a model for

3 data components: The effective temperature, Teg, the photometric semi-amplitude of variability,
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SAT\Z’ and the time-averaged stellar spectrum, S,y.. Each of these components is modeled as a

function of some combination of fiot, fspot, Thot, Lspot, and Tamp, with model priors described in
Table [£.3]

Modeling photometric variability requires one additional parameter, the |peak-average| am-
plitude of the change in spot coverage throughout a rotation, A fspor. This parameter represents a
change in spot coverage relative to the average coverage in a way that is not relevant to our models
of the time-averaged spectral data or Teg. It can range from 0, where the surface is homogeneous
or the surface features are distributed symmetrically around the rotation axis, to A fspot=/fspot,
where the total spot coverage is clustered on the surface such that it rotates entirely in and out
of view. While photometric variabilities only provide a lower limit on the average spot coverage
fraction, the magnitude of variability depends strongly on this change in spot coverage throughout
a rotation and can be precisely constrained with sufficient evidence of the spectral contrast between
the ambient and spotted photosphere.

Effective Temperature Similar to |Libby-Roberts et al.| (2022), we treat Teg in the fol-
lowing form:

Teff4 = fspotTSpot4 + fhotThot4 + fambTamb47 (43)

where fqpot is the globally-averaged spot coverage fraction with temperature Tgpo, fhotis the average
coverage of any potential third component (which may be faculae, flares, or something else) with
temperature Thet, and famp is the coverage of the ambient photosphere which has temperature
Tamb- The ambient coverage is not a unique parameter in the model but is calculated as fam, = 1—
(fspot + fhot). This constraint effectively ensures that whatever combination of spectral components
is being modeled accurately reproduces the known surface-averaged bolometric flux emitted from
the stellar surface.

Photometric Variability Following the formalism in |Libby-Roberts et al.| (2022), we can

calculate the semi-amplitude of variability due to spots as the following:

S )\,Ts ot
AS()N) = —Afapot 1_W (4.4)
= Spo 5 .
Savg()‘) 1-— fspo‘c[1 - %]
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The expression above, the only calculation in our model which depends on A fq,et, is integrated
across the filter bandpasses to generate a single variability datum for each filter. We account for

the filter response curves by normalizing our variability integral by the filter response function:

A2 AS(A
AS B )\12 Savg((k)) W()\)S(A, Teff)d>\ (4 5)
Savg B ’ '

D2 W (A)S(A, Tegr)dA

where the SDSS filter response functions (W) are acquired through Speclit%ﬂ . The stellar
spectrum term (S(A, Teg), calculated at Teg = 3650K ) accounts for the non-uniform distribution
of stellar flux emitted across bandpasses. These bandpass-integrated model variabilities are then
fit to the broadband variability measurements extracted from the stellar rotation curve models
(section [4.4.1)).

We ignore a facular contribution to the rotational variability because magnetically active stars
are expected have photometric variabilities dominated by spots (Shapiro et al.| 2016), an assumption
we argue is valid considering the low filling factor of this component we measure, discussed in the
results. It does factor into the calculation of Teg however, and therefore indirectly affects the model
results when we examine the variability separate from the spectra. The variability light curve is
also highly under-sampled, so adding another component for this stage would be over-fitting the
very few (5) photometric variability data points we have.

Average Spectrum From the NRES Echelle spectra, we calculate a time-averaged spec-
trum which we model as a combination of a spotted spectrum and an ambient spectrum weighted

by their globally-averaged coverage:
Savg = fSpOtS()‘y Tspot) + fhots()\a Thot) + fambs()\a Tamb)- (46)

Older studies of starspots have been limited in this approach due to the computation time
required to model thousands of spectral lines and as a result they typically probed specific regions
and rotational or vibrational temperatures which may not be indicative of the bulk spot properties.

Here we modeled as many possible regions of the spectrum as possible, including orders which have

4 https://speclite.readthedocs.io/en/latest/filters.html
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weak or non-existent spot signatures as well as those with strong signatures indicative of very cool

regions, to understand the most complete picture of the star provided by the spectral data.

4.4.3 Spot Contamination Model

Atmospheric absorption will induce a wavelength-dependent change in the transit depth

(AD(A)) of the planet, expressed as

R\ 2
AD()) = <Rp> + AD(N)atm + AD(N)spot, (4.7)
with AD(A)atm is defined as:
2R
AD(N)atm = R—sz x n(\), (4.8)

where H is the scale height and n()\) is the number of opaque scale heights at each wavelength,
which typically varies between 0-5 for cloud-free atmospheres (Seager & Sasselov, [2000b)).
Following the derivations in Rackham et al.| (2018)); |Zhang et al. (2018); Libby-Roberts et al.

(2022), we can express AD(X)spot as:

S\, Tspo
AD( B Rp 2 (1 - fspot,tra) + fSpOt’traﬁ 1 4
(M)spot = R, SATspot) | )
. (1= fopot) + fipot STy

This expression can similarly be used to calculate facular depth contribution but we assume
this contribution is negligible on AU Mic. Equation does not explicitly rely on A fspot, but
the value we derive for A fpor can be used to project the spot coverage at a given time or phase,
which is needed to account for spot contamination at the time of transit. In this work we assume
ftra to be zero for both spots and faculae, which implies that the contamination calculated for a
given set of parameters represents an upper limit relative to a spotted transit chord. Samples for
fspots fhot> Tspots Thots and Tamp, are injected into this model to generate a posterior distribution

Of AD ()\)spot .

4.4.4 Experimental Design

We run several different iterations of the spot characteristics model in order to examine the

information and constraints provided by each component of the data: we model the photometric
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measurements separate from the spectra, the spectra without photometric models, and the ensemble
model which includes both data types. The model is set up as a Monte-Carlo simulation using the
emcee sampler (Foreman-Mackey et al., [2013), run with 100 walkers and 2000 steps with a 25%
burn-in. Models ran past convergence in accordance with the auto-correlation time of the sampler
chains (for a discussion of convergence and autocorrelation, see Foreman-Mackey et all 2013).
This framework maintains a distinction between the temperatures of the different spectral surface
components (Tspot <Tamb<Thot) while allowing fspor and frot to vary, enabling models to arrive at
solutions where the the surface is >50% covered in spots. Technically fiot is allowed to vary as high
as 50% but in practice the models almost never preferred values of fjo; greater than a few percent.
Time-domain analysis of the 7 NRES spectra from F21 and 17 spectra from S22 should contain
information about the change in spot coverage with stellar phase but no periodic signal could be
found so we do not include a time-domain spectral model in the analysis. Independent modeling
of the separate visits returned strongly consistent measurements for fspot, fhot, and A fspor Which
could be be a robust finding, considering the time between visits is 2x the 120-150 day activity
evolution timescale (which we can approximate to be a spot decay timescale) measured by Donati

et al.| (2023).

