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INTRODUCTION

1.1 Exoplanet Population

The story of this thesis starts in the year 1995: By detecting a periodic shift in
the spectral lines of the sun-like star 51 Pegasi, Michel Mayor and Didier Queloz
concluded that the star was being orbited by a Jupiter-mass planet (Mayor &
Queloz 1995). The most surprising aspect of this discovery was the orbital period
of the planet; 51 Pegasi b orbited its host star every 4.2 days. This is far shorter
than the period for any Solar System planet. The first gas giant as seen from
the Sun, Jupiter, needs approximately a thousand times longer to complete one
revolution around our Sun. For this discovery, the two astronomers were eventually
awarded with the Nobel Prize in Physics in 2019.

Since this first discovery of an exoplanet around a Sun-like star nearly 30 years
ago, the field has progressed considerably. Based on data retrieved from the NASA
Exoplanet Archive at the end of 2023, over 5500 exoplanets were detected to this
day (see Figure 1.1). Main findings of the past few decades include: (a) small
planets being a common outcome of planet formation (see Chapter 1.1.1), (b) the
prediction and discovery of the so-called Radius Valley, a lack of planets with
approximately two times the Earth’s radius, and (c¢) the existence of planets on
“ultra-short-orbits” (< 1 day) (see Chapter 1.1.2). In this Introduction, I will
present these various planet populations focusing on smaller exoplanets. With the
advent of JWST, we can characterize rocky exoplanets in detail like never before.
In fact, 35 of the 116 transiting exoplanets that will be observed in Cycles 1 and
2 of JWST are small planets (< 2 Rg, with Rg being Earth’s radius) to study
their atmospheres or surfaces. In Chapter 1.2, I explain the main techniques
to characterize transiting exoplanets. Some noteworthy systems and planets are
presented in Chapter 1.3. The space-based workhouse facilities for the study of
small exoplanets are discussed in Chapter 1.4. Finally, in Chapter 1.5, I introduce
the individual scientific chapters of this thesis and their main conclusions.
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Figure 1.1: Plot showing the cumulative number of detected exoplanets as a function
of time. From the first detection of planets around a pulsar (Wolszczan & Frail 1992),
progressing to the detection of a hot Jupiter orbiting a solar-like star in 1995 (Mayor &
Queloz 1995), and the multitude of transiting exoplanets unveiled during the early 2010s
by NASA’s Kepler Space Telescope (Borucki et al. 2010), we know of more than 5500
exoplanets to date. Retrieved from the NASA Exoplanet Archive in December 2023.

1.1.1 Rocky exoplanets

Thanks to the many dedicated exoplanet missions of the past, like NASA’s Kepler
Space Telescope, which has discovered approximately half of all the exoplanets
known today, we know that planets are ubiquitous in our Galaxy (Dressing &
Charbonneau 2015; Fulton et al. 2017; Zhu & Dong 2021). The formation of plan-
ets commonly yields small exoplanets, and they are even more prevalent around
smaller stars (Rogers 2015; Fulton et al. 2017). By measuring their masses and
radii, we learned that planets smaller than 1.6 Rg are most likely terrestrial (i.e.,
rocky) in composition (Weiss & Marcy 2014; Rogers 2015; Wolfgang & Lopez
2015). In Figure 1.2, mass and radius measurements of exoplanets are shown
compared to a range of compositional scenarios (Wordsworth & Kreidberg 2022).
Smaller planets usually fall into two bounding cases that characterize rocky plan-
ets: those composed of 100% iron and those made up of 100% silicates (MgSiOs).
All of the terrestrial Solar System planets can be found between these two ex-
tremes, with Earth showing a composition of approximately 30% iron and 70%
silicates. Above 1.6 Rg, exoplanets show a bigger spread in radii for a given mass
and deviate from this rocky regime. These planets need a significant fraction of
their mass in gas or volatiles, like hydrogen (Hg) or water (H20). Even a small
amount of hydrogen - just 1% by mass - in the atmosphere of a small planet,
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leads to a significant increase in its radius of 2 Rg (Valencia et al. 2010; Lopez &
Fortney 2014). Their envelope then contributes a significant fraction to the size
of the planet. Thinner atmospheres are not expected as they are very vulnerable
to escape processes and easily lost by stellar wind. Furthermore, planets with
1% of their mass in a hydrogen-dominated envelope, are not expected to have
solid, rocky surfaces. Due to the high pressures and temperatures, their surfaces
are expected to be molten (Lopez & Fortney 2014; Chachan & Stevenson 2018).
All of this is essentially why we typically do not consider these planets with pri-
mordial, hydrogen atmospheres to be rocky. Another major observation made by
data collected by the Kepler mission is the drought of planets ranging between 1.5
and 2.0 Earth radii. The phenomenon, referred to as the radius valley or radius
gap, is likely attributed to the rapid increase in planet size when a thick gaseous
atmosphere persisted (Fulton et al. 2017; Van Eylen et al. 2018).
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Figure 1.2: A mass-radius diagram comparing discovered exoplanets compared to a
suite of compositional models. The gray shaded area shows the region in the mass-
radius parameter space which is typically identified as being rocky. It is enclosed by two
compositional lines: the 100% iron (Fe) model (brown solid line) and the pure rock or
silicate line (100% MgSiOs in solid red). The Earth-like compositional line consists of
32.5% iron and 67.5% silicates. Other models with various amounts of volatiles are also
shown. The horizontal dotted line depicts a radius of 1.6 Earth Radii (Rg), above which
planets are predicted to retain a substantial hydrogen atmosphere (Rogers 2015). The
confirmed planets are color-coded by their substellar temperatures defined by Tsubst =
Tert/ v/a/Rs, with Teg being the effective temperature of the host star and a/Rs the semi-
major-axis to stellar radius ratio. We also show the images of the Solar System planets
Mars, Venus, and Earth in the plot in their corresponding positions in this mass-radius
plot. For clarity, we only show discovered exoplanets, which have at least a 50 mass
and radius detection. The plot was adapted and updated from Wordsworth & Kreidberg
(2022). The planetary parameters were accessed from the NASA Exoplanet Archive in
December 2023. The compositional lines were taken from Zeng et al. (2019).
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Even though we have discovered many small exoplanets to this day, and we
expect them to be rocky in composition based on their measured bulk densities,
we still only have little knowledge about the makeup of their atmospheres (for
a recent review on rocky exoplanet atmospheres see Wordsworth & Kreidberg
2022). Our solar system already exhibits a diverse range of atmospheres for rocky
bodies (see Figure 1.3): Venus with its thick (93 bar) CO2 dominated atmosphere,
Saturn’s moon Titan with an No dominated one at 1.5 bar, Earth with its 1
bar atmosphere predominantly composed out of Ny and Oz, and Mars with its
thinner (0.006 bar) COsz-dominated atmosphere (for a review on these thicker
Solar System atmospheres see Encrenaz & Coustenis 2018). Our Solar system
also contains planets with thin, tenuous atmospheres: Pluto and Neptune’s moon
Triton have Ny as their main atmospheric species and a surface pressure of the
order of 10 microbars caused by the sublimation of ices. Jupiter’s moon Io has an
SOs nanobar atmosphere generated by sublimation and vulcanism. Mercury is too
close to the Sun to hold onto any significant atmosphere. Its exosphere is created
by captured solar wind particles and by meteors hitting the planetary surface. It
has a thickness of approximately 1 picobar (1072 bars) and is mainly composed
of hydrogen, helium, oxygen, sodium, potassium, and calcium (Domingue et al.
2007) (for a review of these tenuous solar system atmospheres see Lellouch 2018).

The theoretical prediction of an atmosphere on small planets also remains
challenging due to numerous unknown factors, which can affect its composition and
thickness, such as atmospheric escape, outgassing from volcanism, the delivery of
volatiles by comets, rainout, and the existence of plate tectonics (e.g., Raymond
et al. 2004; Kite et al. 2009; Wordsworth 2015; Luger & Barnes 2015; Bolmont
et al. 2017; Moore & Cowan 2020). The spectral type of the host star may also
strongly influence a planet’s atmosphere. M-dwarf stars provide their planets
with a completely different environment than Sun-like stars. These stars undergo
prolonged pre-main sequence phases marked by heightened luminosity (Luger &
Barnes 2015) and also show increased starspot activity leading to increased XUV
radiation (France et al. 2016; McDonald et al. 2019). Additionally, M-dwarfs
exhibit heightened coronal-mass-ejection activity than their solar-like counterparts
(Crosley & Osten 2018; Odert et al. 2020). Despite all of that, planets around M
dwarfs remain the easiest to study. Their proximity to their host stars results
in a greater transit probability and the relatively high planet-to-star radius ratio
leads to a higher signal-to-noise of the planet’s atmospheric features making them
easiest to be studied. Therefore, M dwarfs, being the most prevalent type of stars
in the galaxy, offer a large sample of planets with high signal-to-noise exoplanets
to characterize. These advantageous aspects are commonly referred to in the
exoplanet community as the “M-dwarf opportunity”.

1.1.2 Ultra-short-period planets

After the discovery of 51 Pegasi b on its 4.2 day orbit, even more extreme planets
were discovered. In 2009, the CoRoT (Convection, Rotation and Transits) tele-
scope detected CoRoT-7 b, a planet with a radius of 1.7 Rg and an orbital period
of just 20 hours (Léger et al. 2009). At the time of its discovery, it was the small-
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Figure 1.3: A regime plot showing various atmospheric scenarios for a range of stel-
lar instellations and planetary masses. Planets with high masses are expected to have
retained their hydrogen/helium-dominated atmospheres (we typically do not consider
them as being “rocky”). Low-mass planets and more irradiated planets suffer from at-
mospheric escape and might be bare rocks (e.g., Mercury in the Solar System). Very high
irradiated planets (lava planets) are expected to develop a rock vapor atmosphere. Sub-
stantial high-mean-molecular weight atmospheres (e.g., CO2, H2O, O2, N2) can be found
in the dark blue, green, and pink areas. Various exoplanets and Solar System planets
are marked as red dots in the plot for comparison. Figure taken from Lichtenberg et al.
(2023).

est planet found up to that point and had the shortest period. By convention, we
call these exoplanets with orbital periods shorter than a day “ultra-short-period”
planets (also known as “USPs”) (for a review on these USPs, see Winn et al.
2018). The majority of these strongly irradiated worlds are smaller than 2.0 Rg
(Sanchis-Ojeda et al. 2014; Jontof-Hutter 2019). Being on these tight orbits, the
tidal forces experienced by the planet translate into a very short circularization
time scale leading to quick attenuation of any non-zero eccentricity and also giving
it a permanent dayside and nightside (Winn et al. 2018). From theoretical and
empirical work on these USPs we can therefore assume that they are tidally locked
(Lyu et al. 2023).

USPs, just like hot Jupiters, are not common in the Milky Way (Cumming et al.
2008; Wright et al. 2012; Winn et al. 2018). By determining the occurrence rate of
USPs, Sanchis-Ojeda et al. (2014) found that only one out of 200 G-type stars have
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Figure 1.4: The exoplanet “zoo” showing the equilibrium temperature of all confirmed
planets (gray dots) as a function of their radius. The equilibrium temperature Tcq as-
sumes perfect reradiation of heat and a Bond albedo of zero: Teq = Tegr/ 4/2a/Rs, with
T being the effective host star temperature and a/Rs the semi-major-axis to stellar
radius ratio. We mark the rough location of prominent exoplanet populations and show
the images of the Solar System planets in the plot in their corresponding positions in this
temperature-radius plot (Mercury with approximately 0.4 Rg is not shown). The names
of noteworthy exoplanets, discussed in any scientific chapters, or well-studied planets,
have been positioned above the corresponding dots on the plot. Planets observed by
JWST in Cycle 1 or 2 are additionally highlighted: those set for phase curve observa-
tions with a yellow star (%), eclipse observations with a blue left-pointing triangle (<),
transit observations with a green right-pointing triangle (»), and both with purple dia-
monds (¢). The lower panel provides a zoom-in to the population of smaller exoplanets
but is otherwise identical to the upper panel.

a planet on such a tight orbit (see also Bryson et al. 2020; Zhu & Dong 2021). For
comparison, one in five G-type stars are estimated to have an Earth-sized planet
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in the habitable zone around their stars (Kunimoto & Matthews 2020). The origin
of these USPs is still being highly studied and the dominant formation mechanism
is generally unknown.

USPs are typically small: of the 132 planets discovered to this date with an
orbital period shorter than a day and a measured radius, 113 (i.e., 86%) are smaller
than 2 Earth radii. For comparison, only 37% (1562 of 4180) of all planets with
radii are < 2Rg. It was originally thought that these small USPs might have
been Hot Jupiters (HJs) which underwent photoevaporation due to the proximity
to their host star (Jackson et al. 2013; Valsecchi et al. 2015; Konigl et al. 2017;
Winn et al. 2018). However, two observations have emerged, suggesting otherwise.
Firstly, it is well known that HJs are typically found around metal-rich stars
(Petigura et al. 2018). This strong correlation with metallicity is not seen for
small USP planets (Winn et al. 2017). If HJs would have been the progenitors
of USPs then they also have to orbit the same type of stars. Secondly, HJs are
typically found alone and rarely have other planets in their systems. This is in
strong contrast to USPs which often have other companions in the system (Sanchis-
Ojeda et al. 2014; Adams et al. 2017; Petrovich et al. 2019). This still leaves
sub-Neptunes as a possible progenitor. In this scenario, small USPs would be
exposed cores of sub-Neptunes (planets with approximately 2.0 — 3.9 Rg) instead
which underwent photoevaporation or Roche overflow (Lundkvist et al. 2016; Lee
& Chiang 2017; Winn et al. 2018). This would then be also consistent with hot-
sub Neptunes not showing a strong correlation with host star metallicity like USPs
(Winn et al. 2018). In this scenario, the progenitors might have initially formed at
greater separations and then migrated to their current orbits due to gravitational
interactions with the disk (Ida & Lin 2004; Schlaufman, Lin & Ida 2010; Terquem
2014) or tidal dissipation (Petrovich et al. 2019; Pu & Lai 2019). As the planets
would have formed further out then, they would consist of water-rich material
(making them “wet”).

Another hypothesis is the formation of these small planets on their tight orbits
(also known as “in-situ” formation) (Chiang & Laughlin 2013). A planet that
formed that closely to its host star would be expected to lack volatiles and be
“dry”. Some models predict that only the most refractory elements (i.e., elements
which only condense at high temperatures of approximately 1400 K; Wang et al.
2019) would be available as planetary building blocks, leading to the formation
of relatively low density, core-less worlds dominated by Calcium and Aluminium
(Dorn et al. 2019).

Additional measurements of the radii and masses of USPs, along with dis-
covering more of these planets, will contribute to our understanding of how this
population is formed. Certain models offer predictions about their origin, im-
pacting the presence of water they might contain. JWST could then be used
to characterize the atmospheres of these worlds to search for water. Moreover,
models, such as the low eccentricity tidal dissipation scenario (Pu & Lai 2019),
make specific predictions about the existence of unseen planets, providing testable
hypotheses for future observations.
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1.1.3 Lava planets

If the temperature on the dayside of a small, rocky exoplanet reaches a temperature
of approximately 1300 K, silicates will start melting leading to a molten surface
(see Chao et al. 2021, and references within). Between this temperature and the
silicate liquidus temperature of approximately 2000 K the magma will consist of
a viscous mix of liquid and solid compounds (Hirschmann 2000; Wordsworth &
Kreidberg 2022). It is worth noting here that no solar system body experiences
temperatures like this caused by solar irradiation with the substellar temperatures
of Mercury and Venus being well below 1000 K (Chao et al. 2021). By further
increasing the dayside temperature, the planet’s surface magma ocean will outgas
a thin rock vapor atmosphere (Schaefer & Fegley 2009; Léger et al. 2011; Miguel
et al. 2011; Tto et al. 2015; Kite et al. 2016). At 1500 K the outgassed atmosphere
will be very tenuous at a surface pressure of 1077 bar. This further increases
exponentially reaching 10™2 bar at 2000 K and 1072 bar at 2500 K (Zilinskas
et al. 2022). Depending on the temperature of the planet, various species will
dominate the atmospheric composition like Na, O, O, SiO, SiO5, MgO, and FeO
(Schaefer & Fegley 2009; Miguel et al. 2011; Chao et al. 2021; Zilinskas et al. 2022).
Of these, the silicon oxides, SiO and SiOs are of particular interest as they have
spectral features, which should be detectable by the MIRI/LRS instrument on
JWST: by observing the planet’s emission spectrum, SiOs should cause a lowered
emission around 7 pm and SiO will be in emission leading to an increased emission
compared to a black body around 9 pm (Zilinskas et al. 2022). Observing these
features would lead to the first detection of a rocky vapor atmosphere outgassed
from a magma ocean. Thankfully, the archetypal lava world K2-141 b will be
observed in two separate JWST programs during Cycle 1 of its mission: program
GO2347 by Dang et al. (2021) and GO2159 by Espinoza et al. (2021).

1.2 Observing techniques of atmospheres

In the following, several techniques for the characterization of transiting exoplan-
ets will be discussed (there are many in-depth reviews on exoplanet atmospheres
characterization methods and their results; see e.g., Deming & Seager 2017; Krei-
dberg 2018; Deming et al. 2019; Madhusudhan 2019). Some techniques like direct
imaging of exoplanet atmospheres or high-resolution Doppler spectroscopy will not
be covered here as the current instruments do not have the needed precision to
detect the faint signal caused by rocky exoplanet atmospheres. This is typically
because the star outshines its companion by several orders of magnitude, making
it challenging to detect the planetary signature. It is however worth noting that
high-resolution Doppler spectroscopy on a ground-based extremely large telescope
(ELT) might be able to be used in the future to detect an atmosphere on the
non-transiting, potentially habitable exoplanet Proxima b (Snellen et al. 2013,
2015; Wang et al. 2017; Birkby 2018). Currently being studied, space-based mis-
sions, which would be able to characterize potentially habitable exoplanets include
NASA’s Habitable Worlds Observatory (HWO) (National Academies of Sciences,
Engineering, and Medicine 2021) and ESA’s Large Interferometer For Exoplanets
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Figure 1.5: Geometry of the exoplanetary system when observing a transmission or
emission spectrum. When the planet passes between the observer and its host star we
observe a transit. Stellar light then travels through the planetary atmosphere, which
leads to feature sizes in the transmission spectrum that are proportional to the scale
height of the planet H = kp Teq/(1t g), where kp is the Boltzmann constant, Teq the
equilibrium temperature of the planet, ;1 the mean molecular weight and g the planetary
surface gravity. Approximately, half an orbital period later, the planet disappears behind
its star and we observe the eclipse. Figure adapted from Robinson (2017) and Kreidberg
(2018).

(LIFE) mission (Quanz et al. 2022b,a).

1.2.1 Transmission spectroscopy

When a planet transits between us (the observer) and its host star, the stellar light
will pass through the planetary atmosphere at the day-night terminator (see Fig.
1.5). At the moment of transit (also known as primary eclipse) we see absorptions
caused by the planet’s spectrum superimposed with the stellar spectrum. By
taking the difference between the spectrum we observe during transit and the one
out of transit, we receive the transmission spectrum of the exoplanet. Molecules or
atomic species will then leave absorptions in the transmission spectrum, making
them detectable. This technique led to the first detection of an exoplanetary
atmosphere on the hot Jupiter HD 209458 using the Space Telescope Imaging
Spectrograph (STIS) onboard the Hubble Space Telescope (HST) by looking at
the absorption by neutral Sodium in the optical (Charbonneau et al. 2002) and
atomic Hydrogen in the UV (Lyman «) (Vidal-Madjar et al. 2003).

The size of the planet’s transmission spectrum is proportional to the planet’s
scale height, H = kpTeq/(pt g), where kp is the Boltzmann constant, Teq the
equilibrium temperature of the planet, p the mean molecular weight and ¢ the
planetary surface gravity. This explains why the best planets for transmission
spectroscopy will have high temperatures, low surface gravities, and a low mean
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molecular weight atmosphere, e.g., hydrogen-dominated atmospheres. Commonly
detected species in transmission spectroscopy include molecules in the infrared
wavelengths, like HoO (e.g., Kreidberg et al. 2015), or now with JWST CO,
(JWST Transiting Exoplanet Community Early Release Science Team et al. 2023)
and CHy (Bell et al. 2023b). Furthermore, the alkali metals Na and K can be
detected in the visible due to their strong absorptions in the visible (e.g., Char-
bonneau et al. 2002; Feinstein et al. 2023).

Clouds can also strongly affect the observed transmission spectrum of a planet
caused by the slant viewing geometry through the planet’s atmosphere during
transit (Fortney 2005; Sing et al. 2016). They effectively make a planet appear
bigger and therefore completely mute or weaken spectral features in the trans-
mission spectrum (see e.g., Deming et al. 2013; Kreidberg et al. 2014a; Knutson
et al. 2014; Kreidberg et al. 2015). Due to Rayleigh scattering, condensates can
also lead to a strong increase in transit depths at shorter wavelengths, causing a
so-called scattering slope (see e.g., Pont et al. 2008; Lecavelier Des Etangs et al.
2008; Sing et al. 2011b). Clouds do not weaken planetary features in emission (see
Chapter 1.2.2) as much as they do in transmission due to the long slant paths at
the limb the photons travel through in the latter technique.

The heterogeneity of the stellar disk can strongly affect a transmission spectrum
and has to be considered (Sing et al. 2011b; Rackham et al. 2017, 2018; Pinhas
et al. 2018; Rackham et al. 2023). In particular, an unocculted starspot (cool areas
on the stellar photosphere) will make the star effectively redder during transit, as
more area of the star is cooler than compared to out of transit. This reddening will
lead to an increasing slope towards shorter wavelengths in the planetary spectrum
McCullough et al. (2014). On the other side, faculae, which are hot spots on a star,
will lead to a decrease in transit depth with shorter wavelengths. Additionally,
the existence of molecules (like water, Wallace et al. 1995), in a cool star spot
can lead to wrongly attributing the molecular features to the planet’s atmosphere
(Kreidberg 2018). This effect is known as the transit light source (TLS) effect
and is caused by the fact that the transit chord might not be representative of
the stellar disk as a whole (Rackham et al. 2018). This is particularly a problem
for planets orbiting M dwarfs which are typically more active and have a higher
star coverage (Rackham et al. 2018). The TLS effect does not affect emission
spectroscopy because the planet does not cross the stellar disk during this kind
of observation. The only way to disentangle the planetary and stellar signals is
by monitoring the star and determining its activity by studying its photometry
variability or comparing to activity indicators (e.g., Nikolov et al. 2014).

1.2.2 Emission spectroscopy

Approximately half an orbital period after the transit, we observe the (secondary)
eclipse of the planet. The exact timing of the eclipse depends on the eccentricity of
the planet and the argument of periastron (for a review on secondary eclipses see
Alonso 2018). During the eclipse, we only observe the spectrum of the star because
the planet is hidden behind its host star providing us with the measurement of
the baseline. Right before and after the eclipse, we see the combined planetary
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dayside and stellar spectrum. By taking the difference between these two cases we
yield our dayside emission spectrum of the planet which is the spectrum, reflected
or emitted by the dayside of the planet. Compared to the transmission spectrum,
we now probe the dayside compared to the limb or terminator of the planet.

A planetary emission spectrum will have two contributions: reflection and
emission. Refection typically dominates at optical wavelengths where exoplanet
host stars typically reach the peak of their stellar spectrum. Thermal emission
on the other side usually dominates in the infrared wavelengths due to the lower
temperatures of the exoplanets. The majority of dayside observations have been
performed in the infrared as with longer wavelengths the host star is fainter as
in the optical, increasing the planet-to-star contrast and making the planet more
observable.

The planet’s albedo plays an important role when observing an eclipse: in re-
flected light which is typically the dominating source of emission coming from a
planet in the optical wavelengths, the amount of reflectivity is typically described
by the geometric albedo, Ay4. It is basically a measurement of the reflection ef-
ficiency of the planet as a function of wavelength at full illumination (i.e., at a
phase angle of zero) (Seager 2010; Roberge & Seager 2018). High geometric albe-
dos might be indicative of reflective clouds in the atmosphere, surface ices, or
highly reflective lava (see e.g., Mansfield et al. 2019). The thermal emission on the
other hand depends on the planet’s temperature. Temperature is connected to the
planet’s heat redistribution efficiency and the planet’s Bond albedo Ag. The Bond
albedo measures the fraction of stellar radiation that is absorbed by the planet at
all wavelengths and is therefore wavelength independent (Seager 2010; Deming &
Seager 2017; Alonso 2018).

The first eclipse observations were observed with the Spitzer Space Telescope
in the infrared for hot Jupiters (Deming et al. 2005; Charbonneau et al. 2005). For
both planets, temperatures were derived by measuring the depth of the eclipse.
Furthermore, the timing of the eclipse constrained the eccentricity of the planets.
In the following years, Spitzer continued to detect many more eclipses of exo-
planets in the infrared. The IRAC photometry centered around 3.6 and 4.5 pm
became the powerhouse of space-based eclipse and phase curve observations until
the telescope’s shutdown in 2020.

The emerging planetary emission spectrum will depend on the chemical com-
position of the planetary atmosphere and its temperature gradient (Kreidberg
et al. 2014b; Stevenson et al. 2014b). A temperature profile with a temperature
decreasing with altitude will lead to an absorption feature. For example, a cloud
and haze-free, CO5 dominated atmosphere will show strong absorption in its plan-
etary emission spectrum at 15 pm. This is because the CO5 molecule exhibits a
“bending” mode at this wavelength (Catling & Kasting 2017) leading to the gas
preventing us from probing the low, hot surface and we only see the cold, top layer
of the atmosphere at this wavelength!. If the temperature gradient is reversed, the
temperature increases with altitude, we will see the CO4 in emission. This can for
example happen if the atmosphere has hazes that absorb stellar radiation in the

1The effective absorption of infrared radiation by COg is also why it is such an effective
greenhouse gas in the Earth’s atmosphere (Catling & Kasting 2017).
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upper layers of the atmosphere. This will lead to an effective heating of the top
atmospheric layer and a cooling of the lower ones. This process is called “thermal
inversion” and it is also observed in our solar system: for example, on Earth due
to ozone absorbing UV in the stratosphere and on Saturn’s moon Titan due to
photochemical hazes (Lellouch 2018; Encrenaz & Coustenis 2018).

Eclipse measurements also give strong constraints on the global climate and
heat transport on an exoplanet. In the case of a thick atmosphere, winds can trans-
port heat from the dayside over to the nightside, effectively cooling the dayside
and heating the nightside. We therefore get an estimate of the surface pressure by
measuring the dayside temperature (Selsis et al. 2011; Koll et al. 2019a). The full
picture of a planet’s climate can be revealed by observing the planet’s emission at
all planetary phases by observing a so-called “phase curve”.

1.2.3 Phase curves
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Figure 1.6: Thermal phase curves of small (< 2 Rg) exoplanets as observed by Spitzer.
Left: The symmetric phase curve of the rocky exoplanet LHS 3844 b (1.3 Rg) reveals
no indication of a hotspot offset, suggesting that the planet is devoid of any atmosphere
and resembles a bare rock. Right: The peak emission occurs before the eclipse for the
phase curve of 55 Cnc e (1.9 Rg). This hot spot offset is indicative of heat transport
in a moderate mean molecular weight (CO or N3) atmosphere with a surface pressure
of a few bars. In this scenario, a super-rotating jet could transport energy away from
the substellar point (Kite et al. 2016; Hammond & Pierrehumbert 2017; Angelo & Hu
2017). The hotspot offset could however not be confirmed by a reanalysis of the data
by Mercier et al. (2022). Figures taken from Kreidberg et al. (2019a); Demory et al.
(2016a); Wordsworth & Kreidberg (2022).

When we observe a planet for a whole planetary orbit, we will measure the
planet’s spectrum from the different sides (or phases) of the planet (for a review
on phase curves and mapping exoplanets with them, see Parmentier & Crossfield
2018; Cowan & Fujii 2018). By measuring the emission coming from the vari-
ous longitudes of the planet, we measure the day-to-night temperature contrast
informing us about the heat transport on the planet. We essentially measure an
emission spectrum at various phases of the planet, giving us information on the
abundances and temperatures all around the planet Sing et al. (2016).

The planets that are typically being studied with phase curves are on short
orbital orbits of a few days or hours and due to the strong tidal forces they ex-
perience most likely tidally locked. Eclipses, which give us a measurement of the
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stellar flux alone, provide us with a baseline. Therefore, phase curve observations
usually start shortly before an eclipse and end right after the following eclipse, one
orbital period later (e.g., Mikal-Evans et al. 2022). As this observational setup
also covers at least one transit, we additionally observe a transmission spectrum.

The first successful photometric phase curve was measured by Knutson et al.
(2007) for the hot Jupiter HD 189733 b with the Spitzer Space Telescope at 8
pm. The peak brightness did not occur at the substellar point but right before
the eclipse, indicating an eastward offset of the hotspot. These observations were
in agreement with predictions made by 3D global circulation models (GCMs),
which were developed to explain the observed thermal hot Jupiter phase curves.
These models predict the existence of an eastward equatorial jet transporting
heat eastwards away from the substellar point (Showman et al. 2008, 2009). The
first spectroscopic phase curve was then taken by Stevenson et al. (2014b) with
HST/WFC3 for the hot Jupiter WASP-43 b (Kreidberg 2018). The observations
were able to constrain the planet’s temperature-pressure profile as a function of
longitude, the hotspot offset as a function of wavelength, and with all that un-
veiling the substantial information content stored in a spectroscopic phase curve
observation. Phase curve observations of smaller planets have been also possible
thanks to Spitzer and JWST (see 1.3.1 and 1.3.3).

1.3 Notable Planets and Systems

In the following, I will discuss a selection of small exoplanets, that had a successful
eclipse measurement in either other optical or infrared, giving us constraints on
the planet’s reflectivity or temperature.

1.3.1 55 Cnc e

55 Cnc is a bright (V = 6 mag, Ks = 4 mag), nearby (12.6 pc), Sun-like star hosting
five exoplanets (for a review on the system, see Fischer 2018). Only the most inner
one planet, 55 Cnc e is known to be transiting with an ultra-short-period of 18
hours (McArthur et al. 2004; Fischer et al. 2008). The short orbital period leads
to an equilibrium temperature of approximately Teq = 1950 K (Bourrier et al.
2018) (assuming a Bond albedo of zero and perfect heat redistribution). Transits
of the planet were discovered around the same time with the Microvariability and
Oscillations of Stars (MOST) telescope (Winn et al. 2011) and the Spitzer Space
Telescope (Demory et al. 2011). The planet’s bulk density (Rp = 1.9 Rg, M, =
8.6 Mg) is inconsistent with an Earth-like interior composition but rather with a
pure silicate (MgSiO3) composition, a composition with a significant amount of
volatiles or a composition dominated by Al and Ca without any iron core (Crida
et al. 2018b; Zeng et al. 2019; Dorn et al. 2019).

The phase curve captured by the Spitzer Space Telescope, which was the first
one taken for a small exoplanet, revealed a surprisingly large eastward offset of the
planet’s hotspot (41 +12°) (see Fig. 1.6) (Demory et al. 2016a). This phase curve
offset was initially attributed to a moderate mean molecular weight (CO or Nj)
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atmosphere with a surface pressure of a few bars featuring a super-rotating jet,
which transports energy away from the substellar point (Kite et al. 2016; Ham-
mond & Pierrehumbert 2017; Angelo & Hu 2017). However, a recent reassessment
conducted by Mercier et al. (2022) indicated that this hotspot offset might be an
artifact of the data reduction process, revealing a negligible offset instead. The
eclipse depth of the planet was also found to vary by a factor of 3.7 between 2012
and 2013, corresponding to dayside brightness temperatures ranging from 1300 K
up to 2800 K (Demory et al. 2016b). The authors suggested that the observed
changes might be attributed to volcanic activity, giving rise to plumes that raise
opacity within the Spitzer bandpass (Demory et al. 2016b; Tamburo et al. 2018). A
recently published optical phase curve of 55 Cnc e observed by CHEOPS (CHar-
acterising ExOPlanet Satellite) detects a phase-curve amplitude and offset that
varies in time, potentially attributing it to a dust torus around the star (Meier
Valdés et al. 2023).

Even after all the monitoring, the planet’s atmospheric and interior composi-
tion is still unclear. The search for escaping hydrogen from the planet led to a
non-detection of hydrogen-atmosphere (Ehrenreich et al. 2012). A recent study
did also not discover any Helium atmosphere (Zhang et al. 2021b). Both stud-
ies together make it unlikely that 55 Cnc e has any H/He-rich primordial atmo-
sphere. The search for various atomic and ionized species that might have origi-
nated from a silicate-vapor atmosphere in high-resolution spectroscopy also only
led to non-detections (Keles et al. 2022; Rasmussen et al. 2023). A low-resolution
HST/WFC3 transmission spectrum by Tsiaras et al. (2016a) hinted at an HCN
absorption feature in a likely hydrogen-rich atmosphere. High-resolution transit
spectroscopy by Deibert et al. (2021) however ruled out the most likely models
presented in Tsiaras et al. (2016a). To shed light on 55 Cnc e, two JWST pro-
grams were approved in Cycle 1 which will characterize the planet’s atmosphere
and planetary rotation period (see Fig. 1.4) (Hu et al. 2021; Brandeker et al.
2021).

1.3.2 Kepler-10 b

Kepler-10 is an old, fainter (V = 11 mag, Ks = 9 mag) Sun-like star with two tran-
siting (Kepler-10 b and ¢) and one non-transiting planet (Kepler-10 d) (Bonomo
et al. 2023). Kepler-10 b is a lava world with a bulk density consistent with Earth
(Rp = 1.5 Rg, Mp = 3.3 Mg) and an ultra-short orbital period of just 20 hours
leading to an equilibrium temperature of Toq = 2170 K. The planet was the first
rocky planet discovered by the Kepler mission (Batalha et al. 2011). Eclipse obser-
vations of the planet by Kepler showed a relatively deep eclipse depth that suggests
a high geometric albedo of 0.60 £ 0.09 for the planet (Batalha et al. 2011; Sheets
& Deming 2014). This comes as a surprise as small exoplanets (1.0 — 2.0 Rg), are
typically very dark showing upper values in the geometric albedos of 0.11 + 0.06
(note that Kepler-10 b is removed from this statistical albedo analysis because it
significantly increases the average of the Kepler small planet sample) (Sheets &
Deming 2017). A high reflectivity like that for Kepler-10 b might be due to clouds
or due to unusually reflective lava (Rouan et al. 2011; Essack et al. 2020). How-
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ever, recently Zieba et al. (2022) suggested that the high emission in the optical
would not be due to a highly reflective surface but rather due to emission fea-
tures of Sodium and Potassium indicating a silicate atmosphere, which would be
consistent with the planet’s bulk density and high dayside temperature. Further
spectroscopic follow-up of the planet in these optical wavelengths could confirm
this hypothesis.

1.3.3 LHS 3844 b

LHS 3844 b was discovered by the Transiting Exoplanet Survey Satellite (TESS)
and has an orbital period of just 11 hours (Vanderspek et al. 2019). The small
planet (R, = 1.3 Rg) has a equilibrium temperature of Teq = 805 K and is orbiting
an M dwarf (V = 15 mag, Ks = 9 mag). The planet was observed for over 100 hours
continuously with Spitzer at 4.5 pm to collect its thermal phase curve (Kreidberg
et al. 2019a). The phase curve was symmetric showing no hint of a hotspot offset
(see Fig. 1.6), a large day-nightside contrast, and no significant flux emitted by
the planet’s nightside. All that is consistent with the planet being a bare rock and
the modelling presented in Kreidberg et al. (2019a) ruled out any thick (> 10 bar)
atmosphere on the planet. Thinner atmospheres would have been eroded by the
stellar irradiation over the planet’s lifetime. Ground-based transmission spectra
are also consistent with no significant atmosphere on the planet (Diamond-Lowe
et al. 2020).

The planet is in a sweet spot for surface characterization with the highest ex-
pected thermal emission signal among terrestrial planets below 1000 K, without
reaching temperatures that would cause surface melting (Mansfield et al. 2019).
By comparing the eclipse depth measured by Spitzer with emission spectra cor-
responding to various surface compositions (ultramafic, feldspathic, basaltic, and
granitoid), it was determined that the observations are most consistent with a
pure dark basaltic surface (Kreidberg et al. 2019a). A surface like this is similar to
the lunar mare and Mercury, possibly arising from widespread extrusive volcanic
activity. MIRI/LRS eclipse observations scheduled for JWST Cycle 1 will mea-
sure the infrared emission spectrum of the planet between 5 and 12 pm and search
for trace amounts of SOz which might arise from volcanic activities (Kreidberg
et al. 2021b). A JWST phase curve of the planet will be also studied by Zieba
et al. (2023a) with NIRSpec/G395H (2.87 — 5.14 nm), to study the emission as a
function of longitude.

1.3.4 TRAPPIST-1

A vparticularly interesting system for the characterization of rocky exoplanets is
TRAPPIST-1 (for a short review on the TRAPPIST survey and TRAPPIST-1,
see Burdanov et al. 2018; Gillon et al. 2020). Seven approximately Earth-sized
planets orbit the nearby (12 pc) ultra-cool-dwarf (Ms = 0.09 Mg, Rs = 0.12 Rg)
TRAPPIST-1, with orbital periods ranging from 1.5 days (for planet b) to 18.8
days (for planet h) (Gillon et al. 2016, 2017; Agol et al. 2021). The planets allow us
to do comparative planetology between all seven transiting planets in this system
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(Morley et al. 2017). Up to four of the planets (d, e, f, g) are also in the tempera-
ture zone around their star where liquid water could exist on the planet’s surface,
making this system particularly interesting for the study of its habitability (Kast-
ing et al. 1993; Kopparapu et al. 2013, 2014; Wilson et al. 2021). There are several
factors contributing to the potential challenges faced by the TRAPPIST-1 planets
in retaining their atmospheres, rendering them comparatively less hospitable for
life: late M-dwarfs like TRAPPIST-1 have prolonged pre-main sequence phases
(Baraffe et al. 1998, 2015), which can take billions of years, where they highly lu-
minous leading to extreme water loss (Luger & Barnes 2015; Bolmont et al. 2017).
They are also known to show frequent flares and coronal mass ejections further
leading to atmospheric escape (Roettenbacher & Kane 2017; Paudel et al. 2018;
Tilley et al. 2019; Airapetian et al. 2020).

The system was observed by Spitzer continuously for approximately 20 days
in 2016. Due to the compact nature of the system, the system experiences transit-
timing variations (TTVs): the planetary transits do not occur in a constant interval
but vary due to gravitational interactions between the different planets. The
delay or early arrival of a transit depends on the masses of the other planets in the
system. This technique was then used to measure the masses and radii of all of the
planets in the system to high precision (Yee et al. 2017). The masses are two orders
of magnitude more accurate than what current radial velocity (RV) capabilities can
achieve (Agol et al. 2021). The planets do all fall onto the same rocky mass-radius
relationship which is slightly depleted in iron compared to the Earth, 21% for the
TRAPPIST-1 planets compared to 32% for the Earth. Also consistent would be
the planets having an Earth-like composition, which is enriched in lighter elements,
like water (Agol et al. 2021).

The transmission spectra of all planets in the TRAPPIST-1 system have been
collected with HST /WFC3 and Spitzer but were only able to rule out hydrogen-
dominated atmospheres. The observations are all consistent with cloudy atmo-
spheres, high mean-molecular weight atmospheres (e.g., CO2, H2O), or no atmo-
spheres at all (de Wit et al. 2016, 2018; Zhang et al. 2018; Ducrot et al. 2018; Garcia
et al. 2022). All of the planets will be studied by JWST in Cycle 1 in transmission
and the two most inner planets, b and c, in emission. The first JWST transmission
spectrum of a TRAPPIST-1 planet was published in Lim et al. (2023), which used
JWST /NIRISS (0.6 — 2.8 nm) to observe planet b in two visits. The shape of the
transmission spectra between the two visits differs significantly from each other
which is explained by unocculted starspots in the first visit and unocculted faculae
in the second. The observations were able to rule out hydrogen-rich atmospheres
confirming previous studies, but could not determine the atmospheric composi-
tion. The study shows how stellar contamination dominates over the transmission
spectrum and that the stellar contribution has to be accurately disentangled from
the planetary signature. As discussed in Section 1.2.2, emission spectroscopy does
not suffer from stellar contamination like transmission, because the planet does
not move across the stellar disk as seen by the observer, therefore not occulting
any star inhomogeneities. The photometric emission studies of TRAPPIST-1 b
(Greene et al. 2023) and TRAPPIST-1 ¢ (Zieba et al. 2023b) with JWST showed
deep eclipses at 15 pm. They are inconsistent with cloud-free, COs dominated
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atmospheres as the CO3 in their atmospheres would lead to low brightness tem-
peratures at 15 pm and therefore shallow eclipses. TRAPPIST-1 b is consistent
with a dark, bare rock surface, whereas TRAPPIST-1 ¢ is more consistent with
thin COs atmospheres are slightly non-zero albedo surfaces (Greene et al. 2023;
Zieba et al. 2023b). Observations in other wavelengths (outside of the CO2 band
at 12.8 pm for planet b, Lagage & Bouwman 2017) and a phase curve (at 15 pm
for planet b and c, Gillon et al. 2023) are planned and will give us a more complete
picture of the atmospheres of the planets and their heat redistribution.

1.4 Facilities

The majority of detections mentioned in the previous chapters have been primarily
focused on the characterization efforts performed with space-based observatories,
in particular, HST, Spitzer, and JWST. Ground-based atmospheric characteriza-
tion has several disadvantages: it for example suffers from turbulence in Earth’s
atmosphere. There are also wavelengths in particular in the UV and infrared (due
to the water absorption bands) where the Earth’s atmosphere is mostly opaque and
does not let the majority of radiation reach the surface. The thermal background
is also higher on Earth than in a thermally stable environment like the Earth-Sun
Lagrange point, L2 (where JWST is located). On the other side, however, ground-
based telescopes are theoretically not space-constrained, unlike space telescopes,
which must conform to the dimensions of the launch rocket fairing. Ground tele-
scopes have detected, for example, Na and K in the optical wavelengths (e.g.,
Redfield et al. 2008; Snellen et al. 2008; Sing et al. 2011a), Helium (e.g., Allart
et al. 2019; Zhang et al. 2022), water (e.g., Birkby et al. 2013) or various carbon
and nitrogen-bearing species (e.g., Giacobbe et al. 2021).