4.5 Results

4.5.1 Variability Amplitude Results

For the F21 visit, we measure variability semi-amplitudes, AS/S, in ¢, r/, and ¢’ of 0.0754-0.006,
0.071+£0.006, and 0.041+£0.007, and for the S22 visit we measure AS/S of 0.075+£0.003 in ¢’ and
0.07540.003 in 77, shown in Figure [I.3] and summarized in Table [£.4]

Measuring the signal for ¢’ was slightly challenging because, as the reddest bandpass, this
filter showed the weakest variability signal and therefore smallest signal-to-noise. Moreover, AU
Mic is much brighter than the nearby comparison stars and exposure times are short, scintillation

noise is prevalent. To account for poorly constrained measurements in 7’ and improve the internal
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Filter Amplitude phase
First Visit (F21)
g 0.075+0.006 1.89 +0.05
r’ 0.071+0.006 1.93 +0.05
i’ 0.04140.007 2.00 +0.04
Second Visit (S22)
g 0.0754+0.003 2.02 +0.04
r’ 0.0754+0.003 2.03 +0.04

Table 4.4: Parameters from the MCMC fits of the photometry. Period was kept fixed at the
literature period of 4.86d while the phase and amplitude were modeled as a combination of sine
and cosine terms.

consistency of our multi-color variability measurements, we impose a prior on the phase (6) for
7’. The independently-modeled ¢’ and 7’ rotation curves agree within their 1-o uncertainties in
phase, so we use the average of their phases (1.91+/-0.04) as a prior when modeling ¢’, resulting
in a modeled phase in agreement with g’ and r’. This is a reasonable approach to improving our
1’ results because we would expect the phase of 3 separate but contemporaneous data sets to be
equal, so forcing the i’ phase to be consistent with ¢’ and 7’ increases the consistency between the
three measurements and lends confidence to the relative amplitudes our signal measurements. The

phase is not used further in this work but will be useful for the analysis of AU Mic b’s atmospheric

transmission spectrum when we need to estimate the spot coverage at the time of transit.

4.5.2 Spot Characteristics Model

We examine the spot characteristics results when we model only the stellar effective temper-
ature and photometric variability data (excluding NRES spectral models) and similarly when we
model only the NRES spectra with stellar effective temperature (excluding the multi-color photo-
metric variability data). Finally, we examine the results of modeling the stellar Teg, photometric
variabilities, and NRES spectra together in an “ensemble” model which models the 12 spectral

orders and multi-color variabilities for both visits, from which we report the final results.
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4.5.2.1 Photometric Variability

Figure shows our measured photometric variability semi-amplitudes with random samples
drawn from the photometry-only posterior distributions, with statistical results in Figure [£.6] The
photometric variabilities, along with AU Mic’ T.g, show evidence for essentially any spot coverage
between 10-90% with temperature 31417335 K, changing throughout an orbit by 6 4+ 3%. Solutions
for ambient temperature are 37191’%8% K, with an upper limit of 40% coverage of a hot component
with temperature 4873f%g§2K. The hot component is only relevant to the effective temperature
calculation in the variability-only modeling, so it is acting more as an extra free parameter to
improve the fit than it is related to anything physical. The measurement of Tgpo¢ is surprisingly
accurate compared to the other measurements in this paper and others.

2-Temperature Models of the variabilities return tighter constraints on the ratio of Tgpot
to Tamp and their individual measurements, but the measurement of Tyt is significantly warmer
(Tspot:3454jgg K) than virtually every other measurement of Tgpot We present in this paper.

Measurements of fspor and Afspor are consistent with the 3-temperature fits. Results for two-

temperature modeling are in Table

4.5.2.2 Spectral Decomposition Results

When modeling the 12 spectral orders (Figure simultaneously and without photometric
variability, we find more precisely constrained temperatures and coverages of all three components.
The change in spot coverage, A fspot is unconstrained by these models because we are modeling
time-averaged spectra. The stellar spectra indicate a large fraction (fspot=0.39 £ 0.04) of cool
spots with temperature 2974fﬁ K, a dominant "ambient” (warmer) photosphere with temperature
40023%l K, and a very tenuous detection of a hot component with temperature 8681f§g§ K covering
less than 0.5% of the surface.

2-Temperature Models of the spectra result in fully consistent measurements of each

parameter. The spot component measured to cover 41 + 3% of AU Mic with temperature 30833%
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K, and the ambient photosphere temperature is measured to be 39987, K.

4.5.2.3 Ensemble Model

Results from our ensemble model, where all 5 photometric variability measurements are
jointly modeled with the spectra of both visits, are shown in Figures [4.7 and along with Ta-
ble This model finds well-constrained spot characteristics of fgpot=0.3910.04, A fSpot:O.05Jj8:88§,
and Typor=300315 K, with Tppm,=400311] K.

Some degenerate solutions can be seen which prefer what looks like a fourth flux component
between 3600-3900 K with a coverage fraction of 6-10%. This could be very weak evidence of either
the spot penumbra or faculae, but attempts to extract that component were unsuccessful and can
be pursued more in future work.

We can see that this ensemble model exhibits characteristics of both the photometry-only and
spectra-only models. The photometric variabilities strongly constrain A fpot and the temperature
ratio but provide poor constraints on the quantity of spots. Variability measurements in multiple
wavebands across the optical-NIR constrain temperature contrast because the relative change in
variability with wavelength is set by the ratio of spectral temperature components. Further into
the red, the spectral components are more similar and variability decreases. At bluer wavelengths,
variability reaches a maximum as the difference in spectra is greatest.

The spectral decomposition returns a precise estimate of fqpot, which is further constrained
with the inclusion of photometric modeling. The cold spot preference of the spectral models is
balanced by the photometric limits on how cool the spots can be, given the contrast at longer
wavelengths. The spot coverage fraction is unconstrained when modeling the photometry due to
degenerate observational effects between fqpor and Tgpor but is precisely constrained when spectral
modeling is included. The ensemble model results are primarily driven by the spectra, with the
photometry being most important for the measurement of A f,ot-

We argue that the consistency between measurements of the separate components based on

different data-model combinations indicates that the results we report from the ensemble model
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Parameter Photometry Model Spectral Model Ensemble Model
Tspot (K) 3141;0§§§ 2974172 3003153
Fopot 0.5715-22 0.39 + 0.04 0.39 +0.04
Afepot 0.06 + 0.03 < 0.40 0.0510003
Frot < 0.40 < 0.01 < 0.005
Thet (K) 487311922 86811558 8671155
Toamb (K) 37191302 4002773 4003713
Tegr (K) 3664 + 101 3783 + 37 3789 + 35
x> 2.59 (2.59) 2124 (0.581) 2136 (0.584)

Table 4.5: Parameters from fitting the different data combinations with a 3-temperature model.
The photometry model uses the 5 photometric variability measurements, the spectral model uses
12 spectral orders from both visits. The ensemble model is applied to all the photometric and
spectroscopic data. Results are broadly consistent with the 2-T model, most importantly recovering
an approximately 3000K spot in either case. The results we recommend citing for AU Mic’s surface
components are the Ensemble Model results in the rightmost column of this table.

are physically realistic.
2-Temperature Models agree with the 3-temperature results remarkably well, showing
spot coverage of 41 & 3% that changes throughout a rotation by 5.1 4 0.3%, with Tspot:3093fi?

and T, =3998T15.

4.5.3 Spot Contamination

We forward-modeled spot contamination (Equation under the assumption of 0% spot
coverage on the transit chord using ensemble model posteriors generated in the previous step, shown
in Figure At short wavelengths like the TESS bandpass (0.6-1um), contamination ranges from
550-1400 ppm. In the WFC3 bandpass, contamination is between 500-750ppm, and decreases to
250-500ppm at longer wavelengths. The transit depth of AU Mic b reported in [Szabé et al.| (2022])
calculated from TESS and CHEOPS (0.33-1.1pm) transits translates to about 1875 ppm, so the
spot contamination is 25-75% of that signal if fi;, = 0. This means that without accounting for spot
contamination, AU Mic b’s true radius (3.46 Rg if the [Szabo et al. (2022) value is uncontaminated)
may be overestimated by as much as 0.5-1.7 Earth radii. For AU Mic ¢, the [Szabé et al.| (2022)
depth is about 980 ppm, with contamination calculated to be between 400-750 ppm. This translates

to an over-estimated planetary radius of between 0.6-1.3 Earth radii.
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Parameter Photometry Model Spectral Model Ensemble Model

Tepot (K) 3454750 3083131 309313)
fspot 0.617032 0.41 +0.03 0.41 +0.03
A fopot 0.0815:05 <04 0.05 4 0.003
Tamp (K) 38761227 39989, 3998110
Tegr (K) 3649 + 98 3704 + 24 3707 4+ 24
x> 1.9 (1.9) 3060 (0.837) 3058 (0.836)

Table 4.6: Parameters from fitting the different data combinations with a 2-temperature model.
The photometry model uses the 5 photometric variability measurements, the spectral model uses
12 spectral orders from both visits. The ensemble model is applied to all the photometric and
spectroscopic data. The primary difference compared to 3-T results can be seen in the temperatures
measured for Tgpor and Tapp-

The magnitude of this shorter-wavelength contamination may be much different at different
points in AU Mic’s activity cycle and long term magnetic evolution, so these are rough estimates
and contemporaneous measurements of transit depths across the optical to infrared would shed

more light on the true radius of AU Mic b.

4.6 Discussion

In this work, we present an analysis of broadband photometry and high-resolution spec-
troscopy to constrain the spot coverage fraction and temperature contrast on AU Mic. This is cru-
cial for addressing the spot contamination in the transmission spectrum of AU Mic b and therefore
understanding its atmosphere. With observational data of stellar effective temperature, multi-color
time-series photometry, and high resolution stellar spectra, we parameterized the spectroscopic
and photometric effects of starspots into spot coverage and temperature, with a well-constrained

ambient temperature and tentative measurement of a hot component.

4.6.1 The Photometric Variability Spectrum

Photometric variability has wavelength-dependent characteristic which can be used to con-
strain the primary flux components. Amplitudes increase to some maximum at blue wavelengths

as the flux contrast increases to 1, and decreases at redder wavelengths toward the Rayleigh-Jeans
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limit. The shape and extent of the amplitude of rotational variability as a function of wavelength
provides an important constraint on spot temperatures. Because our measured variability ampli-
tude is significantly less in ¢’ than ¢’ or 7/, the spot temperature contrast is very sensitive to the
magnitude and uncertainty of 7. The ¢’ variability measurement thus carries more weight than
any other single data point in this study, as it strongly constrains spot contrast and limits how
cool the spots can be. If the i/ measurement showed greater variability, this would allow spot
temperature solutions to be cooler, as the contrast would be greater into the red. The variability
must instead decrease in this bandpass, which forces the range of solutions to be narrower and the
spot contrast to be within a certain range. The importance of this 7 measurement indicates that
further photometric studies of spotted stars must be sure to include multiple bandpasses in the
optical-to-infrared in order to precisely determine the wavelength regime where variability decrease
or “turn-off” happens. The wavelengths where this turn-off is observed are highly descriptive of

the stars spot spectra.

4.6.2 Two Flux Components or Three?

The primary results in this work are reported from the 3-temperature modeling, but we
examine how those results changed when modeled with only two temperatures, finding it returns
tightly constrained and consistent measurements for fspot, A fspot, Tspot, and Tamp. When we allow
a third component, it finds a poorly constrained temperature between 7000-10000 K, with a small
number of solutions closer to the ambient photosphere, around 4000-5000 K. If the 7000-10000 K
component is physical, it may be due to flares which are persistent enough to leave their flux in
the median-averaged spectra.

Faculae on M dwarfs may be up to a few hundred K above the ambient photosphere (e.g.,
Norris et al., [2023) and a small cluster of solutions in this temperature range stand apart from
the primary results (seen in Figures and . This could be indicative of faculae but we did
not recover that component in concerted attempts and its filling factor must be even less than the

filling factor measured for the hotter temperature, detected at less than 0.5%.