Figure 1.7 shows a selection of space-based instruments for the study of exo-
planets. Of these the powerhouse facilities of atmospheric characterization in the
past decade were HST with its WFC3 (Wide Field Camera 3, covering the near-
infrared) (McCullough & MacKenty 2012; Deming et al. 2013) and STIS (Space
Telescope Imaging Spectrograph, covering the optical and UV) (Ehrenreich et al.
2015; Sing et al. 2016) instruments and Spitzer with its photometric Infrared Ar-
ray Camera (IRAC) Channel 1 and 2 centered around 3.6 and 4.5 pm (Fazio et al.
2004). The WFC3 G141 grism (1.1 and 1.7 nm) covers a strong water absorption
feature around 1.4 pm, which leads to dozens of detections of water in the atmo-
spheres of hot Jupiters, Neptune-sized planets, and sub-Neptunes (e.g., Deming
et al. 2013; Huitson et al. 2013; McCullough et al. 2014; Fraine et al. 2014; Krei-
dberg et al. 2014b, 2015; Benneke et al. 2019). By observing eclipses, HST also
detected the same water feature in emission in the atmosphere of some exoplan-
ets (e.g., Crouzet et al. 2014; Kreidberg et al. 2014b). G102, the bluer grism on
HST/WFC3 was used to detect Helium in the atmosphere of WASP-107 at 1083
nm (Spake et al. 2018). Finally, STIS has led to many Na (577 nm) and K (779
nm) detections in the atmospheres of transiting hot Jupiters (Sing et al. 2016;
Madhusudhan 2019). Additionally to the high precision spectroscopy by HST, the
Spitzer Space Telescope has been able to provide us with near-continuous pho-
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Figure 1.7: Figure showing current (JWST, HST, TESS, and CHEOPS) and past (Kepler and Spitzer) space-based instruments and
telescopes for the observation of exoplanets and their coverage of the electromagnetic spectrum. Other observational modes of HST or
Spitzer are not depicted, as they were either only used on a handful of planets (e.g., Channel 3 and 4 on Spitzer, which were operational in
the telescope’s “cold phase”) or generated not reproducible results (e.g., the NICMOS instrument on HST). Next to JWST’s MIRI/LRS
instrument (low-resolution spectrograph; approximately 5 — 12 um), MIRI also has nine broadband filters for photometric imaging with
their center wavelength ranging from 5.6 to 25.5 pm. See Zieba et al. (2023b) i.e., scientific chapter 4, for an application of MIRI filter
F1500W (centered around 15 pm) to observe an exoplanet. There is also a prospect of using MIRI/MRS (medium-resolution spectrograph;
ranging from approximately 5 to 28 um) for transiting exoplanets (Deming et al. 2021). Only JWST and HST have spectrographs. Kepler,
TESS, CHEOPS, and Spitzer’s IRAC Channels 1 and 2 are photometric. Figure adapted from Kreidberg (2018).
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tometry observations in its “warm phase” (after its coolant ran out) until it shut
down in 2020, leading for example to phase curve observations of rocky exoplanets
or the characterization of the TRAPPIST-1 planets (for a review of the scientific
highlights of Spitzer, see Deming & Knutson 2020).

Following the deployment of the James Webb Space Telescope (JWST) on De-
cember 25th, 2021, followed by the start of scientific data collection, a state-of-the-
art space telescope has been introduced, enhancing our observational capabilities.
The advantages of JWST are immense, most importantly (1) JWST collecting
area is approximately 6 times greater than HST’s collecting area, and (2) the var-
ious instruments cover a great wavelength range from the optical at 0.6 pm up
to 28 pm (although the longest wavelengths might not be usable for transiting
exoplanets) (see Fig. 1.7). In the short time of its operations, it has already de-
livered major discoveries for transiting exoplanets including the first detection of
CO4 (JWST Transiting Exoplanet Community Early Release Science Team et al.
2023), CHy4 (Bell et al. 2023b), and SOy (JWST Transiting Exoplanet Community
Early Release Science Team et al. 2023; Rustamkulov et al. 2023; Alderson et al.
2023) in an exoplanet atmosphere, the first detection of photochemistry follow-
ing the observation of SOz (Tsai et al. 2023), and the first detection of thermal
emission coming from temperate rocky exoplanets (Greene et al. 2023; Zieba et al.
2023b). Anticipating a propellant lifespan of 20 years or beyond for JWST, it is
expected that its observations will lead to numerous groundbreaking discoveries
that will improve our understanding of exoplanets and their atmospheres (Rigby
et al. 2023).

1.5 This thesis

The work in this thesis revolves around the characterization of exoplanets through
the analysis of primarily space-based data. Even though I do not spatially resolve
the planet from the star in any of these following works, the combined stellar and
planetary light informs us about the properties of the exoplanet like its radius,
atmospheric composition, reflectivity, and heat redistribution. The photometric
and spectroscopic observations were taken with a range of telescopes like Kepler,
Spitzer, HST, and JWST.

In Chapter 2 we characterize a lava world called K2-141 b with an ultra-
short orbital period of just 6.7 hours. Discovered by Kepler during its second-light
K2 mission, the planet showed a strong eclipse signal in the optical wavelengths
of Kepler. By only having this one emission measurement, however, we have a
degeneracy: we do not know how much of this emission is due to reflection and how
much is due to thermal emission. We therefore study approximately 70 hours of
Spitzer photometry of the planet in the infrared at 4.5 pm. With these continuous
observations, we are able to take its phase curve and measure a hot dayside and
cold nightside, consistent with no thick atmosphere redistributing heat. We also
break the degeneracy by combining the optical data of Kepler and the infrared
data of Spitzer and show that the high emission in the optical is either due to a
reflective surface or emission features caused by a rock-vapor atmosphere. We also
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suggest that the latter process might explain the high observed emission seen for
Kepler-10 b rather than a reflective surface.

In Chapter 3 we published an open-source Python code called PACMAN. It is
an end-to-end pipeline for Hubble Space Telescope (HST) data taken by either of
the infrared grisms on the Wide-Field-Camera 3 (WFC3). It includes spectral
extraction and light curve fitting to receive a planetary transmission or emission
spectrum. Covering a strong water absorption feature at 1.4 pm and its high
stability and precision, which has been also used to observe phase curves of exo-
planets, HST remains a valuable telescope for atmospheric characterization even
in the era of JWST. In Chapter 5, we present the analysis of HST/WFC3 data
for a hot, sub-Saturn massed planet using PACMAN.

In Chapter 4 we present one of the first studies using data from the long-
awaited James Webb Space Telescope (JWST). We use the Mid-Infrared Instru-
ment (MIRI) on JWST combined with the 15 pm filter to observe the thermal emis-
sion coming from the temperate planet TRAPPIST-1 c¢. Our measured brightness
temperature is disfavouring a thick, COs-rich cloud-free atmosphere on the planet.
The observations are able to rule out cloud-free O2/CO2 mixtures with surface
pressures ranging from 10 bar (with 10 ppm COz) to 0.1 bar (pure COs2). Thinner
atmospheres or bare-rock surfaces are consistent with our measured planet-to-star
flux ratio. The absence of a thick, COs-rich atmosphere on TRAPPIST-1 ¢ sug-
gests a relatively volatile-poor formation history, for the planet. If all planets
in the system formed in the same way, this would indicate a limited reservoir of
volatiles for the potentially habitable planets in the system. Shortly before the
publication of our work, the innermost planet TRAPPIST-1 b was observed in the
same observational mode revealing a deep eclipse consistent with the planet being
a dark, bare rock. More data for both planets is needed to paint a more complete
picture of them, but already these first observations are presenting JWST capa-
bilities to characterize temperate rocky exoplanets and push down to planets in
temperature and size to the inner solar system bodies.

In Chapter 5 we analyze HST/WFC3 data of the hot, low-density, sub-Saturn
called KELT-11 b. Previous work on the planet using the G141 grisms data (1.1
— 1.7 pm) reveals a low-amplitude water feature that was several orders of mag-
nitude below the anticipated levels predicted by planet formation models on our
solar system. In this chapter, we analyze unpublished HST/WFC3 G102 (0.8 - 1.1
nm) spectroscopic grism data and also perform a reanalysis of the HST/WFC3
G141 data. We show that the previously seen low metallicity might be due to
the divide-white technique which assumes that systematics do not change with
wavelength. The transit depth of our G102 spectrum decreases toward shorter
wavelengths, suggesting the presence of faculae on the stellar photosphere influ-
encing our spectrum. This is commonly observed for late-type M-dwarfs but not
for earlier-type stars like KELT-11, which is a retired A star. This suggests that
stellar inhomogeneities should also be taken into consideration for earlier type
stars.

Finally, in Chapter 6 we work on the 8 Pictoris system, a near planetary
system with gas giant planets, an edge-on circumstellar disk, and transiting ex-
ocomets. The star, exhibiting stellar pulsations, particularly § Scuti pulsations,
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offers the potential for indirect detection of gas giant planets through time delays
in the pulsational signals. Analysis of multi-year § Scuti pulsations using BRITE-
Constellation, bRing, ASTEP, and TESS data reveals significant pulsations, but
the study fails to detect expected signals for 8 Pictoris b and c. The limitations
are attributed to inherent pulsational mode drifts and insufficient sensitivity in
combined datasets for detecting timing drifts. Future work might show possible
detection limits of other planets in the system.

With this we finish the introduction, covering the exoplanet zoo, detection
methods, notable planets, and a short summary of the individual chapters of
the thesis. Thanks to the launch of JWST and the construction of the ELTs,
we will further characterize rocky worlds and compare our solar system to other
exoplanetary systems. Of particular interest is also the observation of lava worlds
with molten daysides, as the cover temperature regimes which are not accessible in
our Solar System. Studying their atmospheres will also further inform us about the
interior composition of these worlds. Rocky bare rocks also give us the possibility
to study their surface compositions and learn about their geophysical history. Even
though we will have to be very lucky to even detect biosignatures in one of the
most observable exoplanets, the chances are good in the next few decades with
the advent of the ELTs, the HWO, or LIFE.
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Abstract

K2-141b is a transiting, small (1.5 Rg) ultra-short-period (USP)
planet discovered by the Kepler Space Telescope orbiting a K-
dwarf host star every 6.7 hours. The planet’s high surface tem-
perature of more than 2000 K makes it an excellent target for ther-
mal emission observations. Here we present 65 hours of continuous
photometric observations of K2-141b collected with Spitzer’s In-
frared Array Camera (IRAC) Channel 2 at 4.5 pm spanning ten
full orbits of the planet. We measured an infrared eclipse depth
of fp/fx = 142.9%%3 , ppm and a peak to trough amplitude vari-
ation of A = 120.6*%3 , ppm. The best fit model to the Spitzer
data shows no significant thermal hotspot offset, in contrast to
the previously observed offset for the well-studied USP planet 55
Cnce. We also jointly analyzed the new Spitzer observations with
the photometry collected by Kepler during two separate K2 cam-
paigns. We modeled the planetary emission with a range of toy
models that include a reflective and a thermal contribution. With
a two-temperature model, we measured a dayside temperature of
Tpd = 204922, K and a night-side temperature that is consis-
tent with zero (Tp,n < 1712 K at 20). Models with a steep dayside
temperature gradient provide a better fit to the data than a uni-
form dayside temperature (ABIC = 22.2). We also found evidence
for a nonzero geometric albedo A4 = 0.282%07%5. We also com-
pared the data to a physically motivated, pseudo-2D rock vapor
model and a 1D turbulent boundary layer model. Both models fit
the data well. Notably, we found that the optical eclipse depth
can be explained by thermal emission from a hot inversion layer,
rather than reflected light. A thermal inversion may also be re-
sponsible for the deep optical eclipse observed for another USP,
Kepler-10b. Finally, we significantly improved the ephemerides
for K2-141b and ¢, which will facilitate further follow-up observa-
tions of this interesting system with state-of-the-art observatories
such as JWST.
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2.1 Introduction

The field of exoplanetary science started off with the surprising discovery of planets
with short orbital periods. The formation of these planets has been well studied
and still remains a puzzle to this day (see e.g., Dawson & Johnson 2018). Ultra-
short-period (USP) planets are an extreme subgroup of this population with orbital
periods shorter than one day (for a review of USPs see e.g., Winn et al. 2018). The
majority of these planets have been found to be smaller than 2 Rg (Sanchis-Ojeda
et al. 2014; Lundkvist et al. 2016).

One early theory was that these small USP planets could be remnant bare cores
of hot Jupiters that lost their envelopes due to photoevaporation, Roche overflow,
or other processes (Jackson et al. 2013). It was however shown that the well-known
planet-metallicity correlation (Fischer & Valenti 2005) is not observed for USP
planets (Winn et al. 2017). USP planets are therefore probably not evaporated
hot Jupiters, but there is still no consensus about whether they are born rocky or
whether they once had a modest hydrogen envelope (Van Eylen et al. 2018; Lopez
2017). As USPs and sub-Neptunes (planets between 2 Rg and 4 Rg) generally
orbit stars with similar metallicities, sub-Neptunes might be possible progenitors.
Most USPs have Earth-like densities (Dai et al. 2019), but a few (55 Cnce; Crida
et al. 2018b,a) (WASP-47e; Vanderburg et al. 2017) have lower densities consistent
with a low iron fraction or a small volatile envelope. Direct observations of the
planet’s atmospheres are needed to distinguish between these scenarios.

55 Cnce (Fischer et al. 2008; Dawson & Fabrycky 2010; Winn et al. 2011;
Demory et al. 2011), is one of the best-studied small USP planets and shows
evidence for a thick atmosphere (Demory et al. 2016a; Angelo & Hu 2017). It is
one of the very few small planets (< 2 Rg) for which thermal emission was observed
in the infrared (others include LHS 3844 b by Kreidberg et al. (2019a) and K2-
141 b in this work). Most other USP planets have been observed in the visible light
with missions such as CoRoT (Auvergne et al. 2009), Kepler (Borucki et al. 2010),
K2 (Howell et al. 2014), or more recently TESS (Ricker et al. 2014). Numerous
observations of 55 Cnce with Spitzer have shown some surprising results: a large
hotspot offset, where the hottest region of the planet is significantly offset from the
substellar point (Demory et al. 2016a). This phase curve offset could be explained
by a thick atmosphere with a super-rotating jet that advects energy away from
the substellar point (Kite et al. 2016; Hammond & Pierrehumbert 2017; Angelo &
Hu 2017). Demory et al. (2016b) furthermore reported varying observed dayside
temperatures for 55 Cnce ranging from 1300 K to 2800 K. The authors propose
that these observed changes were possibly caused by volcanic activity, leading to
plumes which increase the opacity in the Spitzer bandpass. Tamburo et al. (2018)
reanalyzed the Spitzer observations and conclude that the changing eclipse depths
were best modeled by a year-to-year variability model. They also suggest that
the dayside of the planet is intermittently covered with reflective grains obscuring
the hot surface, possibly originating from volcanic activity or cloud variability.
Despite the numerous observations of 55 Cnce, its composition and structure still
remains puzzling. Dorn et al. (2019) suggest that the low observed density of 55
Cnce (6.4 + 0.3 g/cm®) might be explained by the planet being a part of a new



26 2.1. INTRODUCTION

class of Super-Earths which formed from high-temperature condensates. Planets
similar to this would have no core and have enhancements in Ca, Al rich minerals
leading to a lower overall bulk density compared to an Earth-like (30% Fe and
70% MgSiO3) or a pure MgSiO3 composition.

Recent observations of 55 Cnce with TESS also showed a tentative deep op-
tical eclipse, which could be caused by a nonzero albedo if confirmed (Kipping
& Jansen 2020). Other observations of 55 Cnce in the optical by the Microvari-
ability and Oscillations in Stars (MOST) telescope (Winn et al. 2011) showed
a quasi-sinusoidal modulation of flux with the same period as the planet. The
amplitude of the signal was, however, too large to be reflected light or thermal
emission alone and its origin remained unclear in that study. Additional MOST
observations spanning several weeks between 2011 and 2015 by Sulis et al. (2019)
confirmed this optical modulation. The amplitude and phase of the signal were
variable which the authors suggested might be due to some star-planet interaction
or the presence of a transiting circumstellar dust torus. They also did not detect
the secondary eclipse of the planet which led to an upper value for the geometric
albedo of 0.47 (20). Furthermore, recently Morris et al. (2021) presented CHEOPS
observations of the planet showing a large phase variation but they do not detect
a significant secondary eclipse of the planet. The authors suggest that the origin
of the signal might be from circumstellar or circumplanetary material modulating
the flux of the system. This is just another example of the challenges to determine
the nature of 55 Cnce.

Another surprising discovery came with Kepler-10b (Batalha et al. 2011), the
first rocky planet detected by the Kepler mission. The planet showed a deep sec-
ondary eclipse that suggested an unusually high reflectivity in the Kepler bandpass
(Batalha et al. 2011; Rouan et al. 2011; Sheets & Deming 2014). A high albedo for
planets that are highly irradiated by their stars could be explained by the creation
of calcium- and aluminum-rich surfaces on their dayside (Léger et al. 2011; Rouan
et al. 2011; Kite et al. 2016; Modirrousta-Galian et al. 2021). A subset of planets
detected by Kepler showed comparably high albedos in the optical wavelengths
(Demory 2014). Most notably, both Kepler-10b and Kepler-78b (Sanchis-Ojeda
et al. 2013) have albedos of 0.4-0.6 (Sheets & Deming 2014). Hu et al. (2015) re-
analyzed the Kepler data of Kepler-10b and did not detect any phase curve offset.
They found that any model with a Bond albedo greater than 0.8 fits the visible
phase curve well regardless of whether asymmetric reflection exists.

Due to the high irradiation small USP planets receive from their host stars, they
are more susceptible to atmospheric loss (Lopez 2017). LHS 3844 b (Vanderspek
et al. 2019), an USP planet orbiting an M-type star, was clearly shown to lack a
thick atmosphere using observations by the Spitzer Space Telescope and is therefore
likely a bare rock (Kreidberg et al. 2019a). The 100 hour continuous phase curve of
the planet showed no hotspot offset ruling out the possibility of a thick atmosphere,
and any less-massive atmospheres would be unstable to erosion by stellar wind.
Some planets might however retain an atmosphere by the evaporation of surface
lava oceans leading to a silicate rich atmosphere (Schaefer & Fegley 2010; Miguel
et al. 2011) or might have other thick, high mean-molecular-weight atmospheres
(Demory et al. 2016a).
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Here we present Spitzer observations of the USP K2-141b (EPIC 246393474 b).
The planet was discovered in 2018 by Malavolta et al. (2018) and independently by
Barragdn et al. (2018) using observations of the Kepler telescope during its “second
light” mission, K2 (Howell et al. 2014). The planet has a radius of R, = 1.51 &
0.05 Rg and orbits its K-dwarf host star every 0.28 days (6.7 hours). Observations
of the star by the high-precision spectrograph HARPS-N measured a mass for
the planet (M, = 5.08 + 0.41 Mg). With a density of p = (8.2 + 1.1) g/cm?®, K2-
141b is mostly consistent with an Earth-like iron-silicate composition. The radial
velocity observations furthermore confirmed another companion K2-141c¢, which
is in radius and upper mass more likely to be a Neptune-like planet than a rocky
planet or a HJ, orbiting further out with an orbital period of 7.7 days.

The Kepler observations also revealed the optical phase curve and secondary
eclipse with a depth of 23 + 4 ppm. The equilibrium temperatures of K2-141b,
Kepler-10b and 55 Cnce are 2150K, 2170K and 1950K in case of full atmospheric
heat redistribution and 2745K, 2775K and 2490K for instant reradiation, respec-
tively!. K2-141b is therefore a perfect target to compare to other well studied
USPs (see also Table 2.1). Its host star is also bright enough (V = 11.5 mag, K =
8.4 mag) to conduct follow-up observations of the planet’s emission in the infrared
as previously done with 55 Cnce (V = 6.0 mag, K = 4.0 mag) (Demory et al.
2016a,b). K2-141Db and 55 Cnce are therefore the only two currently known small
USPs which are accessible in both the optical and infrared which invites compar-
ison between the two planets. We note, however, the difference in densities for
the planets: While K2-141 b’s density is consistent with an Earth-like composition
(30% Fe), is 55 Cnce inconsistent with an Earth-like composition at over 4.2

Recently, Nguyen et al. (2020) modeled the atmosphere of K2-141b assuming
the planet has a thin rock vapor atmosphere which arises from the evaporation of
the surface on the dayside. This leads to a flow that is maintained by the pressure
gradient between the nightside and dayside on the planet. This flow is however
not able to transport enough heat to the nightside to create a considerable thermal
hotspot offset nor to heat the nightside. Previous studies of transit spectroscopy
of lava planets focused on more volatile species such as Na or K (Castan & Menou
2011; Kite et al. 2016). Nguyen et al. (2020) compared different atmospheric
compositions expected for a rock vapor atmosphere (Na, SiO and SiO2) and found
that an SiO5 atmosphere may be easier to observe due to the extreme geometry
of this system. Nguyen et al. (2020) also noted that due to the proximity of K2-
141 b to its host star (a/Rs = 2.292), the night side (the area of the planet which
never receives any incident flux) is only about a third of the planet, rather than
a hemisphere. The terminator for K2-141b is located approximately 115° from
the substellar point, leading to a hemisphere-integrated night side temperature of
approximately 400K for the planet®. Therefore, the regions probed during a transit
range from ~65° to ~115° from the substellar point. If the planet is further away

1Calculated using Teq = Tx/+/a/Rx (1 — Ap)Y/* f1/4 while assuming Bond albedo Ap = 0.
The heat redistribution factor, f, is f = 1/4 in case of uniform redistribution (if the planet has
a thick atmosphere able to redistribute heat) and f = 2/3 for instant reradiation (if the planet
is a bare rock) (Koll et al. 2019a).

2Calculations based on the Mass-Radius tables from Zeng et al. (2019).

3Calculations based on Kopal (1954) and Nguyen et al. (2020)
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Table 2.1: Selection of USPs and their properties.

Planet P (days) | Rp (Re) | My (Ma) | pp (g/cm®) | a/Ry
(1) K2-141b 0.28 1.51(5) 5.1(4) 8.2(1.1) | 2.29
(?) 55 Cnce 0.74 1.95(4) 8.6(4) 6.4(0.3) | 3.52
(%) Kepler-10b 0.84 1.47(3) 3.3(5) 5.5(0.9) | 3.46
(4) LHS 3844b 0.46 1.30(2) — — 7.11
Planet IV (K) | 7P (K) | T (K) | K (mag) | V (mag)
(1) K2-141b 2150 2745 4599 8.4 11.5
(%) 55 Cnce 1950 2490 5172 4.0 6.0
(%) Kepler-10 b 2170 2775 5708 9.5 11.0
(4) LHS 3844 b 805 1030 3036 9.1 15.2

References. () Malavolta et al. (2018); (¥ Bourrier et al. (2018), Crida et al. (2018a);
() Dumusque et al. (2014); ¥’ Vanderspek et al. (2019)

from the star the region probed during a transit is approximately 90° from the
substellar point. This effect is so small, however, that the flux emitted from the
night side would not be detectable within the measurement precision of our data.
We therefore adopt a night hemisphere in this paper.

The paper is structured as follows: Section 2.2 describes the data reduction
of the K2 and Spitzer observations used in this paper. Section 2.3 discusses the
different models which were fit to the K2 and Spitzer data to extract informa-
tion on the reflective and thermal emission coming from the planet. Section 2.4
compares the observations to two different atmospheric models: a pseudo-2D rock
vapor model and a 1D turbulent boundary layer model, the latter being recently
published in Nguyen et al. (2020) and further improved in Nguyen et al. (2022).
In Section 2.5 we discuss our findings and summarize our conclusions in Section

2.6.

2.2 Observations and data reduction

2.2.1 Spitzer photometry

We observed the K2-141 system with the Spitzer InfraRed Array Camera (IRAC;
Fazio et al. 2004) for about 65 hours between October 09 and October 11, 2018
(Program 14135, Kreidberg et al. 2018c). We used Channel 2 on IRAC (equivalent
to a photometric bandpass of 4 — 5 pm) with a two-second exposure time. The
observations began with a 30-minute burn-in to allow for the telescope to thermally
settle. Following this procedure, we placed the target on the “sweet spot”, a pixel
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Table 2.2: Observations with Kepler and Spitzer used in this work.

Observation AORKEY Start Date End Date Exp. time (s)

K2 C12 — 2016-12-21 22:41:48 | 2017-03-04 12:56:44 1800

K2 C19 — 2018-09-08 02:48:49 | 2018-09-15 03:00:18 60
Spitzer AOR1 66695168 2018-10-09 01:52:12 | 2018-10-09 13:41:46 2
Spitzer AOR2 | 66694912 | 2018-10-09 13:47:34 | 2018-10-10 01:37:08 2
Spitzer AOR3 | 66694656 | 2018-10-10 01:42:56 | 2018-10-10 13:32:30 2
Spitzer AOR4 66694400 2018-10-10 13:38:18 | 2018-10-11 01:27:52 2
Spitzer AORS5 66694144 2018-10-11 01:33:40 | 2018-10-11 13:23:14 2
Spitzer AOR6 66693632 2018-10-11 13:29:02 | 2018-10-11 18:28:51 2

on the detector which is known to have a minimal intra-pixel sensitivity variation.

We split the observations into six sequential datasets (AORs, Astronomical
Observation Requests) which we downloaded from the Spitzer Heritage Archive®
(see Table 2.2 for the start and end time of each individual AOR). We reduced the
Basic Calibrated Data (BCD, provided by the Spitzer Science Center) with the
Photometry for Orbits, Eclipses, and Transits (POET) pipeline (which is available
open-source on GitHub®) developed by Stevenson et al. (2012) and Cubillos et al.
(2013). It performs centroiding on each frame by fitting a 2D Gaussian profile to
the stellar image (Lust et al. 2014) in each Spitzer exposure after upsampling by a
factor of five in each spatial direction (Harrington et al. 2007). The target remains
centered near the sweet spot for the entire AOR in each observation, with the
majority of the exposures being well within of 0.1 pixels from the sweet spot (see
plots in Section 2.C.2). POET then identifies and flags bad pixels using an iterative
sigma-clipping procedure along the time axis and then sums the flux in each fixed
aperture. We have chosen a grid of apertures with radii ranging from two to four
pixels in 0.25 pixel steps for every AOR and used the aperture which minimizes
the residual noise in each of the extracted light curves (a list of the apertures can
be found in Table 2.3). For the median background flux estimation, we used an
annulus with an inner radius of 7 pixels and outer radius of 15 pixels.

The dominant systematics for the 4.5 pm Spitzer channel are intrapixel sensi-
tivity variations (Charbonneau et al. 2005; May & Stevenson 2020). We therefore
fit for them by using the BiLinearlyInterpolated Subpixel Sensitivity (BLISS) map
technique introduced by Stevenson et al. (2012) (see plots in Section 2.C.3 to see
the determined intrapixel sensitivity variations across the detector). We deter-
mined the pixel bin size used for the map for every AOR and listed it in Table
2.3.

We visually inspected the data and removed three short segments of data (two
in AOR3 and one in AOR5) making up approximately 5% of the observations
that showed strong correlated noise in the residuals. After visually inspecting the
individual frames during the discarded segment in AORS it was able to attribute

4nhttps://sha.ipac.caltech.edu/applications/Spitzer/SHA/
Shttps://github.com/kevin218/POET
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Table 2.3: Parameters used for the data reduction of every Spitzer AOR determined
by minimizing the Bayesian Information Criterion (BIC).

AOR | aper. size | bin size | ramp model | PRF-FWHM
1 3.00 0.013 constant Y1

2 3.00 0.013 linear X3

3 3.00 0.015 constant X1

4 3.00 0.013 constant X3

5 3.25 0.011 constant X1, Y3

6 3.00 0.012 constant X3, Y3

Notes. aper. size: aperture size given in pixels; bin size: the optimal resolution for
BLISS mapping; ramp model: the optimal ramp model R(t) for the AOR (see Equation
2.1); PRF-FWHM: the complexity of the PRF fit G(X,Y,t). The latter is described by
the dimension (X or Y') and the degree of the fit (1 for linear, 2 for quadratic and 3 for
cubic).

this event to a strong cosmic ray hit on the detector (see Fig. 2.16). The other
segment in AOR3 showed no noticeable trends in PRF width or other parameters
(see Fig. 2.15). Similar outliers were also observed in previous observations using
Spitzer’'s IRAC Channel 2 (e.g., Kreidberg et al. 2019a; Challener et al. 2021).
For the majority of the observations, the target fell well within 0.5 pixels around
the sweet spot. We removed an additional 0.3% of exposures in the third AOR
because these exposures had a centroid position shifted by a whole pixel in the
x-dimension.

2.2.2 K2 photometry
Campaign 12

K2’s campaign 12 (C12) was carried out by the Kepler Space Telescope from
December 15, 2016, to March 04, 2017. The photometric data were taken in
the long cadence sampling rate (~30 minutes) over a timespan of about 79 days.
The data extraction and reduction is described in Malavolta et al. (2018) and was
reused for this analysis.

Campaign 19

K2’s campaign 19 (C19) was carried out from August 30, 2018 to September
26, 2018 and marked the last observations taken by the Kepler Space Telescope
before running out of fuel. C19’s field-of-view overlapped with C12 leading to a
reobservation of K2-1416. The fuel shortage on the spacecraft, however, led to

6The star was proposed to be observed in short cadence mode in K2 Campaign 19 from the
following K2 General Observer programs: GO19027, A. Vanderburg; GO19065, C. Dressing
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a shorter campaign. These last data taken by Kepler span only about a month
and suffer from erratic pointing at the beginning and end of the campaign. We
removed approximately 54% of the data leaving us with approximately 7 days
of observations with a photometric precision comparable to other K2 Campaigns.
Approximately 8.5 days at the beginning of the observations were removed because
the boresight of the telescope was off-nominal leading to K2-141 being completely
out of the pixel stamp. We also removed the final 11 days of the observations
where the boresight and roll of Kepler fluctuated erratically”. In contrast to C12,
the observations of K2-141 in C19 were taken in the short cadence mode with a
sampling rate of about one minute. Due to this higher temporal resolution, there
is no need to oversample the C19 data.

The photometry was accessed with the python package 1ightkurve (Lightkurve
Collaboration et al. 2018), which retrieves the data from the MAST archive®. We
downloaded the Simple Aperture Photometry (SAP) data and removed every mea-
surement with a nonzero “quality” flag, which indicates events like thruster firings
or cosmic ray hits.

We used the self-flat-fielding (SFF) procedure described in Vanderburg & John-
son (2014) and Vanderburg et al. (2016), which is implemented in 1ightkurve, to
correct for the systematic flux variations of the K2 data caused by thruster firings
every six hours. In addition to the six hour back and forth movement throughout
the K2 mission, there was also transverse spacecraft drift on timescales longer
than 10 days (Vanderburg et al. 2016). We therefore subdivided the 8 days of
data into two “windows” and performed the SFF independently in each of them.
To remove outliers, we fit a cubic spline to the data and performed an iterative
sigma clipping with respect to the median to mask outliers at 50 below and 3¢
above the light curve, which removed 0.3% of the remaining C19 data. We then
normalized the data by dividing by the median of the flux.

To remove the stellar variability (Prot ~ 14 days, Malavolta et al. 2018), we fit
a linear function of time to the out-of-transit data for each orbit (eclipse to eclipse)
while masking the transits following Sanchis-Ojeda et al. (2013). For each orbit,
the linear function was then subtracted from the data and unity was added. The
observations contain 25 full phases (eclipse to eclipse) of the planet around the
star. The C19 observations also contain one transit of K2-141 ¢ which we removed
from our analysis, but use in Appendix 2.A to improve the ephemeris of K2-141 c.

2.3 Light curve fits

We considered fits to the Spitzer data alone (see Section 2.3.1), and to the joint
Spitzer and Kepler dataset (see Section 2.3.3). For every model described in
the following section we performed a differential evolution Markov chain Monte
Carlo (MCMC) (Ter Braak 2006) analysis to estimate parameter uncertainties.
We rescaled the uncertainties for every data point by a constant factor so that

"see the Data Release Notes for K2 Campaign 19 for further information: https://archive.
stsci.edu/missions/k2/doc/drn/KSCI-19145-002_K2-DRN29_C19.pdf
8https://archive.stsci.edu/k2/data_search/search.php
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Figure 2.1: K2 Campaign 19 data of K2-141.
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Upper panel: The full K2 Campaign

19 observations. We removed outliers and data suffering from decreased photometric
precision due to Kepler running out of fuel (marked in orange). Middle panel: K2 C19
data with instrumental systematics removed using the SFF algorithm. Lower panel: The
K2 C19 observations after removal of the stellar variability. The 25 transits by K2-141b
have been marked in green. An additional transit by K2-141c is denoted in red.
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the reduced chi-squared is unity and we get realistic uncertainties for the fit pa-
rameters. The chi-squared values before rescaling based on the final best fitting
model in our analysis can be found in Table 2.9. We ran the MCMC until all free
parameters of four initialized chains converged to within 1% of unity according
to the Gelman-Rubin statistic (Gelman & Rubin 1992). Each chain consisted out
of 10000 steps and we discarded the first 50% of the MCMCs as burn-in. This
leaves us with a total of 20000 steps for each run. We include plots of the resulting
posterior distributions in the Appendix (2.C.5 to 2.C.10).

The transit model implemented in batman (Kreidberg 2015) which was used in
every fit, consists of the time of central transit ¢y, the radius of planet in units of
stellar radii R,/R+, the orbital period P, semi-major axis in units of stellar radii
a/Rs and the cosine of the inclination cosi. We fixed the eccentricity ecc and the
argument of periastron w to zero. This is justified due to the very short circular-
ization time scale of these USPs. Following equation 3 from Adams & Laughlin
(2006), the circularization time scale for K2-141b is only about 7. = 3.1 Myrs
assuming a tidal quality factor of Qp = 10°. We used the ExoCTK limb darkening
calculator (Batalha et al. 2017) and the stellar parameters given in Malavolta et al.
(2018) to determine and fix the linear and quadratic limb-darkening coefficients
u; and uy. They are u; = 0.105 and ug = 0.119 in the Spitzer IRAC Channel 2
bandpass and u; = 0.666 and uy = 0.062 in the Kepler bandpass.

2.3.1 Spitzer only fit
We model the full Spitzer light curve, F(z,y, X,Y,t), as:

F(z,y,X,Y,t) = Fs R(t) M(x,y) T(t) E(t) P(t) G(X,Y), (2.1)
where Fy is the constant out-of-transit flux (i.e., the stellar flux), R(t) is the ramp
model, M(x,y) is the BLISS map with (x,y) describing the position of the star
on the detector, T'(t) is the Mandel & Agol (2002) transit model implemented
in batman (Kreidberg 2015), E(t) is the eclipse model implemented in batman
and P(t) the phase variation in SPIDERMAN (Louden & Kreidberg 2018) or POET
Cubillos et al. (2013) (depending on which specific model was used). G(X,Y) is a
term fitting for variations in the pixel response function (PRF) using a 2D cubic
(i.e., PRF-FWHM detrending, see e.g., Lanotte et al. 2014; Mendonga et al. 2018;
May & Stevenson 2020) and has the following form:

G(X,Y) = X180 + Xo 52 + Xz 50 + Y1 5y + Yasg + Yass + 1, (2.2)

where X7 (Y1), X2 (Y2), and X3 (Y3) are the linear, quadratic and cubic coefficients
in the X (Y') dimension, respectively, and s; and sy the Gaussian widths of the pixel
response function in the X (V) dimension, respectively. The optimal resolution
for BLISS mapping, the ramp model R(¢) (either a constant or linear ramp) and
the order of the PRF fit G(X,Y) were independently determined by minimizing
the Bayesian Information Criterion (BIC) for every AOR and are listed in Table
2.3.

Equation 2.1 describes the general model which was fit to the Spitzer data.
For this model, the orbital period P was fixed to the literature value reported in
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Figure 2.2: Phase curve of K2-141b after phase folding the complete Spitzer observa-
tions. The eclipse is at phase = 0.5. The best fitting model shown in red describes the
observed thermal emission from the planet as a sinusoidal function. Each bin in black
(gray) consists out of 7200 (1800) Spitzer 2-second exposures. The pairs plot for this
model can be found in the Appendix, Section 2.C.5.
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Malavolta et al. (2018). For parameters which are more precisely determined by
the K2 data, namely to, Rp/R«, a/R« and cosi, we used Gaussian priors in our
analysis based on the literature values.

We fit three different phase variation models P(t) to the Spitzer data. First, a
sinusoid with amplitude A multiplied by an eclipse model with eclipse depth fp/f«
and including a phase offset ¢ of the hotspot. Second, same as above but without
a phase offset. Third, a two temperature model for the planet with a constant
temperature on the dayside, T}, 4, and on the nightside, T, . A list of the free
parameters for every model is listed in the Appendix (see Table 2.10).

A commonly approach for model selection in the exoplanet literature is using
the Bayesian Information Criterion (BIC, Schwarz 1978; Kass & Raftery 1995;
Liddle 2007). It approximates the evidence E and has the following form:

1 1
nE ~ —2BIC = In Lmaz — Skl N (2.3)

— BIC = —21In Lomae + kIn N,

where Lmqz is the maximum likelihood of the model, ¥ the number of free param-
eters of the model and N the number of data points. The BIC therefore penalizes
models with more free parameters and the best-fitting model is the one with the
lowest BIC (i.e., the largest evidence). We compare models by calculating ABIC:

ABIC; = BIC; — BICmin, (2.4)

with BIC, being the smallest BIC of the set of models being compared. By
taking the difference of BIC; and BICyiy, several constants cancel out and we are
left with: BIC = x? + k InN, which now includes the x? value of the model. When
comparing two models, Kass & Raftery (1995) lists a ABIC > 3.2, ABIC > 10,
ABIC > 100 as being a substantial, strong, decisive evidence for the model with
the lower BIC, respectively.

The symmetric sinusoidal model with no hotspot offset is statistically substan-
tially preferred with ABIC > 8.8 (see Table 2.3.3) compared to a sinusoid with an
offset. We therefore find the data are consistent with the peak brightness occurring
at the substellar point, in contrast to the prominent USP planet 55 Cnc e which has
an eastward offset of 41° £+ 12° (Demory et al. 2016a). When we include an offset
as a free parameter, we obtain ¢ = —34.51%% ¢ (the negative sign denotes an offset
westward from the substellar point). We measure an eclipse depth in the Spitzer
bandpass fp/f« = 142.93183;8'0 ppm and an amplitude variation A = 120.6‘9@0 ppm.
We note that the reflected light contribution at 4.5 pm has not been subtracted
from the brightness temperature computation. Table 2.3.3 lists all best fit pa-
rameters and their uncertainties. A comparison of the BIC between the models
showed that the sinusoidal model with no hotspot offset fits best to the Spitzer
data. We show the best fitting model with the Spitzer observations in Fig. 2.2.
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Figure 2.3: Allan deviation plot of the Spitzer data: root-mean-square (rms) of the fit
residuals of the Spitzer data using the sinusoidal model without a hotspot offset (black
curve) as a function of the number of data points per bin. A bin size of one depicts no
binning at all. The red line shows the expected rms for Gaussian noise following the
inverse square root law.

2.3.2 Goodness of Spitzer only fit

We tested for the presence of red noise by comparing the root-mean-square (rms)
of the binned residuals of the light curve with the predictions from white noise.
If the data are uncorrelated (white) in time, the rms of the residuals is expected
to decrease with /N, where N is the number of data in a bin. A bin size of one,
therefore, denotes no binning at all. We combined all six datasets and subtracted
the best fitting model. Figure 2.3 shows that the residuals of the Spitzer data
agree well with the expectations from uncorrelated noise. The same figures for
each individual Spitzer AOR can be found in Appendix 2.C.4.

2.3.3 Joint Spitzer and Kepler fit

The phase variation P(t) for the joint fit consists of a thermal Pyeny(t) and a
reflective Peq(t) contribution, with P(t) = Piherm(f) + Prea(t). For the reflected
light component P,qq(t), we assumed a uniform Lambertian reflector (Seager 2010):

Prs(t) = Ay sin z(t) + (m — z(t)) cos z(t)’ (2.5)

s

where Aq is the geometric albedo and the orbital phase z(t) is described by:

2(t) = arccos (7 sini cos (27rt ;to >) . (2.6)
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Figure 2.4: Phase curve of K2-141b as seen by Kepler during Campaign 12 and 19.
Upper panel: The solid black line shows the phase curve based on the values in our best
fit model (toy model without heat redistribution for the thermal emission and a uniform
Lambertian reflector for the reflected light contribution). The dark orange and light
orange areas around the best fitting model are the 1o and 30 uncertainties, respectively.
We binned the Campaign 19 data that was collected in short cadence mode (~ 1 minute)
into bins of 29.4 minutes to have the same temporal resolution as the Campaign 12 data.
We then phase folded the Kepler observations and binned the data for clarity. Each bin
in black (gray) consists out of 180 (45) Kepler exposures. Lower panel: The residuals of
the Kepler observations to the best fitting model.



Table 2.4: All models fit to the Spitzer data alone.

Model Name
Parameter Units Prior Sinusoidal (¢ = 0)  Sinusoidal (¢ free) Two Temp.
to BJDrpp - 2457744.0 d  N(0.07160,0.00022) | 0.07191%5%%% o 0.07189%9992%  0.07191%:9%19%,
Rp/Rx — N(0.02037,0.00046) |  0.02038%- 3%, 0.02041%9%%L - 0.02035%99%9,
a/Ry — N (2.292,0.056) 22782040 ¢ 2.277%80 2.278%:0%

cos i — N(0.064532,0.064) 0.068%94% 0.066%9%%¢ 0.070%0%

A ppm U(0,400) 120.6%%3 142.24%47 —
fo/fs ppm 24(0,400) 142.9%%5 144.7%%34 o —

& degrees U(—180°,180°) —34.5153 ¢ —

T K N (4599,79) — 4602764
Tpon K 1(0,4599) — 90947,
Tp.d K 1(0,4599) — 2233330,

ABIC 0 8.8 9.6

Notes. The Gaussian priors on tg, R,/Rx«,a/Rsx cosi and Ty are based on the

values reported in Malavolta et al. (2018). The orbital

period P was fixed in these runs to P = 0.2803244 days (Malavolta et al. 2018). A and U denote a Gaussian and uniform prior, respectively.