101

There is one key difference in outcome between 2- and 3-temperature models. When modeling
only T.g and photometric variabilities, the 2-temperature model returns a significantly warmer
Tspot and a tighter ratio of Tgpot to Tamp compared with the 3-temperature model. A third
temperature, which only factors into the calculation of Teg, brings spot temperature solutions into
agreement with the other measurements we report, with larger uncertainties and a weaker (though
still noticeable) relationship between spotted and unspotted temperatures.

Further investigation into multi-component rotation models and independent measurements
of spot temperatures will be needed to help clarify when 2- or 3-temperature rotation models are
most appropriate, and what cautions to impose on interpreting spot characteristics from photo-

metric variabilities alone.

4.6.3 Physical Interpretation of AU Mic’s Spot Characteristics

Much work has been done to measure and theoretically determine spot temperatures, distri-
butions, and filling factors as a function of stellar type. Still, observational evidence of consistent
spot temperatures and precise filling factors for AU Mic is tenuous. Spot characteristics are notori-
ously difficult to determine and different approaches can lead to inconsistent results. Here we will
discuss the results, limitations of this approach, and physical interpretation of AU Mic’s starspots.

Spot Temperature We report a characteristic spot temperature for AU Mic of Tgpor =
3003f$§’ K. A study of diatomic molecular lines in AU Mic’s spot spectra found in [Berdyugina
et al.| (2011) implies a AT (Teg-Tspot) of 500-700 K, which would translate to spot temperatures
of 3000-3200 K for a star with Teg of 3700 K. More recently, Ikuta et al.| (2023) calculate Tspor=
3140 £+ 64K for AU Mic based on Equation 4 of Herbst et al.| (2021]), which is based on the work
done by Berdyuginal (2005). Rackham et al. (2018)) suggest that for cool stars, Tspot can be
estimated as 0.86XTppo (Which we have labeled Ty in this work). Given our modeled Ty, of
4003fi2, the estimated spot temperature would be roughly 3300-3400K, which is over 200K warmer
than our spectral and ensemble results but in agreement with our photometry-only model results.

Recent work by [Flagg et al. (2022]) found evidence of a cold Hy layer in AU Mic’s photosphere
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with 1000K <Tgpot< 2400K. Afram & Berdyugina (2019) use molecular lines to measure spot
temperatures and find that MO stars may have spot temperatures ~2200K less than the stellar
effective temperature, implying spots on AU Mic may have Tgpor S 1500 K and Tgpot-to-Teg
ratios ~< 0.4.

Placed in context, the spot temperatures we measure in this work are much cooler than the
AT = 400K or Tgpot=0.86T ymp estimates for low mass stars and slightly cooler than (but consistent
with) the [Ikuta et al.| (2023)) and Berdyugina et al. (2011) estimates for AU Mic, warmer than some
of the molecular and vibrational estimates for spots, but consistent with older measurements of spot
temperatures on young active stars similar to AU Mic (e.g., Ramsey & Nations, 1980; [Vogtl (1981)).
The range of temperatures measured using different methods may be indicative that our assumption
of spots as a feature with a single descriptive bulk temperature is breaking down, and we need to
further develop our theoretical spot models to account for a temperature gradient. If the spots on
AU Mic have complex temperature profiles and extensive penumbrae, then the fqpoirecovered in
these models may be an overestimate of the true spot umbra and an under-estimate of the spot
umbra + penumbra.

Spot Filling Factor Our models indicate that the surface of AU Mic is fspor= 0.39 £ 0.04
covered in cool spots, with a change in spot coverage throughout a stellar rotation of A fpot=
0.05f8:88§. This estimate is within the very broad and uncertain range of possible spot coverage
fractions measured for sun-like and cooler stars and indicates a heavily spotted stellar surface.
Yamashita et al.| (2022)) estimate fspor of between 1-21% for Zero Age Main Sequence stars using
a fixed starspot temperature variability model, but such models are typically underestimates on
fspot (Rackham et al., [2018; |Apai et al., 2018). Cao et al. (2022) use APOGEE H-band spectra to
measure average spot filling factors to be 0.24840.005 for active stars in the Pleiades cluster and
0.03+0.008 for main sequence G and K stars in M67. Other estimates of fqpor for low mass stars
range from < 1% to 50% (see Table 3 in |[Rackham et al., [2018). Our results are consistent with

the range of expected coverage fractions, and our derived A fq,ot is consistent with values modeled

by |Libby-Roberts et al.| (2022)) of A fypot< 0.1, though this is a much older and slowly rotating star.
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4.6.4 Caveats

Here we will briefly describe some of the limitations of this work and possible directions for

future spot studies.

e We use a simple sinusoidal rotation model, which is not necessarily the best choice for
complex rotation curves like AU Mic’s, but the photometry is not densely sampled and
individual measurements have large uncertainties, so for the primary purpose of measuring

the relative amplitude of variability between filters we argue this is an appropriate model.

e AU Mic is a bright star, so ground-based differential photometry is difficult with LCO’s
field of view. Without similarly bright field stars, our photometry is very noisy, limiting the

precision with which we can measure variability signals, especially in redder bandpasses.

e Our spot contamination forward-models assume that fi;, = 0, which means our contami-
nation results are upper-limit cases for different sets of spot parameters. In reality, there
may be some non-zero fraction of spot coverage on the transit chord, which will lower the

contamination level in the transmission spectrum.

e It is unclear what the source of the hot component is or whether it is truly a real signal,
and the choice to include a third component affects the measurement of spot temperature

from photometric variability models.

e Our understanding of M star photosphere spectra is limited with the current generation of
high-resolution synthetic spectral libraries like the Husser et al.| (2013) PHOENIX models,
described in detail by [Iyer & Line (2020) and [Rackham & de Wit| (2023). Choosing the
best spectral template is a problem for cool stars generally, but describing AU Mic with
these models is further complicated by its pre-main sequence age, a specific environment
for which no truly appropriate model spectra yet exist. Alternative spectral models for
M dwarfs exist, such as BT-SETTL (Allard et al., 2011; Allard, 2014) or SPHINX (Iyer

et al., 2023), but those are low- to mid- resolution libraries whereas the Husser et al.| (2013)
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library has a resolution of R=100000-500000 and is more appropriate for the R=53000

echelle spectra we acquired.

4.7 Conclusions

In this work, we have demonstrated the use in acquiring broadband photometry and high-
resolution spectroscopy of only the star (without data acquired during transit) for the purpose of
studying starspots and estimating their effect on transmission spectra. The results of our modeling

lead us to the following conclusions:

e At the time of these observations, AU Mic may have been fqpot=39+4% covered in spots
with a change of A fipot=641% throughout a rotation. The spots have a bulk (flux-
weighted, not distinguishing umbra from penumbra) temperature of Tspot:3003fg‘rf K sur-
rounded by a Tamb:élOO?)J_r}?l K photosphere. We found very weak evidence for facular
coverage, and tentatively detect evidence of flux from flares with characteristic tempera-
ture 8671f238 K. The fractional uncertainties measured on our final results for T, and
Tspot come out to 0.25% and 2%, respectively. Berardo et al| (2023) report theoretical
precision limits on stellar spectral models with current instruments and spectral libraries,
finding we can constrain photospheric spectra to > 0.2% and spot spectra down to 1 — 5%,
which translate to temperature uncertainties of < 0.05% on T, and 0.25 — 1.25% on
Tspotif our results are physically accurate, we have measured the temperature of AU Mic’s

spots with a precision near but slightly worse than the Berardo et al. (2023) theoretical

precision limit, and AU Mic’s ambient photosphere temperature down to near its limit.

e Spot contamination in transmission spectra for AU Mic b will be significant, adding between
250 — 1200ppm contamination across the 0.5-5um range, overlapping with wavelengths
where we measure planetary absorption features. This contamination is based on zero spot
coverage on the transit chord, which could likely be an incorrect assumption if the large

spot coverage fraction we measure is accurate. Nevertheless, spot contamination may be



105

causing us to significantly overestimate the radii of AU Mic b and c¢. Determining the true
planetary radii may require further acquisition and study of contemporaneous multi-color

transit observations.

From these measurements we calculate Tomp-Tspot= 1000 K and Tspot/Tamb= 0.75. Spots
this cool should show up noticeably if occulted in transit if our measurements and inter-
pretation of AU Mic’s photosphere are correct, but none have yet been confirmed. With
AU Mic’s short period and large radius, it is possible that spots exist primarily or only at

high latitudes, in which case spot crossings would be rarely or never observed.

For stellar surfaces dominated by a single heterogeneity like spots (or faculae, but the pic-
ture becomes more complicated with significant filling factors of both), multi-color photo-
metric variabilities provide significant constraints on the ratio of Tspot/Tamb(0r Ttac/Tamb)
and potentially accurate measurements of Tgpor. Sampling the sensitive regions of a star’s
variability spectrum, even with broad photometric bandpasses, is useful for roughly esti-

mating the temperatures of different spectral components.

Modeling the data with either 2-T or 3-T spectral decomposition did not significantly
change measurements of Tspot, Tamb, 0 A fspot, Which indicates that these measurements
are robust. As we are uncertain of the nature and significance of the hot component we
detect, further investigation of the phase-resolved stellar spectrum may help distinguish

the nature of the different flux components.

Modeling only the variabilities provides a less accurate result for the coverage fraction
or when only 2 temperatures are included, even though this only affects the calculation
of Teg. The 3-T Teg and variability model returns an accurate (but highly uncertain)
spot temperature while the 2-T T.g and variability model prefers spots of nearly half the
temperature. We recommend further investigation into the accuracy of measuring spot

and/or facula temperatures with multi-color rotation modulations using both 2- and 3-
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temperature modeling.

e Improving measurements of spot characteristics on exoplanet host stars and understanding
spot contamination is challenging but tractable with a multi-modal approach that covers
a broad range of the visible-IR electromagnetic spectrum. As spot models and synthetic

spectra improve, spot characteristics on our host stars will become much clearer.

4.8 Appendix

We include this appendix to show visit-specific models of the photometric variabilities (Figure
, and order-specific modeling of the NRES spectra (Figure . Comparing F21 and S22
variability models demonstrates how important the i’ measurement is and the relative constraints
provided with or without it. The order-specific spectral models show agreement in many ways, as

well as some poorly constrained orders which are likely due to telluric contamination.

4.8.1 Visit-Specific Variability Measurements

While the magnitude of stellar variability in any given waveband is related to degeneracies
between spot temperature and spot coverage, the relative variability between photometric band-
passes and the wavelengths where the variability begins to decrease contain a lot of information
about the spectral temperatures on the surface of the star. If the bulk spot temperatures are very
cold relative to the photosphere, the variability will remain high at redder wavelengths. Similarly,
if spot temperatures are closer to the ambient photosphere temperature, then the variability will
decrease within optical and bluer wavelengths. The right panel in Figure [£.10] shows the greater
spread in models at redder wavelengths resulting from the absence of an 7’ measurement, allowing
the spot temperatures can be much cooler and much further from the ambient photosphere. The
different model solutions possible are strongly constrained by this ¢’ variability, and we extend that
observation to say that multi-color photometric variabilities covering the optical-NIR provide very

strong constraints on the temperature contrast for spotted stars.
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4.8.2 Spectral Decomposition by Order

In the ensemble model described in the main text, we fit spotted spectral models to 18 orders
simultaneously, but here we examine the results from modeling each order individually to check
for consistency between orders and which orders might be the most informative. In this part of
the modeling, we model the data from both F21 and S22 with the same set of parameters, under
the assumption that AU Mic’s spot characteristics have not changed measurably between visits.
Examining the results (Figure [4.11)), we cut orders from the analysis if their solutions are poorly
constrained and they satisfy any of the following criteria: there is telluric contamination, uncon-
strained ambient characteristics (which should be the dominant signal), or extremely cold spot
temperatures (which is often coincident with heavy telluric contamination). Spectral orders that
satisfy these conditions are excluded if we suspect useful information cannot be gained from the
spectral order, most frequently due to telluric contamination. Many orders also exhibit what ap-
pears to be a hot component a few hundred Kelvin hotter than the ambient component, which could
be evidence of a facular flux component. Attempts to recover this component were unsuccessful,

but perhaps worth future investigation.
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increases and decreases from an average fto f +/- Af

Figure 4.2: Cartoon of a spotted star showing the parameters used in this study.