8¢
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We fit three thermal emission models to the combined Spitzer and K2 dataset.
First, a toy model described in Kreidberg & Loeb (2016) with the planet’s heat
redistribution F as a free parameter. Second, same as above but with the redis-
tribution fixed to zero leading to a nightside temperature of 0 K. Third, a two
temperature model with a constant temperature on the dayside, T, 4, and on the
nightside, Tp,n. A list of the free parameters for every model is listed in the Ap-
pendix (see Table 2.11). The toy heat redistribution model described in Kreidberg
& Loeb (2016) expresses the temperature of the planet T(z) as a function of the
zenith angle z using the following form:

oT(2)! = {5(1 — Ap) F/2, nightside @7
S(1—-Ap)(F/2+ (1—2F)cosz), dayside
where o is the Stefan-Boltzmann constant, S = a% the insolation, Ag the
Bond albedo, 2 the zenith angle and 0 < F' < 0.5 the heat redistribution parameter.
For F = 0 no heat is being distributed and the nightside has a temperature of 0K.
If F = 0.5, half of the energy received by the dayside is being transported to the
nightside and the whole planet is isothermal.

With the full Spitzer and Kepler dataset, we now also fit for the orbital period
P. We use Gaussian priors for Ty and a/Rs based on values reported in Malavolta
et al. (2018): The prior for the stellar temperature is Ty = (4599 + 79) K and for
semi-major axis in units of the stellar radius we use a/Rs = 2.36 & 0.06, which we
derive from the stellar density ps = (2.244 + 0.161)p, following a/Rs oc (psP?)/3.

The K2 data in Campaign 12 was collected in the long cadence mode with a
sampling rate of approximately 30 minutes. We oversample the data by a factor
of 11 as in Malavolta et al. (2018) to account for the long exposure time. The data
from Campaign 19 has a shorter sampling rate of about a minute and we therefore
do not oversample this data set.

The insolation parameter S for the toy model was calculated at every step in a
self-consistent way, assuming S oc T'%;/(a/Rx)?. We fit for the stellar temperature
in the toy model, to take into account its uncertainty in the calculation of the
insolation. In every step of the MCMC, we calculate a Kurucz model (Kurucz
1993) for the host star using the priors on the stellar temperature and stellar
properties from Malavolta et al. (2018).

We tested using separate geometric albedos for the Kepler and the Spitzer
dataset (Ag g2 and Ay gpitser), but obtained a uniform posterior distribution for
Ay spitzer, indicating that the Spitzer data are not able to constrain the albedo
at 4.5 pm (where thermal emission dominates). We therefore used a wavelength-
independent geometric albedo Ag in all subsequent fits.

The toy model includes the Bond albedo as a parameter to regulate the radia-
tion balance of the planet. Since we assume Lambertian reflection in our analysis,
the Bond albedo Ap and the geometric albedo Ay are related by: Ap = 3/2 A,.
While Lambertian reflectance is not an accurate model for the rocky bodies in the
Solar System (Mayorga et al. 2016), this simplifying assumption is appropriate
given the precision of our data and the unknown surface properties of K2-141b.
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Table 2.5: Derived parameters for K2-141b from the best fitting model (Toy Model
with F'=0) presented in Table 2.3.4.

Parameter | Unit Value

i ° 85.2 + 2.7
Ry Re 1.53 + 0.04
op g/ecm? | 7.82 + 0.90
I/ fx k2 ppm | 26423 ;
Ti4 hours | 0.939%3%,
(Rp/Rx)* | ppm | 424.8%3

Notes. The calculations use the measured stellar radius and planetary mass reported in

Malavolta et al. (2018).

Tp,d (K) = 20493%,

Tp,n (K)

Ag=0.308%9%7,

Figure 2.5: Corner plot of the best fitting model to the joint K2 and Spitzer dataset for
the dayside temperature 7}, 4, the nightside temperature 7T}, , and the geometric albedo

A,.



Table 2.6: All models fit to the joint Spitzer and K2 dataset.

Model Name
Parameter Unit Prior (1) Toy Model (F=0)  Toy Model (F free) Two Temp. Model
P P -0.2803 d U(1.690e—5,3.190e—5) | 2.4956e—5" %75 . 2.4957e—52 30085 2.4955e—52 00585
to BJDrpp - 2457744.0 d  4(0.07094, 0.07226) 0.0715082:0%093 . 0.0715052-0%098 . 0.0715052- %098 |
Rp/Rs — 14(0.01807, 0.02267) 0.02061%:0%%% 5 0.02065% 59929 « 0.020642- 0% 5
a/Ry — N (2.36, 0.06) 2.3652-9%% 2.354%-937 2.3562-937 -
cosi — U(0, 0.36975) 0.083%:048 0.095% 944 ¢ 0.0939-527
F — U(0, 0.5) 0 (fixed) 0.156% 3455 —
Ty K N (4599, 79) 4593%%, 4603%%, 460457
956*%%,
Tpm K U(0, 4599) — — -
(<1712K 20, <2085K 30)
204939
Tp.a K U(0, 4599) — _
(<2635 20, <2857K 30)
A — U0, 1) 0.282%-970 ¢ 0.298%-9%2%¢ 0.308%:9%7",
ABIC 0 12.0 22.2

Notes. The uniform priors on P, to, Rp/R+,cosi are based on the 50 confidence interval of these parameters reported in Malavolta et al.
(2018). The Gaussian prior for Ty and a/Rs are also from Malavolta et al. (2018). We derived the Gaussian prior for a/Rs from the
stellar density pyx = (2.244 + 0.161)p, following a/Ryx o (pxP*)**. N and U denote a Gaussian and uniform prior, respectively.

) The Toy model without any redistribution (F' = 0) provides the best fit to our data. We therefore recommend using the planetary
parameters (P, to, Rp/R«,a/R«,cost) used in this column.

¢ Y4HLdVHD

v
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2.3.4 Goodness of joint Spitzer and Kepler fit

As in Section 2.3.2 we took the observations and subtracted the best fitting model
to compare the rms of the fit residuals with the expected rms for Gaussian noise.
The Spitzer data agrees again well with the expectations from uncorrelated noise
and looks very similar to Figure 2.3. Figure 2.6 shows the Allan deviation plots
for the two K2 Campaigns.

K2 C12 K2 C19

10?

10t

10!

Root-mean-square deviation (ppm)

Root-mean-square deviation (ppm)

10° 10! 102 10° 10! 102 10°
Bin Size Bin Size

Figure 2.6: Allan deviation plot for K2 C12 in the left panel and K2 C19 in the right
panel.

2.3.5 Improved ephemerides

Having a precise ephemeris is crucial to schedule follow-up observations of a planet.
K2-141b is an exciting target to be observed with observatories such as JWST. In
fact, Cycle 1 of JWST includes two programs to observe the planet (Dang et al.
2021; Espinoza et al. 2021). We improved the orbital period P and the transit
time to significantly in our joint analysis using the three different datasets: the
long cadence K2 C12 observations used in the discovery papers (Malavolta et al.
2018; Barragdn et al. 2018), new short cadence observations during Campaign 19
of K2 and new Spitzer observations. The updated parameters for P and tqg are
listed in Table 2.7. They are based on our joint fit using the toy model (Kreidberg
& Loeb 2016) with the heat redistribution F set to zero as the resulting fit agrees
best with our data. With the additional data, the 30 uncertainty on the predicted
transit time in 2024 decreases from about an hour to just 2.7 minutes. We also
used the one transit of K2-141c observed in K2 C19 (see Figure 2.1) to improve
the ephemeris of the planet. Future observers can use the updated P and ty of
K2-141 ¢ to avoid scheduling conflicts with planet b. The analysis for K2-141 ¢ can
be found in Appendix 2.A.

2.3.6 Results

We performed three different fits for the Spitzer data and for the joint dataset.
We measured the eclipse depth in the Spitzer bandpass fp/fx = 142.9%%5 , ppm
and an amplitude variation (peak to trough) A = 120.6%3 , ppm. The best fit
is a two temperature model for the planet without a hotspot offset ¢. When we,
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Table 2.7: Updated ephemeris for K2-141b and the 30 uncertainty on the predicted
transit time in 2022 and 2024.

K2-141b | (Y Discovery Updated

P (d) 0.2803244 + 0.0000015 | 0.280324956% 1% 9% -
(2) ¢4 7744.07160 + 0.00022 | 7744.071508%- %003 o
302022 42 minutes 1.9 minutes

302024 59 minutes 2.7 minutes

Notes. The same analysis for K2-141 ¢ can be found in the Appendix (see Table 2.8).
() Based on Malavolta et al. (2018)
@ Expressed as BJDTps - 2450000.0 d

however, let ¢ vary, we find a value of ¢ = —34.52%3 s, which is at a 3.90 level
strongly inconsistent with the value obtained for 55 Cnce of 41° + 12° (Demory
et al. 2016a). For the joint analysis (Spitzer observations and the two K2 Cam-
paigns) we find that a toy heat redistribution model from Kreidberg & Loeb (2016)
without heat redistribution is most preferred. We measure a geometric albedo of
Ag =0.2820970 0 a dayside temperature of Tpa= 204932 K and a nightside tem-
perature of T}, = 95628 K (<1712K at 20). We found an eclipse depth in the
Kepler bandpass of f,/fx = 26.4%3 5 ppm which is consistent with the value re-
ported in the discovery paper (23 + 4 ppm, Malavolta et al. 2018). We therefore
robustly detect emission coming from the dayside of K2-141b in the optical light.
As a comparison, 55 Cnc e’s secondary eclipse detection was only seen in the TESS
observations at a significance of 30 (Kipping & Jansen 2020). We show the best
fitting model to the joint data set with the Kepler observations in Fig. 2.4.

2.4 Atmospheric constraints

In addition to the toy models presented in Section 3, here we compare the data to
physically motivated models. K2-141b is expected to have a molten surface with
a thin rock vapor atmosphere. To model the atmosphere, we used two different
approaches: (1) a pseudo 2-D model that includes radiative transfer for plausible
chemical species, and (2) 1D turbulent boundary layer model that includes mass
transfer between the planet’s surface and the atmosphere.

2.4.1 Pseudo-2D rock vapor model

We calculated pseudo-2D models for the atmosphere by dividing the planet into
concentric rings in 10 degree radial increments starting at the substellar point
and finishing at a zenith angle of 80° (for angles > 80° the outgassed atmosphere
becomes too tenuous resulting in numerical instabilities).

This modeling approach is accurate in the limit that each column of atmo-
sphere equilibrates locally with the magma ocean, without any influence of heat
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or mass transport from neighboring columns. For each increment, we calculated
the outgassed chemistry and temperature-pressure structure of a gas-melt equi-
librium atmosphere. Our outgassed elemental budget and atmospheric pressure
are determined by the results of the melt-gas equilibrium code MAGMA (Fegley &
Cameron 1987; Schaefer & Fegley 2004). This is done for a volatile-free komatiite®
composition with no fractional vaporization (removal of vapor from the atmo-
sphere) (Schaefer & Fegley 2004; Miguel et al. 2011). The outgassed chemistry
and pressure are consistently adjusted for a surface temperature computed us-
ing radiative-transfer models, which are described below. We note that possible
melt compositions for exoplanets are currently not known. Our choice of komati-
ite is based on early Earth (Miguel et al. 2011). Different melt compositions or
evaporated atmospheres may result in chemistry and thermal structure changes
(Zilinskas et al. 2022).

Equilibrium gas chemistry in the atmosphere is computed using a thermochem-
ical equilibrium model FastChem!? (Stock et al. 2018). The chemistry considered
includes over 30 different species for elements: O, Na, Si, Fe, Mg, K, Ti, Al, Ca
and does not include ions. We do not consider the possible temporal evolution of
chemistry through disequilibrium processes such as photochemistry or atmospheric
mixing.

The temperature profile of the atmosphere is modeled in a radiative-convective
equilibrium using a radiative transfer code HELIOS'! (Malik et al. 2017; Malik
et al. 2019b). As absorbers we include Na and SiO, for which we use a sampling
wavelength resolution of A/AX = 1000 and a range of 0.06 — 200 pm. Na opacity
is computed using Vienna Atomic Line Database (VALD3) line list (Ryabchikova
et al. 2015). We use the Voigt profile approximation for all, but the 0.6 pm
doublet. The doublet is instead fit using unified line-shape theory of Rossi &
Pascale (1985) and Allard et al. (2007a,b). The opacity of SiO is constructed using
the EBJT (Barton et al. 2013) line list for ground state transitions and the Kurucz
(Kurucz 1992) line list for shortwave bands. For simplicity we assume null surface
albedo and blackbody stellar irradiation, which may slightly overestimate incident
shortwave flux. As with chemistry, temperature profiles, including the surface
temperature, are consistently adjusted depending on the outgassed material. The
temperature-pressure profiles of K2-141b at different zenith angles for this model
are shown in Figure 2.8. All zenith angles show a thermal inversion due to short-
wavelength Na absorption, with a sharp increase in temperature starting at a few
millibar. The amount of heating is sensitive to the UV spectrum of the star,
which is unknown; however, in general thermal inversions should be expected in
rock vapor atmospheres (Zilinskas et al. 2021). Future UV characterization of
K2-141 would refine the theoretical predictions of the temperature structure.

To simulate emission spectra for each radial segment we use the radiative-
transfer code petitRADTRANS'? (Molliere et al. 2019) with the same wavelength

9Komatiites are magnesium-rich, ultramafic lavas which formed on Earth during the Archaean
(3.8 — 2.5 billion years ago) when the Earth had higher surface temperatures (McEwen et al.
1998; Schaefer & Fegley 2004).

Ohttps://github.com/exoclime/FastChem

Mhttps://github.com/exoclime/HELI0S

2https://gitlab.com/mauricemolli/petitRADTRANS
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Figure 2.7: Column density of various species as a function of the zenith angle of
the planet for a Bulk-Silicate-Earth composition (left panel) and a komitiite composition
(right panel) based on calculations in Miguel et al. (2011). The temperature as a function
of zenith angle assumed for this plot is based on the our best fit model presented in
Kreidberg & Loeb (2016) without heat redistribution (F' = 0). It assumes that the
temperature at the substellar point is Tiupstettar = (2028 = Lot (1 Ap)l/4

A/ a/Ry

and Tierminator = 0 K at a zenith angle of z = 90°, with S being the insolation, Ag the
Bond albedo and ¢ the Stefan—Boltzmann constant. The species in the legend are sorted
by the column density at the substellar point in descending order.

resolution and opacities as for the T-P profile calculation. We sum the fluxes
weighted by the area of each concentric ring to calculate the total flux from the
planet. Finally, we divide the planet flux by a PHOENIX stellar spectrum (Husser
et al. 2013) to determine the planet-to-star contrast.

Equilibrium gas chemistry in the atmosphere leads to a decreasing surface
pressure with zenith angle. Figure 2.7 shows the column density as a function of
zenith angle for different species expected at the temperatures of K2-141b based
on calculations in Miguel et al. (2011). We show the densities for a Bulk-Silicate-
Earth composition and a komatiite composition which show similar results with
Na being the most abundant in both of them.

2.4.2 1D turbulent boundary layer model

In addition to the pseudo-2D model described above, we also computed an at-
mospheric circulation model following Nguyen et al. (2020) and Castan & Menou
(2011). The model calculates the steady-state flow induced by constant evapora-
tion on the dayside and condensation on the nightside. Being tidally locked, we
can impose symmetry across the substellar-antistellar axis by neglecting Coriolis
forces. By assuming a turbulent boundary layer (TBL), we can marginalize over
the vertical dimension and further reduce the problem to 1D: distance from the
substellar point.

This model assumes a boundary layer that is: hydrostatically-bound and be-
haves like a continuous fluid (atmosphere does not escape K2-141b and we can
apply fluid dynamic equations), turbulent (for vertically-constant wind speeds),
and optically thin (no radiative transfer necessary). With these assumptions, we
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Figure 2.8: T-P profile of K2-141b based on the pseudo-2D rock vapor model as
described in Section 2.4.1 at different angles from the substellar point.

can construct a system of differential equations similar to the shallow-water equa-
tions which calculate the atmospheric pressure, wind velocity, and temperature at
the boundary layer. We can only reduce the vertical dependence by assuming a
vertical temperature profile.

The model itself describes the conservation of mass, momentum, and energy
and their interactions: the atmospheric flow is being pushed by the pressure-
gradient (momentum balance) driven by the uneven evaporation and condensation
(mass balance), bringing with it sensible heating and cooling (energy balance)
across the planet’s surface which in turns affect the evaporation/condensation.
A solution is found when the pressure, temperature, and wind speed obey the
conservation of mass, momentum, and energy and a steady-state flow exists.

Recent progress in these types of model have been made by including radia-
tive transfer, in a three-band scheme (UV, optical and IR), for an SiO-dominated
atmosphere (Nguyen et al. 2022). SiO absorbs strongly in the UV, which causes
upper-level atmospheric heating, possibly leading to a temperature inversion (Ito
et al. 2015). Therefore, the updated TBL model tests different vertical tempera-
ture profiles: adiabatic, isothermal, and inverted. Finally, coupling the radiative
budgets of the atmosphere and surface, we can calculate emission spectra and
phase variations for K2-141b.

The different temperature profiles lead to significant changes to the dynamics.
Making the lapse rate negative (temperature increases with height) increases the
horizontal pressure gradient force which induces stronger winds. However, the
energy budget is unchanged as incoming stellar flux does not depend on the tem-
perature profile used. Therefore, the atmosphere reacts to the increased kinetic
energy by lowering its thermal energy, leading to overall cooler temperatures.
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Figure 2.9: Surface pressure as a function of the zenith angle for the two different models
used in this paper. The dashed pink line is based on the pseudo-2D rock vapor model
and the blue lines are based on the 1D TBL model for a Na, SiO and SiOs atmosphere.
Although, the TBL models shown in this plot are based on Nguyen et al. (2020) and lack
radiative transfer, this would introduce little to no changes to the surface pressure. Na is
the most volatile possible component of rock vapor atmosphere, so a pure Na atmosphere
has the highest surface pressure (Schaefer & Fegley 2004).

2.4.3 Comparison of the models

We calculated the surface pressure for both models as a function of zenith angle
and show the results in Figure 2.9. One can see that due to the lack of atmospheric
circulation in the pseudo-2D rock vapor model the surface pressure does not drop
off as quickly with zenith angle as in the 1D turbulent boundary layer (TBL)
model. This indicates that the pseudo-2D rock vapor model a reasonably good
approximation to the 1D TBL model due to the overall atmospheric circulation
being low.

2.4.4 Comparison between the models and the data

We compared both the physically motivated models and the toy models to the
measured dayside emission spectrum and the full phase curves. The thermal emis-
sion spectrum of K2-141b consists of the two broad photometric bands for K2
and Spitzer IRAC Channel 2, as shown in Fig. 2.10. The two photometric band
measurements are both consistent within two sigma with the pseudo-2D rock va-
por atmosphere model and the best-fit toy model to the joint dataset, where the
planet was modeled by a two temperature model and a Lambertian reflective law.
As illustrated in Fig. 2.10, both models produce a larger eclipse depth at op-
tical wavelengths than a single temperature blackbody. In the case of the toy
model, this eclipse depth is due to reflected light from a moderately high albedo
(Ag = 0.282%970 ). For the rock vapor model, the eclipse depth in the K2 band-
pass is dominated by thermal emission from a high-temperature inversion layer
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in the atmosphere. We note that the blackbody spectra in the Figure have been
divided by a Kurucz stellar spectrum (Kurucz 1993); any features in the black
body spectra are therefore originating from the host star. As noted by Ito et al.
(2015) for 55 Cnce, the strong UV heating of the atmosphere, combined with rel-
atively weak IR radiative cooling, leads to an inversion that extends all the way
to the ground, suppressing convection. This is a potentially important feature for
interpreting infrared emission data for lava planets because the inversion makes
the atmosphere considerably hotter than the planet’s surface. There are strong
absorption features from Na in the optical, and SiO in the infrared, so the emission
in both of our photometric bands largely comes from the atmosphere rather than
the surface.
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Figure 2.10: Eclipse depths measured in the Kepler and Spitzer bandpasses compared
to different emission spectra of the planet: the pink solid line was calculated using the
pseudo-2D rock vapor model and shows thermal emissions in the optical due to Na. The
dashed orange line uses the best fit dayside temperature T}, 4 and geometric albedo Ay
values using the joint dataset (Spitzer & K2). The orange shaded area is due to the
uncertainties in Tp, 4 and Ay;. We also show black body (BB) emission spectra in gray
for two exemplary dayside temperatures of K2-141b assuming a geometric albedo of Ay
= 0: Tp,q = 2150K that corresponds to a full redistribution of heat on the planet (whole
planet is isothermal) and T}, ¢ = 2745K in case of instant reradiation of incoming energy
(nightside temperature is zero). Any features in the black body spectra are originating
from the host star because we divide the black body spectrum of the planet with a
Kurucz stellar spectrum (Kurucz 1993). The pink (orange) boxes show the Spitzer and
K2 bandpass integrated eclipse depth for the rock vapor model (sum of the thermal and
reflective emission from the best fit to the joint data set).
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We also compared the measured phase curves to a range of models. For the
1D TBL model, we computed three different phase curves assuming an adiabatic,
an isothermal, and a temperature inversion case. We furthermore used the Open
Source package SPIDERMAN (Louden & Kreidberg 2018) to convert the emitted
flux coming from each concentric ring in the pseudo-2D rock vapor model and
generated a phase curve. Figure 2.11 shows the comparison of the Spitzer data to
these different phase curves. The adiabatic TBL model and rock vapor model both
compare well to the data with the adiabatic model agreeing best. The temperature
inversion TBL model provides the worst fit to the data with ABIC = 7.3 relative
to the adiabatic model (ABIC > 3.2 (> 10) is a substantial (strong) evidence for
the model with the lower BIC; Kass & Raftery 1995). The isothermal TBL and
rock vapor model have ABIC = 3.3 and ABIC = 2.4, respectively.
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Figure 2.11: Observed Spitzer phase curve and the best fit sine curve to the Spitzer
data (red dashed line with the one sigma uncertainty shaded in red) compared to four
theoretical phase curves: The different three blue solid lines are phase curves for the 1D
TBL model assuming an adiabatic, an isothermal and an temperature inversion case. We
also generated a phase curve out of the pseudo-2D rock vapor model (solid pink line).
The adiabatic, isothermal and rock vapor model all fit the observations well and the
temperature inversion model provides the worst fit.
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2.5 Discussion

What sets K2-141b apart from previously studied USPs is that it is the first with
detected phase variation and secondary eclipse at optical and infrared wavelengths,
enabling unique constraints on its atmospheric properties. By comparing the joint
K2 and Spitzer datasets with a range of toy and physically-motivated models, we
find that a thick atmosphere is disfavored, but a rock vapor atmosphere provides
a good explanation to all available data.

2.5.1 Evidence against a thick atmosphere

One noteworthy feature of the data is that the peak brightness occurs at the
substellar point. Based on a sinusoidal model fit to the Spitzer data, we found
no significant offset (¢ = —34.51%3 ;). The observation of a thermal hotspot has
been usually attributed to a super-rotating jet that advects energy on the planet
eastward from the substellar point (e.g., Showman & Polvani 2011). Previously,
an eastward offset on a small (< 2Rg) exoplanet was observed for 55 Cnce using
Spitzer data. Demory et al. (2016a) analyzed the shape of the thermal phase curve
and measured a hotspot offset of ¢ = 41° £12°. This offset could be explained by a
thick atmosphere and suggests a moderate mean molecular weight atmosphere with
a surface pressure of a few bars (Kite et al. 2016; Angelo & Hu 2017; Hammond &
Pierrehumbert 2017). By contrast, our measured phase curve for K2-141b rules
out a 55 Cnce-like offset at the 3.90 level. The nondetection of a significant offset
in our analysis of K2-141b indicates that the planet does not have a thick, 55
Cnce-like atmosphere.

This conclusion is further supported by the low observed nightside temperature,
Tpn = 95628% K (< 1712K at 20) compared to the nightside temperature of 1380 +
400K observed for 55 Cnc e (Demory et al. 2016a). Nonzero nightside temperatures
are commonly also attributed by heat transport from the dayside to the nightside.
To check for heat redistribution on the planet, we used a toy model presented in
Kreidberg & Loeb (2016) (see equation 2.7) to fit the planet’s thermal emission.
The model uses a heat redistribution parameter, F, to regulate how much energy
is transported from the dayside to the nightside of the planet. We fit this toy heat
redistribution model to the joint (K2 & Spitzer) data set, and found that fixing the
heat redistribution parameter to F = 0 (i.e., no heat redistribution on the planet)
is statistically preferred compared to letting F vary free at ABIC = 12.0 which is
strong evidence for the model with no heat redistribution (Kass & Raftery 1995).
Taken together, the absence of a hotspot offset and atmospheric heat redistribution
support a scenario where the planet has little-to-no atmosphere.

2.5.2 Evidence for a thin rock vapor atmosphere

While a thick atmosphere is disfavored by the data, thinner atmospheres are a
possibility. Thin gas-melt equilibrium atmospheres are expected for USPs (e.g.,
Miguel et al. 2011). These atmospheres have much weaker heat circulation, but
may be sufficiently optically thick that they have detectable spectral features (e.g.,



CHAPTER 2 51

Ito et al. 2015). To evaluate this possibility, we compared the dayside emission
spectrum of K2-141 to two different models (see Figure 2.10). The first is a toy
model based on the joint fit from Section 3.2 (a blackbody plus a reflected light
component). The second model is the physically-motivated, pseudo-2D rock vapor
spectrum described in Section 4.1. We focused on the dayside spectrum alone
because a full 3D model with realistic radiative transfer is beyond the scope of
this paper.

Both the model spectra fit the observed eclipse depths well (within 2¢), but
they have different implications for the nature of the planet’s atmosphere. Both
models have a larger optical eclipse depth than expected from a single-temperature
blackbody. In the toy model, the eclipse depth in the Kepler bandpass is fit by a
high geometric albedo (44 = 0.282%07%5). By contrast, in the rock vapor model,
the large optical eclipse depth is due to thermal emission from a hot inversion
layer in the upper atmospheres, which is probed by strong absorbers at optical
wavelengths. A priori, it is challenging to say whether thermal emission or reflected
light is more physically plausible. Recent lab experiments by Essack et al. (2020)
have shown that lava worlds like K2-141b are expected to have low albedos (44 <
0.1). In light of those results, a thermal inversion in a rock vapor atmosphere may
be a more plausible explanation for the data. Alternatively, it is also possible that
highly reflective clouds could form in a rock vapor atmosphere; this possibility
merits further theoretical investigation. Either way, whether the optical eclipse
depth is due to a thermal inversion or reflective clouds, both explanations point
to a thin rock vapor atmosphere rather than a reflective surface.

These results shed new light on another well-known USP, Kepler-10b (Batalha
et al. 2011), discovered by Kepler. Kepler-10b also showed a surprisingly deep op-
tical eclipse depth attributed to a highly reflective lava (Léger et al. 2011; Rouan
et al. 2011). We find that the eclipse depth may also be explained by a thermal
inversion layer. Figure 2.12 shows our pseudo-2D rock vapor atmosphere model
adjusted for the planetary and stellar parameters of Kepler-10b compared to the
measured eclipse depth by Sheets & Deming (2014). Emission features due to the
thermal inversion of Na at approximately 0.6 and 0.8 pm increase the observed
emission in the K2 bandpass. The spectrum agrees well with the originally pub-
lished eclipse depth. Subsequent analysis suggested that the eclipse depth may be
even higher (Sheets & Deming 2014; Singh et al. 2022). The thermal inversion
model agrees with these values to within 2.4 and 3.60, respectively. Depending on
the exact approach used for the data analysis, a thermal inversion can explain all
or part of the observed signal. Thermal inversions are thus important to consider
when interpreting the optical eclipse depths for USPs.

2.6 Summary and conclusions

We analyzed new Spitzer observations of K2-141b spanning 65 hours and detected
the thermal emission of the planet at 3.7c confidence with an eclipse depth of
I/ f« = 142.9%%3  ppm. We fit several models to the Spitzer data alone, and to the
joint Spitzer and Kepler dataset. By fitting a sinusoid to the Spitzer data we found
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Figure 2.12: Eclipse depth of Kepler-10 b measured in the Kepler bandpass compared
to a pseudo-2D rock vapor model in pink showing emission features caused by thermal
emission. The pink square is the predicted bandpass integrated eclipse depth assuming
the rock vapor atmosphere model for the planet.

no evidence for a hotspot offset. Our results on the hotspot offset are inconsistent
with the Spitzer observations of 55 Cnce at a 3.90 level, the only other small
USP planet with temperatures high enough to melt rock observed with Spitzer.
Combining the Spitzer observations which are dominated by thermal emission
with the Kepler observations dominated by optical emission we are able to break
the degeneracy between these two emission sources. We fit a toy model described
in Kreidberg & Loeb (2016) with the planet’s heat redistribution F as a free
parameter and find that fixing F' = 0 is statistically preferred. We find a nonzero
geometric albedo of Ay = 0.282%075, a dayside temperature of T, 4 = 2049%%,K
and a nightside temperature of Tp», = 956%%5.K (<1712K at 20).

The planetary system containing the two confirmed planets was discovered us-
ing Kepler observations collected in the K2 Campaign 12 (Malavolta et al. 2018;
Barragén et al. 2018). Since then, the system has been reobserved during K2 Cam-
paign 19 and with Spitzer. We were able to significantly improve the ephemerides
of K2-141b and K2-141c. The 30 uncertainty on the predicted transit time in
2024 decreased from about an hour to just 2.7 minutes for planet b and from 5.2
hours to 16 minutes planet ¢ compared to Malavolta et al. (2018). This will help
in the future to schedule observations of K2-141b and avoid transits or eclipses of
planet c.

We compare the data to physically motivated models, including a pseudo-2D
rock vapor atmosphere model and a 1D turbulent boundary layer (TBL) model.
We found that the TBL model with an adiabatic temperature pressure profile and
the rock vapor model both agree well to the observed phase curve with Spitzer.
With TBL model with an isothermal T-P profile agrees worse with a ABIC =
3.3 and the TBL model with a temperature inverted T-P profile has substantial
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disagreement with the observations ABIC = 7.3.

The moderately high albedo (roughly 0.3) may be due to a reflective surface,
or a thermal inversion in a rock vapor atmosphere. The previous high albedo
measurement for Kepler-10b can be also partially explained by such an inversion.
A high optical emission also for other rocky planets might therefore be explained
by a thermal inversion in a rock vapor atmosphere.

The negligible hotspot offset for K2-141 b contrasts with the large offset pre-
viously observed for 55 Cnce. This suggests that the atmospheres have different
properties. 55 Cnce was suggested to have a moderate mean molecular weight
atmosphere of a few bars (Hammond & Pierrehumbert 2017; Angelo & Hu 2017).
K2-141D either has a high mean molecular weight and low surface pressure or no
atmosphere at all.

Future observations of ultra-short-period planets will give more insight on the
nature of these extreme planets. In fact, the James Webb Space Telescope (JWST)
will observe several small (< 2 Rg) USP planets during its Cycle 1 General Ob-
servers program:

« LHS 3844b with R = 1.3 Rg, P = 11.1h, Toq = 805K

— three eclipses with MIRI/LRS (Kreidberg et al. 2021Db)
e GJ 367b with R =0.72Rg, P = 7.7h and Teq = 1350K

— phase curve with MIRI/LRS (Zhang et al. 2021a)
e 55 Cnce with R =19Rg, P = 17.7Th, Teq = 1950K

— one eclipse with NIRCam/GRISMR+F444W (Hu et al. 2021)
— one eclipse with MIRI/LRS (Hu et al. 2021)
— four eclipses with NIRCam/GRISMR+F444W (Brandeker et al. 2021)

« K2-141b with R = 1.51 R, P = 6.9h and Toq = 2150K.

— phase curve with NIRSpec/G395H+F290LP (Espinoza et al. 2021)
— phase curve with MIRI/LRS (Dang et al. 2021)

Of these four planets observed in Cycle 1, only K2-141b and 55 Cnce are hot
enough to have a molten dayside. JWST’s sensitivity and spectroscopic range is
perfectly suited to study the thermal emission coming from these highly irradi-
ated exoplanets. These planets might have detectable Na, SiO or SiO; in their
atmospheres due to the evaporation of their surfaces. For example, SiO has broad
features at 4 and 9 pm (Tto et al. 2015). The large wavelength coverage of the
MIRI/LRS instrument (~5 to 12 pm) is especially suited for probing in and out of
the SiO band to determine the presence of an extended atmosphere. With JWST
observations already planned for K2-141b during Cycle 1, additionally informa-
tion about the atmosphere is forthcoming. Espinoza et al. (2021) will use the
NIRSpec G395H+F290LP instrument with a resolution of R = 1900 — 3700 to
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observe a phase curve in the near infrared (2.87 — 5.18 pm). The planned mid-
infrared observations by Dang et al. (2021) will use MIRI’s LRS mode (5 — 12 pm)
at a resolution of R ~ 100. All of these JWST observations, combined with the
available data collected in the optical by K2 and in the infrared by Spitzer will
paint an unprecedented picture for a lava planet.
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Appendix
2.A Updated ephemeris for K2-141c

We used the one transit of K2-141 ¢ which occurred in the continuous 8 days of
K2 C19 (see Figure 2.1) to improve the ephemeris of the planet. Our total model
uses the transit model implemented in batman (Kreidberg 2015) multiplied by a
constant. The fit model has 5 free parameters: the orbital period P, the time of
central transit tp, the radius of planet in units of stellar radii Rp/Rx, the semi-
major axis in units of stellar radii a/Rs, the cosine of the inclination cosi and a
constant c. We fixed the eccentricity ecc and the argument of periastron w to zero.
We used the same values for the limb-darkening coefficients u; and us as in our
analysis of K2-141b (see Section 2.3). The Parameters and their uncertainties
were estimated using the Nested Sampling package dynesty (Speagle 2020). We
used Gaussian priors based on the values reported in Malavolta et al. (2018) for
P, a/Rs and cosi. The final fit and the pairs plot of the posteriors can be found in
Figure 2.13 and Figure 2.14, respectively. The resulting ¢ty was used to recalculate
the orbital period P following the following approach:

to, — 1o, Lit.
% = Nold (2.8)
it.
Nold ~ nnew,With Nnew € Z (29)
(tO,Lit‘ - tO,new) * Nnew = Pnew. (210)

Firstly, we take the difference between our newly determined transit time ¢g ncuw
and the value o 1;;. reported in Malavolta et al. (2018) and divide this value by
the orbital period (see Equation 2.8). This equals the number of elapsed orbits
between the two transit times and be a number n,;4 really close to a full integer
nnew (see Equation 2.9). Finally, we can use the newly determined nnew to update
the orbital period (see Equation 2.10). Our updated ephemeris for K2-141c is
listed in Table 2.8. We could improve the uncertainties on the orbital period on
the transit time for the planet, so that the 30 uncertainty on the predicted transit
time in 2024 was reduced from 5.2 hours to 16 minutes compared to Malavolta et al.
(2018). This will make it especially easier in the future to schedule observations
of K2-141b and avoid transits or eclipses of planet c.

We only fit for the single transit which occurred in K2 C19. This lead to a
better ephemeris, but we were not able to improve other orbital parameters like
a/Rx, cosi or the planet’s size Rp/Rx. Our resulting radius of K2-141 ¢ in units of
stellar radii Rp/Rx is consistent with the value reported in Malavolta et al. (2018).
It is, however, strongly correlated with the cosine of the inclination cosi due to
the grazing transit geometry of the planet. This can be also seen in Figure 2.13
as the duration of the transit is short and V-shaped.
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Table 2.8: Updated ephemeris for K2-141 ¢ and the 30 uncertainty on the predicted
transit time in 2022 and 2024.

K2-141c¢ | (¥ Discovery Updated

P (d) 7.74850 +0.00022 | 7.7489943 11503
4y (d) | 7751.1546 + 0.0010 | 8371.07415F5-000632
309022 3.7 hours 10 minutes

309024 5.2 hours 16 minutes

Notes.
() Based on Malavolta et al. (2018)
() Expressed as BJDrpp - 2450000.0 d

- | || i | ':.u.,, b
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Figure 2.13: The transit of K2-141c in C19 with 100 random draws from the posterior
in red.
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P (days) =
7.7485%999%2,

H

to (days) =
0.0742°99%,

Rp/R+ =
0.325%38%,

c=
1.6e—-5
1'0—1,6e—5

Figure 2.14: Corner plot of the fit transit model based on the single transit of K2-141c¢
in K2 C19 to update the ephemeris of the planet. Gaussian Priors were used on P,
a/Ry and cost based on the values reported in Malavolta et al. (2018) who only used
the observations in C12. We used the resulting transit time o to recalculate the orbital
period P. The transit time in this plot is expressed as BJDTpp - 2458371.0 d.
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2.B Additional tables

2.B.1 Rescaling of uncertainties

Table 2.9: x? values for each Spitzer AOR before rescaling them to unity.

AOR | 22, | rmsg. (ppm) | rmsyue (ppm) | 4
1 1.155 3477 3236 1.129
2 1.082 3463 3330 0.996
3 1.103 3471 3306 1.369
4 1.106 3466 3296 1.184
5 1.098 3485 3327 0.976
6 1.102 3452 3288 0.927
All — 3471 — 1.132

Notes. The values in this table are based on the residuals of the full dataset (Spitzer and
Kepler) and the Toy model without redistribution fit. The photon noise-limited root-
mean-square (rms) was calculated like the following: rmsphot = rmsobs/4/X2q, Where
rmsobs is the rms of the residuals. 8 describes the ratio between the achieved standard
deviation (rmsobs) of the binned residuals and the standard deviation in absence of red
noise. It was calculated using the “time-averaging” method (Pont et al. 2006; Winn
et al. 2007, 2008) by calculating median values of this ratio for binnings around the
transit duration. The Allan deviation plots for each AOR can be found in Section 2.C.4.



2.B.2 Parameters of the fit models

Table 2.10: All free parameters used in the models which were fit to the Spitzer data alone.

Model

Free Parameters

ABIC

Sinusoidal Model (¢ = 0)

to, Rp/Rs, a/Ry, cosi
Aa fp/f*7
CAOR1; UAOR2, CAOR2;, CAOR3; CAOR4,; CAOR5; CAORSG,

Y1, Aor1, X3, AOR2, X1, AOR3, X3, AOR4, X1, AORS5, Y3, AOR5, X3, AORG, Y3, AORG

Sinusoidal Model (¢ free)

to, Rp/Rs, a/Ry, cosi
Aa fP/f*a ()ba
CAOR1, VAOR2, CAOR2;, CAOR3, CAOR4, CAOR5, CAORG;

Y1, Aor1, X3, AOR2, X1, AOR3, X3, AOR4, X1, AORS5, Y3, AOR5, X3, AORG, Y3, AORG

8.8

Two Temp. Model

to, Rp/Rs, a/Ry, cost,
T*7 Tpﬂw prda
CAOR1; VAOR2, CAOR2, CAOR3; CAOR4; CAOR5; CAORSG,

Y1, aor1, X3, AOR2, X1, AOR3, X3, AOR4, X1, AORS5, Y3, AORS5, X3, AOR6, Y3, AOR6

9.6

¢ Y4HLdVHD

69



Table 2.11: All free parameters used in the models which were fit to the joint Kepler and Spitzer dataset.

Model

Free Parameters

ABIC

Toy Model (F = 0)

to, Rp/Rs, a/Ry, cosi, P,
T*7 A97
CAOR1, VAOR2; CAOR2; CAOR3; CAOR4, CAOR5, CAOR6, CK2C12, CK2C19,

Y1, aAor1, X3, AoR2, X1, AOR3, X3, AOR4, X1, AOR5, Y3, AOR5; X3, AORG, Y3, AORG

Toy Model (F free)

to, RP/R*7 a/R*7 COSia P:
T*a F: Ag7
CAOR1; VAOR2; CAOR2,; CAOR3, CAOR4, CAOR5; CAOR6, CK2C12, CK2C19,

Y1, aAor1, X3, A0R2, X1, AOR3, X3, AOR4, X1, AORS5, Y3, AOR5; X3, AORG, Y3, AORG

12.0

Two Temp. Model

th RP/R*7 a/R*7 COSia P7
T*7 Tp,da TP,’/H Ag’
CAOR1; VAOR2; CAOR2; CAOR3, CAOR4, CAORS5, CAOR6, CK2C12, CK2C19,

Y1, Aor1, X3, AOR2, X1, AOR3, X3, AOR4; X1, AOR5, Y3, AORS5, X3, AOR6; Y3, AOR6

22.2

09

SHTdVL TVNOILIAAV 'd'¢



Table 2.12: Best fit systematic parameters for all six models.