109

F21 gp Photometry F21 rp Photometry F21 ip Photometry
115 115 115
AS/$=0.076+/-0.006, AS/$=0.071+/-0.006, AS/$=0.041+/-0.007,
- 60=1.89+/-0.05 - 0=1.93+/-0.06 - 6=2.0+/-0.04
110 LCO Data 110 ¢ Lco Data 110 ¢ Lco Data
x x x
3 iR 3 3
W 105 W 105 [T X
] ] ]
2 2 2
- - -
f_u 1.00 2 1.00 2 X
] / ] ]
o o o
0.95 / 0.95
0.90 0.90 0.
5o Residuals ((data-model)/s) o . Residuals ((data-model)/s)
: . . |
25 25 | | | 25 | | |
o 00 o 00 | I . ‘ — -+ | e o - I T | T
2 11T s )] |
-5.0 -5.0 -5.1
53 s 35 s 37 s 39 60 61 ez 53 s 35 S 37 S8 39 60 61 ez 53 sa 35 56 57 58 39 60 61 ez
Time [BJD] +2.4594e6 Time [BJD] +2.4594e6 Time [BJD] +2.4594e6
S22 gp Photometry S22 rp Photometry
115 115
AS/$=0.075+/-0.003, AS/$=0.075+/-0.003,
- 6=2.02+/-0.04 - 6=2.03+/-0.04
110 LCO Data 110 * t LCo Data
X x
2 2
W 105 \ W 105
] ]
2 \ 2
- -
2 1.00 2 1.00
] ]
« \ | «
0.95 | 0.95
, Y i {
0.90 0.90
5o Residuals ((data-model)/s) 5o Residuals ((data-model)/s)
25 25 | il
L 00 b 00 ! T : T :I\i ! ||\I|| I T
I [
—5.0 -5.0
7 75 %0 5 %0 55 70 75 o) [ %0 55
Time [BJD] +2.4596e6 Time [BJD] +2.4596e6

Figure 4.3: LCO 0.4m photometry of AU Mic in the ¢/, 7/, and 4’ filters with the rotation model
fits described in section Variability decreases with wavelength, exhibiting a significant decrease
between r’ and ¢/ measurements. The shaded regions are randomly sampled models showing the
distribution we quote as uncertainty on the amplitude, and the color of each data set corresponds
to the filter response curves in Figure Model results are provided in Table [£.4]
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Figure 4.4: All 5 measured rotational variabilities with random models (blue) drawn from the
variability model samples. Shaded regions in the background are the filter response curves for
our observations. We fit both visits together because the photometric and spectroscopic data are
consistent despite the 6 months between visits (e.g., [Robertson et al.,|2020). Variability decreases
with wavelength as the spot-to-photosphere flux contrast decreases, and when modeling the visits
separately we find that our solutions were very sensitive to the magnitude and uncertainty of the
i’ measurement. We have photometry for all 3 filters in F21 but only ¢’ and 7’ in S22.
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Figure 4.5: Spectra used in this analysis. The red and blue data points (F21 and S22, respectively)
are median-averaged in time and have had their uncertainties normalized so a 3650 K template
model has a reduced y? of 1. 100 randomly sampled models are plotted in black, which in most
cases is a tight spread and difficult to notice in these plots. Despite some poorly fit line depths,
there is a tight constraint on spot temperatures and filling factor from the spectra with or without
photometric variabilities.
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Figure 4.6: Posterior samples for the variability model (left), spectral model (middle) and the
ensemble model (right), which retains characteristics of the separate model results. The spectra
constrain how hot spot temperatures can be while the photometry constrains how cool they can be.
Limits on spot coverage fraction are mostly provided by the spectral modeling, with the variability
providing constraints on A fspot. The color of each point corresponds to the log of the temperature
ratio (Tspot/Tamb), with redder points being spots that are further from the ambient temperature.
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Figure 4.7: Posterior histograms for the variability (top left) and spectral models (top right), with
the ensemble results (bottom) exhibiting what looks like the separate-model posteriors multiplied
together.
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Figure 4.8: Violin plot posteriors for the variability modeling (left distribution on each panel),
spectral modeling (middle distribution), and the ensemble model (right distribution). Top left:

temperature posteriors showing Tgpot, Tamb, and Teg.
Bottom left: temperature ratio, Tspot/Tamb, and bottom right: AT, the difference between the
spotted and ambient temperatures. The ensemble results exhibit a narrower parameter space for
spot characteristics which is effectively the product of the variability and spectral posteriors.

Top right: fopotand A fpot posteriors.
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Figure 4.9: Forward-modeled spot contamination in the transmission spectrum of AU Mic b (left)
and AU Mic ¢ (right) with models calculated using sampled parameters from the ensemble model
posterior. Red corresponds to models with f = fs 0t +A fspot (The point of maximum spot coverage
and minimum flux throughout AU Mic’s rotation), black to f =fsot and turquoise to models with
| =fspot—A fspot- Atmospheric depth estimates come from Equation @l and are calculated to be
52 ppm for AU Mic b and 10ppm for AU Mic ¢ at one scale height. For an optimistic case where
we can measure 5 scale heights of a cloud-free atmosphere, AU Mic b’s atmospheric features will
be comparable to lower estimates of spot contamination, while AU Mic ¢’s atmospheric features
will still be a factor of a few below the lowest contamination scenarios.
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Figure 4.10: F21 (left) and S22 (right) sampled variability models (without spectral fits). The
tighter model constraints imposed by an i’ measurement can be seen in the spread of model solutions
in the red when comparing visits. The presence or absence of 7’ is strongly constraining and further
work should emphasize multi-band measurements to better constrain the spectral temperature
contrast.
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Figure 4.11: Combined-visit model violin plots showing the posterior distributions when modeling
only the spectra and T.g. Spectral orders shown in this plot span 0.557-0.888 pm, with wavelength
decreasing to the right. Top: Temperature components for the hot (blue), middle (black) and
spot (red) components. In yellow is the corresponding Teg. Most orders exhibit a hot component
between 7000-10000 K, consistent with the temperature of flares in this wavelength range. Spot
temperatures are generally poorly constrained, with the 3000K spot seemingly detected in a handful
of orders (53, 61, 72, 76, 79). Middle: the temperature ratio, Tspot/Tamb. The 5 orders showing a
spot solution tend to show a temperature ratio of between 0.7-0.8. Bottom: coverage fractions for
the spotted (red), ambient (black), and hot (blue) components. The hot component is very small,
less than 3%. There is no clear agreement with spot coverage between orders, with the largest
component being the ambient photosphere in the early orders while the later orders show more
spot-dominated photospheres. Orders with very poor constraints tend to overlap with orders that
are contaminated by tellurics. Orders omitted from the analysis are grayed out.