Model Name
Parameter Sin. M. (¢ = 0) Sin. M. (¢ free) Two Temp. Toy Model (F =0) Toy Model (F free) Two Temp. Model
CAOR1 75412755° 754141300 754307392 754277389 754207428 754147399
VAOR2 —130.87253 —120.7%352 —131.8%35-9 —128.5%252 —133.87351 —128.8725%
CAOR2 1.601e 4+ 05719730 1.5344e + 05719429 1.6074e + 05710600 1.586e + 05719180 1.6209e + 05719520 1.5883¢ + 05719270
CAORS3 77386145 77296113 773971458 774071457 773931453 77381118)
CAORA4 74910.5%133°% 74905.41 1522 74921.8%133% 74917.11133°3 74932.3%152°2 74912.41133-1
CAORS 802751353 802491278 802781278 802483577 802607303 802657329
CAORG 753211273 7529923 753121293 753301250 753481250 753241290
eKac12 — — — 11 i85 06 0.99999* 1556206 0-99999 1 588708
CK2C19 — - — 0.99999+5-31708 0.999997 33566 0.999993-55¢ 06
Yionomi | —00GMOTSUNE 0063537V 0.063SST0Y  0.063847000%5 00636670008 —0.063537 000
Xi aome | —0.004898°001%2  —0.0053170 0500 —0.00523%00199  —0.00460°001%08  —0.00470° 5010 ~0.00462% 01382
Xiaoms | 00082270000 00061279815 —0.00847T 00 —0.0087270810  —0.0083670 0085 —0.008097 9100
X5 aoms | 0146127901 0145T0TOOIE 0TRSO 0esITRONY  —0.4800700N%  —0.14635 700105
X1 aoms | 01402079007 01389070005 —0.M018%0E. 0130677000 0140417000 —0.14005 7 9971
Yo aoms | —0.06069750K  —0.0640907 00107 —0.0611470 018  —0.06047' 00T 005830700100 —0.060765" 013
X3, AOR6 —0.089310-0208 —0.087451 00209 —0.08847 00214 —0.08991 00229 —0.08947 00207 —0.08881 00213
Ys, aore | —0.08367 050 —0.0839%0 0500 —0.08393%57507  —0.0844770T0y  —0.085617go00;  —0.0835270 05015

¢ Y4HLdVHD

19
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2.C Additional plots

2.C.1 Systematics

|
o o
S o
S B
1 1

Norm. Flux

0.0 0.5 1.0 1.5 2.0 2.5
Time since first exposure (days)

Figure 2.15: Diagnostic plot of the full Spitzer observations: The vertical, dashed blue
lines indicate the start of a new Astronomical Observation Request (AOR). The data in
the vertical, gray shaded regions were removed for the fit due to systematic effects. The
red line in the top panel shows the best fit model of the Spitzer data. The difference
between the model and the normalized flux can be seen in the panel below. The data has
been binned downed to 10 minutes in the top two panels and to 4 minutes in the lower
panels. The observed raw flux in pJy/pixel is shown in the third panel. The background
flux in the fourth panel is showing changes at the beginning of every AOR as expected
due to changes in pointing. An outlier segment in AOR5 which was manually removed
from the dataset has been able to be attributed to a strong cosmic ray hit on the detector.
The 2D images showing this event can be found in Fig. 2.16. The parameters, x and
y are the pixel position of the target relative to the “sweet spot”. Finally, sx and sy
describe the Gaussian widths of the star’s point spread function.
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Figure 2.16: Spitzer data frames showing strong cosmic ray hit on the Spitzer IRAC
detector which led to changes in the background flux during AOR5. Each column shows
the same Basic Calibrated Data (BCD, provided by the Spitzer Science Center) frame
but at a different contrast. The star is located in the center of every frame, whereas the
cosmic ray hit can be seen in the lower right of the second frame. All frames in this plot
have been taken from the same BCD cube which typically consist out of 64 images with

32 x 32 pixel.
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Figure 2.17: Raw, unbinned light curve is shown with gray dots with the best fitting
model in light red. The vertical, dashed blue lines indicate the start of a new Astronomical
Observation Request (AOR). The data in the vertical, gray shaded regions were removed
for the fit due to systematic effects. The solid black (red) line shows the raw light curve
(best fitting model) binned down to 10 minutes. The planetary signatures (transit, phase
curve variation or eclipse) are too weak to be seen in the raw data. For example, the
transit depth of K2-141b is ~425 ppm which leads to a dip of just ~30 pJy/pixel.
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Figure 2.18: Reflected and thermal contributions to the total flux in the Kepler and
Spitzer bandpasses using our best fitting model (toy model without heat redistribution).
The shaded areas show the 1o uncertainties on the best fitting phase curve shape. The
K2 phase curves shown here take the longer exposure time into account (30 minutes for
K2 Campaign 12) which leads to a less steep ingress and egress at the eclipse.



2.C.2 Spitzer pointings
Pointing Histogram: Spitzer AOR1 Pointing Histogram: Spitzer AOR2
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Figure 2.19: Pointing diagrams for all six Spitzer AORs. The color map indicates the
frequency of exposures for which the centroid of the star hit a certain position.
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2.C.3 Spitzer BLISS maps

BLISS Map: Spitzer AOR1 BLISS Map: Spitzer AOR2
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Figure 2.20: BLISS sensitivity maps for all six Spitzer AORs.
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2.C.4 Spitzer Allan deviation plots

Allan deviation plot: Spitzer AOR1 Allan deviation plot: Spitzer AOR2
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Figure 2.21: Allan deviation plots for all six Spitzer AORs. The residuals (black curve)
are calculated by taking the difference of the full dataset (Spitzer and Kepler) and the
Toy model without redistribution fit. A bin size of one depicts no binning at all. The red
line shows the expected root-mean-square (rms) for Gaussian noise following the inverse
square root law.
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2.C.5 Spitzer fit: Sinusoidal (¢ = 0)
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priors which were used in this fit. The prior values and the best fit values are listed in
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Figure 2.22: MCMC corner plot for the sinusoidal model fit without a hotspot offset (¢
Table 2.3.3. The resulting values for the systematic parameters are in Table 2.12. A list

with all fit parameters can be found in Table 2.10.
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2.C.6 Spitzer fit:
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Figure 2.23: MCMC corner plot for the sinusoidal model fit with a hotspot offset (¢
free) to the Spitzer data. The red bars for to, R,/Rs, a/Ry and cosi show the Gaussian
priors which were used in this fit. The prior values and the best fit values are listed in
Table 2.3.3. The resulting values for the systematic parameters are in Table 2.12. A list
with all fit parameters can be found in Table 2.10.
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2.C.7 Spitzer fit: two temperature model
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The red bars for to, Rp/Rx, a/Rs cost and Ty show the Gaussian priors which were used
in this fit. The prior values and the best fit values are listed in Table 2.3.3. The resulting
values for the systematic parameters are in Table 2.12. A list with all fit parameters can

Figure 2.24: MCMC corner plot for the two temperature model fit to the Spitzer data.
be found in Table 2.10.
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2.C.8 Joint (K2 and Spitzer) fit: toy model (F = 0)
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Figure 2.25: MCMC corner plot for the toy model fit without heat redistribution (F'
= 0) to the joint dataset, i.e., Spitzer and K2. The red bars for a/Ry and Ty show the
Gaussian priors which were used in this fit. The prior values and the best fit values are
listed in Table 2.3.4. The resulting values for the systematic parameters are in Table
2.12. A list with all fit parameters can be found in Table 2.11.
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2.C.9 Joint (K2 and Spitzer) fit: toy model (F free)
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Figure 2.26: MCMC corner plot for the toy model fit with heat redistribution (F'
free) to the joint dataset, i.e., Spitzer and K2. The red bars for a/Ry« and Ty show the
Gaussian priors which were used in this fit. The prior values and the best fit values are
listed in Table 2.3.4. The resulting values for the systematic parameters are in Table
2.12. A list with all fit parameters can be found in Table 2.11.
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2.C.10 Joint (K2 and Spitzer) fit: two temperature model
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Figure 2.27: MCMC corner plot for the two temperature model fit to the joint dataset,
i.e., Spitzer and K2. The red bars for a/Ry and Ty show the Gaussian priors which
were used in this fit. The prior values and the best fit values are listed in Table 2.3.4.
The resulting values for the systematic parameters are in Table 2.12. A list with all fit
parameters can be found in Table 2.11.
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Abstract

The Hubble Space Telescope (HST) has become the preeminent
workhorse facility for the characterization of extrasolar planets.
Launched in 1990 and never designed for the observations of exo-
planets, the STIS spectrograph on HST was used in 2002 to detect
the first atmosphere ever discovered on a planet outside of our so-
lar system (Charbonneau et al. 2002).

HST currently has two of the most powerful space-based tools for
characterizing exoplanets over a broad spectral range: The Space
Telescope Imaging Spectrograph (STIS; installed in 1997) in the
UV and the Wide Field Camera 3 (WFC3; installed in 2009) in
the Near Infrared (NIR). With the introduction of a spatial scan
mode on WFC3 (McCullough & MacKenty 2012; Deming et al.
2012) where the star moves perpendicular to the dispersion direc-
tion during an exposure, WFC3 observations have become very
efficient due to the reduction of overhead time and the possibility
of longer exposures without saturation.

For exoplanet characterization, WFC3 is used for transit and sec-
ondary eclipse spectroscopy, and phase curve observations. The
instrument has two different grisms: G102 with a spectral range
from 800 nm to up to 1150 nm and G141 encompassing 1075 nm
to about 1700 nm. The spectral range of WFC3/G141 is primar-
ily sensitive to molecular absorption from water at approximately
1.4 pm. This led to the successful detection of water in the at-
mosphere of over a dozen of exoplanets (e.g., Deming et al. 2013;
Huitson et al. 2013; Fraine et al. 2014; Kreidberg et al. 2014b;
Evans et al. 2016). The bluer part of WFC3, the G102 grism, is
also sensitive to water and most notably led to the first detection
of a helium exosphere (Spake et al. 2018).

Here we present PACMAN, an end-to-end pipeline developed to re-
duce and analyze HST/WFC3 data. The pipeline includes both
spectral extraction and light curve fitting. The foundation of
PACMAN has been already used in numerous publications (e.g.,
Kreidberg et al. 2014a, 2018a) and these papers have already ac-
cumulated hundreds of citations.
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3.1 Statement of need

Exoplanet spectroscopy with Hubble requires very precise measurements that are
beyond the scope of standard analysis tools provided by the Space Telescope Sci-
ence Institute. The data analysis is challenging, and different pipelines have pro-
duced discrepant results in the literature (e.g., Kreidberg et al. 2019b; Teachey &
Kipping 2018). To facilitate reproducibility and transparency, the data reduction
and analysis software should be open-source. This will enable easy comparison
between different pipelines, and also lower the barrier to entry for newcomers in
the exoplanet atmosphere field.

What sets PACMAN apart from other tools provided by the community, is that it
was specifically designed to reduce and fit HST data. There are several open-source
tools that can fit time series observations of stars to model events like transiting ex-
oplanets, such as EXOFASTv2 (Eastman et al. 2019), juliet (Espinoza et al. 2019),
allesfitter (Giinther & Daylan 2019, 2021), exoplanet (Foreman-Mackey et al.
2021b,a), and starry (Luger et al. 2019). PACMAN’s source code, however, includes
fitting models that can model systematics which are characteristic to HST data,
such as the orbit-long exponential ramps due to charge trapping or the upstream-
downstream effect. This removes the need for the user to write these functions
themselves. PACMAN will also retrieve information from the header of the FITS
files, automatically detect HST orbits and visits and use this information in the
fitting models.

The only other end-to-end open source pipeline specifically developed for the
reduction and analysis of HST/WFC3 data is Iraclis' (Tsiaras et al. 2016b).
Another open-source pipeline that has been for example used as an independent
check of recent results presented in Mugnai et al. (2021) and Carone et al. (2021)
is CASCADe? (Calibration of trAnsit Spectroscopy using CAusal Data). For a more
detailed discussion of CASCADe see Appendix 1 in Carone et al. (2021).

3.2 Outline of the pipeline steps

The pipeline starts with the ima data products provided by the Space Telescope
Science Institute that can be easily accessed from MAST?. These files created by the
WPFC3 calibration pipeline, calwf3, have already several calibrations applied (dark
subtraction, linearity correction, flat-fielding) to each readout of the IR exposure.

In the following we highlight several steps in the reduction and fitting stages
of the code which are typical for HST /WFC3 observations:

e Wavelength calibration: We create a reference spectrum based on the
throughput of the respective grism (G102 or G141) and a stellar model. The
user can decide if he or she wants to download a stellar spectrum from MAST
or use a black body spectrum. This template is used for the wavelength

Thttps://github.com/ucl-exoplanets/Iraclis
2https://jbouwman.gitlab.io/CASCADe/
Shttps://mast.stsci.edu/search/hst
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calibration of the WFC3 spectra. We also determine the position of the star
in the direct images which are commonly taken at the start of HST orbits to
create an initial guess for the wavelength solution using the known dispersion
of the grism. Using the reference spectrum as a template, we determine a
shift and scaling in wavelength-space that minimizes the difference between
the template and the first spectrum in the visit. This first exposure in the
visit is then used as the template for the following exposures in the visit.

Optimal extraction and outlier removal: PACMAN uses an optimal ex-
traction algorithm as presented in Horne (1986) which iteratively masks bad
pixels in the image. We also mask bad pixels that have been flagged by
calwf3 with data quality DQ = 4 or 512%.

Scanning of the detector: The majority of exoplanetary HST/WFC3
observations use the spatial scanning technique (McCullough & MacKenty
2012) which spreads the light perpendicular to the dispersion direction dur-
ing the exposure enabling longer integration times before saturation. The
tma files taken in this observation mode consist of a number of nondestruc-
tive reads, also known as up-the-ramp samples, each of which we treat as
an independent subexposure. Figure 3.1 (left panel) shows an example of
the last subexposure when using spatial scanning together with the expected
position of the trace based on the direct image.

Fitting models: PACMAN contains several functions to fit models which are
commonly used with HST data. The user can fit models like in Equation
3.1 to the white light curve or to spectroscopic light curves. An example of
a raw spectroscopic light curve and fitting Equation 3.1 to it, can be found
in Figure 3.2. Here are some examples of the currently implemented models
for the instrument systematics and the astrophysical signal:

— systematics models:

* visit-long polynomials

* orbit-long exponential ramps due to charge trapping: NIR detec-
tors like HST/WFC3 can trap photoelectrons (Smith et al. 2008),
which will cause the number of recorded photoelectrons to increase
exponentially, creating typical hook-like features in each orbit

— astrophysical models:

* transit and secondary eclipse curves as implemented in batman
* sinusoids for phase curve fits

x a constant offset that accounts for the upstream-downstream effect
(McCullough & MacKenty 2012) caused by forward and reverse
scanning

4for a list of DQ flags see https://wfc3tools.readthedocs.io/en/latest/wfc3tools/

calwf3.html
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A typical model to fit an exoplanet transit in HST data is the following
(used, for example, by Kreidberg et al. (2014a)):

Fit)y=T()(cS(t) + kty) (1 — exp(—r1 torp — 72)), (3.1)

with T'(t) being the transit model, ¢ (k) a constant (slope), S(t) a scale factor
equal to 1 for exposures with spatial scanning in the forward direction, and
s for reverse scans, r; and ro are parameters to account for the exponential
ramps. ty and to, are the times from the first exposure in the visit and in
the orbit, respectively.

e Parameter estimation: The user has different options to estimate best
fitting parameters and their uncertainties:

— least squared: scipy.optimize
— MCMC: emcee (Foreman-Mackey et al. 2013a)
— nested sampling: dynesty (Speagle 2020)

e Multi-visit observations
— PACMAN has also an option to share parameters across visits.

e Binning of the light spectrum: The user can freely specify the bin num-
bers or locations. Figure 3.1 (right panel) shows the resulting 1D spectrum
and a user-defined binning.

Figure 3.1 and 3.2 show some figures created by PACMAN during a run using
three HST visits of GJ 1214 b collected in GO 13201° (Bean 2012). An analysis of
all 15 visits was published in Kreidberg et al. (2014a). The analysis of three visits
here using PACMAN, is consistent with the published results.

3.3 Dependencies

PACMAN uses typical dependencies of astrophysical Python codes: numpy (Har-
ris et al. 2020), matplotlib (Hunter 2007a), scipy (Virtanen et al. 2020) and
astropy (Astropy Collaboration et al. 2013, 2018, 2022). Other dependencies re-
quired for the fitting stage depending on the model and sampler being run are:
batman (Kreidberg 2015), emcee (Foreman-Mackey et al. 2013a), dynesty (Spea-
gle 2020), and corner (Foreman-Mackey 2016). For the barycentric correction,
PACMAN accesses the API to JPL’s Horizons system®. If the user decides to use a
stellar spectrum for the wavelength calibration, PACMAN will download the needed
fits file from the “REFERENCE-ATLASES” high level science product” hosted on
the MAST archive (STScl Development Team 2013).

5https ://archive.stsci.edu/proposal_search.php?id=13021\&mission=hst
Shttps://ssd-api.jpl.nasa.gov/obsolete/horizons_batch_cgi.html
"https://archive.stsci.edu/hlsps/reference-atlases/cdbs/grid/
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Figure 3.1: Left panel: a typical single exposure showing the raw 2D spectrum. Right
panel: 1D spectrum after the use of optimal extraction including vertical dashed lines
showing the user-set binning to generate spectroscopic light curves.

A . . white light curve fit (nested sampling)
Raw white light curves
9 1.000F e = —
| seececess . vesesseas
270 seececcee b JETTTTTT 3 0.905|-
fro
= 2.
LETTYYRY & 0.990 1 )éz)s r:r\28807
ceaqee isi A exp. rms: 63.7
’q.j 2.65F 1 | ° 1 visit 9 0.985H 1 1 1 e 1 1 1 1
- —
& 2.70F § 200}
[=] =
— © P
X E} or _ 53
fo isit 1 b=t !
- visi @
§ 265 1 1 1 1 1 g —200 1 1 1 1 1 1 1 1 1
o —0.08 -0.06 —0.04 -0.02 0.00 0.02 0.04 0.06 0.0
L "
2.70F C Orbital phase
Transmission spectrum 9
1 tra00g
- visit 2| £ 0118 { { { { 1 { t s
2.65F | | 1 1 { 1.375 3

0 1 2 3 7 Fow } { t

time since start of visit (hours) 12 13 1a 15 16
Wavelength (micron)

1.350

Transit

Figure 3.2: panel A: raw white light curves for each of the three visits. One can clearly
see the constant offset between two adjacent exposures due to the spatial scanning mode.
panel B: white light curve with the best astrophysical model fit using Equation 3.1. panel
C': the transmission spectrum after fitting 11 spectroscopic light curves revealing the flat
spectrum of GJ 1214 b as published in Kreidberg et al. (2014a).
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3.4 Documentation

The documentation for PACMAN can be found at pacmandocs.readthedocs.io®

hosted on ReadTheDocs”. It includes most notably, a full explanation of every pa-
rameter in the pacman control file (pcf), the API, and an example of how to down-
load, reduce and analyze observations of GJ 1214 b taken with HST/WFC3/G141.

3.5 Future work

The following features are planned for future development:

e The addition of fitting models like phase curves using the open-source Python
package SPIDERMAN (Louden & Kreidberg 2018).

« Orbit-long ramp fitting using the RECTE systematic model'°.

e Limb darkening calculations for users wanting to fix limb darkening param-
eters to theoretical models in the fitting stage.

o Extension to WFC3/UVIS data reduction.
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Abstract

Seven rocky planets orbit the nearby dwarf star TRAPPIST-1,
providing a unique opportunity to search for atmospheres on small
planets outside the Solar System (Gillon et al. 2017). Thanks to
the recent launch of the James Webb Space Telescope (JWST),
possible atmospheric constituents such as carbon dioxide (COsz)
are now detectable (Morley et al. 2017; Lincowski et al. 2018). Re-
cent JWST observations of the innermost planet TRAPPIST-1b
showed that it is most probably a bare rock without any COg in
its atmosphere (Greene et al. 2023). Here we report the detection
of thermal emission from the dayside of TRAPPIST-1 ¢ with the
Mid-Infrared Instrument (MIRI) on JWST at 15 pm. We mea-
sure a planet-to-star flux ratio of f,/fs« = 421494 parts per million
(ppm) which corresponds to an inferred dayside brightness tem-
perature of 380 + 31 K. This high dayside temperature disfavours
a thick, COg-rich atmosphere on the planet. The data rule out
cloud-free O2/CO2 mixtures with surface pressures ranging from
10 bar (with 10 ppm CO3) to 0.1 bar (pure CO2). A Venus-
analogue atmosphere with sulfuric acid clouds is also disfavoured
at 2.60 confidence. Thinner atmospheres or bare-rock surfaces are
consistent with our measured planet-to-star flux ratio. The ab-
sence of a thick, COz-rich atmosphere on TRAPPIST-1 ¢ suggests
a relatively volatile-poor formation history, with less than 9.5J_r;:g
Earth oceans of water. If all planets in the system formed in the
same way, this would indicate a limited reservoir of volatiles for
the potentially habitable planets in the system.
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4.1 Introduction

Little is known about the compositions of terrestrial exoplanet atmospheres, or
even whether atmospheres are present at all. The atmospheric composition de-
pends on many unknown factors, including the initial inventory of volatiles, out-
gassing resulting from volcanism, and possible atmospheric escape and collapse
(see e.g., Wordsworth & Kreidberg 2022). Atmospheric escape may also depend
on the spectral type of the host star: planets around M dwarfs may be particularly
vulnerable to atmospheric loss during the long pre-main sequence phase (Luger &
Barnes 2015). The only way to robustly determine whether a terrestrial exoplanet
has an atmosphere is to study it directly, through its thermal emission, reflected
light, or transmission spectrum. The tightest constraints on atmospheric proper-
ties so far have come from observations of the thermal emission of LHS 3844 b,
GJ 1252 b, and TRAPPIST-1b. The measurements revealed dayside temperatures
consistent with no redistribution of heat on the planet and no atmospheric absorp-
tion from carbon dioxide (Kreidberg et al. 2019a; Crossfield et al. 2022; Greene
et al. 2023). These results motivate observations of cooler planets, which may be
more likely to retain atmospheres.

4.2 Observations

We observed four eclipses of TRAPPIST-1¢ with MIRI on JWST in imaging
mode. The observations took place on 27 October, 30 October, 6 November, and
30 November 2022 as part of General Observer programme 2304. Each visit had
a duration of approximately 192 minutes, covering the 42-minute eclipse dura-
tion of TRAPPIST-1 ¢ as well as out-of-eclipse baseline to correct for instrumental
systematic noise. The observations used the MIRI F1500W filter, a 3 pm-wide
bandpass centred at 15 pm, which covers a strong absorption feature from COs.
Across the four visits, we collected 1,190 integrations in total using the FULL
subarray. See Methods for further details on the design of the observations.

4.3 Data reduction and analysis

We performed four independent reductions of the data using the publicly avail-
able Eureka! code (Bell et al. 2022) as well as several custom software pipelines.
Each reduction extracted the light curve of TRAPPIST-1 using aperture photom-
etry (see Methods and Table 4.2). We then fitted the light curves with an eclipse
model and a range of different parameterizations for the instrumental systematics,
including a polynomial in time, exponential ramps, and decorrelation against the
position and width of the point spread function (PSF). For the different analyses,
the scatter of the residuals in the fitted light curves had a root mean square (rms)
variability ranging from 938 — 1,079 ppm, within 1.06 — 1.22 times the predicted
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photon noise limit when using a corrected gain value (Bell et al. 2023a). We es-
timated the eclipse depths using Markov chain Monte Carlo (MCMC) fits to the
data, which marginalized over all the free parameters in the analysis. The result-
ing eclipse depths from the four data analyses are consistent and agree to well
within 1o (see Table 4.3). The phase-folded light curve from one of the reductions
can be seen in Figure 4.1. To determine the final eclipse depth, we took the mean
value and uncertainty from the different reductions. To account for systematic
error owing to differences in data reduction and modelling choices, we also added
an additional 6 ppm to the uncertainty in quadrature, which corresponds to the
standard deviation in the eclipse depth between the four analyses. The resulting
eclipse depth is fp/f+ = 421 £ 94 ppm.

4.4 Discussion

From the measured eclipse depth, we derive a brightness temperature of 380 + 31
K for TRAPPIST-1c¢. The innermost planet in the system, TRAPPIST-1 b, was
found to have a brightness temperature of 503728 K (Greene et al. 2023). Com-
pared with previous detections of thermal emission from small (R, < 2 Rg) rocky
planets (see Fig. 4.5) these temperatures are more than 500 K cooler (the previous
lowest measured brightness temperature was 1,040 + 40 K for LHS 3844 b (Kreid-
berg et al. 2019a)). TRAPPIST-1c¢ is the first exoplanet with measured thermal
emission that is comparable with the inner planets of the Solar System; Mer-
cury and Venus have equilibrium temperatures of 440 K and 227 K, respectively,
assuming uniform heat redistribution and taking the measured Bond albedo val-
ues (Ap Mecury = 0.068, Ap venus = 0.76) from Moroz et al. (1985); Mallama et al.
(2002). Our measured temperature for TRAPPIST-1 c is intermediate between the
two limiting cases for the atmospheric circulation for a zero-albedo planet: zero
heat redistribution (430 K; expected for a fully absorptive bare rock), versus global
heat redistribution (340 K; expected for a thick atmosphere). This intermediate
value hints at either a moderate amount of heat redistribution by an atmosphere
(e = 0.66102%) or a non-zero Bond albedo for a rocky surface (Ap = 0.571012)
(following the parameterization described in Cowan & Agol (2011)).

4.4.1 Comparison to emission models

To further explore which possible atmospheres are consistent with the data, we
compared the dayside flux with a grid of cloud-free, O2-dominated models with a
range of surface pressures (0.01 bar — 100.0 bar) and CO3 contents (1 ppm — 10,000
ppm). Also, we generated cloud-free, pure COo atmospheres using the same sur-
face pressures. The models account for both atmospheric heat redistribution and
absorption by constituent gasses (Koll et al. 2019a; Morley et al. 2017; Kreidberg
et al. 2019a) and assume a Bond albedo of 0.1 (see Methods). O3/CO2 mixtures
are expected for hot rocky planets orbiting late M-type stars as the planet’s HoO
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Figure 4.1: Eclipse light curve of TRAPPIST-1 c taken with MIRI F1500W.
The phase-folded secondary eclipse light curve of TRAPPIST-1c¢, measured with the
JWST /MIRI imager at 15 pm. The eclipse is centred at orbital phase 0.5 and has a
measured depth of fp/fsx = 421 + 94 ppm. The light curve includes four visits (that is,
four eclipses), each spanning approximately 3.2 hours. To make the eclipse more easily
visible, we binned the individual integrations (grey points) into 28 orbital phase bins
(black points with 1o error bars). The light curve was normalized and divided by the
best-fit instrument systematic model. The best-fit eclipse model is shown with the solid
red line. The data and fit presented in this figure are based on the SZ reduction, one of
the four independent reductions we performed in this work.
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photodissociates and escapes over time, leaving a desiccated atmosphere domi-
nated by Oy (Luger & Barnes 2015; Schaefer et al. 2016; Bolmont et al. 2017).
Substantial COz (up to about 100 bar) is expected to accumulate from outgassing
and does not escape as easily as HoO (Dorn et al. 2018; Kane et al. 2020). For
these mixtures, the predicted eclipse depth decreases with increasing surface pres-
sure and with increasing CO2 abundance, owing to the strong COs absorption
feature centred at 15 pm. Strong inversions for a planet in this parameter space
are not expected (Malik et al. 2019a). With our measured eclipse depth, we rule
out all thick atmospheres with surface pressures Py ¢ > 100 bar (see Fig. 4.2).
For the conservative assumption that the CO5 content is at least 10 ppm, we rule
out Pyt = 10 bar. For cloud-free, pure CO2 atmospheres we can rule out surface
pressures Py,¢ > 0.1 bar. As the TRAPPIST-1 planets have precisely measured
densities, interior-structure models can give constraints on the atmospheric sur-
face pressures, that is, higher surface pressures would decrease the observed bulk
density of the planet. Our findings here agree with these models, which put an
upper limit of 160 bar (80 bar) on the surface pressure at a 30 (1o) level (Acunia
et al. 2021).

We also compared the measured dayside brightness with several physically
motivated forward models inspired by Venus. The insolation of TRAPPIST-1¢
is just 8% greater than that of Venus (Delrez et al. 2018), so it is possible that
the two planets could have similar atmospheric chemistry. We used a coupled
climate-photochemistry model to simulate an exact Venus-analogue composition
(96.5%, CO2 3.5% Na, and Venus lower atmospheric trace gases), both with and
without HoSO4 aerosols (Lincowski et al. 2018) (see Methods). The assumed sur-
face pressure was 10 bar, which would produce similar results to a true 93 bar
Venus-analogue, because for both cases, the emitting layer and cloud deck lie at
similar pressures. We find that these cloudy and cloud-free Venus-like atmospheres
are disfavoured at 2.60 and 3.0c, respectively (see Fig. 4.3 for the 10 bar cloudy
Venus spectrum). The cloudy case is marginally more consistent with the data be-
cause the SO aerosols locally warm the atmosphere, providing a warmer emission
temperature within the core of the 15 pm band, and therefore a larger secondary
eclipse depth.

Finally, we compared the measured flux with bare-rock models with a va-
riety of surface compositions, including basaltic, feldspathic, Fe-oxidized (50%
nanophase haematite, 50% basalt), granitoid, metal-rich (FeSs), and ultramafic
compositions (Hu et al. 2012). We also considered space weathering for these
models, as TRAPPIST-1 ¢ should have been substantially weathered owing to its
proximity to the host star. On the Moon and Mercury, space weathering darkens
the surface by means of the formation of iron nanoparticles (Hapke 2001). On
TRAPPIST-1 ¢, this process would similarly darken the surface and therefore in-
crease the eclipse depth. We find that all bare-rock surfaces are consistent with
the data (see Fig. 4.3 for an unweathered ultramafic surface and Fig. 4.9 for
all surfaces that we considered). Overall, fresh low-albedo surfaces (for example
basalt) or weathered surfaces are all compatible with the data, comparable with
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Figure 4.2: Grid plot comparing a suite of atmospheric models to the mea-
sured eclipse depth. Comparison between the measured eclipse depth and a suite of
different O2/CO2, cloud-free atmospheres for TRAPPIST-1 ¢ with varying surface pres-
sures and compositions. Darker grid cells indicate that we more significantly rule out this
specific atmospheric scenario. The number in each cell is the absolute difference between
each model and the observations in units of sigma. The lower the modelled atmosphere
is in the grid, the higher its surface pressure. The rightmost column shows pure CO2
atmospheres. The other columns are Oz-dominated atmospheres with different amounts
of CO2 ranging from 1 ppm (= 0.0001%) to 10,000 ppm (= 1%).
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Figure 4.3: Observed flux of TRAPPIST-1 ¢ and various emission models.
Simulated emission spectra compared with the measured eclipse depth of TRAPPIST-
1c (red diamond, with the vertical error bar representing the 1o uncertainty on the
measured eclipse depth). The CO; feature overlaps directly with the MIRI F1500W filter
used for these observations. The two limiting cases for the atmospheric circulation for a
zero-albedo planet (zero heat redistribution, that is, instant reradiation of incoming flux
and global heat redistribution) are marked with dashed lines. Two cloud-free, O2/CO2
mixture atmospheres are shown with purple and red solid lines. They show decreased
emission at 15 pm owing to CO2 absorption. A bare-rock model assuming an unweathered
ultramafic surface of the planet with a Bond albedo of 0.5 is shown by the solid black
line (see text for more information on weathering, including a full comparison of our
measurement to a suite of surfaces in Fig. 4.9). The cloudy Venus forward model with a
surface pressure of 10 bars is shown with a solid yellow line.

the likely bare-rock exoplanet LHS 3844 b (Kreidberg et al. 2019a). The highest
albedo models, unweathered feldspathic and granitoid surfaces, are a marginally
worse fit (consistent at the 20 level).

4.4.2 Water inventory

To put our results into context with the formation history of the planet, we ran
a grid of atmospheric evolution models over a range of initial water inventories
(0.1 — 100 Earth oceans) and extreme ultraviolet (XUV) saturation fractions for
the host star (107* — 1072) (see Fig. 4.4). The model incorporates outgassing,
escape of water vapour and oxygen, and reaction of oxygen with the magma ocean
(Schaefer et al. 2016). For an XUV saturation fraction of 1073 being a typical
value for a low-mass star (Chadney et al. 2015), we find that the final surface
pressure of oxygen could range over several orders of magnitude (0.1 — 100 bar),
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depending on the initial water inventory (see Fig. 4.4). Our measured eclipse
depth disfavours surface pressures at the high end of this range (greater than 100
bar) for conservative COy abundances, implying that TRAPPIST-1 ¢ most likely
formed with a relatively low initial water abundance of less than 9.5f;:§ Earth
oceans. For higher CO2 abundances (> 10 ppm), we rule out surface pressures
greater than 10 bars, implying that the planet formed with less than 43:2 Earth
oceans. Our result suggests that rocky planets around M-dwarf stars may form
with a smaller volatile inventory or experience more atmospheric loss than their
counterparts around Sun-like stars. This finding motivates further study of the
other planets in the TRAPPIST-1 system to assess whether a low volatile abun-
dance is a typical outcome, particularly for the planets in the habitable zone.
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Figure 4.4: Final oxygen atmospheric pressure for TRAPPIST-1 c after
7.5 Gyr of energy-limited escape. We explore different initial planetary water
abundances and the amount of XUV the planet receives during the star’s saturated
activity period (Luger & Barnes 2015), described as a fraction of its total bolomet-
ric luminosity. The vertical lines represent the nominal XUV saturation fraction of
log,o(Lxuv/Lvot) = —3. 03+8 1> as estimated by Fleming et al. (2020). We assume an
escape efficiency of 0.1. The white numbers are the contour values for the logarithm of
the atmospheric pressure in bars. Our upper limit on surface pressure of 10 — 100 bars
implies an initial water abundance of approximately 4 — 10 Earth oceans.
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Figure 4.5: Comparison of small exoplanets with measured infrared emission.
Following Crossfield et al. (2022), we show the normalized dayside brightness temper-
ature for super-Earths (R, < 2Rg) with measured thermal emission, as a function of
planet size (a) and maximum equilibrium temperature (b). The brightness temperatures
are normalized relative to predictions for a bare rock with zero albedo and zero heat
redistribution, Teq,max.- The thermal emission of TRAPPIST-1c has been detected in
this work at 15 pm. The other planets are TRAPPIST-1b (T1b in plot; also at 15 nm)
and planets that have been observed with Spitzer’s IRAC Channel 2 at 4.5 pm. The
uncertainties on the radius for the planets in the TRAPPIST-1 system are smaller than
the marker symbol. Error bars show 1o uncertainties.

Table 4.1: Summary of the observations in JWST program GO 2304.

visit 1 visit 2 visit 3 visit 4

date 27. Oct. 2022  30. Oct. 2022 6. Nov. 2022  30. Nov. 2022
start time 14:08:35 00:09:07 06:32:33 11:49:52
end time 17:21:29 03:21:23 09:44:49 15:02:47
duration (hours) 3.21 3.19 3.19 3.21
Nint 298 297 297 298
Ngroups/int 13 13 13 13
stability rms x (pixel) 0.0032 0.0040 0.0034 0.0031
stability rms y (pixel) 0.0059 0.0074 0.0062 0.0051

4.A JWST MIRI Observations

As part of JWST General Observer (GO) program 2304 (principal investigator
(PI): L. Kreidberg) (Kreidberg et al. 2021a), we observed four eclipses of the planet
TRAPPIST-1c¢ (see Table 4.1). They were taken on 25 October, 27 October, 30
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October, and 6 November 2022 with JWST’s MIRI instrument using the F1500W
filter. The observations used the FULL subarray with FASTR1 readout and 13
groups per integration. Each visit had a duration of approximately 3.2 hours.
We did not perform target acquisition for any of the visits because it was not
enabled for MIRI imaging observations during cycle 1. However, the blind pointing
precision of JWST was perfectly sufficient to place the target well centered on the

field of view of the full array (74” x 113”). Figure 4.6 shows one of the integrations
with the FULL array.
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Figure 4.6: Example of a MIRI integration using the FULL array. An integra-
tion taken during our observations showing the MIRI imager focal plane. The majority of
the FULL array is taken up by the imager field of view on the right side. TRAPPIST-1
is centred on the imager highlighted by the red arrow. The left side of the imager was
not used in our analysis and consists out of the Lyot coronagraph (top left) and the three
4-quadrant phase masks coronagraphs (lower left).

4.B Data Reduction

We performed four different reductions of the data collected for JWST program
GO 2304. The assumptions made by the reductions are listed in Table 4.2. In the
following, we describe the individual reductions.



Step/Parameter

Table 4.2: Details of the four different data reductions.

SZ reduction

ED reduction

MG reduction

PT reduction

Stage 1 Run?

Jump correction

ramp weighting
Stage 2 Run?
photom step

Stage 3 notes

centroid position
determination
method

target aperture
shape

aperture radius

partial pixels
treatment

background
region shape

background
aperture size

background
subtraction method

Yes
Jump rejection threshold

of 7.0, 6.0, 7.0, 5.0 sigma

default
Yes

skipped

2D Gaussian fit to target

circle

4.0, 4.0, 4.0, 4.0 pixels
around the centroid
pixels were supersampled
using a bilinear
interpolation

annulus around the
centroid

25 — 41 for each visit

subtracted the median
calculated within the
annulus from the
whole frame

Yes

No jump correction

uniform
Yes

skipped

2D Gaussian fit to target

circle

3.7, 4.0, 3.6, 3.8 pixels
around the centroid
pixels were supersampled
using a bilinear
interpolation

annulus around the
centroid

20 — 35 for each visit

subtracted the median
calculated within the
annulus from the
whole frame

Yes

No jump correction

uniform
Yes

skipped

2D Gaussian fit to target

circle

3.6, 3.6, 3.5, 3.4 pixels
around the centroid

used daophot/phot routine
in IRAF?

annulus around the
centroid

20 — 35 for each visit

Computation of the mode
of the sky pixel distribution
using the mean and median,
after 3-sigma clipping

of outliers.

Used Calibration Level 2
data directly from MAST

2D Gaussian fit to target

circle

4.4, 4.1, 3.9, 3.5 pixels
around the centroid

annulus around the
centroid

30 — 45 for each visit

mean of sigma-clipped pixel
values within the annulus
was subtracted from

the whole frame

(4-sigma clipping threshold)

76
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Table 4.2: Continued.

Details of
outlier rejection/
time series clipping

No outliers removed
with sigma clipping.
First 10 integrations
removed

sigma clipping set to 4,
no exposure removed

5-Sigma clipping with
20-min moving median.

5, 14, 6, and 4 integrations
removed

No outliers removed with
sigma clipping.

First exposure removed
from each visit

Notes. “see https://iraf.net/irafdocs/apspec.pdf, page 15

Table 4.3: Details of the four data analyses. See Methods for more details on the individual fits. The uncertainties on the eclipse

depth f,,/f« are lo.

Step/Parameter

SZ reduction

ED reduction

MG reduction

PT reduction

Fitting method

Details for
fitting method

total number of free
parameters in the joint fit

number of free
systematic parameters

number of free
astrophysical
parameters

rms of joint fit residuals

o/ fx

emcee (MCMC)

150,000 steps, 128 walkers,
30,000 as burn-in. Ran
sampler for 80 times the
autocorrelation length

32

14 (in time) + 8 (decorr.)
+ 4 (uncertainty multiplier)

6 (4 fp/f*’ €, w)

1020 ppm

4314:8(75 ppm

trafit (MCMC-MH)

1 chain of 50,000 steps
for error correction
followed by 2 chains of
100,000 steps

35
14 (in time) + 11 (decorr.)

10 (fp/fs, b, 4 TTVs, My,
Ry, Tesr, [Fe/H])

961 ppm

4234:32 ppm

trafit (MCMC-MH)

2 chains of 100,000 steps,
with first 20% of chains
as burn-in. Convergence
checked with Gelman-
Rubin statistical test.

33

12 (in time) + 5 (decorr.)

16 (fp/fx, 7 TTVs, log p,
log M, Tes, [Fe/H], cosi,

(Rp/R«)?, V/ecosw,
Jesinw)

938 ppm

414 + 91 ppm

emcee (MCMC)

50,000 steps, 64 walkers,
5,000 as burn-in

18
11 (in time)

7 (fp/f*’ Porb, 1,

a/Ry, €, w, tsec)

1079 ppm

418fg(1) ppm

¥ HHLdVHD

g6
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4.B.1 Data Reduction SZ

For our primary data reduction and data analysis we used the open-source Python
package Eureka! (Bell et al. 2022) which is an end-to-end pipeline for time series
observations performed with JWST or the Hubble Space Telescope (HST). We
started our reduction with the raw uncalibrated (“uncal”) FITS files which we
downloaded from the Mikulski Archive for Space Telescopes (MAST) and followed
the multi-stage approach of Eureka! to generate a light curve for TRAPPIST-
lc. Eureka! has been previously successfully used to reduce and analyse the
first JWST observations of exoplanets (JWST Transiting Exoplanet Community
Early Release Science Team et al. 2023; Ahrer et al. 2023; Alderson et al. 2023;
Rustamkulov et al. 2023; Lustig-Yaeger et al. 2023).

Stages 1 and 2 of Eureka! serve as a wrapper of the jwst pipeline (Bushouse
et al. 2022) (version 1.8.2.). Stage 1 converts groups to slopes and applies basic
detector-level corrections. We used the default settings for all steps in this stage
but determined a custom ramp-jump detection threshold for each visit by mini-
mizing the median absolute deviation (MAD) of the final light curves. This step
detects jumps in the up-the-ramp signal for each pixel by looking for outliers in
each integration that might be caused by events such as cosmic rays. We deter-
mined a best jump detection threshold of 7o, 60, 7o and 50 for visits 1, 2, 3, and
4, respectively, compared with the default value of 4o set in the jwst pipeline.
In stage 2, we only skipped the photom step to leave the data in units of DN /s and
not convert into absolute fluxes. In stage 3 of Eureka!, we first masked pixels in
each visit that were flagged with an “DO NOT USE” data quality entry, indicat-
ing bad pixels identified by the JWST pipeline. Next, we determined the centroid
position of the star by fitting a 2D Gaussian to the source. JWST remained very
stable during our observations of TRAPPIST-1 ¢ and our target stayed well within
a 0.01-pixel area (see Table 4.1 and Fig. 4.7). We recorded the centroid position
in x and y and the width of the 2D Gaussian in x and y over time to be used in the
fitting stage. Next, we determined the best target and background apertures by
minimizing the rms of the final light curve. We therefore determined a target aper-
ture of 4 pixels and a background annulus from 25 to 41 pixels from the centroid
for each visit. The light curves show a ramp-like trend at the beginning of the ob-
servations, which has already been observed in previous JWST MIRI observations
and is most likely caused by charge trapping (see, for example, Bell et al. 2023a).
We decided to remove the first 10 integrations from each visit, corresponding to
approximately 6 minutes or 3% of the data per visit, so that we do not have to
also model this initial ramp. Finally, we checked for significant outliers in the final
light curves by performing an iterative 5o outlier clipping procedure. However, no
integrations were removed during this process, leaving us with 288, 287, 287, and
288 integrations for the four visits, respectively.

4.B.2 Data Reduction ED

For the second data reduction, we also used the Eureka! pipeline (Bell et al.
2022) for stages 1 to 5. We also started from the uncal fits files and used the
default jwst pipeline settings with the exception of the ramp-fitting weighting
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Figure 4.7: Diagnostic plot of all four visits taken during JWST program
GO 2304 based on the SZ reduction. Every column corresponds to a visit. a and
b. The top and second rows show the raw and background flux in units of electrons
per integration per pixel, respectively. The raw flux is referring to the flux level within
the target aperture before the subtraction of the background flux. ¢ — f. The following
rows are depicting the properties of the centroid over time. We fitted a 2D Gaussian
distribution to the target at every integration to determine its x and y positions on the
detector. Ao, and Aoy, describe change in the width of the 2D Gaussian with time.
The integrations were taken approximately every 40 seconds. The lower four rows were
additionally binned to 5 minutes (= 8 integrations) shown with the solid black lines. Due
to stronger systematics, we excluded the first 10 integrations in the SZ reduction shown

by the grey region at the beginning of each visit.
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parameters in stage 1 that we set to uniform instead of default, as it slightly
improved the rms of our residuals. This improvement can be explained by the
fact that the default ramp-fitting algorithm uses a weighting of the ramp that
gives additional weight to the first and last groups of the ramp, which can be
problematic when the number of groups is small, such as for TRAPPIST-1 ¢ (only
13 groups). Indeed, the first and last groups can be affected by effects such as
the reset switch charge decay or saturation. Thus, to ensure that we fit the ramp
correctly, we used an unweighted algorithm that applies the same weight to all
groups. Furthermore, in stage 2 we turned off the photom step. Then, in stage
3, we defined a subarray region ([632, 752],[450, 570]), masked the pixels flagged
in the DQ array, interpolated bad pixels and performed aperture photometry on
the star with an aperture size that minimized the rms of the residuals for each
visits. For each integration, we recorded the centre and width of the PSF in the
x and y directions after fitting a 2D Gaussian. We computed the background on
an annulus of 20 to 35 pixel (centred on the target) and subtracted it. We note
that the choice of the background annulus has little impact on the light curve.
We did not remove any integrations a priori but, in stage 4 we sigma clipped 4o
outliers compared with the median flux calculated using a 10-integrations-width
boxcar filter. Then, for each visit for aperture photometry, we chose the aperture
radius that led to the smaller rms. These radii were 3.7, 4.0, 3.6, and 3.8 pixels,
respectively (see Table 4.2).

4.B.3 Data Reduction MG

We reduced the data using the following methodology. Starting from the uncal.fits
files, we calibrated them using the two first stages of the Eureka! pipeline (Bell
et al. 2022). We performed a systematic exploration of all the combinations of
all Eureka! stage 1 options, and we selected the combination resulting in the
most precise light curves. Our selected combination corresponds to the default
jwst pipeline settings, except for (1) the ramp-fitting weighting parameter set to
uniform, and (2) the deactivation of the jump correction. The rest of the reduction
was done using a pipeline coded in IRAF and Fortran 2003. It included for each
calibrated image (1) a change of unit from MJy/sr to recorded electrons, (2) the fit
of a 2D Gaussian function on the profile of the star to measure the subpixel position
of its centroid and its full width at half maximum (FWHM) in both directions,
and (3) the measurement of the stellar and background fluxes using circular and
annular apertures, respectively, with TRAF/DAOPHOT (Stetson 1987). Finally, the
resulting light curves were normalized and outliers were discarded from them using
a bo clipping with 20-min moving median algorithm. For each visit, the radius of
the circular aperture used to measure the stellar flux was optimized by minimizing
the standard deviation of the residuals. For each stellar flux measurement, the
corresponding error was computed taking into account the star and background
photon noise, the readout noise, and the dark noise, and assuming a value of 3.1
el/ADU for the gain (E. Ducrot, private communication). See Table 4.2 for more
details.
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4.B.4 Data Reduction PT

We performed an additional analysis using the level 2 (flux-calibrated) “calints” sci-
ence products as processed by the Space Telescope Science Institute and hosted on
the MAST archive. We determined centroid positions and average seeing FWHM
values in the z and y dimensions with a 2D Gaussian fit to the star. We per-
formed fixed-aperture photometry with circular apertures centred on the source
centroids, with radii ranging from 3.2-5.0 pixels in 0.1-pixel increments. We also
performed variable-aperture photometry using circular apertures with radii set to
c times a smoothed time series of the measured FWHM values, where ¢ ranged
from 0.75-1.25 in increments of 0.05. We smoothed the FWHM values using a
1D Gaussian kernel with a standard deviation of 2. For both fixed-aperture and
variable-aperture photometry, we measured the background using a circular an-
nulus with an inner radius of 30 pixels and an outer radius of 45 pixels. We
subtracted the sigma-clipped mean of the pixel values within this annulus from
the source counts in each frame, using a clipping level of 4o0. Finally, we recorded
the values of a grid of background-subtracted pixels interior to the average pho-
tometric aperture size surrounding the source centroid in each frame. We used
normalized time series of these pixel values to test whether pixel-level decorrela-
tion (PLD) methods developed for minimizing intrapixel effects in Spitzer Space
Telescope data (Deming et al. 2015) are warranted in the analysis of JWST /MIRI
time-series data.

We excluded the first integration of each visit from our analysis as the measured
source flux in this exposure was found to be significantly lower than the remainder
of the time series for each of the four visits. We checked for outliers in each visit by
performing sigma clipping with a threshold of 40, but no exposures were flagged
with this step. We then selected the aperture size and method (fixed or variable)
that minimized the out-of-eclipse scatter for each visit for use in our analysis. We
found that fixed-aperture photometry provided the best performance in each case,
with optimal radii of 4.4, 4.1, 3.9, and 3.5 pixels for the four visits, respectively.

4.C Data Analysis

We fitted each of the reductions to extract an eclipse depth value. The different
assumptions for the four global fits are listed in Table 4.3.

4.C.1 Data Analysis SZ

We fitted the eclipse light curve using the open-source python MCMC sampling
routine emcee (Foreman-Mackey et al. 2013b). Our full fitting model, F(¢), was the
product of a batman (Kreidberg 2015) eclipse model, Feclipse(t) and a systematic
model, Fsys(t). We fit the systematics of JWST with a model of the following
form:

Fiys(t) = Fpolynom (t) F (8)Fy(t) Fo, (t) Fo, (t), (4'1)

where Fj,olynom is @ polynomial in time and Fy(t), Fy(t), Fo, (t), and Fg,(t) detrend
the light curve against a time series of the centroid in x and y and the width of
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the PSF in x and y, respectively. Before fitting the full light curve consistent out
of the four visits, we first determined the best systematic model for each visit
by minimizing the Bayesian Information Criterion (BIC) (Schwarz 1978; Kass &
Raftery 1995; Liddle 2007). We tried a range of polynomials ranging from zeroth
order to third order and detrended for the shift in x- and y-pixel positions or
for the change in the width of the PSF in time. The best final combination
of polynomials and detrending parameters for each visit are listed in Table 4.3.
Our eclipse model used the predicted transit times from Agol et al. (2021) which
accounts for the transit-timing variations (TTVs) in the system and we allowed
for a non-zero eccentricity. We also accounted for the light travel time, which is
approximately 16 seconds for TRAPPIST-1 ¢, that is, its semi-major-axis is about
8 light-seconds. We fixed the other parameters of the planet and system, such as
the ratio of the semi-major axis to stellar radius a/Rs, the ratio of the planetary
radius to stellar radius Rp/Rs+, and the inclination i, to the values reported in
Agol et al. (2021). We decided to also supersample the light curve by a factor
of 5 in our fitting routine because the sampling of the data (~ every 40 seconds)
is comparable with the ingress/egress duration of 200 seconds (Agol et al. 2021).
Our global fit consisted of 32 free parameters: 6 physical (the eccentricity, the
argument of periastron, and an eclipse depth for each visit), 22 parameters to fit
for the systematics, and 4 free parameters that inflated the uncertainties in the flux
for each visit. These four free parameters are necessary because the current gain
value on the Calibration References Data System (CRDS) has been empirically
shown to be wrong for MIRI data (Bell et al. 2023a). For our global MCMC, we
used 128 walkers (= 4 times the number of free parameters), 150,000 steps, and
discarded the first 20% of steps (= 30,000 steps) as burn-in. This corresponds to
approximately 80 times the autocorrelation length. After calculating a weighted
average of the four eclipse depths, we get an eclipse depth of fp/fx = 431fgg ppm
for this reduction. Figure 4.8 shows the Allan deviation plots of the residuals for
each of the visits and the global fit. The rms of the residuals as a function of bin
size follows the inverse square root law, which is expected for Gaussian noise.

4.C.2 Data Analysis ED

Once we obtained the light curve for each visit from stage 4 of the Eureka! pipeline
we used the Fortran code trafit which is an updated version of the adaptive
MCMC code described in Gillon et al. (2010, 2012, 2014). It uses the eclipse
model of Mandel & Agol (2002) as a photometric time series, multiplied by a
baseline model to represent the other astrophysical and instrumental systematics
that could produce photometric variations. First, we fit all visits individually. We
tested a large range of baseline models to account for different types of external
sources of flux variations/modulations (instrumental and stellar effects). This in-
cludes polynomials of variable orders in time, background, PSF position on the
detector (x, y) and PSF width (in x and y). Once the baseline was chosen, we
ran a preliminary analysis with one Markov chain of 50,000 steps to evaluate the
need for rescaling the photometric errors through the consideration of a potential
underestimation or overestimation of the white noise of each measurement and
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Figure 4.8: Allan deviation plots. a — d. Allan deviation plots of the individual
visits: root-mean-square (rms) of the best-fit residuals from data reduction SZ as a func-
tion of the number of data points per bin shown in black. e. The same, but for the
combined dataset. A bin size value of one corresponds to no binning. The red line shows
the expected behaviour if the residuals are dominated by Gaussian noise. The absolute
slope of this line is 1/ +/bin size, following the inverse square root. The rms of our resid-
uals closely follow this line, showing that our residuals are consistent with uncorrelated
photon shot noise.

the presence of time-correlated (red) noise in the light curve. After rescaling the
photometric errors, we ran two Markov chains of 100,000 steps each to sample the
probability density functions of the parameters of the model and the physical pa-
rameters of the system, and assessed the convergence of the MCMC analysis with
the Gelman & Rubin statistical test (Gelman & Rubin 1992). For each individual
analysis, we used the following jump parameters with normal distributions: M,
R+, Togt, [Fe/H], to, b all priors were taken from Ducrot et al. (2020) except for
the transit timings, which were derived from the dynamical model predictions by
Agol et al. (2021). We fixed P, i and e to the literature values given in Ducrot
et al. (2020); Agol et al. (2021). The eclipse depth that we computed for each visit
individually were 445+ 193 ppm, 418 +173 ppm, 474 + 158 ppm, and 459 + 185 ppm,
respectively.

We then performed a global analysis with all four visits, using the baseline models
derived from our individual fits for each light curve. Again, we performed a pre-
liminary run of one chain of 50,000 steps to estimate the correction factors that we
then apply to the photometric error bars and then a second run with two chains
of 100,000 steps. The jump parameters were the same as for the individual fits
except for the fact that we fixed ¢y and allowed for transit timing variations (TTV)
to happen for each visit (each transit TTV has an unconstrained uniform prior).
We used the Gelman & Rubin statistic to assess the convergence of the fit. We

measure an eclipse depth of 423f8g ppm from this joint fit.

4.C.3 Data Analysis MG

Our data-analysis methodology was the same as that used by ED, that is, we
used the Fortran 2003 code trafit to perform a global analysis of the four light
curves, adopting the Metropolis-Hasting MCMC algorithm to sample posterior
probability distributions of the system’s parameters. Here too, we tested for each
light curve a large range of baseline models, and we adopted the ones minimizing
the BIC. They were (1) a linear polynomial of time for the first visit, (2) a cubic
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polynomial of time and a linear polynomial of the y position for the second visit,
(3) a linear polynomial of time and of the z position for the third visit, and (4)
a cubic polynomial of time and of the y position for the fourth visit. We also
performed a preliminary analysis (composed of one Markov Chain of 10,000 steps)
to assess the need to rescale the photometric errors for white and red noise. We
then performed two chains of 500,000 steps each (with the first 20% as burn-in).
The convergence of the analysis was checked using the Gelman & Rubin statistical
test (Gelman & Rubin 1992). The jump parameters of the analysis, that is, the
parameters perturbed at each step of the MCMC chains, were (1) for the star, the
logarithm of the mass, the logarithm of the density, the effective temperature, and
the metallicity, and (2) for the planet, the planet-to-star radius ratio, the occulta-
tion depth, the cosinus of the orbital inclination, the orbital parameters /e cosw
and y/esinw (with e the orbital eccentricity and w the argument of pericentre), and
the timings of the transits adjacent to each visit. We assumed normal prior distri-
butions for the following parameters based on the results from reference Agol et al.
(2021): My = 0.0898 + 0.023, Ry = 0.1192 + 0.0013, Tog = 2566 + 26 K, and [Fe/H]
= 0.05 + 0.09 for the star; (Rp/R«)? = 7123 + 65 ppm, b = 0.11 + 0.06, e = 0 + 0.003
(semi-gaussian distribution) for the planet. We also tested the assumption of a
circular orbit and obtained similar results. For each visit, we considered for the
timings of the two adjacent transits normal prior distributions based on the pre-
dictions of the dynamical model of reference Agol et al. (2021). At each step of the
MCMC, the orbital position of the planet could then be computed for each time
of observation from the timings of the two adjacent transits and from e and w, and
taking into account the approximately 16s of light-travel time between occultation
and transit. This analysis led to the value of 414 +91 ppm for the occultation, and
to an orbital eccentricity of 0.00167)05% consistent with a circular orbit. Under
the assumption of a circular orbit, our analysis led to an occultation depth of
397 £+ 92 ppm, in excellent agreement with the result of the analysis assuming an
eccentric orbit.

We also performed a similar global analysis, but allowing for different occul-
tation depths for each visit. The resulting depths were 400+ 163 ppm, 374 + 184
ppm, 421 4+ 187 ppm, and 403 + 202 ppm, i.e. they were consistent with a stable
thermal emission of the planet’s dayside (at this level of precision). Similar to
data reduction SZ, we also did create Allan deviation plots for this particular data
reduction. The best-fit residuals as a function of bin size from each visit do gen-
erally follow the inverse square root law (see Fig. 4.8 for the Allan deviation plots
of data reduction SZ).

Finally, we computed the brightness temperature of the planet at 15 pm from
our measured occultation depth using the following methodology. We measured
the absolute flux density of the star in all the calibrated images, using an aperture
of 25 pixels large enough to encompass the wings of its PSF. We converted these
flux densities from MJy/sr to mJy, and computed the mean value of 2.559 mJy
and the standard deviation of 0.016 mJy. We added quadratically to this error
of around 0.6% a systematic error of 3%, which corresponds to the estimated
absolute photometric precision of MIRI (P.-O. Lagage, private communication).
It resulted in a total error of 0.079 mJy. Multiplying the measured flux density
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by our measured occultation depth led to a planetary flux density of 1.06 + 0.23
nJy. Multiplying again this result by the square of the ratio of the distance of
the system and the planet’ radius, and dividing by =, led to the mean surface
brightness of the planet’s dayside. Applying Planck’s law, we then computed the
brightness temperature of the planet, while its error was obtained from a classical
error propagation. Our result, for this specific reduction, was 379 + 30 K, to be
compared with an equilibrium temperature of 433 K computed for a null-albedo
planet with no heat distribution to the nightside.

It is also worth mentioning that applying the same computation on the star
itself led to a brightness temperature of 1867 + 55 K, which is significantly lower
than its effective temperature.

4.C.4 Data Analysis PT

We began our analysis by determining which time-series regressors (if any) should
be included for fitting systematics in the photometry on the basis of the BIC. Our
total model is the product of a batman eclipse model (Fycipse) and a systematics
model (Fiyst) to the data, which has a general form of

Fsyst (t) = Fpolynom(t) Fy (t) Fy (t) Frwnm (t) Framp(t) FpLp (na t)' (42)

Here, Fyolynom is a polynomial in time, Fi(t) and Fy(t) are time series of the target
centroids in z and y, Frwum(t) is the time series of average FWHM values for the
source determined with a 2D Gaussian fit, and Framp is an exponential function
that accounts for ramp-up effects. Fpyp(n,t) is the linear combination of n basis
pixel time series, and it has a form of

>

Fprp(n,t) = Y, CiPi(t) (4.3)
1=1

Here, P;(t) is the normalized intensity (from 0-1) of pixel i at time ¢ and C; is the
coefficient of pixel i determined in the fit. PLD was developed to mitigate sys-
tematic intrapixel effects in Spitzer/Infrared Array Camera (IRAC) data (Deming
et al. 2015), in which the combination of source PSF motion and intrapixel gain
variations introduced percent-level correlated noise in time-series data (e.g., Ingalls
et al. 2012).

In our analysis, we tested forms of Fyoynom ranging from degree 0-3 and dif-
ferent sets of PLD basis pixels including the brightest 1, 4, 9, 16, 25, and 36 pixels.
For each visit, we explored grids of every possible combination of the components
of Fiyst(t). For each combination, we first initialized the coefficients of each com-
ponent using linear regression. We then used emcee to perform an MCMC fit of
the total eclipse and systematic model to the visit data. We ran 2v+1 walkers
for 10,000 steps in each fit, in which v represents the number of free parameters
in the total model. The first 1,000 steps of these chains were discarded as burn-
in. We fit for seven physical parameters in our calculation of Fecjipse, these being
the orbital period, a/Rs«, orbital inclination, eccentricity, longitude of periastron,
eclipse depth, and time of secondary eclipse. Gaussian priors were assigned to
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these parameters with means and standard deviations set by their measurements
reported in Agol et al. (2021). We also placed Gaussian priors on the coefficients
of the components of Fyys;, with means set by the linear regression fit and standard
deviations set to the absolute value of the square root of those values.

We calculated the BIC of the best-fitting model that resulted from the MCMC
analysis, and then selected the form of Fiys that minimized the BIC. The form
of Fyyst that we determined for each visit with this approach consisted of only an
Fholynom component. The first visit was best fit by a linear polynomial, whereas
the remaining three were best fit by a quadratic polynomial.

With the form of Fyys:(¢) determined for each visit, we then performed a joint
fit of all four eclipses. This fit included 18 total free parameters: 7 physical and
11 for fitting systematics (see Table 4.3). We ran this fit with 64 chains for 50,000
steps, discarding the first 5,000 steps for burn-in. We measured a resulting eclipse
depth of 41839 ppm from this fit.

4.D Brightness Temperature Calculation

The following analysis was based on stage 0 (.uncal) data products pre-processed
by the JWST data processing software version number 2022_3b, and calibrated
with Eureka! as described above in the “Data Reduction MG” section. We
computed the brightness temperature of the planet at 15 pm from our measured
occultation depth using the following methodology. We measured the absolute
flux density of the star in all the calibrated images, using an aperture of 25 pixels
large enough to encompass the wings of its PSF. We converted these flux den-
sities from MJy/sr to mJy, and computed the mean value of 2.559 mJy and the
standard deviation of 0.016 mJy. We added quadratically to this error of about
0.6% a systematic error of 3%, which corresponds to the estimated absolute pho-
tometric precision of MIRI (P.-O. Lagage, private communication). It resulted in
a total error of 0.079 mJy. Multiplying the measured flux density by our measured
occultation depth led to a planetary flux density of 1.06 £+ 0.23 nJy. Multiplying
again this result by the square of the ratio of the distance of the system and the
planet’ radius, and dividing by =, led to the mean surface brightness of the planet’s
dayside. Applying Planck’s law, we then computed the brightness temperature of
the planet, whereas its error was obtained from a classical error propagation. Our
result, for the MG reduction, was 379 + 30 K, to be compared with an equilibrium
temperature of 433 K computed for a null-albedo planet with no heat distribution
to the night side. It is also worth mentioning that applying the same computa-
tion on the star itself led to a brightness temperature of 1867 + 55 K, which is
significantly lower than its effective temperature.

4.E Emission modelling for TRAPPIST-1c

We generated various emission spectra for TRAPPIST-1 ¢ to compare them to our
measured eclipse depth at 15 pm. These models include (1) bare-rock spectra,
(2) O2/CO2 mixture atmospheres and pure COy atmospheres, and (3) coupled
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Figure 4.9: Measured eclipse depth compared to a suite of simulated bare-
rock emission spectra. a. Secondary eclipse spectra for various fresh surface com-
positions, assuming that TRAPPIST-1c¢ is a bare rock. High-albedo feldspathic and
granitoid surfaces are cool and fit the data moderately poorly (20), as does a low-albedo
and hot blackbody surface (1.70). b. Space weathering via formation of iron nanopar-
ticles (npFe) lowers the albedo at short wavelengths, thereby increasing the surface’s
temperature and its secondary eclipse depth. An intermediate-albedo fresh ultramafic
surface would fit the data well, but the fit becomes marginal after taking into account the
influence of strong space weathering (1.60, or about 90% confidence). The vertical error
bar on our 15 pm measurement represents the 1o uncertainty on the observed eclipse
depth.

climate-photochemical forward models motivated by the composition of Venus. In
the following, we describe each of these models.

4.E.1 Bare Rock

Our bare-rock model is a spatially resolved radiative transfer model and computes
scattering and thermal emission for a variety of surface compositions. For each
composition, the surface’s radiative equilibrium temperature is computed on a
45x90 latitude-longitude grid, assuming TRAPPIST-1c is tidally locked. Surface
reflectance and emissivity data are from Hu et al. (2012), which were derived
from reflectance spectra of rock powders or minerals measured in the laboratory
combined with an analytical radiative-transfer model (Hapke 2002). These data
have previously been used to model surface albedos and emission spectra of bare-
rock exoplanets (Hu et al. 2012; Mansfield et al. 2019; Kreidberg et al. 2019a).
Here we consider six compositions as well as a blackbody: basaltic, feldspathic,
Fe-oxidized (50% nanophase haematite, 50% basalt), granitoid, metal-rich (FeSs),
and ultramafic (see Fig. 4.9). Given the uncertainty in the measured eclipse
depth, we assume a Lambertian surface with isotropic scattering and emission,
and neglect the angular dependency of the surface reflectance and emissivity, which
would depend on the surface roughness and regolith particle size (Hu et al. 2012).
Sensitivity tests show that these surface-model assumptions are indistinguishable
within the current precision of the TRAPPIST-1 ¢ measurements (not shown).
Furthermore, albedos and spectra of bare rocks in the Solar System are mod-
ified by space weathering, so we also consider the impact of space weathering on
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TRAPPIST-1c. The timescale for lunar space weathering through exposure to the
solar wind has been estimated to range from ~ 10° years to ~ 107 years (Hapke
1977; Keller & Berger 2017). We extrapolate from the lunar value to TRAPPIST-
1 ¢ using scaling relations from a stellar-wind model (Johnstone et al. 2015). We
find that the space-weathering timescale for TRAPPIST-1 ¢ is significantly shorter
than the lunar value, about 102 — 103 years, largely because of the planet’s small
semi-major axis. An exposed surface on TRAPPIST-1c should therefore have
been substantially weathered. To simulate the impact of space weathering on un-
weathered surfaces, we incorporate the same approach as that in Hapke (2001,
2012). The surface composition is modelled as a mixture of a fresh host material
(described above) and nanophase metallic iron using Maxwell-Garnett effective
medium theory. The refractive index of metallic iron is taken from Polyanskiy
(2016).

4.E.2 Simple 1+D 0O,/CO, Mixtures

We construct a grid of Oz-dominated model atmospheres with a range of surface
pressures and mixing ratios of CO5. These are broadly representative of a plausi-
ble outcome of planetary atmosphere evolution, in which water in the atmospheres
of terrestrial planets orbiting late-type M dwarfs is photolysed and the H is lost,
leaving a large Og reservoir (Wordsworth 2015; Schaefer et al. 2016). The atmo-
sphere models we construct are 1D models following the approach presented in
Morley et al. (2017), with adiabatic pressure-temperature profiles in the deep at-
mosphere and isothermal pressure-temperature profiles above 0.1 bar (for thicker
atmospheres, P >0.1 bar) or the skin temperature (for thinner atmospheres). This
approach uses DISORT (Stamnes et al. 1988, 2000) to calculate radiative transfer
in 1D through the atmosphere to generate emission spectra.

We do consider how an atmosphere can transport heat to the nightside. To
include heat transport to the nightside, we implement the analytic approach of
Koll et al. (2019a); we use the redistribution factor f calculated in equation (3)
of that work for each of the models in the grid. We assume that both the surface
Bond albedo and the top-of-the-atmosphere Bond albedo are 0.1. We construct a
grid of Os-dominated model atmospheres with surface pressures from 0.01 to 100
bar (in 1-dex steps) and COz mixing ratios from 1 ppm to 10,000 ppm (in 1-dex
steps). We also generate pure COy atmospheres with the same surface pressures.
For the thicker atmospheres (Pyy ¢ > 1 bar) we set the thermopause (in which the
atmosphere transitions from adiabatic to isothermal) to 0.01 bar.

4.E.3 Coupled Climate-Photochemical Venus-like Atmospheres

We use a 1.5D coupled climate-photochemical forward model (Robinson & Crisp
2018; Lincowski et al. 2018; Lincowski 2020, VPL Climate) that explicitly models
day and night hemispheres with layer-by-layer, day-night advective heat trans-
port driven by simplified versions of the 3D primitive equations for atmospheric
transport, to simulate plausible atmospheric states for TRAPPIST-1 ¢ for cloudy
Venus-like scenarios. VPL Climate uses SMART (Meadows & Crisp 1996) with
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DISORT (Stamnes et al. 1988, 2000) for spectrum-resolving radiative transfer for
accuracy and versatility for both the climate modelling and the generation of the
resulting planetary spectra. The model has been validated for Earth (Robinson
et al. 2011) and Venus (Arney et al. 2014), but is capable of modelling a range of
atmospheric states.

Due to the early luminosity evolution of the star, TRAPPIST-1¢ would have
been subjected to very high levels of radiation (Baraffe et al. 2015), and so we
would anticipate evolved atmospheres that had undergone atmospheric and pos-
sibly ocean loss (Luger & Barnes 2015). We start with the self-consistently
coupled climate-photochemical Venus-like atmospheres generated for an evolved
TRAPPIST-1c¢ from Lincowski et al. (2018), with 96.5% CO2 and 3.5% Ny and
assume Venus lower atmospheric trace gases and self-consistent generated sulfuric
acid aerosols. We use these atmospheres as a starting point for 1.5D clear-sky
Venus-like atmospheres (0.1, 1, 10 bars) and 1.5D cloudy Venus-like atmospheres
(10 bars) with sulfuric acid haze. Note that 10 bar Venus-like atmospheres will
produce similar results to a 93 bar Venus-like atmosphere due to the emitting layer
being above or at the cloud deck, which is at a similar pressure for the 10 bar and
93 bar cases. All the modelled clear-sky Venus atmospheres produce 15 pm COq
features with depths spanning 134-143 ppm, with the cloudy 10 bar Venus centered
at 181 ppm. Because H2SO,4 aerosols are likely to condense in the atmosphere of a
Venus-like planet at TRAPPIST-1¢’s orbital distance (Lincowski et al. 2018), we
show the dayside spectrum for the 10 bar cloudy Venus for comparison with the
data in Figure 4.3. The emitting layer (cumulative optical depth 1) for the cloud
aerosols occurs at 7 mbars in this atmosphere, although the 15 pm COs absorption
is sufficiently strong that it emits from a comparable pressure level in the core of
the band. The observations rule out a self-consistent Venus-like atmosphere for
TRAPPIST-1c¢ to 2.6 sigma.

4.F Atmospheric Escape models

We use energy-limited atmospheric escape models (Schaefer et al. 2016; Luger
& Barnes 2015) from a steam atmosphere to explore the amount of atmospheric
escape that TRAPPIST-1c may have experienced over its lifetime. The model
assumes that escape occurs in the stoichiometric ratios of H/O in water vapour,
allows for escape of oxygen, and reaction of oxygen with the magma ocean. The
model transitions from magma ocean to passive stagnant-lid outgassing when sur-
face temperatures drop below the silicate melting point. Escape continues through-
out all tectonic stages. In Figure 4.4, we show the final amount of O9 gas left in the
atmosphere after 7.5 Gyr of evolution for a range of planetary water abundances
and XUV saturation fractions. For typical saturation fractions of 1072 (Wright
et al. 2018; Fleming et al. 2020), our observations suggest that the planet likely
had a relatively low starting volatile abundance. We note that these models are
likely upper limits on thermal escape and more detailed models of escape, espe-
cially incorporating other gases such as COs and Ng, are needed in the future
to confirm these results. We also estimate total ion-driven escape fluxes due to
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stellar wind interactions of a minimum of 1-3 bars over the planet’s lifetime, as-
suming constant stellar wind over time (Dong et al. 2018). We also considered
the extended pre-main sequence for a star like TRAPPIST-1. We used the stellar
evolution models of Baraffe et al. (2015) for a 0.09 Mg star to approximate the
pre-main sequence evolution of the star.

4.G Interior structure model

We use an interior-structure model to perform an MCMC retrieval on the planetary
mass and radius of TRAPPIST-1 ¢, and the possible stellar Fe/Si of TRAPPIST-1.
The estimated Fe/Si mole ratio of TRAPPIST-1 is 0.76£0.12 (Unterborn et al.
2018), which is lower than the Solar value, Fe/Si = 0.97 (Sotin et al. 2007). Our
interior-structure model solves a set of differential equations to compute the den-
sity, pressure, temperature, and gravity as a function of radius in a one-dimensional
grid (Brugger et al. 2016, 2017). The interior model presents two distinct layers:
a silicate-rich mantle and an Fe-rich core. On top of the mantle, we couple the
interior model with an atmospheric model to compute the emission and the Bond
albedo. These two quantities enable us to solve for radiative-convective equilib-
rium, find the corresponding surface temperature at the bottom of the atmosphere,
and find the total atmospheric thickness from the surface up to a transit pressure
of 20 mbar (Mousis et al. 2020; Acufia et al. 2021). We consider a HyO-dominated
atmosphere, with 99% H>O and 1% CO,. Our 1D, k-correlated atmospheric model
prescribes a pressure-temperature profile comprised of a near-surface convective
layer and an isothermal region on top. In the regions of the atmosphere where the
temperature is low enough for water to condense and form clouds, we compute
the contribution of these to the optical depth and their reflection properties as
described in Mareq (2012); Marcq et al. (2017).

The posterior distribution function of the surface pressure retrieved by our
MCMC indicates a 1o confidence interval of 40+40 bar for TRAPPIST-1c¢. Sur-
face pressures between 0 and 120 bar would be compatible with our probability
density function within 20 (Acuia et al. 2023). Oxygen is more dense than H5O.
Consequently, for a similar surface pressure, an Os-rich atmosphere would be less
extended than the HoO-dominated envelope we consider in our coupled interior-
atmosphere model. This means that the density of TRAPPIST-1c¢ could be re-
produced with an oxygen-rich atmosphere with a lower surface pressure as low as
our HoO upper limit, 80 bar.

4.H Stellar Properties

The stellar properties of TRAPPIST-1 have been constrained with observations of
the total luminosity of the star, Lx = 47D F,y (based on broadband photometry
to obtain the bolometric flux of the star, Fy,;, and a distance measured with
Gaia, Dy), a mass-luminosity relation (Mann et al. 2019) to obtain the stellar
mass, Mx(Ls), with uncertainty, as well as a precise stellar density, ps, thanks to
modelling of the seven transiting planets (Van Grootel et al. 2018; Ducrot et al.
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2020; Agol et al. 2021). These combine to give the stellar radius and effective
temperature, Ry and Toq 4,

1/3
. 3My 1/3
Re - <74Wp*) chlf3, (4.4)
1/4
Ly —-1/6
T = M. . 4.5
eff <4TI'R>2KO') OCM 4 ( )

The planets’ properties have also been measured precisely in relation to the star
using the depths of transit, yielding Rp/R«, and transit-timing variations, yielding
Mp/My (Agol et al. 2021). To convert the secondary eclipse depth, § = F,/Fy,
into a brightness temperature of the planet requires an estimate of the brightness
temperature of the star:

I, R2
= bp P 4.6
or
Ry
Iy p = Ib,*5ﬁ7 (4.7)
P

in which I 4, I; , are the mean surface brightness of the star and planet in the MIRI
band at full phase (that is, secondary eclipse), respectively. The ratio Rp/Rs is
well constrained from the transit depth, whereas the brightness temperature of the
star can be measured with an absolute calibration of the stellar flux in the MIRI
band, Fy (e.g., Ducrot et al. 2020). The stellar intensity may then be computed

as:
F.  FyD2
Iyw =5 = ;
’ Qy TR2
in which Q is the solid angle of the star. Because our estimate of Ry is pro-
portional to Mi/3, this means that Iby*ocM*fz/B. For a given value of Ry, this
surface brightness can be translated into a brightness temperature, T} ., and with
the equation 4.7 above, we can compute the intensity and therefore the surface
brightness of the planet, T}, to be 380 + 31 K using the eclipse depth and the
stellar flux density. We also estimate the stellar brightness temperature in the
MIRI band with an atmospheric model for the star relating T , in the MIRI band
to the Teg, as o = T 4 /Tesr,. We have accomplished this with the state-of-the-art
SPHINX model for low-temperature stars (Iyer et al. 2023) and assumed T.g =
2566 K (Agol et al. 2021), yielding o = 0.72 at 14.87 pm. We also compute the o
from JWST spectrophotometric observations with a flux of 2.599 + 0.079 mJy at
14.87 nm, yielding o = 0.71 £ 0.02. The MIRI images are flux-calibrated (with an
internal error of 3%). We measure the stellar flux in all images within an aperture
large enough to encompass the whole PSF, and then compute the mean and the
standard deviation. We compute the total error on the measurement to be the 3%
larger than this standard deviation. As the unit of flux in MIRI images is given
in Jy/str, we multiply the measured fluxes by the angular area covered by a pixel
in str to yield units of Jy.
The stellar brightness temperature scales linearly with effective temperature
and metallicity in the MIRI wavelength range, and scales inversely with surface

(4.8)
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Table 4.4: Measured eclipse times. Eclipse times (in BJDtpg) determined by the
four different reductions by fitting an eclipse model to each visit. An offset of 2459880.0

days was subtracted from each of the values in the table.

visit 1 visit 2 visit 3 visit 4

+0.0043 +0.0021 +0.0038 +0.0053

SZ | 01872700043 26209700021 9.8782*+0 0038 34.0940+:9953
+0.0452 +0.0051 +0.0038 +0.0166

ED | 0.1894100452 26197400051 9.872240-9038  34.0930+-016
+0.0033 +0.0018

MG | 0.1899 +0.0022  2.6202 +0.0018  9.879273:093%  34.0928*7-9018
+0.0106 +0.0014 +0.0087 +0.0051

PT | 01887100106 2.6211+0991 98735409987 34.0949+0-901

gravity of the star. The effective temperature, however, scales as Tpgoc M, 1/6 (or
R;l/ ?), with stellar mass (or radius) relative to the estimate based on the measured
flux. The estimate of «, therefore, may have a significant imprecision given the pos-
sible heterogeneity of the stellar atmosphere, as well as the inherent uncertainties
involved in modelling late-type stellar atmospheres. Both the synthetically derived
a and those from observations match within 20 uncertainty, lending credence to
empirical mass-luminosity relations and synthetic atmosphere-model-derived stel-
lar brightness temperatures. Note, however, that the mass-luminosity relation is
only calibrated with a handful of low-mass stars in binaries (Mann et al. 2019),
and hence its applicability to TRAPPIST-1 may be tenuous; this may thus be the
weakest link in determining the stellar parameters. Assumption-driven deviations
between synthetic models for late-type stars and empirically calibrated methods
both still remain a significant challenge in truly understanding these hosts.

4.1 Eclipse Timing Variations

Dynamical modelling of the TRAPPIST-1 system (Agol et al. 2021) gives a precise
forecast of the times of transit and eclipse for all seven planets. These have been
used in the planning of the observations, and can also be compared with the
measured times.

The times of eclipse can be offset from the mid-point between the times of
transit due to four different effects: 1) the light-travel time across the system
(Fabrycky 2010), 2) non-zero eccentricity (Winn 2010), 3) non-uniform emission
from an exoplanet (Agol et al. 2010)!, and 4) eclipse-timing variations due to
perturbations by other planets in the system. Of these three effects, the second
effect is typically the largest, which can be used to constrain one component of
the eccentricity vector of the transiting planet (Winn 2010).

In Table 4.4 we list the measured eclipse times from the four different reductions
and in Figure 4.10 we compare them with the forecast from Agol et al. (2021).
To make the forecast, we used the posterior probability of the timing model to
compute the times of transit and eclipse, and then we calculate the time of eclipse

IThis does not change the mid-point of the eclipse, but it does change the shape of
ingress/egress, and can lead to an artificial time offset if not accounted for in the modelling.
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Figure 4.10: Measured eclipse times compared with the predicted eclipse
times. The points show the measured eclipse timing offsets (defined as the time of
eclipse minus the mean of the two adjacent transit times of planet c) from four different
analyses. The error bars correspond to the 16th and 84th percentiles of the eclipse time
posterior. The dark (light) green shaded region shows the 1-(2-)sigma confidence intervals
forecast from the transit-timing analysis from Agol et al. (2021).

minus the mean of the two adjacent transits of planet c to derive an “Eclipse timing
offset”. This offset should be zero for a circular, unperturbed orbit with negligible
light-travel time (which is about 16 seconds, or 1.8x10~* days for TRAPPIST-1c).
The dynamical modelling is constrained by the times of transit, which place some
constraint on the eccentricity of the orbit of planet ¢ (in particular, the mean or
free eccentricity could be non-zero). The uncertainty on the eccentricity leads to
uncertainty on the times of secondary eclipse. Our forecast models for the eclipse
timing offset have a lo uncertainty of ~3.5 minutes at the measured times of
eclipse (approximately 0.0024 days).

The measured times were taken from four analyses (by SZ, PT, ED, and MG)
in which a broad prior was placed on the times of transit, whereas the duration
and depth were constrained to the measured values of the four eclipses. The times
of each eclipse were then free to vary, and the posterior times of transit were
inferred using MCMC (ED/MG/PT) or nested sampling (SZ). The four analyses
give good agreement on the values, but have significant differences between the
uncertainties.
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Overall, the forecast eclipse timing offsets agree well with the measured times,
within 1-2¢0 offsets. The uncertainties on the measured times are comparable with
the forecast uncertainties, and so, in future work, we hope to use these measured
eclipse times to further constrain the eccentricity vector of the orbit of planet
c. This may help to constrain tidal damping models of planet ¢, but it may also
constrain tidal damping of all of the planets as the free eccentricity vector of planet
c is tightly correlated with those of the other planets due to the “eccentricity-
eccentricity” degeneracy present in transiting planet systems (Lithwick et al. 2012).

Acknowledgements

This work is based in part on observations made with the NASA/ESA /CSA James
Webb Space Telescope. The data were obtained from the Mikulski Archive for
Space Telescopes at the Space Telescope Science Institute, which is operated by
the Association of Universities for Research in Astronomy, Inc., under NASA
contract NAS 5-03127 for JWST. These observations are associated with pro-
gram #2304. MG is F.R.S.-FNRS Research Director, and acknowledges support
from the Belgian Federal Science Policy Office BELSPO BRAIN 2.0 (Belgian Re-
search Action through Interdisciplinary Networks) for the project PORTAL n°
B2/212/P1/PORTAL (PhOtotrophy on Rocky habiTAble pLanets). VM and AL
are part of the Virtual Planetary Laboratory Team, which is a member of the
NASA Nexus for Exoplanet System Science, and funded via NASA Astrobiology
Program Grant 80NSSC18K0829. Al acknowledges support from the NASA FI-
NESST Grant 80NSSC21K1846.

Author Contributions

SZ, LK, MG, PT, ED, AL, VM, DK, CM, LS, EA, LA, and GS contributed
significantly to the writing of this manuscript. SZ, ED, PT, and MG provided a
data reduction and data analysis of the four visits for this work and contributed
an eclipse depth value. CM, DK, XL, RH, AL, and VM ran theoretical models
for the planet’s atmosphere and surface. LA ran models on the planet’s interior
structure. AT and EA modeled the stellar spectrum. LS modeled the atmospheric
escape for the planet. LK, MG, VM, DK, RH, CM, LS, EA, FS EB, and AM
contributed to the observing proposal.

Data availability

The data used in this work were collected by JWST as part of GO program 2304
and will be publicly accessible after the default proprietary period of one year.
The most recently taken visit will therefore be publicly accessible on the Mikulski
Archive for Space Telescopes (MAST) on Dec, 1st. 2023.



CHAPTER 4 113

Code availability

We used the following codes, resources, and python packages to reduce, analyze
and interpret our JWST observations of TRAPPIST-1c¢: numpy (Harris et al.
2020), matplotlib (Hunter 2007a), astropy (Astropy Collaboration et al. 2022),
batman (Kreidberg 2015), Eureka! (Bell et al. 2022), jwst (Bushouse et al. 2022),
emcee (Foreman-Mackey et al. 2013b), trafit (Gillon et al. 2010, 2012, 2014),
dynesty (Speagle 2020; Koposov et al. 2023a), SMART (Meadows & Crisp 1996),
VPL Climate (Robinson & Crisp 2018; Lincowski et al. 2018; Lincowski 2020),
DISORT (Stamnes et al. 1988, 2000), IRAF/DAOPHOT (Stetson 1987). We can share
the code used in the data reduction or data analysis upon request.