Chapter 5

Thesis Summary and Potential Future Projects

My thesis work addressed the challenge of observing and characterizing sub-Neptune exo-
planet atmospheres with a combination of space- and ground-based observations of M dwarfs with
transiting planets. I helped find new planets for atmospheric study, attempted to observe an es-
caping atmosphere, characterized stellar variability, and developed our capabilities to detect and
disentangle atmospheric absorption from complex stellar photospheres. In this conclusion, Section
[.1] summarizes my work and contributions to the field, and Section discusses some possible

directions for future work.

5.1 Thesis Summary

In this thesis we studied sub-Neptune exoplanets orbiting M dwarf stars. We contributed
to the detection of new planets, characterized stellar variability, and studied the impact of stellar
activity on exoplanet atmospheres. A substantial fraction of my work has involved using ground-
based observatories to verify the planetary nature of TESS Objects of Interest (TOIs). As a
contributing member of the TESS Follow-up Observing Program (TFOP), I focused on chasing
down exciting new sub-Neptune planets orbiting M dwarfs discovered by TESS and validating
systems which may be viable targets for atmospheric transmission observations. In 2020 I led
a TESS discovery paper which involved synthesizing a wide variety of ground-based data, from
photometric observations at LCO to SOAR speckle imaging, Magellan spectra, and SALT HRS

spectra in order to characterize TOIs 122b and 237b and their host stars (Chapter 2). We found
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these to be two of the cooler planets found in the first few years of TESS, both orbiting nearby
low-activity M dwarfs and receiving < 10x the insolation of Earth. These planets are viable targets
for RV and transmission studies for near-future spectrographs or heavy investment with current
RV instruments and large ground-based observatories.

One way to study atmospheres is to search for outflowing gas around highly irradiated exo-
planets as evidence of atmospheric escape due to photochemical breakdown. Using HST STIS UV
spectra, I searched for a Lyman-«a absorption signature in and around the transit of exoplanet GJ
1132b which, if detected, would have indicated an extended cloud of neutral H outflowing from
the planet (Chapter 3). This involved re-extracting spectra when the automatic pipeline failed to
extract the faint UV spectrum for GJ 1132. We did not detect a transit at Lyman-a but were
able to place an upper limit on the escape rate of hydrogen from the atmosphere of GJ 1132b and
reconstruct the Lyman-« profile of the star.

In Chapter 4 I used ground-based multi color photometry and high resolution spectroscopy
to characterize starspots on the surface of nearby transiting exoplanet host AU Mic to complement
HST/WFC3 transmission observations of AU Mic b. I was able to precisely measure the bulk
temperature of AU Mic’s spots to be 3000-3100 K covering 40+4% of the stellar photosphere. These
measurements translate to contamination as high as 1200 ppm at wavelengths shorter than 1 micron,
and between 250-600 ppm in the HST/WFC3 bandpass which is used to search for exoplanetary
water absorption. The followup to this project, my eventual next publication, applies these spot
measurements to a joint spot & atmospheric model of AU Mic b’s WFC3 transmission spectrum.
This work is in the early stages of analysis, but we hope the measured spot characteristics are precise
enough to allow us to disentangle spot contamination from atmospheric absorption in this system
and return the first confidently decontaminated transmission spectrum of an M dwarf exoplanet
atmosphere. My investigation into AU Mic’s spots has inspired the following future projects, which

seek to strengthen the connection between stellar theory and exoplanet characterization.
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Name Rp/Ri Porb(d)  Protstar(d) Distance (pc) Vmag Spectral Type
LHS 6343C 0.221 12.71 13.13 50.1 13.4 M2.5

TOI 2119 B 0.218 7.20 13.20 31.4 12.7 MO

TOI 1278 B 0.191 14.48 75.5 13.5 MO

AD 3116 B 0.328 1.98 2.30 182.8 17.5 M3.9

LP 261-75B 0.322 1.88 1.11 33.9 15.4 M4.5
NGTS-7Ab 0.233 0.68 0.68 152.7 15.5 M3

TOI-263b 0.245  0.56 0.56 277.4 19.0 M3.5

ZTF J2020+5033 0.560 0.08 136.0 19.0 M6

Table 5.1: Target list of transiting brown dwarfs around M stars, excluding those with highly
uncertain periods and/or radii. The high occurrence of close-in 1:1 spin-orbit resonances in these
systems implies strong magnetic interactions and heavy spot coverage, which may be observable in
multi-wavelength variability and transit measurements.

5.2 Potential Future Project Ideas

The old assumption of immaculate photospheres behind our transiting planets is proving
hazardous. Spot contamination has recently been recognized in HST and JWST transmission
observations of M dwarf sub-Neptunes TOI 270d (Mikal-Evans et al., [2023), K2-33b (Thao et al.,
2023)), G1 486b (Moran et al 2023), L 98-59¢ (Barclay et al., 2023), and the TRAPPIST-1 system
(e.g., [Zhang et al., 2018; [Wakeford et al. 2019; Lim et al, 2023) - all nearby planets on temperate
orbits that are promising targets for atmospheric study. Transmission observations of these planets
show features consistent with spot contamination and/or atmospheric absorption, with signals
entangled until we have a detailed understanding of the stellar surface of each of those stars at
the time of transit. As JWST kicks off a new era of exoplanet characterization, it is important
to devote time and resources to studying the surfaces and magnetic properties of low-mass host
stars, observing their spots, and mitigating spot contamination in exoplanet observations. In
thinking about how to address spot contamination, I have developed several project ideas which
take a holistic approach to spots which includes developing and refining observational techniques,
ruling out contamination scenarios with transit observations, and modeling fully convective stellar

dynamos to build the connection between spots and stellar magnetism.

e Directly Measuring the TLSE. One way to study stellar contamination in isolation is
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Figure 5.1: Cartoon transiting systems with simulated spot contamination spectra showing the en-
hanced observability of transiting brown dwarf systems (right) compared to transiting sub-Neptune
worlds (left) for constraining the TLSE. Bottom panels: simulated spot-contaminated transmission
spectra for a sub-Neptune exoplanet versus a brown dwarf in a wavelength regime relevant to molec-
ular absorption wavelengths and transmission observations with HST and JWST. Uncertainties are

only first order estimates set at 50 ppm across all wavelengths to allow a simple comparison between
scenarios.