Competing Interests

The authors declare no competing interests.






5

A HuBBLE WFC3 INFRARED LOOK
AT THE TRANSMISSION SPECTRUM
OF THE HOT, INFLATED
SUB-SATURN KELT-11 B

Sebastian Zieba, Knicole D. Colén, Luis Welbanks, Laura Kreidberg, Kevin B.
Stevenson, Dana R. Louie, Daniel Angerhausen, Thomas Barclay, Thomas
Beatty, Jonathan J. Fortney, David J. James, Michael R. Line, Eric D. Lopez,
Nikku Madhusudhan, Avi Mandell, Erin May, Joseph E. Rodriguez, and Keivan
G. Stassun

In Preparation, 202}.

115



116

Abstract

The high equilibrium temperature (1703K), low density (nine
times less than Saturn), and bright host star (V = 8 mag) make
KELT-11 b a perfect target for atmospheric characterization via
transmission spectroscopy. Here, we present a new transmission
spectrum for this hot, inflated sub-Saturn taken by the Hubble
Space Telescope (HST) using its Wide Field Camera 3 (WFC3).
We analyze unpublished HST/WFC3 G102 (0.8 — 1.1 pm) spec-
troscopic grism data collected in December 2020 and also perform
a reanalysis of the HST/WFC3 G141 (1.1 — 1.7 pm) data col-
lected in April 2018, previously published in Colén et al. (2020).
We perform a thorough study of the systematic effects observed in
the dataset and lay out how different model assumptions change
the final transmission spectrum. We find that the commonly used
divide-white technique can lead to systematic bias in the trans-
mission spectrum in cases where the systematic noise varies with
wavelength (e.g. Sun-like stars). The unusual transmission shape
in the G141 grism seen by Colén et al. (2020) is most likely caused
by the choice of the divide-white technique. Our G141 spec-
trum shows smaller transit depths at the red edge of the detec-
tor, similar to other hot, inflated sub-Saturns previously studied
with WFC3 G141, like WASP-39 b and WASP-107 b. The tran-
sit depth of our G102 spectrum decreases toward shorter wave-
lengths, which is indicative of faculae on the stellar photosphere
contaminating our spectrum.
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5.1 Introduction

KELT-11 b was detected in photometric ground-based and radial velocity data
(Pepper et al. 2017) and later also observed by the Spitzer Space Telescope at 3.6
nm (Beatty et al. 2017). The planet orbits a bright (V = 8.04 mag, H = 6.25 mag,
Ks = 6.12 mag), evolved subgiant (KELT-11, HD 93396) (Pepper et al. 2017).
With an exceptionally low planetary density of just 0.08 +0.02 g/cm?® (compare to
PSaturn = 0.687 g/cm?), the planet is part of the population of hot inflated Saturns
(Colén et al. 2020) (see Fig. 5.1 and Table 5.1). The planet also has a short
orbital period of 4.7361 days (Beatty et al. 2017), leading to a high equilibrium
temperature of approximately 1700 K (following Koll et al. 2019b, assuming Apg
= 0 and uniform redistribution). Taken together, the planet’s low surface gravity,
high equilibrium temperature, and bright host star make KELT-11 b an excellent
target for atmospheric follow-up using transmission spectroscopy.

Another member of the group of hot inflated Saturns is WASP-39 b (Faedi et al.
2011), which was recently extensively studied as part of JWST’s Early Release
Science (ERS) program (JWST Transiting Exoplanet Community Early Release
Science Team et al. 2023; Ahrer et al. 2023; Alderson et al. 2023; Rustamkulov
et al. 2023; Feinstein et al. 2023; Tsai et al. 2023). The planet was found to have
a strong CO9 absorption feature, expected in chemical equilibrium for ~10x solar
composition (Molliere et al. 2015), which is comparable to Saturn’s metallicity
(Atreya et al. 2022). This measurement for WASP-39 b is therefore in agreement
with the metallicity-mass trend observed for the solar system gas giants, which
shows that a planet’s mass is indirectly proportional to its atmospheric metallicity
(Kreidberg et al. 2014b; Welbanks et al. 2019). For KELT-11 b, however, the
HST’s Wide Field Camera 3 (WFC3) G141 observations published in Colén et al.
(2020) showed a different picture of the planet: the observed water abundance
of the planet was determined to be orders of magnitude lower than previously
expected from planet formation models. Depending on the chosen model, the data
also showed hints of carbon- and oxygen-bearing species (HCN, TiO, and AlO)
(Colén et al. 2020). The presence of a lower-than-anticipated water abundance in
the sub-Saturn KELT-11 b, from the perspective of planet formation, is intriguing.
Models predict that the atmospheric metal enrichment for sub-Saturns, ranges
from 10 — 100 times the solar composition, regardless of whether these planets
form interior or exterior to the water ice line (Fortney et al. 2013; Mordasini et al.
2016). Interior structure models, derived from the observed masses and radii of
gas giant exoplanets, also indicate a metal enrichment of approximately 10 times
the solar composition for planets within the sub-Saturn mass range (Thorngren
et al. 2016). However, Colén et al. (2020) atmospheric retrievals for KELT-11 b
resulted in a sub-solar water abundance (0.01 — 0.1 times solar), significantly lower
than the anticipated values by several orders of magnitude.

In this paper, we reanalyze the HST/WFC3 G141 observations originally pub-
lished in Coldn et al. (2020) and present a planetary transmission spectrum, which
is inconsistent with the previously published transmission spectrum. We also ana-
lyze new observations taken by the G102 grism. In Section 5.2 and 5.3, we describe
the observations, data reduction, and light curve fitting. We discuss our G141 and
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G102 transmission spectra in Section 5.4.1 and 5.4.3. In Section 5.4.2 we compare
our G141 spectrum with some other planets with similar properties. Finally, we

summarize our findings in Section 5.5.
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Figure 5.1: Exoplanets with low densities, highlighting KELT-11 b (star symbol), the
JWST ERS target WASP-39 b (diamond symbol), and WASP-107 b (diamond sym-
bol). These three planets have some of the lowest densities while having (sub-)Saturn-
like masses. We only show planets with bright host stars (K; < 12 mag) and well-
characterized planetary masses and radii (> 50). A list of properties for the highlighted
planets is listed in Table 5.1. Data were taken from the NASA Exoplanet Archive in
December 2023.

5.2 Observations and Data Reduction

We observed two transits of KELT-11b with HST’s Wide Field Camera 3 (WFC3)
as part of the General Observer (GO) Programs 15255 (Colon 2017) and 15926
(Colon et al. 2019) (see Table 5.2 for a summary of the observations). The first
transit was taken with the G141 grism (1.1 — 1.7 pm) on 2018 April 18 and origi-
nally published in Colén et al. (2020). Here, we conduct a reanalysis of this data.
The second transit was taken with the G102 grism (0.8 — 1.1 pm) on 2020 De-
cember 28. Both observations consisted of 9 consecutive HST orbits and were
taken in round-trip spatial scan mode, where we alternated between forward and
reverse scans (McCullough & MacKenty 2012; Deming et al. 2013). With this
setup, the stellar light is spread over more pixels by slewing the telescope in the
cross-dispersion direction. This effectively increases the exposure time and duty
cycle of the observations without reaching saturation, but leads to a constant offset
between forward and reverse scans, which we will correct for in the fitting stage.

Both observations used an identical observational setup: the data were taken



Table 5.1: A selection of planets, which are part of the hot, inflated (sub-)Saturn population. References: KELT-11 b: Beatty et al.
(2017); WASP-39 b: Faedi et al. (2011); WASP-107 b: Anderson et al. (2017); Piaulet et al. (2021)

Planet Rp(R) My(M,) pp (g/cm®)  Pop, (d)  Teq (K)  Ru(Rs)  [Fe/H]x (dex)
KELT-11 b 1.35+0.10 0.171 £0.015 0.092 +£0.022 4.74 1703 2.7 0.17 £ 0.07
WASP-39 b 1.27+£0.04 0.280+0.030 0.182 +£0.026 4.06 1118 0.9 0.01 £0.09
WASP-107 b 0.9440.02 0.096 +£0.005 0.154 +0.013 5.72 733 0.7 0.02+0.10
Saturn 0.83 0.30 0.687

Table 5.2: Summary of the two HST/WFC3 observations analyzed in this work, with No,, being the number of orbits and Nexp the
number of spectroscopic exposures in each program.

Instrument GO ID Date (UT) Nop  Nexp

HST/WFC3/G141 15255  2018-04-18 9 234
HST/WFC3/G102 15926  2020-12-28 9 261

¢ HHLAVHD

61T
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with the 512x512 subarray (SQ512SUB) and had a scan rate of 0.96 arcsec/sec (7.4
pixels/sec). We used the SPARS25 read-out mode with NSAMP = 4, resulting
in an exposure time of 46.7 seconds for both visits. This led to a scan length of
53.1 arcsec or 395 pixels. We reached a maximum photoelectron count per pixel
of approximately 2.9 x 10% electrons per second for G102 and 4.8 x 10% electrons
per second for G141, which is below the non-linear regime of the WFC3 detector
for both of the observations (Hilbert 2008). We started every HST orbit with an
undispersed “direct image” of the star using the WFC3 F130N narrow-band filter,
which we used to determine the position of the spectroscopic trace (see Fig. 5.2).
The direct images were then typically followed by 26 (31) spectroscopic exposures
per HST orbit, leading to 234 (261) 2D spectra in total for the G102 (G141)
observations.

We accessed and downloaded the calibrated intermediate IR multiaccum im-
age (IMA) files! which were produced by the calwf3 pipeline version 3.6.2 from
MAST?. These files have calibrations like dark subtraction, linearity correction,
and flat fielding applied to each individual readout of the exposure. We then
reduced this data with the end-to-end open-source pipeline PACMAN® (Zieba &
Kreidberg 2022) which is based on the procedure described in previous works (see
e.g., Kreidberg et al. 2014a,b, 2015, 2018a). By observing the star with the spatial
scanning technique, each exposure consists of a number of non-destructive reads,
which are also called “up-the-ramp samples” (see Fig. 5.2). We treat each of
them as an independent subexposure and start by masking bad pixels, which were
flagged by the calwf3 with a data quality flag of either DQ = 4 or 512*. Next,
we calculated the difference between consecutive non-destructive reads and sub-
tracted the background. We determined the background flux of each difference
frame by computing the median flux of the pixels where the stellar light did not
fall on the detector. The background flux per pixel was ~33 e~ /sec during the
(G102 observations increasing at the end of each orbit and ~58 e~ /sec during the
(G141 observations being highest at the beginning of each orbit (see Fig. 5.3). We
then optimally extract each of the background subtracted difference images by
following the algorithm presented in Horne (1986). For each of the subexposures,
we chose an extraction window that corresponded to +20 pixels relative to the
upper and lower edges of the spectrum®. We then summed up the spectra for all
the differenced images to get the final 1D spectrum for each exposure (see Fig.
5.4). Finally, we performed a wavelength calibration on these 1D spectra by cross-
correlating them with a reference spectrum. The reference spectrum consisted of
the product of the bandpass of the respective grism and a smoothed stellar spec-
trum following Deming et al. (2013). The chosen stellar spectrum was an ATLAS9
stellar atmosphere model by Castelli & Kurucz (Castelli & Kurucz 2003), which
was the closest one to the published stellar parameters in Beatty et al. (2017), i.e.,

Ifor more information on the “ima” data products see the WFC3 Data Handbook: https:
//hst-docs.stsci.edu/wfc3dhb/chapter-2-wfc3-data-structure/2-1-types-of-wfc3-files

%https://mast.stsci.edu/search/hst

3for PACMAN’s documentations see: https://pacmandocs.readthedocs.io/en/latest/

4for an explanation of the various calwf3 quality flags see https://wfc3tools.readthedocs.
io/en/latest/wfc3tools/calwf3.html\#data-quality-initialization-dqicorr

5for more details see https://pacmandocs.readthedocs.io/en/latest/pct .html\#window
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the stellar model with T.g = 5250K, log(g) = 3.5 and [M/H] = +0.2°.

5.3 Light Curve Analysis

5.3.1 HST/WFC3 White Light Transit

We generated white (i.e., broadband) light curves by summing the flux in the 1D
spectra (see Fig. 5.4) for each exposure. The resulting light curves can be seen in
Figure 5.3. They exhibit systematics that are typical for HST /WFC3 observations
like the offset caused by the “upstream/downstream” effect or a ramp-like trend
in each HST orbit. The latter is caused by charge-trapping in the WFC3 detector
(Zhou et al. 2017). We discard the first orbit of the WFC3 observations because
they have stronger ramp amplitudes compared to the following orbits, which is
common practice (see e.g., Deming et al. 2013; Kreidberg et al. 2014a; Wakeford
et al. 2017). We also remove the first exposure of each HST orbit due to their
strong systematics.

HST/WFC3 observations also typically show visit-long drifts in the baseline
level which are typically fitted by low-order time-dependent polynomials, i.e., lin-
ear or quadratic trends. Like in Guo et al. (2020), we also explore exponential and
logarithmic visit-long trends to describe this drift in flux.

Our final fitting model F(t) consists out of a batman (Kreidberg 2015) transit
model Firansit(t), the orbit-long systematics Feys,o(t), and the visit-long systematics
Fsys,v(t)3

F(t) = Ftransit(t)Fsys,o(t)Fsys,v(t)- (51)

As in previous work, we model the ramp-like trends in each HST orbit with
an exponential function, which is commonly also called “model-ramp”:

Fsys,o(t) =1- eXp(_rlto -T2 - D(t))a (52)

where r; describes the rate of the exponential function and ro its amplitude. The

delay function, D(t), has the value of r3 for the first orbit and is 0 otherwise. This

is an optional parameter, which might be used if the first orbit exhibits a stronger

orbit-long ramp than the following orbits (in this case, r3 would have a negative

value). The time elapsed from the first exposure in each orbit is described by to.
We compared the following visit-long trends:

cS(t) + vity, linear

Fuyon(t) = cS(t) + vity + vat2, quadratic (5.3)
cS(t) + exp(—e1 ty) e,  exponent.
cS(t) + log(tv + 1/11) l2, logarith.

with ¢y being the time elapsed since the first exposure in a visit and ¢ is a nor-
malization constant. The scale function, S(t), accounts for the offset caused by

Swe accessed the Castelli & Kurucz stellar spectrum from MAST https://archive.stsci.

edu/hlsps/reference-atlases/cdbs/grid/ck04models/
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Figure 5.2: Examples of calibrated intermediate IR multiaccum image (IMA) files using
the 512x512 subarray (SQ512SUB) on HST/WFC3. The top panels show the undispersed
“direct images” of KELT-11 taken with the WFC3 F130N narrow-band filter for the G102
(panel a) and G141 (panel b) observations. The bottom panels ¢ and d show first-order
2D spectra for the last up-the-ramp sample (i.e., the last non-destructive read) for a
randomly chosen exposure in each observation. The faint second-order spectra (which
are not used in this work) can be seen on the right side of the subarray.
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Figure 5.3: Top row: background flux of each up-the-ramp sample (subexposure) per
pixel as a function of time. Bottom row: raw white light curves after performing the data
reduction described in Section 5.2. The offset caused by the “upstream/downstream”
effect can be clearly seen by observing in the round-trip spatial scan mode. This is caused
by the total integration time effectively sightly increasing when the scan is “downstream”
(“reverse scanning”) because the star will be moved on the detector in the same direction

as the readout (McCullough & MacKenty 2012).
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Figure 5.4: Wavelength calibrated 1D spectra of KELT-11 for a random exposure taken
during both observations. The alternating colors under the curves depict the chosen
binning for the spectroscopic light curves, which was chosen to be 0.025 pm for both

observations.
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the “upstream/downstream” effect and is 1 for exposures taken with a forward
scan direction and s for reverse scans. For our observations, this offset is ~0.4%
for G102 and ~0.2% for the G141 data. Finally, v1, va, e1, ez, l1, and I3 are free
parameters for the respective trends, which describe the shape of the visit-long
systematic.

For the transit model, the free parameters were the transit midpoint time tg,
the planet-to-star radius ratio Rp/Rs, the ratio of semimajor axis to stellar radius
a/Rs, the orbital inclination ¢ and the limb darkening. We fixed the orbital pe-
riod of the planet P, to a literature value and used normal priors for a/Rs and
i based on Beatty et al. (2017) (see Table 5.3). We also fixed the eccentricity to
zero as previous studies found that the orbits were all consistent with a circular
orbit (Beatty et al. 2017; Pepper et al. 2017; Colén et al. 2020). We tested both
a linear limb darkening and a two-parameter limb darkening following the param-
eterization described in Kipping (2013). The second orbit in a visit is known to
sometimes exhibit a stronger orbit-long ramp than the following ones. Due to
that, we also test if our fit improves when we use the delay function D(t) on that
orbit or if we get a better fit by removing the orbit altogether. We also fit for
an uncertainty-multiplier factor opu1ti, which scales the error bars of our data, so
that the model reaches a reduced chi-squared of one (x%, = 1), which accounts
for any additional not-photon-limited noise in the observations and ensures that
we are not underestimating the uncertainties of our fitted parameters.

Table 5.3: Adopted literature values from Beatty et al. (2017) for the white light curve
fits in this work.

Parameter  Value

P, (days) 4.7361
a/Rs 4.98 +0.05
i () 85.3 0.2

We determine the best-fit model by minimizing the Bayesian information crite-
rion (BIC; Schwarz 1978) where we apply the definition that a ABIC value greater
than 10 shows strong evidence against a given model (Kass & Raftery 1995). A
table with all explored models for the G102 and G141 observations and values
like the BIC or x? can be found in the Appendix (Table 5.7 and 5.8). We use
the dynamic nested sampling approach (Skilling 2004, 2006; Higson et al. 2019)
implemented in the open-source python package dynesty (Speagle 2020; Koposov
et al. 2023b) to estimate our free parameters and their uncertainties (details in
Appendix 5.A). For both datasets, we find that the white light curve is best fitted
by a quadratic limb darkening law. The best fitting visit long trend for the G102
data is a quadratic function and for G141 an exponential function. We further-
more find that removing the first two orbits for the G102 observations and orbit
number one and five for G141 significantly improves the fits. The best white light
curve fits for both datasets are shown in Figure 5.5. Our final residuals display
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Table 5.4: Free parameters from the HST/WFC3 G102 and G141 white light curves.
The values correspond to the median of the posterior distribution of the white light curve

fits and their 16th and 84th percentiles.

Parameter Value
G102
to (BJDpp)  2459212.1374 + 0.0018
a/Rs 5.00 + 0.05
i (%) 85.27030
Ry/Rs 0.0452 + 0.0003
ql 0.2470 0%
q2 0.0575-09
ul (derived) 0.057057
u2 (derived) 0.447019
G141
to (BJDTpp)  2458227.01495 + 0.00008
a/Rs 4.95 +0.02
i (°) 85.1775-1%
Rp/Rs 0.04630 + 0.00009
ql 0.167 +0.017
2 0.11 + 0.06
ul (derived) 0.0975-0%
u2 (derived) 0.32 + 0.06
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a low amount of scatter. We measure a root-mean-squared (rms) variability of
71.6 ppm for G102 and 37.6 ppm for G141. This is 2.5x and 1.6x the expected
Poisson noise. Our G141 residuals show considerably less scatter than the 65ppm
(3x poission) published in Coldn et al. (2020). This is mostly due to removing the
fifth orbit which exhibits more scatter and determining that an exponential trend
is approximating the visit long systematics better than the quadratic trend used
in Colén et al. (2020) (see Tab. 5.8 for all models fitted to the G141 white light
curve). Our final results for the white light curve fits for both grisms are listed in
Table 5.4.
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Figure 5.5: Best white light curve fits for the G102 and G141 observations. Top row:
Raw white light curve. Orbit 1 and 2 were removed for the G102 data and orbit 1 and 5
for the G141 observations. Middle row: Best white light curve fit with the visit and orbit
long trends removed. The red line shows the best fitting batman model. Lower row: The
residuals from the best fit. The standard deviation of the residuals is shown by dashed
lines.

5.3.2 HST/WFC3 Spectroscopic Transit

We create spectroscopic light curves by binning each of the observations. The
wavelengths we considered are 0.79 — 1.14 um for the G102 grism and 1.125 —
1.650 pm for the G141 grism. We chose a bin width of 0.025 pm for both datasets,
leading to 14 and 21 spectroscopic bins for the G102 and G141 data, respectively.
We fit the visit long systematics of each spectroscopic light curve with the best
white light curve model, that is, a quadratic trend for G102 and an exponential
trend in time for G141. We furthermore fit each light curve with a transit model
with a quadratic limb darkening law (u1, uz) and exponential ramp for each orbit.
We fix the transit time ¢y to the best-fitting values listed in Table 5.4 for each
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of the grisms. We also fixed P,.,, a/Rs, and i to the values reported in (Beatty
et al. 2017) (see Table 5.3). Each spectroscopic light curve fit therefore had 10
free parameters: Rp/Rs, ui, ua, ¢, s, 71, T2, omulyi and two visit long parameters
(e1 and ez for G102; vy and vy for G141). We used the dynamic nested sampling
code dynesty to sample the posteriors of each of these parameters and used the
same setup as for the white light curve fits (see Appendix 5.A).

In Figure 5.14 and 5.15, we show the individual spectroscopic light curve fits.
Figure 5.6 shows the transmission spectrum of KELT-11 b after fitting our models
to each spectroscopic light curve (the data can be found in Table 5.5 and 5.6). We
find that the shape of our G141 spectrum significantly deviates from the transmis-
sion spectrum published in Colén et al. (2020) (see Figure 5.7). In particular, our
G141 spectrum shows decreasing absorption at longer wavelengths. The Colén
et al. (2020) spectrum was comparatively flat between 1.40 and 1.65nm. The final
model chosen in Colén et al. (2020) used the divide-white technique, which as-
sumes that the observed systematics are not wavelength-dependent but have the
same shape across the detector (Stevenson et al. 2014a; Kreidberg et al. 2014a).
For that, each spectroscopic light curve is fit by the astrophysical model (in our
case a transit) multiplied by the scaled systematics of the best-fitting white light
curve. For a more detailed discussion of the divide-white technique, see Section
5.4.1.

We also search for correlated noise in the residuals of our spectroscopic light
curve fits. For that, we calculate the rms of the residuals for bins of different sizes.
The rms of our light curve residuals decrease with increasing bin size and follow
the 1/+/N line, which is expected if the residuals are dominated by Poisson noise.
This suggests that our residuals are uncorrelated in time. See Figure 5.17 for the
Allan deviation plots for each of the spectroscopic light curve fits. We list the
various properties of our spectroscopic light curve fits like rms and x? in Table
5.9. By calculating the ratio between our achieved residual rms and the predicted
rms in the case of the presence of only Poisson noise, we determine that we range
from 3% to 34% above the photon limit for the G102 data and 2% below to 51%
above it for G141.
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Figure 5.6: The full HST/WFC3 transmission spectrum of KELT-11 b using the G102

(midnight blue bins) and G141 (maroon bins) grisms. The data for this figure is listed
in Tabel 5.5 and 5.6.
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spectrum.
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Table 5.5: Planet-to-star ratio (Rp/Rs) and transit depth (R,/Rs)?
spectroscopic light curve fit using the G102 grism data.

in ppm for each
Each of the bins has a half

width of 0.0125 pm. So e.g., the 1.1275 pm bin covers the wavelengths 1.115 pm to 1.140
pm. The R,/Rs values listed in the Table correspond to the median of the posterior
distribution and the errorbars to the 14th and 86th percentiles.

)‘mid (pm)

Rp/Rs

(Rp/Rs)* (ppm)

0.8025
0.8275
0.8525
0.8775
0.9025
0.9275
0.9525
0.9775
1.0025
1.0275
1.0525
1.0775
1.1025
1.1275

+0.00074
0.042517 5 50001

+0.00040
0.04328" 3 00050

+0.00048
0.04554+-50048

+0.00057
0.044227 /60033
+0.00051
0.04444 7’00048

+0.00051
0.044297" 3 0044

+0.00050
0.04564+0-00050

+0.00038
0.04428 7’00035

0.0457870- 50679
0044927050640
004600090042
0.04544 7050679
0.0461670 0004

+0.00043
0.0461075:99043

1807153
1873791
2074745
1955150
1975735
1962735
2083138
1961733
2096130
2018130
2116735
2064745
2131+32

+40
2126719
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Table 5.6: Same as Table 5.5 but for the spectroscopic light curve fits to the G141 grism
data.

Amid (1m) Ry/Rs (Rp/Rs)? (ppm)
1.1375  0.0460715-05027 2122728
1.1625  0.0458370 50023 2101723
1.1875  0.0459715-00026 2114713¢
1.2125  0.0458715-99922 2104729
1.2375  0.0460215-09928 2118%23
1.2625  0.046547500%7 2166132
1.2875  0.0463515-00022 21491323
1.3125  0.045631 505027 2082722
1.3375  0.0463115-09028 2145728
1.3625  0.0468610 50023 219623
1.3875  0.0474415-00022 2251722
1.4125  0.04701%5-99922 221073}
1.4375  0.0471375-06032 222173)
1.4625  0.046897000022 2198122
1.4875  0.0470315-00031 2211729
1.5125  0.0461015-9993° 21257328
1.5375  0.0463515-09923 2149722
1.5625  0.046457000027 2158123
1.5875  0.0463715-00028 2151727
1.6125  0.0459715-00028 211471328

+0.00031 28
1.6375  0.0453710 00030 2058752
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5.4 Discussion

5.4.1 Systematic bias from divide-white fitting technique

In Figure 5.7 we compare our reanalyzed G141 transmission spectrum of KELT-11
b with the one previously published in Colén et al. (2020). Notably, our spectrum
reveals a distinctive “water bump” around 1.4 pm, a characteristic feature suc-
cessfully identified in the atmospheres of numerous exoplanets using HST/WFC3
G141 (e.g., Deming et al. 2013; Huitson et al. 2013; Fraine et al. 2014; Kreid-
berg et al. 2014b; Evans et al. 2016). The initial shape of the G141 transmission
spectrum, characterized by an unusually flat profile at the red edge of the detec-
tor, suggested the presence of another absorber at longer wavelengths, potentially
HCN (we refer to Figure 16 in Colén et al. 2020). In Figure 5.16, we demon-
strate that the shape of our spectrum remains consistent across different model
assumptions (like the choice of limb darkening law or the functional form of the
visit-long systematic trend), further reinforcing the robustness of our findings. We
also performed a divide-white fit to the G141 data in this work and were able
to recreate the transmission spectrum published in Colén et al. (2020). In Figure
5.8, we show that the systematic parameters in the spectrum are not constant but
reveal substantial variations across the detector. Consequently, we conclude that
employing the divide-white approach is unsuitable for this dataset.

Kreidberg et al. (2015) noted that the divide-white technique might not al-
ways be appropriate because the systematics observed for the WFC3 detector are
known to depend on the amount of illumination received (Berta et al. 2012; Swain
et al. 2013). For our observations, the flux received by the different parts of the
detector varies significantly: the spectroscopic bin corresponding to the most illu-
minated part of the detector receives 400% and 40% more flux than the least illumi-
nated part for G102 and G141, respectively (see Fig. 5.4). The observations taken
in Kreidberg et al. (2015) varied by 30%, which was reportedly enough to make
divide-white an inadequate model choice. This might therefore be important to
consider when working on HST /WFC3 near-infrared datasets of earlier type stars
that exhibit significant brightness variations across wavelengths. Notably, in the
two instances where the divide-white method substantially influenced the final
spectrum shape, the stars in question were of earlier types: KELT-11 (this work)
is a retired A star (Teg = 5375K) and WASP-12 studied in Kreidberg et al. (2015)
has a spectral type of GOV (T.g = 6300K) (Bergfors et al. 2013; Hebb et al. 2009).

5.4.2 Comparison of G141 to other hot inflated sub-Saturns

Like in Colén et al. (2020), we compare our measured G141 spectrum with previ-
ously studied hot, inflated sub-Saturns like WASP-39 b (Wakeford et al. 2018) and
WASP-107 b (Kreidberg et al. 2018b). Figure 5.9 shows the transmission spectra
for KELT-11 b and the other two planets, showing a clear detection of water in
the atmospheres for all three planets. The presence of water was also recently
confirmed for WASP-39 b (e.g., JWST Transiting Exoplanet Community Early
Release Science Team et al. 2023) and WASP-107 b (Dyrek et al. 2023), indicating
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Figure 5.8: All free parameters as a function of wavelength for both datasets. The
different parameters are described in Section 5.3.1.

a super-solar metallicity for both planets.

5.4.3 Shape of G102

Our G102 transmission spectrum of KELT-11 b (see Fig. 5.6) shows a decreasing
transit depth with shorter wavelengths. This suggests hot faculae on the stellar
photosphere, which are brighter areas on a star and are known to contaminate
planetary transmission spectra (Pinhas et al. 2018). This has been observed for
the mini-Neptune GJ 1214 b and the super-Earth GJ 1132 b. Their optical trans-
mission spectra show lower transit depths compared to the infrared transits. Both
of these planets orbit M-dwarfs (both approximately M4V stars Cloutier et al.
2021; Berta-Thompson et al. 2015), which are prone to exhibit photospheric het-
erogeneities like star spots and faculae, which influence the final transmission spec-
trum (Rackham et al. 2018). However, KELT-11 is not a late-type star but rather
a retired A-type. Previous observations of the star also did not suggest significant
stellar variability (see Colén et al. 2020, for a discussion of ground-based photom-
etry). TESS observations taken in March 2019 and February 2023 also seem to
not exhibit any periodic, coherent variability (Colén et al. 2020). The CHEOPS
observations of KELT-11 b taken during its commissioning in March 2020 showed
some variability, possibly due to granulation Benz et al. (2021). The amplitude
of the signal is approximately 200 ppm on timescales between 30 minutes and 4
hours. We do not observe the same; on the contrary, our white light curves using
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Figure 5.9: Comparison of the G141 transmission spectra of hot, inflated sub-Saturn
planets following Colén et al. (2020). The KELT-11 b spectrum in the plot comes from
this work, the WASP-39 b spectrum was published in Wakeford et al. (2018), and the
WASP-107 b spectrum in Kreidberg et al. (2018b). We divided the planetary radius

by the scale height (H =

kBTeq

), assuming a molecular weight of 4 = 2.3 g/mol (see

Crossfield & Kreidberg 2017; Colén et al. 2020). To guide the eye, we show the mean
for each planet as a horizontal line. All planets exhibit the well-known water absorption
feature around 1.4 pm. We shifted the spectra by a constant C', for visualization purposes.
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the G102 and G141 grism data seem stable and have high precision. Our Allan
deviation plots (see Fig. 5.17) hint that we are not dominated by correlated noise
from unaccounted instrumental systematics or stellar variability.

5.5 Summary

In this work, we have analyzed the HST/WFC3 data of KELT-11 b. Here, we
summarize our main findings:

e The unusual shape of the HST/WFC3 G141 grism changes significantly
when not using the divide-white technique, which assumes that the sys-
tematics have the same shape across the whole detector. We determine that
divide-white is not adequate for this dataset because the systematic noise
varies with wavelength. This should be taken into consideration for the anal-
ysis of other earlier type star WFC3 NIR data, where the stellar flux strongly
varies with wavelength.

e Our G102 and G141 white light curves do not show any star spot crossing
events or other forms of variability. We archive a precise white light curve
with a root-mean-square (rms) of 71.6 ppm (for G102) and 37.6 ppm (for
G141) for the residuals.

e Our G102 transmission spectrum of KELT-11 b reveals diminished transit
depths at shorter wavelengths, likely attributed to contamination by facu-
lae on the stellar photosphere during the time of observations. While this
phenomenon has been previously observed in late-type stars like GJ 1132
and GJ 1214, it represents a novel observation for an earlier-type star like
KELT-11.

In the future, using JWST to observe KELT-11 b presents a significant op-
portunity to probe its C/O ratio and provide crucial insights into the formation
pathways of these inflated sub-Saturns. Additionally, KELT-11 b’s high equilib-
rium temperature, low density, and bright host star make it an optimal target for
atmospheric studies using JWST’s transmission spectroscopy, making it one of the
most observable planets to date.
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Appendix
5.A Best fitting white light curve model

In order to find the two models that describe each of our datasets the best, we use
the Bayesian Information Criterion (BIC; Schwarz 1978). The BIC is commonly
used in exoplanet science for model selection. It measures how well a given model
describes the data depending on the number of free parameters in the model and
the amount of data points. It is defined as:

BIC = —2 Lmax + k In(N), (5.4)

where k is the number of free parameters in the model, N is the number of data
points, and Lmax is the maximum likelihood given by:

1 data; — model; 2 2
£max = —EZZ: [(ern) + In (27Terr7;):| ) (55)

with data; being the measured flux, err; its uncertainty, and model; the flux pre-
dicted by the model. From Equation 5.4 we can conclude that the preferred model
is the one with the lower BIC value. It penalizes model complexity (high k) to
avoid overfitting and penalizes models that do not fit the data well (low Lmax).
For each of the models we tested, we used the dynamic nested sampling code
dynesty (Speagle 2020; Koposov et al. 2023a) to estimate the free parameters
and their uncertainties. We used the following setup for all of our runs: nlive_-
init=1000, dlogz_init=0.0001, nlive_batch=100, and maxbatch=100".

G102

7000 -

@ 6000 | o0 [

5000 { hild bl

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

123456 7 8 9 101112131415 1617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
model number

Figure 5.10: The Bayesian Information Criterion (BIC) for each model fitted to the
G102 data. The model numbers are explained in Table 5.7. The red arrow marks the
model with the lowest BIC.

"The various arguments are explained in dynesty’s documentation: https://dynesty.
readthedocs.io/en/latest/api.html\#dynesty.dynamicsampler.DynamicSampler.run_nested
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Figure 5.11: The Bayesian Information Criterion (BIC) for each model fitted to the
G141 data. The model numbers are explained in Table 5.8. The red arrow marks the
model with the lowest BIC.
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removing the first orbit.



Table 5.7: All 32 white light curve fits run on the G102 dataset. The fit with the lowest Bayesian Information Criterion (BIC) is marked
in bold. M;: model number used in Figure 5.10, “visit model”: function from Equation 5.3 used to model the visit-long systematics, “rem.
orbits”: lists which orbit was removed when performing the fit (e.g., “1,2” corresponds to the removal of the first and second orbit), LD:
“Y” if the delay function was used in the
fit, or “N” if not, “N¢p.”: number of free parameters in the fit, rms (ppm): the root-mean-square of the residuals in parts-per-million
(ppm), xphot.: the factor by which the rms of the residuals is above the photon limit, x?%: the chi-squared, x%4 : the reduced chi-squared,
BIC: the Bayesian Information Criterion, ABIC: the difference between the respective BIC (BIC;) and the lowest BIC in the list (BICmin)
(so: ABIC = BIC; - BICwin), and log Z the final evidence outputted by dynesty. The predicted rms in the case of photon-noise-limited

linear limb-darkening (1) or two parameter limb darkening (2) following Kipping (2013), “rs

observations for G102 was 29.2 ppm.

.

M;  visit model rem. orbits LD r3 Nip. rms (ppm) xphot. X2 Xa. BIC ABIC log Z Alog 2
1 lin. 1 1 N 11 111.7 3.8 2936.9 1554 7553.2 2441.6 -2700.9 -393.9
2 lin. 1 2 N 12 110.6 3.8 2879.8 15.32 7501.4  2389.8 -2699.9 -393.0
3 lin. 1,2 1 N 11 98.6 3.4 2000.4 12.20 6045.4 933.8 -2350.8 -43.9
4 lin. 1,2 2 N 12 99.0 3.4 2019.9 12.39 6070.2 958.5 -2349.9 -43.0
5 lin. 1 1 Y 12 111.8 3.8 2940.2 15.64 7561.8 2450.1 -2701.7 -394.7
6 lin. 1 2 Y 13 110.7 3.8 2883.5 1542 75104 2398.7 -2702.4 -395.5
7 lin. 1,2 1 Y 12 99.0 3.4 2016.8 12.37  6067.1 955.4 -2355.9 -48.9
8 lin. 1,2 2 Y 13 99.5 3.4 2036.5 12,57  6091.9 980.3 -2353.9 -47.0
9 quad. 1 1 N 12 85.2 2.9 1708.8 9.09 6330.4  1218.7 -2658.8 -351.8
10 quad. 1 2 N 13 83.8 2.9 1653.6 8.84 6280.5 1168.9 -2658.3 -351.3
11 quad. 1,2 1 N 12 73.3 2.5 1105.7 6.78 5155.9 44.3 -2310.1 -3.2
12 quad. 1,2 2 N 13 71.6 2.5 1056.3 6.52 5111.6 0.0 -2306.9 0.0
13 quad. 1 1 Y 13 69.9 2.4 1150.2 6.15 5777.1 665.5 -2624.8 -317.8
14 quad. 1 2 Y 14 68.4 2.3 1102.1 5.93 5734.3 622.7 -2621.0 -314.0
15 quad. 1,2 1 Y 13 73.4 2.5 1110.2 6.85 5165.6 53.9 -2313.2 -6.3
16 quad. 1,2 2 Y 14 71.8 2.5 1061.0 6.59 5121.5 9.9 -2311.0 -4.0

¢ HHLAVHD

6¢1



Table 5.7: Continued.

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Table 5.8: All 32 white light curve fits run on the G141 dataset.

exp.
exp.
exp.
exp.
exp.
exp.
exp.
exp.
log.
log.
log.
log.
log.
log.
log.
log.

1,2
1,2

1,2
1,2

1,2
1,2

1,2
1,2

N~ N~ N = N~ N~ N~ N~ NN =

K KKK Z2Z2Z2Z2<KKK< 2222272

12
13
12
13
13
14
13
14
12
13
12
13
13
14
13
14

92.2
90.7
77.8
76.8
77.0
76.2
77.5
76.6
96.2
94.8
82.3
81.2
82.1
80.9
81.6
80.6

photon-noise-limited observations for G141 was 22.8 ppm.

3.2
3.1
2.7
2.6
2.6
2.6
2.7
2.6
3.3
3.2
2.8
2.8
2.8
2.8
2.8
2.8

Parameters like in Table 5.7. The predicted rms in the case of

1998.3
1936.9
1247.1
1213.8
1394.4
1364.9
1236.2
1207.0
2176.5
2113.0
1395.7
1357.5
1585.1
1539.7
1370.0
1336.0

2

10.63
10.36
7.65
7.49
7.46
7.34
7.63
7.50
11.58
11.30
8.56
8.38
8.48
8.28
8.46
8.30

6619.9
6563.8
5297.3
5269.1
6021.3
5997.1
5291.6
5267.6
6798.1
6739.9
5445.9
5412.8
6212.1
6171.9
5425.4
5396.5

1508.3
1452.2
185.6
157.5
909.7
885.5
180.0
155.9
1686.5
1628.2
334.3
301.2
1100.4
1060.2
313.7
284.9

-2671.0
-2671.9
-2317.7
-2317.9
-2642.6
-2640.0
-2320.2
-2320.3
-2681.0
-2679.4
-2325.4
-2323.1
-2651.4
-2647.1
-2324.6
-2322.7

-364.1
-364.9
-10.8
-10.9
-335.6
-333.1
-13.2
-13.4
-374.0
-372.4
-18.5
-16.2
-344.5
-340.2
-17.6
-15.8

M;  visit model rem. orbits LD r3 Nip. rms (ppm) xphot. X Xa. BIC ABIC log Z Alog Z
1 lin. 1 1 N 11 92.3 4.0 3647.8 17.21 8892.4 38124 -3073.4 -557.0
2 lin. 1 2 N 12 92.0 4.0 3625.9 17.19 88759 37959 -3074.4 -558.0

ovT
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17
18
19
20
21
22
23
24
25
26

lin.
lin.
lin.
lin.
lin.

lin.

quad.
quad.
quad.
quad.
quad.
quad.
quad.
quad.

exp.
exp.
exp.
exp.
exp.
exp.
exp.
exp.
log.
log.

1,2
1,2

1,2
1,2

1,2
1,2

1,2
1,2

1,2
1,2

1,2
1,2

N = N = N =N RN RN RN RN RN RN =N H N e

ZZ KRR 2222 R K 2222 <22

11
12
12
13
12
13
12
13
12
13
13
14
13
14
12
13
12
13
13
14
13
14
12
13

52.7
52.2
92.5
92.3
52.9
52.4
54.6
53.7
52.4
51.7
54.7
53.8
52.6
51.9
47.7
47.0
49.6
48.8
47.5
46.8
49.8
48.9
50.6
50.0

2.3
2.3
4.1
4.0
2.3
2.3
2.4
2.4
2.3
2.3
2.4
2.4
2.3
2.3
2.1
2.1
2.2
2.1
2.1
2.1
2.2
2.1
2.2
2.2

1030.1
1009.7
3669.5
3649.9
1036.1
1016.9
1276.4
1232.7
1016.1
991.9
1280.8
1238.6
1023.9
999.2
974.2
944.8
911.5
881.0
967.8
939.1
916.8
885.8
1095.6
1069.9

5.66
5.58
17.39
17.38
5.72
5.65
6.05
5.87
5.61
5.51
6.10
5.93
5.69
5.58
4.62
4.50
5.04
4.89
4.61
4.49
5.09
4.95
5.19
5.10

5575.4
5560.3
8919.4
8905.3
5586.7
5572.8
6526.3
6488.1
5566.8
5547.8
6536.2
6499.4
5579.8
5560.4
6224.2
6200.1
5462.1
5436.9
6223.1
6199.9
5472.7
5447.0
6345.5
6325.3

495.5
480.4
3839.4
3825.3
506.8
492.8
1446.4
1408.1
486.8
467.8
1456.2
1419.4
499.8
480.4
1144.2
1120.1
382.1
356.9
1143.1
1119.9
392.7
367.0
1265.6
1245.3

-2564.0
-2565.5
-3078.8
-3078.8
-2569.7
-2569.4
-2972.9
-2970.2
-2570.5
-2572.5
-2976.4
-2972.9
-2577.8
-2577.4
-2942.9
-2941.5
-2560.6
-2559.8
-2947.5
-2941.9
-2565.7
-2564.0
-2953.6
-2953.6

-47.6
-49.1
-562.4
-562.4
-53.3
-53.0
-456.5
-453.8
-54.1
-56.1
-460.0
-456.5
-61.4
-61.0
-426.5
-425.1
-44.2
-43.4
-431.1
-425.5
-49.3
-47.6
-437.2
-437.2
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27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

log.
log.
log.
log.
log.
log.
lin.
lin.
lin.

lin.

quad.
quad.
quad.
quad.

exp.

exp.

exp.
exp.
log.
log.
log.
log.

1,2
1,2

1,2
1,2
15
15
15
1,5
1,5
1,5
1,5
1,5
1,5
1,5
1,5
1,5
1,5
15
15
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Figure 5.13: Corner plots for the white light curve fits based on the G102 and G141
data sets on the left and right sides, respectively.
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Figure 5.14: All spectroscopic light curve fits for the G102 data. The left column shows
the best-fitting transit model to the light curve with the systematics removed. The right
column shows the residuals of our best light curve fit.
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Figure 5.16: Plot showing how different model assumptions change the transmission
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in Table 5.7 (for G102) and Table 5.8 (for G141). The last row compares our best run
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5.7).
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Table 5.9: Various properties of the spectroscopic light curve fits. The predicted rms in the case of photon-noise-limited observations is
I'MSpred.. Omulti 1S the uncertainty-multiplier factor described in Section 5.3.1. Other parameters (rms, x phot., x?, and X?ed.) are explained
in Table 5.7. ¢1 and g2 are the parameters of the quadratic limb darkening law following the Kipping (2013) parameterization. We used
q1 and g2 to derive the two parameters u; and uz from the popular quadratic limb darkening law.

2

2
Xred.

Amid (Im)  1mMS  rmspeq.  xphot . x Omulti q1 q2 uy ug
G102
0.802 2154  190.2 113 224 1.36  1.27 0067003 0.89700% 0397010 —0.1770-08
0.828 173.3  153.7 113 223 1.35  1.26 0117007 0427031 0277095 0.057015
0.853  139.7  135.2 1.03 187 113 1.06 0.267005 0.12700% 0127003 0397035
0.877 1461  123.7 118 244 148 1.24 0217000 026703 0.23700F 0217037
0.902 135.9  113.5 120 251 152 1.24 0387015 0097044 01175902 0507037
0.927 1269  108.0 117 242 146 123 045%07% 0.07700% 0097001 0.5870:1)
0.953  139.1  104.1 134 312 1.89  1.36  0.20000% 0.10%007 0.08700% 035102
0.978 1183  100.9 117 241 146  1.20 0207003 0217037 0197013 025037
1.002 1194  99.3 120 253 153  1.24 01570907 0117038 0.097598  0.307012
1.028 1163  98.0 119 246 149 123 0297010 0061002 0077002 0.47%013
1.052 1217 98.6 123 267 1.61 128 018%50% 0.08%005 0077002 0.357012
1.077 1325 99.3 1.33 311 1.89 1.38 0.287010 0071042 0.0800% 046703
1103 1315 1014 130 294 1.78  1.33 0157007 0.1700%  0.097008 030703
1127 133.6  103.8 129 290 1.76 1.37 0157003 027r057 0.21701% 0187037
G141
1.137 1278 1155 111 236 1.29 1.14 0197003 0267017 0237013 021702
1.163 1176 113.1 1.04 209 114 1.07 0167003 031701% 0257017 0.1570]
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Table 5.9: Continued.
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Abstract

The B Pictoris system is the closest known stellar system with di-
rectly detected gas giant planets, an edge-on circumstellar disc,
and evidence of falling sublimating bodies and transiting exo-
comets. The inner planet, 8 Pictoris ¢, has also been indirectly
detected with radial velocity (RV) measurements. The star is a
known § Scuti pulsator, and the long-term stability of these pulsa-
tions opens up the possibility of indirectly detecting the gas giant
planets through time delays of the pulsations due to a varying
light travel time. We search for phase shifts in the § Scuti pul-
sations consistent with the known planets 3 Pictoris b and ¢ and
carry out an analysis of the stellar pulsations of 3 Pictoris over a
multi-year timescale. We used photometric data collected by the
BRITE-Constellation, bRing, ASTEP, and TESS to derive a list of
the strongest and most significant § Scuti pulsations. We carried
out an analysis with the open-source python package maelstrom
to study the stability of the pulsation modes of 8 Pictoris in order
to determine the long-term trends in the observed pulsations. We
did not detect the expected signal for 38 Pictoris b or 3 Pictoris
c. The expected time delay is 6 seconds for 8 Pictoris ¢ and 24
seconds for B Pictoris b. With simulations, we determined that
the photometric noise in all the combined data sets cannot reach
the sensitivity needed to detect the expected timing drifts. An
analysis of the pulsational modes of 8 Pictoris using maelstrom
showed that the modes themselves drift on the timescale of a year,
fundamentally limiting our ability to detect exoplanets around 3
Pictoris via pulsation timing.
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6.1 Introduction

B Pictoris is a nearby southern hemisphere star visible with the naked eye for
which & Scuti-like pulsations were discovered by Koen (2003). The planetary-
mass companion 3 Pictoris b was detected using the VLT /NaCo instrument with
direct imaging (Lagrange et al. 2009b, 2010). Evidence of a second planet in the 3
Pictoris system was published by Lagrange et al. (2019b) using the radial velocity
(RV) method and recently independently confirmed by Nowak et al. (2020) and
Lagrange et al. (2020) using VLTI/GRAVITY observations.

The lifetime and frequency stability of § Scuti pulsations make them astro-
nomical “stellar clocks,” and therefore, they are great targets for applying timing
techniques (Compton et al. 2016). The common orbital motion of a star together
with a companion around the barycenter of a system results in a periodic early
or late arrival of the stellar pulsational signals. This principle led to the first de-
tection of planets orbiting a pulsar outside the Solar System (Wolszczan & Frail
1992; Wolszczan 1994). The periodic variation of the arrival times can be seen as
either a frequency modulation (FM; Shibahashi & Kurtz 2012; Shibahashi et al.
2015) or a phase modulation (PM; Murphy et al. 2014; Murphy & Shibahashi
2015; Murphy et al. 2016b). The latter perspective works better for companions
in wider orbits.

By applying the PM method on Kepler data, Murphy et al. (2016a) discovered
a massive planet (msini ~ 12M ) with an orbital period of about 840 days around
a § Scuti star. In addition to the discovery of this planet, the PM method has
led to the detection of 341 binaries and hundreds of more candidates (Murphy
et al. 2018). Furthermore, it has provided us with the eccentricity, period, and
mass function of these companions orbiting stars, just as the RV method does
(e.g. Nesvold & Kuchner 2015). Applying the same method to pulsating stars
observed by the TESS mission will lead to many more binary systems with full
orbital solutions.

In this work, we use the data collected by the TESS satellite in its primary
mission and data collected by the Hill sphere! transit campaign, which was an
international effort of space-based (e.g. through the BRITE-Constellation) and
ground-based (e.g. through bRing, ASTEP) observations that searched for signa-
tures of material around the giant planet 3 Pictoris b (Kalas et al. 2019; Kenworthy
2017). We analyzed this photometric data by searching for phase variations (and
therefore time delays) caused by orbital motion in the pulsational signals. 8 Pic-
toris was observed for approximately four months from October 2018 to February
2019 during the primary mission of TESS. A second visit occurred during TESS’
extended mission from November 2020 to February 2021 (see Table 6.3 for a sum-
mary of all visits).

In Section 6.2, we describe the properties of the different components in the
B Pictoris system. Section 6.3 has a summary of all observational instruments
and a frequency analysis for the photometry collected by TESS. The theory and
equations for this paper can be found in Section 6.4, and our results and conclusions

IThe Hill sphere is the region around a planet where masses, such as moons and planetary
rings, are gravitationally bound to the planet.
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follow in Sections 6.5 and 6.6.

6.2 The § Pictoris system

B Pictoris (HD 39060; HR 2020) is one of the most studied and intriguing star-
planet systems. The Infrared Astronomical Satellite (IRAS) discovered an infrared
excess (Aumann et al. 1984) for this bright and close southern star that was at-
tributed to the presence of a circumstellar disc. This disc was first imaged by Smith
& Terrile (1984) and clearly showed the edge-on geometry of this system. The gas
and dust in this disc is mostly “second generation,” that is, constantly replenished
by collisions of comets and asteroids (Lagrange et al. 2000). A warp in this disc
(Augereau et al. 2001; Mouillet et al. 1997; Nesvold & Kuchner 2015) and signa-
tures of evaporating exocomets (also called falling evaporating bodies, or FEBs)
in spectroscopy (Ferlet et al. 1987; Beust & Morbidelli 2000) were attributed to an
exoplanet orbiting the star interacting dynamically with its environment (for more
information on exocomets observed around 3 Pictoris detected in photometry, see
Zieba et al. 2019; Strgm et al. 2020; Pavlenko et al. 2022; Lecavelier des Etangs
et al. 2022).

6.2.1 The star

Koen (2003) discovered & Scuti-type pulsations at the millimagnitude level origi-
nating from g Pictoris. Further analysis by Mékarnia et al. (2017), Zwintz et al.
(2019), and Zieba et al. (2019) showed dozens of additional frequencies between
20 and 80 cycles per day. An asteroseismic large spacing, Av, has been measured
for B Pictoris (Bedding et al. 2020), which might facilitate a precise asteroseismic
age in the future. The pulsations also induce intrinsic variations in the RV at <
1 kms™! peak to peak (Lagrange et al. 2009a, 2012; Galland et al. 2006), which
hampers the search for planets with the RV method in this system. A selection of
the fundamental properties of the star 3 Pictoris are listed in Table 6.1.

6.2.2 The planets: § Pictoris b and ¢

The warp of the inner disc of 3 Pictoris observed by the Hubble Space Telescope
and in ground-based observations was one of the indirect lines of evidence for a
massive substellar companion orbiting the star (Burrows et al. 1995; Mouillet et al.
1997; Heap et al. 2000; Golimowski et al. 2006). Signatures of infalling exocomets
in the spectra of the star also needed a “perturber” to scatter them onto eccentric
inner system-bearing orbits. The planet, g Pictoris b, was then discovered using
the VLT /NaCo instrument data in 2003 (Lagrange et al. 2009b) and was later
confirmed by Lagrange et al. (2010). A transit-like event was observed in 1981
and attributed to a planet (Lecavelier Des Etangs et al. 1995). However, a better
orbit determination with the VLT/SPHERE instrument ruled out 8 Pictoris b as
the cause of that event (Lagrange et al. 2019a). Using data from the Gemini Planet
Imager, Wang et al. (2016) were able to rule out a transit of the planet 8 Pictoris
b during the conjunction in 2017 at a 100 level. However, a Hill sphere transit was
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Table 6.1: Various stellar parameters of the star 8 Pictoris.

Parameter Value Reference
RA (J2000.0) 05h 47m 17.09s 1
DEC (J2000.0) -51h 03m 59.41s 1
V (mag) 3.86 2
TESS (mag) 3.696 1
age (Myr) 23+ 3 3
parallax (mas) 50.93 + 0.15 4,5,6
Distance (pc) 19.63 + 0.06 4,5,6
Spectral class A6V 7
Radius (Rg) 1.497 + 0.025 8
Mass (Mg) 1.75%0:03 9
Teff (K) 8090 + 59 8

References. (1) Stassun et al. (2019); (2) Cousins (1971); (3) Mamajek & Bell (2014);
(4) Gaia Collaboration et al. (2016); (5) Gaia Collaboration et al. (2023); (6) Lindegren
et al. (2021); (7) Gray et al. (2006); (8) Zwintz et al. (2019); (9) Lacour et al. (2021).

Table 6.2: Various parameters of the planets 8 Pictoris b and ¢ based on Lacour et al.
(2021).

Parameter Unit 3 Pictoris b 3 Pictoris ¢

Mass My 11907292 8.8970T5
a au 9.9315-03 2.6810-02
e — 010370008 0.3270 53
i ° 89.007059  88.9570-09
w(® ° 199.3728 66.011-8
r(®) — 071970098 .724+0-006
P years  23.61700%  3.34 + 0.04
p days 862313} 1221 + 15
tp(¢) MJD 65243 59888

Notes.

(@) The argument of periastron w reported in Lacour et al. (2021) follows the definition
in Blunt et al. (2020) and therefore refers to the orbit of the companion and not to the
star. In this paper, however, we refer to the orbit of the star when we use .

(9 reference epoch MJD 59000 (31 May 2020).

(<) derived from 7.
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predicted for the time between late 2017 and early 2018 (Lecavelier des Etangs
& Vidal-Madjar 2016; Wang et al. 2016). Various observational campaigns were
initiated by PicSat (Nowak et al. 2018; Menegaldo et al. 2022); bRing (Kenworthy
2017); and the BRITE-Constellation (Weiss et al. 2014) in order to photometrically
observe possible material around the planet; however, there was no significant
detection (Kenworthy et al. 2021). The mass and the orbital solution of the outer
planet 8 Pictoris b are listed in Table 6.2.

Evidence of an additional planet in the $8 Pictoris system was published by
Lagrange et al. (2019b). Over 6000 spectra of the star taken between 2003 and
2018 by the HARPS instrument at the ESO La Silla 3.6 m telescope have been
analyzed, and they showed a hint of a planetary signal. 3 Pictoris ¢ was then
ultimately directly detected by Nowak et al. (2020) and Lagrange et al. (2020)
using VLTI/GRAVITY observations. A list of parameters for the planet can be
found in Table 6.2.
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Figure 6.1: Full light curve of all available observations of the star 8 Pictoris used in
this work.

6.3 Observations

Due to the 2017-2018 Hill Sphere Transit of 8 Pictoris b, an international cam-
paign of space- and ground-based observations was launched in order to search
for signatures of material around the giant planet (Kalas et al. 2019; Kenworthy
et al. 2021). Table 6.3 summarizes various properties of the different light curves.
Changes to those light curves other than the Gaussian high-pass procedure, which
is explained in Section 6.A.2, are noted in the following subsections. The data



Table 6.3: Summary of the properties of the various instruments and corresponding light curves.

Observation Wavelength  Observation Observation T 1T Iny. cadence DC

(nm) start end (days) (1072 d71) (d7Y) (s) (%)
BHr 550 — 700 16 March 2015 2 June 2015 78.32  12.77 4167  10.37 6.78
BTr + BHr 550 — 700 4 Nov. 2016 17 June 2017  224.6  4.453 2128  20.30 7.07
BHr 550 — 700 9 Nov. 2017 25 April 2018 167.3  5.976 2128  20.30 7.48
bRing 463 — 639 2 Feb. 2017 1 Sept. 2018  575.5  1.738 1354 319.1 27.0
ASTEP17 695 — 844 28 March 2017 14 Sept. 2017 170.0  5.881 495.8 87.13 18.9
ASTEP18 695 — 844 28 March 2018 15 July 2018  109.3  9.150 502.8  85.92 29.2
TESS 600 — 1000 19 Oct. 2018 1 Feb. 2019 105.2  9.507 360.0 120.0 85.3
TESS 600 — 1000 20 Nov. 2020 8 Feb. 2021 79.8 12.53 360.0 120.0 90.2

Notes.

The term T denotes the time base of the observations, the reciprocal value 1/T corresponds to the Rayleigh criterion, fny. is the Nyquist
frequency, and DC is the duty cycle. BRITE Lem (BLb) is equipped with a blue filter and observed 8 Pictoris from December 2016 until
June 2017, but due to significantly higher noise in the time series, the data was disregarded from the analysis. See Zwintz et al. (2019)
for an analysis of the BLb observations.

9 YHHLAVHD

28T
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provided by BRITE-Constellation was left unchanged. A detailed analysis of the
photometry of 3 Pictoris collected by BRITE-Constellation and bRing was pub-
lished by Zwintz et al. (2019). As we wanted to measure the periodic motion of a
star around a barycenter, we also wanted to correct for the motion the Earth in the
Solar System. All the observations in this work were therefore converted to the
Barycentric Julian Date in the barycentric dynamical time (BJDtpp) standard
using the Python tool BARYCORRPY (Kanodia & Wright 2018), which is based on
the IDL code BARYCORR (Wright & Eastman 2014).

6.3.1 BRITE-Constellation

The BRITE-Constellation (Weiss et al. 2014) consists of five nanosatellites col-
lecting photometry for the brightest stars on the sky. In this work, we analyzed
data collected by three of the satellites: BRITE-Heweliusz (BHr), BRITE-Toronto
(BTr), and BRITE-Lem (BLb). Being in a low-earth orbit, the orbital periods of
the satellites are all around 100 minutes. A minimum of 15 minutes per orbit is
dedicated to observations. Three different runs were conducted in the constella-
tions around Pictor and Vela, which also included the star 8 Pictoris. A summary
of the durations and various properties of the observations can be found in Table
6.3. The pipeline for the photometry reduction is described in Popowicz et al.
(2017). An analysis of all BRITE observations was conducted in Zwintz et al.
(2019). For the three runs by BHr, BTr+BHr, and BHr, which all used the red
BRITE filter, six, 13, and eight significant frequencies were extracted, respectively.
The only run with a blue filter by BLb suffered from higher noise compared to
the other BRITE observations. Zwintz et al. (2019) has reported four frequencies
in the collected BLb photometry. The blue observations were discarded from this
analysis, as the data quality was not good enough to provide additional informa-
tion.

6.3.2 DbRing

The bRing project (which stands for “the 8 Pictoris b Ring project”) was initiated
in order to collect photometry of 3 Pictoris during the Hill sphere transit of g
Pictoris b at the end of 2017 (Stuik et al. 2017). To that end, two stations in
South Africa and Australia were built, each consisting of two wide-field cameras.
Their design is based on the Multi-Site All-Sky CAmeRA (MASCARA) (Snellen
et al. 2012; Talens et al. 2017). The capability of bRing to monitor bright stars and
find previously unknown variables has been shown by Mellon et al. (2019). More
information on the observing strategy and design of bRing can be found in Stuik
et al. (2017). The reduction pipeline for the MASCARA and bRing instruments
is described in Talens et al. (2018). With a passband of 463 — 639 nm, bRing
collected the shortest wavelengths of all observatories considered in this work. We
expected to see the highest pulsational amplitudes in these data, as 8 Pictoris is
a star of spectral type A6 (Zwintz et al. 2019) and has its energy maximum in the
blue optical wavelengths. Due to some evident outliers in the data, one 5o clip
with respect to the median of the data set was applied. This significantly weakened
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the one-day aliases in the spectral window. An iterative sigma clipping procedure
was not conducted due to noticeable changes in the amplitudes of the pulsations
in this case (see Hogg et al. (2010) for a discussion of sigma clipping in order to
remove outliers). The observations by bRing were separated into two equally sized
segments in order to gain more time delay measurements while also maintaining a
precision in frequency and phase comparable to the ASTEP observations. Zwintz
et al. (2019) found six significant frequencies in the photometry collected by bRing.
All of them are also identified in the data collected by BRITE, ASTEP, and TESS.

6.3.3 ASTEP

The Antarctic Search for Transiting ExoPlanets, or ASTEP, is an automated tele-
scope with an aperture of 40 cm located at the Concordia station at Dome C in
Antarctica (Abe et al. 2013; Guillot et al. 2015; Mékarnia et al. 2017). It uses
a Sloan i’ filter (centered at 763 nm). We only used measurements with a sun
elevation lower than -18°. Notably, data points where the centroid of the star
did not fall on the central pixel suffer from strong outliers. The removal of these
outliers and a 50 clip with respect to the median weakened aliases significantly
but without noticeable changes in the amplitude of the strongest pulsational fre-
quencies. Mékarnia et al. (2017) conducted a frequency analysis of the g Pictoris
photometry collected by the ASTEP observatory, and they are consistent with the
ones seen in the TESS data.

6.3.4 TESS

The Transiting Exoplanet Survey Satellite (TESS; Ricker et al. 2015) was launched
in April 2018 in order to find transiting exoplanets around nearby bright stars. The
data of 8 Pictoris (TIC 270577175, T = 3.696 mag) was collected from 19 October
2018 to 1 February 2019 in sectors four through seven and from 20 November
2020 to 8 February 2021 in the sectors 32 through 34. The data for first four
sectors were obtained during TESS’ primary mission, and data for the three other
sectors were obtained approximately two years later as part of the first extended
mission. B Pictoris is one of the preselected targets for which short-cadence (2
minutes) data are provided. Due to the high-cadence data, the high photometric
precision of TESS, its high duty cycle, and the long baseline, § Scuti pulsations
can be resolved and identified with high precision. The photometric data of 3
Pictoris as observed by TESS was accessed and modified with the Python package
lightkurve (Lightkurve Collaboration et al. 2018), which retrieves the data from
the MAST archive.? For this analysis, we used the Pre-search Data Conditioning
Simple Aperture Photometry (PDCSAP; Smith et al. 2012; Stumpe et al. 2012)
light curves, which are produced from the Science Processing Operations Center
(SPOC) pipeline (Jenkins et al. 2016; Jenkins 2017; Jenkins et al. 2010). These
PDCSAP light curves were corrected for systematics by the SPOC pipeline. We
also visually inspected the target pixel files (TPF) in order to rule out various
instrumental and astrophysical effects, such as Solar System asteroids or comets

2https://archive.stsci.edu/tess/
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crossing the field of view. A comparison of the Lomb-Scargle periodogram (Lomb
1976; Scargle 1982) of the raw simple aperture photometry and PDCSAP light
curves showed a significant change in the noise at low frequencies. This is due to
the systematic effects present in sector four. The lowest noise in the low-frequency
range can be found for the PDCSAP light curve with a completely removed fourth
sector. This light curve was then used for the main frequency analysis.

The individual sectors were normalized by dividing each of the sectors by their
respective median flux, and the sectors were combined into one light curve. Fur-
thermore, every measurement with a non-zero quality flag (see Sect. 9 in the TESS
Science Data Products Description Document)® was removed. Such anomalies as
cosmic ray events or instrumental issues were marked by these quality flags.

The frequency analysis was conducted using the Python package SMURFS (Mill-
ner 2020) and checked with the software package Period04 (Lenz & Breger 2005).
Following Breger et al. (1993), all pulsation frequencies down to a signal-to-noise
ratio of four were extracted. The frequency range analyzed is between zero and
the Nyquist frequency of 360 cycles per day. Following the procedure described in
Zieba et al. (2019), 37 significant p-modes in frequencies ranging from 34 to 76 d—!
were identified. As we are only interested in the strongest pulsational frequencies
for this time delay analysis, we did not try to further recover any of the lower
amplitude modes. A list of the extracted frequencies can be found in Table 6.5.

6.4 Theory and methodology

In this chapter, we discuss the theory behind time delays and the methods used
in order to finally arrive at the time delay plot. Importantly, this plot can be used
to search for companions around pulsating stars.

6.4.1 ¢ Scuti stars

§ Scuti stars can be found at the intersection region between the main sequence
and the instability strip on the Hertzsprung-Russel diagram. Thanks to the nearly
uninterrupted, high-precision photometry of Kepler’s primary four-year mission,
the general understanding of pulsating stars has been revolutionized. § Scuti
stars have masses between approximately 1.5 and 2.5 Mg. They pulsate in ra-
dial and non-radial low-degree, low-order pressure (p) modes that are primarily
driven by an opacity mechanism (also called a x-mechanism) in their Hell zone
with contributions from turbulent pressure (Houdek 2000; Antoci et al. 2014) and
the edge-bump mechanism (Murphy et al. 2020b). The oscillations have periods
between 18 minutes and 8 hours respectively 80 and three cycles per day (Aerts
et al. 2010). Linear combinations of those oscillations can, however, create peaks
at lower frequencies (Breger & Montgomery 2014). Besides main-sequence and
more-evolved stars, § Scuti pulsations were observed in pre-main-sequence stars,
thus giving us the possibility to learn about early stellar evolution (Zwintz et al.
2014; Murphy et al. 2021; Steindl et al. 2022).

3https://archive.stsci.edu/missions/tess/doc/EXP-TESS-ARC-ICD-TM-0014.pdf
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6.4.2 The ephemeris equation

The search for time delays in certain astrophysical signals requires a (quasi-)periodic
process in space. A review on this and the related equations can be found in Her-
mes (2018). There are different processes that are “clock-like” under the assump-
tion of a closed system, including the exceptionally stable signals of pulsars, the
eclipse time of binary stars, or certain pulsating stars, as in our case. Deviations
from periodic signals can be used to analyze the spin-down of pulsars or to discover
companions around pulsars (Wolszczan & Frail 1992; Wolszczan 1994), eclipsing
binaries (Barnes & Moffett 1975), or pulsating stars (Silvotti et al. 2007) (for a
general review of pulsating stars in binary systems see Murphy 2018). To do so,
one creates O-C (observed minus calculated) diagrams (see e.g. Sterken 2005) in
order to search for deviations from the predicted ephemeris in the observations.
O-C diagrams work the best if the star is pulsating in only a single mode and if
the maxima are narrow and well defined, as they are easy to track in that case.
However, these diagrams especially struggle with multi-mode pulsators.

6.4.3 Frequency modulation and phase modulation: The
state of the art

Building on the established methods of O-C diagrams, two new and complemen-
tary techniques have emerged for finding companions around pulsating stars. The
FM method (Shibahashi & Kurtz 2012) searches and analyzes the variations in the
frequency of a pulsating star induced by a companion. The periodic FM creates
multiples around every pulsation peak in the frequency spectrum. Their frequen-
cies, relative amplitudes, and phases can be used to get a full orbital solution, as
described in Shibahashi et al. (2015). The effectiveness of the FM method was val-
idated through a comparison with an eclipsing binary system (Kurtz et al. 2015),
and it is best suited for data sets with a baseline that exceeds the orbital period
of the companion.

The PM method is more sensitive to companions in wider orbits. It was devel-
oped by Murphy et al. (2014), Murphy & Shibahashi (2015), and Murphy et al.
(2016b). Compton et al. (2016) showed that & Scuti stars and white dwarfs are
best suited for this method. Its effectiveness was demonstrated by Schmid et al.
(2015) by showing the binary nature of KIC10080943 using the PM method and
attributing certain pulsations to the corresponding star in the binary due to the
antiphase modulation in time delays. Such a system with observable time delays in
both components is called a PB2, analogous to spectroscopic terminology, where
binary star systems are called SB2s if both stars show observable RVs. Other
proof of the functionality of the PM method was shown by Derekas et al. (2019)
by comparing the orbital parameters derived from RV with those from PM.

An additional advantage of the PM method is its easier automation for many
stars. When applying this method to 2224 main-sequence A/F stars in the four-
year main Kepler data, Murphy et al. (2018) were able to find 317 PB1 systems,
where only one component is pulsating and showing time delays, and 24 PB2
systems, where two stars are pulsating. It is worth noting here that determining
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orbital solutions using spectra and generating RV curves for the same number of
stars would be much more time intensive.

Other methods were developed by Koen (2014) and Balona (2014) to search for
binary systems by tracing the ¢ Scuti pulsations of stars. In contrast to the FM
and PM methods, these methods are not able to provide a full orbital solution,
which is usually gained by analyzing RV curves of spectroscopic binaries.

6.4.4 Time delays

Time delays arise when a signal (in our case always an electromagnetic wave
with the propagation velocity defined by the speed of light) has to travel different
distances at different epochs. Following Smart (1977) and Balona (2014), the
distance r between the pulsating star and the center of gravity of its system can
be described by

al (1 — 62>
=/ 1
"T Ttecos f’ (6.1)
where a1 denotes the semi-major axis of the star, e is its eccentricity, and f is the
true anomaly. The distance to the star varies relative to the Earth by

z = rsin(f + w)sini, (6.2)
with w being the argument of periapsis, that is, the angle between the nodal point
and the periapsis, and i as the inclination of the system.

At this point, Equation 6.1 can be substituted into Equation 6.2. The time
delay 7 = —2z/c is then completely described by the following equation:

a1 sini 2. sin f cosw + cos f sinw

- (1—e€%)

c 1+ ecos f

The set x = (Q = 2n/P,a1sini/c,e,w,tp) in Equation 6.3 includes all of the
system-specific parameters needed to describe the time delay for a given time
t. The term P is the orbital period of the system, or equivalently 1/P = vy,
the orbital frequency, and thus € is the angular orbital frequency. The projected
semi-major axis of the pulsating star is described by a; sini. Dividing this quantity
by the speed of light ¢ gives us the size of the orbit for the pulsating star in light
seconds. The argument of periapsis is described by w and the time of periapsis
passage by tp. (For a graphical visualization of the orbital parameters, see Murphy
& Shibahashi (2015).)

The two trigonometric functions of the true anomaly, sin f and cos f, can be
expressed in terms of series expansions and Bessel functions:

T(t,x) = (6.3)

2(1-¢?) 2
cos f=—e+ — 2 Jn(ne) cosnQ (t —tp), (6.4)

n=1

4The argument of periapsis is usually denoted with w. This symbol, however, is used in
asteroseismology to denote the angular oscillation frequency. Also, one should not confuse w
with the longitude of periapsis, which is the sum of the longitude of the ascending node 2 and
the argument of periapsis.
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sin f =24/1—¢2 Z J)(ne) sinn® (t — tp) (6.5)
n=1

with J},(z) = dJn(z)/dz (the derivation of Equation 6.4 and 6.5 can be found in
Appendix A of Shibahashi et al. 2015). The changing distances between us and the
clock in space are fundamentally connected with varying radial velocities, v;aq :

d
Vrad = cd—;, (6.6)

By substituting Equation 6.3 into Equation 6.6, we obtain

v _ Qaq sini

rad — m

Given Equation 6.6 and the convention that a positive RV corresponds with a

receding object and a negative RV with an approaching one, we could deduce the

following: a negative time delay is due to an early arrival of the signal, that is, the
star is closer to us, and vice versa® (see Table 6.4).

[cos(f + @) + ecosw]. (6.7)

Table 6.4: Sign convention for the RV v;aq and the time delays 7.

‘ positive sign (+) negative sign (-)
Vrad moving away approaching
T farther away / late arrival closer / early arrival

One can see in Equations 6.3 and 6.7 that the time delay as well as the RV of a
system can be completely described by the orbital parameters. If we obtain those
parameters by one method, we can predict what we should observe with the other
one. Furthermore, if we generate the time delay plot from our observations, we can
apply a chi-squared minimization technique in order to get the parameters in set
x. This concept was introduced with Murphy & Shibahashi (2015) and is a major
improvement to Murphy et al. (2014), where the time delay measurements were
numerically differentiated in order to derive the parameters from the obtained RV
curve.

Finally, by using two of the derived orbital parameters, aj sini/c and Py, we
can calculate the mass function f (my,mg,sins) for the binary system:

(ma sini)3 A% 4 (a1 sini)g’ (6.8)

f(m1,mo,sini) := = v

( ) (ml N m2)2 G orb c
where mo is the mass of the (usually non-pulsating) companion and G is the
gravitational constant.

5This convention for the time delays was established with Murphy & Shibahashi (2015), while
Murphy et al. (2014) used reversed signs;their plots are therefore mirrored around the vertical
axis.
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6.4.5 Phase modulation method: Methodology

Before we could create the time delay plot, we had to analyze the change in the
phase of the various pulsation modes with time. The basic equations for that can
be found in Murphy et al. (2014) and are summarized in the following. We started
by dividing the light curve into n equally sized segments. Then, we calculated the
phase in every segment for each frequency. This left us with a series of phases ®;
for every segment (1,2,...,n) for a fixed frequency v;:

D) = 15, 02j,- - Bijs- - g - (6.9)

Numerically, the phase in a segment is derived by calculating the argument of
the Fourier Transformation in the respective segment:

L ( Im(F(w, )
®(t;v) = tan (m) , (6.10)
where F(¢;v,6t) is the value of the Fourier Transformation of the time series for
frequency v in segment &t.

As phases are frequency dependent, the resulting phase shifts have different
amplitudes for different frequencies. To get rid of this effect, we converted them
into time delays by first calculating the relative phase shifts:

Agij = dij — bj, (6.11)

with @- as the mean phase of frequency v;:

_ 1 &
¢; = I Z:l¢ij- (6.12)

The time delay 7;; for segment ¢ and frequency v; is thus simply the relative
phase shift divided by the angular pulsation frequency:

j
A planet with an orbital frequency of v, in a circular orbit will induce time

delays that can be described by a sine function with phase :

7(t) = Asin 2mvept + V) . (6.14)

The amplitude A can be simply derived by inserting the center of mass equation
mia1 = moaz into 7 = ay sini/c:
ap sint %

T = . 1L (6.15)

with ag as the semi-major axis of the companion. The terms Mg and M, are the
mass of the companion and the star, respectively. Using Equation 6.15 and the
mass of around 1.8 Mg given in Table 6.1, we could calculate the expected time
delay for a given period. This is visualized in Figure 6.2. The time delay is around
24 seconds for B Pictoris b and 6 seconds for 8 Pictoris ¢. For comparison, the




CHAPTER 6 165

smallest time delay detected in the main Kepler data is 7 seconds (Murphy et al.

2016a).
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Figure 6.2: Time delays for the § Pictoris system. The colors indicate the expected
time delays for an edge-on planet in a circular orbit. The uncertainties in the orbital
period for the planets are smaller than the marker size.
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For more eccentric orbits, the pulsation time plot is described by a sum of
harmonics with amplitudes A, and phases ¢, corresponding to order k:

N
T(t) = ), Apsin 2rkvort + V) - (6.16)

k=1
The height of the first harmonic relative to the one of the orbital frequency is
a measure of the eccentricity. The theory behind this is described in Appendix A
of Murphy et al. (2014). A visualization of that can be seen in Figure 6.3. An
increase in eccentricity also influences the amplitude of the time delay. This is

given by the following equation:

= 1—e“cos”w

c 2
The maximum time delay is therefore reached in the case of w = +7/2 or for
the simple circular orbit case.
The larger the ratio between the orbital size a; sini/c and the pulsation period
1/v, the higher the sensitivity of the method (Murphy et al. 2016b).

arsini  (Tmax — Tmin) ( 2 2 )_1/2 ) (6.17)



166 6.4. THEORY AND METHODOLOGY

Time [yr] Time [yr]
2009 2010 2011 2012 2013 2014 2009 2010 2011 2012 2013 2014
40 . A L L . . . L 40
----- TD model
$i4f1,£2,63 30
x  weighted
* r20
A Lo
O 1 \ 1 /| G
a ] i A =
& 1 v/ B
I‘~I'l I _10
r—20
r—30
—-40 T T T T T T T T T T T T T — —40
0 250 500 750 1000 1250 1500 1750 0 250 500 750 1000 1250 1500 1750
Time [JD - 2 454 833] Time [JD - 2 454 833]
40 40
»»»»» TD model
351 --- f1,f2,f3 [35
—— weighted
30 30
25 r25
) )
= 20 20 5
= ]
15 r15
10 r10
5 5
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Frequency (cycles/years) Frequency (cycles/years)

Figure 6.3: Simulation of a companion in a circular (¢ = 0; left column) and eccentric
(e = 0.9; right column) orbit as if observed by the Kepler Space Telescope. The following
parameters were used: P = 1 year, w = 0, Mpusating = 1.8 M, and Mcompanion = 0.1
Mg. This led to a semi-amplitude of around 34 seconds in the circular case (using
Equation 6.15) and around 15 seconds in the eccentric case (using Equation 6.17). Upper
panel: Simulated time delay plot. Lower panel: Fourier transformation of the time delays.
One can clearly see the relative increase of the first harmonic at two cycles/year for the
eccentric case.

Due to the size of the segments, one has to make a trade-off between time or
frequency resolution. Using a shorter segment size has the advantage of a finer
sensitivity at periastron; however, the uncertainties are simultaneously increased
because of a poorer frequency resolution in the Fourier transform.

Under the assumption of Gaussian noise, increasing the cadence of an obser-
vation by a factor of N decreases the uncertainties in the measured phases by a
factor of /N (Murphy 2012). The phase errors also scale inversely with ampli-
tude, which means that the most valuable frequencies are the ones with the highest
amplitudes.
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6.4.6 Intrinsic amplitude and phase variations

Amplitude modulations in § Scuti stars have been observed in the past and thor-
oughly analyzed in the four-year main Kepler data by Bowman et al. (2016).
Additionally, due to intrinsic reasons for those modulations (such as the coupling
of pulsational modes or pairs of close unresolved frequencies leading to a beating
effect), binarity can cause variability.

B Pictoris is known to show amplitude variation in certain pulsational frequen-
cies, as reported by Zwintz et al. (2019) and Mékarnia et al. (2017). However,
PMs have not been observed yet (Zwintz et al. 2019).

6.4.7 Light curve reduction

Following Murphy et al. (2016a), unused frequencies were pre-whitened from our
light curves, as their presence adds unwanted variance to the data. Furthermore, a
high-pass filter was applied to the light curve to remove any remaining instrumental
signal and low-frequency oscillations, preserving all content at frequencies above 5
d=!. The effect of a high-pass filter on low frequencies can be seen in Figure 6.4.

Amplitude [ppm]

20 ]

30

o 5 10 15 20 25 30
Frequency [d™!]

Figure 6.4: Comparison of the amplitude spectra of the “raw” PDCSAP light curve
(upper panel) and the Gaussian high-pass filtered light curve (lower panel). The power
of the peaks below five d™! are significantly weakened without influencing the § Scuti
pulsations.
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6.5 Results

To track the PM over all data sets, we started by determining which frequencies
have a signal-to-noise ratio greater than four in all observations. This is the case for
the four strongest frequencies in the TESS data (the first four frequencies listed
in Table 6.5). The stability of those frequencies over the different observations
is analyzed in Section 6.5.1. We then looked at time delay curves created from
simulated light curves. For this, the “best-case scenario” of a four-year Kepler
observation of 3 Pictoris is studied in Section 6.5.2. The time delays of the real
observations and a comparison to a simulated re-creation can be found in Section
6.5.3. Finally, we analyze the pulsational stability of the § Scuti pulsations of 3
Pictoris using TESS data in Section 6.5.5.

6.5.1 Frequency stability between the different observations

As mentioned in Section 6.4.5, the PM method derives a time delay from the
observed PM at fixed frequencies. The precision with which pulsational frequen-
cies can be determined depends on the quality of the data (cadence, timebase,
precision, etc.). The photometry collected by the TESS mission has the smallest
uncertainties in frequency of all data sets (see Fig. 6.5). We therefore used TESS
as a “gold standard” for the frequencies used in the PM method. The uncertain-
ties in the frequencies were calculated following Montgomery & Odonoghue (1999).
However, as noted in their publication, these errors are a lower limit of the true
values. Keeping in mind that the actual error bars are probably bigger, one can
see that the frequencies are in agreement with each other across the different data
sets (Fig. 6.5).

6.5.2 Simulation based on Kepler data

Figure 6.6 shows the expected time delays for 8 Pictoris caused by g Pictoris b
and B Pictoris ¢ using the full orbital solution given in Table 6.2. The addition of
the individual contributions on the phases gives the total time delay curve as seen
by the solid line in Figure 6.6.

In order to see how such properties as photometric precision, cadence, and gaps
in the observations influence the derived time delays, we simulated light curves of
B Pictoris. We used the actual time stamps of the short-cadence observations of
Kepler (Borucki et al. 2010), which have a cadence of around one minute. The
simulations consist of a multi-sine of the frequencies listed in Table 6.5. Using
even more frequencies increases the computational time without influencing the
results of the simulations due to their low amplitudes. The time stamps were then
modulated by the expected time delay at a given time using Equation 6.3 and
assuming a two-planet configuration in this system. Further, Gaussian noise on
the order of 30 ppm was added to every data point, which is comparable to the
noise floor of TESS. Following the procedure explained in Section 6.4.5, the light
curve was separated into 20-day segments, and the time delays were calculated
from the phases in every segment with a fixed frequency. Finally, we calculated
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Figure 6.5: Frequencies and their uncertainties over all data sets for the four modes
that are visible in all observations from the four different observatories. The dashed
red line marks the frequency determined by the TESS mission, which has the smallest
uncertainties. The uncertainties were calculated following Montgomery & Odonoghue
(1999).

weighted time delay values and their corresponding uncertainties using the first
three frequencies with the highest amplitudes.

The first simulation (Fig. 6.7) used the Kepler short-cadence one-minute time
stamps. The measured time delays follow the prediction for a two-planet case.
Removing every second data point, which effectively reduces the number of mea-
surements by 50%, does not change the result (Fig. 6.8). One can, however,
observe a small increase in the uncertainties for the time delays. This is expected,
as a decrease of data points by a factor of two increases the uncertainty by a factor
of +/2, assuming Gaussian noise (Murphy 2012). Finally, we induced gaps into the
light curve, effectively simulating ground-based observations by having data only
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Figure 6.6: Expected time delays for two planets in the 8 Pictoris system. The dashed
line is for B Pictoris b, the dashed-dotted line is for 8 Pictoris ¢, and the solid line shows
both. The blue shaded region marks the time span of Kepler’s four-year main mission;
we note that Kepler did not observe 3 Pictoris.

for half of the day. Due to a worse spectral window, there are many more peaks
present in the amplitude spectrum. These new peaks influence the phases for the
observed frequencies, as they cannot be resolved anymore. The scatter in the time
delays increases significantly (Fig. 6.9), and one cannot conclusively distinguish
between a one-planet solution (only S Pictoris b) or a two-planet solution. A
bigger segment size mitigates this effect, as expected by the Rayleigh criterion.

This clearly illustrates that gaps influence the time delays the strongest, as
the uncertainties in phase only scale with the square root of the cadence factor.
One should also remove identified frequencies that are not used in the time delay
analysis to get rid of their aliases.

6.5.3 Time delay analysis of the photometry

Figure 6.10 shows the predicted time delays caused by the planets in the 8 Pictoris
system during the times when the observatories BRITE, ASTEP, bRing, and TESS
collected photometry for the star. The available observations have been introduced
in Section 6.3. The semi-amplitude of the predicted time delays for 3 Pictoris b
and c is around 24 and 6 seconds, respectively.