121

by observing transiting objects that have a negligible atmospheric scale height (no atmo-
sphere, high mean molecular weight atmosphere, or high surface gravity), allowing the spot
contamination to be measured directly from any significant deviation from a flat transit
spectrum (Figure . Brown dwarfs (BDs) orbiting M stars exhibit a deep transit signa-
ture but due to their high surface gravity, atmospheric absorption features fall within the
noise limit of most observations (< 100 ppm). In these systems, the contamination signal
is likely thousands of ppm, depending on the spot coverage and spectrum of each host star.
This will be an observational survey of BD - M dwarf binaries which will provide the first
direct observations of spot contamination in transmission spectra. There are 10 such known
systems, 8 of which have periods short enough for viable study on a postdoc timeline. De-
tails summarized in Table Spots are ubiquitous on stars with convective envelopes,
which includes nearly every exoplanet host and every single M star, making each of these
8 targets a viable candidate for observing spot contamination. A multi-wavelength transit
survey of these systems covering the optical-IR would yield limits on the contamination
present in each of their transit spectra, providing us with the first confirmed spot contami-
nation in transmission, in a very high S/N regime with stellar types representative of many
of the host stars with transiting targets we study. Given the small sample size and the fact
that almost every single pair is either in or very close to a 1:1 spin-orbit resonance, the spot
characteristics on these M stars and the inferences we are able to make about them may
be fairly unique to these systems, but the sample can be scaled in future work to include
transiting BDs around more massive stars which are not synchronously rotating. These sys-
tems are further complicated by the self-luminosity of BDs. In the context of the proposed
observations of these systems, BD emission will be a relatively constant factor that can be
accounted for. This study will require new transmission-like observations from space and/or
ground observatories. While some molecules like water cannot be observed from the ground
and require a space telescope, any set of multi-color transit measurements between 0.1-10

microns is useful to place limits on spot contamination. I will request observations to study
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contamination (with an emphasis on HoO bands) with HST/WFC3 and JWST /NIRSpec
and Magellan/IMACS, Magellan/LDSS3, APO/KOSMOS, NEID, and others depending on
institution-specific resources. The timeline of this first project is highly uncertain because
observations must be proposed for and acquired on schedules unique to each observatory,
but in most of these cases archival transit observations of some form will be available (i.e.,
TESS observations), which will be useful as a starting point. This project can be expanded
in future work with photometric and spectroscopic monitoring of these systems to observe

spot evolution over many rotations.

SODA, the Spot Occultation Detections Archive. Spot occultations occur when
some or all of a spot lies on the transit chord, creating a bump in the transit light curve
and providing a direct measurement of the spot’s flux contrast in the observed waveband
(Figure . When spot occultations are measured in multiple wavebands, spectral infor-
mation emerges (e.g., [Schutte et al.,[2023). The flux contrast between spotted and ambient
photosphere varies as a function of wavelength, reaching a maximum in the Wien limit and
approaching a minimum contrast in the Rayleigh-Jeans limit where their spectra converge.
Spot occultations measured in any given waveband provides first-order information about
spot contrast, morphology, and location. In multiple wavebands, the spot contrast becomes
a low resolution spot spectrum and with high enough photometric precision, the multi-color
morphology of spot crossings may allow us to distinguish between spot umbrae and penum-
brae and better understand spot spectra. This independent measure of spot contrast can
also be used to validate other estimates of spot temperature like the multi-color rotational
variability model described in Chapter 4. A systematic study of spot occultations in the lit-
erature has not yet been done, and this will provide insight into spot characteristics across
stellar type and allow more in-depth characterization of spots and contamination for a sta-
tistical sample of exoplanet host stars. The sample for this study will be assembled starting

with a list of ground-based observations assembled by the NASA Exoplanet Exploration
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Study Analysis Group 21 report (Rackham et al., 2023) and will include those systems
which have occultations in archival space telescope data (Kepler, TESS, HST, and JWST)
along with additional crossing events that have since been published. The (unpublished)
SODA catalog I have compiled so far contains 17 systems with ground-based and with 16
space-based observations of spot crossings, with 4 of those systems having both space and
ground observations. This project will develop our understanding of the sources of stellar
variability and stellar surface magnetism while enabling more robust science with future
atmospheric transmission observations. As transit studies and spot detections will continue
indefinitely, this work is intended to be built upon in future work by myself and others,
with results eventually accessible through a public database. A team at MIT is beginning
a re-analysis of all HST transit data sets, to be available on MAST in roughly 1 year (HST

AR 17551) which will be a very useful publicly available tool for this project.

Investigating the connection between the fully convective stellar dynamo and
starspots. Stellar dynamo processes (a combination of rotation and convection) and the
magnetic fields they create have a very important role in the structure and evolution of
exoplanet atmospheres but are poorly understood for almost all stars. Magnetic fields
on the stellar surface create active regions but we do not yet understand how those fields
themselves are created or evolve let alone for stars of different type and activity level. Below
a certain mass limit (roughly 0.35 Mgy, or spectral type M4), M dwarfs have fully convective
interiors. Unlike other stars, these have a much simpler interior structure that can be
modeled as a Lane-Emden polytrope. These stars are the most numerous in the galaxy,
ubiquitously have compact multi-planet systems (e.g., [Dressing & Charbonneau, 2015,
and have magnetic or magnetically-induced interactions with their planets that influence
the composition, evolution, and habitability of those planets’ atmospheres. |Brown et al.
(2020) recently demonstrated models of a fully-convective slowly rotating star and found

single-hemisphere global magnetic fields. This result raises some interesting questions: Is it
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a robust finding? If it is robust, can it help us understand the connection between rotation,
global magnetic field topology, and the emergence of starspots? Does this illuminate the
relationship between magnetic properties and spot properties like location, temperature,
morphology, and/or evolution? Using the Dedalus package (Burns et al., |2020), I will run
a set of Magneto-hydrodynamic (MHD) simulations of slowly rotating fully convective M
stars to test the Brown et al.|(2020)) results in different rotation regimes, focusing initially
on stars with Rossby number (the ratio of a star’s rotation period to convective turnover
timescale) between 0.1-5, a regime the includes the transition region from fully saturated
activity to decreasing activity identified by Newton et al.| (2016a)). This is a pilot study
from which I hope to ultimately develop testable predictions for spot location (using spot
occultations among other methods) and temperature (using the relation in |Kopp & Rabin),
1992) as a function of magnetic field strength and stellar rotation. The yield of this project
could have significant implications for our understanding of star-planet interactions and
exoplanet habitability around slowly-rotating late M stars, the most common exoplanet

host in the galaxy.
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