As seen in Section 6.5.1, the TESS observations show the smallest uncertainties
in frequency and were therefore used as a “gold standard” in this analysis. The
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Figure 6.7: Derived time delay curve using 20-day segments by simulating Kepler
observations of 8 Pictoris. Properties of the simulated light curve: one-minute cadence,
continuous observations, 20 ppm noise in flux. The strongest frequencies (f1, {2, 3, ...)
are shown here with their uncertainties. The weighted average of the measurements is
shown in black.

frequency was thus fixed to the TESS values, as the PM method observes the phase
shifts at a constant frequency (see Section 6.4.5). The time delay predictions (blue
lines in Figure 6.10, 6.11 and 6.12) were also normalized to the midpoint time of
TESS. As a time delay is a relative measure and not an absolute one, we set the
time delay for TESS to zero. The evaluated time delays shown in Figures 6.11 and
6.12 are therefore relative to the TESS values.

The code used to calculate the time delays was written for this analysis and is
heavily based on existing ones, namely timedelay® and maelstrom’ (Hey et al.
2020a). The equations that were needed in order to evaluate the time delays are
given in Section 6.4.4 and 6.4.5.

The phases were calculated by subtracting the midpoint time of the full data
set. As discussed in Section 6.5.1, there are only four frequencies that are signifi-
cant in all observations. The phases for each data set were then calculated based
on a least-squares routine and their uncertainties from the respective covariance
matrices. Equation 6.13 gives the conversion between the phase of a frequency
and the respective time delays.

Figure 6.11 shows the derived time delays for the four different frequencies.
They are clearly not consistent with each other. As discussed in Section 6.4.6,

Shttps://github.com/danhey/timedelay
"https://github.com/danhey/maelstrom
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Figure 6.8: Derived time delay curve using 20-day segments by simulating Kepler
observations of 8 Pictoris. Properties of the simulated light curve: two-minute cadence,
continuous observations, 20 ppm noise in flux.
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Figure 6.9: Derived time delay curve using 20-day segments by simulating Kepler
observations of 8 Pictoris. Properties of the simulated light curve: one-minute cadence,
0.5-day gaps every day, 20 ppm noise in flux.
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this rules out an extrinsic cause for the modulations (e.g., a companion), as all
frequencies would show a similar behavior (examples of this are shown in Fig-
ure 6.3, 6.7, 6.8 and 6.9). A change in frequency was ruled out in Section 6.5.1.
Furthermore,Zwintz et al. (2019) showed no significant phase change for our four
frequencies in the BHr 2018 data set (therein, these four frequencies have the des-
ignations F8, F11, F13, and F15).

Next, we attempted to reproduce the different data sets as faithfully as possible
and compare them with the time delay values shown in Figure 6.11. For that, we
first determined the frequency, amplitude, and phase of the four pulsation modes
visible in all observations. We calculated the residual noise for the pre-whitened
data sets, which was then used to estimate the uncertainties following Montgomery
& Odonoghue (1999). As before, we fixed the frequency to the TESS value. As we
do not know the exact “true” frequency of the pulsations with infinite precision,
we introduced an offset between the true pulsational frequencies and the TESS
data set in the simulations. The uncertainty in frequency for these four strongest
frequencies is on the order of 107> d~! (see Table 6.5). This offset explains the
linear trend for every frequency that is visible in Figure 6.11. The time delays of
the simulated data set are shown in Figure 6.12.

This linear trend was discussed on simulated data in Section 3.2 of Murphy
et al. (2016b) and “almost certainly” explains the observed trend in the WASP data
of Murphy et al. (2013). A way to correct for it is to evaluate the slope between
two maxima or minima of the sinusoidal variations. This is not a possibility in
our case, as we would have had to further segment the data sets to identify the
position of the maxima or minima, leading to even higher scatter in the phase.
The lower panel of Figure 6.11 also shows that the uncertainties in the derived
time delays for the data sets other than TESS are too big to differentiate between
a one-planet or two-planet scenario, even without this linear trend. We therefore
discuss the possibility of a second g Pictoris observation by TESS in the extended
mission in the next section.

6.5.4 Detection limits for § Pictoris

Here, we determine the detection limits for companions in the 8 Pictoris system
using the PM method. In a prior study by Hey et al. (2020b), the authors tried to
estimate the detection limits of companions around § Scuti stars. Their approach
involved simulating time-series observations of these pulsating stars and adding
white noise to the data. This allowed them to find a relationship between the
S/N of the stellar pulsations and the observed scatter in the resulting time delay
(a sini/c). The established relationship could be directly converted into a param-
eter space defining detectable companion masses and their orbital periods. The
authors found that the detectability of companions strongly depends on the S/N
of the stellar pulsations. Given the comparably low observed S/N of the § Scuti
pulsations observed in 8 Pictoris and the instability of the pulsational modes, we
opted for a more conservative detection limit than what (84'" percentile in Hey
et al. 2020b) presented in their prior work.
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Figure 6.10: Time delay predictions for 8 Pictoris b (dashed line), ¢ (dashed-dotted
line), and both planets (solid line). Times when the star was observed are marked with
lines.

Our findings are presented in Figure 6.13. We determined that the intrinsic
variability of 8 Pictoris is too high to detect planet c. The other companion, 3
Pictoris b, is primarily not detectable at the moment due to the short baseline of
observations compared to its long orbital period of approximately 24 years. It is
worth noting that these calculations assume that the pulsational modes stay stable
during the time of observations. However, we show in Section 6.5.5 by using the
TESS data that this assumption is generally not met, with some modes appearing
and disappearing during the observations. This further complicates any efforts to
detect companions around the star.

6.5.5 Analysis of pulsational stability using TESS data

B Pictoris was observed in seven individual sectors between October 2018 and
February 2021 (see Table 6.3). We performed a frequency analysis of these TESS
sectors using maelstrom. We find that g Pictoris is seemingly undergoing signif-
icant frequency and amplitude modulation, which buries any signal induced by
planetary companions. The periodograms of the stellar pulsations clearly show
significant amplitude modulation by the rotational signal (see Fig. 6.14). We also
find that the star is showing modes that are appearing and disappearing on short
timescales. Figure 6.15 shows a mode that seems to be just appearing during the
second half of the TESS observations. In summary, we find that g Pictoris’ modes
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Figure 6.11: Time delay plot calculated from the phases of four different frequencies for
all available observations by BRITE, bRing, ASTEP and TESS. Each color represents
a frequency (fl, 2, 3, and f4) listed in Table 6.5. The blue lines indicate time delay
predictions for 8 Pictoris b (dashed line), ¢ (dashed, dotted line), and both planets (solid
line). The lower panel is a zoom-in of the upper panel. The uncertainties in the time
delays were derived from the covariance matrices given by the least-squares procedure,
which was used in order to calculate the phases of the respective frequencies. The ticks
at the top of the plot denote the various observatories: B15, B16, and B17 for the BRITE
observations in the years 2015, 2016, and 2017, respectively; A17 and A18 for the ASTEP
observations in 2017 and 2018; and R1 and R2 for the first and second part of the bRing
data.

are not stable enough to probe to the necessary phase precision for the planetary
companions.
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Figure 6.12: Time delay plot for the simulated data set showing a high similarity to the
time delays of the real data set presented in Figure 6.12. The colored points represent
the simulated time delays for the four strongest pulsational frequencies. The blue lines
indicate time delay predictions for 8 Pictoris b (dashed line), ¢ (dashed-dotted line), and
both planets (solid line). The lower panel is a zoom-in of the upper panel. A description
of the ticks at the top of the plot can be found in the caption of Figure 6.11.

6.5.6 Comparison to KIC 7917485

Here we compare the 8 Pictoris system to another A star with a planet detected
through pulsation timing, KIC 7917485 (Murphy et al. 2016a), and evaluate the
differences between the host stars that have affected the detectability of their cor-
responding planets. Compared to other Kepler § Scuti stars, including those with
binary star companions, (e.g., Murphy et al. 2018, 2020a), and Murphy et al.
(2016a) found that KIC 7917485 had an exceptionally low time delay noise (sixth
lowest of the 2040 6 Scuti stars in the Kepler primary mission sample). Similar
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Figure 6.13: Detection limits for the 8 Pictoris system based on the calculations pre-
sented in Hey et al. (2020b) assuming 1.8 Mg for the star and an inclination of 90° for
both planets. The detectable parameter space for companions depending on their orbital
period Pob and mass is shaded red, assuming 8 Pictoris is a non-ideal é Scuti pulsator
(see Section 6.5.5 for a discussion on the pulsational modes of 3 Pictoris as seen by TESS).
[ Pictoris ¢ is generally not detectable due to the intrinsic noise of the pulsations, and
the time delay caused by ( Pictoris b has a period that is too long in comparison to the
baseline of our observations. The masses corresponding to brown dwarfs (13 My < M <
80 Mj) are shaded in yellow, and the stellar regime (M > 80 My) is in magenta, with
M, being a Jupiter mass. The figure is adapted from Hey et al. (2020b).

planetary-mass companions might exist around the second and ninth lowest noise
stars in the Kepler sample (KIC 9700322 and KIC 8453431). Unlike KIC 7917485,
however, the observations of these systems and their potential companions do not
cover a full orbital period, thus precluding determination of their orbital parame-
ters.

The additional time-delay jitter seen in 8 Pictoris might arise from mode interac-
tion or from other effects causing the observed changes in mode amplitude. It is
this jitter that hinders the ability to detect planetary-mass objects around pulsat-
ing stars. This is comparable to the intrinsic RV jitter of a star, which impacts
the ability to detect planets using RV measurements. The intrinsic variability is
evident in the § Scuti pulsations of 8 Pictoris and generally renders white dwarfs
and subdwarfs as less ideal targets for the analysis of their time delays using the
PM method (Murphy 2018). This limitation persists despite the high oscillation
frequencies exhibited by these pulsating stars that would otherwise make them
promising targets for detecting time delays caused by a companion (Compton
et al. 2016).
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Figure 6.14: Two-dimensional periodogram showing the frequency region between 45
and 55 d™'. One can see that most of the modes are significantly amplitude modulated
by the rotational signal. The mode at 54 d~! goes much faster, which is probably due
to beating with nearby modes. The mode at 50.5 d ! itself undergoes incoherent FM.
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Figure 6.15: Periodogram showing a pulsational mode around 47.3 d™' that is just
appearing at the end of the observations.

6.6 Conclusions

In this work, we have analyzed the time delays derived from the phases of the
§ Scuti pulsations of 8 Pictoris. The photometric data of the star were collected
over a time period of approximately four years by four different observatories: the
BRITE-Constellation, bRing, ASTEP, and TESS. In contrast to previous studies,
we did not segment the observations into smaller sets (e.g. ten-day bins). This
would have caused high uncertainties in the phases and therefore also in the time
delays. Nevertheless, we could not see the influence of 8 Pictoris b or ¢ in the data
due to this time delay scatter. The uncertainty in the pulsational frequencies leads
to a linear trend in the time delays and has also been seen in a previous study by
Murphy et al. (2013) and in simulations by Murphy et al. (2016b). We performed a
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frequency analysis using the open-source tool maelstrom. We find that 8 Pictoris
does not have the needed stability to detect planetary companions using the time
delay method. The stellar pulsations clearly show strong amplitude modulation
caused by the rotational signal and identify modes that seemingly appeared during
our observations.

Previous studies have used the PM method on Kepler data, finding many
binary star systems (Murphy et al. 2016b, and references therein) and a planet
(Murphy et al. 2016a). This work is the first to use the PM method with so many
different data sets that have a precision significantly lower than the Kepler mission.
However, the PM method remains valuable technique, as it is able to find planets
and stars in a parameter space that is poorly covered by other methods, such as
the RV method (see e.g. Murphy 2018).
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Appendix
6.A TESS frequency analysis

6.A.1 Frequency list

Table 6.5: Pulsational frequencies, amplitudes in instrumental millimagnitudes, and
normalized flux in parts per million, phases, and signal-to-noise ratio sorted by the pre-
whitening sequence.

# | Freq. (d7') | Ampl. (mmag) | Ampl. (ppm) | Phase S/N
1 | 47.43895(6) | 1.029(9) 948(9) 0.9071(14) | 20.6
2 | 53.69166(7) | 0.948(9) 873(9) 0.2782(16) | 19.4
3 | 50.49168(7) | 0.926(9) 852(9) 0.5567(16) | 23.4
4 | 54.23716(12) | 0.553(9) 509(9) 0.982(3) | 22.8
5 | 39.06315(15) | 0.442(9) 407(9) 0.699(3) 22.5
6 | 46.54259(16) | 0.415(9) 382(9) 0.391(4) 18.7
7 | 48.9192(3) 0.230(9) 212(9) 0.950(6) 17.3
8 | 43.5283(3) | 0.214(9) 197(9) 0.020(7) | 19.9
9 | 47.2853(4) | 0.182(9) 168(9) 0.186(8) | 16.2
10 | 57.4525(4) 0.164(9) 151(9) 0.577(9) 18.0
11 | 34.7605(5) 0.143(9) 131(9) 0.754(10) | 23.7
12 | 38.1207(5) | 0.131(9) 121(9) 0.980(11) | 20.2
13 | 45.2698(5) | 0.120(9) 110(9) 0411(12) | 12.8
14 | 51.4969(6) 0.118(9) 109(9) 0.397(13) | 14.7
15 | 47.2686(7) 0.093(9) 85(9) 0.419(16) | 12.3
16 | 50.8310(8) | 0.086(9) 79(9) 0.630(17) | 12.9
17 | 49.7131(8) | 0.085(9) 78(9) 0.200(17) | 11.3
18 | 53.8545(8) 0.085(9) 78(9) 0.566(17) | 9.5

19 | 44.6833(8) 0.084(9) 77(9) 0.297(18) | 11.3
20 | 65.1356(8) | 0.083(9) 76(9) 0.350(18) | 17.9
21 | 43.8292(8) | 0.082(9) 76(9) 0.555(18) | 16.3
22 | 49.5595(8) 0.079(9) 73(9) 0.980(19) | 134
23 | 42.0365(9) 0.077(9) 71(9) 0.327(19) | 11.1
24 | 54.2269(9) | 0.073(9) 67(9) 0.51(2) 10.0

Continued on next page ‘
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Table 6.5 — continued from previous page
‘ # | Freq. (d7') | Ampl. (mmag) | Ampl. (ppm) | Phase S/N ‘
25 | 41.6498(9) 0.071(9) 65(9) 0.59(2) 13.0
26 | 48.1381(10) | 0.064(9) 59(9) 0.23(2) 11.2
27 | 45.8998(10) | 0.064(9) 59(9) 0.73(2) 12.4
28 | 50.2689(12) | 0.054(9) 50(9) 0.90(3) 12.1
29 | 75.6780(13) | 0.052(9) 48(9) 0.68(3) 12.2
30 | 58.3469(13) | 0.050(9) 46(9) 0.61(3) 11.3
31 | 45.4375(14) | 0.047(9) 44(9) 0.00(3) 12.3
32 | 54.4625(14) | 0.047(9) 43(9) 0.16(3) 8.1
33 | 53.6827(15) | 0.042(9) 39(9) 0.16(3) 7.3
34 | 53.5521(16) | 0.040(9) 37(9) 0.48(4) 7.7
35 | 42.1735(16) | 0.040(9) 37(9) 0.70(4) 9.5
36 | 58.2515(17) | 0.039(9) 36(9) 0.81(4) 10.5
37 | 42.3963(17) | 0.039(9) 36(9) 0.68(4) 11.5

6.A.2 Gaussian high-pass filter

By applying a Gaussian high-pass filter on the TESS light curve (see Fig. 6.16),
the long-term variations such as systematics and the exocomets are significantly
weakened. At the same time however, the higher frequencies related to the § Scuti

pulsations are preserved.

Figure 6.16: Comparison of the PDCSAP light curve (black in the background) and
the Gaussian high-pass filter (red dots) of it. The Gaussian high-pass filter clearly shows
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ENGLISH SUMMARY

“Where Do We Come From? What Are We? Where Are We Going?” The study
of planets inside and outside of our solar system is integral to answering these
fundamental questions of humanity. Astronomy as a whole is shedding light on
the diversity of the cosmos and our place in it. In my field of research, we do this by
characterizing planets outside our solar system, so-called exoplanets. By learning
about their formation, evolution, composition, and habitability, we ultimately
learn about our origins, the future of our own planet, and its uniqueness. The
holy grail of exoplanet research is ultimately to determine whether the Earth and
life as we know it are rare or ubiquitous. Scientists will argue when we will finally
find an “Earth-twin” that could host life as we know it, but we have surely never
been that close to reaching this goal.

It is remarkable how much we have learned about these distant worlds in just
a few decades: Since the first discovery of exoplanets in the 1990s, we know of
more than 5,500 planets at the moment. Ground and space-based telescopes and
instruments were built to discover these planets. Typically, however, we cannot
see the exoplanet directly. They are too close to their host stars, which are orders
of magnitude brighter. Therefore, it is still a challenge to spatially resolve planets
around their stars. More often, we observe the combined light from both sources
— the star and the planet — which can provide us with a whole range of planetary
properties, from fundamental ones like their size and mass up to characteristics
like their atmospheric composition, their heat redistribution, or their reflectivity.
NASA launched space missions, such as the Kepler Space Telescope in 2009 and
the Transiting Exoplanet Survey Satellite (TESS) in 2018, to discover these dis-
tant worlds and measure their sizes. These telescopes utilized a technique called
the “transit method,” which relies on the system architecture to be edge-on, so
that the planet would occult — or “transit” — their host star periodically. During
such a transit, the exoplanet covers the stellar disk as seen from the Earth, leading
to an observed decrease in flux. This method has been the most successful one up
to now, caused by the simple scalability of the problem: one just has to point a
sensitive telescope up to the sky and record the brightness of stars in the field of
view over time to discover new planets. A different technique called the radial ve-
locity method can then provide us with the planetary masses. From the measured
radii and masses, we derive the planet’s bulk density, which informs us about its
composition: A planet with a big iron core will have a higher density than one
that is dominated by silicates with a small core. The majority of rocky exoplan-
ets are Earth-like in composition, meaning around 30% iron and 70% “rocks” or
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silicates. Planets bigger than 1.6 times the Earth’s radius are expected to have re-
tained a hydrogen atmosphere with a significant amount of their mass in gas form.
These planets are also expected to have molten surfaces, as the pressure strongly
increases with decreasing altitude. Once you reach the surface, the temperature
will be too high to host a solid, unmolten surface. This is typically why we do not
consider these bigger worlds to be rocky.

However, despite measuring the densities of rocky planets and learning about
their bulk compositions, we still do not know much about the composition of
small planet atmospheres and how often these worlds hold onto them. The “Great
Observatories,” which were launched by NASA between 1990 and 2003, included
two space telescopes that would ultimately become the workhorse facilities for the
characterization of transiting exoplanets over the last decade: The Hubble Space
Telescope was launched in 1990 aboard Space Shuttle Discovery with an aperture of
2.4 meters, and the Spitzer Space Telescope in 2003 with an 85 cm mirror. In space,
telescopes avoid contamination by the thermal infrared background of the Earth,
which makes precise infrared observations possible. Although both telescopes were
never designed to study exoplanets, clever data processing routines and, in the case
of Hubble, upgrades during the Hubble servicing missions led to the atmospheric
characterization of many Jupiter-sized and also smaller exoplanets.

After the Spitzer Space Telescope was shut off in January 2020, the exoplanet
community lost the capability to observe exoplanets in transmission or emission
in the infrared at wavelengths greater than 2 microns from space. This was a big
loss, as molecules we are interested in finding in the atmosphere of other planets,
such as water (H20) or carbon dioxide (COs), have features in the infrared. The
strong absorption of carbon dioxide was noted by the astrophysicist and science
communicator Carl Sagan, when he testified before Congress in 1985 on climate
change. The following is a direct quote from Carl Sagan when he addressed the
Congress members during the hearing:

“The air between us is transparent, except in Los Angeles and places
of that sort. In the ordinary visible part of the spectrum, we can see
each other. But if our eyes were sensitive at, say, 15 microns in the
infrared, we could not see each other. The air would be black between
us. And that’s because, in this case, carbon dioxide. Carbon dioxide
is very strongly absorbing at 15 microns. And other wavelengths in
the infrared. Likewise, there are parts of the infrared spectrum where
water vapor absorbs, where we could not see each other if we were only
as far apart as we are in this room.”

The search for atmospheres on rocky exoplanets containing molecules like wa-
ter, carbon dioxide, or oxygen requires a precise infrared telescope. Thankfully,
after many delays, JWST was launched on Christmas Day 2021, providing scien-
tists again with the capability to study planets in these infrared wavelengths with
unprecedented precision. Its groundbreaking precision is due to many factors, like
a large collecting area of 6.5 meters and the thermal stability of the telescope.
JWST therefore gives us for the first time the possibility to search for high-mean-
molecular-weight atmospheres made of carbon dioxide (CO3), oxygen (O2), and
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nitrogen (N2) on temperate rocky worlds.

There are generally two techniques to study the atmospheres of transiting exo-
planets. The first one, occurs during a transit and is therefore called transmission
spectroscopy: when a planet occults its host star from our view as the observer,
a part of the starlight will travel through the atmosphere of the planet, if there
is any. Certain wavelengths will be absorbed by the constituents of the atmo-
sphere. These missing wavelengths are then observed by us, and we can deduce
the elements and molecules that make up the gas shell around the planet. The
other method to characterize the atmospheres of exoplanets occurs approximately
half an orbit after the transit when the planet disappears behind its host star; we
call that an “eclipse.” During the eclipse itself, we only observe the stellar light.
Any flux emitted by the planet is hidden by the star. However, right before and
after the planet hides behind its star, we observe the emission coming from the
dayside of the planet. From this peek-a-boo game with the planet, we measure an
emission spectrum — the method is therefore called emission spectroscopy — and
we can detect elements or molecules in the atmosphere of the planet or directly
study its surface. When we study the emission coming from not only the dayside
of the planet but from the other sides of the planet during the orbit of the planet
around its host star, we observe a so-called phase curve. These kinds of observa-
tions can then inform us about global processes like heat transport due to winds
in the planet’s atmosphere.

K2 and Spitzer phase curves of the rocky ultra-short-period planet K2-141 b hint
at a tenuous rock vapor atmosphere

In Chapter 2, we observed such a phase curve for a lava exoplanet called K2-141
b using Spitzer. These lava planets are characterized by their really short orbital
periods and very hot daysides. With an orbital period of just 7 hours, the planet
is so strongly irritated by its star that the average dayside temperature is above
2000 Kelvin. That is enough to melt the rocks on the planet’s surface, leading to
a dayside magma ocean, and potentially to a thin rock vapor atmosphere caused
by the evaporation of rocks. The latter is especially interesting, as the study of
the evaporated atmosphere might eventually tell us about the composition of the
planet’s surface. In my work, I combined previously taken Kepler observations
of K2-141 b with new Spitzer data. The Spitzer Space Telescope stared at the
star for about 70 hours, leading to the observation of 10 continuous orbits of the
planet. Combining the data taken by Kepler in the optical with the Spitzer in-
frared observations, we tentatively attribute the deep eclipse observed by Kepler to
such a rock vapor atmosphere. However, only follow-up will reveal the true nature
of the planet. Thankfully, JWST observations of the planet were already taken,
and the interpretation is currently underway. Due to its wavelength coverage and
precision, JWST will improve our understanding of lava planet atmospheres.

PACMAN: A pipeline to reduce and analyze Hubble Wide Field Camera 3 IR Grism
data

In Chapter 3, I present a publicly available tool for astronomers to access and pro-
cess exoplanet observations taken by one of the instruments on the Hubble Space
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Telescope. The original code has been used in many publications over the past
decade and is now made available for everyone under the name PACMAN. Hub-
ble’s Wide Field Camera 3 (WFC3) instrument was installed during a servicing
mission in 2009. The spectral range of WFC3 notably picks up molecular infrared
absorption from water, which allowed for the successful detection of water in the
atmospheres of over a dozen exoplanets. However, analyzing Hubble data presents
challenges, with different pipelines producing conflicting results in the literature
in the past. To ensure research reproducibility, it’s good scientific practice for the
software used in data reduction and analysis to be open-source. This approach
makes it easier to compare different pipelines and lowers the barriers for newcom-
ers entering the field of exoplanet atmospheres. The source code of PACMAN and
examples on how to use the code to get a transmission or emission spectrum of an
exoplanet can therefore be found online.

No thick carbon diozide atmosphere on the rocky exoplanet TRAPPIST-1 ¢

In Chapter 4, we published one of the first results of JWST, shedding light on
a rocky exoplanet and offering insights into its atmospheric makeup. Over the
past decades, our understanding of exoplanets has expanded significantly, reveal-
ing that small planets are quite common throughout the Milky Way. It’s estimated
that around 20 to 50% of stars may host a planet similar in size to Earth. By
measuring the densities of these exoplanets, we infer that they typically possess a
rocky composition similar to our own planet. However, our knowledge regarding
the atmospheric composition of these terrestrial planets remains limited, and we're
still uncertain how often rocky planets hold onto their atmospheres. Thanks to the
capabilities of JWST, we now have the capability to search for more Earth-like
atmospheres composed of molecules such as carbon dioxide, oxygen, and nitro-
gen. Of particular interest for astronomers is a system called TRAPPIST-1. This
nearby, small star hosts seven transiting terrestrial planets, offering possibilities for
studying small planets with a whole range of temperatures. Among these planets,
three orbit in the region around the star where the temperatures might be suited
for liquid water on the planet’s surface, known as the habitable zone. Because
of the star’s proximity, small size, and relatively low temperature, the planets
are ideal candidates for atmospheric follow-up characterization. This provides us
with a unique opportunity to search for atmospheres on small planets outside the
Solar System. It’s worth noting that small stars like TRAPPIST-1 are the most
common type of stars in the Milky Way. Hence, finding out if planets orbiting
small stars can retain their atmospheres is currently one of the main open ques-
tions in the field of exoplanets. If we find that planets orbiting these stars indeed
retained substantial atmospheres throughout their existence, then this would offer
hopeful indications for the potential habitability of the numerous rocky planets
hosted by small stars. But if we find that planets around small stars are devoid of
atmospheres, it might suggest that stars similar to the Sun offer a more favorable
environment for the emergence of life. To make a step forward in solving these
open questions, we observed four eclipses of the exoplanet TRAPPIST-1 ¢ with the
Mid-Infrared Instrument (MIRI) aboard JWST. In our observations, we leveraged
the strong absorption of CO3 at 15 microns (as noted in the quote by Carl Sagan
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above) to search for an atmosphere on TRAPPIST-1 c. We do not detect a strong
absorption caused by COa, leading us to exclude certain atmospheric scenarios,
particularly those that are dominated by COs. Instead, our findings are more
consistent with thinner atmospheres or bare-rock surfaces. For instance, we can
confidently rule out an atmosphere on TRAPPIST-1 ¢, which resembles that of a
badly ventilated room, i.e., CO2 concentrations of 1000 ppm at sea level. Inter-
estingly, TRAPPIST-1 ¢, which lies outside of the star’s habitable zone, is similar
in size, mass, and irradiation to Venus. One of the main scientific discoveries of
this chapter is that, unlike Venus, the planet lacks a high-pressure atmosphere
that is primarily made of carbon dioxide. This is the first study to characterize an
exoplanet that resembles Venus or is reasonably comparable to Earth. Its findings
will help understand the origin and evolution of rocky planets orbiting small stars,
thereby guiding future studies of these systems.

A Hubble WFCS3 infrared look at the transmission spectrum of the hot, inflated
sub-Saturn KELT-11 b

In Chapter 5, we utilize the open-source pipeline PACMAN presented in Chap-
ter 3 to analyze Hubble observations of a hot Jupiter exoplanet KELT-11b and
learn about its atmospheric properties. Thanks to the planet’s short orbital period
and high equilibrium temperature, it’s a great target for atmospheric studies. We
looked at the stellar light as the planet passed in front of its star and analyzed how
it changed as a function of wavelength and time. We found that a commonly used
method to analyze the spectra of transiting exoplanets taken by Hubble might not
always be accurate. Our observed planetary transmission spectrum also hinted
at potential contamination from the star itself. Surface features on the star, such
as stellar spots, can influence the spectrum — a phenomenon commonly observed
in smaller, cooler stars but less expected in larger stars like our Sun. Our study
underscores the importance of robust data reduction and a thorough interpreta-
tion of the planetary transmission spectrum, even for high signal-to-noise targets
like hot Jupiters. Failure to consider contamination from the host star could lead
to misinterpretations, attributing atmospheric features to the planet that actually
originate from molecules in the stellar atmosphere.

The B Pictoris b Hill Sphere Transit Campaign - II. Searching for the signatures
of the B Pictoris exoplanets through time delay analysis of the § Scuti pulsations
Finally, in Chapter 6, we study a nearby planetary system called 8 Pictoris. The
system stands out as the closest stellar system where we’ve directly spotted gas
giant planets, along with an intriguing edge-on circumstellar disk and signs of
transiting exocomets. We investigated the stellar pulsations of the star in order
to see the signatures of the known planets, 8 Pictoris b and ¢, and also search for
still unknown companions. A star and its planets are always orbiting a common
center of mass, which leads to a small periodic change in distance between us and
the host star. By measuring the arrival time of the stellar pulsations, we could de-
tect periodic early or late arrivals, hinting at companions, which change the light
travel time of the signals. We analyzed photometric data from various ground-
and space-based observatories to study the pulsations’ stability. We did not detect
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the signals for the planets due to the high noise in the data. Our analysis also
suggests that the star’s pulsations themselves drift over time, making it challeng-
ing to detect exoplanets through pulsation timing for stars like g8 Pictoris. While
we couldn’t see the signatures of the planets using this method, our study sheds
light on the limitations and potential of pulsation timing in exoplanet detection.

Previous observations of rocky exoplanets with the Hubble Space Telescope or the
Spitzer Space Telescope were primarily able to rule out hydrogen-dominated atmo-
spheric compositions. However, thanks to the remarkable capabilities of JWST,
we now have the opportunity to explore more realistic, Earth-like atmospheres on
temperate rocky worlds. The frequency and conditions under which these small
worlds maintain atmospheres remain uncertain. If we discover that planets orbit-
ing small stars are devoid of atmospheres, it may suggest that Sun-like stars offer
a more favorable environment for life to emerge. In any case, the forthcoming
discoveries with JWST will mark a crucial milestone in our understanding of the
atmospheres, surfaces, and potential habitability of rocky planets. While detecting
biosignatures on observable exoplanets with JWST may require quite some luck
and observational time, the prospects look promising in the coming decades with
the advent of the ELTs and potential future missions like the Habitable Worlds Ob-
servatory (HWO) and ESA’s Large Interferometer For Exoplanets (LIFE) mission.
Ultimately, the most robust method to determine whether a terrestrial exoplanet
harbors an atmosphere is to study its thermal emission, reflected light, or trans-
mission spectrum. So let’s aim our observatories at rocky planets and embark on
this journey of discovery!









NEDERLANDSE SAMENVATTING

“Waar komen we vandaan? Wie zijn wij? Waar gaan we heen?” De studie
van planeten binnen en buiten ons zonnestelsel is een integraal onderdeel van het
beantwoorden van deze fundamentele vragen van de mensheid. De astronomie als
geheel werpt licht op de diversiteit van de kosmos en onze plaats daarin. In mijn
onderzoeksveld doen we dit door planeten buiten ons zonnestelsel, zogenaamde
exoplaneten, te karakteriseren. Door meer te weten te komen over hun vorming,
evolutie, samenstelling en bewoonbaarheid, komen we uiteindelijk meer te weten
over onze oorsprong, de toekomst van onze eigen planeet en het unieke karakter
ervan. De heilige graal van het exoplaneetonderzoek is uiteindelijk te bepalen of
de aarde en het leven zoals wij dat kennen zeldzaam is of juist vaak voorkomt.
Wetenschappers zullen erover twisten wanneer we eindelijk een “aardetweeling”
zullen vinden die het leven zoals wij dat kennen zou kunnen huisvesten, maar we
zijn zeker nog nooit zo dicht bij het bereiken van dit doel geweest.

Het is opmerkelijk hoeveel we in slechts een paar decennia hebben geleerd
over deze verre werelden: Sinds de eerste ontdekking van exoplaneten in de jaren
negentig zijn er op dit moment meer dan 5.500 planeten bekend. Telescopen en
instrumenten op de grond en in de ruimte zijn gebouwd om deze planeten te
ontdekken. Meestal kunnen we de exoplaneet echter niet rechtstreeks zien. Ze
bevinden zich te dicht bij hun moedersterren, die ordes van grootte helderder zijn.
Daarom is het nog steeds een uitdaging om planeten rond hun sterren ruimtelijk
op te lossen. Vaak observeren we het gecombineerde licht van beide bronnen —
de ster en de planeet — dat ons een hele reeks eigenschappen van planeten kan
geven, van fundamentele zoals hun grootte en massa tot kenmerken zoals hun
atmosferische samenstelling, hun warmtedistributie of hun reflectiviteit. NASA
lanceerde ruimtemissies zoals de Kepler Space Telescope in 2009 en de Transiting
Exoplanet Survey Satellite (TESS) in 2018 om deze verre werelden te ontdekken
en hun grootte te meten. Deze telescopen maakten gebruik van een techniek die de
“transitmethode” wordt genoemd. Deze techniek is gebaseerd op de architectuur
van het systeem, zodat de planeet regelmatig voor zijn moederster langsgaat en
daarbij de ster verduisterd — we spreken ook wel van een “overgang” of “transit”.
Tijdens zo'n overgang bedekt de exoplaneet de sterschijf gezien vanaf de aarde,
wat leidt tot een waargenomen afname van de flux. Deze methode is tot nu toe het
meest succesvol geweest, omdat het probleem eenvoudig op te lossen is: je hoeft
alleen maar een gevoelige telescoop naar de hemel te richten en de helderheid van
sterren in het beeldveld in de loop van de tijd te registreren om nieuwe planeten
te ontdekken. Een andere techniek, de radiéle snelheidsmethode, kan ons dan de
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massa’s van de planeten geven. Uit de gemeten stralen en massa’s leiden we de
bulkdichtheid van de planeet af, die ons informatie geeft over de samenstelling: Een
planeet met een grote ijzeren kern zal een hogere dichtheid hebben dan een planeet
die wordt gedomineerd door silicaten met een kleine kern. De meeste rotsachtige
exoplaneten hebben een samenstelling die lijkt op die van de aarde, dat wil zeggen
ongeveer 30% ijzer en 70% “rotsen” of silicaten. Planeten die groter zijn dan
1,6 keer de straal van de aarde hebben naar verwachting een waterstofatmosfeer
met een aanzienlijk deel van hun massa in gasvorm. Er wordt ook verwacht dat
deze planeten gesmolten oppervlakken hebben, omdat de druk sterk toeneemt met
afnemende hoogte. Zodra je het oppervlak bereikt, zal de temperatuur te hoog
zijn om een vast, ongesmolten oppervlak te herbergen. Dit is typisch de reden
waarom we deze grotere werelden niet als rotsachtig beschouwen.

Maar ondanks dat we de dichtheden van rotsachtige planeten meten en meer te
weten komen over hun bulksamenstellingen, weten we nog steeds niet veel over de
samenstelling van de atmosferen van kleine planeten en hoe vaak deze werelden die
vasthouden. De Grote Observatoria, die tussen 1990 en 2003 door de NASA wer-
den gelanceerd, omvatten twee ruimtetelescopen die in het afgelopen decennium
uiteindelijk het werkpaard zouden worden voor de karakterisering van transite-
rende exoplaneten: De Hubble ruimtetelescoop werd in 1990 gelanceerd aan boord
van Space Shuttle Discovery met een opening van 2,4 meter en de Spitzer ruimte-
telescoop in 2003 met een spiegel van 85 cm. In de ruimte vermijden telescopen
vervuiling door de thermisch-infrarode achtergrond van de aarde, waardoor nauw-
keurige infraroodwaarnemingen mogelijk zijn. Hoewel beide telescopen nooit zijn
ontworpen om exoplaneten te bestuderen, hebben slimme gegevensverwerkingsrou-
tines en, in het geval van Hubble, upgrades tijdens de Hubble-onderhoudsmissies
geleid tot de atmosferische karakterisering van veel exoplaneten ter grootte van
Jupiter en ook kleinere exoplaneten.

Nadat de Spitzer ruimtetelescoop in januari 2020 werd uitgeschakeld, verloor de
exoplaneetgemeenschap de mogelijkheid om exoplaneten in transmissie of emissie
in het infrarood bij golflengten van meer dan 2 micron vanuit de ruimte waar te
nemen. Dit was een groot verlies, omdat moleculen waarin we geinteresseerd zijn
in de atmosfeer van andere planeten, zoals water (H20O) of koolstofdioxide (CO3),
kenmerken hebben in het infrarood. De sterke absorptie van koolstofdioxide werd
opgemerkt door de astrofysicus en wetenschapscommunicator Carl Sagan, toen
hij in 1985 voor het Congres getuigde over klimaatverandering. Het volgende is
een citaat van Carl Sagan toen hij de leden van het Congres toesprak tijdens de
hoorzitting:

“De lucht tussen ons is transparant, behalve in Los Angeles en dat soort
plaatsen. In het gewone zichtbare deel van het spectrum kunnen we
elkaar zien. Maar als onze ogen gevoelig zouden zijn voor bijvoorbeeld
15 micron in het infrarood, dan zouden we elkaar niet kunnen zien.
De lucht tussen ons zou zwart zijn. En dat komt, in dit geval, door
koolstofdioxide. Kooldioxide is zeer sterk absorberend bij 15 micron.
En andere golflengten in het infrarood. Zo zijn er ook delen van het
infraroodspectrum waar waterdamp absorbeert, waar we elkaar niet
zouden kunnen zien als we maar zo ver uit elkaar waren als in deze
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kamer.”

De zoektocht naar rotsachtige exoplaneetatmosferen met moleculen als water,
kooldioxide of zuurstof vereist een nauwkeurige infraroodtelescoop. Gelukkig werd
JWST na veel vertragingen gelanceerd op eerste kerstdag 2021, waardoor weten-
schappers weer de mogelijkheid hebben om planeten in deze infrarode golflengten
met ongekende precisie te bestuderen. De baanbrekende precisie is te danken aan
vele factoren, zoals een grote spiegel van 6,5 meter en de thermische stabiliteit van
de telescoop. JWST geeft ons daarom voor het eerst de mogelijkheid om te zoeken
naar atmosferen met een hoog moleculair gewicht van kooldioxide (COz), zuurstof
(O2) en stikstof (N3) op gematigde rotsachtige werelden.

Er zijn over het algemeen twee technieken om de atmosferen van transiterende
exoplaneten te bestuderen. De eerste vindt plaats tijdens een overgang en wordt
daarom transmissiespectroscopie genoemd: wanneer een planeet vanuit ons ge-
zichtspunt als waarnemer voor de star langs trekt, reist een deel van het sterlicht
door de atmosfeer van de planeet, als die er is. Bepaalde golflengten worden ge-
absorbeerd door de bestanddelen van de atmosfeer. Deze ontbrekende golflengten
worden dan door ons waargenomen en we kunnen daaruit afleiden uit welke ele-
menten en moleculen de gasschil rond de planeet bestaat. De andere methode om
de atmosferen van exoplaneten te karakteriseren vindt ongeveer een halve baan
na de overgang plaats, wanneer de planeet achter zijn moederster verdwijnt; we
noemen dat een “eclips”. Tijdens de eclips zelf observeren we alleen het stellaire
licht. Alle flux die de planeet uitzendt, wordt verduisterd door de ster. Vlak voor
en nadat de planeet zich achter zijn ster verbergt, nemen we echter de emissie waar
die van de dagzijde van de planeet komt. Van dit kiekeboe-spel met de planeet
meten we een emissiespectrum — de methode wordt daarom emissiespectroscopie
genoemd — en kunnen we elementen of moleculen in de atmosfeer van de planeet
detecteren of direct het oppervlak bestuderen. Als we de emissie bestuderen die
niet alleen van de dagzijde van de planeet komt, maar ook van de andere zijden
van de planeet tijdens de baan van de planeet rond zijn moederster, nemen we een
zogenaamde fasekromme waar. Dit soort waarnemingen kan ons dan informeren
over globale processen zoals warmtetransport door winden in de atmosfeer van de
planeet.

K2- en Spitzer-fasekrommen van de rotsachtige ultrakorte-periodeplaneet K2-141
b wijzen op een ijle rotsdampatmosfeer.

In hoofdstuk 2 hebben we met Spitzer zo’'n fasekromme waargenomen voor een
lava-exoplaneet genaamd K2-141 b. Deze lavaplaneten worden gekenmerkt door
hun zeer korte omlooptijden en zeer hete dagzijden. Met een omlooptijd van
slechts 7 uur wordt de planeet zo sterk verhit door zijn ster dat de gemiddelde
dagkanttemperatuur boven de 2000 Kelvin ligt. Dat is genoeg om de rotsen op
het oppervlak van de planeet te smelten, wat leidt tot een magma-oceaan op de
dagzijde en mogelijk tot een dunne atmosfeer van rotsdamp door de verdamping
van rotsen. Vooral dat laatste is interessant, omdat de studie van de verdampte
atmosfeer ons uiteindelijk meer zou kunnen vertellen over de samenstelling van
het oppervlak van de planeet. In mijn werk heb ik eerdere Kepler-waarnemingen
van K2-141 b gecombineerd met nieuwe Spitzer-gegevens. De Spitzer ruimtete-
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lescoop heeft ongeveer 70 uur naar de ster gekeken, waardoor 10 ononderbroken
banen van de planeet zijn waargenomen. Door de optische gegevens van Kepler
te combineren met de infraroodwaarnemingen van Spitzer, kunnen we de diepe
eclips die Kepler heeft waargenomen voorzichtig toeschrijven aan een dergelijke
rotsdampatmosfeer. Maar alleen vervolgwaarnemingen kunnen de ware aard van
de planeet onthullen. Gelukkig zijn er al JWST-waarnemingen van de planeet
gedaan en wordt er momenteel gewerkt aan de interpretatie ervan. Dankzij zijn
golflengteb